HONADOOK Of
Nstrumental fecnnigues
for materials, cnemical
ANd DIoSCIeNces research

2 - S
L ' | J do “ | =
/’ , - . 3 o ‘ ~,‘ -
s '-.-;—:.;"EF : i ‘.—""': k = . =
r(,"‘- » e A < .'\‘ ":_._" ‘ i{ N 1 r§ e .
1'::.‘%.'. ‘ : g a— \ K\\‘
4 . -

N, SR T TR, \ st il
Centres Cientifics 1 Tecnologics

Universitat de Barcelona




© Universitat de Barcelona, 2012 - digital edition

Edited by:

Design:

ISBN:

Diposit Legal:

José Ramon Seoane
Xavier Llovet

Centres Cientifics i Tecnologics UB (CCiTUB)
978-84-615-5373-0

B-41606-2011



HoNADbook of

Nstrumental technigues
for materials, chemical
aNa ploscliences

reseqarch

edited by
José Ramoén Seoane

and

Xavier Llovet

Centres Cientifics i Tecnologics
Universitat de Barcelona



Foreword by the Rector of the University of
Barcelono

The University of Barcelona (UB) is one of Spain’s leading research-intensive universities. Our
University combines the values of tradition with its position as an institution whose various missions
are dedicated to excellence and innovation: a modern University that is urban, outward-looking and
builds on more than 560 years of history.

At the UB, we believe that teaching excellence must be linked with excellence in research. And indeed,
our university’s work in this area has been recognized with two campuses of international excellence:
the Barcelona Knowledge Campus, and the Health Universitat de Barcelona campus.

The UB conducts multidisciplinary research through a total of 243 research groups recognized by the
Generalitat de Catalunya (Catalan Government)and more than 6,500 professionals in R&D, including
lecturers and professors, post- and pre-doctoral researchers, and technicians and research assistants in
a variety of disciplines, from humanities and social sciences to experimental sciences and health. These
research groups collaborate with the leading research institutions and networks in Spain and abroad.

Through the creation of its Science and Technology Centres (CCiT), our university has pioneered
scientific development at the level of higher education. In recent years and as the means by which the
UB’s different technological facilities could be brought together, the CCiT has allowed us to optimize
our resources and improve the quality of our research and currently provides an important
concentration of research infrastructure in Spain.

This handbook is a clear example of the quality of the research carried out at the UB.

Didac Ramirez
Rector of the University of Barcelona



Foreword by the Vice-rector for Research of
the University of Barcelona

The Scientific and Technological Centers of the University of Barcelona (CCiTUB) are a group of
advanced facilities whose major mission is to support both research and innovation of researchers
from the University of Batrcelona, other public organizations and industry. In order to achieve this
goal, the CCiTUB provide state-of-the-art instrumentation and expertise for use in R+D and
Innovation projects and they also carry out methodological developments in order to improve both the
capabilities and infrastructure of the centers.

One of the strengths of the CCiTUB is their wide technological offer, which is grouped into three key
areas, namely Chemical, Materials, and Biosciences technologies. The strategic coordination and
leveraging of resources at the CCiTUB allows successful completion of multidisciplinary projects,
which often require both a coordinated and integrated approach.

The CCITUB were set up in 1987 as the Scientific and Technical Services in order to house together all
the high-technology instrumentation available at the UB, coordinated under unified technical
management. Over the years, the analytical capabilities of the center have substantially increased to
accommodate the latest technologies required by the research community. The center was renamed as
the Scientific and Technological Centers in 2010.

The CCiTUB have both implemented and maintained a Quality Management System that fulfills the
ISO 9001:2008 standard and are an acknowledged laboratory of the Register of Food and Agriculture
Laboratories of Catalonia. The CCiTUB belong to the TECNIO network, promoted by the ACC10
agency of the Catalan Government.

The CCiTUB facilities are housed on different campuses at the UB and, as a result, enjoy the benefits
of continuous interaction with the research community at our university.

Jordi Alberch
Vice-Rector for Research
University of Barcelona



Foreword by the Director of the CCiTUB

Belonging to the University of Barcelona, the Scientific and Technological Centers are a group of
infrastructure facilities with the main goal to support research and innovation in the areas of chemistry,
materials sciences and biosciences. In order to accomplish this goal, we provide state-of-the-art
characterization technologies and specializing technological advice to both the research community
and industry. An important part of our attention is devoted to methodological research in the above
mentioned areas, aimed to improve both the capabilities and infrastructure of our centers. We also aim
to enforce the university-industry relationship and promote innovation and technological transfer by
participating in agreements and R+D+i projects with industry. Finally, we offer training courses and
workshops regularly and are involved as partners in different Furopean and International
Infrastructure Networks.

We are one of the largest mid-size infrastructure facilities in Spain, with highly-qualified staff
specialists, and the broadest range of characterization technologies. The latter are grouped in
technological units which include microscopy and advanced characterization techniques, nuclear
magnetic resonance, mass spectrometry, chemical spectroscopy, high-performance biotechnology,
radiological protection, and animal facilities. Over the years we have built a solid reputation for quality
and timely service, as our yearly customer satisfaction survey indicate. Our capabilities are used by well
over thousand users in a typical year; these researchers originate from both university departments and
public research institutes, as well as from industry. Our industrial customers represent sectors of
economy that include pharmaceutical, cosmetics, chemical, environmental, health services, food,
automotive and energy.

José Ramion Seoane
Director of the CCiITUB



Preface

This Handbook contains a collection of articles describing instrumental techniques used for Materials,
Chemical and Biosciences research that are available at the Scientific and Technological Centers of the
University of Barcelona (CCiTUB). The CCiTUB are a group of facilities of the UB that provide both
the research community and industry with ready access to a wide range of major instrumentation.
Together with the latest equipment and technology, the CCiTUB provide expertise in addressing the
methodological research needs of the user community and they also collaborate in R+D+i Projects
with industry. CCiTUB specialists include technical and Ph.D.-level professional staff members who
are actively engaged in methodological research. Detailed information on the centers’ resources and
activities can be found at the CCiTUB website www.ccit.ub.edu.

The Handbook is intended to provide the reader with updated information on various technologies
available at the CCiTUB. Each contribution summarizes the basic principles of a particular technique
and gives examples of applications that illustrate capabilities of the technique. In addition, a wide
selection of references give the reader ready access to more detailed information should it be required.
The content and style of each contribution is intended to be suited to readers who are not familiar with
the different techniques.

The CCiTUB are essentially organized into 3 main areas, namely Materials, Chemical and Biosciences
technologies. The different techniques presented in this Handbook have been grouped under the
umbrella of the corresponding area. It should be emphasized that this Handbook does not provide an
overview of every instrumental technology available at the CCiTUB, but is focused only on a
selection of the techniques available.

The Handbook is divided into 3 parts. Part 1 presents techniques that are used for materials
characterization. These include x-ray photoelectron spectroscopy, electron enetrgy loss spectroscopy,
precession electron diffraction, electron probe microanalysis, advanced scanning electron microscopy,
advanced optical microscopies, atomic force microscopy, x-ray single crystal and powder diffraction
and paleomagnetism. In Part 2, characterization techniques relevant for chemical research are
presented, which include crystal engineering, Fourier transform infrared spectroscopy, Raman
spectroscopy, nuclear magnetic resonance, mass spectrometry and hyphenated techniques in gas
chromatography mass spectroscopy, liquid chromatography mass spectrometry and isotope ratio mass
spectrometry. In Part 3, the techniques used in biosciences research are discussed, including tri-
dimensional (cryo) electron microscopy, advanced light microscopies, bioinformatics, proteomics, flow
citometry, genomics, next-generation sequencing technology, surface plasmon resonance, and
biological and biomedical applications of transmission and scanning electron microscopy. In Part 3,
three contributions that are devoted to radiation protection issues are included, namely liquid and solid
scintillation technologies, x-ray systems and radiation protection education.

It goes without saying that this Handbook could not have been written without the time and effort of
so many contributors. Each contribution represents a distillation of the expertise and experience
gained by the contributor(s) over the years working at the CCITUB. We wish to thank them all for
their efforts. We also wish to thank all the CCiTUB staff who have helped during the writing of this
Handbook.

We hope the present Handbook will become a convenient source of information for researchers using
characterization techniques at the CCiTUB.

José Ramon Seoane
Xavier Llovet
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Handbook of instrumental fechniques from CCIiTUB

Phofoelectron spectroscopy for surface
analysis: X-ray and UV excitation

Lorenzo Calvo-Barrio and Gardenia Vargas

Unitat d’Analisi de Superficies, CCiTUB, Universitat de Barcelona. Lluis Solé i
Sabaris, 1-3, 08028 Barcelona, Spain.

email: Jorenzo@ecit.ub.edu
Abstract. This article summarizes the basic principles of photoelectron

spectroscopy for surface analysis, with examples of applications in material
science that illustrate the capabilities of the related techniques.
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Photoelectron spectroscopy for surface analysis

1. Introduction

Photoelectron Spectroscopy (PES) is a general tesed to describe the characterization
techniques that study the surface of a materialdigg either X-rays or ultraviolet (UV) light as an
excitation source to promote an electronic emisdioroth cases, the physical effect upon which
these techniques are based is the same, the pitaekffect, which can be traced back to itd firs
documented observation by Hertz in 1887. Duringfitst decades of the last century, the theory
underlying this effect was quickly established tbge with the quantum theory, being Rutherford
and Einstein [1] two of the well-known scientisthawvorked on its development. But it was not
until the second halif the century that other researchers could devatope experimental devices
that used the photoelectric effect to charactetigesurface properties of materials. Those initial
works culminated with a publication in 1967 by Kaiegbahn [2], who explained how to obtain a
spectrum by using X-rays as excitation source hatdame time, David W. Turner started to study
free molecules in a gas phase by exciting them wiittaviolet light and collecting the emitted
electrons. Since then, PES equipments have bedt thd@ir commercialization is in constant
evolution and the technological parts, such as wacpumps, excitation sources, analyzers and
electronics, are in continuous improvement. Nowadayndreds of PES spectrometers are being
used in cutting edge technology research centretruments combining both X-ray and UV
excitation are not uncommon since, besides thetagian source, the remaining parts of the
equipment are practically identical.

When X-ray excitation is used in PES, the technigumalled XPS. It is also known as Electron
Spectroscopy for Chemical Analysis (ESCA), givea tise made of the emitted electrons. In short
terms, XPS involves the irradiation with soft mohammatic X-rays of a solid in vacuum, and the
subsequent emission and study of the electronsupeadby photoelectric effect. The collected
electrons can be represented in a plot where thiauof electrons versus their kinetic or binding
energy is drawn. The information obtained concemly the surface of the material, because the
mean free path of electrons in solids is so srhall the detected electrons originate from a few top
atomic layers. The achievement of quantitative mesments of the elemental composition and the
identification of the different chemical statestloé elements present at any surface are some of the
main utilities of this technique.

On the other hand, the technique is called UPS Whérexcitation is used in PES. Principles
are essentially the same as those of XPS, but adotv-energy radiation (below 50 eV) is only
capable of ionizing electrons from the outermosele of atoms, the valence band (VB). Since
these levels are directly involved in molecular diog features, this technique is also known as
molecular photoelectron spectroscopy. The studtheflower energy region of the spectra gives
information about the density of occupied state®%pin the VB. Among other applications, this
technique can be used to calculate the electromid Istructure of a material and some relevant
parameters concerning the interaction betweenfates.

2. Methodology

2.1. Basic Principles

Electrons are arranged in orbital levels aroundrbeleus and are bound to it by electrostatic
attraction. Each orbital level has discrete endeggls that differ in value from the same orbital
level in atoms of different elements, due to thiéedent electrostatic attraction to the nuclei with
different number of protons. The amount of energyuired to remove one electron from the atom
(the energy of its orbital level) is directly thenthing energy of the electroiherefore, a short
wavelength photon from a specific X-ray source loamsed to irradiate and thus to ionize an atom,
producing an ejected free electron which charasterihe atom, as shown in Figure 1.
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Figure 1. Schematic plot of the photoelectric effect (lefid the subsequent Auger effect (right).

The kinetic energy of the emitted electron depemdghe energy of the photon, which is given
by Einstein’s photoelectric law
KE=hv-BE

whereBE is the binding energy of the atomic orbital fromigéhthe electron originately is the
energy of the incident X-ray (photon), aiE is the kinetic energy of the ejected electron
(photoelectron).

Just after this process (at about*18), the resultant excited ion relaxes by movingeeond
electron from an outer orbital level into the inf@le left by the photolectron. This transition
produces a quantity of energy that the ion caniug&o ways, either by releasing an X-ray or by
emitting an electron. This third electron is calkafer electron, and its energy is given by

KEauge\:BEl_BEZ _B E31

whereBE; is the binding energy of thieatomic orbital from which the photoelectron origies,
andKE,uger is the kinetic energy of the last emitted electrbine main difference between the two
emitted electrons is that the photoelectron is ddeet on the irradiation energy while the Auger
electron is only dependent on the energy differebe¢ween the orbital levels, which is
characteristic of each chemical element.

It should be noticed that, when making realisti@mgements, a new term, the work function of
the spectromete®s,., has to be subtracted from the right hand sidthede two equations. This
constant value is related to the fact that a spwtiion of energy is needed to capture the electron
from the free electron level (or vacuum level) dihg it to the entrance of the analyzer to be
counted. Furthermore, if the BE is referred to eemi level of the ion (E is the energy of the
least tightly bound electrons within the solid)het than to the free electron level, another small
correction to the equations has to be done in dadaccount for the work function of the material
®.

The photoelectric process occurs in the whole edait structure from inner levels (also called
core levels) to the less-bounded electrons of tBReoreover, the photoelectric process occurs all
over the material that has been excited by theliat®n source, not only at the surface but
typically some microns in depth. However, the stefaensitivity is an inherent characteristic of
PES measurements due to the small inelastic efectrean free pathAj. This parameter is
dependent on the kinetic energy of the electrod,aso on the substrate that has to cross. ltvarie
from 1 to 10 nm for the majority of substrates &mdkinetic energies below 2 keV. In addition,
because of these low values, the path from thesato the analyzer has to be controlled in order
to avoid the loss of too many electrons due totaday by air molecules. Therefore, ultra-high-
vacuum chambers (UHV, less than’1Pa) are highly recommended for acquiring religBES
spectra.

2.2. XPS spectra
By collecting the emitted photoelectrons with aprapriate electron analyzer, counting them and
studying the spectrum of the number of electromsuseits distribution of kinetic or binding energy
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(using the former equation), it is possible to grure the material they come from. The analysis of
a wide range of BEs will provide unique signatuoéghe elements as a function of their atomic
number, thus providing elemental analysis. Morepifea mixture of elements is present, BE
information will be related to all the elements a@odheir concentration ratio (the spectrum of a
mixture of elements is approximately the sum ofgpectra of the individual components). In this
case a new problem arises: to determine the elefremt which a specific electron belongs,
because overlapping of orbital levels from difféarelements could appear. This difficulty can be
solved by looking for all the other orbital levétsknow if the element is present or not.

The main features of a XPS spectrum of elementhium excited by a 1486.6 eV AK
monochromatic X-ray line are shown in Figure 2sFf all, primary peaks resulting from the
photoelectron procesg)(can be seen. Some of them are in groups of tw&spas a consequence
of the spin-orbit splitting (degeneration) thatdalplace in all orbital levels except in thene. The
intensity ratio between the two peaks depends anlthe angular momentuinof the orbital level,
but the distance between them depends also ortah@canumber Z. The width of every primary
peak depends quadratically on three contributions, related to the physical nature of the atoms,
another one concerning the analyzer characteristiog a final one produced by the excitation
source. The physical contribution cannot be modifieecause it originates from Heisenberg's
uncertainty principle [3], but the two others cae beduced by improving the technique
methodology.

Intensity (a.u.)

b L_.#,_,_«,,J{
1000 800 600 400 200 0
Binding Energy (eV)

Figure 2. XPS spectrum of elemental uranium.

The characteristic background) (of the XPS spectrum is mainly due to the inetadly
scattered electrons. The electrons excited by thayXsource at a certain depth not too far from
surface cannot leave the surface without losingticnenergy by inelastic scattering with atoms of
the solid. This random energy loss appears in pleetsum as an increase of the background for
binding energies greater than each primary peak.

The Auger electronsc) can also be detected in the spectrum. Some Awgesitions can be
seen, but the energy position is not relevant bexabe transitions do not dependent on the
irradiation energy. They appear as a broad banadusecthey are the result of the different
combinations of energy losses from electrons ofdwihree different orbital levels.

Second order features of the XPS spedtfjaworth pointing out are: peaks due to the X-ray
satellites of the excitation sources, shake-up ahdke-off satellites, multiple splitting and
asymmetric metal levels (all them related to th@rgenization in different ways of the VB when
the photoelectron leaves the surface), and bulksamfdce plasmons (related to excitation of the
modes of collective oscillation in the sea of cartthn electrons). All these features can change
dramatically the aspect of a high resolution (HRdrum for a selected BE window.

Finally, it is known that the interactions betweatoms which form the different types of
chemical bonds in molecules and compounds depelydoorthe VB levels, while the core levels
are not directly involved in the bonding procesewdver, according to Koopmans' theorem, if the
energy of the initial state of the atom changesheyformation of a chemical bond, the BE of the
core electrons will change in a fixed quantity ddadhe difference in the two atom states
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ABE= A(Einitia (N)~Einar (N-1)),

beingn the number of electrons that remains in the atoioro The fact that one type of bound or
another is formed will affect slightly enough tHeatron bounded to the core level so as to observe
changes when studying its energy at high enoughlutésn. Thus, chemical information can be
extracted from XPS spectra by a HR spectrum fitforgdetermining the amount of each type of
bond present in the elements of the surface. TV & accuracy when determining the zero of
energy is of vital importance and this is a pafttidy difficult parameter to fix. Sometimes it is
possible to measure where electrons start to bateduand equal this energy level to zero, but
usually it is better to use an internal calibratiench as the position of one peak not affected by
chemical bonding at the surface. For this purpabetitious carbon (C) present by atmospheric
contamination is very useful, and 284.8 eV canixedfas an energy reference [4].

MT.1

2.3. UPS spectra

UPS measurements deal with the structure of theaN@®the less bounded electrons. Obtaining a
UPS spectrum is similar to measuring a XPS specthaimg UPS also a very surface sensitive
technique. The same equipment can be used witbrilyedifference of the excitation source. The
great advantages of using UV radiation over X-rayhjch also excite the low-energy bound
electrons, are the very narrow line width of thdiation and the high flux of photons available
from simple discharge sources, and as a resulgjutoik and better answer in terms of intensity and
energy resolution of that low-energy part of thectpum. To understand a UPS spectrum it is
necessary to clarify some basic concepts from stéitt physics and molecular chemistry, such as
vacuum level (at surface and infinity), lowest uoiggied molecular orbital (LUMO), highest
occupied molecular orbital (HOMO) and ionizationtgraial (also called ionization energy, IE).
All of them are outlined in Figure 3, together wah example of UPS spectrum of gold (Au)
excited by a Hel line (Au is a standard material il®S measurements, due to its total metallic
behaviour).

It is worth mentioning that UPS measurements areemomplicated than XPS measurements
from the experimental point of view, because thag be affected by artefacts such as different
charging and sputtering effects or damage prodbgeidradiation which are difficult to avoid or
even to detect.

Vacuum level

®=hv-(E_-cutoff)

LUMO

Intensity (a.u.)

EF EEEEEEEEEEEEEEER
HOMO ®EEEEEEEEEN

Valence Band

v

Energy : 10 15 5 .

Kinetic Energy (eV)

Figure 3. Sketch plot of atom outer energy levels (left) &RIS spectrum of Au (right).

The bands present in a UPS spectrum are very camplace they are the result of a
combination of the molecular orbital (MO) levelggpent at the surface (each MO is constructed by
combining atomic orbital levels from each atom)r fas reason, UPS is not as well established as
XPS, but it can provide some very useful parametach as the shape and peaks at the VB, the
energy gap or band gap (distance between HOMO &), the fine structure due to vibrational
levels of the molecular ion (bonding and antibogdWiO levels), and thé of the surface. This
latter parameter can be determined by measuringuthevidth of the spectrum, from the highest
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kinetic energy (B to the lowest kinetic energy cutoff, and thersbiptracting the photon energy of
the exciting radiation. For this purpose, it isessary to measure accurately the energy cutoff (als
called the onset of secondary electrons or onsghotoemission), defined as the minimum kinetic
energy for which electrons are detected [5].

2.4. Analysis capabilities: Quantification, angisolved and in-depth (profile) analysis

2.4.1. QuantificationXPS can be considered as a quantitative techniggequse the relative
atomic concentration of the different constituerds be determined in elemental percentage. The
number of electrons produced by photoelectric éffiepends not only on the quantity of chemical
elements present, but also on the ionization gesson of the orbital level (the probability treat
ionization is produced) and other geometrical amalyezer parameters. The most common method
used for quantification is the relative sensitifiigtor (RSF) method, which supposes that

I=n-F, and F=f-06yA-AT

wherel is the intensity (or the area) of a photoelegteek of a given element,is the number of
atoms per crhof the element in the sample aRgis a constant value called sensitivity factey.
depends on the X-ray flux in photonsfesecf, the photoelectric cross section for the atomic
orbital of interest in cfg; the angular efficiency factor for the instrumémtaangement based on
the angle between the photon path and detectettaie€ the efficiency in the photoelectric
process for formation of photoelectrons of the rairphotoelectron energy theA, the area of the
sample from which photoelectrons are deteéteaind the detection efficiency for electrons erditte
from the sampld. Thus, if all elements present at the surfacedatected and one peak of each
element with its well knowfrs can be chosen, the following equation can be ksiteiol

N, I/ F

sn ZLIF

whereC, is the concentration of one element in percentaggemt at the surface.

This method is currently used and software prograand databases are available [6].
Nevertheless, it has also some drawbacks namebel not work for inhomogeneous structures in
the nanometric scale, or sorfRgvalues are not well established (they are far fbammg constant
or simply do not exist for some photoelectric peakseveral elements). Another approach less
used for quantification is to simulate theoretisplectra and then to compare them with the
experimental results, paying special attentiom#liackground [7].

C.=

2.4.2. Angle resolved XPS (ARXPSRXPS measurements define the sample tilting wegpect

to the analyzer. Changes in the design source-saamalyzer will affect the escape depth of the
electrons. Tilting the sample towards the analyzdlrimprove the relative signal from the outer
part of the surface (from 1 to 2 nm) in front oé timner part, but will decrease in global terms the
total amount of collected intensity. Moreover, theekness of very thin overlayers of the surface
(less than 5 nm) can be determined by assuming lkdow of some parameters. For this reason,
the technique is sometimes called non-destructeghdprofiling. The simplest approach to this
calculation is to assume that the intensity ofdbkected electrons that come specifically from the
substrate material below the overlalgran be expressed by the following equation

=l Ole—d/(/lcosa

wherel, is the measured intensity if there was no overlayethe substratel is the thickness of
the overlayer andis the angle between the normal to the surfacdladnalyzer (take off angle).
More complex attempts can be done to increase acgim these calculations, and to study either a
heterogeneous layer or a multilayer on a subsi8te

2.4.3. In-depth XPShe erosion of the surface under UHV conditiolh®nas to perform in-depth
measurements. For this purpose an ion gun of aergds such as argon (Ar) is sputtered over the
surface. Measurements alternate with the sputteniicly as a consequence, a new surface is present
for the analysis every time. Thus, an elementdiilproan be drawn. By controlling both intensity
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and energy from the ions, the damage produced dgphttering and the chemical iraction of
the implanted ionsan be minimize. In very specific casesii even possible to measure in de
some elements with enough riegimn to obtain a chemical state pro [9].

2.5. Instrumentation

PES equipment at the CCiTUBcludes two systems, a XPS PHI-5500m Physical Electronics
(1991) and aXPS plus UPS SAG-HR from Specs (2004)The following explnations of the
instrument characteristics wiifel to these systems [10].

In XPS measurements, a soft monochrac X-ray source obtained by higloltage excitation
(10 to 15 kV) under UHV conditions is used as etmn source. Usually , ka or Mg ka lines,
with energies of 186.6 eV and 1256.6 erespectivelyare used because they have enough et
to excite orbital levels of all stable atoms ane #in enough to be used in HR measurement:
decrease the energy width thiaesesources introduce, the use of a monochror is advisable,
which also reduces satellites, Bisstralhlung irradiation and other minartefacts. The irradiate
surface is normally a large area of about 0.2. In UPS measurements the radiation source
helium (He)discharge lamp that emits t lines of radiation, Hel at 21.22 eV and Hell at8®eV.
The energetic difference between these two linesasnstant value that allows checking the ¢
electric behaviour of the spectrometer (if the gmed and the sample holder are grounded).
irradiated surface is a large area of about’.

The spectrometer part of PES equipments consigeofromagnetic lenses, an analyzer a
detector or electronic counting system. The lensasally operate in a mode called cons
analysis energy (CAE), which retards the electitonspecific eneries (called pass energies) ¢
allows to have constant energy resolution alondhalrange of kinetic energies. The lenses
drive the electrons to the entrance of the conweitemispherical analyzer (CHA). A Ck
consists of two charged concentrictal hemispheres that create an electric field betwihem
The electrons going across it are captured by titer@r inner sphere depending on their kin
energy. Only electrons in a narrow energy regidosg to the pass energy) succeed in gettil
the way round from the hemispheres to the detedibe detector is often a multi chan
electronic device that can collect several groupslectrons with different kinetic energie
Spectrometers define the effective area of measmentypi@lly a circle of about 0.8 mm i
diameter. A tricky featur®f them is that the intensity is inversely propamal to the energ
resolution of any mode of workir

N-ray source Energy analyzer

y
fe F)
I ol / '\.
Electronic

UHV Chamber detector
(p<6x107 Pa)

sample
Computer

Figure 4. Basic drawingf PES instrument (left) and picture of our -5500 XPS system (ri¢t)

In order to achieve UHV (10Pa), PES equipments use thdifferent types of vacuum pum
namelyrotary, turbomolecular and ion pumps, each oneulisefreach a different level of vacu,
from atmospheric to UHVWVhen pumps areoined, veryaccurately pressure control syms and
filaments that helpo improve vacuum are also necess

MT.1
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Moreover, two indispensable systems are the ionanththe electron gun. An ion gun of a
noble gas (usually Ar) helps not only to performimtlepth profile (as explained before) but also
to clean under UHV conditions the contaminationsarfaces. Slight sputters (1 or 2 nm) at low
energies (typically 3.5 KeV) and low fluxes alloas temove the absorber contaminants, such as
adventitious C. On the other hand, a low-energgteda gun helps to keep non-conductive samples
free from electrical charging. As electrons go fram the surface by photoelectric process, non
conductive samples increase the BE of its remaieilegtrons. One effective way to prevent this
fact is to inject low-energy electrons (less thah €V), which will be captured and start a
dynamical reincorporation of them on the surfackisTsolution cannot be used in UPS, where
sometimes a bias voltage is applied to the samgldehto discriminate the energy cutoff.

A specific sample preparation is not required f&SPmeasurements. Theoretically, a flat
surface is needed, but powders can also be mealsyrgticking them on bi-adhesive C tapes that
work well in UHV conditions. Sample characteristim® often limited by vacuum and electrical
behaviour.

3. Applications and Practical Examples

XPS and UPS can be used in very different typesudfices, ranging from the homogeneous to the
most heterogeneous surfaces, such as powderss,fibemarticles in suspension (dried at the
surface before measurement). A list of the fieltlene these techniques are applied includes metal
alloys, ceramic materials, polymers and plasticsatings, implants, composite materials,
semiconductors, inorganic and organic compound$acl contaminant identification, interfacial
chemistry, catalysis and corrosion. Moreover, ndeld$ such as biological surfaces or
nanostructured materials, previously forbidden t8\MUand X-ray related techniques, start to be
trendy due to the latest possibilities in termdeahnology [11]. In the following, some examples
of PES applications will be presented in order tmve the enormous capabilities of these
techniques.

3.1. Elemental identification, quantification actftemical bonding in Cr-doped Ti®@amples
Titanium dioxide (TiQ or Titania) is a technological excellent matemdtiely used for many
applications, such as sensors, optical coatingspgmts, solar cells or photocatalysis. Its good and
varied properties (strong oxidation power, chemé&al mechanical stability, high refractive index,
photostability or environmental friendly naturendaze improved as desired with doping, especially
with transition metal atoms like chromium (Cr). Ei@oped thin films, inorganic nanotubes and
nanoribbons can be prepared with many methodsn$teince CVD, sol-gel, reactive sputtering or
pyrolysis, allowing the use of this material in wesmall devices. But the resultant chemical
characteristics and especially the band gap cawebg different depending on the preparation
method and doping characteristics, and only a sers&nsitive technique such as XPS can control
them [12].

Spectra from a Tigthin film doped with Cr are shown in figure 5. Ade XPS low resolution
spectrum reveals peaks related to four chemicatets, oxygen (O), titanium (Ti), Cr and C. By
choosing the main peaks of each element and uesdREF method, their atomic concentration
percentage is calculated, resulting in 14.7% d624% of O, 22.4% of Ti and 6.5% of Cr.

Assuming that C comes from atmospheric contaming@alventitious C), a previous accurate
calibration of the binding energy is done. The Hiectrum of Ti and Cr can be fitted to identify its
chemical bonding. The Ti2p orbital level fits walith a doublet from only one chemical specimen
assumed to be Ty shape and energy position. Instead, Cr2p sloteasly that each peak of the
doublet has to be fitted with two chemical specisavhich correlate with &fand Cf* by shape
and energy position. All important data fits, sashBE, full width at half maximum (FWHM) and
area percentage, are reported in Table 1.

The proposed chemical bonds not only have to agithethe energy position, but also the total
O content. Assuming Ti) Cr,O; and CrQ to be the present oxides, the total amount of O
calculated taking into account its ratios to theatseshould be 44.8% in Ti(lus 6.1% in GOs
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and 4.4% in Cr@ making a total of 55.3%. This number approaclnes total amount of O

(56.3%). The small difference could be explainecehlyer experimental error or some C=0 bonds
related to atmospheric contamination. These nunmbédence the good agreement in both energy
position and fit for the proposed chemical specisnemnd validate the chemical bonding
identifications. Unfortunately, the HR spectrum{not shown here) cannot be used to trace back
these chemical bonding identifications, due to dhmost inexistent difference in energy for the

different bonds (all of them at about 530 eV).

L
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Table 1. XPS parameters corresponding to a Cr-doped S#nple
Cr2p Ti2p
Line BE FWHM Area Suggested Line BE FWHM Area Suggested
(eV) (eV) (%) bond (eV) (eV) (%) bond
203/2 576.76 2.31  38.97 GO; 2p3/2 458.62 1.14 66.67 TiQ
b 578.96 2.33 27.69 Cr@ 2pl/2 464.31 2.01 33.33 TiQ
201/2 586.45 2.53  19.49 GOs
PYe 5gg35 255 1385 Cro

3.2. ARXPS in polymers absorbed on metal surfaces
The deposit and bonding of organic molecules anlynpers in inorganic surfaces is being

considered as one of the most outstanding fieldsiiface science, since this is the way to reach

biocompatible devices. Synthesis methods as wedjuasity of initial surfaces play an extremely
important role for obtaining the best features he final material. The analysis of chemical
structure and morphology, and the determinatiophysical properties in relation to compositional
and structural parameters of self assembled moaa§SAMs) of organic molecules on metals

can be done by ARXPS. This technique allows toraiisnate the actual element that is bound to

the metal surface [13].
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Figure 6. HR XPS spectrum at 5° (top) and 45° (bottompkétoff angle. From left to right:
Au4f, S2p and N1s.

Figure 6 shows an overlaid plot of Au, sulphur &8}l nitrogen (N) HR spectra at two different
take-off angles observed in SAMs of 4-thiolphen@gphnd dodecanothiol on polycrystalline gold
over glass. By changing the take off angle from #b%°, data coming from the top surface is
improved. These data reveal no differences in Auef@ected), but changes in both S and N. The
S spectrum at 5° is composed by a single peakewthd spectrum at 45° has a shoulder at low
energies (marked by the arrow) that indicates aditiadal chemical state that would be
responsible for the bound with the metal. Moreottee, N spectra do not show a clear peak at 5°
but a peak formed by two o three chemical statpsans at 45° revealing that N is not on top, and
maybe is also involved in the bound with Au.

3.3. Chemical characterization of new chalcogeratlsorbers for next generation photovoltaic
technologies (PV): in-depth XPS concentration pesfi

CwZnSng and CyZnSnSe (CZT(S,Se)) compounds are receiving an increasitegest for the
replacement of chalcopyrite absorbers used in Q&#)(S,Se) (CIS) solar cells [14,15]. In
relation to CIS based PV technologies, CZT(S,Sdgriads are formed by abundant and non-toxic
materials, which make them more suited for theisshae deployment in the next years to compete
in a more efficient way with traditional non-rendi& energy sources. However, efficiencies
achieved with these absorbers are still lower th@%. One of the reasons for low efficiency
values in these devices is the potential preseficeecondary phases, probably at the grain
boundary regions, which deteriorate the optoeleatrproperties of the layers. Full identification
and characterization of phase inhomogeneities ixiar for further optimization of these
technologies In-depth XPS analysis provides both #tomic concentration profile and the
chemical information of the layers when minimizihg damage produced by the' Aputtering.

On the left of Figure 7, all the spectra of Zg2prbital level from the surface to the bulk are
shown. A plot like this one can be obtained frone ambital level of each element present at the
sample. Using the RSF method, the atomic concémtrgtercentage versus sputter time is
calculated (on the right). The percentages of tfierdnt elements do not agree with the theoretical
assumptions of composition of the material. Thesfgnal is large enough all along the layer which
indicates that some Cu-rich secondary phases QigSnS) are also formed. This phase will
certainly alter the electric behaviour of the salelf. The comparison of XPS in-depth data with X-
ray diffraction (XRD) and Raman scattering speaopy data will help in clarifying this point
[16].

3.4. Study of VB and molecular bonds: determimattd HOMO levels in pentacene deposited on
nanostructured substrates

Organics electronics, i.e. the conjunction betweryanic surfaces and inorganic materials, is one
of the most outstanding fields in material scier@errect understanding of these systems requires
knowledge of the physics and chemistry of its st@éaand interfaces. The complex structures
created by the chemical reactions between orgatsorbed molecules and metal surfaces can be
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studied by looking at the molecular orbital levélg UPS. Nowadays, metal substrates are
nanostructured (in order to create nanodevicesgtwldads to greater complexity on the subject
[17, 18].
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Figure 7. XPS depth profile of CZTS on silicon oxide. Inptle spectra from Zn2p (left) and
elemental atomic concentration in % (right).

In Figure 8, UPS spectra of pentacene absorbechanganic surfaces used in nanoelectronics,
such as Au or silicon carbide (SiC), apeesented. These materials are very useful for
generations of organic light-emitting diodes (OLERsd organic field-effect transistors (OFETs
The objective is to know the nature of the intamacbetween the organic material and the differen
metals, and a point of starting is to look at pagtars such as the variation of HOMO levels, 4k,
and the hole injection barrier (HIB, the differenoetween Eand HOMO). Thespectra show ti
main characteristics of a UPS measurement, a geaiglabinding energyrdm secondary electroi
and several bands that appear from medium BEsaothe E value. Reference measurement in Au
presents Eat -0.07 eV, and & value of 6.14 eV, higher than the expected. Thaadrwill help t

compare the relevant data from samples coverecbtapene (presented in Tablewdth the value
from the literature.

Table2. UPS parameters

10 nm Pentacene / Si¢

N Sample Pentacene Pentacene
Yool on SiC on Au
s ‘ HOMO  0.95 0.83
- gl (eV)
S B IE (eV) 6.62 6.33
% | ® (%) 5.59 5.42
E 3s 30 25 Binc%\‘gg Enéisgy (e:}jo ps' oo s H IB (eV) 102 087

\ 10 nm Pentacene/ 70 nm Au / SiC

D— Figure 8. UPS spectra (Hel excited) of
ey G S S Au, 10-nm-thick pentacene on SiC and
16 14 12 10 8 6 4 W 0 10-nm-thick pentacene on 70 nm of
Au over SiC.
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Abstract. In the present work we review the way in which the electron-matter
interaction allows us to perform electron energy loss spectroscopy (EELS), as
well as the latest developments in the technique and some of the most relevant
results of EELS as a characterization tool in nanoscience and nanotechnology.
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1. Infroduction: EELS in a nutshell

In the Transmission Electron Microscope (TEM), acident electron suffers both elastic and
inelastic scattering by the solid state thin santipde is being characterised. In the event of stala
scattering, the incident electron gives a partoénergy to the electrons in the sample. The amoun
of lost energy can then be measured by a magnégc &t the end of the column, and a plot
displaying how many electrons have lost what amadirgnergy will give us an Electron Energy
Loss (EEL) Spectrum. Thus, in an EEL Spectrum tiiinate axis corresponds to the number of
electrons, or counts, and the abscise corresporttie Energy Loss.

Notice that most electrons shall not suffer anylasic scattering whatsoever. As a
consequence, the greatest contribution to the mpeds due to these electrons having lost zero
energy, giving rise to the so-called zero-loss pEaKP). As for those electrons having lost a
certain amount of energy, they may lose it to gie to a ionization of specimen electrons,
transitions from occupied core states to unoccupim@ states or to conduction band states, to
interband transitions or excitations of collectierations of conduction band electrons.

Incident electrons carry a given momentum, and ivorth keeping in mind that in an elastic
scattering event not only energy, but also momentaay be transferred. In fact, this is the reason
why it is not straightforward to compare EELS réswhith those obtained by means of optical
spectroscopies.

EELS detectors can provide an energy resolutionndimathe order of the 0.1 eV. In addition,
incident electrons can be tuned by TEM optics, mgkit possible to obtain spectroscopic
information from an extremely constrained area, am@¢ombine EEL Spectroscopy with TEM
imaging.

2. Understanding inelastic scattering

Whenever an incident beam interacts with a solitesspecimen in the TEM, a number of signals
are generated, as schematically displayed in figgure

incident beam

secondary & Auger

electrons
X ray photons

_—

| ]
1 specimen

incoherent elastic _ _ .
scattering inelastic scattering

_ coherent elastic
undeviated beam scattering

Figure 1. Signals generated from the beam/specimen interaittithe TEM.

A scattering event is inelastic if the incidenttfatectron suffers a detectable energy loss.
Elastic scattering can be viewed as being billiaat-like, with very little energy loss implied. Ye
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Rutherford scattering may cause appreciable displaat damage to the sample, with an energy
interchange in the order of the tens of eV.

Single scattering refers to one single scatterivene plural scattering, to a string of several
(countable) scattering events suffered by the ewictlectron; finally, multiple scattering refeocs t
a string of scattering events which are too numetolkeep track of them, and, thus, to implement
accurate calculations.

The probability for a scattering event to take plax described by its cross section. The cross
section is the apparent area each atom makes laleaila relation to the event. In order to MT.2
understand this definition, it is important to keepmind that, if the number of atoms per unit
volume in the solid state sample g then, the probability that a scattering event&scribed by a
cross sectionoy, takes place in a differential thickness dy isolbility (X) = noxdy.
Alternatively, we can define the mean free pathpjrifas the average distance travelled before the
event takes place, thiis= 1/nox.

The cross section may be a function of angle, drideoenergy lost by the incident electron in
the case of an inelastic event, and, in this sehsd]ifferential cross section per unit solid &gl

do,

dQ

and the double differential cross section
d’o,
dQdE

are usually referred to.
A simplistic description oflastic scattering is given by assuming Rutherford scattering from
the whole atom. In this case,

do _ 47"
dQ a5’

-1/2
V2
v=f-7)

2= 0.52%10" m is the Bohr radius and q is the scattering vegte 2ksin(®/2), with q being

the momentum transferred to the nucleusftirunits. Notice that the above formula implies a
strongly forward peaked scattering.

Rutherford scattering does not take into accoust gbreening of the nucleus potential by
localized electrons, overestimates scatteringwatdngles and, if integrated over all angles, yields
an infinite cross section.

In order to take the screening into account, a Wuakpotential with a screening radiyan be
considered:

where Z is the atomic number,

Ze

TE I

Then, the obtained differential cross section ithefform:
do _ayzet( z Y
@ & (qzroz +1j

We will later discuss the physicsioielastic scattering in detail. Inelastic scattering can promote a

number of excitations in the specimen. Phononsttedowest form of life in the de-excitation

chain, as everything else dies by exciting a phoibeir energy is yet too low (less than 0.1 eV)
to be detected in the EELS spectrum.

V(r) = 2 expr/r,)
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Collective oscillations of the free electrons, &émts of a single valence electron (single
electron excitation) and ejections of a single atmre electron (core-loss) will be present in the
EELS spectrum.

2.1. Lentz formalism of atomic inelastic scattgrin
Let us consider the inelastic scattering of antedacby a single atom. This event is described by a
differential cross sectionaddQ.

Lentz maodification of Morse’s theory of elastic #eaing gives an expression for the inelastic
differential cross section of the form:

do, _ 4VZZ 1
- a’q” 1- 272
dQ  apq @+ @r)°)

where again the electrons in the atom are deschlpeal screening radlus @in a Thomas-Fermi

/73
model, pcan be assumed to = a2 ). 9 is the scattering vectoq kO, where kf ' k

are the final and initial momentum of the incidetectron respectively (see figure 2§.aan be
written as

q2:k(2 2,/1-26, cosb - 29)

whereb is the scattering angle (i. e.: the angle betm)étarand kO , as shown in figure 2), ari is
the characteristic scattering angle
E

2E,
with Ey being the initial energy, and E, the energy loss.

0 =

Using a Taylor expansion fo\ll_ 26¢ and co$ up to second order B:and6, we obtain
o =kj(6” +62)
Substituting in the differential inelastic crosstien expression, we obtain:
do, - 4y°Z 1 1- 0,
dQ  ak; (62 +02)2|" (87 +6Z +62)°

where

1

Kol

The above equation contains the information redato/the angular distribution of the scattered

electrons. Notice that the largest part of the tsoag falls betweerB: and 6,, where the
differential inelastic cross section is roughly podional to6™.

0, =

One can be interested in the total cross sect'telgtiated up to a certain an@eln this case,
o @)=Y [(B +92)(92+92)}
62 (B” + 65 +6¢)
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k,

q ~ . , : :
! q Figure 2: Geometric construction of the scattering vector.

2.2. The quantum mechanical approach: Bethe Theory
Let us now consider a sample, consisting of onedto simplicity (we will later see how accurate
this simplification is), as being described befared after the inelastic scattering event by its

wavefunctions,woand LI"n. LIJOwiII then be the ground state of the atom é“da certain excited
state.

If we can regard the interaction with the atom gmedurbation for the fast electron, which we
can reasonably do in any practical EELS experimgatcan use the first order Born approximation
to obtain a differential cross section of the form

d
dc;; =(2m2] NGRS

Again, qIS the scattering vector, and, thuﬁ@ h(k -k )IS the moment transferred to the atom.
T is the coordinate of the fast electronf\)(ls the interaction potential and, finallyr &s a
differential volume element within the atom.
The explicit form for V(?) is given by
V() = zeé¢ 1 z €
ATE,r  ATES M?—F}.‘

Whererj is the position of the j-th electron in the atdwetice that the interaction potential is not a
proper potential. In fact, it is related to thectlestatic potentiapas V = @ = - U, where U is the
potential energy of the fast electron.

Also notice that the atomic nucleus contribution/tamounts to zero when integrated, because
of its symmetry. In physical terms, we could saattiihe nucleus mass is by no means comparable
to the mass of the incident electron, and thusnetstic scattering is allowed. Inelastic scattgrin
is an electron-electron event. Integrating, we iobta

do, _( 4y° @ ki 2
- ( 4} ko |sn (q)|

dQ a,q

where the term (a) is the Rutherford cross sedtiora single electron, ang, is the dynamical
structure factor
o ={o

It is then convenient to define the generalizedllasor strength (GOS) as

I l-lJn> :I¢;§exp6ﬁﬁ)¢ndT

MT.2
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2
f @=E £, @)
" R @)
where E is the energy lost in the transition (finally apdag in an explicit form) and R is the
Rydberg energy

= M =136eV
2
MT.2 (47E,7)
Substituting, we obtain
do. 4y°R k
= Y 2 _ffn (q)
dQ Enq 0

It is worth noticing that in the g0 limit, f,(q) = f,, with f, being the dipole oscillation strength
—optical absorption is governed by the dipole testiin strength.
As we are interested in the E dependence of tierelftial cross section, we can now define

d’c _ 4y°RKk, df

= ——L— ,E)
dQdE Eq k,dE
As
ﬁ _ |E,—E
kO EO
and i >> E, then we can assume
ﬁ :l
Ko

We then obtain
d’o ~4y2R( 1 ,df
dQdE Ek} '6°+02° dE
This formalism applies to single atoms or gas spens, but TEM experiments are supposed to
deal with solid state samples. Is this the wrongraach? Not really. The formalism still applies to
the inner atomic shells of atoms in a solid, angnef solid state effects modify df/dE, it can be
treated as a perturbation. A scheme of an inelastittering event in a crystal is given in figure 3

As for outer shell electrons, their wavefunctiong anodified by chemical bonding, and
collective effects cannot be ruled out.
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Figure 3: Schematic diagram of an
DOS ° ° ° ° ° inelastic scattering event in a
atom n-1 J atom n atom n+1 CryStal )

[ke>

3. EELS as a tool for materials science

Some twenty years ago, scientists interested inElaAd to overcome the impression that "EELS
[was] a playground for physicists and of little fnefor solving materials science problerhs"
Nowadays, given the eventual reduction in scalehef problems at hand and the progressive
instrumental advances that have taken place inostopy in general and in EELS in particular, it
seems clear that EELS has become a most cruciblitomaterials science and even the life
science®’.

As EELS is performed in the Transmission Electrorrbscope (TEM), it benefits from the
very high spatial resolution that can be achievéd electron optics, which can focus the electron
beam to form a subnanometric probe. In particufa field-emission gun (FEG) is used,
sufficient current can be obtained for a 1 nm pral@hin aberration corrected instruments, this
figure can be reduced to 0.1 nm. In addition, EEe® be easily combined with structural
information as obtained from the TEM imaging andfrdction modes, and even with
complementary X-ray energy-dispersive spectros¢gpXS) if needed.

There is a fundamental limit to the minimum lateredolution that can be achieved by EELS,
irrespective of the electron optics. As commentedchapter 1.1, this limit is given by the
delocalisation produced in inelastic scatteringl dapends on the energy loss (the lower the loss,
the greater the delocalisatioh)Yet, fortunately, this limit does not prevent rfragetting EELS
signal from single atom columns at core-fdssr subnanometric resolution in low-loss
experiment¥.

4. Recent developments

With the recent advances in instrumentation (spheriaberration correctors, electron
monochromators, new energy filters and CCD deteftBELS experiments can now be performed
with a spatial resolution well below 0.1 nm andesergy resolution better than 0.2 eV.

One of the instrumental highlights in the histofyT&M is the recent introduction of systems to
compensate for spherical and even chromatic abmsst'*'> One way of achieving spherical
aberration (G correction is based upon the use of two hexapulbere the second order
aberrations from the first hexapole are compenshyethe second hexapole element. As the two
hexapoles additionally induce a third-order splaraberration which is rotationally symmetric
and proportional to the square of the hexapolengthe and is of the opposite sign to that of the
objective lens, the spherical aberration of therergystem can be compensated by appropriately
controlling the strength of the hexapdfesAlternatively, spherical aberration correctiomdae
achieved through quadrupole-octupole (QO) corréttorThe QO corrector uses a quadrupole to
put a line focus along the negative spherical aiem axis of an octupole, a further two
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quadrupoles to produce a line focus in the perpetati direction in a second octupole, and a
fourth quadrupole to reform a round beam. The tetmoles add a negative spherical aberration
in x and y, but also cause some four-fold distortbthe beam. A third octupole, acting on a round
beam, is used to correct that distortion. A posdradvantage of a QO corrector over a hexapole
corrector is the possibility of also correcting tfiest-order chromatic aberratibh Spherical
aberration, parasitic second-order axial aberratiooma and threefold astigmatism, and the non-
spherical axial third-order aberrations, star ademn and fourfold astigmatism need to be
compensated at the same time by adequately chatiggrigtensity of all the involved lenses. This
is achieved by software assisted recursive measaimd compensation of the aberrations. All
kinds of instabilities must be suppressed for tberector to perform adequatély*'> Using
aberration corrected microscopy, an electron pesballer than 1 A can be achieved, which allows
imaging of single atoms, clusters of a few atoms, @omic columns.

A multipole corrector built into the illuminationystem of a STEM increases the image
resolution and allows more current to be focused given probe. This is of great importance for
spectroscopy, as both lateral resolution and sifgrabise ratio are enhanced.

If EELS presents a lower energy resolution when pam@d to other spectroscopies as X-ray
absorption spectroscopy (XAS), the limitation daeslye in the capabilities of the spectrometers,
but in the energy width of the electron source.sTémergy dispersion is typically 1-2 eV for a
thermionic source and 0.5-1 eV for a Schottky eldfiemission tip. For a cold FEG, this figure
can go down to 0.3 eV. For comparison, synchro¥enay sources and beam-line spectrometers
commonly provide a resolution below 0.1 eV for apsion spectroscopy, and even below 1 meV
in certain case’

In order to reduce the source energy spread, mooetiors have been recently introduced.
There are two main approaches: the electromagWéga filter and the electrostatic Omega filter.
Both types improve the energy width to about 0.2 ¥&t, they both produce an energy spectrum
of the electron source at a dispersion plane, whemarrow energy-selecting slit selects a small
fraction of the electron distribution. As a resuafiany electrons are absorbed by the slit -the beam
current at the specimen is reduced by a factarast lequal to the fractional improvement in energy
resolutiort?. Nowadays, the monocromators yield a beam cuimethe order of several 100 pA

The single Wien filter limits the probe size to ab@ nm, whereas there is no such limitation in
the case of the Omega filtérin some Wien filter desigis the dispersion is compensated and the
beam reduced to its original size by using secomshathromator section which produces an
achromatic image of the electron source (doubleniiiter).

5. Solving problems with EELS

5.1. Low-loss applications
Bulk plasmon peak position can be used as an rtdecempositional measure, and has been
extensively used as a local chemical charactenizatiol, especially in the case of semiconductors.
It can be primarily used as an identification tagdetermining which compound is there at a given
region of the studied specimérf’ As the plasmon peak position depends on thedagtarameter
(as well as the bandgap energy and the dieleatristant) it can also give an indirect measure of
structural propertiés %>

The need for characterization techniques that geprecise information regarding the bandgap
and general optical properties at high spatial letism seems to be out of question, given the
scaling down that has taken place in the field aferials science and the rapidly widening use of
nanostructures. In this sense, standard optichhigees such as vacuum ultra-violet spectroscopy
do not provide the spatial resolution requiredrmbe a material on the nanometer scale. Low-loss
EELS seems to be a most fitting technique for tbeall characterization of optoelectronic
properties at the nanoscale.

For insulators or semiconductors with a sufficigntide bandgap (that can be less than 1 eV
using a monochromated Scanning Transmission ElecMicroscope (STEMY), interband
transitions can be observed in the EELS spectrtiis possible to identify through EELS the
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bandgap energy of given nanostructtft&%™ It is also possible to assess the existencecafiied
states within the bandpgap, which may be due topteeence of dislocations or other kinds of
defects, for instanée?® which create new energy levels in the local dgrisistates (DOS).

A most promising EELS capability is in charactergithe local optical properties of
semiconductors through Kramers-Kronig analysioof-loss data. In 1999, experiments carried in
a cold FEG VG 501 STEM demonstrated the possikititaccess the local dielectric function of
several semiconducting nitrides at the nanoscaieugih EELS’. The reliability of the result
directly depends on the quality of the EELS datasthy concerning the accuracy of the EELS
intensity measurement at very low energy. Surfacelen of excitation of small particles and
nanotubes (in the range of 12-18 eV) have also beetied through EELS in a cold FEG VG 501
STEM. They have been shown to highly depend onattisotropy of the nanostructdteYet,
surface plasmons of nanostructures often occunexigg losses below 10 eV and are often poorly
resolved, even for very thin specimens. A low epegpread (and hence the use of a
monochromator) can greatly benefit the characteozaof such surface modes, which mostly
describe their optical properties. In this senseerg recent work by Schaffer et®3l.demonstrated
high resolution Energy Filtered Transmission ElectMicroscopy (EFTEM) mapping of gold
nanoparticles surface plasmons using a monochren@iothe other hand, Nelayah efashowed
that optical properties can be analyzed in the-ideared/visible/ultraviolet domain (energy loss
under 3 eV) without a monochromator. A statistieghnique and customized acquisition process
were used to enable the observation of very lowgnsurface plasmon peaks. This method was
applied to an equilateral Ag nanoprism with 78-rang sides and allowed the observation of three
plasmon resonance modes centered at 1.75, 2.7@B.20deV, corresponding respectively to
wavelengths of 709, 459 and 387 nm.

MT.2

8007

750 & ‘ [

700

500 ZLrp 3
_ ZLp
T 550 :—;
-'-'f 5001 K
= o] 8
E o % \ GaAs Plasmon Peak
B O s | . .
S ‘ al | Py Figure4: Low-loss EELS
300 15 | i i S .
o\ T spectrum of a GaAs nanowire,
o T T R R R S TS including the ZLP. Inset:
:; Electron Energy Loss [eV] detail of the low-loss
) JI l GaAs i’ldsmu’tukr Spectrum

-5 [ H 10 15 20 25 30 35 40 45 50 55 60
Electron Energy Loss [eV]

5.2. Core-Loss EELS elemental identification aodrgification. Single atom detection Maybe the
most common question that is addressed using EEL:5characterization tool is which elements,
and in what proportion, are found, locally, in @em specimen. Problems such as interdiffusions at
interfaces, or elemental distributions in nanodtmeas, sometimes specifically require EELS
because the involved scales exceed the spatidiitiesootherwise available.

Elemental identification is straightforward, butaguification is problematic. EELS
quantification of a spectrum involves backgrounadeegal and intensity conversion to chemical
concentration through the appropriate, energy digan experimental geometry dependent,
single-atom cross-section. Quite a lot of discussias been centered on the optimal way of
extracting the backgrourit**> and a great deal of effort has been devotedetadlculations of
EELS cross-sectiofs®”* Nowadays, both background fitting and extractiod cross-section
calculations are generally carried out using the &Eguantification tools in the Gatan Digital
Micrograph software. Although this is a robust agliable tool, it is also extremely user-
dependent, and may give rise to biased or plaisemsical results depending on their level of
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expertise (no matter how badly the quantificat®miade, the software will always produce a
number). In order to avoid the problems associadédthis usual quantification procedure,
Verbeeck and coworkefs®*°proposed the use of a C based software packadeS(Reel) to

carry out a model based quantification of EELS spedhe EELSmodel program works starting
from a series of parameters which are introduceddey, and through a choice of different possible
statistical tools, tunes these parameters to jimatch the model which better matches the
experimental spectrum. A python model-based queatibn program (EELSIlab) is currently

being implemented by de la Pefia and coworkers EN6Group in Orsay.

Figure5: (a) High Angular Annular Dark Field image of arfainowire. (b) EEL spectra
obtained in the nanowire along the line indicate¢hi), which demonstrate the presence of
gallium segregation along the nanowire.

Recent applications of EELS elemental quantificgatimclude the characterization of
semiagnducting nanostructuf&¥, thin films with applications in spintroni€s”, or shape memory
alloys™.

As it has been previously stated, the incorporationmonochromators and aberration correctors
for TEM has much helped improve the spatial andgetie resolution of EELS. Yet, best energy
and best spatial resolution are not found in thraesaxperimental configuratiolis Best energy
resolution (about 0.1 eV), achieved with monochrmmsg and most useful for low-loss EELS,
comes with a spatial resolution in the order of them. In an aberration corrected STEM, where
energy resolution is about 0.4eV can achieve aapaisolution in the order of the Armstrong.
Such configuration is best for the core-loss chamianalysis of atomic columns and the
localisation of individual atoms in nanostructures.

In this sense, Kimoto and cowork&rdemonstrated atomic-column imaging of a crystaigis
core-loss EELS. In particular, the atomic columhéa Mn and O in manganite Lgn gMn,O;
were visualized as two-dimensional images, usirglth N;s, O K, Mn Lg, and La M, edges
signal.

Muller and coworkers succeeded in quantifying theancy concentrations in SrliCsTO) at
atomic scale through core-loss EEf.S/arela and coworkers detected a single La dogtmh in
CaTiO;, through High Angular Annular Dark Field (HAADR)tensity and La M, edge signé.
Recently, single Au atoms were observed in Si namesvgrown using Au as a cataRst

5.3. Core-Loss EELS atomic coordination and oxiestate determination

In compounds where there is a coordinate bondifgrmation of the kind of bonding which is
present is of the utmost importance to gain insigtd the compound structure. The energy loss
near edge structure (ELNES) of an EELS edge isngnyethe local DOS of the atom suffering the
inelastic scattering, and, thus, contains inforomatbn its bonding. Coordination determination
from ELNES fingerprinting is a standard techniquenf as soon as the mid 1980sAs energy
resolution is improved, so is the level of detailELNES of EELS edges. In this sense, many
efforts have been recently devoted to theoretialdutations of ELNES, which allow the use of
theoretical references to compare to actual EEL&ctsm, and further comprehension of the
individual features in the ELNES>
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The shift of the threshold energy of a given edga imeasure of charge transfer but also of
coordination numbér Chemical shift can thus be used as a fingerpdntletermine to which
compound belongs the atom giving rise to the olegktvansition. A thoroughly studied classic
case is that of the chemical shift of Sisledge, that has been correlated to the electramegatf
nearest neighbour atoms for Si all¥ysr to the mean Si-O bond lengths in Si oxidefor
instance.

White lines (L, 3 edges of transition metals and, Medges of rare earths) appear in the shape of
two sharp peaks, with an energy separation givethdgpin-orbit splitting of the initial states.&'h MT-.2
relative intensity of those peaks, yet, does notespond to the number of electrons in the initial
state, as it would be intuitive. This is so becagkea spin selection rule. The final white-line
intensity ratio depends on Z number and on theatidd staté
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Abstract. Precession electron diffraction (PED) is a hollow cone non-stationary
illumination technique for electron diffraction pattern collection under quasi-
kinematical conditions (as in X-ray Diffraction), which enables “ab-initio” solving of
crystalline structures of nanocrystals. The PED technique is recently used in TEM
instruments of voltages 100 to 300 kV to turn them into true electron
diffractometers, thus enabling electron crystallography. The PED technique, when
combined with fast electron diffraction acquisition and pattern matching software
techniques, may also be used for the high magnification ultra-fast mapping of
variable crystal orientations and phases, similarly to what is achieved with the
Electron Backscatter Diffraction (EBSD) technique in Scanning Electron
Microscopes (SEM) at lower magnifications and longer acquisition times.
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1. Infroduction

Precession electron diffraction (PED) is an inverteollow cone illumination technique for
electron diffraction pattern collection under gquisiematical conditions (as in X-ray Diffraction),
which allows solving “ab-initio” crystal structuresf nanocrystals. Diffraction patterns are
collected while the TEM electron beam is precessim@n inverted cone surface; in this way, only
a few reflections are simultaneously excited aherdfore, dynamical effects are strongly reduced.

In comparison with normal selected area electrofiradtion, PED has the following

advantages:

e Oriented electron diffraction (ED) patterns may digained even if the crystal is not
perfectly aligned to a particular zone axis. Threable ED patterns may be collected very
quickly without the need to accurately align thesertved crystal along a particular zone
axis, which is very useful when dealing with beamnsitive materials (zeolites,
pharmaceuticals, proteins, etc.)

e« Geometry of PED patterns, when including first-ordeue zone excitation, show all
symmetry elements necessary to determine the spatgoint group of the nanocrystal
under investigation, without the need of applyingthier special techniques, such as
Convergent Beam Electron Diffraction.

« PED intensities are quasi-kinematical, likewis&toays , up to a thickness of 100 nm and
may be used to solve the structure of nanocrystals

PED has recently gained large recognition in TEM ahRay community and several new

nanocrystalline structures have been solved with tdchnique [1,2]. On the other hand, a new
field of precession diffraction has recently beezveloped, the orientational/phase mapping
through rapid precessed electron diffraction daddection, which may be regarded as the
equivalent in the TEM to the Scanning Electron Msuoopy (SEM) based EBSD technique
(Electron Backscatter Diffraction)[3].

2. Precession Electron Diffraction and Electron Crystallography

The principle of precessed illumination consists@anning the electron beam over the surface of
an inverted cone with its vertex at the specification in the sample from which a structure
determination is desired. The scanning is achiéyei@eding AC signal from an external generator
to the beam tilt and beam deflection coils, whioh depicted as four groups of three red dots over
the specimen plane in figure 1. The scanning frequés variable and may be adjusted from 1 to
100 Hz. The AC signal is also fed in phase oppmsitd the image deflection coils -depicted as
two groups of three red dots bellow the specimemglin figure 1- in order to form a pseudo-
stationary electron diffraction pattern, the sdezhlprecession pattern. This pattern contains
diffracted amplitudes with intensities which mayglaly differ from those obtained in conventional
non-precessed, stationary electron diffractiongpatas the inset in figure 1 shows for a complex
oxide structure investigated by C.Own et al in a4

The reason why the technique may be successfutiijeab-in a number of cases- to structural
elucidation lies in the fact that at each spegibint in time, only a limited number of crystaltlaé
planes satisfy the exact or near-exact Bragg diffig condition. This fact implies that the
possibility of multiple scattering or “cross talketween diffracted amplitudes at a frozen moment
of the scanned illumination is largely reduced omparison to conventional static zone axis
illumination of the sample. The partial diffractigrattern thus obtained is then completed by
adding up in time over the number of turns desdribg the electron beam (this is frequency
dependent) over the usual diffraction pattern agitjon time. For instance, for a total recording
time of 4 seconds, working at 100Hz, the electreanh would have turned 400 times over the
surface of the inverted illumination cone givingeito 400 partial diffraction patterns, the totahs
of which would be shown as in the lower right-hasidie of figure 1. It is important to note that
each reflection in the pattern, when looked in ri@le through the TEM binocular, shows a
titillating intensity, just as spinning stars doastronomical observation.
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Non-precessed

Precessed

(Diffracted
amplitudes)

Figure 1: Electron raypath in prcessed ( or inverted hollow cone scanned) illutroneof the
sample, together with -scan to produce pseudtationary diffracted amplituds

Applying this technique, a number of structuresehbeen solved, with the same methodol
used for single crystal Xay diffraction patterns, that is, diffraction gatt indexing, intensit
extraction, rescaling of projected symmetry related intensitiesl phase assignation based
direct methods using programs such as SIR2008matasi The final outputs a list of propose
atomic structures (number of atoms and their posdtiin the unit cell) with different residt
values, which are taken as a reliability factovédidate the most plausible one. The residu
defined as the sum over all reflects of the relative differences between experimediffacted
amplitudes and calculated diffracted amplitudestlierproposed atomic structure, see image .
an overview of the described process in the pdaticase of the mayenite mine

It is interesting to note in the mayenite case that a hudfereince exists between t
unprecessed and precessed electron diffractiorrpattas seen in figure 3. Therefore, the al
described procedure would have rendered a totattyngv atomic model when ajied to the
conventional electron diffraction patte
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; a= 8.398A, b= 8.455A, gamma=89.358
Format: h k 1 d s a
H k 1 d-val Aobs Aest
1 -1 0 8.455 22.1 21.91
-1 1 0 8.455 28.6 25.40
-1 -1 0 8.398 22.1 22.27
1 1 0 8.398 21.0 21.03
-2 0 0 5.992 20.2 15.11
2 0 0 5.992 15.9 12.47
0 -2 0 5.925 18.8 17.66
0 2 0 5.925 17.6 16.45
2 -2 0 4.227 26.1 26.07
-2 2 0 4.227 30.8 30.78
-2 =2 0 4.199 29.5 28.61
2 2 0 4.199 29.1 28.12
-3 1 0 3.793 25.0 25.03
3 -1 0 3.793 17.8 17.09
-3 -1 0 3.778 23.3 23.34
3 1 0 3.778 21.9 21.89
1 -3 0 3.759 23.8 24.30
-1 3 0 3.759 24.6 24.65 Ga
-1 -3 0 3.744 22.2 20.54 §m
1 3 0 3.744 22.9 22.90 i 8
-4 0 0 2.996 60.8 60.82
4 0 0 2.996 52.7 52.75

Figure 2: PED pattern focubic mayenite <001> , a=11.964ith corresponding spot intens

localization and list of indexed intensities. The fs used as input for SIR2008 program wl

generates proposed atomic model, provided a rosiyin&e of present atomic species is gi
In this case, GaAl; Oqe.

A digital precession instrument has been develdpalied DigiSTAF) that can be exchang
among several TEM instruments, since it allows lstar in computer memory different TE-
dependent alignment values for driving the beam amalge coils simultaneously at differe
frequencies and precession angles. It is possiith this instrument to increase precession a
continuously from minimum to maximum with no needr¢-align pivot points or readjust desc
values, as it is the case with the analogue ves of precession instrumentati

Effectively, the most sevelimitation imposed on the precession techniquéésfocused beal
deformation and broadening due to several TEM akiernrs, namely, spherical and tr-fold
astigmatisnj4]. Thus, the beam spot size diameter is broadeneddnt@ of at least 3 timeshen
the precession angle increases to 60% of the maxirauailable on each particular TE
instrument, and at angles of > 2° the spot shap® ilonger circular, but highly deformed. T
software driving the digital version of the precgessinstrument erbles accurate correction
beam shape and dimension (Fig. 4) even at highepsaan angles and, therefore, prece
electron diffraction patterns formed on nanocrygstaly now be effectively studied under h
precession angles.



Precession Electron Diffraction

[ EEX]

Project Templates Images Yiew Help Index Elack File

Picture | Crtering | Cam.Lench | Distorion | Recogrition |

Save results in datfile

¥ Display Display seftings (circles)
Image preparation ol reation W Ouerlay Size  Widih  Count
Soltering loops [2 ] ¥ Nomalce Noise theshald [10 3] b Comestonman | [o0 | 2| Jos6
o= R e
= InclePieliakility Euler's angles (Bunge)
5 7 A 1002 7% [posfo o

V=0 (379,z)  [p(3.0%;49.7%)

i start

Figure 3: ED pdtern for mayenite along Zone Axis <001>: convemiostatic illuminatior(top
left); PED 2.4° (top right)gomparison with simulated pure kinematical pattergreen(bottom)

Figure 4. Digital precession unit “DigiSTAR”, shown with maalinterface and contro
electronics (left)Deformed beam spot size at precession angle oh22 TEM Jeol 2000FX at 8
times magnification, diameter size 1212 nm befofersire correctio (center);same image afte
ondine software correction (x8000 nnification, beam diameter 226nm); naté€-fold reduction o
the beam size (right)

MT.3




MT.3

Precession Electron Diffraction

3. Precession Electron Diffraction and Orientational Mapping

Structural information from crystalline materiaks present in their electron diffraction patterns,
which consist of Kikuchi lines and/or individualffdaction spots. In the Precession Electron
Diffraction assisted Orientational and Phase Mapptachnique, collected patterns consist
exclusively in spots, since Kikuchi lines are sme€laout by the high frequency of the precession
illumination.

Electron Backscatter Diffraction in the Scanningdion Microscope has gained popularity
over the last decade as it provides an effectie fiar the characterization of bulk crystalline
materials, provided lateral resolution demandedhensample is not smaller than 500 nm [5].If a
field emission gun is used in the Scanning ElecthMicroscope, lateral resolution may be
improved down to some 50 nm, and a number of agpdics have been reported mainly on metals
and alloys [6]. The EBSD-SEM technique is basedpogcise measurements of backscattered
Kikuchi line diffraction patterns. However, thesmels only appear after incident electron
backscattering and double interaction (first iniétascatter, then elastic diffraction) on surfacés
samples polished to mirror condition, which is aese limitation on deformed crystalline
materials. Moreover, acquisition times, althoughttwously improved, are still on the hour scale.

It is now possible to apply an analogue of the SEBED analysis in the TEM, by ultra-fast
collection of precessed electron diffraction paiseobtained on a user-selectable area of the TEM
with a point spread resolution well within the nar@ier range (typically 10 nm) and without the
need of additional surface sample preparation [7]

ED spot patterns are collected sequentially withul&na-fast optical CCD camera while an area
on the sample is simultaneously being scanned oy EM focused electron beam, which is at the
same time being precessed around the directiomadfiénce at each point. Beam scanning and
precessing is controlled by a dedicated externaicde which also allows control of beam pivot
points and descan pivot points, called “Digistantananufactured by the NanoMEGAS company
[8]. This device is connected to the beam and indefeector coil control boards present in the
TEM. Thus, a TEM retrofitted with this precessicevite need not necessarily include a scanning
option itself. An external ultrafast optical CCDnoara, with only 8 bit dynamical range and 250 x
250 pixel image size, mounted in front of the TEMeen is used for the diffraction pattern image
collection. This camera records the rapidly chaggiatterns appearing on the fluorescent screen of
the TEM and is the key to a high collection speegesit may work as fast as 180frames/sec,
although fluorescent screen reminiscence slightbyvs down this performance. During the
scanning and precessing of the primary electromb#aousands of ED spot patterns are recorded
and stored in memory of a dedicated computer. tterto proceed with nanocrystal orientation
and/or phase identification, each one of the erpamntal ED spot patterns is compared to one or
several sets of thousands of computer generateddeb patterns, the so-called templates. The
software technique for the comparison is based ptimal template matching using cross-
correlation (Fig.4) [9].

For a typical map of 500 x 300 pixels, it may tygig take only 15 minutes to scan (while
precessing) over the sample area and record tbeiad 150.000 PED patterns. Comparison with
simulated templates can be done off-line and takesit 5 minutes for highly symmetric cubic
materials and 2 to 24 times longer for unit celithwower symmetry, because more templates
must be generated and compared with experimentalsp®@ patterns for the same angular
resolution (typically 0.5 to 1°). The scanning stdpsen for the rastering is about half the size of
the primary electron beam size, that is 12 nm f@6aam spot size on a TEM with LgBlectron
gun, and the resulting lateral resolution of theaoted map will be of the order of the latter value
Template generation is done on the basis of uilido@ensions and geometry as well as inherent
atomic positions, for each of the known phasesgmteis the examined sample. Using these data, a
complete spatial set of ED spot patterns is geedranhder purely kinematical conditions. The
comparison of these templates with experimentalspbt patterns is run, searching a maximum
match for spot positions and their relative inteasj and the parameter quantifying the match is
called the correlation index.
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Gu.

Figure 4: Schematics of PEBssisted Orientation Mapping (a) beam scanni over a user-
defined sam@ area combined with precessi(b) experimental spot PED patt serial recording
in computer memory(c) superposition of individual ED template (red gattern)which best
matches thexperimental PED pattern (grey dot pattern), atido(ientation directional map wi
grey intensity plot of matching index for texperimental spot PED patte

The software developed specifically for the techri@llows production of crystal orientati
maps, virtual bright field maps, correlation ind&aps and reliability index maps. The latter
related to the statistical sidicance of the orientational assignatiorosen for each point of tf
map.

Essenlly, the virtual bright fieli map is obtained by plotting the intensity fluctoas of the
central spot in the PED pattern. Such maps are aftere helpful for comparin with the final
orientation map of the scanned area than realt-field TEM images of the same area, since tl
are usually suffering from diffraction contrast acurvature contrast (which fades significar
under precessed illumination). Correon index maps are mainly used to emphasize stal
details such as crystals having different orieategi The reliability index, which is analogous
the SEMEBSD confidence index, is defined in such a way ithlas a minimum when more th
one soltion is proposed. Such reliability maps clearlyaavgrainboundaries and textures (F
5).

» . - .
wia b B

Fig. 5 a) Qientation map revealing nanotwinsa Cu thin foil sample (Jeol 3010 La
TEM, 300KV, spot size 12 nm, step 5); b) Pseudo-bright fieldrea of the san
samplej(c) Reliability map showing clearly grain boundai

Although orientation and phase mapping coupled wéthplate matching works satisfactol
for a number of materials without using precessibthe primary electron beam, sc limitations
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are present in the form of ambiguous orientatioaggh maps due to the poor quality
experimentally acquired ED spot patterns. Thishis ¢ase for thick crystals where ED patte
show a combination of a strong diffuse inelastiatseingbackground with Kikuchi lines and
reduced number of faint diffraction spots. For stlcick crystals and in general, precessed
patterns exhibit a higher number of ED spots wjibc#fic intensity distribution and do not sh
Kikuchi lines. Consequent| the template matching software routine will prod higher values «
the correlation index when using PED patterns amehtation maps will exhibit less ambigt
[10].

A specific experiment was designed in order toioetthe influence of beam pression on
template matching/indexing for local orientationtedenination. A series of ED patterns w
acquired on a singleanocrystal of mayenite, starting from an initit¢atron beam incidenc
parallel to the <100> and then tilting the TEM gdenholcer along its axis away from <100>
steps of 0.05° until a final caxis incidence direction of 18° was attained. Tleeies of
experimental ED patterns were recorded twice, finshout and then with a precession angle
0.35°, while keeping the be. stationary on the same crystal. Over 400 diffracpatterns wer
collected for each tilt series and then analyzeti e template matching software. " results are
shown in figure 6.
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Fig. 6 Orientation values for mayen <100> nanocrystal oaéined after tilting it of-axis from 0
t018° (step 0.0%%long sample holder direction (top left) ethe same experiment with 0.2
precession anglapplied (top right); bellow eacexperimental spot ED pattes from which the
curves are derived.dte absence of Kikuchi liis and increased number of spots at lower righ
The misorientation values of figure 6 were calcedafor every experimental pattern w
respect to the initial orientation. The origin ajth graphs starts in 0° misorienon for the first
data point and should extend towards 18° for thienteeasured data point (nurr 400).

The blue unprecessed data show significant ambgyooentation assignation, while the |
precessedata nicely scale along a constant slope. The stemhape of the red curve is due to
fact that the database is generated in orientateps of half a degree. When comparing
experimental spot ED patterns shown in figure & worth remarkig the absence of Kikuchi lint
and the increased number of spots present in #ngepsed pattern compared to the unprece
pattern, which explains the cause of the orieniadissignaon ambiguity in the blue cun

This demonstrates that even at s precession small angles, a substantial quality argment
is obtained in orientation maps obtained in the T&Men activating precession illuminati
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ig. 7 (a) Orientation .mapping of mayenite crystals wilhprecion; (b)
Virtual bright field; (c) Orientation map obtaingdth precession angle of 0.35°

This clear improvement of orientation determinataam also be shown in the maps of Fig. 7
where an area that contains randomly oriented nit@yenystals was scanned twice (with and
without precession). The orientation map in Fig.shaws color fluctuations indicating frequent
misassigned patterns because of their low qualitgrvcompared with simulated templates. The
map in Fig. 7¢c was obtained under the same condités in Fig.7a but using precession at 0.35°
angle during beam scanning. As it can be obsereedntation map quality increases with
precession, since each color domain corresponasitogle crystal grain with a definite orientation
and should not show color fluctuations, as it &¢hse.
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Infroduction

Electron probe microanalysis (EPMA) is a nondesivacanalytical technique widely used for
determining the local composition of solid sampj&s 2, 3]. The technique is based on the
measurement of characteristic x-ray intensitiegtechby the elements present in the sample when
the latter is bombarded with a focused electronnbeBor each element, the ratio of the
characteristic x-ray intensity emitted from the géamto that emitted from a standard of known
composition is measured. This ratio is usually mefit to as k-ratio. The transformation from
measured k-ratios to concentrations is performedmmans of relatively simple, analytical
algorithms, which assume that the sample regiom fachich x rays emerge has a homogeneous
composition. For keV electron beams, this regiatypscally about Jum, depending on the density
of the material and the analytical conditions. Adigly, EPMA is suitable for the analysis of
samples that are homogeneous on the micron scale.

Using wavelength-dispersive (WD) spectrometeranelgs from Be to U can be analyzed by
EPMA with detection limits for most elements down 200 ppm or lower, accuracy of 2% for
major element concentrations and a spatial resolutf few microns. EPMA also couples
quantitative analytical capabilities with the imagjicapabilities of a scanning electron microscope
(SEM), allowing detailed x-ray mapping of compasiticontrast. Moreover, EPMA can also be
used to determine the thickness and compositighinffilms and multilayers with thickness in the
sub-micron range, providing information on the fatevariation in thickness and composition at
the micrometer scale. EPMA is extensively used emynfields and has been central for the
microanalysis of ceramic, metallurgical, geologidablogical, and other materials.

The first electron microprobe was developed by RaidhCastaing in 1950 by fitting a crystal
spectrometer to a modified electron microscope.ngsihe developed instrument, Castaing
established the basic principles of quantitativd/lBH4]. A few years later, in 1958, the French
company CAMECA manufactured the first commerciaction microprobe. Since then, many
improvements in the probe-forming system, as wesllira the x-ray spectrometers have been
performed, which have advanced electron microproiveterms of stability, reproducibility and
detection limits. Recently, the incorporation aldi-emission electron sources in EPMA equipment
has opened the possibility of obtaining x-ray mapghemical contrast and point analyses with
sub-micron spatial resolution.

This article summarizes the basic principles oMBP with examples of applications that
illustrate the capabilities of the technique.

1. Methodology

1.1. Physical principles

When an electron beam impinges on a sample, efecinteract repeatedly with the sample atoms
until they come to rest or emerge from the surfdoethe keV energy range, the possible
interactions of electrons with atoms are elastattecing, inelastic collisions and bremsstrahlung
emission [5, 6]. Elastic interactions are those/imch the initial and final states of the atom tre
same, normally the ground state. These interactatrasge the direction of movement of the
electrons. Inelastic collisions are those in whitedatom is brought to an excited state, i.e. agiar
the electron’s kinetic energy is taken up by themat electrons. Inelastic collisions include
excitation of electrons in the conduction or vakermands, plasmon excitations and inner-shell
ionization, i.e. the production of a vacancy inimmer-electron shell (see Fig. 1). After inner-shel
ionization, the atom de-excites by migration of tfaeancy to outer shells through a cascade of
electron transitions and energy is released asactaistic x rays or Auger electrons. Inner-shell
ionization is thus responsible for the emissiomlwiracteristic x rays. Emission of bremsstrahlung
takes place when the electron is decelerated in elkeetrostatic field of the target atom.
Bremsstrahlung emission has almost no effect orligetron trajectories but it is the source of the
continuous background in an x-ray spectrum.
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Emitted photons (either as characteristic x raybremsstrahlung) originate at sample depths
extending from the surface to some maximum deptiichvdepends on the material and on the
energy of incident electrons. Before emerging ftbmsurface, generated x rays may interact with
the sample atoms through different mechanisms, lyngimotoelectric absorption, and as a result,
fluorescent x rays may be emitted.

