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a b s t r a c t

A robust and highly reproducible capillary isoelectric focusing (cIEF) method for the evaluation of charge
heterogeneity of monoclonal antibody (mAb) pharmaceutical which contains covalently bound antitumor
compounds was developed using a combination of commercially available dimethylpolysiloxane-coated
capillary and carrier ampholyte. In order to optimize major analytical parameters for robust mobiliza-
tion, experimental responses from three pI markers were selected. The optimized method gave excellent
repeatability and intermediate precision in estimated pI values of charge variants with relative standard
deviations (RSDs) of not more than 0.06% and 0.95%, respectively, when using IgG4 as a model. Further-
more, RSDs of charge variant compositions were less than 5.0%. These results suggest that the proposed
harge heterogeneity
harge variant

method can be a powerful tool for reproducible evaluation of charge variants of both naked mAbs and
their conjugates with high resolution, and it is applicable to quality testing and detailed characterization
in the pharmaceutical industry. In addition, it should be noticed that the method provided non-linear
pH gradient within the tested ranges, from pI 9.50 to 3.78, and the pH gradient caused the inconsis-
tency of estimated pI ranges between cIEF and gel IEF. This result indicates that selecting appropriate pI
markers based on the target pI ranges of charge variants for each mAb related pharmaceutical is highly

cise
recommended for the pre

. Introduction

Recently, a number of monoclonal antibody (mAb) pharmaceu-
icals have been developed and used worldwide for treatment of
ancer, rheumatoid arthritis and other diseases [1–3]. The mAb
harmaceuticals possess various heterogeneities in their molecular
ize, charge and carbohydrate composition. These heterogeneities
re mainly due to post-translational modifications such as glycosy-
ation, aggregation, oxidation, deamidation, mismatched disulfide
onds, and are often observed when manufacturing process are
hanged [4–10].

A charge profile represents the specific “fingerprint” due to
he charge heterogeneity of mAb products as well as other
rotein pharmaceuticals. During development stages of these
iopharmaceuticals, evaluation of charge heterogeneity is nec-

ssary for assurance of product quality and stability [11,12]. In
he previous reports, some charge variants derived from several
ost-translational modifications or degradation showed different
iological activity and stability compared to their original variants.

∗ Corresponding author. Tel.: +81 6 6300 6518; fax: +81 6 6300 6551.
E-mail address: maeda eiki@takeda.co.jp (E. Maeda).

021-9673/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2010.09.022
determination of pI values.
© 2010 Elsevier B.V. All rights reserved.

For example, peptides of which methionine residues are oxidized,
show significantly reduced activity in the antigen binding potency
assay [13]. Removal of 20% of the total sialic acid can result in a 50%
loss in the circulating proteins [14].

The charge heterogeneity of proteins has been usually ana-
lyzed by isoelectric focusing (IEF) method based on gel format.
The method allows separation of proteins into their charge vari-
ants based on their charge differences in a pH gradient under
electric field. However, gel IEF method usually requires long
analysis time for both separation and staining steps, and pro-
vides semi-quantitative results with poor resolution. To overcome
these disadvantages of gel based electrophoresis, capillary elec-
trophoresis has emerged as an alternative which allows rapid and
quantitative analysis with high resolution, and has been applied to
the analysis of several biomolecules such as nucleic acids [15,16],
proteins [17–19], carbohydrates [20–23] and cells [24].

Capillary isoelectric focusing (cIEF) is one of the separation
modes in capillary electrophoresis, and the first report using carrier

ampholyte was made by Hjertén and Zhu in 1985 [25]. Silverman
et al. reported the separation of a recombinant mAb by clEF into
five major and one minor band in a pH 5–8 gradient, and a direct
comparison was made with other separation techniques [26]. In
comparison with slab gel IEF and ion-exchange chromatography

dx.doi.org/10.1016/j.chroma.2010.09.022
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:maeda_eiki@takeda.co.jp
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IEC), clEF was found to give the same resolution as gel IEF, but
etter than IEC. cIEF was much faster than gel IEF, and the repro-
ucibility of peak areas was much better than gel IEF. However, the
ajor limitations of cIEF were found to be the poor reproducibil-

