
Advances in Sample Preparation 7 (2023) 100082 

Contents lists available at ScienceDirect 

Advances in Sample Preparation 

journal homepage: www.elsevier.com/locate/sampre 

On-line aptamer affinity solid-phase extraction capillary 

electrophoresis-mass spectrometry for the analysis of protein biomarkers in 

biological fluids and food: A tutorial 

María Vergara-Barberán 

a , ∗ , Laura Pont a , b , Hiba Salim 

a , Estela Giménez a , Fernando Benavente 

a 

a Department of Chemical Engineering and Analytical Chemistry, Institute for Research on Nutrition and Food Safety (INSA·UB), University of Barcelona, Barcelona 

08028, Spain 
b Serra Húnter Programme, Generalitat de Catalunya, Barcelona 08007, Spain 

a r t i c l e i n f o 

Keywords: 

Aptamer 
Capillary electrophoresis 
In-line solid-phase extraction 
Mass spectrometry 
Protein 

a b s t r a c t 

The analysis by capillary electrophoresis (CE) of low abundant proteins in complex samples, such as biological 
fluids and food, is especially challenging, due to the poor concentration sensitivity of microscale separation tech- 
niques and the sample matrix complexity. In order to overcome these major drawbacks, microextraction sample 
preparation techniques based on on-line solid-phase extraction capillary electrophoresis (SPE-CE) are regarded 
as an excellent alternative for sample matrix clean-up and analyte preconcentration with minimum sample han- 
dling. In this study, we present, as a tutorial, a valve-free on-line aptamer affinity solid-phase extraction capillary 
electrophoresis-mass spectrometry (AA-SPE-CE-MS) method for purification, preconcentration, separation, de- 
tection, and characterization of intact protein biomarkers in biological fluids and food using as cases of study 
𝛼‑synuclein ( 𝛼‑syn), concanavalin A (Con A), and 𝛽-lactoglobulin ( 𝛽-LG), which are related to Parkinson’s dis- 
ease and food allergy, respectively. This tutorial is not limited to the description of the analytical method, but 
it also provides ready-to-use preparation procedures for sorbent and microextraction devices, and introduces 
strategies to overcome undesired effects, allowing a straightforward implementation and optimum performance 
of AA-SPE-CE-MS, as a platform to develop further applications. 
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. Introduction 

Capillary electrophoresis (CE) is a very suitable technique for the
fficient separation of ionizable biomolecules such as peptides and pro-
eins [1–7] . However, the reduced sample volume typically injected in
E (1-2% of the total capillary volume) compromises the concentration
ensitivity, as in other microscale separation techniques [8–13] . To solve
his issue, many strategies based on using selective and sensitive detec-
ors (e.g., fluorescence and mass spectrometry (MS) detectors), as well as
ifferent electrophoretic and microextraction techniques for on-line pre-
oncentration [8–15] have been proposed. Among these microextrac-
ion techniques, on-line solid-phase extraction capillary electrophoresis
SPE-CE) has been broadly recognized as a powerful tool to enhance
ample loadability of CE, while cleaning-up and preconcentrating the
arget peptides and proteins to achieve until 10,000 times lower limits
f detection (LODs) [ 9 , 16–27 ]. In the most simple and convenient valve-
ree SPE-CE configuration [9] , a microcartridge integrated in-line near
he inlet of the separation capillary contains a suitable sorbent to selec-
ively retain the target analytes. After loading a large volume of sample
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 ∼50–100 𝜇L), the capillary is rinsed to remove non-retained molecules
nd filled with the separation background electrolyte (BGE). Then, the
etained analytes are eluted in a small volume of an appropriate solution
 ∼25–50 nL), resulting in sample clean-up and concentration enhance-
ent before the electrophoretic separation and detection. 

Traditionally, due to their versatility and commercial availability,
he most widely used sorbents in SPE-CE have been typical chromato-
raphic sorbents, such as C8, C18, HLB, or ion exchange [9] . However,
hey offer limited selectivity, which makes the analysis of proteins in
omplex samples, such as biological fluids and food, a challenging task.
o overcome this major drawback, sorbents with improved selectivity
ave been proposed, such as those based on immobilized metal affinity
hromatography (IMAC) [23] , lectins [28] , antibodies [20–22] , and ap-
amers [ 24–27 , 29–31 ]. In the last years, aptamer-based sorbents have
een demonstrated to be an excellent alternative for the analysis of small
olecules and proteins by SPE-CE with fluorescence and MS detection

AA-SPE-CE-LIF [29] and AA-SPE-CE-MS [ 24–27 , 30 , 31 ], respectively).
ptamers are generally single-stranded RNA or DNA oligonucleotides
ith less than 100 nucleotides, capable of selectively recognizing tar-
3 
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pulled out later. 
et molecules with high affinity [ 32 , 33 ]. They are typically selected
hrough a long and expensive iterative procedure called SELEX (system-
tic evolution of ligands by exponential enrichment), which uses large
ombinatorial libraries of oligonucleotides [ 32 , 33 ]. However, once their
equence has been established, they can be chemically synthesized at a
ow price in an automated, rapid, and reproducible way, avoiding the in-
onveniences that exist, for instance, in antibody production, such as the
eed for animals or cells, and variations between batches [34] . Other in-
eresting advantages of aptamers include robustness, thermal stability,
olerance to wide ranges of pH and salt concentrations. Furthermore,
heir terminal residues can be easily derivatized to reproducibly pre-
are highly efficient extraction sorbents [ 24–27 , 31 ]. 

In this tutorial, we provide a detailed procedure for the prepara-
ion of aptamer affinity sorbents by covalent immobilization of aptamers
nto the surface of commercially available magnetic beads (MBs). We
lso include all the necessary relevant information for the successful con-
truction of fritless microcartridges, the optimization of the most critical
teps to develop an AA-SPE-CE-MS method, as well as a troubleshoot-
ng guide for non-expert users. We selected as illustrative examples the
nalysis in blood of 𝛼‑synuclein ( 𝛼‑syn), which is a protein biomarker
f Parkinson’s disease, and the analysis in food of concanavalin A (Con
) and 𝛽-lactoglobulin ( 𝛽-LG), which are allergenic proteins. We intend

o present a general guide for the straightforward implementation and
ptimum performance of AA-SPE-CE-MS, as a platform to expand its ap-
licability beyond of protein biomarkers, biological fluids, food, and MS
etection. 

. Materials and procedures 

.1. Reagents and solutions 

All solutions are prepared using LC-MS grade water and analytical
rade reagents or better. Except for the sheath liquid, they are filtered
hrough 0.22 𝜇m nylon filters before AA-SPE-CE-MS analysis. The BGE,
he sheath liquid, and the eluent are also degassed in an ultrasonic bath
or 10 min. All solutions are stored at 4 ºC and allowed standing at room
emperature before use. 

