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Ion-exchange  chromatography  (IEX)  is  a historical  technique  widely  used  for  the  detailed  character-
ization  of therapeutic  proteins  and  can  be considered  as a reference  and  powerful  technique  for  the
qualitative  and  quantitative  evaluation  of  charge  heterogeneity.  The  goal  of this  review  is to provide  an
overview  of  theoretical  and  practical  aspects  of  modern  IEX  applied  for the  characterization  of  therapeutic
proteins  including  monoclonal  antibodies  (Mabs)  and  antibody  drug conjugates  (ADCs).  The  section  on
method  development  describes  how  to  select  a suitable  stationary  phase  chemistry  and  dimensions,
on-exchange
alt-gradient
H-gradient
onoclonal antibody
ethod development

the  mobile  phase  conditions  (pH,  nature  and concentration  of salt),  as  well  as  the  temperature  and
flow  rate,  considering  proteins  isoelectric  point  (pI).  In  addition,  both  salt-gradient  and  pH-gradient
approaches  were  critically  reviewed  and  benefits  as  well  as limitations  of these  two  strategies  were  pro-
vided.  Finally,  several  applications,  mostly  from  pharmaceutical  industries,  illustrate  the  potential  of  IEX
for the characterization  of  charge  variants  of  various  types  of  biopharmaceutical  products.
©  2015  Elsevier  B.V.  All  rights  reserved.

ontents

1. Introduction  .  . . .  . .  .  . .  .  . . .  .  . . .  . . .  . . . .  . . .  .  . . .  .  . . .  .  . . . . . . . . . .  . . . . . . .  .  . . . . . . .  . . . .  . . .  . . .  . . . . . . .  . . . . .  . . .  . . . . .  . . .  . . .  . .  .  .  . . .  . . .  .  . . .  . .  .  . .  . . . . . . . . . . .  .  . .  . .  .  . .  .  . . 44
2.  Theoretical  aspects  of IEX  .  . . . .  . . .  .  . . .  .  . . .  .  . . .  . . . .  . . .  . . . .  . . . .  . . . . . .  .  . . . . . . .  .  . . . . .  . . .  . . . .  . . . . . . . .  . .  .  . . .  . . . .  . . . . . . .  . . . . . . . .  . . . .  . . . . .  .  .  . .  . .  .  . .  . . .  . . . .  .  .  .  . 44

2.1.  Salt-gradient  based  separations  . . .  . . . .  . .  .  . . .  .  . . . .  .  . . . . .  . . . . . . .  .  . . . . . .  . . .  . . . . .  . . . . .  . . .  . . . . .  . . .  . . .  . . .  .  .  . .  . . . .  .  . . .  . . . . .  . . . . .  . . . . .  .  .  .  . .  .  . . . .  . . . . . 44
2.2. pH-gradient  based  separations  . .  .  .  . . . . . . . . . . . . . .  . . .  . . . . . .  .  . . . . . . .  .  . . . . .  .  . .  .  . . . . .  . . . . .  . . .  .  . . .  . . .  . . . . . .  .  . . . .  . . . . .  . . . . .  . .  .  .  .  . . . . .  . . . . .  .  .  .  .  . . .  .  .  .  45

3. Method  development  in  IEX  chromatography  .  .  . .  .  .  . .  .  .  . . .  .  . . . . . . .  .  . . . .  . .  .  .  . .  . . . . . . .  . . . . . .  . . . . .  . . .  . . . .  .  . . . . . . .  . . .  . . . .  . . . .  . .  .  . . . .  .  . . .  .  .  . . . .  . . . . . .  . .  .  . 46
3.1.  The  impact  of  stationary  phase  .  .  . . . .  . . .  . . .  .  . . .  .  . . .  . . . . . . .  . .  .  . . . . . .  .  . .  . . .  . . . . . . .  .  . . .  .  . .  .  . . .  . . . . .  . . . . . . . .  . .  . . .  .  .  . . . .  .  . . . .  .  . . . .  .  .  . . . . .  . . .  . .  . . . .  . 46
3.2. The  impact  of  mobile  phase  composition  . .  . . . .  . . .  .  . . . . . .  .  . . . .  . . .  .  . . . . . . .  . . .  . . .  . . . .  . . .  . .  . . .  . . . . .  . . . . .  . . .  .  . . . .  . . .  . . .  .  . . . .  . .  . .  . . .  . . .  . . . . .  .  .  .  . .  .  46
3.3.  The  impact  of  sample  pI .  .  .  . .  . . . . . . .  . . . . .  . . .  .  . . .  .  . .  .  . . . . . .  .  . . . .  .  . . .  .  . .  . .  .  . . . .  . . .  . .  . . .  .  .  . . .  . . . . . . . . . .  . . .  .  .  . . . . . .  .  . . . .  .  .  . . .  . . . . . .  .  . . .  .  . .  .  . .  .  . .  . . . 47
3.4.  The  impact  of  temperature  . . . .  . . .  .  . . .  .  .  . .  .  . . .  .  . . .  . . .  .  . . . . . .  . . . . . . . .  . . . . . . .  . .  .  . . .  . . . .  . . .  . . . .  . . . . . . .  .  . . . . . .  .  . . . . . . .  . . . . . . .  . . . . . .  . .  .  .  . . . . .  .  .  . .  . .  48
3.5.  Optimization  procedure  .  . . .  . . .  . . .  .  . . .  .  . . .  .  .  . .  .  . . .  .  . . . . . .  .  . . . .  . . . .  . .  .  . . . . . .  .  . . . . .  . . .  .  . . . .  .  . . . . . . .  . .  . . .  .  .  . .  . . . .  .  . . . .  .  . . . .  .  . .  .  .  .  .  . . . . . . . . .  .  . . .  .  . 48

