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In this work, we present a comprehensive evaluation of the Agilent Bioanalyzer, a microfluidics-based
electrophoretic device that was used for impurity testing of a monoclonal antibody (mAb). We compared
the system to SDS-PAGE, both operated under non-reducing conditions and found a significant improve-
ment of accuracy for the Bioanalyzer. In addition, the latter exhibited a larger assay range and lower limit
of quantitation (LOQ) based on a predefined total error limit of ±30%. However, during method qualifica-
tion applying a three-factor nested design with two operators performing duplicate measurements per
day, each on 4 different days, we observed unpredictable recurring quantitative outliers using the chip-
based system. In-depth analysis on multiple runs with various chip lots confirmed the above finding and
icrofluidics-based

lectrophoresis
ualification
onoclonal antibody
uality control

indicated that most likely on-chip dye labeling and/or post-column background fluorescence elimination
are not compatible with the large size of the intact antibody as similar findings were observed for myosin
used as upper marker for time correction. Interestingly, after reducing the intact antibody into light and
heavy chain, we resolved the outlier issue. Eventually, requalification of the micro-fabricated analytical
device under reducing conditions revealed only 1 out of 32 quality control samples (QCs) exceeding the

±30% total error limits.

. Introduction

IGN311 is a humanized monoclonal antibody (mAb). It binds
o the carbohydrate antigen Lewis Y and is used as a passive
mmunotherapeutic agent. IGN311 can directly destroy tumor cells
y complement activation and by the activation of cytotoxic effec-
or cells.

For the quality control of mAbs (e.g. stability and release test-
ng), a comprehensive portfolio of analytical methods is required.
mong these, SDS-PAGE, a method that has been introduced for

he analysis of polypeptides and proteins several decades ago [1]
s suggested for purity testing and molecular characterization by
egulatory guidelines and pharmacopoeia monographs [2,3].
Chip-based electrophoresis systems have been developed
ecently for the analysis of DNA, RNA, and protein [4–11]. For the
atter, a commercially available micro-fabricated and miniaturized
nalytical device on a glass chip was developed where the sam-

Abbreviations: LOQ, limit of quantitation; QCs, quality control sample; mAb,
onoclonal antibody; ANOVA, analysis of variances; TCA, time-corrected area.
∗ Corresponding author. Tel.: +43 664 8459742; fax: +43 1 25077 5999.

E-mail address: oliver.szolar@savira.at (O.H.J. Szolar).

731-7085/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2009.09.022
© 2009 Elsevier B.V. All rights reserved.

ple is detected by laser-induced fluorescence using non-covalently
bound dyes that bind to SDS–protein complexes [12,13].

The advantages of this microfluidics-based technology over tra-
ditional gel-based systems are reported to be a significant reduction
in analysis time and an improved accuracy with respect to sizing
and quantitation [13,14]. In addition, an electropherogram and a
virtual gel are generated by the software that enables easy docu-
mentation and evaluation of the results.

This system has been applied to the analysis of half-antibodies
in IgG4 samples [15,16]. Both studies compared some quanti-
tative performance characteristics of the chip-based system to
the conventional SDS-PAGE method and found the microfluidics-
based technology being superior regarding linearity and accuracy.
Another study analyzing mAbs from cell culture supernatants
reported good quantitative and qualitative correlation between
the chip- and the gel-based system, both operated under reducing
conditions [17]; however, the latter study did not report impor-
tant assay performance characteristics for any of the methods

and a detailed quantitative comparison using typical qualifica-
tion/validation criteria was not attempted. Recently, Chen and
co-workers applied a microchip-based assay to the screening of
mAb product quality and compared it to conventional capillary
electrophoresis [18]. Their work mainly focused on the ability of the

http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:oliver.szolar@savira.at
dx.doi.org/10.1016/j.jpba.2009.09.022
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ystem to discriminate between glycosylated and non-glycosylated
Ab heavy chains and presented a simple glycan typing assay. They

lso included preliminary assay qualification data.
This work aims at a comprehensive comparison of a chip-

ased electrophoretic device under non-reducing and reducing
onditions with conventional non-reducing SDS-PAGE, which was
eveloped for stability testing detecting impurities in drug sub-
tance/product. Both systems were qualified using IGN311 (purity)
s surrogate reference for unknown impurities in a three-factor
ested design with two operators performing duplicate measure-
ents per day, each on 4 different days. With this design, we

mphasized on long-term assay robustness, which is of utmost
mportance for quality control of pharmaceutical products.