38, * ° M1
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1.2. Instrumentation
The electron microprobe essentially consists of eactron column and several x-ray
spectrometers, which can be WD and/or energy-dispe(ED) spectrometers.

The electron column consists of an electron gunaamdlectromagnetic lens system (see Fig.2).
The electron gun acts as a source of electroms.cltmmonly a thermoionic gun, usually made of
W or LaBs; which is heated to liberate electrons by thern@amiission. The filament is held at a
negative potential by a power supply, which acedés the electrons escaping from the filament
through an aperture. Typical accelerating voltagasge from 1 kV up to 40 kV. The
electromagnetic lenses are used to focus the efeb#am onto the target, with a final diameter of
about 0.1-1um. They are also used to control the electron atiries. the number of incoming
electrons per unit time, with values typically 68@0 nA. The electron current is measured with a
Faraday cup and stabilized by means of a beamatgutlevice. The sample is connected to
ground to ensure electron conductivity.

Conventional high vacuum technology is generallgdug order to prevent oxidation of the
filament, breakdown of the accelerating voltage scaktering of the electrons in the beam by the
residual gas. In order to minimize carbon contatienaat the point of electron impact due to the
cracking of hydrocarbons present in the chambergtactron microprobe is equipped with a liquid
nitrogen “cold finger”, placed close to the speainand an air jet directed towards the point of
electron impact.

An optical microscope co-axial to the electron béarmommonly used to locate the areas of
interest in the sample. For the same purpose, ghetran be scanned as in conventional SEMs.
Images can then be generated by using the sigmmal &n electron detector, which usually records
secondary (SE) and/or backscattered electrons (B&i&)the target.

The WD spectrometer consists of a crystal monochtormand an x-ray detector, usually a gas
proportional counter, arranged in such a way theays impinging on the crystal are diffracted
according to Bragg's law and some of them reachd#tector and are recorded. The Bragg law
readsn A=2d sinB, whereA is the x ray wavelength is the diffraction orderd is the spacing
between atomic planes of the monochromator crgstab is the angle of incidence of the x rays.

With flat crystals and point x-ray sources, Bragfiection occurs only on a small portion of the
crystal surface. Improved reflection is obtainedptacing the target, the crystal and the deteator o
a focal circle of radiuR (the Rowland circle) and bending the atomic plaokethe crystal to a
radius R. This focussing geometry is known as the “Johagpé&. Much improved reflection is
obtained if the crystal surface is bent to theuag (“Johansson” type). With this arrangement, the
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angle of incidence of x rays is constant over the tefined by the intersection of the Rowland
circle plane and the crystal surface. Coordinatedhanical rotation of the crystal and the detector
allows us to record the x-ray spectrum as a funadfowavelength. In the focussing geometries, the
source-crystal distance is proportional toBsamd thus proportional to the wavelength. Therefore
the crystal is simultaneously rotated and movedgila straight line by means of mechanical
linkage. This allows calibration of the wavelengthjust measuring the source-crystal distance and
moreover, the take-off angle is kept constant lovavelengths.

| y == ] . 1
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Figure 2: Cross section of an electron Figure 3: Electron microprobe CAMECA SX0 at
microprobe. the CCiTUB (4 WD spectrometers + 1 EDS).

Besides mechanical limitations of the crystal drithe range of reflected wavelengths is only
limited by the crystal inter-atomic spacingand, therefore, crystals with different spacings a
required to cover a wide wavelength range. Crystatsmonly used for microanalysis are Lithium
Fluoride (LiF), Pentaerythritol (PET), and Thalliuatid Phthalate (TAP). The wavelength range
covered by using these three crystals\iS1-24 A. For longer wavelengths, layered synthetic
multistructures (LSM) consisting of many alterngtiayers of high- and low-materials, such as
W/Si, Ni/C and Mo/BC can be employed. In these sabés equal to the sum of the thickness of
one layer pair of the higi-and lowZ materials.

The gas proportional counter consists of a gasdfitube with a coaxial wire held at a potential
of 1-2 kV with respect to the outer wall of the ¢ulX rays enter the counter through a window;
they are absorbed by the gas molecules throughoeleatric effect and generate free
photoelectrons, which are accelerated by the @efigld and produce a cascade of secondary
electrons. As a result, each incoming x ray producgulse whose height is proportional to the
energy of the x ray. The output pulses are seatfalse-height analyzer (PHA) that counts pulses
with selected heights —usually contained withineatain voltage window-. Visualization of the
PHA display helps us to properly select the valokethe counter high voltage, the gain and the
discriminatory settings (baseline and window). Praéipnal counters can be of flow type, in which
case the gas escapes through the window and thensfiost be supplied continuously, or of the
sealed type. Since WD spectrometers only allow rémording of one wavelength at a time,
electron microprobes are usually equipped with is#\@p to 5) spectrometers (Fig. 3), each with
several interchangeable crystals.

The ED spectrometer uses a solid-state x-ray detassually a crystal semiconductor such as
Si or Ge, which discriminates x rays based on theargy. In Fig. 3, x-ray spectra of InSb recorded
with WD and ED spectrometers are compared. In thespectrum, the overlap between adjacent
lines makes it difficult to obtain the corresporglixtray intensities, while for the WD spectrum,
the majority of x-ray lines are clearly resolveecBuse of its better resolution, WD spectrometers
have better (lower) detection limits than ED spauieters (typically ten times).
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The standard procedure to obtain the net peakdityeis to record the counting rate at the
channel corresponding to the maximum of the pemadt,a two background positions at both sides
of the peak. Background intensity is then obtaibgdsimple linear interpolation and subtracted
from the measured counting rate. This procedunessgin general, accurate results because of the
high peak-to-background ratio of WD x-ray spectrigher order reflections, i.en=2,3,4.. in
Bragg’'s law, must not be ignored since they areuace of spectral interference. In general, it is
possible to suppress the influence of high-ordéradition peaks by properly setting a narrow
window in the PHA.

1.3. Quantitative analysis

The starting point of quantitative analysis methadsto establish a relation between the
concentratiort; of elemeni and the intensity of characteristic x ralysmesured in the direction of
the take-off anglé. This relation can be written as

L =€ [/nx ®;(pz) exp(—xi pz) cl(p:)] (1+ ij FJel, (1)
’ j

with xi=(u/p) cscB, where (1/p) is the mass attenuation coefficient for the @ered x-ray line,
(1+ Zf; + fo) is the fluorescence contribution, i.e. the x-r@gnsity resulting from the absorption of
characteristic x raysf) or bremsstrahlungfy, and ®(pz) is the depth-distribution of x-ray
production. The facto€ in Eq. (1) includes instrumental and atomic partansethat are generally
not well known. To minimize the effect of the urteanties in these parameters, the x-ray intensity
is normalized to that emitted from a reference ddash that contains the element of interest. By
doing so, the facto€ cancels out. Thk-ratio is given by

- L _ o /L,’, ®;(pz) exp (—xi pz) d(pz) [ (1 +Zj, + 1)
B | [T w2 exp (ot p2) d(pa) | [ A28 +10)
JO

where superscript “*” indicates that the correspngdjuantity is evaluated on the standard (notice
thatc™* is known). Eq. (2) can be written in a compactrf@as

Ii o .
where [A] and F represent the expressions in brackets in Eq.ré8pectively. ZA] is usually
referred to as the atomic number and absorptiorection factor, whileF is the fluorescence
correction factor. Notice that by choosing suitadtendards, the uncertainties in the calculation of
[ZA] andF can be reduced.

A number of analytical expressions have been pegbas parameterize th@(pz) function,

which makes it possible to obtainfrom |; (see Eq. (1)) by using relatively simple algorighf#].

. (2)
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Examples of such parameterizations are the widedg PAP [8] or X-PHJ9] models. In practice,
k-ratios are measured for all elements present & shmple (except for those estimated by
stoichiometry or by other means) and the resulSggtem of equations is solved by using an
iterative procedure. This is so because the fadidfg and F that occur in Eq. (3) depend
themselves on sample composition. In general, agewnee is quickly achieved using simple
iterative procedures.

As mentioned in the introduction, EPMA can also uUsed to determine the thickness and
composition of thin films and multilayers. Correxti procedures that allow the analysis of thin
films and multilayers are known as thin-film progna [10]. Examples of available thin-film
programs are the widely used STRATAGEM [11] or X4l [12]. For the analysis of
heterogeneous samples such as sub-micron partctésedded inclusions or lamellae structures,
the simplifications underlying correction procedusge not firmly established and there is a need
for more realistic procedures. In this context, thante Carlo simulation method [13] is a valuable
tool as a basis of quantitative procedures.

2. Examples of applications

EPMA capabilities include point analysis, line ples and x-ray mappings, both qualitative and
quantitative, as well as the determination of tleengosition and thickness of thin films and
multilayers. Applications of EPMA in the earth amavironmental sciences include the description
and classification of rocks (mineral chemistry)entification of minerals; determination of
temperatures and pressures of rock formation (gewmibbarometry); chemical zoning within
mineral crystals on the micron-scale for petrolagicrystal growth and diffusion studies (e.qg. for
the determination of time scales of magmatic aridaroc processes); study of mineral indicators
in mineral exploration; analysis of minerals of eomic and strategic importance (e.g. ore
deposits, carbon sequestration); study of fossteras, limestones and corals; determination of
rock ages via U-Pb radioactive decays.

In materials science and physical metallurgy, EPM&Xxtensively used for the determination
of the chemical composition and microstructure ltfya, steel, metals, glass, ceramics, composite
and advanced materials; determination of phaseatiag analysis of inclusions and precipitates;
analysis of elemental distributions, e.g. diffuspofiles, depletion zones, nitrided and carburized
surfaces, corrosion and oxidation phenomena; aisadyshin films and coatings.

EPMA can also be used as a scattering chambertdéontae physical quantities related to the
production of x rays (e.g. [14]) which are needediedical and industrial applications.

In this section, we show some of our own exampleapplications of EPMA which briefly
illustrate the capabilities of the technique.

2.1. Characterization of duplex stainless steel
Duplex stainless steels (DSS) are a family of stgatles that have a two-phase microstructure
consisting of grains of ferritica) and austeniticyj stainless steel, with diameters of several
micrometers. These steels are valuable for apjditetwhere good mechanical and anti-corrosion
properties are required simultaneously, such aeemyf pipes or off-shore platforms. The use of
DSS at high temperatures requires knowledge opkiase transformations that they undergo after
heat treatment. The most important phases that @tging heat treatment are the so-catbeand
X phases, which form between 6%D and 1000C mainly at then/y interface, and are associated
with a reduction of anticorrosion and toughnesgperties. Other phases that can occur in the same
range of temperatures are secondary austepjteafid several nitrides and carbides. EPMA is a
valuable tool for the characterization of DSS ainbines micrometer spatial resolution with low
detection limits.

Figure 3 shows the microstructure of a DSS samipée heat treatment (8h, 8%D) [15]. The
following phases can be observed: ferrdg, @ustenitey)), secondary austenitg), and thes and
X phases. Figure 4 displays a portion of the x-ragcspm near the N & line emitted from an
austenite grain. Nitrogen plays an important roldhe properties of DSS as it can patrtially replace
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Ni, which is of economic interest. Accurate measwest of N is difficult mainly because of its low
peak-to-background ratio and the curved backgroumder the peak (see Fig. 4). One way of
overcoming this difficulty is to use a calibratioarve, which can be obtained from (mono-phase)
steel reference samples [16]. Typical EPMA analygdbe observed phases are shown in Table 1.
In this example, the detection limit (DL) of Ni8§0.025 wt.%; the precision of the N determination
is 015-20 % for thex ando phases andl5% for they andy phases [15].
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Figure 3: BSE image showing the Figure4: X-ray spectra around the position of N
microstructure of a DSS after heat measured on an austenite grain (
treatment.

Table 1: Phase composition of a duplex stainless steel ladtat treatment (8h, 85Q)

Phase type
wt.% Austenite{)  Sec. austyf) Ferrite () Phase Phase
N 0.40 <DL 0.05 0.07 0.14
Si 0.21 0.56 0.25 0.38 0.38
Cr 20.28 18.39 22.84 27.65 23.27
Mn 4.48 4.73 3.47 4.25 4.56
Fe 68.81 69.96 68.97 59.01 58.61
Ni 2.97 3.25 1.47 1.40 1.22
Cu 1.14 1.29 0.73 0.31 0.27
Mo 2.30 1.81 2.71 7.92 15.01
Total 100. 59 99.99 100.49 101.09 103.46

2.2. Analysis of chemical segregation in ferrgieel

Applications of ferritic stainless steels are comiyarelated to conformation, usually stretching
and deep drawing, of house-hold appliances. Thgg#ications require knowledge of the
deformation mechanisms of these steels and thetaffanicrostructure and microsegregation on
their behaviour during deformation. A convenientimog to analyze microsegregation is by means
of x-ray mapping, which allows to record the distition of elements over an area of the sample.
Depending on the area, x-ray mappings can be autdiy scanning the beam across the sample or,
alternatively, by moving the sample back and famter a fixed electron beam. Mappings can
display x-ray intensity in each pixel (qualitativa) concentration (quantitative). The mappings of
Fig. 5 show the quantitative distribution of Fe, &rd V in ferritic stainless steel after bi-axial
tension deformation [17]. The colormap at the Higind side of each map displays the equivalence
between color and concentration (in wt. %). In #xample, x-ray mapping allowed to correlate
the effect of tension deformation with the intepsind width of microsegregation [17].
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Figure5: Quantitative x-ay mappings showing the distribution of Cr, B&,and V in a ferritic
steel after baxial tensiordeformation Concentration is given in wt..

2.3. Determination of the pressure etemperature of formation of rocks

The temperature and pressiof formation of minerals within rocksan be estimated from tl
composition ofselected mineral paicoexisting in the rock. These mineral pairs disg@agartition
of chemical constituents as a function of tempeeatwr pressure, and are referred to as-
thermometers (if they depend on temperature) o-barometers (if they depend on pressuln
this example, the pressuemperature pa of a mantle xenolith hosted lasaltic rocs from the
Canet d'Adri volcano (Girona, NE Spaiwas derived [18]. Figure 6 shows an optical micoge
image of the studiedample, showing the different minerals occur (spl= spinel; opx
orthopyroxene; cpx = clinopyroxene; ol = olivindRepresentative EPMA analyses of s
minerals are shown in Tab2. Together with the EPMA analyses, thedimamic and calibratio
data areequired in order to ply a particular geothermometer geobarometer. In this examg
temperatures were determined from the compositidn coexisting clinopyrxene and
orthopyroxene crystals. Th€a content in olivinecoexisting with clinopyroxen previously
corrected for the &ct of seondary fluorescenceyas used to estimate pressures Ref. [18] for
details). The esults indicated an adiabatic decompressional faththis sample, with earlie
pressurgemperature conditions of 20+ 0.18 kbar, 116@ 4°C, respectively, followedy 17.0+
0.4 kbar and similar temperatuidown to 12.4+ 0.9 kbar, 1044t 4°C. It was deduced that tf
rock had been extracted frc180 km depth, indicating a minimum lithosphere thieks in the
area at the time of the volcanic activ

Figure 6: Optical microscopy image of a basa
sample. The observed minerals are clinopyroxemne (
olivine (ol), ortopyroxene (opx) and spinel (¢
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Table2: Representative analyses of olivine, clinopyr@emtopyroxene and spinel (in Ox.%).
Mineral phases

Ox.% ol1 Ol12 Cpx1 Cpx2 Opx1 Opx2 Spl1 Spl2

SiO 40.48 40.14 51.29 51.35 54.05 54.83 0.12 0.14

AlO 0.04 0.03 6.84 5.43 5.34 5.44 0.25 0.20

TiO 0.00 0.04 0.38 0.45 0.12 0.13 51.59 51.14

CrO 0.07 0.03 1.02 1.26 0.55 0.57 13.87 13.95 MT.4

FeO 9.78 9.46 3.77 3.34 6.21 6.04 8.84 8.32

FeO 4.38 4.32

MnO 0.08 0.12 0.15 0.07 0.14 0.13 0.10 0.10

MgO 49.24 49.28 16.43 16.94 32.24 32.30 20.07 20.12

NiO 0.40 0.36 0.03 0.03 0.10 0.11 0.36 0.42

CaO 0.12 0.13 17.96 20.90 1.19 1.15

NaC 1.43 1.52 0.16 0.14

Total 100.09 99.46 99.39 100.16 100.10 100.84 99.588.71

2.4. Analisis of rare/complex minerals

Zirconolite is a rare oxide mineral described franfew locations on Earth which is used for
storage of high-level radioactive waste. The contjws of zirconolite can be summarized as
ABCO where A = (Ca, Y, REE, Th, U, Fe, Mg, Mn) iAf@dd coordination, B = Zr in 7-fold
coordination with minor substitution by REE, Hf, Oa, and Ti, and C = (Ti, Nb, Fe, Fe, Zr, Mg,
Ta) in 5- or 6-fold coordination (REE = rare eagtement).

The analysis of zirconolite by x-ray spectrometrgthods faces several difficulties associated
with the complex character of their x-ray speatvhich include a number of multiple interferences.
Indeed, for each REE element at least ten linesdatectable. Examples of peak interferences
include the following lines: Ho &—Gd LB, Hf La—Er La, La La—Nd Ll and Lu lo-Dy La. Figure
7 shows a BSE image of a zirconolite phase, inaadmwith ilmenite, from Mina Potosi (Cuba), as
well as the corresponding qualitative x-ray mapsTofand Y [19]. The results of our EPMA
analyses, including the analytical error and da&iadimits, are given in Tabl8. As shown in the
table, this particular zirconolite sample has atre¢ly high Y content, which is among the largest
described in Earth and only comparable with lu@ansles.

Figure 7. BSE image and x-ray maps (Ti and Y) of a zircaadlZc) mineral.
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Table 3: Average composition (C), analytical error andegébn limits (DL) of a zirconolite

C(wt.%)  Error (%) DL (wt.%) C(wt%) Error (%) Diwt.%)
Mg 0.32 3.1 0.007 Al 0.25 4.0 0.007
Si 0.073 9.8 0.034 Ca 3.95 1.2 0.030
Ti 19.13 0.5 0.086 Cr 0.32 2.4 0.008
Mn 0.04 36.2 0.236 Fe 5.05 0.07 0.035
Y 8.57 1.2 0.025 Zr 23.86 0.8 0.050
Nb 0.06 87.1 0.054 La 0.02 66.7 0.023
Ce 0.59 3.6 0.024 Pr 0.15 14.8 0.027
Nd 1.18 6.4 0.056 Sm 0.92 3.5 0.031
Eu 0.21 21.7 0.055 Gd 1.20 6.7 0.053
Tb 0.27 17.0 0.056 Dy 1.84 3.6 0.047
Ho 0.41 4.8 0.044 Er 0.99 4.8 0.047
Tm 0.18 17.8 0.042 Yb 0.64 8.7 0.001
Lu 0.10 10 0.020 O 28.68
Hf 0.80 9.9 0.020 Total 99.89

2.5. Thickness and composition of thin films andltitayers

The last example illustrates the analysis of tlliimg by variable-voltage EPMA. The technique
consists of measuring the x-ray intensitiksatios) emitted by the film and substrate atoms at
different electron incident energies. Measuredrisitees are then analyzed with the help of a thin-
film program, which calculates the thickness anthjgosition of the film by least squares fitting of
an x-ray emission model to the measured intendiies EPMA allows to measure the thickness
and composition of thin films and multilayers withickness from few nanometers [20] uplid
micron. Figure 7 shows the variation of the measureay intensity against electron beam energy,
together with the best fit obtained using the fiilim-program STRATAGEM [11], for a C-coated
P-doped glass film deposited on Si [12]. Thesesglagre typically used as inter-metal dielectrics
in microelectronic devices. For P, O and Si, khatios increase with beam energy until they reach
a flat region (approximately from 4-12 keV) from ieh the Si intensity starts increasing again,
while that of P and O decreases. It is therefdwylithat at 12 keV the beam starts penetrating the
Si substrate. The fit resulting from STRATAGEM ylet the following result: C 26 nm / P-SiO
1234 nm / Si (assuming= 2.2 g/cm for C ang= 2.6 g/cm for the P-doped glass), with a P
concentration of 5.2 wt.% and agreed reasonabliwidl the measureld-ratios.

1.20

1.00
5080
% 0.60 . ,
M Figure 8: Comparison between calculated and
0.40 measured k-ratios for a C-coated, P-doped glass
film deposited on Si. Symbols represent
0.20 —___PKa experimental data. Continuous lines are results
T from STRATAGEM.
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Abstract. Nowadays Scanning Electron Microscopy (SEM) is a basic and
fundamental tool in the study of geologic samples. The collision of a highly-
accelerated electron beam with the atoms of a solid sample results in the
production of several radiation types than can be detected and analysed by
specific detectors, providing information of the chemistry and crystallography of
the studied material. From this point of view, the chamber of a SEM can be
considered as a laboratory where different experiments can be carried out. The
application of SEM to geology, especially in the fields of mineralogy and
petrology has been summarised by Reed (1996).The aim of this paper is to show
some recent applications in the characterization of geologic materials.



MT.5

Advanced applications of SEM

1. Principle of the SEM

The SEM consists mainly of a column, a specimemntiea, a display and an operating device. The
interior of the column is kept under high vacuumd @he electron beam produced by the electron
gun is converged into a fine beam via electromagienses (condenser and objective lenses). By
applying a scan signal to the deflection coils,dleetron bean is scanned along the sample surface.
The specimen chamber can be kept under high va¢oomventional SEM) or under poor vacuum
(“environmental” ESEM/"low vacuum” LV-SEM) conditics. As a result of electron-matter
interaction, some signals are generated: secomiecirons, backscattered electrons, characteristic
X-rays, cathodoluminescent light and others. Th# $ifilizes these signals to form images.

Secondary electrons are produced near the samghcewand reflect the fine topographical
structure of the sample. Backscattered electroestlanse reflected upon striking the atoms
composing the sample, and the number of these@hscis dependent on the composition (average
atomic number, crystal orientation, etc.) of thengke. The primary (exciting) electrons may also
be scattered inelastically by the sample’s atonextiag electrons of the inner-atomic shells and
originating characteristic X-rays. In some typesamples, electron bombardment may raise bound
electrons to higher energy levels, from which theturn to their original states stimulating the
emission of light by the process known as cathadoliscence (CL).

2. High resolution SEM (Field Emission Scanning Electron Microscope
FESEM)

Secondary electrons are emitted from an extremalyow area and carry information of the

specimen surface. The spatial resolution of a SEEge is governed by the beam diameter which
it depends on the emission source. In a Field BansSEM (FESEM), the electron source consists
of an extremely fine tungsten point from which #lens are drawn by a strong electric field.

Nanometre resolution required for clay and whiskaystals can be achieved by FESEMs. An
example of a secondary electrons image obtainddarMRESEM is given in Fig. 1.

(& 3
Fig

ol &

Figure 1. SEM micrograph of a calcareous nannoplankton @abophore) in marine Miocene
sediments of the Granada Basin obtained with a MESE
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3. Chemical-contrast mineral identification (Backscattered electron
images BSE)

The elastically scattered electrons having appratehy the same energy as the incident electrons

are collectively called as backscattered elect(B8E) or reflected electrons. The probability that

a primary electron is scattered elastically becolagger as the mean atomic number (or electron

density) of the specimen increases. Thus, backsedtelectron signals provide rapid information

about the compositional distribution of the specirsarface. BSE imaging in geological materials MT.5
gives valuable information of petrographic textuaesl chemical zonation. Figure 2 shows a BSE
micrograph of a zoned garnet crystal.

Figure 2: Chemical contrast with backscattered electroresgdrnet crystal.
4. Cathodoluminiscence images (CL-SEM)

Some minerals are inherently cathodoluminescemthauintensity and colour of the light are often
strongly influenced by defects in the crystal dinoe and by impurity atoms which behave as
“activators” because they give rise to additionakrgy levels (Mn in calcite is a common

example). Much geological CL work is done with elactron beam from a cold-cathode source
coupled to an optical microscope. The use of alétector in a scanning electron microscope (CL-
SEM) permits the generation CLimages of highetigpgesolution (Fig. 3).

Figure 3: SEM-CL image of a zircon crystal.
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5. Xray analysis of fluid inclusions in salt (Cryo-SEM-EDS)

Direct access to brines trapped in old halite issfgme by freezing and breaking halite crystalgon
cooling stage inside a SEM (Fig. 4). Quantitativeeigy Dispersive X-ray Spectroscopy (EDS)
analyses of major solutes (Na, Mg, K, Ca, Cl and)S@ fluid inclusions can be obtained by
comparing measured X-ray intensities with thoseaioled from liquid standard solutions with
known composition (Ayora et al., 1994).

Figure4: Secondary electron image of frozen fluid inclusiama halite crystal.

The major ion composition of seawater varied thlotlge geological time (Fig. 5). Fluid
inclusion composition data obtained by Cryo-SEM-BED#n primary halite crystals in old marine
evaporite deposits (Lowenstein et al., 2003) ingichat seawater had high Mg/Ca molar ratios
(>2) and relatively elevated magnesium and sulphetecentrations during the Late
Neoproterozoic, Permian, Triassic and the last 49 Muring Cambrian, Silurian, Devonian,
Jurassic, and Cretaceous, seawater had relatively Mg/ca ratios (<2) and Ca>%0K
concentrations have remained stable throughoutd?banic time.
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Figure5: Secular variation in the Ca and S¢ncentrations (in mmol/kg water) of seawater
during Phanerozoic estimated from fluid inclusionsarine halites (Lowenstein et al., 2003).
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6. Electron Backscatter Diffraction - £B5D

Electron backscatter diffraction (EBSD) is a SEM#x@d technique used for microstructure
research, phase identification and also strain ureasent. This technique relies on the interaction
of the electron beam with the surface specimena Assult of that, part of the primary electrons
will be scattered within the sample in all direaso High-energy electrons which exit the
specimen after one or more scattering events aneddackscatter electrons (BSE) . Of these, the
most useful for an EBSD analysis are the BSE whiiatisfy the Bragg equation for diffraction
(nA =Asin@; ©being the angle of incidence of the incident beaduthe interplanar spacing, the
wavelength of the incident electron beam anah integer) Under these conditions, they describe
conical trajectories for each lattice plane and mmaymaged on a phosphor screen as a diffraction
lines called bands. A set of diffraction lines farran electron backscatter diffraction pattern
(EBSP) or Kikuchi pattern (Fig. 6).

Intersecting bands result in bright spots on theSEBw~hich correspond to zone axes, i.e.
crystallographic directions. Thus elements of gaoynean be recognized in EBSPs. In addition
many electrons are inelastically scattered andritte to the formation of a diffuse background in
the pattern.

The resolution of EBSD is a function of the accatien voltage, which controls the depth of
penetration of the electrons in the specimen @uigsn volume). The smaller the interaction
volume is, the higher the resolution. Also, an aer@flincidence of 70° between the electron beam
and the specimen enhances the proportion of BSEtatile diffracted and escape from few tens of
nanometers of these sample surface.

The quality of EBSPs is controlled by the beam entri(or spot size). In order to obtain sharp
EBSPs, a larger spot size will be required.

In non-conductive materials such as rocks and raisgiproblems with the quality of the
patterns and their resolution due to charging &ffetten appear. Next section explains how these
problems can be solved.

6.1. Specimen preparation

Samples that are to be analysed by EBSD have torystalline. All minerals can be analysed
although several minerals are challenging becafissomplex crystallography. Whole rock or

minerals embedded in epoxy can also be investigdtetthe aim of the study is the absolute
orientation of crystals or structures, the samgieukl be orientated in space according to
important directions such as lineation, foliatidare, etc.

The surface of interest must be smooth to avoidi®iang caused by topography. This can be
achieved by mechanical polishing. During this golig, an amorphous layer can be produced.
This layer may be removed using chemo-mechanici&tpog (colloid silica polishing). A large
number of rock forming minerals can be chemo-meidaapolished successfully.

As we mentioned, insulating specimens will expargercharge build-up under an electron
beam. Coating the specimen with a conductive natetuch as carbon or gold removes that
problem, but also reduces the quality of EBSP amehtation contrast images. EBSP quality can
be increased by raising beam current, that isytpisereasing the spot size.

6.2. Applications of EBSD in mineralogy and geglog

Figure 7 shows some examples of typical analysisafgeological sample. From all the data
obtained, one can examine the distributions ofviddial orientation measurements related to the
microstructure (microtexture), the statistical disitions of orientations (the average texture of a
bulk sample: macrotexture), and the misorientatiopstween individual measurements

(mesotexture).

MT.5
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Figure6: (a) Origin of Kikuchi lines from EBSD (adapted iindSchwartz et al, 2000) (b) Typical
EBSD hardware setup inside the SEM. (PC is pattentre, DD is detector distance). (c) Example
of a Kikuchi pattern for sphalerite. Acceleratiasitage: 20kV.
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All the measurements presented in this chapter baes made on a sphalerite (ZnS) sample
from the Pyrenees region, specifically the Liat ®lil\t each image point, we have calculated a
value for the image quality (IQ) of the EBSPs (Fig). Inside grains, the IQ brightness depends on
crystal orientation and is displayed in fairly brigyrey levels, while along grain boundaries the 1Q
is low.

Misorientation distribution depends on mineral syetny, which in this example is cubic, and it
is plotted, most commonly, by means of inverse ggares (Fig. 7b), as all the symmetrical
equivalents will be plotted in the same place.

Pole figures (PF) are used to represent the texfuee analysed region. These kind of plots are
useful to show when a sample is deformed following direction, as we can see in Fig. 9, where a
sharp texture (110) direction is represented.

MT.5

(b)

Figure 7: Examples of results from EBSD. The analyzed minges a sphalerite (ZnS) from the
Liat Mine at the Pyrenees. (a) Image Quality maplrjverse Pole Figure (IPF) map. General
boundaries between grains could be defined (Fign8his figure, high-angle boundaries are
shown in blue, whereas low angle boundaries (29 arg°shown in red. These misorientation

angles can also be represented in a chart.
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Figure 8: Grain Boundary map and misorientation chart cpwading to a sphalerite sample
(ZnS) from the Liat Mine (Pyrenees)
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Figure 9: Pole figure for selected poles (100), (110) aridljorresponding to a sphalerite
sample (ZnS) from the Liat Mine (Pyrenees)
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Abstract. This article summarizes the new trends of Optical Microscopy applied

to Materials, with examples of applications that illustrate the capabilities of the
technique.
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Advanced Optical Microscopies for Materials

1. Infroduction

Optical microscopy is in a state of explosive depetent. This is partly due to new technical
advances, such as the combination of differentcaptmicroscopes set up, i.e. of Confocal
Scanning, Phase Shift Interferometry, Vertical ®dag Interferometry and Spectroscopic
Reflectometry [1], new objectives (i.e. in oil),yaéight sources (i.e. laser diodes), ...

Optical techniques are becoming of increasing itgmme in the engineering and measurement
of surface finish and form. The principal motivasofor the growing use of such techniques are
that they are non-contact, non-destructive/nonsiveaand surface and volume-average particle.
There are many optical techniques both for on-éine for off-line surface-roughness measurement
[2].

Confocal microscopy and white-light interferometnicroscopy are the two major metrological
technologies used in the optical reconstructiorthBloe confocal technique and the interferometric
technique are able to measure surface topogramuispty and reliably on the micrometric and
nanometric scales. The measurement principles \iadolin the confocal technique and the
interferometric technique are very different, aotisequently the capacities of the two techniques
are more complementary than coincident.

1.1. Confocal Profilometry

Confocal profilometers allow height measuremenswfaces with a wide range of textures (from
very rough surfaces to very smooth ones) by scgnitiea sample vertically in steps so that each
point on the surface passes through the focush@&lght of the surface at each point is established
by detecting the position of the maximum value le# aixial response. Since only one or a very
small number of points on the surface are illunedasimultaneously, an in-plane scan must be
carried out in order to build up the axial responge the confocal image, in each vertical stap fo
all the points falling within the field of view @he lens used (figure 1a).

The focus-detection instruments are gaining populaue to their ability to carry out non-
contact measurement over a wide measurement raitgehigh resolution. Confocal scanning
optical microscopes (CSOMs) use this focus detectachnique. They were earlier used to
measure the tomography of cells and tissues anedimvensional profiles [3]. Since the early
1980s various three-dimensional measurement sysising this technique have been introduced
[4].

In the confocal mode, the profilometer can carriyragasurements with an extraordinary lateral
resolution. This makes it possible to reduce spa#@mpling to values of 0.1mm for a
conventional 150x% lens, making it ideal for meamant of critical dimensions on the nanometric
scale. In this mode, lenses with a large numeragaérture (NA) may be used, allowing
measurement of polished surfaces with very higheddup to 70°). It is also possible to use lenses
with super-large working distances (SLWD), allowimgasurement of surfaces with high aspect
ratio. In all cases, structured samples contaidiegimilar materials can also be measured.

1.2. Interferometric Profilometry

The last few decades have witnessed major advandaterferometry [5]. We can look forward
with confidence to an exciting future for this tagfue. The father of optical interferometry was
undoubtedly Michelson. He was awarded the NobetePim 1907 for ‘his precision optical
instruments and the spectroscopic and metrologieaktigations conducted therewith’.

Optical interferometry (figure 1b) uses interferenmetween light waves to make extremely
accurate measurements. The two main working modeplase shift interferometry (PSI), which
allows measurement of the topography of very smeotfaces with subnanometric resolution, and
vertical scanning interferometry (VSI) with whitght to measure the topography of smooth or
moderately rough surfaces (figure 1c). The abowvetimeed PSI and VSI interferometers can carry
out very fast measurements on the micrometric ambmetric scales. In addition, there is no
intrinsic limitation in the vertical measuremenhgea with the VSI technique. Nevertheless, both
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techniques have the drawback that they cannotyedesl with highly inclined smooth surfaces or
with structured samples containing dissimilar niater
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Figure 1. (a) Confocal imaging composition, (b) Interferarg@maging composition and (c) PSI
and VSl interference formation.

2. Methodology

2.1. System

Dual (confocal and interferometric) technology oaliprofilometry (figure 2) provides a new
optical surface metrology device for non-physicahtact surface measurements that combines in
one device the advantages of both techniques.

The system which is available at the Scientific &edhnological Centers of the University of
Barcelona (CCiTUB) comprises a light source inahgda light-emitting diode, beam splitters, a
CCD (charge coupled device) and a number of interghable microscope lenses. These
interchangeable microscope lenses comprise comwvetienses that may be used to obtain
confocal images and interferometric lenses that beaysed to obtain interferometric images. All
this lenses are mounted on a rotating elementail@ats them to be changed easily, depending on
the desired type of profilometer function.

The profilometer is provided with an illuminatiorguid crystal on silicon (LCOS) micro-
display that allows the generation of a sequendhuafination patterns that provides, by means of
application of the mentioned algorithms, confoaalages, or allows total opening of all the
illumination pixels to obtain interferometric imageThe profilometer is completed with a
polarising beam splitter associated with said mdisplay.

Lastly, the profilometer includes a system to casty the required vertical scanning of the
sample so that all the points on the surface gassigh the focus. This scanning is required for
both PSI and VSI modes. The vertical scanning feasarement of the surface topography of the
sample is carried out by means of a motor-drivemticad scanning system. The optical
profilometer is completed with a system for positigy samples, comprising a motor-driven X-Y
movement in the plane perpendicular to the opticas of the profilometer. The profilometer
software allows positioning of the area of the sl be measured within the field of view of the
lens in use by means of joysticks and also allawtsraatic topographic measurement of profiles or
topographies extending beyond the field of viewtloé lens by means of the field stitching
technique.

In the confocal mode, only one or a small numbepaihts on the surface of the sample are
illuminated simultaneously by the illumination patt represented on the LCOS micro-display and
the axial response for each of these points isutzkd using the appropriate algorithm. In order to
cover all the points on the surface to be measuaederies of illumination patterns must be
projected onto that surface to obtain the valuthefaxial response for all the points falling withi
the field of view. In this way, the confocal imaigeobtained for a specific vertical position, where
the corresponding value of the axial response &hepoint will be higher the closer it is to the
position of the focus. Thus, confocal images previtery high contrast, since light is only
perceived in the areas near the focus, while thasaat a distance from the focus appear as dark.
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Measurement of the topography of a surface reqairesquence of confocal images in different
planes of the sample located at different heights
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Figure 2. (a) Dual (confocal and interferometric) schemean&aptical path for all methods and
(b) comparison of technologies

In contrast with the confocal mode, the interferbmanode illuminates the whole surface to be
analysed at once by means of a micro-display. herotvords, in the interferometric mode,
illumination patterns are not projected, but indtéhe whole surface is illuminated to obtain
interferometric images for each plane of analybiee beam emitted is passed through the splitter,
which sends all the light to the surface of the @anand the image of the surface is projected onto
the CCD device. The series of interferometric insagesulting from the vertical scanning of the
sample provides, by means of the appropriate algorithe surface topography of the sample
being analysed. In this case a beam of light passeagh a beam splitter. One part of the beam is
sent to the surface of the sample and the otheéiigpaent to a reference mirror. The light reflecte
from these surfaces is recombined and forms arpatfenterference fringes.

In this mode, the PSI technique may be used to mmea®ntinuous and very smooth surfaces
with subnanometric vertical repeatability, regasdlef the interferometric lens used, that is, fbr a
values of numerical aperture. PSI devices allowsuse carry out measurements of shape and
texture even at scales lower than 0.1 nm. Neveskelthey have the drawback of an extremely
limited vertical measurement range. Likewise, tHel Yechnique may be used to measure either
polished surfaces or rough surfaces with nanometetical repeatability for all values of
numerical aperture. In addition, with the VSI teicjue the vertical measurement range is
intrinsically unlimited and very high scanning sge¢up to 10Qum/s) may be used.

2.2. The performance of the system

2.2.1. Thefocus-spot dimension

The focus-spot dimension is an important factargceiit determines the spatial resolution (i.e. the
smallest wavelengths which can be determined inptiodile). The smallest spot which can be
obtained is the so-called diffraction-limited spbie size of which is determined by diffraction.

2.2.2. The depth response.

In a CSOM with point detection, the microscope imagtails are exactly at the focal plane. Thus,
if a sample is vertically scanned through the fqaahe, the photodetector receives the maximum
amount of light when the surface is in focus. ¥ gurface is in a lower or a higher position than
the focus, the intensity of light gradually reduteshe background intensity. This response curve
is referred to as the depth—-response curve whiakséful for optical sectioning of transparent

samples and also during surface characterizatimg tise intensity method. The depth response is
dependent on the type of surface and the microsgbjeetive. For determining the depth response,
the microscope is initially aligned and the objgatface is brought within the focusing range.
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2.2.3. Therange resolution
The distance dz between half-power points (A an@Bhe detector response (figure 3) is called
the range resolution. For a reflection-type CSOM diven by [6]

0455
d7 = ———
| —cosd

where6 is the half cone angle of the objective and iedmal to the numerical aperture of the
objective.

The lateral resolution is determined by the sizthefdiffraction-limited focus spot. MT.6
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2.2.4. The sdlection of the objective

Many parameters influence the measurement resuttsned with optical measuring systems.
Factors such as the nature of the sensor, opyistrm, illumination, object and mechanical system
influence the results [7].

2.2.5. Maximum allowable dope
The maximum allowable slope of the surface is deitezd as the angle at which the reflected light
misses the microscope objective.

2.3. Components of surface topography

There are different components of surface topograggmerated by most common machining
processes [8]. Surface roughness has two maibwts: roughness heights (or depths) and lateral
dimensions. Figure 4 shows three types of surfaeg¢ufes: (a) thin films, (b) polishing marks,
grain structure and scratches and (c) wavinessamge peel.

(a) Roughness: the irregularities in the surfacechvtare

a e inherent in the production process, left by theuak
- T— machining agent (e.g. a cutting tool, grit or arkpabut
[POLISHING MARKS. GRAIN STRUCTURE. SCRATCHES excluding waviness and error of form;
b PP A NP (b) Waviness: that component of the texture uporchvi

- ! - : - roughness is superimposed, which may result froch gu

1 mm

factors as machine or workpiece deflection, vibretjg
chatter or heat treatment, various causes of siraithe
material and extraneous influences

(c) Form: the general shape of the surface, refigdt
variations due to roughness & waviness (normalljiat®sns

WAVINESS

20 mee from ideal form are referred to as ‘errors of foym’

Figure 4. Dimension of various types of surface features.

Surface structure can be divided into three gergalps according to the lateral dimensions.
Surface microroughness (often called roughness)dmaghs up to approximately one millimeter
and includes thin films, polishing marks, scratchad grain structure. Surface waviness, or mid-
spatial-frequency roughness, has lengths from a r@limetres to perhaps one centimetre.
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Chemically-polished surfaces such as silicon wafexkibit mid-spatial-frequency roughness,
commonly called Orange peel. The overall surfa@pstoften called the optical figure (departure
from a perfect surface of the desired shape) an forthe machining industry, has lengths from
the centimetre range to the size of the piece

Although roughness values can be measured by atyani techniques (figure 5) [9, 10], care
should be taken when comparing measurements mabeifferent instruments since the surface
spatial wavelength ranges may be different. Fonmge@, Scanning Probe Microscopy (SPM)
techniques are mainly used to better understarfdcguroughness on an atomic scale with a much
better resolution than that of light microscopelerefore, SPM are the most long-scan profilers
that have better lateral resolution and can measuface heights in the waviness regime [11].
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Figure5. (a) Techniques for measuring surface roughnegarious spatial wavelength regions
and (b) Schematic diagram of the characteristicgidbace profilers and light-scatter measuring
instruments. The horizontal bars give surface apatvelength ranges, and numbers in
parentheses are the range of Rq heights that caneasured with each instrument (adapted from

[12]).

The surface data can then be analyzed to studymertance of surface texture in its relation
to the surface performance. But the question istidatures of the texture are important. Some
features that appear as roughness in one applicatia surface may well constitute waviness in
another. Surface measurement is also limited bydhkelution of the instrument used, as the real
surface topography may be misrepresented owingnite fdimension of the stylus tip in stylus-
based instruments [13-16].

Roughness of the structure is frequently measumedl @eported as a root-mean-square
roughness (R or, in precision machining, as an average roughiiB). For a three-dimensional
surface, Rq is calculated by including all surfaeghts from the reference plane. For an isotropic,
Gaussian surface, it can be shown thav&tues given by a two-dimensional profile are shene
as given by a three-dimensional profile [17]. Tybiwnits can be as small as angstroms or
nanometers for the smoother surfaces and micromfrierougher surfaces or lateral dimensions,
called surface spatial wavelengths. Other roughpasameters are peak-to-valley distance (P-V)
that is given by the distance between maximum meaummit to minimum valley, peak-to-mean
distance (B that is the distance between maximum peak or stimnd mean line (for a two-
dimensional profile, the peak is defined as a pbigher than its two adjacent points; for a three-
dimensional profile, the summit is defined as anpdiigher than its four adjacent points and a
valley is defined in the same way as a peak omanstbut in a reversed order) and correlation
length @) is a spatial parameter giving information aboatvhsurface heights are oriented in
space.
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2.3.1. Effect of scan size

It is commonly observed that the roughness parametieengineered surfaces change with scan
size. In particular, Rq anfl generally increase with scan size. It is due togés and longer
wavelength features included in the image as the size is increased [18-19].

2.3.2. Selection of scan size
The selection of scan size and sampling intervalateange the roughness parameters Rq, Rp, P-V
andp. The question is: which is the suitable scan aim sampling interval?

In practice, the scan size should be related tab#relwidth covered by the nominal contact
width of the physical problem involved. If a sudagontains a broad bandwidth of wavelengths up
to or longer than the contact width, then the stam should be chosen as the contact width. On the
other hand, if a surface contains a long-wavelefigth smaller than the contact width, then the
scan size can be set equal to the long- waveldimgjth

2.3.3. The selection of the objective.

Also the roughness measurements are affected bysheof a low-NA objective because of an
increase in the spot size which determines tha@adpatolution. It can also be seen that the depth—
response curve broadens as the surface roughr@essas. Hence the response curve can give
information about the surface roughness. The fidithvat-half-maximum characteristic of the
response curve can be correlated to the surfagghness. The shape of this curve also indicates
the glossy nature of the surface.

3. Applications

There are countless applications (figure 7) thquire knowledge of the topography of the surface
of an object and thus determination of its micrgscshape. Such analysis may, for example, form
part of a quality control process. Functional cheeazation was carried out for some industrial
applications [20]. Several researchers have alskegioon the characterization of surfaces in three-
dimensions using various instruments and techniffiies?3].

The optical profilometer is extremely versatile f@rrying out accurate measurements of the
shape and texture of all types of surfaces on tlmometric and nanometric scales, including
structured or stratified samples containing dissimmaterials.

Optics in general played an important role in meament and, with the advent of opto-
mechatronics; it is once again at the forefromtnefaisurement [24]. There are many applications in
which the optical profiler may be used. By way ofmple, the profiler may be used for the
measurement of high-aspect ratio surfaces suchoag containing grooves, holes or indentations
(figure 7g-h), the steeply sloped polished surfamessent in micro-optical structures as micro-
lenses and micro-prisms or on-Si micro-finishedam@s, noticeably rough and not very reflective
surfaces such as paper (figure 70-p) or also ssfat very low roughness containing dissimilar
materials such as optical or electronic microdevi¢fgure 7i-j), surfaces exhibiting different
textures and relatively large sized surfaces siwgla anould, a coin or a wafer, which can be
measured with the option of field stitching (figutie-l), etc.

Surface topography plays an important role in ustd@ding the nature of sliding surfaces. No
matter how finely finished, most machinery rubbisgrfaces are rough from a microscopic
viewpoint. As a result, the microtopography of egé surface and the nature of a contact between
two surfaces form an essential background for apiet) a fundamental concept of the nature of
two sliding surfaces.

On the other hand, roughness and form must beestudidetermine the functional performance
of engineering parts. The measurement and unddistarof surface topography is rapidly
attracting the attention of physicists, biologaitsl chemists as well as engineers.

The main emphasis in surface-related research ishendetermination of parameters that
characterize surface properties, mainly those warelcorrelated to surface-formation mechanisms
and surface behaviour in a fundamental way [12]nitdoing the texture has been a simple way of

% )
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controlling the manufacturing process. Measuremésurface topography falls within the field of
quality control and product optimization. As we porisly remarked, the surface-topographical
aspects which influence product performances arghrmss, waviness, form, lay, laps, tears and
micro-cracks (figure 7a-b). The surface irreguiesitare broadly classified into micro and macro as
shown in figure 6. Surface topography is importaaif the point of view of such fundamental
problems as tribology (figure 7e-f), friction, cant, lubrication, wear, fatigue strength, tightneks
joints, conduction of heat and electrical currediganliness, reflectivity, sealing, positional
accuracy, load-carrying capacity, resistance toostwn and adhesion of paint and coatings [24]

| SURFACE IREEGULARITIES |

|
| I
| MICRO IRREGULARITIES | [ MACRO IRREGULARITIES |
|

|
1 | |
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Figure 6. Types of surface irregularities

Some of the current applications of optical intesfeetry include measurements of distances
(figure 7c-d), displacements and vibrations, tedteptical components and systems, studies of
surface structure, studies of fluid flows, measwets of temperature, pressure, electrical and
magnetic fields, rotation sensing and high-resotustellar imaging.

Surface roughness [25] is becoming increasinglyoirigmt for applications in many fields. In
optics, low scatter lenses, mirrors, filters, bespfitters and other optical components. In thelfiel
of microelectronics, as line widths and circuitreémts become smaller and shorter wavelengths
are used to produce higher density microcircuitssiticon wafers, the wafer surfaces have to be
smoother and less wavy. Disks require surfacessevhmughness properties are carefully
controlled and finally, the characterization ofasifted media such as semiconductors, flat panel
displays, optical coatings (figure 7m-n) and mabdevices involves measuring the thickness and
optical constants of thin layers with high lateaatl vertical resolutions.

In conclusion, the obvious advantage of any opticafiler is that, since it is non- contact, it
cannot damage the surface. Also, optical profitgesuser friendly, measurements can be carried
out easily and rapidly, and data reduction is raplte main disadvantages of optical profilers are
(a) their lateral resolutions are limited by themerties of the optical systems and by the light
beams illuminating the surfaces, (b) they cannstirdjuish between changes in topography and
changes in optical constants on the surface sineg &re sensitive to the phase of the light
reflected from the surface, (c) the maximum steigtiiehat can be measured is less than half of
the incident wavelength.
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Abstract. Atomic Force Microscope and related techniques have played a key
role in the development of the nanotechnology revolution that is taking place in
science. This paper reviews the basic principles behind the technique and its
different operation modes and applications, pointing out research works
performed in the Nanometric Techniques Unit of the CCiTUB in order to
exemplify the vast array of capabilities of these instruments.
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Atomic Force Microscopy

1. Introduction

Since Richard Feynman sentenced that “there istypleh room at the bottom” in the 50's,
nanoscience and nanotechnology have become twdeofcornerstones of modern science.
Nanotechnology, thanks to its interdisciplinaryunat is spreading fast in a variety of disciplines
comprising, among others, engineering, physicsmistey and life sciences. Although we usually
assume that nano keeps on being a matter of ttedhiere are plenty of daily life products that
benefit from this new and revolutionary approachicridkelectronics is the most obvious field, as
microprocessors and microfabricated parts are begpsmaller and more powerful. Nevertheless,
life sciences, medicine and cosmetics are incrghsimtroducing nanoparticles in common
products as solar filters and anti-ageing treats¢h}. These sorts of products have become
controversial because they have not been integsigsted in human beings and long-term effects
remain unknown [1]. The nanometric diameter of amtcles enables them to cross the skin-
barrier and entering the blood stream, thus beossiply involved in a variety of cancers. In this
uncertain scenario, nanotechnology related indesssiruggle to show the obvious benefits of their
nano-products and to include them in the mainstresarket, fact that will change the world we
live in forever.

The study of nature in the nanometric range wasteodoby the development of the Scanning
Probe MicroscopesSPMs). The first member of this nowadays prolific fgmwas the Scanning
Tunnelling Microscope§TM), released in the 80’s in the IBM headquartersg@fl famous for
producing the first image of surfaces with atomésalution (Binnig and Rohrer, the fathers of
STM won the Nobel prize in 1986). This technique pe\o be a cornerstone in the study of
catalysis and surface science thanks to its unredttdpographic resolution. Nevertheless, its use
was restricted to conductive samples, limitaticst $oon disappeared with the development of the
Atomic Force MicroscopeAFM) [3], where all kind of samples could be investigh Despite
featuring lower resolution than tt&TM it was still able to obtain subnanometric resoluin the
vertical axis and its obvious versatility spread ttumber of applications to all kind of scientific
fields. Now it was possible to image samples withimal preparation, both in air and vacuum and
also in all kinds of aqueous solutions. Today, st d@lso possible to perform topographic
measurements in a range of temperatures going4koifUltra High VacuumJHV, operation) up
to 250°C. NeverthelesgFM is more than a way to obtain surface images ofanat should be
considered as a platform to manipulate the nanalwoith unprecedented resolution. In the field of
Materials ScienceAFM can be used as a classic indenter, now with tlilgyato control the
applied vertical forceH,) down to the tens of picoNewtons level. This igr@xely important, for
example, to characterize the mechanical propesfi¢isin films and advanced coatings used in the
development of Micro- and NanoElectroMechanicatays MEMs andNEMs). Of course, this
force control represents a breakthrough in biogsysas now the mechanical properties of cells,
proteins and membranes can be experimentally asbpgsAFM is also able to modify the sample
surface by scratching or locally oxidizing it, toope electric [5] and magnetic properties of
samples and to release nanodroplets of moleculesuifaces in order to create selectively
functionalized patterns.

Because of this, AFM should be considered as &opthatto explore the nanoworld, the core of
a system which is being constantly complementeti wiw operation modes the use of which is
step by step demolishing the classic boundariesdiilh keep Chemistry, Physics, Biology and
Engineering apart.

2. Methodology and applications

2.1. AFM basic operation principle

AFM is based on the contact between a microfalaittip and the sample surface (Fig. 1). As it is
a scanning technique, the tip rasters the samplaviag its fine details down to the nanometric

level thanks to a tip apex radius ca. 5nm. In &agibis the same principle used in a record playe

where the needle rides on the grooves of the viegbrd. As the piezo stage proceeds with the
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scanning in the XY axis, the cantilever bends udawn (Z axis) and th deflection is detected k
means of a laser théinally reflects on a photodetectawhich tracks the AFM probe respo.
Usually, the piezo is undéhe sample, although there are different AFM geoie®tvhere the ti
is scanned while the sample remains ModernAFM piezos cover scanning ranges in the
plane that goes from hundreds of nanometers t micrometers.

% W)

Figure 1. AFM schematics. ThAFM probe
tracks the sample surface, which is preci:
moved in the XY axis by means of a pie
stage. The deflection of the AFM probe
tracked by a laser that reflects o
photodetector which can detect prc
movements in theubnanometric ran

amplitude

[ [ of vibration

Figure 2. Two basicAFM topographic modes. a) In contact modeAFM probe tracks th
sample surface in close contact while the feedbamk keeps cantilever deflection constant. t
intermittent contact mode, thd~M probe moves in a sinusoidal way in the Z axis goctimtac
with the sample is intermittent. In this case, fimdback does not try to keep control on
cantilever deflection but on the amplitude of vitwa.

2.2. Topographic modes

2.2.1. Contact mode
In contact mode, the AFMrobe is brought into contact with the sample up ttesired cantileve
deflection, which results in the application of exrtain F, value. Then, feedback electronics ke
the deflection constant as the tip scans the samgle XY planeby moving the piezo in the
axis. In fact, thisnovement corresponds with the sample topogre

This operation mode obtains images wthe highest AFM resolution budue to the direct
contact with the samplét can be aggressivand deform the surfacby draggin material away.
Besides, the probe radius wears fast due to fridtioces and the quality of images can degrac
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a few scans. For all thispntact mode is recommended for atomic resol topographic images
of hard materials (polymers,etals, oxides) [6pr biological samples where structural resoluti
mandatory [7]protein crystals or ion channels on cell membr}.

2.2.2. Intermittent contact mot
Intermittent contact ithe most commonly used of /AFM topographic modes because it is ge
with the sample surface and also with AFM probe apex, producing consistent data of san
MT.7 while inducing minimum deformation (Fig. 3e, f). this mode, theAFM probe oscillates at i
resonance frequency in tleaxis at a constant amplitude of vibration, whiglkept constant by
feedback electronics, wh lightly tapping the sample surface. The consequent co
intermittency is enough for the probe to track senple topography and obtain accurate su
images. Because of this, it is used for imagingkaltl of samples, especially biological mate
[8] both in air and in liquid environmel[9]. Some efforts have been performed to improve
mode by combining it with techniques as InfraspectroscopylIR), Ramai or Scanning Near
Field Ellipsometer Microscoj (SNEM [10].

# Nanoparticles on silicon
a) Interm. contact mode
b) Peak Force® mode

Polymer fibers on glass
¢) Interm. contact mode
d) Phase imaging

e) Microfabricated silicon
-Contact mode

f) Yeast deposited on mica
-Contact mode

Figure 3. Topographic images obtained AFM in the fields of nanostructures, polymer sciel
microelectronics and biology. Image sizes: a) ans9x500nr? c), d) Dx3Cum?; e) 50x50um?
f) 12x12un. a) and b) correspond to the same sample, deratingtthat Peak Force® is le
influenced byAFM probe radiuswhich results irparticles with a diameter much closer to rea
c¢) and d) vere obtained simultaneousd) Phase image shows a compaositional contrast v
impossible to detect in topographic image
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One of the main drawbacks &&FM is its lack of compositional sample information.
Nevertheless, Phase Imaging (a secondary modeténniittent contact, Fig. 3d) can provide
qualitative data in this direction. This mode isd on the different quantity of energy dissipated
by the sample as the tip taps its surface in evdmation cycle. According to this, soft materials
will absorb more energy than hard materials, ragyih a phase change of the vibration.

2.2.3. Peak Force® mode

In this mode, théAFM probe engages the sample and retracts with adneguof several kHz. In
each cycle, th&, value is carefully controlled to maximize probk land reduce sample damage.
As this control is fully automatic while the proBeans the sample, Peak Force® is extremely
interesting for users, both basic and advancetinéed accurate topographic images. Furthermore,
the unprecedented quality of the images due tdaWweAFM probe wear makes it useful when
resolution is paramount. An enlightening exampla ba seen in Fig. 3a) and b), where 10nm
diameter nanoparticles deposited on silicon argg@daa) corresponds to an Intermittent Contact
image and b) was obtained in Peak Force® mode) imdge, particles look much smaller than in
a), despite the fact it is the same sample; thibeisause lateral resolution of imagesARM
depends on the probe radius. Initially, both toppbic modes use the same sort of probes (same
final radius) but Intermittent Contact is more agggive and wears down the radius from the initial
2nm to ca. 5nm to 10nm in a few scan lines. Peakd® mode is gentler and keeps the initial
radius for much longer. As a result, sharper anteraocurate lateral resolution is obtained and the
measured diameter of nanopatrticles is much closezdlity.

% W)

2.3. Nanotribology and Nanomechanics

2.3.1 Force Spectroscopy

The AFM probe can be used as a nanoindenter to test tbleameal response of samples [11, 12,
13]. Its main advantage is that the measurementsbea performed with nanometric spatial
resolution and that thE, values applied on the sample can be as smallnasafepicoNewtons
(1pN=10"N). Consider a polymeric matrix with embedded namtigles; a classic indenter would
be able to obtain the Young modulug) (of the whole sample but th&FM would be able to
perform local nanoindentations both in the matrixl @ the nanoparticles independently. These
capabilities are especially interesting for biotadisamples, which have thicknesses usually below
1 micron and where it is extremely difficult to abt quantitative nanomechanical information by
other techniques (Fig. 4). At the CCiTUB, tBevalue of protein aggregates deposited on mica was
quantitatively assessed [14] but our expertisebegsn mainly focused on the nanocharacterization
of biological phospholipid membranes and nanom&tariln this field, we have quantitatively
measured th&, value necessary to puncture membranes in différeifér conditions, probing the
effect of electrolytes concentration [15] or pH Ji6 their stiffness and the influence of the
phospholipids structure on their mechanical respghg, 18, 19, 20]. In the field of monolayers,
fatty acid and thiols proved to deform under thespure of théAFM probe in a sequential way
(step-by-step mechanism), shedding light on théipgcstructure of these 2D structures [21, 22].
In the field of hard materials, the explorationotitainedE values both by traditional methods and
AFM nanoindentation are leading to the comprehensibthe differences between mechanical
properties of surfaces and bulk materials [11,182, Other parameters that can be extracted from
the so-called force curves, that is, the nanoiratemt experiment itself shown in Fig. 4a, are
adhesion forces, dissipation energy, the vertiogdikthrough force of nanostructures and the force
where elastoplastic transitions take place.

Thanks to the Quantitative Nanomechanical Propdapping Mode QNM) derived from the
Peak Force® technology developed by Bruker, allttezhanical parameters can be obtained in
real time while capturing a topographic image (lBg.The operation range of this technique goes
from tens of MPa (soft biological samples, monotaygroteins) up to 100GPa (metals, oxides,
hard coatings).
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Figure 4. Nanomechanics tAFM. a) When a sample is compressed witlAFM probe, a force
curve is obtained. In the case of mono/multilayerederials, it is possible to quantitativ
measure th&, value necessartto break the sample (shown as a discontinuity énaghproacl
curve in Fig. 4a. b) Different globular proteinsaiged byAFM where force curves have be
performed. A map of Young modulus is over imposedi® topographic images. ¢) T
mechanics of pho$plipid membranes can be quantitatively assessedha&nbreakthrough forc
measured as a function of the length of the hyabmsachains of the phospholipids (in this c:
from 14 to 20 carbons).

2.3.2  Friction Force MicroscopyFFM)

FFM is able to quantifyite nanotribological properties of a huge varietysafmple [23]. These
measurements are of great interest when it comstitty materials scien-related samples and
is especially useful to characterize the performasfathin films and advanced ccngs [24]. In the
last yearsfFFM has also been applied to organic films, both inaad in liquic, tapping into
phenomena that had never been accessible by etiiarique{25, 26, 27] The operation principl
is as follows: the sample is scanned byAFM tip in a direction that iperpendicular to the lor
cantilever axis (figure 6a)n this way, a cantilever torque momentusncreated which can t
experimentally measured by following the path of thser in the laral quadrants of a fo-
segment pbtodetector. The lateral laser deviation is prdpogl to the friction forc (Fy) between
the tip and the sample, which in turn is propomico theF, value appliedy the tip (measured by
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the vertical displacement of the laser in the pHetector).F; value can be measured in
quantitative way in the range that goes from tims & piciNewtons tchundred of nhanoNewtons.
Figure &) shows a front view of the cantilever and theatigl how the scanning movement cre
a cantilever torsion which imtn is detected as a lateral laser deviation irptietodetecto

% W)

a) Topography
b) Sample deformation
c) Adhesion force

d) Dissipated energy
e) Young's modulus

Figure5. Salt crystals on a mica surface image@QNM. This mode enables to obtain inrtant
quantitative nanomechamigarameters that give information about the physieoucal
properties of the sample surface. Image size: 2unt.

b
a ) - cam,.erawsi LS ¥ A > ¥ X ¥
P VA

I sample stop —» «— stop

Figure 6. FFM operation principle. a) The scanning direction teea torque on the cantile\
which is proportional to thE; value between the tip apex and the sample. b) The fricispons:
can be measured as a function ofF, value in order to acquire important nanomectal
parameters as friction coefficient and dissipatestgy

2.4. Electric and magnetic characteriza

2.4.1 Conductive AFM (CAFM)

C-AFM is a secondary imaging mode derived from conAFM that characterizes conductiv
variations across mediumto low-conducting and semiconducting materiaThe operation
principle is simple: a potential is applied betweemete-coatedAFM tip and the sample; whe
both surfaces are in contact, an electric currenergsity,|) flows across the interface. Thanks
low-noise preamplifierd, values as small as tensfemtoAmperscan be detected. In fact, what

obtain is a map of valuebesides a topographic imz [28]. This is of important relevance for t
microlectronics and photovoltaics industry but aisothe development of new nanometarials
carbon nanotubes [28hd grapher [30], where conductivity of extremely sthparts of integrate:
circuits has to be measured. The variationsl map indicate the presence of defects in
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semiconductor materiglthe control of which a mandatory in fabrication processes. Besides
ability to control the position of the /M tip in the nanometric range enables the usetdp the
tip on a certain point of the sample surface, appdiesirec, value and ramp the potential in or
to obtain an extremely loct¥ curve.

2.4.2 Magnetic Force Microscopy (MFI

Magnetic ForceMicroscopy MFM) is a secondary imaging mode derived frintermittent
Contact topographimode that maps magnetic force gracs above the sample surfaThanks to
a tip coated with a magnetic alloy, the topographicl anagnetic images of the sample be
simultaneously obtained. The extremely high resmhubf this technique enables the study
molecular magnets, as well as magnetic thin - [31] (Fig. 7).

MFM probestip is coated with a ferromagnetic thin film. Whisganning, it is the magne
field’s dependence on tipample separation that induces changes in theleaats resonanc
frequency or phasddFM can be used to image both naturally occurring aliberately writter
domain structures in magnetic matei (Fig. 7a and b).

2.4.3 Surface Ptential (SP, also known as Elestrostatic Force Microscopy (B

SPis a secondary imaging mode derived frintermittent @ntact topograph mode that maps the
electrostatic potential on the sample surface.the AFM probehas to be sensitivto electric
charges, it is necessarydoat it with a metal or conductive layer as dc-diamond (highly weé
resistant)lt is interesting to note thehe sample can be an insulatimgcause the only charges t
are detected aren the surfaceno electrons flow across the interfaes no voltage difference
applied between thAFM probe and the sample. This technique be applied to detect the ve
subtle charge differences that arise when an argannolayer is being formed on a substrate
identify different domains in mixed phospholipiddyiers. It is worth to note that a slightly refir
mode called Surface Raitial Force MicroscopySPFM [32] is able to scan the sample in r
non-contact while obtaining images of liquid dropldigejng of special interest for the study of
lubricants [33]Jand corrosion scien(34].

% Magnetic recording
» tape surface

& a) Interm. contact mode
b) Magnetic signal

d . CuFeCo processed by
mechanical alloying
¢) Interm. contact mode
d) Surface Potential signal

Figure 7. The ferrite grains preseon thesurface of a magnetic recording tape ca
topographically resolved (@nd, at the same time, theagnetized domains are revealectMFM
(b). Notice that there is no cre¢-linking between the topography and the magneticadogi ¢) anc
d) correspad to the topography and surface charge distribigignal SP) on a metallic samp.
Although topographic image reveals a smooth surSPsignal is able to discern different cha

domains which can be related to compositi gradients
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Glossary

SPM Scanning Probe Microscope

STM Scanning Tunnelling Microscope

AFM. Atomic Force Microscope

UHV. Ultra High Vacuum

F.. Vertical Force

MEMSs. MicroElectroMechanical Systems

NEMs. NanoElectroMechanical Systems

SNEM Scanning Near Field Ellipsometer Microscopy
E. Young’s modulus

QNM. Quantitative Nanomechanical Property Mapping
F:. Friction Force

FFM. Friction Force Microscopy

C-AFM. Conductive AFM

I. Current Intensity

V. Potential

SP. Surface Potential

SPFM.Surface Potential Force Microscopy

EFM. Electrostatic Force Microscopy
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Abstract. This article summarizes the basic principles of Paleomagnetism, with

examples of applications in geology that illustrate the capabilities of the
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Paleomagnetism: principles and applications

1. Infroduction

Paleomagnetism is the study of the record of thehEBamagnetic field in rocks. The Earth’s
magnetic field has its origin in the convectiontbé iron rich material of the outer core of the
Earth. At any point of the earth surface, the mégrield (F) can be defined by two angles (Figure
1). Declination (Dec) is the angle between thezmrial component of F and the geographic north,
ranging from 0 to 360 ° and defined as positivekidse; inclination (Inc) is the vertical angle or
the angle between F and the horizontal, ranginm #@0 to 90 °, positive downwards.

North (Geographical)

Magnetic
.~ meridian
> East
Figure 1 — Description of the direction of the
magnetic field (F). Inclination (Inc) is the vedic
angle (= dip) between the horizontal and F;
declination (Dec), is the azimuthal angle between
the horizontal component of F (H) and the
downwards geographic north.

At the Earth’'s surface, the geomagnetic field ceanapproximated to the field created by a
geocentric axial dipole (GAD), a dipole placed la¢ tenter of the earth and aligned with the
Earth’s rotation axis (Figure 2). The GAD modelyatcounts for about the 90% of the Earth’s
surface field, the rest would be the sum of norcgatric dipolar fields, fields of non-dipolar ongi
and of external origin. In the Earth’s surface, niagle and direction of the geomagnetic field
changes with time, ranging from milliseconds, hporsdays (pulsations or short-term fluctuations,
daily magnetic variations, or magnetic storms)edataries, thousands of years, or million of years
(secular variations, magnetic excursions, and jiglegversals). Changes with periods between 1
year and 10years constitute which is known as Geomagneticl8e¥ariation. Among the longer
term variations of the geomagnetic field the ptjameversals, with durations ranging from
thousands of years to million years, are the swatichorth and south magnetic poles. The present
configuration of the dipole field with the north greetic pole close to the north geographic pole is
considered a normal polarity interval, while opp®sconfiguration is considered a reversed
polarity interval (Figure 2). Intervals of geologictime having a constant geomagnetic field
polarity delimitated by reversals are defined akmity chrons. The magnetic reversals are long-
period processes (longer thar? y@ars) which do not occur with a simple periogiditit instead
appear to occur randomly in time. The duration gbtarity transition is imperfectly known but it
is probably in the order of @0 10 years, fast enough to be considered globally symzfus on
geologic time scales.
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The pattern of polarity reversals providing a usiglobal “bar-code” recorded in Earth’s rock
of different ages constitutes the geomagnetic jipldime scale (GPTS) (Figure 2). For the
construction of the GPTS geophysicists fundamentelly on the marine magnetic anomaly record
and also on the magnetostratigraphic record, batkaming biostratigraphical constraints. Oceanic
surveys carried out during the 1950's and 1960'd equipped with shipboard magnetometers
found linear magnetic anomalies parallel to the-otdanic ridges. These anomalies resulted from
the remanent magnetization of the oceanic crugjieed during the process of seafloor spreading.
The spreading process results in the magnetizatidhe crust in alternating normal and reverse
polarity. The template of magnetic anomaly pattdrom the ocean floor has remained essential
for constructing the GPTS from Early Cretaceous amiw(ca. 124.5 Ma to 0 Ma). The initial
assumption of periodic behavior (Cox et al, 196&swsoon abandoned as new data became
available. The first modern GPTS based on maringneiic anomaly patterns was established by
Heirtzler et al. (1968). Subsequent revisions blrkque et al. (1977), Berggren et al. (1985),
Cande and Kent (1992) showed improved age contnal creased resolution. A major
breakthrough came with the astronomical polarityetiscale (APTS) in which every individual
reversal is accurately dated (e. g. Hilgen et 097). Because there is an excellent first-order
reversal chronology for most of the Mesozoic andfathe Cenozoic and because these reversals
occur randomly in time, sequences of reversaldeamsed for establishing the age of the rocks.

0
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3
GPTS
(age in Ma)
Figure 2— Schematic representation of the geomagnetit diea geocentric axial dipole. During
normal polarity of the field the average magnetidim pole is at the geographic north pole, and a
compass aligns along magnetic field lines. Duringmal polarity, the inclination is positive
(downward directed) in the northern hemisphererseghtive (upward directed) in the southern
hemisphere. Conversely, during reversed polatity compass needle points south, and the
inclination is negative in the northern and positin the southern hemisphere. In the geomagnetic
polarity time scale (column in the middle), periadsiormal polarity are conventionally
represented by black intervals, reversed intetwalahite intervals. From Langereis et al (2010)

NORMAL W 0O REVERSED

The study of the ancient Earth’s magnetic fielgassible because rocks contain ferromagnetic
minerals in their internal structure. During thekdorming processes these minerals statistically
align with the ambient field, and are subsequeihtigked in” the rock system, thus preserving the
direction of the field as a natural remanent magatgbn (NRM). Principal minerals contributing
to the NRM are usually iron oxides such as magaeiematite, and maghemite, iron hydroxides
(goethite), or iron sulphides including pyrrhotdaad greigite. Other common minerals such as
phyllosilicates (e.g., ilmenite), pyroxenes, andphiboles can significantly contribute to the
induced magnetization. However, they do not haeecdpability to carry a NRM.

As currently practiced, Paleomagnetism can be epplo age determination, stratigraphy,
tectonics, polar wander, magnetic anomaly integpiat, paleoclimatology, as well as studies of
the evolution and history of the Earth’s magneitidf

MT.8
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2. Methodology

2.1. Sampling

Samples are drilled in the field either with ancélie or gasoline power drill cooled with water
(Fig. 3). As the earth’s magnetic field is a vectsamples need to be oriented in situ to get a
geographic unambiguous position and orientatioarder to provide a reference system to which
refer the data obtained during the laboratory as®ay Therefore, samples are oriented in the field
by a magnetic compass coupled to an orienting dewith inclinometer (Fig. 4). The length of the
cores is variable but it is desirable that 2 samm® 10 cm can be obtained from each core.
Sampling strategy may differ according to the mimious of the study. However, in any case,
geological information such as bedding directiaespnce of faults or fold axes orientations will
be collected during the field work. For magnetdggraphic purposes, 1 or 2 samples per level will
be obtained at a certain stratigraphic spacinggdéipg on the total thickness of the stratigraphic
section to be studied and the number of magneteszexgected to be identified within the section).
Sampling focused on tectonic studies, such as ifiexiion of vertical-axis rotations within
orogenic belts, will consist in the drilling of altol0 cores distributed along the site with an
spacing enough to average the geomagnetic se@ration. Several sites distributed all along the
study area will be drilled to get a regional pattesf tectonic rotations. In the case of
archaeomagnetic studies, about 10-15 samples &illrtled in a random distribution within the
archaeological structure and, whenever possibégy, will be oriented with a sun compass in order
to minimize the perturbation in the magnetic comnspeasused by the intense magnetization of the
archaeological material.

A
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Figure 3 —Paleomagnetic sampling Figure 4 — In situ orientation of drilled cores

2.2. Instrumentation and Measurement in the Laboya

Paleomagnetism is mainly based on the measurermémt &IRM of geological material, which is
the fossil magnetism naturally present in a rodke Pprimary magnetization is the component of
the NRM that was acquired when the rock was foramed may represent all, part, or none of the
NRM. The primary magnetization may decay throughetieither partly or completely and
additional components, referred to as secondarynetagtions, may be added by several
processes. A major task in all paleomagnetic ingagons is to identify and separate the magnetic
components in the NRM, using a range of demagri&tizand analysis procedures.

The main laboratory analysis consists in progressigmagnetization of the samples and the
subsequent measurement of the NRM in order to ifgeand isolate the different paleomagnetic
components recorded during the rock-geologicalohyst Progressive demagnetization of the
samples can be achieved by two different treatmeimsmal (TH) or by alternating fields (AF).
During demagnetization experiments, samples argeciglnl to stepwise increasing values of
temperature or alternating field in a zero magndield (field-free) space. The residual
magnetisation is measured after each demagnetizsiipp and the resulting changes in direction
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and intensity are displayed and analysed in omeedonstruct the complete component structure
of the NRM. Measurements are made of components kéxand Mz) of magnetic moment of the
specimen (in sample coordinates). This usuallyilsmtaultiple measurements of each component,
allowing evaluation of homogeneity of NRM in theespnen and a measure of signal-to-noise
ratio. Data are then fed into a computer contaimirigntation data for the sample and calculation
of the best-fit direction of NRM in sample, geodnapand stratigraphic coordinates is carried out.

2.3. Data analysis

Vector directions are described in terms of detlama(D) and inclination (I). After the complete
demagnetization of the samples, these directiomsliaplayed with a projection that depicts three-
dimension information on a two-dimension environmeXlthough projections on a sphere are
commonly used, the most common representation saflteeof progressive demagnetization are
vector end point or orthogonal projection diagraatso known as Zijderveld diagrams (Zijderveld,
1967). The power of this display is the abilitydigplay directional and intensity information on a
single diagram by projecting the vector onto twdhogonal planes (Figure 5). Magnetic
components are then extracted from the Zijderveldgrdms using least-square analysis
(Kirschvink 1980), and the most stable and consistemponent that can be isolated is referred to
as the characteristic remanent magnetisation (ChRMjs ChRM is further investigated to
establish if it represents a record of the geomigfield at, or close to, the time of rock fornaatj

or a secondary magnetisation acquired later inoggolhistory by post-depositional processes.
With this purpose, several stability tests can &ggomed on the obtained ChRM, being the most
common ones:
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- Consigtency test: a ChRM is considered primary in origin when ifides a sequence of
polarity reversals laterally traceable by indepetdeeans (e.g., lithostratigraphy) between
distant sections from different parts of the basin.

- Reversal test: the observation of ChRM directions with differguaiarity and, in particular,
the occurrence of antiparallel (within statistiGakror) directions is taken as a strong
indication for the primary origin of that ChRM.

- Fold tedt: if the ChRM directions from differently tilted e converge after correction for
the dip of the strata, this remanence was acqbieéare tilting. Strictly speaking, this fold
test does not directly prove a primary origin astbomponent, but only that it dates from
before tilting.
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Figure 5 - Examples of Zijderveld diagrams. Solid (open)leisacorrespond to projection onto the
horizontal (vertical) planes. a: sample of nornm@hgty (northward declination and positive
inclination); b: sample with a low temperature narmolarity component, defined between 30°
and 300 °C, parallel to the present-day magnetid ind a ChRM of reversed polarity, defined

from 300° to 670 °C (southward declination and tieganclination)
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3. Examples of applications

3.1. Magnetostratigraphy of Can Mata (HostaletPideola, Valles-Penedés Basin, NE Spain)

As mentioned above, magnetostratigraphy is basetherfact that the earth’s magnetic field
polarity changes through time at a non-constamjuigacy and on the fact that sediments have the
capability to record and retain the magnetic fipieesent at the moment of their formation.
Therefore, if we study a sedimentary successiog kmd continuous enough we will be able to
identify a reversals characteristic pattern whicl allow us to establish a correlation to the
Geomagnetic Polarity Time Scale (GPTS). The examptesented corresponds to the
magnetostratigraphic dating of the Middle Miocemelisients of Can Mata in the Hostalets de
Pierola area, a sedimentary succession containary rfossil remains, being the main one among
them the remnants d?ierolapithecus catalanicus and the hominoi®ryopithecus fontani. The
magnetostratigraphic study was carried out in otdgsrovide the mammal bearing sediments of
Can Mata a robust absolute chronology. This palgoeiic study was based on the analysis of 369
samples uniformly distributed along 460 m compostion. The correlation of the local
magnetostratigraphy to the GPTS (Gradstein et @)4P (Figure 6) establishes the age of the
sedimentary succession in Upper Aragonian-Valle§léanto around 10.5 Ma), and the estimated
age ofDryopithecus fontani is established in 11.8 Ma (Moya-Sola, et al, 3009
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3.2. Archaeomagnetic dating of combustion strastur

Archaeomagnetic studies in Spain have undergomgn#isant progress during the last few years
and a reference curve of the directional variatidrthe geomagnetic field over the past two
millennia is now available for the Iberian Penims(Gomez-Paccard et al, 2006). These recent
developments have made archaeomagnetism a stoaigatfl dating tool for Spain and Portugal.
In this example, we illustrate how this seculariatézn curve (SVC) can be used to date the last
use of burnt structures from Spain. A kiln of threhaeological site of Can Xammar (Figure 7)
(Matard) of Mediaeval times has been studied aoaaomagnetically dated (Gémez-Paccard and MT-$
Beamud, 2008). The directions of the characteriginanent magnetization of the structure have
been obtained from classical thermal and altergdteid (AF) demagnetization procedures on the
collected samples, and a mean direction for thebestion structure has been obtained (Figure 8).
These directional results have been compared Wwahnew reference curve for Iberia, providing
archaeomagnetic dates for the last use of thedeélmveen 1492 and 1609, consistent with the
archaeological evidences available (Figure 9).

Figure 7 - Combustion structure of the Can Xammar archaechbgite and location of the
samples. Modified from Gémez-Paccard and Beamud3R0

N=7 10.3/58.1 .
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Figure 8 -Mean direction for the Can Xammar kiln. Modifiedfin Gbmez-Paccard and Beamud
(2008)
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direction with the SVC for the Iberian
Peninsula and possible dates for the
last use of the combustion structure.
The probability density functions
(PDF) for Declination and Inclination
are combined to obtain the possible
dates at 95% probability for the last
usage of the structure. In the example
presented, the age of the abandonment
| of the structure is established to have
| B | \ occurred between 1492 and 1609.

