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1. Magnetic bead derivatization

Magnetic beads (MBs) were coated with anti-β-lactoglobulin and anti-α-lactalbumin antibodies separately according to the manufacturer protocol. After coating, a BCA protein assay was carried out in order to roughly estimate the amount of antibodies attached to the beads: 26 µg/mg for anti-β-lactoglobulin and 20 µg/mg for anti-α-lactalbumin antibodies, while maximal active chemical functionality of beads reported by manufacturer is 6-9 mg/mg (0.04-0.06 mmol of ligand per g of beads). The values obtained in BCA protein assay are much lower than maximal chemical functionality proposed by the manufacturer. Such difference can be explained by the modifications that authors introduced into the standard protocol. All main criteria specified by the manufacturer for successful MBs derivatization were kept: composition of buffers, fixed ratio between MBs and antibodies (40 µg per mg of beads), ratio between the reagents, order of reagents addition, pH, temperature conditions, and time of the experiment. However, the volume and consequently the amount of all components participating in coating procedure were proportionally reduced 50 times to save the magnetic beads and antibodies. The protocol proposed by the manufacturer is calculated for coating of 50 mg MBs with 2 mg of antibodies at once what makes this procedure quite expensive. In order to save the reagents in current work the protocol was modified what led to the reduction of antibodies immobilization performance. Similar tendency was previously observed in our laboratory for the same type of MBs (Chen, H. X., Busnel, J. M., Peltre, G., Zhang, X. X., Girault, H. H., Anal. Chem. 2008, 80, 9583-9588): the amount of antibodies (0.2 mg added to the reaction mixture) immobilized on 5 mg of MBs was estimated to be 38 µg/mg. In that case the volume of reagents used was 10 times lower than in the standard protocol. Apparently reagents volume (consequently, the amount) is an important parameter for the synthesis. However, the increase of volume 5 times improved the MBs graphing performance only 2 times if compared with the results of current experiments. Taking it into account and regarding the fact that even with such low efficiency of MBs derivatization sensitive IACE analysis was developed no optimization of MBs graphing was further performed. There also other possible explanations for the difference in antibodies binding efficiencies calculated in the current work and presented by the beads manufacturer. As the final volume of reaction mixture was 50 times smaller than specified in the standard protocol the stirring could be less effective and finally could lead to lower efficiency of beads derivatization. Another possibility is that the efficiency of derivatization in manufacturer protocol was calculated using different type of ligand (e.g. peptides), not antibodies, or another method, not BCA assay, was used to estimate the efficiency of ligand binding to the beads surface.
2. Magnets positioning

In order to retain the magnetic beads inside the capillary two permanent cylindrical (bar) magnets (Nd-Fe-B, 4 mm diameter, 12 mm length) were placed in attraction configuration directly around the capillary at a distance of 14.5 cm from the inlet using a homemade Plexiglas holder. This holder is a cube (6 mm each side) containing two cylindrical cavities to place the magnets in front of each other. The space between the cavities is 1 mm and contains a channel to pass the capillary through the holder (figure 1):
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Figure 1. View of Plexiglas holder with magnets fixed on the separation capillary.
Such holder simplifies the positioning of magnets around the capillary and their fixation in the CE cassette.
To insure the effective MBs capture the magnets should be as close as possible around the capillary (Gassner, A.-L., Abonnenc, M., Chen, H.-X., Morandini, J., Josserand, J., Rossier, J. S., Busnel, J.-M. , Girault, H. H, Lab Chip 2009, 9, 2356-2363). However, due to the technical reasons the smallest possible distance between two magnets in this holder is 1 mm, while the outer diameter of the capillary is 0.375 mm. To overcome this limitation cylindrical magnets with 4 mm diameter, 12 mm length were chosen for MBs retaining in contrast with round flat magnets (5 mm diameter, 2 mm thickness) used previously in our laboratory for the similar experiments (Chen, H. X., Busnel, J. M., Gassner, A. L., Peltre, G., Zhang, X. X., Girault, H. H., Electrophoresis 2008, 29, 3414-3421; Chen, H. X., Busnel, J. M., Peltre, G., Zhang, X. X., Girault, H. H., Anal. Chem. 2008, 80, 9583-9588). According to the studies performed in our laboratory (Gassner, A.-L., Abonnenc, M., Chen, H.-X., Morandini, J., Josserand, J., Rossier, J. S., Busnel, J.-M. , Girault, H. H, Lab Chip 2009, 9, 2356-2363) about the influence of magnets parameters on the value of magnetic flux density the cylindrical (bar) magnets are more efficient for MBs capture as they provide higher values and better uniformity of magnetic flux density: for bar magnets used in current work h/l parameter is equal to 3, while for flat magnets used previously h/l=0.4 (where h is height of the cylinder, l is the diameter of the cylinder). Therefore two cylindrical (bar) magnets with 4 mm diameter, 12 mm length were preferred to be used for formation of MBs plug inside the capillary in current work instead of flat magnets.
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The way of magnets positioning inside the CE and CE-MS cassettes is presented on figure 2:
Figure 2. Positioning of capillary with magnets inside a) CE cassette and b) CE-MS cassette.

