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Ion-exchange chromatography is widely used for profiling the charge heterogeneity of proteins, including
monoclonal antibodies. Despite good resolving power and robustness, ionic strength-based ion-exchange
separations are product-specific and time-consuming to develop. We have previously reported a novel
pH-based separation of proteins by cation exchange chromatography that was multi-product, high-
resolution, and robust against variations in sample matrix salt concentration and pH. In this study, a
pH gradient-based separation method using cation exchange chromatography was evaluated in a mock
validation. This method was shown to be robust for monoclonal antibodies and suitable for its intended
purpose of charge heterogeneity analysis. Simple mixtures of defined buffer components were used
to generate the pH gradients that separated closely related antibody species. Validation characteris-
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Charge heterogeneity tics, such as precision and linearity, were evaluated. Robustness to changes in protein load, buffer pH
Monoclonal and column oven temperature was demonstrated. The stability-indicating capability of this method
Antibodies was determined using thermally stressed antibody samples. In addition, intermediate precision was

demonstrated using multiple instruments, multiple analysts, multiple column lots, and different column
manufacturers. Finally, the precision for this method was compared to conventional ion-exchange chro-
matography and imaged capillary isoelectric focusing. These results demonstrate the superior precision
and robustness of this multi-product method, which can be used for the high-throughput evaluation of

in-process and final product samples.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Monoclonal antibodies (mAbs) are a very important class of
therapeutic proteins in biotechnology, and have been developed
to treat a variety of indications to fulfill significant unmet medi-
cal needs [1]. Monoclonal antibodies are generally target-specific
and well tolerated with a relatively long half-life, contributing
to the success of the molecule class for drug development. Of
the classes of immunoglobulins, IgG1 is the most commonly used
immunoglobulin used for pharmaceutical and biomedical purposes
[2,3].

Protein heterogeneity of monoclonal antibodies is monitored
as part of the ongoing control system that ensures product qual-
ity and consistency [4-6]. Monoclonal antibodies are susceptible
to chemical or enzymatic modification, particularly at sites that
are exposed to the protein-liquid interface. Product heterogeneity
can be caused by C-terminal processing of lysine residues [7-9],
deamidation [10,11], glycation (nonenzymatic glucose addition)
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[12], amino acid sequence variations [8], and noncovalent com-
plexes [13].

Monoclonal IgG antibodies are typically characterized by a
variety of orthogonal analytical and biochemical methods, includ-
ing ion-exchange chromatography and isoelectric focusing [9].
Ion-exchange chromatography (IEC) has been a platform for mon-
oclonal antibody purification and characterization for many years
[14], with IEC being a typical component in antibody recovery and
characterization systems. IEC separates proteins based on differ-
ences in the surface charge of the molecules, with separation being
dictated by the protein interaction with the stationary phase. While
cation exchange chromatography has been called the gold standard
for charge sensitive antibody analysis [15], method parameters,
such as column type, mobile phase pH, and salt concentration gra-
dient, often need to be optimized for each individual antibody.
[soelectric focusing separation methods, in either capillary or slab
gel format, have been widely used due to the multi-product nature
of the separation conditions. The proteins are separated by focus-
ing the proteins in a matrix where the pH of the medium changes
as a function of position. One particular methodology, imaging
capillary isoelectric focusing (icIEF), has recently been developed
for charge heterogeneity analysis of monoclonal antibodies [16].
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Despite some advantages over conventional IEC, such as relatively
shorter method development time, the implementation of icIEF
in a commercial control system entails significant investment, as
specialized equipment as well as vendors for consumables is lim-
ited. Recently, a chromatofocusing method, which combines the
resolving power of isoelectric focusing and the flexibility and sim-
plicity of ion-exchange chromatography, was reported for routine
analysis of monoclonal antibody charge species that employs a
linear pH gradient formed by external mixing of two phosphate
buffers of different pH [17]. The robustness of this chromatofo-
cusing method was demonstrated using a single mAb, and this
method compared favorably to conventional salt-gradient IEC
[17].

Before an analytical method can be incorporated into a quality
control system, it must first be demonstrated that it is suitable for its
intended purpose. Guidelines for the validation of analytical meth-
ods have been published in the United States Pharmacopeia [18],
by the US Food and Drug Administration (FDA) [19,20], and in pub-
lished reviews [21]. The guidelines published by the International
Conference on Harmonization (ICH) have established a uniform
understanding of the performance characteristics which are eval-
uated in the course of validation [22]. The subset of performance
characteristics which require investigation in the course of valida-
tion, as well as the strategy for designing appropriate experiments,
are based upon the intended purpose of the analytical method.
Thus, different validation requirements are outlined by the ICH
guidelines for assay, impurity and identity methods [22]. The vali-
dation of a stability-indicating method requires analyses of stressed
samples in order to demonstrate that the method is suitable [21].
International Conference on Harmonization (ICH) guidelines have
established requirements for the validation of stability-indicating
methods and clarify requirements for stress studies and robustness
studies.