‘ £ | Modified from Gémez-Paccard and

[ { Beamud (2008)

Inclination (°)
archaeomagnetic error

SV curve for Iberia

1

Probability
density function

95%|A i*’”‘-‘ o e
0 200 400 600 800 10001200 14001600 1800
Age (years)

3.3. Tectonic rotations in the south-central Pgesnduring theTertiary

The ability of rocks to record the direction of tlamcient magnetic field provides the key
quantitative information for unravelling tectoniefdrmation in orogenic belts. The orogenic
environment, however, causes specific problem$é¢oanalysis of the magnetism in rocks due to
the effects of strong deformation and temperatnoeeiase. Rocks in this environment are more
likely to have their primary magnetism partially completely overprinted by magnetizations
linked to the deformation. Partially set agains$ tfisadvantage, the deformed nature of the rocks
means that the paleomagnetic fold test is moreilyeagplied to constrain the geological ages of
the magnetizations than would be possible in lesforthed settings. Paleomagnetic analysis
assumes that the mean direction of magnetizatioovezed from the rock-unit is a record of the
time averaged dipole field source at the time ofjnedization. The cumulative deformation can
then be resolved by comparing this direction with predicted direction at the study location at the
time of magnetization. Usually, the difference ke tresultant of more than one episode of
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deformation and in favourable circumstances it lsardecomposed using geological evidence or
from studying the paleomagnetism of rocks of ddfdérages. The angular deformation is usually
considered in terms of differences of declinatiowd anclination with respect to the reference
direction from the stable plate. The differencewssn the observed and expected directions is
described in terms of rotation and flattening. Aeafence in declination implies rotation (R) of a
crustal block about a quasi-vertical axis.

The Graus-Tremp piggy-back basin is an elongamagtr formed during the emplacement of
the allochtonous units of the South Central Pyraridaits. Previous studies in both the Mesozoic
basement and the Paleocene sediments of the GramgpTbasin have evidenced significant
vertical axis clockwise rotations (Figure 10). Téeeck units are unconformable overlain by the
syntectonic continental conglomerates of the SideaSis and La Pobla de Segur, which were
recently dated as Bartonian to Priabonian on hafsisagnetostratigraphic correlation (Beamud et
al, 2003). More recently, the syntectonic conglaates of the Senterada basin have been dated as
Oligocene also based on magnetostratigraphy (Beaall 2011). Paleomagnetic data from these
units provide constraints on the timing and spadiatribution of the tectonic rotations in the
Graus-Tremp Basin. No significant rotations durthg Tertiary are observed near the Noguera
Pallaresa River. Further west, between the Esedatlas Ribagorcana rivers, the lower Eocene
materials record up to 30° of clockwise rotatiorhe lack of significant rotation in the overlying
Bartonian sediments of the Sierra de Sis constrhiissrotation to the Ypresian-Lutetian. In the
Ainsa basin, about 30° of clockwise rotation ifl sticorded by Bartonian sediments. These data
suggest an east-west trending of the vertical i¢&ions magnitude and timing.
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Abstract. In this article the main possibilities of single crystal and powder
diffraction analysis using conventional laboratory x-ray sources are introduced.
Several examples of applications with different solid samples and in different
fields of applications are shown illustrating the multidisciplinary capabilities of
both techniques.
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X-ray single crystal and powder diffraction

1. Introduction

Diffraction experiments using x-rays or particlasmotion, such as neutrons and electrons, enable
the study of the structural properties of materi8lgfraction using electron, neutron or brilliant
synchrotron x-rays will not be considered. Onlywamional laboratory x-ray sources produced by
sealed x-ray tubes are taken into account. The lemagts of the x-rays used in laboratory
diffraction experiments (ranging from 0.5 to 2.5 A)e of the same order than the shortest
interatomic distances. When the material is irfadiavith a controlled x-ray beam a diffraction
pattern can be obtained. If the material is a atyshe diffraction pattern is a transformationoint
reciprocal space of its ordered atomic structuee Tirect image of the crystal, i.e. the three
dimensional distribution of the atoms in the lagtican be restored only after the diffraction patte
has been transformed back into direct space. Tdresftsrmation is governed by the theory of
diffraction. Comprehensive derivation of the theofy-rays as well as detailed descriptions of the
production and detection of x-rays and the proces$anteraction of x-rays with matter can be
found in several excellent books and reviews [flodexample].

In principle an x-ray diffraction (XRD) analysis rcdbe performed in any kind of material.
Nevertheless in most of the cases the materialsalid samples. Only in some quite specific
applications the samples are liquid and in verycipecases gases. Depending on the
characteristics of the solid sample being analysedossibilities and the kind of information that
can be obtained from an XRD experiment change amdraltiple and diverse. In a first level of
distinction, and closely related to the kind of esmental devices, single-crystal samples in one
side and polycrystalline samples on the other cardnsidered. A sample is a single crystal or
monocrystalline if the lattice is continuous andraken on the entire sample and it is optically
clear and with no grain boundaries. Furthermorgngle crystal XRD, as an additional distinction,
the size of the single crystal should be smallfguedly in the range from 0.1 to 0.2 millimetres.
Polycrystalline samples will include nearly all tbéher solid samples. Nevertheless there is no
chance to characterize a no single crystal samp;kRD if the amount of crystallites constituting
the sample is not large enough. Ideally an infimtenber of crystallites of sizes no higher than
some micrometers are needed. But practically tsiicgdons are no strictly exclusive and there are
e.g. several applications carried out on sampldb wi finite, limited number of crystallites.
Although other kind of polycrystalline samples slidonot be excluded, such as metallic or bulk
ceramic or thin film samples, we will refer hereth® analysis with samples other than single
crystals as x-ray powder diffraction (XRPD) anadysi

From single-crystal XRD data it is possible to goand refine the crystalline structure of a new
material. It is a non destructive analysis and ghssibilities of success are very high and have
radically increased over the last 15 years withitiqgrovement of the experimental devices and the
continuous progress in crystal-structure solutind eefinement methodologies [5, 6]. Knowledge
of the crystal structure is of crucial relevancedgroper understanding of the material properties

As it will be shown, XRPD analysis has a wide rawgepplications [7, 8]. From the basic
distinction between amorphous and crystalline nmelgethrough phase analysis to full profile
analysis (with possibilities of microstructural caeterization and refinement and solution of
crystalline structures), the analysis are alwaysdestructive and cover a great variety of scientif
disciplines.

In this article, possibilities and examples of &ations of both single-crystal XRD and XRPD
are presented.

2. Single crystal x-ray diffraction (single crystal XkRD)

2.1. Samples, instrumentation and data collection

The samples are unfracturated and optically cleglescrystals. Their size should be between 0.1
and 0.2 millimetres in the three directions of gpathey are normally selected using an optical
microscope (x40) equipped with a polarizing attaehtmand observing if light extinguishes
regularly every 90° when turning the stage of tieascope.
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A selected crystal is fixed on the tip of a thimgg fibre using epoxy or cement, or in a loop
including specific oil, which fits into the goniotes head in the diffractometer. The crystal is then
aligned along the beam direction.

It is necessary to know the stability propertieshef crystals. Crystals can be sensitive to light,
air or moisture, or susceptible to loss of cryi&ation solvent. If so, a special treatment is nexgl
For example, they can be mounted inside sealed glagillaries or the data collection can be
performed at low temperature.

Figure 1 depicts the x-ray single crystal diffrantier MAR345 at the CCiTUB. It works with
the usual monochromatic MocKradiation §=0.7108 A) and it is equipped with a 2D Image Plate
detector. Figure 2 shows a detail of the samplatios, being visible the goniometer head and the
low-temperature attachment.
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Figure1: Single crystal x-ray diffractometer  Figure 2: Detail of the goniometer and low
MAR345 at the CCiTUB. temperature system in the MAR345 single
crystal diffractometer at the CCiTUB

Once the crystal is mounted on the diffractomethe appropriate parameters for each
measurement such as the distance to the detecdharspace of the Ewald sphere are selected,
and the intensity data is collected. Data are #jlfyicobtained between 3 °© and 3® %hen using
molybdenum radiation. Generally, a complete datkection may require between 3 to 12 hours,
depending on the specimen and the diffractomet@meSof the measured intensities enable the
calculation of the unit cell parameters. Thenfad intensities are indexed and a list of obsenktd h
reflections is obtained (see below)

2.2. Structure determination methodol ogy
The intensity of x-rays in a diffraction patternpéading only upon the crystal structure is referred
to as called the structure factor:

F(hKl) = EN: flexpRri(hx +ky, +12)] (1)

whereh, k and| are the indices of the diffraction planes (Bragtiections),N is the number of
atoms in the cell and(y; , z) are the fractional coordinates of {Heatom with scattering factd
Each structure factor represents a diffracted behioh has an amplituderF(hkl)O and a relative
phaseg(hkl).

The crystal structure can be obtained from thédradifion pattern if the electron density
function is calculated at every point in a singtét gell:

0(x,Y, 2) =V£ZZZEF(th Yeos[expRr(hx, +ky; +1z,)] - g(hki)] (2)

where the summation is over all valueshpk andl andV is the volume of the unit cell. Since x-
rays are diffracted from the whole crystal, thecokdtion yields the contents of the unit cell
averaged over the whole crystal. In practice, tideutation of the electron density produces maps.
The maxima on these maps represent the positidreaitoms in the cell.
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The structure factors are reciprocal space veetbereas the electron density is from the real
space. The diffraction pattern is the Fourier tfams of the electron density and the electron
density is the inverse Fourier transform of thdrddtion pattern. The measured intensities of a
diffraction pattern enable the determination ofyotile structure factor amplitudes but not their
phases. The calculation of the electron densitgaisthen obtained directly from experimental
measurements and the phases must be obtained &y rad#thods. This is the so called phase
problem. The most usual methods to overcome theeppeblem are direct methods and methods
based on the Patterson function. The former arenth& important in chemical crystallography and
the latter are currently applied when some heawgmnatare present. The phases are obtained
approximately and have to be improved. With thecwated phases and structure factors
amplitudes, a first electron density map is catadaalso approximate, from which the atomic
positions will be obtained.

The next step is the completion of the structureFbyrier synthesis and refinement of the
structural parameters to optimise the fitting betwéhe observed and calculated intensities in the
diffraction pattern. The refinement cycles inclugiesitional atomic parameters and anisotropic
vibration parameters. Finally, the hydrogen atorsitmms, if present, are determined or calculated.
The structural refinement is evaluated from theeagrent between the calculated and the measured
structure factors. The refinement is consideretied when the following essential conditions are
fulfilled:

- The agreement factors are small enough.

- The structural model is chemically appropriate

- The estimated standard deviations of all geométpaameters are as small as possible

- The peaks remaining in the electron density mamaemall as possible.

Once the structure is determined and refined skewymametrical parameters such as bond
lengths, bond angles, torsion anglestakings and hydrogen-bond are evaluated and ppat®
tables and graphics representing the structure paepared. A standard file (CIF: crystal
information file) containing all the information dhe structure is created and can be used to
evaluate their quality and possible problems.

2.3 Examples of applications

The determination of the crystal structure is ablii many different applications. The knowledge
of the atomic, three dimensional distributions uefices and enables to understand properties of
molecules and materials. Three different fieldagblications that include crystal structures solved
at the CCiTUB are illustrated.

2.3.1. Magneto-structural correlationsin molecular materials
Current trends in the research field of moleculagnetism mainly involve activities in three
classes of molecular materials, namely, multiflor@i magnetic materials, nanostructured
magnetic materials, and molecular nanomagnetsafAad molecular nanomagnets are concerned,
the past few years have witnessed an explosivetlyrimthe interest in single-molecule magnets
(SMMs) due to their potential interest as inforroatstorage materials, quantum-bits in quantum
computation or bioinorganic/biomedical applications

Magneto-structural correlations, often includirigedete Fourier transform (DFT) calculations
based on structural parameters are one of the maagets in molecular magnetism and the
determination of the crystalline structures is filnedamental tool in this kind of research by two
main reasons: it is the only technique able to givambiguously the nuclearity and the
intermetallic bridges which determine the magngtiaperties and on the other hand, at molecular
level the character of the magnetic interactioesr¢f, antiferro- or ferromagnetic response) aad it
magnitude, is strongly dependent on the overlamakcular orbitals which are directly related to
the magnitude of bond distances, angles or torsions
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structure (top) and arrangements for compounds of  for compounds of [MgO,
labelled core (bottom) of [MngO,(OMe), (OMe), (dapdoH)](NO3), -
[MngO,(OMe),(dapdoH)] (dapdoH)](NOs),- 2(Et)- 2MeOH 2(Et),: 2MeOH

(NO,), 2(Et)-2MeOH

The importance of the magneto-structural correfatforeflected for instance after the crystal
structure solution of the compound [M»(OMe)(dapdoH)](NOs),- 2(EtO-2MeOH[9]. The
core of this compound consists of MrMn," units arranged as two tetrahedpdl-oxo bridged
Mn,' Mn," units, sharing the Mh edge. The coordination sphere of each manganese iat
occupied by three N atoms from each dioximato ligamereas the remaining coordination sites
link several O-donors from oxo, methoxo or oximdiadges: divalent Mn(1l) atoms are
heptacoordinated @0, pentagonal bipyramid environment) and trivalenn(®) and Mn(3) ions
are hexacoordinated §{8; distorted octahedral environment). Two dioximaigahds are
bisdeprotonated and link three manganese atom$.(Mn"...Mn") in the coordination modsl:
nl: nl: nl:n. The core of hexanuclear cluster is completed bsima of two methoso bridge between
Mn"...Mn" atoms (Fig. 3) Magnetization measurements performed at 2K shognetization
plots that tend a quasi saturated value closentelaxtrons (spin = 5). Low temperatyieT value,
magnetization data and the analysis of the enefgye spin levels obtained in the fit of the
experimental data strongly suggest an S = 5 grastate for this compound (Fig. 5). The
topological analysis of the possible arrangemertheflocal spins, performed on the basis of the
structural data, confirms the possibility of an S ground state and gives an univocal proposal of
the spin arrangement of the paramagnetic centigs4J-

2.3.2. Absolute configuration determinations
Most biological molecules are chiral in the seriss they can, in principle, exist as two identical
structures that are non-superimposable mirror imafene another. These two forms are referred
to as enantiomers and are related to one anothibeisame sense as the left hand is related to the
right hand. Although the molecules can exist in fafons, nature has evolved such that only single
enantiomeric forms of chiral molecules exist iridiy organisms. This is of enormous consequence
in the field of pharmaceuticals because it mearst tfhe two enantiomers of a chiral
pharmaceutical, although they may have the samenabratructure, they do not interact with
living organisms in the same manner. While one toarer of the drug may have therapeutic
properties, the other can be toxic.

Heterogeneous catalytic synthesis of fine chemiaald complex chiral molecules is in its
infancy.

MT.9
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The enantioselective synthesis of such moleculgsires environments that are themselves
chiral and of a single handedness. This has gastteagreat deal of interest in the preparation of
chiral materials and surfaces for use as heteragsneatalysts. The most widely pursued approach
to the preparation of enantioselective heteroges@atialysts has been the use of chiral organic
templates which bind to the surface of a catalgst @eate a chiral environment in which catalytic
reactions can occ(t0].

An example of chiral properties can be found in][¥here the synthesis and characterization
of two new trans platinum complexes in the phosplssries was reported. In the mentioned study,
the phosphane ligand is triphenylphosphine andytbap in trans configuration is represented by
chiral aliphatic amines. Unfortunately, the resolotof the structure was not of the expected
quality for complex 1. But the structure of compXFig. 6) consisted of discrete molecules in
which PPh3 and N¥CH(CHs;)CH,CH; groups weres bonded to the platinum atom in a trans
configuration. Only two molecules were found in Wt cell, but in contrast to complex 1, the
amines in both molecules were S enantiomers. Olfftsdifferences were detected in the
distances around the platinum atom for those midscun contrast to the trans phosphane
complexes reported previously. Some hydrogen bomele detected, and they are described
as:N(2)-H(2B)- - - -- Cl(12) = 3.262(8) and N(1)-H(1B)-Cl(21) = 3.199 A (Fig. 7).

The anti-proliferative activity detected in tumaglls treated with the two new complexes is
more pronounced when the aliphatic amine is racexmiopared to the S-enantiomer. Moreover,
for both compounds, the activity is fast after @tposure and, unlike that of cisplatin, virtually
independent of the duration of cell challenge.

Figure 6: ORTEP view of complex trans- Figure 7: Schematic view of intermolecular
[PtCl(S—NH,CH,CH(CH;)CH,CHz)(PPh)] NH—CI between molecules of[P{5—
NH,CH, CH (CH;)CH,CH;)(PPh)]

2.3.3. Molecular switches based on coordination complexes
Molecular switches can be converted from one dtatanother by an external stimulus such as
light, electricity or a chemical reaction.

The design and development of molecular devicestas coordination or organometallic
complexes is of great importance nowadays duedio dpplied interest in different fields. Among
all types of molecular devices (i.e. clips, rotossissors, switches, twisters, etc.) with different
architectures reported so far, molecular switclhrestargets of increasing interest for electronics
and optical memory devices. In this type of devieasexternal stimulus (e.qg. light, electrons, pH,
etc.) produces intra- or intermolecular changes #ffect a characteristic physical or chemical
property of the molecule. To allow their use in tevelopment of sensors, information and storage
materials, these transformations should be reverdi permit the “switch on” and “switch off” of
that property, and fast. On the other hand, analsnaromoted by the crucial role of platinum (ll)
in cancer therapy, several research groups hausddcheir attention on molecular switches based
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on platinum (II) complexes. A few articles showitig utility of such compounds as sensors for
amino acids and proteins have been published fgcent examples of acid/base-based molecular
switches are scarce. In addition, ferrocene andeitsvatives contain a redox-active centre, ansl thi
property, which is specially interesting in viewtbéir applications in different areas including-bi
organometallic chemistry, bio-technology and metici has also been used to prepare
electrochemical devices for gene sensors and ghudetection as well as molecular switches for
non-linear optical properties (NLO) or for the flegcence of ferrocene derivatives.

MT.9
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Figure 8: ORTEP plot of trans-[Pt(FeCH=N  Figure9: ORTEP plot of the isomer of trans-
CeH,OH-2)ChL(dmso)] [Pt(FeCH=N GH,OH-2)CkL(dmso)]

Figure 10: trans-[Pt(FcCH=NC6H40H-2)CI2(dmso)] in the isoraahrough O(1)-H---O(2)
forming a chain along the b-axis.

The crytal structures of two Platinum (II) complexef formula [Pt(FeCH=NgH,OH-
2)Cl,(dmso)], named 2b and 2c, and used as moleculacr®si [12] are briefly explained here
[Fig. 8 and Fig. 9]. The platinum (Il) atom is balto the imine nitrogen atom, the sulfur atom of
the dmso ligand and two chlorido ligands [CI(1) &i¢R)] in a trans arrangement, as reflected in
the value of the bond angle CI(1)-Pt-CI(2) [1765)8Rb), 175.59(13)° (2c)]. In the two
complexes the bond lengths around the platinunt) atbm fall in the range reported for related
complexes where the platinum (ll) atom has a simgélavironment. The C(11)-N bond of 2b
[1.285(6) A] is longer than that in 2c [1.266(14), And the imine group forms an angle of 15.5°
(2b) and 13.9° (2c) with the C5H4 unit of the feeoyl moiety. The value of the torsion angles
C(10)-C(11)-N(1)-C(12) of 2b (179.97°) and C(10:DEN- C(12) of 2c (3.86°) indicate that
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the imine adopts the anti-(E) conformation in 2kl &ime syn-(Z) form in 2c, in good agreement
with the results obtained from Nuclear Magneticdt@nce (NMR) experiments. The phenyl ring
is planar, and its mean plane forms an angle df°7@b) and 69.6° (2c¢) with the coordination
plane of the platinum atom. In the crystal of 2i® separation between the O(1) atom of one of the
molecules of [Pt(FcCCH=NC6H40H-2)-Cl2(dmso)] and ®€) atom of a neighbouring molecule
suggests the existence of an O(1)-H---O(2) inferatiiat connects the molecules forming a chain
along the b-axis (Fig. 10).

3. X-ray powder diffraction (XRPD)

3.1. Samples and instrumentation

In an ideal XRPD experiment performed in a commaeagB-Brentano reflection geometry x-ray
powder diffractometer, the sample should consigtosider particles of crystallite size between 0.1
and 1.0 micrometers. The sample should be packedcavity-type sample holder and genteelly
pressed to avoid preferred orientations. The sasyiiace should be big enough to ensure that the
incident beam impinges over the sample in the daljular measuring range. Furthermore, the
sample should be thick enough to ensure that tha@lenimcident x-ray beam interacts with the
sample and does not pass through it. Neverthelesgractice depending on the goals of the
analysis and on the available instrumental devitksse requirements can be satisfied only
partially:

- It is possible to work in transmission configurasowith the samples introduced in glass
capillaries or in flat sample holders sandwichetiveen slices of thin transparent films (of
kapton or polyester or equivalent). The transmissieometry is advantageous to reduce
preferred orientations and it is highly recommendedhe case of analysis of transparent
samples (samples consisting only of light elemergpecially organic samples).

- Sometimes, since grinding and sieving the samglesiially complicated, it is difficult to
obtain particle sizes down to the order of 1 miaeten If only qualitative analysis is
required (and no quantitative or profile analysisneeded), and assuming that orientation
and patrticle size effects are negligible, it is giole to use powder samples with particle
sizes of 30 micrometers or even higher. On theratige there is no limitation and it is
possible to analyse samples with crystallite selew 0.1 micrometers.

- It is possible to analyse bulk samples, such aslliwebr ceramic samples, pieces of rocks,
or thin film samples. In these cases, the spesifie and shape of the sample and the goal of
the analysis will define the preparation and theeeixnental device. In most of these cases, it
will be usual to work in diffractometers of pardibgptics geometries.

- If a diffractometer with a programmable divergerstié is available, there will be more
chance to control the incident beam so as to ingioger the sample in the full angular
range and samples of small surfaces could be mopegy analyzed. The intensities of the
diffraction peaks should be then adequately cogckct

- Samples of finite thickness, such as thin films substrates, can be analysed either in
specific devices, e.g. in grazing-incident attachtse or in standard devices assuming
possible corrections and limitations.

An x-ray powder diffractometer consists basicalfyacgoniometer with a sample stage in its
centre, the x-ray tube and the incident beam opticés primary arm and the diffracted beam
optics and a detector in its secondary arm. Théogueter is normally inside a shielded cabine in
the upper part of a console. The x-ray generatdrthe measuring and control electronics are in
the bottom part. Figure 11 shows a picture of aadibmeter available at the x-ray diffraction
department of the CCiTUB and Fig.12 shows a defats goniometer.

Nearly always XRPD experiments are performed usiogochromatic radiation and in most
cases using the CuoKspectral line. Although x-ray lines of shorter whangth, such as theoK
lines of Mo or Ag, or longer wavelengths, suchles Ka lines of Co, Fe or Cr, are used for some
specific applications and samples, the Cu lkhe offers good d-space an® Pesolution and a
suitable level of penetration in samples of marifedént compositions. When using incident beam
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monochromators, normally the CuoK line (\ =1.5406 A) wil be isolated. If the
monochromatization system is by means of filteisgle x-ray mirrors or diffracted beam
monochromators, the doublet CuwK, will be used Xaverage1.5418 A). Since the x-ray beam
emerging from the tube is divergent, the standandfiguration (normally the Bragg-Brentano
configuration) is of divergent optics type. Howeviris also usual to work with parallel beam
optics, in grazing-incidence experiments for exanpbr with convergent beam optics, in
transmission configurations. Both beam optics sgstean be available by using incident beam x-
ray mirrors, parabolic for parallel beam opticsediiptic for convergent beam optics. The standard MT.9
sample platforms are suitable for flat samples @flection focalizing, Bragg-Brentano
configurations. Other possible, less standard giai$ are those for transmissions configurations,
those for big and rough samples or those availiablexture goniometers. The goniometer can be
0/26 (the incident beam is stationary) 6. The latter offers some clear advantages, mainly
related to the fact that the sample holder is@taty, and is more and more used. There are several
different types of detectors: point (0OD) detectdpgoportional, scintillation or solid-state
detectors); ID lineal (silicon strip or silicon ixdetectors) or curved-position sensitive detegtor
and area 2D detectors (e.g. CCD or image plateides.

Figure 11: X-ray powder diffractometer  Figure 12: 6/26 goniometer, in Bragg-Brentano Cu
PANalytical X'Pert PRO MPD alphal at Kay.,configuration, of the X-ray powder
the CCiTUB diffractometer PANalytical X'Pert PRO MPD alphal
at the CCiTUB.

Figure 13: Cu Kal 6/26 Bragg-Brentano  Figure 14: Cu Kay., configuration with focalizing
configuration with X'Celerator detector in  mirror, capillary stage, low temperature attacment
the X-ray powder diffractometer and PIXcel detector in an X-ray powder

PANalytical X’Pert PRO MPD alphalat diffractometer PANalytical X’Pert PRO MP@®6 at
the CCIiTUB. the CCiTUB.
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Every adequate combination of x-ray tube, incidant diffracted beam optics, sample
platform and detector defines a configuration. Wguseveral configurations are possible in a
single diffractometer. Figure 13 and Fig.14 depia of the most used configurations in the x-ray
diffraction department of the CCiTUB.

3.2. Possibilities and applications
After a fast and standard XRPD measurement, itossiple to distinguish if a solid material is
crystalline or amorphous. This very basic capabtdén be applied to all kind of solid materials
and it is of general interest. There is a secomsichend general application, namely if the material
or sample consists of a crystalline phase, its povdiffraction pattern is characteristic of its
crystalline structure and it is a fingerprint oethhase. XRPD is a phase analysis technique. If the
sample is a mixture of crystalline phases, in ppilec all of them can be identified. Phase analysi
is normally performed by comparing the experimeptterns with those tabulated in data bases
patterns [13]. Although probably no other techni&oe methodologies offer better possibilities in
this field, several important limitations should kept in mind: i) isostructurality, i.e. the fatiat
two chemically completely different phases can hthe same crystalline structure and hence a
very close powder diffraction pattern (this is munbre possible if samples are simple phases, as
single or binary compounds, and it is very usugl i the case of metallic phases); ii) amorphous
phases cannot be identified; iii) if the phase o$ tabulated and its crystalline structure is not
known, it will not be possible to identify it; i) is hard to identify minor phases (normally it is
difficult if they are present in less than 1% inigig). Furthermore, in principle, crystalline phase
can be quantified. Even if the sample is a mixfrerystalline and amorphous phases, the total
amount of the amorphous phases can be determimeerieless, frequently phase quantification
cannot be applied straightaway and it is time corisg and difficult in most cases.
Other less standard applications of XRPD are:
- Isostructurality and isomorphism studies
- Solid state miscibility studies and solid solutiraracterization
- Polymorphism studies
- Temperature dependent XRPD analysis: phase tranafimns, solid state reactions,
thermal expansion ...
- Texture analysis. Determination and characterisatip the preferred crystallographic
orientations
- Strain and residual stress analysis
- Microstructural characterization. Crystallite sagd microstrain determination.
- Grazing-incidence analysis: phase analysis asdaifumof the penetration in film samples.
- Determination of strain - relaxed states and cortipasof semiconductor heteroepitaxial
layers.
- Resolution and refinement of crystalline structures
Full profile analysis of a powder pattern is neeegr highly recommended for some of the
most important applications of the XRPD method.caay out properly a full profile analysis on a
powder pattern, it is necessary to know at leastdll parameters and the space group of the
crystalline phase or phases observed. There iscehemindex and thus to find the cell of an
unknown phase. With this aim, nearly always thehmd$ of automatic indexation, such as the
successive dichotomy method [14], should be appette the cell is known, from the systematic
absences the diffraction symbol can be found awodj the latter, there is chance to determine the
space group. Using the cell and the space grouiprinfile pattern matching refinements by the Le
Bail [15] or Pawley [16] methods can be performed a set of integrated intensities is obtained.
These integrated intensities can then be used lte ghe crystal structure. If the crystalline
structures are known, full profile analysis canpegformed using the Rietveld method [17, 18].
The main applications of the full profile analybig the Rietveld method are the quantitative phase
analysis [19] and the refinement of crystallinaistures. The potentiality and the reliability oéth
quantitative phase analysis have increased drigtiwéh the possibility of using the Rietveld
method. The refinement of crystalline structureststg from a known, similar structural model is
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the first application of the Rietveld method. Fertinore, at present, the method is applied
extensively to refine structures solvaldlinitio from XRPD data. In addition, full profile analysis

either with the pattern matching or with the Riddvenethod can be applied for microstructural
characterization.

3.3. Examples of applications
In this section, four examples of different XRPDpbgations using four different kind of samples

analysed at the CCiTUB are presented. MT.9

3.3.1. Phase identification of minerals of the group of asbestos

The industrial term asbestos includes a group dfdted silicate minerals having in common its
asbestiform habit: long (1:20), thin fibrous crystaTheir physical properties make them useful for
many of industrial applications, but these materiptoduce important health problems. The
inhalation of asbestos fibres can cause serionsesdles such as lung cancer, mesothelioma and
asbestosis. Industrial materials containing asbemte being eliminated from usage. Although the
fibrous habit generates preferred orientation ampde preparation problems, XRPD is a powerful
method to identify the type of asbestos possibsent in an industrial sample. Figure 15 and Fig.
16 depict the XRPD diagrams of two different sarapgtentaining asbestos analysed at the x-ray
diffraction department of the CCiTUB. The sampleFag. 15 is a fibre cement sample in which
Chrysothile, serpentine asbestos, has been idmhtiffigure 16 corresponds to a sample of an
acoustic ceiling in which the amphibole asbestoscidolite (blue asbestos), perhaps the most
damaging variety, has been identified as a majas@h

Calcite, Porlandite and Quartz 2000

L Crocidolite Na2Fe5Si8022(0H)2
Ettringite

Calcite and Quartz
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Figure 15: XRPD diagram of a fibre cement Figure 16: XRPD diagram of a sample from an
sample. The patterns of the identified phases aeoustic ceiling. The patterns of the identified
superimposed. Clinochrysotile is the serpentingphases are superimposed. Crocidolite is the

asbestos phase. blue-amphibole-like asbestos phase.

3.3.2. Quantitative phase analyses of cements by the Rietveld method

Cement samples can be analysed by XRPD with thetaimentify and quantify the crystalline
phases present. The complexity of the powder pettef cement samples makes nearly mandatory
to apply full profile analysis normally by meansthé Rietveld method to properly quantify their
crystalline phases. Figure 17 represents the Reéeplet, result of the Rietveld refinement, of an
XRPD pattern of a Portland sample corresponding Round-Robin study of Rietveld quantitative
phase analysis of Portland cements [20]. Up tadiBfarent phases were identified and quantified.
The phases and the quantification results are tegan table 1.

10
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Table 1: Results of the quantification by the Redtvmethod of a grey Porland cement sample.

Quantitative phase analysis results

Phase (weight fraction)
C3S, CaSi0os 61.9 (1.5) %
C2S, CaSio, 10.9 (1.0) %
CAAF, CaAlFeOs 9.2 (0.5) %
CaCQ Calcite 5.3 (0.6) %
C3A, CaAl,04 4.4 (0.4) %
CaSQ-0.5H0 Bassanite 3.5 (0.6) %
Aphthitalite KsNa(SQ). 1.8(0.3) %
MgO Periclase 1.3(0.3) %
CasQ-2H,0 Gypsum 1.2(0.4) %
SiO, Quartz 0.5(0.2) %

3.3.3. Isotropic microstructural analysis of ShO, samples by the Rietveld method

The possible broadening of XRPD peaks due to samfierts can be treated by full profile
analysis if the instrumental broadening is congideiThe characteristics determining the sample
broadening are usually referred to as microstratteffects. In many cases, the main
microestructrual effects are the size of the difireg domains (the crystallites) and the microstrai
Small crystallites of size below 0.1 micrometersdaten the XRPD peaks. On the other hand, if
there is microstrain, there will be crystal lattiistortions that will also produce peak broadening
The size and microstrain contributions can be sgpdrand determined by performing profile
analysis. If the profile analysis is carried ouepthe full diffraction angle @ range, these size
and microstrain determinations will be more rekaldnd the possible anisotropy could be
evaluated. Furthermore, if the full profile micnegttural analysis is achieved by the Rietveld
method, it will be consistent with the crystal stire of the analysed material.

Figure 18 represents the Rietveld plot of an igtranicrostructural analysis based on pseudo-
Voigt profile fittings and using the methodologysdebed in [21] of a Sb doped Sxp@Powder
sample. Figure 19 compares the powder patterni®Sih doped Sn{powder sample with that of
the LaB (NIST SRM-660a) sample used to determine the uns#ntal broadening (the
instrumental resolution function). The huge diffese between the widths of the peaks of the
problem sample (Sb doped SH@nd those of the instrumental calibration statd@aBs) is
consequence of the important microstructural effeftecting the problem sample. The values
obtained for size and microstrain are reportedguaré 18.

11
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Figure 18: Rieveld plot and microstructur ~ Figure 19: Comparison ofthe XRPD diagram
results ofa Sb doped Sr, sample. of the Sb doped Sn@nd LaEs NIST SRM-
660a sample

3.3.4. Sructure solution of an organic molecular compound from powder diffraction data
XRPD plays an important role in the crystal stroetdetermination of new materials which are
available as single crystals. In the last 20 y, the number of structure determinations us
powder diffraction hasncreased considerably. The methods used to solstatstructures by
powder diffractioncan be divided in two grou. In the first group there are the recipr-space
methods, generallgirect methods in an analogous way than with s-crystal dat, but with
strong limitations mainly related to tldifficulties of extractingthe factor structure amplitud
from the peak intensities duedtvong peak overlping. Thesdimitations are muc stronger in the
case of molecular compounds and cif x-ray synchrotron data are availablbe possibilitiesof
successincrease. In the second group of metl, there are the direspace methods. The
methods do not require the extraction of the stmectfactor, and building units (molecule
polyhedra, ...) ee located in the unit cell using glokoptimizationmethods (such as Monte Cg,
simulated annealing or genetic algoris). The calculated XRPD diagrams amnpared with th
observed diagram® order to findthe best agreement. The possibilittdssuccesincrease with
respect to the reciprocal-spaoethods<and it is possible and quite usead). to solve a structure
a molecular compound with laboratory XRPD d

Figure 20shows the crystal structure of tla form of Vorinostat [22] a phamaceutical
molecular compound, solved by dir-space methods by means of the F&oftware[23] and
using laboratory XRPData obtaine with a PANalytical X Pert MPD diffractometer in a capily
transmission geometry. Figui depicts the Rietveld plot of the fingefinementof this crystal
strudure performed with FullProf [1].

"a-Vorinostat, Rierveld refinement"

0
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Figure 20: Crystal stucture and Hirshfeld’ Figure 21: Rietveld plot of the final refinemel
surface of fornu of Vorinostat solved by XRF  of the crystal structuref form a of Vorinostat.
showing Hbonding contac
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Secondary Ion Mass Spectrometry

1. Infroduction

SIMS is an instrumental technique of microscopicfeze analysis of composition and la
structure of solids [1]8 It is based on the detection of emitted atomid anolecularcharged
particles when a material is bombarded by energetiticles

The most important feature of SIMS is its high s@nty for the detection of most elements
the periodic table including the lightest. Also ion@ant is the ability to distinguisisotopes,
followed by a remarkable depth resolution and @dadynamic range for detection of m
elements (more than 6 orders of magnitude). Thebowation of this set of features makes Sl
an attractive analytical meth. However, as major drawback, dm&s to mentioiits difficulties for
quantificationbecause SIMonly detects the ionized fraction of the species beirgsured, whic
is difficult to evaluate in genere

The technique is of great significance in scienteew materials in the fies of electronics,
optics and mechanics. Within these fieit can be applietb thin layers of different materials, su
as hard coatings for cutting tools, t-film superconductors, amorphous semiconductors)
layers of optical applications, etc. versatility also places it as an important anahjtiechnique
in other fields such as metallurgy, ceramics, ggglorganic chemistry, biology, € Each of the
applications of SIMS is preceded by some consitersit regarding the most appropri
expeimental parameters (vacuum, primary current argtgyn mass resolution, sensitivity, et

The different forms of embodiment of a SIMS witlspect tcthe different types of instrumen
that form it create a variety of SIMS syste. Each system is optized in a certain way that tak
into account the applications that are inten

2. Physical principles

2.1 Fundamentals

SIMS uses amrnergetic primary ions beam (several keV) to bonhltlae sample surface, resulting
the emission of ionized second particles (secondary ionsyhe sputtering proce- which are
detected by a mass spectrom Figure 1 illustrates schematically the basic elém#rat make up
SIMS experiment. In Figure 2 the sputtering prc is representedThe primary ions may | of
various types. The availabpgimary ionsin our instrument are Oand Af.
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Figure 1: Basic blocks that make up a SIM  Figure 2: lllustration of the process of sputteri

experimen

The sputtering consista the implantation of the primary species into g@mnple, and th
emission of surface atoms and molecules due tcetieggy lost by the primary species in
material [3, 6, 7, 9, 10]The thickness of the area affected by the cascddeollisions is
comparable to the primary ion path R which is gileg

E 1
RZL aE 4 F
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where E is the energy of primary ion, dE/dx thergypdoss per unit length perpendicular to the
surface. For 1 keV Aon copper, dE/dx= 100 eV/A and R = 10 A. A commestingate is R = 10 A
/1 keV.

An important parameter related to the sputterirgr@ss is the atomsputter yield Y, defined as
the average number of atoms emitted per primary Tore sputter yield is related to the energy
transmitted by an incident ion on the target swfam energy loss per unit length in the direction
normal to the surface. For average-mass ions &@l/lenergies, Y takes values between 0.5 and
20.

SIMS is a destructive analytical technique, howewa should clarify that in most cases it
requires only a small volume of material for ansly$\ value of typical crater area in depth
analysis is of the order of 1 MmAn analysis to reach 1 micron deep with an arfed mnf,
represent a material volume loss o £@.

2.2 Secondary Species

As a result of the interaction of the primary beaith the sample, many new species are formed.
For a given material, it is difficult to predict wh secondary species will be formed and with
which ionic proportions, due to the complexity bétmechanisms involved [3, 11h an analysis

by SIMS, one can find any individual atoms that jgresent in the material and also any molecule
that can be formed as a combination of these atalth®ugh many of them may have a low chance
of formation or too low ionization to be detected.

Some molecules are formed inside the material betmeing issued as a result of the
rearrangement of atoms caused by the energy degdsyt primary ions, while others, may be
formed out of the material near the surface by mdsination of atoms and molecules once they
have been emitted. Recombination is also possitttespecies from the residual gas molecules.

Another common problem in the detection of secondgecies is mass interference, that is,
different molecular aggregates with the same mase loincident signals, and therefore, at that
point the sum of all signals is measured. Soméhete cases are resolved by taking as a
representative signal of the element under study tlrresponds to an aggregate of the atom
instead of the mono-atomic ion (for example we meas’Si'’N(42), instead of*“N, which
interfere with?®Si*?in a matrix of Si [12]).

2.3 Energy distribution of secondary ions

Secondary ions leave the sample surface with difteenergies following a certain distribution

which has a single maximum [3, 13, 14]. The maximsimsually located at relatively low energies
of the order of ten eV and depends scarcely ongusirion energy. The energy distributions have
tails that can reach several hundred volts; theentmmplex is the molecular aggregate, the
narrower is the energy distribution. The overalergy distributions depend on the ionization
mechanism, the nature and energy of the primargnbaad the chemical structure of the surface.

Typically, mass spectrometers apply an electricémtial to extract ions from the area where
erosion occurs, which increases the atomic numbésns collected and therefore increases the
sensitivity. However, it destroys the informatidsoat the initial direction of the ion.

In common with all methods of surface analysis mviy either incoming or outgoing charged
particles, surface charging of insulators can lprablem. The surface potential due to charging
causes a large shift on the energy distributiorsefondary ions, taking it outside the energy
acceptance window of the mass spectrometer anchgnakpossible its measurement.

The charging problem requires extra equipment deoto compensate charging effects. The
most common being an electron gun that sprays teasuming surface with electrons, so
neutralizing positive charges. A useful method,lighled by the author, has been incorporated to
our instrument in routine analysis in order to ioy& measurements conditions in insulators [15].

2.4 Quantification
As in any other analytical technique for composisib analysis, SIMS seeks to establish a
relationship between measured signals and the ntmatien of the corresponding elements in the

MT.10
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material; although in SIMS, this task is especiallymplicated. We may establish a general
equation expressed as

* g,
=

where Ix = Intensity of secondary ion® = Sputter yield,a,” = lonization factor,p =
Transmission of the mass spectrome@yr,= Concentration of element x anth = Intensity of
primary ions.

The likelihood of positive ionization of the elenmeremitted from common matrix, exhibits a
regular dependence of inverse exponential on itinizgootential of the element pulled, and a
similar dependence of the ionization probabilitynefyative ions on electron affinity [6]. But there
are many deviations from this behavior due to tifleseénce of chemical and electronic states of the
matrix and its interaction with the emitted ion, iefh makes the calculation of the probability of
ionization a much more complicated problem. SIM$higque requires, therefore, carefully
calibrations if quantitative results are required.

Quantification is an important issue for any analy®chnique, which has led to enormous
efforts to seek methods and models to convertritemsities of secondary ions into concentrations
of elements present in the material [7, 16]. Tottare is no single model or method of general
application that allows good quantification in m&MS analysis. Empirical or semi-empirical
alternatives often give better results than thémakmodels.

The use of patterns is one of such empirical methusgd to obtain quantitative results in SIMS
[17]. However, the diversity of possible matriceak®s it a challenge to find patterns that have the
same matrix effects as the sample of study. A widskd method to achieve an internal standard
consists of implanting an isotope of the elemdndtody, used as a standard in the depth profile
[18].

I, =Y a

2.5 Sensitivity

SIMS in general may be qualified as the most semsinicro-analytical technique available
nowadays. This is possible, on the one hand, becdgsamount of particles extracted from the
material is large even in a small volume, and @ndther hand, because of the high sensitivity of
modern detectors that can detect the arrival aviddal ions.

The sensitivity in an analysis depends on the spudte, Y, and the probability of ionization,
o, which will determine the minimum concentration af element that can be detected by the
spectrometer. SIMS sensitivity also depends ontthesmission of the detection systepn,A
typical value of the transmission in a quadrupossnspectrometer type is@vhile for a time-
of-flight system is10.

2.6 Detection Limit

The detection limit for a certain element is defiress the minimum concentration of this element
that can be analyzed. A typical detection limitStfS is of the order of 1 ppm, although this value
varies considerably depending on the element anchtirix in which it is located.

The detection limit is determined by the backgrouridnsity obtained for a given mass and a
set of analysis conditions [6, 19, 20, 21]. The moportant background sources in SIMS (mass
interference, residual gas on the sample surfaeeary effects, etc.) have been studied by many
authors [3, 19, 20, 22, 23, 24, 25].

3. Methodology

3.1 Static and dynamic

When the sample is bombarded with a primary iomigh enough density, there is a significant
erosion of the surface and these surface atomardagre lost. This corresponds to thaamic
SIMSregime [3, 26, 27]. From the data given by the ngpEsctrometer as a function of time, it is
possible to infer the composition of the material anly on the surface but also in depth. If the
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applied ion density is low enov, it will lead to a situation in which the primaryns are unlikely
to affect an arearpviously affected by the incidence of another fatben before. Under the:
conditions, most primary ions impie on an unexposed surface amat previouslybombarded.
This situation is known as tlseatic SIM S regime (SSIMS), andorresponds ta purely technical
analysis of surfaces [3, 5, 7, 28]. The SSIMS ciiowlidecreases witbombardini time so the
analysis must be performed in the limited time befthis condition is substantially lost. T
instruments implementing a SSIMS require -transmssion analyzers. Instruments devotec
SSIMS are usually highlgpecialized in this type of analysis and are maapyplied in organi
chemistry and biology.

3.2 Bulk analysis

The easiest SIMS analysis is to mampingea relatively focused ion beam firmly on a surf
and record the secondary signals obtained in aerafignasses. The ion beam produces a ¢
with a shape resembling an inverted Gaussian. dhgare extracted frondifferent parts of th
crater (one of the walls, sonpartof the bottom) and it is not possille associate a well defin
depth to each of the signals being measured. Thasunement of secondary signals infs us
aboutthe composition of the material at an average dbptiveen the suace ancthe bottom of
the crater. Thizolume analysis which will be more representativ¢he material as a whc the
more homogeneous the material in d is. This method, although it cannot distinguish Vawizs
of elements with depth, has a very ple implementation and is useful for identifyinghgmonents
of a material or the presence of impuri

3.3 Depth profile

Working in dynamic regimesecondary ions are detected from a certain depthat intervals o
time, and therefora collection f intensities as a function of depthhn be obtained.his type of
measurement is called a depth prcand it is probably the most widely usethod in SIMS. Ir
practice, the signals are obtained directly in sesafbombarding time and nat termsof depth. In
order to re-scale the graph frdmambardinctime to depth units, i necessary to know the sput
ratez [29, 30, 31]. Figure 3 shows an example of deptiilp obtained in our instrumeifor a
diamond thin film on #o substrate, bombardey O2".
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Figure 3: In depth profile obtained with our instrument o
diamond thin laye

To obtain reliable depth profs, the detected species must come from a specifithc
Therefore, this techniquseeks to produce a crater that has a flat bottamncansider only th
species that come from this area. One way to aelilgs is by scanning the primary beam soit
scrollsregularly and homogeneously a controlled area®ftirface, usually squi-shaped. In this
way, a flat bottomed crates obtainedalthough the section of the beam is not of consionic
strength. In synchronismrith the primary beam tracking window centered in the scanning zc
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that records only the ions from this area can bimel@ by electronic switching. Figure 4 illustrsite
the concepts mentioned in a square-shaped crateswept x/y.

3.4 Dynamic range

An important feature of SIMS is its large dynamamge. This is defined as the ratio between the
maximum and minimum intensities of a particularosetary species that can be measured in an in-
depth profile. The minimum intensity is determir®dthe background signal corresponding to the
secondary ion being measured, and it may depenth@relement and the conditions of the
analysis. The value of the dynamic range reache® rtitan 6 orders of magnitude for many
elements depending on the species, the materialeabdonditions. In profiles of B implanted in
Si, dynamic ranges > 5x18re obtained. This characteristic explains why SHiasurements are
usually expressed in logarithmic scale. In thisreéspntation, it is possible to see simultaneously
the major and trace signals in the same graph.

3.5 Depth resolution

The atomic mixing produced by the primary ion bondbaent limits the depth resolution at which
elements are detected. Basically, the depth réspludepends on the mass and energy of the
primary species, and their interaction with thgeéamatrix [3, 32, 26, 6, 10]. In practice, theafin
depth resolution in a profile may also depend dreiogeometric factors such as the flatness of the
crater or the roughness of the sample surface.h®notactor that may be important is the
roughness induced by the bombardment [24, 33].

3.6 Mass Spectrum
A mass spectrum consists of recording the interdityrange of secondary species as a function of
mass (exactly in terms of m/q). The spectrum wolhtain information about the elements present
on the surface. A mass spectrum could be obtaifted @revious bombardment of the surface in
dynamic regime, in order to position the primarynsoat a certain depth and to know the
composition of the material at a distance from $ueface. Figure 5 shows a mass spectrum
obtained with our instrument for a Ti alloy bombeddvith oxygen primary ions. Signals of mono-
atomic elements and also aggregates formed by aib@sand Ti can be observed.
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4. Instrumentation, ion micro-probe Atomika A-DIDA 3000-30

4.1 Presentation

The basic instrumentation required for SIMS wasdatkd in paragraph 1. This section briefly
gives particular details of the components andaitaristics of our instrument, an ion micro-probe
A-DIDA3000-30 [34].

The ion micro-probe A-DIDA 3000-30 is a compact SMnanufactured by the german
company Atomika. This SIMS is of general use, reddy versatile, suitable for routine
applications but mainly focused on analysis by kepbfiling. It is of relatively simple structure
compared with models from other companies, but aitteptable performance and versatility. The
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most important technical specifications of the imicro-probe Atomika A-DIDA 3000-30 are
shown in Table 1.

j
il i
i
f

Figure 6: Main front view of the ion micro- Figure 7: Enlaraed view of main chamber
probe A-DIDA 3000-30. gure 7 9

4.2 Vacuum system

SIMS experiments are carried out in ultra-high wanuor two different reasons: firstly, to prevent

the spread of primary and secondary ions alongats, and secondly, to avoid interference of the
gases that are deposited on the surface to inaésti§ wide variety of vacuum pumps are used
such as turbo-molecular pumps, ionic, diffusionsdiblimation, cryogenic wall, etc. Some of them
are coupled in tandem with another pump so thdt eae works within a suitable pressure range.

4.3 lon gun

Our complete ion gun consists of an ion source,ian extraction system inside of it, an
acceleration system through a potential differeic® to 15 kV) to determine the final energy of
the beam, a system of deflectors for alignmenheflieam, a focusing lens system to collimate the
beam, and a deflector x/y to position the beam tangican it. The set of ion extraction system,
acceleration, deflection, alignment, focus and nfdts is called primary ion optics. Figure 8
shows a schematic diagram of the main elementsrtaké up the A-DIDA ion gun.

Table 1. Summary of major technical specifications of thmrAika ion micro-probe A-DIDA
3000-30.

Priamary ions species A0,

Angle of incidence 2° (almost normal)
Primary ion energy 0.5 keV to 15 keV
Primary ion current <10 A to 2x10° A
Densidad de corriente iones primarios 2A0cm’ to 2x10° Alen?’
Primary ion source size 5-10 umto 2 mm
\oltage of sample holder [-60 V, +60V]

Beam scanning amplitud 0 to 1-2 mm energy as
Base pressure 10- 10°Pa

Extraction voltage for secondary ions +100 V

Mass range 0-350 amu

Mass resolution at 28 amu 0.05 amu

4.4 Mass Spectrometer

The other essential part of a SIMS is the masstgpaeter, which is responsible for measuring the
mass of secondary ions. In the micro-probe A-DICAe mass spectrometer consists of a
quadrupole mass filter with a high transmission anspecial secondary optics in the entry for
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capturingand filtering in energy the secondary ion, ardetector device for individual partis of
the electron multiplier typéchaneltron). Figure 9 shows a schemdiagramof the spectrometer
with the main elements.

The use of quadrupolspectrometerhas some advantages suhfew memory effects, fe
problems in the analysis of insulating materialst fawitching between modes of detectior
positive and negative ionsupport for easy positioning of the samjoperatiorand maintenance

4.5 Computerized system

The data acquisition, program analysis and aut@masystem are entrusted to a perscPC
computer system with IEEE and R2 standard communications. Thentrol software has been
programmed in VisuaBasic language and entirely developed by the a The user Interaction
runs in a Vihdows environmenand the graphs and data are saved in std ASCII format,
compatible with mossoftwareapplications.
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Figure 8: Schematic view of the mai Figure 9: Schematialiagran of the quadrupole
elements constituents of th-DIDA3000 spectrometer with the main eleme
ion gun.
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5. Examples of applications

The SIMStechniques applied in i wide variety offields related with the scienc of new materials
thanks to its versatilitylt is an indispensabltool in many fields suclas electronics, optics,
metallurgy, superconductors, geology, etc. Nevégtsits biggest drawbackust be indicated: the
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difficulty to quantify. In the following, | will sbw some illustrative examples of applications
where our instrument has been used for the descnilgasurements.

5.1 Analysis of the metallic coating of a car emfle
Firstly, the sample was subjected to a spectrdysisan order to identify the main components of
the alloy. A mass spectrum from a mass range &®Bealnu was performed. The result is shown in
Figure 10, where the presence of In can be idedtdis the main constituent of the coating. Also C
is detected (probably from the plastic materiahef substrate) along with some contaminants.
Once In and C were identified as main elementsplaened to do a Dynamic Analysis. An in-
depth profile was carried out following the In a@dignals. The result is shown in Figure 11, and
confirms the presence of a thin coatirg@0 nm) of In deposited on the plastic substrate.

5.2 Cathodic chromium carbide coatings

In this application, chromium carbide coatings d#gal on hardened steel probes were
analyzed. The coatings were obtained by cathodiewporation (CAE) from chromium targets in
reactive acetylene gas [35]. The effect of the dejom parameters on composition and crystalline
structure was characterized by means of SIMS artgy techniques. Figure 12 shows the SIMS
analysis of the sample. The depth composition lgfif Cr and C reveal a good uniformity in the
chromium carbide region, a sharp transition betwtwn chromium carbide and the chromium
nitride regions and a two-fold higher erosion fatethe nitride than for the carbide.
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5.3 Nanometer-metal multilayer

In this work, the depth resolution (interface width elemental analysis and depth profiling of

complex layer systems of three ion-probing techesguncluding SIMS was analyzed. Each

technique has advantages and drawbacks [36]. Fnemesults, it was concluded that SIMS is

suitable and complementary technique for in-defgmental analysis of metal-multilayer stacks of

nm individual thickness. A very good correlatiortviaeen nominal thickness and calculated values
was found between the depth profiles obtained uSIiMS and those obtained by other techniques,
in spite of the fact that the analytical methodsemeery different in each case.

5.4 Nanometric chromium/chromium carbide multilayer

This example shows the analysisnoétal/ceramic multilayer with periods in the nantmeerange
[36]. These materials have been proposed as protectatgs due to their improved tribological
and mechanical properties as compared to singléngsaSecondary ion mass spectrometry
confirmed the periodic multilayered structure
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5.5 Hydrogenated amorphous carbon films on silicon
Hydrogenated amorphous carbon films deposited boosi by r.f. Plasma decomposition of
methane were analyzed by SIMS [37].

The dependence of the Si-C transition width on tsates temperature and homogeneity of the
carbon layer were studied. For films depositedeadrnigerated substrates, the Si-C transition width
was found to be two-fold higher than for the filmdseposited on unrefrigerated substrates. The
secondary-ion mass spectrometry signal intensitidbe main constituents are constant over the
whole carbon layer (see Fig. 15). Th&-@-C" signal ratio is constant in the deep region but it
increases towards the surface; this result seemslicate that some degradation of the film occurs
during the growth process.

Counts

Figure 14: SIMS depth profile
0 | 100 ' 200 ' 300 ' 200 analysis of the 30/30 nm Cr/CrC
etching time (min) multilayer.
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Abstract. We review the key topics of one of the areas with the biggest impact of
the last years in the chemical and pharmaceutical industry that is Crystal
Engineering. The relevance of polymorphs and co-crystals from different points of
view is been highlighted and broadly illustrated by means of several recent
examples of studies carried out in this field. In addition, the most suitable
instrumental techniques and the intellectual property implications are reviewed.
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1. Introduction

Crystal engineering is the rational design of fioral molecular solids from neutral or ionic
building blocks, using intermolecular interactiomsthe design strategy [1]. This field has its
origins in organic chemistry and in physical chdmisThe expansion of crystal engineering during
the last years as a research field has gone gasétlfea significant interest in the origin and wia

of intermolecular interactions and their use in thesign and preparation of new crystalline
structures.

Active pharmaceutical ingredients (APIs) represanparticularly great challenge to crystal
engineers because of both fundamental and apmi@sbns. APIs are inherently predisposed for
self-assembly since their utility is normally thesult of the presence of one or more
supramolecular synthons. The crystalline matemditain their fundamental physical properties
from the molecular arrangement within the solidd aftering the placement and/or interactions
between these molecules can have a direct impatiteoproperties of a particular solid. Usually,
solid-state scientists call upon a variety of digfg strategies when trying to modify the chemical
and physical solid-state properties of APIs, naméhe formation of polymorphs, hydrates,
solvates, salts and co-crystals [2] (Fig. 1).
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Figure 1. Different solid forms of an API: polymorphs,
solvates/hydrates, salts and co-crystals.

Polymorphism is the ability of a substance to @aljize in different crystal modifications, each
of them having the same chemical structure butrfit arrangements or conformations of the
molecules in the crystal lattice. Polymorphs caifediin their chemical, physical and biological
properties. There are many cases where insuffi@aptoration of possible crystallization and
interconversion conditions caused serious delaysarket launch and losses of revenue. Hence,
the understanding and control of polymorphism aontyrporphic behaviour is of considerable
fundamental and practical importance. Moreover,edastable polymorph is sometimes accepted
for example to provide better handling/processiraperties [3].

Crystallizing the APl as a multicomponent crystalshbeen another accepted approach to
generating form and physical property diversitydkiite and salt formation are the most common
applications of this concept. Pharmaceutical hydratre important due to the presence of water
molecules in so many pharmaceutical drugs. On tiher dvand, it is estimated that over half of the
medicines on the market are administered as ddttsvever, a major limitation within this
approach is that the APl must possess a suitabig(lor acidic) ionisable site. In comparison, the
emerging field of pharmaceutical co-crystals (noalthponent assemblies held together by freely
reversible, noncovalent interactions) offer a ddéfe pathway, where any API regardless of acidic,
basic or ionisable groups, could potentially becogstallized [4].
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2. Methodology and Applications

2.1. Relevance of polymorphs and co-crystals in the pharmaceutical and agrochemical industry

Crystal polymorphism is a common phenomenon inptiermaceutical industry because the solid-
state form is a significant quality attribute ofceystalline drug compound. The control of the
desired crystal form during the manufacturing, ageror transport of a pharmaceutical substance is
a key issue and losing this control can have seramonomical effects due to the infringement of
the intellectual property [5].

In addition, intrinsic properties of a drug substamrcandidate like its solubility or its chemical
stability can be affected by its solid state. Ppbysical properties of drug substances may be
improved by using different crystal forms. Pharmadial formulations are developed in order to
affect and improve solid-state properties of thegdsubstance in the final product [6].

Although polymorphism is a less frequent issuegroehemicals, some important compounds,
including pesticides and herbicides such as meldaacexist in different polymorphic
modifications [7] and their different solubility eaffect the efficiency and toxicity of the pedtiei

Finally, co-crystals of APIs represent a class oftrtomponent crystalline forms that are of
interest for their advantageous physical propediss for intellectual property implications [8]. In
the last years, a great number of patents have isseed involving new co-crystals of APIs
together with pesticides, herbicides and fungicides

2.2. Polymor phs and co-crystal s screening

During the last decades, high-throughput methodetopave been developed to look for new
polymorphs and co-crystals of relevant drug compisuimitially, the design of screening methods
was based on solution growth. However, other mettsogth as solvent-drop grinding, slurring and
the use of experimentally-determined phase diagtaang been developed in order to screen as
much as possible the polymorphic landscape ofgetatompound. Due to the fact that all these
screening methods are very time consuming and skgenmodern computational virtual
screening methodologies for co-crystals have appeacently with very promising results [9].

2.3. Analytical Techniques

Polymorphs and co-crystals represent differenttahstructures of a compound. In principle, any
physical or chemical property can a priori varyrngldahe crystalline landscape of a compound and
thus, practically any analytical technique ablenteasure properties of a crystalline material is
suitable to study the solid state behaviour of \®micompound. In this sense, the most useful
techniques are:

2.3.1. Differential Scanning Calorimetry (DSC). This technique measures the difference in the
amount of heat required to increase the temperatusgesample and a reference as a function of
temperature. Pure crystalline forms are chara&eri®/ their melting process and the polymorphic

behaviour can be studied through the observed arsktenthalpy of any thermal phenomenon

which can be accurately measured. Endotherms emrghenomena such as desolvation, phase
transitions and melting. On the other side, exatiseare associated with crystallization, phase

transitions and decomposition reactions.

2.3.2. Thermogravimetry (TGA). Thermogravimetric analysis records the mass chaoiggsample

as a function of time and temperature under a obetr atmosphere. Although this technique does
not give direct information about the existencepofymorphism, since all polymorphs have the
same mass, it is crucial in determining the exwteaf solvates and the determination of their
stoichiometries. During polymorph screening of dqudGA helps to confirm or discard the
appearance of a new polymorph.

2.3.3. X-ray Diffraction (XRD). This technique is probably the most useful in te&edtion of a new
polymorph, co-crystal and solvate. There exist tdifferent methodologies of application
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depending on the sample: powder dction for those polycrystalline samples and singigstal
diffraction when a single crystal can be isolatddually powder methods are used to charact
qualitatively a new crystal phase while the singfigstal method is used to determine the cr
structure. However, recenthowder methods are being app alsoto solve the crystal structure
microcrystalline solids.

2.3.4. Thermomicroscopy. Hot stage microscogconsists of a hot stage and a microscope equi
with a digital camera whicprovides useful information about thermal events|uding meltins,
solid-solid transitionscrystallizatiols, sublimations, desolvations andargstallization. Although
the visual observation of a polymorphic transitmra melting onset is subjeve, this technique
can provide very useful qualitative information abdhe polymorphic system under study.
addition, the observation of changes in size, shegeur, et. during hot stage experiments can
useful to detect the existence of polymhism in a rapid screening study.

2.3.5. Other Techniques. Spectroscopic techniques suctinfrared, Riman and sol-state Nuclear
Magnetic Resonance (NMRRn also provide useful information abdlifferent crystalline form

of the same organic compouiand can be used to identify a pure crystal form andntifyaa

mixture of two forms.

Figure 2: Differential Scanning Calorimel. Figure 3: Thermomicroscop

2.4. Crystal Engineering and intellectual property

Polymorphs and corystals of a drug cabe protected by patents since they represent eliff
crystal formsof the same compou with different properties. The relevance of thisuis in the
pharmaceutical industry is extreme because thewisy of a new polymorph can be transle
into the fling of a new patent applicati with important economical consequences. In thissgee
new polymorph (or a corystal) with improved properties such as stabiditysolubility could be
marketed and displace other commercial polymorghtie same APIMany examples in rece
years, such athe Zantac or Cefadroxil cases (involving huge am®wf money) highlight th
importance of having a deep knowledge of the pohlphiz landscape during the development
new drug. This is particularly relevant ce generics started to be commerciali

3. Examples of applications

In this section, wetow somecase studies conducted in our facilitiesich briefly illustrate the
key topics ofcrystal engineering ireference to thpharmaceutical industry and new erials.

3.1. Norfloxacin
This APl is a synthetic broad antibacterfluoroquinolonecompound used in the treatment
gonorrhea, prostate and urinary tract infect [10].
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3.1.1. Anhydrous forms of Norfloxacin. The polymorphism screening on Norfloxacin conddate
our laboratory revealed the existence of up toethtidferent anhydrous forms [11]. These three

forms were characterized by means of X-ray Powd#rdoation (XRPD) (Fig. 4) and DSC (Fig.
5).
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Figure4: XRPD of forms A, B and C of  Figure5: DSC thermograms of forms A, B and
Norfloxacin C of Norfloxacin

Form A is the higher melting form (219°C) and fo@mmelts at 207°C. On the other hand, the
DSC thermogram of form B shows the melting endatierprocess of form B followed by an
exothermic process (crystallization of the higheeltmg form A, the most stable at melting
temperature) which happens simultaneously, beiagtdt heat flow smaller than the expected for
the melting of form B. Finally, melting of crystakd form A occurs. Occasionally, samples of
pure polymorph B show endothermic solid-solid titms of form B to form A, followed by
melting of remaining form B and subsequent melthfprm A (Fig. 6).
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Figure 6: DSC of form B showing rare Figure 7: DSC of form A mixed with small
occasions when the sample underwent partly amounts of form B, recorded at the heating
a solid-phase conversion at 196 °C before rates of 1-40 °C/min
melting

When polymorph A is mixed with small amounts ofypobrph B, an endothermic phenomenon
is observed at 196 °C in a DSC experiment at 1#*Cfollowed by melting of form A. Heating
rate influences the onset temperature of the éinstotherm whereas the onset temperature of the
melting of form A is not affected (Fig. 7), thusndioming that the first endotherm is a solid-solid
transition.

It is of practical interest to know the relativeetmodynamic stability of all forms. The main
questions to solve are whether two polymorphs avaatmopically (one form is more stable than
the other at any temperature) or enantiotropiq@lyransition temperature exists, below and above
which the stability order is reversed) related, &mdan enantiotropic system, where transition
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temperature lies. According to the “heat of traositule” of Burger and Ramberger [12], forms A
and B are enantiotropically related. Based on pmogsiemical data, a semi-schematic

energy/temperature diagram was constructed in dodéisplay the thermodynamic relationship of
the three polymorphs at different temperatures. @)ig

Energy A-B Enantiotropy
A-C Enantiotropy
B-C Monotropy

Figure 8. Semi-schematic

energy/temperature diagram of
Norfloxacin.

Temperature [K]

3.1.2. Hydrates of Norfloxacin. Pharmaceutical hydrates are important due tprtésence of water
molecules in so many pharmaceutical drugs, whibbctf to a variety of physical and chemical
properties such as the stability, solubility andsdiution rate. Usually, hydrates are less soluble
than their anhydrous forms because the interatitween the compound and the water molecules
confers an extra thermodynamical stability [13].riMxacin is an example which contradicts that
general rule because the hydrated forms are mdubledhan the anhydrous one. This implies that

the hydration process plays an important role fluémcing the bioavailability of Norfloxacin and
it has made its hydrates an interesting objectunfys
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Figure 9: Water molecules forming channels Figure 10: Cooling-heating DSC experiment,
in the crystal structure of form II where the reversibility of the solid-solid

transition of NF sesquihydrate can be observed

During this study, two polymorphs of Norfloxacinsgaihydrate were discovered and their
crystal structures solved, one of them at low tewrpee [14] (Fig. 9). Taking into account that
there could be a possibility for a phase transitirle cooling, we decided to perform a DSC
experiment cooling from room temperature to -1508Qd heating from -150°C to room
temperature. As it can be seen in Figure 10, arsible solid-solid transition was observed at -
57°C while cooling and at -41°C while heating. Téxperiment allows us to establish the relative
thermodynamic stability between both forms, whiglimatter of great relevance. According to the
heat of transition rule forms | and Il are enamtptcally related, being form | the most stable at
room temperature and form Il the most stable urggroximately -40°C. It was also possible to
study the reversible phase transition of form faiom Il by means of thermomicroscopy (Fig. 11).
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Moreover, the variable temperature XRPD experimdetmonstrates that form | of NF
sesquihydrate undergoes a phase transformatiofoimtoll while cooling down (Fig. 12).

e e

273K

.

| | ) )

| | | | A UMW

% % % ” 123K b
292 K" )

Figure 11: Photomicrographs of NF
Sesquihydrate in polarized light.

3.2. Ziprasidone

Ziprasidone is a poorly soluble drug in water, etda that unfavorably affects its bioavailability
[15]. Ziprasidone, an antipsychotic agent useful tfee treatment of psychotic disorders of the
schizophrenic types [16], is marketed under theen®@EODON as an oral capsule and as an
injectable drug. GEODON capsules contain the moddtg hydrochloride salt of ziprasidone,
whereas GEODON for injection contains ziprasidoresytate trihydrate. The need for improved
water soluble forms of ziprasidone has been reeegnduring the last years. Salts are usually

| 223K )

Intensity (a.u.)

173K

employed for increasing aqueous solubility [17].

It is commonly accepted that the formation of dlstaalt requires a difference of at least three

15 20 25 30
26/(°%)

Figure 12: Variable XRPD of NF
sesquihydrate showing the phase transition

from form | to form Il

units between the pivalue of the ionisable group and that of the cerioh [18]. So, we selected

a range of acids according to this information. &nwscale screening allowed us to discard some
acids from the selected list before completionhef $tudy because no salt was isolated from these
acids. Next, a screening at a larger scale waslalm@ with the remaining acids. The obtained

salts were characterized by DSC, XRPD, IR &#NMR. Additionally, the aqueous solubility of

these salts was determined in order to compared#te obtained with the previously known

solubilities of hydrochloride and mesylate salt@][Results are reported in table 1.

Table 1 Aqueous solubilities of ZP salts by HPLC at 25°C

Salt Agueous solubility jig/mL)°
Free base 0.3
Hydrochloride 80
Mesylate 1000
Phosphate 28
Citrate 30
Fumarate 55
Oxalate 236
Isethionate 1121
Malate 475

aSolubility values indicate the weight jug of Ziprasidone calculated as the free base, pheofrvater.

As it can be seen, isethionate salt is the one théthighest solubility. However, the appearance
of coloured impurities during its isolation togethwith the poor recovery forced us to reject this

salt. Then, our efforts were directed towards tladate salt as the selected target for further etudi

due to its good solubility. Moreover, malic acidgenerally regarded as safe (GRAS) by the Food
and Drug Administration (FDA) and has previouslebeised in FDA-approved marketed drugs.

ChT.1
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The malate salt of ZP was found to exist in threhydrous crystalline forms. Each form was
characterized by means of DSC, XRPD, IR &#dNMR spectroscopy. The aqueous solubilities of
the ZP malates were also evaluated (table 2).dsti@gly, forms B and C show an improved,
highly solubility value of 989 and 1084g/mL respectively, if compared to malate form A. In
addition, these solubility values are in the saamge as that of mesylate. In this sense, malate sal
of ZP are good candidates for further pharmacdudieaelopment.

Table 2 Aqueous solubilities of the malate salts of ZP L&

Salt Aqueous solubility jgg/mL)?
Malate form A 475
Malate form B 989
Malate form C 1084

aSolubility values indicate the weight jugy of ziprasidone calculated as the free base, pesfrvater

3.3. Triphenyiglycol

(9-triphenylglycol is a chiral auxiliary reagent whi has found wide application in asymmetric
aldol additions and ester enolate imine condenssitith has been used also in synthesis of natural
products and biological active compounds. Furtheerib has applications as a chiral solvating
agent in NMR spectroscopy [20]. In order to expltine possible polymorphic behaviour of
triphenylglycol, we decided to study by thermal lgsiz the amorphous form obtained from
quenching the melt, instead of performing classicgstallizations methods [21]. Interestingly, the
heating of the amorphous form in a DSC experimé&ws a collection of crystallization and
melting phenomena demonstrating the complex polpiniorsystem (Fig. 13). From the glassy
state (glass transition at 32 °C) form D crystaBifirst and melts (mp 72 °C) with crystallizatiin
other phases. With continuous heating, forms E 1a&(p°C), F (mp 116 °C), B (mp 119 °C) and A
(mp 127 °C) melt successively. It has been fouatl dhheating rate of 10 °C/min must be applied
in order to observe the maximum number of polymseripha DSC experiment. Lower heating rates
lead to the crystallization of fewer forms wherbagher heating rates are not suitable due to a loss
in the resolution. The cooling rate during quenghlseems to have no influence on the result.
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Figure 13: DSC of a quenched from the melt Figure 14: DSC of five successive
sample. heating/cooling cycles.

Since we were not able to isolate forms D, E aity Eonventional crystallization methods, we
explored alternative approaches in view of the nkesk thermal behaviour by DSC. After some
heating/cooling cycles (Fig. 14) starting from foAnn a DSC (heating rate 10 °C/min), form E
grows at expenses of form B. Crystallization of theious polymorphic forms are time and
temperature dependent, and a thermodynamic/kiroetinpetition in the crystallization of the
different forms from the melt is observed. This dam explained by some kind of kinetical
amplification process leading to the metaestabim 6. After four cycles, the relative intensitids o
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all forms remain invariable. This suggests thatmfoE is the first crystallizing form which
transforms into the other three forms by crystatian from the melt during heating.

3.4. Dibenzylsquaramide

Secondary squaramides are a family of syntheticpoamds that exhibit interesting and useful
properties as supramolecular synthons. Previoudiestuof secondary squaramides in solution
demonstrate that these compounds can exist inaes@iformations due to the partially restricted
rotation of the C-N bond (anti/anti and anti/symfmomers) [22] We have studied the solid state
behaviour of secondary squaramides in order tdbkstarelations between the aforementioned
properties and their possible polymorphism.

In this example we have chosen dibenzylsquaranii®Z§Q) as the model compound to
explore its possible polymorphic behaviour [23]. drder to obtain as many crystal forms as
possible a polymorphic screening was carried oBZ$Q is only soluble in polar media such as
dimethyl formamide (DMF) and dimethyl sulfoxide ([3®). Therefore different combinations of
those solvents with polar and non polar antisolvemére tested at several concentrations and
temperatures, with variable cooling rates, in kb#rmodynamic and kinetic conditions, revealing
a polymorphic system consisting of three polymoratsording to their different X-ray patterns.
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Figure 15: DSC of a quenched from the melt Figure 16: DSC of five successive
sample. heating/cooling cycles.

The DSC analysis of the three forms show the sdragpsendothermic phenomenon at 311°C
but two of them also show a low intensity broad athdrmic phenomenon at 257°C (Fig. 15).
Variable heating rates confirm that the first phreeaon is a solid-solid transition, with the second
one being a melting process. This can be intergiet¢he following manner: two forms (B and C)
transform during the DSC analysis in the same potyim (A) which melts at 311°C.

Curiously, the transition temperature is observeaurd the same value in all the cases.
Although several polymorphs can present the samédtingevalue (e.g. conformational
polymorphism), to the best of our knowledge thishis first time that two forms share the same
transition temperature. Therefore, a misleadingrpretation of this system could be concluded if
based only on the DSC analysis.

According to the heat of transition rule [12] forlBsand C are enantiotropically related to form
A. This means that form A is a metastable formoatm temperature. In addition, the reversibility
of the solid transition could be observed in batses by a heating-cooling DSC experiment (Fig.
16). Both forms B and C return to form B after ¢ogl(confirmed by XRPD).

All the examples reviewed highlight the necessityaanultidisciplinary approach to solve a
polymorphic problem or to design new crystal stues. Scientists from diverse areas such as
physical-organic chemistry, supramolecular chemigthysics or X-ray diffraction spectroscopy
usually work together in ambitious research pragjdcioking for new crystalline solids with
improved properties.
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Abstract. This article reviews the basic principles and instrumentation of Raman

spectroscopy, discusses its advantages and limitations and gives examples of
applications that illustrate the capabilities of the technique.
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1. Introduction: some historical features

We shall see, in this contribution, the enormoussjmlities that offer Raman Spectroscopy w
identifying not only molecules but also in determinits structure and properties. So the obv
guestion that immediately arises is why, if Ramaectrocopy is such a powerful analytic
technique, the method was for nearly half a centorginly restrictecto academic and reseal
groups? Well,in fact, this is not tally exact: immediately after tha&@handrasekhara Venk
Raman discovered in Iraliin 1928 this new scattering effedhe method was enormously ¢
uncommonlyused during more than 10 years, founding the bafisolecular spectroscop
Infrared spectroscopy (IR}jhe other fundamental molecular spectroscopychvinas discovere
during the 18 century, wss mainly restricted to somé&ew laboratories due tsome huge
instrumental difficulties at this time. Soon affe@man published this new scattering phenome
obtained with a ridiculous simple experimental-up’, many groups over thworld began to
record Raman spectra: 58 publications appeareldeirsame year of the discovery and more
2500 compounds were studied in less than 10y

However, this initial momentum of research stoppethe end of the™ World War when the
first commercialized infrared spectrometers using g@ettric detectors were presented a
result of an initiative of the US Government to producéach of infrared spectrometers
special government project®uring the next 20 years, Ramapectroscopy became a techni
limited to some fundamental research in the acadeworld The renaissance of Ram
spectroscopy began in the sixties with the disgpegthe laser: laser is the ideal source for Ra
experiments since it provides hig intense monochromatic coherent radiation, with wlefined
polarization in a narrow nediverging beam which can be focused to a diffraditeded spot. Ir
the 70’s, the typical Raman sprometer consisted of a laser, a douiplating monochromato
which allowsto diminish drastically the straic-light, and photanultipliers tubes (PMT), whic
improve the detection of weak signals. In 19h& first Raman microscope was presel
semrately in Lille (France) and National Bureau of Standards (#¥éngton).

During the last 25 years, the huge improvement nradestrumentation, mainly in compact-
cooled solid state lasers, holographic notch arge diters to eliminatehe strong laser line ar
high quantum efficiencgnd low-noise detectors such as chaocgewpled devices (CCl, improved
both the sensitivity and the simplicity of the Ransystems anopenedhe applications of Rame
spectroscopy to many new fields of science. Ramaatepscopy which was basically known &
technique restriedd to research labs, stai to penetrate intthe industrial worlc

In the mid80Q’s, the first lourier Transform (FT) Ramaimstruments begaro appear in the
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T The first experiment was obtained in February 1B28alcutta, using the sun as a source, a filtgmism and the
eyes as a detector. Two weeks later, the experimastimproved introducing an l-arc as a source ancphotographic
plate to record these new lines, in order to canfinese initial results, which were published irtuda on April 21 of th

same year!!! Soon after Rutherforanked the Raman effect one ofthe best three discoveries in experimental [cs

in the decade and 2 years later, the Nobel's pvaee conceded to Raman, the first Asian fellow teirecit
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market. Few years later, Raman instruments coupled optical fibres, Raman mapping
spectrometers and confocal Raman microscopes Vi@ Nowadays both complex and large
Raman instruments working with 4 or 5 lasers, i tiftraviolet (UV), visible and Near infrared
(NIR) with a triple grating monochromator or vemall miniaturized systems that can fit in a bag
and can be used outdoor, are commercially offdfadhlly, the evolution of Raman spectroscopy
over the last 80 years can be followed, in tabldy ,comparing the numbers of publications
including “infrared” and “Raman” entries, respeeti.

2. The Raman effect

When monochromatic radiation of frequengyis passed through a transparent medium, most of it
is transmitted, some of it is absorbed and a samdunt is scattered (less thar® 1 the intensity

of the exciting source). Most of this scatteretlig at the same frequency as the incident radiati
(called elastic o Rayleigh scattering) whilst ayvemall amount (18 to 10* of the Rayleigh
intensity) is scattered at a frequency higher @arelothan that of the incident radiation. It is this
inelastic scattering that is referred as Ramant&wad.