The distance from capillary inlet for magnets positioning, i.e. the position of MBs plug, was chosen taking into account several factors. Based on previous experience in our laboratory (Gassner, A. L., Proczek, G., Girault, H. H., Anal. Bioanal. Chem. 2011, 401, 3239-3248) when for 35 cm capillary magnets were positioned at 8.5 cm from the capillary inlet providing 16 cm space between MBs plug and detection window, for 50 cm capillary a distance of 12.1 cm was first chosen (with 29.4 cm distance between MBs plug and detection window). However, in such configuration it was difficult to properly fix the Plexiglas holder with magnets inside the CE-MS cassette as this distance was corresponding to the place of the capillary bending. The distance of 14.5 cm from inlet was found to be optimal for holder fixation in both types of cassette and also it provided smaller distance between MBs plug and detection window (27 cm) decreasing the experimental time of separation without influencing its quality.
3. Elution solution evaluation
Acetic acid (10% solution, pH=2) is a well-known buffer to perform cationic t-ITP/CE separation for proteins, which is also compatible with MS detection. It was previously used in our laboratory for IACE analysis as elution solution (Chen, H. X., Busnel, J. M., Gassner, A. L., Peltre, G., Zhang, X. X., Girault, H. H., Electrophoresis 2008, 29, 3414-3421; Chen, H. X., Busnel, J. M., Peltre, G., Zhang, X. X., Girault, H. H., Anal. Chem. 2008, 80, 9583-9588, Gassner, A. L., Proczek, G., Girault, H. H., Anal. Bioanal. Chem. 2011, 401, 3239-3248).
Low pH of 10% acetic acid solution provides an effective breaking of the antigen-antibody complex on the MBs and recovery of the trapped proteins. To evaluate the effectiveness of 10% acetic acid as elution solution new elution solution with lower pH was tried. 0.1% of TFA was added to the 10% acetic acid providing an elution solution with pH=1.5. Addition of TFA was chosen to decrease the pH of elution solution because this newly obtained solution was similar to the old elution solution and compatible with the BGE of the t-ITP/CE system, 10% acetic acid. Absolute electrophoretic mobility of TFA ions (-42.7 cm2/(V·s)) is very close to the mobility of acetate ions (-42.4 cm2/(V·s)) and cannot influence the t-ITP phenomenon in the system. The IACE-UV analysis of standard mixture of β-lactoglobulin and α-lactalbumin (50 µg/ml per each protein) was performed using two elution solutions: 10% acetic acid and 10% acetic acid with 0.1% TFA. Obtained [image: image14.emf]11000 12000 13000 14000 15000 16000 17000 18000 19000
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electropherograms are presented on figure 3:
Figure 3. Evaluation of elution solution for IACE experiments. Conditions: UV spectra at 200nm, typical IACE protocol with direct elution solution injection during 220s at 39 mbar. Sample: mixture of β-lactoglobulin and α-lactalbumin, 50 µg/ml both; 10% acetic acid as elution solution (black line) and 10% acetic acid with 0.1% TFA as elution solution (grey line). α-lac: α-lactalbumin, β-lg: β-lactoglobulin. Full electropherograms are presented below in section 7, figure 11.
As was calculated from the obtained results, TFA containing elution solution provided for 10.5 % (±0.6, n=3) better recovery of both analytes than pure 10% acetic acid solution due to its lower pH. However, further addition of TFA to the acetic acid solution does not decrease the pH: elution solution containing 10% acetic acid with 0.02% TFA has also the pH=1.5. Meanwhile, the use of this elution solution already leads to high current (~ 65 µA) in the system during t-ITP step what is recommended to avoid during the work in CE-MS mode according to the CE instrument manufacturer. Therefore 10% acetic acid with 0.1% TFA was used as elution solution for the development of IACE-UV and IACE-MALDI-MS analysis of β-lactoglobulin and α-lactalbumin.
4. Magnitude of t-ITP in IACE analysis
The magnitude and efficiency of the t-ITP preconcentration step depend strongly on the length of the leading electrolyte (50 mM ammonium acetate) zone (figure 4):
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Figure 4. Evalution of the t-ITP magnitude depending on the terminating electrolyte (i.e. elution solution) injection time. Conditions: CE-UV spectra at 200 nm, sample - mixture of β-lactoglobulin and α-lactalbumin, 50 µg/ml both; typical IACE protocol with direct elution solution injection at 39 mbar during: 210s – long t-ITP; 220s – moderate t-ITP, good quality CE separation; 230s – very short t-ITP, normal CE separation. α-lac: α-lactalbumin, β-lg: β-lactoglobulin. Full electropherograms are presented below in section 7, figure 12.
When the elution solution injection time is only 210s, a long t-ITP is observed; proteins are stacked by t-ITP for a longer time, but both proteins are not separated. β-lactoglobulin and α-lactalbumin comigrate as a single peak. In this case the injected volume of terminating electrolyte is 251 nl and volume of leading electrolyte is 730 nl, separation resolution R=0, efficiency expressed as a number of theoretical plates is N≈41300.
A 220s of terminating electrolyte injection result in moderate t-ITP, which efficiently preconcentrates both whey proteins and allows a good CE separation: the β-lactoglobulin peak appears at 13.2 min and the α-lactalbumin peak appears at 13.7 min. The separation resolution in this case is calculated to be R=0.89, number of theoretical plates for β-lactoglobulin peak N≈24500 and for α-lactalbumin peak N≈14400. The volumes of leading and terminating electrolytes are 716 nl and 265 nl respectively.
An elution solution injection during 230s leads to a very short t-ITP step, which is not sufficient to preconcentrate the sample. Proteins are separated just like in normal CZE, what decreases the sensitivity of the analysis compared to the moderate t-ITP. The resolution of this separation is R=1.28 while number of theoretical plates for β-lactoglobulin peak N≈15400 and for α-lactalbumin peak N≈13000. In this case 279 nl of terminating electrolyte is injected and volume of leading electrolyte is 702 nl.
Summarizing the results obtained reduction of t-ITP magnitude is caused by the decrease of leading electrolyte volume (or consequently by the increase of terminating electrolyte volume) inside the capillary. Smaller amount of leading electrolyte is in the system better the resolution of CE separation becomes. However, at the same time efficiency expressed as a number of theoretical plates decreases with reduction of leading electrolyte volume, consequently the sensitivity of analysis also decreases. The highest efficiency is achieved when 730 nl of leading electrolyte is presented (210s of terminating electrolyte injection) and resolution is calculated to be R=0 in this system. The case of moderate t-ITP (220s of terminating electrolyte injection, 716 nl of leading electrolyte in the capillary) is a good compromise between sufficient resolution and good efficiency: proteins are preconcentrated and at the same time are well separated. Therefore the optimal time for elution solution (terminating electrolyte) injection was always chosen to provide the case of moderate t-ITP.
To calculate the data provided above the following equations were used:

a) Hagen-Poiseuille equation for solution volume injected
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is pressure difference across the capillary, 39 mbar; d is internal diameter of the capillary, 50 µm; tinj is injection time; η is buffer viscosity, 1cP; L is total capillary length, 50 cm. Total capillary volume (taking into account the presence of MBs plug) was estimated to be 981 nl.
b) Resolution was calculated directly from the electropherograms
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where tmα, tmβ are migration times and wα, wβ are baseline peak width for α-lactalbumin and β-lactoglobulin respectively.
c) Efficiency expressed as number of theoretical plates was determined directly from the electropherograms for each peak
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where t is protein migration time, w1/2 is peak width at the half height.

5. Nonspecific interactions
Addition of Tween 20 to the sample solution was performed in order to reduce nonspecific interactions during the analyte reaction with the grafted MBs. According to the previous experience in our laboratory the use of Tween 20 allows decreasing the nonspecific interactions to an acceptable level (Chen, H. X., Busnel, J. M., Gassner, A. L., Peltre, G., Zhang, X. X., Girault, H. H., Electrophoresis 2008, 29, 3414-3421; Chen, H. X., Busnel, J. M., Peltre, G., Zhang, X. X., Girault, H. H., Anal. Chem. 2008, 80, 9583-9588).
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In current work the sample buffer containing 0.1% of Tween 20 was used. To check the influence of such surfactant concentration on the main immune reaction of two whey proteins with antibodies fixed on MBs the analysis of standard mixtures of β-lactoglobulin and α-lactalbumin (25 µg/ml per each protein) prepared in 10 mM PBS and in 10 mM PBS with addition of 0.1% Tween 20 (sample buffer) was performed. The electropherograms obtained in this case are the following (figure 5): 

Figure 5. Evaluation of sample buffer containing Tween 20. Conditions: UV spectra at 200nm, typical IACE protocol with direct elution solution injection during 220s at 39 mbar. Sample: mixture of β-lactoglobulin and α-lactalbumin, 50 µg/ml both; 10 mM PBS as sample buffer (black line) and 10 mM PBS with 0.1% Tween 20 as sample buffer (grey line). α-lac: α-lactalbumin, β-lg: β-lactoglobulin. Full electropherograms are presented below in section 7, figure 13.
According to the results obtained the addition of 0.1% Tween 20 does not interfere with the immune reaction providing similar shapes, intensities and areas (taking into account the error of the analysis) for protein peaks as in case of utilization only of 10 mM PBS solution as sample buffer.
The efficiency of nonspecific interactions reduction by the application of sample buffer containing 0.1% Tween 20 was tested on a mixture of β-lactoglobulin and α-lactalbumin (25 µg/ml per protein) with BSA (10 µg/ml). In the presence of Tween 20 in the sample buffer only two peaks corresponding to β-lactoglobulin and α-lactalbumin appear on the UV-spectrum, while without Tween 20 an additional peak of BSA can also be observed (figure 6):
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Figure 6. Nonspecific interactions study in IACE experiments. Conditions: UV spectra at 200nm, typical IACE protocol with direct elution solution injection during 220s at 39 mbar. Sample: β-lactoglobulin (25µg/ml), α-lactalbumin type I (25µg/ml) and BSA (10µg/ml) mixture without (black line) and with addition (grey line) of 0.1 % Tween 20 to the sample buffer. α-lac: α-lactalbumin, β-lg: β-lactoglobulin. Full electropherograms are presented below in section 7, figure 14.
When only 10 mM PBS is used as sample buffer due to the nonspecific adsorption of BSA on the surface of the magnetic beads not only an additional peak corresponding to this protein appears on the electropherogram, but also the shapes of β-lactoglobulin and α-lactalbumin peaks change. As BSA blocks the binding sites of β-lactoglobulin and α-lactalbumin less amount of these proteins are finally extracted from the sample solution in contrast with the case when Tween 20 is added to sample buffer. Therefore the areas of β-lactoglobulin and α-lactalbumin peaks are smaller even though the same concentrations of these proteins were used in both experiments. Also the peaks of β-lactoglobulin and α-lactalbumin are thinner. The possible explanation for this phenomenon is that stacking of BSA together with β-lactoglobulin and α-lactalbumin provokes changes in t-ITP step and distorts the peak shapes. The addition of Tween 20 to the sample buffer helps to avoid these negative effects of nonspecific interactions.
