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A B S T R A C T   

An aptamer affinity sorbent was prepared for clean-up, preconcentration, separation and characterization of a 
food allergen protein by on-line aptamer affinity solid-phase extraction capillary electrophoresis-mass spec-
trometry (AA-SPE-CE-MS). SPE microcartridges were packed with a sorbent based on magnetic bead particles 
modified with an aptamer against the target lectin protein concanavalin A (Con A). After optimization of several 
parameters of the SPE-CE-MS method, the sample (ca. 30 µL) was loaded in separation background electrolyte 
(BGE, 2 M acetic acid pH 2.2), while the retained protein was eluted with 100 mM NH4OH (pH 11.2) (ca. 100 
nL). The developed method was linear between 0.5 and 20 mg⋅L-1 and the limit of detection (LOD) was 0.25 
mg⋅L-1, which was 100 times lower than by CE-MS. The repeatability of the method was satisfactory, with 
relative standard deviations (RSD) for migration times and peak areas below 1.9 and 8.1%, respectively. In 
addition, the microcartridges could be reused more than 25 analyses without significant loss of extraction effi-
ciency. Finally, the applicability and versatility of the developed method were demonstrated by analyzing low 
levels of Con A in different food matrices (i.e. white beans, as well as chickpea, lentils, and wheat flours), leading 
to satisfactory results, with recoveries between 87 and 115%.   

1. Introduction 

Aptamers have been defined as a new generation of affinity ligands 
for different bioanalytical applications, such as diagnosis, imaging or 
biosensing, amongst others [1–4]. The most common aptamers consist of 
single-stranded oligonucleotides that are typically selected by an itera-
tive in vitro process of selective isolation known as systematic evolution 
of ligands by exponential enrichment (SELEX) [5,6]. The main benefits 
of aptamers are their cost-effective and reproducible production, high 
thermal and chemical stability, low immunogenicity, reusability, and 
easy modification in the 3′ or 5′ end to assist an appropriate covalent 
immobilization on solid supports [7–12]. Also, the high affinity and 
selectivity of aptamers make them a potential alternative to antibodies 
[5,6]. In the last years, the application of aptamers to isolate a wide 
range of compounds has been widely demonstrated, from small mole-
cules to biomacromolecules, such as proteins, or even biological entities 
(e.g. cells) [1–4,7–12]. 

Due to their well-known features, aptamer-based sorbents have been 

applied in sample preparation by solid-phase extraction (SPE) or related 
techniques before liquid chromatography (LC) analysis, off-line or 
coupled on-line to minimize sample handling and increase analytical 
throughput [3,7,8,12]. As an alternative to the complex instrumental 
set-ups operated with valves required for such on-line coupling with LC, 
it has been recently described valve-free on-line aptamer affinity solid- 
phase extraction capillary electrophoresis with laser-induced fluores-
cence (AA-SPE-CE-LIF) [9] or mass spectrometry detection (AA-SPE-CE- 
MS) [10,11]. In valve-free AA-SPE-CE-MS (hereinafter referred to as AA- 
SPE-CE-MS), a microcartridge containing an AA sorbent against the 
compound of interest is integrated near the inlet of the separation 
capillary to work in unidirectional configuration [10,11,13]. This means 
that the large volume of sample (ca. 100 µL) for the selective clean-up 
and preconcentration is loaded in the same direction as later it is 
injected the small volume of eluent (ca. 25–50 nL) and performed the 
electrophoretic separation and detection [10,11,13]. 

The use of MS detection for AA-SPE-CE-MS is especially convenient, 
because it allows an accurate identification of the targeted compound, 
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hence preventing false positives or erroneous quantifications of typical 
biosensors or bioassays [14,15]. In addition, AA sorbents demonstrated 
to be highly compatible with the acidic background electrolytes (BGEs) 
required for optimum detection sensitivity in positive electrospray 
ionization (ESI+) mode [10,11], in contrast to the neutral BGEs required 
to avoid antibody denaturation [16,17]. So far, AA-SPE-CE-MS has been 
proved for the direct analysis in blood of α-synuclein, which is a Par-
kinson’s disease protein biomarker, and limits of detection (LODs) were 
enhanced 100 times compared to CE-MS [10]. More recently, it has been 
shown that AA-SPE-CE-MS can be fully integrated with on-line immo-
bilized enzyme microreactors (IMERs) for the indirect analysis of 
α-synuclein from specific surrogate tryptic peptides by AA-SPE-IMER- 
CE-MS, and LODs were enhanced 10 times compared to AA-SPE-CE- 
MS [11]. The potential of both approaches for the analysis of protein 
biomarkers in biological fluids is of great interest. However, further 
studies are needed for a better understanding and expand their appli-
cability in different fields, such as in food allergen protein analysis, 
where sensitivity and accuracy are also mandatory [18,19]. 