We have previously reported a novel pH-based separation of
proteins by cation exchange chromatography (pH-IEC) that was
multi-product, high-resolution, and robust against variations in
sample matrix salt concentration and pH [23]. Simple mixtures of
defined buffer components were used to generate the pH gradi-
ents that separate closely related antibody species. This method
separated monoclonal antibody species with a wide range of iso-
electric points via a complex retention mechanism, combining both
ionic-strength and pH. The multi-product aspect of this method
translates into much less method development time for new IgG
molecules. In addition, the ability of the method to assess charge
heterogeneity at a wide range of sample matrix salt concentrations
and pH indicates the suitability of the method for use in evaluating
in-process samples. Despite these advantages, this multi-product
pH gradient-based ion-exchange chromatography method had not
yet been validated prior to this work, which is necessary for the
transfer of an analytical method to a quality control environ-
ment.

We report herein the results of a mock validation of a pH
gradient-based ion-exchange chromatography method for evaluat-
ing charge heterogeneity of monoclonal antibodies. The validation
was deemed a mock validation as it was done as proof of concept
rather than strictly for regulatory purposes, which require specific
criteria be set in advance and achieved for precision and accuracy
[20]. Robustness against changes in protein load, buffer pH and col-
umn oven temperature is demonstrated. The stability-indicating
capability of this method is determined using thermally stressed
antibody samples. In addition, intermediate precision is demon-
strated using multiple instruments, multiple analysts, multiple
column lots, and different column manufacturers. These results
demonstrate the precision, robustness and applicability of this
multi-product method, which can be used for the high-throughput
evaluation of in-process and final product samples.

2. Experimental
2.1. Instrumentation

Three types of liquid chromatographs were used during this
work: an Ultimate 3000 X2 (dual channel) bio-compatible liquid
chromatograph (Dionex, Sunnyvale, CA), a Waters 2796 bio-
compatible liquid chromatograph (Waters, Milford, MA) and an
Agilent 1100 liquid chromatograph (Agilent, Santa Clara, CA), each
equipped with an autosampler with sample temperature control
capability and a thermal compartment to enclose the column. The
Dionex Ultimate 3000 X2 chromatograph included dual ternary low
pressure micro-gradient pumps and a four channel UV-Vis detec-
tor. The Waters 2796 chromatograph included a quaternary pump
and a dual wavelength detector (Waters 2487). The Agilent 1100
chromatograph included a high pressure gradient binary pump and
a multiple wavelength detector.

Instrument control, data acquisition and compilation of results
for all HPLCs were performed using Dionex Chromeleon software,
version 6.8.

2.2. Chemicals and columns

Piperazine dihydrochloride hydrate and imidazole were Fluka
brand reagents. All other chemicals were obtained from Sigma (St.
Louis, MO) unless otherwise indicated.

Monoclonal antibodies used in this work were produced by
Genentech (South San Francisco, CA). The mAb standard used
throughout the study had a plI value of 7.4, which was determined
using capillary isoelectric focusing. Thermally stressed samples
were produced by incubating the antibody at 40 °C for 4 weeks.

Two types of ion-exchange of columns were used in this
study. ProPac WCX-10 cation exchange columns were obtained
from Dionex (Sunnyvale, CA). ProPac columns used in this study
were 250mm x4.0mm, 10wm. To assess method variability
between different column manufacturers, Sepax Antibodix NP10
columns were used (Sepax, Newark, DE), with dimensions of
250 mm x 4.6 mm, 10 pm.

2.3. Mobile phase preparation

Appropriate amounts of buffer were dissolved in deionized
water to produce a 2 x concentrated solution, i.e., 19.2 mM Tris base,
12.0 mM piperazine, and 22.0 mM imidazole. Once dissolved, the
solution was split into two equal aliquots. Each aliquot was diluted
to 90% of the required final volume with deionized water. Each
aliquot was then titrated to the appropriate pH by the addition of
10N sodium hydroxide as necessary. Once titrated, deionized water
was added to bring the solutions to the required volume. The mobile
phases were then individually filtered through a 0.2 pm nylon fil-
ter prior to use. Mobile phases prepared for this work contained
9.6 mM Tris base, 6.0 mM piperazine and 11.0 mM imidazole, with
pH values of either pH 6.0 (mobile phase A) or pH 9.5 (mobile phase
B), unless otherwise indicated. This buffer composition is a modi-
fied piperazine/imidazole/tris buffer system originally reported by
Kang and Frey [24] and used for mAb analysis by Farnan and Moreno
[23].

