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Cation exchange chromatography has been routinely used for the quantification of monoclonal antibody (mAb) charge heterogeneity. A previously
developed method utilizing pH gradients for the elution instead of salt gradients was validated according to current guidelines proposed by the ICH. The
linearity, stability, accuracy, precision and the lower limit of quantification have been determined, using pure charge variant standards. The method is
valid for the quantification of mAb samples with a charge heterogeneity between 1% and 50%. Three different approaches to obtaining pure standard
material for the validation of bio-analytical methods for the quantification of charge heterogeneity of IgG are presented. These methods are based on salt
gradient elution, pH gradient elution and displacement in cation exchange chromatography.

1. Introduction

Monoclonal antibodies (mAb) are a highly researched class of
proteins which represent a very profitable part of the biopharma-
ceutical industry [1]. Indeed, their ability to target a wide range of
antigens, e.g. other proteins, carbohydrates, and the strong effector
functions they can elicit, e.g. antibody dependent cellular cyto-
toxicity, complement dependent cytotoxicity, make them an ideal
molecule to be used as a therapeutic [2]. Immunoglobulin G (IgG)
is the most commonly used isotype. It is a rather large protein with
~150kDa and consists of four subunits. In order for the protein to
function properly it requires proper folding, correct disulfide bonds
and correct N-glycosylation for effector functions [3,4]. Other post-
translational modifications, e.g. methionine oxidation, C-terminal
lysine processing, deamidation of asparagine and isomerization of
aspartic acid influence the behavior of mAb, as such they can be
considered a critical quality attribute (CQA) [5,6]. The emergence
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of novel purification strategies demands sophisticated analytical
methods to ensure comparability of the product [7-11], and such
analytical methods should be validated for their intended purpose
[12,13].

In order to facilitate this goal, we decided to validate our pre-
viously presented pH gradient method for the analysis of antibody
charge heterogeneity based on cation exchange chromatography
(CEX)[14].This method is intended to be used for the determination
of acidic and basic charge variants, relative to the main charge vari-
ant found in a monoclonal antibody batch. In order to validate the
method parameters, we purified mAb charge variants, to be used as
a standard. The preparative separation of charge variants requires
methods with a high resolving power. In this work, we describe
different approaches to obtain pure standard material using CEX.
The charge variants will be referred to as the main charge vari-
ant (MCV) and the acidic charge variants (ACV). The MCV is the
main peak eluting in the chromatogram, and is usually not unmo-
dified antibody, it is rather the antibody with the most common
modifications [15]. The ACV are simply all charge variants eluting
before the MCV in CEX. Basic charge variants could not be purified
in sufficient amounts to allow usage as standard material, but the
method should be valid for all charge variants. Isoelectric focusing



Table 1

Summary of the salt gradient elution experiments performed on a semi-preparative ProPac WCX-10 column. [M] is the modifier (NaCl) concentration, with the indices i and

fmeaning initial and final respectively.

Buffer [NaCl] buffer A (mM) [NaCl] buffer B (mM) pH [M]i (mM) [M]f (mM) Gradient slope (CV)
30 mM MES 0 1000 6.0 50 350 20
10 mM phosphate 50 100 7.0 50 100 5
10 mM phosphate 50 100 7.0 70 77 5
10 mM phosphate 50 100 7.0 63 70 5
10 mM phosphate 50 100 7.0 63 65.5 5
10 mM phosphate 50 100 7.0 60 65.5 5
Table 2

Summary of the displacement chromatography experiments performed on a Mono S column.

Buffer pH Displacer (mM) Load (mg/ml) Load (% DBCyp)
40 mM MES, 15 mM NaCl 5.5 5 35 50
30 mM MES, 100 mM NacCl 6.1 5 149 60
30 mM MOPSO, 15 mM NaCl 7.0 5 33.6 60

(IEF) was used as an orthogonal method to check the purity of the
standards.

Our first approach for the preparative scale separation of charge
variants was standard CEX elution chromatography, using NaCl as
the mobile phase modifier. This method has been used success-
fully for decades [16] and requires only a simple setup. The next
approach was displacement CEX [17], which has been shown to
be a method capable of high resolution separations of mAb charge
variants [ 18]. With the advent of high performance displacers, this
approach was very promising. Our last approach focused on the
scale up of our own pH gradient elution CEX method into prepar-
ative scale, which we have previously shown to have a higher
resolution than standard NaCl gradient elution CEX [14].