ty of migration time. The mobilization often causes distortion of
he pH gradient and loss of resolution due to non-uniform mobi-
ization speed and buffer diffusion, especially in two-step method.
everal improvements in reproducibility were made during last
wo decades [27–30], and some excellent reviews of cIEF that cover
ecent developments and advances of the technique have also
een published [31,32]. Two-step methods of cIEF are frequently
dopted with single-point detector: charge variants are focused
nto their pI values, and then mobilized to the detector by hydro-
ynamic or chemical mobilization [28,33–37]. One-step methods
ith single-point detector which enable us to perform focusing

nd mobilization simultaneously using moderate electroosmotic
ow (EOF) toward the cathode were also reported [28,31]. Fur-
hermore, imaging cIEF with short capillary and whole-column
etection which can eliminate the need for mobilization was devel-
ped, and several applications for charge heterogeneity analysis of
Ab products using a commercial imaging cIEF instrument have

een described [38,39].
Newly developed carbohydrate-containing mAb pharmaceuti-

als to which antitumor compounds are linked, i.e. mAb-antitumor
onjugates, are the newly emerged biopharmaceuticals [11,40,41].
hey have highly complex heterogeneities in their structures
ecause of additional variations based on conjugations between
ative mAb and the antitumor compound of low molecular weight.
or the analyses of mAb conjugates, considering the numbers
f attached antitumor compounds at various binding sites is
xtremely important for assessing constant quality of them to
nsure a clinical efficiency and minimize unwanted toxicity. In
ddition, evaluation of heterogeneity due to attached carbohy-
rate chains is another important target, and several reports have
een reported previously [29,30,42,43]. From these reasons, fur-
her improvement and optimization have been needed to achieve
ighly reproducible cIEF method with high resolution for mAb
harmaceuticals especially for mAb conjugates like gemtuzumab
zogamicin.

The present study describes a two-step cIEF method for not
nly a native mAb pharmaceutical but also a new type mAb
harmaceutical, gemtuzumab ozogamicin, which is a recombinant
umanized IgG4 monoclonal antibody against the CD33 antigen
hat is modified with a cytotoxic antitumor antibiotic, calicheam-
cin, obtained from Micromonospora echinospora ssp. Calichensis
44]. In order to establish a robust mobilization conditions, carrier
mpholyte, hydroxypropyl methylcellulose (HPMC), urea, arginine
nd iminodiacetic acid concentrations are selected as major analyt-
cal parameters and optimized using experimental responses from
hree pI markers of pIs 9.50, 5.50 and 4.10. To investigate the repro-
ucibility of the optimized method, repeatability and intermediate
recision studies are conducted using IgG4 as a model. Further-
ore, to prove the usefulness of the optimized method for the

nalysis of mAb conjugates, both intact and deglycosylated gem-
uzumab ozogamicin, are analyzed. In addition, based on the results
btained by both cIEF and gel IEF, recommendation in selecting pI
arkers for precise determination of pI values is proposed.

. Materials and methods
.1. Materials

A commercial mAb pharmaceutical, gemtuzumab ozogamicin,
as kindly donated from Kinki University Nara Hospital. The solu-

ion of gemtuzumab ozogamicin (approximately 1.0 mg/mL) was
1217 (2010) 7164–7171 7165

kept at 5 ◦C. A purified IgG4, kappa, from human myeloma plasma
was purchased from Sigma–Aldrich (St. Louis, MO, USA). A pH
3–10 Pharmalyte was purchased from GE Healthcare (Bucking-
hamshire, UK). Another carrier ampholyte, Ampholyte buffer (pH
3–10), and cIEF gel buffer were obtained from Beckman (Fuller-
ton, CA, USA). Three pI markers of pIs 9.50, 5.50 and 4.10 were
also obtained from Beckman, and other 11 synthetic pI markers
used for the evaluation of a detailed pH gradient were prepared
according to the method reported previously [36]. An agarose IEF
gel and an IEF accessory kit were from Lonza (Basel, Switzer-
land), and a pI marker solution (pH 3–10) for gel IEF was from
Serva Electrophoresis (Heidelberg, Germany). HPMC, urea, acetic
acid, iminodiacetic acid, 2-mercaptoethanol and trichloroacetic
acid were from Sigma–Aldrich. Sodium hydroxide and phosphoric
acid were obtained from Wako Pure Chemical Industries (Osaka,
Japan). Peptide-N4-(acetyl-�-d-glucosaminyl) asparagine amidase
(PNGase F, EC 3.5.1.52, recombinant) was from Roche Diagnostics
(Mannheim, Germany).