6. Milk sample analysis
6.1. UHT milk and skimmed milk powder analysis
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Prior to IACE-UV and IACE-MALDI-MS analysis UHT milk samples and skimmed milk powder solution (20 mg/ml) were submitted to the pretreatment including fat removal and casein depletion. Obtained whey fraction was diluted with sample buffer. First, dilution only 25 times was tried. However, for UHT milk sample obtained solution was quite viscous and its injection inside the capillary provoked in some cases unexpected loss of magnetic beads plug during sample injection step (data not shown) or during injection of elution solution. This MBs loss led to abnormal electropherograms where all proteins trapped by the MBs migrate in t-ITP/CE step together with the beads forming a very high and thin peak (figure 7, black line):
Figure 7. Different dilutions of UHT milk sample prior to IACE-UV analysis. Full view of electropherograms. Conditions: UV spectra at 200 nm, typical IACE protocol, direct elution solution injection during 220s at 39 mbar. Samples: whey fraction obtained from UHT milk diluted 25 times (black line) and diluted 50 times (grey line) with sample buffer after fat and casein removal. α-lac: α-lactalbumin, β-lg: β-lactoglobulin.
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To reduce this negative sample matrix effect on the analysis the whey fraction of UHT milk sample was diluted 50 times with sample buffer. In that case no loss of MBs plug or other interferences with β-lactoglobulin and α-lactalbumin IACE analysis were observed (figure 7, grey line). Therefore dilution 50 times with sample buffer was chosen for milk sample pretreatment procedure. MALDI MS spectra obtained for UHT and skimmed milk powder IACE-MALDI-MS analysis are presented on figure 8:
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Figure 8. MALDI-TOF-MS spectra of two whey proteins fractions collected during the IACE analysis of milk samples. Conditions: typical IACE experiment (direct elution solution injection during 220s at 39 mbar). Samples a) UHT milk, b) skimmed milk powder solution, diluted 50 times after fat and casein removal. Matrix solution: 2 mg/ml sinapinic acid in 70% acetonitrile, 0.1% TFA with 10 µg/ml cytochrome c as internal standard.
6.2. Fortified soy milk sample analysis
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Before the IACE-MALDI-MS analysis of fortified soy milk solutions the matrix effect of these samples was studied. For this purpose IACE-UV detection was performed for fortified soy milk samples at 50 µg/ml level in order to find optimal sample dilution prior to the analysis. First, dilution 50 times with sample buffer was tried (figure 9, black line). Although the amount of two whey proteins in this sample after dilution is below the limit of quantification (1.8 µg/ml for β-lactoglobulin and 1.75 µg/ml for α-lactalbumin) for IACE with UV detection, it is still above the limit of detection and can be analysed.
Figure 9. Different dilutions of soy milk sample prior to IACE-UV/MALDI-MS analysis. Full view of electropherograms. Conditions: UV spectra at 200 nm, typical IACE protocol, direct elution solution injection during 220s at 39 mbar. Samples: soy milk sample fortified with β-lactoglobulin and α-lactalbumin, 50 µg/ml per each protein, diluted 50 times (black line) and diluted 70 times (grey line) with sample buffer. α-lac: α-lactalbumin, β-lg: β-lactoglobulin.
As can be concluded from the obtained electropherogram dilution 50 times with sample buffer is not enough to reduce the negative effect of the sample matrix. Peaks and waves of the unknown origin as well as bubbles generation and loss of magnetic beads before the end of CE separation can be observed on electropherogram.