2.4. Chromatographic conditions

Samples were diluted to a target protein concentration of
1 mgmL-1 in mobile phase A prior to placement into the autosam-
pler. Samples in the autosampler were kept at a temperature of
5+ 3°C. Columns were placed in the column oven and the temper-
ature control feature was employed to keep the oven temperature
within a narrow range (+1 °C) from the set point during the studies.
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Fig. 1. Example profiles obtained using pH gradient-based ion-exchange chromatography for a mAb with a pl value of 7.4. The main peak, acidic and basic regions are
denoted. The pH was changed linearly from pH 6.0 to 9.5 over 30 min at 1 mLmin~! on a ProPac WCX-10 column. Integrations are performed post-baseline subtraction. A

representative integration is shown on the lower panel.

The column temperature was set at 30°C unless otherwise indi-
cated. Prior to sample injection, the column was pre-equilibrated
with at least 4 column volumes of the pH 6.0 buffer (mobile phase
A). mAb injection amounts were 40 g (40 pL injection) unless oth-
erwise indicated. After the injection of the monoclonal antibody
sample onto the column, a linear increase in the percentage of pH
9.5 buffer (mobile phase B) was delivered using the pump. The lin-
ear gradient was from 0% to 100% B over 30 min. Post-gradient,
the mobile phase was pumped at 100% B until at least one col-
umn volume passed before the composition was returned to 100%
A in preparation for the next analysis. The column effluent was
monitored at 280 nm.

Ablank injection was made with each sequence prior to sample
injection, and each sequence ran a control sample to ensure that the
performance of the method had not changed during the course of
the study. Each chromatogram was carefully integrated to ensure
that only peaks not present in the associated blank were considered
to be protein. Prior to integration, a baseline subtraction was per-
formed using the blank run in the same sequence. The ion-exchange
profiles were typically divided into three distinct components: the
main peak, the acidic region and the basic region (Fig. 1).

3. Results and discussion
3.1. Precision

The precision of an analytical procedure expresses the close-
ness of agreement between a series of measurements obtained
from multiple analyses of the homogeneous sample under the
prescribed conditions and often expressed as relative standard
deviation (RSD). Fig. 1 shows an example elution profile observed
using the pH gradient formed with 9.6 mM Tris base, 6.0 mM piper-
azine and 11.0 mM imidazole buffer composition. The upper panel
shows the profiles of protein-containing sample and blank, while
the bottom profile shows protein-containing sample after blank

subtraction (Fig. 1). All integrations in this study were performed
after blank subtraction to mitigate the effects of mild baseline
changes and to ensure that the chromatograms were integrated
correctly [25]. Baseline change was found to be very repeatable
and was related to differences in the extinction coefficients of
the buffer species. To calculate chromatographic repeatability, six
replicate injections from a single sample preparation at 100% of the
test concentration were analyzed by one analyst on one day. The
repeatability of the method was demonstrated by relative peak area
RSD values of 0.1%, 0.7%, and 0.8% for main peak, acidic and basic
regions, respectively, with relative peak area defined as the peak
area divided by total peak area of the main peak, acidic and basic
regions multiplied by 100%. The overlay for six sequential replicate
injections from a single sample vial demonstrated excellent repro-
ducibility of the elution profile (Fig. 2). The inter-day precision from
one column and one instrument was calculated from relative peak
area RSD values to be 0.2%, 0.9% and 1.2% for main peak, acidic and
basic regions, respectively (Table 1). These values are in compliance
with requirements for analytical method validation set by the FDA,

Table 1
Summary of inter-day precision at target conditions (1 column and 1 instrument).
Data include 15 total data points over 4 days (3 samples injected in triplicate or
more).

Percent peak area

Acidic region Main peak Basic region
Average 14.6 75.6 9.8
SD 0.1 0.2 0.1
%RSD 0.9 0.2 1.2
—-3SD 14.1 75.2 9.4
+3SD 15.0 76.2 10.1
6SD range 14 1.6 0.7
Hi 14.9 75.9 10.1
Lo 14.3 75.4 9.6
Hi-Lo range 0.6 0.5 0.5
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Fig. 2. Overlay for six sequential replicate injections from a single sample vial demonstrating the reproducibility of the elution profile. Conditions as per Fig. 1.

which states that precision should not exceed 15% of the coefficient
of variation [20].