Protein stock solutions (1 mg·mL − 1 ) are prepared in water or phos-
hate buffered saline (PBS), aliquoted, and stored in a freezer at -20 °C.
f necessary, low molecular mass (M r ) excipients are removed from the
tock solution by passing through low-protein binding centrifugal fil-
ers of appropriate M r cut-off, depending on the M r of the target protein
a detailed protocol using Amicon® Ultra-0.5 centrifugal filters from
illipore (Bedford, MA, USA) can be found in [35] ). Aliquots of the

tock solution are thawed before use, and working standard solutions
re freshly prepared by diluting with proper volumes of water or PBS. 

The aptamer sequence against the target protein can be selected af-
er a SELEX procedure [ 32 , 33 ] or it can be found in the literature to
e later synthesized in automated platforms by manufacturers of cus-
om oligonucleotides (e.g., Integrated DNA Technologies, Coralville, IA,
SA [ 24–27 , 31 ]). Aptamers are recommended to be ordered purified by
C and modified with a C6 spacer arm terminated by a 5 ′ -amino group.
his modification allows the covalent immobilization of the aptamer
ith an adequate orientation and minimal steric hindrance onto an ap-
ropriately activated solid support. Aptamer solutions are prepared in
BS at a concentration of 100 μM, aliquoted, and stored in a freezer at
20 °C. 

.2. Preparation of the AA sorbent 

The AA sorbent is prepared as described in our previous studies [ 25–
7 , 31 ] using commercially available activated MBs (MAGicBeads ACT
agnetic beads (MBs) of 45–165 𝜇m diameter were provided by MAGic
ioProcessing (Uppsala, Sweden)). Note that these MBs and the provider
ompany underwent different name changes during the last years. These
Bs are functionalized for the covalent immobilization of molecules
2 
ith primary amino groups (e.g., the amino-modified aptamer). The
reparation of the AA sorbent is very simple and easily reproducible
hanks to the use of a magnet during all the washing steps to recover
ompletely the MBs: 

- Pipette 200 𝜇L of MBs into a clean vial. Vortex and remove the su-
pernatant after magnetic separation with a neodymium cube magnet
(e.g., 12 mm, N48) to sediment the particles (20 𝜇L of sedimented
MBs). Wash the MBs (three times) with 200 𝜇L of PBS containing
0.1% (v/v) Tween 20 (PBS-T) and resuspend in 200 𝜇L of PBS-T. 

- Add 10 𝜇L of the activation buffer provided with the MBs kit to the
MBs suspension. Moderately shake the mixture for 15 min at room
temperature using, for example, a TS-100 thermoshaker (Biosan,
Riga, Latvian Republic). Remove the supernatant by magnetic sepa-
ration, wash the MBs (three times) with 200 𝜇L of PBS-T, and resus-
pend in 150 𝜇L of PBS-T. 

- Add 50 𝜇L of the amino-modified aptamer solution (100 μM) and
moderately shake the mixture for 40 min at room temperature. Re-
move the supernatant by magnetic separation, wash the AA-MBs
(three times) with 200 𝜇L of PBS, and remove the supernatant by
magnetic separation. 

- Add 200 𝜇L of blocking buffer (5% bovine serum albumin (BSA) in
PBS-T) and moderately shake for 2 h at 37 ºC. Remove the super-
natant by magnetic separation, wash the AA-MBs (three times) with
200 𝜇L of PBS, and resuspend in 200 𝜇L of PBS for short-term use.
For long storage periods, it is recommended to store the AA-MBs in
PBS with 20% (v/v) ethanol at 4 °C to prevent microbial action. 

- Do not allow to dry the activated MBs or the AA-MBs. This prepa-
ration procedure results in enough AA-MBs to prepare more than
50 AA microcartridges. Anyway, if the procedure is systematically
followed the reproducibility of the preparation is excellent. 

.3. Construction of the AA microcartridge 

The construction of fritless particle-packed AA microcartridges is car-
ied out as described in previous studies [ 9 , 24 , 26 , 27 , 31 ], taking advan-
age of the larger size of the sorbent particles compared to the inner
iameter (id) of the separation capillary. Fritless microcartridges avoid
he potential issues with frits, such as complex preparation or handling,
ncreased flow restriction, counter-pressures, and bubble formation. The
apillaries can be purchased, for example, from Polymicro Technologies
Phoenix, AZ, USA). 

Before constructing the AA microcartridge, it is recommended to pre-
are: 

- Separation capillary: Cut a 72 cm total length (L T ) x 75 𝜇m id x
360 𝜇m outer diameter (od) capillary. Activate the separation cap-
illary by flushing with NaOH 1 M (15 min) and water (15 min).
Perform the activation outside the CE-MS interface in order to avoid
contamination of the mass spectrometer. Cut the separation capil-
lary into two pieces of 7.5 and 64.5 cm (inlet and outlet separation
capillary, respectively). Flush them manually with water. 

- Microcartridge body: Cut a 0.7 cm L T x 250 𝜇m id x 360 𝜇m od
capillary. Flush it manually with water. A shorter or longer L T can be
used to prevent excessive counter-pressure or to increase the amount
of packed sorbent, respectively. 

- Adapted needle: Use a 40 mm L T × 0.8 mm od hypodermic metal
needle to prepare a needle adapted to fit 360 𝜇m od capillaries.
Sand the beveled tip of the needle with small grit sandpaper and
wash the resulting flat-tip needle with water. Connect a 0.5 cm L T 
of a Tygon® plastic tube (250 𝜇m id, orange-blue retaining stops) to
the needle tip. Use the adapted needle in combination with a 5 mL
disposable polypropylene syringe to flush manually 360 𝜇m od cap-
illaries. While connecting a capillary, be careful not to push it too
much inside the plastic connector to avoid contact between the flat-
tip metal needle and the capillary. All capillaries need to be easily
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Fig. 1. Construction procedure of a fritless AA- 
SPE-CE microcartridge using AA-MBs. 
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The construction of the AA microcartridge is depicted in Fig. 1 . All
he steps must be controlled under a stereomicroscope at 100x magnifi-
ation to ensure the best reproducibility. 

- Cut a 0.5 cm L T piece of the Tygon® plastic tube. Push carefully
the microcartridge body until it is 0.25 cm inside the plastic tube.
Connect to the microcartridge body a disposable 3 cm L T x 75 𝜇m id x
360 𝜇m od capillary using the plastic tube ( Fig. 1A ). Push carefully
the disposable capillary inside the plastic connector until no dead
volume between both capillaries is observed. Flush manually with
water from the free end of the disposable capillary. 

- Prepare a device to connect the adapted needle to the vacuum sys-
tem. Cut 1 cm from the bottom of the body of a 5 mL dispos-
able polypropylene syringe and fit it in an appropriate plastic vac-
 

3 
uum hose. Attach the adapted needle connected to the disposable
capillary-microcartridge body piece to the syringe tip. Pack the mi-
crocartridge by vacuum with the AA-MBs sorbent until it is com-
pletely filled ( Fig. 1B ). Disconnect the adapted needle from the vac-
uum and use a soft paper towel to eliminate the sorbent from the
outside of the microcartridge. 

- Connect the outlet end of the microcartridge body to the 64.5 cm
piece of the outlet separation capillary, using a 0.5 cm L T piece of
the Tygon® plastic tube. Pull the disposable capillary carefully out
of the connection with the microcartridge body inlet. Then, connect
the 7.5 cm piece of inlet separation capillary ( Fig. 1C ). 