Molecules are continuously vibrating. Both Ramard anfrared spectroscopy detect and
analyze the energy of the different vibrations tla&e place in the molecule, which will produce a
spectrum. Every molecule or crystal has its owrciigeand unique Raman/IR spectrum. The way
in which radiation is employed in Raman and infdarsgpectroscopy is different: in infrared
spectroscopy a whole range of radiation, coverlhfRaspectrum, is directed onto the sample and
absorption takes place when the frequency of tbmtian matches precisely that of the vibration.
In contrast, Raman spectroscopy uses a singledrmegusource to irradiate the sample and it is the
scattered light from the molecule which is detectedthe Raman experiment. The Raman
scattering process can be easily explained by plsiquantum mechanical description (see figure
1): a photon of energlyy, colliding with a molecule can either be scatterkdtecally (Rayleigh)

Vibrational relaxation
| Vibrational
| levels of the
l excited state

hv | hv
(8] 0
Ihvo-vvib ! : Ihvo+vvib
1 - L4 Vibrational
) - - levels of the
7 B ! ground state
IR RAMAN pAvLEIGH RAMAN
STOKES ANTI-STOKES

Figure 1: Vibrational and electronic energy-level diagraimanolecule showing the
processes of IR absorption, Raman and Rayleighesicay and fluorescence emission.
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or inelastically (Raman). In the latter case, tlodiston with photons induces the molecule to
undergo a transition between two vibrational eneepels of the molecule and the resulting
scattered radiation has a different frequency thanincident photon. If during the collision, the
molecule gains some enerby.,, the photon will be scattered at the frequehey- hy,,, which
is referred to as Stokes Raman scattering. Conyerfethe molecule loses some energy by
relaxing from an excited vibrational level to thegnd state, then the scattered energy will be at
hvp+ hup i.e. anti-Stokes Raman scattefinfRaman spectra are usually represented in
wavenumbers shifty,), relative to the excitation line. The advantagesing such a shifted scale
is that it allows working with a spectrum that gveirectly the frequency of the molecular
vibrations.

The relative intensities of the two processes ¢o, ANTLSTOKES STOKES
depend on the population of the various states of (e B
the molecules, which is given by Boltzman 501
distribution. At room temperature, th
probability to have molecules in an exmtecE
vibrational state is low, therefore anti-Stok % 30
scattering will be weak compared to Stokeg J,,,,

intensity, and will become weaker as theZ 204

frequency of the vibration increases (see Figurg o

2). This is why the Raman spectrum is usuall§f ']

limited to the Stokes region. In some cases, both i

Stokes and anti-Stokes band intensities are 4sp0 _1go0 s00 0 500 1000 1500
measured in order to determine the temperature RAMAN SHIFT (cm’)

in situ at the microscopic level in some specif~

positions of the sample Figure 2: Stokes and anti-Stokes Raman

spectra of cerussite (PbgO
3. Instrumentation

Due to the immense technological advances in ste2@dyears, many types of Raman instruments,
from very large systems to miniaturized ones, wagkin different ranges of the spectrum, are
found in the spectroscopy market. Very often, thficdlty for non specialist Raman users, is to
decide what type of Raman instruments and conditisimould be used for different kinds of
samples or experiments. Basically, a Raman speeteyns made of 4 main parts: a laser source,
an optical system to illuminate the sample andecbiihe Raman signal, a “dispersive” system and
a detector.

One of the most typical collecting systems is thealled back-scattering geometry where the
laser light is focused with the collection lensmtite sample and the scattered Raman collected by
the same lens system and sent to the entrancef ghie spectrometer. Another possibility is to
recollect the scattered light at®@0’he Raman microscope is a special back-scattéhimgination-
collecting system, where a typical optical micrqgeeads used to both visualize and focalize the
laser onto a microscopic region of the sample antktollect the Raman signal. The dispersive
system, which is a fundamental part of the speattemsince it discriminates the weak Raman
scattering from the intense laser line, is usufallyned of several holographic gratings. Nowadays,
the CCD is the typical detector used for Raman tspeeters. These detectors are often cooled at
liquid nitrogen temperature in order to decreagerthise permitting therefore the detection of very
weak signals.

More compact systems and miniaturised Raman instntsnuse filters technology with only
one short focal length grating, often combined witiical fibres. These much cheaper instruments,

"During his studies on fluorescence in the mid-z@ntury, Sir G. Stokes postulated that the wagtenf a radiation
emitted through a process of fluorescence is ahkéyser than the excitation source wavelength. Bal@gy, the Raman
lines are named Stokes and Anti-Stokes.
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have a lower spectral resolution but are much moleist, easy to use and can be truly portable
(i.e. dimension as low as 4"x2"x2").

Another type of Raman instrument is the Fouriem$farm FT-Raman system, which uses the
Michelson interferometer, instead of a dispersiug, with a NIR source and an InGaAs detector
[1]. FT-Raman and FTIR instruments can be veryleagiupled which allow getting, with a
unique system, a complete vibrational descriptiomaterials.

Nowadays, Raman microscopy is a very demanded apdlar technique and most of the
spectrometers proposed on the market are now hediswith an optical microscope. Such
evolution is probably explained by the great adagetthat the micro-Raman method offers to the
microspectroscopist: it is possible to look at extely small samples and get structural information
at the submicrometric level. In fact, Raman micomcis the method that offers the highest spatial
resolution (both lateral and axial) of all molegudpectroscopies.

4. Advantages and limitations of Raman spectroscopy

4.1. Advantages
Raman spectroscopy is a practical method that&darge series of advantages:

« No sample preparation; all types and sizes of sasngan readily be analyzed as received.

« Very high spatial resolution=(0.5um) and very little sample required1(0°l or ~10*g).

e Glass does not interfere with Raman spectrum thaditional optics are suitable for
Raman spectroscopy; simple accessories can bg edsipted for Raman measurements
such as temperature and pressure cells, reactois-$itu experiments, optical fibres for
remote analysis.

« Common glass recipients such as vials or capiltabes are used for solids, powder,
liquids and gases. Plastics, quartz and even andig@niner, that can be sealed, can be
utilized.

« Raman spectrum of water is weak which allows vibratl studies of agueous solutions.

« The whole vibrational spectrum from 5 ¢rto 4500 crit is readily obtained which gives
both information of the lattice modes at very lowguencies and internal modes.

» Standard Raman systems now offer the possibility récord both Raman and
photoluminescent measurements in the UV, visibteregar-infrared.

« Raman bands are usually well defined and resolwvedthe baseline is quite flat (if no
fluorescence occurs) which makes the technique vpowerful for structural
characterization.

* Raman intensity is proportional to concentratiogréfiore quantitative analysis is relatively
simple.

* The possibility to couple optical fibres to Ramarecrometers has been largely used for
remote in-process control and monitoring especiallindustrial plants where the quality
control laboratory is often separated from the pssdine.

4.2. Drawbacks

Basically, Raman spectroscopy has only one majoitdtion, but it is of considerable matter:
Raman scattering is extremely wéalkAs a result, the technique was known to be aptimated
method when analyzing low concentration mixturesldly 1%) and material that fluoresces or
samples with fluorescing impurities, since the dafigorescence background will strongly interfere
with Raman signal. Fortunately, the new Raman syst@ith several laser sources permit to avoid
fluorescence. Further, the recent technologicaleldgments of methods that increase the
efficiency of Raman signal such as Raman resonansrface enhanced Raman spectroscopy
(SERS) have been successfully applied to detectdemdify traces of chemical contaminants.

TRaman scattering cross section<t@?; Infrared absorption cross section2i@n?; Fluorescence cross
section~1G°cn?
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5. Applications of Raman spectroscopy

In this part we shall review the different typesimiormation on the microstructure and physical
parameters of the condensed matter that can bimettiiom the Raman spectrum:

5.1. Frequency
The frequency of the Raman band depends on theemamsd positions of the atoms, the
interatomic forces (i.e. force constants of theds)rand the bond length. Therefore, any effects
altering these features will produce a change énftquency of the band. For instance, this is the
reason why the band position is sensitive to tlesgmce of stresses or strains: a tensile strelss wil
determine an increase in the lattice spacing aprdcdy a decrease in the wavenumber of the
vibrational mode. In the case of compressive stihi@ decrease of the lattice parameter yields a
corresponding increase of the vibrational frequeitfcihe deformation of the structure follows an
elastic behaviour, the shift will vary linearly Wwithe magnitude of the stress, and as a result, the
position of the Raman band can be used to meaberesttess. It is well known that sharp
Lorentzianband at 520 cth of the first order Raman spectrum of crystallinkcsn is quite
sensitive to the presence of stress. For a biati@ss in elastic regime, the stress silicon can be
obtained from

€ = 250Av Mpa/cni’,
whereAv is the Raman shift in wavenumber. Since the fakino processes of semiconductors
devices often produce strains in some localizedontopic regions, the Raman microprobe was
found very useful in analyzing these micro-domaimhis technique is now recognized as a
powerful tool in identifying stress and strain iolycrystalline silicon structures used for the
fabrication of large polysilicon micromechanicalustures. These micromechanical systems based
on surface-micromachining technologies can haviewsestress effects that can cause mechanical
device failure, curling or fracture, therefore, tmicro-Raman system can be used as a quality
control method and to improve several technologieaameters.

Further, the presence of crystalline disorder ptealuces changes in the frequency of the band,
usually towards lower wavenumbers. These are cetatéhe breaking of translational symmetry in
the crystal, which can be due to structural defecish as grain boundaries in nanocrystalline
materials or dislocations. The position and shapéhe Raman band can be simulated with a
correlation length model [2] which allows to estimdhe value of the correlation lendgth L is
defined as the characteristic size of crystallioendins where the translational symmetry of the
crystal holds, and is related to the average gi@im for nanocrystalline materials or to the averag
distance between defects for damaged crystals.

The presence of chemical impurities in the

crystalline network may also give rise to changes i Si-Si
the mass of the atoms in the lattice sites whicth wi ;u\bmm
shift the phonon frequency. For example, the presenZ | il

Sample layer

of Ge atoms at substitutional positions in thecstti
network produces a decrease in the frequency of the
vibrational modes, due to a higher mass. This &
known as the chemical effect and it has been used %
characterize heteroepitaxial layers. For instarbe,
Raman spectrum of a typical SiGaloy, as shown in g
Figure 3, presents three main bands, related ®,Si-
Si-Ge and Ge-Ge vibrational modes. The wavenumber
of these modes follows a linear relationship witthb
chemical composition and strain [3]:

Vs.s = 520 — 68 — 8300

Vsi.ge = 500.5 + 14.X - 5750 Figure 3: Raman spectrum of Sige

Voece= 282.5 + 16¢ — 3840

NSI

300 400 500 600
RAMAN SHIFT (CM-1)
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wherev is the wavenumber of the Raman morethe chemical composition amdthe strain
parallel to the substrate. Using these relatiorsshapsingle Raman spectrum of Si@Hows the
determination of silicon and germanium contentsvall as strain. Similar relationships have also
been proposed for Sj@s well as for more complex Si®&p and SiGgB, ternary alloys [4].

5.2. Raman bandwidth
Raman bandwidth and bandshape are closely rele

. o .. Arbitrary Units
to the crystalline order. In principle the bandwidi 10 nm
related to the lifetime of the phonons. The preser Lod « \
of crystalline disorder produces a decrease of - ' 6 nm

phonon lifetime which thus generates an increase 4 Ny 20 nm
the bandwidth. Therefore the density of defects ¢
be evaluated from the bandwidth.

On the other hand, the bandshape of the Ran
line is also affected by confinement of phonol
being that given by the correlation length modél [-
This model allows the estimation of both th
correlation lengthL and the average stress. This ' ¥ "
interesting when studying nanocrystalline materic fls R0 528
since the average grain size is givenLbylhe main RAMAN SHIFT (CM-1)
limit for this measurement is that phono..
confinement only occurs for sizes in the nanomeiFigure4: Simulation of silicorfirst order
range [ < 20nm for silicon). The changes in th  phonon mode assuming a spherical
bandshape and position of the Raman band relateconfinement L of 6 nm, 10 nm and 20 nm,
phonon confinement permits the assessment of respectively.
average grain size and stress in nanocrystalline Si
layers [5], as well as the density of defects ighli damaged Si films [6]. Figure 4 shows the
spectra simulated for Si assuming spherical confare and different values of the correlation

length.

0.6 -

RAMAN INTENSITY

T
510

5.3. Raman intensity

The intensity of the Raman band is also very seasio

the structure of crystals and as a result sigm’ticaIn
information can be obtained from intensity
measurements. Damage in the lattice leads to aaser
of the intensity of the Raman modes, related to thd?®
breaking of bonds and changes in atomic forceg.6f
displacements, and, hence produces a decreaseeof tfy|
Raman polarizability tensors. For instance, typiicad
bombardment during doping process will alter the
original crystal with a consequent reduction of Reman 00 !
signal intensity. </div>The measurement of the Rama o 0t o 10t
band intensity has 'gherefore been applied to giyatite . IMPLANTED DOSE (CM-z)
residual damage in processed wafers, such as ion
implanted structures. Figure 5 shows an exampléhen
quantification of the implanted induced damage afess
of 6H-SIC (a hexagonal polytype of SiC) implanteithw
different doses of Ge+ ions [7]. This is determin
through the normalised intensity In=(lo-1)/lo, whker is
the intensity of the Raman band measured in the

implanted layer and, lis the intensity of the Raman band measured inrginvnhon-processed
sample. For a low degree of damage, | is very amtib |, and }, is close to 0. As damage
increases, | decreases anends to the maximum value of 1. This last valugegia 100% of

DAMAGED

Lo} CRYSTAL

OmQp<»>UzC

(/)CC)I":J?WC)Z}i>

Figure5: Relative micro-Raman
intensity of the Longitudinal Optic
mode of 6H-SiC versus the
implantation dose
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damage which corresponds to the damage level fachwiully amorphization of the implanted
layer occurs. In this case, all the crystalline s®danish from the spectrum, and | becomes 0. This
method permits to check the degradation of thetaltirse structure and is also used for optimizing
annealing process after ion implantation in ordegliminate the induced damage.

Intensity measurement is also performed for 10
gquantitative analysis of different polymorphisms,
defects, disorder, micro-inhomogeneities, etc.
Micro-Raman mapping measurements can also be
carried out in order to determine, in a non
destructive and simple way, the thickness an
structural uniformity of thin films, such as cobalt— (.14
silicide films (CoSj) deposited on Si used for IR |
detectors technology [8]. This was obtained byO
measuring the intensity of the Raman signal from  0.014
the Si substrate at different points on the surface
As can be seen in Figure 6, the intensity of the
Raman line of the substrate decreases in an 0.001 : - : '
exponential way, as the thickness of the layer 0 25 50 75 100
increases. This is due to absorption of light ia th CoSi, thickness (nm)

layer. This method allows detection of Co8lims
as thin as 3-4 nm, and the Coflim thickness can
be measured in the range between 10 and 100
with an uncertainty below 10%. More applicatior._
of Raman microspectroscopy on semiconducting nasecan be found in Refs. [9-11].
Raman microscopy has been used to analyze at the
Crystalline transformation degree molecular level polymeric materials submitted to
i different types of stresses in order to get a more
complete understanding of the process of deformatio
in these samples. For example, the distribution of
stress in the residual deformed micro-region preduc

Figure 6: Relative Raman intensity of the
1% order Si mode in function of CaSi
layer thickness.

021 < \\\\; = by a process of microindentation in both' po'Iy(3,3-
‘;,4“ A ‘“\\\\‘\\\\“\B::E'.\ dlme_thyl oxetane) (PDM(_)) and_ polyvinylidene

Sl :‘g“'{‘ﬁ:“‘““““\:{‘\\‘é‘:{‘.} fluoride (PVE) was examined using the Raman
0/\;\'35 \'Q::.:};i“‘“}‘t‘.‘&":‘.‘- microprobe [12-14]. Although the microhardness,test
%, " s 35 0 which basically consists in the impression of a
6‘@” 7070 s e\“ﬂ\\ microindenter of known geometry on the surface of

K, D'\st‘ﬁ“c the sample to study, is widely used for measuray t
Figure 7: threedimensional map showir strength of materials, it remains one of the least
the variation of the crystalline fundamentally  understood = mechanical-analysis
transformation degree along the Vickergnethods. The main reason for the lack of infornmatio
micro-indentation. about the process of deformation during the

application of an indenter in a material is the
difficulty of detecting experimentally the effectd the process of microindentation inside and
around the impression. Micro-Raman spectroscopgnis of the few methods that enable to
analyze structural changes along the microindemtatiithout requiring any sample preparation
that would alter the microstructure in the zonéntdrest. PVEpresent a crystalline transformation,
from the non planar (TGTG") conformation [formd){ to the planar zigzag (TTTT) structure
[form I(R)], that is sensitive to the degree ofess submitted to the sample. The crystal
transformation from Ii§) to form I(3) can be followed by measuring thesirtity of the two bands
at 799 and 840 ch respectively, and the relative degree of cryisialinodification is given by the
coefficient R = 100 ghocm-{(Issocm-1 + l700em-)- Raman mapping of the microdeformed zone
produced by Vickers indenter microhardness teclasigun PVE (see Figure 7) reveals the



Raman spectroscopy

existence of three zones which appear to depenbleoalastoplastic behaviour of the material and
on the type of deformation to which the materiadubjected, mainly determined by the geometry
of the indenter [13].

NECK
REGION

[
T

Crystalline transformatio
-
T

Micro-Rar_n_an analys_es R
?g ethenggc smcr)g gigﬁnt |(;1f —\ ORIENTED REGION
stretched polymers have i1soTropic| = g \
also been carried out [15- ~ REGION [ '
16]. The change in the @n
crystalline structure that = Non planar form
takes place in the . (TGTG)
transition front between ﬁ,‘fmz ?%1??;)3» 4
the isotropic and oriented !/\
regions in uniaxially cold ‘
drawn PVE can readily
be followed by Raman T , . 600
micro-spectroscopy. The 70 800 i
Raman mapping of the
transition region allows to
provide the distribution of Figure 8: Raman mapping of the neégion of uniaxially cold draw
crystalline phase PVF,.
transformation along the
neck (see Figure 8). Further, micro-Raman polarizesurements carried out along the neck
region in uniaxially stretched polypropylene allalvi® determine the evolution of the polymer
chain orientation along the transition zone asretion of the drawing rates, which was correlated
with other parameters associated with the dranésganse of these polymers [16].
Raman microscopy was found to be a powerful teclenig Trans
the identification of multilayer polymer structurds’], which are
commonly used as food packaging containers, aisgnime cases s
to probe the quality of the adhesion between layEhe whole RSl
operation just takes some few minutes since no k&a \
preparation is needed: the different layers ardyeatzaracterized
after having cut the multilayer with a typical razolade and
holding it under the microscope objective with adiary clip.
Micro-Raman spectroscopy is also a very helpfuhmégue in
characterizing different morphological features anucro-
damaged or degradation in some localized regianatérials[9]:
for instance, Figure 9 shows the transmitted cbgsslarized

light micrograph of polymeric composite interfaceen a fibre  rigyre 9: Crossed polarized

of polyethylene terephtalate (PET) and polypropgle(PP)  gptical micrograph of a
matrix, which allows the visualization and locatiaf two polymeric composite
different morphologies, i.e. the transcrystallim®e near the fibre

and the typical spherulitic structure away of thieiface. In this example, combining transmitted
crossed polarized light microscopy with micro-Ransgectroscopy allows to get information on
the different types of polymer chains orientatidratt prevail in each of the two different
morphological species. Further, the use of poldriBaman microscopy with polarized light
microscopy enabled the characterization of the bdrgtructures that are often observed in the
spherulites of polymers. The evolution of the ldaeelbrientation along the periodical ring pattern
structure observed in the crossed polarized miemgrwas determined by exploiting the high
resolving power of the micro-Raman instrument.
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o - In the research field of carbonaceous
t ; materials, micro-Raman spectroscopy is a
D band fundamental tool for their characterization since
‘ G band the different allotropes of carbons, such as
diamond(sp®) or graphitic(sp?) structures, can
Amorphous part | D€ straightforwardly  differentiated by the
method. Further, the Raman signal is sensitive
to short range disorder which allows the
determination of the amorphous phase as well
as crystals size. Figure 10 shows the micro-
Raman spectrum of an individual black carbon
oy mm . tm - particle. Ac_urve f|tt_|ng was carried out in order
RAMAN SHIFT (cm) to determl_ne with great accuracy t.h.e
spectroscopic parameters such as peak position,
Figure 10: Curve-fitting of black carboRamar bandwidth, lineshape and band intensity. The
spectrum spectrum is formed of 3 bands: the D (diamond-
like) band and G (graphitic-like) band, both
with a Lorentzian shape, at 1370 and 16031,cmespectively, and a broader Gaussian feature
centered at about 1550 ¢rassigned to amorphous graphitic phase. The Ranadysis shows that
this material has a high degree of disorder angistsprincipally of non-hydrogenatep’ carbon
bonds [18]. The microcrystalline planar crystaleswas also determined from the following
relationship:

RAMAN INTENSITY (a.u.)

==

L=[I(D)/I(G)] 7,

where I(D) and I(G) are the integrated intensibéthe D and G bands, respectively. The sample
analyzed here has a low microcrystalline planag,sie. L, is of the order of 2 nm. Since Raman

spectrum of carbons is sensitive to its microstmgt Raman spectroscopy is a very valuable
method in characterizing new synthesized carbosséanaterials such as fullerenes, graphenes,

fullerites, nanotubes, carbon fibers, layered odkte carbon-based structures, etc. [19-23].
Further, Raman spectroscopy can give some valuablermation on doping, temperature and
SWCNT (single-wall carbon nanotubes), to deterndimectly the stress, strain as well as diameter
size of carbon nanotubes, and finally to find txet humber of graphene layers.
nondestructive analysis of single fluid inclusiofduid inclusions are multiphase systems of
CH minuscule volumes (tens of
Quartz / 4 cubic micrometers) - often
'902 with  coexisting liquid,
trapped within a mineral
host. The coupling of
Figure 11: Raman spectra of a microinclusion in quartz. ~ Microthermometry is still
the only viable option to
spectra of a liquid and vapour phase inclusion quartz matrix. Due to the complex histories of
many geological environments, individual mineralgaymcontain several generations of fluid
subsequent geological history. The chemical amalgsifluid inclusions provides important data
related to many mineralogical, geochemical andagcél processes. In gemology, Raman is now
identification of gemstones.
Raman spectroscopy was found very useful for psooeitoring both in industrial plants and

pressure response in C60 and C70, allows to igeltifVCNT (multi-wall carbon nanotubes) and
Geologists have been particularly interested ierldaman microspectroscopy as a mean of
gaseous or solid phases -
120071300 1400 2400 2600 2800 ~ Raman microscopy with
obtain the composition of individual fluid inclusis. For example, Figure 11 shows the Raman
inclusions which are a direct source of informatam the initial environment of rock and their
commonly used for the detection of jewels treatmeand the analysis of the nature and
quality control laboratory. For example, it was kg to thin film chalcopyrite photovoltaic
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technologies: Raman modes from the chalcopyriterfayre very sensitive to features related to
their crystalline quality, chemical composition atite presence of secondary phases that are
relevant for the optoelectronic properties of theabers and the efficiency of solar cells [24-25].
Measurements performed at different process stdpw dor the monitoring of the synthesis
process of the chalcopyrite layers, giving inforimat directly related to their processing
conditions. Experimental configurations have beeatcsssfully applied for the monitoring at on-
line and in-situ real time levels of the electrgdsition processes involved in the fabrication of
low-cost electrochemical based chalcopyrite satis ¢26].

At low frequencies, the lattice modes correspondinintermolecular collective vibrations and
semi-internal motions associated to the rotatiogrotips of atoms within the molecule, are easily
detected with a Raman spectrometer. These modeg@reensitive to polymorphic structures and
have been largely used in the pharmaceutical asalgscharacterize pharmaceutical solid-state
transformations, such as amorphization, crystditima hydrate formation/dehydratation, co-crystal
formation, etc.

During the last two decades, Raman spectroscopypdms widely used in the field of Art and
Archeology, in collaboration with conservation sttists, art historians, archaeologists, and applied
to the study of pigments in manuscripts and artwtaktiles, enamels, mummies, bio-deteriorated
wall paintings, resins, ivories etc. The techniquan be utilized to date artwork and even to
establish forgery and frauds. Also, a procedurse pr@posed to determine in a non destructive
way the colour printing order in multilayer artsprints [27].

More recently, Ramaspectroscopy has become a useful analytical toblamedical science
to differentiate between healthy and diseaseddissiihe method generates information about the
molecular composition, molecular structures, antemdar interactions in a cell and tissue. Raman
spectroscopy provides a measure of biologicallyortgmt molecular group such as lipids, proteins
and nucleic acids since most of these moleculesRamanactives and their spectra can be
considered as specific fingerprints. As the trams&dion from normal to cancerous tissues is
characterized by molecular changes of tissues ito@sts, these variations should be reflected in
the Raman spectra and can be used as phenotygiemnai the disease. The monitoring of these
molecular changes within the tissues can providgrdistic and prognostic information for early
detection of tumour. Indeed, Ramapectroscopy was proposed as a diagnostic method,
complementary to histopathology or immunochemisiMpw, the ultimate objective in cancer
research is the replacement of biopsy with fibefedRaman spectroscopy.
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1. Introduction

Infrared spectroscopy is an analytical techniqudieg to the characterization of molecules.
It is based in the fact that molecules absorb fipeltequencies that are characteristic of their
structure. These absorptions are related to tkagitn of the bond.

In order for a vibrational mode in a molecule to dwive in the infrared region, it must be
associated with changes in the permanent dipole.ifiteraction between electromagnetic light and
a molecule produce a change in its permanent dipol@ when the frequency of the infrared light
Is the same as the vibrational frequency of a bahdgorption occurs.

Although this technique has been used for many syeeonventional dispersive infrared
spectrometers have been replaced by Fourier Transfdrared equipment, which incorporates a
Michelson interferometer and presents an improvéman energy and the simultaneous
measurement of the whole spectral range.

The Michelson interferometer consists of a fixedram a moving mirror and a beamsplitter.
The beamsplitter is made of a material that tratssiaand reflects light equally. The two beams
reflects back to the beamsplitter from the mirrargl interfere constructively and destructively
according to the optical path difference producgthie moving mirror.

Owing to these improvements, infrared spectrosdogs/ undergone a marked development in
the last years because of the possibility of adgptiew accessories to the spectrometers and,
therefore, of analyzing all kind of samples in sodid, liquid or gaseous state.

The possibility of analyzing and identifying maaropic or microscopic samples, the accurate
comparison of samples from different origins ane fct that the sample is not destroyed, have
converted the FTIR technique into a valuable tdbtidreover, the possibility to obtain an infrared
spectrum in few minutes and the selectivity of thehnique, like a fingerprint of the substance,
makes it a first step choice in any conventionalysis.

Kinetics, surface analysis, in vivo measuremergsatso fields of interest.

Mapping and imaging instrumentation, provide aernesting tool for obtaining large amount of
spectra and applying chemometrics measurements.

2. Methodologies and main accessories

Depending on the size of the sample and difficsiltegarding handling, different accessories and
methodologies can be applied to Fourier Transforimaied Spectrometers.

2.1. Accessories for macro samples

2.1.1. Transmission
Samples which are between 2 and 10 mm in diametdrb&low 100 microns thick, can be
analysed placing them directly in the middle of bgam. In the same cases, they can be prepared
mixing particles with an infrared transparent coonpd, such as potassium bromide, sodium
chloride, cesium iodide or other ionic compoundah&l pressing it to make a pellet.

Liquids and gases can also be measured by tranemissing special cells with transparent
windows in the infrared regions of interest.

2.1.2. Diffusereflection (DRIFT)
Diffuse reflectance may be considered as a resutiultiple reflection, refraction and diffraction
processes on solid particles. It is a common aocgssed for surface analysis when samples show
a diffuse component of reflected light. Samplesaolwhtan be a powder or a piece of paper or
textile, or a stone, are placed on a cubette bistlpport, and the diffuse light emitted is receder
by a semispheric mirror and sent to the detector.

Some good examples to be analysed using this awgesse gemstones. Specially cut
gemstones like brilliants, show a very neat spettbecause of its property to diffuse light in all
directions.
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Figure 1. Detail of the sample holder for the DRIFT accegsor

2.1.3. Specular Reflection

Samples that can not be manipulated at all and &aspecular or polished surface, can be placed
on a flat support and be analysed collecting tphtlreflected in the same direction that the one
inciding on the surface. Metal surfaces, thin ofgalr inorganic layers over metals,
semiconductors, are commonly analysed using thikadelogy.

2.1.4. Attenuated Total Reflectance (ATR)

Internal reflection spectroscopy is an infrarechtéque in which the infrared radiation is passed
through an infrared transmitting crystal of higliraetive index. Radiation is directed up to the
input face of the crystal. It reflects through timgstal, passing into the sample a finite amourti wi
each reflection along the top surface. The radiataeflected one or more times depending on the
length of the crystal, the refractive index anddhgle of incidence of the light.

Attenuated total reflectance is applied to sampllesre the composition of the surface needs to
be measured. It is applied to soft samples sugajpsr, polymers, textiles, which can achieve good
contact with the crystal used. The only consideratd be borne in mind is the need to obtain good
optical contact between the surface of the sampiethe crystal of the accessory, which can be
made of diamond, Germanium, Zinc Selenide, etes klso used for liquid, viscous or sticky
samples.

When the sample is big enough to cover a long AT¥stal, the possibility of multiple
reflections on the surface of the sample, makpessible to obtain a good infrared spectrum. This
is also a solution for liquid samples. Some maciRAaccessories, have a cuvette form to fit
liquids inside.

Nowadays, many instruments have the unique integfldction ATR crystal. The sample is just
pressed against it or a drop is placed on thealryabd a good spectrum can be obtained in few
seconds.

SAMPLE

CRYSTAL

IR BEAM

ATTENUATED TOTAL REFLEXION
ATR

Figure 2. Detail of sample handling in a multireflection ABRcessory
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2.2. Accessories for microscopes

2.2.1. Diamond Cdll
Diamond cell is one of the most frequently usedeasories in infrared microscopy. It is normally
used when samples are very small, but can be segdram the matrix. The particle or fibre is
placed on a diamond window and put under pressittethe help of another diamond window.
The pressure of the cell allows the sample to shoe@r the diamond increasing its surface area
while decreasing in thickness. In this way, thedrdd radiation is able to go through the sample
and, therefore, its infrared spectrum can be obthby transmission.

Despite the absorption of diamond in the mid irddar the excellent wavenumber
reproducibility of Fourier Transform instrumentsakes it possible to substract the diamond
spectrum and to obtain clean spectra of the sample.

|
oL |

Figure 3. Diamond cell and a pressed sample on a diamohd cel

2.2.2. Micro Attenuated Total Reflectance (ATR)

The ATR crystal is a part of an objective that dan
coupled to the microscope. A unique internal reitbec
over the sample in touch with the crystal is enotmgh
obtain the spectrum. This is the alternative whegnea
single particle cannot be removed from the matsixich

is the case for very ancient or valuable samples s
manuscripts, books or paintings. In forensic saenc
when the sample needs to be recovered for othéysima
ATR is a well known alternative. Figure4. ATR Germanium tip

2.2.3. Cross sections

In same cases, samples contain several thin layelifferent materials. Layers can be as small as
5 microns, and can not be removed separately.itige case of multilayer commercial polymers,
multilayers from paintings or sculptures, etc. Erlihg the sample in different materials, such as
paraffin, polyester or epoxy resins, permits toitirt thin layers with a microtome and therefove t
analyse it in transmission. Another option is tdighothe block where the multilayer is embebbed
until the sample appears on its surface and agfligotance measurements.

2.2.4. Mapping and Imaging
Most of the modern infrared spectrometers with @pted microscope, have a motorized stage for
samples and therefore it is possible to analysmmegf samples. This can be accomplished by
mapping or imaging.

In a mapping analysis, a sequential acquisitioadjacent regions is measured, either moving
the stage to the last point of the previous regionsverlapping it using a fixed step size.
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In an imaging analysis, a region of the samplegongasured is focused on the array detector
and each pixel is analysed simultaneously.

This has produced an enormous advantage both @dspebig area can be measured without
personnel intervention, and in spectral interpretatbecause each band of interest shows an
intense colour in the image. Distribution of co®uhrough the image allows the location of its
compounds.

3. Examples of applications

Applications to all fields have been developedunlaboratory [1]. They include subjects such as:
. Food analysis: additives, preservatives, colorants
. Environmental analysis: water, atmospheric pasichases
. Conservation and restauration of heritage: pagstisculptures, ceramics, fossils, ivories.
. Forensic science: paints, textiles, cosmetics,
. Semiconductor analysis
. Pharmaceuticals.
. Physiciological samples: malignant cells, bones;sh
. Multilayer compounds: polymers, paintings, films
. Geological samples: inclusions in stones

3.1. Gemstones

Infrared spectroscopy applied to gemstones in daddistinguish natural or synthetic pieces, or
even to analyze its composition, has provided gectibe evidence for its characterization and has
proved to be an important tool for both identifioatand certification purposes in commercial and
legal practices. Emeralds, diamonds, topazs, agus@sashow characteristic infrared absorptions.
Gemstones, specially those with a brilliant cutfudie light in all directions, therefore, the di
reflectance accessory provides a useful way toyaadghem quickly.

Natural diamonds without impurities have a chardtie spectrum with bands that are
common to both natural and synthetic pieces, bustrd@amonds also present bands caused by
defects in the crystalline lattice. Two differe@inges in the infrared spectra are interesting for
identification purposes: the first one correspottdthe interval between 5000 and 2700'and is
the range where the bands corresponding to hydrimgpuarities in natural diamonds appear, the
second one , between 1400 and 1000 cigentifies the impurities due to nitrogen (Fige
According to the type of nitrogen substitution,rthare also different kinds of diamonds [2].

2 4:Synthetic diamond
natural diamond Nitrogen region
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20 Hydrogen region
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Figure 5. comparison between a natural and a synthetic didmo
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3.2. Analysis of multilayer samples
Some of the samples of interest to be measured usapping or imaging infrared spectroscopy
are those from pictures, walls, murals, sculptures...

The purpose is not only to know the pigment or #nalss of the painting, but also the binding
media used to fix pigments. A cross section of itlayer samples makes it possible to analyse the
different layers. Figure 6 shows a little pieceaafural painting. Mapping of the sample allows us
to place the different materials.Infrared spectfathe layers show calcium sulphate, calcium
carbonate, Prussian blue, quartz and carboxilabesing from metal soaps, which makes it
possible to recognize oil as a binding material.

Figure 7 shows the spectrum of the Prussian bigiemeFigure 8 shows the spectrum of oil and
carboxilates placed on the external surface ohtbeal painting. Figure 9 shows the spectrum of a
quartz particle in the inner part of the painting.

Figure 6. Cross section of a piece of a mural painting (&B60 microns long)

{Prussian blue pigment
0.9

08
07 —
06

05

Absorbancia

04

03
02
0L
00 ‘ ‘ ‘
4000 3000 2000 1000
cm-l
Figure 7. Spectrum of a region containing Prussian blue
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Multilayer films of polymers are also a common séerthat can be analysed using mapping or
imaging infrared spectroscopy. Figure 10 showsinttege of a 3 component multilayer film used
to contain farmaceuticals and figure 11 shows peetsa of polyethylene and polypropylene found

in two layers.
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Figure 8. Spectrum of a region containing binding material
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Figure 9. Spectrum of a region containing quartz
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Figure 10. Multilayer film.
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Figuré 11. Spectra of polyethylene and polypropilene

3.3. Analysis of papers and inks
Analysis of papers, parchments and inks in anaiesmuscripts which are nearly destroyed and
need to be restored, has been one of the goalsiives and libraries containing valuable and
incunable books. Determining the composition ofgrapand inks is important to understand the
reaction mechanisms involved in its damage [3].r@don in manuscripts involves acidity and
oxidation processes. Iron ions have an importaetirothe oxidation of cellulose. Acidity of paper
is also another parameter to measure in order ®iulgde degradation mechanisms. Some
compounds found over ferrogallic inks are: oxalasefates, carbonate, etc.

Extraction of single particles as small as 10 misri size, or micro ATR techniques are used
for these samples whose handling needs to be stitudave at all. Figure 12 shows two pictures
of parchment and paper with inks. Figure 13 showpextrum of a single particle from an ancient
parchment. Bands at 1663, 1375, 1320 and 827 pomesto magnesium oxalate. Bands at 1195,
1080 and 999 correspond to iron sulphate.

Figure 12. Pictures of a parchment manuscript goapa&r manuscript. Both with ink.

crystal on manuscript ink

0.8

999

0.7;

0.6

0.5

0.4

Absorbancia

03

02

01

00

4000 3000 2000 1000
cm-l

Figure 13. Spectrum of a single crystal on the surface dadralpement sample with ink
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Analysis of modern printing inks s also been developed in our centre Rjalysis of inks ir
printings needs a special handling because of #ikila@se matrix. Sometimes the accul
comparison between a clean fibre and a fibre with is enough to haracterize the pigme
(Figure 14)

Figure 15 shows the spe&tof blue and red pigments found in damaged staBilpg. colour
was associated to Prussian Blue and red coloeatbdhroma.

Figure 14. One penny posta stamps printed
18414880 with a blueing effe

calcium carbonate calcium oxalate
lead chromate & CN bond
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Figure 15. Spectra of Prussian blue and lead chromate. Bgthgnits were found in damag
stamps.

3.4. Quantitative and qualitative analysis of oils aneage

An alternative procedure using solid phase exwactor the analysis of oil and grease in wa
was developed in our laboratd®]. The use of a teflon filter as a solid phase zed retention of
oil and grease and further analysis of ca-hydrogen bonds coulde run over the filterTeflon

has only carboffluor bonds and therefore the region where ce-hydrogen bands absorb is cle
This method avoidethe use of any kind of solvent. Standard methodd carbon tetrachloride ¢
trichlorotrifluoroethane extractio, which should be avoided @arding to the Montreal Protoc
[6].

Experiments used hexadecane as a stanc oil in different water matrices. The detection ki
was 0.034 mg/l. Recoveries of diesel oil, pump vacwil, olive oil sunflower oil and mixture ¢
oils, depend strongly on the oil used for the calion line, but in general satisfact: results were
obtained. The method wdast, clean and sensitive, and repreed a way of measuring oil ar
grease in water with high reproducibil Qualitative differences could also be detected, dding
on the relatioship among the intensities of the CH3 and CH2 sgmetretching bands. A sm:
shift in the position of both bands, could alscsbel.

Figure 16 showthe comparison among different oils used to prepanghetic sample
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Figure 16. Comparison of infrared absorptions among diffemsist
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1. Introduction

Nuclear Magnetic Resonance (NMR) is a useful tooltfie determination of chemical compound
structures. It is a powerful technique for dealbmih with static and dynamic problems, and with
molecular interactions. This ability makes it arserttial tool in many scientific areas such as
chemistry, biology, biochemistry, metabolomics agdnomics and it has been of crucial
importance for their research acceleration and myretion, especially in the pharmaceutical
industry.

NMR is a technique based on a physical propertgestain nuclei that get oriented in the
presence of an external magnetic field and itsciples where established in 1938. The first
measurements were done by Felix Bloch and EdwardPidcell en 1945and the most studied
nucleus at these early times was. In 1950 the concept of chemical shift was intrced
connecting it with chemical environment of protmmsthe molecule, and in mid 50’s, the splitting
of signals in the spectrum was connected with auwns between different nuclei. These early
concepts, together with information coming from algaing techniques and the Nuclear
Overhauser Effect (NOE), are nowadays crucial Herdetermination of chemical structures. Since
1957, the development 6iC NMR has opened the technique to the study ofrathelei such as
N, 3P, *%F or **Cd, some of them are essential today in the stddyigh-biological interest
compounds.

In 1966 Richard R. Errfstand Weston A. Anderson took a step forward indasing the
intrinsic low sensitivity of the technique by dewping Fourier Transform pulsed NMR which
allows simultaneous observation of the same spegfiericlei on a wide range of frequencies,
making feasible the co-addition of spectra. In 19&8n Jeneer conceived the idea of bidimensional
experiments later developed by R. R. Ernst. Theegpdead use of 2D and 3D experiments has
contributed to extend the technique to increasiegiyplex molecules, being essential today in the
study of proteir’s

Although the initial development of NMR focused bquid state, overcoming of problems
derived from strong interactions present in sadichples, allowed its extension to the latter samples
(1960-1970). This application has increasing sigaifce, not only for the study of materials, but
also in the field of Biochemistry, as it allows theidy of non-soluble great-sized proteins. Solid
state NMR provides tools to better understand pratggregation processes which happen to occur
in the vast majority of neurodegenerative diseases.

The development of superconducting magnets hasepuiitward stronger, more stable and
more homogeneous magnets which has end up withoiraprents on sensitivity and spectral
resolution. Latest advances on magnets are foocnisatkcreasing their maintenance by lowering
their cryogenic liquids demand and on ultrashieldgnets which decrease magnetic field
interferences in surrounding areas. More infornmatio basic NMR can be found elsewHére

Since 1982, the NMR Facility of the University ofaBelona, nowadays assigned to the
Scientific and Technological Centers (CCiTUB), pd®s access to NMR instrumentation and
scientific and technical support on NMR. Its ad{ivis opened to researchers coming from both
private and public institutions. The large humbkinstruments (12 magnets with “fields” ranging
from 800 to 250 MHZz) together with experiencedfstahverts this facility in a reference point in
our state.

2. Applications and Methodology

The relationship between chemical shift and nueleictronic environment is a key tool for

structure determination. NMR spectrometers are tabtietect subtle differences of chemical shifts
providing identification of neighbouring chemicainictionalities, changes on substitution, etc. It
affords, too, a quick tool to differentiate amomgitar compounds, as illustrated in the detectibn o
oversulfated Condriotin Sulfate (OSCS) as a comation of Heparin; in this particular case the
analysis is based on the differentiation betwee€®8I-Ac methyl and heparin N-Ac methyl. In

spite of the proximity of signals and of the grdidference in intensity, it is possible to detecee
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less than 1% of OSCS (Example )3.In fact, working with a 500 MHz NMR spectrometer
detection limit of 0.01% of contamination has besstablished on an active pharmaceutical
ingredient (API) analysis.

NMR technique affords also quantitative informati@NMR), as it is possible to correlate
between the NMR signal area and the number of psotiovolved. With signal integration and a
U.S. Pharmacopeia (USP) protocol, it has been lpes$d determine poloxamer composition
(Example 3.2 In case no USP protocol or similar is availalslejalidation of protocols used in
gNMR is necessary because the reliability of resisitdetermined by sample characteristics and
experimental conditions.

Stereochemical information can be inferred fromlascaoupling constants ({J) on proton
spectra and from dipolar coupling constants in N&geriments. Scalar coupling data can afford
direct information about, for instance, a cis/tramsangement in a double bond or it also can be
used both, directly or indirectly, in multiple binénsional experiments. A simple example is the
COSY experiment, where the correlation signalsioaig from magnetization transfer between
scalar-coupled protons. The 2D experiments are useful to study complex molecules since in
these cases the mono-dimensional spectrum is mrettyded and severe overlapping of the signals
interferes with data interpretation. Some example®D experiments artH-"H homocorrelation
(COSY or TOCSY) where different fragments of stamet can be identified, orH-*C
heterocorrelation (HSQC) where directly bonded gmoand carbon can be connected, taking
advantage of the great carbon spectral width whectluces significantly overlapping. Some long
range'H-"°C experiments (HMBC) are possible too. An apprdprambination of bidimensional
experiments allows structure determination of ratproducts or synthetic compounds (Example
3.3).

The study of complex molecules such as proteinsA[BNRNA requires complex 2D and 3D
experiments including some heteronuclei*¥ and™N for proteins or*C and*P for nucleic
acids. Professor K. Wutrich was the first to depgbnlse sequences and assignment strategies for
the study of proteirfs The low sensitivity of the technique and the ctarity of this kind of
samples requiréSN labelling and ofted®C labelling too. For proteins larger than 250 rasi] the
use of’H labeling and TROSY methodology in very-high-field instruments are emsary. An
example of the largest macromolecular complex stlidiy NMR with this methodology is the
GroEL-GroES complex, as big as 900 KD, carriedlyuProfessor Wutrich In our NMR facility,
protein studies are carried out on 600 and 800 ltdtruments where a wide variety of TROSY
2D and 3D sequences have been implemented (Exa&@ple

Detecting active sites and ligand-binding intei@tsi is of great importance in the study of
potential drug molecules. NMR can deal with it fromo different approximations:

e Study of small chemical shift changes caused tdenwdose to the active site during
binding. 'H-*N HSQC can be useful to detect these changes asmdden used in our
facility to study interactions of P53 tetramer amdinine enriched peptides

e Study of changes caused to ligand when bound targel molecule as it adopts
characteristics of the latter as far as correlatilme or relaxation concerns. “Information”
from the bound state is transferred to the freaniibduring the equilibrium between both
species. In our facility, these kind of studies ane on 500 MHz instruments with
autosampler. STD, Waterlogsy, CPMGT2, or NOE Transfxperiments are commonly
used (Example-3)51f higher sensitivity is required 600 MHz ingstnents are used instead.

NMR is useful not only forH, *C and®N nuclei, as there is a wide range of NMR active
nuclei. **P and™F are widely used for the study of organometalid #norinated compounds,
respectively. Experiments which combine both nuclken provide simplified spectra (Example
3.6). Currently,”™F NMR is used in our laboratory to determine ass@m with proteins. Our
facility can tackle with these nuclei and otheslesmmon such d§°Cd, 1*Pt, B, #°Si, #’Al, etc.

All instruments present in our facility are preghte work with solution samples. In addition to
that, our High Resolution Magic Angle Spinning (HRB) probe allows working with semi-solid
samples such as tissues, resins chromatographpoigspgels, etc. Metabolite determinations on
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tissues, stability of almond pulp or solid phasetlgsis control are some examples of work done
with this probe in our lab (Example 3.7

Magnetic field strength determines the sensitivatyd spectral dispersion of NMR spectra.
Sensitivity increases in a relation of 7/4 with metic field B. The increase in spectral dispersion
makes evident an smaller overlapping of signalguifé 1). Occasionally, a simplification of
coupling systems can also be obtained.

300 MHz
3ppm:mz
56 55 54 53 52 51 50 49 48 47 46 45 44 43 42 41 40 39 38 37 36

4.6 .
f1 (ppm)

500 MHz A
3ppm=1500 Hz |

T T T T T T T T T T
5.6 5.5 5.4 5.3 5.2 5.1 5.0 4.9 4.8 4.7

4

-

L35 45 s 43 42 41 40 35 3a 37 3
ppm
Figure 1 Expansion of @H spectrum acquired in a 300 and 500 MHz spectremet

The choice of spectrometer is determined by thepbexity and availability of the sample
under study. Generally speaking instruments witbeolmation proton frequencies ranging from 300
to 500 MHz are suitable for the study of small ametium-sized molecules. In our facility the 800
MHz instrument is mainly used for the study of dyma problems, biomolecular interaction or
structure determination of high-molecular weightnpounds such as proteins and nucleic acids.
The 600 MHz instrument is used both for mediumgir@lecules and initial studies with high
molecular weight molecules. An important point @vé into account in the choice of the best
spectrometer is its particular characteristics sgiity (Table 1) and available probes. Detailed
information on available spectrometers and probesbe found in our web stfe

Table 1 S/N ratio on our main instruments (sample tes¥OEtilbenzene in CDG)

Nucleus B800 B600-I | B600-1 V500S V500 M 400
H >7000:1 >7000:1 700:1 730:1 720:1 220:1
B¢ >700:1 >750:1 3351  240:1 83:1 158:1
Sp 200:1 135:1 24:1 183:1
= 450:1 450:1 200:1

3. Examples of applications performed in the NMR Facility

3.1. Heparin Analysis
Heparins are a complex mixture of highly sulfatégcgsaminoglycans (CAGSs) isolated mainly
from the intestinal mucosa of pigs or bovine luregsl are widely used as anticoagulant and
antithrombotic agent3he heparin consist of a mixture of sulfated dikacicle units, the major
component is a 2-O-sulfated iduronic acid and 64ated, N-sulfated glucosamine IdoA(2S)-
GICNS(6S).

The differences in the production processes of tepead to changes in the content of minor
compounds. Some of these native impurities sucbersnatan sulfate (DS) are accepted with
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restrictions but others such as Oversulfate Chaotalgulfate (OSC§}, a non-native contaminant,
are not allowed.

In 2008, there were an increase of incidents amathdeassociated with allergic reactions caused
by adulterated heparin. The Food and Drug Assaetia{FDA) and several research groups
identified OSCS as a heparin contaminant associatitd adverse reactions. International
organizations such as EP (European Pharmacopawld) 3P included the use of NMR technique
in heparin analyst$ procedure to assess the presence of OSCS inrtipesa(Figure 2).

The proton spectrum of heparin must show, amonegrsittharacteristic signals@®.04, 3.27
ppm (doublet), 4.34 ppm, 5.22 ppm, and 5.42 ppiw@h less than + 0.03 ppm deviation). The
chemical shift for OSCS N—-Ac group in heparin sodig reported at 2.16 + 0.03 ppm and in any
case it should not be observed. Subsequent resistbnthe monographs include additional
requirements on the profile of intensities of sosignals of heparin in the proton spectrum. The
latest methods are:

* USP monograph appeared in USP32; Pharmacopeia B&(&nOct 2009.

* European Pharmacopoeia 7.0 (8/2010:0333)

a. NMR System Suitability

N-Ac OCSC

T~

L e L S S B B B B B S B B B B B
45 43 4.1 3.9 3.7 3.5 3.3 3.1 29 2.7 25 23 2.1 1.9 1.7

b. Heparin sample

N-Ac Hp-Na

/
L

L e B B L s B B B B B S B B B
5.7 5.5 5.3 5.1 4.9 47 45 43 4.1 3.9 3.7 35 3.3 3.1 29 2.7 25 23 2.1 1.9 1.7

Sample OK

Figure 2 Upper spectrum: heparin System suitability sampikesl with OSCS. Lower spectrum
shows heparin sample (suitable for marketing)

In our NMR Facility, heparin analyses are performedNMR 500 MHz spectrometers, since it
is essential to obtain a good separation and diefindf the broad signals of the N-acetyl. It is@l
necessary that the signal to noise ratio in the éweexamine must be higher than 1000:1. The
ability to observe th&C satellites in the N-acetyl of the major composéstan indication that the
detection limit is higher than 0.5%.

Depending on the user's needs, a specific Stan@gerating Procedure (SOP) can be
elaborated. With NMR systems 1SO9001 and GMP campli

If the content of OSCS is small, the N-Ac peakw tmpurity can be confused with th€
satellites of N-acetyl of the major componentsthils case, acqusition of the proton spectrum with
3C decoupling is necessary, as shown in Figure 3c.
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When experiments are run in a 600 MHz

.. C decoupled
spectrometer:*C decoupling is recommended. P ¢

3.2. Polaxamer Analysis.
A poloxamer is a synthetic triblock copolymer
of ethylene oxide (EO) and propylene oxide
(PO), with a general formula HO{B,0), AP
(C3H60)b (CzH40)a OH The ablllty of
poloxamers to form micelles makes them
interesting for the pharmaceutical industry as
drug-delivery vehicles. It is also used in A ——
pharmaceutical formulations because of its oscs
ability to form thermo-reversible gel, which at _ \
low temperatures, is a low viscosity liquid and © Sl
at high temperatures a gel.

Figure 4 shows a proton poloxamer spectrum 24 23 22 21 20 1o  1s
of the sample dissolved in CDCl The Figure3: a). '"H-RMN of System suitability
oxypropylene units are characterized by a series sample with the corresponding N-Ac of
of doublets centered at 1.08 ppm due to CH30SCS and’C satellite peakd). A typical
groups (regionA). The signals from 3.2 to 3.8 spectrum of heparin sample (not containing

BC satellite

ppm (regionB) are due to the Ci® groups of OSCS) with the signal @&t2.17 ppm
oxyethylene units, and also the ZMCHO attributed to thé’C satellitec). The proton
groups of the oxypropylene units. spectrum of the previous sample performed

with **C decoupling. Notice that the signal at
8 2.17 ppm disappea

OH(CH,CH,0), (CHZCTO)b (CH,CH,0), H
CHs

e

CH,O/CHO CH3

4 v

T
B g
g

0.00 |

5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.C

Figure 4. Proton spectrum of a poloxamer sample

In monograph USP32-NF27, a procedure to deterntiaedtio of oxyethylene/oxypropylene,
using a Relative Method of Quantization <761> isalbed. The percentage of oxyethylene, by
weight, in the Poloxamer is calculated by the folly formuld?®

Weight % oxyethylene =3300«a /(33 o + 58) being a=(B/A) - 1.

Applying this formula to the spectrum of Figureadvalue of 80.9% EO is obtained.
At the NMR Facility, poloxamer analysis are perfednusing 500 MHz spectrometers that
fulfill ISO 9001-2008 regulations and GMP quakystem.
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3.3. Structural Elucidation by NMR Spectroscopydi and medium size Organic Compounds)
An essential need of synthetic or chemical isolafiwocesses is to unequivocally identify the

obtained compounds.

Routine spectrometers in our facility are prepavétl a series of tools which provide a friendly
access to a wide variety of NMR experiments evemém-expert NMR users. Research users of
Chemical and Pharmaceutical industry can make aseftthese possibilities, depending on their

particular demands, with no need to invest in lugst instrumentation.

NMR staff contribution to studies coming from intlyscan include data interpretation and

fully elaborated documentation

The most frequently used strategy for structureer@nation of small and medium-sized
molecules begins with a detailed study of protonspBctrum. Further information is obtained in a
next step by'H-**C heterocorrelation (either by HSQC or HMQC), whidh edited, affords

differentiation between carbons according to theloer of protons directly attacheBigure 5).

Spin systems can be identified B-'H homocorrelation experiments (COSY, DQF-COSY,

TOCSY, etc). Assigned fragments obtained can berdohnected by long-rangéH-*C

heterocorrelation (HMBC). Finally, a study of comgl constants and NOE data can define

compound stereochemistry.
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Figure 5. Basic experiments used for assignmentd,22D COSY and 2D HSQC of Quinine in

A detailed example of a combined use of multiple &periments for the study of Quinine is
available on our web site as a tool for beginners\MR in order to help them to choose proper

experiments.

CDCl,

3.4. Fast 2D-NMR ligand screening using Hadampetsoscop¥

The following is an example of methodological deyehent carried out in the NMR facility in

collaboration with the research group of Prof. MigBons.
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Chemical shift perturbation NMR experiments are elydused for structure-based drug
discovery. The main advantage of NMR methods basegrotein observation is the possibility to
map the ligand interaction site, due to the singisidue selectivity offered by 2D HSQC
experiments.

There is an increasing interest in new NMR methbds can reduce the time needed to record
2D correlation spectra (SOFAST, Hadamard). RecemliGations of Hadamard encoded
spectroscopy allow a very fast acquisition of thgectrum , while maintaining a high-
spectroscopic resolution in the 2D spectra. Inndyacreening experiments, the signals involved
usually experience only small frequency changesniooe than 50-100 Hz). The knowledge of
initial free protein spectrum can be used to spgedpectral acquisition using Hadamard encoding
of the frequencies of interest. In Hadamard spectpy, the evolution time in the indirect
dimension is replaced by phase modulated multisitective excitation. In this way, only selected
regions are being measured and the sensitivityup#rtime can be increased by more than one
order of magnitude.

Hadamard-encoded HSQC spectra only contain crassspevith selected heteronuclear
frequencies (e.g™®N). The disappearance of a correlation signal ofaemide proton *H-"*N)
indicates that is involved in ligand-binding prose#/hen the ligand-inducedN shifts exceed the
excitation bandwidth, it results in the disappeaeanf the cross-peak. While this may be enough
for screening applications, no information on thagmitude and direction of the shift is obtained.
This information can be recovered by generatingeghrequencies for each signal to be studied.
The excitation frequencies are those of the ungetlsignal (center) or have an offset of plus or
minus 10 Hz. As shown in Figure 6 (residues 1 ané 3ignal intensity decrease in the Hadamard
spectrum with the excitation frequencies of the fpeotein identifies the observed residues that are
affected by ligand binding. Signals in Hadamardctijgewith excitation frequency offsets provide
information on the sign of the induced shifts.
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Figure 6. The top and bottom rows are from ligand shifeesidues. The centre row is from an
unperturbed residue. The leftmost column is a fugs#ion of HSQC cross-peaks of°Al-
labeled WW domain in the abser{¢¢ and in the presence)(of ligand. The other three
columns to the right are expansions of Hadamardtspa the presence of ligand at excitation
frequencies corresponding to offsets of +10Hz, Qatzl -10Hz, respectively, with respect to
the frequencies in the free protein.



Nuclear Magnetic Resonance

3.5. Saturation Transfer Difference a Method faiSH

The Saturation Transfer Difference (STD) was dgwetbby M. Mayer and B. Mey®r Using this
method two experiments are acquired: in the finst elective saturation is applied on the target
resonances (protein methyl'$0 ppm); the second experiment is acquired withirttagliation off
resonancel{-35 ppm). Both spectra are subtracted and onlitpeals affected by the saturation
are present. The saturation is transferred toratep residues by diffusion mechanism, and also to
the ligand bounded to protein, but the other ligaranain unaffected (Figure-7).

g a g @
ldO g g g g g @

! H H 1

Target irradiation L Saturation time 1-5s

Figure 7: Schematic representation of the evolution of3h® effect

The degree of saturation in ligand resonance sgdapend on the distance of the protons
involved in the binding. Protons close to the tamgelecule are saturated in more extension and
have a stronger STD effect. This information canuked to find the part of the ligand more
involved in the associatiomifiding epitope on ligar)d The STD experiment is useful in the case
of low and medium binding interaction. It can belsgd to medium and large size proteins. No
detailed protein information is required, and tbaaentration of the protein may be relatively low.

At In the NMR Facility this method, is regularly et by several public and private research
groups. An example of this application is the daodieation with the research group of Dr. Ignasi
Fita’®. The STD experiment has enabled to check and aimphe results of crystallographic
studies on the binding sites on protein catalasexmase KatG with INH and NAD

The STD experiments of INH-KatG mixtures confirmtédt the protons H2/H6 and H3/H5 of
INH make interaction with the protein (Figure(lBft)), consistent with the X-ray structures. The
STD experiment also allows a mapping of bindingaga. In KatG/NAD the H8 adenine ring and
H1’ of the adenosine ribose exhibit stronger ST@nals than the others protons of NADas it
can be observed in the STD spectrum (Figufreg8it))
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Figure 8. STD experiment of INH-KatG (left); STD experimétatG/NAD" (right)

9.0 8.5 8.0 7.5

The protocol used in our NMR Facility for the stud§ chemical libraries includes an
experiment CPMGT2 to confirm the results of the STihe method allows the study of various
ligands at the same NMR sample. The time requivethie study of each sample varies between 30
and 100 minutes depending on intensity threshdlthgbe STD experiment.

3.6. 'H-"°F Double resonance experiments
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The high sensitivity of F (83% of the'H sensitivity), makes’F NMR a powerful tool for
analyzing different kind of compounds. However,eaftthe spectra ofH and *F of these
compounds are complex. This is so becati$eand **F couple to each othefJ)(=50-45Hz;
334=27-7 Hz) , creating complex splitting patternseTspectra can be simplified by decoupling
techniques resulting in clearer assignments, moisgble impurities and more reliable
confirmations.

The application of F{*H} or 'H{**F} NMR methods is not always a routine. They need
specialized hardware requirements:

« A probehead that can simultaneously be tuné#tand™F.

« A console able to generate two high-band freqesnéH and'°F) and often additional

amplifiers.

These requirements are becoming more frequenteidatiest generation of spectrometers, and
are not as common in older instruments. Severattspaeters in our NMR Facility allow
simultaneous work withH and**F. Acquisition of*°F spectra witi'H decoupling in broadband

mode is possible in our Varian Inova-300 spectrem@igure 9).

1H reference Spectrum
JM 19F reference spectrum

1H BB decoupling (Wurtz

"‘ i Observe 19F with 1H BBdecoupling A
J
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Figure9. 2,3 difluro bromotoluenH, *°F reference Spectra & spectrum, withH decoupling

The selective decoupling experimenitd or **F) may be useful to identify and measujg 4.
In the BrukerAvance 600 with a probehead (BBO BBA$/D), it is possible to carry out all 1D
experiments®F{*H} or *H{*°F} in broadband or selective mode, and also 2D NOBS'°F.
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Figure 10 *°F spectrum o2,3 difluro bromotoluene witiH selective decoupling

Figure 10 shows the spectrum'&f with selectiveH decoupling of the CHBr group, which
allows checking the assignment of the signal a8 {igm as thé’F at position 2.
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3.7. HRMAS (High Resolution Magic Angle Spinning)
There is a wide variety of samples unsuitable tcstoelied
with common liquid-state NMR probes. The naturdtafse
samples can be as different as polymer gels, lijidéogical
tissues, swollen resins, food, etc. What they hiav@mmon
is heterogeneity and restricted or anisotropic amotivhich
results in broad NMR signals.

High Resolution Magic Angle Spinning (HRMAS) NMF
technique allows extending NMR studies to the
heterogeneous samples. A special probe designeerform
solution type experiments while spinning the sanypdo 16
kHz at the magic angle0£€54.74°) is used. Under such Flgure 11. Small rotor being
conditions, broadening of NMR signals coming from inserted into the magnet
differences in magnetic susceptibility is reduca leads to
NMR spectra that display resolution approaching tifaliquid samples. The quality of spectra
depends only on the degree of mobility of the sampll usual NMR experiments available on
liquid probes (both 1D and 2D) are able to be mma¢iRMAS probe.

Samples under study for this probe are prepareld some amount of solvent in specially
designed zirconium oxide rotors with a final samydume ranging from 12 or 80 uL (see on Fig.
11 a small white rotor being inserted into the negrSolvent added helps in increasing mobility.

Different nature of samples has been studied infaattity with this probe, and a pair of
examples is shown in next figures. Figure 12 cpoads to an aminomethylated resin swollen in
CDCl; and subsequent inclusion of a handle, charactebgean aldehyd function, easily detected
on the spectrum by the characteristic signal atfleld.

QO

Ly il

Figure 12 Anchoring of a handle in a resin followed by HRMAS
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In our lab, in collaboration with Prof. C. Arls easch group (UABY HRMAS has been used
in a study to validate brain tumour biopsy classifion by comparing meningiomas (MM), a
benign tumour, with glioblastoma multiform (GBM)y aggressive tumour. Initial studies of this

N-acetilaspartat

Lactat

creatina

lipids o aminoacid|

Glutamat
taurina

Figure 13. HRMAS spectrum \

of mouse brain sample JJJ \

plutamina
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kind of samplesvith the aimto identify different metabolites on brain were rom mouse bra
samples (Figure 13).

3.8. Structural and dynamic studies of proteins in soluby NMR Spectroscoj

NMR spectroscopy is a powerful tool for protein 8@ucture determination at atomic resoluti
as well as for the study of protein recognition gaeses and dynamic features of tt
macromolecular structures.

Strategies for structural studies by NMFrgely depend on protein size. Peptides and ¢
proteins (up to 102 kDa) can be studied wi'H NMR spectroscopy using 2D TOCSY and L-
COSY experiments to identify amino acid spin systemd 2D NOESY experiments to carry
the sequential resonancesanmer®, as the first step of the process. Secondly, stracrestraint:
needed for structure determination, such as-proton distances and torsion angles, are calcu
from NOE intensities in NOESY spectra and couploapstants in DQ-COSY, respectively.
Finally, a computing algorithm is used to calculateet of structures compatible with those M

derived constraints. Experiments above are regulesed in the hic-field instruments in our NMi
Facility and we have applied the described 1odology to calculate the structure of several s
proteins and peptides (sEgure 1-as an example), in collaboration with Prof. Err@salt*®°

Identification of aa spin syste|

W

B e B o -
3

Figure 14. Region of a 2D TOCSY spectrum of the P41icf prc'® (ImM, 15% D20/ H20, pt
5.7) recorded at 800 MHz and 288 K (left). Supeitpmsof the 30 calculated structures of P4:
obtained by'H NMR spectroscopy (right).

The study of proteins up to -30 kDarequires the incorporation of isotopic labe®N, *C) to
the protein to solve signal overlap problems'H spectra. In this case, protein assignr’® is
based on 30°N-edited TOCSY/ NOESY experiments and/or 3D tripleor&ance experimen
correlating'H, *>N and**C frequencies. A large set of 3D experiments ily fiahplemented in ou
600 and 800 MHz spectrometers for the purpose sw@nce assignment. Protein perdeuter:
and/or the use of Transverse Relaxation OptimizeetBoscopy (TROS™ are necessary to study
proteins larger than 25 kDa in order to decreas@strerse relaxation rates and to ob
satisfactory signal line widths. TROSY methodolapplied to'H-">N HSQC spectra combint
with °N-selective labeling prove to be very useft the study of binding events of large prote
where the whole resonance assignment is not negessahas been demonstrated with PO
serine protease of 80 kDa, one of the largest i®&udied in our Facility in collaboration wi
Prof. Giralf*

In addition to structural information, dynamics astdbility of globular proteins can also
studied by NMR spectroscopy through hydrogen/dauter(H/D) exchange experiments,
measuring the protection of labile hydrogen’s agiagxchange with solveideuterons. A very
interesting example involves the H/D exchange stofiyamyloid fibrils formed from the SH
domain of thex-subunit of bovine phosphatidylinosi-3'-kinase (PI(3)KSH3) at pH 1.6, carrie

11
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out in our Facility in collaboration with Dra. N&igCarulld®. The site-specific hydrogen exchange
behavior of this protein within amyloid fibrils wamalyzed by 20H-"N HSQC spectroscopy.
Resonance assignment of the protein was previalsig by standard 38N-edited TOCSY and
NOESY experiments and 3D triple resonance expetsnédBCA(CO)NH and CBCANH. The
degree of exchange was calculated for each hydragede in the protein backbone from peak
volumes in*H-">N HSQC spectra (Figure 15, left) recorded after ldiBhange (¥»o) relative to
those before exchange 34), where \b,o/ Voo =1 means no exchange (Figure 15, right). H/D
exchange results indicated that SH3 molecules ighdyhresistant to exchange when incorporated
into fibrils and that the majority of residues eanhje to a similar degree. Complementary
information derived from electrospray ionization gmaspectrometry highlights that exchange is
dominated by a mechanism of molecular recyclinghivitthe fibril population revealing the
dynamic nature of amyloid fibrils.

= 20 40 60 80
Residue number
Figure 15. 'H-""N HSQC spectra of PI(3)K-SH3 at 800 MHz (left). HéRchange of PI(3)K-SH3
amyloid fibrils monitored by NMR spectroscopy (righ
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Abstract. This article summarizes the basic principles of mass spectrometry
instrumentation with special emphasis in sample introduction methods, ionization
techniques and mass analyzers used in the different mass spectrometry
techniques.
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1. Introduction

Mass spectrometry (MS) is a powerful analyticahteque [1, 2]. Over the past decades, mass
spectrometry has undergone tremendous technoldgipabvements that have made it an essential
analytical tool in chemistry, biochemistry, pharmand medicine. Mass spectrometry is employed
to analyze combinatorial libraries, sequence biecwdes, structural elucidation of unknowns,
environmental and forensic analysis, quality cdnwb drugs, flavours and polymers. Mass
spectrometry has both qualitative and quantitaises.

To achieve these goals, a mass spectrometer iottseghemical compounds to generate
charged molecules or molecule fragments and meatheg mass-to-charge ratios (m/z).

A mass spectrometer [3] consists of an ion soum@z@tion),a mass analyzd€separatiorof
ions) and a detectddetects and measures the number of ions formeadsMnalyzer, detector and
some ion sources operate under high- vacuum conditin order to allow ions to reach the
detector without colliding with other gaseous males or atoms (see Fig. 1). Sample molecules
are introduced into the instrument through a sarimbés.

Sample
Inlet » _lon Mass | petector [« » Daa
Source|| Analyzer System
— A J
Y Y
Atmosphere/ High Vacuum
Vacuum

Figure 1. Schematic diagram of the mass spectrometry tqabni

Results are presented aMass Spectrum: a two-dimensional representation of signal intignsi
(abundance of ionic species) (ordinate) versus (aifacissa). The most intense peak of a mass
spectrum is callebase peak. In most representations of mass spectral dagantansity of the base
peak is normalized to 100% of relative intensity.
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(mainlib) 3-Pyridinecarboxaldehyde
Figure 2. Typical mass spectrum of a 3-Pyridinecarboxaldehy

lonization of compounds can be achieved by seveeghanisms in the source: ionization of a
neutral molecule through electron ejection, elettroapture, protonation, cationization,
deprotonation, transfer of a charged molecule ¢ogdss phase. lonic species obtained correspond
to whole molecule or fragments.

Mass spectrometry is used with direct insertionbpsy but also in tandem with gas
chromatography (GC-MS), liquid chromatography (LG)Vor other separation techniques, fitted
with different kind of ionization sources. The lmasif these combined techniques is reviewed in
this contribution. Examples of applications will igen elsewhere in this Handbook.
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2. From sample to mass spectrometer

2.1. Sample introduction in GC-MS

When an analysis of a sample is to be performe@®yMS, it is necessary to plan some previous
steps. Often, if the sample is introduced as ihdsinformation is obtained, and, in some cases, th
apparatus can be damaged. In a gas chromatoghepbamnple is introduced in an injector where
the gases or vapours resulting from the sampleamamally split and part of them are introduced
into the chromatographic column by means of a eargas. As a result the effluent enters
continuously in the ionization source. There argeptinjection configurations such as splitless
(where there is no split of the vapour gases betfogecolumn), on column and other specific for
large volumes.

The first condition that analytes have to fulfél to be volatile and thermostable. Some small
molecules are volatile and, as a result, no préiparés needed if a convenient column to analyse
them is used. But many molecules are not volatieugh, especially if they are polar. Therefore,
chemical strategies must be planned to improver thaatility. There are many derivatization
reactions for gas chromatography described in itieeature, the most used among them, are
methylation and silylation of polar functional gpsusuch as —OH and —NH

Different injection ports are available to injedfferent kind of samples.

« Direct injection; liquid or gas samples can be ¢tge into the injection port using a
syringe. Packed columns can analyze some hundrecbgnams of analytes meanwhile
capillary columns can only be charged with less ties micrograms.

« Head-space injector is a common system used tgsghses and vapours in equilibrium
with liquid or solid samples (studies of residualvents, contaminants, etc). The sample is
introduced in a vial, stopped with a septum, closeametically, and placed on a
thermostatic block at a determined temperatureerAdh equilibration time with the inner
atmosphere, an aliquot of that vapour phase istigjkinto the column.

« Cooled injection devices are very versatile. Inphst, they were designed for the analysis
of very volatile molecules, but today combinati@isooled and heated areas (liquig, N
decompression of CO peltiers and electrical resistances) give to thesices a wide
applications range. They allow venting the solveniding its entrance in the column,
and focusing the analytes in bands of its chromragdgc analysis. A simple injector of
this kind is used in mineral analysis to trap ;GO be analyzed by isotope ratio mass
spectrometrfIRMS).

« Pyrolysis of the sample is useful in some applicetj such as in oil and polymer studies.
The sample is introduced in a high temperature eveha ramp of temperature is activated
(50 — 1000 °C). During the ramp heating, the sardpt®mposes and the fragments of the
molecules resulting from the pyrolysis are analysed

« Elemental analyzers fitted with GC are also usetttoduce the gases resulting from the
combustion or pyrolysis of a sample into a masstspmeter. N, CO,, H,O and SQ
yielded by combustion, or CO and ¢bming from pyrolysis of a sample are analysed in a
mass spectrometer, usually to study the isotopmposition of the elements N, C, H, O
and S in the analyte.

« Fibers and other absorbents or adsorbents araisésbas a trap for specific substances in
liquid or gaseous samples (water, atmosphere...).mdterial in which the analytes are
adsorbed is introduced in the injector and heatedesorb the analytes, which are then
separated and analyzed in the mass spectrometer.

2.2. lonization Sources for GC-MS

2.2.1. Electron Impact lonization

In a vacuum region, a current passes through aliodiiament, chosen as the source of electrons.
An electrostatic field is used to detach electrivom the heated filament, which are focused so as
to form a beam of electrons that will impact inte tanalyte area. This area is the end of the
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column or the cup of a direct introduction probreits way to the counter electrode. As a result of
electron impact (El), the analyte molecules arézixh and fragmented. Using electric fields and
lens, the resulting ions are driven into the spasater where they are analyzed. Usually, a wide
range of molecular fragments is obtained, incregpginnumber when the energy of the electron
beam increases. Usually only positive ions areyaedl Extensive El ionization spectra databases
are available in the literature.

2.2.2. Chemical lonization

While El is a very strong form of ionization, cheali ionization (CI) is very gentle. Usually El
results in a great number of fragments of the midéeand often the molecular ion signal cannot be
observed. In CI, the number of signals is less thaal and, as a result, the pseudomolecular ion
yields a high signal. A reagent gas is ionizechmibn source by electron impact, and the resulting
ions are accelerated and they impact against tladytanmolecules. The obtained fingerprint
depends on the energy, pressure, temperaturey,partl nature of the gases used to ionize.
Methane and ammonia are the most common used gésesnechanisms of ion formation are:
proton transfer, exchange of charge, formation difuats and abstraction of an anion. In each
experiment, the identification of the ions mustshadied.

2.3. Sample introduction in LC-MS

The preparation of the sample is very importanbiefattempting its analysis by LC-MS. It is
important to choose a suitable solvent in ordegeb the maximum ionization efficiency of the
analyte, because using a mass spectrometer wenlyllanalyze ions: positive or negative. The
simplest case is an aqueous solution of an ioriic isayields solvated anions and cations in
solution. But many substances are not ionic and tbeization is not possible or only in a very
small degree.

The election of the solvent depends on both thereaif the analyte and the ionization source
of the spectrometer. When the sample is introdwtadlirect infusion, the solvent and the liquid
carrier are usually the same. In this case, a ggris used to push the liquid solution to the
interface. If we use a liquid chromatograph, thenposition of the mobile phase is usually
different from the solvent of the sample and, idiadn, it can vary with time (gradient). In
general, the solvents used in LC-MS must be velaiil vaporizable, free of crystallizations or
other solid formations when they are vaporizeduaichobstruction of the capillary entrance to the
massspectrometer.

2.4. lonization sources for LC-MS

2.4.1. Electrospray lonization

Nowadays the most universal ion source in High d?ardnce LC-MS is electrospray ionization
(ESI). In fact, we would say nitrogen- assistecctetespray, usually named by its acronym ESI.
The liquid that carries the analytes is pushednelzulizer installed into a chamber at atmospheric
pressure. The chamber is placed in front of a tleaehas a capillary orifice, allowing the entrance
of the ions in the mass spectrometer. There igenpal difference between the cone and the spray
tip, that is, an electrostatic field. The polaritythis field determines the ions to be analyzed. |
addition, the chamber is heated in order to evdpdhe solvent. In these conditions, the ions that
are in solution are both desolvated and attractele entrance of the spectrometer.

2.4.2. Atmospheric Pressure Chemical lonisation

Atmospheric pressure chemical ionization (APCl)reea can be considered as a variant of ESI

sources, in which a discharge needle is addedarchiamber. Between the needle and ground, a
high difference of potential is established, whithates a corona discharge that ionizes molecules
present in the spray (mainly from the solvent).El8l sources, the ions must be present in the
sprayed solution, while in APCI sources, the iomsnied are accelerated in the electrostatic field

originating at the tip of the cone. In this pathw#e formed ions impact on the neutral analyte



Basics of Mass Spectrometry

molecules and transfer the electrical charge tonth&s a result, the analyte molecules become
ions, which are “visible” for the mass spectroenet

APCI source
é Electrospray é
ischary Additional heater
(50 to 650 °C)
'd
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Figure 3. Schematic representation of ESI and APCI sources

2.4.3. Atmospheric Pressure Photoionization
In atmospheric pressure photoionization (APPI) sesir the ionization of the solvent molecules,
which will ionize the analyte molecules by chargansfer, is produced by an intense source of
ultraviolet light that illuminates the spray.
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Figure 4. Schematic representation of an APPI source

2.4.4. Plasmatorch

When elemental analysis is the goal using a masstrgpneter, a plasma torch is the ionization
source of choice. The resulting technique is referto as inductively-coupled plasma mass
spectrometry (ICP-MS). Usually three concentriovBoof argon are used in this source: in the
centre a nebulizer is used to spray the analySohition, a second flow of argon is used in a
corona to generate the plasma inside a strongfradieency field, and finally a third argon flow
protects the instrument parts from the high tenpeea reached in the plasma region (up to 10,000
K). When a nebulized sample enters into the plasgi@n, almost all the molecules break down in
their atomic components and many of the atoms ¢oeeelectron becoming single charged ions.
Aided by an electrostatic field and often by theiadion of a vacuum pump, the created ions
follow a beam toward the tip of the sampling comkere a capillary hole allows their entrance into
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the mass spectrometer for mass analysis. The ICR:0lPling results in a powerful elemental
analyzer, very sensitive and capable to cover alralbghe elements of the periodic table. For
many metals and non metals, it reaches partsipientiof the element in the analytical solution.

ICP - MS source

Mass spectrometer

F:mm
T

Exhaust

Figure 5. Schematic representation of an ICP-MS source

2.4.5. Matrix Assisted Laser Desor ption/lonization

Matrix-assisted laser desorption/ionization (MALDM)an ionization technique mainly used with
time-of-flight (TOF) mass spectrometers. Samples @epared as solid solutions, where the
solvent is a substance, named matrix, able toriead by a laser beam. When the solid solution is
irradiated with a pulsed laser beam (in the ultketirange) the heat evaporates small quantities of
the solid and a small part is ionized mainly byrgeatransfer. An electrical field attracts the ions
into the spectrometer.

Polymers and biopolymers are the main substanadgzaa by using this technique, but it can
also be used for the analysis of many organic nubésc inorganic complexes and minerals. Its
characteristic is the softness, and usually omyglsi charged ions are obtained. When combined
with the high resolution of a TOF analyzer, resultsa very good tool to determine molecular
weights with high accuracy.

The solid solution is prepared from a liquid sauatof the matrix in a volatile solvent in which
the sample is also dissolved. A small drop of felratiters of the solution containing the sample
and the matrix is placed on a plate and the liqdtvent is allowed to evaporate (acetonitrile,
methanol, aqueous trifluoroacetic acid...). The teisub small dry spot on which a laser beam is
focused. The more common matrices are 2, 5-dihytenzoic acid(DHB); alpha-cyano-4-
hydroxycinnamic acid; 3,5-dimethoxy-4-hydroxycinriamacid (sinapinic acid); ferulic acid,
picolinic acid, and other molecules with aromatings or conjugated double bonds.

Many of the novel sources being studied nowadagvariants of those described above, while
others are innovative. All these novel sourcesaameed at improving sensitivity, stability and easy
operation.

3. Mass analyzers

The mass analysis of ions in the gas phase is b@sdke interactions of ions with electric and
magnetic fields. Until the 1960s, most of the mapsctrometers were dedicated to physics,
organometallics and organic chemistry and wereasemagnetic sectors. In these spectrometers,
high-resolution conditions were generally achiebganeans of an electrostatic sector. The double-
focusing systems were instruments of larger dinmrssand difficult to use, and were mainly used
in high-level and academic environments. The demaknt of devices based on electrodynamic
fields led to the production of quadrupoles and ipaps of small dimensions and mass
spectrometers became bench-top instruments. Tlasiness of use, as compared to double-
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focusing instruments, and the possibility of inderhg them easily with data systems moved mass
spectrometry to the application labs.