3.2. Post-preparative stability of samples and solutions

The response of the reference standard was found to be
unchanged when the sample was incubated in the autosam-
pler for 48h (Table 2). In addition, relative peak areas were
unchanged when the buffer solutions were used for up to 14 days
(Table 2). Therefore, samples and buffer solutions can be used
within the time periods tested without the results being impacted.
Post-preparative stability of samples and solutions is particularly
important for the analysis of multiple samples, as increased stabil-
ity lends to method reliability over the anticipated run time and
when many samples are in queue before analysis.

3.3. Linearity

The linearity of an analytical procedure is the ability to obtain
results that are directly proportional to the amount of analyte
used for analysis. Protein load was varied from 20 g to 100 pg
by adjusting injection volume of the sample. Results in Fig. 3 show
consistent elution profile shape after normalization and good cor-
relation between the main peak area and loading of protein, with
a correlation coefficient R>0.99. This study also provides evidence
of robustness against changes in protein load; despite changes in
protein load from 0.5 to 2.5 times target loading conditions (40 .g),
relative peak areas remain consistent, with RSD values for acidic
region, main peak and basic region of <0.3% (Table 3). Consistency

Table 2

Relative peak areas obtained from sample and solution stability testing. Samples
were incubated in the autosampler at 5°C for 48 h to determine sample stability.
Buffer solutions were tested 14 days after initial use to determine buffer stability.

Percent peak area

Acidic region Main peak Basic region

Reference standard (0 h) 14.6 75.7 9.7
Reference standard (48 h) 14.5 75.7 9.8
pH 6.0 and pH 9.5 buffers (14 days) 14.7 75.5 9.9

of the sample profiles with varying sample loadings readily facil-
itates scale-up when fraction collection is required or scale-down
when sample volume is limited.

3.4. Suitability as a stability-indicating method

In addition to reference samples, thermally stressed samples
were used to determine linearity and the ability of the method to
be stability indicating. Stressed sample admixtures were made by
adding various amounts of stressed material with reference mate-
rial. The method showed a very good linear profile when relative
main peak area and relative acidic region area were plotted as a
function of the percentage of reference standard present in the sam-
ple (Fig. 4), with correlation coefficients R>0.99. Basic region peak

Table 3
Summary of compiled method robustness data. Boldface type denotes target
conditions.

Percent peak area

Acidic region Main peak Basic region

Temperature (°C)

28 14.7 75.5 9.8

30 14.6 75.7 9.7

32 14.6 75.6 9.8
Protein loading (.g)

20 144 75.9 9.7

40 14.4 75.9 9.7

60 143 75.9 9.7

100 144 75.9 9.7
pH range

6.0-9.5 14.5 75.8 9.7

5.9-9.6 14.8 75.4 9.8
Column lot

ProPac Lot #1 14.6 75.7 9.8

ProPac Lot #2 14.5 76.0 9.6

ProPac Lot #3 149 75.3 9.7

Antibodix Lot #1 14.6 74.9 10.5

Antibodix Lot #2 13.7 75.5 10.7

Antibodix Lot #3 125 75.6 11.8
Instrument type

Dionex U3000 HPLC 144 75.9 9.7

Agilent 1100 HPLC 14.7 74.7 10.6

Waters 2796 HPLC 13.7 75.4 10.9
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Fig. 3. Elution profiles obtained over a range of sample loadings (20-100 p.g). The inset overlays depict the chromatograms overlaid normalized to the height of the main
peak. Loading amount was controlled by varying the injection volume of the sample. Linearity is demonstrated by plotting main peak area against sample loading. Other

conditions as per Fig. 1.

areas did not change significantly for this molecule with the var-
ious stressed sample admixtures. These results indicate that this
method can be used as a stability-indicating method prescribed by
regulatory agencies.

3.5. Robustness

The robustness of an analytical procedure is a measure of its
capacity to remain unaffected by small, but deliberate variations in
method parameters and provides an indication of its reliability dur-
ing normal usage. The robustness of the pH gradient method was
evaluated by varying, individually, injection volume (20-100 L),

buffer pH (40.1), column temperature (42°C), column lot and
instrument type (Table 3).