- Check that the microcartridge is completely filled with the AA-MBs
sorbent under the microscope and that there is no dead volume be-
tween both capillary connections. Flush manually the AA-SPE-CE
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capillary from the inlet with water to check the system for abnor-
mal flow restriction and to ensure an appropriate packing. Discard
the AA-SPE-CE capillary if water is not flowing or if you observe
sorbent leakage. 

- Install the AA-SPE-CE capillary in the cartridge cassette as shown
schematically for the typical cartridge cassette model fitting in a CE
instruments of Agilent Technologies (Waldbronn, Germany) CE in-
struments ( Fig. 1D ). In this case, the best position to fit the micro-
cartridge near the inlet of the separation capillary is at 7.5 cm from
the inlet. At this position the microcartridge is completely inside the
cartridge cassette, which is thermostated by air. 

- According to our experience, the removal of 2 cm of the noncon-
ductive polyimide coating (burning with a lighter) from the outlet
end of the AA-SPE-CE capillary allows an appropriate capillary tip
for a stable spray and a proper mixture between the BGE and the
sheath liquid. Install very carefully the capillary outlet in the CE-MS
sheathflow interface (Agilent Technologies). Consider that a proper
capillary protrusion from the metal electrode tip (i.e., 0.1 cm) min-
imizes the mixing void volume between the BGE and the sheath liq-
uid, allowing the best sensitivity and repeatability in CE-MS. Note
that the AA-SPE-CE capillary can be alternatively installed first in
the CE-MS sheathflow interface and the tip prepared before the final
adjustment to prevent erosion or breakage during the installation. 

.4. AA-SPE-CE-MS method 

The AA-SPE-CE-MS method detailed below is described to be per-
ormed on a 7100CE coupled with an orthogonal G1603A sheathflow
nterface to a 6220 oa-TOF LC/MS spectrometer (Agilent Technologies).
hemStation and MassHunter softwares (Agilent Technologies) are used

or the CE and TOF mass spectrometer control, data acquisition, and pro-
essing. The sheath liquid is delivered at a flow rate of 3.3 𝜇L·min − 1 by
 KD Scientific 100 series infusion pump (Holliston, MA, USA). The TOF
ass spectrometer is operated in positive electrospray ionization (ESI)
ode, and the optimized parameters are: capillary voltage 4000 V, dry-

ng gas temperature 300 ºC, drying gas flow rate 4 L·min − 1 , nebulizer
as 7 psig, fragmentor voltage 325 V, skimmer voltage 80 V, OCT 1 RF
pp voltage 300 V. Data are collected in profile at 1 spectrum/s be-

ween 100 and 3200 m/z , with the mass range set to high resolution
ode (4 GHz) [35] . 

The AA-SPE-CE-MS method is described below: 

- Flush the AA-SPE-CE-MS capillary with BGE at 930 mbar for 2 min
for an appropriate AA sorbent and separation capillary conditioning.

- For sample loading, flush diluted standard solutions (generally dis-
solved in water or PBS, depending on the application) or real sam-
ples at 930 mbar for a time comprised between 2.5 and 20 min (30–
120 𝜇L, respectively, estimated using the Hagen-Poiseuille equation
[36] ). Note that the sample loading time should be optimized (see
Section 3.1 ). To avoid protein degradation, the autosampler should
be kept at low temperatures (e.g., 12 °C) using an external water
bath (e.g., Minichiller 300, Peter Huber Kältemaschinenbau AG, Of-
fenburg, Germany). 

- Remove non-retained molecules and equilibrate the capillary before
the electrophoretic separation flushing with BGE at 930 mbar for
2 min. 

- It is worth mentioning that the conditioning, sample loading, and
washing steps must be performed with the nebulizer gas and the ESI
capillary voltage switched off to prevent the entrance of contami-
nants into the mass spectrometer. 

- Inject the eluent at 50 mbar for a time comprised between 10 and
40 s (50–200 nL, respectively [36] ). Note that the eluent injection
time should also be optimized (see Section 3.1 ). 

- For a rapid and repeatable protein elution before the electrophoretic
separation, push the small plug of eluent with BGE at 50 mbar for
4 
100 s (this guarantees the passage of the eluent through the micro-
cartridge containing the AA sorbent). 

- Switch on the nebulizer gas and the ESI capillary voltage and apply
an appropriate separation voltage to detect the target protein in a
reasonable time and with a good peak shape (e.g., 15 kV ( ∼25 μA)
for a 2 M acetic acid BGE [ 26 , 27 ]). Note that electrophoretic cur-
rents lower than 50 𝜇A are recommended to prevent electrical arcs
between the electrode tip of the CE-MS interface and the mass spec-
trometer entrance. In any case, the Ohm’s law must be fulfilled [36] .

- During the electrophoretic separation, a small pressure (usually
25 mbar) can be applied to compensate for the microcartridge
counter-pressure. 

- Between consecutive runs, to avoid carryover, flush the AA-SPE-CE
capillary with water for 1 min, inject the eluent at 50 mbar for 40 s,
and flush again with water for 1 min. Blank analyses must be done
between consecutive analyses to confirm the absence of carryover. If
necessary, the elution and postconditioning steps can be reoptimized
for the specific application. 

. Development of AA-SPE-CE-MS applications 

.1. Optimization of the AA-SPE-CE-MS method 

Some conditions of the AA-SPE-CE-MS method must be optimized to
aximize the extraction selectivity and efficiency, while allowing the

est electrophoretic separation and MS limits of detection. The opti-
ization experiments must be performed in triplicate with protein stan-
ard solutions at a concentration at least ten times higher than the LOD.
hese solutions are generally prepared in water and PBS, but BGE can
e also investigated to improve protein stability or retention in certain
pplications. 

BGE and sheath liquid composition: Volatile acidic BGEs and sheath
iquids are preferred for the analysis of intact proteins by CE-MS and
A-SPE-CE-MS in positive ESI mode, as they maximize protein ioniza-

ion and enhance the sensitivity of the analyses. In case of analyzing
roteins with acidic isoelectric points (pIs) (such as 𝛼‑syn, pI = 4.74; Con
, pI = 5.4, and 𝛽-LG, pI = 4.9), BGEs composed of acetic acid (between
.1 and 2 M, pH 2.2–2.9) or 50 mM acetic acid:50 mM formic acid (pH
.3) can be used together with sheath liquids consisting of 60:40 (v/v)
ropan-2-ol:water mixtures with 0.05 or 0.25% (v/v) of formic acid [ 24–
7 , 31 ]. Specifically, optimum sensitivity was observed with a 2 M acetic
cid BGE in combination with a sheath liquid of 0.25% (v/v) of formic
cid for Con A and 𝛽-LG [ 26 , 27 ] and with a 0.1 M acetic acid BGE with
 sheath liquid of 0.05% (v/v) of formic acid for 𝛼‑syn [ 24 , 25 , 31 ]. 