The mass analyzer is the portion of the mass spaeter where charged analyte molecules are
separated based on tim& ratio. In addition to the choice of ionization soe;, many different types
of mass analyzers can be chosen. These includeetiagector, ion trap (IT), quadrupole systems,
TOF and Fourier transform mass analyzers. Each naasdyzer has its advantages and
disadvantages. Here, a description of the currentigt widely employed analyzers is given.

3.1. Time-of-flight

The linear TOF mass analyzer is, from the theaxkpoint of view, the simplest mass analyzer. It
simply consists of an ion source and a detectat,lBtween them is a region under vacuum. It is
based on accelerating a group of ions towards ¢tectbr where all the ions are given the same
amount of energy through an accelerating poteriiatause the ions have the same energy but
different mass, the lighter ions reach the detefitstr because of their greater velocity. As a lesu
ions with differentnvz ratios reach the detector at different times, Whg proportional to the
square root of theimy/z value. The calibration of the time scale with exto then/z value can be
easily obtained by injection of samples of knowrsméstandards of calibration). When compared
to quadrupole (Q) and sector systems, this anatygemot operate in a continuous mode. The main
advantages of this analyzer are its high speedvashelmass range (when analyzing high-molecular
weight compounds such as polymers or biomoleclles; mass analyzers are often employed due
to their virtually unlimited mass range).

In its hybrid configuration, the Q-TOF instrumestdapable of performing MS/MS analysis.
The ions of interest generated in the source, a@lected by the quadrupole mass filter Q1. The
collision takes place in Q2. The product ions arelysed by the TOF analyzer, and thus accurate
masses of the collisionally generated product iass well as their precursors) can be easily
obtained, allowing the determination of their elema¢ composition. The resolution of TOF
instruments can be improved by using a reflectfatay, resolutions up to 20.000 are achieved by
commercial instruments.

With the same aim (MS/MS analysis) modern instrusevith two TOF analyzers (TOF/TOF
configuration) are available.

3.2. Fourier transform ion cyclotron resonance
Fourier transform ion cyclotron resonance (FTICR)aitype of mass analyzer which involves
accelerating ions in a particle accelerator knowncgclotron. The charged particles move in
circular paths perpendicular to a uniform magnfitild at a characteristic frequency known as the
cyclotron frequency, which is dependent on ittie ratio. Pulsed radiofrequency (RF) radiation is
used to excite ions to paths of larger radius amlradiation causes them to move in phase, which
creates an image current. A Fourier transformeés timployed to obtain oscillation frequencies for
ions with different masses, resulting in an aceunaading of theimyz ratio and high-mass
resolution. The FTICR analyzer differs from othénds of mass analyzers in that ions are not
separated prior to detection. Thus, the differensiare not detected in different places as sector
instruments or at different times as in TOF insteats, but all ions are detected simultaneously
over a given period of time. This technique offeesy high resolution (up to 100.000) that can be
increased (up to 1.000.000) by increasing the ntagrield strength of the magnet or by
increasing the detection duration. It is importémtnote that a signal is generated only by the
coherent motion of an ion under ultra-high vacud®'t-10° Torr) and that the signal has to be
measured for a minimum time (from 500 ms to 1sprovide high resolution. This could be a
drawback, if compared to TOF systems, in orderdopte them with ultra-performance liquid
chromatography (UPLC) systems.

Nowadays, some hybrid instruments using this teldgyosuch as the Orbitrap are available.
These instruments allow M®xperiments to be performed previous to the FTM&yaer, thus
providing ultra-high resolution and accurate maas dboth in precursor and in product ions.
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3.3. Quadrupole mass filter

Quadrupole mass analyzers are still the most commmass analyzers in existence today. In the
quadrupole mass filter, the application of a pattic combination of DC and RF voltages to four
parallel metal rods creates a filtering device tigito which only ions of a definez value are
transmitted. Changing the ratio of the voltagesngea themyz value of the ion that is passed
through the detector. The quadrupole mass filter @iso be operated in other modes, such as
passing a mass range of ions through the detdttmly the rf portion of the voltage is applied to
the rods, essentially all ions are passed throaglthé detectorQuadrupole instruments can
typically resolve ions that differ by one mass uklexapole and octapole ion guides have also
been devised, and they operate under similar plesi Quadrupoles offer three main advantages:
they tolerate relatively high pressures, they hsigmificant mass range with the capability of
analyzing up to amvz of 4000 and they are relatively low cost instrutseifhe triple quadrupole
mass spectrometer consists of three quadrupolesectad in tandem. The first and third
guadrupoles act as mass filters, while the secaratrgpole (non-mass filtering) serves as a
collision chamber. In this way, tandem mass spewtoy can be accomplished through different
MS/MS experiments: the product ion scan (whereptiogluct ions from a precursor were scanned),
the precursor ion scan (where one examines alh@fprecursor ions capable of fragmenting to
produce a particular product ion), the neutral lssn (that involves looking at pairs of precursor
and product ions that differ by a defined constanttral loss) and the selected reaction monitoring
(SRM). This one is the most sensitive mode andistsm& simultaneously monitoring multiple
precursor-product ion pairs.

3.4. Quadrupole lon trap analyzer

The difference with a quadrupole is that ions, eatinan passing through a quadrupole analyzer
with a superimposed radio frequency field are tempp a radio frequency field. An ion trap
analyzer consists of two hyperbolic endcap eleesoahd a ring electrode into a compact device
that serves as mass analyzer. The motion of theiimuced by the electric field of the ions allows
them to be trapped or ejected from the ion traphé normal mode, the radio frequency is scanned
to resonantly excite and, therefore, eject ionsugh small holes in the endcap to the detector. As
the RF is scanned to higher frequencies, higherionz are excited, ejected and detected. A very
useful feature in ion traps is that it is posstilésolate one ion species by ejecting the reshfitwe
trap. The isolated ions can be fragmented by cofied activation and the fragments detected. As a
result, quadrupole ion traps have been used il dpflications. The advantages of quadrupole ion
traps include the possibility of performing LC-MS&VIn real time, their compact size and their
ability to trap and accumulate ions to provide @idvaon signal.

3.5. Linear lon Trap

The linear ion trap differs from the 3D ion trapisonfines ions along the axis of a quadrupole
mass analyzer using a two dimensional (2D) RF figlth potentials applied to end electrodes. It
has a greater dynamic range and an improved qatiwditrange of quantitative analysis if
compared to the 3D trap.

3.6. Double-Focusing Magnetic Sector

In the double-focusing magnetic sector, ions apelacated into a magnetic field using an electric
field. A charged patrticle traveling through a maiméeld will travel in a circular motion with a
radius that depends on the speed of the ion, tigmetia field strength and the iomdz ratio. To
increase the drawback of its low resolution, amtebstatic analyzer is added to focus the ions but
this technique results in a decrease in sensitiVibese are called double-sector instruments and
are used with ESI, FAB and El ionization. Howevidrey are not widely used today mainly
because of their large size and the success of @i@erupole and FTMS analyzers.
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Abstract. This article briefly describes the possible configurations of the gas

chromatography- mass spectrometry (GC/MS) technology available at the
CCiTUB. Some developed examples of different applications are shown.
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1. Introduction

The technology of gas chromatography-mass spectrgr{t@C/MS) combines the fine separating
power of GC (complex mixtures of hundredths of compuds) with the two main competences of
MS:

e Powerful detection

e Strong capacity of unknown identification

The applied GC/MS unit of the Scientific and Tedogical Centers has the ability to select,
practice and develop the different appropriatechods of extraction, clean-up, concentration and
derivatization of organic compounds in a greatatgriof natural and synthetic samples, from
mineral to biological world in order to analyze tpespared extracts by GC/MS towards the
process of identifying and guantifying the extraabeganic compounds.

Method developments and subsequent validation vimtig the International Conference of
Harmonization (ICH) guidelines are also perforniettiéy are required.

2. Methodology

Several GC/MS systems with capillary column sepamaand different ionization methods are
available in the Unit. These systems are summaiizédble 1.

Table 1. Summary of the different GC/MS systems availablthe CCiTUB

I onization method Analyzer
Electron ionization (EI) Quadrupol Mass Filter laap Quadrupol
Positive chemical ionization (PCl) Quadrupol MagdteF
Negative chem. ion. (NCI) Quadrupol Mass Filter

The detection in the Quadrupol mass filter MS unsients can be performed in scan or single-
ion monitoring (SIM) mode. In the scan mode, a H@eL mass range is scanned at regular
intervals during the chromatographic process aoredtin the data system. This mode provides
reproducible mass fragmentation patterns thatrmaigi the mass spectra. With this information it is
often possible to identify the GC separated unknas@mpounds. There are some spectral
databases (commercial libraries) that assist tladysinin the process of identification. In spite of
this, experienced analysts are required and camdiliecare must be exercised in interpreting the
results of such comparisons. The identifying preaas be assisted by the additional measurement
of the retention index for each peak eluted andhtifization is also possible by integration of the
different ion peaks present in the chromatogramgusiternal and/or external standards.

With the MS ability of the ion trap analyzer, the possibilitydetect an unknown in a complex
mixture is enhanced and this tandem mode alsoges\additional structural information to help in
the identifying process.

According to the nature of the sample and the ilityabf compounds to be analyzed, some
different sample introduction systems can be agplie

e Static Head Space (HS)

e Solid phase microextraction (SPME)
e Thermal desorption (TD)

« Direct liquid/gas injection

A summary of the different sample introduction sys¢ used for volatile and semivolatile
compounds is given in Table 2.
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Table 2. Summary of the different sample introduction systdor volatile (VOC) and
semivolative (SVOCs) compounds

Compound Sampling
VOCs HS| TD| SPME| Direct
SVOCs Direct | SPME

Volatile compounds (VOCSs): This group includes Iowlecular weight compounds (ca < 250
uma) with high-vapour pressures and low-to-mediuatewsolubilities. Some of them have natural
origin but the majority is anthropogenic, which areed and produced in the manufacture of
cleansers, paints, adhesives, plastics, pharmaabytrefrigerants, etc. They often are compounds
of fuels, solvents, lubricants, paint thinners agi-cleaning agents commonly used in urban
settings. Most of them cause environmental problangsare potential carcinogens, and therefore,
their control becomes obligatory and regulated.

Semivolatile compounds (SVOCs): There are orgaompounds with molecular weights up
1000 amu, which may vaporize when exposed to tesyness above room temperature (usually
with a boiling point >100°C). In this group, sont@mpounds such as common pesticides (OC'’s,
OP’s, triazines), persistent pollutants (phthalatesiylphenols, PCBs, PAHS), neutral lipids, small
metabolites, aliphatic and aromatic hydrocarborgrances, essential oils and relatively non-polar
drugs are analyzed in different matrices. In otdencrease the volatility of compounds containing
polar functional groups (-OH, -COOH, -NHetc.), chemical derivatizations, e.g. silyl datives
for alcohols and amines, methyl esters, transtetifin, are often employed in order to extend the
range of suitable analytes to such compounds asidde polar drugs, polar lipids, organic acids,
and aminoacids.

3. Examples of applications

3.1. Authentication analysis of personnel camapcts

In order to detect differences between two similammercial deodorant spray samples (original
branded and imitation), the analysis of volatilgastic compounds was performed. The obtained
results revealed multiple coincident compoundsdthlsamples but the synthetic musk galaxolide
(1,3,4,6,7,8-Hexahydro-4-6-6-7-8-8-hexamethyl cpelata-[g]-2-benzopyran) was only detected
in the original spray. However, in the imitationrngae, high amount of ethanol was found and
floropal (2,4,6-Trimethyl-4-phenyl-1,3-dioxane) wdstected instead of the polycyclic musk. The
GC/MS ability to filter specific ions permitted tietect this 1,3-dioxane odorant which coeluted
with a menthol derivative. The different chromatogs and mass spectra obtained in this example
are shown in Figs. 1-5.
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Figure 1. Comparison of the chromatograms correspondinigg@riginal and defective samples
obtained by HS-GC/MS on a DB-624 column. Note: Gtieh between p-menth-1-en-8-ol acetate
and floropal (only in sample 2).
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The original deodorant could be distinguished fiitva copy with the GC-MS technique. Even
in the case of a coelution, it was possible to fiifterences between both samples.

3.2. Odour markers in food containers

In order to detect some odour markers in defedtiveontainers, samples were analyzed by head-
space gas-chromatography mass spectrometry (HS-§C/Me VOCs chromatograms revealed

some significant quantitative differences betwednamk sample (correct) and an odorant sample
(defective). In the latter sample, higher conceiung of chlorinated compounds and phenol were
detected. These compounds could be responsibtedampleasant odour (see Fig. 6)
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Figure 6. Comparison of the chromatographic profiles coresing to the original and defective
samples obtained by HS-GC/MS on a DB-624 column
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3.3. Biomarkers in archaeological residues

Lipid biomarkers extraction and analysis of cookimgres residues (5th century AD) from Sa
Mesquida (Mallorca, Spain) were performed by GC/M&e origin of food contained in the
archaeological ceramics could be distinguished filearfatty acids profile (Pecci) .
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Figure 7. Chromatograms corresponding to a different tapéd lextract samples. The fatty acids
profile in sample A, where the saturated acidschrarly dominant, suggests an animal fat trace. In
contrast, the fatty acids pattern showed in safB@aggests that a vegetal fat origin as

unsaturated acids is relevant.

3.4. Determination of fenthion in liver samplesq®1S' example)

Fenthion is an organophosphorous (OPs) pesticideegiilatory concern for health and safety
problems due to its lipophilic properties and ladggree of persistence in the environment. One of
the most important organophosphorous compoundsioeads water hydrolysis. Moreover, OPs
inhibit the phosphorylate esterases, particuldily ¢énzyme acetylcholinestarase, thus causing an
accumulation of the neurotransmitter acetylcolin@ther effects are mutagenicity and
carcinogenicity as well as specific organ toxi¢ayheart, liver, kidney and other organs.

For this compound, extraction and clean-up procesiare long and generally involve several
steps (e.g. extraction, GPC and SPE clean-up),hwddn imply systematic losses and consequent
inaccuracy(Russo et al., 2002). lon trap tandem mass spectinpiisea useful approach to reduce
clean-up steps in such a complex matrix. Usingtéghnique, analysis of fenthion in liver samples
can be achieved with a simple extraction (Figs1B-1
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Figure 8. Fenthion mass spectrum (EI) obtained in an igm arzalyzer from a 2 ppm standard

solution

In a liver sample, a coelution at 25.98 min is obsé due to palmitic acid present in the liver.

RT: 23.62-28.11

NL:

13 . . . 1.69E8
25.98
» Liver with fenthion TCF +cFul
ms
11 [50.00-550.00]
1 a) Full scan MS 24031106
o 9
e
&8
c
57
<
o 6
2
3 5
&
4
3
2
26,67 26.89 27.24  27.88 28.02
! 2396 2429 2483 T
0 NL:
13 3.50E4
12 2 26.25 TIC F: +c SRM
b) MS"m/z 278->m/z 245 ms2
11 ) / 9 / 278.00@cid1.1
4
10 [244.00-246.00]
9 MS 24031106
8
’ |
6
5
4 \
3 | ‘
‘ |
2 |
|
19 2389 2416 2447 2491 2526 2543 2583 2603 | | 26.42 2717 2734 2781 2809
L0 e L s e e e e s e e e e s e e s s ) s s e s
24.0 245 250 255 260 265 270 275 280
Time (min)
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Signal to noise ratio observed for SRM from 27246 amu is better than that observed for the

278 mass chromatogram.

RT: 22.26 - 30.94

g 26.25 NL:
100 4.93E4
7 Mass chromatogram e
07 m/z278 277.50-278.50
] F: +c Full ms
807 [50.00-550.00]
E MS 24031106
o 70—
g 4
e
S 607
S 1 28.62
& 50
R 28.76
T 4047
E 3
304 28.82
7 28.50
204 28.30 2038
& 26.59 27.17 30.26 30.81
100 2275 4345 2795
o
26.25 NL:
1005 4.05E3
- 2 .
909 MS°m/z278->m/z 245 Eng' +C SRM
] 278.00@cid1.1
80— 4 @
3 [244.00-246.00]
70 MS 24031106
60
50
40—
307
20
10

23.00 2389 2416 2521 2543 26.03

26.42 2734 2824

28.32 2923 2959 30.25 30.86

Time (min)

Figure1l. Mass chromatogram m/z 278 and SRM from 278 toe216.



ChT.6

Gas Chromatography - Mass Spectrometry

3.5. GC-MS Structural Characterization of polyesfroduced from Linseed Oil B/ aeruginosa
42A2

Poly[3-hydroxyalcanoates] (PHAs) are optically eetipolyesters. The PHA synthesized by
numerous bacteria are high-molecular weight polgnvenich form intracellular inclusion bodies
such as carbon and energy reservoir. These polyanerenvironmentally friendly, biodegradable
and may become an alternative for biocompatibleerias. The native polymer has a random
composition of monomers ranging from C6 to C14 vid@% of the alkyl side chains exhibiting
unsaturation at C12 and C14 alkyl side chains.rateg)y for the study of the nature of these PHA
by GC/MS has been developed in our Unit. Biodedoldaolymer was extracted from lyophily
zed cells with CHGland after purification (MeOH precipitation) wasdnglyzed (CHCJ, H,SO,,
MeOH, 100C, 3h) in order to obtain the monomerby@roxy-methylesters). The monomers were
silylated and characterized by GC-MS (see Figsl4)R2-
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Figure 11. lon Chromatogram (TIC) of the trimethylsilyl desiwes of (3-hydroxy-methyl
esters) monomers.
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Abstract. In this article, selected examples of applications of liquid
chromatography coupled to mass spectrometry are given. The examples include
the analysis of i) impurities in manufactured, pharmaceutical or synthesis
products, ii) polyphenols in natural products, and iii) phytohormones in plant
extracts. Finally, examples of applications of molecular characterization via flow
injection analysis by electron spray ionization mass spectrometry (ESI-MS) are
also given.
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1. Infroduction

Liquid Chromatography — Mass Spectrometry (LC-MS)ihyphenated analytical tool that has
become popular from the middle nineties of the tyweentury. It is a relatively young technique
that has evolved quickly reaching a wide range mgliaations, from inorganics to biological
macromolecules. The advantage of LC-MS is thatvalatile molecules of interest can be studied
without the need of derivatization reactions, mglkaéasiest the sample preparation.

Some of the applications performed in our units e following: analyses of molecules
involved in animal/vegetal metabolism (natural enabiotics), analyses of impurities in products
from synthesis (fine chemicals/biochemicals), asedy of degradation products and
biotransformations, analyses of natural productdiggidants, new drugs, industrial products),
analysis for bromatolgy (additives, organolepticdfiers), toxicological and forensic analyses
(natural toxins, toxical additives, preservatives)plecular weight determinations, structural
studies of unknown molecules, among many othelicatjons.

2. Methodology

The available instruments in our Units allow usus®e chromatographs and spectrometers from
different brands, with diverse capabilities. Maggedrometers fitted with different ionization
sources such as electron spray ionization (EStHpgpheric pressure chemical ionization (APCI),
atmospheric pressure photoionization (APPI) antediht kind of mass analyzers such as single
quadrupole (Q), triple quadrupole (QQQ), ion tré,(orbitrap (OT), and time of flight (TOF) are
available. This combination of techniques makegassible to work using a wide variety of
experiments, namely LC-MS, LC-MS/MS, LC-MJSLC-HRMS, etc. being LC any of the
following modes of work: gel permeation chromatgima (GPC), high-performance liquid
chromatography (HPLC), ultra-high-performance lejwhromatography (UHPLC) and flow-
injection analysis (FIA). As a result, a wide véyief analytical problems can be addressed using
our facility. The basis of the above mentioned megssctrometry techniques has been described
elsewhere in this Handbook.

In the following, examples of applications of diéat LC-MS techniques are given.

3. HPLC-HRMS for identification of impurities in chemical products

Several strategies for drug impurity profiling haleen reported in the literature, all of them
stressing the importance of qualitative data froyphenated chromatography-mass spectrometry
like HPLC-MS. Among the different analyzers, th@seviding high-resolution such as TOFs and
Fourier transform mass spectrometers would be ribruiments of choice. Hybrid instruments
(such as Q-g-TOF or IT-FTMS) can produce high quaiS/MS spectra including high-resolution
data for the determination of molecular formulaetiBsingle MS and MS/MS experiments can be
performed at good accuracy and high resolution.

Typically, our approach involves the installatidnacsuitable HPLC method or modification of
an existing method for use with volatile bufferattare compatible with a mass spectrometer. The
goal is to assure adequate separation of the actyredient and the impurity or degradation
product(s). Normally, the analyses are done in RT0D LTQ-Orbitrap mass spectrometers that
allow the obtention of some formulae for the impas of interest. Once separation is achieved, we
obtain the full scan and MS/MS spectra of the pot@) of interest. This approach helps us to
develop a relational understanding of moleculaucitre to mass spectrometric fragmentation
patterns, which then are used to identify putasitractures. The customer report will include the
ultra-violet (UV) chromatograms, the trace massonfatograms, the mass spectra obtained at
resolution between 10.000 and 30.000 (if desirgdtai100.000) and if possible, the MS/MS
spectra. In addition, if the customer gives us fpbsselements, we can also include possible
empirical formulae with the associated error (alsvdhelow 2 mbDa) that could help in the
interpretation of results.
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In the example of Fig. 1 we can see the UV chrograio (Fig 1A), the total ion current (TIC)
(Fig 1B) and the trace mass chromatogram (Fig 1¢C D) for the two impurities scope of the
work (those at 4.04 and 4.22 min in the UV chrorgedm). The high-resolution mass spectrum
allows the clear identification of double-charggeedes in impurity at 4.22 min as it can be seen in
Fig. 1G where 0.5 Da spaced ions are observedhybed instrument IT-FTMS allows the MS
and MS spectra to be acquired (Fig. 1H and 11). A lissofe empirical formulae is obtained for
all the fragments with errors between 0.5 and ZD&m

4. Characterization of polyphenols in natural products by HPLC-MS/MS
in a friple quadrupole instrument and by HPLC-HRMS in an IT-FTMS
instrument

In the HPLC-MS laboratory of the CCiTUB, we havéasge experience in the characterization of
polyphenols and related substances in natural ptedsuch as apples, artichokes, plants, beer,
cocoa, wine, et Identification of phenolic composima food matrices is a complex task, compared
to the identification of enriched supplements args; due to the wide variety of structures present
in nature and the lack of standard polyphenols cerially available. During several years the
characterization of phenolic compounds was donagusiiple quadrupole instruments through
MS/MS experiments such as Product lon Scan, Preclos Scan and Neutral Loss Scan. The full
scan in quadrupole instruments shows a poor sigrabise ratio but the MS/MS experiments such
as precursor or neutral loss allow the screeninfawfilies of polyphenols. Figure 2 shows an
example of the use of a triple quadrupole for ctigrézation of the polyphenolic profile in
artichokes [1]. Here, we can see the ability of grecursor ion experiment to clarify the
chromatogram and facilitate the screening of comgdedamily (Fig 2A versus Fig 2C).

The arrival of HRMS instruments has improved thkdoan experiments and, moreover, it has
facilitated the identification and confirmation kasthrough the generation of empirical formulae
with a very good mass accuracy. In this example,dmaracterization of polyphenols in tomato
samples is presented using both triple quadrupadd B-FTMS instruments [2].

ChT.7
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Figure 1. A) UV chromatogram; B) TIC; C) and D) trace chromatogram for each impurity. E) Mass
spectrum for impurity at 4.04 min and F) Mass spectrum for impurity at 4.22 min. G) Enlargement
of mass spectrum for impurity at 4.22 min. H) MS? spectrum for impurity at 4.04 min and I) for
impurity at 4.22 min. J) Enlargement of mass spectrum on H.
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Figure 2. TIC, trace chromatograms and mass spectra comdsp to the analysis of the
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Figure 3. Identification of phloridzin-C-diglycoside in tato samples [2].

The main advantage of the triple quadrupole isasability of prescreen several compounds in a
few experiments of, for instance, neutral loss sebri62 (for hexosides). The use of HRMS
instruments gives the error in the determinationhef mass accuracy in both parent and product
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ions. Figure 2 shows the identification ofCadiglycoside through MSexperiments in an IT-
FTMS instrument.

In conclusion, the use of the LTQ-Orbitrap has beriial for the structural determination of
unknown compounds that could not be identifiednia triple quadrupole system, probably due to
their low concentration (see Table 1).

Table 1. List of compounds identified in tomato samplefs [2

Tt

Compound (min) [M-H] MS/MS ions (% intensities) NL PI Acc. mass mDa MF
Gallic acid 0.97 169 169 (55), 125(100) 169.0142 0.28 (&
Protocatechuic acid 2.08 153 153 (30), 109 (100) 153.0193 0.11 G
Caffeic acid-O-hexoside 1 298 341 341(25), 179 (100), 135 (10) 162 179 341.0877 0.12 C
Caffeic acid-O-hexoside 2 3.29 341 341(25), 179 (100), 135 (10) 162 179 341.0877 0.10 G
Neochlorogenic acid (3-caffeoylquinic acid) 3.36 353 191 (100), 179 (80),135 (45) 162 353.0877 0.02 Cye
Caffeic acid-O-hexoside 3 4.39 341 341(25), 179 (100), 135 (10) 162 179 341.0877 0.09 C
Homovanillic acid-O-hexoside 497 343 181 (100), 137 (20), 121 (5) 162 343.1034 0.07 (e
Feruoylquinic acid-O-hexoside 556 529 529 (100), 367 (25), 191 (10) 0.21 Cosl
Ferulic acid-O-hexoside 578 355 355(40), 193 (100), 178 (30) 162 0.04 Ci6
Caffeic acid-O-hexoside 4 5.80 341 341(25), 179 (100), 135 (10) 162 179 : 0.12 Ci5
Coumaric acid-O-hexoside 641 325 325 (70), 187 (40), 163(100) 325.0928 0.95 Cy5
Caffeic acid 6.85 179 179 (40), 135 (100) 179.0349 0.34 Cy
Chlorogenic acid (5-caffeoylquinic acid) 7.15 353 191 (100), 179 (<5) 162 353.0877 0.03 Cgl
Cryptochlorogenic acid (4- caffeoylquinic acid) 8.28 353 191 (40), 179 (70), 173 (100), 135 (25) 162 5 0.02 (e
Naringenin-O-dihexoside 1 853 595 595 (20), 433 (100), 271 (30) 162 0.33 C,
Rutin-O-hexoside-pentoside 8.64 903" 741 (100), 609 (70), 300 (100)° 0.58 C
Naringenin-O-dihexoside 2 8.89 595 595 (20), 433 (100), 271 (30) 162 595.1665 0.30 C 15
Rutin-O-hexoside 897 771 771 (100), 609 (50) 301 771.1989 0.42 Ca3HygOsy
Naringenin-C-diglycoside 9.01 595 595 (100), 475 (30), 385 (45), 355 (30) 595.1667 0.13 CyH305
Coumaroylquinic acid 9.28 337 191 (100), 163 (10) 337.0930 0.13 CigHigOs
Ferulic acid 9.56 193 193 (20), 178 (70), 149 (20), 134 (100) 193.0506 041 CioH 1004
Kaempferol-O-rutinoside-hexoside 9.72 755° 593 (100), 285 (5)° 755.2039 0.40 C33Hy00s0
Naringenin-O-hexoside 1 10.11 433 433 (45), 271 (100) 162 433.1140 0.10 C21H2040
Phloridzin-C-diglycoside 10.37 759 741 (20), 669 (30), 639 (80), 621 (20), 759.2346 0.70 C33HuOz0
579 (60), 549 (100), 519 (65) '
Naringenin-O-hexoside 2 10.57 433 433 (45), 271 (100) 162 433.1140 0.08
Rutin-O-pentoside 10.93 741 609 (60), 300 (100) 132 301 741.1883 0.85
Rutin(quercetin 3-O-rhamnosyl-glucoside) 11.16 609 609 (100), 300 (50) 301 609.1460 0.49
Phloretin-C-diglycoside 1125 597 597 (30), 477 (50),417 (40) 387 (90), 357 (100) 597.1819 0.10
Kaempferol-3-O-rutinoside 11.35 593 593 (100), 285 (80) 593.1511 0.58
Prunin (Naringenin-7-O-glucoside) 1145 433 5 (100) 162 433.1140 0.10
Eriodictyol-O-hexoside 11.50 449 (100), 151 (30) 162 449.1089 0.12
Dicaffeoylquinic acid 1 11.52 515 (50), 191 (100) 162 515.1194 0.03
Dicaffeoylquinic acid 2 11.62 515 (50), 191 (100) 162 5151194 0.02
Naringenin-O-hexoside 3 11.64 433 433 (45), 271 (100) 162 433.1140 0.09 CaiH2040
O-acetylprunin 11.68 475 433 (15), 271 (100) 4751245 0.07 Ca3Ha40yy
Kaempferol-3-O-glucoside 11.76 147 447(100), 285 (20) 162 447.0932 0.14 Ca1H2001
Naringenin 12.07 271 271 (100), 177 (20), 151(100), 119 (30) 271.0611 0.03 Cy5H,,05
Quercetin 13.63 301 301(60), 151(100) 301.0353 0.15 Cy5H100;

Comparison with standard.
rt, retention time; NL, neutral loss; PI, precursor ion scan; Acc. mass, accurate mass; MF, molecular formula; mDa, millidaltons of error between the mass found and the accurate mass of each polyphenol
*MS? of 903 and MS? of 741

5. Quantitation of phytohormones in plant extracts by HPLC-ESI-MS/MS

The main applications in the HPLC-MS laboratorntted CCiTUB involve quantification of small
molecules in different kind of samples as mentiometthe introduction. We analyse, for instance,
plant extracts after a simple extraction (acetoat#wacetic acid (80:19:1, v/v)) by vortex,
centrifugation and filtration. The most valid apach that guarantees an equal efficiency of
extraction of both the analyte and the internahdsad and it also compensates the non-specific
matrix effects caused by co-eluting componenthésviell-known isotopic dilution method. This
method is based on the addition of deuterium-labéhernal standards to the extract. In this
example [3], we useds andds deuterium-labeled standards for abscisic acid (ABAd absicisic
acid-glucose ester (ABA-GE) respectively. A madtedince of 4 Da between the compound and
the analogue deuterated avoids the need to cdareaverlap between theC isotopic peaks of the
former and the monoisotopic peak of the latter yriiC—-MS—-MRM (multiple reaction
monitoring). The quality parameters of the methbdveed LODs between 1 and 7 ng fw. The
high specificity of the MRM acquisition mode alloveis to obtain clean chromatograms from
non-purified crude plant extracts, thus avoidingglble interferences to the analysis. This can be
seenin Fig. 4, which shows the trace chromatogra
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Figure 4. Trace chromatograms @Qistus Albidus plant. A) January sample and B) August sample
(stressed). The peaks corresponding to MRM tramsitare: (1) ABA-GE (425/263), (2) d5-ABA-
GE (430/268), (3) ABA (263/153) and (4) d6-ABA (2699) [3].

6. Molecular Characterization by ESI

The ESI method enables a wide variety of analysis @ its characteristic softness ionization
process, as we have seen in the case of charatininf organic compounds by LC/MS. But the
field of applications ranges from small organicfgenic compounds to biomolecules (Proteins,
DNA, RNA). The use of the LC/MS version, or byatit infusion of the compounds to the source,
has become one of the principal methods to studysthucture of biomolecules (studies of the
primary, secondary, tertiary and quaternary stm@dtunon-covalent complexes such as metal-
binding proteins and organometallic compounds, ajathers.
The two examples below show some of the above owedi applications.

6.1. ESI-MS Analysis of Non covalent complexes:ddpbin—heme complex
There are several instrumental methods that haee beplied to the study of macromolecular
interactions such as circular dichroism, light saratg, fluorescence, or calorimetry.The softness
of ESI preserves higher order protein structurth@éngas phase, which makes this technique very
useful for the study of noncovalent interactionslsluas protein-protein and protein-ligand
interactions. The high-resolution capabilitiesiué einalyzers also enable charge state identificatio
for the multiple charged species of many compowrdduced in the ionization processes. For the
high-molecular weight compounds like biomoleculesy powerful deconvoluting softwares (Max
Entropy) can help in their characterization.

Figure 5 illustrates the presence of the Myogldi@me complex characterized by ESI/MS.

6.2. ESI-MS Analysis of Pt(l)-Complexes:

Organometallic compounds such as Palladium andnBfatderivatives are becoming of great

interest due to their numerous applications in maelds such as organic synthesis, design of
biologically active compounds and others. Char&adon of the new compounds is made by

several techniques including Elemental Analysisclblar Magnetic Resonance (NMR) and ESI.

The characteristics of the latter method, with itherovement of mass analyzers so as to obtain
better resolution, accuracy (< 5 ppm) and reprdullityi, enable accurate mass measurements for
molecular formula generation and Isotope Patterterdenation, facilitating identification of
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compounds in complex mixtures. Structural informattan be obtained for isolated compounds by
in-source fragmentation, with the same resolutiod accuracy of mass measurements than those
obtained by MS/MS experiments.

Figure 6 shows spectra that illustrate the charaet#®n of the Pt organometallic compouad
(C33H28NPPLCIBY).
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Abstract. This article summarizes the configurations involving isotope ratio mass
spectrometry (IRMS) technology available at the CCiTUB and the wide range of
possible applications. Some examples of these applications are shown.
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1. Introduction

The natural abundances of stable isotopes for awey gelement are not constant in nature due to a
great variety of physical and chemical fractionatjrocesses that constantly occur. The isotope
ratio mass spectrometry (IRMS) is a technology #ilatvs us to measure these small variations in
isotopic abundances of the major light elementsature (H, C, N, O, S) with high precision.

2. Methodology

An isotope ratio mass spectrometer consists oéthrain parts:
« Electronic ionization source (high stability aneli of ionization)
« Magnetic field analyzer (effective separation dfedient ion beams)
e Multiple Faraday cups detector (robust collectibthe specific ions)

Gas sample introduction can be performed diregtlyneans of dual inlet (DI) systems or via an
additional hyphenated technique, referred to agirmoous flow (CF) systems, through a carrier
gas, e.g. chromatography, elemental analysis, ysimIBoth systems are available at the Scientific
and Technological Centers of the University of Béoa, comprising several isotope ratio mass
spectrometers with different sample preparationagsv These peripherals are carbonate device,
equilibration-GC system (gas bench, GB), elemeatwlyzers (EA), pyrolyzers (TC/EA), gas
chromatographs (GC) and liquid chromatograph (LC).

Such variety of configurations allows a full rangeapplications in different areas:

« Life and Earth sciences (physiology, ecology, hialyp, climate, marine geosciences,

biogeochemistry)

* Health sciences (biochemistry, metabolism, physgiplautrition)

» Forensic science

e Archaeology

The different applications comprise the analysisarhples of natural isotopic composition and
low level of enrichment (up to 2-3% heavy isotop&here isotopes can be used as tracers of
metabolic and fluxomic pathways.

In our laboratories we have implemented severatimeumeasurements for specific type of
samples, covering inorganic and organic fieldse $table isotope analyses that we perform in our
laboratories are shown in Table 1.

3. Examples of applications

3.1. DI-IRMS. Carbonate analysis in foraminifera.

Foraminifera have been distributed widely in theast from the Cambrian period to the present.
Their hard shells, mainly consisting in Cag@re often preserved within seafloor sediment as
microfossils. The analysis of their stable carbnd exygen isotopic compositions*{C ands*?0)

is useful because these parameters are paleoindicaft the paleoenvironment at the time when
they were alive.

To analyse the stable isotopic composition of fargferal shells, more than 20 micrograms of
CaCQ are needed. In order to obtain a reliable reghk, weight of samples and reference
materials should be similar. This is why sampleswaeighted prior to be transferred to a reaction
tube, which is placed in the automatic carbonatécdefeed system. The carbonate device works
according to the McCrea method (McCrea, 1950). Tishod releases G@&rom the CaC@and
the gas flows into the IRMS (see Fig. 1).
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Table 1. Stable isotope analyses performed at the CCiTUBdnyg different IRMS configurations

Technique | 3"°C 3D 3N [ O] d*s
DI-IRMS Carbonate Carbonate
microsamples microsamples
GB-IRMS CO, from air Water samples Water samples
DIC in water CO, from air
samples
EA-IRMS Solid and liquid| Solid and liquid| Solid and liquid| Solid and liquid| Solid and
TC/EA- bulk material bulk material bulk material bulk material liquid bulk
IRMS material
GC-IRMS | Specific Organic| Specific Organic, Nitrogenated
compounds compounds organic
(VOCs and| (VOCs and| compounds
SVOCs) SVOCs)
LC-IRMS Water soluble
organic
compounds (tota
extract and
compound
specific)
Age (Ka)
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Figure 1. Example of

isotope records in an oceanic

core (Ferretti et al, 2010).
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3.2. CF-IRMS

At our IRMS facilities, several methodologies hdneen developed in CF-IRMS. Some of them are
focused to environmental applications as the stiablepes signatures contribute to the knowledge
of the origin and fate of specific pollutants foundlifferent areas. Moreover, the isotopic analyse
contribute to control the natural or induced degtimh processes (remediation). Other applications
are related to metabolism and physiology, wherblstesotopes are used as tracers of different
processes.

3.2.1. 0N and "0 of dissolved nitratesin waters.
The analysis of the isotopic composition of thesiamvolved in the denitrification reactions allow
us to determine which processes control the nastitehuation (Otero et al., 2007).

In this example sample preparation is as followsr Ehe §°Nyos and §'%0yo; analysis,
dissolved nitrates are concentrated using aniohasnge columns, after extracting the sulphates
and phosphates by precipitation. Afterwards, digsblnitrates are eluted with HCI and converted
to AgNG; by adding silver oxide. The liophilised AQN@ enclosed in a Sn and/or Ag capsule for
the subsequent®N and/or5'®0 analysis by EA-IRMS and/or EA/TC-IRMS.

The isotopic value$™N vs. 5°0 of dissolved N@ found in different sampling sites of a
regional area near Barcelona (Spain) are shownigr2.FThe isotopic composition of nitrates
indicates that dissolved nitrate is mainly derifien pig manure ammonium which is nitrified at
the aerobic zone. It is worth noting that #1€0y 03 indicates that nitrate is derived from fertiliser
NH,4, which has been nitrified. There is no evidencehaf contribution of “direct” nitrate from
fertilisers. Samples show a coupled increas¥ M and3'®0yos, with a slope 2:1. This correlation
indicates the existence of denitrification procesgealmost one third of the samples.

o Zone l @ Zone 2 O Zone 3
25
L ~Fertilisers
NO,
20 - %
£ % " o
U 7] )
S % %
! Q,
O 10 ¥
: B %0d O
o Nitification S 3
of fertilisers
5 - NH,
|
; <> e
¥ | Nitrification of 42 Volat_lllzatlon
O T 1 p\lg manure NH“ T T T
0 5 10 15 20 25 30 35 40

3N - NO3 (loo)

Figure 2. Isotopic value$™N vs.5'%0 of dissolved N@found in different sampling sites of a
regional area near Barcelona (Spai#jtrows indicate the isotopic changes linked todtiterent
processes.

3.2.2. Compound specific carbon isotope analysis of volatile organic compounds

Using head space-solid phase microextraction (CAIRAB fiber) as a preconcentration technique,
it is possible to detect trace levels (LOQ <10 ugfl halogenated and non-halogenated volatile
compounds and analyze its isotopic composition wittimum precision (J.Palaial., 2007)
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As in-situ chemical oxidation has emerged as arecéffe and low-cost method for
contaminated groundwater remediation, analysit®fvariation of the isotopic composition of the
halogenated contaminants during different oxidationditions was performed in order to evaluate
them as a potential tool to monitor the performaontehe oxidative processes applied. The
observed trend in the isotopic valuesdiC allowed the quantification of the enrichment fact
using Rayleigh equation (see Figs. 3 and 4).
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3.2.3. Study of **C and "N isotopic labeling on amino acids in plants by GC/C/IRMS

We have developed a methodology that allows thectieh and quantification of both unlabelled
and isotopically labeled amino acids so that it barapplied in a broad range of metabolomic and
fluxomic studies in which stables isotopes candeias a tracers (G. Molero et al., 2011). Typical
results are shown in Figs. 5 and 6.
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Figure5. GC/C/IRMS chromatogram obtained from a mixtur@amwinoacids (MTBDMS-
derivatives) on a PT-5 column
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Figure 7. Comparison betweed°N values obtained by EA-IRMS and GC-C-IRMS
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A good linearity correlation ¢ 0,99) was observed betwedhN signature values (n= 28)
obtained by EA-IRMSvs. GC-C-IRMS of four amino acids (Ala, Phe, Asp, Glignging from
natural to enriched (up to 300 per mil) isotopicmpmsition. As a result, the developed

methodology is applicable for natural abundanceelkas for enriched materials.

3.2.4. Analysisof 4°C in water soluble compounds by FIA-IRMSand LC-IRMS

The flow injection analysis FIA-IRMS technology @alls us to analyse fast the bulk carbon
isotopic composition of very small water solublenpées (50ul, 100ngC) without the complex

sample preparation required for EA-IRMS analysée(Bigs. 8).

liquid (LC-IRMS)

513C

y =1,062x + 2,690
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IRMS
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solid (EA-IRMS)

The methodology has been applied to assess therpearice of plants exposed to contrasted
conditions of depleted GOtemperature and water availability ((AranjueRf)11). The technology
is useful as a fast screening method for metalbeiponse as the recently assimilated compounds

are measured (Fig. 9).
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Figure 9. Thed"C values obtained from WSC are 16¥3 depleted in comparison to those
obtained from total organic matter by EA-IRMS, whieflect better the stressful conditions

applied.
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Abstract. One of the main problems in transmission electron microscopy in the
biological field is the tri-dimensionality. This article explains the technical
procedures and requirements to prepare biological specimens preserving them
closest to their native state to perform 3D reconstruction of the macromolecular
complexes and cellular structures in their natural environment.
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1. Introduction

Transmission electron microscopic (TEM) studies of biological samples are limited by four general

factors:
[

Electrons need high vacuum to form a beam able to traverse the sample and to form an
image from it.

Electrons heat the sample.

The penetration power of electrons is very low.

The image is a 2D projection of the specimen.

Therefore, the followings points must be considered:

Firstly, the specimens cannot be alive, they must be immobilized or fixed. The high water
content of cells (around 80%) needs to be removed or, preferably, stabilized by freezing
[1].

Secondly, the samples have to be dried, embedded in a resin resistant to heating or the
electron microscope (EM) must be able to work under particular conditions (“low dose” of
electrons) without damaging the sample [2].

Thirdly, the thickness of the sample has to be between 50 and 400 nm, depending on the
voltage of the EM.

Finally, the viewing of 3D images from the specimen requires certain strategies in working
with the EM and special software, called generally: “single particle
analysis/reconstruction” and “electron tomography” [3].

3D solutions in EM refer to technical procedures that bring the electron microscopic study
closer to the native “hydrated” and ‘“three-dimensional” state of biological specimens. These
technical procedures are summarized as follows (see Table 1):

CRYO-IMMOBILIZATION: The optimal way to immobilize or fix biological specimens in
a close-to-native state, using physical procedures based on freezing. It is the
recommendable first step in any 3D procedure. The goal is to get “vitreous” or amorphous
ice from the cell water after ultrarapid freezing, without destroying cell structures and
preserving their in vivo rapidly changing interactions. Vitrification allows spatial and
temporal resolution of cellular events.

VITREOUS SECTIONING & FREEZE-SUBSTITUTION: Two procedures to prepare bulk
specimens for three-dimensional reconstruction. Cryo-sectioning of vitreous samples
allows thin sections of cells or tissues at low temperatures to be taken without loss of their
vitreous state. Freeze-substitution consists of the substitution of the vitreous ice by an
organic solvent followed by embedding in a resin which after polymerization leads to thin
sections of the specimens

FREEZE-DRYING & FREEZE-FRACTURE: Two different procedures to prepare bulk
specimens for three-dimensional view but not for 3D-reconstruction. Freeze-drying allows
to dry vitreous samples keeping all the nano-features immobilized by vitrification. Freeze-
fracture opens lipid bilayers showing intra-membrane proteins. In both cases, a replica of
the rough surface obtained by drying or fracture of the vitreous sample, is performed by
shadowing with platinum (or tantalum) and carbon.

ROOM TEMPERATURE 3D ELECTRON MICROSCOPY: Possibilities for 3D imaging of
molecular or cell structures at room temperature. The procedures for the preparation of the
samples for room temperature 3D-reconstruction and tomography are: i) negative staining
(for small isolated particles) and ii) vitrification followed by freeze-substitution and resin
embedding allowing sectioning at room temperature (for bulk specimens)

3D CRYO-ELECTRON MICROSCOPY: The same three-dimensional reconstruction
strategies mentioned above, but working under cryo-conditions (keeping the sample at a
temperature below -170°C and working with a “low dose” of electrons). The procedures for
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the preparation of the samples for 3D Cryo-EM are: i) vitrification (for small isolated
particles) and ii) vitrification followed by cryosectioning (for bulk specimens)

o COMPUTATIONAL METHODS FOR 3D-RECONSTRUCTION: After image acquisition,
different software are used for data alignment, reconstruction and viewing. The
reconstruction can be considered as the inversion of the imaging process. The projections
obtained from the 3D-specimen at different angles or orientations are deprojected into the
reconstructed volume.

Vitrification

Negative staining 7 I N

I Bulk specimens Single particles Bulk specimens
Single particles / \
Freeze substitution Cryo-sectioning
\ 4 v
TEM Cryo - TEM
4 N 4 3
3D- Reconstruction 3D-Reconstruction
L Electron Tomography __Electron Cryo-Tomography |

Table 1. Technical procedures for 3D solutions in EM
2. Methodology

2.1. Cryo-immobilization

The first step in the 3D reconstruction of cells or molecules in EM is the preservation of the
biological specimens in a close-to-native state.

In the EM, samples have to be observed under high vacuum and the electron beam leads to the
destruction of native biological structure. Furthermore, the electron beam cannot usually penetrate
an entire cell, so cells and tissues have to be cut into thin sections (50-400 nm in thickness
depending on the voltage of the EM used) for observation. A conventional and classic way to solve
these problems involves chemical fixation of the specimens, followed by dehydration or drying by
various methods. Usually, chemical fixation is achieved by aldehydes such as glutaraldehyde and
paraformaldehyde in a buffer. These mixtures fix the structures by selective cross-linking between
certain amino acid residues of proteins. The rest of the macromolecules, small molecules and ions
are not immobilized by this method. Thus, they are easily removed or re-distributed during the
dehydration or drying. Another important drawback of conventional chemical methods is the time
needed for the fixation. The chemicals penetrate the sample by diffusion. For thin samples, less
than a few micrometers in the shortest dimension, diffusion is fast enough to give rapid fixation,
but for larger pieces of tissue or organisms with natural diffusion barriers, such as cell walls,
exoskeletons or special layers of embryos, diffusion throughout all cells is very slow. During this
time, up to hours in some cases, the cell structure outside its natural environment is slowly
destroyed.

In contrast to these conventional methods, ultrarapid freezing immobilizes all molecules in a
cell within milliseconds. It is also called “quick freezing” “cryo-immobilization” or “cryo-
fixation”. Ultrarapid freezing is highly desirable, because it allows the instantaneous fixation of all
molecules in their current position. After this instantaneous immobilization it is very important to
maintain this situation until the observation or image acquisition in the EM, in order to have a true
snapshot of the cell at the moment of freezing [4].

The next optional steps are explained in the “Cryosectioning and Freeze-substitution” and
“Cryo-Electron Microscopy”.
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There are several methods of freezing cells, but they all have the same goal of removing heat
from the sample so quickly that water molecules form an amorphous or vitreous non-crystalline
ice. Thus, the optimal cryofixation is “vitrification”. Such samples are called: frozen-hydrated or
vitreous samples.

The methods to cryo-immobilize cells and molecules are:

Plunge freezing

Impact freezing (or slam- freezing)
High pressure freezing
Self-pressurized rapid freezing

For freezing suspensions or molecules or even small cells, plunging into a cooled cryogen, such
as ethane or propane, is a common method. Another method, faster than plunging in its heat
transfer, is slamming cells or tissues against a cooled metal block. For both impact- and plunge-
freezing, it is possible to achieve up to 2-20 microns of good freezing depth. Beyond that, ice
crystals form and destroy the tissue. However, most cells and tissues are much larger than a few
microns, so we need another method to freeze them without ice crystal damage. The best method in
these cases is High-Pressure Freezing (HPF), which freezes samples with liquid nitrogen under
high-pressure conditions. Using HPF, relatively large volumes (200 microns and more) can be
frozen without ice crystal damage.

2.1.1. Plunge freezing

Plunging samples into a cooled cryogen is a common method for freezing suspensions (viruses,
liposomes, bicelles, micelles...), molecular assemblies (proteins, nucleic acids...), isolated
organelles and cell structures and small cells (bacteria, parasites...) [5].

Two types of gas can be used: ethane and propane. Both of them are gases at room temperature
and become liquids at low temperature: Propane is liquid between - 42°C and -188°C; and ethane,
between -88°C and -172°C. They are transferred from a gas bottle to a container cooled by liquid
nitrogen at -196°C and they liquefy instantaneously. They are used because of their low
temperature in liquid state, which allows plunging for freezing, and for their high thermal
conductivity, which allows a quick transfer of heat from the sample to the liquid. They are kept in
liquid nitrogen during the freezing process to ensure that they remain liquid and at the lowest
temperature.

The samples must be immersed at high speed into the liquid coolant to optimize the heat
exchange required to vitrify the specimen. Usually, acceleration 3 times greater than the
gravitational force is required. Under these conditions, high freezing velocity, around 10*°C/sec, is
attained.

Figure 1. Plunge freezing
equipment: Vitrobot Mark 111
(FEI Company) atthe CCiTUB
Cryo-EM laboratory.
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2.1.2. Impact freezing

Slamming or impact-freezing or “metal-mirror” is a process of rapidly projecting cells or tissue
onto a cooled metal block. The copper block is cooled by liquid nitrogen or liquid helium from a
Dewar flask. Some instruments have the copper block placed in a vacuum chamber in order to
avoid any moisture contamination on the block surface. Good structural preservation, without ice
crystal damage, goes from 10 to 30 microns in depth.

Impact-freezing is used to cryofix cells and tissues for further freeze-substitution or freeze-
drying, or even for cryo-sectioning and cryo-EM [6].

The main advantage of this method is the possibility of vitrifying surface regions of quite large
samples, nearly as large as the cooling block (between 1 and 3 cm in diameter, depending on the
type of instrument). Another advantage, compared with plunge-freezing, is the high thermal
conductivity of copper, much higher than organic liquids. The same amount of heat is transferred
10,000 times faster through copper than through liquid cryogen. This is why it is used for samples
larger than “single particles” (seen in plunge-freezing).

Figure 2. Impact freezing equipments: Leica EM-CPC cooled by liquid nitrogen and Leica
Cryablock, cooled by liquid nitrogen or liquid helium. Both at the CCiT Cryo-EM Laboratory.

2.1.3. High-pressure freezing

High pressure freezing freezes samples with liquid nitrogen under high pressure conditions. Using
HPF, relatively large volumes (200 microns and more) can be frozen without ice crystal damage [7]
[8]. This is possible because at high pressure (about 2,000 atmospheres or bar) ice crystal
nucleation and growth are slowed down (homogeneous nucleation of water molecules to form
crystals starts at -40°C at ambient pressure and drops to -90°C at 2,000 bar; and water is 1,500
times more viscous than at ambient pressure, reducing the ice crystal growth rate). High pressure
lowers the freezing point of water (at 2,000 bar the freezing point is at a minimum of -22°C) [9].

When freezing at ambient pressure, it takes a very high freezing rate to achieve good
preservation, between 10° and 10° °C/sec. In very viscous water under high pressure the cooling
rate can be much lower, in the range of 10,000 to 30,000°C/sec.

In HPF machines the pressure increase is synchronized with the temperature decrease. Pressure
can be harmful when applied for too long times (>100 ms) to a biological sample. Therefore,
pressure and cold must be simultaneously applied to the sample to achieve vitreous ice. The only
problem in freezing a sample with HPF is the gaseous compartments, because these are compressed
and their collapse may distort the sample. However, the aqueous phase is almost incompressible.

2.1.4. Self-pressurized rapid freezing (SPRF)

This new rapid-freezing method uses the increase of volume of water when it freezes naturally. The
sample, preferably in an aqueous medium or buffer, is located into a thin-copper tube, which is
projected into liquid ethane or propane in two speed steps. Thus, the cooling rate is slow at the ends
of the copper tube and very fast in the middle of it. Therefore, the increasing of water volume at the
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ends of the copper tube by ice crystals formation pressurizes the middle of the tube at the same
time that freezing takes place in this part.
SPREF is a totally new technology described by Leunissen et al [10] recently.

| 2l

Figure 3. High-pressure freezing
Leica EMPact machine at the CCiT
Cryo-EM Laboratory.

2.2. Cryo-sectioning of vitreous samples & Freeze substitution

2.2.1. Cryo-sectioning of vitreous samples
Cryo-sectioning of vitreous samples allows thin sections of cells or tissues at low temperatures to
be taken without loss of their vitreous state. Most cells are too big to be imaged by EM, so
microtomy is needed to make samples thin enough to be viewed under the electron beam. Even if
the cells are small enough to be imaged by an EM of a certain voltage, it has been tested that the
resolution is higher after sectioning.

Cryo-tomography of vitreous sections allows 3D reconstruction of macromolecular complexes
within the natural cell environment [11].

The necessary instrumentation for vitreous sectioning is a cryo-ultramicrotome in an
atmosphere totally free of moisture. One option is an anti-contamination glove box covering the
cryo-ultramicrotome where it is possible to reach 0% of relative humidity (Fig. 4).

Figure 4. Cryo-ultramicrotome
Leica UC6/FC6 with an anti-
contamination glove box based on
the prototype of Peters Lab. [12], at
the CCiTUB Cryo-EM Laboratory.
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2.2.2. Freeze substitution

Freeze substitution consists of the substitution of the vitreous ice by an organic solvent followed by
embedding in a resin which after polymerization allows to take thin sections of the specimens. The
samples are cryo-immobilized to get vitrification of the cell water and the amorphous ice is
dissolved by the solvent at about -90°C during freeze substitution. The samples are put in a medium
composed by acetone, methanol or ethanol containing chemical fixatives such as uranyl acetate,
osmium tetroxide, or glutaraldehyde, in different mixtures and different concentrations, depending
on the type of sample and on the technique to be carried out later [13]. The samples are kept in the
chosen medium at about -90°C from several hours to 3 days. The freeze substitution time is
dependent on the specimen, e.g., for culture cells we use 24 hours or less and for yeast or plant
cells, 72 hours. After substitution the temperature is raised to the appropriated embedding
temperature depending on the resin used. Epoxy resins are used for structural and tomographic
studies without molecular labels and they polymerised at room temperature. Acrylic resins are used
for immunolabeling, in situ hybridization and also for tomographic studies searching for their
higher transparency [14].

Freeze substitution protocol for tomography
0.5% uranyl acetate in acetone

Step Time Temperature _ Slope
T1 24 h -90°C
S1 2,5h until -40°C  20°C/h
T2 2h -40°C

Followed by Lowicryl HM 23 embedding at -40°C.

Figure 5. Leica EMAFS (Automatic Freeze Substitution System) at the CCiTUB Cryo-EM
Laboratorv

2.3. Freeze drying and freeze fracture

2.3.1. Freeze drying

This term refers to the removal of ice from the vitrified sample by vacuum sublimation, before a
heavy metal-carbon replica of the tri-dimensional surface is made. The replica is obtained by
oblique and rotary deposition of a heavy metal, usually platinum, followed by coating with a
strengthening layer of electron-translucent carbon. The angle of platinum deposition is 45° in a
standard way, but it is changed depending on the height of the structure to be shadowed. For
example, for caveolae, 23° are used and for DNA, around 8°. Then, the biological material is
removed and the cleaned replica is mounted on a grid for examination in the TEM [6] [15].

2.3.2. Freeze fracture
The freeze-fracture technique involves physically fracturing a suitably frozen sample, making a
metal-carbon replica of the frozen fractured surface under vacuum. The replica is made by oblique
and unidirectional deposition of a heavy metal followed by carbon as it was explained before. The
difference with the freeze-drying process is the uni-directionally of the shadowing [15].

Improved resolution in all replication techniques can be achieved using a mixture of
tungsten/tantalum instead of platinum, but this metal mixture is more difficult to use
reproducibililty.
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In frozen cells the preferably planes of fracture are the interior of lipid bilayers of cell
membranes [16]. For this reason, freeze-fracture is very useful to study intra-membrane proteins.

Figure 6. Freeze-
etching system BAF
060 from BalTec at
| the CCiTUB
CryoEM Laboratory

2.4. Room temperature 3D electron microscopy

This subsection refers to the possibilities for 3D imaging of molecular or cell structures at room
temperature. In general, the term 3D reconstruction is used when images are acquired in the EM in
only one direction of the electron beam. One case is the reconstruction from the different
orientations of a single particle on a grid. Single particles are isolated macromolecules, molecular
assemblies, small organelles, small cellular structures or small organisms not needing sectioning.
Another case is the reconstruction of a cell structure or organism from images obtained from serial
sections.

The term electron tomography is commonly used when images from a specimen in the EM are
recorded in as many directions of the electron beam as possible. This is achieved by tilting the
holder supporting the grid containing the specimen. The sample can be an isolated specimen not
needing sectioning or a structure inside a section. In practice, we tilt the grid around the a tilt axis
of the goniometer, typically over the range from -70° to +70° recording images at regular tilt
intervals of 1° for example. These tilted images form a tilt series and are processed by software.
Then, the acquired images are aligned with each other using suitable software, and from them a
three-dimensional volume consisting of a stack of parallel images is reconstructed. The next step is
the visualization or modelling of the 3D-structure. Summarizing, acquisition,
alignment/reconstruction and modelling are the three steps in tomography.

There are two ways of preparing samples for EM 3D studies at room temperature: negative
staining and freeze substitution. Negative staining is used for single particle analysis and
reconstruction. It is a very simple technique based on the use of salts containing heavy metals such
as uranyl acetate or formiate, ammonium molibdate or phosphotungstic acid. They provide an
electrodense background to the grids and the single particles protrude from it. As a result, the
image presents a negative contrast, the particles become clear over a dark background. On the other
hand, freeze substitution is used, as it was mentioned before, to enable thin sectioning of bulk cells
or specimens [17].

2.5. 3D Electron Cryo-Microscopy

This subsection refers to the possibilities for 3D imaging of molecular or cell structures in cryo-
conditions. Single particle analysis of vitrified samples and electron cryo-tomography of vitreous
specimens or sections differs from room temperature 3D EM in the temperature used to observe
and image the specimen and enables a three-dimensional visualization of the macromolecular
complexes, cells or tissues in a quasi-native environment [18] [19]. The temperature of the vitrified
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sample during the cryo-work should be below -170°C and the specimens aren’t chemically fixed
and stained with heavy metals. Although the radiation sensitivity of vitrified samples and their low
contrast pose problems for information imaging, methods used now like low- dose of electrons
imaging and high resolution CCD cameras make more efficient the cryo-EM work.

The procedures for sample preparation for 3D Cryo-EM are: vitrification for small isolated
particles and vitrification followed by cryo-sectioning for bulk specimens.

Figure 7. Tecnai Spirit electron
microscope, equipped for cryo and
tomography at the CCiT Cryo-EM

Laboratory.

3. Examples of applications

Figure 8. Tecnai F20 200 kV and field-emission
gun (FEQG) electron microscope. It is equipped for
cryo and tomographic work with an anti-
contamination device, the cryo-box, a low dose
imaging mode, a 4k X 4k CCD Eagle camera and
the FEI tomography software package. At the
CCiT Cryo-EM Laboratory

In the next plates, different examples of the describedr procedures are showed. They are focused
mainly onthe optimal preparation methods to do three-dimensional studies in biological structures.
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Figure 9. Single particles

a.Vaults imaged after negative staining
with 2% uranyl acetate in water.

This image belongs to an study of these
ribonucleoprotein particles [20]. It
shows the high resolution that can be
achieved with basic techniques such as
negative staining to perform 3D-studies.

b. Hemocyanin protein . A solution of
this protein was vitrified by plunge
freezing in ethane using the Vitrobot. 3
ul of the solution were deposited on a
holey carbon copper grid, kept during 30
seconds in a 100% humidity chamber
and blotting with filter papers before
plunging in the liquid ethane cooled by
liquid nitrogen.

This is a second way to prepare single
particles to perform 3D-studies. In this
case the observation and imaging were
made in an electron cryo-microscope.

c. Vesicles isolated from the extracellular

matrix in a bacterial colony. The
vesicles were vitrified by plunging in
ethane and directly transferred into liquid
nitrogen to the electron cryo-microscope
and imaged at -180°C.

d. Bicosomes: liposomes containing
bicelles.This image was taken at -180°C
in the F20 cryo-microscope after
vitrification in liquid ethane. Bicellar
systems are mixtures of aliphatic long
chain and short-chain phospholipids.
Their morphology depends on the
composition, temperature, hydration and
the long/short chain phospholipid molar
ratio. These systems may form spherical
micelles, discoidal bilayers, rod-like
micelles and perforated bilayers. Freeze-
fracture EM and cryo-TEM are the most
suitable techniques to study these
systems [21].
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Figure 10. Bulk specimens
Freeze substitution:

a & b. Cianobacteria. High pressure
freezing without any cryoprotectant and
filler. Once frozen, they were freeze-
substituted in 2% osmium tetroxide and
0.1% uranyl acetate in acetone and
embedded in Epon resin [see 22].

c. Centrosome area of a neuroblast in the
brain of a Drosophila embryos.

A centriole (c), two microtubules
(arrows) with the typical subunits and the
ribosomes (arrowheads) out of the area
surrounding the centrioles can be seen.
The embryos brain was cryofixed by
high pressure freezing using a mixture of
yeast paste and dextran like filler. Then,
it was freeze-substituted and embedded
in Epon.

d. & e. Computational tomographic
slides (~3 nm) of the tomogram obtained
from 200 nm sections of high-pressure
frozen, freeze-substituted with 0.5%
uranyl acetate in acetone and Lowicryl
HM23 embedded Rubella infected cells.
To stabilize the sections under the
electron beam they were collected on
holey carbon Quantifoil® grids. Rubella
virusbuilds a factory around modified
lysosomes, known as "cytopathic
vacuoles" or "CPVs", by recruitment of
mitochondria, rough endoplasmic
reticulum elements and Golgi

stacks [23].

f. 3D model after segmentation and
visualization of the CPV of a Rubella
replicon transfected cell. Single axis tilt
series were obtained with angle ranges
between -60 and +60° and a 2° angular
increment. Color code is as follows:
CPV,yelow; straight sheet, brown; RER,
green; mitochondria, red; nucleus, pink;
vesicles and vacuoles, white; cytoplasm,

grey [23].
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Figure 11. Bulk specimens

a.Antarctic bacteria Pseudomonas
deceptionensis .

Computational tomographic slides
(~3nm) of the tomogram obtained from
200 nm sections of high pressure frozen,
freeze-substituted with 2% osmium
tetroxide /0.1% uranyl acetate and Epon
embeddedAntarctic bacteria.

Gold particles used as fiducial markers
for tomography can be seen in the image
with a shadow after tilting.

Cryosectioning of vitreous samples:

b, ¢ & d. Ps. deceptionensis.
Cryosections of vitreous samples
observed in an electron cryo-micoscope
(CEMOVIS: Cryo-electron microscopy
of vitreous sections).

Bacteria colonies were mixed with
dextran at a final concentration of 20%-
30% and frozen by high pressure
freezing into small copper tubes. The
tubes were sectioned at -150°C in a cryo-
ultramicrotome equipped with an anti-
contamination glove box. Cryosections
of 50 nm were collected on holey carbon
Quantifoil grids.

Details of the bacteria envelope and
extracellular area is shown in b,
periplasmic space in ¢ and a panoramic
view of this kind of sections in d.
CEMOVIS allows the study of the
macromolecular structures inside the cell
(in situ) in the closet to the native state
conditions.

The final goal of this technique in
development known as CETOVIS (cryo-
electron tomography of vitreous sections)
is to have the 3D-information of the
cellular nano-machines in their natural
environment.




3D Solutions in Cryo TEM in Biology

Figure 12.

a. Plasma membrane lawn of the ventral membrane of a 3T3 adipocyte. Membranes
attached to a substrate were frozen by impact freezing and dried at 10”7 mbar and -
90°C . The dried surface was shadowed with platinum and carbon in a rotator way in
order to make a replica of it. Caveolae (arrows) and clathrin lattices (arrowheads)
are revealed [24].

b. Alga frozen by propane immersion which was freeze-fractured at -150°C and the
rough surface obtained was shadowed with platinum at 45° and carbon at 90° in an
unidirectional way. Intramembrane proteins can be studied with this technique [13].
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Abstract. Transmission electron microscopy is a proven technique in the field of
cell biology and a very useful tool in biomedical research. Innovation and
improvements in equipment together with the introduction of new technology
have allowed us to improve our knowledge of biological tissues, to visualize
structures better and both to identify and to locate molecules. Of all the types of
microscopy exploited to date, electron microscopy is the one with the most
advantageous resolution limit and therefore it is a very efficient technique for
deciphering the cell architecture and relating it to function. This chapter aims to
provide an overview of the most important techniques that we can apply to a
biological sample, tissue or cells, to observe it with an electron microscope, from
the most conventional to the latest generation. Processes and concepts are
defined, and the advantages and disadvantages of each technique are assessed
along with the image and information that we can obtain by using each one of
them.
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1. Introduction

The preparation of a biological sample, cells or tissue, for transmission electron microscopy (TEM)
requires several stages, some of which are quite complicated and some are critical. There is a wide
range of possible techniques and processes and the use of one particular process rather than another
will depend on the sample (type of tissue, cells, biofilm, etc.), on the size of the specimen being
studied, on how the sample is obtained (in a laboratory, a hospital, or in the field, etc.), on the
equipment that is available to us and finally, and very importantly, on what type of study we wish
to carry out (ultrastructural, molecular localization, immunolocalization, electron tomography,
correlative techniques, etc.). There are different possibilities for each type of study and before
starting, it is necessary to decide which is the best option or options that we can use based on the
information that we want to obtain from the sample and on the equipment that is available to us to
carry out the study.

The first stage in preparing a biological sample is the fixation, one of the most important and
most critical stages. The objective of this is to halt cellular activity without altering the cellular
characteristics, the components that make up the sample or their distribution: to preserve the
internal three-dimensional organization, the size and the shape of the sample.

The fixation process can be carried out in two different ways, by chemical fixation or by
cryofixation. Chemical fixation [1,2] has been used since the 1950s and consists of the use of a
whole range of chemical components (glutaraldehyde, paraformaldehyde, acrolein, osmium
tetroxide, uranyl acetate, etc.) which, when used separately or in combination, in different
proportions and dissolved in a buffer solution that acts as a vehicle, will serve as the fixative, by
combining with the components of the cell and halting its processes. Within what is known as
chemical fixation there are different systems, perfusion, immersion, by vapour, etc., and the use of
one or another will depend on different factors: the type of sample, its size, etc. However, we need
to bear in mind that chemical fixation produces structural artifacts and can result in the
redistribution of ions and small soluble proteins in the sample [15].

The best way to immobilize and preserve the cell architecture is probably cryofixation, which
consists of freezing the sample very quickly without crystals formation. There are different systems
and equipment for carrying out the process: immersion in a liquid agent, impact on a pre-cooled
metallic block, high pressure, etc. The use of one or another will depend on the type of sample and
also on the equipment that can be used. However, the only system that permits maximum depth of
cryofixation, of around 200 pm, is high pressure freezing (HPF). This consists of stopping cellular
activity by freezing a sample at a rate of more than 10,000°C/s and at a pressure of around 2100
bars [5]. At this rate of freezing and this pressure, the water molecules lose their usual mobility and
crystals do not form (this is the phenomenon of nucleation) resulting in what is called vitreous ice
[14]. However, in many cases the sample has to be treated with cryoprotectants prior to
cryofixation [3,4]. Cryofixation is the most modern method for preserving the ultrastructure, but we
must bear in mind that the instability and the anoxic sensitivity of tissues prior to cryofixation mean
that in some cases and for certain types of samples a combination of chemical fixation with
cryofixation by HPF can be a very useful compromise [4,9].

2. Methodology
After the fixation stage, the sample can be processed by different routes before it is studied in the

electron microscope. The most common routes are indicated in the following schematic diagrams:
Chemical fixation (Fig.1) and Cryofixation (Fig.7).
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Figure 1. Chemical fixation. The most important processing routes for a biological sample based
on chemical fixation.

2.1. Chemical fixation — dehydration — embedding (see Fig. 1, technique 1) [1,2,18].

If the sample has been chemically fixed (see Fig. 1), it can then undergo some postfixation, which
is usually performed using osmium tetroxide, to improve the quality of the fixation and especially
to preserve the lipid part of the sample. Afterwards, it is dehydrated in an organic solvent (alcohol,
acetone, propylene oxide, etc.) in order to eliminate the water from the sample and to embed it in
an epoxy-type resin that is not miscible with water (Epon 812, Spurr, Araldite, etc.). The sample
will then be sectioned, contrasted with heavy metals and observed in a TEM.

Advantages:

e Most biological samples can be fixed and processed using this method.

e The process of chemical fixation requires no special equipment and it can be carried out in
any setting (laboratory, operating theatre, in the field, onboard ship, etc.).

e The block containing the sample can be stored for many years.

e The sample can be redirected, after dehydration, to the critical point process so that it can
later be observed in a scanning electron microscope (SEM).

Disadvantages:

e It can create structural artefacts.

e Modifications may be produced in the cellular volume due to osmotic changes.

e It can lead to the redistribution of ions and of small soluble proteins.

Image and information:

o The image that is obtained is a contrasted image, with well-defined membranes, and it is
easy to bring into focus in the TEM.

e We can work with a large area of the specimen and the fixation is homogeneous.

e This processing route allows us to carry out optical studies, ultrastructural studies,
detection and localization of sugar residues using lectins and colloidal gold, cytochemical
techniques, enzymatic digestions, electron tomography and molecular localization
techniques with nanogold or quantum-dots (pre-embedding technique) (see Fig. 1).

e [t allows correlatives techniques to be used: optical microscopy—electron microscopy.
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e It also allows the elements of the sample to be analysed by energy filtered transmission
electron microscopy (EFTEM) or by secondary ion mass spectrometry (SIMS).
e Semithin sections can be observed by SEM.

20 nm

Figure 2. Chemical fixation — dehydration - embedding (A) Kidney capillary and filtration barrier.

Bar 2 um. (Courtesy F..Pardo and R. Gomis, Idibaps), (B) Spleen malaria infection , Plasmodium

yoelii (—). Bar 5 um. (Courtesy H. del Portillo, L. Martin, M. Ferrer — Cresib), (C) Bacteria detail
of Clostridium bifermentans. Bar 200 nm. (Courtesy of R. Guerrero and L.Villanueva - UB).

2.2. Chemical fixation—PLT—cryoembedding method. (see Fig. 1, technique 2) [5,6,7].

After chemical fixation we can also perform what is called progressive lowering of the temperature
(PLT), which is specific for immunolocalization techniques and molecular localizations such as “in
situ” hybridization. The technique uses a gentle aldehyde fixation followed by dehydration of the
sample which is achieved by progressively lowering the temperature from 4°C to —35°C [5,6]. This
method, working at temperatures below 0°C, reduces the loss of components from the sample and
minimizes the denaturization of the proteins. Afterwards, the sample is embedded at —35°C in an
acrylic resin (Lowicryls, LRWhite, LRGold, etc.) that has low viscosity and is miscible with water
Most of the resins are hydrophilic and they have good electron beam stability when they are
polymerized [7]. Furthermore, they polymerize with ultraviolet light, which means that the
antigenicity of the tissue is preserved.

Advantages:

e The method is fast and an easy way to localize proteins or a genetic sequence by “in situ”
hybridization.

e Labelling or co-localization can be performed using different sizes of colloidal gold.

e This method allows co-localization with antibodies from the same species to be performed,
incubating both sides of the ultrathin slice.

e The use of acrylic resins allows 5% of the content of the sample to be water.

e The sectioning is not easy but, with experience in ultramicrotomy, very good quality slices
can be obtained.

e The block containing the sample can be stored for years.

Disadvantages:
e If the quantity of protein to be localized or the genetic sequence is small, it is difficult to

obtain a signal using this method and so it will be better to use the Tokuyasu method which
is more sensitive.
e The technique requires commercial equipment or a homemade system.
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Image and information:

e The image allows the structures to be clearly identified, but even so it is useful to know the
tissue well at the ultrastructural level by other methods.

e Since osmium tetroxide is not used, the membranes are not very electrodense and in
general the sample has a gentle contrast, which means that the gold labelling stands out
clearly over the structure that we are labelling.

e It is a good technique for immunolocalization and “in situ” hybridization techniques. This
can be performed using an optical microscope, on semithin slices, using colloidal gold and
intensification in silver or directly on ultrathin sections with colloidal gold.

e [t is suitable for correlative techniques (optical—electron microscopy).

Figure 3. Technique Chemical fixation—PLT—cryoembedding method. Immunolocalization (A)
Double detection of chaperones DnaK (P ) (15 nm gold) and GroEl (—) (5 nm gold) in E. coli
inclusion bodies using antibodies from the same species. (Bar 200 nm). (B) Detail inset in A. (Bar
50 nm). (C) Technique detail. (Courtesy of M. Carrié and A. Villaverde — UAB).

2.3. Chemical fixation—Tokuyasu method (see Fig. 1, technique 3) [7,8]

The Tokuyasu method is based on cryosectioning of the sample and is used for immunolocalization
techniques. In this case, the chemical fixation that is carried out is at low concentrations of
aldehydes in order to preserve the antigenicity of the sample and so that molecular detection can be
performed afterwards. The chemically fixed sample is enveloped in gelatine and is then
impregnated with sucrose or with a sucrose/polyvinylpyrrolidone mixture. After that, it is mounted
on a special sample holder and frozen immediately in liquid nitrogen. Finally, it is cryosectioned in
a cryoultramicrotom at a temperature between -80°C and -140°C. The immunolocalization is
carried out on ultrathin sections (80-100 nm) and finally these slices have to be contrasted and
embedded in methyl cellulose (a thin layer which embeds the slices and allows them to be
embedded and dried without the sample shrinking).

Advantages:
e The sample is not dehydrated or embedded in resin: the proteins remain in their aqueous
state.
e The immunolocalization is highly efficient; this is extremely useful for antigens that are
present in small quantities.
e Very high definition of the intracellular membrane systems.
e The method is very quick and results can be obtained in a day, if necessary.

Disadvantages:
e Cryoprotection in sucrose can cause problems of a reduction in cellular volume and soluble

proteins can be lost, since the fixation that is usually used is gentle.
e The level of contrast is generally low and depends on the fixation; strong fixation leads to
less loss of proteins.
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e The sectioning and handling of the slices can lead to relocalization of antigens and the loss
of material.

e The difficulty involved in cryosectioning certain samples.

e The sample has to be kept frozen in liquid nitrogen.

Image and information:
e In general, the sample exhibits only a gentle contrast, but the membranes and cellular
compartments can be very clearly observed.
e [tis a specifically aimed at molecular localization techniques and is very useful for these.
e The technique can be used to work on semithin sections with gold and silver intensification
or on ultrathin sections with colloidal gold.
e The sectioned side of the block can be observed by cryo-SEM.

el e =

Figure 4. (A) Caveolin (—) localization in CHO cells. Bar 0.1 pm. (B and C) Multivesicular
bodies isolated from rat liver and labelled with anti- annexin A-6 (Courtesy of C.Enrich — UB).

2.4. Chemical fixation — cryofixation - (hybrid method) — embedding (see Fig. 1, technique 4).
There is evidence that the chemical fixation itself produces fewer alterations or artefacts than the
later stages after fixation, such as osmium tetroxide postfixation and the process of dehydration.
The hybrid method consists of chemical fixation of the sample and then cryoprotection (usually in
sucrose) and cryofixation (by HPF, for example) or freezing in liquid nitrogen (if the sample is
large in size). The sample then undergoes the process of freeze substitution (FS), which consists of
eliminating the water from the sample at a temperature around -90°C through the use of organic
solvents, and in this case we use methanol as the organic solvent, since it is miscible with sucrose.
This freeze-substitution medium will also contain  different types of chemical fixatives
(glutaraldehyde, osmium tetroxide, uranyl acetate, etc.) which will depend on the sample and the
type of study that we wish to carry out and will provide better contrast and ultrastructural
preservation [4,9].

Advantages:
e Ifalong dissection time is required to localize the area before cryofixation, then anoxia can

be avoided if they are first fixed chemically (for example, nervous system)

e  We replace the dehydration process by FS which is less aggressive since it is carried out at
very low temperatures (-90°C) and it reduces the loss of components from the sample.

e [tis possible to work with large samples and to obtain homogeneous fixation.

e The block can be stored for years.

Disadvantages:
o The process starts with chemical fixation that can cause structural changes in the sample.
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e Commercial equipment or a homemade system is required (in the latter case there are
certain difficulties in controlling the stability of the temperature and the rates of
temperature increase).

Image and information:
e It preserves the ultrastructure well and produces an image similar to cryofixation.
e It is useful for ultrastructural studies, detection of sugar residues, cytochemical techniques,
enzymatic digestion, correlative techniques (optical-electronic), electron tomography by
TEM, and electron tomography by SEM.

=73

Figure 5. Chemical fixation — cryofixation - Hybrid method, (A) Liver general view.
Hepatocytes (H), bile canaliculus (—), Kupffer cell (KC) in a sinusoid. Bar 1 um. (B) Liver
cytoplasm detail. Mitochondria (M) endoplasmic reticulum (ER) and ribosome (—). Bar 0.2 pm.

2.5. Chemical fixation— cryofixation (hybrid method) — cryoembedding (see Fig. 1, technique 5)
[4,9].

The hybrid method can also be used to carry out immunolocalization, in which case the aldehyde-
type chemical fixation will have to be gentle in order to preserve the antigenicity of the sample.
The sample is then cryoprotected in sucrose and afterwards we perform FS at -90°C using methanol
as the organic solvent. Different types of chemical fixatives, or a mixture of different proportions
of several fixatives, can also be added to the FS medium. Once FS has been carried out, the
temperature is raised in order to embed the sample in acrylic resin. How the temperature is raised
will depend on the type of resin in which we wish to embed the sample; so, for example, we raise it
to -35°C for Lowicryl K4M or to -50°C for Lowicryl K11M. Finally we polymerize it with
ultraviolet light at the chosen temperature.