4.  Application  of  IEX  for  protein  separations  . .  .  . .  . . . .  . . .  .  . . . .  . .  . . . . . . .  .  . . . . . .  .  . .  . . . .  . . .  . . .  . .  . . . . .  . . .  . . . . .  . . .  . . .  . . . .  .  . . . . .  . . .  .  . . . . . . . . . . .  . .  .  . . .  . . .  . . . .  .  . 49
4.1.  Characterization  of  charge  variants  of therapeutic  proteins  . . . .  .  . . . . .  . . . . . . . .  . . . . . . .  . . .  . . . . .  . .  . . .  . . .  .  . . . .  . .  .  .  . .  .  . . . . . .  . . . . .  .  . . .  .  .  .  . . .  . . . . . . . 49
4.2.  Separation  of mAb  variants  . .  . . . .  . . .  .  . . . .  . . .  .  . . .  .  . .  .  . . . .  . .  .  .  . . .  .  . .  .  . . . . . .  . . . . . . . . . .  . . .  . . . .  .  . . . . .  . . .  . . .  . .  .  . . . .  .  . .  .  .  . .  . .  .  . .  .  .  .  .  . . . .  .  . .  . . .  . .  .  . .  . . 49
4.3.  Analysis  of  antibody–drug  conjugates  . . .  .  . . .  .  . . .  . . . .  .  . . . . . . .  . . . . . . .  .  . .  . . . . . . .  . . . . . . . .  . . . . . .  .  .  . . . . . .  .  . . .  . .  .  . . . . . . .  . . . . . . . . .  .  . . .  .  .  .  . . . . . . .  . . .  . . 51

5.  Perspectives  in  IEX.  .  . . . .  . . .  .  . . .  . . .  .  .  . .  . .  . .  . . . .  . . .  .  . . .  .  . . .  .  . . .  . . . .  .  . . . .  .  . . . .  .  . . . . . .  .  . . . . . .  . . . . .  . .  .  . . . .  . . .  . .  . . .  . .  . . .  .  . . . .  .  . .  .  . . . .  .  . . . . . .  .  . .  .  . .  .  . .  .  . . . . . . 51
5.1.  Decreasing  the  particle  size  .  . . .  .  . . .  . . . .  . . . .  . . .  . . . . .  . . . . . . .  . . .  .  . . .  . . .  . . . .  . . .  .  .  . .  .  . . . .  . . .  . . . . .  . . . . . .  .  . . . . . .  .  . . . . . .  .  . .  . . . .  . . . .  . . . .  . . .  . . .  .  . .  . . .  .  .  .  51
5.2.  Capillary  IEX.  . .  .  . . .  .  . . . . . .  . . .  .  . . .  .  . . .  .  . . .  .  . . .  . . .  .  .  . .  .  . . .  .  . . . .  .  .  .  . . .  . .  . .  . . .  . .  .  . . . . . .  .  . . . . . .  . . . . . . . .  .  .  . .  . . .  .  .  . . .  . . . .  .  . . . . .  .  . . .  .  .  .  . .  .  .  . . . . . . . . .  . . . 52

5.3. Monolithic  columns  . .  . . . .  . . .  .  . . .  . . .  . . . .  . . . .  .  . .  .  .  . .  . . . .  . . .  . . .  .  . . . .  . .  .
5.4.  Two  dimensional  separations  . .  .  . . .  .  .  .  .  . .  .  .  . .  .  .  . . .  . . .  .  . . .  . . . .  .  . .  .  . .  .

6. Conclusion  . .  . . . . . .  .  . . .  . . . .  .  . . . . . . . . . .  .  . . .  . . . .  .  . .  .  .  . . .  . . . .  . . .  . . .  . . .  . . .  .  . . .  .  . .
References  . .  .  . . .  . .  . . . . . . . . . . .  . . . .  . . .  .  . . .  .  . . .  . . . . . . . . . . .  . . . .  . . .  . . . .  . .  .  .  . . .  . . .

∗ Corresponding author. Tel.: +41 22 37 963 34; fax: +41 22 379 68 08.
E-mail address: szabolcs.fekete@unige.ch (S. Fekete).

