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A B S T R A C T   

An on-line aptamer affinity solid-phase extraction capillary electrophoresis-mass spectrometry (AA-SPE-CE-MS) 
method was developed to purify, preconcentrate, separate, and characterize the milk allergenic protein 
β-lactoglobulin (β-LG) in food samples. The sorbent to pack into the SPE microcartidges was prepared by 
immobilizing an aptamer against β-LG onto magnetic bead particles. After optimizing the SPE-CE-MS method, 
the sample (ca. 75 μL) was loaded in separation background electrolyte (BGE, 2 M acetic acid pH 2.2), while a 
solution of 100 mM NH4OH (pH 11.2) (ca. 100 nL) was used for the protein elution. The linearity of the method 
ranged between 0.1 and 20 μg mL− 1 and the limit of detection (LOD) was 0.05 μg mL− 1, which was 200 times 
lower than by CE-MS. The method was repeatable in terms of relative standard deviation (RSD) for migration 
times and peak areas (<0.5% and 2.4%, respectively) and microcartridge lifetime was more than 25 analyses. 
The applicability of the method for the determination of low levels of β-LG was shown by analyzing milk-free 
foods (i.e. a 100% cocoa dark chocolate, a hypoallergenic formula for infants, and a dairy-free white bread) 
and milk-containing white breads. Results were satisfactory in all cases, thus demonstrating the great potential of 
the developed method for accurate food safety and quality control.   

1. Introduction 

Food allergy is an immune response due to a sensitization to a food or 
food component [1]. Nowadays, there is a considerable interest in the 
food allergy field due to the wide spread of this pathology, which is 
concretely affecting around 3% of adults and 7% of children (below 3 
years) [2–5]. The Food and Agriculture Organization (FAO) divides most 
foods that can cause food allergies into eight main categories, being milk 
one of those categories [6]. In particular, bovine milk and dairy products 
are considered to be the most common foods causing allergies in infants, 
being β-lactoglobulin (β-LG) the main allergenic protein [3–5,7]. In fact, 
β-LG can produce allergenic reactions even at low concentrations, being 
the most common symptoms: atopic dermatitis, urticaria, allergic 
rhinitis, asthma, angioedema or chronic cough [8]. Thus, in order to 
prevent the incidence of allergic diseases and ensure the consumer 
safety, it is necessary to establish accurate and sensitive detection and 

quantification methods for β-LG determination. 
Until now, several analytical strategies have been reported for 

qualitatively or quantitatively determine β-LG, including chromato-
graphic methods coupled to UV [9,10] or mass spectrometry (MS) 
detection [11,12]. Also, DNA-based methods, such as polymerase chain 
reaction [13], immunoassays [4,14–17], and other biosensors [5,18–21] 
have been described. These last types of affinity-based methodologies 
are especially appropriate for a rapid allergen screening in raw materials 
and final products [5,18–21]. However, the typically applied electro-
chemical or spectroscopic detection, which do not allow an accurate 
identification and characterization of β-LG, may promote false-negative 
or false-positive results due to undesired sample matrix effects. 

Recently, aptamers have been described as a new type of affinity 
ligands for the isolation of a wide range of compounds, including small 
molecules or biomacromolecules, such as proteins, or even biological 
entities (e.g. cells) [22–26]. The most common aptamers consist of 
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single-stranded oligonucleotides that are selected by an iterative in vitro 
process named systematic evolution of ligands by exponential enrich-
ment (SELEX) [24]. Aptamers offer some well-known features such as 
their high-affinity, cost-effective and reproducible post-SELEX synthesis, 
high thermal and chemical stability, poor immunogenicity, reusability, 
and easy modification in the 3′ or 5’ ends for further covalent attach-
ment to solid supports [22,23]. Several authors have integrated 
aptamers into biosensors for β-LG analysis with electrochemical and 
spectroscopic detection [4,5,19–21], but not yet with MS detection. In 
recent studies we have demonstrated that aptamer affinity solid-phase 
extraction can be coupled on-line to capillary electrophoresis-mass 
spectrometry (AA-SPE-CE-MS) for the accurate determination of pro-
tein biomarkers in biological fluids [25,26]. In AA-SPE-CE-MS, a 
microcartridge containing an AA sorbent against the target analyte is 
integrated into the inlet of the separation capillary allowing the intro-
duction of a large volume of sample (i.e. from tens to hundreds of mi-
croliters) before the elution in a nanoliter volume of an appropriate 
eluent. This results in a selective sample clean-up and analyte pre-
concentration followed by the electrophoretic separation and the MS 
detection for the accurate identification and quantification [25,26]. 