Eluent composition and time: Using acidic BGEs, the basic volatile
luent composed of 100 mM NH 4 OH (pH 11.2) is typically used for pro-
ein elution [ 24–27 , 31 ]. The addition to this eluent of organic solvents
e. g., methanol or acetonitrile) can also be explored to improve the
isruption of the aptamer-protein interaction [ 24 , 34 , 37 ]. However, ac-
ording to our experience with the analysis of 𝛼‑syn, Con A, and 𝛽-LG,
lectropherograms and mass spectra are extremely poor with these hy-
roorganic mixtures, probably due to sorbent deterioration during the
lution [24] . A higher concentration than 100 mM of NH 4 OH in the
queous eluent can also be tested (0.5 or 1 M) [24] , despite a 100 mM
oncentration is recommended to prevent aptamer denaturation and to
xpand the sorbent lifetime. 

Elution time must be optimized by injecting the eluent (typically at
0 mbar), for example, for 10, 20, and 40 s (50, 100, and 200 nL [36] ).
elect the optimum elution time as the best compromise between peak
rea, peak shape, and repeatability. In case of 𝛼-syn, Con A, and 𝛽-LG,
onger elution times than 20 s at 50 mbar lead to broader peaks and
maller preconcentration factors [ 24 , 26 , 27 ]. 

Sample loading time: Loading time must be optimized by introducing
he standard protein solution (usually flushing at 930 mbar) at different
ample loading times (usually between 2.5 and 20 min, i.e., 30–120 𝜇L
36] ). If the protein concentration is not enough to saturate the AA sor-
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Fig. 2. Effect of the loading time at 930 mbar 
on the peak area of the eluted 𝛼-syn [24] (A), 
Con A proteoforms [26] (B), and 𝛽-LG pro- 
teoforms [27] (C) using the optimized elu- 
tion and separation conditions and introduc- 
ing 1 μg·mL − 1 of 𝛼-syn, 1 μg·mL − 1 Con A and 
5 μg·mL − 1 𝛽-LG standard solutions. Reproduced 
with permission. 

Table 1 

Quality parameters for the analysis of 𝛼-syn, and Con A 

a and 𝛽-LG by AA-SPE-CE-MS. 

Protein Migration time RSD 
(%) b 

Peak area RSD 
(%) b 

CE-MS LOD 
(μg·mL − 1 ) 

AA-SPE-CE-MS LOD 
(μg·mL − 1 ) 

Linearity range 
(μg·mL − 1 ) 

Microcartridge lifetime 
(analyses) b 

Refs. 

𝛼-syn 2.1 5.4 20 0.20 0.5–10 20 [24] 
Con A 1.9 8.1 25 0.25 0.5–20 25 [26] 
𝛽-LG 0.5 2.4 10 0.05 0.1–20 25 [27] 

a Con A concentration is given as the sum of the three Con A proteoforms. 
b Established by analyzing 1, 5, and 5 μg·mL − 1 of 𝛼-syn, Con A, and 𝛽-LG standard solutions, respectively. 
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ent, this investigation allows estimating the loaded sample volume for
hich the protein washed away promotes a decrease in the final retained
rotein (i.e., the sample breakthrough volume) [35] . Fig. 2 presents rep-
esentative graphs of the peak area of the eluted protein versus loading
imes at 930 mbar for 𝛼-syn, Con A, and 𝛽-LG [ 24 , 26 , 27 ]. As it is shown,
aximum peak areas for 𝛼-syn and the three Con A proteoforms, are

btained when the loading time is 5 min, whereas for 𝛽-LG 10 min are
ecessary. In all cases, longer loading times exceed the sample break-
hrough volume, resulting in lower protein recoveries. 

.2. Method validation 

The optimized AA-SPE-CE-MS method is typically validated with
rotein standard solutions in terms of repeatability, LOD, linearity, and
icrocartridge lifetime. Repeatability ( n ≥ 3) is evaluated at the protein

oncentration of the optimization as the percent relative standard devia-
ion (%RSD) of migration times (t m 

) and peak areas, which are obtained
rom the extracted ion electropherograms (EIEs) of the most abundant
olecular ions detected for the target protein. Linearity range (R 

2 >

.99) is established from the limit of quantification (LOQ) to the limit
f linearity (LOL), by analyzing standard solutions at different concen-
rations. This sequence of experiments also allows estimating the LOD,
s the lowest concentration giving a S/N higher than 3. The microcar-
ridge lifetime is evaluated by repeatedly analyzing a protein standard
olution (usually at a concentration in the middle of the linearity range).
t is worth mentioning that the microcartridge should be discarded when
he protein peak areas in the EIE decrease more than 25% compared
o the mean value of the first three analyses. At this point, we recom-
5 
end to completely replace the AA-SPE-CE capillary but reuse of the in-
et and outlet separation capillary pieces can be alternatively explored.
ote that the microcartridge lifetime is typically reduced by approx-

mately half when analyzing complex matrices (e.g., biological fluids
nd food) due the presence of interfering compounds, e.g., salts and
ighly abundant proteins, which can saturate the small amount of AA
orbent contained in the microcartridge, among other undesired effects
see Section 3.3 ). Fig. 3 shows a comparison between the EIEs obtained
or 100 and 1 μg·mL − 1 of 𝛼-syn, 100 and 5 μg·mL − 1 of Con A, and 50 and
 μg·mL − 1 of 𝛽-LG standards under the optimized conditions by CE-MS
nd AA-SPE-CE-MS, respectively [ 24 , 26 , 27 ]. As observed, in all cases
he AA-SPE-CE-MS method allows a significant preconcentration of the
arget proteins. In some applications, the small pressure applied during
he separation in AA-SPE-CE-MS can result in a time shift of the protein
eaks as observed in Fig. 3A for 𝛼-syn. In addition, Con A and 𝛽-LG are
etected as a mixture of proteoforms with different M r . Table 1 shows
he quality parameters for the analysis of 𝛼-syn, Con A, and 𝛽-LG by AA-
PE-CE-MS [ 24 , 26 , 27 ]. As can be observed, repeatability in t m 

and peak
rea is good with %RSD values in all cases lower than 2.1 and 8.1%, re-
pectively. LODs are between 100 and 200 times lower than by CE-MS,
ntil detecting 0.20, 0.25, and 0.05 μg·mL − 1 of 𝛼-syn, Con A, and 𝛽-LG,
espectively. Linearity ranges are over two orders of magnitude (0.5–
0, 0.5–20, and 0.1–20 μg·mL − 1 ), and microcartridge lifetime is around
0 analyses in the worst case. Overall, the method performance is the
est for 𝛽-LG, probably because of the aptamer characteristics and the
rotein suitability for CE-MS analysis (e.g., lower protein capillary ad-
orption, better peak shape, and higher ionization efficiency compared
o 𝛼-syn and Con A). 
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Fig. 3. Extracted ion electropherograms (EIEs) 
for 100 and 1 μg·mL − 1 𝛼-syn standard [24] (A), 
100 and 5 μg·mL − 1 Con A standard [26] (B), 
and 50 and 1 μg·mL − 1 𝛽-LG standard [27] (C) 
by CE-MS and AA-SPE-CE-MS, respectively, un- 
der the optimized conditions. Reproduced with 
permission. 
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.3. Analysis of protein biomarkers in biological fluids and food 

The AA-SPE-CE-MS methods described above have been successfully
pplied to the analysis of 𝛼-syn, Con A, and 𝛽-LG in biological fluids and
ood [ 24 , 26 , 27 ]. 