2.2. Deglycosylation of N-linked oligosaccharides from
gemtuzumab ozogamicin

Deglycosylation of gemtuzumab ozogamicin was conducted as
follows. Briefly, 10 units (10 �L) of PNGase F were added to 50 �L of
1.0 mg/mL mAb solution, and the solution was incubated at 37 ◦C
for 24 h. As a reference sample, water was added instead of the
enzyme in order to compare charge profiles. After incubation, sam-
ple solutions were desalted as described below, and used for cIEF
and gel IEF.

2.3. Sample preparation

After centrifugation of the mAb solutions using a MicroconTM-
100 (Millipore: Billerica, MA, USA), the remaining solution on the
cup was diluted with water to 5.0 mg/mL and 1.0 mg/mL for cIEF and
gel IEF, respectively. A portion (20 �L) of 5.0 mg/mL mAb solution
was added to 120 �L of 0.2% or 0.4% (w/v) HPMC solutions con-
taining 2 mol/L or 4 mol/L urea, and mixed with 3 �L of pI marker
mixture of pIs 9.50, 5.50 and 4.10 (1 �L each) or 5.5 �L of pI marker
mixture of 11 synthetic pI markers (0.5 �L each). Then, the solu-
tion was diluted by dilution solution (a mixture of 500 mmol/L
arginine solution, 200 mmol/L iminodiacetic acid solution, carrier
ampholyte and water) to adjust the concentration for each con-
dition (Table 1). The final volume was adjusted to 175 �L. All the
sample solutions were used immediately after preparation.

2.4. cIEF analysis

cIEF was carried out using a PA800 system (Beckman) with
a Neutral capillary (Beckman: 50 �m i.d., 30 cm, 20 cm effective
length) or a DB-1 capillary (Agilent Technologies: Palo Alto, CA,
50 �m i.d., 30 cm, 20 cm effective length). Data were collected and
analyzed using a 32 Karat software (Beckman, version 8.0). New
capillaries were rinsed with water for 2 min, 350 mmol/L acetic
acid for 2 min and a 0.2% or 0.4% (w/v) HPMC solution containing
2 mol/L or 4 mol/L urea for 5 min before analysis. After each anal-
ysis, capillary was rinsed with 6 mol/L urea solution for 3 min and
water for 2 min. Focusing was performed at 25 kV in normal polar-
ity for 15 min. 200 mmol/L phosphoric acid and 300 mmol/L sodium

chloride were used as inlet and outlet solutions, respectively. After
focusing, the outlet solution was replaced with 350 mmol/L acetic
acid, and the charge variants were mobilized to outlet at 25 kV in
normal polarity. All the steps were conducted at 20 ◦C, and both
focusing and mobilization were monitored at 280 nm.
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Table 1
Experimental designs for Ampholyte buffer and Pharmalyte.

Experiments Parameter

Carrier ampholyte (%)a HPMC (%) Urea (mol/L) Arginine (mmol/L) Iminodiacetic acid (mmol/L)a

1 2.0 (2.0) 0.2 4 20 2.0 (2.0)
2 2.0 (2.0) 0.4 4 20 5.0 (4.0)
3 2.0 (2.0) 0.4 4 50 2.0 (2.0)
4 2.0 (2.0) 0.2 4 50 5.0 (4.0)
5 2.0 (2.0) 0.4 2 50 5.0 (4.0)
6 2.0 (2.0) 0.2 2 20 5.0 (4.0)
7 5.0 (4.0) 0.4 2 50 2.0 (2.0)
8 5.0 (4.0) 0.2 2 20 2.0 (2.0)
9 5.0 (4.0) 0.4 4 50 5.0 (4.0)

10 5.0 (4.0) 0.4 2 20 5.0 (4.0)
11 5.0 (4.0) 0.2 2 50 5.0 (4.0)
12 2.0 (2.0) 0.4 2 20 2.0 (2.0)
13 5.0 (4.0) 0.2 4 50 2.0 (2.0)
14 5.0 (4.0) 0.4 4 20 2.0 (2.0)
15 3.5 (3.0) 0.3 3 35 3.5 (3.0)
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16 2.0 (2.0) 0.2
17 5.0 (4.0) 0.2

a Numbers listed in bracket were applied for Pharmalyte.