In order for this method to be used as a standard for the
quantification of mAb charge heterogeneity, we validated the key
performance parameters of the method, by following the recom-
mendations for the validation of bioanalytical chromatographic
methods presented by Hartmann et al. [12], while using the ter-
minology from Peters et al. in this work [ 19]. In detail the following
parameters have been determined: selectivity, calibration model
(linearity), stability, accuracy (bias), precision (repeatability, inter-
mediate precision) and the lower limit of quantification (LLOQ).
This was done in a similar fashion to the work published by Tsche-
liessnig and Jungbauer [20] and Rozhkova [21]. The upper limit of
quantification (ULOQ) was not determined, instead a charge het-
erogeneity of 50% was taken as the upper limit.

Our final goal was to provide evidence that our previously pre-
sented method is indeed valid for the quantification of mAb charge
variants.

Other methods, such as imaging capillary isoelectric focusing
(iCIEF), can also be used for quantification of mAb charge variant
content and are well established in the biopharmaceutical industry
[22,23]. Such methods have shown great inter-laboratory robust-
ness and are reliable methods [24].

2. Material and methods
2.1. Materials and chemicals

All chemicals were of analytical grade, unless stated otherwise.
3-Morpholino-2-hydroxypropanesulfonic acid (MOPSO), 4-(2-
hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), N,N-
bis(2-hydroxyethyl)glycine (bicine), 3-(cyclohexylamino)-2-hyd-
roxy-1-propanesulfonic acid (CAPSO) and 3-(cyclohexylamino)-
1-propanesulfonic acid (CAPS), 2-(N-Morpholino)ethanesulfonic
acid (MES), NaH,PO,, Tergitol (70% in water) and isopropanol
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Nacl,

Table 3
The buffer system used throughout this work for the creation of linear pH gradients.

HEPES  Bicine  CAPSO ~ CAPS  NaCl  pH
Buffer A[mM] 55 42 95 08 63 8.0
Buffer B[mM] 0.0 105 25 7.0 0.0 105

NayHPO4, NaOH, Urea and glycerol was purchased from Merck
(Darmstadt, Germany). Pharmalyte 3-10 was purchased from (GE
Healthcare, Uppsala, Sweden). Histidine, research grade (>98.5%
purity) was from Serva (Heidelberg, Germany). Tween 20 was
obtained from Bio-Rad (Hercules, CA, USA). Expell™ SP1 (Sachem
Inc., Austin, TX, USA) was used as the displacer in displacement
chromatography experiments.

2.2. Preparative chromatography

The mAb used for the validation was a chimeric IgG 1, provided
by Apeiron Biologics (Vienna, Austria). An AKTA Explorer 100 (GE
Healthcare) was used for all preparative chromatography steps. The
outlet was monitored at 280 nm.

2.2.1. Salt gradient elution

A Dionex ProPac WCX-10 column, 9 x 250 mm (Thermo Fisher,
Sunnyvale, CA, USA) was used. The flow rate was 2.5ml/min
(236 cm/h). The buffers used for the salt gradient experiments are
described in Table 1. The method used consisted of a 1 CV equili-
bration step at 0% B, 10 ml injections via sample loop, a 1 CV wash
step at 0% B, a 1 CV gradient to the initial elution conductivity and
the elution gradient with varying gradient length, found in Table 1.

2.2.2. Displacement chromatography

For displacement chromatography, a Mono S column,
4 x200mm (GE Healthcare, Uppsala, Sweden) was used. The
flow rate was 0.25ml/min (76 cm/h). Before each experiment,
the dynamic binding capacity (DBC) at 10% breakthrough was
determined for each mobile phase. The buffers and conditions
used for displacement chromatography can be found in Table 2.
The displacement experiments were performed according to
Zhang et al. [ 18] and McAtee and Hornbuckle [17].

2.2.3. pH gradient elution

For salt gradient and pH gradient preparative experiments, a
Dionex ProPac WCX-10 column, 9 x 250 mm (Thermo Fisher, Sun-
nyvale, CA, USA) was used. The flow rate for the ProPac column
was 2.5 ml/min (236 cm/h). The buffers used for pH gradient exper-
iments are found in Table 3. The various gradients used are detailed
in Table 4. The collected acidic and main fractions from each



Table 4

Outline of the pH gradient elution method used for the purification of the standard material.