1 www.cipf.com.

ttp://dx.doi.org/10.1016/j.jpba.2015.02.037
731-7085/© 2015 Elsevier B.V. All rights reserved.
 . . . . . .  .  . . . . .  . . .  . . . . .  . . .  . . . . .  . .  . . .  . .  . . . . . .  . . . .  .  .  . . .  .  .  . . . .  .  . . . .  .  .  .  .  .  .  .  . . .  .  .  .  52
 . .  .  .  . .  . . .  . . . . . . .  .  . . . . . .  . . .  . . . . .  . .  . .  . . .  . .  . .  . . .  .  .  . . .  . . . . . .  .  . . .  .  .  .  . . . . . .  .  . . . . 53

 .  . . . . .  .  .  . . . . .  . . .  . . . .  .  . . . .  . .  .  . . . . . .  . . . . . . . .  . . . .  .  . .  .  .  .  . .  .  . . . . . .  .  . .  .  . .  .  .  . .  .  .  . 53
 .  . . .  . . . . . . . . . . . .  . . .  . . . .  .  . . . . . . . .  . . . . .  .  . . . .  . . .  .  . . .  . .  .  . . . .  .  .  . . . . . . . .  . .  . . .  .  . .  53

dx.doi.org/10.1016/j.jpba.2015.02.037
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpba.2015.02.037&domain=pdf
mailto:szabolcs.fekete@unige.ch
http://www.cipf.com/
dx.doi.org/10.1016/j.jpba.2015.02.037


4 al and

1

i
m
b
a
t
t
t
t
e
H
w
f
h
c
p

a
t
i
i
c
(
p
t
d
fl
T
i
p

f
a
q
t
b
m
a
f
u
n
c
T
u
m
T
o
a
a
m
I

r
t
a
a

2

2

o

4 S. Fekete et al. / Journal of Pharmaceutic

. Introduction

Proteins and monoclonal antibodies (mAbs) are an emerg-
ng class of therapeutic agents currently being developed by

any pharmaceutical companies [1]. Due to the increasing num-
er of approved therapeutic proteins in the pharmaceutical area
nd the number of biosimilars (or follow-on-biologics) poten-
ially entering the market, the need for analytical techniques for
heir detailed characterization has increased. Several characteris-
ics of protein-based therapy contribute to its success by improving
he risk–benefit ratio. These characteristics include improved tol-
rance, good efficacy, high specificity, and limited side effects.
owever, the intrinsic micro-heterogeneity is of major concern
ith biomolecules and should be critically evaluated because dif-

erences in impurities and/or degradation products could lead to
ealth implications [2]. Furthermore, producing biosimilars is more
hallenging than manufacturing generic small molecule based
harmaceuticals [3].

In general, the identity, heterogeneity, impurity content,
nd activity of each new batch of therapeutic proteins has
o be thoroughly investigated before release. This examination
s achieved using a wide range of analytical methods, includ-
ng ion-exchange chromatography (IEX), reversed-phase liquid
hromatography (RPLC), hydrophobic interaction chromatography
HIC), size exclusion chromatography (SEC), sodium dodecyl sulfate
olyacrylamide gel electrophoresis (SDS-PAGE), capillary isoelec-
ric focusing (cIEF), capillary zone electrophoresis (CZE), circular
ichroism (CD), Fourier transform infrared spectroscopy (FT-IR),
uorescence spectrophotometry (FL), and mass spectrometry (MS).
he goal of this multi-method strategy is to demonstrate the sim-
larity between production batches by precisely characterizing the
rimary, secondary, and tertiary structure of the proteins [4,5].

IEX is a historical and non-denaturing technique widely used
or the characterization of charge variants of therapeutic proteins
nd is considered as a reference technique for the qualitative and
uantitative evaluation of charge heterogeneity of therapeutic pro-
eins [1]. The history and continuous evolution of IEX was reviewed
y Lucy [6]. Among the different IEX modes, cation-exchange chro-
atography (CEX) is the most widely used for protein purification

nd characterization [7]. CEX is considered as the gold standard
or charge sensitive analysis, but method parameters, such as col-
mn  type, mobile phase pH, and salt concentration gradient, often
eed to be optimized for each individual protein [8]. IEX separates
harge variants by differential interactions on a charged support.
he number of possible charge variants increases with the molec-
lar weight of the analyzed sample. In addition, changes in charge
ay  be additive or subtractive, depending on any modifications.

hus, IEX profiles become more complex, and the overall resolution
f individual variants may  be lost [1]. This property is particularly
pparent for large biomolecules. Therefore, not only the intact but
lso the reduced or digested forms (limited proteolysis or peptide
apping) of therapeutic proteins are commonly characterized by

EX.
In this review, we focus on the possibilities of IEX chromatog-

aphy for the characterization of therapeutic proteins. Moreover,
he aim of this review is to detail the theoretical and practical
spects of modern IEX. Last, method development approaches and
pplications are also reviewed and explained.

. Theoretical aspects of IEX
.1. Salt-gradient based separations

IEX separates proteins based on differences in the surface charge
f the molecules, with separation being dictated by the protein
 Biomedical Analysis 113 (2015) 43–55

interactions with the stationary phase [9]. As a classical mode of
IEX, a linear salt-gradient is regularly applied for the elution. Several
models for chromatographic retention of ion-exchange adsorbents
have been proposed in the past years [10]. The retention models
can be divided into stoichiometric and non-stoichiometric mod-
els. Stoichiometric models describe the multi-faceted binding of
the protein molecules to the stationary phase as a stoichiometric
exchange of mobile phase protein and bound counter-ions [11].
This stoichiometric displacement model (SDM) predicts that the
retention of a protein under isocratic, linear conditions is related to
counter-ion concentration. This model was extended to describe
protein retention under linear gradient elution conditions (LGE
model) [12], as well as under non-linear protein adsorption con-
ditions (steric mass action (SMA) model) [13,14] for isocratic and
gradient elution mode. Another extension of the stoichiometric
model for the ion-exchange adsorption which accounts for charge
regulation was  developed recently [15,16].