. Materials and methods

.1. Materials

Dilution buffer (1× PBS without Ca and Mg) was purchased from
AA, Austria. Acetic acid 100% and ethanol absolute was obtained
rom Merck, Austria. Cell culture grade water was purchased from
AA, Austria and �-mercaptoethanol was received from Merck,
ustria.

IGN311 drug substance was produced in SP2/0 cells according
o GMP guidelines by BioInvent International AB (Lund, Sweden). It
s a cytolytic, fully humanized monoclonal IgG1 antibody directed
gainst the Lewis Y carbohydrate antigen. IGN311 is based on
he murine Lewis Y specific mAb ABL364. Upon humanization,
he molecular structures mediating binding to Lewis Y remained
nchanged whereas all other parts were exchanged with human

mmunoglobulin structures [19].

.2. Microfluidics-based device

Microfluidics-based electrophoresis was performed using the
gilent 2100 Bioanalyzer with the Protein 200 Lab Chip Kit, sup-
lied by Agilent Technologies, Waldbronn, Germany and applied
ccording to the manufacturer’s instructions.

The chip priming station was adjusted by changing the base
late position to position “A” and adjusting the syringe clip to
he middle position. Afterwards, the Bioanalyzer 2100 Expert Soft-
are was started and the corresponding assay selected. Then, 25 �l

f the dye concentrate were combined with 650 �l gel matrix
nd centrifuged for 15 min at 5200 rpm in a micro-centrifuge. The
estaining solution consisted of 650 �l gel matrix without dye con-
entrate and was also centrifuged as described. Then, 4 �l of protein
ample were combined with 2 �l of sample buffer (with or without
-mercaptoethanol), mixed, and heated for 5 min at 95 ◦C. After-
ards, the samples were left to cool down to room temperature,

pun down, and filled up with 84 �l deionized water. After loading
he gel-dye mix into the chip using the chip priming station, 6 �l of
ach sample, 6 �l ladder and 12 �l destaining solution were pipet-
ed in the corresponding wells on the chip. Finally, the chip was
nserted in the Bioanalyzer and the run was started.

.3. Non-reducing SDS-PAGE

Non-reducing SDS-PAGE was performed on a Multiphor II
lectrophoresis System using the power supply EPS 3501 XL (Amer-
ham, Austria) with homogeneous 7.5 ExcelGels and ExcelGel SDS
uffer strips, supplied by Amersham, Austria.
The fixing solution consisted of 400 ml ethanol, 100 ml acetic
cid, and 500 ml cell culture grade water. The staining solution
ontained 1 tablet PhastGel Blue R (Amersham, Austria) dissolved
n 400 ml destaining solution and filtered using a sterile filter
Stericup from Millipore, Germany). The destaining solution was
Biomedical Analysis 51 (2010) 743–749

250 ml ethanol, 80 ml acetic acid, and 670 ml cell culture grade
water.

Thirty microliters of samples were blended with 15 �l dilution
buffer and 15 �l LDS-PAGE sample buffer (Invitrogen, Germany),
mixed using a vortex and shaken for 2 min at 85 ◦C in a ther-
momixer.

The electrophoresis system was cooled to 15 ◦C, BayolF (Serva,
Germany) was pipetted onto the cooling plate, and the gel was posi-
tioned with the sample wells at the cathodic side. Then, cathodic
and anodic SDS buffer strips were applied accordingly. Ten micro-
liters of sample and marker (Mark12 from Amersham, Austria)
were loaded onto the gel using the preformed sample wells.
Electrical settings were 600 V, 50 mA, 30 W. Running time was
80 min.

Immediately after electrophoresis, the buffer strips were
removed and the gel immersed in fixing solution for 30 min. Then,
the staining solution was heated to 60 ◦C and the gel stained for
15 min. Afterwards, the gel was rinsed twice in distilled water
and destained by changing the destaining solution several times
until the background was clear. After completed destaining, the
gel was scanned using a flatbed scanner with 600 dpi (color and
black/white) and analyzed using GelScan Pro gel evaluation soft-
ware (BioSciTec, Germany).