In this study, AA-SPE-CE-MS is described for the direct analysis of the 
allergenic protein concanavalin A (Con A) at the intact level in several 
food matrices. Con A belongs to a group of leguminous lectins present in 
different fruits and vegetables, which are responsible of many allergic 
responses [19–21]. Recently, an aptamer against Con A was selected by 
SELEX, characterized, and applied in an enzyme-linked aptamer based 
bioassay to the detection of Con A in different agri-food products [21]. 
Here, this aptamer was used to prepare an AA sorbent and develop a 
method that integrates clean-up, preconcentration, separation, charac-
terization, and quantification of Con A by AA-SPE-CE-MS. After method 
optimization and validation with standards, the practical applicability of 
the developed method was evaluated by analyzing the target protein in 
several food matrices at the typical health-based intake limits estab-
lished as reference doses for allergenic proteins [22]. 

2. Experimental 

2.1. Reagents and materials 

Acetic acid (HAc) (glacial), ammonium hydroxide (NH4OH) (25%), 
formic acid (HFor) (99.0%), potassium chloride (99.0%), potassium 
dihydrogenphosphate (≥99.0%), sodium chloride (≥99.5%), and so-
dium hydrogenphosphate (≥99.0%) were supplied by Merck (Darm-
stadt, Germany). Acetonitrile (LC-MS) and ethanol (96%) were 
purchased from Panreac AppliChem (Barcelona, Spain). Ammonium 
acetate (NH4Ac) (≥99.9%), bovine serum albumin (BSA), and Tween® 
20 were provided by Sigma-Aldrich (Steinheim, Germany). Propan-2-ol 
(LC-MS grade) was obtained from Scharlau (Barcelona, Spain). Con A 
and water (LC-MS grade) were purchased from Fisher Scientific 
(Loughborough, UK). 

The amino modified single-stranded DNA-aptamer against ConA 
(5′–NH2-(CH2)6-CGAGTAACGCTGTCTCTTCCGAATCGGGGGAAGGCG-
GAGGG-3′, 41-mer, molecular mass (Mr) = 12,951 [21]) purified by 
HPLC was provided by Integrated DNA Technologies (Coralville, IA, 
USA). Magnetic beads (MBs) LOABeads™ AffiAmino of 45–165 µm 
diameter were supplied by Lab on a Bead (Uppsala, Sweden). Fused- 
silica capillaries (75 and 250 μm inner diameter (i.d.) × 375 μm outer 
diameter (o.d.)) were obtained from Polymicro Technologies (Phoenix, 
AZ, USA). 

2.2. Background electrolyte, sheath liquid, protein standards and food 
samples 

The optimized BGE for CE-MS and AA-SPE-CE-MS was a 2 M HAc (pH 
2.2) solution. The sheath liquid for MS detection consisted of a hydro-
organic mixture of 60:40 (v/v) propan-2-ol:water with 0.25% (v/v) of 
HFor, and it was delivered at 3.3 µL⋅min− 1 by a KD Scientific 100 series 
infusion pump (Holliston, MA, USA). All solutions were degassed for 10 

min by sonication and filtered through a 0.20 μm nylon filter (Micron 
Separations Inc, Westborough, MA, USA) before use. 

Con A standard protein purified from jack beans (Canavalia ensi-
formis) and jack beans were provided by Sigma-Aldrich. A 1 mg⋅mL− 1 

stock solution of Con A standard was prepared in water, then it was 
aliquoted and stored in the freezer. Aliquots were defrosted before use 
and working standard solutions were prepared by dilution in water. 
Working standard solutions were stored in the fridge when not in use. 

White beans and flours from chickpea, lentil, and wheat were pur-
chased from a local market in Barcelona. 