In this study, an AA-SPE-CE-MS method is presented for the clean-up, 
preconcentration, separation, and characterization of the allergenic 
protein β-LG in several food samples. For this purpose, an aptamer 
against β-LG previously described by Qui et al. [5] was used to prepare 
the AA sorbent for AA-SPE-CE-MS. After method optimization and 
validation with standards, the practical applicability and versatility of 
the developed method was evaluated by analyzing the target protein in 
several food matrices at a threshold dose able to induce allergy symp-
toms [27,28]. 

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 provided by Merck (Darm-
stadt, Germany). Acetonitrile (LC-MS) and ethanol (96%) were supplied 
by Panreac AppliChem (Barcelona, Spain). Propan-2-ol (LC-MS grade) 
was purchased from Scharlau (Barcelona, Spain). Ammonium acetate 
(NH4Ac) (≥99.9%), bovine serum albumin (BSA), β-lactoglobulin (β-LG, 
>90%), and Tween® 20 were obtained from Sigma-Aldrich (Steinheim, 
Germany). Water (LC-MS grade) was provided by Fisher Scientific 
(Loughborough, UK). 

The amino modified single-stranded DNA-aptamer against β-LG 
(5′–NH2–(CH2)6- AGCAGCACAGAGGTCAGATGTTCGGCCTTTGCGTTA 
ACGAACTTCTAGCTATGCGGCGTACCTATGCGTGCTACCGTGAA-3’, 80 
-mer, molecular mass (Mr) = 24,865 [5]) was synthesized and purified 
by HPLC by Integrated DNA Technologies (Coralville, IA, USA). Mag-
netic beads (MBs) LOABeads™ AffiAmino of 45–165 μm diameter were 
purchased from Lab on a Bead (Uppsala, Sweden). Fused-silica capil-
laries (75 and 250 μm inner diameter (i.d.) × 375 μm outer diameter (o. 
d.)) were supplied by Polymicro Technologies (Phoenix, AZ, USA). 

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

For CE-MS and AA-SPE-CE-MS analyses, an acidic BGE composed of 
2 M HAc (pH 2.2) was used. The sheath liquid 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 a flow rate of 3.3 μL/min with a KD Sci-
entific 100 series infusion pump (Holliston, MA, USA). All solutions 
were degassed by sonication for 10 min and filtered through 0.20 μm 
nylon filters (Micron Separations Inc, Westborough, MA, USA) before 
use. 

A stock β-LG standard aqueous solution (1 mg mL− 1) was prepared, 
aliquoted and stored in the freezer when not in use. Working standard 
solutions were daily prepared by dilution in water. 

Several commercial food samples, label declared as milk-free, were 
analyzed: a 100% cocoa dark chocolate, a hydrolyzed hypoallergenic 
formula for infants (substitute for milk), and a dairy-free white bread. 
Moreover, two other samples of white bread were also analyzed (milk 
trace levels were declared in only one of them). All samples were pur-
chased from a local market in Valencia (Spain). 

2.3. β-LG extraction from food samples 

β-LG was extracted from the food samples as part of the whey frac-
tion, following the classical method for fractionation of milk proteins. 
Briefly, 1 g of sample was dissolved in 10 mL of phosphate buffered 
saline (PBS, 10 mM Na2HPO4/NaH2PO4, 137 mM NaCl, and 2.7 mM KCl 
at pH 7.4). After that, the suspension was skimmed by heating at 40 ◦C 
for 30 min in a TS-100 thermoshaker (Biosan, Riga, Latvian Republic) 
and then the suspension was centrifuged at 2000×g at 4 ◦C for 15 min in 
a Rotanta 460 centrifuge (Hettich Zentrifugen, Tuttlingen, Germany). 
The resulting supernatant was subsequently acidified with 1 M HCl to 
pH 4.6 and the mixture was allowed to precipitate during 20 min. After 
that, the acidified suspension was centrifuged at 2000×g at 4 ◦C for 10 
min to sediment and discard the caseins, and the supernatant, which 
contained the whey proteins, including β-LG, was neutralized with 1 M 
NaOH (until pH 7.2). This whey fraction (i.e. extract) was filtered 
through a 0.22 μm polyvinylidene difluoride centrifugal filter (Ultrafree- 
MC, Millipore, Bedford, MA, USA). For the spiked food samples, 500 μL 
of the filtered whey fraction was spiked with a proper volume of 100 μg 
mL− 1 β-LG standard solution to obtain a final concentration of 0.1 mg 
β-LG per g of food sample (10 μg mL− 1). Then, low Mr compounds were 
removed with 10,000 Mr cut-off cellulose acetate centrifugal filters 
(Amicon Ultra-0.5, Millipore) [25]. The unspiked or spiked filtered 
whey fractions were centrifuged at 25 ◦C for 10 min at 10,000×g, being 
the residue washed three times with 50 μL of water for 10 min in the 
same way. The final residue was recovered by inverting the upper 
reservoir in a vial and spinning once more at a reduced centrifugal force 
(2 min at 300×g). Finally, sufficient water was added to adjust the final 
volume to 500 μL, being the resulting solution subjected to 
AA-SPE-CE-MS. 