2.4. Qualification design

Two operators performed duplicate measurements per day,
each on four different days resulting in eight qualification experi-
ments.

2.4.1. Microfluidics-based device
Each qualification experiment comprised a four-level calibra-

tion using IGN311 from 25 to 200 �g/ml and four QCs (duplicates
of 50 and 100 �g/ml) run on one chip. For the determination of the
response function, three dilution series including 25, 50, 100, and
200 �g/ml were performed on three chips. To analyze the repeata-
bility within a single chip, five chips with a sample concentration of
500 �g/ml and three chips with 200 �g/ml were performed under
non-reducing conditions and seven runs with a sample concentra-
tion of 500 �g/ml were performed under reducing conditions. Four
different chip lots were used for the qualification (four lots per
operator) and five chip lots for the repeatability experiments. To
evaluate memorizing effects within the separation channel of the
chip, a run with alternately loaded blank and IGN311 (200 �g/ml)
was performed.

2.4.2. Non-reducing SDS-PAGE
Each qualification experiment comprised a four-level cali-

bration using IGN311 from 0.125 to 1 �g load (corresponds to
25–200 �g/ml) and four QCs (duplicates of 0.25, and 0.5 �g load
which corresponds to 50 and 100 �g/ml) run on one gel. For the
determination of the response function, a gel was run with four
concentrations of IGN311 (0.125, 0.25, 0.5, and 1 �g load) in quin-
tuplicate that were randomly arranged on the gel.

2.5. Data evaluation
Areas from calibrators were back-calculated on their corre-
sponding regression. The back-calculated values of all runs were
used to estimate bias and intermediate precision for all concentra-
tions eventually providing accuracy profiles (total error) for both
methods.
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Fig. 1. Residual plot from linear regression of IGN311 load/concentration vs. area for
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pared to the results obtained for SDS-PAGE, the microfluidics-based
device revealed significantly lower system variability (bias and
intermediate precision) eventually resulting in an appreciably nar-
rower accuracy profile being within acceptance limits over the

Table 1
Bias and intermediate precision for IGN311 using SDS-PAGE operated under non-
reducing conditions.

Load [�g] Bias [%] Intermediate precision [%]

0.125 9.2 37
DS-PAGE (A) and the microfluidics-based device (B), and from quadratic regression
or the microfluidics-based device (C), all operated under non-reducing conditions.

The total error (derived from bias and precision) of the method
as calculated as following (in % relative error):

R.E. =
(

100
�

)
× (Z − �) ± 2sIP

here z is the overall mean (by averaging all back-calculated val-
es for each concentration level), � the nominal concentration and
IP the standard deviation (estimated by calculating the standard
eviation from all back-calculated values for each concentration

evel). This provides for a concentration-dependent, simplified �-
xpectation interval within a future single value will be located
ith 95% probability.
In addition, the recovery of the QCs was calculated using
he corresponding regression curve for both, SDS-PAGE and the

icrofluidics-based device.
Biomedical Analysis 51 (2010) 743–749 745

3. Results

3.1. Assay performance under non-reducing conditions

3.1.1. Response function—linearity
For data evaluation, absolute integrated densities for the SDS-

PAGE method and time-corrected areas (TCA) for the microfluidics-
based device were used. To describe the concentration–response
(area) relationship of IGN311, linear regression was used.

For SDS-PAGE under non-reducing conditions, no significant
trend in the residuals was observed visually for the four concen-
trations tested (Fig. 1A). Based on d’Agostino/Pearson and Bartletts
test at p = 0.05, normality of residuals and homogeneity of vari-
ances over the entire concentration range was confirmed and the
linear regression model was suggested as response function of
choice. Eventually, analysis of variances (ANOVA) with lack-of-
fit test revealed no significant deviation from linearity at p = 0.05
(n = 20).

For the microfluidics-based device under non-reducing condi-
tions, visual evaluation of residuals from linear regression revealed
a non-random pattern (Fig. 1B) which was confirmed by statistical
analysis. ANOVA with lack-of-fit test revealed a significant devia-
tion from linearity at p = 0.05. Thus, linear regression may not be
the optimum model and data were fit to a quadratic equation.

