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Abstract

A method based on capillary electrophoresis (CE) with electrophoretic injection and absorbance 

detection was developed for the direct analysis of AGP glycoforms in human serum. 

Electrophoretic injection of AGP was performed in the reversed-polarity mode of CE with a 

capillary coated with poly(ethylene oxide) and that had minimal electroosmotic flow. This 

situation created an essentially stationary interface between the sample and running buffer during 

injection and sample stacking. This approach allowed an 11,000-fold increase in sample loading 

for a 5 min injection versus hydrodynamic injection and without introducing any significant levels 

of extra band-broadening. This method was used with sample pretreatment methods based on acid 

precipitation and desalting to examine AGP glycoforms in only 65 μL of serum. A limit of 

detection of 2.1–11.3 nM was obtained for the major AGP glycoform bands in serum, and the 

sample pretreatment method gave a recovery of 72.3–80.9% for these glycoforms. The precision 

for the migration times was ± 0.08–0.13% and the precision for the peak areas was ± 0.34–1.18% 

when using serum samples and an internal standard. This method was used for both normal pooled 

serum and serum from individuals with systemic lupus erythematosus. Results were obtained in a 

separation time of 25 min and allowed the comparison of up to eleven glycoform bands in these 

samples. A similar approach may be useful in examining additional glycoproteins in serum or 

other types of biological samples.
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1. Introduction

Alpha1-acid glycoprotein (AGP) is an acute phase glycoprotein with a low isoelectric point 

(pI, 2.8–3.8) and a high carbohydrate content (~40% w/w) [1]. The concentration of AGP 

ranges from 0.5–1.0 mg/ml, or 12–24 μM, in normal human serum and can increase by ten-

fold during some clinical conditions [1]. There are around 12–20 major glycoforms of AGP 

that have been previously observed for human serum, which result from the various 

complex-type glycans that can occur at the five glycosylation sites of this protein [2]; 

however, more than 150 human AGP isoforms (including both glycoforms and genetic 

variants) have been characterized by CE-MS [3] and an even larger number of glycoforms 

may be present if linkage isomers are also considered [4]. The glycosylation of AGP can be 

altered in some disease states, which has made AGP glycoforms and their carbohydrate 

chains potential biomarkers for disease diagnosis [5–7]. For instance, a change in the degree 

of branching for the carbohydrate chains on AGP has been used to detect infections in 

systemic lupus erythematosus (SLE) [5]. In addition, an increase in α1–3 fucosylation for 

AGP has been noted in pancreatic cancer [6], and hypersialylation of AGP has been reported 

in ovarian cancer and lymphoma [7,8].

Several methods based on capillary electrophoresis (CE) [9] have been developed for the 

separation and analysis of AGP glycoforms, as based on the use of buffer additives such as 

putrescine and urea or the use of coated capillaries [7,10–16]. For instance, a relatively fast 

method for the analysis of AGP glycoforms in aqueous solutions has recently been reported 

that used both static and dynamic coatings of poly(ethylene oxide) (PEO) in a silica 

capillary and a pH 4.2 running buffer that contained 0.1% Brij 35. This resulted in a 

separation of nine glycoform bands within 20 min for standard samples of AGP and with 

detection limits for the individual glycoform bands that were in the range of 0.09–0.38 μM 

when using absorbance detection [17]. However, this approach has not yet been adapted for 

use with more complex biological samples, such as human serum. A highly sensitivity 

method would ideally be needed for such work to analyze samples that contain abnormally 

low levels of AGP and/or any minor glycoforms that may be present in these samples [1,17].

A number of schemes have been developed to isolate AGP from serum and related samples 

prior to the analysis of this glycoprotein by liquid chromatography or CE [12,13,18–20]. 

Previous methods for the purification of AGP have often involved multiple chromatographic 

steps (e.g., ion-exchange and dye-ligand affinity chromatography), which can be time-

consuming and generally require relatively large sample volumes (e.g., 1–2 mL of serum or 

plasma) [18,19]. A method based on acidic precipitation has been described for the isolation 

of AGP from 50 μL of plasma [20]. However, significant interferences in the resulting 

samples have still been noted with this approach, which has resulted in the further use of 

anti-AGP antibodies in columns or on magnetic beads to purify AGP [12,13].

Other approaches that have been used to examine AGP glycoforms at levels found in serum 

have made use of labeling or detection based on mass spectrometry [21–24]. For instance, 

CE and laser-induced fluorescence (CE-LIF) has been used to analyze AGP glycoforms in 

serum after labeling the AGP with a fluorescent tag [21]. CE-MS has been used with 

immunoaffinity extraction to look directly at AGP glycoforms in serum [22–24]. However, 
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the use of sample labeling adds extra steps and time to the analysis of AGP and modifies the 

structure of this glycoprotein [21], while the high cost of instrumentation and level of 

training that is needed in CE-MS can limit the use of such a method in routine clinical 

testing [25].