Experiment Wash (CV) Initial pH Gradient (CV) Final pH Gradient (CV) Final pH
1st round 1 8.0 14 9.8
2nd round, acidic 1 8.0 2 8.9 10 9.4
2nd round, main 1 8.9 10 9.4
run were concentrated and buffer exchanged with Amicon Ultra- 10
15 Centrifugal Filter Units, 50kDa (Merck Millipore, Darmstadt, -
Germany). The diafiltration buffer was 20 mM histidine, 0.1% Tween E: Lo
20, pH 6.0. The gradient for the second purification round of the ACV -E- E
standard consisted of two segments, a steeper initial gradient and a B 1% -‘E
shallower gradient to separate the ACV from the main charge vari- 3 >
ant. The concentrated and buffer exchanged mAb was adjusted to a @ 2
concentration of 2 mg/ml and used as the MCV and ACV standards. § i E
3 s
; o ©
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Immobilized pH gradient (IPG)-polyacrylamide-gels (size:
125 x 260 x 1 mm) were cast on a GELbond-PAG-film backing (GE
Healthcare), polymerized at 50°C for 2 h, washed and dried fol-
lowing a procedure previously described by Westermaier [25]. The
desired pH gradient from 7.0 to 11.0 was obtained by graphic inter-
polation from a recipe previously published by Gorg et al. [26].

Directly before use, the gel was cut in 3 mm strips, which were
rehydrated for 2 h in a solution containing 6 M urea, 2% tergitol, 2%
pharmalyte 3-10, 10% glycerol and 16% isopropanol.

The rehydrated strips were put onto the IPGphor (GE Health-
care) using the manifold. The electrodes were positioned on the
acidic and basic ends of the strips with wetted paper wicks between
gel and electrode to ensure good contact. The samples, 15 pg of
mADb, were applied by cup loading under a covering layer of paraf-
fin and electrophoresis was performed overnight (at 150V for 1h,
followed by 300V for 3 h, 3500V for 18 h). After electrophoresis,
the strips were stained with Coomassie blue G250.

2.4. Analytical chromatography

An Agilent 1220 Infinity LC System (Santa Clara, CA, USA)
equipped with a SIM sample-cooler (Scientific Instruments Manu-
facturer GmbH, Oberhausen, Germany) was used for all validation
experiments. The column used was a Dionex ProPac WCX-10,
4 x 250 (Thermo Fisher). The column oven and the auto-sampler
temperatures were set to 30°C and 10 °C, respectively. These tem-
peratures were chosen due to instrument limitations.

The samples for the calibration model, the accuracy, precision
and the stability experiments were prepared by mixing appropri-
ate volumes of ACV and MCV standard. The outlet was monitored at
280 nm. The flow rate was 1 ml/min (477.5 cm/h). The buffers were
the same as those used for the preparative experiments in Table 3.
A gradient from 35% to 55% buffer B in 8 CV was used. The chro-
matograms were then integrated with the Chemstation software
suite (Agilent).

3. Results and discussion
3.1. Creation of charge variant standard

In order to validate the method parameters, pure IgG charge
variant standards were necessary. For such preparations, differ-
ent CEX approaches were conceived and tested. The first approach
was cation exchange chromatography combined with salt gradient
elution.
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Fig. 1. Chromatogram of the semi-preparative separation of charge variants using
salt gradient elution. Panel (A) shows a load of 3 mg (~190 pg/ml column) and panel
(B) shows a load of 15mg (~950 pg/ml column). A drastic decrease in resolution
is apparent at higher loading. Stationary phase: Dionex ProPac WCX-10 column,
9 x 250 mm. Flow rate: 2.5 ml/min (236 cm/h). Mobile phase: 10 mM phosphate, pH
7.0, buffer A with 50mM Nacl, buffer B with 100 mM NacCl. Gradient from 60 to
65.5mM NaCl in 5 CV.

3.1.1. Salt gradient elution

Both the Mono S and the ProPac WCX-10 columns were
tested, but the latter column was used for further optimization
due to the higher resolution, owing to the faster mass trans-
fer.