.5. Gel IEF analysis

Gel IEF was conducted using a horizontal IEF instrument con-
isted of a Multiphor II, a Multitemp III and an EPS3501 XL
GE Healthcare). Approximately 5 �g of mAbs were added onto
he agarose gel (Lonza), gone into the gel in pre-focusing at 1 V
constant) for 75 volt hours (Vhr), and then focused at 1500 V (con-
tant) for 1500 Vhr. After focusing, the gels were immersed in 20%
richloroacetic acid solution for 30 min for fixing, and dried com-
letely with a hair dryer prior to staining of the gel. Fifty milliliter of
elcode® blue (Thermo Scientific, Rockford, IL, USA) was used for
taining for 30 min, and the gels were dried again after destaining
y water for ca. 5 min. Gels were scanned using a GS-800 appara-
us and analyzed by a Quantity One software (Bio-Rad Laboratories:
ercules, CA, USA).

.6. Optimization of cIEF parameters

Major analytical cIEF parameters and interactions between two
arameters were examined using a design of experiments (DOE)
oftware, JMP® (SAS Institute: Cary, NC, USA). Analysis of exper-
mental responses obtained from a study generated using JMP®

ighlights the effect of both the parameters and interactions on
ach response. This type of effect is not observed when each param-
ter is studied independently. In this study, four experimental
esponses (relative migration times (RMT) between two pI mark-
rs of pIs 5.50 and 9.50, peak area of pI 9.50 marker, migration
ime of pI 4.10 marker and signal to noise (S/N) ratio of pI 5.50

arker) were selected for evaluation of cIEF parameters in terms
f resolution, detection sensitivity, high-throughput analysis and
/N ratio, respectively. Then, the parameters (carrier ampholyte,
PMC, urea, arginine and iminodiacetic acid concentrations) which
re supposed to affect the responses were identified. Experimen-
al plans generated using JMP® were composed of a half-factorial
esign (25–1) with middle point as shown in Table 1.

After 17 runs using the parameters indicated in Table 1, data
ere analyzed in JMP® using analysis of variance (ANOVA) method

y least-square fit in order to identify which parameters and inter-
ctions between two parameters had a significant effect on the

xperimental responses. Calculated probabilities (p-values) from
NOVA were used in order to classify the observed effect of the
arameters and interactions when both carrier ampholytes, Phar-
alyte and Ampholyte buffer, were used. A low p-value indicates

hat the results are statistically significant. The values of signifi-
50 2.0 (2.0)
20 5.0 (4.0)

cance probabilities are normally set as 0.05 or less. However, in
this experiment, the values between 0.05 and 0.10 were addi-
tionally included as “negligible impact” in order to emphasize
which system is proper for cIEF. Therefore, the values greater
than 0.10 indicate the results are not significant. In addition,
JMP® also provided optimum conditions based on the experimen-
tal data. The statistically optimized conditions for both carrier
ampholytes were used for further analysis in order to confirm their
reproducibility.

3. Results and discussion

3.1. Selection of capillaries for cIEF

In the present study, we examined two chemically modified cap-
illaries, a Neutral capillary and a DB-1 capillary, as candidates for
cIEF. In order to achieve robust mobilization, the EOF has to be
decreased because it often causes flow variety. Several success-
ful separations for glycoproteins using DB-1 capillary, of which
the inner wall is modified with dimethylpolysiloxane, has been
reported previously [29,30]. Even if DB-1 capillary shows a small
EOF, the flow could be reduced when a small amount of a neutral
polymer like HPMC was added in the running buffer. In addition,
by adding a small amount of neutral polymer in the running buffer,
the polymers cover the inner wall of the capillary and prevent
the irreversible adsorption between glycoprotein and the capillary
wall.

For selection of capillaries, focusing and mobilization were con-
ducted at 25 kV for 15 min and 45 min, respectively. All other
analytical conditions are the same in Section 2.4. The sample solu-
tion was prepared by mixing pI markers (1 �L each), 0.1 mg of mAb
solution and a 3 mol/L urea containing cIEF gel buffer (Beckman).
The sample solution also contained 50 mmol/L arginine, 5 mmol/L
iminodiacetic acid and 4.0% Ampholyte buffer. From the experi-
mental results, both capillaries tested in this study gave similar
profiles of gemtuzumab ozogamicin (data not shown). Therefore,
for this study, we selected a DB-1 capillary for further experiments
because it was easily available from commercial source for capillary
gas chromatography.
3.2. Optimization of cIEF parameters