Even if stoichiometric models are capable of describing the
behavior of ion-exchange chromatographic systems, they assume
that the individual charges on the protein molecules interact with
discrete charges on the ion-exchange surface. In reality, reten-
tion through ion-exchange is more complex and primarily due
to the interaction of the electrical fields of the protein molecules
and the chromatographic surface [11]. Therefore, several non-
stoichiometric models for describing protein retention as a function
of the salt concentration in the mobile phase have also been
proposed [17–20]. Quantitative structure–property relationship
(QSPR) models have been derived for protein retention modeling
in IEX by means of different numerical approaches that attempt
to correlate retention to functions of descriptors derived from the
three-dimensional structure of the proteins [21–23]. More recently,
theories used in colloid and surface chemistry to describe electro-
static and other interactions have also been applied to describe
retention properties of proteins in IEX [24–28].

The work of Snyder and co-workers showed that IEX systems
follow non-linear solvent strength (LSS) type retention mecha-
nism [29,30]. Consequently, solute-specific correction factors are
required to use LSS model for retention predictions, thereby lim-
iting the applicability of the LSS model. The non-linearity of LSS
model was  assessed by comparing the elution data to the stoi-
chiometric displacement model (SDM) commonly used in IEX. The
retention factor (k) can be written in the following way  according
to the SDM model:

log k = log K − z log C (1)

where K is the distribution constant, z is associated with the pro-
tein net charge or number of binding sites (effective charge) and C
is the salt concentration (that determines the ionic strength). This
model is probably the most accepted one and is useful from a prac-
tical point of view. The non-linearity of Eq. (1) is most pronounced
for small values of z [30]. If z > 6 (which is very often the case of
therapeutic proteins), an LSS type model may  provide reliable data
for retention factor (retention time) [31]. Fig. 1A shows experimen-
tally observed log k versus C plot for z = 1, while Fig. 1B shows some
calculated log k–C plots for various z values.

Proteins are eluted in order of increasing binding charge (corre-
lates more or less with the isoelectric point (pI)) and equilibrium
constant. The retention of large proteins in salt-gradient mode is
strongly dependent on the salt concentration (gradient steepness

or gradient time) – due to the relatively high z value – and a small
change could lead to significant shift in retention. Therefore, iso-
cratic conditions are impractical, and gradient elution is preferred
in real-life proteins separations. For linear salt-gradient in IEX, the
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pH-gradient based IEX separation is shown in Fig. 2.
In pH-gradient IEX mode, the use of a mixture of amine buffer-

ing species in the high-pH range and a mixture of weak acids in
the low-pH range is quite common [38,39,42]. In such a system,
ig. 1. log k–C plots: isocratic non-LSS ion-exchange retention compared with LSS 

alues  (B).

ig. 1A was  adapted from Ref [30], with permission.

alt concentration varies with time during the gradient, therefore
q. (1) can be rewritten as:

og k = log K − z log

(
C0 + �C

tg

)
(2)

here C0 is the salt concentration at the beginning of the gradient
initial mobile phase composition) and �C  is the change in the salt
oncentration during the gradient.

In analogy with RPLC, the following general equation can be
ritten for salt-gradient based IEX separations in the gradient elu-

ion mode [31]:

∗ = tg

1.15[t0|z| log(Cf /C0)]
(3)

here k* is the median value of k during gradient elution when the
and has reached the column mid-point, t0 is the column dead time
nd Cf is the concentration of the counter-ion at the end of the gradi-
nt program. Please note that both RPLC and IEX separations vary
ith gradient conditions in a similar fashion. However, because

f the differences in the dependence of k on the mobile phase
omposition C in IEX (log–log relationship) versus RPLC (log–linear
elationship), the LSS model is theoretically not applicable for IEX.
evertheless, as shown in Fig. 1, the higher the z, the lower the
eviation from non-linearity is. It was currently shown, that LSS
pproach can be applied for large proteins (mAbs) possessing an
mportant number of charges [32].

.2. pH-gradient based separations

Ion-exchange chromatofocusing represents a useful alterna-
ive to linear salt-gradient elution IEX, in particular for separating
rotein isoforms with minor differences in the isoelectric point
pI). Chromatofocusing is performed on an ion-exchange column
mploying a pH gradient that can be generated internally within
he column [33,34] or by external mixing of a high-pH and a low-pH
uffer using a gradient pump system [35–37]. Highly linear, con-
rollable, and wide-range pH gradients can be generated [37–40].

The number of applications reported at the analytical scale is
arge, but the number of publications dealing with the mathemat-
cal modeling of linear pH gradient elution in IEX is rather limited
9]. To describe the elution behavior of proteins in linear pH gra-
ient IEX, a pH dependence parameter has to be incorporated into
he ion-exchange model.
In pH-gradient mode, the proteins net charge is modified during
he pH gradient, due to protonation–deprotonation of the func-
ional groups. In CEX, the protein is expected to elute at, or close
o its pI. According to theory, when applying pH-gradient elution
 with z = 1 and 1 ≤ k ≤ 10 (A) and some theoretical log k–C plots assuming several z

mode and low ionic strength mobile phase, the chromatographic
bands should be focused in narrower peaks enabling higher reso-
lution compared to a pH-gradient performed at high ionic strength.
The width of a protein peak along a linear pH-gradient expressed
in pH units can be written as follows [33,34,40]:

(�pH)2 ≈ D(dpH/dV)
ϕ(dZ/dpH)

(4)

where D is the diffusion coefficient of the analyte, dpH/dV is the gra-
dient slope, ϕ is the Donnan potential and dZ/dpH is the change in
protein net charge along the pH gradient. Since the Donnan poten-
tial depends on the ionic strength, a peak focusing effect is expected
at lower ionic strength. In agreement with this expectation, pH
gradients at low ionic strength showed better resolution for mAb
variants compared to pH gradients performed at high ionic strength
[40].