For the non-linear regression, visual inspection (Fig. 1C) and sta-
tistical analysis (ANOVA with lack-of-fit test) showed no trend in
residuals making the quadratic equation the model of choice for
the microfluidics-based device.

3.1.2. Assay accuracy, range, and limit of quantitation (LOQ)
For the determination of assay bias, precision, assay range,

and LOQ, a nested design (2 operators; each 4 runs on different
days) was performed, resulting in eight individual regressions for
IGN311. The same response values were back-calculated on their
corresponding regression providing data for the calculation of bias
and precision.

For SDS-PAGE under non-reducing conditions, Table 1 shows
bias and intermediate precision for IGN311 for all loads included
in assay qualification and Fig. 2A shows the accuracy profile (total
error) based on data from Table 1. For predefined acceptance lim-
its (±30% total error), the LOQ was identified at 0.25 �g as the
0.125 �g load exceeded the acceptance limits. Thus, the total assay
range is 0.25–1.0 �g. Depending on the amount of sample (purity)
eventually loaded onto the gel, impurity may be quantified over a
wide range in future assays using IGN311 as surrogate reference
(external standard calibration) for unknown impurities.

For the microfluidics-based device under non-reducing condi-
tions, Table 2 shows bias and intermediate precision for IGN311
for all concentrations tested using the microfluidics-based device.
Again, data from Table 2 were used to compute the accuracy profile
(total error) for all concentrations under non-reducing conditions
(Fig. 2B) and acceptance limits were set to ±30% total error. Com-
0.25 0.65 12
0.5 3.5 10
1 −0.78 2.4
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Fig. 2. Accuracy profile (total error) for IGN311 showing bias (solid lines) and simplified 9
device (B), both operated under non-reducing conditions. Dotted lines are ±30% acceptan

Table 2
Bias and intermediate precision for IGN311 using the microfluidics-based device
operated under non-reducing conditions.

Concentration [�g/ml] Bias [%] Intermediate precision [%]

25 5.3 6.2
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50 −4.4 5.1
100 0.99 1.1
200 −0.059 0.068

hole range. Thus, the LOQ is 25 �g/ml (corresponds to 0.125 �g
oad for the SDS-PAGE) and the assay ranges from 25 to 200 �g/ml,

hich is significantly larger compared to the SDS-PAGE.

.1.3. Recovery of QCs
For both methods, QCs (0.25 �g and 0.5 �g load for non-reducing

DS-PAGE and 50 �g/ml and 100 �g/ml for the microfluidics-based
evice), which were applied to qualification gels and chips, respec-
ively, were analyzed on the corresponding calibration curve and
he recovery in % was calculated (Fig. 3).

For SDS-PAGE, only 2 out of 32 QCs were found to exceed the
30% acceptance limits (Fig. 3A); however, the microfluidics-based
evice under non-reducing conditions revealed ∼25% of the QCs
eing considerably outside the predefined acceptance criterion

Fig. 3B) which disables the current procedure for routine analysis.

.1.4. Within-chip repeatability experiments
We investigated the nature of this phenomenon in more detail

nd ran 8 chips loaded with 200 and 500 �g/�l IGN311, respectively

ig. 3. Recovery in % of QCs analyzed on corresponding regression curve during method q
nder non-reducing conditions. Dashed lines are ±30% acceptance limits.
5% �-expectation limits (dashed lines) for SDS-page (A) and the microfluidics-based
ce limits.

and again found 1–2 significant outliers (>1.5 and 3 interquartile
ranges, respectively) on 6 of 8 chips (Fig. 4A).

Furthermore, there was a random distribution of outliers on the
chips which does not allow omitting defined well positions on the
chip enabling reproducible operation in future experiments.

We also evaluated if the upper marker myosin – normally
applied for time correction – may be used as internal standard
compensating for e.g. sample introduction variation. This approach
was suggested previously for the analysis of half-antibody species
[16]; however, run-specific correction measures did not resolve
the above issue. Detailed evaluation of electropherograms revealed
that myosin also underwent strong area variations within a chip;
however, they did not correlate to those of the mAb. Interestingly,
this phenomenon has not been reported previously for IgG which
used myosin as reference for calculating the concentration of light
and heavy chain of the antibody [17].

