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Abstract: Supramolecular systems chemistry has been an area of
active research to develop nanomaterials with life-like functions.
Progress in systems chemistry relies on our ability to probe the
nanostructure formation in solution. Often visualizing the dynamics of
nanostructures which transform over time is a formidable challenge.
This necessitates a paradigm shift from dry sample imaging towards
solution-based techniques. We review the application of state-of-the-
art techniques for real-time, in situ visualization of dynamic self-
assembly processes. We present how solution-based techniques
namely optical super-resolution microscopy, solution-state atomic
force microscopy, liquid-phase transmission electron microscopy,
molecular dynamics simulations and other emerging techniques are
revolutionizing our understanding of active and adaptive
nanomaterials with life-like functions. This Review provides the

visualization toolbox and futuristic vision to tap the potential of
dynamic nanomaterials.

1. Introduction

Spontaneous organization of molecules in solution results from
various non-covalent interactions among molecules to minimize
their free energy. This mechanism has been the guiding principle
of supramolecular chemistry to form self-assembled
nanostructures that are usually at thermodynamic equilibrium and
are stable over time. Supramolecular chemistry has been at the
forefront of developing functional nanomaterials for applications
in the field of organic electronics, nanomedicine, cosmetics,
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Figure 1. Cartoon representation of dynamic self-assembly processes and the available techniques to visualize such processes in solution, in real-time, in situ.
The inner white circle depicts a futuristic design where multiple techniques are integrated into a single characterization platform.
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sensing and diagnostics among others.["! Development of novel
self-assembled materials relied significantly on our ability to
visualize the underlying nanostructures in order to gain complete
understanding of the existing material and to design new ones.
Since most nanostructures were at equilibrium, they could be
visualized by imaging their air-dried samples using atomic force
microscopy (AFM), transmission electron microscopy (TEM),
cryogenically preserved samples with cryo-TEM, etc. These
imaging techniques have provided exceptional details about the
supramolecular organization over micro and nanometer down to
molecular and atomic length scales, albeit of dry samples which
are structurally and functionally static.

In contrast to most synthetic self-assembled systems, the
assembly of molecules in living systems are uniquely different.
Living structures are highly dynamic and are formed through
complex chemical reaction networks to provide kinetic control
over structure and function. Biological systems require chemical
energy to drive processes out-of-equilibrium, resulting in self-
assembled structures which dynamically form and disintegrate
over time. Inspired by the dynamic behavior displayed in nature,
supramolecular systems chemistry aims to move from equilibrium
based stable systems i.e., systems that do not change with time,
to dynamic and out-of-equilibrium self-assembly with the aim to
obtain life-like functions. Over the past decade, research in such
bio-inspired systems has substantially grown. This research effort
has resulted in the development of self-assembled nanomaterials
with spatial and temporal control over nanostructures, chemical
fuel regulated assembly, non-equilibrium catalyst, active droplets
etc.? Thus, unlike typical self-assembly systems where the
investigation of the end point equilibrium nanostructures is often
sufficient, dynamic supramolecular systems demands the
visualization of time dependent reconfiguration of self-assembly
over time.

The advancement of research in dynamic self-assembly has been
closely followed by the development of novel microscopic
techniques, which can image supramolecular transformation in
real-time and in situ. These techniques include fluorescence
based super-resolution microscopy, AFM and TEM performed in
liquid, which have transformed the landscape of imaging
supramolecular nanostructures. They are used for solution-state
imaging of materials with nanoscale spatial resolution. They can
record real-time videos of dynamic transformation to provide an
in-depth understanding of the self-assembly processes.
Furthermore, in silico experiments, performed using Molecular
Dynamics (MD) simulations and other computational chemistry
techniques, have provided an alternative and sometimes
complementary methods to probe dynamic nanostructures, even
at times when other methods fail to deliver.

This Review aims to highlight how the research within
supramolecular systems chemistry is propelled by the cutting-
edge nanostructure visualization techniques. Therefore, only
those examples of supramolecular systems which have probed
dynamic self-assembling processes will be discussed. There are
excellent reviews reported on various examples of
supramolecular systems chemistry and their characterization
methods, and we direct the readers to get an overview of the
field.®l However, highlighting the examples which demonstrate
real-time visualization of dynamic self-assembly process and how
it provides crucial information about the nanostructure is a
completely new endeavor. The present Review intends to act as
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a guide to better understand the existing systems as well as
provide a toolbox for the design and characterization of future
dynamic nanomaterials. This Review is divided into five parts
based on the type of visualization techniques introduced: i)
fluorescence based super-resolution microscopy; ii) solution state
AFM (SS-AFM); iii) liquid phase TEM (LP-TEM); iv) MD
simulations; iv) emerging techniques (Figure 1). Finally, we will
summarize by providing a critical analysis of the current
techniques, their possibilities, and limitations. We will conclude by
assessing the current state of the art to contextualize the vision
for the future in supramolecular systems chemistry and the role of
visualization techniques in the advancement of the field.
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2. Fluorescence based Super-Resolution
Microscopy (SRM)

Fluorescence microscopy has long been used to image structures
of various synthetic nanomaterials and biological samples like
cells and in vivo animal models. The techniques utilize the
fluorescence emanating from the sample, either inherently or
through external fluorescent dye labelling, to visualize the internal
structures. Being an optical method, it can advantageously image
samples in their native solution state and at various sample
depths. Therefore, it was among the earliest methods to probe
dynamic self-assembly processes in solution. But typical
fluorescence microscopy is limited in spatial resolution by
diffraction limit (Abbe limit, i.e. roughly half the wavelength of
exciting light, around >200 nm)."! However, over the years, the
resolution has been significantly enhanced due to the
development of new techniques from routine confocal to various
SRM, which can provide resolution comparable to conventional
AFM and TEM. Furthermore, enhanced speed of imaging has
also facilitated recording live videos of dynamic processes. As
supramolecular chemistry has increasingly shifted its focus from
equilibrium based stable self-assembly to kinetic and out-of-
equilibrium self-assembly, it has utilized fluorescence microscopy
and SRM to provide detailed insight into the dynamic
transformation of nanostructures over time. This section will
demonstrate how supramolecular systems have taken advantage
of the development of fluorescence imaging techniques to probe
dynamic and non-equilibrium self-assembly with increasingly high
resolution.

In biology, self-assembly is highly dynamic, where nanostructures
continuously form and degrade by consuming chemical fuel. The
first example of bio-inspired dynamic self-assembly that forms
and breakdown nanostructures in presence of chemical fuel was
reported by Boekhoven et al.>! The design consisted of a non-
assembling molecule with anionic carboxylate groups which was
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coupled to an alkylation-hydrolysis reaction. The alkylation
reaction with a fuel resulted in a molecule which can undergo
assembly and a competing hydrolysis reaction formed the non-
assembled state. The alkylation resulted in the formation of self-
assembled nanofibers, whereas spontaneous hydrolysis led to
the disintegration of nanofibers. The authors could probe the
dynamic formation and degradation of nanofibers in real-time with
confocal laser scanning microscopy (CLSM) using Nile red as the
fluorescent stain. The in situ and real-time visualization of fibre
growth, shrinkage, and the overlapping periods during a reaction
cycle was crucial in understanding the fuel-driven self-assembly
process. It revealed a stochastic collapse of the fibres with rates
up to 15 mm/min, reminiscent of the collapse of microtubules in
living cells. Such conclusions could not have been possible
without real-time imaging. These results suggested that the in situ
CLSM imaging of the dynamic self-assembly can provide crucial
insights into the nanostructure formation and the mechanism of
self-assembly.

The above example illustrated the ability of CLSM for real-time
imaging, however, it is limited in its spatial resolution. A simple
method to enhance spatial resolution in a typical CLSM is by using
airyscan technique. The airyscan introduces a unique detector
design, consisting of an array of 32 detectors, that collects
additional light which is otherwise rejected in a traditional CLSM.
Therefore, airyscan based CLSM improves the signal to noise
resulting in improved resolution.’! Kubota et al. used high-
resolution airyscan CLSM to understand the self-sorting patterns
of nanofibers.®®! The chemical reaction between a hydroxylamine
and aldehyde to form oxime was used to form self-sorted
nanofiber networks. Addition of 1 to an aldehyde containing
peptide based hydrogelator 2 resulted in the formation of self-
assembling oxime derivative of peptide 3 (Figure 2a). Initial self-
assembly of peptide-based gelator 3, using a suitable fluorescent
probe, revealed the formation of nanofibers through the
nucleation-elongation process. Preliminary CLSM imaging of
peptide based nanofiber assembly in the presence of lipid type
hydrogelator 4 showed the formation of interpenetrated self-
sorting network as visualized by CLSM imaging. Moreover, using
a two-step oxime exchange reaction, the authors could generate
a parallel self-sorted network (Figure 2b). In situ time-lapse
airyscan CLSM studies confirmed the preferential nucleation of
peptide type nanofibers near the lipid nanofibers and their
elongation along the lipid. Airyscan CLSM imaging was crucial in
understanding the formation of distinct interpenetrated and
parallel self-sorted network patterns by controlling the kinetics of
seed formation.