2.5. AA sorbent preparation 

The amino-modified aptamer immobilization onto the MBs was 
carried out according to our previous study [25]. Two hundred μL of 
MBs solution (equivalent to 20 μL of sedimented MBs) was vortexed and 
the supernatant was removed by magnetic separation using a neodym-
ium cube magnet (12 mm, N48, Lab on a Bead). The MBs were washed 
three times with 200 μL of PBS-T (PBS with 0.1% Tween 20) and the 
supernatants removed. The resulting MBs were resuspended in the same 
volume of PBS-T, 10 μL of activation buffer was added, and the mixture 
was incubated at room temperature for 15 min. The supernatant was 
removed, the MBs were washed with 200 μL of PBS-T, and then resus-
pended with 150 μL of PBS-T. Then, 50 μL of a 100 μM β-LG aptamer 
aqueous solution was added to the MBs suspension and the mixture was 
incubated with moderate shaking at room temperature for 40 min. After 
discarding the supernatant, the AA-MBs were washed three times with 
200 μL of PBS and resuspended in the same volume of PBS. In order to 
prevent the non-specific binding of other proteins to the AA-MBs, 200 μL 
of blocking buffer (5% (m/v) BSA in PBS-T) was added to the suspension 
and the mixture was incubated at 37 ◦C for 2 h under moderate shaking. 
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. 
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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 done 
with the ChemStation and MassHunter softwares (Agilent Technolo-
gies). The parameters of the mass spectrometer 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, 
and 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 capillary rinsing steps were 
performed flushing at 930 mbar. Prior to first use, new capillaries were 
activated by sequentially flushing off-line, to prevent the contamination 
of the mass spectrometer, with 1 M NaOH (15 min), water (15 min), and 
BGE (30 min). The hydrodynamic injection of sample was accomplished 
at 50 mbar for 10 s (ca. 55 nL, estimated using the Hagen–Poiseuille 
equation [29]). A voltage of +20 kV (normal polarity, cathode in the 
outlet) and 50 mbar of pressure were applied for the electrophoretic 
separation. The capillary was conditioned between runs, rinsing with 
water (2 min) and BGE (2 min), while among working days, capillaries 
were washed off-line with 1 M NaOH, water, and BGE (5 min each). 

Samples were kept at 12 ◦C in the CE instrument autosampler using 
an external water bath (Minichiller 300, Peter Huber 
Kältemaschinenbau AG, Offenburg, Germany). 

2.7. AA-SPE-CE-MS 

The AA-SPE-CE-MS analyses were performed using fritless particle- 
packed microcartridges, since the average size of the sorbent particles 
(AA-MBs) was larger than the inner diameter of the separation capillary. 
For microcartridge preparation, a piece of capillary (0.7 cm LT × 250 μm 
i.d. × 365 μm o.d.) was vacuum-filled with the AA-MBs and then con-
nected 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 activated before cutting, as a conventional CE- 
MS capillary [25,26]. 

All experiments and capillary rinses were performed at 25 ◦C and 
930 mbar. Under the optimized conditions, AA-SPE-CE-MS capillaries 
were first conditioned flushing with BGE for 5 min. Then, standard β-LG 
solutions, blank or spiked food extracts were loaded at 930 mbar for 10 
min (ca. 75 μL [29]), followed by a flush with BGE for 1 min to eliminate 
non-retained molecules and fill the capillary before the elution and 
electrophoretic separation. Through these steps, the nebulizer gas and 
the ESI capillary voltage were switched off to prevent the mass spec-
trometer contamination. Then, both were switched on and the retained 
protein was eluted by injecting 100 mM NH4OH (pH 11.2) at 100 mbar 
for 20 s (ca. 100 nL [29]). 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) to compensate the microcartridge counter-pressure. Between 
consecutive runs, to avoid carry-over, the capillary was flushed with 
water (1 min), followed by an injection of the eluent (50 mbar for 40s), 
and a final flush with water (1 min). 