The applied pH range clearly determines the proteins that can
possibly be eluted. Retention times and peak widths depend on the
gradient steepness, as both are function of dZ/dpH.

The effect of gradient steepness (gradient time) on the retention
of large proteins (intact mAbs and their variants) was recently stud-
ied and showed an LSS-like linear behavior [41]. The dependence
of apparent retention factor (kapp) on gradient steepness (time) in
Fig. 2. The dependence of apparent retention factor (kapp) on gradient steepness
(time) in pH gradient based IEX separation. The applied pH range was  from pH = 5.6
to  pH = 10.2 at 0.6 mL/min flow-rate on a 100 mm × 4.6 mm CEX column.

Adapted from Ref [40], with permission.
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aintaining linearity of the pH gradient slope may be somewhat
ifficult. It was shown that an appropriate mixture of Tris base,
iperazine and imidazole provides a linear pH gradient from pH
–9.5 [8]. Triethylamine and diethylamine based buffer systems
lso offered linear pH gradient in the pH range of 7.5–10.0 [40].
or mass spectrometric (MS) detection, 5 mM ammonium hydrox-
de in 20% methanol yielded a reasonable pH gradient in a limited
H range (between 9.5 and 10.5) [40]. Zhang et al. [43] applied a
alt-mediated improved pH gradient that was used in a wide pH
ange (between 5 and 10.5). In their study, a 0.25 mM/min  sodium-
hloride gradient was performed together with the pH gradient.

One of the benefits of pH-gradient based IEX is that the salt con-
entration can be kept low, yielding less buffer interferences (e.g.
n-line or off-line two-dimensional LC). In addition, pH-gradient
ased separation using a CEX column was found to be a multi-
roduct charge sensitive separation method for large therapeutic
roteins (mAbs) [43,44].

. Method development in IEX chromatography

Positively charged molecules can be separated using CEX
olumns, typically packed with 3–10 �m particles and containing
egatively charged acidic functional groups. These columns bind
ationic species such as protonated bases through ionic interac-
ion. In anion-exchange (AEX) mode, the stationary phase carries
ositively charged basic functional groups that are capable of bind-

ng anions (e.g. ionized carboxylic acids). The mobile phase usually
ontains a buffer to maintain stable pH and varying the salt con-
entration (counter-ion) to control the retention of sample ions.
he charge of the counter-ion has the same sign as the sample ions,
herefore it can be used to control the retention of protonated bases
n CEX or ionized acids in AEX.

The strength of the interaction is determined by the number
nd location of the charges on the analyzed molecules and on the
unctional groups. By increasing the salt concentration, the samples
ith the weakest ionic interactions start to elute from the column
rst. Molecules having a stronger ionic interaction require a higher
alt concentration and elute later in the gradient.

In the pH-gradient mode, the ionic strength of the mobile phase
s kept low and constant, while the pH is varied thanks to a linear
radient.

.1. The impact of stationary phase

Regarding the stationary phase, there are two main aspects: (1)
he strength of interaction and associated retention (strong or weak
on-exchanger) and the (2) achievable peak widths (efficiency).

Both cation and anion exchangers can be classified as either
eak or strong exchangers. Weak cation exchangers are comprised

f a weak acid that gradually loses its charge as the pH decreases
e.g. carboxymethyl groups), while strong cation exchangers are
omprised of a strong acid that is able to sustain its charge over a
ide pH range (e.g. sulfopropyl groups). On the other hand, strong

nion exchangers contain quaternary amine functional groups,
hile weak anion exchanger possesses diethylaminoethane (DEAE)

roups. Strong anion exchangers remain under ionized form in the
H range below 12, while strong cation exchangers are ionized at
H > 2.

As a rule of thumb, it is preferred to begin the method develop-
ent with a strong exchanger to enable working over a broad pH
ange. Strong exchangers are also useful if the maximum resolution
ccurs at an extreme pH. (However, silica based ion-exchangers can
e operated only in a restricted pH range. In contrast, polymeric

on-exchangers can be used in a wide pH range.)
 Biomedical Analysis 113 (2015) 43–55

In the case of proteins, the cation exchange mode is well suited,
but a strong anion exchanger can be applied to bind the proteins
if their pI is below pH 7. Weak exchangers can only be useful in a
second instance, if the selectivity of strong ion exchangers is unsat-
isfactory. However, it is important to keep in mind that the ion
exchange capacity of weak ion exchangers varies with pH.