Another possible option to obtain lower detection limits in CE is to use sample stacking, 

although this technique has not been previously used for AGP or AGP glycoforms. Field-

enhanced sample injection (FESI) is a stacking technique that uses samples that have been 

prepared in a low-conductivity solution [26]. The placement of a small water plug in the 

capillary before sample injection has been used in this method with anionic solutes to 

minimize effects due to retreating of the stacking interface, but this method has only allowed 

injection times of up to 10 s [27,28]. A longer water plug can be used with suppressed 

electroosmotic flow in FESI to provide longer injection times and higher loading capacities 

[29]. In addition, large volume sample stacking has been reported in which a low 

conductivity sample zone has been injected along the entire length of a capillary [30–32]. 

Unfortunately, the amount of sample that can be stacked by this last technique is limited by 

the capillary volume (i.e., typically around 2 μL) [30]. External pressure has been used to 

increase sample loading by providing resistance to retreating of the stacking interface during 

FESI, but this approach requires that a delicate balance be maintained between 

electroosmotic flow and the applied pressure [33].

In this study, a CE approach with electrophoretic injection/sample stacking and absorbance 

detection will be developed and tested for use in separating and analyzing AGP glycoforms 

in serum. Electrophoretic injection will be performed in the presence of negligible 

electroosmotic flow by using a capillary with a neutral coating [17], thus providing a stable 

stacking interface that can provide large loading capacities and long injection times for AGP 

samples. In addition, both acid precipitation and desalting will be explored as pretreatment 

methods to allow this CE approach to be used with serum samples. The final method will be 

characterized by using it to analyze the glycoforms in standard samples of normal, purified 

AGP. The same method will be tested for use in examining and comparing AGP glycoforms 

from normal pooled serum and serum from individuals with SLE.

2. Experimental section

2.1 Materials

The normal, purified AGP (from pooled human plasma, ≥ 99% pure; product number 

G9885; lot numbers, SLBJ6840V and SLBG6410V; purified from Cohn Fraction VI by the 

manufacturer through several chromatographic steps), pooled normal human serum (from 

human male AB plasma, USA origin, sterile-filtered; product number H4522), PEO 

(viscosity-average molar mass, 8,000 kDa), Brij 35 (number-average molar mass, 1.198 

kDa), and Lucifer yellow CH (LyCH, dilithium salt) were purchased from Sigma-Aldrich (St 

Louis, MO, USA). The SLE serum samples were de-identified and pre-existing samples 

from individuals known to have this disease, as provided by Johns Hopkins University 

School of Medicine (Baltimore, MD, USA; this work was determined to be exempt from 

IRB review by the Johns Hopkins School of Medicine, according to the Code of Federal 

Regulations - 45 CFR 46.101 b); a similar sample of pooled normal human serum was also 
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obtained from this source. All aqueous solutions and samples were prepared using water 

obtained from a Milli-Q Advantage A10 water purification system (EMD Millipore 

Corporation, Billerica, MA, USA). Zeba spin desalting columns (0.5 mL, 7 kDa cutoff) were 

purchased from Thermo Fisher Scientific (Rockford, IL, USA).

2.2 Apparatus

The CE work was carried out using a P/ACE MDQ instrument (Beckman Instruments, 

Fullerton, CA, USA). The capillary in this system was maintained at 25°C during the 

separation, which was performed at an applied potential of −30 kV. This system used 60.2 

cm × 50 μm I.D. fused silica capillaries (Polymicro Technologies, Phoenix, AZ, USA) with 

an effective length to the detector of 50 cm. New capillaries were activated by rinsing them 

with 1 M sodium hydroxide for 30 min, followed by a 10 min rinse of water. Modification of 

the capillaries with static and dynamic coatings of PEO was carried out as described 

previously [17]. In this method, the capillary was first cleaned by using a 5 min rinse with 1 

M sodium hydroxide, followed by a 3 min rinse with water. The coating was applied by 

rinsing the capillary for 5 min with 1 M hydrochloric acid and then rinsing for 5 min with a 

0.2% (w/v) PEO solution that contained 0.1 M hydrochloric acid. The capillary was then 

rinsed for 5 min with a running buffer that was pH 4.2, 20 mM acetate buffer containing 

0.05% (w/v) PEO and 0.1% (w/v) Brij 35. All of these rinses were performed at an applied 

pressure of 50 psi, and this rinsing procedure was repeated before each CE separation.

2.3 Electrophoretic injection of AGP

Electrophoretic injection was performed by applying a potential of −5 kV to a PEO-coated 

capillary for times ranging from 1 to 20 min. Hydrodynamic injection was performed at 0.5 

psi for 3 s. The signal enhancement factor (SEF) that was obtained by electrophoretic 

injection was calculated by using Eq. (1) [34],

(1)

where IFESI in this study was the collective area for all the observed AGP glycoform bands, 

CFESI was the concentration of the AGP sample that was used for electrophoretic injection, 

Icontrol was the collective area for all the AGP glycoform bands during a hydrodynamic 

injection, and Ccontrol was the concentration of the AGP sample that was used for 

hydrodynamic injection. When serum was loaded by electrophoretic injection, 0.5 g/L LyCH 

in water was subsequently injected at 0.1 psi for 2 s for use as a mobility marker.