Advantages:
e FS allows a better preservation of cellular structures.

e This method allows us to embed the sample in different types of acrylic resin at different
temperatures.

Disadvantages:
e Commercial equipment or a homemade system is required (see the explanation of the

previous technique).
e The difficulty involved in visualizing and orienting the sample.
e The difficulty involved in sectioning, depending on the type of acrylic resin used.

Image and information:
e The contrast is gentle, which means that labelling with gold can easily stand out over the
structure that we are labelling.
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e It is a good technique for immunolocalization and “in situ” hybridization. It can be
performed both by optical microscopy (semithin section) with colloidal gold labelling and
silver intensification or by electron microscopy (ultrathin section) with colloidal gold
labelling, or by correlative techniques.

Figure 6. Glutamine synthetase immunolocalization in wheat flag leaf mesophyll spongy
parenchyma cell. (A) Light microscopy image — gold silver enhancement (—). Bar 200 pm. (B)
Electron micrograph spongy cell chloroplast. Bar 0.5pum (C) Inset detail. Bar 50 nm. Arrows
indicate immunogold label, Cytosol (Cy), cell wall (W) and thylakoid (arrowhead). (Courtesy of
M. Lopes and JLL. Araus — UB).
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Figure 7. Cryofixation. The most important processing routes for a biological sample, based on
cryofixation.

2.6. Cryofixation—FS—embedding (see Fig. 2, technique 6). [14,15,16,17, 18].

A sample that has undergone cryofixation by HPF can be processed by different routes (see Fig. 2).
One route is to carry out FS using different organic solvents (acetone, alcohol, methanol, etc.) in
order to replace the aqueous content of the sample by an organic solvent that allows us to embed
the sample afterwards. We can add different types of chemical fixatives (glutaraldehyde, osmium
tetroxide, uranyl acetate, etc.) to the FS medium in different proportions (depending on the sample
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and the type of study we wish to perform) in order to preserve the structures better and to intensify
the contrast. During the heating process the chemical fixatives begin to act: uranyl acetate as soon
as the negative charges of the nucleic acids and phosphate groups become accessible; osmium
tetroxide at -70°C and glutaraldehyde between -40°C and -30°C. Since FS is usually carried out at
around -90°C, afterwards the temperature of the sample is gradually increased to room temperature
and then the sample is embedded in epoxy resin, followed by sectioning and observation of the
sample.

Advantages:
e [t is the best way to preserve the cell architecture.

e The processing time of cryoimmobilized samples is no greater than it is for chemical
methods.

e The quality of the fixation depends on the size of the specimen and on its composition, e.g.,
whether the sample naturally contains antifreezing agents or whether it has a low water
content.

Disadvantages:
e Although there are routine protocols, on many occasions it is necessary to experimentally

work out the necessary conditions for each sample in order to avoid the formation of
crystals (the type of cryoprotectant, type of sample holder, etc.).
e The sample must be of the order of 2 mm in diameter and 200 um thick.

Image and information:

e Very good ultrastructural preservation, the images give a feeling of turgidity, the
microtubules are preserved, but it does not have the membrane definition that we achieve
with chemical fixation.

e  This processing route allows us to perform optical studies, ultrastructural studies, detection
and localization of sugar residues using lectins and colloidal gold, cytochemical
techniques, enzymatic digestions, electron tomography, elemental analysis by energy-

filtered transmission electron microscopy (EFTEM) or by secondary ion mass spectrometry
(SIMS).

Figure 8. Technique 6. Cryofixation — FS- embedding (A) Embryonic structure (miracidium) from
Mediogonimus jourdanei (Tremathode), centriole (—) , ciliums (»), nucleus (N) and cytoplasm
(C) (Bar 0.5um). (Courtesy of J. Miquel — UB). (B) Trichocist (—) of a dinoflagellate, an
organelle that releases long filamentous proteins (Courtesy of E. Garces, ICM-CSIC). (C) Caco-
2 cells directly cryofixed without cryoprotection, coated-pit (arrowhead) and autophagosomes

(=)

2.7. Cryofixation—FS—cryoembedding (see schme 2, technique 7) [14,15,16,17,20].
Starting from cryofixation we can also perform “in situ” hybridization and immunolocalization
techniques. The process is similar to that above described, although generally acetone is used as the




TEM in Cell Biology

organic solvent and we always have to be careful with the type of chemical fixatives used and in
what proportions (we have the option of not using any chemical fixative) as the antigenicity of the
sample has to be preserved. After FS and similarly as in Technique 5 above, we can embed the
sample in different types of acrylic resin at different temperatures and finally polymerize it with
ultraviolet light.

Advantages:
e FS together with cryofixation preserves the cellular structures very well while, at the same
time, maintaining the antigenicity of the sample.
e The method allows us to embed the sample in different types of acrylic resins and at
different temperatures.
e The block can be stored for years

Disadvantages:
e The same as for the previous process of cryofixation-FS-cryoembedding

e Visualization of the sample during the process, making the blocks and the orientation of
the sample all involve a certain degree of difficulty

Image and information:
e Good preservation for molecular localization (immunolocalization, “in situ” hybridization,
etc.)
e This processing route allows us to carry out optical studies with colloidal gold and silver
enhancement in semithin sections, and immunolocalization using colloidal gold on
ultrathin sections.

2.8. Cryofixation—FS—rehydration—Tokuyasu method. (see Fig. 2, technique 8) [19].
A sample that has been cryofixed by HPF and freeze substituted can be rehydrated, and then we
can apply the Tokuyasu method to cryosection it.

Advantages:

e This technique combines the ultrastructural preservation of cryofixation with a very
efficient immunolocalization system.

e Chemical fixation during FS is useful for antigens that are sensitive to fixation. It may be
used for samples for which chemical fixation is difficult, such as yeasts, bacteria, plants,
insects, etc

Disadvantages:

e The size of the sample is small given that we start with cryofixation.
e Artefacts may be caused during rehydration

Image and information:

e The image is very similar to that obtained by the Tokuyasu method, a gentle contrast, but
the membranes and the cellular compartments can be seen very well.

e It is a specific technique which is useful for molecular localization techniques of samples
that may be difficult to fix chemically.

However, starting from a cryofixed sample, we can use other techniques (all of them require
special equipment) such as:

o Freeze-fracturing, which consists of freezing the sample and fracturing it in such a way

that we obtain a double-sided fracture, a replica of the sides is made using platinum-carbon

at different angles and they are observed in the microscope. There is also the “freeze-
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etching” variation in which the fracture face is gently freeze dried. This is a technique for
studying membranes and for localization and distribution of membrane proteins [3].

e Freeze-Drying, this technique consists of cryofixation of the sample and extraction of the
water from the sample in order to sublimate it at low temperatures in a vacuum; once it is
dry, it can be embedded in any type of resin and sectioned [12].

e CEMOVIS: it consists in freezing the sample at high pressure, cryosectioning it and
cryoobserving it directly on the electron microscope; this technique allows us to see the
tissue in its hydrated state, without the necessity to remove the water from the sample and
therefore in its most natural state [13].

3. Examples of applications

All these techniques can be applied to:
e Animal tissues (ex. liver, spleen, bone...) (see Fig. 2A/B, 4A, 5A/B, 5A)
e (Cell culture (in liquid medium, on substrate...) (see Fig. 8C)
e Bacteria, cellular organelles, biofilms, ... (see Fig. 2C)
e Plant tissues (ex. seeds, pollen, leaves...) (see Fig.6)

4. Conclusions

Electron microscopy is essential to understanding how cells and tissues work; it allows us to
visualize structures with high resolution and to relate their functions of the components as well as
being able to detect and localize molecules “in situ”. It is very important to consider the different
techniques, be able to work with several of them, and assess and compare them in order to arrive at
a good final conclusion.
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1. Introduction

The scanning electron microscope (SEM) (see Fig. 1) uses electrons to form an image. A beam of
electrons is produced at the top of the microscope (electron gun) and follows a vertical path
through the column of the microscope, it makes its way through electromagnetic lenses which
focus and direct the beam down towards the sample. The beam passes through pairs of scanning
coils or pairs of deflector plates in the electron column, typically in the final lens, which deflect the
beam in the x and y axes so that it scans over a rectangular area of the sample surface (see Fig. 2)
[1,9].

Electron gun
Filament

Electron beam

Scanning
coils To TV scanner

Backscattered
Electron Detector

A Secondary

Stage — L ™~ electron
> g detector
Sample -

Figure 1. Zeiss DSM 940A SEM electron microscope Figure. 2. Diagram of a Scanning
at the CCiT-UB (Medical school) electron microscope

The focused beam of high-energy electrons generates a variety of signals at the surface of solid
specimens. The signals that derive from electron-sample interactions reveal information about the
sample including external morphology or surface topography, chemical composition, and others
properties such as electrical conductivity (see Fig. 3).

Different detectors collect the signals, and convert them into another signals that are sent to a
viewing screen similar to the one in an ordinary television, producing an image. This image is then
digitally captured and displayed in a computer monitor. Magnification in a SEM can be controlled
over a range of about 10 to 500,000 times or more.

The spatial resolution of the SEM depends on the size of the electron spot, which in turn
depends on both the wavelength of the electrons and the electron-optical system which produces
the scanning beam. Depending on the instrument, the resolution ranges between 1 and 20 nm.

The signals result from interactions of the electron beam with the atoms at or near the surface of
the sample. The type of signals produced by a SEM include secondary electrons, back-scattered
electrons (BSE), characteristic X-rays, light (cathodoluminiscence), specimen current and
transmitted electrons (see Fig. 3 ) [5,9].

Secondary electrons. The most common imaging mode collects low-energy (<50 eV)
secondary electrons that are ejected from the k-orbitals of the specimen atoms by inelastic
scattering interactions with the beam electrons. Due to their low energy, these electrons originate
within a few nanometers from the sample surface. Secondary electrons can produce very high-
resolution images of a sample surface, revealing details about less than 1 to 5 nm in size. Due to the
very narrow electron beam, SEM micrographs have a large depth of field yielding a characteristic
three-dimensional appearance useful for understanding the surface structure of a sample.
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Figure 2. Hela Cells on glass coverslips substrat. Detail: tilt image (35°).
(Courtesy of Carles Enrich, University of Barcelona).

Backscattered electrons (BSE). Back-scattered electrons (BSE) are beam electrons that are
reflected from the sample by elastic scattering. As a result, the intensity of the BSE signal is
strongly related to the mean atomic number (Z) of the specimen, and BSE images can provide
information about the distribution of different elements in the sample. Since heavy elements (high
atomic number) backscatter electrons more strongly than light elements (low atomic number), and
thus appear brighter in the image, BSE are used to detect contrast between areas with different
chemical compositions. For the same reason, BSE imaging can image colloidal gold immuno-labels
of 5 or 10 nm in diameter which would otherwise be difficult or impossible to detect in secondary
electron images in biological specimens.

Characteristic X-rays. Characteristic X-rays are emitted when the electron beam removes an
inner shell electron from the sample, causing a higher energy electron to fill the shell and release
energy. These characteristic X-rays are used to identify the composition and measure the
abundance of elements in the sample.

Cathodoluminescence. The highly focused beam of electrons impinges on a sample and
induces it to emit light from a localized area by scanning the microscope’s beam in an X-Y pattern
and measuring the light emitted with the beam at each point, a map of the optical activity of the
specimen can be obtained.

Electron beam

Primary electrons

Figure 3. Electron beam interaction and signals
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2. Methodology

For SEM, a specimen is normally required to be completely dry, since the specimen chamber is at
high vacuum. For conventional imaging in the SEM, specimens must be electrically conductive at
least at the surface, and electrically grounded to prevent the accumulation of electrostatic charge at
the surface. All samples must also be of an appropriate size to fit in the specimen chamber and are
generally mounted rigidly on a specimen holder called a specimen stub [1,2,6,8].
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Figure 4. Schematic diagram of the sample preparation methods for the observation with the
scanning electron microscope

Hard, dry materials such as bone, wood, dried Insects, seeds or teeth can be examined with little
further treatment or directly. Living cells and tissues, soft-bodied organisms usually require
fixation to preserve and stabilize their structure (see Fig. 4) [1,4,5,6,8]. Fixation is usually
performed by incubation in a solution of a buffered chemical fixative or by cryofixation [1,2]. The
fixed cell or tissue is then dehydrated or cryosubstituted. Because air-drying causes collapse and
shrinkage, this is commonly achieved by critical point drying. Critical point drying involves
replacement of organic solvents such as ethanol or acetone, and replacement of these solvents in
turn with a transitional fluid such as liquid carbon dioxide at high pressure. The carbon dioxide is
finally removed while in a supercritical state, so that no gas-liquid interface is present within the
sample during drying. The dry specimen is usually mounted on a specimen stub using colloidal
silver and sputter coated with gold, carbon or gold/palladium alloy before examination in the
microscope [1,2,4,6].

If the SEM is equipped with a cold stage for cryo-microscopy, cryo-fixation may be used and
low-temperature scanning electron microscopy performed on the cryogenically fixed specimens.
Cryo-fixed specimens may be cryo-fractured under vacuum in a special apparatus to reveal internal
structure, sputter coated and transferred onto the SEM cryo-stage while still frozen [9].

3. Application Examples

3.1. Parasite study by scanning electron microscopy

SEM allows us to visualize external morphological characteristics and is a very useful tool for
obtaining data on systematic and taxonomic studies of parasites in general. The parasitological
studies of these hosts allow us to learn the composition of their communities and thus the parasite
biodiversity, providing as well interesting information as to the complex life cycles of these
parasites (see Figs. 5, 6 and 7).
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Figure 5. A. Rhinebothrium sp., cestode of the order Rhinebothriidea: detail of one of the
bothridia in which the morphology of the loculi can be seen. B. Scalithrium minimum, cestode of
the order Tetraphyllidea: general view of the scolex with its 4 bothridia. (Courtesy of Jordi Miquel,
University of Barcelona).

Figure 6: A. Pediculus humanus capitis head and thorax dorsal view. B. Ventral view. C: Female’s
abdomen detail.

Figure7: A. Nit general view, hair (—). B. Operculum detail with aerial cameras. C. Aerial
cameras detail.

3.2. Alveolar-capillary barrier

Acute lung injury (ALI) and acute respiratory distress syndrome (ARDS) are clinical
manifestations of acute and constant respiratory failure caused by lung inflammation and the
disruption of the alveolar-capillary barrier with a subsequent infiltration of protein-rich oedema
fluid and inflammatory cells into the alveolar space. Some inflammatory and coagulation mediators
overexpressed in these diseases may modulate alveolar-capillary barrier integrity (see Fig. 8).
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Figure 8. A. Alveolar epithelial monolayer. Nucleus (N). B. Alveolar epithelial cells challenge by
Thrombin, a pro-coagulant serine protease that forms intercellular gaps (=), Nucleus (N).
(Courtesy of F. Puig, G. Fuster, J. Tijero, L. Blanch, and A. Artigas, Sabadell Hospital, and R.
Nieto, D. Navajas and R. Farré, University of Barcelona).

3.3. Pro-inflammatory stimuli activate dendritic cells, important players in the battle against
diseases

Dendritic cells (DCs) are the sentinels of the body, playing a key role in the initiation and
regulation of the immune and inflammatory responses. Under a pro-inflammatory stimulus or
pathogen, immature DCs (iDCs) experience a profound molecular and morphological
transformation toward a “mature” state (mDCs). Scanning electron microscopy (SEM) is a
powerful tool to visualize such morphological variations occurring on the DC cell surface upon
activation, such as extended dendrite formation and clustering, allowing efficient antigen
presentation.

Figure 9. The images shown are SEM micrographs of monocyte-derived human dendritic cells
(DCs) either untreated (iDCs) (A) or treated for 48 h with 5 pg/ml of bacterial lipopolysacharide
(LPS) (pro-inflammatory stimulus) (mDCs) (B). Note the increased and polarized dendrites (—) in
mDCs stimulated with LPS. (Courtesy of Rut Olivar and Josep M. Aran. IDIBELL).

3.4. Intestinal epithelium
The main objective of the project is to study the effect of different natural substances on the control
of the prevalence of Salmonella in chicken intestine.

3.5. Biofilm formation in endotracheal tubes of mechanically ventilated pigs with pneumonia
Biofilms are bacterial communities that adhere to a surface and grow in a self-produced polymeric
matrix difficult to disrupt. Bacteria in biofilm increase their ability to survive, usually altering their
resistance pattern.
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Fig. 10. Intestinal epithelium of a 21-day
old chicken: A. villi, and B. surface of
the enterocytes and goblet cells (mucus
secreting cells). (Courtesy of M.T.
Brufau, , A. Guerrero-Zamora, R.
Martin-Venegas. and R. Ferrer, R-,
University of Barcelona, and B. Vila, and
J. Brufau, IRTA).

In tracheally intubated patients, biofilm, which is universally present in endotracheal tubes,
comprises bacteria, bacterial polysaccharides, host cellular detritus and respiratory secretions. With
the ventilatory flow, biofilm particles can be dislodged into the lungs and develop into responsible
for persistent lung infection

Figure 11. SEM micrographs showing the morphology (A) and bacteria-like structures (B) of a
biofilm from an animal model (Courtesy of Laia Fernandez-Barat, Miquel Ferrer, Gianluigi Li
Bassi, and Antoni Torres. Hospital Clinic-IDIBAPS and University of Barcelona).

3.6. Human Embryo Development by Scanning Electron Microscopy.

Figure 12 shows a SEM of a of a lower limb of a human embryo after 10 weeks’ development. The
presence of a tactile metatarsal prominence can be seen (—) on the distal tips of the fingers. In
addition, one can see how, at this stage of development, the fingers are already independent of each
other.

Figure 12. A. SEM
micrograph of a lower limb
of a human embryo after 10
weeks’ development. B.
Detail. Plantar view.
(Courtesy of Rosa Artells,
Alfons Navarro, Tania Diaz,
Ruth Tejero, Victor Ciria,
Dolors Fuster, Carmen
Muiioz, and Mariano Monzo,
University of Barcelona)




Biomedical and Biological Applications of SEM

3.7. Plants diseases

Sclerotinia sclerotiorum is a plant pathogenic fungus that cause a disease called cotton rot or
watery soft rot in several crops, like lettuce. This pathogen has the ability to produce a black resting
structure known as sclerotia.

Figure 13. SEM micrographs of sclerotia of Sclerotinia sclerotiorum parasitized by another fungus
(Trichoderma asperellum, strain T34) inhibiting the pathogen growth and the development of the
disease (A). Detail of the conidia of the beneficious fungi (Trichoderma asperellum, strain T34)
(B). (Courtesy of Maribel Trillas, University of Barcelona).

3.8. Leukocyte-Endothelium Interactions during the Inflammatory Response

Single layer of human endothelium treated with proinflammatory stimuli in which human
lymphocytes and monocytes from peripheral blood have been perfused with a physiological flow
(1,8 din/cm?). Several non-polarized leucocytes have established contact with the endothelium and
have been captured during the process of rolling (see Fig. 14).

Figure 14. Interaction of the lymphocytes
with the apical membrane of endothelial
cells subject to flow. (Courtesy of Olga
Barreiro, Universidad Auténoma de Madrid
and Francisco Sanchez-Madrid, Centro
Nacional de Investigaciones
Cardiovasculares)

3.9. Erythrocytes morphology with amino acid-based surfactants

The erythrocytes present a characteristic morphology (discocytes, see Fig. 15 A), which enables
their function of transporting oxygen. Any alteration in this morphology will cause a reduction in
their capacity to transport oxygen. The surfactants interact with the erythrocytes membrane causing
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changes in the structure of membrane proteins and lipids, which can induce some alterations in the
external surface of the cells (see Fig. 15B).

L \ X 5 5 -h*

Figure 15. SEM micrograph showing the typical form of the erythrocytes (discocytes) (A), and
alterations induced by the presence of surfactants at a physiological pH (echinocytes) (B) (Courtesy
of Daniele Rubert, Montse Mitjans and Pilar Vinardell, University of Barcelona).

3.10. Characterization of an In Vitro Model of Mucosal and Nasal Polyp Epithelial Cells Cultured
in the ALI System (Air-Liquid Interface)

In the dedifferentiation process the epithelial cells arising from the mucosa and nasal polyp
undergo on being cultured in the ALI system of culture (Air-Liquid Interface). In this system, cell
culture is developed on a porous support called insert or transwell that allows the cells to be
exposed to air at their apical zone whilst remaining in contact with the culture medium at their
base. On day 0, one can observe a single layer of dedifferentiated cells, without ciliated cells.
However, ciliated cells can be seen after 14 days of culture (see Fig. 16-A) and after 28 days these
cells can be seen in greater numbers and with a greater development of cilia (see Fig. 16-B). The
different degrees of ciliogenesis observed at different times, indicates that the epithelial cells are
becoming dedifferentiated during culture.

Figure 16. These images contribute, in part, to the characterization that has been carried out of the
in vitro model of epithelial cells of the mucosa and nasal polyp cultured in the ALI system. SEM
micrographs corresponding to days 14 (A) and 28 (B) of a cell culture under ALI conditions.
(Courtesy of Francisco de Borja Callejas, Asuncion Martinez-Anton, César Picado, and Joaquin
Mulloll, IDIBAPS, and Eva Donet, Instituto Carlos III).
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examples of applications in biomedicine that illustrate the capabilities of the
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Advanced Light Microscopy Techniques

1. Introduction

An optical microscope uses lenses and propertidgtuf to magnify and resolve laterally small
objects in the sample, with a maximum precisio@@Jd nm, under conventional conditions.

Due to the useful properties of light microscopylagul to biological samples, it has become a
fundamental technique in biomedicine. Biologicampées that can be studied are fixed or live,
cells, tissues, organs, embrios and small anirslglies of materials surface or solutions can also
be performed.

One of the most important advantages of light nsicopy is that the tridimensional structure
and integrity of the sample can be very well presgrafter its processing for observation. In
addition, the almost non-invasive properties offligllow studying living cells, tissues and whole
organisms.

By using optical microscopes with different lightntrast techniques and a wide range of
labellings, the different features of the sampléshsas morphology, structure and components can
be highlighted. From among all light-contrast tdghes, fluorescence is probably the most widely
used. This is due to its multiple properties addaatages versus other light-contrast techniques.
One of the advantages of fluorescence is its dpitgifFluorescent molecules are identified and
discriminated from the others by their individuéht absorption and fluorescence emission
spectra. A particular fluorophore can be detectediding specific excitation light and emission
range. This detection can be performed with a bmftrast. Fluorescent molecules glow in a dark
background and their signals can be isolated edsilyn the surrounding. Another important
advantage is that fluorophores have several pHyaiwh chemical properties (lifetime, absorption
and emission spectra, intensity, etc.) which aresifge to environmental conditions (pH,
temperature, concentration, molecular interactitn,) or can be used to make some processes
evident; thus, a wide range of fluorophores aral ws® specific reporters of particular situations
such as environmental conditons, molecular reastimrdynamics.

Recently, the discovery of fluorescent proteinsfrdifferent organisms and subsequent genetic
engineering has made it possible to express, ingieells, the proteins of interest tagged with
these genetically encoded fluorescent proteinsNlimerous variants of fluorescent proteins have
been developed for protein labelling or as repsrtérspecific conditions. The combination of this
development together with the properties of fluoesge has revolutionized the study of
localization and function of proteins in its nalugavironment, the living cell.

As a result, there has been an important developofeadvanced techniques which provide
novel information about how, when and where chaimgesolecular states, dynamic processes and
reactions occur in biological samples. Recentlynedechniques have increased the conventional
optical resolution up to 10 times [2]. Advancedicgit microscopy techniques combine and take
advantage of the properties of light, design angrawement of probes, progress in image analysis
tools, new imaging techniques and development antheercialization of equipment and software
that provide solutions to these new applications.

Light microscopy has become prevailing in biomeldiegearch and, furthermore, the incoming
techniques point out to give new insights into bélogy and molecular mechanisms.

This chapter summarizes some light microscopy tigcies with examples of applications based
on our specialization and experience.

2. Conftrast Technigues in Light Microscopy
2.1. Transmitted light contrast techniques

2.1.1. Brightfield microscopy

Brightfield microscopy is the simplest of all ogtidllumination techniques. It yields an image
with the sample appearing black, surrounded byighbbackground. This contrast is due to the
absorption of light by dense areas of the samplestNbiological samples, however, have a low
contrast and, therefore, they have to be obsengdulguother methods. Staining the samples
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increases this contrast but it is not always pds%b convenient, especially in the case of living
cells. There are special optical contrast-enhantéeniques based on changes in the phase of
light due to differences in thickness and refraciivdex between the specimen (phase specimens)
and the surrounding medium. These differences @mgerted in differences in colour or intensity
of the image. Some of these contrast-enhancingnigeés are: phase contrast or differential
interference contrast (DIC).

2.1.2. Phase contrast

Phase contrast enhances the differences in thee gifathe light between waves traversing the
sample (diffracted) and waves passing through tin®@snding medium (undiffracted). When both
waves are combined, the resulting interference méke phase variations observable in the image
and, therefore, it is possible to distinguish ttracture from the surrounding medium. It is a high-
resolution technique and is ideal for fairly thimdauniform specimens, such as monolayers of cells.
Some problems, however, may appear with very thibighly refractile objects.

2.1.3. Differential interference contrast

Differential interference contrast (DIC), also kmows Nomarski microscopy, generates contrast
from local changes in refractive index of the spemi. The resulting images give the appearance of
a three-dimensional physical relief, though notvimg a topographically accurate image. DIC
does not give much contrast when working with a tibject but it is the technique of choice for
thick samples such as protozoa, embryos and smgahsms.

2.2. Fluorescence as a contrast technique

Fluorescence microscopy has become an essentiahtbwlogy and in the biomedical sciences,
as well as in materials science due to its atteibubat are not readily available in other contrast
modes within traditional optical microscopy. It gd/the possibility to label individual structures,
molecules, or cell compartments, so that their olagimn under the microscope, and even the
dynamics of the living cells, is possible. Morequvers possible to use several fluorescence probes
at the same time to identify several target moksdimultaneously. Although the fluorescence
microscope cannot provide spatial resolution betbe diffraction limit of specific specimen
features, the detection of fluorescing moleculdswesuch limits is readily achieved. There are
many fluorescent microscopes that provide differaratging solutions achieved by the variations
in the different components of the microscope.

2.2.1. Fluorescence process

When specimens, living or non-living, organic opriganic, absorb and subsequently re-radiate
light, the process is described as photoluminegcdhtche emission of light persists only during
the absorption of the excitation light, the phennoreis known as fluorescence. Fluorescence is
the light emitted during the rapid relaxation afdiescent molecules following excitation by light
absortion.

The process consists of three phases (Fig. 1&flrin the first phase (absorption) a photon
collides with a molecule that absorbs it. This gsxexcites and promotes the atomic electrons of
the molecule to a higher-energy level. In a sequmake (relaxation), the excited electrons undergo
a transition to the lowest excited state, losingrgy as heat. Finally, in the third phase (emigsion
the electrons drop back to the ground state vianaber of processes. One of these processes is the
emission of light. As a consequence of this pradiesenergy of emitted light is lower than that of
the absorbed light and, therefore, the wavelengtthe emitted light is longer than that of the
absorbed radiation. Because the emitted photonllysterries less energy and therefore has a
longer wavelength than that of the excitation phptbe emitted fluorescence can be distinguished
from the excitation light.
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Figure 1. a) Jablonski energy diagram of fluorescence (&dafipom Ref. [3]); b) Different ways
of staining a target molecule with a fluorochroi®&P means green fluorescent protein, A antigen,
P protein of interest, F fluorochrome, S streptavahd B is biotin.

The excitation and photon emission from a fluoraphe cyclical, and until the fluorophore is
irreversibly damaged (or photobleached), it canrdpeatedly excited. Because of the fact that
fluorophores can emit numerous photons througlcyote of excitation and emission, fluorescent
molecules are used for a broad range of reseanglicagions. Both the excitation and emission
wavelengths are specific characteristics of eastrdiphore and they exhibit broad excitation and
emission spectra. The spectra for fluorescent mtdscare graphed on x,y plots that indicate the
wavelengths which correspond to the maximum andimouim excitation and emission signal
intensity for each fluorophore.

2.2.2. Fluorescence labelling of samples

There are two different types of fluorescence usedletect molecules of interest with light
microscopy techniques. Primary fluorescence is phmperty of some substances of emitting
fluorescence (autofluorescence). Secondary flueresc is a fluorescence generated by staining
the molecule of interest with a fluorescent moledtiuorochrome) [1] [4].

There are different options to detect a moleculdllbgrescence (see figure 1 and 3). A very
common labelling method is immunostaining. It cstssiof detecting a molecule by an specific
antibody directly labelled with fluorescence (direanmunoflurorescence) or using a first antibody
against the molecule of interest and, afterwards,@ various secondary antibodies directed to the
first one labelled with fluorescence (indirect immafiuorescence). Indirect immunofluorescence is
commonly used as an amplification method due tostheng non-covalent interaction between
streptavidin and biotin [5]. In this case, a prignantibody biotinilated and avidin complexed with
the desired fluorochrome can be used.

Another detection method is the use of fluores¢aoh immunological) dyes. These can be
fluorescent-labelled molecules that bind specificad the molecule of interest or locate in an
specific compartment due to its physico-chemicapprties.

Recently, the discovery of fluorescent proteinsrfrdifferent organisms and subsequent genetic
engineering have made it possible to expressyinglicells, the proteins of interest tagged with
these genetically encoded fluorescent proteingl[@]. Numerous variants of fluorescent proteins
have been developed for protein labelling or asnteps of specific conditions. This development
has opened the field @f vivo microscopy, to follow many processessitu.
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2.3. Conventional fluorescence microscopy
Modern fluorescent microscopes universally usedai-light (epi-) illumination, where the
excitation light comes through the objective. Obijexs are therefore the condenser of the
microscope.

Usually fluorescent microscopes use Mercury or Xelamps as light source, however, they are
being progressively substituted by new metal-hdbdeps that offer longer lifetime.

Another major component of a fluorescent microscpthe filter cube. It contains a set of
three filters: an excitation filter, a dichroic mar and a barrier filter. Traditional glass filtestich
as excitation and barrier filters, absorb some Veagths while passing others: longer (long-pass
filters), shorter (short-pass filters) or of a spedband of wavelengths (band-pass filters). The
dichroic mirror is an interference filter that acs a chromatic beamsplitter, reflecting short
wavelengths and transmitting long ones. In otherdwothe excitation filter permits only selected
wavelengths from the illuminator to pass throughttve way toward the specimen. Barrier filters
are designed to block (absorb) the excitation wengths and permit only selected emission
wavelengths to pass toward the eye or other detdatchroic mirrors are designed to efficiently
reflect excitation wavelengths and pass emissioveleagths. All three filters have to be properly
chosen to match the spectral excitation and enmssharacteristics of the fluorophore used to label
the specimen. Multi-color images of multi-fluorophcstaining must be composed by combining
several single-color images acquired using diffeféter cubes. For this purpose, these different
filter cubes are mounted in a filter wheel that barturned manually or automatically.

2.4. Confocal laser scanning microscopy

Confocal laser scanning microscope (CLSM) usessar léight source. Laser passes through a
diaphragm (excitation pinhole) and is focused osnall point of the sample and it scans the
sample point by point on the focal plane. Fluoraseeor reflection light from the focal plane
passes through an emission pinhole (rejecting bémaus light), and it is detected by a detector,
generating optical sections. Finally, point by pdinformation is compiled in a computer and a
final image is composed (see figure 2a).

The main advantages of CLSM are: the ability totadnthe depth of field, elimination or
reduction of background information away from tbedl plane, serial production of thin and non-
invasive optical sections (maximum axial resolutiesuld be 0.5 micrometers) through fluorescent
specimens that have a thickness ranging up to 6bmeters or more (increasing axial resolution
in “Z" dimension), improvement of lateral resolutiountil 0.2 micrometers or more (X-Y
dimensions) and elimination of scatter light thatik¢he point-by-point illumination (laser source).
The mechanical improvements in confocal microscmgy a powerful excitation light source (laser
beam light versus mercury lamps), pinhole diaphragmotorized “Z” stage and image detectors
(new generation of photomultipliers versus CCD case[2].

Modern CLSM instruments are equipped with 3-5 lasgstems controlled by high-speed
acousto-optic tunable filters (AOTFs), which allawery precise regulation of wavelength and
excitation intensity. Emission is detected by phattipliers and some confocal systems can select
freely the detection range [2] thus allowing veitsatonfiguration and minimizing spectral
crosstalk.

The non-invasive confocal optical sectioning teghei enables the examination, with enhanced
clarity, of both, living and fixed specimens, undewariety of conditions. With most confocal
microscopy acquisition software packages, optieatisns are not restricted to the perpendicular
lateral (x-y) plane, but can also be collected disglayed in transverse planes (Fig. 2). Most ef th
software packages for image analysis, accomparmynmgnercial confocal instruments, are capable
of generating composite and multi-dimensional viefveptical-section data acquired from stacks
of optical section (often termed a z-series) (R)g.The three-dimensional software packages can
be employed to create either a single three-dimeasirepresentation of the specimen or a video
(movie) sequence compiled from different viewsta specimen volume [11] [12].
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Figure 2 a) Depth discrimination in laser-scanning confdltadrescent microscopé-Objective. 2-
Objective lens. 3- Out of focus light emitted from the specimen. 4- In focus light emitted from the specimen.

5- Dicroic mirror. 6- Detector (photomultiplier) and 7- Pinhole diaphragm. Figure adapted fromef. 2. b)
Optical sectioning: Stack of xy slices (left), xz dlice (right); Images of Convalaria obtained with
widefield fluorescence microscopy (c) and CLSM;(d) 3D reconstruction of a pollen grain
obtained from optical sections (Image courtesy e Lleal, CSIC); f, g an h) Triple
fluorescence labelling of a culture of neurons asitocytes. Green: GFP-Actin; Red: anti Glial
fibrillary acidic protein; Blue: Hoechst; f) xy s#ans; g) Maximum projection; h) xz sections
(Image courtesy of Miguel Morales,CIBIR-Rioja anditkrsity of Barcelona).
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CLSM is being used in a wide variety of very impmitt and innovative biomedical applications
such as: FRET (Fluorescence resonance energy d@rangfhotobleaching techniques, FISH
(fluorescencein situ hybridization), in vivo imaging, ions imaging, 3D and nD digital
reconstructions, colocalization of fluorophoresjtage tagging, morphometry and volumetry
analisys, high-throughput screening, multicoloruasigion, profilometry, etc [2].

2.5. Nonlinear Microscopy
Nonlinear microscopy is based on the modificatibrihe optical properties of matter by intense
light, typically laser light [5] [6]. The nonlinedaerm refers to the response of matter to an egpli
optical field (light), which is not directly propmonal to the stregth of the applied optical field.
This response can result non linear in terms @hnity, as in two photon microscopy, or in the
creation of radiation fields that propagate at rfimguencies as in second harmonic generation or
in new directions.

In contrast, single-photon excitation (conventiofharescence) is directly proportional to the
incident light, since each photon has an equalglitiby of exciting a molecule in the ground state.

2.5.1. Two-photon microscopy

Two-photon excitation is the process in which feswent molecules in the sample absorb two near
infrared photons during the same quantum event. droeability of two-photon excitation is
proportional to the square of the light intensippled because it depends on the probability of one
photon being there multiplied by the probability ariother photon being there. The maximum
probability of two-photon absorption is only acheevat the focal plane thus producing intrinsically
optical sectioning. In this kind of microscopy, oot focus fluorescence is practically never
generated, thus reducing the background from trouiesd image and photobleaching and
fototoxicity at out of focus planes.

The principal advantages of multiphoton microscémythe study of biological samples are:
optical sectioning, excitation at a single pointlué sample in the focal plane, high penetration o
the near infrared photons, low phototoxicity an@tplextinction at out of focus planes.

The quantum-mechanical selection rules for two-phaxcitation are very different from those
for single photon excitation and result in veryfeliént absorption cross section from those for
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single photon excitation [7]. The absorption cresstions of fluorophores are very different from
the single photon cross sections and they commexthjbit a broader two-photon excitation cross
section. The emission characteristics of the eddbeorochrome are the same for the different
absorption processes (single and two-photon presgss

Two photon microscope consists of a a laser scgrminroscope with an ultrafast near infrared
laser pumped by a solid-state laser, a high-numleaperture lens and descanned or non-
descanned detectors.

In order to have a high probability of two-photottiation in the focal plane, a high density of
photons is needed. This can be achieved by tworfadtirst of all, a pulsatile and powerful laser
sends short peaks of photons of large intensitygit frequency. Secondly, a high collecting angle
of the lens concentrates a big density of photortee volume of the focal plane.

Detection can be performed by descanned and naawdesd detectors. In the descanned
detection, pinholes are removed or completely ogresh the same optical pathway and scanning
mirrors are used as in confocal laser scanningaseopy. Non-descanned detectors do not use
pinholes, the emision is selected with dichroicrors and detected from the whole image without
passing back through galvanometric scanning mirrOrge type of non-descanned detectors are
those that are external, in which light does naisdaack through the objective. These detectors are
very efficient and suitable for light scatteringrgdes because they detect the photons from the
whole area.

The main applications of two-photon microscopy amgaging of thick samples: intact tissue,
animals (intravital microscopy, see fig. 3a) ostie sections, live cell analysis during long pesiod
of time due to less phototoxicity and photobleaghitt the focal plane, excitation of ultraviolet
fluorophores with near infrared laser (see fig., 3aptability to new fluorescent probes (lipid
probes), simultaneous excitation of various flubraes (see fig. 3a), photoactivation,
photolabelling, uncaging and photobleaching for enalar dynamic studies in living cells at a
known volume, etc.

. - T AT
Figure 3. a) Two photon intravital microscopy of mouse livienage of liver of a mouse injected
with Hoescht for DNA labelling (blue) and membragraential sensitive probe TMRM (red) both
excited at 800 nm (Figure adapted from ref. [1H]).Two-photon imaging of an ultraviolet probe
(Laurdan) to study lipid order in plasma membradeneral polarization (GP) images, of Laurdan-

labeled wt (right) and mhtt (left) cells, were pdetcolored, with blue to red representing fluid and
ordered domains, respectively (Image courtesy Aflakrch, University of Barcelona [8]).

2.5.2. Second Harmonic Generation

Non centrosymmetric molecules illuminated with ghiintensity light of a given frequency and
wavelength have the capability to generate sebamnahonic, i. e. light with double frequency and
half the wavelength of the fundamental light [5]. [6
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Second harmonic generation (SHG) is a nonlinear
scattering process because its efficiency dependhe
square of the incident light intensity. Therefosecond
harmonic generation needs a very high intensititlig
that, in microscopy, it is only achieved at thedioplane
by a powerful pulsing laser. As a result, SHG pdesi
intrinsic optical sectioning. Another characteoss that
the generated wave propagates in the same direation
the incident light and in phase with it, althougthas a
different plane of polarization. As SHG and TPE gng
requirements are very similar, SHG imaging can &kso
performed, with some modifications, using a two4pimo
microscope.

Figure 4. Example of second harmonic generation applicatioaging of sarcomere distribution
in cardiomyocites of left ventricle of mouse.

The main applications of SHG are the visualizatigithout staining, of structural proteins such
as collagen, myosin and tubulin and the visualiratdf specific labellings with probes that
generate second harmonics.

3. Applications of Light Microscopy in Biomedicine

3.1. Cell tracking

As its name suggests, particle or cell trackinghis ability to follow the movements of cells or

particlesin vivo (during a time period), using light microscopy tecjues such as transmitted light

and fluorescence microscopy or other techniques.idiéa is that one can follow tagged particles
or cells by means of various detection methods thestime, in two or three dimensions. This kind

of analysis can generate big amounts of data gmivarful image analysis is necessary. In order to
optimize the process, image analysis automatiomldhioe incorporated (see 3.4 section below).
Different processes can be analysed, for examglesis, apoptosis, cellular shape, direction and
velocity of particles, organelles or cells, etc dahdy have many application in basic and clinical
biomedical research.

In the following example, cell tracking with diffemtial interference contrast imaging (DIC) and
fluorescence (EGFP) showing that Hsp27 phosphdoylats required for BMP-2 induced cell
migration was examined [4]. C2C12 cells were grawn4-well coverslip-bottom plates, before
being placed at 37°C in a G@ncubation system. Images (typically 4 Z-stacktises) were
recorded at 5-min intervals for 16 h using a LEITBS-SL confocal microscope. Individual cells
were traced from the resulting time-lapse movied @malyzed using ImageJ software with manual
cell tracking plug-in. Cell migration was analyzég marking the position of the nucleus in
individual cells in each frame to obtain the migrattracks. In this case, only the migration tracks
are used for quantification of the total distaneéaen time zero and the final time (Fig. 5). Also
the velocity of the cells, directionality of the weament and quantification of mitosis, can be
analyzed.

3.2. Fluorescence Resonance Energy Transfer

Fluorescence Resonance Energy Transfer (FRET) psoeess where an excited fluorophore
(donor) transfers energy to another fluorophorecdptor). The resonance energy transfer is
dependent on the distance, due to the dipole-diptézaction from the donor and acceptor, and
since it is non radiative, there is no photon eomsiFRET technique can be used to report
molecular associations and biochemical reactionhieWit is combined with fluorescence

microscopy, the FRET signal can be precisely latatethe subcellular level where the process is
taking place. This is very important because madégcassociations and biochemical reactions
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depend greatly on subcellular localization and loa differential and specific microenvironment
conditions in that compartment or region.
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Figure5. A) ImageJ analysis of cell tracking (total distamtenicrons) in presence or absence of
BMP-2. B) Quantification of migration tracks. Higram shows migration tracks obtained from at
least 80 cells in each experimental condition ftam independent experiments. Values

correspond to the mean + SEM. (Image courtesy ¥eRtura, University of Barcelona [4]).

There are different conditions for energy trangteroccur. First of all, donor and acceptor
molecules have to be at a physical distance lessatspecific radius- between 1- 10 nm. Secondly,
the donor emision spectrum has to overlap withabeeptor absorption spectrum at least 30%.
Finally, the orientation dipole transition of doremd acceptor molecules has to be approximately
parallel. FRET pairs for fluorescence microscopg aouples of synthetic fluorophores. Each
FRET pair is defined by a distance at which theciefficy of energy transfer is 50%. This distance
is known as the Forster radiusgRhe relation between FRET efficiency (E) and afise is
defined by the equation

E=1/[1+(/R)],
where r is the distance between donor and accaptbR is the Forster radius. It can be observed
from Fig. 1 that FRET is very sensitive to distanoé it decays very abruptly for an small increase
of distance between donor and acceptor [14]. FR& Hecome a good tool to report changes in
molecular proximity or biochemical reactions be@uosits sensitivity to changes in distance and
the fact that the Forster radius of most of the FRRirs are in the range of biomolecules size (1-
10 nm).

Inter molecular proximity can be elucidated by meesg FRET between one molecule of
interest labelled with donor and the other withegtor fluorochrome. Intramolecular FRET can
also be used as a reporter of biochemical reactipnslesigning molecules, with donor and
acceptor in them, which change distance by changogormation of aminoacids or proteins
sensitive to the process of interest. The lattercgss reports a biochemical reaction such as
phosphorilation, Ca2+ concentration, membrane rdimnmains.

3.2.1. Intensity-based FRET methods

Different methods exist for calculating FRET. Dyyithe energy transfer, a phenomenon of donor
quenching (loss of emission signal) correspondimgant increase of acceptor intensity can be
observed.

The different quantification FRET methods take adage of the phenomena that occurr during
the process. For example, acceptor photobleachidgsansitized emission are intensity-based
methods that take advantage of donor loss of emmissgnal and of the increase in acceptor signal
due to FRET, respectively. For instance, fluoresedifetime measurement exploits the fact that
donor fluorescence lifetime is reduced. Ratiomeat&thods are optimal for intramolecular FRET
experiments.
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Acceptor photobleaching is an intensity-based nekttinat takes advantage of loss of donor
signal due to FRET. It compares images of donooreefind after photobleaching of the acceptor
in a region of interest in the sample. If FRET asculonor will increase its emision signal after
acceptor photobleaching (see example in fig. 6lag. dfficiency is calculated as

E= (D2-D1)/D2,
where D2 is the donor intensity of the region déiest after acceptor photobleaching in that area
and D1 is the donor intensity before photobleachitg this method, fixed samples are necessary.

Sensitized emission method is another intensitgthamethod that takes advantage of the
increase of acceptor signal under FRET conditionsnilluminating specifically the donor . This
method is based on the acquisition of an imageddiRET channel that is the acceptor image
under donor excitation light, together with the gea of donor and acceptor (see fig. 6b). FRET
image has to be corrected for i) the emission cépior directly excited with donor excitation light
and ii) crosstalk of donor emision. The crossesicitaand crosstalk values are calculated from
images of samples labelled only with either donoraoceptor. FRET corrected image can be
normalized by the amount of donor or acceptor dhbBRET efficiency can be further calculated
if the G factor is calculated. The latter factorthe ratio of increase of acceptor emission due to
FRET to the quenched donor intensity due to FREST, & particular fluorophore pair and
instrument imaging settings.

Donor Acceptor EGFR-CFP Grb2-YFP FRETc

Pre- bleach

———————

Post- bleach

Figure 6.a) Acceptor photobleaching FRET experiment betwss@m fluorescent protein (CFP),
as donor, and yellow fluorescent protein (YFP)aeseptor, fused to two nuclear proteins. (Image
courtesy of Anna Perearnau and Oriol Bachs, Unityeo$ Barcelona); b) Sensitized emission
FRET experiment between Epidermal growth factoepéar- CFP (EGFR-CFP), and Grb2-YFP.
Maximum FRET signal is localized at endosomes. FR&Tected image is shown in pseudocolor

in arbitrary linear units of fluorescence

3.3. Photobleaching techniques

Photobleaching is the irreversible loss of fluoerse after an exposure to high-intensity and
continuous light. This phenomenon is used as teglydo make evident the dynamics of molecules
or the connection between compartments or celldivia cells, tissues or organisms. In a

photobleaching experiment, under optimal conditidlu®rescence is irreversibly extinguished but
the functionality of the tagged molecules is presdr Molecules may be directly or indirectly

labelled with fluorescent dyes or expressed astgafig-encoded fluorescent fusion proteins in

live cells.

The | basis of these techniques is as follows.raltered cells, fluorescent molecules are in
equilibrium. Photobleaching of molecules in a regiof interest of the cell will disturb this
equilibrium and redistribution of fluorescent anahrfluorescent molecules along time will make
evident the dynamics of the molecules. Photobleachechniques are very flexible and can be
adapted to resolve various biological problems.[13]

The most straightforward photobleaching technique fluorescence recovery after
photobleaching (FRAP). In this technique, fluoregcenolecules in a region of interest are
bleached by a focused light (tipically a laser bpamd the fluorescence recovery in that region is
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quantified and compared to the initial conditioRkiorescence recovery into the bleached region is
due to diffusion of surrounding non-bleached floment molecules. Two parameters describe the
molecular equilibration kinetics. The mobile fractiis the percentage of recovered fluorescence
after photobleaching, compared to the initial ctods, and half time of recovery is the time at
which half of the mobile fraction has recoveredrtker analysis by kinetic modelling provides
information on the molecular dynamics. This techmeiqgan provide information of mobile and
immobile fraction, kinetics at different conditigndiffusion coefficient and association and
dissociation kinetics (Fig. 7).

In Inverse FRAP experiments, all the fluorescentemues in the cell, except for a small area,
are bleached. The loss of fluorescence from théeashed region in the postbleach images is then
analysed. This technique allows to analyse dissonigparameters of molecules which are bound
to an immobile structure (Fig. 7). FRAP can alsaibed as a contrast technique to visualize with a
better signal-to-noise ratio the fluorescence $tings dissociating from the region of interest.
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Figure7. a) FLIP experiment of p21-GFP to evaluate conmigtbetween intranucleolar body
(red) and nucleoplasm (white). Representativeyanat different timepoints; b) FRAP

experiment to evaluate dynamics of p21- GFP iramicleolar body (red) and nucleoplasm (white)

under Adriamycine treatment.; c) Inverse FRAP expent of GFP- vesicular stomatitis virus G

wild type protein (GFP VSVG wt) in Golgi. Represatite images at different timepoints of two
different iFRAP experiments. d) Quantification dfidtic parameters of FLIP experiments in a); e)

Quantification of kinetic parameters of FRAP expemts in b) f) Quantification of various
IFRAP experiments under the effect of differentradisrupting reagents (jpk: jasplakinolide; LtB:
LatrunculinB) (a, b, d and e adapted from Ref. [t&nd f adapted from Ref. [15] ).

Fluorescence Loss In Photobleaching (FLIP) exparimare different from FRAP experiments
because a specified region of the cell is repetifiphotobleached and the loss of fluorescence in
non bleached parts of the cell is measured. Thaserienents are useful for studying connectivity
between different regions and compartments of barel for studying fluxes between them (Fig.
7).

3.4. Extracting information from biocimaging: Im@aénalysis

Computer image analysis methods are available lip theobserve the information in images, to

minimize human bias, and to introduce rigor inte plnocess of obtaining quantitative information.
Images have to be procesdmfore any numerical data can be obtained. Thigénmocessing

is performed in several steps. In a first step,gesamay be corrected to minimize defects of

10
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acquisition (i.e, non-uniform illumination of tharaple or high level of noise generated by the
acquiring device). In a second step, differencegray values (representing the brightness of the
pixels) between the objects of interest and thekdpacind can be improved. Once objects or
features to be measured are clearly identifialbley tan be easily segmented. Segmentation, the
last step, will divide images into two domains, e&mthe objects and the rest. It generates,
therefore, a two-level or binary image which canused directly for quantification or can be
applied over the original image as a mask, restgahose pixels in the original image that will be
used for quantitative evaluation.

Image quantification can provide different typesrdbrmation. The number of objects is one of
the typical measurements that is obtained but memayphometric parameters can also be
measured: area, shape, orientation, etc. Densitmmgrameters (intensity, optical density) can
also be obtained from image analysis. A commoniegiibn derived from intensity measurements
is for instance, the analysis of the degree of lapebetween two different proteins, that is, the
colocalization between them. Moreover, quantifmatcan also be performed in multidimensional
images. A stack or sequence of xyz images can & €er instance, to make a 3D reconstruction
to visualize the shape and appearance of realtshjig. 2e), or to measure 3D parameters such as
the volume. The time dimension (xt, xyt, or xyztages) allows the analysis of live biological
processes. In this sense, the movement of cellst@eking, Fig. 5) or the concentration of ions
(i.e. intracellular C%) after different treatments or in different biolog/ conditions can be
quantified. Moreover, as mentioned above, the ém&srecovery of fluorescence (FLIP and FRAP
respectively, Fig. 7) are also examples of intgnsiéasurements over time.
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1. Infroduction

Bioinformatics is widely accepted to be the applama of computational resources to the analysis
and management of biological data. However, it araginally defined in 1970 by Ben Hesper and
Paulien Hogeweg [ 1], as the “study of informatiogesses in biotic systems” [ 2], and it was not
until the rise of high throughput technologies imletular biology that Bioinformatics, as is
nowadays known, became an everyday word in scigrigare 1).

Computers and the Internet have allowed the cunemlution in science, becoming essential
to any field of study. On one hand, they providenoainication services such as email, mailing
lists, forums, papers or webinars. On the oth&y #ire used to store and analyze data and provide
online tools like databases, genome browsers, irhagds or applications. Needless to say, the
former services and tools have been possible thrdlig development of programs, algorithms,
statistical methods and even new programming layegiatherefore generating knowledge by
themselves.

PubMed MeSH Terms Evolution )
Figure 1. Number of

10 | ~ ~ Bioinformatics /~ | articles by year classified
. Frotwomis i by the following Medical
- Prot
= (e Dﬁ.:ggzznce.aqaiysis P Va S b t H d M SH
8 g | = Mooarayanaysi 2™ R ubject Headings ( eSH)
X y. "_.— | terms from the Natio-nal
(2] > " . . . y
E 54 v g Library of Medicine’s
Q
= i o .- | con-trolled vocabulary:
2 L, # F T Bioinformatics,
3 _ _/ 27 o Genomics, Proteomics,
2 5 / P i DNA sequence analysis
. o e and Microarray analysis.
| =t I ™y, 1. U Only data since 1985 are

1T T T T T T 1T 1T 7T T 7T 1T T 1T 1T 7T 17 T T T T T T 171 shown. Plot has been
1985 1988 1991 1994 1997 2000 2003 2006 2009 generated with R [3] and
Year MEDSUM [ 4]

From a narrower point of view, Bioinformatics isasiated with the analysis and management
of massive amounts of data, be it DNA sequencesroanirays, in-situ hybridizations or
microscope images. In that sense, Bioinformatas been essential to the birth of Omics, fields
that study the totality of a certain feature, agdt&ms Biology. To put it simple, the assembly and
annotation of the Human genome [ 5, 6] or its pote structure prediction [ 7] would have never
been possible without Bioinformatics.

At CCiT-UB, the Bioinformatics Unit is mainly dewed to the areas of Genomics,
Transcriptomics and Proteomics. It provides custeohi analyses, management, storage and
visualization solutions to data from different stes such as next-generatidmnovo sequencing
and re-sequencing, ChlIP-on-chip, ChiPseq, DNA aratem microarrays, real time PCR or
databases, amongst others. State of the art amadyseperformed by using the latest software
releases as well as developing and adapting pragi@athe researcher’s needs.

2. Bioinformatics applied to Genomics, Transcriptomics and Proteomics

Next-generation sequencing (NGS, see the Genonmiggdper in this issue) is a key achievement
in molecular biology that is changing the way reskars work. While before it took years and
endless resources to sequence a single genomeijt iswpossible tode novo sequence or re-
sequence a small genome in a few hours and a crropkin just a few days. This new era has
just begun, and in the near future it will be fasted cheaper to sequence a human genome, which
might imply a big leap in personalized medicing).[oteworthy, NGS has multiple applications
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in fields such as metagenomics, where it can bd tesdecipher the microorganism’s composition
of samples like water, soil or feces [ 9, 10, 11].

However, obtaining the data is one thing, and nwkéense out of it is another and
Bioinformatics must live up to this challenge; Btample, algorithms and pieces of software that
were originally designed to analyze small amouft®NA must now be optimized and scaled up
in order to deal with whole genomes, or even thondsaf them [ 12, 13]. Moreover, all this data
has to be stored in an accessible way, if possitile intuitive visualization tools, and usually has
to be integrated or compared with other high-thigug data.

Figure 2. Non-exhaustive
author’s view of a genome
project’s workflow.

Usually, a project will start
by sequencing a genome or
a transcriptome, which

must be assembled into a
consensus sequence. Anno-
tation of this sequence can

A GENOME PROJECT OVERVIEW
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Genome
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Database
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Sequence Align/Map Annotation be done withab initio
predictions and/or using
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i Experimental data i

Transcriptome ma,?se,imoma_ Genes, ESTs, Fg‘;‘;‘gji{gﬁge _the project must b(_e sthred

further discussion.
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2.1. Genome-wide biology

A genome project (Figure 2) usually starts with hovo sequencing of the organism’s DNA
(genome sequencing). From the Bioinformatics pofntiew, it is a non-trivial step that starts by
converting the experimental raw data (usually insdgato usable sequences of DNA (reads).
Quality control is an essential part since it mostensured that only good quality reads are kept
and primers, adapters and contaminants have beeoutthly detected and removed (Figure 3).
With the aim of reconstructing the original sequentiose reads will be assembled (aligned and
merged) into contigs which, if extra informatiokdipaired-end reads is available, will be sorted
into scaffolds (Figures 2 and 4).

Once the genomic sequence is established, one v@raseannotation steps are usually
performed (Figure 2). Annotation is the procesdeaitcting and assigning features to the sequence.
Amongst others, these features might be genesr@-#jy open reading frames (ORFs), start and
stop codons, transcriptions start sites (TSSs)cesplonor and acceptor sites, regulatory regions,
repeats, single-nucleotide polymorphisms (SNPsRN#is or protein motifs. Annotation can be
achievedin silico using algorithms developed and trained to perfalninitio prediction of the
features of interest. While some of these methaastlie actual sequence as the only input, others
compare it to other genomes by working under tisaraption that biologically relevant strings of
sequence are conserved throughout evolution. Hawagematter how good the programs are, it is
always desirable to have some experimental datagess the predictions accuracy and adjust the
algorithm’s settings.
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Figure 3. Some plots generated by our processing and guwalittrol pipeline of Titanium FLX

454 sequencing runs performed at CCiT-UB’s Genotditis. A) Percentage of reads from each
length of the whole sequencing plate (blue), itst fiegion (red) or its second region (green). B)

Number of different size homopolymers from eaclel(@se color legend). C) Percentage of each
base (see legend) in each sequence position freen3’(left to right) in all reads with exactly
100bp, 200bp or 300bp. In comparison to the plaherieft, the one on the right had primers,
adapters, polyA+, highly repetitive sequences agldiyr predominant sequences removed. All

plots generated with R and Bioconductor packades [L5].

High-throughput technologies enable whole genomaotamtion based on experimental
evidence. For example, to find the binding sitesaofertain protein, we can use the latter to
perform chromatin immunoprecipitation, sequencehibend fragments and map them back to the
genome, in a process known as ChIPseq. Thesesesmltalso be used to predict putative binding
site motifs (Figure 5A) that can be searched instlime or other related genomes. Or to elucidate
the genes, and even their different transcriptsprganism’s transcriptome can be sequenced and
aligned to its corresponding genome (Figure 2).

Nevertheless, once a set of genes is describedtidnal annotation will provide them with a
meaning by assigning names and functions (FigureQ2)e of the most popular functional
annotation methods is based on similarity comparissing BLAST [ 18] (Figure 4), in which the
unknown nucleic and proteic sequences are quegeitst well annotated databases. The accuracy
of the process increases as evolutionary distaetveelen species decreases. Those results can then
be used to group the genes/proteins into Geney¢ld9] categories or KEGG pathways [ 20]
(Figure 6).

Finally, a decision has to be made on which datatéoe. Even with the actual continuous
development of storage hardware, the rate at whesh data are generated is posing a strain on
storage facilities and, in many cases, only praksfata can be kept. These data have to be
organized in databases easily searchable by résear@and, if possible, accompanied with
visualization tools like genome browsers (Figure 4)



Bioinformatics
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Figure 4. Bioinformatics Unit typical data workflow for &4 sequencing project. Raw data
generated by the Genomics Unit is transferred taoalysis cluster to conduct processing, quality
control and backup. The nature of the experimehtetermine the kind of data preparation and
post-processing pipelines that must be appliedcd3sed data is then stored in databases that can
be queried online to retrieve information in texttrhat (not shown). In addition, results like
assembled contigs can be blasted online (leftjsmalized with GBrowse [ 16] (right). In this
GBrowse example, some tracks from a contig are shbwA), each horizontal blue line is one of
the 454 reads that has been assembled to gertegaterttig. In B), the coverage of the contig is
shown: y axis shows how many times each conseraeshas been sequenced (this is, how many
reads cover that base). In C), a putative genebajlinferred from similarity to another species.
Preliminary data used in this example has beerrithescin Martinez-Rodriguez et al. [ 17].

2.2. Biomedical applications
Bioinformatics are essential for the analysis ofhhihroughput experiments aimed to novel

discovery, but can also be applied to the developraed analysis of biomedical applications. For
example, an annotated genome can be useful tondas@NA microarray aimed at classifying
tumor types based on their gene expression prefiech might help to decide upon a treatment. In
the same directionn silico protein structural modeling can aid to find nogialg targets.
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Whole genomes and transcriptomes from individuladésing the same disease can be sequenced
and compared in order to discover common variateonengst patients. If proofed, those variants
become new treatment targets or, at least, camdidat developing a new molecular diagnostic kit
based, for example, in nucleic acids hybridizattwnwhole-gene sequencing. For that purpose,
technologies like targeted sequence capture andomial barcoding can help to bring costs down
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Figure5. A) SeglLogos (left) and consensus sequence (rigit)otein N putative binding sites
predicted with BCRANK [ 21, 22]. B) Preliminary rgts from a protein microarray prototype
produced at the PCB-UB Transcriptomics PlatformAbsierra and L. Muixi from IDIBELL and
L. Sevilla and J.I. Pons from PCB. Red circles shoerage normalized fluorescence at different
concentrations from protein X replicates (in grayick lines display the fitted 4 parameters log-
logistic model with (green) or without (blue) BoxaCtransformation. Horizontal lines display
observed fluorescence from different samples fdckwhoncentration of protein X wants to be
assessed. Statistics and plots generated with lRgas using scripts developed at CCiT-UB's
Bioinformatics Unit.

by restricting the area to sequence and allowingp$a pooling, respectively. Alternatively, a
proteinmicroarray could be design to monitor the levetsrfrelevant proteins in samples (Figure
5B).

What all these applications have in common is teednof Bioinformatics, first to analyze
preliminary data, then to design it and, finally,generate a method that ensures the standardized
and correct analysis of the output.

2.3. Metagenomics
Metagenomics is a rapidly growing science that i@ppgenomics to whole, usually microbial,
communities, avoiding isolation and culture stéfserefore, instead of trying to physically isolate
and individually sequence all the organisms frorsample, its whole nucleotidic material, or
certain common regions, can be sequenced at ondcgpéihafterwards by computational means.

There are endless potential applications derivedhfmetagenomics analysis, ranging from
health issues to earth matters and the bioinfompdgielines must adapt accordingly. For example,
without aiming to know what organisms they beloog the sequences from a sample can be
classified into evolutionary trees and quantitypooportions of the microbes, as well as diversity,
can be computed. One application is to classifypasnaccording to their microbial community
composition, which might be useful to assess ifuads working well in treating a gut disorder or
if the soil is recovering from a certain contamioat

In addition, sequences can be compared to those dedabases to elucidate which organisms,
and in which quantity/proportion, are found in tbemmunity. In addition, the former can be
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functionally classified. For example, certain ongams are only found in clean waters or are known
to cause a disease, so quality control or preventiveasures can be taken according to
metagenomics results.

Last but not least, metagenomics can be appli¢oetaiscovery of new microbes and functions
that might help develop novel biotechnological prad directed towards pharmacy, food
production, plague control, biofuel production @ctdntamination, just to mention a few. In fact,
one of the most ambitious current science projeatis,Global Ocean Sampling Expedition, is
sailing around the globe taking samples to be sempe and analyzed [ 23] in a worldwide
enterprise benefitting from high-throughput seqimgnand Bioinformatics.
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Figure 6. Examples of GeneOntology profiles and KEGG pathwagsalization. A)
GeneOntology barplots generated by Bioinformatiog On data processed with scripts adataped
from [ 24] and [ 25]. Each bar’s length shows G& term fold under- (left) or over-
representation (right) amongst down- (green) oragedated (red) genes from dit melanogaster
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Abstract. The fundamentals of Real-time Polymerase Chain Reaction,
Automated capillary electrophoresis —Sanger sequencing and Fragment
analysis- and “Next-generation” sequencing are reviewed. An overview of
applications is presented using our own examples carried out in our facility.
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1. Introduction

Genomics is the study of the nucleotide sequenagmnes, regulatory sequences and non-coding
regions — and their functions. The analysis of ghtern of expression and the regulation of the
gene expression are also aims of this field. DNdusacing was the origin and nowadays is the
basis of genomics. Sanger sequencing technologhdthan impressive influence in biology, and a
revolution is occurring with the “Next-generatioBequencing (NGS). However, other high-impact
technologies in biology are closely related to Geits as Real-time Polymerase Chain Reaction
(Real-time PCR) (see Fig. 1). The three technotogiesented in this chapter: Real-Time PCR,
Automated Capillary Electrophoresis and NGS shaneesapplications such as genotyping, species
determination, and others. The best approach fooject is determined by many factors such as
the number of samples, prior knowledge of the regiospecies, complexity of the samples and so
forth. It should be highlighted that applicatiomsrh these technologies reach other research areas
since they provide useful genetic tools.

1996
1953 1977 1983 1993 1995 2005

Discovery of the DNA | Polymerase chainRgalﬁin}e PCHE The ﬂrsl'commerc[al NGS
structure f reaction (PCR) ~ (Higuchietal) | platform, 454GSFLX
(Watson&Crick*) ' (K.B. Mullis®) '

system

Chain terminator
DNA sequencing

(F.Sanger*) 1st automated capillary sequencer by

AppliedBiosystems ABI310 ‘ Figure 1: Chronology Of
1st commercial Real-Time PCR instrument teChnOIOQicaI advances in
Genomics.

*They have been awarded the Nobel Prize

2. Real-Time PCR (gPCR)

2.1. Instruments of qPCR
The Genomic unit of the CCiTUB has five instrumeoftfkeal-Time PCR (qPCR), two SDS7700,
two 7900HT and one LightCycler 48Q II

The LightCyclef 480 Real-Time PCR System (see Fig. 2) has arcliegeable 96 well and
384 well plate. The ABI PRISM 7700 has a unique @anblock of 96 wells and the 7900HT
instrument has an interchangeable 96 well, 384anelTLDAs. The LightCyclér480 and 7900HT,
can analyze up to 384 samples simultaneously iu2sh

Figure 2: LigthCycler 480 Il, Sequence Detector System FODOABI PRISM 7700

2.2. Methodology of gPCR

PCR was developed in 1983 by Kary Mullis[1]. It astechnique capable of generating large
amounts of fragments of DNA from single or a fevpies of this DNA. PCR, in brief, involves
two oligonucleotide primers complementary to thdseaf the sequence to be amplified and a heat-
stable, Taq polymerase. The PCR consists in thepeated cycles: heat denaturation of DNA,
annealing of primers to their complementary segesnaf DNA template and a final step of
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elongation of annealed primers with enzyme Taq mehase. The result is an exponential
accumulation of the specific target of DNA, aproately 2, where "n" is the number of cycles of
amplification performed.

The quantitation and detection of this target ofADiN performed at endpoint analysis after the
reaction has finished with an agarose gel electigdis. But this does not allow reliable
quantification of the initial sample, probably basa at the end point all samples have reached the
same amount (plateau phase).

2.2.1. Real Time-PCR (qPCR)
This problem was solved in 1992 when Higuchi ef2dldescribed the Real-Time PCR (qPCR)
with ethidium bromide. This system was an adapitednial cycler used to irradiate the samples
with ultraviolet light, and the detection of theudrescence was performed with a computer-
controlled cooled CCD camera. Amplification prodsigegcreasing amounts double-stranded DNA
(dsDNA), which binds ethidium bromide, resultingan increase of fluorescence detected by a
CCD camera.

At present, we use other fluorescent molecules sischTagMan Probes, SyBr Green, LNA
(Locked nucleic Acid), Molecular beacon Probes,rSicms Primers, QuantiProbes, etc... Tagman
Probes and SyBr green are the most widely used.

TagMan® probe (see Fig. 3) is an oligonucleotide th complementary to one of the strands of
the amplicon and has a fluorescent reporter abtrend (FAM, VIC or NED..) and a quencher
(TAMRA or Black Hole) at the 3' end. When Taq pobmaise extends from the primer, it displaces
the 5' end of the probe and it is degraded by Bx8huclease activitity of Taq polymerase. The
reporter is separated from the quencher, and geseadluorescent signal that increases with each
cycle and is proportional to the amount of amptifigoduct.

SyBr Green (see Fig. 4) is a dsDNA intercalatinge,dyhat fluoresces once bound
nonspecifically to the dsDNA. The fluorescence ¥BR Green | increases up to 1,000-fold when
it binds dsDNA and this is proportional to the amiof dsDNA present.
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Figure 3: Tagman Probe Workflow Figure4: SyBr green workflow

The gPCR process can be divided in two phasesy@onential and a plateau phase (see Fig 5).
At the beginning of PCR the fluorescence remainsaakground levels, there is amplification of
DNA but the level of fluorescence is not detectdbigeles 1-15). In the exponential phase, there is
enough amplified product to yield a detectable fsgent signal. Finally, the PCR reaches the
plateau phase where no fluorescence increases dxdaustion of any reagents.
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The threshold is the level of signal that refleetsstatistically significant increase of
fluorescence over the calculated baseline signilaé fhreshold cycle (Ct in Applied or Cp in
Roche) is the intersection between an amplificatimve and a threshold in the exponential phase.
It is a relative measure of the concentration ojetin the PCR reaction. The Ct value is inversely
related to the amount of starting template. Theesfemall amounts of template have a high Ct and

high amounts of template have a low Ct.
The most common method for relative quantitatiothis Livak method [3] or 2*“' method,

where:
Act(test)= Ct(target)-Ct(endogenous) Act(contro|)= Ct(target)-Ct(endogenous) AACt=ACt(test)'ACt(control)

This method relies on two assumptions. The firgh& the reaction occurs with 100% efficiency
(E = 10 [-1/slope]and the second assumption is that there is an endag gene (or genes) that is

expressed at a constant level between the samples.
When the efficiency is not 100% or there are ddferes between the genes, we use the Pfaffl

method [4]:
(Etarget gen)e AC; target gengC, Control- G test)

Ratio=
(Eendogenous geaeACt endogenous gele; Control- C[test)

where Eger and Endogenous@re the amplification efficiency of target gened andogenous gene

respectively. The result is the ratio of the tamgene in the test sample to the calibrator sample,

normalized to the expression of the reference gene.
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Figure5: gPCR phases and concepts threshold and Ct

2.3. Applications of gPCR

gPCR systems can support different applicationssay types. These assays can be divided into
two categories (quantitative real-time PCR assawb endpoint assays) based on the time point
during the assay at which data are being colled®adl time classical applications are absolute

quantification or relative quantification.

2.3.1. Absolute Quantification
« Microorganism quantificationgPCR is considered as a method of choice for étection
and quantification of microorganisms. One of itsjonaadvantages is that is faster than
conventional culture-based methods. It is also ligiensitive, specific and enables
simultaneous detection of different microorganisfs: example, accurate quantification
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is of prime importance for most food microbiologypéications [5] or in correlating viral
copy number with disease state.

« Detection of genetically-modified organisms (GMQeveral techniques have been
developed for detection and quantification of GM@ QPCR is by far the most popular
approach [6].

2.3.2. Relative Quantification

« Gene expressiorin relative guantitation, changes in gene expoessi a given sample
relative to another reference sample (such as &meaiad control sample) are analyzed.
Because of the gPCR sensitivity and broad dynaamge, gPCR is frequently used to
validate the results of microarray and next-gemamasequencing-based gene expression
profiling experiments [7].

* MicroRNAs (miRNAsare a class of naturally-occurring noncoding RNet play a role
in gene regulationgPCR and microarray hybridization approaches a$ agelltra high
throughput sequencing of miRNAs (small RNA-seq) @opular and widely used profiling
methods [8].

e Copy-Number Variations (CNV)Xopy-number changes are known to be involved in
numerous human genetic disorders. In this contflR€CR-based copy number screening
may serve as the method of choice for targetedsurg of the relevant disease genes and
their surrounding regulatory landscapes [9].

« Single cellsInterest in single cell molecular analysis hasmisiramatically over the last
couple of years, chiefly because single cell mdeecanalysis is the only way to research
genetic heterogeneity, i.e., differences in copsnber or gene expression levels between
individual cells, or genetically analyze very ramels such as circulating tumor or fetal
cells. Multiplex single-cell gPCR can be used taraine the expression of multiple genes
within individual cells [10].

2.3.3. End-point detection

« Allelic discrimination is a multiplexed end-point assay that detectsamts of a single
nucleic acid sequence. A common approach is tohydeolysis (TagMan) probes. The
presence of two primer/probe pairs in each reactltmws genotyping of the two possible
variants at the single-nucleic polymorphism (SNR¢ $n a target template sequence
[11,12]. One fluorescent dye detector is a penfegtch to the wild type (allele 1) and the
other fluorescent dye detector is a perfect maiché mutation (allele 2).

* High Resolution Melting (HRManalysis is a new, post-PCR analysis method used f
identifying genetic variation in nucleic acid segoes(mutations, methylations, SNPs) in
PCR ampliconsSimple and fastHRM characterizes nucleic acid samples based an the
disassociation (melting) behavior [13].

2.4. Examples of applications

2.4.1. Gene expression: Analysis of ubiquitire@rinal hydrolase-1 expression levels in
dementia with Lewy bodies

In the reported example [14], Real-Time PCR has lagplied to test UCHL-1 gene expression in
post-mortem frontal cortex of PD and DLB cases, parad with agematched controls. Parkinson
disease and dementia with Lewy bodies are chaiaeteby the accumulation of abnormal a-
synuclein and ubiquitin in protein aggregates confog Lewy bodies and Lewy neurites.
Ubiquitin C-terminal hydrolase-1 (UCHL-1) disassdesb polyubiquitin chains to increase the
availability of free monomeric ubiquitin to the ghitin proteasome system (UPS) thus favoring
protein degradation. TagMan PCR assays demonsiiated-regulation of UCHL-1 mRNA in the
cerebral cortex in DLB (either in pure forms, nesaciated with Alzheimer disease: AD, and in
common forms, with accompanying AD changes), but inoPD, when compared with age-
matched controls (Fig. 6).
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Figure6: (A) Amplification plot of UCHL-1 using serial ditions of control human brain
RNA.The horizontal line represents the threshald kdjusted manually. (B) Representative
standard curves for h-actin and UCHL-1 construétech several concentrations of control

human brain RNA. Ct values (y axis) vs. log of saV&NA concentrations of control
samples (x axis) show a reverse linear correlati@hRelative UCHL-1 gene expression in

the frontal cortex of controls (C, n = 6), Parkin'sodisease (PD, n = 6), Dementia with

Lewy bodies, pure form (DLBp, n = 7) and commomidDLBc, n = 6). (C) UCHL-1

MRNA levels (mean T SEM) normalized with h-actiR. < 0.05 and **P < 0.01 compared

to control samples (ANOVA with post hoc LSD test).
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2.4.1. Copy Number Variation and Allelic Discrimtion: Lack of association between
lipoprotein ((a) genetic markers and coronary hedigease in HIV-1-infected patients

General population studies have shown associaltietvgeen Copy Number Variation (CNV) of the
LPA Kringle-IV type-2 (KIV-2) coding region, ass@ed SNP and the CHD. The aim of the study
was to confirm these associations in our HIV-1 e¢bho

72 HIV patients were included. Genomic DNA was asetl from blood frozen at -20°C. A
multiplex qPCR was carried out using TagMan tecbgylfor LPA KIV-2 and single-copy
reference genBNaseHn order to perform absolute quantifications. COaler software (Applied
Biosystems) was used for relative quantificatio®eg Fig 7). Allelic Discrimination was
performed using TagMan SNP Genotyping Assay (Sge &i Fisher’s exact test was used for
comparisons.
No statistically significant differences were foubdtween cases and controls in terms of CNV
(p=0.66) neither in the SNP genotyping (p=0.58).

The clinical utility of these biomarkers to pred@tD in HIV population remains unclear.
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Figure7: Copy Caller Software (Applied Biosystems)igure 8: Plot of Allelic Discrimination

2.4.3. Quantitative detection of Lactarius delicis®xtraradical soil mycelium by real-time PCR
and its application in the study of fungal persiste and interspecific competition

Real-Time PCR has been applied to quantify extieaadoil mycelium of edible ectomycorrhizal
fungi [15,16,17,18]. Tagman probes and specifimprs have been designed for the amplification
of the ITSrDNA region ofLactarius deliciosusBoletus edulisand Tuber melanosporuniThe
quantification of fungal mycelium allowed for untbing studies on fungal persistence, seasonal
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abundance of extraradical mycelium and interspeadmpetition. Basic protocols involved
genomic DNA extraction to perform real-time PCR lggid. DNA extractions from soil mixed
with known amounts of mycelium of the target funguere used as standards. Significant
correlations between mycorrhizas and ectomycorttiteegal mycelium were found whereas no
relationship was observed between soil mycelium famt body production. Factors as soil type,
soil depth and season influenced the amount ofdumgcelium recovered from soil.

Quantitative PCR is a powerful technique for extdiacal mycelium quantification in studies
aimed at evaluating the persistence of a targei fiarfield plantations established with inoculated
plants. Also, the positive relationship found betwethe vegetative phases of the symbiosis
(mycorrhizas and extraradical mycelium) allowed d@stablish a non-destructive method for
controlling fungal persistence in the field.

2.4.4. ldentification of Variable Number Tandenp&as (VNTRSs) by High Resolution Melting
(HRM)

The aim of this study is describe a screening ntkefoo the detection of both heterozygous and
homozygous VNTR.

All samples were extracted with the same methoroh fbmiccal swaps and were diluted to the
same DNA concentrations. We test the optimum Mg@th a dilution series, and the optimum is
the lowest concentration resulting in high yieldardget PCR products and no unspecific products.
The HRM protocol was performed and monitored iright. Cycler 480 II.

We show that it is possible to use HRM to distispuneterozygous and homozygous VNTRsS
(See Fig. 9).
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3. Automated capillary electrophoresis (ACE)

Capillary electrophoresis and automated detectfdifuorescently tagged DNA fragments (ACE)
is the common instrumentation for DNA sequencingSayger chain terminator dideoxy method
and Fragment analysis. Electrophoresis is a largelgd technique in molecular biology. The
application of an electric field produces the moeetof the negatively charged DNA molecules
through a polymer from the cathode to the anodethay are separated according to size. The
smaller fragments run faster than the larger fragmerhe DNA fragments have been previously
labeled with fluorescent dyes so they are detduyetie excitation of a laser beam at the end of the
capillary (see Fig. 10). The Genomics Unit has $&quencers, a 48-capillary 3730 DNA Analyzer
and a 96-capillary 3730 DNA Analyzer (Fig. 11). The 3730 can analyze up to 96 samples
simultaneously in 2 hours (1152 samples/day, 98&skKb with high quality 850 QV20 bases).
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3.1. Methodology and applications

3.1.1. Sanger dideoxy sequencing method

This method, also called the chain terminator metli®], is based on the synthesis of DNA in
vitro with an optimized mix of deoxynucleotides (@Rs) and modified nucleotides,
dideoxynucleotides (ddNTPs). The incorporation aN@Ps prevents the formation of the
phosphodiester bridge with the previous dNTP soON& synthesis is stopped. Since there are
billions of copies of the DNA template, the sequegaeaction results in a collection of DNA
molecules of different length that differ in onecheotide in size and terminate with a ddNTP. The
electrophoresis separates the DNA molecules by &MA template can be PCR fragments,
cDNA, gDNA or clone constructs.