When analyzing intact proteins in such complex matrices, targeted
xtraction efficiency of AA sorbents, as with other highly selective SPE
orbents, can be compromised due to non-selective retention of inter-
erents and matrix effects. To overcome this limitation and ensure an
ppropriate AA extraction, sample clean-up prior analysis by AA-SPE-
E-MS is essential. A wide range of procedures have been described

or this purpose, including filtration with M r cut-off low-protein bind-
ng centrifugal filters, evaporation, protein precipitation for the re-
oval of highly abundant proteins (e.g., albumin in serum), liquid-

iquid extraction, and solid-liquid extraction, among others [9] . How-
ver, the simplest pretreatments are recommended to avoid excessive
6 
ample handling, which should be carefully optimized for each specific
pplication. For instance, 𝛼-syn can be purified from red blood cells
RBCs) lysates by thermo-enrichment before the analysis by AA-SPE-
E-MS [24] . This pretreatment allows depletion of non-thermostable
bundant proteins (e.g., hemoglobin and carbonic anhydrase), thus
emoving interfering proteins that saturate the microcartridge, dam-
ge the capillary inner surface, or hinder the ionization of the mi-
or abundant target protein (i.e., 𝛼-syn). The analysis by AA-SPE-CE-
S of thermo-enriched RBCs lysates reveals that N-acetylated 𝛼-syn

s the main proteoform of 𝛼-syn in blood (blue line, Fig. 4A ), as well
s that no other minor 𝛼-syn proteoforms related with Parkinson’s
isease can be detected in patient samples. As can be observed, N-
cetylated 𝛼-syn can be differenciated from the recombinant 𝛼-syn stan-
ard (red line, Fig. 4A ), due to the excellent mass accuracy and res-
lution of the mass spectrometer. In addition, it is also worth high-
ighting that N-acetylated 𝛼-syn is separated from ubiquitin, which is



M. Vergara-Barberán, L. Pont, H. Salim et al. Advances in Sample Preparation 7 (2023) 100082 

Fig. 4. Extracted ion electropherograms (EIEs) 
for the AA-SPE-CE-MS analysis of a thermoen- 
riched red blood cells (RBCs) lysate sample 
spiked with 0.3 𝜇g·mL − 1 of free 𝛼-syn stan- 
dard [24] (A); a blank extract and a spiked ex- 
tract with 5 mg·mL − 1 of Con A for white bean 
and lentil flour (left and right, respectively) 
[26] (B); a blank extract and a spiked extract 
with 0.1 mg 𝛽-LG per g of sample (100% co- 
coa dark chocolate) (left) and white bread sam- 
ples with declared and undeclared milk (right) 
[27] (C). Reproduced with permission. 
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nother protein coextracted from the thermo-enriched sample by non-
pecific adsorption on the AA sorbent. However, in some cases, the
emaining sample matrix components in the pretreated samples pre-
lude an appropriate analysis by AA-SPE-CE-MS. This is the case of
he analysis of Con A in different food matrices (i.e., white beans, as
ell as chickpea, lentils, and wheat flours), where the thermo-enriched

amples need to be filtered through 3000 M r cut-off centrifugal fil-
ers [26] . The analysis by AA-SPE-CE-MS of thermo-enriched and fil-
ered samples allows the accurate determination of three Con A pro-
eoforms at the low concentration levels typically established as ref-
rence doses for allergenic proteins in food ( Fig. 4B ). For 𝛽-LG anal-
sis in food samples (a 100% cocoa dark chocolate, a hydrolyzed hy-
oallergenic infant formula, and different types of white bread with
7 
eclared and undeclared milk), a pretreatment consisting of a casein
recipitation is required to obtain 𝛽-LG as part of the whey fraction
27] . The analysis by AA-SPE-CE-MS of the resulting extract, filtered
hrough 10,000 M r cut-off centrifugal filters, allows the detection of
-LG proteoforms at the threshold concentration that can cause food al-
ergy symptoms, including in white bread samples with undeclared milk
 Fig. 4C ). 

.4. Troubleshooting 

Table 2 includes several troubles that can occur when implement-
ng AA-SPE-CE-MS in protein analysis, as well as possible sources and
olutions. 
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Table 2 

AA-SPE-CE-MS troubleshooting. 

Problem Possible sources Possible solutions 

MS SIGNAL/ CE PEAKS 

No or unstable MS signal -Capillary outlet tip -Check that the capillary protrudes 0.1 cm from the metal electrode tip of the CE-MS sheathflow interface 
-Check removal of 2 cm of the nonconductive polyimide external capillary coating 
-Clean carefully with ethanol after burning the coating with a lighter 

-Sheath liquid flow issues -Check that the sheath liquid tube and the connectors are not blocked 
-Check that the infusion pump works properly 
-Check for sheath liquid leaks due to improper connections 

-Insufficient degasification of the 
sheath liquid or the BGE 

-Degas the sheath liquid and the BGE at least 10 min in an ultrasonic bath before use 

-Nebulizer gas issues -Check the N 2 gas pressure in the external manometer and in the mass spectrometer software 
-Inappropriate ion source and MS 
analysis conditions 

-Check MS conditions in the mass spectrometer software: ESI interface and ionization mode, ion source 
parameters, and the rest of MS method parameters 

MS sensitivity loss -MS ion source contamination -Clean the ion source as recommended by the mass spectrometer manufacturer 
-MS ion transfer contamination -Clean or change the ion transfer as recommended by the mass spectrometer manufacturer 
-AA-microcartridge or separation 
capillary deterioration 

-Replace the AA-SPE-CE-MS capillary 
-Avoid loading highly concentrated protein standard solutions 
-Improve the sample pretreatment to avoid too short microcartridge lifetimes, damage of the separation 
capillary, or ion suppression 

-BGE or sheath liquid 
deterioration or contamination 

-Prepare new solutions 
-Refresh the separation BGE vial (i.e., where voltage is applied) after each analysis 

-Sample instability or 
degradation 

-Check the stability of the protein standard solution in the selected solvent 
-Check the sample preparation (regarding protein stability, solubility, etc.) 
-Check that the CE autosampler is properly thermostated 

Sudden drops or spikes in the 
MS baseline 

-Ion suppression, high salt levels, 
bubbles, etc. 

-Degas the eluent at least 10 min in an ultrasonic bath before use 
-Check the sample pretreatment and, if necessary, include a desalting step to remove salts and interfering 
compounds 

Carry-over -Sorbent saturation -Load a smaller volume of sample 
-Dilute the sample 

-Inadequate washing conditions -Optimize the washing solution composition 
-Optimize the washing time 

-Inadequate elution conditions -Optimize the eluent composition 
-Optimize the eluent time 

-Inadequate postconditioning -Optimize the postconditioning step 
Poor repeatability in 
migration times or peak 
areas, tailed and wide peaks, 
resolution loss. etc. 