Another method that has been extensively used in biology for
imaging dynamic events like cytoskeleton assembly and vesicle
trafficking is total internal reflection fluorescence (TIRF)
microscopy. TIRF microscopy selectively excites the fluorophores
present at less than 100 nm deep into the sample due to the short
penetration distance of the evanescent wave produced at the
glass slide-liquid interface because of the total internal reflection
of exciting light. This can offer a high signal to noise ratio when
compared to CLSM imaging by reducing the background
fluorescence from the fluorophores outside the sub-micron
surface while observing the dynamic events.! Samperi et al.
used TIRF microscopy to show the complex motion of a molecule
along the self-assembled nanostructure by the continuous supply
of a stimulus.®®! A three-component gel was fabricated using a
cationic imidazole amphiphile, an anionic porphyrin derivative and
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a light-responsive anionic azo derivative. The photoisomerization
of the azo derivative served as a switch for the movement of the
porphyrin molecules over the nanofibers of the imidazole
amphiphile. The changes in the relative fluorescence intensity
from the TIRF imaging clearly showed the movement of porphyrin
molecules along the fibres.

LSM and related optical techniques have been used extensively
to image the morphology of nanostructures, however, imaging the
mechanical properties variations of self-assembled structures
requires a new approach. Cell membrane, which regulates the
integral functions for sustaining life, is formed from the self-
assembly of lipid molecules. Within a cell, the membrane order

10.1002/anie.202208681

WILEY-VCH

and the resultant mechanical property of the membrane plays a
crucial role in regulating various cellular and subcellular
processes. Thus, an in-detail understanding of the order and the
resultant tension of the lipid membranes in living cells is of
significant interest. Colom et al. have visualized the dynamic
changes in the tension within the self-assembled lipid membrane
by co-assembling with a fluorescent push-pull molecule termed
as fluorescent lipid tension reporter (FliptR, 5, Figure 2¢).°¥ The
FliptR molecule was composed of dithienothiophenes and its S, S
dioxides as flippers. The application of a lateral mechanical
pressure planarizes 5 from its twisted form resulting in a red shift
of the excitation wavelength (Figure 2d). Thus, changes in the
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Figure 2. Super-resolution imaging of self-assembly processes. (a) Chemical structures of peptide hydrogelator and lipid molecule and (b) corresponding time-
lapse imaging of the formation of parallel self-sorting nanofibers network of 3 and 4. (c) Chemical structure of FliptR probe 5 and (d) shows that the pressure exerted
by lipid vesicles on FliptR probe can planarize the molecule, leading to changes in excitation wavelength as well as the fluorescence lifetime. () CLSM imaging of
vesicles with different lipid composition containing FliptR probe, which form domains of disordered membrane and liquid-ordered membrane within the same vesicle.
The image was obtained by exciting at two different wavelengths (left and centre) and the merged image is presented on the right side. (f) Chemical structure of
BTA molecule 6 and corresponding (g) STORM images of Cy5- and Cy3-labeled BTA derivative at different mixing time points. The Cy3 and Cy5 channels along
with merged images reveal monomer exchange mechanisms in self-assembly. (h) Schematic showing the self-assembly of peptide 7 and its non-covalent labelling
with Alexa-488 dye for STED based SRM imaging. (i) Nanofiber images of self-assembled 7 showing the enhanced resolution of STED compared to confocal. (j)
Snapshots of real-time and in situ STED video imaging of self-assembled 7 in the presence of enzyme thermolysin, showing that enzymes act directly on fibers to
disintegrate the structure. Figures adapted with permission from (a-b) reference [6]. Copyright 2020 Springer Nature; (e) reference [9b] Copyright 2015 ACS; (f-g)
reference [12]. Copyright 2014 AAAS; (h-j) reference [25a]. Copyright 2020 ACS.
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excitation wavelength of § can provide a readout of the
mechanical pressure. Co-assembly of FliptR within membranes
of higher lipid packing, arising from the highly ordered acyl chains,
planarizes the FliptR probe by exerting high pressure. However,
lower lipid packing with disordered acyl chains results in low-
pressure exertion on the probe (Figure 2d). Additionally, changes
in the membrane tension can alter the packing of lipids. Hence,
monitoring the changes in the lipid packing can indicate the
dynamic changes in the membrane tension. The authors
demonstrate that subtle changes in the membrane order of lipid
assemblies were accompanied by a significant change in the
excitation wavelengths of co-assembled FliptR molecules,
making it suitable to visualize membrane tension variation using
CLSM microscopy. This was demonstrated with CLSM imaging of
lipid vesicle in the presence of FliptR, obtained by exciting at two
different wavelengths (Figure 2e, left and center) and the merged
image showing domains with different membrane tension (Figure
2e).’®! The membrane tension changes also resulted in the
variation of the fluorescence lifetime of FliptR molecules, which
were used to map tension in artificial as well as living cells by
using fluorescence lifetime imaging microscopy (FLIM).1% FLIM
images of cell membranes containing 5 directly imaged the
membrane tension as a function of lipid packing. Within in vitro
study, the fluorescence lifetime of the FliptR increased with
increasing membrane tension in Hela cells and MDCK cells.
Thus, in situ FLIM imaging provides a unique tool to visualize
spatial variations in physical properties like membrane ordering.
The above examples demonstrated the ability of fluorescence
microscopy to probe dynamic self-assembly processes. However,
the spatial resolution of a conventional CLSM is approximately
200 nm due to the diffraction limit, thus restricting its use in
visualizing smaller structures. With the advent of super-resolution
microscopy (SRM), the visualisation of nanostructure details, that
were earlier imperceptible to the existing visualising techniques,
was made possible. Compared to CLSM, SRM is capable of
achieving the spatial resolution well below the diffraction limit and
thus providing us with nanoscale information of the structure.!"”!
There are mainly three types of SRM techniques as discussed
below in sections 2.1, 2.2 and 2.3.

2. 1. Single Molecule Localization Microscopy (SMLM)

SMLM includes techniques like Stochastic Optical Reconstruction
Microscopy (STORM) and Points Accumulation for Imaging in
Nanoscale Topography (PAINT). SMLM utilizes dye molecules
whose emission can be switched on and off. At any given time,
most of the fluorophores are in their off-state and the instrument
records the precise spatial positioning of the individual
fluorophores in their on-state by considering the centroid of the
point spread function. By acquiring a large number of scans, the
image of the nanostructure can be reconstructed with spatial
resolution below 20 nm.!""! PAINT and STORM techniques differ
only in the photo modulation methods utilized to achieve single-
molecule illumination. SMLM has the best spatial resolution, but
it is a slower imaging technique since it reconstructs an image
from a large number of scans.

Lorenzo et al. reported the first use of SRM to visualize the
dynamics of supramolecular polymers at the individual fibre
level.l'”? STORM was used in combination with stochastic
modelling to study the monomer exchange pathways in self-
assembled benzene-1,3,5-tricarboxamide (BTA, 6, Figure 2f)
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nanofibers. The studies provided mechanistic insights to confirm
a homogenous exchange of monomers throughout the length of
self-assembled BTA fibres (Figure 2g). Although the bulk solution
studies had provided evidence of exchange dynamics in the
supramolecular self-assembly process, this study provided a
clear mechanism of the nanoscale dynamics in self-assembly.
Additionally, Baker et al. demonstrated the influence of chirality in
the BTA self-assembly leading to nanofibers with reduced
assemblies.["® STORM was also used to unravel the exchange
dynamics of peptide amphiphile nanofiber.'¥ Unlike the BTA
monomer, STORM imaging in peptides revealed that the dynamic
monomer exchange in the self-assembly of peptide amphiphiles
is heterogeneous in nature. Visualization using STORM clearly
showed the presence of both dynamic domains and inactive
domains in the same nanofiber. Owing to its very high spatial
resolution and multicolour imaging, STORM has been used for
understanding the assembly dynamics of nanofibers. A closely
related technique, PAINT has been used to study the dynamics of
dipeptide  (diphenylalanine)  self-assembly  which  also
corroborated the heterogeneous polymerization mechanism, as
exchange dynamics as a result of the increased internal order
observed in peptide amphiphiles described above.['S! Moreover,
PAINT has also been used for the super-resolution imaging of
membrane tension in living cells using the FliptR probes
discussed earlier.["®!