The method was optimized by testing elution behavior at dif-
ferent pH values and adjusting the salt gradient, the conditions
tested for the optimization can be found in Table 1. The elution
was optimized by running increasingly narrow gradients around
the elution peaks of interest, thereby increasing the resolution.
Optimization experiments were performed with 190 wg/ml injec-
tions, with a total volume of 10ml, but subsequent scale up to
1.9 mg/ml was unsuccessful. Fig. 1 shows the optimized salt gra-
dient with 190 pg/ml (Fig. 1A) and 950 p.g/ml (Fig. 1B) injections. A
drastic decrease in resolution was observed even under relatively
low loading amounts (<1 mg/ml stationary phase). Due to the low
binding capacity observed at pH 7, we did not attempt separation
at a higher pH. Since scale up of salt gradient elution failed, we pur-
sued displacement chromatography as a method for creating the
standard.
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Fig. 2. IPG IEF of the displacement fractions from a displacement experiment on
a Mono S column, 5 x 200 mm. Flow rate: 0.25ml/min (76 cm/h). Mobile phase:
30 mM MOPSO, 15 mM Nacl, pH 7.0. Displacer: 5 mM Expell SP1. Lanes 1-10 contain
displacement fractions with higher numbers denoting later eluting fractions. O is the
initial sample. No difference in any fraction could be observed. No marker was used,
since only the isoelectric point (pl) relative to the initial sample was relevant.

3.1.2. Displacement chromatography

Displacement chromatography was tested at three different
conditions, as described in Table 2. Expell SP1 was chosen as the
displacer, as it has proven to be useful in IgG separations [17,18,27].
No separation of charge variants was detectable after analysis with

IEF. A representative result from the pH 7.0 displacement run is
shown in Fig. 2. Due to the disappointing results in all three dis-
placement experiments, we decided to scale up our pH gradient
elution method to a semi-preparative scale.

3.1.3. pH gradient elution

Finally preparative separation of the charge variants using pH
gradient elution was used, lacking an orthogonal method for cre-
ating the standard. The initial mAb sample was purified as shown
in Table 4 and acidic and main peak fractions were collected, as
shown in Fig. 3(A). After concentration and buffer exchange of the
eluate with ultra-/diafiltration, the standards were used in a sec-
ond round of purification using a shallower gradient to remove the
remaining unwanted charge variants. All three chromatograms can
be seen in Fig. 3, including the fractionation that was used to obtain
the pure standard material. It should be noted that the linearity of
the pH gradients stays almost unaffected, even with higher loads
of antibody. The gradients used can be found in Table 4.

The standards obtained this way will be referred to as main
charge variant (MCV) and acidic charge variants (ACV). Because of
non-orthogonality of the method used for creating the standard, IEF
was used to confirm that the standard material indeed consisted of
purified and separated charge variants. Fig. 4 shows the original
mAD sample and both of the standards used in this work. No main
band can be detected in the ACV sample, and only a faint band with
a lower isoelectric point (pl) is visible in the MCV sample. It was
concluded that these two samples will be of sufficient purity to
validate the analytical method.
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Fig. 3. Chromatograms of the preparative pH gradient elution separation of charge variants on a ProPac WCX-10, 9 x 250 mm column. Flow rate: 2.5 ml/min (236 cm/h).
Mobile phase A: 5.5 mM HEPES, 4.2 mM Bicine, 9.5 mM CAPSO, 0.8 mM CAPS, 6.3 mM NacCl, pH 8.0, mobile phase B: 10.5 mM Bicine, 2.5 mM CAPSO, 7.0 mM CAPS, pH 10.5.
Panel (A) shows the initial purification and fractionation for the acidic (blue) and the main (orange) standard. Graqdient from pH 8.0 to 9.8 in 14 CV. After concentration and
buffer exchange those fractions were used in a second round of purification to further increase the purity. Panels (B) and (C) show the purification and fractionation of the
second round for acidic and main standard, respectively. For the acidic standard a 2 CV gradient from pH 8.0 to 8.9 was followed by a 10 CV gradient to pH 9.4. For the main
standard a 10 CV gradient from pH 8.9 to 9.4 was used. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)
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Fig. 4. IEF gel of the initial mADb (O), the acidic charge variants (ACV) and the main
charge variant (MCV). A faint band is visible with a pI lower than the main band in
the MCV standard. No main band can be detected in the ACV standard.