-Excessive heating during the 
separation due to Joule effect 

-Check that the Ohm’s law is fulfilled 
-Check that the cooling system of the CE instrument is working properly 
-Optimize the BGE and eluent compositions 

-BGE deterioration or 
contamination 

-Prepare new solution 
-Refresh the separation BGE vial (i.e., where voltage is applied) after each analysis 

-Protein adsorption in the inner 
capillary walls 

-Improve the capillary conditioning between analyses 
-Improve the sample pretreatment 
-Use a permanently coated capillary (lab-made or commercial, e.g., hydroxypropylcellulose HPC, 
polyvinyl alcohol PVA, etc.) 

-Sorbent saturation -Load a smaller volume of sample 
-Dilute the sample 

-Uncomplete packing of the AA 
microcartridge 

-Check that the microcartridge is full of AA sorbent before the first use 

-Inadequate elution conditions -Optimize the eluent composition 
-Optimize the eluent time 

-AA-microcartridge or separation 
capillary deterioration 

-Replace the AA-SPE-CE-MS capillary 
-Avoid loading highly concentrated protein standard solutions 
-Improve the sample pretreatment to avoid too short microcartridge lifetimes, damage of the separation 
capillary, or ion suppression 

-Carry-over from previous runs -Avoid carry-over 
-Sample instability and/or 
degradation 

-Check the stability of the protein standard solution in the selected solvent 
-Check the sample preparation (regarding protein stability, solubility, etc.) 
-Check that the CE autosampler is properly thermostated 

Additional peaks -Carry-over from previous runs -Avoid carry-over 
-Presence of 
contaminants/interferents in 
BGE, sheath liquid, and/or 
sample solutions 

-Use high-quality reagents and solvents 
-Store appropriately standards, samples, and solutions 
-Check the sample preparation 
-Prepare new solutions 

CE CURRENT 

No or unstable CE current -AA-SPE-CE capillary assembly 
problems 

-Check that there is no dead volume 
between the AA-SPE-CE capillary connections 

-Air bubbles in the system -Flush the capillary with the BGE 
-Degas the sheath liquid, the BGE, and the eluent at least 10 min in an ultrasonic bath before use 

-Capillary outlet tip -Check that the capillary protrudes 0.1 cm from the metal electrode tip of the CE-MS sheathflow interface 
-Check removal of 2 cm of the nonconductive polyimide external capillary coating 
-Clean carefully with ethanol after burning the coating with a lighter 

( continued on next page ) 

8 
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Table 2 ( continued ) 

Problem Possible sources Possible solutions 

-AA-microcartridge or separation 
capillary deterioration 

-Replace the AA-SPE-CE-MS capillary 
-Avoid loading highly concentrated protein standard solutions 
-Improve the sample pretreatment to avoid too short microcartridge lifetimes, damage of the separation 
capillary, or ion suppression 

-Excessive backpressure or 
clogging due to the AA 
microcartridge 

-Replace the AA microcartridge 
-Pack a shorter microcartridge (e.g., 0.5 cm) 

-Excessive heating during the 
separation due to Joule effect 

-Check that the Ohm’s law is fulfilled 
-Check that the cooling system of the CE instrument is working properly 
-Optimize the BGE and eluent compositions 

-BGE deterioration or 
contamination 

-Prepare new solution 
-Refresh the separation BGE vial (i.e., where voltage is applied) after each analysis 

-High protein concentration 
and/or salt levels after elution 

-Dilute the sample 
-Improve the sample pretreatment 
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. Conclusions 

This tutorial describes a valve-free AA-SPE-CE-MS method for purifi-
ation, preconcentration, separation, detection, and characterization of
ntact protein biomarkers using as illustrative examples the analysis in
lood of the Parkinson’s biomarker 𝛼‑syn and in food of the allergenic
roteins Con A and 𝛽-LG. The preparation of aptamer affinity sorbents
sing amino-modified aptamers, the construction of fritless microcar-
ridges, the most critical steps to optimize an AA-SPE-CE-MS method,
nd a troubleshooting guide for non-expert users are included. Under
ptimized conditions, the performance of the AA-SPE-CE-MS method
or the described applications in terms of repeatability, linearity, LODs,
nd microcartridge reusability is very satisfactory. For the analysis of
he target proteins in biological fluids and food matrices, very simple
ample pretreatments based on thermoenrichment and M r cut-off cen-
rifugal filtration are proposed, which in the future may be minimized,
hile globally improving the method performance, by developing novel
A sorbents with enhanced affinity, selectivity, and active surface area.

t is presented a clear and simple guide for the successful application
f AA-SPE-CE-MS beyond the specific cases of study, as a platform to
xplore other analytes, complex samples, and analytical strategies. The
atter is what we have already done developing on-line aptamer affinity
olid-phase extraction and immobilized enzyme microreactor capillary
lectrophoresis-mass spectrometry (AA-SPE-IMER-CE-MS) for the anal-
sis of protein biomarkers at the peptide map level [25] or on-line ap-
amer affinity solid-phase extraction direct mass spectrometry (AA-SPE-
S) for the analysis of intact protein biomarkers with the typical SPE
icrocartridges and instrumental set-ups necessary for AA-SPE-CE-MS

31] . In any of these cases, the possibility of accurately identifying and
uantifying low levels of the target proteins in complex samples, repre-
ents a unique advantage over non-MS based biosensors and bioassays
sing any kind of high selectivity affinity probe, including aptamers. 

eclaration of Competing Interest 

The authors declare that they have no known competing financial
nterests or personal relationships that could have appeared to influence
he work reported in this paper. 

ata availability 

Data will be made available on request. 

cknowledgments 

This study was supported by grant PID2021-127137OB-I00 funded
y MCIN/AEI/10.13039/501100011033 and by “ERDF A way of mak-
ng Europe ”. H. Salim thanks the Generalitat de Catalunya for a FI (Ajuts
er a la contractació de personal investigador novell) fellowship. The
ioanalysis group of the University of Barcelona is part of the INSA-UB
9 
aria de Maeztu Unit of Excellence (Grant CEX2021-001234-M) funded
y MCIN/AEI /10.13039/501100011033. 

eferences 

[1] I. Mik š ík, Coupling of CE-MS for protein and peptide analysis, J. Sep. Sci. 42 (2019)
385–397, doi: 10.1002/jssc.201800817 . 

[2] V. Kasicka, Recent developments in capillary and microchip electrosepa-
rations of peptides (2019-mid 2021), Electrophoresis 43 (2022) 82–108,
doi: 10.1002/elps.202100243 . 

[3] S. Š t ěpánová, V. Ka š i čka, Recent developments and applications of capillary and
microchip electrophoresis in proteomics and peptidomics (mid-2018–2022), J. Sep.
Sci. (2023) 2300043, doi: 10.1002/jssc.202300043 . 

[4] R. Kumar, A. Guttman, A.S. Rathore, Applications of capillary electrophoresis for
biopharmaceutical product characterization, Electrophoresis 43 (2022) 143–166,
doi: 10.1002/elps.202100182 . 

[5] V. Ka š i čka, Peptide mapping of proteins by capillary electromigration methods, J.
Sep. Sci. 45 (2022) 4245–4279, doi: 10.1002/jssc.202200664 . 