2.3. Con A extraction from food samples 

Jack and white beans samples were milled in a mixer grinder to 
obtain a fine powder. Two grams of milled jack or white beans or flour 
from chickpea, lentil, or wheat, were dissolved in 20 mL of extraction 
buffer (10 mM Na2HPO4 containing 0.5 M NaCl, pH 7.6) [21,23]. The 
resulting suspension was magnetically stirred at room temperature 
overnight and centrifuged at 10,000 × g for 10 min at 4 ◦C. After that, an 
aliquot of the supernatant (2 mL) was incubated at 70 ◦C for 2 h in order 
to deplete non-thermostable proteins [23]. The mixture was centrifuged 
at 10,000 × g for 10 min at 4 ◦C and the resulting supernatant was 
filtered through a 0.22 μm polyvinylidene difluoride centrifugal filter 
(Ultrafree-MC, Millipore, Bedford, MA, USA). Then, 100 µL of the 
filtered extract was spiked with a proper volume of 100 mg⋅L-1 Con A 
standard solution to obtain a final concentration of 5 mg Con A per 100 g 
of food sample (excepting jack bean extracts, which were not spiked but 
just 25-fold diluted). Finally, low Mr compounds were removed with 
3,000 Mr cut-off (MWCO) cellulose acetate centrifugal filters (Amicon 
Ultra-0.5, Millipore) [16,17]. Briefly, the sample was centrifuged at 
25 ◦C for 10 min at 10,000 × g, and the residue was washed three times 
with 50 µL of water under the same conditions. In order to recover the 
final residue, the upper reservoir was inverted in a vial and spun at a 
reduced centrifugal force (2 min at 300 × g). Then, sufficient water was 
added to adjust the final volume to 100 µL before AA-SPE-CE-MS 
analysis. 

2.4. Apparatus 

pH measurements were made with a Crison 2002 potentiometer and 
a Crison electrode 52–03 (Crison Instruments, Barcelona, Spain). Cen-
trifugal filtration was carried out in a cooled Rotanta 460 centrifuge 
(Hettich Zentrifugen, Tuttlingen, Germany). Incubations were carried 
out in a TS-100 thermoshaker (Biosan, Riga, Latvian Republic). 

2.5. Preparation of AA sorbent 

The MBs were functionalized according to our previous study [11]. 
Briefly, a 200 μL aliquot of MBs solution was vortexed and the super-
natant was removed by magnetic separation (20 μL of sedimented MBs). 
The MBs were washed three times with 200 μL of phosphate-buffered 
saline (PBS) (10 mM Na2HPO4, 1.8 mM KH2PO4, 137 mM NaCl, 2.7 
mM KCl) with 0.1% Tween 20 (PBS-T) and the supernatants were 
removed using a neodymium cube magnet (12 mm, N48, Lab on a Bead), 
being the resulting MBs resuspended in the same volume of PBS-T. Ten 
μL of activation buffer was added to the MBs suspension and the mixture 
was incubated for 15 min at room temperature. The supernatant was 
magnetically removed, the MBs were washed with 200 μL of PBS-T, and 
resuspended with 150 μL of PBS-T. Then, 50 μL of a 100 µM Con A 
aptamer solution in water was added to the MBs suspension, being the 
mixture incubated with moderate shaking for 40 min at room temper-
ature. After removing the supernatant, the AA-MBs were successively 
washed three times with 200 μL of PBS and resuspended in the same 
volume of PBS. The residual reactive groups on AA-MBs were blocked 
adding 200 μL of blocking buffer (5% (m/v) BSA in PBS-T) and the 
mixture was incubated while moderately shaking for 2 h at 37 ◦C. 
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Finally, the supernatant was removed and the AA-MBs were subse-
quently washed three times with 200 μL of PBS. The AA-MBs were used 
immediately or stored in PBS with 20% (v/v) ethanol at 4 ◦C when not in 
use. 

2.6. CE-MS analysis 

CE-MS experiments were carried out in a 7100 CE coupled with an 
orthogonal G1603A sheath-flow interface to a 6220 oa-TOF LC/MS 
spectrometer (Agilent Technologies, Waldbronn, Germany). CE and TOF 
mass spectrometer control, data acquisition and processing were per-
formed with the ChemStation and MassHunter softwares (Agilent 
Technologies). The mass spectrometer parameters were: capillary 
voltage 4000 V, drying gas temperature 300 ◦C, drying gas flow rate 4 
L⋅min− 1, nebulizer gas 7 psi, fragmentor voltage 325 V, skimmer voltage 
80 V, OCT 1 RF Vpp voltage 300 V. Data were collected in profile at 1 
spectrum/s between 100 and 3200 m/z, with the mass range set to high 
resolution mode (4 GHz). 