By taking advantage of the over expressed enzymes on cancer
cells, enzyme instructed self-assembly (EISA) phenomena have
been utilized in selectively controlling cellular behaviour.['”]
Despite numerous examples, the exact mechanisms behind the
changes in cellular behaviour during EISA were poorly
understood. The traditional CLSM are resolution limited in
visualizing the in situ dynamic morphological changes occurring
inside live cells. Yao et al. utilized STORM to monitor the
dynamics of the EISA process inside a celll'¥ The
supramolecular dynamics of a synthetic tripeptide containing a
phosphorylated tyrosine as the enzyme responsive motif was
studied inside cancer cells. STORM images probed the dynamic
transformation of the precursor molecules into nanofibrillar
assemblies in the presence of alkaline phosphatase enzyme in
cellular milieu, with up to 50 nm spatial resolution. With
overexpressed alkaline phosphatase enzyme at the surface of a
model cancer cell, the initial granular assemblies formed at the
plasma membrane slowly converted to nanofibers eventually
causing cancer cell death. In contrast, the in situ visualization of
EISA in Hela cells showed the formation of nanofiber assemblies
directly inside the cells, in their native form. STORM studies were
crucial in understanding the supramolecular self-assembling
mechanisms and pathways of EISA with different enzyme
distributions. Even though STORM offers an excellent spatial
resolution of up to 10 nm, it requires specific photoswitchable
dyes, redox buffer solutions and longer imaging time. Moreover,
all the aforementioned STORM imaging is performed on samples
taken at various time points instead of real-time, in situ imaging,
thus limiting its use to probe dynamic processes.

2.2. Structured lllumination Microscopy (SIM)

SIM is based on the generation of interference patterns (moiré
fringes) by the nanostructure fluorescence when illuminated with
high spatial frequency patterns. Mathematical deconvolution of
these interference signals results in a super-resolution image with
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a spatial resolution of below 120 nm.!"® SIM is fast and compatible
with any fluorescent dye but is limited in resolution.

Compared to STORM, SIM enables the visualization of
nanostructures with any standard fluorophores. Sarkar et al. have
studied the various aspects of multicomponent supramolecular
polymerization leading to di-block and tri-block-supramolecular
block co-polymers using SIM with a spatial resolution of 120
nm.% Deepika et al. used SIM for understanding the chiral
differentiation in supramolecular polymerization process by
visualizing the chirality-driven self-sorting of L/D peptide
conjugated nanofibers.?'! These examples have shown that SIM
has the potential to image self-assembled structures with very
high resolution. However, these microscopic images were
snapshots at different time points instead of in situ real-time
imaging. Although, SIM has been used to visualize real-time
dynamic processes in biological and synthetic samples,'??! to our
knowledge, there are no reports on the use of SIM for in situ real-
time imaging of supramolecular self-assembly processes.

2.3. Stimulated Emission Depletion microscopy (STED)

STED employs two aligned concentric laser light beams, where
the inner beam excites the fluorophore and a doughnut-shaped
outer beam deactivates the fluorophores in the outer regions of
the point spread function (PSF). This results in a reduced PSF
with emission coming only from the fluorophores close to the
centre of the doughnut which in turn enhances the resolution
below 50 nm.[2l STED provides the intermediate resolution and
the fast-imaging ability to record videos of dynamic processes.
Although the SRM was initially used for cellular imaging, now it is
increasingly being used to image synthetic self-assembly with
unparallel ability.

STED microscopy provides a better spatial resolution than SIM
and easy sample preparation, fast imaging capability when
compared to STORM. Onogi et al. used CLSM and STED SRM
to investigate the self-sorting behaviour of a supramolecular
multicomponent hydrogel system composed of a peptide gelator
and an amphiphilic phosphate gelator.?*! In situ imaging of the
multicomponent system using confocal microscopy indicated the
formation of two distinct fibre networks. The peptide gelator
showed heterogeneous formation of fibres in a spatio-temporal
manner whereas the amphiphilic phosphate gelator formed fibres
immediately confirming the independent growth and self-sorting
of the two fibres. However, the evaluation of self-sorting
phenomena using Pearson correlation co-efficient of the CLSM
images showed a weak correlation between the fibres with a value
of 0.30 £ 0.15. Interestingly, STED images showed the formation
of distinct fibres with a resolution up to 80 nm and a Pearson co-
efficient of 0.15 £ 0.10. The reduced Pearson co-efficient of STED
images when compared to that of CLSM images clearly indicated

self-sorting phenomena with no correlation between the two fibres.

Thus, STED imaging provided clear evidence and quantified the
self-sorting process among fibers which were obscured with
confocal.

Imaging = of supramolecular nanostructures with confocal
microscopy and SRM techniques requires fluorescent labelling of
the samples. Such labelling is often achieved by covalent
conjugation of fluorescent dyes to the self-assembling monomers,
which is an expensive task and it can interfere in the assembly
process. In order to overcome the issues related to the covalent
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conjugation of fluorescent dyes, Kumar et al. reported a non-
covalent attachment of a fluorescent dye to self-assembled
peptide for in situ SRM imaging using STED.!?! They investigated
the self-assembly of a decapeptide 7 consisting of an enzyme
responsive motif and two Lysine residues resulting in positively
charged nanofiber. Thus, fluorescent labelling of nanostructures
could be achieved by simple mixing of a negatively charged
fluorescent dye, Alexa 488, to positively charged peptide
nanofibers of 7 due to electrostatic interaction (Figure 2h). Since
Alexa 488 is a dye compatible with STED microscopy, it was used
for the visualization of nanostructures in solution with up to 60 nm
resolution (Figure 2i). Furthermore, the addition of a protease
enzyme (thermolysin) resulted in the degradation of the peptide
nanofibers within an hour which was probed in real-time (Figure
2j). The in situ STED imaging provided visual confirmation
regarding the direct action of the enzyme on the self-assembled
nanostructures rather than acting on the disassembled peptide
monomers. The simple addition of dye to the pre-assembled
nanostructure is a very convenient labelling method and it was
shown to be applicable to a range of cationic peptide assemblies.
Hence, this strategy can potentially be used for SRM imaging of
a variety of positively charged self-assembled nanostructures.
Therefore, we show that fluorescence based confocal and SRM
techniques provide the ability to study the dynamics of simple to
complex supramolecular nanostructures that were not achievable
by the traditional ensemble studies. In situ real-time imaging using
SRM techniques will help in the development of new functional
materials by unveiling their nanoscale structural dynamics in
solution.

3. Solution State Atomic Force Microscopy
(SS-AFM)

AFM constitutes an ideal setup for the visualization of self-
assembled nanostructures, given its very high spatial resolution,
which is typically less than 10 nm in the lateral dimension (in x
and y) and less than 0.1 nm in the vertical dimension (in z). AFM
is the only technique which can provide information about the
height and therefore build the three-dimensional topography of
the sample, an information which can only be indirectly obtained
with other techniques. A schematic of the AFM, showing its main
components, i.e. the scanners for the movements in the three
directions, the cantilever terminating with a sharp tip and the laser
method for recording the sample topography, is shown in Figure
1. AFM has been one of the routinely used techniques to image
supramolecular nanostructures. But AFM imaging has been
performed mostly on dry samples which fail to capture the
temporal evolution of self-assembly. In this section, we will first
briefly describe the capability and limitations of dry state AFM in
characterizing supramolecular assemblies, followed by the
advancements in imaging in liquid environment using SS-AFM.
Finally, recent approaches will be reviewed, based on SS-AFM
combined with high speed imaging, that facilitate investigation of
dynamic self- assembly with much improved temporal resolution.
In an early report, the AFM has been used in contact mode, i.e.
while continuously touching the sample surface with a constant
force, to visualize the topography of microtubules covalently
attached to a silicon substrate, both in dry and in aqueous
conditions.”?® It was shown that the image quality in liquid medium
can be improved by fixing the microtubules, thus making them
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more resistant to tip pressure. In subsequent reports, the tapping
mode AFM has been used to image different supramolecular
structures (toroids, helicoids, fibers), after their complete
formation in dry conditions, which provided intricate details of the
self-assembled structures below 5 nm resolution.?”! However, as
the focus of supramolecular chemistry shift from equilibrium
based end point nanostructures to probing temporal evolution of
nanostructure, SS-AFM has emerged as a promising technique
for probing real-time transformation.