The effects of the five analytical parameters described in Sec-
tion 2.6 and their interactions were studied for both Ampholyte
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Fig. 1. Repetitive analysis of a mixture of IgG4 and pI markers using Pharmalyte
(A) and Ampholyte buffer (B). The numbers in both panels indicate the order of the
measurements. (A) Sample solution using Pharmalyte was prepared by mixing pI
markers (1 �L each), 0.1 mg of mAb solution and 0.2% hydroxypropyl methylcellu-
lose solution containing 4 mol/L urea. The solution also contained 4.0% Pharmalyte,
20 mmol/L arginine and 2 mmol/L iminodiacetic acid. (B) Sample solution using
Ampholyte buffer was prepared by mixing pI markers (1 �L each), 0.1 mg of pro-
tein and 0.2% hydroxypropyl methylcellulose solution containing 2 mol/L urea. The
solution also contained 4.1% Ampholyte buffer, 20 mmol/L arginine and 5 mmol/L
E. Maeda et al. / J. Chroma

uffer and Pharmalyte using three different concentrations for all
he parameters, respectively (Table 1). Each sample solution was
repared according to the concentrations described in Table 1,
nd all the separations were conducted by using the conditions
escribed in Section 2.4. The tested concentration ranges of each
arameter were set according to the previous reports [36,38,39].

n this study, slightly different parameter ranges were set between
he two carrier ampholytes because the combination of high con-
entrations of carrier ampholyte and iminodiacetic acid caused
isappearance of pI markers from electropherogram when Phar-
alyte was used. Thus, for Pharmalyte, maximum concentrations

f carrier ampholyte and iminodiacetic acid were set at 4% and
.0 mmol/L, respectively.

The effects of each parameter and interaction between two
arameters were categorized as summarized in Table 2. For exam-
le, HPMC concentration showed moderate impact (p-value, <0.05)
n S/N ratio and negligible impact (<0.10) on migration time of
I 4.10 marker when using Ampholyte buffer. The quality of fit to
he model between expected and actual values of each response
as expressed by coefficient of determination (R2). For both car-

ier ampholytes, all the responses tested in this study showed good
tting with R2 values of higher than 0.92. According to Table 2,
IEF method using Ampholyte buffer was obviously affected by all
he parameters and interactions with p-values of less than 0.10.
hese results suggested that the method using Ampholyte buffer
s not robust within the tested ranges. In contrast, in the method
sing Pharmalyte, concentration of carrier ampholyte and argi-
ine showed moderate and negligible impact on RMT, respectively.
igher concentration of carrier ampholyte forms wider range of
H gradient in the capillary, and higher arginine concentration
rovides straitened RMT by the presence of arginine because it

s focused into the most basic region in the capillary due to its
I value. Considering these points, the concentrations of both car-
ier ampholyte and arginine affect the RMT. Other parameters and
nteractions had no effect on the method using Pharmalyte, and
harmalyte seems better than Ampholyte buffer to achieve the
obust results.

JMP® provides statistically optimized cIEF conditions based on
he testing results. In case of cIEF using Pharmalyte, the parame-
ers for carrier ampholyte, HPMC, urea, arginine and iminodiacetic
cid were 4.0%, 0.2%, 4.0 mol/L, 20 mmol/L and 2.0 mmol/L, respec-
ively. In case of Ampholyte buffer, the concentrations of carrier
mpholyte, urea, and iminodiacetic acid were changed to 4.1%,
.0 mol/L and 5.0 mmol/L, respectively.

.3. Repeatability

To investigate the repeatability of the optimized cIEF condi-
ions, 11 continuous analyses were performed. Sample solutions of
gG4 with three pI markers (pIs 9.50, 5.50 and 4.10) were prepared
sing both carrier ampholytes and separated by cIEF, respectively
Fig. 1). The obtained electropherograms were analyzed to evalu-
te migration times of each pI marker and estimated pI values of
harge variants. For pI estimation, pI 9.50 and 5.50 markers were
sed for assuming a linear relationship between pI values versus
igration times. Statistical analysis was performed on both the
igration times and estimated pI values to determine the aver-

ge and relative standard deviations (RSDs), and the results were
ummarized in Table 3. The RSDs of pIs 9.50, 5.50 and 4.10 mark-
rs for the Pharmalyte showed excellent values of 0.16%, 0.17% and
.22%, respectively, and were much smaller than those obtained for

mpholyte buffer (2.76%, 0.60% and 0.64%, respectively). In addi-

ion, the RSDs of estimated pI values of peaks a–d in Fig. 1(A) for
harmalyte were no more than 0.06%, and were much smaller than
hose observed for peaks e–h in Fig. 1(B) using Ampholyte buffer
≤0.45%). Although Pharmalyte gave slightly poor resolution than
iminodiacetic acid. Analytical conditions: capillary, DB-1 capillary (Agilent Tech-
nologies, 50 �m i.d., 30 cm, 20 cm effective length); injection, 99 s at 25 psi; focusing,
25 kV for 15 min; mobilization, 25 kV for 25 min; temperature, 20 ◦C; detection, UV
at 280 nm.