The original method has been improved by the usa tfiermally-stable DNA polymerase
(PCR-like), the labelling with distinct fluorescaiyes and the ACE (see Fig. 12).

a) Cycle Sequencing b) Capillary electrophoresis of ¢) Basecalling
P the dye terminator products
. ~
Denaturation Annealing
\_ PCR-like I
\ /
Extension i P
“edcTP -
°dATP . ‘
Taq polymerase ngTP . é;fATP : f.‘l' f ﬂ
primar___li" :m:) odG.?—lpTP I I II,I
DNA template TORSh. )

% cTpddGTP

Figure 12: Schematic diagram of dye terminator cycle sequenc

3.1.2. Fragment analysis
Fragment analysis estimates the size for DNA fragmemplified by PCR with fluorescently

labeled primers. The sample is pooled with a diaedard of DNA fragments with known lengths,
electrophoresed and detected together (see Fig.13).
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Figure 13: Schematic diagram of Fragment analysis

The Fragment analysis results are band patterres.afhlysis of these profiles and their changes
are used in a variety of applications as genotymhgndividuals or strains, identification of
species, linkage mapping studies, disease asswriatudies, paternity testing and others (see
Table 1).

Table 1. Main applications of ACE

DNA sequencing Fragment Analysis
De novosequencing of genomes
Checking of clone constructs

Genotyping and genetic SNPs*, indels** and other structural Microsatellites Analysis, Fragments
variation variants Length Polimorphisnis
Gene Expression Analysis mRNA sequencing: activeege

alternative splicing, ESTs.
Epigenetics :Methylation analysis

Strains and Species Resequencing Microsatellites Analysis
identification Fragments Length Polimorphisms
Linkage mapping and Resequencing Microsatellites Analysis
association studies Fragments Length Polimorphisms

*SNPs (Single Nucleotides Polymorphisms) ** Indéissertions-deletions), +Fragments Length Polimapis: AFLPs
(Amplified fragment length polymorphisms), RFLPS (&ietion fragment length polymorphisms), MLPAs (Mplex
ligation-dependent probe amplifications), ES{Expression Sequences Tag).

3.2. Examples of applications

3.2.1. Nucleotide variation at the “Insuline-like&ceptor (InR) gene in Drosophila
Population genetics studies the level and pattefrmaicleotide variability. The major evolutionary
processes are natural selection, genetic driftatimt and migration. Most of the empirical data in
this field comes from DNA sequencing. TR gene is the first component of the highly consgérve
insulin-signaling pathway. It is known the influenof this pathway in processes as intermediary
metabolism, reproduction, aging and growth. Thdati@n of Inr might affect many phenotypic
traits. The level and pattern of variation for #h&® region has been analysedn melanogaster
PCR fragments of ~8-kb long (or alternatively twaedapping PCR fragments of ~5-kb long) that
encompassed theR gene were cycling sequenced and analysed by AGEin2eight lines ofD.
melanogasteand one line ob. simulans(see Fig. 14)

3.2.1. DNase | footprinting assay by ACE (DFACE)
This is an unusual application of ACE that combiAeslysis of fragments and DNA Sequencing.
DNase | Footprinting assay is used to study DNAtgrointeractions and identify the specific
binding DNA sequence of the proteins. This techaiguperformed for analysis of the transcription
factors in studies of regulation of gene expresdyrefly, a labelled probe of DNA (about 100-600
bp) that contains the region of interest is incablawith an extract of protein under test and foddw
by controlled digestion with DNase |. The enzyméyats the regions free of bounded protein. The
digestion product is electrophoresed. The comparothe DNase | digestion patterns with the
protein extract, in the absence of protein and wigequencing region of the DNA probe allows the
identification of protected regions (seen as gapthé footprint) due the interaction of the protein
with the DNA.
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Figure 14: Nucleotide polymorphisms at theR gene in.D. melanogasteandD. simulans
Numbers at the top correspond to the position file@inR translation start codon. Dots indicate
nucleotide variants identical to thest sequence. Dashes indicate gaps. For lendyfmoophisms
the position indicates the first affected sitedéeletion; i, insertion. E, exom, intron. Exons are
denoted by numbers. Figure modified from [20].

In DFACE the classical radioactive label of the DN#obe and polyacrylamide gel
electrophoresis is replaced by a fluorescent dgefdPE [21]. The analysis of the fragment pattern
is performed with the Genemapper software. Figbrelbws an example of validation of a DNAse
| footprint assay of the transcription factédf-1 of the Adh (Alcohol dehydrogenase) gene
promoter in Drosophilidae [22].
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3.2.3. Microsatellites analysis in biodiversitydaconservation studies

The use of molecular genetic techniques is commoother different fields of genomics and
biomedicine. Fragment analysis is a useful toolemological studies. In particular microsatellites
analysis are widely used in biodiversity and covetion studies. A microsatellite or short tandem
repeat (STR) is a sequence of 2-7bp repeated tdaydeistributed widely throughout the
eukaryotic genomes. The number of repeats is higgniyable.

The Genomics Unit has participated in the perforreanf a paternity determination of 12
microsatellites markers for 200 individuals, adwtsd chicks, from different locations of two
subspecies of a game bird (see Fig. 16). Conclasabout mating choice, behavior, hybridization
between wild and domesticated subspecies will afieen the post-analysis of these results
(unpublished data). This kind of information is fus¢o game bird management.
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4. Next-generation Sequencing

Sanger sequencing method has been preeminent liasth®0 years until the sudden appearance of
the Next-generation sequencing (NGS). NGS, alded¢dassive Parallel Sequencing (MPS), are
a group of diverse sequencing technologies thatesta important features: no bacterial cloning

in the preparation of the DNA template and a hdgeughput of sequence data at a significantly
decreased cost.

4.1. Instrumentation and chemistry

The Genomics Unit is equipped with the platform 45@nome Sequencer FLX (Roche) (see Fig.
17). This platform is based in the miniaturizatioh pyrosequencing reactions [23] that occur
simultaneously. One run produces 400Mb or more thamillion high-quality reads of 400 bp of
length. Each of the reads obtained comes from aieaule of DNA.
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Figure 16. Plot of a multiplex PCR of 10 microsatellites kens of an individual. The colored bars
below the peaks correspond to the size range ohibmsatellites. Some ranges overlap but
markers are distinguished by their fluorescentllabe

Figure 17: 454 GS FLX (Roche)

The template preparation consists in the generaifoa library of fragments with adaptors.
Then they are bound to beads (one DNA moleculebpad) and clonally amplified by PCR into
droplets of an oil-aqueous emulsion (emPCR). Traptmts contain the sequences needed to link
to beads, to purify and enrich the amplified beald to sequence them. After the emPCR, beads

10
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carrying amplified DNA are purified and loaded in® special microwell plate (PTP,
PicoTiterPlate), one bead per well. There 1 millaihpyrosequencing reactions take place in
parallel. The emissions of light from each well aegorded by a CCD camera, the image is
processed and converted in flowgrams (see Fig. 18).

Bionformatics tools are needed in order to managk analyse the overwhelming amount of
obtained data.
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Figure 18: a) Schematics of the Pyrosequencing reaction. Cfloles of nucleotides are
performed in a determined order. If the nucleotideed into the well is complementary to
the synthesized DNA strand it is incorporated apgraphosphate (PPi) is released. An
enzymatic cascade is coupled and generates afimakion of light whose intensity is
directly proportional to the number of nucleotidiesorporated in a single flow. Each bead
contains millions of copies of a single fragmdatThe light signals are recorded and
processed into flowgrams.

4.2. Applications

NGS technology has a broad range of applicatiorBverse fields of biology but the own special
characteristics in read length, throughput and @axlracy of diverse platforms make some of
them more suitable than others for particular @ppions. The greatest asset of 454 GS FLX is its
long read length, about 450 bp up to 1000 bp wighlatest improvements, se novogenome and
transcriptome sequencing are its main applicatises Table 2).

Table 2: Main applications of 454 GS FLX

De novowhole or partial genome
Resequencing

Ancient DNA and Paleobiology
Metagenomics: species identification and gene g&go
Transcriptome

Methylation/Epigenetics
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Abstract. In the past 5 years “Next-generation” Sequencing (NGS) technologies
have transformed genomics by delivering fast, inexpensive and accurate genome
information changing the way we think about scientific approaches in basic,
applied and clinical research. The inexpensive production of large volumes of
sequence data is the main advantage over the automated Sanger method,
making this new technology useful for many applications. In this chapter, a brief
technical review of NGS technologies is given, along with the keys to NGS
success and a broad range of applications for NGS technologies.



“Next-generation” Sequencing (NGS)

1. Introduction

Nearly three decades ago Fred Sanger [1] and Waillyert [2] received the Nobel prize for
chemistry sequencing technology (see Automatedrefgworesis Technique in “Genomics: More
than genes” in this issue). This technology known‘®anger Sequencing” or “First-generation
sequencing” has dominated the industry for alme#d decades and led to a number of
accomplishments, including the completion of themho genome sequence. In 2004, the
International Human Genome Sequencing Consortiynorted a genome sequence with high
accuracy and nearly completed coverage of the hugpeamome [3]. The approach consisted in
“Sanger sequencing” more than 20.000 large batttidicial chromosome clones in which each
one contained 100 kb fragments of the human gen®his.project was performed during 10 years
with multiple groups and companies participatingthAugh many technical improvements were
achieved in this era, like automated capillary tetgghoresis among others, new inventions were
needed for sequencing large numbers of genomegnRefforts have been directed towards new
methods known as “Next-generation” sequencing (N@&®hnologies, which are capable to
sequence a complete human genome in one week.Od, 20e 454 FLX Pyrosequencer from
Roche was the first NGS sequencer to become conatigravailable [4]. The Solexa 1G Genetic
Analyzer from Illumina was commercialized in 2008].[ The SOLID System from Applied
Biosystems was launched in 2007 [6]. Most recerdly;Third-generation” of sequencers has
emerged. The HeliScope from Helicos BioSciencegestashipping in early 2008 [7] and PacBIO
RS from Pacific Biosciences in 2010 [8]. Althoudpe ffirst new technology appeared in 2004 more
than 1000 next-generation sequencing-related maptsdiave appeared in the literature. NGS
technology is not only changing our sequencing @ggies and lowering the associated time and
costs, it is also opening a wide variety of applass, types of biological samples, and new areas
of biological inquiry.

2. Methodology

2.1. Principles of NGS technology

The principle of the NGS technologies can be sunz@dras the sequencing of a multiple-parallel
array of DNA features using interactive cycles nfymnatic manipulation and imaging-based data
collection [9]. Although the different platformseaguite diverse in sequencing biochemistry and
generating the array, their work flow is concegiuaimilar. The first step consists in Library
construction which is achieved by random fragmémiabf DNA, followed by arin vitro ligation

of common adaptor sequences. The second step @niilee generation of clonally clustered
amplicons to serve as sequencing templates. PagmeThain Reaction (PCR) amplicons derived
from a single library molecule end up spatiallystéred, either to a single location on a planar
substrate (bridge PCR [10, 11], or to the surfdamioron-scale beads, which can be recovered and
arrayed (emulsion PCR [12]). Subsequently, the esecjng process itself consists of alternating
cycles of enzyme-driven biochemistry and imagingduhdata acquisition (Figure 1). Most of the
platforms use sequencing by synthesis, that iglssxttension of primed templates, but the enzyme
driving the synthesis can be either a polymera8gdf a ligase [14]. Data are acquired by imaging
of the full array at each cycle.

Besides their technical differences, other maircepits differ between platforms are: length of
the generated sequences, production capacity #udt platform can achieve per run, real-time
DNA sequencing, and no need to amplify the sampferb sequencing. These important points
can lead to choosing one platform or other dependim the organism, application or expected
result. Among the NGS platforms, the FLX-GS fromcRe is the only one capable to generate
long reads (average fragment length is around 40Bbp its sequencing capacity is low (350-
400Mb). On the contrary, other platforms get tlsiength in their sequencing capacity. HighSeq
2000 from lllumina generates up 200Gb per run @BDXEL SOLID system produces up to 20-30
Gb per day with the inconvenience that their fragimength is among 50-100bp. This is an
important issue in order to determine which platfes optimal for your experiment. For example,
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if a biological sample is an unknown genome, longads are needed to assemble it, but if your
sample has a reference genome available and thly stonsists in variation discovery in
individuals, high sequencing capacity plays a kele.r On the other hand, creating great
expectations, and already in the final experimestatie, are the “Third-generation” sequencers.
This is the case of the new Real-time sequencinghina from Pacific BioSciences, which
harnesses the natural activity of key enzymes umalin the synthesis and regulation of DNA,
RNA or proteins. Also, there is the HelicoScopejoRhADN amplification is not needed before
sequencing, this being really interesting to avamplification bias, although in the present its
fragment average-length is too short.

LIBRARY GEMERATION IN VITRO CLOMAL AMPLIFICATION PARALLEL SEQUENCING
emPCR If
= Q 1= ‘ _\ g 2. Eackwell's dats
= = = IS =
| =» ___ -,
— f— EBridge PCR R
‘i:—-_.q___d____—::" P rrp———— ——
DMA fragmentation Adaptor lination Immohbilization Amplification Cyclic array seguencing

Figure 1: Work flow of Next Generation of DNA Sequéeng

2.2 Keys to NGS success: NGS vs. Sanger

Under standard conditions, Sanger sequencing seulh read length between 700-1000 bases.
These are relatively long read lengths comparetd WS methods (400bp-Roche, 75bp-Solexa
and 50bp-SOLiD). However, first generation sequegds limited by the small amounts of data
that can be processed per unit of time. The majoarce offered by NGS is the ability to produce
an enormous volume of data inexpensively [15].dct.fthe first version of the 454’s instrument
could easily generate a throughput equivalent &, tbr more than 50 Applied Biosystem’s
3730XL at about one-sixth of the cost [16]. Theagiibased sequencing approach, where hundreds
of millions of reads are obtained in parallel orsraall area, lows the cost of DNA sequence
production since the same reagent volume is ugedllfthe sequences at once (Figure 2).

Another important point is thi@ vitro construction of a sequencing library, followedihyitro
clonal amplification to generate sequencing featuagoiding E. coli” transformation and colony
picking. Both steps are possible thanks to the comadaptors ligated in the library construction.
These adaptors are also the responsible to exlyaemlice the time, and consequently the cost of
sequencing.

The accuracy, the degree to which a reconstruetqdesice is free from errors, is one of the
topics that can be considered as a disadvantay&8fvs. Sanger sequencing although the greater
output overcomes this challenge. NGS platforms ganduce high number of reads providing
greater depth and sequence confidence. Contrallgrghis great output from NGS technology
comes with data management and analysis challeSggsificant computational infrastructure is
required to process raw data generated by the seergeand assemble or align them into contigs
or scaffolds. But not only the computational infrasture is a problem, a limited set of
applications are covered with the instrument martufers software, and the need of specialized
bioinformatitians is crucial for the success okttechnology (see “Bioinformatics: making large-
scale science happen” in this issue).
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Figure 2. Results obtained from a run performed in a GS-kistrument from Roche at the
Genomic Unit, CCiTUB. The fluidics subsystem ensuaecurate reagent dispensing and flows the
sequencing reagents across the wells of the Pexd#léte device. Panel A shows raw density of the

beads load in a PicoTiterPlate. Panel B represkatgquality control of all the reads sequenced in
the same run. Panel C is an augmented area obaiteiPlate: green circles represent pass filter
wells, red circles are beads that contain the lesg fcommon adaptor) but the quality control
considers that this reads are not good, blue amberare control beads and purple represents
empty beads, no common adaptor has been ligatedt D shows all the reads from a GS-FLX
run and their distribution by length (bp).

3. Examples of applications

“Next-generation” DNA sequencing is acceleratingldgical and biomedical research, by
enabling the comprehensive analysis of whole gesortranscriptomes, and interactomes to
become inexpensive, routine and wide spread [Ii@hottant applications include novel whole
genomes and transcriptomes sequencing, full-gemesexjuencing or more targeted discovery of
mutations or polymorphisms, mapping structural ne@gements, DNA-protein interactions
through chromatin immunoprecipitation sequencingneg expression, discovering noncoding
RNAs, ancient genomes, metagenomics, and othercapphs that will appear over the next few
years.

3.1. Novel whole genomes and transcriptomes seiugn

When we talk about genomic revolution, this is aiethe applications that better shows the
concept. During the last decade only researchégsested in human, rat, mouse and a few more
had the genomic tools to develop their researctesinreference genome and kits were available.
NGS brings the opportunity to sequence what youtWwanause no sequence knowledge is needed
and it is relatively inexpensive and fast. For eglancharacterizing transcripts through sequences
rather than through hybridization to a chip is adegeous in many ways, most importantly,
because the sequencing approach does not regeifentwledge of the genome sequence as a
prerequisite and new transcripts can be descrie@m our experience in the Genomic Unit of the
CCiTUB, a good strategy for @ novo transcriptome project consists in normalize thé&lalo
generate full-length-enriched double stranded ¢BYA with equalized concentrations of different
transcripts [18]. The cDNA normalization enhancke potential of the GS-FLX sequencing
technology, since the equalized cDNA library candeguenced without having an enormous
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amount of repeated transcripts and obtaining a waéshgle of interested transcripts represented
(Figure 3). Once this information is assembled andotated, new genomic tools can easily be
created (custom arrays, another NGS runs, Realfi@R (see RT-PCR technology “Genomics:
More than genes” in this issue)) to study geneesgon under different conditions.
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Figure 3: cDNA normalization results run in a Agilent 21Bbanalyzer at the Genomic Unit,
CCiTUB. Panel A shows ds cDNA not normalized, pahshows the same sample normalized
and the panel C shows a gel where the most predoimiranscripts have partially been enzymatic

digested obtaining an equalized concentrationdl diféerent transcripts.

3.2. Microsatellite discovery

Microsatellite discovery of non-model organism isotner example where NGS are helping to
open new areas of biological inquiry. Microsatebitare short segments of DNA that have a
repeated sequence such as CACACACA, and they ¢eadcur in non-coding DNA. Over time, as
animals in a population breed, they will recomhiineir microsatellites during sexual reproduction
and the population will maintain a variety of misatellites that is characteristic for that popoiati
and distinct from other populations which do naerbreed. NGS technologies are drastically
reducing the time previously used by scientistslistover new markers to use in their research.
Experiments performed in our lab showed that rugpriiy6 of a PicoTiterPlate in the GS-FLX
system was able to generate over one hundred @temtrfect microsatellites (di-, tri-, and
tetranucleotides) with at least ten repeats readysé by automated capillary electrophoresis (see
Automated capillary electrophoresis “Genomics: Miti@n genes” in this issue).

3.3. Targeted discovery of mutations or polymaspis

For genomic resequencing, that is sequencing vamiatiscovery in individuals of species for
which a reference genome is available, a spe@fion of the genome across more individuals is
frequently used in contrast to study the whole geman fewer individuals. Some companies
(NimbleGen, Qiagen, Fluidigm, RainDance) are dgvielg different tools to target capture regions
of the DNA. These strategies permit sequence spegénome regions to which a disease
phenotype has been mapped, or exons of specifitidate genes belonging to disease, or the full
complement of protein-coding DNA sequences.
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Abstract. The study of proteins has been a key element in biomedicine and
biotechnology because of their important role in cell functions or enzymatic
activity. Cells are the basic unit of living organisms, which are governed by a vast
range of chemical reactions. These chemical reactions must be highly regulated
in order to achieve homeostasis. Proteins are polymeric molecules that have
taken on the evolutionary process the role, along with other factors, of control
these chemical reactions. Learning how proteins interact and control their up and
down regulations can teach us how living cells regulate their functions, as well as
the cause of certain anomalies that occur in different diseases where proteins are
involved. Mass spectrometry (MS) is an analytical widely used technique to study
the protein content inside the cells as a biomarker point, which describes
dysfunctions in diseases and increases knowledge of how proteins are working.
All the methodologies involved in these descriptions are integrated in the field
called Proteomics.
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1. Introduction

Mass Spectrometry (MS) is an analytical technique theasures mass-to-charge ratios (m/z) of
ionized molecules. Peptides and proteins can blyzathby MS due to their capacity to ionize
them under different conditions. Despite mass spewters were mainly used to determine the
exact mass of low molecules in its first applicaipthe improvement of ionization methods and
mass analyzers has enabled larger molecules sugiolgsiers, peptides and proteins to be
analyzed.

Before MS analysis of peptide and proteins starEHOIMAN degradation had been used to
identify the amino part of proteins through extamspf aminoacids by chemical reactions. Due to
the fact that the amino part of proteins are blddkea high percentage of living cells, only highly
abundant or purified proteins were able to be secgek Digestion of proteins by specific proteases
and analysis of their peptides improved the mettlogyoand solved this problem. However, the
cost and slowness of this method were a handicpprform high throughput analysis.

In the mid of 1960s preliminary studies for the edegtination of amino acid sequences in
derivatizated peptides were published. The intrddocof a matrix to ionize nonvolatile
compounds was a significant progression in pepdiagysis. In the early 80s, it was possible to
determine the molecular mass of insulin and snaki@s$ with a molecular weight until 13 kDa. By
the end of the decade, two new ionization systeer® weveloped in the analysis of peptides and
proteins, namely Matrix Assisted Laser Desorpti@mization (MALDI) and Electro Spray
lonization (ESI). These sources and the improvernémass analyzers opened new perspectives
for the analysis of higher molecular weight prosein

Another important role in the high-throughput ais&yof peptides and proteins was the whole
genome sequencing of different species. Priority the interpretation of spectra from MS analysis
had to be done manually and this process was tedind slow. After genomes were annotated, in
silico comparison between spectra generated afteralblysis with those generated by software
from databases, allowed to perform high-througlamatysis of complex samples.

2. Methodology and Applications

2.1. The mass spectrometer

A mass-spectrometer system consists of the follgyaiarts: an ionization source interface, where
the sample is ionized; the analyzer, where comp®amnd measured as m/z ratio and the detector.
Identification and characterization of peptides anateins by MS is based on obtaining the exact
mass of the molecule, as well as the exact mafedaferivatives of the molecule after a controlled
breakdown in a collision cell. Proteins and pegtides polar non-volatile molecules that have to be
introduced in gas phase to the MS. These typesnalyts are normally soluble in aqueous
solutions and specific methods of ionization tongfar them as gas phase into the mass
spectrometer without extensive degradation haveetased. The typical ionization sources used in
proteomics are MALDI and ESI.

2.2. Matrix Assisted Laser Desorption lonizatiéhALDI)

The ionization source generates charged ions inpgase from a solid-state sample aggregated
with a matrix (usually alpha-cyano-4-hydroxycinnanagicid) into a plate. A laser provides the
energy required to sublimate the sample and itvallcharged ions enter in gas phase to the MS. A
high voltage is applied at that moment and ionizemlecules are accelerated at the same time
inside a high vacuum tube where they fly dependingheir mass. Light ions arrive faster than
heavy ions to the detector. Most of the acquirat iare only single charge components despite
they have more than one element that can be ioniteel resulting spectrum is a single charge
spectrum for each molecule.

2.3. Elestrospray ionization (ESI)
The ionization source gets charged ions into gaselirom a liquid sample. This is achieved by
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applying a voltage between the output of a capillehere the sample is being sprayed and the
entrance of the mass spectrometer. This sourceupesda spray (micro drops) of sample and
solvent. When the charge density at the dropletaserreaches a critical value, a so called
Coulomb explosion occurs and several even smatlgulets are formed. The process of solvent
evaporation, droplet contraction and Coulomb expltsis repeated until the samplerédeased
from the final droplet. the sample is ready to fteoiduced into the mass spectrometer. While they
go through within a heat capillary, the solventfirally removed by evaporation. The analyte
presents as many possible charges in the molesylessible charged aminoacids may have in the
sequence thus generating a multi charge sampliidncase, the spectrum for each molecule is
more complex because each molecule could be prasetitferent m/z spectra, depending on the
various charges that each component has.

This ionization source is used in liquid samplel@entering into the MS, and in most cases,
especially in complex samples a High Performanapiidi Chromatography (HPLC) is coupled
online, which introduces the sample sequentiallycdkding to the flow used by the HPLC, we call
ESI ionization source when the flow rate is aboufmin, microESI when the flow rate is about
pL/min or nanoESI if the flow rate is about nL/miffhe minor inner diameter of the columns, the
small particle size used in the stationary phasth@fchromatography and the decrease in HPLC
flows, allows to increase the sensitivity in samspdé low concentration of peptides or proteins.

The most common analyzers in the analysis of peptithd proteins are the following:

2.4. Time of Flight

The Time of Flight (TOF) analyzer is based on tiheetthat ions take to fly from the ionization
source to the detector, due to its kinetic energguaed (1/2 mf) by applying a voltage
(approximately 20,000 volts) in the ionization smirThese fast moving ions fly through a high
vacuum tube, where peptides arrive first to theedtet according to the m/z ratio. This analyzer
allows a resolution of 15.000 to 40.000 and an mteumass measurement of less than 10 ppm
using internal calibration. Such analyzers are llysgaupled to MALDI or ESI ionization sources

2.5. Triple quadrupole

This mass analyzer consists of two quadrupolesratgzhby a collision cell. lons must be moved
from the source to the analyzer (different physiegjions) where different functions take place.
lons with different m/z ratios have different stapi when they are moved through an
electromagnetic field. The first quadrupole (Qé&lests ions, the second (Q2) acts as a collision
cell where backbone of the molecule is broken aftdliding ions with a gas, and the third (Q3)
acts as analyzer of m/z ratios. This type of araalytlows at presergood sensitivity, resolution
and accuracy It is useful in quantitative analysis for its okgion and sensitivity of small
molecules. The most common ionization source ustdthis analyzer is the ESI.

2.6. lon-Trap

The ion-trap analyzer is a special type of quadeipmalyzer, where ions are captured (trapped)
into a three-dimensional region applying differenitages and magnetic fields. There are two
different types, the 3D ion-traps and the linear-tk@ps. In the 3D trap, ions produced in the
ionization source are focused into the trap usimgplactrostatic lens system. An electrostatic ion
gate pulses ions into the trap by pulses of voldye close, V- open) using an opening time that
minimizes space-charge effects. A low-pressurestitim (1mTorr) is used in the trap to slow ions
and improve resolution by concentrating them atdieter of the trap using oscillating voltages.
Changing amplitudes of voltage and radio frequetetgrmines instability of ions, depending on a
m/z ratio manner and, as a result, they can betdeteln that cycle, one single ion can be trapped,
and after using different voltage frequencies, todlision of ions with the helium produces
backbone fragmentation and structural informatidnear lon Trap is a modified ion trap type
where the trap is linear, improving ion capabititind sensitivity. The mass resolution of these
instruments varies from 3000 to 15.000.
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2.7. Orbitrap

This analyzer is based on different resonancesraatdrom ions with different m/z ratio after they
orbit in this analyzer. lons are injected tangdiytiand oscillate inside in rings around a central
electrode. Different m/z ratio generates differéneiquencies of oscillation and it is inversely
proportional to a square root of m/z (Fig. 2). Thisalyzer allows at present resolution up to
200.000 (at m/z of 400) and accurate mass measnteafeless than 1 ppm using internal
calibration. Is the latest development in trappiegices.

Fourier Transform
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Figurel1LTQ VELOS Figure 2 Cross section of a LTQ VELOS ORBITRAP-ETD

ORBITRAP ETD high- high-resolution mass spectrometer (form Thermbdtis
resolution mass spectrometer at Scientific).

the CCiTUB (form Thermo
Fisher Scientific).

The Fourier Transform lon Cyclotron Resonance (iSTa m/z analyzer based on the cyclotron
frequency of the ions under a fixed magnetic fidldgives the highest mass resolution used in
proteomics (up to 750.000)

The instrumentation available at the CCiTUB to perf proteomic approaches is the following:

* MALDI TO VOYAGER DE (ABlIsciex)

* MALDI TOF-TOF 4800 (ABIsciex)

e LCQ-DECA XP (Thermo)

* LTQ-VELOS-ORBITRAP-ETD (Thermo) (Fig. 1).

e Micro HPLC Surveyor (Thermo)

« Nano HPLC EASY (Proxeon)

¢ Nano LC-Ultra system (Eksigent)

3. Methodologies in Profeomics

Most of the mass spectrometer analyzers are netbtaf analyzing beyond a m/z ratio of 4000
or 5000. This means that, in most cases, analysiseosample is not performed with the intact
protein due to its high molecular weight. Proteam de cut into small peptides using a controlled
digestion (digestion in specific amino acids) bgpecific proteases (trypsin, GluC, LysC, others)
and the resulting peptides are analyzed by MS.

Due to the complexity of the sample (proteins digesproduces a considerable amount of
peptides), prior to MS analysis, peptides haveetgdparated using chromatographic separation for
instance HPLC (see section 3.1.1). Common chromapbic columns in peptide and protein
separation are made of non-polar, highly hydrophisbationary phases (mainly C18, or other) or
ion exchange stationary phases (SCX, WAX or othef$)e identification and characterization of
peptides and proteins by MS relies on two basicepts, namely obtaining the exact mass (both
protein and peptides) and the possibility of bregkthe molecule into different parts at the
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backbone level in a controlled manner to identifg £xact mass of the broken ions by tandem
mass spectra.

3.1. Separation technologies

Protein MS identification is a technique highly dagent on separation of peptides and proteins to
simplify samples previous to the analysis. Theeedifferent methods of separation of proteins or
peptides; the gel based methods and the chromatignaethods.

3.1.1. High Performance Liquid Chromatography

HPLC is an analytical technique used to separgbides and proteins according to their intrinsic
properties. Usually Reverse Phase Liquid Chromapigr (RPLC) is coupled on-line to ESI

ionization sources to separate compounds usindileotaobile phase highly compatible with MS.

During decades, efforts to improve peak capacipssivity, reproducibility and speed in the

analysis have been done. These efforts conducagasd¢olong narrow capillary columns that
improve sensitivity.

3.1.2. Multidimensional Liquid Chromatography

High complex samples containing thousands of pnetproteolytically digested by an enzyme are
difficult to analyze after a single RPLC separatiboe to the extremely high number of analytes
in the sample and the different dynamic range, alooation of different orthogonality
chromatographic separation can be performed. Emedngion uses different molecular properties
for the separation. One type of Multidimensionaduid Chromatography (MudLC) is based on
two types of chromatography. The first dimensiorpé&formed by a Strong Cation Exchange
(SCX) resin followed by RPLC coupled on line to &MSCX resins are used due to their high
capacity and good resolution. The high complex sangdoaded onto a SCX column and eluted in
a series of increasing salt steps or salt gradightse each fraction is loaded onto a RP column
coupled online to a MS. Other columns in the faghension can be used such as hydrophilic
stationary phase to separate peptides and proteins.

3.1.3. Affinity Chromatography

Another chromatographic technique useful for proteo approaches is the affinity
chromatography. A protein of interest to be studgecoupled to a resin and packed into a column.
Proteins of cell lysates, from tissues, etc, fltmotigh the column and proteins with affinity are
bound. After eluting bound proteins, MS can idgntifiem to perform functional proteomics
approaches (see below). This technique can alasée for the enrichment of specific molecules
as phosphates groups in peptides and proteins. Wdnsvery useful to enrich posttranslational
modified (PTM) proteins and peptides.

3.1.4. Gel based separations

Gel-based approaches are techniques that sepavtgenp by their molecular weight (MW). Using
ionic detergents such as SDS and a matrix of awigle, proteins move through to the acrylamide
gels under an electric field depending on theiregoolar weight. Proteins can also be separated by
charge under denatured conditions, without usimiciaetergents, in a pH gradient. These two
methods are the basis of separation of protein@rgels. With this methodology, we have a
pattern in two dimensions where each spot in thésgge protein, which can be sliced and digested
in-gel by a proteinase. The resulting peptidestEaanalyzed by MS.

3.2. Proteomic approaches

Proteomic approaches for the identification of W and proteins means separation
methodologies and MS analysis. The MS analysisbmperformed after protein digestion and
peptide separation where proteins are identified deguencing peptides (The Bottom-Up
Approach). Proteins can also be analyzed as imtatgcules (Top-Down Methods) and the exact
mass of the protein and their fragments measuted sfecific breakdown.
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3.2.1. The Bottom-Up Approach

In this technique, proteins are digested into giEgtiprior to MS analysis. Exact mass of peptides
and their broken components are determined to kstomctural information. These experiments
require tandem data acquisition in which peptidessabjected to collision induced dissociation
(CID). The tandem mass data collected are compaithdin-silico-generated fragmentation using
databases and a statistical algorithm from whictoafidence number for the identification is
given. There are different search methods for pratentification such as SEQUEST, MASCOT,
XTANDEM, PHENYX. If a protein is pure enough (byromatographic approaches or 2D gel
separation) its identification can be done by mkpthass fingerprinting (PMF), where the protein
is identified by listing the exact mass of peptidddained by MS and compared to anotated
proteins databases using specific algorithms.

3.2.2. Top-Down Methods

Top-Down Methods use the exact mass of the intaotem and their fragments for the
identification.

Unlike the TOF analyzer that can analyze rangeatgrehan 100.000 uma without decreasing
resolution, other mass analyzers work in a masgerénom 2000 to 5000 m/z and the exact mass of
a protein can be calculated by deconvolution of ttmellticharge spectra.

Different fragmentation reactions are needed t@rfrent intact proteins in this approach.
Electron transfer dissociation (ETD) and Electraaptare dissociation (ECD) are the most
preferred. With these methods, we measure thetiptatein directly, in contrast to the bottom-up
approach that only measures peptides. This tgohrhas limitations. Larger quantities of protein
are required and high-mass accuracy instrumentsasit TQ-ORBITRAP or FTMS are needed to
resolve isotopic envelops of proteins.

3.3. Proteomic applications

3.3.1. Quantitative proteomics

Proteins can be quantified using MS, which reprissene of the key components toward building
a functional network. There are two types of MSdehgjuantitative proteomic methods: the
relative quantitative proteomics which compdéne relative amount of protein between samples,
and the absolute quantitative proteomics which aigpiantified standard to determine the exact
amount of proteins in the sample.

There are different assays for quantitative MS. [Basncan be labeled by isotope-labeling
methods and the relative or absolute values betwamples can be quantified. Other methods are
label free methods, which have been used to quangifatively protein content in different
samples.

3.3.2. Isotope-labeling methods
Isotope-labeling methods bind different isotopiclesales to peptides to compare samples. They
can be bound metabolically, chemically or enzynagirc

Metabolically isotope-labeling methods use stabtedpes of aminoacids (Arg, LysyN, **C
for heavy labeling) to label peptides. For staldetdpic labeling aminoacids in cell culture
approach (SILAC), cell media containif£6-Lys and"N4-Lys are used. The relative abundance
of proteins is calculated by measuring ratios gitjokes experiment comparing heavy/light peptides
pairs.

Chemical derivatization of peptides can also bedulsg protein quantification. Different
aminoacids can by labeled chemically by differaabke isotope tags to measure ratios between
heavy/light labeled samples. Different aminoacids be labeled for that purpose. Isotope-Coded
Affinity Tags (ICAT) is used to label free cysteiamd Isobaric Tags for Relative and Absolute
Quantification (iTRAQ) is used for label free angne
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3.3.3. Label Free methods

Other strategies do not use label free active wesicdbf aminoacids with different isotopes to
perform relative quantification. In label-free qtitative methods, each sample is prepared,
individually LC-MS/MS or LC/LC-MS/MS separated arahalyzed. Protein quantification is
performed by comparing measurements of ion intgrsianges for the same peptides in different
LC runs or on the spectral counting to calculatettital number of spectra of the proteins, also by
comparing different LC runs.

3.4. Post translation modification proteomics

Proteins are molecules that can be modified enZgaibt in specific aminoacids. This might
control their activity, the partners that bind tem, the conformation of the protein, and other
processes that regulate their function and alsoqgtientity of the protein in the cell. Typical
modifications are summarized in table 1.

3.4.1. Phosphoproteomics
Protein kinases are the major regulator of celtgsses, and MS is the methodology of choice for
identifying and also quantifying phosphorylatiotesi This type of regulation has to be highly
regulated, and the amount of phosphorytaled prefgiasent inside cells is not very high. For this
reason, chromatographic strategies for enrichmephosphoproteins or phosphopeptides have to
be done prior to MS analysis.

Different affinity-based enrichments can be donetfat purpose, immunoprecipitation using
specific anti phospho-antibodies, metal oxide #ffichromatography (as TIQF€", G&"), cation
exchange chromatography and also chemical deratatiz of phosphate groups (Fig. 3).
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3.4.2. Glycoproteomics

Glycosylation is an important and abundant postdiational modification. Glycoproteins are
involved in different roles as molecular and caltulecognition in development, cell growth,
cellular communication and also in diseases asetapgression and immune responses. Top
down and bottom up approaches are used for théfidation of glycosilated proteins. Performing
MS/MS experiments, glycosilated peptids can betitied knowing also the glycosil groups added
to the proteins.

3.4.3. Ubiquitin

Ubiquitin is a post-translational modification ofofeins where a small peptide is attached to
protein. This modification is very important in pen degradation and also for controlling protein
levels in the cell. Using MS approaches, ubiquiéan be detected and the specific aminoacid
where it is attached can be determined.

4. Examples of applications

The identification and sequencing of peptides aradens by MS is nowadays the basis of high
throughput proteomic analysis. Biomedicine and diibhology are the major fields of interest,
even that others are emerging, such as agricultaterinary, etc
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4.1. MALDI-TOF/TOF Analysis of proteins: Peptidealss Fingerprinting and Peptide Sequencing
In this example, proteins were extracted from theédium and separated by 2D-SDS-PAGE.The
spot of interest was cut from the gel, washed dgdstied with trypsin. The tryptic peptides were
eluted from the gel by washing, and analyzed by MALOF/TOF. The results are shown in Fig.

4.

Table 1. Typical modifications of proteins in specific amawds

DELTA SPECIFIC
MODIFICATION | INSERTED GROUP
MASS AMINOACIDS
Phosphorilation HO(3) P 79.966331 S, T,Y
Acetylation H(2) C(2) O 42.010565 K, NH2-terminal
Oxidation O 15.994915 M, others
Glycositation Sugars
Ubiquitinization H(6) C@) N(2) O(2) | 114.042927 K
Metylation H(2) C 14.015650
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Figure4 a) MALDIi TOF reflector spectrum of a tryptic digie(matrix: CHCA). Internal
calibration with proteolitic fragments of Trypsiivgs mass accuracy measurements for the
peptides < 15ppm ensuring a good Peptide Mass firigeng search. b) and c) MALDIi-

TOF/TOF (MS/MS) spectra of the two tryptic peptidetected from the MS analysis. The good
sensitivity and mass measurements ensure a gotidé@®8gquence Analysis.

4.2. Quantitative proteomics

Quantification of proteins is an important diffetiah analysis, such as in comparisons of samples
from diseased and healthy states. In biomedicimapsrtant to know which proteins are related to
a disease. For these reason, proteomic analysibegrerformed to quantify samples between
controls to disease, and between different stades disease. To perform these experiments,
samples can be compared using different approaches.

If isotopic tags are used as Isobaric tags fortivgdaand absolute quantitation (iTRAQ) firstly
proteins are digested and peptides labeled. Thepleamare mixed and separated by
chromatography. The same peptides with differemt ¢aelute from HPLC, and the mass
spectrometer can analyze them. Specific softwamegoantify the relative amount of each tag and
determine quantitation of the sample.

Label free methods perform an HPLC run for eachpdanThe total amount of spectra that
identifies a protein is used to calculate the retatjuantity of each protein by an algorithm. This
technique is also useful in biomarker discoverfiiman disease.
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4.3. Phosphorilatiomodifications.

Phosphorylation is the most highly studied and kmopost-translational modification for its
relationship with cellular functions. To performeie experiments, firstly phosphorylated peptides
must be enriched. For that purpose, different naghare used. If phosphoproteins want to be
enriched, immunoprecipitation or metal affinity da@m used. For peptides, after digestion proteins
by a specific protease, phosphopeptides are ewribiremetal affinity columns. The use of TiO
columns gives better results but others can be (F&t G&"..). An example of a phosphorilated
peptide spectrum is shown below (fig. 5).
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4.4. Functional proteomics

The study of protein-protein interactions by MSais important field of analysis in the post-

genomic era to understand protein function. A vgrief MS-based approaches allows

characterization of cellular protein-protein intdrans and subsequent assignment of individual
proteins to specific pathways and networks.

The idea is that proteins bind to other proteingpadform cell functions, by mean enzimatic
activity or modulating this activity. There arefdifent functional technology approaches that can
be integrated together to have a global view offtimetional biological systems. Proteomics based
in affinity chromatography and MS can help us talfnew functions of proteins unknown at that
time.

To identify the proteins involved in biological messes and signaling pathways a proteomic
approach consist of express a recombinant protaiifigation, immobilized it on a matrix and
perform affinity chromatography using cell extraots purified cell fractions, as nuclei,
mitochondria, lysosomes, plasmatic membrane. Aftashing, the bound proteins obtained by
these interactions are separated by a SDS.PAGElggtophoresis. Proteins are sliced from the
gel, digested and identified by MS. Using this agh, hundreds of proteins can be identified, and
the information obtained is processed using ontoltafabases in order to know all processes and
pathways in which they are involved, as well aswimich cellular compartment proteins they
interact.

After sequencing proteins, all the information cha grouped in protein ontologies to
understand the biological system.

4.5. Proteomics of promoters

Promoters of genes are the regions of DNA wheraulaggr factors bind and regulate gene
expression. Many of these regulators are protéiatshind directly to DNA or to other proteins that
bind to DNA and regulate gene expression. Theenisgnportant field in biomedicine that studies
how genes regulates their expression and how carnvblred in diseases. MS can identify proteins
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related to promoters by dsDNA affinity chromatodmapFor that purpose, dsDNA is coupled to a
matrix in a column. Cell extracts are passed thnotlg column and proteins with affinity to
dsDNA will be kept in the column. After extensivelashing, the proteins of interest are eluted
from the column an identified by MS.

4.6. Analysis of intact proteins

High-resolution MS allows the characterizationmtbict proteins. An spectrum of an intact protein
provides the exact mass of the molecule as wah@agxact mass of all modified entities of it. For
that analysis, it is essential to use high-resotutinstruments such as Orbitraps or FT mass
spectrometers. Both ionization methods, MALDI an8l,Ecan be used for that purpose, but
MALDI mass spectrometers result in broad m/z pesaid low intensity for proteins above about
20 kDa. ESI ionization coupled to TOF analyzers hagh-resolution instruments such as
ORBITRAP or FTMS mass spectrometers can determime exact molecular mass with a
resolution of above of 120000 (see Figs. 6 and 7).
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Figure 6 High-resolution spectrum of intact  Figure 7 Exact mass of a hemoglobin protein
purified hemoglobin protein from blood. after deconvoluted high resolution mass
spectrum.
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Abstract. Flow cytometry has become a valuable tool in cell biology. By
analyzing large number of cells individually using light-scatter and fluorescence
measurements, this technique reveals both cellular characteristics and the levels
of cellular components. Flow cytometry has been developed to rapidly enumerate
cells and to distinguish among different cell stages and structures using multiple
staining. In addition to high-speed multiparametric data acquisition, analysis and
cell sorting, which allow other characteristics of individual cells to be studied,
have increased the interest of researchers in this technique. This chapter gives
an overview of the principles of flow cytometry and examples of the application of
the technique.
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1. Introduction

Flow cytometry (FCM) is a technique used to rapidigtect and count microscopic particles such
as cells, suspended in a stream of fluid. It all@ivsultaneous multiparametric analysis of the
physical and/or chemical characteristics of upghtmusands of particles per second. FCM is used in
the diagnosis of health disorders, and has manlcagipns in both research and clinical practice.
Some instruments can physically sort particles dasetheir properties, so as to purify populations
of interest. An impedance-based flow cytometry deviwas patented in 1953; the first
fluorescence-based flow cytometry device was d@eglan the late 1960’s [Shapiro, 2003].

1.1. Principle of flow cytometry
One or more beams of light (usually laser lightdisected onto a hydrodynamically- focused
stream of fluid. A number of detectors are placetha intersection of the stream with the light
beam, to detect scattered light (forward scattdfQC, in line with the light beam, and side scatter
or SSC, perpendicular to it) and one or more flsoeat detectors. Each suspended particle -from
0.2 to 150 micrometers- passing through the beaattess the light, and fluorescent chemicals
found in the particle or attached to it may be &d;iemitting light at a longer wavelength than the
light source.

This combination of scattered and fluorescent light

is recorded by the detectors and, by analyzin ,L-“aml’“

changes in brightness at each detector, informatic  sheath —>
about the physical and chemical structure of eac
individual particle is obtained. FSC correlateshwit
the cell volume and SSC depends on the inne
complexity of the particle (shape of the nuclebg, t  stained cell
amount and type of cytoplasmatic granules or th
membrane roughness). Fluorescence detected

related to the presence of specific cellular strgs "&bt souree
(antigens, nucleic acid) or functions (viability,

hydrodynamic focussing

fluorescence

* scattered light

droplet generation

enzyme activity, membrane potential, intracellular &
ion concentration) o
Modern flow cytometers are able to analyze *jm ® G’c'), =
several thousand particles every second, in "re: %
time", and can actively isolate particles having O‘deﬂectcd droplets

microscope, but instead of producing an image ©
the cell, flow cytometry offers "high-throughput”

(for a large number of cells) automated
quantification of set parameters. To analyze solid

tissues, a single-cell suspension must first bgjgure 1. Schematics of a flow cytometer
prepared [Robinson, 1993; Darzynkiewicz, 1994.]

specified properties. A flow cytometer is similara 0 I—i—l g

sorted cells
waste

2. Metodology

A flow cytometer has several components: 1) a fiil - liquid stream (sheath fluid), which
carries and aligns the cells so that they passeadighrough the light beam; 2) an optical system,
with at least one light source (usually laser) digtht collection devices (photodetectors or
photomutiplier tubes); 3) an electronic system \Wwitgenerates and amplifies electrical signals from
light. Acquisition and analysis of data is done d&ygomputer connected to the flow cytometer.
[Ormerod 1999, Ormerod 2000, Ormerod 2008].

Modern instruments usually have multiple lasers #odrescence detectors. Increasing the
number of lasers and detectors allows for multipleelling. Certain instruments can even take
digital images of individual cells, allowing fordtanalysis of fluorescent signal location.
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Data generated by flow-cytometers can be plotted Histogram, or in two-dimensional dot
plots or even in three dimensions. The regionshase plots can be sequentially separated by
creating a series of subset extractions ("gateBBcause different fluorescent dyes' emission
spectra overlap, signals at the detectors have tmtmpensated. Data accumulated can be analyzed
once the data are collected using appropriate aodtw

2.1. Fluorescence-activated cell sorting

Fluorescence-activated cell sorting (FACS) is acsjieed type of flow cytometry. It provides a
method for sorting a heterogeneous mixture of éettstwo or more containers, one cell at a time,
based upon the specific light scattering and flsoeat characteristics of each cell. It is a useful
scientific instrument, as it provides fast, objeetiand quantitative recording of signals from
individual cells as well as physical separatiorelfs of particular interest. The first cell sortesis
invented in 1965 [Shapiro, 2003]

The cell suspension is entrained in the centreradreow stream of liquid. The flow is arranged
so that there is a large separation between cdlsive to their diameter; a vibrating mechanism
causes the stream of cells to break into individiralplets. Just before the stream breaks into
droplets, the flow passes through a fluorescenasoreg station where the fluorescent character
of interest of each cell is measured. Charge isiegpgirectly to the stream, and the droplet retain
charge of the same sign as the stream; the stie#imen returned to neutral. The charged droplets
then fall through an electrostatic deflection systlat diverts droplets into containers based upon
their charge [Shapiro, 2003; Longobardi, 2001].

2.2. Fluorescent labels

A wide range of fluorophores can be used as labellw cytometry, with a characteristic peak
excitation and emission wavelength. Also, the eimisspectra of the labels often overlap.
Consequently, the combination of labels which cam$ed depends on the wavelength of the light
used to excite the fluorochromes and the deteatmasable [Haugland, 2010].

Depending on the specificity of the fluorochromestedted, very different measurable
parameters can be analyzed by flow cytometry: pigmeontent (chlorophyll, phycoerythrin...),
total DNA or RNA content (cell cycle analysis, célhetics, proliferation, etc.), chromosome
analysis and sorting (library construction, chroome paint), protein expression and localization,
phospho-proteins, transgenic products in vivo {paldrly the green fluorescent protein (GFP) or
related fluorescent cell surface antigens (Clusfedifferentiation (CD) markers), intracellular
antigens (various cytokines, secondary mediatdcs), ewuclear antigens, enzymatic activity, pH,
intracellular ionized calcium, membrane potentimémbrane fluidity, apoptosis (measurement of
DNA degradation, mitochondrial membrane potenpalmeability changes, caspase activity), cell
viability, monitoring electro-permeabilization oélts, oxidative burst, multidrug resistance (MDR)
in cancer cells. These parameters can be detertaddiually or combined, as far as fluorochromes
used in detection can be spectrally resolved.

3. Applications
3.1. Clinical applications

3.1.1. Haematology

The distributed nature of the hematopoietic systegikes it amenable to flow cytometric analysis.

Applications in haematology include DNA content lgses, leukemia and lymphoma phenotyping,

immunologic monitoring of HIV-infected individualend assessment of structural and functional
properties of erythrocytes, leukocytes, and plételéntibodies against intracellular proteins such
as myeloperoxidase and terminal deoxynucleotidyidferase are also commercially available and
permit the analysis of an increasing number obizgtlular markers [Bollum, 1979].
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e Cluster of differentiation antigens on leukocytes. Cell identification is involved in flow
cytometry. In order to identify blood cells, it rsecessary to define sets of cellular
parameters, which include intrinsic (such as cilé,scytoplasmatic granularity...) and
extrinsic parameters. The cluster of differentiat{@€D) is a homenclature used for the
identification of cell surface molecules presentieukocyte cells. CD molecules can act in
numerous ways, often acting as receptors or ligamtie International Workshop on
Human Leukocyte Differentiation Human Cell Diffetiion Molecules names and
characterises CD molecules [Zola et al., 2006].

* Reticulocytes. The reticulocyte count reflects the erythropoietictivity of the bone
marrow and is thus useful in both the diagnosianamias and in monitoring bone marrow
response to therapy. Starting in the mid-1990spraated flow-cytometric analysis has
replaced traditional microscopic quantitation ofia@ocytes. Reticulocyte analysis now
includes measurements of the mRNA content and thtunty of reticulocytes, cell
volume, hemoglobin concentration and content [Rival. 2010].

« Hematopoietic stem cells. The use of flow cytometry in stem cell researefuires high
levels of stringency and as “fool-proof” techniggsl as possible, because often the number
of cell populations of interest are relatively sinabmpared to those in other fields of
study. Because of these small numbers of celisuseful to take advantage of the benefits
of contemporary instruments and multiple reagemhhlioations to learn the maximum
possible about these populations. CD34, Hoesct&t233CD105, CD90, CD117, CD133,
Sca-1, CD150 are some of the antigens and furadtioarkers which have primarily been
useful in the study of human and murine hematopogetd other stem or progenitor cells
[Preffer et al. 2009]. CD34 is a stage-specificigart that is expressed on human
hematopoietic stem and progenitor cells whose aspya decreases with differentiation of
the cell. Side population (SP) cells are stem aady gprogenitor cells identified as a
subpopulation by their low Hoechst blue and reddrbscent emission signature. The
characteristic Hoechst fluorescence SP “tail” [f8lell et al. 2005; Petriz 2006 ] is
attributed to a highly active efflux of Hoechst @23 via a p-glycoprotein multidrug/ATP
binding cassette transporter Bcrp/ABCG2 protein.

3.1.2. Immunology

Characterization of lymphocyte subtypes and cy®ldignalling is essential for understanding the
complex nature of the immune system. Activationdnyigens, suppression of normal immune
activation, and disease states can affect the pye® of lymphocytes. Multiparametric
phenotypic analysis by flow cytometry allows totitiguish one subpopulation of cells within a
heterogeneous mixture, and thereby enables thg #taddynamics of immune signalling in intact
cells.

« HIV infection. Infection with the human immunodeficiency virudl{) and acquired
immunodeficiency syndrome (AIDS) represent the mamsthmon clinical application of
flow cytometric immunophenotyping of peripheral ddblymphocytes. CD4+ T cells are
the main cellular targets of HIV infection; theyeattestroyed by several mechanisms and
their number decreases with progression of dis@asmrding to certain organizations, the
clinical decision concerning initiation of antivirtherapy or prophylaxis of opportunistic
infections are based on the numbers of CD4+ T ,dilésefore, accuracy and precision in
measuring lymphocyte subsets are crucial during fibleow-up of these patients
[Chattopadhyay et al., 2010].

» Lymphocyte activation. Lymphocyte response to mitogens is a habituadsdutest in the
evaluation of the immune system. The old usual oetith [3H]thymidine yielded
results which were difficult to interpret. The id#ication of cell surface structures
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(e.g.,CD69), minimally expressed on resting PBM@ &noadly expressed on activated
lymphocytes very early following the addition ofinstili, enhances the potential for
detection of low-frequency responses [Vernon etl8B5]. CD69 is expressed on all
activated lymphocytes, so it represents a generacken to monitor individual subset
responses to provocative stimuli. This assay allthesstudy of the activation at the level
of specific T, B, and natural killer (NK) cells. D expression is a good marker of cells
capable of cytokine production, which itself isiadicator of activation.

To monitor an immune response, it is importantaeehprocedures that can follow lymphocyte
proliferation, both in vitro and in vivo. The int@llular fluorescent dye, CFSE, has been found to
be particularly effective at monitoring lymphocydeision in many experimental situations. The
method is based on the ability of CFSE to covajetabel long-lived intracellular molecules.
Following each cell division, the equal distributtiof these fluorescent molecules to progeny cells
results in halving of the fluorescence of daughedis [Parish et al., 2001].
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Figure 2. Cell proliferation indicated by dilution of CFSi& stimulated and unstimulated CD8
lymphocytes

3.1.3. Cancer biology and clinical oncology

In the last decade the main oncology applicatiorcygbmetry has been the measurements of
abnormalities of DNA content in tumor cells and twiperturbation of the cell cycle by
chemotherapeutic agents. By measurements with fegblution, the demonstration of abnormal
cellular DNA content in several types of tumors banof definite diagnostic value when combined
with conventional diagnostic procedures.

Attempts to monitor cancer treatment by studyirtgrat cell cycle distribution have not been
successful, although some applications are of piatevalue. The main reasons for this are the
complexity of tumor tissue as well as difficultiegith interpretation of altered cell cycle
distribution caused by drug combinations. For fergprogress in this field more emphasis on other
cell constituents than DNA measured by flow cytaymes desirable, either as single or as
multiparameter measurements. Interest remainstarmdaation of drug sensitivity of tumor cells,
or determinations of kinase activities in cells.eThppreciation that various oncogenes are
expressed in many human cancers has led to thdogewent of cytometric techniques for
detecting oncogenes by immunofluorescence.
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3.2. Non-clinical applications

3.2.1. Flow cytometry of plant cells.

Flow cytometry on plant material is usually done ¢ ==

protoplast or cell suspensions. Chromosomes anat p

subcellular organelles such chloroplasts and mindha ™

have also been subjected to flow cytometric anslysi .
The main area of application of flow cytometry et *

measurement of DNA content for systematic, evoharg

or breeding purposes [Garcia et al., 2006; Tortehle

2001]. A reference standard of known DNA content . S i

used (Fig. 3, Pisum sativum ‘express long’, where

2C=8.37 pg). Propidium iodide, which has no biasA® Figure 3: fluorescence distribution

or G-C-rich sequences within the genomes is comynonl of propidium iodide stained nuclei

used as fluorescent stain. The measured fluorescisnc fo standard (P. sativum, mode=57)

directly proportional to DNA content. Using this compared to problem plant (mode=

procedure, up to 3.7% differences in DNA contens ha 62)

been resolved [Dolezel et al, 1995].

Measurements of the fluorescence of chlorophyll atber natural pigments as well as

measurements of protein and nucleic acid contetditspecific antigens have been made in plant

cells. Galbraith [Galbraith et al., 1995] has us#eP and its variants to study gene expression in

plants.

3.2.2. Microbiology

Detection of microorganisms has been done from \different perspectives: biotechnology,
environmental, clinical, food, sanitary or evenitaily; the interest of a technique such as flow
cytometry in microbial detection is clear sincalibws the detection of microbes at a single-cell
level.

DNA or protein content, membrane potential and imafluorescence measurements of algae,
bacteria, fungi and protozoa using flow cytometag lbeen reported in the literature by the mid-
1980’s, as had autofluorescence due to photosynithied other pigments. Differences in cell wall
composition and in the outer membrane of bacterddch are the basis of classical stains like the
gram staining, can be detected by FCM. Commeragaéation kits like the LIVE/ DEATHO©
BacLightTM bacterial counting and viability kit pridles rapid and reliable assessment of bacterial
viability in multiple applications [Haugland et @2010].

* Environmental applications and marine biology. Marine microorganisms detected by FCM
include bacteria, phytoplankton, zooplankton andruseés. New species like
Prochlorococcus, which is responsible almost of a third of theatdbacterioplankton
turnover of aminoacids, have been discovered ubi@i (fig 4). DNA content and
photosynthetic pigments are the most common pammeheasured in oceanography.
Specific organism (like the infective protoz@iardia or Microsporidium) had been
detected on water by flow using immunofluorescarcéniques.

e Clinical microbiology. Blood, urine or spinal fluid have been used asical specimens
when searching pathogens by flow. But FCM providetsol not only for detection and
identification of microbes, but measuring antimlbied susceptibility testing, providing
results in 2 to 7 hours, rather than in 15 to 24rbpas it is the case when traditional
culture methods are used. Bactericidal and thecteffé bacteriostatic agents can be
monitored by flow on cultures, measuring cell meamgr permeability or membrane
potential.
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* Food industry. Food microbial anasis is routinely performed by colony counti
However, platesulturing techniques are time consuming and thely oeveal a smal
proportion (viable and cultivable) of the true naicial population. The application of FC
to foods is related to a corresetting of discriminator gates to select microb@lints fromn
background particles. FCM has been applied on nhitewing and oenology industrie
and has been used for measurement of spoilage atkogen microorganis
contamination, starters and prolics. [Comas and Rius, 2009Reported sensitivity ¢
flow cytometry is<104 total bacteria/mL, and 103cells/mL for ye

3.2.3. Pharmacology and toxicology
Flow cytometric analysis of drug effects on cefisvivo has been considered as an alternati
animaltesting. DNA content analysis has been used tamete effects of anticancer drugs on
cell cycle. In other case#,is possible to study drug uptake directly, usfhuprescent drugsuch
asanthracyclines or labeled analogs. Even when dasstsment of drug uptake on a c-by-cell
analysis is not possible, FCM can provide quaiiiaanalyses of the effects of different d
doses on cell's metabolism over time courses. Thlmasurement of apoptos—the genetic
controlled ablation of cells- imutinely done by flow cytometry using multiparanetpproache
Standard tests of clastogenic agesuch abone marrow and blood erythrocyte micronucl
assays are performed by FCM detecting [-containing micronuclei in relative immature ce
anddistinguishing them from immature erythrocytes wheontain RNA [Derringuer et al., 199

=)

3.2.4. Biotechnology L
Industrial uses of flow cytometrinclude on-line -
monitoring of bioreactors or selection of yeasis -

1o

expressing antibodies. Flow cytometers witt z
sorting capability are used for h-throughput _355—-
screening; sample handling hardware has red G

the time needed to process a single sarto under
two seconds. Sorters are used to isolate frac
from highly heterogeneous mixed populatic
based on ligand binding and metabolic acti
[Hewitt et al., 2001].

o
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jlig

, Figure 4. Prochlorococcus: FCM
4. Practical examples detection according to scatter ¢

_ chlorophyll content. (D. Vaulot, CNR!
4.1. Human Regulatory Telt analysis

Regulatory T cells (Tregglay a critical role in maintaining immune modiga and are present
normal peripheral blood in low numbers. Cell cyttitpean be used to evaluate the proportio
Tregs and memory T cells in peripheral blood. Acdgsion of the method used toentify and
isolate these cells by flow cytometry is provd here.

Recipient peripheral heparinized blood samples wetkected and PBMC were obtained
standard Ficoll density gradient centrifugationcigient PBMC were stained with the followil
monodonal Abs: APC antiCD3, Per(-Cy5.5 anti-CD8, FITC antcD4, APC an-CD25, PerCP-
Cy5.5 anti-CD127, PE ankexp3, APC an-CD45RA), all stains were carried out following
instructions of the manufacturt

Flow cytometric experiments were carried otsing a FACSCalibur (BD Bioscience
Excitation of the sample was done using a stand@8hm and 635n laser.The instrument wa
set up with the standard configuraticFSC and SSGwvere used to gate lymphocytes ¢
population. As negative control, samj were incubated with corresponding isotype contrAl:
representative dot plot is shown in Fic
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Figure5. Representative dot plot used for the cytometmgdysis of Foxp3+Tregs. Negative
controls are also shown. Lymphocytes are identifigidg a routine scatter gate procedure. Events
from the later gate are then transposed to the\8SCD4 dot plot to obtain CD4+cells (R2) and
CD4- cells (R3). CD4- (R3) cells were used as tieg@&ontrol. Finally, the cells from R2 or R3

gate are transposed to the CD127 vs. FoxP3 doaptbthe CD25 vs. FoxP3 dot plot.

In conclusion, the evolution of memory/effector aedulatory T cells can be analyzed by cell
cytometry in response to different treatmentsis fossible identify and sort Tregs within a CD4+
lymphocyte population based upon high expressiealdeof CD25. As an alternative, CD127 can
be used to identify Tregs as CD127low events within CD4+CD25+ lymphocyte population.
More details can be found elsewhere [Bestard 2011]

4.2. Detection of apoptosis induction in B-celtahic lymphocytic leukemia cells without effect

in T lymphocytes

B-cell chronic lymphocytic leukemia (B-CLL) is clzaterized by the accumulation of long-lived B
lymphocytes. Most of the circulating cells appeabé nondividing and the clonal excess of B cells
is mainly caused by defects that prevent programoa#iddeath rather than by alterations in cell
cycle regulation. Glucocorticoids and other cherambeutic agents used clinically, including the
nucleoside analogues 2-chloro-2-deoxyadenosine flaigdrabine, induce apoptosis in B-CLL
lymphocytes, suggesting that apoptosis is the nmesimaof their therapeutic action. New apoptotic
drugs can be alternative therapeutic option for @htients.

Experimental procedures: Seventy samples from matieith B-CLL who had not received
treatment in the previous 6 months were studie€LB-was diagnosed according to standard
clinical and laboratory criteria. Cells were obtinfrom the Hospital Clinic, Barcelona, Spain.
Mononuclear cells from peripheral blood samplesewisolated by centrifugation on a Ficoll-
Hypaque (Seromed, Berlin, Germany) gradient andmm®served in liquid nitrogen in the presence
of 10% dimethyl sulfoxide (DMSO).

Apoptosis was measured by annexin V binding. Inpamtic cells, the membrane phospholipid
phosphatidylserine (PS) is translocated from timerino the outer leaflet of the plasma membrane,
thereby exposing PS to the external cellular emwirent. Annexin V is a 35-36 kDa Ca2+
dependent phospholipid-binding protein that hadgh laffinity for PS, and binds to cells with
exposed PS. Annexin V staining precedes the lossavhbrane integrity which accompanies the
latest stages of cell death resulting from eithgpdotic or necrotic processes. Therefore, staining
with FITC Annexin V is used in conjunction with atal dye such as propidiumiodide (PI) to
identify early apoptotic cells (Pl negative, FITGhiexin V positive). Viable cells with intact
membranes exclude Pl, wheras the membranes ofasiebdamaged cells are permeable to PI.
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To analyze apoptosis in T cells from the sampl@§, B00 cells were incubated for 24 hours
with the indicated factors. Cells were then washdeBS, and incubated in annexin-binding buffer
with allophycocyanin (APC)—conjugated anti-CD3 aotycoerythrin (PE)— conjugated anti-CD19
for 10 minutes in the dark. Cells were then dilutgth annexin-binding buffer and incubated with
annexin V-FITC for 15 minutes in the dark. Themein-binding buffer and Pl were added just
before flow cytometric analysis. Data were analyasithg Cell Quest software (Becton Dickinson,
Mountain View, CA).

The precursor of nucleotide biosynthesis acadegine5-aminoimidazole-4-carboxamide
(AICA) riboside has various effects in several tymé eukaryotic cells. Because acadesine blocks
glucocorticoid-induced apoptosis of quiescent thgytes, it was examined whether glucocorticoid
induced apoptosis in B-CLL cells was also blockgdabadesine. The effect of several doses of
acadesine on the viability of B-CLL cells was asaly (data not shown). Unexpectedly, acadesine
induced apoptosis. To determine whether the indnatif apoptosis in B-CLL cells was selective
to B population, the number of apoptotic Tcells Lxells) in CLL blood samples was analysed.

CONTROL 24h DRUG 24h

31 % = 62 % 36 %

AnnexinV-FITC

- T
1 102
chag

CD 3-PE CD 3-PE

- B-CLL cells - T lymphocytes

Figure 7: Acadesine effect on lymphocytes viability. Lymglgtes are identified using a routine
scatter gate procedure (data not shown). Lymphe@ute then transposed to the CD3 vs AnnexinV
dot plot to quantify apoptosis in B cells (CD3-dan T cells (CD3+)

In conclusion, acadesine, 5-aminoimidazole-4-cafdomide (AICA) riboside, induced
apoptosis (62% in treated cells vs 22% in contiolB-cell chronic lymphocytic leukemia (B-
CLL) cells, whereas T cells (CD3+) from these pasewere not affected (31% in treated cells vs
36% in control). Flow cytometry is a practical aedsy technique to analyse the induction of
apoptosis in treated cells.
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4.3. Flow cytometric detection of Plasmodium Kadcum in malaria-infected erythrocytes

Malaria is a parasitic disease caused by unicelluiganisms of the genus Plasmodium. A large
part of the life cycle of these parasites takesglm the blood circulation, where Plasmodium
invade red-blood cells (RBC) in which they grow andltiply; this blood stage infection causes
clinical symptoms and are targets for a numberrafyjsl The demonstration of the presence of
parasites in the blood is used for diagnosticstegatment of the disease.

The analysis and detection of malaria infectiorflow cytometry makes almost exclusive use
of fluorescent dyes which are specific for nucleads. Since RBC do not contain DNA, DNA-
specific fluorescence from infected RBC can onlydie to the parasite DNA. In addition, since
parasites multiply within the RBC, the fluorescemuensity of stained particles increases during
the development of the parasites. As long as thé Dbhtent of a parasite is 100-200 times less
than the nucleated blood cells, they can be edsljnguished on the basis of their fluorescence
intensity.

Most of the reported flow citometric studies on amgl parasites used A/T specific DNA dyes
(Hoechst 33258, Hoechst 33342). Others non DNAiipestains (Acridine orange, Propidium
iodide) had also been successfully used. In theepted example, the Syto-11© fluorescent dye
(Molecular Probes) has been used because 1) tsdeig) membrane permeability, that allows to
stain samples without fixation or permeabilizatipmocedures, 2) its high-intensity green
fluorescence, which is strongly enhanced when bedrtd DNA or RNA. Syto-11 is excited at
488nm, which is the most commonly light source tbimthe commercial flow cytometers.

Cultures of Plasmodium falciparum 3D7 were grown in vitro in group B human RBCs
(provided by the Banc de Sang i Teixits at the \WiHebron Hospital in Barcelona) using
previously described conditions. Briefly, parasifthawed from glycerol stocks) were cultured in
RPMI complete medium in a gas mixture of 94% N2, 6@2, and 3% O2. The cultures were
contained in Petri dishes, and parasites wereredltat intervals of 2 days at ca. 3% hematocrit.
For flow-cytometry analysis, non-infected RBCs d@ldsmodium-infected RBCs samples were
diluted to a final concentration of 1-10x106 cel/ffihe cell suspension is stained with 1 uL Syto
11 (0.5 mM in DMSO) to a final concentration of WM. Samples were incubated from 5-10
minutes prior to flow cytometric analysis.

Flow cytometric experiments were carried out usimg Epics XL flow cytometer (Coulter
Corporation, Miami, Florida). Excitation of the spi® was done using a standard 488nm air-
cooled argon-ion laser at 15mW power. The instrume&rs set up with the standard configuration.
FSC and SSC were used to gate red blood cell pigrul&reen (525 nm) fluorescence for syto-11
was collected in a logarithmic scale. The singlé-pepulation was selected on a forward-side
scatter scattergram, and the green fluorescengetfiis population was analyzed.

Figure 8 shows the gating on RBC to exclude agdesgand cell debris (A), and how
fluorescence of infected RBC can be detected img#ted population (B).
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Figure8. A: RBC population gated according to its scattgnal (horizontal, Forward Scatter;
vertical: Side Scatter). B: Fluorescence histogodi@yto-11 obtained from an infected sample
(horizontal axis: intensity of green fluorescengertical axis: frequency of cells). R4: region

defined on Plasmodium infected cells.
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In Fig. 9, a typical dotplot obtained combining F8& green fluorescence can be seen; A has
been obtained from a non-infected sample, whileaB been obtained from an infected sample.
Region R2 is used to quantify the percentag®laémodium infected cells. Its position is fixed
according to the control (uninfected) sample, wh2enust be <0.1%.

A B

T T Figure 9: Comparison between a
' non-infected sample (a) (where

false positive < 0.1%) vs. an

: : : infected (11% parasitemia) sample
(b). (Horizontal axis: Forward
Scatter; vertical axis: green
fluorescence intensity). R2:
infected cells.
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In conclusion, detection d¢flasmodium falciparum by flow cytometry using sytoll has proven
to be a simple and fast procedure. As long asi@iRednd washing steps are not necessary when
using this stain, the total time needed for stginimd analyzing 50.000 RBC is less than 10
minutes. Flow cytometry has been a valuable topteslly for long batches of samples, where the
alternative technique of microscopic counts is lamgl tedious. High correlation were found
between microscopic and flow cytometry counts; mimin values of parasitemia detected by flow
cytometry were about 0.5%

4.4. Stem cell identification and isolation on reeuntestine

Colorectal cancer (CRC) is the second cause ofhdegtcancer; a frequent complication is

regeneration of the tumour after therapy. Therarisevidence that specific gene signature of
intestinal stem cells (ISCs) predicts disease selap CRC patients. A description of the method
used to identify and isolate these cells by flowoayetry is provided.

Small mouse intestine samples were disaggregated comdi-enzymatic and mechanical
methods; population of single, live cells were sidd according to their scatter parameters and
Propidium lodide exclusion. A FacsARIA | SORP (Bexk Dickinsion, Ca, USA) was used for
cytometric analysis and sorting. ISCs were idesdifby their high expression of the EphB2
receptor, which becomes gradually silenced as déflsrenciate. Using EphB2 expression, mouse
ISCs, crypt proliferative progenitors and diffeiated cells were FACS-purified to define a gene
program specific for normal ISCs. Epithelial ce{EpCAM+, CD45-, CD31-, CD 11b-) were
sorted according to their different EphB2 surfagpression; Paneth cells were removed using
lectin marker (Fig. 10).

In conclusion, flow cytometry and sorting is a poluk technique to identify and purify
intestinal stem cells and the stem-like cell popotaof the tumour, population which has been
suggested to play a central role in colorectal earglapse.
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Figure 10: identification of intestinal stem cells by flowtometry: live, single cells were
identified combining scatter parameters (A) andwig by propidium iodide exclusion (B).
Epithelial cells were then selected according &rtpattern of antigen expression: exclusion of
CD45+ CD11b+ CD31+ cells (C), and expression of &p(E); Paneth cells were also removed
from the analysis (D). Remaining cells were themesbaccording to their FSC and EphB2
expression (F); the profile of the sorted fractiansording on their EphB2 expression can be seen
on G. The profile of high EphB2, low FSC (dark bldor) corresponds to the stem cell
population.
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Abstract. Surface Plasmon Resonance (SPR) technology is a powerful
tool for studying a wide range of different putative interactions. This kind of
optical biosensors allow to obtain (in real time and without labelling)
quantitative and qualitative information about the kinetics of the surface-
binding process. The most critical points to keep in mind when using the
technique are presented, as well as practical examples of applications.



Overview of molecular interactions

1. Infroduction

Putative molecular interactions demonstrated udiffgrent partners and different methods [1] is
the best way to elucidate what is going on in ddgical system. There are a wide range of
methods available for detecting interactions (eEl.ISA, pull downs, radio and fluorescence-
ligand assays) useful for measuring high-affinityteractions. There are several label-free
approaches for the detection of biomolecular imtitvas based on physical principles such as
surface plasmon resonance (SPR), interferometiffracion and quartz microbalance. Those
measurements are not possible using any other digyn [2]. Among these, SPR based
technology is the most widely used. In additionRS#lows the analysis of weak interactions
saving time and sample and having high throughgretesing.

The analysis of molecular interactions using SPBeisoming the most used technique to study
interactions between macromolecules without lalgelmd in real time. It helps us to answer
different questions such as:

* How specific is an interaction?

¢ How strong is an interaction?

* How fast is an interaction (in terms of associatod dissociation rates).
¢ What are thermodynamic parameters for an intena®tio

As well mentioned in [3], when studying moleculateractions, the ligand is bound to a solid
support, such as a sensor chip. After exposindigiaad to a potential binder (an analyte), the
molecules can interact spontaneously. To be ablepgeat the measurement in the same chip with
different analyte concentrations, the surface efchip needs to be regenerated. The regeneration
agent should be selected by its ability for remguime analyte without significantly damaging the
ligand. In addition, the nature of this regeneratagent gives us information about the kind of
interaction.

Since the introduction of the first commercial SPRchine in 1990 by Pharmacia Biosensor
AB, 25 suppliers of SPR instruments have appedtece we will discuss about the Biacore T100
instrument (General Electrics Healthcare), releas@d05 and recently upgraded to T200.

2. Methodology

2.1. Physical principles: What does Surface PlasResonance (SPR) mean?
Total internal reflection (TIR) occurs when poladzlight pass at a critical angle through a glass
prism on a sensor chip. When a thin -about 50 metal (usually gold) layer is added, photons
become plasmons and a reduction (a dip) in thasitteof reflected light can be detected (Fig. 1a,
1b, 1c).

The angle at which the maximum loss of the reflédight intensity occurs is called resonance
angle or SPR angle. The angle at which the mininmiensity is observed will shift from A to B.
A change in the refractive index at the surfacehef gold layer occurs as a result of binding of
molecules to the gold layer side [4]. The refraetivdex in the side of the gold it is affected bg t
amount of mass bounded to the ligand. Fig. 2 stetypical sensorgram:
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Figure 1a) The polarized light illuminates the sensor chipemebnditions of total internal
reflection. One binding partner (ligand) is immdd®ld on the chip, and the analyte is injected.
Binding between the partners is increases the o@g=ntration at the surface of the chip
resulting in an increase in the refractive indexhef solution close to the surface and a shiftvé
position of the resonance angle (from A to B).
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Figure 1b) Rotate SPR dips: reflected light versus incidegienAfter the change in refractive
index (binding), the angle changes and a shithefS3PR angle to position B apped&igur e 1c)
Plot of the angle shift as a function of time (s@gsam).
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Figure 2) Sensorgram: the kinetics of the interaction castbdied in real time. The response
increases during the association phase when thgeapass across the flow cell and binds to the
immobilized ligand. The end of the injection (asation phase) might correspond to the
equilibrium. After the injection stop (flow and térdefined prior on the software) the running
buffer is injected and the response decreasesgltivindissociation phase, where the analyte is
spontaneously dissociating from the ligand.
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2.2. Terminology
The terminology used in this area in listed in Eabl

Table 1. Terminology used in Surface Plasmon technology
Resonance Units (RU)

1.000 RU (Resonance Units) correspond to a shitIsfin the
resonance angle, or a change in the refractivexinti#0°. For
CM5 chips (standard carboxy-methylation level & tlextran
used for general purpose), 1.000 RU correspondsstoface
concentration of 1 ng/mior proteins. 150KDa corresponds|to
signals greater than 10.000RU (for CM5 chips).

Sensorgram A plot illustrating the change of tlgmal on the surface of the
sensor over time. The X-axis represents the time,Yaaxis
represents resonances units (RU).

Ligand The molecule immobilized on the surfacehaf $ensor.
Analyte The molecule in solution that interactshatite immobilized
ligand.

Equilibrium dissociation Constants representing the affinity between twoetdkes.
constant (i) and affinity | They are a function of the concentrations of themiex AB
constant (K) ([AB]) and concentration free of A ([A]) and B ([Bin the
equilibrium state of the mixture of the two molezsulA, B. The
Kp is the reciprocal of the affinity constang Kwvhere
Ka=[ABJ/[A][B].

Typical range of equilibrium association constdHtg) is 10-

10%M™
Association rate constant |k, or k,, and kg or ko represent the rate at which the two
(ka), dissociation rate molecules A and B associate and dissociate.
constant (K k

A+B _l; AB

Association-rate constants, from*16 1 M~ s™ and
dissociation-range constants, fromi0 1 s*.

Running buffer Buffer used during the assay. Thamusition should be
adapted according to the nature of the interaction.

2.3. Commercial chips available

Several chips are available depending on the natuits surface and binding capabilities: CM5
and CM7 are covered with carboxy-methylated dextoammmobilization via -NH, -SH, -CHO, -
OH, or -COOH groups. They can attach proteins,aadccids, carbohydrates or small molecules.
CM4 chips are used when the sample has a highiymositarge. CM3 and C1 are indicated for
very large analytes; C1 (carboxyl groups attachetb dhe gold) are recommended when the
analyte has avidity for the dextran.

Other chips guarantee the orientation of the ligainel NTA chip is used for immaobilization of
histidine-tagged molecules; SA or CAP kit for thmniobilization of biotinylated peptides,
proteins, nucleic acids, or carbohydates. The Sesfgp L1 is used to incorporate a molecule into
a lipid bilayer; it is suitable for work with tramembrane proteins. In the HPA chip, liposomes are
adsorbed spontaneously to the hydrophobic surfaderin a supported lipid monolayer with the
hydrophilic heads directed out toward the solution.
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Finally, there are “naked” chips made of untreagetd surface (sensor chip AU) for its use
with a wide variety of coating techniques. Custadizsurface chemistries using self-assembled
monolayers (SAM) or other modifications can be gesd.

2.4. Instrumentation

The T-100 is a fully-automated instrument (Fig. f®potic sampler loader, temperature regulation
from 4 to 45 °C (both for compartment containing #ample as well as the chip), buffer degasser
and buffer selector (up to four buffers can be used

Figure 3: The T-100 system Figure 4: Integratedu-Fluidic Cartridge (IFC),
microfluidifics face.

The main parts of the system are:

The SPR detection system or refractive index serBacore uses so-called Kretschmann
configuration for the optical detection, with atimponents fixed. Reflected light intensity
is monitored over a range of angles simultaneouskyasures are dependent on surface
concentrations and temperature.