In order to study the dynamics of self-assembly with an AFM,
different conditions need to be fulfilled. In particular, it is not only
necessary to perform experiments in solution state, but also in situ,
observing the evolution of the same set of structures over time.
An important requirement is the time resolution of the technique,
i.e., the imaging speed should be high enough to follow the
evolution of self-assembly process within its characteristic
timescales. This timescale depends on the kinetics of the
assembly processes under investigation and usually, it is in the
seconds or fractions of seconds range.?®! A critical parameter for
the real-time imaging of dynamic supramolecular structures is the
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stable adhesion of the sample on a supporting substrate, i.e.
sample/substrate interaction should be strong enough to facilitate
imaging, avoiding sample detachment and sample being dragged
by the tip during scanning. However, covalent immobilization may
not be the best choice in the case of supramolecular structures,
as it may affect or limit the self-assembly process under
investigation. Additionally, in order to avoid sample damage, the
AFM tip-sample interaction forces should be kept as low as
possible.l?”: 29

Atomically flat surfaces, like muscovite mica and graphite, are the
most commonly used substrates for AFM measurements, due to
their smoothness. While graphite is a hydrophobic surface, mica
is hydrophilic and its negative surface charge can be used to
electrostatically attract positively charged nanostructures from
solutions. Chemical modification of mica surfaces, like silanization
with (3-Aminopropyl)triethoxysilane B%, or coating with positively
charged polymers, like poly-L-ornithine®"], allows adsorption of
negatively charged nanomaterials for imaging in dry and liquid
state. For imaging negatively charged molecules like DNA, an
aqueous solution of divalent cations like MgCl: are also frequently
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Figure 3. SS-AFM imaging of supramolecular processes in solution. (a) SS-AFM images showing the self-assembly of amphiphilic peptoids forming lipid-like
membranes (i-iii) and their self-repair properties (iv-vi). Images are obtained with time resolution of several minutes/frame. (b) Schematic of the tip-induced
fabrication and disruption of a supramolecular block copolymer containing Porphyrin derivatives (left image). Images on right side panel show video rate HS-
AFM micrographs (rate: 10 frames/s) showing a sequence of nanomanipulation steps performed on the same fiber (step 1: mechanical disruption of a single
fiber made with a Porphyrin derivative via the AFM tip; step 2: insertion of a second Porphyrin derivative and formation of a supramolecular block copolymer;
step 3: UV irradiation (A=365 nm) and selective etching of the portion containing only the second Porphyrin derivative; step 4: fiber regeneration by addition of
a different Porphyrin derivative containing a photoradical generator. (c) Schematic illustration of the mechanism of the supramolecular polymerization of an
oligopeptide into a fiber made with repeating hexamers (left image) and corresponding HS-AFM images of a single growing fiber (rate: 10 frames/s) in aqueous
medium. (d) Set of HS-AFM images (time resolution: few seconds), showing the formation of a self-assembled array made up of dimers of oligopeptide 8 on
MoS: and (e) chemical structure of oligopeptide 8. (f) Overlap of the most stable dimer conformation with the high-resolution AFM image (left image). Simulated
AFM image of peptide rows (rightimage) along their preferred orientation on MoS2 was consistent with 3-dimensional AFM data. Figures adapted with permission
from (a) reference [33]. Copyright 2016 Springer Nature; (b) reference [28b]. Copyright 2018 John Wiley and Sons; (c) reference [28c]. Copyright 2020 ACS;
(d-f) reference [28a]. Copyright 2018 AAAS.
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used here, the positive ion acts as a bridge between the mica
surface and the molecule to be adsorbed. Furthermore, less
common methods use lipid bilayers coated mica as substrates for
the adhesion of different molecular aggregates.?

Once the sample preparation is optimized, the most adequate
AFM mode for solution state imaging is the tapping mode. Here,
a periodic oscillation of the cantilever is externally excited and
variation of this oscillation is detected by the laser to track sample
topography. Tapping mode can produce more gentle forces on
the sample compared to the contact mode, as the tip only
intermittently contacts the sample.

The tapping mode SS-AFM imaging has been used by Jin et al.
to study the self-assembly of lipid-like peptoids forming two-
dimensional membranes on a mica substrate.®¥ In this work, the
stability and growth of membrane patches were studied over a
few hours in water and in various aqueous buffer. Moreover, the
time evolution of the membrane growth till their coalescence into
a continuous single layer, over tens of minutes, was imaged in
situ (Figure 3a, i-iii). Due to the advantage of AFM to probe height,
an increase in membrane thickness could be probed in real-time.
The authors probed the self-repairing capability of membranes in
real-time using SS-AFM demonstrating that the membranes
repair faster along one axis compared to the other, confirming the
anisotropic growth process (Figure 3a, iv-vi). Such mechanistic
insight into the self-healing process and probing the dynamic
change in membrane thickness was not possible to obtain with
other techniques. Ashwanikumar et al. used SS-AFM to visualize
the disassembly process of various cell penetrating self-
assembling peptides that form nanotapes.?* SS-AFM imaging of
the disassembly process in real-time revealed that nanotapes
disassemble in a layer by layer fashion resulting in a gradual
decrease in thickness. The above example demonstrates the
potential of SS-AFM for probing self-assembly and disassembly
in situ. In both the above-mentioned works, the assembly
processes were studied within the timeframe of standard AFM
imaging (several minutes/frame) and thus the technique was used
only for imaging slow processes in self-assembly.

In order to push the time resolution of the technique, fast AFM
setups are nowadays available, based on tapping mode imaging.
Fast AFM provides simultaneous high speed and high resolution
imaging, thus reaching single molecule resolution (high speed
AFM, HS-AFM). These setups feature dedicated components,
namely small scanners and small cantilevers that have been
originally developed in customized AFMs for the live imaging of
biological processes under physiological conditions.B% In these
instruments, the acquisition time of one image is less than a
second and can reach the millisecond (ms) range.

HS-AFM has been used to image nanostructures with up to 100
ms temporal resolution. For example, a custom-made HS-AFM
was used to probe the hybridization of a protein-single stranded
DNA complex on mica surface. Imaging of 13 nm long protein-
DNA complex was obtained in an aqueous buffer containing
MgCl: to improve adhesion of complex on mica via electrostatic
interactions. Such high speed SS-AFM revealed the high lateral
mobility (tens of nanometer) of protein-DNA complex and
stochastic fusion of structures within 100 ms time frame. In situ
probing of such fast dynamic behaviour could only be possible
due to the fast scanning capability of HS-AFM.[¢!

Custom-made HS-AFM setups have also been used to visualize
dynamic aspects of supramolecular polymerization in completely
synthetic systems.?8 28¢ For example, Fukui et al. probed the
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assembly of a porphyrin derivative into fibers in
methylcyclohexane.?®! Here, graphite was found to be a suitable
substrate for stable adsorption and growth of fibers. The authors
report HS-AFM imaging at 10 frames/sec (video rates), visualizing
the real-time growth of fibers by the addition of monomers from
the solution and self-repairing properties (Figure 3b). From the
analysis of HS-AFM images, the growth rate was found to be very
similar to the value obtained in solution (12.4 nm-s™
corresponding to 35 porphyrin units-s™). Furthermore, the authors
performed nanomanipulation of a single fiber strand (Figure 3b),
either by cutting it with the AFM tip or by selectively photoetching
a segment of the nanofibers which consisted of a UV light
dissolvable porphyrin unit. The overall result is the dynamic
formation and disruption of a supramolecular block copolymer on
demand. The whole manipulation of individual fibers could be
video imaged in real-time with HS-AFM, where the AFM tip was
also involved in the process of fiber disintegration.

Recently high speed features are integrated into commercial
AFMs. Maity et al. used one of such systems to probe the
mechanism of the formation of hexameric macrocycles that
autocatalytically self-assemble into fibers.?8? Using HS-AFM
imaging of single fibers at the rate of 0.5 frames/s, they
hypothesize a mechanism where precursor aggregates as trimer,
tetramer and hexamer macrocycles, accumulate and diffuse
along one-dimensional fibers, to deliver monomers to the growing
fiber ends (Figure 3c). The proposed mechanism was also
supported with molecular dynamics simulations. Thus, the
hypothesis of the growth mechanism could be confirmed by direct
observation in real-time with HS-AFM, which could otherwise only
be inferred with various other indirect measurements.
Experiments were performed in aqueous buffer on a mica
substrate covered with a lipid bilayer to improve fibers
immobilization and provide sufficient degrees of freedom for their
growth. Chen et al. performed video imaging of the self-assembly
of an oligopeptide array on Molybdenum Disulphide (MoSz2)
surface.?® The chosen oligopeptide 8, which has a high affinity
for MoS:2 substrate, adsorbs as dimer at specific locations in the
crystallographic lattice of MoS:2 (Figure 3d, e). The authors used
in situ HS-AFM to image real-time growth of two-dimensional
arrays of peptide self-assembly. Through molecularly resolved
images, they demonstrated that the two-dimensional array is
formed one row at a time. Therefore, since the two-dimensional
growth happens by forming one-dimensional rows at a time, it
does not require a critical size of nuclei that grow spontaneously,
which is otherwise essential for traditional two-dimensional
nucleation-growth processes (Figure 3d, f). Such molecularly
resolved images obtained at time interval of a few seconds in
aqueous medium provided insights into two-dimensional
nucleation-elongation process that could have been lost with dry
state imaging as well as at slower imaging rates.