Separations were performed at 25 ◦C in a 60 cm total length (LT) ×
75 µm i.d. × 365 µm o.d. capillary. All capillaries were rinsed flushing at 
930 mbar. New capillaries were conditioned with 1 M NaOH (15 min), 
water (15 min), and BGE (30 min), flushing off-line to avoid the un-
necessary contamination of the mass spectrometer. Samples were hy-
drodynamically injected at 50 mbar for 10 s (ca. 54 nL, estimated using 
the Hagen–Poiseuille equation [24]). A voltage of +20 kV (normal po-
larity, cathode in the outlet) and 50 mbar of pressure were applied 
during separation, as later in AA-SPE-CE-MS. The autosampler was kept 
at 12 ◦C using an external water bath (Minichiller 300, Peter Huber 
Kältemaschinenbau AG, Offenburg, Germany). Between runs, the 
capillary was equilibrated flushing with water (2 min) and BGE (2 min), 
whereas between working days, capillaries were reconditioned flushing 
off-line with 1 M NaOH (5 min), water (5 min), and BGE (5 min). 

2.7. AA-SPE-CE-MS 

For AA-SPE-CE-MS, fritless particle-packed microcartridges were 
prepared as described in our previous works [10,11,13]. Microcartridge 
preparation was easy and reproducible, since the average size of the 
sorbent particles was larger than the inner diameter of the separation 
capillary. The microcartridge (0.7 cm LT × 250 µm i.d. × 365 µm o.d. 
capillary) was filled by vacuum with the AA-MB based sorbent and 
connected with plastic sleeves between two capillary fragments (7.5 cm 
LT × 75 µm i.d. × 365 µm o.d. (inlet) and 52.5 cm LT × 75 µm i.d. × 365 
µm o.d. (outlet)), which were conditioned before cutting, as a conven-
tional CE-MS capillary. 

All experiments and capillary flushes were performed at 25 ◦C and 
930 mbar. Under the optimized conditions, AA-SPE-CE-MS capillaries 
were conditioned flushing with BGE for 5 min. Samples were loaded at 
930 mbar for 5 min (ca. 30 µL [24]), followed by a flush with BGE for 1 
min to eliminate non retained molecules and fill the capillary before the 
electrophoretic separation. During these steps, to prevent the entrance 
of contaminants into the mass spectrometer, the nebulizer gas and the 
ESI capillary voltage were switched off. Then, both were switched on 
and a small volume of eluent consisting of 100 mM NH4OH (pH 11.2) 

was injected at 100 mbar for 20 s (ca. 100 nL [24]). For a rapid and 
repeatable protein elution, the small plug of eluent was pushed with BGE 
at 50 mbar for 100 s, before applying the separation voltage (+20 kV) 
and a small pressure (50 mbar), which was necessary to compensate the 
microcartridge counter-pressure. Between consecutive runs, to avoid 
carry-over, the capillary was flushed for 1 min with water, eluent was 
injected at 50 mbar for 40 s, and the capillary was flushed again for 1 
min with water. 

2.8. Quality parameters 

To determine the quality parameters, migration times and peak areas 
were obtained from the extracted ion electropherograms (EIEs) of the 
detected Con A proteoforms (i.e. full length α-chain, β-chain and γ-chain 
fragments, Table 1), using the m/z of the most abundant molecular ions 
(ions with charges from +20 to +27 for the α-chain, from +14 to +10 for 
the β-chain and from +9 to +13 for the γ- chain). The LOD (defined as S/ 
N = 3) was obtained by analyzing low-concentration Con A standard 
solutions. The linear range was established by analyzing standard so-
lutions of Con A at concentrations ranging from 0.5 to 20 mg⋅L-1. 
Repeatability was evaluated as the relative standard deviation (RSD) of 
migration time and peak area. The microcartridge lifetime was investi-
gated by repeatedly injecting a 5 mg⋅L-1 Con A standard solution and 
protein extracts from food samples. The microcartridge was discarded 
when a significant loss of extraction efficiency was detected, which 
meant that the peak area of Con A in the EIE decreased more than 25% 
compared to the mean value of the first three analyses with the micro-
cartridge under consideration [10]. 