3.2. Testing of the standard material

The purified MCV and ACV standards were analyzed using the
analytical pH gradient elution method to check if the standards
are of sufficient purity to be used for the validation and compared
with the original mAb sample. A gradient from 35% to 55% buffer B
(pH ~8.9-9.4, see Table 3 for composition) in 8 CV was used. This
specific gradient was able to separate the charge variants, as shown
in Fig. 5, while allowing to reduce the run time. Therefore, it was
used for the whole validation. Both standards are of over 99% purity
and elute at different times, as shown in Fig. 5C. It was concluded
from these experiments that MCV and ACV will be suitable standard
material for the subsequent validation experiments.

3.3. Calibration model

In order to confirm the linearity of the calibration model and to
find the linear range of the method, spiking experiments were per-
formed. MCV was spiked with ACV, to obtain relative abundances
from 1% to 50% acidic species. The calibration model was tested by
fitting a linear model to the data obtained with eight concentra-
tion levels evenly spaced across the calibration range with three
replicates [19]. The results can be found in Table 5 and Fig. 6. The
results of the linear regression gave a slope of 157.9 and an intercept
of 143.0 with a correlation of regression of 0.9996. The residuals
were equally (Fig. 7) distributed and the RSD was lower than 10%

Table 5

Calibration results.
ACV content (%) Response (AU*s) RSD (%)
0 97.2 7.7
1 280.2 6.7
3 632.2 1.4
5 9453 03
10 1719.7 0.6
20 3406.9 0.6
40 6355.5 44
50 8079.8 1.0
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Fig. 5. Evaluation experiments for the suitability of the standard. The MCV (orange)
and ACV (blue) standards were tested using the pH gradient elution method. Station-
ary phase: Dionex ProPac WCX-10, 4 x 250 mm. Flow rate: 1 ml/min (477.5 cm/h).
Mobile phase A: 5.5 mM HEPES, 4.2 mM Bicine, 9.5 mM CAPSO, 0.8 mM CAPS, 6.3 mM
Nacl, pH 8.0, mobile phase B: 10.5mM Bicine, 2.5mM CAPSO, 7.0 mM CAPS, pH
10.5. A gradient from 35% to 55% B in 8 CV was used. Panel (A) and (B) show the
chromatograms of the MCV and ACV standard, respectively. The gray dashed line
represents the pH at the column inlet, not a measured signal. Panel (C) shows the
overlay of both chromatograms from 5 to 25 min. The samples are of high purity and
are suited for the use as a charge variant standard. The small initial peak is a solvent
peak, consisting of the histidine and Tween 20 of the mAb buffer. (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 6. The calibration curve for the acidic charge variant (ACV) content range of this
study.



Table 6
Results of the accuracy and precision measurement.

Relative amount of Average relative charge variant Bias (%) Standard deviation Relative standard deviation (%)
spiked ACV (%) content measured (%)
1 0.82 -17.6 0.07 8.9
25 25.37 1.5 0.38 1.5
50 49.96 -0.1 0.32 0.6
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Fig. 7. Residuals of the calibration curve.

over the whole range. One value with an unusually large residual
was observed, but Grubb’s outlier test (o =5%) determined that this
was not an outlier [12]. ANOVA was used to confirm the validity of
a linear calibration model, with the following results: linearity F
test (e =1%), F'=16640.41 > F=7.95, which leads to the acceptance
of linear model; lack of fit F test (a=1%), F*=1.23 <F=4.20, which
leads to the acceptance of the null hypothesis of good model fit.

3.4. Accuracy and precision

The accuracy and bias were determined by the statistical evalu-
ation of duplicate experiments performed on eight days at three
different concentrations, as recommended by Peters et al. and
Hartmann et al. [12,19]. The concentration levels selected were
the LLOQ, the ULOQ and the median, i.e. 1%, 50% and 25% ACV,
respectively. The precision was determined as the overall RSD, with
acceptance criteria being 20% RSD for the lower limit of quantifi-
cation and 15% for the other two spiking levels. The accuracy was
determined as the deviation of the grand means from the respec-
tive reference values, with acceptance criteria being +20% bias for
the lower limit of quantification and +15% for the other two spik-
ing levels [19,28,29]. The results from measuring at the LLOQ, the
median and the ULOQ can be seen in Table 6. Both the bias and
the RSD are within the acceptance criteria. The bias at the LLOQ is
rather high, with —17.6%, suggesting that quantification of charge
variants below 1% in relative abundance will not be practical. This
also served as confirmation of our estimation of the LLOQ for this
method.