4. Liquid Phase Transmission Electron
Microscopy (LP-TEM)

TEM utilizes the transmission of electrons through samples for
imaging matter down to the atomic level. The resolution of a
microscope is roughly half the wavelength of the illumination
source.®"! Since the wavelength of electrons is much smaller than
the wavelength of light, TEM can image materials with spatial
resolution of less than 1 nm. TEM has extensively been used in
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the last decades to image a myriad of supramolecular
nanostructures with molecular and atomic resolution. One of the
requirements for TEM imaging is that the sample must be kept
under high vacuum conditions. Samples under high vacuum
conditions mean that standard TEM imaging can only be
performed on non-volatile materials. This limiting feature forces
specimens to be dehydrated before imaging. However, sample
dehydration fails to capture the dynamic processes involved in
supramolecular systems that self-assemble over time. Rapid
cryo-cooling of samples in a thin layer of vitrified water, known as
cryogenic TEM (cryo-TEM), arose as an alternative for sample
dehydration problems.!® Even with cryo-TEM, some questions
remained, like how to generate the underlying 3D structure from
the acquired images. Despite the initial obstacles, cryo-TEM has
advanced tremendously in the last three decades.®® However, as
mentioned above, cryo-TEM requires vitrification of
supramolecular structures and therefore poses limitations when
screening the evolution of self-assembly over time.

In recent times LP-TEM has emerged as a promising technique
for in situ imaging of nanostructures in their native liquid state!”
with the possibility of visualizing dynamic processes. One of the
major successes of LP-TEM is that the liquid sample under
investigation is not exposed directly to high vacuum but is
efficiently sealed in a liquid cell.*! Thus, the sample in LP-TEM is
under ambient pressure and temperature in solution, which
facilitates real-time monitoring of the evolution of supramolecular
structures. LP-TEM can also be used to probe biological samples
like live cells, which are prone to damage under the high vacuum
environment of conventional TEM. This section will first present
various types of liquid cells currently used, and special operating
conditions, followed by examples of supramolecular self-
assembly which have used LP-TEM to Vvisualize the
transformation of nanostructures in real-time in situ.

The main difference between a LP-TEM and a regular TEM is its
liquid cell sample holder. Liquid cells are composed of a top and
bottom electron transparent window, usually made of silicon
nitride (SiN), graphene, or a combination of both to withstand high
vacuum without scattering electrons and loss of solvent media.
The most used liquid cell involves two SiN microchips (Figure 4a)
that enclose circa 1 to 1.5 pL of the liquid sample and then the
liquid cell is sealed. This methodology also enables the flow-in of
other media or samples which is particularly important for the real-
time study of dynamic events upon application of external stimuli,
such as pH and temperature changes (Figure 4a). As mentioned
above, instead of SiN, graphene can also be used to create
graphene liquid cells, providing a thinner liquid space than those
achieved by SiN windows (Figure 4c). This reduced thickness
leads to less electron scattering, thus, higher resolved features
compared to other methods. The third methodology is a
combination of the previous two and consists of a SiN microchip
sealed by a graphene sheet (Figure 4b). This method is used to
reduce the thickness of large samples such as whole cells
allowing the graphene to adapt to the shapes of the objects in the
solution. In general, the use of graphene also provides an
enhanced protection against beam damage.

The main challenge when performing LP-TEM is to manage the
high-energy electron beam which can induce undesired artifacts
in the sample. It is possible to reduce the electron dose by
employing a direct detection device i.e. camera (e.g. DDCs),“2
that operates in low dose mode, and high speed imaging with high
detective quantum efficiency (DQE). Low exposure times and the
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need for fast imaging conditions to capture sample dynamics add
further undesirable effects that translate into low sample contrast.
Tailored image analysis methods are very much needed in order
to restore original images and unveil structural details that
otherwise are not visible in raw images due to low signal to noise
ratio. An alternative method is to operate the microscope in
scanning TEM (STEM) mode. In STEM mode the beam is focused
on a small area (~1 nm) and raster the sample without applying a
constant flux in the field of view, such as in TEM mode. It is also
reported that the electron dose causes a significant decrease in
the pH of aqueous solutions in LP-TEM experiments. Hence, it is
crucial to also consider the effects of the decreased pH while
planning LP-TEM investigations.

Having described the instrumental details and experimental
conditions appropriate for LP-TEM, we present various examples
of in situ visualization of the self-assembly process. Metal-organic
frameworks (MOFs) consist of organic molecules linked together
by metal ions to form porous self-assembled structures and are
used for application in catalysis, gas storage, sensing etc.*¥! The
structure of MOFs has been extensively investigated in their
crystalline state using electron diffraction techniques like single
crystal x-ray diffraction. However, these techniques fail to provide
information about the early stage of nucleation and growth
processes of individual crystallites. LP-TEM has been used to
obtain structural and dynamics of formation of individual MOF
crystallites. Patterson et al. have used in situ LP-TEM to visualize,
for the first time, the dynamic nature associated with nucleation
and growth of macromolecular MOFs.* The precursor solution
containing Zr (IV) metal ions and 1,4-benzenedicarboxylate
organic linker were injected into a silicon nitride (SiN) membrane-
based liquid cell. The silicon nitride chips were plasma cleaned
which enhanced the chip hydrophilicity and hence adherence of
nanostructures onto the SiN surface. This resulted in low sample
mobility and consequently enhanced resolution. To study growth
kinetics, a flow cell experiment was proposed, and the precursor
solution was constantly flowed into the liquid cell during imaging.
Initially, particles of 15 nm diameter were observed which grew to
around 50 nm in 11 minutes, as screened through video imaging
by LP-TEM. Thus, real-time visualization confirmed that the
growth of particles does not occur via coalescence but rather
through the growth of smaller subunits in solution. The same
group also reported the formation and in situ visualization of metal
organic nanotubes via LP-TEM.“¥ In this case, the nucleation
and growth of nanotubes could be visualized at high temperature
(85 °C) by heating the liquid cell (Figure 4d). Authors observed no
adverse effect of the electron beam on the self-assembly process.
However, they confirmed that the anisotropic tubular growth is
thermodynamically driven, and the size distribution is affected by
the SiN surface treatment. Treating the observing windows
surface has an effect on whether the enclosed specimen is
located in the bulk, onto the chip or in a close by reduced mobility
interfacial area. Such mechanistic insight into the growth of
crystalline particles and tubular bundles in the above two
examples could not have been possible using standard, static
TEM imaging.

Having probed the formation dynamics of crystalline materials like
MOFs, LP-TEM has more recently been used for live imaging via
video acquisition of the dynamic transformation occurring in soft
supramolecular nanostructures. Parent et al. used LP-TEM to
image and understand the dynamics of micelle assembly. As a
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proof of concept, the authors studied the assembly process and
formation of phenyl-b-peptide-co-hydroxyl block copolymer
micelles in situ.® The fusion of the individual micelles as well as
their morphological transformations starting from their building
blocks are crucial in the formation of micelle self-assembly. In situ
visualization of the process(es) involved in micelle self-assembly
clearly demonstrated that the micellar fusion phenomena start
with the movement of two random micelles and their interaction to
form a larger fused micelle. Along with fusion process, the authors
also confirmed the simultaneous unimer attachment as a
mechanism for micellar growth. Altogether, LP-TEM provided a
useful tool for the direct visualization of the complex nanoscale
dynamic processes involved in micellar self-assembly.

More recently Duro et al. reported an investigation on oxidation-
sensitive supramolecular micelles and vesicles employing LP-
TEM among other techniques./’! The samples were obtained by
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polymerization-induced self-assembly of the N-carboxyanhydride
precursor of methionine using poly(ethylene oxide) as a
stabilizing and hydrophilic block to form wormlike micelles,
vesicles and gels. Reactive radical species have been reported to
form in aqueous media upon electron beam irradiation.“®! This
feature allowed Duro et al. to use LP-TEM as a tool to i) degrade
the vesicles forming polymer using the electron beam, and ii)
visualize in real-time the vesicle degradation process as shown in
Figure 4e.