2.4 Serum pretreatment

All serum samples were kept in BSL-2 facilities and handled according to standard 

procedures for dealing with materials that may contain blood borne pathogens. The acid 

precipitation of AGP from serum or aqueous samples was performed according to a 

previously-reported procedure [20]. In this pretreatment method, a 65 μL portion of serum 

and 130 μL of 0.5 M perchloric acid were combined and vortexed for 20 s (Note: Use 
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appropriate chemical hazard precautions when handling perchloric acid) [35]. The resulting 

sample was centrifuged at 6,600 rpm for 10 min on a Mini Centrifuge (Fisher Scientific, 

Pittsburgh, PA, USA) at room temperature. A 130 μL portion of the supernatant was put into 

a Zeba spin desalting column and spun for another 2 min at 6,600 rpm. The filtrate was 

diluted with water to a total volume of 5 mL for use in CE. The initial serum sample was 

diluted by 115.4-fold as a result of this procedure.

When using desalting alone for pretreatment, a 130 μL portion of human serum was placed 

into a Zeba spin desalting column and centrifuged for 2 min at 6,600 rpm. The filtrate was 

then diluted with water to a total volume of 15 mL for CE analysis, giving a 115.4-fold 

dilution (i.e., as was used for the pretreatment of serum in the previous paragraph). A control 

sample was prepared for comparison with each type of pretreatment method by using a 130 

μL portion of serum that was diluted with water to a total volume of 15 mL without any 

other form of pretreatment (i.e., again giving a 115.4-fold dilution for direct comparison 

with the other samples that were processed in this section).

2.5 Method validation

The limit of detection, precision and separation efficiency of the final CE method with 

electrophoretic injection were characterized by external calibration with aqueous standards 

containing 0.125 to 2.0 mg/L of normal and purified AGP. These standards were stored at 

4°C prior to use and were each analyzed 3–5 times within a week of their preparation. 

Electrophoretic injection was performed for 5 min with each sample. The concentration of 

the individual AGP glycoform bands was found by using the total AGP concentration and 

relative peak area for a given band versus the total peak area for all glycoforms.

Acid precipitation with desalting and electrophoretic injection was also examined in terms of 

its recovery, limit of detection, precision and separation efficiency by analyzing AGP in a 

commercial sample of pooled normal human serum. In this case, 32.5 μL portions of serum 

were used that had been combined with 32.5 μL of aqueous standards that contained 1.0–5.0 

g/L of normal, purified AGP; the spiked serum samples were then treated by acidic 

precipitation and desalting. Similar samples from serum were prepared that were instead 

spiked with AGP after the pretreatment steps; the recovery of AGP during pretreatment was 

found by dividing the slopes of the resulting response curves for the samples that had been 

spiked before or after the pretreatment steps.

Each sample solution was diluted to 5 mL with an aqueous solution containing 0.33 mg/L 

LyCH, which was used as an internal standard to correct for variations in the peak areas 

during the injection process (Note: LyCH was used for this purpose because it is an easily-

detectable compound that is anionic under the conditions used in this study and that is well-

resolved from all of the AGP glycoform bands). The mixture of each sample with LyCH was 

stored in the dark within a 20 ml glass vial at 4°C prior to use and each of these samples was 

analyzed in triplicate by CE within two days; these conditions gave glycoform band areas, 

when normalized versus the area for LyCH, that had precisions of ± 1.18% or less for 

injections of serum spiked with AGP, as discussed in Section 3.5. The calibration curves that 

were generated were based on the corrected peak or band areas, as determined by dividing 

the observed peak or band areas for AGP by the measured peak area for LyCH in the same 
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sample. The concentration of AGP that was originally present in a serum sample was also 

determined by using this approach in a standard addition format.

3. Results and discussion

3.1 Selection of conditions for electrophoretic injection

In CE, the apparent velocity of an analyte is the result of both the analyte’s electrophoretic 

mobility and electroosmosis. Some anionic species such as AGP glycoforms (isoelectric 

point, 2.8–3.8) [1] can migrate against electroosmotic flow in a bare silica capillary (e.g., 

when the pH is greater than 3.8 for AGP) [17]. This condition can make it difficult to use 

electrokinetic injection to apply these anionic solutes onto a capillary in either the normal- 

or reversed-polarity modes [27]. When FESI is used in the reversed-polarity mode of CE, the 

electric field at the injection point for a sample that is prepared in a low concentration buffer 

or water is much stronger than the field strength throughout a capillary that is filled with a 

running buffer that has a higher concentration of ions. This situation will result in amplified 

electrophoretic migration for analytes that are present in the region with the high electric 

field [26].