Commercially available IEX columns are based on silica or poly-
mer  particles. Both porous and non-porous particles are available
but for large molecules which possess low diffusivity, non-porous
materials are clearly preferred to avoid the unwanted band broad-
ening effects of the transparticle mass transfer resistance (C-term
of the van Deemter equation). Highly cross-linked non-porous
poly(styrene–divinylbenzene) (PS/DVB) particles are most fre-
quently used in protein separations due to their pH stability
(2 ≤ pH ≤ 12). Those materials can now withstand pressure drop
of up to a 500–600 bar and can be routinely used beyond 400 bar.
Columns packed with 10, 5 or 3 �m non-porous particles are often
used, but sub-2 �m materials are also available since recently. On
those columns high peak capacity can be attained even with large
biomolecules. However some limitations can be expected in terms
of loading capacity and retention when applying these non-porous
materials. Table 1 summarizes the most popular state-of-the-art
IEX columns applied for the separation of protein charge variants.

3.2. The impact of mobile phase composition

In the salt-gradient mode, the mobile phase buffer pH must be
between the pI of the charged molecule (e.g. therapeutic protein)
and the pKa of the charged functional group at the surface of the
stationary phase. In CEX, using a strong cation exchanger with a
pKa of 1.2, a molecule with a pI ∼ 8 (e.g. mAbs) may  be eluted with
a mobile phase pH buffer of ∼ 6. In AEX, a molecule with a pI ∼6
may  be run with a mobile phase buffer at pH 8 when the pKa of the
solid support is beyond 10.

In the CEX mode, increasing the mobile phase buffer pH will
cause the molecule to become less protonated (less positively
charged). Therefore, the protein forms weaker ionic interaction
with the negatively charged stationary phase groups, which results
in a retention decrease. On the contrary, decreasing the pH mani-
fests in higher retention. In AEX mode, – oppositely – decreasing the
mobile phase pH causes the molecule to become more protonated
(more positively and less negatively charged), therefore a decrease
in retention is expected.

The most often applied pH range for proteins IEX separations
is between 5.5 and 7.0, however in some cases low pH around
3.5 is required to reach appropriate selectivity and retention. The
most frequently used buffers for protein separations are 2-(N-
morpholino)ethanesulfonic acid (MES), phosphate and citrate. MES
is useful between pH 5.5 and 6.8 (pKa ∼6.15), phosphate is applied
for pH between 6.7 and 7.6 (pKa ∼7.2), while citrate provides high
buffer capacity for pH between 2.6 and 3.7 (pKa ∼3.1). Other addi-
tives such as malonic acid, acetic acid or formic acid have also been
reported for a limited number of applications. The buffer concen-
tration is typically comprised between 10 and 50 mM and allows a
sufficient buffer capacity.

After selecting the mobile phase pH and buffer, the salt-gradient
has to be optimized. Typically sodium- or potassium-chloride are
used for proteins characterization, using a salt gradient from 0 to
0.2–0.5 M.  The protein samples are injected onto the column under
conditions where it is sufficiently retained. Then, a gradient of lin-
early increasing salt concentration is applied to elute the sample
components from the column. It is finally important to notice that

the gradient steepness has a strong impact on retention and selec-
tivity and should therefore be systematically optimized.

In the pH-gradient mode, the main difficulty is to perform linear
and robust pH gradients. The use of a mixture of amine buffering
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Table  1
Properties of the most popular state-of-the-art IEX columns available for protein separations.

Column name Chemistry Particle
size/macropore
size

Max
temperature
(◦C)

pH range Max pressure
(bar)

Monoliths
Proswift
(Thermo)

SAX-1S Strong anion exchange
(quaternary amine) Information

not available

70 2–12

70WAX-1S Weak anion exchange
(tertiary amine)

60

WCX-1S Weak cation exchange
(carboxylic acid)

60

SCX-1S Strong cation exchange
(polymethacrylate)

60

Packed

TSKgel (Tosoh)

SCX Strong cation exchange
(sulfonic acid)

5 45 2–14

50SuperQ-5PW Strong cation exchange
(trimethylamino)

10 2–12

SP-STAT Strong cation exchange
(sulfopropyl)

7, 10 3–10

Q-STAT Strong anion exchange
(quaternary
ammonium)

7, 10 3–10

Bio  Mab  (Agilent) Weak cation exchange
(carboxylate)

1.7
3
5
10

80 2–12 270
410
550
680

Antibodix (Supelco, Sepax) Weak cation exchange
(carboxylate)

1.7
3
5
10

80 2–12 270
410
550
680

Protein-Pak Hi
Res IEX
(Waters)

SP Strong cation exchange
(sulfopropyl)

7
60

3–10 100

CM Weak cation exchange
(carboxymethyl)

7 100

Q  Strong anion exchange
(quaternary
ammonium)

5 150

MAbPac SCX-10 (Thermo) Strong cation exchange
(sulfonic acid)

3
5
10

60 2–12 480
480
200

Bio-Pro (YMC) QA
QA-F

Strong anion exchange
(quaternary
ammonium)

5 60
2–12 30

120

SP
SP-F

Strong cation exchange
(sulfopropyl)

30
120

Poly (PolyLC) CAT A Weak cation exchange
(polyaspartic acid) 5 Ambient

Information
not available

Information
not available

s
l
t
i
i
s
c
6
s

3

i
h
g
w
T
a
a
a
s

WAX  LP Weak anion exchange
(polyethyleneimine)

pecies in the high-pH range and a mixture of weak acids in the
ow-pH range is quite common [38,39,42]. As previously discussed,
he most often used buffer components are Tris base, piperazine,
midazole, triethylamine, diethylamine and ammonium hydrox-
de [8,40,43]. Finally, a 0.25 mM/min  sodium-chloride gradient was
uccessfully performed concomitantly with a pH-gradient for the
haracterization of mAbs possessing isoelectric points (pI) between
.2 and 9.4, to highlight the interest of pH gradient separation over
alt gradients [43].