The use of LP-TEM for imaging the self-assembly process of
small molecules, aside from polymers has been challenging due
to the sample sensitivity to electron radiation. Gnanasekharan et
al. have reported a methodology involving the use of the electron
beam in a pulsed fashion. In this way, the electron beam is turned
on for one second and then subsequently turned off for ten
seconds, with the aim of avoiding sample structural damage that
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Figure 4. LP-TEM imaging of dynamic self-assembly processes. Schematic of (a) standard liquid cell where sample is sandwiched by two SiN chips with inlet and
outlet channels for liquid flow, (b) combination of SiN chip enclosed with graphene sheet, and (c) two graphene sheets forming a graphene liquid cell. (d) LP-TEM
micrographs showing nucleation and anisotropic growth of MOF nanotubes as a function of time. (e) /n situ real-time degradation of methionine-based polymeric
vesicles by using the electron beam in liquid STEM. (f) Chemical structure of diphenylalanine dipeptide and (g) the dry state TEM image of its self-assembly;
comparative imaging of the nanotubular growth of the dipeptide in (h) continuous and (i) pulsed imaging mode demonstrating linearity in the elongation and impeded
growth in continuous imaging mode, confirming advantages of pulsed imaging. Right side panel shows the schematics of axial and radial growth of dipeptide
nanotubes and (j-k) shows real-time images of radial growth of nanotubes. (I) Schematic illustration and (m) real-time in-situ LP-TEM images of emulsion formation
and various steps involved leading to demulsification. Figures adapted with permission from (d) reference [44]. Copyright 2015 ACS; (e) reference [47]. Copyright
2021 ACS; (f-k) reference [49]. Copyright 2021 ACS; (I-m) reference [50]. Copyright 2022 ACS.
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is typically caused by continuous imaging.l*®! The authors used
LP-TEM to monitor the assembly pathways of diphenylalanine
dipeptide 9 (Figure 4f, g). Sample solution was injected into the
liquid cell and then heated up to 80 °C, followed by a slow cooling
ramp inducing structure formation that could be observed in real-
time. The imaging revealed the growth of peptide nanofibrils
through monomer addition to the fibrillar ends by intermolecular
interactions at a rate of =20-25nms™ leading to diphenylalanine
nanotubes (Figure 4h). Comparison between continuous and
pulsed imaging revealed that continuous exposure to the electron
beam impedes the growth of nanotubes, whereas pulsed
exposure promotes further elongation (Figure 4h-i). This confirms
the advantage of using an electron beam in a pulsed fashion for
LP-TEM. Furthermore, for the first time, the radial growth profile
of diphenylalanine nanotubes was observed, where monomers
attach perpendicular to the tubular axis to increase the width of
the tube (Figure 4j-k). The same group also used LP-TEM to
probe the emulsion formation of sodium salt of dioctyl
sulfosuccinate and its demulsification in real-time.’% Most
emulsions are studied in the bulk using light scattering methods
which does not provide the mechanism of transformation over
time. The reported investigation on emulsion using LP-TEM was
able to screen the various pathways involved in emulsion
formation like coalescence, Ostwald ripening and flocculation for
emulsion evolution towards phase separation (Figure 41, m).

It becomes clear that the LP-TEM offers tremendous opportunity
for in situ and real-time imaging of dynamic self-assembly
processes with high spatial and temporal resolution. However, the
technique is still in its nascent stage, further development in liquid
cell design, as well as liquid holders, robust image processing
methods, or thorough investigations on electron dose tolerance
for samples in liquid water as opposed to vitrified water, are still
needed to name a few. However, even with these caveats, LP-
TEM is able to deliver an unprecedented understanding of the
structure and dynamics involved in self-assembly processes in
liquids.

5. Molecular Dynamics (MD) Simulations

Although significant advances have been made in various
microscopic techniques to visualize the growth mechanism and
dynamics of supramolecular polymers, it is still difficult to capture
the events at a molecular resolution (< 20 nm). MD simulations
can provide access to the molecular level events under
experimentally relevant timescales and conditions (solvents and
temperature).5 Among many supramolecular building units,®?
benzene-1,3,5-tricarboxamide (BTA) has been extensively
studied experimentally in both organic and aqueous medium.®°
Consequently, a significant body of computational work has been
carried out on this system to understand the dynamic assembly of
archetypical supramolecular unit.%4 In this section, we delineate
the insights obtained into the dynamic assembly of BTA
supramolecular polymers using MD simulations. The insights
drawn from the BTA system are expected to be applicable to a
wide range of one-dimensional supramolecular polymers.

Early computational studies by Bejagam et al. focussed on
understanding the cooperative assembly of the BTA appended
with alkyl chains in an apolar solvent and the monomer-
supramolecular polymer dynamics using all-atom and coarse-
grained MD simulations.’® It was observed that the
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supramolecular polymers in apolar solvents are highly ordered
due to the directional three-fold hydrogen-bonding. To understand
the exchange dynamics of alkyl BTAs, Bochicchio et al. utilized
Well-Tempered-Metadynamics (WT-MetaD) simulations,® a
method known to capture rare events in molecular systems.5 A
24-mer stack of BTA with hexyl side chains (10) (Figure 5a) was
preliminarily equilibrated in n-pentane solvent via all-atom MD
simulation. A monomer exchange from the central region of such
a stack was activated using WT-MetaD simulations. The free
energy profile for monomer exchange exhibits a two-step
process; i) creation of a local breakage/defect (point B Figure 5b
and c) in the graph, with structural distortions corresponding to a
local minima, and ii) subsequent leaving of the monomer (point C
in the Figure 5b and c). The energy penalty for the creation of the
local defect followed by the exchange of monomers with the bulk
relies heavily on the medium (alkane solvent versus gas phase).
This suggests that the monomer exchange can occur via both the
ends of the polymer/oligomer (bonded to only one monomer) or
the bulk of supramolecular polymer (in which any given monomer
is bonded to two other monomers on either side).

Given the similarity of one-dimensional supramolecular polymers
with the biological filamentous structures (actins, amyloid fibres,
etc.) and their application in biomaterials, a large body of work
has been dedicated to supramolecular polymers in water.58 Here,
the principle molecular design of BTA based supramolecular
building blocks is as follows: i) the central core of benzene-1,3,5-
tricarboxamide to act as the source of intermolecular hydrogen
bonding, ii) an alkyl chain of appropriate length (twelve carbons)
on the amide to protect the hydrogen bonds from interaction with
water, and iii) oligoethylene oxide groups at the end of alkyl chains
to render the molecules water soluble (6, Figure 2f).5% The first
all-atom MD simulation in explicit water for the BTA system was
carried out by Baker et al.l'¥ They constructed a stack of 48-mer
and optimized it in the gas phase to obtain an initial geometry for
the MD simulations. The highly ordered gas phase optimized
geometry was subjected to 300 ns of MD simulation and the final
100 ns of equilibration was used to derive structural parameters.
In such a simulation two prominent events were observed; i) in
the initial stages of run, collapse of the side chains on to the fibre
occurs to reduce the hydrophobic interaction with the water
(primary folding). However, this still allows water molecules to
access some of the hydrophobic domains, ii) to avoid the latter,
the fibres tend to deviate from the linear, extended structure to
one with folds, reminiscent of secondary folding in proteins
(Figure 5d). To check the validity of the obtained structures, the
authors computed the small angle X-ray scattering profile from the
geometry obtained after equilibration. The simulated X-ray
profiles match very closely with the experimentally observed ones.
Thus, suggesting that water soluble BTA fibres are not perfectly
linear or extended, rather they exhibit collapsed and folded
domains. This is in sharp contrast to alkyl substituted BTAs (10 or
its analogues) in organic solvents, which exhibit highly ordered
and linear fibre structure. Also, it is worth noting that a small
fraction of water molecules does penetrate into the fibre,
demonstrating their active role in the assembly process. If not for
MD simulations, visualizing the role of solvent molecules in the
formation of self-assembled structures is not achievable currently
by other techniques.
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Although the above elaborated all-atom MD simulations capture  similar atoms are represented by a single unit (bead) capturing
the actual interaction between the monomers effectively, the  their essential interactions (Figure 5e). Such a process
supramolecular polymerization process (going from a pool of  significantly reduces the number of particles and increases the
monomers to fibres) cannot be accessed due to the larger time step in MD simulation to sample microsecond timescale
timescales involved. To study such large timescale events. The developed model was validated by comparing the key
(microseconds) events in MD simulation, Bochicchio et al. have  structural parameters and binding energies with those obtained
developed a coarse-grained MD simulation model based on the  from all-atom simulations. The coarse-grained model reveals that;
MARTINI force field.®®% In the coarse-grained model, a group of i) starting from a randomly dispersed monomers, initially (20 — 30

a) _ b c) d)
OsNH 125 A !
53 .207?E) O CLk :
H 9 E y 1
° 5 15§ O |
¢} HN. 2 5 1
° 10 :
R: NN 8 1 $ 6 c 1
» 5 © 1
LI ¢ : N
0 \ ] 1
W L e RN T EEN m‘%' after 400 ns of
Coordination number 7 ey !
d ¢! all-atom MD
____________________________________________________________________ e e e e e e e e e e e - - —m————— -
. R
e) ! BTA-CG. f)
o
CORE‘
"
’\. * AwmD,
R’ T °R
c12 PEG .
r--@000ge®0e 9) e J) eSS
2 5 e ‘ :
© _1w0lf? Lad g
Pot"" 2 o e [ ? ??T’.(S?ﬁ?‘rg £ 1s |
o Pt ~ 9 [ TN T 4 =
e 2 5 [Fagiolit gL | Wil § :
.‘. S 20 @ T 7 3 £ ed
: : IR X T T = ol
£ 0 [T e 5o R
: 7F
BTACCe : e 0% 10% 0 +10% +20% +30%
0 10 20 30 40 50 60 70 80 o —10% o +20% +30%
_______________________________________________________ BTA L ISR
20