The overall electroosmotic velocity in this situation will be a weighted average for the high 

and low concentration regions, and the change in electroosmotic velocity will be 

insignificant from that of the running buffer due to the small amount of the low 

concentration buffer that will be present in the capillary [36]. As a result, the amplified 

electrophoretic velocity of the anionic species will outperform the bulk electroosmotic 

velocity and these negative ions will rapidly migrate through the high field region and 

decelerate (or become stacked) once they cross the boundary between the low and high 

concentration regions of the buffer. This process is illustrated in Figure 1(a). When this 

effect occurs in FESI, it is accompanied by the retreat of this boundary towards the capillary 

inlet due to the presence of electroosmotic flow. The retreat of this boundary tends to limit 

the usable injection time in this method to an interval on the order of a few seconds [27,28].

In a previous study it was found that electroosmotic flow could be greatly reduced (i.e., by 

almost 99%) through the use of static and dynamic coatings of PEO in a silica capillary [17]. 

It was hypothesized in this current study that these conditions, which result in minimal 

electroosmotic flow, should allow electrophoretic injection to be performed for AGP without 

significant retreating of the stacking boundary, as is illustrated in Figure 1(b). This feature 

was tested for use in extending the injection time and amount of AGP that could be loaded 

into a capillary through the inherent electrophoretic mobility of this glycoprotein alone.

The length of time that could be obtained for sample injection/stacking and the level of 

signal enhancement that could be obtained with this approach were initially characterized by 

using a 4.0 mg/L standard solution of normal and purified AGP. The signal enhancement 

factor of this technique, as based on the collective peak area for all of the observed AGP 

glycoform bands in the electropherogram, was measured at an injection voltage of −5 kV at 

various sample injection times. These results were compared to those that were obtained by 

hydrodynamic injection, as performed at 0.5 psi for 3 s for an aqueous standard containing 

4.0 g/L of normal and purified AGP (see Supplementary Materials for electropherograms).
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The data and electropherograms that were acquired during this comparison are illustrated in 

Figure 2. As is shown in Figure 2(a), a linear relationship with a correlation coefficient of 

0.9987 (n = 7) was present between the peak (or band) area and injection time as this time 

was increased from 1 min up to 15 min. This type of linear relationship indicated that a 

stable stacking interface was present, as has been observed in previous work that instead 

used external pressure to help create such a situation [33]. An additional, non-linear increase 

in peak area of 20.4% was observed when the injection time was further increased from 15 

min to 20 min. When the results were compared to those seen with hydrodynamic injection, 

a signal enhancement factor (and corresponding increase in sample loading) of 11,000-fold 

was measured for an injection time of 5 min; 30,000-fold was obtained for an injection time 

of 15 min; and 36,000-fold was acquired for an injection time of 20 min. These periods of 

time were much longer than the typical duration of electrokinetic injection (i.e., several 

seconds) [27,28] and could be reached without the need for a water plug, as has been used in 

FESI techniques for anionic compounds [27–29].

Some additional band-broadening was noted as the injection time was increased during the 

electrophoretic injection of AGP. This was examined by determining the peak width of the 

ninth band in the cluster of AGP glycoform bands in Figure 2(b) (i.e., with the ninth band 

having the highest resolution from its neighboring bands). Because both the speed and the 

actual width of this band were contributing to its observed width in terms of time, the peak 

widths were instead expressed in terms of distance by using the migration time and 

electrophoretic mobility of the glycoform band [37]. As is shown in Figure 3, it was found 

that the change in band-broadening was negligible in this sample application method and 

showed only random variations when using an injection time of up to 10 min. A small 

increase in band-broadening of 5.3% was seen when going from an injection time of 10 min 

to 15 min, and an increase of 13.4% was seen between 10 min and 20 min.

The fact that little change in band-broadening was seen up to an injection time of 10 min can 

be explained by the conservation of mass for the analyte before and after it has crossed the 

stacking interface [28]. For instance, if a certain amount of the analyte crosses the stacking 

boundary, the mass conservation relationship for this situation can be described by Eqs. (2–

4),

(2)

(3)

(4)

where C1 is the initial sample concentration, C2 is the concentration of analyte after crossing 

the stacking boundary, L1 is the zone width of the sample ions that travel towards the 
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boundary, and L2 is the zone width of the sample ions after they cross the boundary. Other 

terms in these equations include t as the time interval for this comparison, μep as the 

electrophoretic mobility of the analyte, E0 as the electric field throughout the capillary (i.e., 

during electrophoretic injection), and γ as the resistivity ratio between the sample and 

running buffer.

It is possible to show by combining Eqs. (3) and (4) that the zone width of the sample band 

during electrophoretic injection and stacking should be reduced by the factor γ, where γ = 

L1/L2. If Eqs. (3) and (4) are inserted into Eq. (2), it can also be shown that the injected 

sample should be concentrated by the value of γ, because C2 = γ C1. In addition, the 

loading capacity (which is reflected by the observed total peak area) of this injection 

technique can be described by Eq. (5) [28],

(5)

where Ni(t) is the moles of analyte i that are applied to the system over injection time t, and 

the A is the cross-sectional area of the capillary. This means the sample loading capacity can 

be increased substantially during electrophoretic injection through the presence of a high 

resistivity ratio (γ) and the use of a long injection time (t), as shown by Eq. (5), while the 

separation efficiency is maintained, as indicated by Eqs. (2–4). In this study, an injection 

time of 5 min was used in all further experiments as a compromise between the change in 

sensitivity, the total analysis time, and the effects on band-broadening.