We can also exclude potential adsorption of the mAb onto the
separation channel (each of the 10 samples migrates through the
same channel) which would then elute with time over the following
runs. We did not observe any ‘memorizing’ effects of consecutive
runs using a chip with alternately loaded blank and 200 �g/ml
IGN311 (Fig. 4B).

We assumed that the described phenomenon was analyte rather
than chip/system-related and hypothesized if the size or nature of

the intact antibody (non-reducing conditions) may be responsible
for the recurring outliers. Thus, we ran 7 chips at a concentration
of 500 �g/ml IGN311 under reducing conditions. Fig. 5 shows scat-
ter plots of TCA for light chain (LC, panel A) and heavy chain (HC,

ualification of SDS-PAGE (A) and the microfluidics-based device (B), both operated
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Fig. 4. Scatter plot of TCA for repeated measurements (10 runs per chip)
of 500 �g/ml IGN311 (chip 1–5) and 200 �g/ml IGN311 (chip 6–8) using the
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profiles as obtained for the non-reducing chip-based system. Again,
compared to SDS-PAGE (non-reducing), assay variability was found
to be significantly reduced meeting acceptance limits of ±30% total
error over the entire range with an LOQ of 25 �g/ml.

Table 3
Bias and intermediate precision (sIP) for IGN-311 LC and HC using the microfluidics-
based device operated under reducing conditions.

Concentration [�g/ml] Bias, LC [%] s , LC [%] Bias, HC [%] s , HC [%]
icrofluidics-based device operated under non-reducing conditions. Solid lines are
edians, open circles are outliers with >1.5 interquartile ranges, and stars are out-

iers with >3 interquartile ranges (A). Electropherogram of alternately loaded blank
nd IGN311 (200 �g/ml) starting from lane 1 (B).

anel B). Indeed, only few outliers were identified and a signif-
cantly improved overall performance was achieved compared to
peration under non-reducing conditions. Actually, the outliers are
ostly due to the very low variability of the remaining samples.
Based on these findings, we assume that on-chip dye label-

ng and/or post-column background fluorescence elimination is
omewhat error prone for large proteins such as intact antibod-
es (∼150 kd) or myosin (∼210 kd) using the microfluidics-based
evice. Both proteins showed significant area variations which did
ot correlate and thus, may not be attributed to sample intro-
uction issues. As already mentioned above, these findings were
ot reported previously and other authors reported reproducible
erformance for the analysis of mAbs even under non-reducing
onditions which may also be due to the different microfluidics-
ased system used in their study [18].

.2. Performance of the microfluidics device under reducing
onditions

Based on the preliminary results obtained under reducing con-
itions, we decided to re-qualify the microfluidics-based system
sing LC and/or HC of IGN311 as surrogate reference for unknown

mpurities.

.2.1. Response function—linearity

As for the microfluidics-based device used under non-reducing

onditions, operation with reduced mAbs revealed a non-random
esidual pattern using linear regression (data not shown). The visual
nding was confirmed by ANOVA with lack-of-fit test revealing
ignificant deviation from linearity at p = 0.05. Again, quadratic
Fig. 5. Scatter plot of TCA of LC (A) and HC (B) for repeated measurements (10 runs
per chip, 7 chips in total) of 500 �g/ml IGN311 using the microfluidics-based device
under reducing conditions. Solid lines are medians, open circles are outliers with
>1.5 interquartile ranges, and stars are outliers with >3 interquartile ranges.

equation proved to be the fit of choice with visual inspection of
residuals showing no deviation from linearity (data not shown).
In addition statistical analysis using ANOVA with lack-of-fit test
showed no significant trend at p = 0.05 for the LC and only a
slight deviation from a random residual distribution for the HC
(p = 0.044); however, the quadratic fit was still found to be appro-
priate to describe the concentration–response relationship.

3.2.2. Assay accuracy, range, and LOQ
The same nested design qualification strategy as described in

Section 3.1.2 was used for evaluating the performance of the
microfluidics-based device under reducing conditions.

Table 3 shows bias and intermediate precision for IGN311 LC
and HC for all concentrations applied. Errors were found to be in the
same range compared to the system operated under non-reducing
conditions (Table 2) and again appreciably lower than the accuracy
obtained for SDS-PAGE (Table 1).