15

—_
o

[&]

o

05 1 15 2 25 3 |

t, ~us L, ~ns

Core-core distance (nm)

Figure 5. MD simulations to study the dynamics of supramolecular systems. a) Molecular structure of benzene-1,3,5-tricarboxamide (BTA) with hexyl side chains
(10). b) Free-energy profile for monomer exchange of 10 in n-pentane as a function of distance between the activated monomer and other molecules in the 24-mer.
Here coordination number refers to the number of hydrogen-bonded neighbours of any given molecule. Any given molecule inside a 24-mer has two neighbours on
either side, thus leading to the most stable state with coordination number of 2. c) Stepwise exchange process. The monomer depicted in red is activated via WT-
MetaD from the central of the fiber. Here ‘A’, ‘B’, and ‘C’ correspond to the different stages of monomer exchange. d) Snapshot of the fiber after 400 ns of all-atom
MD of 6 (from Figure 2f) in water. The atoms in the BTA core are represented by different colors and the amphiphilic part is shown in light grey. e) MARTINI-based
coarse-grained models of 6. The central core is depicted by three grey beads, the amide groups are depicted by a dipole (red and blue charges), each light grey
bead in the side chain represents three methylene units, and red beads represent PEG. f) Snapshot of the starting and equilibrated structures for a system of 160
BTAs. In the equilibrated snapshot (16 ps), only the largest cluster (85-mer) formed during coarse-grained simulation is shown. g) Trajectory of coarse-grained
simulations as a function of average cluster size of BTA and the coordination number (¢). The three coloured regions depict the different timescales during which
the fibers evolve. h) Equilibrated structure of 6 in water obtained via coarse-grained simulations. The BTA core is depicted in dark grey and the amphiphilic side-
chains are shown in transparent grey. The BTAs at the defect sites (‘hot spots’) are depicted in red (core). i) Solvent accessible surface area (SASA) as a function
of BTA unit in the fiber. The red solid circles correspond to monomers at the defect sites. j) Correlation between the coordination number and the difference in SASA
(deviation from the average monomer SASA). The red solid circles correspond to monomers at defect site and the ones in black circle correspond to the monomers
in the fiber. The purple data points correspond to BTA (10) fiber in organic solvents. k) Free-energy profile of a monomer exchange with the solvent (water) as a
function of the distance between the activated core and the other cores in the fiber, obtained via WT-MetaD simulations. I) Snapshots depicting the different phases
of monomer exchange along with the corresponding timescales. Figures adapted with permission from (b-c) from reference [56]. Copyright 2017 Springer Nature;
(d) from reference [13]. Copyright 2015 Springer Nature; (e-g) from reference [60]. Copyright 2017 ACS and (h-l) from reference [56]. Copyright 2017 Springer
Nature.
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ns) disordered clusters with 20 — 30 BTA monomers are formed,
ii) thereafter these clusters reorganize to form more ordered
oligomers, as evidenced by the increase in coordination number
(), and iii) finally, these ordered oligomers undergo fusion to give
rise to larger fibre/polymer (Figure 5f and g). The supramolecular
polymer (containing 85 BTA units) formed after complete
equilibration (16 ps) is not linear or extended, but rather folded or
possesses kinks (due to hydrophobic effect) leading to defects
along the fibre (Figure 5h). The defects have been quantified by
studying two parameters; i) solvent accessible surface area
(SASA) of each monomer, and ii) the coordination number (Figure
5i and j).%1 A coordination number of 2 indicates that each
monomer is bound to two more monomers (ideal situation) in the
fibre and a value <1 is classified as a defect. As can be seen from
Figure 5i and j, the monomers at the defect site (shown in red
filled circles) possess significantly higher SASA than the average
monomers and a low coordination number. This indicates that the
monomers at the defect sites are weakly bound and easily
accessible by solvent molecules. Such defects act as ‘hot spots’
for the exchange of monomers from the fibre. Further, WT-MetaD
simulations with activating the monomers at the defect site (‘hot
spot’) was carried out to study the exchange dynamics of
monomers with the solution. The free-energy profile exhibits two
minima (Figure 5k), suggesting that the exchange of monomer is
not a single step process, rather it occurs via a two-step process
(A—B—C). In the first step the monomer leaving the hot spot will
diffuse to the surface of the fibre (A—B) and consequently the
monomer jumps into the solution (B—C) (Figure 5l). The free-
energy barrier for the first step is small (~ 2 kcal mol™), whereas
the second step (B—C) has a significantly higher barrier of 10 kcal
mol.

Qualitatively, the timescale of the first step (us) is significantly
faster compared to the second step (ms). This is in line with the
observation of monomer migration from one site of defect to
another along the fibre even during unbiased MD simulations and
the hypothesis of faster intra-fibre dynamics compared to
monomer exchange based on STORM experiments.'? The
process of monomer incorporation into the fibres occurs in the
reverse stepwise pathway with slightly different timescales.
Finally, Marco et al. have recently developed a generalized
coarse-grained model coupled with enhanced sampling and
machine learning to study both organic and aqueous soluble
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BTAs and porphyrin based supramolecular polymers.®! The
generalized model can be used to study the competition between
directional (hydrogen-bonding) and nondirectional (hydrophobic)
interactions and their influence on the creation or annihilation of
defects, which ultimately dictate the exchange dynamics. Thus,
MD simulations provide a complementary and molecular level tool
to study the exchange dynamics in supramolecular systems
chemistry.

6. Emerging Techniques

Apart from the above discussed techniques, there are a few more
techniques/methods that supramolecular systems chemistry
community should look out for in the future. Below we will briefly
point out some of the emerging techniques which have been
mainly used in various other fields but hold great promise for
supramolecular systems chemistry. i) Wu et al. combined the line
scanning of confocal with multi-view imaging and SIM super-
resolution imaging. Here, fluorescence was simultaneously
collected from three objectives placed at three different angles
(Figure 6a, b) to capture fluorescence which is usually scattered
out. The signal was integrated using reconstruction algorithms to
enhance resolution isotropy.®? This when combined with machine
learning led to >10 times enhanced three-dimensional resolution,
extended imaging duration by minimized photobleaching and
improved sample depth to provide super-resolution imaging.
Although the technique was used for imaging cells and animal
models, the possibility of extending it to supramolecular systems
will open new avenues for fast super-resolution imaging in three
dimensions. ii) Apart from fluorescence-based optical imaging,
light scattering-based interferometric scattering microscopy
(iISCAT) has shown promise in imaging single biomolecules like
proteins in solution. iISCAT does not require dye labeling and is
solely based on the Rayleigh scattering of light from the
macromolecules and its interference pattern with the reflected
light (Figure 6¢).1%®! Lebedeva et al. have used iSCAT to probe the
self-assembly of synthetic lipids and their micellar growth kinetics
in real-time (Figure 6d).%¥! Substantial progress was made when
Young et al. demonstrated that iSCAT imaging could be
correlated with macromolecular mass and therefore mass
imaging can be performed with spatial and temporal resolution in
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Figure 6. Emerging techniques: (a) schematic illustration of multi-view super-resolution imaging consisting of 3 objectives and (b) the image of a 100 nm bead
reconstructed from the signal obtained from three objectives. (c) Schematic representation of working principle of iISCAT and (d) real-time imaging of micelle
formation and growth. (e) Ability of iISCAT to predict the molecular mass of different proteins as shown by a linear plot between protein mass and scattering
intensity obtained by iISCAT; (f) demonstrates that the iISCAT can probe the real-time growth of actin filaments length as well as provide the change in the mass
of the resultant biopolymer. (g) /n situ and real-time STM images of the growth kinetics of polyethylene polymeric chain on catalytic surface. Figures adapted with
permission from (a-b) reference [62b]. (c, e, f) reference [65]. Copyright 2018 AAAS; (d) reference [64]. Copyright 2020 ACS; (g) reference [67]. Copyright 2022

AAAS
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solution.®! By imaging proteins of different mass in solution they
showed a clear correlation between the scattering intensity and
molecular mass of the protein, validating the ability of iSCAT to
image the molecular mass of biopolymers (Figure 6e). This was
used for real-time mass imaging of actin filament growth (Figure
6f). Such methods can open doors towards spatiotemporally
monitoring the growth of macromolecular mass during
supramolecular polymerization. Indeed, attempts are being made
in this direction to probe the mass of individual self-assembled
particles. iii) Scanning tunneling microscopy (STM) has been
used to image nanostructures with molecular level resolution. In
recent times, STM was used for real-time visualization of dynamic
processes like catalytic ethylene polymerization (Figure 6g)®’!
and nucleation-elongation of two-dimensional dynamic covalent
polymerization in ambient conditions.®® These measurements
are currently performed at the solid-liquid interfaces and thus limit
their use for imaging dynamic processes in bulk solutions.
However, future optimization of the technique could potentially
provide molecular level details for supramolecular systems in 3-
dimensions.