3.5. Selectivity

We assume that this method will be used for the determination
of charge heterogeneity of purified monoclonal antibodies only, and
as such the components that might be expected to be present in
the samples analyzed are small molecules, such as buffering com-
pounds, amino acids, sugars and detergents. As such, selectivity,
“the ability to measure the analyte in the presence of components
which might be expected” [19], has been shown previously [14].

Time (hours)

Fig. 8. Results from the stability experiments over 48 h. Samples with 1%, 25% and
50% ACV were measured in triplicates at 0, 12, 24 and 48 h.

3.6. Stability

The stability of mAb samples inside the autosampler, at 10°C,
and the stability of the pH gradient buffers was tested over a time
frame of 48 h. Samples were measured in triplicates at 0, 12, 24
and 48 h. The distribution of the measured values over time can be
seen in Fig. 8. Those results demonstrated that the samples and the
method are stable for 48 h and the method can therefore be used
over night or over the weekend.

4. Conclusions

We presented the development of a highly linear pH gradient
elution method in our previous work [14]. In the present comple-
mentary work, we have validated key method parameters, such as
the accuracy and precision. The method uses commercially avail-
able stationary and mobile phase components, which allows others
toimplement this method easily. Other methods such as IEF provide
a higher resolution than our method, but can only be considered
as semi-quantitative method, cannot be automated as easily and
cannot be scaled up to semi-preparative scale. The method for the
quantification of mAb charge variants is valid for the quantifica-
tion of purified mAb samples with a charge variant content as low
as 1%. The linearity of the calibration range was confirmed through
statistical testing and also showed an excellent coefficient of cor-
relation of 0.9996. 1% charge variants was confirmed as the LLOQ,
with an accuracy (bias) of —17.6% and a precision of 8.9%. For sam-
ples measured at the median or the ULOQ, the method had excellent
accuracy and precision of below 2%. We have previously presented
methods for the creation of gradients from pH 7.0 to pH 10.5. The big
advantage of our method is that the linearity of the gradient is still
high even when a narrower gradient is being used to increase the
resolution. This means that our method can be easily customized
for the analysis of different mAb, just by varying the initial and the
final buffer concentration. In this study, we have used an antibody
with a chromatographic pl of9.2 and have adjusted our method gra-
dient from 35% to 55% buffer B accordingly, which corresponded to
a pH gradient from 8.9 to 9.4.



Compared to iCIEF, our method shows comparable precision
[23], but no thorough validation could be found in which accu-
racy of iCIEF was determined. We conclude that our method is
comparable to other standard methods. The biggest difficulty in
performing this study was the production of the standard mate-
rial. Our attempts at using standard salt gradient elution cation
exchange chromatography proved unfruitful. We were unable to
find conditions under which we had a sufficient resolution with
an adequate protein load. The approach presented by Rozhkova
[21], i.e. cation exchange chromatography combined with salt gra-
dient elution, only worked for very small loading amounts for our
mAD and additionally did not achieve the resolution we observed
in pH gradient elution experiments. Unfortunately Rozhkova does
not present analytical data of her standard material as well as more
detailed information about loading amounts. Accordingly it is dif-
ficult to compare the two methods.

Our next approach, displacement chromatography [17], did not
yield a separation of charge variants, under any conditions. This is
in stark contrast to the results that Zhang et al. [ 18] have presented
previously. Eventually, we used a preparative pH gradient elution
method to prepare our standards, and confirmed their identity as
charge variants by IEF. This approach proved to be highly effec-
tive in separating large amounts. It has previously been shown that
induced pH gradients can be used for the preparative separation
of mADb charge variants [30-32], and we are happy to report that
our external pH gradients are able to achieve the same feat. Solu-
bility problems due to elution close to the pl were not observed,
even at the preparative scale used in this work, making this a high
resolution method for the preparative separation of protein charge
variants.
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