2.8. Quality parameters 

Migration times and peak areas from the extracted ion electrophe-
rograms (EIEs) of the detected β-LG proteoforms (+17 to +12 molecular 
ions of the A and B variants were the most abundant) were used to 
determine the quality parameters. The linearity range and LOD (defined 
as S/N = 3) of the CE-MS and AA-SPE-CE-MS method were experi-
mentally established analyzing in triplicate (n = 3) 5 concentration 

levels of β-LG standard solutions from 25 to 1000 μg mL− 1 and 0.05–20 
μg mL− 1, respectively. Repeatability was measured at 50 μg mL− 1 (CE- 
MS) and 5 μg mL− 1 (AA-SPE-CE-MS) as the relative standard deviation 
(RSD) of migration times and peak areas (n = 3), which was expressed as 
percent by multiplying the standard deviation by 100 and dividing by 
the mean. The microcartridge lifetime was investigated by repeatedly 
analyzing a 5 μg mL− 1 β-LG standard solution and protein extracts from 
food samples. The microcartridge was discarded when a significant loss 
of extraction efficiency was noticed, concretely, when the β-LG peak 
area decreased more than 25% compared to the mean value of the first 
three analyses with the microcartridge under consideration [25]. 

3. Results and discussion 

3.1. CE-MS 

In CE-MS, it is highly recommended the use of volatile BGEs with low 
conductivity to avoid salt precipitation, electrical arcing, and contami-
nation of the mass spectrometer. In addition, acidic conditions are 
usually preferred for intact protein analysis to ensure a proper ionization 
efficiency. In this sense, the combination of BGEs and sheath liquids 
composed of aqueous HAc and propan-2-ol/water with HFor have been 
often reported in sheath-flow CE-MS [25,26,30,31]. Consequently, in 
this study, BGEs of HAc (0.1 M (pH 2.8), 1 M (pH 2.3), and 2 M (pH 2.2)) 
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 determination of 
β-LG. The best results in terms of sensitivity were obtained with 2 M HAc 
(BGE) and 60:40 (v/v) propan-2-ol/water with 0.25% (v/v) of HFor 
(sheath liquid), applying +20 kV and 50 mbar during the electropho-
retic separation. Under these CE-MS conditions, β-LG was detected as a 
mixture of two proteoforms (i.e. β-LG A and β-LG B variants), which 
were found at similar relative abundances (60% and 40%, respectively) 
as shown in the EIEs of Fig. 1A for a 50 μg mL− 1 standard solution. The 
mass spectrum in the protein peak detection window is illustrated in 
Fig. 1C (molecular ions with charges from +17 to +12). As can be 
observed, each ion charge state consisted of a “doublet”, which was due 
to the comigration of the two proteoforms. Mass spectrum deconvolu-
tion resulted in Mr experimental values of 18,364.20 and 18,277.50 for 
β-LG A and B (Er < 194 ppm), respectively (Fig. 1D). These results agree 
with other studies related to the analysis of β-LG [32,33]. It is 
well-known that the two most abundant β-LG proteoforms in bovine 
milk are the A and B variants, which are found at a 60:40 ratio and differ 
by two amino acid substitutions at sequence positions 64 and 118, 
resulting in a nominal mass difference of 87 units [33]. The CE-MS 
method was linear in the β-LG concentration range comprised between 
25 and 1000 μg mL− 1 (R2 < 0.996), while the LOD was 10 μg mL− 1, 
hence 6 and 4 μg mL− 1 for the A and B variants, considering their 
respective relative abundances. The repeatability of the CE-MS method 
was evaluated by three consecutive analyses of a 50 μg mL− 1 β-LG 
standard solution, reaching satisfactory RSD values for migration times 
and peak areas (0.6% and 2.4%, respectively). 