3.2 Effects of injection bias and speed bias during electrophoretic injection

The possible effects of injection bias and speed bias were also considered when using 

electrophoretic injection. Injection bias can result from the differential mobility of analytes 

during electrokinetic injection [38], and is a key reason as to why hydrodynamic injection is 

often the preferred injection mode in CE [39]. To consider this effect, the quantity Q (or Ni, 

when expressed in moles) of an analyte in a physical zone within a CE system can be 

described by Eq. (6),

(6)

where C is the concentration of the analyte in this zone, V is the volume of the zone, A is the 

cross-sectional area of capillary, and dL is the length of capillary that contains this zone. 

This relationship can also be written in the terms of time (e.g., dt), as shown in Eq. (7) by 

using the analyte’s electrophoretic mobility (μ), the applied electric field during the 

separation (E) and the fact that the inherent migration velocity of the analyte is equal to the 

product μE [37].

(7)
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The observed peak area when using absorbance detection in CE will be the sum of the 

absorbance values measured over a range of time, as described by using the Beer-Lambert 

law [40],

(8)

where Pobserved is the observed peak or band area, Abs is the signal due to absorbance by the 

analyte at time t, is the molar absorptivity of the analyte, and b is the path length for the light 

in the capillary. Eq. (9) can then be obtained by combining Eq. (7) and (8).

(9)

This new equation indicates that the quantity Q of an analyte in its observed peak can be 

found by using the product of the observed peak area and the term ( ), which will be 

constant for a given analyte.

If a sample is injected through electrophoretic injection and in the absence of any 

appreciable electroosmotic flow (i.e., as was the case in this study), the only means for 

analytes to enter the capillary will be through their inherent mobilities. This means Eq. (9) 

will be equal to Eq. (5), which gives rise to Eq. (10).

(10)

This combined relationship suggests that when a constant time is used in such a situation for 

electrophoretic injection, the observed peak area will not depend on either injection bias or 

speed bias. This occurs because the electrophoretic mobility μ is cancelled out in Eq. (10) 

when both injection bias and speed bias are considered simultaneously (and a correction is 

made for their effects) during the use of these injection conditions with absorbance detection 

in CE.

This predicted relationship was tested by comparing the relative composition of glycoform 

bands that were measured for normal and purified AGP when using electrophoretic injection 

versus the composition for the same AGP glycoform bands that were obtained when using 

hydrodynamic injection. The composition when using hydrodynamic injection was obtained 

by using the speed-corrected peak areas of the AGP glycoform bands, while the peak areas 

were used directly to find the AGP glycoform composition after electrophoretic injection. 

The results are shown in Figure 4 (Note: The corresponding electropherograms are given in 

the Supplementary Materials). The relative composition of the AGP glycoform bands, as 

represented by the y-axis in Figure 4, was the same at the 95% confidence level for both 

injection techniques. This confirmed the prediction made by Eq. (10) that the observed peak 
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areas resulting from true electrophoretic injection with absorbance detection should be 

essentially free from both mobility-induced injection bias and speed-induced detection bias. 

This feature meant that these peak areas could be used directly for the quantitative analysis 

of AGP glycoform bands, as was employed in the remainder of this study.

3.3 CE analysis and electrophoretic injection of AGP standards

The CE and electrophoretic injection method was next characterized in terms of its 

analytical performance when using 5 min for sample injection. External calibration was first 

performed by using aqueous standards that contained 0–2.0 mg/L of normal and purified 

AGP. The results are summarized in Table 1. An average correlation coefficient of 0.9991 

(range, 0.9971–0.9997) was obtained for the glycoforms of AGP. The limit of detection for 

the AGP glycoform bands under these injection conditions was 0.05–0.2 nM when using 

absorbance detection, or a range that was 0.6–4.8 × 105-fold smaller than the total normal 

concentration of AGP in human serum [1]. This detection limit was 1,800- to 1,900-fold 

lower than what has previously been reported under similar CE conditions when using 

hydrodynamic injection at 0.5 psi for 15 s and for aqueous samples of normal, purified AGP 

[17] (Note: This latter method corresponded to an injected zone volume equal to 

approximately 1% of the capillary volume, which was within the maximum range of 1–3% 

that is generally recommended to avoid overloading effects when using hydrodynamic 

injection in CE) [39]. The detection level obtained by electrophoretic injection, and as 

determined for the highest band in the electropherograms for AGP, was also 2- to 10-fold 

lower than what has been reported for the highest observed bands when employing CE-LIF 

and hydrodynamic injection for the analysis of labeled AGP and its glycoforms [21].