Based on the data from Table 3, we computed total errors for
LC and HC (Fig. 6A and B, respectively) revealing similar accuracy
IP IP

25 5.3 6.2 −5.7 9.4
50 −4.4 5.1 4.0 6.8

100 0.99 1.1 −0.79 1.4
200 −0.059 0.068 0.04 0.07
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ig. 6. Accuracy profile (total error) for IGN311 showing bias (solid lines) and simpli
ased device operated under reducing conditions. Dotted lines are ±30% acceptanc
urve during method qualification of the microfluidics-based device operated unde

.2.3. Recovery of QCs
Finally, we analyzed QCs (50 and 100 �g/ml, respectively) on
he corresponding regression and calculated the recovery in %
Fig. 6C and D). An example electropherogram of the 200 �g/ml
eference is presented in Fig. 7. Indeed, preliminary results from
he chip-based system running under reducing conditions, which

Fig. 7. Microfluidics-based system under reducing conditions: example ele
5% �-expectation limits (dashed lines) for LC (A) and HC (B) using the microfluidics-
ts. Recovery in % of LC (C) and HC (D) of QCs analyzed on corresponding regression
cing conditions. Dashed lines in panels C and D are ±30% acceptance limits.

basically showed absence of frequent unpredictable outliers (Fig. 5)
was confirmed for LC and HC, respectively. For both, only 1

outlier violating the predefined ±30% total error criterion was
found which translates into a probability of ∼3%. Thus, signifi-
cant improvement over the non-reducing system was achieved
(compare Fig. 3B) meeting the high reproducibility and system

ctropherogram of the 200 �g/ml reference; LC and HC are indicated.
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tability requirements for analytical applications in quality con-
rol.

. Conclusion

The Agilent Bioanalyzer, a microfluidics-based electrophoretic
evice proved to be applicable for reliable impurity analysis for
Abs using the purity itself as surrogate reference for not yet

etermined degradation and by-products. The device was found
o be notably more accurate compared to the widely used SDS-
AGE system which confirms previous findings [15,16]. In our
etup, the micro-fabricated system exhibited a broader assay
ange accompanied by a lower LOQ based on a predefined total
rror criterion of ±30%. A quadratic equation was used as the
oncentration–response relationship was significantly non-linear.

Under non-reducing conditions however, the chip-based device
evealed randomly recurring outliers observed in several experi-
ents with diverse chip lots, a phenomenon which has not been

ddressed previously by other authors using the system under non-
educing conditions [16,18]. Due to the given, fixed manufacturer’s
nstructions, manipulations on reagents or even the chip itself are
ot feasible. However, we hypothesized that the large size of the

ntact antibody may be the cause of the above mentioned outliers
s detailed analysis of multiple runs/chip also revealed a similar
nding for the upper marker (myosin) used for time correction of
rea responses. Indeed, operating under reducing conditions with
eparate LC and HC resolved this issue and provided with a fast and
eliable assay ready to be implemented in the quality control of
Abs.
The major advantage of the microfluidics-based device is the fast

rocessing of samples. The total run time of one chip (10 samples)
ncluding sample preparation and evaluation is approximately 1 h,

hereas the run time for a typical gel-based application includ-
ng evaluation is roughly 5 h. Furthermore, the handling of the

icrofluidics-based technology is much more convenient and does
ot require the extensive and time-consuming staining procedure
f conventional gel electrophoresis.
eferences

[1] B.D. Hames, Gel Electrophoresis of Proteins: A Practical Approach, Oxford Uni-
versity Press, New York, 1998.

[

Biomedical Analysis 51 (2010) 743–749 749

[2] ICH Harmonised Tripartite Guideline, Quality of Biotechnological Products:
Stability Testing of Biotechnological/Biological Products Q5C, 1995.

[3] European Pharmacopoeia, in: European Pharmacopoeia 6, 2008, pp. 690–693.
[4] C.S. Effenhauser, A. Paulus, A. Manz, H.M. Widmer, High-speed separation

of antisense oligonucleotides on a micromachined capillary electrophoresis
device, Anal. Chem. 66 (1994) 2949–2953.

[5] A.T. Woolley, R.A. Matheis, Ultra-high-speed DNA fragment separations using
microfabricated capillary array electrophoresis chips, Proc. Natl. Acad. Sci.
U.S.A. 91 (1994) 11348–11352.