3.2. AA-SPE-CE-MS 

For the AA-SPE-CE-MS analyses, an AA-based sorbent involving an 
aptamer with high selectivity and affinity against β-LG was prepared 
[25,26]. For method optimization, the CE-MS conditions for β-LG 
analysis were considered (2 M HAc BGE with a sheath liquid of 60:40 
(v/v) propan-2-ol/water with 0.25% (v/v) of HFor), as well as the 
AA-SPE-CE-MS method developed in a previous study, which required a 
BGE composed of 0.1 M HAc (pH 2.8) and a basic eluent of 0.1 M NH4OH 
(pH 11.2) [25,26]. Accordingly, BGEs containing HAc at different con-
centrations (0.1, 1, and 2 M) were explored, and the best performance in 
terms of sensitivity for β-LG was obtained with the BGE of 2 M HAc (pH 
2.2). Using this BGE, the injection time of the eluent plug at 50 mbar was 
established at 20 s because longer injection times (i.e. greater eluent 

M. Vergara-Barberán et al.                                                                                                                                                                                                                   



Talanta 259 (2023) 124542

4

volumes) resulted in broader and less intense β-LG peaks. Carry-over 
between consecutive analyses was prevented washing with water, a 
small plug of eluent, and again water. Under these conditions, the 
sample loading time was evaluated with 5 μg mL− 1 β-LG standard 
aqueous solutions by flushing at 930 mbar from 5 to 30 min (Fig. 2). As 
observed, the maximum β-LG peak area was achieved between loading 
times of 10 and 20 min, since a loading time of 30 min resulted in 
smaller β-LG peak area due to exceeding the sample breakthrough vol-
ume [25]. Therefore, a sample loading time of 10 min was selected as the 
best compromise between total analysis time and protein extraction 
efficiency. 

The EIEs obtained under the optimized conditions for the analysis of 
a 1 μg mL− 1 β-LG standard solution by AA-SPE-CE-MS is shown in 
Fig. 1B. As observed, β-LG was again detected as a mixture of β-LG A and 
β-LG B with similar relative abundances as by CE-MS (Fig. 1A). Migra-
tion times were similar compared to CE-MS and the AA sorbent had no 
preference for any of the β-LG proteoforms, as their relative abundance 
was very similar to CE-MS. Therefore, it was possible to accurately 
identify and quantify both β-LG proteoforms, which could be relevant to 
design novel studies to evaluate allergenicity at the proteoform level. 

The optimized AA-SPE-CE-MS method was validated in terms of 
linearity, LOD, and repeatability using β-LG standard solutions. Line-
arity was satisfactory from 0.1 to 20 μg mL− 1 of β-LG (R2 < 0.998, 
Fig. S1). The LOD was 0.05 μg mL− 1 for β-LG (which corresponds to 0.03 
and 0.02 μg mL− 1 for the A and B variants, respectively). These LOD 
values were 200 times lower than by CE-MS, as well as below the values 

reported for other bioassays, including ELISA with spectroscopic 
detection [13], aptamer-based paper sensor with smartphone detection 
[20], or liquid chromatography with UV [9] or MS detection [11,12]. 
Repeatability was evaluated by analyzing in triplicate a 5 μg mL− 1 β-LG 
standard solution, and the RSD values for migration times and peak 
areas (0.5% and 2.4%, respectively) were similar to CE-MS. The reus-
ability of the microcartridges was also investigated at this concentration 
and there was not a significant reduction in extraction efficiency after 25 
analyses. All these results indicated the excellent performance of the 
developed AA-SPE-CE-MS method. 

3.3. Analysis of β-LG in food samples 

Different food matrices were analyzed by AA-SPE-CE-MS to 
demonstrate the applicability of the developed method [5,14,20], as 
well as the selectivity of the AA sorbent against β-LG in presence of other 
milk protein and matrix components, which could mask recognition of 
β-LG at low concentration. For this purpose, not only a representative 
group of milk-free samples (a 100% cocoa dark chocolate, a hydrolyzed 
hypoallergenic formula for infants, and a dairy-free white bread) were 
included in the study, but also two randomly selected samples of white 
bread (milk trace levels were declared in only one of them). 

As expected, and can be observed in Fig. 3, no β-LG proteoforms were 
detected in the EIEs corresponding to the extracts from the three milk- 
free food samples. Therefore, these food extracts were spiked at 0.1 
mg β-LG per g of food sample (10 μg mL− 1), which was the threshold 
concentration able to induce allergy symptoms [27,28]. The resulting 
EIEs for the analysis of the three spiked extracts are also shown in Fig. 3. 
As observed, and also confirmed with the mass spectra (data not shown), 
the β-LG A and B peaks were clearly detected at the expected migration 
time with no interfering signals. These results supported that the AA 
sorbent was able to efficiently and selectively isolate the β-LG proteo-
forms at low concentration, while allowing an accurate quantification, 
even from complex matrices, with no possibility of false positives due to 
the accurate MS identification. Table 1 shows the recovery percentages 
of β-LG calculated for the spiked milk-free food matrices, with adequate 
values comprised between 83% and 94%. As expected with food sam-
ples, RSD values for migration times and peak areas were slightly higher 
than for standards, but below 5.3% and 5.2%, respectively (Table 1), 