.3. The impact of sample pI

The charge of proteins depends on the number and type of ion-
zable amino acid groups. Lysine, arginine and histidine residues
ave a positively charged side chain group when ionized, whereas
lutamic acid and aspartic acid residues are negatively charged
hen ionized. Each ionizable side chain groups has its own  pKa.

herefore, the overall number of charges on a particular protein at

 given pH depends on the number and type of ionizable amino
cid groups. Proteins tend to have different charges at a given pH
nd so can be fractionated on the basis of their net and acces-
ible charges. Each protein has a pI value, which corresponds to
the pH value where it has no net charge. Then, when pH is equal
to pI, the protein will not bind to the ion-exchange resin. Below
this pH value, the protein has a net positive charge and binds
to a cation exchanger, while above this pH, it has a net negative
charge and binds to an anion exchanger. In practice, proteins are
stable and functionally active within a fairly narrow pH range,
so the choice of ion exchanger is often dictated by the pH sta-
bility of the desired protein. If the protein is stable at pH values
below its pI, a cation exchanger should be used if it is stable at
pH values above its pI, then an anion exchanger phase has to be
chosen.

The pI of the protein also determines the mobile phase pH. The pI
of therapeutic proteins distribute between 3.6 and 11.0, and among
them, mAbs possess pI values between 6 and 10. For salt-gradient
based CEX mode, the mobile phase pH should preferably be at least
1–2 units below the pI of the sample, to maintain appropriate reten-
tion. In AEX mode – oppositely – the pH has to be set at least 1–2
units above the pI of the protein.
In the pH gradient mode – performed on CEX columns – the
starting pH should be below the pI of the less retained protein,
while the final pH has to be somewhat higher than the pI of the
most retained protein.
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Fig. 3. The effect of salt-gradient slope on the retention, selectivity and peak width
in  CEX separation. Sample: IgG1, mobile phase: 40 mM phosphate pH 6.5, applying
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.4. The impact of temperature

The effect of temperature on retention factor (k) is generally
xpressed in liquid chromatography with the Gibbs free energy or
an’t Hoff equation:

og k = −�H

RT
+ �S

R
+ log ˇ (5)

here �H represents the enthalpy change associated with the
ransfer of the solute between phases, �S  the corresponding
ntropy change, R the molar gas constant, T the absolute temper-
ture and  ̌ the phase ratio of the column. When log (k) is plotted
gainst 1/T,  the enthalpy is given by the slope of the curve. With reg-
lar compounds, these plots generally follow a linear relationship.
owever, non-linear dependence of log (k) versus 1/T  over a wide

ange of temperature was noticed by different authors using silica-
ased as well as non silica-based stationary phases [45]. The effect
f temperature on the retention of partially ionized compounds
hich may  exist in two forms (i.e. molecular and ionized forms) can

lso be described with Eq. (5). However, both enthalpy and entropy
re expected to be different for the two forms and as a result, both

 and S can vary with temperature when both forms are present
o a significant extent [45]. With large biomolecules, the effect
f temperature on retention becomes more complex. Depending
n the stability of the secondary structure, the molecules unfold
o various extents and hence interact with the stationary phase
ith various strengths [46]. Due to the different conformation-
ependent responses of proteins at elevated temperatures, the
hange in retention can be difficult to assess [47,48]. In RPLC sepa-
ation of proteins, temperature is a useful parameter for adjusting
electivity. In IEX separations of proteins, the impact of tempera-
ure was found to be especially important for peak capacity (and
herefore for resolution), but has a limited impact on selectivity
32,41]. It seemed that in both salt- and pH-gradient based sepa-
ations, the temperature does not modify severely selectivity, but
mpact the achievable peak capacity. Therefore, in some cases, tem-
erature optimization could also be of importance during the IEX
ethod development procedure.

.5. Optimization procedure

In contrast with RPLC, the method development in IEX was
ostly based on trial and error or “one factor at time” (OFAT)

pproaches. However, there are some guidelines available from col-
mn providers, which explain the basic rules for method screening
e.g. column selection, buffer selection. . .).

Bai et al.  showed the dependence of retention and selectivity of
gG antibodies on mobile phase pH, stationary phase type and salt-
radient steepness in CEX mode [49]. They studied the effect of
he three variables independently, and found that mobile phase pH
as the most important parameter in CEX separations of proteins.

t had the biggest impact on the separation and therefore should
e determined first [49]. It was also found that (i) peak width of

gG-s mostly depends on the type of the stationary phase and (ii)
esolution can be tuned by changing the gradient steepness. Fig. 3
hows the impact of salt-gradient steepness on the separation of
gG proteins.

The mobile phase linear velocity also has a strong influence on
he separation quality of large proteins [50,51]. Indeed, the lon-
itudinal diffusion is negligible with large molecules, while band

roadening is mostly determined by the mass transfer resistance.
herefore, low flow rate is always preferred for high resolution sep-
rations, but a compromise has to be found between resolution and
nalysis time.
a  0–0.4 M NaCl gradient.

Adapted from Ref [49], with permission.