3. Results and discussion 

3.1. CE-MS 

In CE-MS, a volatile BGE with low conductivity should be employed 
to avoid salt precipitation in the ionization source, electrical arcing and 
contamination of the mass spectrometer. Intact proteins are typically 
analyzed at low pH values to ensure an appropriate ionization efficiency 
and BGEs containing HAc at concentrations from 0.1 to 2 M combined 
with sheath liquids of propan-2-ol/water with HFor have demonstrated 
an excellent performance in sheath-flow CE-MS [10,11,16,25,26]. For 
this reason, BGEs composed by HAc (0.1, 1 and 2 M with pH values 2.8, 
2.3 and 2.2, respectively) combined with sheath liquids of 60:40 (v/v) 
propan-2-ol/water with 0.05 or 0.25% (v/v) of HFor were evaluated for 
the analysis of Con A. The best results in terms of sensitivity were ach-
ieved with a BGE of 2 M HAc and a sheath liquid of 60:40 (v/v) propan-2- 
ol/water with 0.25% (v/v) of HFor, applying +20 kV and 50 mbar 
during separation. Fig. 1 (A) shows, under these CE-MS conditions, the 
extracted ion electropherograms (EIEs) of the detected Con A proteo-
forms for a 100 mg⋅L-1 standard solution, while the mass spectrum and 
the deconvoluted mass spectrum in the time window corresponding to 
the protein peaks are illustrated in Fig. 1 (C) and (D), respectively. As 
observed, Con A was detected as three proteoforms with different rela-
tive abundances, the full length α-chain (Mr experimental (Mr exp), 
25597.91) and its derived β-chain (Mr exp 12935.95) and γ-chain (Mr 

Table 1 
Relative abundance, theoretical and experimental Mr for the detected Con A proteoforms in a 100 mg⋅L-1 Con A standard solution by CE-MS.  

Detected Con A proteoforms Relative abundancea) (%) Theoretical average Mr Deconvoluted experimental 

Mr Er
b) (ppm) 

Full length α-chain 45  25598.19  25597.91 − 11 
β-chain fragment 38  12936.36  12935.95 32 
γ-chain fragment 17  12679.85  12680.82 77 

a) The relative abundance was calculated from the EIEs by diving the individual peak areas by the total sum of the three peak areas (n = 3). 
b) Relative error (Er) was calculated in ppm as: (Mr exp – Mr theo)/Mr theo × 106 (exp = experimental and theo = theoretical). Mr exp was obtained as an average of 
three replicates (n = 3). 
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exp 12680.82) fragments (Fig. 1 (D)). These results agree to other 
studies related to the analysis of Con A [27,28] and other legume lectins 
such as Canavalia brasiliensis [29]. The theorical average Mr of the three 
proteoforms of Con A and the relative error (Er) for the experimental 
deconvoluted Mr are indicated in Table 1. As observed, mass accuracy 
was satisfactory (Er < 77 ppm). In order to confirm that Con A appeared 
in a real food sample as the same mixture of proteoforms with similar 
relative abundances found in the purified Con A standard, a 25-fold 
dilution of the extract prepared from commercial jack beans, which 
present Con A at high concentration (ca. 1.2 mg⋅kg− 1), was subjected to 
CE-MS analysis (Supplementary material, Fig. S1). 

To evaluate the repeatability of the CE-MS method, consecutive an-
alyses of a 100 mg⋅L-1 Con A standard solution were conducted and good 
RSD values in terms of migration time and peak area were achieved 
(RSD (n = 3) were comprised between 1.4 and 1.6% and 4.2 to 4.6%, 
respectively). LODs for the three proteoforms were determined consid-
ering their relative abundances (Table 1), and were 11.0, 10.0 and 4.0 

mg⋅L-1 for α, β, and γ-chains, respectively (i.e. 25 mg⋅L-1 for total Con A). 
These LOD values were lower than those previously obtained for the CE- 
MS analysis of other lectins, such as Urtica dioica agglutinin lectin [30]. 