[6] D. Chen, E.N. McCool, Z. Yang, X. Shen, R.A. Lubeckyj, T. Xu, L. Sun, Recent ad-
vances (2019–2021) of capillary electrophoresis-mass spectrometry for multilevel
proteomics, Mass Spectrom. Rev. 42 (2023) 617–642, doi: 10.1002/mas.21714 . 

[7] H. Stutz, Advances and applications of capillary electromigration methods in the
analysis of therapeutic and diagnostic recombinant proteins - a review, J. Pharm.
Biomed. Anal. 222 (2023) 115089, doi: 10.1016/j.jpba.2022.115089 . 

[8] M.C. Breadmore, W. Grochocki, U. Kalsoom, M.N. Alves, S.C. Phung, M.T. Rokh,
J.P. Quirino, Recent advances in enhancing the sensitivity of electrophoresis and
electrochromatography in capillaries and microchips (2016–2018), Electrophoresis
40 (2019) 17–39, doi: 10.1002/elps.201800384 . 

[9] L. Pont, R. Pero-Gascon, E. Gimenez, V. Sanz-Nebot, F. Benavente, A critical
retrospective and prospective review of designs and materials in in-line solid-
phase extraction capillary electrophoresis, Anal. Chim. Acta 1079 (2019) 1–19,
doi: 10.1016/j.aca.2019.05.022 . 

10] N.A. Guzman, D.E. Guzman, Immunoaffinity capillary electrophoresis in the era
of proteoforms, liquid biopsy and preventive medicine: a potential impact in the
diagnosis and monitoring of disease progression, Biomolecules 11 (2021) 1443,
doi: 10.3390/biom11101443 . 

11] P. T ů ma, Progress in on-line, at-line, and in-line coupling of sample treatment with
capillary and microchip electrophoresis over the past 10 years: a review, Anal. Chim.
Acta (2023) 341249, doi: 10.1016/j.aca.2023.341249 . 

12] S. Jeong, L. Hajba, A. Guttman, J. Seol, D.S. Chung, In-line microextraction
techniques to improve the sensitivity and selectivity of capillary electrophore-
sis using commercial instruments, TrAC Trends Anal. Chem. (2023) 117058,
doi: 10.1016/j.trac.2023.117058 . 

13] P. Kubáň , P. Kubáň , Novel developments in capillary electrophoresis miniaturiza-
tion, sampling, detection and portability: an overview of the last decade, TrAC
Trends Anal. Chem. (2023) 116941, doi: 10.1016/j.trac.2023.116941 . 

14] A. Slampova, Z. Mala, P. Gebauer, Recent progress of sample stacking
in capillary electrophoresis (2016-2018), Electrophoresis 40 (2019) 40–54,
doi: 10.1002/elps.201800261 . 

15] Z. Mala, P. Gebauer, Recent progress in analytical capillary isota-
chophoresis (2018 - March 2022), J. Chromatogr. A 1677 (2022) 463337,
doi: 10.1016/j.chroma.2022.463337 . 

16] E. Hernández, F. Benavente, V. Sanz-Nebot, J. Barbosa, Evaluation of on-line solid
phase extraction-capillary electrophoresis-electrospray-mass spectrometry for the
analysis of neuropeptides in human plasma, Electrophoresis 29 (2008) 3366–3376,
doi: 10.1002/elps.200700872 . 

17] S. Medina-Casanellas, F. Benavente, J. Barbosa, V. Sanz-Nebot, Transient isota-
chophoresis in on-line solid phase extraction capillary electrophoresis time-of-flight-
mass spectrometry for peptide analysis in human plasma, Electrophoresis 32 (2011)
1750–1759, doi: 10.1002/elps.201100017 . 

18] E. Ortiz-Villanueva, F. Benavente, E. Giménez, F. Yilmaz, V. Sanz-Nebot, Preparation
and evaluation of open tubular C18-silica monolithic microcartridges for preconcen-
tration of peptides by on-line solid phase extraction capillary electrophoresis, Anal.
Chim. Acta 846 (2014) 51–59, doi: 10.1016/j.aca.2014.06.046 . 

https://doi.org/10.1002/jssc.201800817
https://doi.org/10.1002/elps.202100243
https://doi.org/10.1002/jssc.202300043
https://doi.org/10.1002/elps.202100182
https://doi.org/10.1002/jssc.202200664
https://doi.org/10.1002/mas.21714
https://doi.org/10.1016/j.jpba.2022.115089
https://doi.org/10.1002/elps.201800384
https://doi.org/10.1016/j.aca.2019.05.022
https://doi.org/10.3390/biom11101443
https://doi.org/10.1016/j.aca.2023.341249
https://doi.org/10.1016/j.trac.2023.117058
https://doi.org/10.1016/j.trac.2023.116941
https://doi.org/10.1002/elps.201800261
https://doi.org/10.1016/j.chroma.2022.463337
https://doi.org/10.1002/elps.200700872
https://doi.org/10.1002/elps.201100017
https://doi.org/10.1016/j.aca.2014.06.046


M. Vergara-Barberán, L. Pont, H. Salim et al. Advances in Sample Preparation 7 (2023) 100082 

[  

 

 

[  

 

 

 

[  

 

 

[  

 

 

[  

 

 

[  

 

 

[  

 

 

 

[  

 

 

[  

 

 

[  

 

 

 

[  

 

 

[  

 

 

[  

 

[  

 

[  

 

[  

 

[  

 

 

 

[  

[  

 

 

19] S. Medina-Casanellas, E. Domínguez-Vega, F. Benavente, V. Sanz-Nebot, G.W. Som-
sen, G.J. de Jong, Low-picomolar analysis of peptides by on-line coupling of fritless
solid-phase extraction to sheathless capillary electrophoresis-mass spectrometry, J.
Chromatogr. A 1328 (2014) 1–6, doi: 10.1016/j.chroma.2013.12.080 . 

20] S. Medina-Casanellas, F. Benavente, J. Barbosa, V. Sanz-Nebot, Preparation and
evaluation of an immunoaffinity sorbent with Fab ′ antibody fragments for the
analysis of opioid peptides by on-line immunoaffinity solid-phase extraction cap-
illary electrophoresis–mass spectrometry, Anal. Chim. Acta 789 (2013) 91–99,
doi: 10.1016/j.aca.2013.06.030 . 

21] R. Peró-Gascón, L. Pont, F. Benavente, J. Barbosa, V. Sanz-Nebot, Analysis of
serum transthyretin by on-line immunoaffinity solid-phase extraction capillary elec-
trophoresis mass spectrometry using magnetic beads, Electrophoresis 37 (2016)
1220–1231, doi: 10.1002/elps.201500495 . 

22] L. Pont, F. Benavente, J. Barbosa, V. Sanz-Nebot, On-line immunoaffinity solid-
phase extraction capillary electrophoresis mass spectrometry using Fab antibody
fragments for the analysis of serum transthyretin, Talanta 170 (2017) 224–232,
doi: 10.1016/j.talanta.2017.03.104 . 