To decrease the matrix effect of soy milk dilution 70 times was applied to this sample (figure 9, grey line). In this case no significant influence on IACE analysis was observed and obtained electropherogram has the typical profile. Two peaks corresponding to β-lactoglobulin and α-lactalbumin in concentration below the limit of quantification can be detected. Therefore, dilution 70 times was chosen as optimal one prior to IACE-MALDI-MS detection.

Fortified samples at 25 µg/ml and at 5 µg/ml (per each protein) levels submitted to the dilution 70 times with sample buffer are already below the limit of detection for IACE with UV detection, therefore these samples were submitted only to the IACE-MALDI-MS analysis for which the limit of quantification calculated for signal-to-noise ratio of 10 is 0.067 µg/ml for β-lactoglobulin and 0.1 µg/ml for α-lactalbumin, while the limits of detection are 0.02 µg/ml and 0.03 µg/ml respectively.
MALDI-MS spectra obtained during IACE-MALDI-MS analysis of fortified soy milk samples are presented on figure 10. Cytochrome c added to the MALDI matrix solution was used as internal standard for two proteins quantification.
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Figure 10. MALDI-TOF-MS spectra of two milk whey proteins fractions collected during the IACE analysis of fortified soy milk samples. Conditions: typical IACE experiment (direct elution solution injection during 220s at 39 mbar). Samples of soy milk fortified with β-lactoglobulin and α-lactalbumin at initial concentrations a) 50 µg/ml, b) 25 µg/ml, c) 5 µg/ml per each protein. Samples were diluted 70 times prior to the analysis. Matrix solution: 2 mg/ml sinapinic acid in 70% acetonitrile, 0.1% TFA with 10 µg/ml cytochrome c as internal standard. 
Every fortified sample was analysed in three repetitions. The results of β-lactoglobulin and α-lactalbumin recovery percentage in fortified soy milk samples are presented and discussed in the main text of the manuscript and are also shown below:

a) initial fortified concentration 50 µg/ml, n=3 (±SD): 89 (±5.4) % for β-lactoglobulin (A+B) and 87 (±6.3) % for α-lactalbumin were recovered;

b) initial fortified concentration 25 µg/ml, n=3 (±SD): 87 (±5.8) % for β-lactoglobulin (A+B) and 84 (±6.9) % for α-lactalbumin were recovered.

c) initial fortified concentration 5 µg/ml, n=3 (±SD): 98 (±7.8) % for β-lactoglobulin (A+B) and 99 (±7.4) % for α-lactalbumin were recovered.

The results obtained for α-lactalbumin detection in soy milk sample fortified at 5 µg/ml were calculated with a certain level of uncertainty. Despite the fact that after dilution 70 times of this sample the concentration of α-lactalbumin was already below the calculated LOQ, the MALDI MS spectra obtained for this protein possessed signal-to-noise ratio higher than 10 (analysis performed in three repetitions). So for α-lactalbumin the concentration 0.071 µg/ml could be regarded as experimentally defined LOQ. However, for the correct performance of the quantitative analysis it is necessary to use calculated LOQ=0.1 µg/ml.
7. Full view of electropherograms
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Figure 11. Evaluation of elution solution for IACE experiments, full view of electropherograms. Conditions: UV spectra at 200 nm, typical IACE protocol with direct elution solution injection during 220s at 39 mbar. Sample: mixture of β-lactoglobulin and α-lactalbumin, 50 µg/ml both, 10% acetic acid as elution solution (black line) and 10% acetic acid with 0.1% TFA as elution solution (grey line). α-lac: α-lactalbumin, β-lg: β-lactoglobulin.

Figure 12. Evolution of the t-ITP magnitude depending on the terminating electrolyte (i.e. elution solution) injection time, full view of electropherograms. Conditions: CE-UV spectra at 200 nm, sample - mixture of β-lactoglobulin and α-lactalbumin type I, 50 µg/ml both; typical IACE protocol with direct elution solution injection at 39 mbar during: 210s – long t-ITP; 220s – moderate t-ITP, good quality CE separation; 230s – very short t-ITP, normal CE separation. α-lac: α-lactalbumin, β-lg: β-lactoglobulin.
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Figure 13. Evaluation of sample buffer containing Tween 20, full view of electropherograms. Conditions: UV spectra at 200 nm, typical IACE protocol with direct elution solution injection during 220s at 39 mbar. Sample: mixture of β-lactoglobulin and α-lactalbumin, 50 µg/ml both; 10 mM PBS as sample buffer (black line) and 10mM PBS with 0.1% Tween 20 as sample buffer (grey line). α-lac: α-lactalbumin, β-lg: β-lactoglobulin.

Figure 14. Nonspecific interactions study in IACE experiments, full view of electropherograms. Conditions: UV spectra at 200 nm, typical IACE protocol with direct elution solution injection during 220s at 39 mbar. Sample: β-lactoglobulin (25 µg/ml), α-lactalbumin (25 µg/ml) and BSA (10 µg/ml) mixture without (black line) and with addition (grey line) of 0.1 % Tween 20 to the sample buffer. α-lac: α-lactalbumin, β-lg: β-lactoglobulin.
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Figure 15. Examples of IACE-UV spectra obtained during milk samples analysis, full view of electropherograms. Conditions: UV spectra at 200 nm, typical IACE protocol, direct elution solution injection during 220s at 39 mbar. Samples: UHT milk (black line) and skimmed milk powder solution (grey line), diluted 50 times after fat and casein removal.
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