3.2. AA-SPE-CE-MS 

The AA sorbent for AA-SPE-CE-MS was prepared using an aptamer 
with good selectivity and high affinity against Con A [21]. In our pre-
vious works [10,11], an acidic BGE containing 0.1 M HAc (pH 2.8) and a 
basic eluent of 0.1 M NH4OH (pH 11.2) were used in AA-SPE-CE-MS. 
Taking as a reference these conditions and the 2 M HAc BGE with a 
sheath liquid of 60:40 (v/v) propan-2-ol/water with 0.25% (v/v) of 
HFor, optimized for Con A analysis by CE-MS, BGEs containing HAc at 
different concentrations (0.1, 1 and 2 M) were investigated for the 
analysis of Con A by AA-SPE-CE-MS. The highest sensitivity for the three 
Con A proteoforms was achieved using the BGE of 2 M HAc (pH 2.2), 
which was selected for further experiments. The volume of the eluent 

Fig. 1. (A and B) Extracted ion electropherograms (EIEs) for the CE-MS and AA-SPE-CE-MS analyses of 100 and 5 mg⋅L-1 Con A standard solutions, respectively; (C) 
mass spectrum in the time window of Con A peaks (ca. 4–6 min by CE-MS. Charges correspond to the ConA α-chain molecular ions), and (D) deconvoluted mass 
spectrum (by CE-MS). 

Fig. 2. (A) Effect of the loading time at 930 mbar on the peak area of the detected Con A proteoforms. (1 mg⋅L-1 Con A standard solution in water, using the 
optimized elution and separation conditions). (B) Calibration curve for the three Con A proteoforms under the final optimized conditions (see section 2.7). 

M. Vergara-Barberán et al.                                                                                                                                                                                                                   



Microchemical Journal 190 (2023) 108746

5

plug was set at 20 s since longer times provided broad peaks jointly to a 
decrease in peak areas. In addition, to avoid carry over, the capillary was 
washed between injections with water, a small plug of eluent, and again 
water. 

Under the selected conditions, the sample loading time was opti-
mized introducing at 930 mbar, from 5 to 20 min, 1 mg⋅L-1 Con A 
standard solutions prepared in water. As illustrated in Fig. 2 (A), the 
maximum peak area for the three Con A proteoforms was observed when 
the loading time was 5 min. Longer loading times gave rise to a decrease 
in the Con A peak areas since at this point the sample breakthrough 
volume was surpassed, being the protein washed away. Consequently, a 
sample loading time of 5 min was selected to reduce the analysis time, 
while achieving the best protein recoveries. 

Fig. 1 (B) shows the analysis of a 5 mg⋅L-1 Con A standard solution by 
AA-SPE-CE-MS under the optimized conditions. As observed, the Con A 
proteoforms migrated at a similar time compared to CE-MS, due to the 
small pressure applied during separation to overcome the micro-
cartridge counter-pressure. In addition, the AA sorbent was able to 
recognize the three Con A proteoforms with no special preference, as 
their relative abundances were identical to those previously obtained by 
CE-MS (Table 1). Therefore, AA-SPE-CE-MS provided the possibility of 
accurately identifying and quantifying the different Con A proteoforms, 
which could present different allergenic properties. 

Linearity, LODs and repeatability of the AA-SPE-CE-MS method were 
evaluated under the optimized conditions with Con A standard solu-
tions. A satisfactory linear relationship between peak area and concen-
tration of the three proteoforms was achieved from 0.5 to 20 mg⋅L-1 of 
Con A (R2 < 0.987) (Fig. 2 (B)). LODs for the three proteoforms were 
determined as by CE-MS, and were 110, 100, and 40.0 µg⋅L-1 for α, β, and 
γ-chains, respectively (i.e. 250 µg L-1 for total Con A) (Supplementary 
Fig. S2). These values were 100 times lower than those obtained by CE- 
MS. Repeatability of migration times and peak areas were evaluated by 
consecutive analyses of a 5 mg⋅L-1 Con A standard solution. The RSD 
values of retention times and peak areas ranged from 1.4 to 1.9 and 3.4 
to 8.1%, respectively. In addition, the microcartridges could be reused 
until 25 analyses (at 5 mg⋅L-1) without significant loss of extraction 

efficiency. These figures of merit indicated the good performance of the 
AA-SPE-CE-MS method. 

3.3. Analysis of Con A in food samples 

To demonstrate the applicability of the developed AA-SPE-CE-MS 
method, Con A was analyzed in different food matrices, which could 
be contaminated or contain similar allergenic lectins [31–33]. 
Concretely, white beans as well as chickpea, lentil, and wheat flours 
were included in this study. 