Ampholyte buffer, it provided approximately 10-fold higher S/N
ratios than Ampholyte buffer. These results strongly show that the
optimized conditions using Pharmalyte were robust and highly
repeatable, and were consistent with the results obtained from
JMP®.

3.4. Intermediate precision of estimated pI values and percent
composition

In order to investigate the reproducibility of the cIEF method
optimized above, an intermediate precision study was performed
using IgG4 as a model. Sample solutions were prepared using
two different lots of Pharmalyte (in duplicate) and analyzed by
cIEF using two different lots of DB-1 capillary. Experiments were

conducted on separate two days, and eight data sets were col-
lected on each day to generate 16 electropherograms in total.
The pI values of each peak were estimated in the same man-
ner as mentioned in Section 3.3. The RSDs of estimated pI values
were less than 1.0% for all charge variants, peaks a through h in
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Table 2
Effectsa of major analytical parameters and interactions between two parameters.

Parameter/interactionb Ampholyte buffer Pharmalyte

RMTc Peak area Migration time S/N ratio RMTc Peak area Migration time S/N ratio

Parameter
Carrier ampholyte (%) B B A A B – – –
HPMC (%) – – C B – – – –
Urea (mol/L) – – – B – – – –
Arginine (mmol/L) C C C B C – – –
Iminodiacetic acid (mmol/L) – C B C – – – –
Interaction between two parameters
Carrier ampholyte–HPMC – – C B – – – –
Carrier ampholyte–urea – – B – – – – –
Carrier ampholyte–arginine – – B B – – – –
Carrier ampholyte–iminodiacetic acid – C B C – – – –
HPMC–urea – – B C – – – –
HPMC–arginine – – B B – – – –
HPMC–iminodiacetic acid – – – C – – – –
Urea–arginine – – B – – – – –
Urea–iminodiacetic acid – – – B – – – –
Arginine–iminodiacetic acid – – – B – – – –

a Effects are categorized using calculated p-values: (A) significant impact, <0.01; (B) moderate impact, <0.05; (C) negligible impact, <0.10; (–) no impact, ≥0.10.
b The tested ranges are shown in Table 1.
c RMT: relative migration time between two pI markers of pIs 5.50 and 9.50.

Fig. 2. Expanded view of cIEF analysis of IgG4. The eight signature peaks and five
groups of peaks observed in the analysis of IgG4 were selected for the intermediate
precision study. Actually, peaks (a through h) were used to calculate variation in the
e
o
w

F
a
a
v
g
l

Table 4
Intermediate precisions on estimated pI value and percent composition of charge
variants of IgG4 under the optimized cIEF method.

Peak/group Mean (n = 16) Standard deviation RSD (%)a

Estimated pI value
Peak a 7.70 0.070 0.91
Peak b 7.50 0.071 0.95
Peak c 7.29 0.061 0.84
Peak d 7.15 0.045 0.63
Peak e 7.01 0.042 0.60
Peak f 6.90 0.023 0.34
Peak g 6.77 0.026 0.39
Peak h 6.66 0.024 0.36
Percent composition of charge variant
Basic group 16.53 0.817 4.94
Group c 21.01 0.765 3.64
Group d 23.86 0.805 3.37

T
R

stimated pI values and percent compositions. Peaks denoted with an asterisk were
nly used to estimate variation of the percent compositions. Analytical conditions
ere the same as in Fig. 1.

ig. 2. The detected charge variants in the basic (peaks a and b) or
cidic regions (peaks f through h) on the electropherogram were

ssigned as basic or acidic groups, respectively. Furthermore, other
ariants were separated into three groups, group c, group d and
roup e. The RSDs of percent composition of each group were
ess than 5.0% as shown in Table 4. These values were compa-

able 3
epeatability on migration time of pI markers and estimated pI value of IgG4 under the o

Source Ampholyte buffer

Mean (n = 11) RSD (%

Migration time (min)
pI 9.50 15.01 2.76
pI 5.50 32.11 0.60
pI 4.10 35.98 0.64
Estimated pI valueb