Fig. 1. (A) Extracted ion electropherograms (EIEs) for the CE-MS analysis of a 50 μg mL− 1 β-LG standard solution; (B) EIEs for the AA-SPE-CE-MS analysis of a 1 μg 
mL− 1 β-LG standard solution; (C) mass spectrum (by CE-MS) in the time window of the β-LG peak (ca. 3 min); and (D) deconvoluted mass spectrum (by CE-MS). (Er 
(ppm) = Mr experimental – Mr theoretical)/Mr theoretical × 106). 

Fig. 2. Influence of the loading time at 930 mbar on the peak area of the 
detected β-LG (5 μg mL− 1 β-LG standard solution in water) under the optimized 
elution and separation conditions. 
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due to the complexity of the sample matrix. Sample matrix complexity 
also affected microcartridge lifetime that with food samples could be 
only reused until 10 analyses without reduction in the extraction 
efficiency. 

Finally, as example of positive and suspicious samples, two white 
breads were analyzed (milk trace levels were declared in only one of 
them). The obtained EIEs by AA-SPE-CE-MS are shown in Fig. 4, and the 
β-LG proteoforms were detected in both samples. The concentration of 

β-LG was determined to be 0.200 (±0.004) mg per g sample in the white 
bread sample with declared milk trace levels and 0.0101(±0.0004) mg 
per g sample in the white bread with undeclared milk. These results 
corroborated the potential of the developed method for purification, 
preconcentration, separation, quantification, and characterization of 
β-LG in food samples below the typical threshold concentration that can 
elicit allergic symptoms. 

4. Conclusions 

A novel AA-SPE-CE-MS method was presented to purify, pre-
concentrate, separate, and characterize the proteoforms of the milk 
allergenic protein β-LG in food samples. Under the optimized conditions, 
the analytical performance of the AA-SPE-CE-MS method was satisfac-
tory, including low LODs for β-LG (0.05 μg mL− 1, which was 200 times 
lower than by CE-MS, 10 μg mL− 1) and satisfactory repeatability (below 
0.5% and 2.4% RSD for migration times and peak areas, respectively). 
The method was successfully applied to the analysis of β-LG in different 
white bread samples at the typical threshold concentration that can 
cause food allergy symptoms (0.1 mg per g of food sample) and below in 
a suspicious sample with undeclared milk. Besides, the reusability of the 
sorbent was successful at least for 25 and 10 times with standard solu-
tions and food matrices, respectively, without noticeable losses in the 
extraction efficiency. This study demonstrated that AA-SPE-CE-MS can 
be regarded as a promising approach for the accurate identification and 
quantification of β-LG at trace levels in complex matrices, thus avoiding 
the main limitations of typical non-MS based techniques. Furthermore, 
AA-SPE-CE-MS allows obtaining detailed information at the proteoform 
level that can be relevant to design novel studies to understand the 
mechanisms of β-LG allergenicity. More widely, the described approach 
can be adapted for the analysis of diverse allergens in complex samples, 
provided that appropriate selective aptamers are available. 
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Table 1 
Recovery values (standard deviation, SD, n = 3), migration time and peak area 
RSD values (n = 3) of β-LG proteoforms for the analysis of spiked food samples 
(0.1 mg per g of food sample) by AA-SPE-CE-MS.  

Sample β-LG 
proteoform 

Recovery 
(%) 
± SD 

Migration time 
RSD (%) 

Peak area 
RSD (%) 

100% cocoa dark 
chocolate 

A 86 ± 5 5.3 5.2 
B 83 ± 6 5.8 5.1 

Hypoallergenic 
formula 

A 83 ± 6 1.8 2.3 
B 81 ± 4 1.5 2.4 

Dairy-free white 
bread 

A 94 ± 5 3.7 4.4 
B 91 ± 4 2.5 4.9  

Fig. 4. EIEs for the AA-SPE-CE-MS analyses of (A) a white bread with declared 
milk trace levels and (B) a white bread with undeclared milk. 
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Fig. S1. Calibration curve for β-LG under the optimized AA-SPE-CE-MS conditions. 1 
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