Preliminary experiments were performed extracting the proteins 
from the selected food matrices with a buffer containing 10 mM 
Na2HPO4 and 0.5 M NaCl (pH 7.6) [21,23] and spiking the extract at 5 
mg⋅L-1 of Con A (equivalent to 5 mg Con A per 100 g of food sample) 
[22]. However, the Con A proteoforms were not detected by AA-SPE-CE- 
MS, due to the presence of other highly abundant proteins. Therefore, to 
remove some of these proteins and considering the thermal stability of 
Con A [23], a thermoenrichment pretreatment at 70 ◦C followed by 
filtration was applied to the blank and spiked protein extracts. After this 
pretreatment, the three Con A proteoforms were properly detected by 
AA-SPE-CE-MS in white beans and chickpea, lentil, and wheat flour 
spiked extracts but not in the blanks (Fig. 3), while maintaining the 
relative abundance profile observed previously for Con A in standard 
solutions (Fig. 1 (B)). This fact demonstrated the high affinity and 
selectivity of the aptamer, which was able to recognize the target analyte 
even in a wide variety of complex matrices. In addition, Con A recoveries 
were satisfactory for all food matrices, with values comprised from 87 to 
115% (Table 2), RSD for migration times and peak areas were below 3 
and 16 %, respectively (Table 2), and microcartridges could be reused 
until 10 analyses with no significant decrease on extraction efficiency. 
Indeed, repeatability and lifetime were slightly worse compared to 
standards, but in line with the complexity of the sample matrices. 
Overall, these results confirmed the potential of the proposed method to 
purify, preconcentrate, separate and characterize Con A in food samples. 

Fig. 3. EIEs for the AA-SPE-CE-MS analyses of different food matrices (blank extracts and spiked extracts with 5 mg⋅L-1 Con A (5 mg Con A per 100 g of food 
sample)): (A) white beans, (B) chickpea flour, (C) lentil flour, and (D) wheat flour. 
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4. Conclusions 

An AA-SPE-CE-MS method has been developed for clean-up, pre-
concentration, separation, characterization, and quantification of the 
proteoforms of the allergenic lectin protein Con A. The microcartridge 
preparation was easy and reproducible (~3 €/microcartridge). Analysis 
of standard Con A under the optimized conditions showed good 
repeatability (below 1.9 and 8.1% RSD for migration times and peak 
areas), and reusability was established at 25 analyses. The method was 
linear from 0.5 to 20 mg⋅L-1 and LOD was 0.25 mg⋅L-1 for total Con A 
(100 times lower than by CE-MS, 25 mg⋅L-1). The applicability of the 
method was demonstrated by analyzing Con A (5 mg per 100 g of food 
sample) at the typical health-based intake limits established as reference 
doses for allergenic proteins in food. For the analysis of food protein 
extracts, an off-line thermal pretreatment and filtration were required to 
eliminate the most abundant proteins before AA-SPE-CE-MS. In the 
future, the developed method could be easily adapted for the confir-
matory analysis of other allergenic proteins using appropriate aptamers. 
AA-SPE-CE-MS is a fully integrated microscale approach that provides a 
green, inexpensive, and instrumentally simple alternative to LC-MS 
approaches for the direct analysis of protein biomarkers. Furthermore, 
it allows an accurate identification and quantification at low levels of the 
targeted protein in complex samples, preventing false positives or 
erroneous quantifications of non-MS based biosensors or bioassays. 
Moreover, it enables detailed information about the different proteo-
forms of the targeted protein, which could be relevant to reveal those 
especially allergenic. This may help to improve the understanding of the 
mechanisms involved in allergenicity, while upgrading food security 
programs and promoting the development of novel safer foods. 
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[11] H. Salim, R. Pero-Gascon, E. Giménez, F. Benavente, On-line coupling of aptamer 
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, https://doi.org/10.1021/ 
acs.analchem.1c03800. 

[12] M. Vergara-Barberán, M.J. Lerma-García, E.F. Simó-Alfonso, M. García-Hernández, 
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Fig. S1. Extracted ion electropherograms (EIEs) for the CE-MS analysis of a 25-fold 
dilution of the extract prepared from commercial jack beans under the optimized 
conditions (a 3 mg L-1 of total Con A extract solution was diluted with water 1:25 (v/v), 
BGE of 2 M HAc and sheath liquid of 60:40 (v/v) propan-2-ol/water with 0.25% (v/v) of 
HFor, +20 kV and 50 mbar during separation). 

 

 

Fig. S2. Extracted ion electropherograms (EIEs) for the AA-SPE-CE-MS analysis of a 
250 µg·L-1 Con A standard solution in water, under the optimized conditions (see section 
2.7). 
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