23] R. Pero-Gascon, E. Giménez, V. Sanz-Nebot, F. Benavente, Enrichment of histidine
containing peptides by on-line immobilised metal affinity solid-phase extraction
capillary electrophoresis-mass spectrometry, Microchem. J. 157 (2020) 105013,
doi: 10.1016/j.microc.2020.105013 . 

24] R. Pero-Gascon, F. Benavente, Z. Minic, M.V. Berezovski, V. Sanz-Nebot, On-line
aptamer affinity solid-phase extraction capillary electrophoresis-mass spectrom-
etry for the analysis of blood 𝛼-synuclein, Anal. Chem. 92 (2020) 1525–1533,
doi: 10.1021/acs.analchem.9b04802 . 

25] H. Salim, R. Pero-Gascon, E. Giménez, F. Benavente, On-line coupling of ap-
tamer affinity solid-phase extraction and immobilized enzyme microreactor
capillary electrophoresis-mass spectrometry for the sensitive targeted bottom-
up analysis of protein biomarkers, Anal. Chem. 94 (2022) 6948–6956,
doi: 10.1021/acs.analchem.1c03800 . 

26] M. Vergara-Barberán, E.F. Simó-Alfonso, J.M. Herrero-Martínez, F. Benavente, De-
termination of a lectin protein allergen in food by on-line aptamer affinity solid-
phase extraction capillary electrophoresis-mass spectrometry, Microchem. J. (2023)
108746, doi: 10.1016/j.microc.2023.108746 . 

27] M. Vergara-Barberán, E.F. Simó-Alfonso, J.M. Herrero-Martínez, F. Benavente, Ac-
curate determination of the milk protein allergen 𝛽-lactoglobulin by on-line aptamer
affinity solid-phase extraction capillary electrophoresis-mass spectrometry, Talanta
(2023) 124542, doi: 10.1016/j.talanta.2023.124542 . 
10 
28] N.A. Guzman, S.S. Park, D. Schaufelberger, L. Hernandez, X. Paez, S. Naylor, New
approaches in clinical chemistry: on-line analyte concentration and microreac-
tion capillary electrophoresis for the determination of drugs, metabolic interme-
diates, and biopolymers in biological fluids, J. Chromatog. B 697 (1997) 37–66,
doi: 10.1016/S0378-4347(97)00275-2 . 

29] A. Marechal, F. Jarrosson, J. Randon, V. Dugas, C. Demesmay, In-line coupling of an
aptamer based miniaturized monolithic affinity preconcentration unit with capillary
electrophoresis and Laser Induced Fluorescence detection, J. Chromatog. A 1406
(2015) 109–117, doi: 10.1016/j.chroma.2015.05.073 . 

30] A. Wang, J. Liu, J. Yang, L. Yang, Aptamer affinity-based microextraction in-
line coupled to capillary electrophoresis mass spectrometry using a porous
layer/nanoparticle-modified open tubular column, Anal. Chim. Acta 1239 (2023)
340750, doi: 10.1016/j.aca.2022.340750 . 

31] H. Salim, L. Pont, E. Giménez, F. Benavente, On-line aptamer affinity solid-phase
extraction direct mass spectrometry for the rapid analysis of 𝛼-synuclein in blood,
Anal. Chim. Acta 1256 (2023) 341149, doi: 10.1016/j.aca.2023.341149 . 

32] M. Darmostuk, S. Rimpelova, H. Gbelcova, T. Ruml, Current approaches in SELEX:
an update to aptamer selection technology, Biotechnol. Adv. 33 (2015) 1141–1161,
doi: 10.1016/j.biotechadv.2015.02.008 . 

33] Z. Zhuo, Y. Yu, M. Wang, J. Li, Z. Zhang, J. Liu, X. Wu, A. Lu, G. Zhang, B. Zhang,
Recent advances in SELEX technology and aptamer applications in biomedicine, Int.
J. Mol. Sci. 18 (2017) 2142, doi: 10.3390/ijms18102142 . 

34] V. Pichon, F. Brothier, A. Combès, Aptamer-based-sorbents for sam-
ple treatment-a review, Anal. Bioanal. Chem. 407 (2015) 681–698,
doi: 10.1007/s00216-014-8129-5 . 

35] R. Pero-Gascon, L. Pont, V. Sanz-Nebot, F. Benavente, T.M. Phillips, On-line im-
munoaffinity solid-phase extraction capillary electrophoresis-mass spectrometry for
the analysis of serum transthyretin, in: Clinical Applications of Capillary Elec-
trophoresis Methods Molecular Biology, Springer Science + Business Media, New
York, NY, 2019, pp. 57–76, doi: 10.1007/978-1-4939-9213-3_5 . 

36] H.H. Lauer , G.P. Rozing , High Performance Capillary Electrophoresis, Agilent Tech-
nologies, Germany, 2014 . 

37] F. Du, M.N. Alam, J. Pawliszyn, Aptamer-functionalized solid phase
microextraction–liquid chromatography/tandem mass spectrometry for selec-
tive enrichment and determination of thrombin, Anal. Chim. Acta 845 (2014)
45–52, doi: 10.1016/j.aca.2014.08.018 . 

https://doi.org/10.1016/j.chroma.2013.12.080
https://doi.org/10.1016/j.aca.2013.06.030
https://doi.org/10.1002/elps.201500495
https://doi.org/10.1016/j.talanta.2017.03.104
https://doi.org/10.1016/j.microc.2020.105013
https://doi.org/10.1021/acs.analchem.9b04802
https://doi.org/10.1021/acs.analchem.1c03800
https://doi.org/10.1016/j.microc.2023.108746
https://doi.org/10.1016/j.talanta.2023.124542
https://doi.org/10.1016/S0378-4347(97)00275-2
https://doi.org/10.1016/j.chroma.2015.05.073
https://doi.org/10.1016/j.aca.2022.340750
https://doi.org/10.1016/j.aca.2023.341149
https://doi.org/10.1016/j.biotechadv.2015.02.008
https://doi.org/10.3390/ijms18102142
https://doi.org/10.1007/s00216-014-8129-5
https://doi.org/10.1007/978-1-4939-9213-3_5
http://refhub.elsevier.com/S2772-5820(23)00032-3/sbref0036
http://refhub.elsevier.com/S2772-5820(23)00032-3/sbref0036
http://refhub.elsevier.com/S2772-5820(23)00032-3/sbref0036
https://doi.org/10.1016/j.aca.2014.08.018

	On-line aptamer affinity solid-phase extraction capillary electrophoresis-mass spectrometry for the analysis of protein biomarkers in biological fluids and food: A tutorial
	1 Introduction
	2 Materials and procedures
	2.1 Reagents and solutions
	2.2 Preparation of the AA sorbent
	2.3 Construction of the AA microcartridge
	2.4 AA-SPE-CE-MS method

	3 Development of AA-SPE-CE-MS applications
	3.1 Optimization of the AA-SPE-CE-MS method
	3.2 Method validation
	3.3 Analysis of protein biomarkers in biological fluids and food
	3.4 Troubleshooting

	4 Conclusions
	Declaration of Competing Interest
	Acknowledgments
	References