7. Conclusions and Future Directions

As supramolecular chemists continue to seek inspiration from
nature, they have been developing self-assembled
nanostructures with increasing complexity. Consequently, the
focus is gradually shifting away from developing equilibrium-
based structures which do not change over time towards
kinetically controlled, dynamic nanostructures. Hence, the
complete characterization of such dynamic systems cannot be
performed by traditional techniques like dry state AFM, TEM,
resolution limited confocal microscopy etc. Instead, dynamic
supramolecular systems demand real-time visualization of
nanostructures as they adapt and reconfigure. In this Review, we
have highlighted examples of supramolecular systems which
have utilized state of the art techniques for effective probing of
dynamic self-assembly in solution, in real-time and in situ. The
Review is divided into five sections based on the visualization
techniques into i) fluorescence based super-resolution
microscopy; i) solution state AFM (SS-AFM); iii) liquid phase TEM
(LP-TEM); iv) molecular dynamics (MD) simulations and finally,
iv) we have presented a list of emerging techniques which may
well offer great potential in characterizing supramolecular
systems in the near future. The presented examples clearly
demonstrate  that the above-mentioned solution-based
visualization techniques have provided much-needed insights into
the self-assembly process, which could not have been possible
otherwise. We have summarized the various features and
advantages/limitations of these techniques in Table 1.

It is without a doubt that much progress has been made, but
further development needs to be done to meet the requirements
of the new generation of dynamic nanomaterials. Below we
present the challenges and future directions of the four main
visualization techniques discussed in this Review.

7.1 Fluorescence based Super-Resolution Microscopy
The progress made with several optical SRM techniques like

STORM and STED has enabled us to visualize dynamic self-
assembly in solution in real-time with a resolution close to 10-20
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nm. However, it is still not considered a go to technique for
supramolecular systems as evident from the very limited
examples where dynamic processes are visualized using SRM.
There are several challenges like requirement of specific type of
dyes for different techniques, long imaging times for techniques
like STORM, sample movement in solution etc. These challenges
can be tackled by i) the use of label-free imaging methods like
iSCAT to avoid dye requirements; ii) the use of advanced
reconstruction algorithms and machine learning methods for fast
and directed imaging with minimum photobleaching; iii) use of
chemically modified sample cells to restrict movement of
nanostructures. In the future, the combination of STED and
STORM within a single platform might provide us with the best of
both i.e., the higher temporal resolution of STED and enhanced
spatial resolution of STORM.

7.2 Solution State AFM

A unique feature of AFM is that it is possible to obtain spatially
resolved maps of different physical properties of samples, like
mechanical and electric properties®, simultaneously with the
sample topography. This can be achieved by recording different
other observables like the phase lag of the oscillating cantilever”™
or adding multiple excitation frequencies to the measurements{’"!
Also, force versus distance curves can spatially map surface
parameters, like stiffness or elasticity.? This approach, called
multiparametric AFM, has not yet been applied to supramolecular
structures and would allow visualizing the changes in the
material’s properties, along with topographical changes, during
the self-assembly. Thus, multiparametric AFM can open doors to
visualization of transient emergence of novel properties in
materials, like electrical or mechanical, during the self-assembly
process which is otherwise lost in the end point analysis with
regular AFM. Finally, correlative experiments can also be
performed by combining the SS-AFM setup with other techniques
like Tip-enhanced Raman spectroscopy (TERS) and AFM-
infrared (AFM-IR), thus combining the high spatial resolution of
an AFM together with chemical sensitivity.”® Nowadays,
commercial AFMs are beginning to integrate lasers and optics for
confocal fluorescence imaging (for lower spatial resolution) and
near field super-resolution techniques, like TIRF and STED, with
higher spatial resolutions.l” In future, this can also be used to
probe supramolecular transformations induced by optical stimuli.

7.3 Liquid Phase TEM

One significant advantage of operating with liquid samples is that
their handling can be easily automated and combined with other
liquid handling techniques for various chemical analyses. High-
performance liquid chromatography (HPLC) and gel permeation
chromatography (GPC) can be integrated with the flow-based LP-
TEM to achieve full automation and complement imaging with
chemical and physical characterization. Other systems such as
UV/Vis spectroscopy, refractive index (RI), and multi-angle light
scattering (MALS) can also be added for better characterization
and in situ detection of any chemical damage caused by the
electron beam of LP-TEM. Furthermore, the use of a pulsed-
electron source in LP-TEM promises to minimize damage from
long exposure to the electron beam significantly. This would also
allow fast imaging times without limiting the dose available, thus
enhancing LP-TEM as a structural technique that captures
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dynamic processes in real-time. More recently, laser light has
been incorporated into TEM to melt a vitrified cryo-sample locally
and probe structural changes in TEM mode in the molten
region.l”® This possibility to shine laser while TEM imaging can be
potentially used to visualize light or electron induced
supramolecular polymerization processes. Following the imaging
process, LP-TEM generates noisy, distorted, and blurred images
due to the liquid media and its excess thickness. In this regard,
deep learning denoising and deblurring algorithms are needed to
restore and recover the images generated by LP TEM. As the
liquid cell design, acquisition systems, i.e., camera, and
microscope capabilities, are continuously under development,
there is also the need for a parallel development in the in-silico
post-acquisition image analysis front.

7.4 Molecular Dynamics Simulation

The state-of-the-art classical MD simulations with advanced
sampling techniques can capture molecular level events up to

Table 1. Table showing various features and the scope of each technique.
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microseconds in one-component supramolecular systems.
Although generalized force fields with minor parameterization can
work well for few systems, it is imperative to benchmark and test
the validity of the models when applied to a different class of
systems. Given the vast amount of experimental and quantum
chemical studies for many classes of supramolecular systems,
perhaps it is time to develop machine learning based force
fields[® that can capture the dynamics of such systems more
accurately. Moving to multi-component out-of-equilibrium or
chemical reaction network bearing supramolecular systems, the
kinetics of bond making and breaking coupled with the assembly
process dictates the life-times of transient assembly. Molecular
dynamics simulations with reactive force fields””! would be a
promising and hitherto unexplored approach to quantify and
ultimately control the lifetime of transient assembly accurately.

The current challenges presented above will most surely be
addressed with the advent of future technologies. In years to
come in-situ time resolved imaging techniques may indeed pave
the way to the design of next-generation supramolecular

Techniques Spatial Temporal Special Requirements/Limitations Advantages
Resolution Resolution
CLSM ~200nm Milliseconds to e Diffraction limited resolution ¢ Readily available instrument
Seconds
SIM ~120nm Seconds - e Fast
e Standard fluorescent dyes
e Super resolution imaging
STED ~50nm Seconds « Specific dyes needed e Super resolution with video imaging capability
SMLM ~20nm Seconds to e Specific dyes needed e Super resolution with best spatial resolution
Minutes ¢ Redox buffer solutions
LP-TEM ~1nm Femtoseconds e Thin liquid sample layer e No chemical modification needed
to Seconds e o . o . .
e Establishing safe electron dose e Compatibility with elemental analysis via energy dispersive X-
levels for each experiment ray analysis EDX or EELS
e Sample radiation damage e Heating and electrical biasing capabilities
e Beam effects on solvent i.e., e Chemical biasing (using electron beam to initiate chemical
water radiolysis reactions)
o Inlet/outlet flow cells to introduce chemical stimuli in situ
SS-AFM ~1nm Milliseconds e Requires stable absorption of e No chemical modification needed
nanostructure on solid substrate . . .
e Video rate imaging
e Tip-induced mechanical damage e ) . o
e Possibility to introduce external solutions in situ
e Loss of lateral resolution due to . . . ) .
tip contamination . Mult|par?metr|c |m?g|ng capability, e.g., topography,
mechanical property imaging
MD Atomic to  Nanoseconds e May not capture the actual e Molecular level insights under any experimentally relevant
Simulations Molecular level to Milliseconds chemistry of the system conditions
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materials where a deep understanding of the structure and its
evolution over time will drive and tailor the desired function.
Moreover, the use of microfluidic channels and other flow-based
liquid cells, to flow samples for imaging, will facilitate imaging of
dynamic processes upon introducing external chemical stimuli
and potentially optical stimuli. Most importantly, the integration of
multiple techniques into a single platform will bring a paradigm
shift. Thus, integrating super-resolution fluorescence imaging with
a mass spectrometer and LP-TEM or SS-AFM on a single
platform combined with online real-time machine learning
optimization might seem fictional today but would provide us with
the ultimate capability where physical, chemical and microscopic
information can be obtained in real-time, in situ.
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super-resolution microscopy, atomic force and electron microscopy in liquid, and molecular dynamics simulations, have enriched our
understanding of nanomaterials to obtain novel functions.
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