The Integratedu-Fluidic Cartridge (IFC, Fig.4). The IFC is pluggedrtically into the
frontal part of the machine. The opposite facehefc¢hip is matched with the optointerface
(Ol) and presented to the prism for optical detectf the signal. The small central square
matches the chip and describes four flow cells.(Fhpse flow cells can work in single,
pair wise or serial runs. Flow cell 1 can be usedeference cell when it connects to flow
cell 2, 3 and 4; whereas Fc3 can be used as &mnefefor Fc4; these options are selected
from the control software.

Liquid handling system: it consists of two syringesl one peristaltic pump. The buffer
selector valve is controlled from the software {@can be use up to four different
buffers); integrated buffer degasser: the runniaffielo do not need to be degassed prior to
use

2.5. Experimental conditions and fitting of matleital models:

The interpretation of the sensorgrams is not alveygous. The reason why some published data
do not fit a simple bimolecular model (A+B=AB) cdube the choice of a non recommended
experimental design; the shape of the sensorgrambdse simple interactions should be a simple
exponential. Square shapes correspond to verykfasind ks The deviations from these usual
simple exponential shapes are usually caused liyiments artifacts, sample aggregation or other
artifact not fully understood. In order to avoitfaglls hindering these analysis data, it is impies

to be careful with a number of critical aspectdehegeneity of the sample, mass transport, avidity,
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non specific binding, mismatching between buffeming and sample or matrix effects. High flow
rates or low density ligand immobilization contribiio minimize mass transport [5].

It is a common mistake to assume the purity ofligend and analyte. Both of them must be
monomeric in solution and form a 1:1 complex whereu [6]. Basic proteins or sticky samples
tend to bind to the dextran matrix; to avoid thishgem you can couple the sample onto the surface
or use CM4, CM3 or C1 sensor chips (which havenwsetacharge density) or add carboxymethyl-
dextran to the running buffer and samples.

Another important point to consider is couplingtedt or indirect. Direct covalent coupling
stabilizes the surface but usually the ligand redoamly oriented throught primaries amines (the
heterogeneity onto the surface is raising). Capgumethods using antibodies (anti- GST, anti-
Flag) contribute to create a homogeneous surfadeif lthe capturing step is not stable it may
introduce a background surface decay which intesfevith the analysis. Selecting the optimum
immobilization method is a compromise between ohiing surface heterogeneity or instability.
It is recommended to use the surfaces at low delg#nd, immobilizing an amount of ligand that
gives Rmax in the range 20-500 RU (5-20 RU for foalecular weight compounds).

The binding capacity of the surface is a functibdifferent parameters, where:

R. =MW _ /MW X RnadS Rma= MWA/MW X R XS

*  Rmax = Maximum binding capacity (in RU). Intensity oftihesponse produced when
the ligand is saturated.

* R_ =Response level (RU) of immobilized ligand.

* MW, = Molecular weight of analyte

* MW/, = Molecular weight of ligand

* s = number of binding sites per ligand

The choice of a good reference surface [7] mightexd the bulk refractive index changes,
matrix effects, non specific binding, injection seiand baseline drift.

3. Applications

Cutting edge applications are summarized in [8]er€hare very different fields where SPR
biosensors can be used: drug discovery [9-11],acharzation of nucleic acids [12, 13], proteins
[14, 15], binding of ligand and receptor [16], detéation of the domain of interaction between
proteins using mutated proteins or peptides [17ipd8tection in medicine [18], food and
environment [19], development of biosensors of n&atbxins using aptamers as a ligands or viral
biosensors to detect human pathogens [20] haave described. Development of vaccines [21],
isotyping the immune response [22], or developmahtbiosensor using olfactory receptors
expressed in yeast (BOND Project) can also be found

In the following section some examples of the uséhe Biacore T100 in our institution are
described:

3.1. Evaluation of dissociation rates after thedtion of different peptides through liposomes

L1 chip (dextran with lipophilic substances alkytains) [23] was used for this purpose. The
scanning electron microscopy (SEM) image of the efier capturing liposomes is shown in fig.5.
3.2. Kinetics and affinity analysis of small molezuersus enzyme

A drug study on small molecules is presented uaingll-known enzyme / inhibitor sytem.

The Biacore T-100 is one of the most sensitive 8BRuments available and can easily detect
the binding of small molecules. The analysis can peeformed on colored samples (e.g.
furosemide) with no interference from absorptiorscattering. In addition, when we use high-flow
rate (>30ul/min), we can achieve in less than 1 s the 100%h@fkample concentration in the flow
system. In this case, the detection and measuremsntione in a short time. The methods used are
summarized below in Table 2.
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liposomes captured on tl
surface of a L1 chig
Liposomes (100nm) rema

attached to the surfa

Table 2. Methods used in a drug study

Figure5. SEM micrograph o

intact and circular after beir

Name Molecular Weight| Referenc
Ligand human carbonic anhydras 30.000 Da Sigma C; 2522
Analyte Furosemide 331 Da Sigma F; 4831
Buffer running | Phosphate buffer saline (PBS) from SIGMA # P4+ 3% dimethyl
sulfoxide DMSQ)

3.2.1 Immobilization of CAIll

The method used fahe immobilizatiorof CAll is shown in Table 3. In figuré, the sensorgrams

of immobilization are shown.

Table 3. Methodused for the immobilization of CAll

AMINE COUPLING VIA REACTIVE ESTER!

Before covalent bound:

CM5 chip preconditioning: make contact with diffetggH range and kind of solutions (100mM H
50mM NaOH, 0.1% SDS, water) one injection of each0® pl/min during 10s. Electrostat
preconcentration: The pH of the immobilization leuffvery low ionic strength) should be at leas-1
< Isoelectrical point of the ligarntd ensure a positive net charge. Elute the elsttticallybounded
molecules from thehip surface wittan injection of 50mM NaOH, 1M NacCl.

Amine coupling via reactive esters: Carboiimidegehbeen used to mediate the formation of ar
bonds between a carboxylate group (present intthgg) and a primary or secondary amine (prese
the ligand).

EDC 0.4M 1-ethyl-3(3dimethylaminopropybfarboiimide in
water
NHS 0.1M N-hydroxysuccinimide in water

Make up 1:1 (0.4M EDC/ 0.1M NHS for activating ttigip surface) just before coupling. We haw
reach 10050 RU (for CM5 chips) when we have injected th& chiring 7 min at 1(ul/min.

Ethanolamine (deactivate excess reac 1M ethanolamine-H{QpH8.5. Inject the same time a
groups) flow such as an EDC/NHS mixture.
Ligand 20-100pg/ml in immobilization buffer

BT.10
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Figure 6a) Reference flow cell after injection Figure 6b) Immobilization of CAIl at
of NHS/EDC and ethanolamine (for more 0.1mg/ml diluted in 10mM Sodium Acetat pH
detail see amine coupling via amine reactive 4.9 during 15min atf@/min. The relative
esters). immobilization level of CAll is 11377 RU.

3.2.2 Steady-State Affinity and Kinetics analysis

As indicated in the formula described in sectidh, Zhe maximum binding capacity (Rmax) of
this model should be: 331/30000*11377*1= 125 Rldwdver the observed Rmax was 15.4 RU
(see Fig. 7). This can be interpreted as only 12#%eCAIll being active; higher concentrations of
CAll to reach the saturation of the ligand shoutduiged.

The matching results obtained by kinetics analgsid affinity analysis (Fig. 7a) must be
considered. In affinity analysis, is required taale the steady state (plateau) before the endeof th
analyte injection almost in one of the injectiohsan be achieved by increasing the concentration
of analyte injected or elongating the injectionéinthe affinity plot (Fig. 7b) is a simple isotherm
(Y axis: Rmax, X axis: concentration), angd I§ calculated as half of the maximal responséhim
example, the instrument, chip, buffer, enzyme imifimdiion and analyte were prepared as
described in [24] using standard amine-couplingnubey and blocked flow cell surface as a
reference (see Fig 6a). Double referencing [6] a@slied and the data evaluated udBigEval v
1.1 software.

7a : 7b
- .
e
RU g s
27 14 M S
151 — - 7 UM .
35 uM Do meme e me s ims il ims
o 07 1.75 uM
g 5] 0.875 uM
) 0.218 uM
£ o 0.109 M KD (M) Chiz (RU2)
5 5.84E-06 0.571
10 :
-80 60 40 20 0 20 40 60 80 100 120
Time
Rmax Flow
ka (1/Ms) kd (1/s) KD (M) (RU) (I/min) Chiz (RU?)
3.54E+04 0.091 2.42E-06 15.4 50 0.23

Figure 7. Kinetics (a) and affinity (b) analysis using (CA#} a ligand versus its inhibitor
furosemide at 25°C. Data sets were fit to a 1:1eh@dack lines) by BiaEval 1.1.
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Abstract. lonising radiation (IR) applications are quiet common among several
areas of knowledge, medicine or industry. Medical X-rays, Nuclear Medicine, X-
rays used in non-destructive testing or applications in research are a few
examples. These radiations originate from radioactive materials or radiation
emitting devices. Radiation Protection education and training (E&T) is of
paramount importance to work safely in areas that imply the use of IR. The
Technical Unit for Radiation Protection at the University of Barcelona has an
extensive expertise in basic, initial and refresher training, in general or specific
areas, as well as in courses validated by the Spanish Nuclear Safety Council or
to satisfy specific needs with bespoke courses. These specific customer needs
are evaluated and on-site courses can also be carried out.
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1. Introduction

lonising radiation (IR) applications are quiet coamamong several areas of knowledge, medicine
or industry. The low intensity of some of them @unterbalanced by the huge number of people
involved. Probably one of the most effective wayskeeping the risk at minimum is specific
education and training (E&T) at different levelscaaling to the area of application and
responsibilities [1], thus spreading the radiatiootection (RP) culture.

According to the International Radiation Protectisssociation (IRPA), the main objective of
RP is to provide for the protection of man anddnsironment from hazards caused by radiation,
and thereby to facilitate the safe use of med@kntific, and industrial radiological practices f
the benefit of mankind [2].

On the other hand, one of the pillars of RP isAh&RA concept. ALARA is the acronym for
“As Low As Reasonably Achievable”, the radiatiorofgction optimisation principle, defined by
the International Commission on Radiation Protec(ICPR) as follows [3]: “the likelihood of
incurring exposures, the number of people expoaed,the magnitude of their individual doses
should all be kepas low as reasonably achievapleking into account economic and societal
factors.” This goal can only be achieved by edocatind training programmes involving all
stakeholders.

2. lonising radiations nature and sources

2.1. Physical principles

It is said that “Radiation is a fact of life”, becse of its ubiquity. As radiation simply define® th
process in which a body emits energy or partidied propagate through a medium, this can be
found in different physical forms, commonly sepadain two main groups: ionising and non-
ionising radiations [4]. Non-ionising radiationscinde most of the electromagnetic spectrum
(photons), from radio waves to ultraviolet lightidaionising radiations include X and gamma-rays,
as well as particle emissions (e.g. alpha or battqes) (Figure 1). Photons are emitted in many
natural processes. For example, when a chargeéseaated it emits synchrotron radiation. During
a molecular, atomic or nuclear transition to a loeeergy level, photons of various energies will
be emitted, from infrared light to gamma rays. Afm can also be emitted when a particle and its
corresponding antiparticle are annihilated (e.gctebn-positron annihilation).
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Figure 1: Decay scheme for Cesium-137'Cs) (left); decay modes, energies and intensitiest(e);
and its corresponding Sodium iodide gamma spectrigsmt).

The different kinds of electromagnetic radiatiowvédifferent kinds of interactions with matter
[5], and both ionising and non-ionising radiaticencbe harmful to organisms and can result in
changes to the environment. But, non-ionising ebaeagnetic radiation has only sufficient energy
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to change the rotational, vibrational or electroviédence configurations of molecules and atoms;
meanwhile ionising radiation has sufficiently highergy to ionise atoms that means to strip an
electron from an electron shell, which leaves tioeawith a net positive charge (ion).

2.2. Natural sources of ionising radiations

lonising radiation surrenders us in our direct emvnent, because it arises from natural processes,
mainly from cosmic radiation, radioactivity in sgilminerals and in our bod$fK), inhalation of
radon gas or radionuclides present in food andkdBh The impact of these natural sources can
also be enhanced by human activities; such astglighining and other activities that led to the
production of by-products known as NORM materidlat(rally Occurring Radioactive Materials)

[71.

2.3. Artificial sources of ionising radiations

Artificial processes, such as medical X-rays, Nacl®ledicine, X-rays used in non-destructive
testing, nuclear power production or applicationseisearch are some examples. In general, these
radiations originate from two different kinds ofusoes: radioactive materials or radiation emitting
devices.

2.3.1. Radioactive materials

Radioactive materials are those materials thatasomtidioactive elements (radionuclides), which
are unstable atoms that spontaneously emit radg&te they decay. Artificial radioactive materials
can be found in two forms, known as sealed andsaated sources respectivdlinsealed sources
consist of radioactive chemical compounds thatdirectly accessible and can be manipulated
directly. For example, radioactively labelled dissions used as radiotracers in life science
research, to study biochemical pathways. Nearlydmgmical compound can be radiolabeled [8]:
carbohydrates, lipids, amino acids, nucleic adidsmones, drugs...

On the other handsealed sourcesisually consist of a sealed capsule (of non-ratine
material) that contains solid radioactive materidlsey can form a part of a device, as in some
radiotherapy equipment, or constitute individualrs, such as the little sealed radioactive sources
for educational purposes.

BT.11

2.3.2. Radiation-emitting equipmeih contrast to radioactive materials, radiatiengitted from
this apparatus do not come from spontaneous dadafydm an electric device (Figure 2), where
radiation can only be generated and emitted asdsrtge device is switched on, so it depends on a
power supply. Probably medical X-ray machines de most widespread radiation emitting
equipment [9], but devices such as electron micpss and some type of cathode-ray tubes,
generate ionising radiation as a by-product of sother function.

Particle accelerators also constitute radiationtengi equipment. Linear accelerators (LINACS)
are widely used in medicine, for radiotherapy aadiosurgery. Meanwhile circular accelerators
can be used as synchrotrons to obtain synchragbhdr radiation (X-rays); or as cyclotrons, for
proton therapy, or those used to produce the dived- radionuclides for positron emission
tomography (PET) in nuclear medicine imaging. Hinaolliders, such as the Large Hadron
Collider (LHC) at CERN are also sources of ionisiadiation and particles [10].

3. lonising radiations applications

3.1. Medical/Veterinary applications

lonising radiation has two very different uses irdicine: for diagnosis and therapy. Both are

intended to benefit the patients and, as with a®yaf radiation, the benefit must outweigh the.risk
Diagnostic X-ray examinations (Figure 3) are quitammon and include a wide range of

equipment variations. Simple X-rays are used intalemtraoral or panoramic examinations,

traumatology, bone densitometry, mammography, Btore specific equipment is needed in
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Computed Tomography (CT) or in interventional réatyy, which make use of C-arm apparatus in
the operation theater [11].

Figure 2: Faxitron cabinet enclosed X-ray Figure 3: X-ray Quality control training
machine used in some X-ray UTPR-UB session with UTPR-UB equipment

training courses

Some diagnostic procedures involve the administnatif radionuclides as non-sealed sources
to patients in Nuclear Medicine [12], as in bonengagraphy (using special radionuclides as
%™T¢) in the form of radiopharmaceuticals. Or in Bwosi Emission Tomography (PET), which
makes use of short-lived radionuclides, at preseainly **F, with a half-live shorter than 2
minutes, in the form ofF-FDG (Fluor-deoxy-glucose).

On the other hand, the aim of radiotherapy is eseadamage to cancerous cells to stop its
reproduction and the cancer progression. Radiatisesl are high-energy gamma rays 880
sources or high-energy X-rays generated by lineaelarators. Small sealed radioactive sources
can also be implanted in the patient’'s body in hy&twerapy. Finally, in a few centers around the
world accelerated proton beams are used for radiatherapy (Proton therapy) that can be
precisely delivered in depth [13] due to the presenf the characteristic Bragg peak.

3.2. Industriabpplications

lonising radiations are powerful tools in industmainly in the so called non-destructive testing
(NDT), where gamma sources or high-energy X-ragsuaed to obtain an image of the inner parts
of pieces to verify the integrity of componentdlaws [14]. Non-destructive testing can be applied
as a part of the final product quality control aasee, or later in used components to localize
cracks or worn pieces. It is fairly used in autawest aeronautic or electronic industries, for
instance. With a similar aim radioactive tracersyralow to find a hole in a tube or to measure
wear in a motor.

X-ray inspection systems can be applied in diffeegaas, from final product quality control for
a wide range of packaged items to the well knowgghge control security systems in airports and
official buildings. In this sense food in cans,sjar packets are systematically scanned to find
foreign materials (Figure 4), underfills and venfgckage contents in the food, beverage and drug
packaging industries [15]. Furthermore, lately soroentries are implementing the use of full
body scanners [16] in airports and train statiankok for hidden objects; some of these devices
are based on direct X-ray technology and otherisamkscatter X-rays.

Another industrial use of ionising radiations camse gauges [17]. They can be used for
example to control the level of replenishment ink& of liquids or grainy substances, or even
packed beverages. Or thickness gauges, useful ntvotdhe product thickness in continuous
production, like that of paper, rubber, etc.
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Figure 4: Different radiographic conditions in an experirtaexample
designed by the UTPR-UB for a specific X-ray equimtncourse. It consists of
a jar of food where two thin foreign objects haeei detected by means of X-

ray technology, showing different image qualities

In industrial irradiation facilities radiation issed for sterilization of mainly sanitary tools and
equipment, among others; this includes differentlkof products used in agriculture and flower-
growing (soils, substrates, fertilizers, plastmwer pots and seeds). An advantage is that thetobje
may be sealed in plastic before sterilization. Arerging use in food production is the sterilization
of food using food irradiation [18]. Food irrad@mti seems to provide optimum results for
inhibition treatment of tuber shoots, eliminatioh insects from fruits and seeds, delaying the
maturing process of fruits and elimination of atare microorganisms and pathogens in any type
of food [19], helping to improve food-related hbaalworldwide. Electron accelerators as well as
gamma sealed source¥Qqo) are currently in use. At present, in the Spanégislation food
irradiation is only allowed for dried aromatic heylspices and vegetal condiments [20].

3.3. Scientific and biological Research application

At the University of Barcelona (UB), as in all wawtide leader Research institutions, non-sealed
radioactive sources are in use in low quantitiesaasoactive tracers, where radioactive atoms
substitute its stable isotope in a molecule. Themaaioactive emissions from radioactive atoms
can be relatively easily detected, this molecula ba followed in any physical, chemical or
biological system (Figure 5). In biological systemalioactive tracers can be applied at the
different study levels [21]: “in vivo” on differergnimal species, “in vitro” in cell culture systems
in nucleic acid or protein labeling techniques, Redmunoassay (RIA), as well as in subcelular
localization of molecules, so in Molecular Biologygut also in drug discovery studies,
Pharmacology, Biochemistry, Ecology and so on. Amn and important aspect of most of these
procedures is the detection technique, where Li@guhtillation Counting (LSC) is a powerful
technique [22] that is described elsewhere in Haadbook, as well as in the UTPR-UB training
sessions (Figure 6).

A diagnostic-type X-ray machine or a cabinet eredoX-ray machine may be used for imaging
in research. For example at the UB’s Faculty ofl@jg Radioactive Facility it is currently in use
with experimental animals (mouse, fish, squirrets). X-ray techniques at UB facilities are also
treated in depth elsewhere in this Handbook. Thenea enclosed X-ray machine in Figure 2 is
used in the corresponding UTPR-UB training courses.

3.4. Other uses

Many other applications of ionising radiations areuse, as*’Am in ionic smoke detectors,
measurement of humidity of soils in buildings amgjieeering technologies (nuclear gauges such
as Troxler), precious stones irradiation to enhate@roperties or for crosslinking of polymers.
With a similar aim that ionising radiations are disa diagnostic imaging and NDT, they are
applied to the study, conservation and restoraifart and cultural heritage [23].

In biology and agriculture, radiation is used tdune mutations to produce new or improved
species. An interesting application in Biology/Agtiture is the “Sterile Insect Technique” to




BT.11

Radiation Protection education and training

control pests [24], where male insects are mos#iglized with radiation and released in the fie
so that they have no offspring, thus reducing tlet generaon’s population. This constitutes
method of biological control of pets for crops ansect vectors for sickness (Anopheles and A
mosquitoes, tsetse fly, etc).

Figure5: Example of tritium radiolabele Figure 6: LSC sample preparation for
hormoneTestosterone, [1,2,6-*H(N)] detection and quantification at a UB Radioac
Facility

People enrolled irall this and other applications involving the mangtion of materials ¢
equipment that emits icging radiations need to be trained according their level of
responsibility, magnitude of used sources and pipdication itself
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4. Methodology

4.1. Training levels
For practical reasons it is worth to distinguishween basic, initial and refresher training [25].

4.1.1. Basic training
It can be aimed at different collectives of non-@sgd workers, for example:

« Workers who do not directly work with ionising rations, but nevertheless work in the
vicinity of radiation sources (including, for exal®@pcleaning and maintenance staff) have
to be trained in and informed of the potential mdgaassociated with radioactive sources
and the basic protection and safety procedures.

» Personnel in management positions have respomgitailensure that all workers, including
contractors, receive adequate training in radial@gotection and safety.

« In this category information to stakeholders cawo dle included.

4.1.2. Initial training
This training is compulsory for any new exposedspanel:

» Students who are engaged in course work or resganagjects in which radioactive
materials and radiation producing devices includetthis category are used, and may need
specific radiation safety training associated \lighir academic studies.

« Exposed workers with low level of responsibilityegea training level similar to that
mentioned above for students.

* Exposed workers with high level of responsibility & lab or radioactive facility are
required to have a licence by the regulatory badyally as Operator or Supervisor. This
is the case of the Spanish regulations [26], whhese courses need to be validated
previously by the Spanish Nuclear Safety Counailn$zjo de Seguridad Nuclear, CSN).

4.1.3. Continuous training

In general the frequency of refresher training ésednined by national regulations, but is quite
common to establish an annual or biannual perigd[@7]. This can include or not, on the job
training, as a means of training for a new praadicequipment.

4.2. Training methodology

Training methodology needs to fit the level andomse of the training session or course, as well as
its length and content. Presential courses or rdass based lectures are still one of the most
effective methodology and face-to-face classesreeplaceable for practicals. Therefore, in most
cases, theoretical information is reinforced by #ffective use of demonstrations, laboratory
exercises, case studies, simulations and technsitd.

oo
©e

CURSO DE FORMACION
EN PROTECCION RADIOLOGICA
CURSO DE FORMACION
SUPERVISORES
EQUIPOS DE RAYOS X
INSPECCION DE ENVASES INSTALACIONES RADIACTIVAS
ITES NO ENCAPSULADAS

E
B
E
B
=}
E
E
B
E
E
E
=1
=3
B
B
B
=1
B
B
B
E
B
=
B
=1
=4
B

BARCELONA, J008

Figure 8: UTPR-UB Handbooks of several Radiation Protectiaining courses
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But nowadays, web-based, on-line or e-learninguifeigr) modalities have advantages in aspects
such as minimizing timetable problems or time comgyg trips to the formation centre. On the
other hand, the availability of commercial platferf28] and free, open-source platforms to
implement these training modalities facilitates widespread use of them.

4.3. Training in specific areas

Courses aimed at holding a validated license agwpitd Spanish regulations, are divided in five
specific areas [29]: 1) Radiotherapy, 2) NucleadMime, 3) Labs holding non-sealed sources, 4)
Industrial Radiography and 5) Processes control amalytical techniques. Furthermore, health
professionals using X-ray equipment need to holdftiicial accreditation [30], to direct or to
operate, an X-ray facility. But needs for trainiage constantly changing as at present health
professionals on interventional radiology must utade a more specific course (second level).

In spite of the improvement and specificity of #ferementioned areas, some cases are difficult
to classify under one of the specific licences. &@ample, scientists in the Chemistry, Pharmacy or
Biological applications very often need to holdaehse under the specific area of “Labs holding
non-sealed sources”. But X-ray NDT on an art wodeds to hold a licence on “Industrial
Radiography”.

Other professionals may need some kind of RP trgiand education [31]. This personnel can
include staff of regulatory bodies, emergency respopersonnel, those involved in transport of
radioactive materials, or dealing with the manageneé residual materials containing radioactive
materials, technical staff from firms related taiging emitting equipment, such as technical
services from medical X-ray providing equipmentXeray inspection systems or staff operating a
baggage control X-ray machine (EVAT firms).

It is worth mentioning that obviously members ofRadiation Protection Technical Unit
(UTPR) must also undertake specific training, asadHef UTPR (official course in Spain
exclusively organized at CIEMAT (Madrid)) or as RRpert (it can only be accredited by the
UTPR Head). Their continuous training must be gdnOn the other hand, at European level a
wide diversity in the approaches of Member Statedhe training and qualifications of radiation
protection stakeholders has been described. Thisesnanutual recognition difficult between
Member States and an improved level of harmonisatiould be very useful [32].

Figure 9: UTPR-UB equipment used in RP training courses
(radiation detectors and personal dosimeters)
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5. UTPR-UB training expertise and capabilities

5.1. Training instrumentation and facilitiesthe UB

For practical exercisedifferent kind of radiation etectors are availabkt the UTPI-UB (Figure
7), as well aseveral small calibration sources for demonstrealpha, beta and gamma emissic
along with a set of absorberlso, samples of film badges, TLD dosimetkadges, and dire
reading electronic persondosimeter (Figure 9) are shownExamples of ersonal shielding
equipment such derspex screens and boxes, lead sheets and cositor lead aprons are also
the spot.

Furthermore,the following big equipment can be used for morecir demonstrations
automatic liquid scintillation counters and spegteters (LSC),Nal crystal spectrometers a
counters, shielded Xay cabine(Figure 2) and autnatic film processing equipment electronic
autoradiographylates and readeijust to mention some.

5.2. UTPRUB training expertis and capabilities
Since 1988 training has been a central of the UTPR-UB. Training rangeom initial training
of new Radioactive Facility uss (academic staff, researchetechnicians, students) to Superv
courses validated by the CSMhitial and refresh courses are of paramount ingrare in al
contexts, especially in the research and universityironment, where many people can
involved in low-level ionigg radiation applications, bialsowhere research personnel can ha
high-turnover rate.

The first edition of a Supervisor accrediting traghcourse athe UTPR-UBtook plactin 1990.
Since thenmore than three hundred people been trained at this level in the application ak
“Labs holding norsealed sources” their facilities.

Figure 10: Images of Monte Carlo (PENLAYER) simulation useRP training course In

the examplel0 electrons with an energy equivalent gmay Of %P emissionénteract with a

1-cm-thick slab of watgfleft) and s1-mm-thick slab of lea¢right). Notice Eremsstrahlung
photon generation (yellow line) in the interactmfrelectrons with heavy matals.

Our training methodology is in constant evolutiand includs somesimulationor web-based
tools. For examplesimple visual “electrc-photon shower” simulation (e.the codePENLAYER
from the genergburpose Monte Carlo prograPENELOPE [33] desloped atthe UB) (Figure
10), or the use, as a complementary tool, of the Nogthtform by means ohe “UB Virtual
Campus” (Figure ) Courses syllabuand contents are carefullgvised prior to each editio
mainly to take into account the introdion of new Spanish/European legislat

Furthermore, custom courses healso been developed on demand. For exa, a specific
course was organized for thechnical staff from a supplier of enclosed cabiX-Ray inspection
systems for packed food. Italuded the development @ specific coursénandboo (Figure 8),
attending classes, implementation specific X-ray exercisesa final test nd a satisfaction
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guestionnaire. Also, initial training sessions $taiff of dental clinics using X-ray equipment have
been developed.
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Abstract. Scintillation counting is one of the most important developments in the
application of radioisotopes to procedures needed by scientists, physicians,
engineers, and technicians from many diverse discipline for the detection and
quantitative measurement of radioactivity. In fact, Scintillation is the most
sensitive and versatile technique for the detection and quantification of
radioactivity. Particularly, Solid and Liquid scintillation measurement are,
nowadays, standard laboratory methods in the life-sciences for measuring
radiation from gamma- and beta-emitting nuclides, respectively.  This
methodology is used routinely in the vast majority of diagnostic and/or research
laboratories from those of biochemistry and biology to clinical departments.
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1. Introduction

Radioactive isotopes of common elements are extyeaseful in life science disciplines, among
others, because radioactive atoms can be subdtifatetheir non radioactive counterparts in
chemical formulations. The resulting radioactivenpound is easily detectable but still chemically
identical to the original material.

Two different systems of detection and countingradiolabeled compounds based on the
scintillation technique have been developed: S@&umintillation Counting (SSC) and Liquid
Scintillation CountingLSC) depending on the scintillator material used.

The most common scintillator materials are normelssified according to their nature. First,
in SSC, the most used scintillator are crystal;ofganic material such as alkali halide crystals,
mainly sodium iodide. The high atomic number andsity of certain inorganic crystals make
them suitable for gamma spectrometry with high-cieta efficiencies. On the other hand,
scintillators used in LSC tend to be either a lig(arganic solvents) or in solid form (plasticspdan
they are preferred for the detection of beta pagiand neutrons.

In fact, the wide popularity of LSC is a consequent numerous advantages, which are high
efficiencies of detection, improvements in sampteppration techniques, automation including
computer data processing, and the spectrometebitigpaf scintillation analyzers permitting the
simultaneous assay of different nuclides.

Herein we summarize the basic principles of sdatidn counting with examples of
applications in biomedical and environmental sasndeveloped at the University of Barcelona
with the support of Scientific and Technologicah@es (CCiTUB) of this university.

2. Methodology

2.1. Physical principles of scintillation technéqu

Radioactive decay occurs with the emission of giagior electromagnetic radiation from an atom
due to a change within its nucleus. Forms of radiea emission include alpha particleg,(beta
particles ) and gamma rayg). Alpha & beta particles directly ionize the atomish which they
interact, adding or removing electrons. Gamma-measse secondary electron emissions, which
then ionize other atoms. However, some irradiatecha are not fully ionized by collision with
emitted particles, but instead have electrons ptedito an excited state. Excited atoms can return
to their ground state by releasing energy, in scases as a photon of light. Such scintillation
phenomena form the basis of a set of very sensitbation detection systems. To a first
approximation this is a linear conversion of eneimgfp photons and, therefore, the intensity of
light in the scintillation is proportional to theitial energy deposited in the scintillator by ining
radiation. This light emitted is taken as a meastitbe amount of radioactivity in the sample [1].

2.2. Instrumentation. Scintillation counter appasa
A scintillation counter measures ionizing radiatiof scintillation counter apparatus consists of a
scintillator, a photo-multiplier tube (PMT), an alifipr, and a multichannel analyzer (Fig. 1).

A solid scintillation counter is aradiation detaciehich includes a scintillation crystal to detect
radiation and produces light pulses while the tigscintillation counter detect the scintillation
produced in the scintillation cocktail by radiation

The PMT is an electron tube that detects the biglet iflashes from the scintillation and
converts them into a flow of electrons and subsetiyieneasured as an electric pulse. This consists
of a photocathode (photoelectric emitter) that asinected to the negative terminal of a high
tension battery. A number of electrodes called dgsoare arranged in the tube at increasing
positive potential. When a scintillation photonilsts the photocathode of the PMT is released a
photoelectron. Using a voltage potential, the etex are attracted and strike the nearest dynode
with enough energy to release additional electrdih® second-generation electrons are attracted
and strike a second dynode, releasing more elextiidris amplification continues through 10 to 12
stages. More electrons are emitted and the chaitinces, multiplying the effect of the first
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charged particle. By the time the electrons re&ehlast dynode, enough have been released to
send a voltage pulse across the external resistbies.magnitude of the resulting pulse height
produced by the PMT is proportional to the phototensity emitted by the scintillator (crystal
Nal(TIl) in SSC or “cocktail scintillator” in LSC)lhis voltage pulse is amplified and recorded by a
multichannel that classifies each voltage pulsésd2uare collated into channels, and the counts per
minute (CPM) in each channel is recorded. Each mélanorresponds to a specific range of
energies (channels are also known as counting wisg@nd counts with energies above or below
set limits are excluded from a particular chanv&hen the counts have all been collated, the
researcher knows the intensity of radiation, exggdsas CPM, and its energy distribution, or
spectrum. CPM is proportional to the amount ofapetin the sample, and the spectrum indicates
the identity of the isotope.
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2.3. Mechanism of Solid and Liquid Scintillatio@@hting

In SSC, the transparent inorganic crystal, callddtiflator, fluoresces when is irradiated by the
sample (Figure 2 right). The most commonly usethiallium-doped sodium iodide (Nal(Tl)). This
detector is made of various sizes for differentey/f equipment. With this method, involves
placing the sample containing the radioactivityoird glass or plastic container, called a
scintillation vial that is deposited directly ordcsolid scintillating material, dried, and counted
scintillation counter also called Gamma counter [2]

Solid scintillation is excellent foy radiation which is highly penetrating and interaath the
Nal(Tl) detector by photoelectric, Compton and paioduction mechanisms result in light or
scintillations throughout a large crystal. An adeae of these techniques is that the same crgstal i
used for each sample, which enhances reprodugidiil(Tl) can be produced in large crystals,
yielding good efficiency and producing intense karaf light compared to other spectroscopic
scintillators. Thus, Nal(Tl) is also suitable fasa) making it popular for field applications such a
the identification of unknown materials. Howeveechuse of the poor resolution of Nal-based
detectors, they are not suitable for the identifica of complicated mixtures of gamma ray-
producing materials.

For o or B radiation counting, however, solid scintillatioashsevere limitations. The crystal
must be protected from contamination by the sampléch means that the andf} particles must
traverse a barrier prior to reaching the scintlatn particulara-radiation is severely attenuated
by even 0.05 mm of aluminium or copper, and so oabe expected to reach a scintillator crystal
through even the thinnest shielding [1].
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Crystal of zinc sulphidactivated with silver, ZnS (Ag) is used in formroicrocrystals press
for the detection of heawharged particles (alpha, protons, fission produstis. In the case of
alpha particles, therystal masthickness is about 5mg/énroughly equialent to the scope of ti
alpha particles emitted by natural radionuclidescdise of its small thickness, this detector ig
insensitive to beta particles or gamma radiationpertythat isvery useful whercounting alpha
particles in an intense bleground of beta particles or gamma pho.

In LSC, the samples are dissolved or suspendea solution of organic liquid or cockt
scintillator (which is the sensor of the systemg #me scintillatiorprocesgsakes place in a solutic
of scintillator rather tharin a solid crystal.This allows close contact between fradioisotope
atomsand the scintillatoto assure efficient transfer of energy betweerrdldeactive particles ar
the solution. Particularly,SC is a standard laboratory method he lifessciences for measurir
radiation from beta-emittinguclide: [3].

Liquid scintillation cocktails absorb the energyited by beta particle and-emit it as flashes
of light (Figure 2 left)throughtwo basic components, the aromatic solvent andlsmabunts o
other additives known alluors, i.e., scintillants or scintillatordn the first step, beta particl
emitted from the sample transfer energy to theesthmolecules, which in turn transfer th
energy to the fluors; the excited fluor molec dissipate th@nergy by emitting photons of visik
light (fluorescence). In this way, each beta emission (ieedbults in a pulse of light. The to
number of photons from the excited fluor molecwesstitutes the scintillatio

Some beta emitting isotor (e.g.%**P) can be analyzed on an LSC without usiny cocktail,
using a technique called €tenko' counting. Cherenkovsibased on charged particlpassing
through atransparent mediu faster than the speed of light relative to the mmedithey are
traversing (e.g., water, etcGherenkov radiation (i.e., light), is produdeeing detected directly t
the photomultiplier tubes.

In LSC, when a charged particle strikes the st¢aail, a flash of light is produced, which m
or may not be in the visible region of the spect typically with low intensity n the ultraviolet
region. Scintillation cocktails often contain adeks that shift thevavelengt! of the emitted light
to make it more easily detected. Many cocktailst@ionaddition] materials to extend their ran
of use to different sample compositions, but thgesd and the phosphor provide the scintillat
of the mixture.

Nal crystal, 7cmx 7 cm
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Figure 2. Left: Liquid Scintillatior mechanismRight: Solid Scintillatior mechanism

2.4. Detection of interferences solid and liquid scintillation counting
Solid scintillation gamma counting does not have tlisadvantages of quenching norm
associated with the liquid scintillation countingchnique. This is because the sample is
physically separatedrom the scintillator, which prevents any possilikysical or chemice
interference with thg-energy transfer and scintillation proces

In LSC there is aelease of energy from the samjas photonswhich is not due to the
phenomenon of scintillationThis energ unduly increases the count or gidight pulses even in
the absence of the radioactive sar producing interferences in the detection procebhss& mus
be eliminated from the sample or discriminatedH®ydetection syste Theseinterferences can be
distinguished according to their orig
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¢ Chemiluminescence. It is the production of lighba®sult of a chemical reaction between
components of the scintillation sample in the abseof radioactive material. This most
typically occurs when samples of alkaline pH anddamples containing peroxides are
mixed with emulsifier-type scintillation cocktailsyhen alkaline tissue solubilizers are
added to emulsifier type scintillation cocktails,vehen oxidizing agents are present in the
sample. Reactions are usually exothermic and rastiie production of a large number of
single photons. It has a slow decay time (from Bx5t0 > 1 day, depending on the
temperature) [4].

* Photoluminescence. Results in the excitation ofctiektail and/or vial by UV light (e.g.,
exposure to sunlight or UV lights laboratory). éicdiys more rapidly (usually < 0.1 hr).

e« Quench. It is a reduction in system efficiency asesult of energy loss in the liquid
scintillation solution. Because of quench, the gwespectrum detected from the
radionuclide appears to shift toward a lower enefjye three major types of quench
encountered are photon, chemical, and optical dudpPleotonquenching occurs with the
incomplete transfer of beta particle energy to eolvmolecules. Chemical, sometimes
called impurity, quenching causes energy lossethéntransfer from solvent to solute.
Optical or colour quenching causes the attenuatiophotons produced in solute. This
interference can be overcome through data correcto through careful sample
preparation [4].

2.5. Quantitative analysis

In LSC, common nomenclature expresses the intep$itgdiation emitted as disintegrations per
minute (DPM, activity sample). The sample couné rdépends on how efficiently nuclear decay
events are converted to light flashes that arectideand quantified by the LSC [4].

Because the sample solution is always presentantabsorb nuclear decay energy thereby
preventing this energy from being absorbed by tl@rical fluorine molecules, or the solution can
absorb photons of light that are emitted by thetslztion cocktail. This causes the phenomenon
called quench defined as interference with the emsion of decay energy to photons emitted from
the sample vial. In order to compensate for quemthdetermine the DPM (actual activity sample)
from CPM (counts per minute measured), it is neargs® know the counting efficiency: % Eff =
(cpm/dpm) x100

The lower the radiation energy of the radionuclithes greater is the effect of quench on the
counting efficiency of the sample. Techniques hasen developed for applying these corrections,
and a great deal of research has been carriedooutptrove the efficiency of counting, using
various detection systems: internal standardizasample spectrum quench correction, external
standard quench correction, Direct DPM methods [5].

3. Applications

Solid and liquid scintillation techniques are u$eidthe detection of radio labeled isotopes in area
as diverse as biomedicine, ecology and industry.

Scintillation counting capabilities include detectiof alpha, beta and gamma emitters, in
single, double and triple labelling, and also ideuhe detection of these transmitters by
counting in continuous flow (HPLC) and finally teeintillation proximity Assays (SPA)

Detecting and counting alpha emitting radionuclides routine tasks in nuclear energy and
environmental monitoring. Liquid scintillation caimy of alpha particles provides high counting
efficiency (near 100%). The accurate and sensit@asurement of alpha-emitting nuclides is
essential in the nuclear fuel cycle, process cgntradioactive waste management and
environmental protection. However the energy ragmius quite poor, so they are not very useful
for the identification of these radionuclides.

In detection of beta emitters, LSC is the most irtgod application of scintillation counting,
with the property that for high-energy beta emittéfSr, *°v, *P) performance may be close to
100%, while for low energy is lower: 50-60% fd, 95% for *C. However, it is often the

BT.12



Liquid and solid scintillation

technique of choice for these weak beta emitte®C ks extensively used, for in vivo and in vitro
biomedicine research. The usefulness of radioisgstdap this research stems from their chemical
identity with their non-radioactive counterpartshi§ allows their incorporation into “tracers”,
radiolabeled components which can be followed ast#aed through a series of reaction steps.
Some of these studies include from carbohydrat&][@nd lipid [8, 9] metabolism assays, enzyme
activity determination [10, 11], hormone studie2,[13]to the amino acid [14] and nucleoside
transport studies [15, 16, 17]. On the other hargerimental procedures seek screening of peptide
library with Radioligand binding assays [18]. @amtgenetic and biochemical studies use high-
energy beta emitters as in the casé’6f, *P and®’Na, which are used to quantify the LCS [19,
20, 21]. Other applications are radioactivity comtzant detections for environmental monitoring
and ecology studies such as bacterial or micrawgvity [22, 23].

Moreover, some beta-emitting isotopes can be aedlgn an LSC without using any cocktail
or with only a little water, using a technique edliCherenkov counting [24].

Detection of gamma patrticles is of special intemnesfinical and basic biomedical research. We
noted several studies: Hormone determination indkests [12], analytical practice for hormone
levels determination by radioimmunoanalisis techeg&) [25] and identification of different
radionuclide contaminants in soil samples [26,28],

In this section we show some examples of applinatf liquid and solid scintillations which
briefly illustrate the capabilities of these teaues:

3.1. Cell Proliferation assays

Cell proliferation assays measure the incorporatiba radiolabeled DNA precursck- or “C-
Thymidine, into the replication strands of DNA puaed during cell division. Cell proliferation
studies based on the thymidine incorporation asgsayemployed frequently in immunological,
cancer, stem cells, and pharmaceutical researabsmss the ability of both, natural and synthetic
compounds, to stimulate or inhibit cell proliferati

Before a cell divides, its DNA is replicated an@gursors are incorporated, thus if the cells are
proliferating and JH]-Thymidine is added to the culture, it will becorporated into the cells’
DNA. The amount of*H]-Thymidine incorporated into the DNA is measuseith a scintillation
counter. The level of the radioactive signal degemuthe proliferation rate.

Usually, an inhibitor of cell proliferation is addi¢éo the culture, in its presence the proliferation
inhibition is calculated from the following expréss. [%] of proliferation inhibition = [cpm
(untreated) - cpm (treated)] / cpm (untreated)

The *H-Thymidine incorporation assay is commonly used measure the effect of a
pharmacological or drug treatment on proliferadrcultured cells [29], also to check an effect of
cytotoxic drugs on tumor cells or carcinogenetiogassses [30], to determine the cell cycle and its
phases, to measure the rate of DNA synthesis detect antigen-specific T-cell proliferation in
culture, among others.

3.2. Metabolites transport determination

The plasma membrane is a selectively permeabléebdretween the cell and the extracellular
environment. This permeability ensures that egemblecules such as glucose, amino acids, and
lipids readily enter the cell, metabolic intermeédsremain in the cell, and waste compounds leave
the cell. In short, the selective permeability lné plasma membrane allows the cell to maintain a
constant internal environment [31].

Transporters through conformational changes exposing sites to their specific ligands that
can join and be transported across the lipid bilay¢he cell membrane [32].

Different radiolabeled molecules are used in a wadege of metabolite transport applications
from a simple study of its transport into the ¢elmore complete studies such as analysis of their
metabolic pathways. Transport experiments can heiedaout both in vivo(e.g. pumping
substances through cell membranes, analyzing glyisolpathways with*“C-glucose) and in
vitro(e.g. analysis, identification and / or quéintition of enzyme activity).
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Metabolitetransport methodology in vitro is based on the hation of cultured cells with a
medium containing a radioactive substrate whicH & incorporated to the cell. Briefly, after
incubation cells are washed to eliminate the radiea compound still present in the culture
medium and then a cell lysate is obtained for eachple. Samples are mixed with the scintillation
cocktail and counted in a LSC.

Herein we describe in detail three kinds of metébdiansport studies commonly assayed in
our radioactive installation laboratories. These: arucleoside transport, glucose transport and
amino acid transport.

3.2.1. Nucleoside transport

The nucleotides are of great importance in cellspiiggy, since they constitute the structural
elements of nucleic acids and are therefore esdeoti cell viability. Also, they intervene in
energy homeostasis of the cell due to their involet in many biochemical processes such as
energy metabolism. The nucleosides can act asitédoit of a wide variety of specialized
functions and play an important role in human pbiggjy.

Different radiolabeled substrates can be used iclenside transport analysis such as the
nucleosides: °H] Uridine, [PH] Guanosine, 3H] Cytidine and {H] Adenosine and nucleosides
analogues:®H] Gemcitabine, and®f] Fludarabine [15, 33, 34, 35]. These are used in studies of
drug resistance, cancer therapy and chemotherdgpy, Aucleoside reverse transcriptase inhibitors
(eg. FH] MPP+(metformin), {H]3TC(lamivudine), fH]JABC(abacavir) and °H]AZT
(azidothymidine)) can be used as radiolabeled gatstin “Short-Time” Uptake measurements, to
determine their I values [36].

Nucleoside transport methodology in monolayer eatiLcells involves incubation of cells with
a known concentration of cold substrate to studywhich an appropriate proportion of the
radiolabeled substrate is added [37]. Once tha tele been incubated for the time required for
testing, the uptake is stopped by washing and lalysgte is obtained for each condition. Each
sample is measured in a LSC in order to quantiéyrtdioactivity retained which corresponds to
the amount of substrate incorporated into the cell.

The nucleoside adenosine is among the most stultigethteraction with membrane receptors
maybe involved in the regulation of a variety of ypiological processes among them,
neurotransmission, cardiovascular activity, lipidysr platelet aggregation (Figure 3A). In these
processes, adenosine plays a role in cell prote¢Eigure 3B) [38].
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Figure 3: A) Image showing the two nucleoside transporerifies. The nucleosides are relatively
hydrophilic molecules, thus its internalizationdrtells is dependent on specific membrane
transporters (Image courtesy of Dra I. Huber). 3)][Adenosine accumulation by rat testis

mitochondria as a function of incubation time.

3.2.2. Glucose transport

Glucose uptake experiments are commonly used tesumea&ellular metabolic activity and glucose
transport. Glucose uptake can be studied usingledatled glucose itself or radiolabeled glucose
analogous such as 2-deoxy-D-glucose (2DG) or 3-@hyh®-glucose (OMG). The most common
technique is the use of radiolabeled 2-deoxy-D-@ge¢ a glucose analog. Once 2-deoxy-D-glucose
has been taken up by cells, it is phosphorylatetl aannot be metabolized further. Labelled 2-
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deoxy-D4glucose phosphate is trapped in the cell (unidoeet trensport). By contrast, -O-
methyl-D-glucose is not phosphorylated, and equilibrate®sactthe cell membrane. Beca
equilibrium is usually reached rapidly, uptakeyigitally linear for only a short period of time-
glucose itself (as opposed to gluc analogous such as 2-deoxyglucose or -O-methyl-D-
glucose) can be incorporated into lipids, providingeasurement of glucose trans)

As an examplewe highlight a recent study carried cin a stable3T3L1 cell line with a
reduced expression @faveolir-1 wherethe impact of this reduced expression on insulitroadn
adipose tissue is evaluatdd.this stud, the radiolabeled products used are the-metabolizable
glucose analogue 2-deoXt-glucose (to measure glucose uptake) @dGlucost (Glycolysis)
[7].

Another interesting example the comparison of glucose oxidation safesalized using [U-
Cl-glucose) in cardiacellsthat over express PGQ@lor silenceit after being treated with TM
a. The purpose of this study is to elucidthe specific mechanisms by which exposure to tur
necrosis factor-a (TNB) results in PG-1a downtegulation in cardiac cells and, as
consequence, imetabolic dysregulation that undes heart dysfunction and failu(Figure 4) [39]
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Figure4 . The modulation of PG-1a and p65 levels has a direct effect on glucose tigialz

The graph represents the {{&]-glucose oxidation rates in control AC16 cells, &@1L6 cells

over expressing the human P-1a gene or with siRNA knock down of p65 or P-1a genes,
and incubated with TNB- Thus, treatment with TMa induced the glucose oxidation rate
to 80% with regard to control cells and, as expbadewr-regulation of PG-1a expression

with siPGC-Inr increased the glucose oxidation rate up to 40% glucose oxidation rate wi

further increased when TI-a was added to siPGGxlcompared with siPG-1a alone
(Adapted from [39]).

3.2.3. Amino acid transport

Amino acid transport across the plasma membraneatesdand regulates the flow of these ic
nutrientsinto cells and, therefore, participates in inteesr@amino acid nutrition. In addition, f
specific amino acids that act as neurotransmitteysaptic modulators, or neurotransmit
precursors, transport across the plasma membrasearesnreuptake om the synaptic clef
maintenance of a tonic level of their extracellutancentration, and supply of precursors in
central nervous system. Transfer of amino acidssacthe hydrophobic domain of the plas
membrane is mediated by proteins that gnize, bind, and transport these amino acids fios
extracellular medium into the cell, or vice ve[40].

Functional studies based on saturability of trarmspsubstrate specificy, kinetibehaviour,
mode of energization, and mechanisms of regul performed in perfused organs, isolated c
and purified plasma membranes led to the identifinaof multiplicity agencie in the plasma
membrane mammalian cells. In many of these stutheiplabeled amino acids are used, as it
case of {H] Arginine [14, 41]
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3.3. Radioimmunoassay

Radioimmunoassay (RIA) is a technique that allowes detection of very small quantities, of the
order of nanograms, of biological or pharmacologsdstancedn blood or other fluid samples
using antigen/antibody reactions. Among the moseme examples of RIA published by our
researchers we emphasize those usfigEGF [42], FGF21 [43] and 11-ketotestosterone and
testosterone [13].

RIA is based on measuring the amount of radioagtiladelled antigen that is displaced from
the specific antibody binding sites due to thevafrand subsequent unlabeled antigen competition
(which is the unknown), knowing the amount of batidioactively labelled antigen as unlabeled
antigen in our sample. The measurement is madeeafimaining free fraction before and after the
addition of unlabeled antigen (Fig. 5).

The development of this technique offers severalathges over other detection methods.
Sensitivity is the most important advantage as #hble to detect small amounts of substances as a
result of the ability to measure very small amowftsadioactive tracers. A second advantage is the
specificity, the ability of the technique to measnly the substance of interest in a sample that
has a complex composition. The accuracy and repibitity are others advantages since this
technique allows to determine the effective amafna substance and give highly reproducible
measurements of concentrations in duplicate sampkesimple analysis.

The radioactivity of bound (cpm Bound) and unbo(epn Free) components can be measured
by standard techniques. The gamma counter is us#teicase of those tracers that emit gamma
rays, such a¥3 and'*1. Due to the high specific activity of radiolabetlantigen or ligand, it is
often easy to obtain high count values, allowingregreater statistical accuracy.
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Figure5. Experimental procedure of a Radioimmunoassay

3.4. Environmental liquid scintillation counting

Environmental liquid scintillation counting (LSC} ithe measurement of both natural and
anthropogenic radionuclides in the natural envirentnbut often radionuclide concentrations are
low. Many radionuclides are routinely measured atiural environmental levels in a range of
sample matrices including waters [44], sedimerdss,sair, etc. These include isotopes of radium
(Ra), uranium (U), thorium (Th)?*%b, ?’Rn, and ®Pa. Monitoring the environment for
radionuclide releases is associated with nucleat fiycle activities (fuel enrichment, fuel
fabrication, power generation, and fuel reprocesdarcilities). This would principally be the
analysis of beta-emitting radionuclides withoutrsigant gamma emissions includirif, *“C,
¢, 899%5r, %%y *°T¢, and®Pu but could also include analysis of alpha emjttadionuclides.
Studying the rates of processes in the environmventd mainly be carried out using radionuclides
of natural origins and would includéC dating, ground water movement and dating uskig
marine sediment mixing, productivity, and partitiex studies using*Th and**Pb/*°Bi/*%Po.
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The photosynthetic activity of microorganisms irvieonmental samples can be determined by
incubation with Naf'C0,[22, 23].

3.4.1. Radiocarbon dating

The basis of radiocarbon dating technique is thaively constant natural production rate'® in
the upper atmosphere, its uniform uptaké“g8©, into living plant material, conversion to plant
carbohydrates, and subsequent transfer througlfotite chain. The end result of the food chain
transfer is almost uniform labelling of all livingrganisms!“C dating is used in a wide range of
scientific disciplines including geology, archaaptal [45], mineral science, soil science,
oceanography, climate reconstruction, etc. and isStmmonly used for this measurements.

3.4.2. Food and additives studies

Petroleum derivatives are occasionally used totexue natural food and drink products without
the buyer's knowledge. Because petroleum-baseduptedre sufficiently old that they contain no
1“C, depletions in the naturdfC content are normally indicative of adulteration.

Determination of“CO, in biological samples, with the aim of quantifyitmjal oxidation of oleic
acid and glucos¥CO, is measured in different studies [8, 46].
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Abstract. Although the radiation doses involved in basic research radiology are
relatively small, the increasing number of radiological procedures makes risks
becoming increasingly high. Quality control techniques in radiological practice
have to ensure an adequate system of protection for people exposed to radiation.
These techniques belong to a quality assurance program for X-ray machines and
are designed to correct problems related to equipment and radiological practices,
to obtain radiological images of high quality and to reduce the unnecessary
exposures.
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1. Introduction

X-Rays have come a long way from its origins isnaall, dark German laboratory on 1895 when
Roentgen discovered X-rays accidentally. In faet,was doing some basic research in physics
using a cathode ray tube (like in the back of ydMr or computer monitor) to study electrical
discharges in gas and discovered by chance thafldtiee he was using produced X-rays. By
doing basic scientific research with no specifiagical goal, Roentgen discovered one of modern
medicine's most useful diagnostic tools and woe fitst Nobel Prize in physics in 1901 [1]. By
the time, scientists did not yet realize that Xsrayere a form of electromagnetic radiation however
the medical uses of X-rays were apparent.

X rays are short-wavelength electromagnetic raafigtithat can undergo various interactions
with matter. Such interactions yield data which,ewhappropriately analyzed, can provide useful
information on the materials irradiated. Machinggically x-ray diffraction devices and x-ray
spectrometers, have been designed to utilize vetgnse x-ray beams in order to facilitate
microscopic examinations or elemental analysesaigrials in industry, research laboratories and
educational institutions.

One particularly useful property of X-rays is theibility to penetrate solid materials of
considerable thickness and they can expose phgtuoigréims. Their short wavelength allows for
high resolution imaging if appropriate optical campnts are available. However there are
differences in penetration through different matisridue to the differences in the material
densities. X-rays have been used in a wide rahgpmications from medical science to industry
because of their different properties.

The science of radiation protection grew out of tberallel discoveries of X-rays and
radioactivity in the closing years of the™®@entury. Radiation burns were recorded within atimo
of Roentgen’s announcement of his discovery of ysradowever, it was not until the death of
Clarence Dally, Edison’s chief assistant in the wfacture of X-ray apparatus, and the
documentation of his struggle with burns and seaalputation of both arms to malignant
ulceration and extensive lymph node involvemerat thedical observers took seriously the notion
that exposure to high doses of X-rays cause cagemo effects [2].

In recognition of the widespread applications ofizing radiation to mankind worldwide and
the potential adverse human health effects, it sedgar the necessity that norms for protection
against radiation become legal requirements. Thesms are developed from several government
agencies in all countries worldwide. The InternagiloCommission on Radiological Protection
(ICRP) and the specific European Union Council cassion are the international regulatory
bodies and the CSN (Consejo de Seguridad Nacigmal)e national counterpart of the ICRP in
Spain. The most important Spanish regulation enays is the “Real Decreto 1085/2009, de 3 de
julio, por el que se aprueba el Reglamento solstlercion y utilizacion de aparatos de rayos X
con fines de diagndstico médico” [3]. These nornescdbe acceptance testing and Quality
Assurance (QA) program, safe dose limits for raoimatvorkers and for the general public, patient
dose measurements, the checking of technical ptessnéom X-ray tubes, and the shielding
required for the walls of an X-ray room among osher

This article summarizes the basic tasks of the fieeh Unit for Radiation Protection of the
University of Barcelona (UTPR-UB), which are cagrieut at various X-ray facilities, with
examples of X-ray applications in research thatsti® scope of this technique.

2. Radiological Protection methodology

The new regulations require that each facility gsiray equipment (including any medical
diagnostic radiology unit, which can be dental anwentional, fluoroscopic, X-ray bone
densitometry and computed tomography) establishdscarries out a quality assurance program.
An ineffective quality assurance program can leaddor quality images that can impair diagnosis
or research, increase operating costs and cordrtbuinnecessary radiation exposure to staff and
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mainly to patients, if it is the case of medicahghostic radiology. Any extension of the basic
quality assurance program is the responsibilitgaath X-ray facility.

The UTPR-UB is in charge to develop and implenseRadiological Protection Program also
named QA program at any X-ray facility of UB or extal institutions that handle their services.
The QA program includes periodic Quality ControlQQests of the components in a diagnostic X-
ray imaging system using equipment and test toekligded for that specific purpose, radiation
levels checking, shielding studies, dosimetry aadialogical protection administrative procedures.
The latter procedures are aimed at verifying th@tt€sting is effective, i.e., the tests are perfmm
regularly and correctly, the results evaluated gritynand accurately, and the necessary actions
taken. They include recommendations regarding &spansibility for quality assurance action,
staff training, equipment standards, and the gelecdf the appropriate equipment for each
examination.

2.1. Quality control

It consists of a series of standardized tests dpeel to detect changes in X-ray equipment function
from its original level of performanc&he objective of such tests, when carried out nalyi
allows prompt corrective actions to maintain X-raachines in proper use and with an optimal
image quality. Quality controls should be done edst annually or every time that an X-ray
equipment has undergone a technical repair. Comdil results must be within the tolerance
allowed by law; otherwise the appropriate correctietions must be issued.

2.1.1. Quality of the radiation beam

In X-ray equipments, three main indicators or alga express the essential characteristics as the
quality of the X-ray beam, and the time for whitley are produced. These are: a) Kilovoltage
(kV) , which expresses the penetration power aedetiergy of the photon beam generated in the
tube (a higher kV results in a higher energy anevel of penetration of the beam); b)
Milliamperage (mA), which expresses the "quantiof* photons generated in the tube (i.e. an
increase in current causes an increase in the nmuohbéray photons generated per unit area and
time); c) Time (t), which expresses the time otigstce of the radiation beam (the longer the time,
the higher the exposure).

The main control parameters checked in quality rabriests are related to the quality of the
radiation beam. Table 1 summarizes the main testeldped in the QC with their degree of
tolerance allowed by law (data extracted from “Beoto Espafiol de Control de Calidad en
Radiodiagnéstico [4])".

2.1.2. Image quality

X-ray image quality directly affects the diagnostiesults.The X-ray inspection programs
concentrate on the measurement of X-ray machinanpgeters such as kVp and mAs, timer
accuracy, collimation, etc. but image quality teeibles objective measurement of background
density, high-contrast resolution, density unifdgmiow-contrast resolution, low-contrast detail,
and film contrast. Image noise is the most impdrtprality-limiting factor in radiological imaging,
because it sets the limits of the detectabilitgetails and also restricts possibilities to viszalhe
details by means of image enhancement (e.g., irslaggening and contrast increase). The image
sharpness is often evaluated visually by the réisolilseen in line-pair test object images and
image noise by determining the threshold contésstan exemple, figure 1 shows a TOR CDR test
image. The TOR CDR phantom is used, routinely, domventional and non-subtractive digital
radiography image quality tests [5]. It enables fbidowing checks to be made: Sensitometric
measurements (10 test point details, 5.6mm diajpdtesolution limit (0.5 to 14.3 LP/mm), Low-
contrast large-detail detectability (17 detailsmbd diameter) and High-contrast small-detail
detectability (17 details, 0.5mm diameter). In &iddi to checking the consistency of radiographic
performance, the test object can be used to agsesslative performance of different screen-film
combinations.

BT.13
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Table 1. QC tests and degree of tolerance

Parameter Test Tolerance allowed
<+10%
Kilovoltage Calibration Accuracy
Reproducibility <10%
Radiation Wave form Radiation Wave form Rlppl_e_ percentage indicated in manufacturer
specifications
Deviations <+10% for times >20ms
. Accuracy Deviations specified by the manufacturer for
Exposure Time .
times< 20ms
Reproducibility <10%

<2.5mm Al for kv>70

<1.5mm Al for kV>70

Orientative 30-65uGy/mAs at 1m for 80kV.
(Or indicated in manufacturer specifications)

Total filtration HVL

Performance value

Performance reproducibility  Variation rate <10%
Performance
Variation of performance  linearity coefficient <0.1
with current and charge <15% for current changes
<20% for charge changes
difference between measured and indicated
1%

Film-focus distance

<+2% focus-phantom distance on each site of

. X-ray/Light Beam rectangle, being the sum of 4 sites less than

Geometric parameters Alignment (Congruence of <+3%

Collimators) Record field alignment <+1% focus-film

distance
Beam Orthogonality or <1 E0
. ) <1.5

perpendicularity
Measgrement of Measurement of radiation <1 mGy/h at 1m
radiation leakage leakage

Kilovoltage Calibration is one of the variables that determine the qualitg beam, a variation (relatively small) in the
kVp generates an alteration in the contrast oftttege and the transmitted intensity. Accuracy i@mtoducibility of kV

are checked.

Accuracy sets the level of reliability of X-ray equipmentaemined. Test procedure: Perform at least 5 expgsuith
constant mA and ms (milliseconds) but with graduiitreasing kVp or with constant mA and kVp buthwgradually
increasing ms.

Reproducibility test is important to assess the ability of thealady team to reproduce always the same outputegal
that define the radiation beam: voltage, time aosed Test procedure: make repeated exposures aenaibmes on
constant parameters to be recorded.

Radiation wave form: It shows the variation of x-ray intensity wittmig.

Exposure time: For the purposes of this test procedure, accureilymean the degree of agreement between the
measured and indicated time values. Reproducibiliymean the degree of agreement between severaburements
of the exposure time at the same indicated tim#herx-ray control panel.

Half Value Layer (HVL) is defined as the thickness of material needealjdit in the beam, to reduce beam intensity
by half. From the HVL, it can be checked if the fme#otal filtration is in correspondence with thenmium
requirements. Test procedure: Place an ionisat@amber 1 m from the focal spot. Make repeated axgssadding
increasing thicknesses of 1 mm aluminium platesyetveo exposures and record them until the recomdgubsure is less
than half the exposure without additional filtratio

Total Filtration (TF) is assessed by measuring the HVL of the X-ray baamknown kV, followed by an estimation
process based on calculations.

Perfor mance: corresponds to the value of the dose rate ipagicharge unifuGy/mAs

Performance reproducibility: Is the coefficient of variation of different permance measures under the same

conditions.
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Variation of performance with current and charge: Check the consistency of performance with the vianaof
the charge and current. It is calculated with thefficient of linearity between two consecutive si@ments.
Film-focus distance: The distance between the focal spot of the x-rhg tor the radiation source, and the film.
X-ray/Light Beam Alignment (Coincidence): The alignment between the lightdfiahd the radiation field permits the
technologist to position the field to expose ortig anatomy of interest. Misalignment may resulummecessary or
repeat exposure. Test procedure: Adjust the caitimso that the light beam covers exactly one efitimer patterns of
the test tool (i.e. 15x15 square of Visi X testlypperform an exposure and compare with the iatdi fluorescence
square appeared. Record its difference in mm.

Beam Orthogonality or perpendicularity. This parameter includes both the possible deratin angulation (between
the central beam radiation and perpendicular tagheiver input image) and displacement.

Radiation leakage: The tube housing is made of lead in order tadball radiation, which is not directed at theigat.
The amount of radiation, which has “leaked” frore tiousing should be minimal. Test procedure: ClbseXtray tube
diaphragm, Surround the X-ray tube with a lead agmoequivalent shielding and take radiation expesmeasurements
at different points.

Figure 1. Radiography of a test object model

TOR CDR (Leeds test objects LtdThis TOR

CDR test image shows different test patterns such
as low and high contrast objects, test point detail
for sensitometric measurements, spatial resolution
bar phantom, and gray-scale objects. After an
initial grey-scale check, image quality is

measured simply by counting the number of
details detected and the number of bar-patterns
resolved in the image (image taken with a TOR
CDR radiographic test object from the UTPR-
UB).

M s
M g

M gy

2.1.3. Radiation levels

In the planning of any X-ray facility the main prity is to ensure that persons in the vicinity lod t
facility are not exposed to levels of radiationdahhsurpass the current regulatory exposure limits
(this means that radiation levels in controlledharthat are occupied routinely by radiation workers
must be such that: first, no radiation worker isugationally exposed to more than 20 mSv per
year; and second, non-public person receives nitane 1mSv per year). The system of radiation
dose limits in use in Spain (and in most other toes) is based on the recommendations of the
ICRP. In order to meet these requirements, radidauels should be monitored in the vicinity of
an X-ray unit and if necessary, appropriate actionst be taken to ensure adequate shielding. In
general, attention to the basic principles of diséa time and shielding are required to determine
shielding needs. In general, the radiation expoturedividuals depends primarily on the amount
of radiation produced by the source, the distamtesden the exposed person and the source of the
radiation, the amount of time that an individuaéisgs in the irradiated area, and the amount of
protective shielding between the individual andréiation source.

Quantification of the scatter radiation levels @lent at X-ray facilities of research areas is
necessary to delineate the level of occupationpbgxre of radiation to which the technician-
operators are exposed and to facilitate radiatiobeption measures. Those areas occupied by any
other individual such as visitors or employees whaot work routinely with or around radiation
sources are of special attention and cannot extae&dl per year. The measurement of scattering
radiation in the vicinity of X-ray offices must reported annually and recommendations for
improving the security level must be suggeste@dassary.

In a medical diagnostic radiology unit, the samesoterations with regard to working staff and
general public must be taken into account but alspecial interest in the actions is necessary to
ensure that the patient receives doses as lowsashpmin any diagnostic exposure.
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2.2. Shieldingstudy

Shielding requirements are usually specified follmywthe calculation concept of 1 ICRP. The
methodology proposed calculates the exposure lesfelsrimary, scatter and leakage radial
emitted from an Xay sourc (figure 2), following the ALAR\ (as low as reasonably achieve)

principle. Each xay installation must be assessed for shieldingiirements based on tl

dimensions of the roonpositions of the -ray control, vertical bucky and opere, proposed
construction materials (protective screens, wdltsrs, doors, areas adjacent to-ray room
(occupancy, future use), gy workloat. According to the characteristics of th-ray room or x-
ray equipment, protection may be required for stiral materials as lead covered walls or do
Structural protection plans must be supplied to tH&PR prior to construction or for existil
buildings prior to use of the-ray equipment in the room. In otherry facilities will be sufficien

to providea barrier shielding with a mobile-ray lead barrier and to make available pers
protective accessories includingad aprons, collars, gloves and leadted glasproducts when
needed.

X-ray tube <€—_|

Leakage Leakage
radiation radiation

Primary

beam ’ ‘ '\
>
>
N

I

Secondary
radiation

Scatter
radiation

Figure 2: X-ray unit and radiation typ

2.3. Dosimetry

Personal dosimeters are intended to monitor ocmnzdtdoses thereby providing a mechanisn
restricting future radiation exposures to an irdlinl, so that the recommended maxin
permissible limits ar@ot exceedecArea dosimetry can be used in sogases so that the dose
exposed personnel shall be estimated fthesedata using an appropriate protocDepending on
the analytical X-ay system design, monitoring the extremity docould be necesse The
dosimeter readings are kept as recoor every staff for the purpose of evaluating thraitiation
history and possible risks involv

2.4. Staff training

The QA program should include the means to prowgidgropriate training for all personnel w
QA responsibilities and especially those dily involved with QC testing. A continuing educati
program is necessary to keep personne¢to-date. UTPRJB has the qualified personnel
perform adequate QArogram in radiology facilities. It also undertakgaining courses fc
personnel involved in handlin¢-ray equipment.

3. Examples of applications

X-ray imaging is a key technique for medical imaging;-destructive testing, and basic rese
applications.Medicine and dentistry remains the most common afs¥-rays being employe
routinely at doctor offices and hospitals. Howevi-rays are also widely used in ott
applications from airport security to industriasgection and quality control syste or in art
restoration studies, among others. Researcuse X-ray systems imany differentapplications
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ranging from pneumology and cardiology studies gigiigs and dogs X-ray images to radiographs
of small animals (such as mouse, rats, fishes anal cadiographies in biomedicine or marine
biology department studies respectively), moleculstructure determination by X-ray
crystallography (the most famous example alongetHees is the double helix structure of the
DNA molecule, as determined by Franklin, Crick aW@tson) to grain and seed inspection in
agriculture department studies.

Although radiographic units exist in a wide variedf configurations we have focused on
cabinet X-ray systems and conventional X-ray syst@mthe latter case by selecting examples of
applications of fluorography, dental and converdloK-ray machines). Herein we report some
specific examples of X-ray application developethatUB.

3.1. Cabinet X-Ray imaging system

The term "cabinet X-ray system" refers to an X-sygtem with the X-ray tube installed in an

enclosed, interlocked cabinet. The main advantdghe system is that no additional shielding
must be added to the facility where the X-ray maehis installed as the cabinet provides the
necessary shielding. The cabinet X-Ray unit locatd&-147 (at the Biology Faculty of the UB) is

a Faxitron model [6] with maximum operating comatits of 130 kV and 3 mA (figure 3a). This

imaging system has very different possibilitiesregearch applications.

First, this unit is used in biomedical and baskesrch projects, for example to produce highly
detailed radiographs of small animals. Radiographages like that shown in figure 3b allowed to
record both shape and meristic characters of alaleton and vertical fins of zoarcid fish
specimens from the Southern Ocean which providedhétessary information to identified a new
speciessantelmoa carmenae [7].

Second, the non-destructive nature of X-rays géeérat selected excitation voltages, may be
used to reveal internal details of any items, ftbm low density objects such as documents (those
made of paper or cardboard can be viewed throufihXsays), to more dense objects such as
those made of heavy metals. This may be usefidveal latent fingerprints from difficult surfaces
and to inspect overwritten watermarks, obliterasedial numbers and other markings or ink
components such as transition metals in the corfimxexample, of detecting differences between
a counterfeit banknote and a genuine one as shovigure 3c. Moreover, humerous examples
illustrate the usefulness of a simple and compabinet X-ray system in forensic laboratories,
particularly when preservation of evidence is intaot and because X-ray analysis is used to
screen objects non-invasively. It allows doing cagdaphy of excised organs to determine cause of
death, and spatter patterns on clothing to deterfivimg distance.

Third, radiography, in general, and cabinet X-rgstems, in particular, have their applications
in industry where they are valuable for non desivedesting of products for defects. Because the
industry attaches great importance to the qualsueance, X-ray imaging is used in the research
and development, as well as in the production deygants. A very good application is to check, for
example, electrical components by digital X-rayp@stion on completeness and a correct assembly
of the single components. Electronic componentsba@ming increasingly miniaturized. Only
high-resolution and high-magnification X-ray teclogy provides the necessary means to inspect
such components. Cabinet X-ray systems offer matur@rs and industrial service providers a
tool to investigate, in a non-destructive manneddjects and object properties that cannot be
inspected optically. Typical inspection tasks inl@s: Inspection of bond wires and bonding areas,
void analysis of conductive and non-conductive mbads, inspection of flip-chip solder joints in
processor cases and analysis of discrete composueiisas capacitors and inductors (figure 3d)

Also, X-ray inspection in industry offers the cajtiifpto confirm the integrity of a product and
so ensure compliance with quality standards. Xiragges can reveal contaminants (such as
metals, bone, glass, plastics, ceramic, cementaattproduct defects (such as missing, cracked or
broken parts) that can not be seen with the nakedle.: In quality control of the food industry,
thanks to the use of X-rays, metal contaminantsbeaseen such as a screw in a glass container
containing prepared food for infants that may, oilge, go unnoticed (figure 3e).
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Figure 3: Applications with Faxitron cabinet X-ray systeft). Faxitron cabinet X-ray system at
IR-147 facilities of UB. B) radiographic and photafic image of Santelmoa carmenae [7] .
Holotype, UAB: BO3GSZ51, male, 264 mm SL, from @eHe Strait, Southern Ocean (Images
kindly provided by Jesus Matallanas) C) Left: caufit (top) and genuine (bottom) £10 notes.
Right: soft X-radiographs that have been scannddrarerted to enhance contrast. Radiographic
image for original and counterfeit banknote wasotgd with 12Kv during 40sec radiation and
using Kodak film. The major difference betweentiie notes is the absence of the strip of metal,
Queen’s head, and the rest of the script on aB}l&lectronic microchip and its radiography.
With X-ray inspection systems, weld and soldertjgimality can be easily and quickly inspected.
E) Radiography of a glass container containing pegghémod for infants with a screw inside.

The X-ray baggage inspection system similar to FE@eitron cabinet X-ray system is a
particular example used to examine luggage at d#pand people baggage at some official
building control access for possible weapons, edr@nd and bombs detection.

Finally, once again for its simplicity and for bgimrompact and shielded, the cabinet X-ray
system can be used as an alternative to a conmahdoeray unit for applications in agriculture and
Ecology studies (e.g.. radiography inspection afrgand seeds with radiographic images provides
information about viability, infestation, damage arntamination, radiography of wood rings is
used to evaluate seasonal growth characteristins)Archaeology studies (i.e. to visualize
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archaological artefacts to aid in the preparation dedrang of rare and ten delicee structures)
or in Art restoration for works of art in small formato reveal previous works and chas that
have been painted over).

3.2. Conventional X-Ragystem

Conventional X-ray systentfer many possibilities of applications being tihedicaldiagnostic
the most common usedHowever, her we have focused owattention on research applicatic
developed at different departments of UB. We present three examples ofa§ applicatios in
research projects with three differen-ray units: a mobile conventional p&y unit, adental
intraoral X-ray and a @m fluoroscopy uni

3.2.1. Conventional X-ray applicationsin Art Restoration
The Department of anservation and restoraticat the Fine Arts School (UE uses a mobile
conventional X-rayslocated at 12376 which operating from 40 kV to 80 Kas revealed son
interesting discoveries hidden in works of

Thus, he most commonly used method of holiart conservation anakt restoratio science is
X-ray radiographyThe latter techniue is usefufor inspection in maintenance and preservatic
works of art, their protection from future damagksterioration, or neglect, and repair
renovation of works that have deteriorated or bémaged. For example, in the past, histo
pantings have sometimes been painted over by ottietsa But also, old paintings have of
been painted over in order to manufacture fakeshoonological authentic canvas. The goal of
modern conservator is to determine in a-invasive way, like Xray radiography, the remaini
original portions of the painting and to gain amerstanding of how the painting had been tre
over the years or to find out whether there is Werogainting behind the visible on(as the
examples shown in figure 4 afidure £).

Figure 4: One of the most remarkakfinds by the Departmemif conservatior
and restoratioof the Fine Arts School (UB)was an image of Sta. Barb:
observed, thanks to tIX-rays, beneath a completely differgrainting in whicl
were men playing card (Images kindly provided by Anna Nualéom the
Department of anservation and restorationthe Fine Arts School (UE)

3.2.2. Dental X-Ray machine applicationsin preclinical practices and research

Dental Xray units are a basic technique for -clinical practices athe Faculty of Dentistry
Undergraduate studentsarn the technique of intraoral radiography pcacgj isolated teet This
enables them to become familiar with the dentabmli@is and stéed in the early invasiv
practices to rebuild a tooth or eliminia cavity (figure 6a).
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Figure5: Christ photographic and radiographic images. In polychrome wood
carvings, it can be basically seen the numberexfgs of wood that comprises the
support (most sizes are not made of one piece ofiimoetween the type of lace
pieces and anchors (especially metal pins). Ircéise of Christ, we see several

layers of overlapping colors, with numerous lossgsictorial material. Notice
that there is a radiological contrast of pigmentthie area of the cloth, with less
contrast than the skin. This is due to the presehaogetallic pigments in pictorial
layers of the skin of Christ, which consists ofryikely, lead white. The overlap
of paint layers (different thicknesses) and the flaat the obverse and reverse of
the piece remain on the same plane make the mgXtray image both
spectacular and difficult to understand withoutihg\the original side. (Images
kindly provided by Anna Nualart from the Departmehtonservation and
restoration of the Fine Arts School (UB)).

Dental X-ray units have also a wide range of appilims in clinical research studies. For
example, the X-ray image is crucial for the monitgrof dental implant techniques. The dental
implant’s surfaces, shapes and sizes are usudliyitted to animal experimental assays (usually in
dogs) in order to assess their characteristiceoodegration, resistence, tisular adaptation, etc.

(figure 6b).

A) B)

Figure6. A) Left image: radiography to visualize the openinmeeal of a lower
premolar Right image Diagnostic imaging to check the anatomy of theh@otd see
the number of lines of this molar pieces as theip ghamberB) Intra oral
radiography. Intra-operative radiography from inmi$a 3 months post-operative
control in a dog. (Image kindly provided by the HammAnatomy and Embryology
Unit Laboratory, Faculty of Dentistry, UB)
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3.2.3. Sudies of experimental animal models with a C-arm fluoroscopy unit

The C-arm fluoroscopy unit installed at RX/30633he animal facilities of the Medicine College

is an Arcadis Avantic model from Siemens with aximum operating conditions of 120 kV and

15,2 mA (figure 7a). It is a surgical mobile X-rapit that can produce images continuously. In
continuous fluoroscopy, X-rays are continuously li@gpto the patient (a pig in this case of
angiographic studies) to produce dynamic clinicages that may be recorded on videotape.

X-ray animal imaging has been recognized as an iitapobtool in preclinical research and the
development of novel diagnostic probes and imagoays for a disease specific diagnosis and
therapy monitoring. Most of this therapeutic andgtiosis studies have to be assayed in animal
models before to achieve clinical trials in humadnghis context, nowadays, one of the main focus
is on the investigation of angiogenesis relatedgsees using pigs as experimental animal models

[8]

Figure 7: C-arm fluor oscopy applications A) C-arm fluoroscopy unit installed at
RX/30639 in animal facilities of the medicine cgjée B) Angiography showing a
myocardial infarction in pig, induced by placingamgioplasty catheter into the
middle segment of the left anterior descending (lL.ABRery and inflating it for 90
minutes, to later study therapeutic strategieghilimage a iodine contrast media has
been injected into blood vessels or the chambettsedfieart to produce the
angiogram. (Image kindly provided by M. Rigol @ddSolanes). C) Injection of
radio-opaque contrast substance of the entirddrdeaw blood from the pig’s
coronary arteries. Contrast compounds containidimé which are radiopaque are
injected in the artery or veins to highlight thesssels. The contrast compounds
consist of highatomic number elements that largégnuate X-rays and hence the
hollow vessel can be more readily observed. (Inkdg@ly provided by M. Rigol and
N. Solanes)
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