The variations in method parameters did not result in signif-
icant changes to chromatographic profile or relative peak areas
(Table 3). The most notable variation is observed with changes
in column manufacturer. The Sepax Antibodix NP10 column had
more lot-to-lot variation compared to the ProPac WCX-10 col-
umn for acidic and basic region relative peak areas. Average acidic
region relative area lot-to-lot ranges were 0.4% and 2.1% for ProPac
and Antibodix columns, respectively. Average basic region relative
area lot-to-lot ranges were 0.2% and 1.3% for ProPac and Anti-
bodix columns, respectively. Main peak values were comparably
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Fig. 4. Elution profiles obtained for admixtures of reference material and thermally stressed material. Five levels of admixtures were prepared. Linearity is demonstrated by
plotting acidic region and main peak relative areas against percentage of reference sample. Basic region is not presented as no significant change was noted for this molecule

under thermal stressing.
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Fig. 5. Elution profiles obtained with varying buffer pH. The gradient was 0-100% B
over 30 min, with the mobile phase pH ranging from pH 6.0 to 9.5 (target conditions)
for the bottom chromatogram, and pH 5.9 to 9.6 for the upper chromatogram.

tight for both columns. Interestingly, the ProPac and Antibodix
columns resulted in similar relative peak areas despite differing
column diameters, which indicates that the method is robust with
respect to the mobile phase flow rate. Retention times differed for
the two columns, which is expected due to the difference in the
cross-sectional areas of the columns at a constant flow rate.
When the pH of the mobile phases was changed such that the
gradient was set to pH 5.9-9.6, as opposed to a target gradient
of pH 6.0-9.5, the relative peak areas remained consistent despite
expected changes in retention time (Fig. 5), which is notable consid-
ering conventional ionic strength ion-exchange chromatography
is typically limited in robustness by a £0.05 pH unit limit on the
mobile phases [23]. Changes in protein loading and temperature
results in very little differences in relative peak areas. Transferring
the method between instruments resulted in only slight changes in
relative areas, with <1% difference between instruments for average
relative areas for main peak, acidic and basic regions (Table 3).

3.6. Intermediate precision

Intermediate precision expresses inter-laboratory variations,
such as different days of analysis and different analysts. For a total of
49 data points (injections) from three different instrument types,
two different column manufacturers, at least 3 column lots from
each manufacturer, two analysts and 13 different days of analy-
sis, the standard deviation of relative main peak areas was 0.4%,
and standard deviations for relative acidic and basic region peak
areas were 0.6% and 0.6%, respectively (Table 4). The ability to use

Table 4
Relative peak areas obtained over the entire study at target conditions, obtained
with 2 column types, 7 column lots, 2 analysts, and 3 instruments over 13 days.

Percent peak area

Acidic region Main peak Basic region
Average 14.4 75.5 10.2
SD 0.6 0.4 0.6
—-3SD 12.6 74.2 8.2
+3SD 16.1 76.8 12.1
6SD range 3.5 2.6 3.9
Hi 15.1 76.1 12.0
Lo 12.3 74.5 9.5
Hi-Lo range 2.8 1.6 2.5

different instrument and column manufacturers greatly reduces
the business risk of the method; if a column supplier cannot meet
demand or if an instrument manufacturer ceases production of a
particular instrument model, this method can be transferred to
other instruments and columns without loss of performance of the
method. In addition, the method is robust to changes in analysts and
days of analysis, which is important for ruggedness of the method.

3.7. Comparing pH-IEC with conventional IEC and icIEF

pH-IEC demonstrates an improvement in precision over con-
ventional IEC and iclEF for determining stability and charge
heterogeneity of monoclonal antibodies. While the RSD values
obtained in the repeatability study for the pH-gradient IEC method
were 0.1%, 0.7%, and 0.8% for main peak, acidic and basic regions,
respectively, the RSD values for repeatability of iclEF were 1.1%,
2.8%, and 2.1% for main peak, acidic and basic regions, respectively
[26]. The calculated 60 range in Table 4 (2.6%, 3.5% and 3.9% for
main peak, acidic and basic region relative areas, respectively),
which predicts a 99% method success rate, demonstrates the supe-
rior precision of the pH-gradient IEC method over conventional IEC
and iclIEF, which can have system suitability criteria of up to 10%
(unpublished data).

4. Conclusions

In this study, a simple and robust pH gradient-based multi-
product ion-exchange chromatography method was demonstrated
suitable for use following industry standard validation practices.
The testing of this method with different instrument manufacturers
and different column manufacturers indicates that this is a highly
robust method with significantly less business risk compared to
methods relying on limited sources of instrumentation and con-
sumables. The precision of the method compares very favorably to
other charge heterogeneity methods. Sample preparation for this
method is minimal, and new columns and instrument technolo-
gies are currently being explored to decrease run time further. This
multi-product method can be used with high-throughput technolo-
gies for processing large amounts of in-process and final product
samples.
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