[6] M. Ogura, Y. Agata, K. Watanabe, R.M. Mccormick, Y. Hamaguchi, Y. Aso, M.
Mitsuhashi, RNA chip: Quality assessment of RNA by microchannel linear
gel electrophoresis in injection-molded plastic chips, Clin. Chem. 44 (1998)
2249–2255.

[7] L.J. Jin, B.C. Giordano, J.P. Landers, Dynamic labeling during capillary
or microchip electrophoresis for laser-induced fluorescence detection of
protein–SDS complexes without pre- or postcolumn labeling, Anal. Chem. 73
(2001) 4994–4999.

[8] S. Yao, D.S. Anex, W.B. Caldwell, D.W. Arnold, K.B. Smith, P.G. Schultz, SDS cap-
illary gel electrophoresis of proteins in microfabricated channels, Proc. Natl.
Acad. Sci. U.S.A. 96 (1999) 5372–5377.

[9] B.A. Fogarty, N.A. Lacher, S.M. Lunte, Microchip capillary electrophoresis: appli-
cation to peptide analysis, Methods Mol. Biol. (Clifton N. J.) 339 (2006) 159–186.

10] R. Sinville, S.A. Soper, High resolution DNA separations using microchip elec-
trophoresis, J. Separ. Sci. 30 (2007) 1714–1728.

11] Y. Peng, A. Pallandre, N.T. Tran, M. Taverna, Recent innovations in protein sep-
aration on microchips by electrophoretic methods, Electrophoresis 29 (2008)
157–178.

12] L. Bousse, S. Mouradian, A. Minalla, H. Yee, K. Williams, R. Dubrow, Protein
sizing on a microchip, Anal. Chem. 73 (2001) 1207–1212.

13] M. Kuschel, T. Neumann, P. Barthmaier, M. Kratzmeier, Use of lab-on-a-chip
technology for protein sizing and quantitation, J. Biomol. Techniq. 13 (2002)
172–178.

14] H. Goetz, M. Kuschel, T. Wulff, C. Sauber, C. Miller, S. Fisher, C. Woodward,
Comparison of selected analytical techniques for protein sizing, quantitation
and molecular weight determination, J. Biochem. Biophys. Methods 60 (2004)
281–293.

15] E. Vasilyeva, J. Woodard, F.R. Taylor, M. Kretschmer, H. Fajardo, Y. Lyubarskaya,
K. Kobayashi, A. Dingley, R. Mhatre, Development of a chip-based capillary gel
electrophoresis method for quantification of a half-antibody in immunoglob-
ulin G4 samples, Electrophoresis 25 (2004) 3890–3896.

16] K. Forrer, S. Hammer, B. Helk, Chip-based gel electrophoresis method for the
quantification of half-antibody species in IgG4 and their by- and degradation
products, Anal. Biochem. 334 (2004) 81–88.

17] R. Ohashi, J.M. Otero, A. Chwistek, J.F.P. Hamel, Determination of monoclonal
antibody production in cell culture using novel microfluidic and traditional
assays, Electrophoresis 23 (2002) 3623–3629.
19] M.S. Co, J. Baker, K. Bednarik, E. Janzek, W. Neruda, P. Mayer, R. Plot, B. Stumper,
M. Vasquez, C. Queen, H. Loibner, Humanized anti-Lewis Y antibodies: in vitro
properties and pharmacokinetics in rhesus monkeys, Cancer Res. 56 (1996)
1118–1125.


	Qualification of a microfluidics-based electrophoretic method for impurity testing of monoclonal antibodies
	Introduction
	Materials and methods
	Materials
	Microfluidics-based device
	Non-reducing SDS-PAGE
	Qualification design
	Microfluidics-based device
	Non-reducing SDS-PAGE

	Data evaluation

	Results
	Assay performance under non-reducing conditions
	Response function-linearity
	Assay accuracy, range, and limit of quantitation (LOQ)
	Recovery of QCs
	Within-chip repeatability experiments

	Performance of the microfluidics device under reducing conditions
	Response function-linearity
	Assay accuracy, range, and LOQ
	Recovery of QCs


	Conclusion
	References