Peak a or e 7.70 0.45
Peak b or f 7.72 0.43
Peak c or g 6.87 0.39
Peak d or h 6.53 0.32

a Relative standard deviation, n = 11.
b Peaks a–d (in Fig. 1(A)) for Ampholyte buffer and peaks e–h (in Fig. 1(B)) for Pharmal
Group e 19.54 0.921 4.72
Acidic group 19.06 0.726 3.81

a Relative standard deviation, n = 16.

rable to those obtained by imaging cIEF (less than 6.3% in [38],
and less than 5.7% in [45]) which are supposed to show excellent
reproducibility because the method does not require mobilization.
Although the cIEF method needs relatively longer analysis time

than the imaging cIEF, it can provide higher resolution because of
the use of a longer capillary. These results demonstrated that the
present method can be used as a charge profiling method for mAb
pharmaceuticals.

ptimized cIEF conditions.

Pharmalyte

)a Mean (n = 11) RSD (%)a

18.96 0.16
30.06 0.17
33.89 0.22

7.68 0.00
7.32 0.04
6.92 0.00
6.71 0.06

yte.
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ig. 3. cIEF analysis of gemtuzumab ozogamicin with and without pI markers under
he optimized method. Analytical conditions were the same as in Fig. 1.

.5. cIEF and gel IEF separations of intact and deglycosylated
emtuzumab ozogamicin

The optimized cIEF method was applied to the analysis of gem-
uzumab ozogamicin. The sample solutions prepared in triplicates
ave excellent reproducible electropherograms, and more than 20
eaks were detected in each analysis (Fig. 3). On the other hand, in
el IEF, only 13 charge variants were observed (Fig. 4(A)). These
esults demonstrate that there are some charge variants which
re not separated in gel IEF, and the optimized method provides
xcellent separation with higher resolution than gel IEF.

The influence of deglycosylation on charge heterogeneity of
emtuzumab ozogamicin was examined using the optimized cIEF
ethod. The sample solution of the deglycosylated preparation was

repared and separated by optimized cIEF and gel IEF. Complete
eglycosylation of gemtuzumab ozogamicin was confirmed by CE-
DS analysis using SDS-Gel MW Analysis Kit from Beckman (data
ot shown) [23]. In gel IEF, although the charge variants of both

eglycosylated and intact preparations were observed in a range
f pI 6.0–7.8, the deglycosylated preparation showed lower and
arrower pI range than the intact one (Fig. 4(A)). In addition, the
umber of detected bands was increased from 13 to 15 after PNGase

ig. 4. Gel IEF image (A) and cIEF analysis (B) of gemtuzumab ozogamicin after treatment
f enzyme (b). Analytical conditions: pre-focusing, 75 Vhr at 1 V; focusing, 1500 Vhr at 15
1217 (2010) 7164–7171 7169

F digestion. Similarly, in cIEF, several peaks which were observed
ca. at pI 7 were completely disappeared or decreased, and shift
of the peaks to lower pI values was observed (Fig. 4(B)). These
data indicate that deglycosylation effects the number of charge
variants, and the present method could distinguish two charge pro-
files between intact and deglycosylated preparations with higher
resolution than gel IEF. Gemtuzumab ozogamicin has sialic acid
containing N-glycans in its structure and their percent composi-
tions in total N-glycans is approximately 9% (unpublished results).
Therefore, deglycosylation causes the loss of the negatively charged
variants and the deglycosylated variants should show higher pI
values than the original one. However, it was surprising that the
deglycosylated preparations showed lower pI values than those of
the intact one by both cIEF and gel IEF methods. Chu mentioned
that deglycosylation with PNGase F converts an asparagine residue
to an aspartic acid in protein products [46]. Due to generating
additional negative charges caused by deglycosylation, the degly-
cosylated variants showed lower pI values than the original one.
These results indicate that the method can provide detailed infor-
mation related to deglycosylation of mAb preparations even if they
have highly complex structures like gemtuzumab ozogamicin.

3.6. pI values observed in cIEF and gel IEF

Estimated pI ranges for IgG4 obtained by cIEF and gel IEF showed
slightly different ranges; from 6.5 to 7.7 for cIEF and from 7.4 to 8.1
for gel IEF, respectively. Gemtuzumab ozogamicin showed similar
results; pI range from 5.9 to 7.1 and from 6.1 to 7.7 for cIEF and gel
IEF, respectively.