The precision for the migration times of the AGP glycoform bands in this method was 

± 0.15–0.36%, as measured by using a 2.0 mg/L AGP sample. The precision in the peak 

areas for the same glycoform bands and sample ranged from ± 4.2–7.2%. This level of 

precision in both the migration times and peak areas is consistent with what has been 

achieved in prior work using similar separation conditions with hydrodynamic injection to 

examine AGP glycoforms by CE [17]. The number of theoretical plates (or plate numbers) 

that were measured for these glycoform bands ranged from approximately 3,000 to 6,000. 

This relatively low efficiency was also observed in prior work using CE to examine AGP 

glycoforms and has been suggested to be due to the fact that each of the observed bands 

consists of multiple glycoforms with the same charge but slightly different masses (or 

structures) [2,17]. The resolution between the nine glycoform bands, as shown in Figure 

2(a), ranged from 0.41 to 1.10 when using an injection time of 5 min, and the analysis time 

was 25 min per sample for the electrophoretic injection and separation steps.

3.4 Selection of conditions for serum pretreatment

The CE and electrophoretic injection method that was developed and characterized in the 

previous sections was next tested for use with serum. As is shown in the top portion of 

Figure 5, no observable signal due to AGP or its glycoforms were obtained by this approach 

when using for the direct injection of human serum without the use of any sample 

pretreatment. This lack of signal was a result of both the reduced sample loading and 

broadening of the injection band that was caused by the presence of salts in the sample. For 
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instance, Table 2 shows that the ratio of the measured resistivities (i.e., the inverse of the 

ratio of the conductivities) for the sample solution versus the running buffer increased from 

2.6 to 18.3 when going from untreated serum to serum that had been pretreated with 

desalting (i.e., as discussed later in this section). According to Eqs. (2–5), the lower 

resistivity for the untreated serum sample would have resulted in a 7-fold lower loading 

capacity versus a desalted serum sample, as well as an increase in zone width for the 

injected sample band after it crossed the stacking boundary. This effect of salts and small 

ions on the electrokinetic injection of AGP from serum has also been noted previously by 

others when using a coated capillary [15].

Several pretreatment methods were considered for reducing the content of small ions in the 

serum samples prior to the analysis of AGP by the CE and electrophoretic injection method. 

These pretreatment methods included the use of desalting or acid precipitation (i.e., which 

also allowed the isolation of AGP from many other serum proteins) [20] followed by 

desalting. The direct injection of serum, without any pretreatment, was used as a control, 

along with the direct injection of an aqueous standard of normal, purified AGP. The 

electropherograms and glycoform patterns that were obtained with these samples and 

pretreatment methods are shown in Figure 5. Only AGP was observed in the 

electropherograms obtained with both pretreatment methods even for commercial serum 

samples that had originally contained a full set of serum proteins. The selectively of this 

method for AGP was mainly a result of the minimal electroosmotic flow that was present 

(i.e., suppressed by almost 99%) [17] and the low isoelectric point of AGP when compared 

to the majority of other serum proteins (pI > 4.2 except for AGP, which also formed the basis 

for the acid precipitation pretreatment method) [19,40]. As a result of this combination of 

factors and use of the reversed-polarity mode for CE, AGP was the only significant, 

negatively-charged serum protein that was injected onto and passed through capillary in the 

presence of a pH 4.2 running buffer.

When desalting alone was used for serum pretreatment, ten glycoform bands for AGP could 

be detected (i.e., corresponding to peaks 2–11 in the other samples). A similar pattern and 

signal intensity for the AGP glycoform bands was observed for serum that had undergone 

both acid precipitation and desalting, with up to eleven bands being noted for some of these 

samples, as demonstrated in Figure 5. This number of AGP glycoform bands was consistent 

with what has been observed by using CE and anti-AGP antibody supports for sample 

pretreatment [12,13]. The relative composition of the glycoform bands after both 

pretreatment methods did differ some from the pattern seen for commercially-prepared 

normal and purified AGP by giving a slight shift in intensity to bands with higher migration 

times (see Supplementary Materials). For instance, these two pretreatment methods gave a 

1.7–6.5% decrease in composition for the bands at migration times below 15 min when 

compared to the purified AGP and a corresponding increase of 1.2–6.4% for bands 

migrating after 15 min. This shift is probably related to the different approach (i.e., multiple 

chromatographic methods) that had been used by the manufacturer to pretreat and purify the 

commercial AGP standard. However, the AGP glycoform band composition for each 

pretreatment method was reproducible for peaks that made up more than 3% of the total 

area, with a relative standard deviation in the band area ranging from ± 0.5–8.4% when 

using acid precipitation plus desalting and from ± 0.4–7.1% when using desalting alone.
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The pretreatment approach that was selected for the final assay was based on both acid 

precipitation and desalting. This method could be used with only 65 μL of serum and could 

be carried out within 15 min. The overall process provided a 5 mL solution from the 

pretreated and diluted sample that could be used for CE analysis.

3.5 Use of CE/electrophoretic injection and pretreatment method with serum

The combined CE and sample pretreatment method was next characterized by using this 

approach to examine AGP glycoforms that had been obtained from human serum (see Table 

3). The recovery for the major AGP glycoform bands (i.e., bands 3–9 in Figure 5) from a 

commercial sample of pooled normal serum that had been spiked with a known amount of 

AGP was found to range from 72.3–80.9% in the overall method. The detection limits for 

the same AGP glycoform bands was 2.1–11.4 nM when working with the treated and diluted 

sample of the normal and pooled human serum, which was 40- to 50-fold higher than the 

results that were obtained previously in this report with aqueous AGP standards. However, 

these adjusted levels were still more than sufficient to examine the expected levels of AGP 

and these glycoform bands in samples of human serum [1].

The concentration of AGP that was measured by this CE method in the normal and pooled 

commercial sample of human serum was 14.2 (± 2.9) μM, or 0.60 (± 0.12) g/L. This value 

fell within the range of 0.5–1.0 g/L for AGP that is expected in healthy individuals [1]. For 

the sake of convenience, the precisions of the peak areas and migration times were also 

evaluated with the normal serum samples that were spiked with AGP. The precision in the 

peak areas for the glycoform bands, when corrected for the area of the internal standard, 

ranged from ± 0.34–1.18% for the normal human serum after it had been spiked with 2.5 g/L 

AGP; this level of precision was improved over the precision seen in Section 3.3 when using 

external calibration. Good precision in the migration times was also obtained; this precision 

ranged from ± 0.08–0.14% for the glycoform bands in the AGP-spiked serum, which was 

consistent with the precisions that were obtained when using external calibration. The 

relative difference in the migration times for the neighboring glycoform bands was 5.3–

10.7%, which was 66- to 76-fold larger than the variation observed in the migration times 

for the individual bands. This difference in migration times and level of precision made 

these neighboring peaks distinguishable at the 99% confidence level after a duplicate 

analysis. The number of theoretical plates, as based on the glycoform bands in the spiked 

serum sample, ranged from 2,840 to 8,110. These values were generally comparable to the 

plate numbers that were obtained in Section 3.3 for an aqueous AGP standard, although the 

values shown in Table 3 did cover a broader range.

This CE method was next used to examine and compare the AGP glycoforms that were 

found in pooled normal serum and in serum from individuals known to have SLE. Some 

typical electropherograms and glycoform patterns that were obtained are provided in Figure 

6. LyCH was included as a mobility marker in these serum samples to detect or correct for 

matrix-induced shifts in the migration times between samples. The resulting glycoform 

bands were consistent in their locations between samples, with normalized migration times 

(i.e., values adjusted versus the migration time for LyCH) that were equivalent at the 95% 

confidence level.
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Around ten-to-eleven AGP glycoform bands were again seen with this method for the 

various serum samples. For serum that was from individuals with SLE, the glycoform 

pattern appeared to give an additional band at a higher migration time (i.e., around 24 min) 

and at a lower charge than was seen in Figure 5 for the bands from normal purified AGP (see 

enlarged view in Supplementary Materials). There was also a general shift in the relative 

size of the glycoform bands to those bands that had longer migration times in the SLE 

samples, although the extent of this shift did vary between individual samples. This shift 

indicated that the composition of the AGP glycoforms had a decrease in the number of 

negative charges (e.g., through a smaller degree of branching and fewer sialic acid residues) 

for the serum samples that were from the individuals with SLE. These results are consistent 

with an increase in the amount of biantennary-containing glycoforms for AGP that have 

been reported in some individuals with SLE [5]. These results confirmed that this CE 

method could be used to examine the glycoform patterns for AGP in serum from individuals 

with diseases such as SLE and to compare these with the pattern seen for normal serum.

4. Conclusion

In this study a CE method based on electrophoretic injection and absorbance detection was 

developed for analyzing the glycoforms of AGP in human serum. This method was made 

possible by using the reversed-polarity mode of CE and a coated capillary that had minimal 

electroosmotic flow. This situation created a stable interface between the sample and running 

buffer that allowed the application of samples at an injection potential of −5 kV over the 

course of up to 15–20 min. With this approach it was possible to increase the loading 

capacity by 11,000-fold (versus hydrodynamic injection) at an injection time of 5 min and 

without introducing significant levels of extra band-broadening to the system.

This method was first validated by using aqueous samples of normal, purified AGP and then 

was further modified for use with serum. The final method made use of both acid 

precipitation and desalting for the pretreatment of serum. This method allowed the analysis 

of AGP glycoform bands from 65 μL of human serum when using a combined injection and 

separation time of 25 min. Up to eleven glycoform bands were observed for AGP under 

these conditions, with the detection limits for these individual bands ranging from 2.1 to 

11.3 nM. The method had good precision in both its migration times and peak areas, and it 

was shown that this approach could be used to compare the glycoform profiles for AGP in 

pooled normal serum and serum taken from patients with SLE. Based on the results and 

observations that were obtained in this study, it should be possible to adapt this injection and 

CE analysis method to additional types of glycoproteins that are found in serum (e.g., 

antibodies) or for the study of glycoproteins in other types of biological samples. For 

instance, this could be done by using electrophoretic injection with the normal- or reversed-

polarity modes of CE and altering the separation pH or sample pretreatment conditions that 

are used for these other glycoproteins or samples.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• A CE method was developed to examine glycoforms of alpha1-acid 

glycoprotein (AGP)