The optimized cIEF method developed in the present study con-
tains urea as well as HPMC to prevent nonspecific adsorption of
proteins to capillary walls. Cifuentes et al. reported that the pres-
ence of urea caused shift of the intrinsic pI values of protein samples
[37]. However, our study showed that the maximum differences in
pI values were approximately 0.1 pI unit in the presence of urea
at 4 mol/L when we compared in the absence of urea. In gel IEF,
a mixture of 13 pI markers between pI 10.7 and pI 3.5 was used
pI 9.50 and 5.50 were used in cIEF for estimation of pI values. In
addition, carrier ampholyte sometimes forms non-linear pH gra-
dient as reported previously [47,48] and this is one of the reasons
why we observed different pI ranges in gel IEF and cIEF. In order to

with PNGase F (a) and gemtuzumab ozogamicin after treatment with water instead
00 V. Analytical conditions for cIEF were the same as in Fig. 1.
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Fig. 5. The relationship between pI values of pI markers and their migration times
under the optimized method. White squares and black circles represent 11 synthetic
pI markers (marker number 31 and 33–42 in [36]) and three pI markers of pIs 9.50,
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.50 and 4.10, respectively. Each migration time is a mean of three determinations
standard deviations <0.3 for any pIs). The regression curve for the three pI markers
as generated by least-square method, and the correlation coefficient of it gave an

xcellent linearity (R2 ≥ 0.999). Analytical conditions were the same as in Fig. 1.

nvestigate the linearity of pH gradient in optimized cIEF method,
1 synthetic pI markers [36] were used. Fig. 5 shows that the rela-
ionship between pI values of pI markers and their migration times.
he observed pI values showed obvious differences approximately
t pIs 8.40 and 4.30. In particular, the biggest difference between
stimated pI value using the regression curve and intrinsic pI value
ithin the tested ranges was 0.67 at pI 8.40.

In order to re-estimate the pI values for precise pI determination
f charge variants of IgG4, two appropriate pI markers which do not
nterfere with the peaks of the charge variants were selected. The
I 9.50 marker was also added to the sample mixture as reference.
he obtained electropherograms of both IgG4 and 11 synthetic
I markers are shown in Fig. 6. Re-estimated pI range of IgG4

sing pI 8.40 and 5.91 markers is from 7.2 to 8.1, and the range
ecame much closer to that observed in gel IEF. The results demon-
trate that Pharmalyte forms non-linear pH gradient during cIEF in
he optimized method. From the results above, it is strongly sug-

ig. 6. cIEF analysis of IgG4 for re-estimation of pI values. (a) Eleven synthetic pI
arkers (marker number 31 and 33–42 in [36]) and (b) IgG4 with three pI markers

f pIs 9.50, 8.40 and 5.91, respectively. Analytical conditions were the same as in
ig. 1.
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gested that appropriate commercially available pI markers should
be selected based on the target pI ranges of charge variants when
accurate pI values are required for detailed characterization of the
products.

4. Conclusions

The study for the effect of several major analytical parameters
on the two-step cIEF separation of pI markers and the charge vari-
ants of model mAb has led to a reproducible cIEF methodology
to analyze mAb conjugates having highly complex structure. The
repeatability and intermediate precision of the present method
have been demonstrated using a model mAb, IgG4, and the feasibil-
ity of the method has been proved by applying it to a mAb conjugate.
This method, which competes favorably with both classical gel
IEF and newly developed imaging cIEF in terms of reproducibil-
ity with high resolution [26,38,45], is envisaged as a promising tool
to analyze mAb conjugates in quality testing and detailed char-
acterization in the pharmaceutical industry. However, we have to
carefully consider whole procedures, i.e. from desalting to focusing
step, for each biopharmaceutical, because some biopharmaceuti-
cals may lead to form new impurities during analytical procedures.
Since the proposed method can provide more detailed informa-
tion on the charge heterogeneity even if the samples have highly
complex structure, this method has a capability to deal with such
concerns. In addition, the feasibility of utilization of DB-1 capillary
which could provide excellent separation on both native mAb and
mAb conjugates has to be evaluated individually when applying the
method to other biopharmaceuticals. Furthermore, demonstrated
non-linear pH gradient in a capillary indicates that selection of
an appropriate set of pI markers based on the target pI ranges
of charge variants for each mAb related product is highly recom-
mended for the precise determination of pI values. We believe that
the information described in the manuscript will be a useful guide-
line for evaluation of the newly developed chemically modified
biopharmaceuticals.
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