• Electrophoretic injection of AGP samples were carried out on a neutral-coated 

capillary

• A pretreatment scheme was created for the use of this method with human 

serum

• This method required only 65 μL of serum had an injection/separation time of 

25 min

• The method had a detection limit of 2.1–11.3 nM for the separated AGP 

glycoform bands

• Normal AGP and AGP from various serum samples were compared by this 

method
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Figure 1. 
Injection mechanism for anionic compounds when using (a) field-enhanced sample injection 

(FESI) for an anionic compound at time 0 (when a water plug is initially injected by 

pressure) and time tmax (when the stacking boundary has retreated to the sample vessel) or 

(b) electrophoretic injection with a capillary containing a neutral coating, as used in this 

current study. The shaded regions on the right of each figure represent the region that 

contains the running buffer; the light regions to the left represent the sample solution and a 

plug of water that has been previously placed in the capillary, both of which have a much 

lower concentration of ions than the running buffer. The term EOF refers to the 

electroosmotic flow of the system.
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Figure 2. 
(a) Relationship between the collective peak area for AGP glycoform bands and the time 

used for electrophoretic injection, and (b) electropherograms acquired for AGP glycoforms 

when using electrophoretic injection for various lengths of time. Conditions: separation 

voltage, −30 kV; capillary temperature, 25 °C; running buffer, 20 mM acetate buffer (pH 

4.2) containing 0.05% PEO and 0.1% Brij 35; injection voltage, −5 kV; injection time, 1, 2, 

3, 4, 5, 10, 15, or 20 min. The capillary coating procedure is described in Section 2.2.
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Figure 3. 
Relationship between the width for the ninth glycoform band for AGP (see 

electropherograms in Figure 2), when expressed in distance units, versus the time used for 

electrophoretic injection of the AGP sample. The conditions were the same as used in Figure 

2. The error bars represent a range of ± 1 S.D. of the mean (n = 3); the small apparent 

increase in the peak width between 3 min and 4 min is not significant at the 95% confidence 

level.
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Figure 4. 
Comparison of glycoform pattern obtained for a standard sample of normal AGP when using 

electrophoretic injection versus hydrodynamic injection. Speed-corrected peak areas were 

used to obtain the results shown for hydrodynamic injection, while measured peak areas 

were used directly for the results given for electrophoretic injection. Conditions: sample, 4.0 

mg/L (electrophoretic injection) or 4.0 g/L (hydrodynamic injection) normal AGP in water; 

electrophoretic injection, −5 kV for 5 min; hydrodynamic injection, 0.5 psi for 3 s. Other 

conditions are the same as described in Section 2.2. The error bars represent a range of ± 1 

S.D. (n = 3).
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Figure 5. 
Electropherograms obtained for AGP glycoforms when using various samples and sample 

pretreatment methods, including 2.0 mg/L AGP in water (i.e., which was used as a positive 

control), serum that was processed by acid precipitation and desalting, serum that was 

processed by desalting alone, and serum that was used with no pretreatment (as a control). 

Conditions: separation voltage, −30 kV; capillary temperature, 25 °C; running buffer, 20 mM 

acetate buffer (pH 4.2) containing 0.05% PEO and 0.1% Brij 35; and injection conditions, 

−5 kV for 5 min. The capillary coating procedure is described in Section 2.2.
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Figure 6. 
(a) Electropherograms and (b) corresponding glycoform patterns obtained for AGP from 

SLE serum or pooled normal serum. The mobility marker (LyCH) was introduced by 

hydrodynamic injection after sample injection. The error bars shown for the migration times 

and % peak areas represent ± 1 S.D. of the mean (n = 3). Conditions: separation voltage, −30 

kV; capillary temperature, 25°C; running buffer, 20 mM acetate buffer (pH 4.2) containing 

0.05% PEO and 0.1% Brij 35; and injection conditions, −5 kV for 5 min. The capillary 

coating procedure is described in Section 2.2.
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Table 2

Conductivity and resistivity measurements for samples after various pretreatment stepsa

Sample or solution Conductivity (μS/cm) Resistivity ratio (γ) vs. running buffer

Serum with no pretreatmentb 147.5 (± 0.2) 2.59 (± 0.01)

Serum after desaltingb 20.95 (± 0.03) 18.25 (± 0.04)

Serum after acid precipitation and desaltingb 12.96 (± 0.05) 29.5 (± 0.1)

Sample of 2 g/L AGP in water 6.76 (± 0.04) 56.6 (± 0.3)

Running bufferc 382.4 (± 0.6) n/a

a
The numbers in the parentheses represents a range of ±1 S.D.

b
The serum sample was diluted by 115.4-fold after each of these pretreatment procedures.

c
The running buffer was pH 4.2, 20 mM acetate buffer that contained 0.05% (w/v) PEO and 0.1% (w/v) Brij 35.
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