The influence of salt type can also be important. Its effect on
the retention of bovine serum albumin was  reported by Al-Jibbouri
[52].

Computer assisted method development and optimization in
RPLC protein separations is quite common [53,54] and was also
recently applied in ion-exchange mode. Because of the system
non-linearity, finding the optimum for process optimization is chal-
lenging [55]. Thiemo et al. developed a software called ChromX
for the estimation of parameters, chromatogram simulation, and
process optimization [55]. ChromX provides numerical tools for
solving various types of chromatography models, including the
model combination of Transport Dispersive Model (TDM) and SMA.
Similarly to RPLC method development, a non-LSS and LSS type
computer assisted method development procedure was  recently
reported for both salt- and pH-gradient modes in agreement with
Quality by Design (QbD) concept [32,41].

For the salt-gradient based protein separation, it seemed that
temperature was  not a relevant parameter for tuning selectivity and
should be kept at 30 ◦C, to achieve high resolving power (elevated
peak capacity) [32]. Because the relationship between apparent
retention factors and gradient time (slope) can be described with a
linear function, only two initial gradient runs of different slopes
are required for optimizing the salt gradient program. For pH
dependence, a second order polynomial model (i.e. based on three
initial runs) is preferred to describe k versus pH dependence. When
combining the experiments in a design of experiments (DoE), it
appeared that method optimization can be performed rapidly, in
an automated way thanks to a HPLC modeling software, using two
gradient times and three mobile phase pH (e.g. 10 and 30 min gra-
dient on a 100 mm long standard bore column at pH = 5.6, 6.0 and

6.4). Such a procedure can be applied routinely and the time spent
for method development would be only around 9 h. The relative
error in retention time prediction was lower than 1%, making this
approach highly accurate [32]. Fig. 4A shows a generic DoE for
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Fig. 4. Design of experiments (A) and resolution map  (B) for the optimization of salt-gradient based CEX separation of mAbs (tg–pH model). Column: YMC BioPro SP-F
(100  mm × 4.6 mm).  Mobile phase “A” 10 mM MES, “B” 10 mM MES  + 1 M NaCl. Flow rate: 0.6 mL/min, gradient: 0–20%B, temperature: 30 ◦C. Gradient times: tg1 = 10 min,
t s show
( rred to

A

t
m
F
c
p

p
n
m
e
i
o

4

a
s
(
d
(

u
g
f
h
s
c
P
v
(
s

4

i
q
d
p
h
m
t
p
e
t

MAbs are a specific class of therapeutic proteins and gained sig-
nificant interest over the past few years. Then, a dedicated section
was devoted to their IEX based separation and characterization.
g2 = 30 min, pH1 = 5.6, pH2 = 6.0, pH3 = 6.4. On the resolution map, red-orange color
For  interpretation of the references to color in this figure legend, the reader is refe

dapted from Ref [31], with permission.

he method development of salt-gradient based CEX separation of
Abs (possessing a wide range of pI between 6.7 and 9.1), while

ig. 4B represents the obtained resolution map  showing the criti-
al resolution of the peaks to be separated as a function of method
arameters.

In the pH-gradient mode, it was found that the retention of large
roteins can be accurately modeled as a function of gradient steep-
ess and mobile phase temperature [41]. Because the retention
odels were always linear, only four initial experiments (2 gradi-

nts times at 2 temperatures) were required to model the behavior
n CEX pH-gradient. Then, only ∼6 h were required to find out the
ptimal conditions on a 100 × 4.6 mm column [41].

. Application of IEX for protein separations

Today, IEX is mainly applied to separate protein charge variants
nd isoforms. IEX may  be useful at different levels of protein analy-
is, including (i) the analysis of intact proteins (top down approach),
ii) the analysis of partly digested large protein fragments (mid-
le down approach) and (iii) the characterization of tryptic digests
peptide mapping or bottom up approach).

In the case of therapeutic proteins characterization, IEX is mostly
sed to separate C-terminal lysine variants/truncation, N-terminal
lutamine-pyroglutamate variants, deamidated forms (asparagine
orms a succinimide intermediate that results in two products of its
ydrolysis, either aspartate or isoaspartate), glycoforms especially
ialic acid variants (usually attached at terminal positions of gly-
an molecules). In addition, IEX also separates the products of the
EGylation reaction according to the extent of conjugation, and pro-
ides the separation for the isomeric forms of PEGylated proteins
which differ from one another by the location of the conjugation
ite within the polypeptide chain) [55,56].

.1. Characterization of charge variants of therapeutic proteins

Peptide mapping is commonly used to demonstrate protein
dentity. In the last phases of pharmaceutical development and in
uality assurance/control (QA/QC), peptide mapping of the protein
rugs serves as a primary protein QC method. Although reversed-
hase separation is the typical choice for separating peptides,
igh-resolution ion-exchange chromatography is an alternative
ethod that provides additional information and a different selec-
ivity [57]. As example, a strong CEX column was used for the
eptide mapping of cytochrome C tryptic digest [58] and Imamura
t al. applied CEX for the peptide mapping of hemoglobin to iden-
ify its charge variants [59]. IEX was widely used in the past for
 the highest resolution while the dark-blue areas indicate the co-elution of peaks.
 the web version of this article.)

peptide mapping, but today it is less popular and is mostly replaced
by RPLC, due to the inherent incompatibility of IEX with MS  detec-
tion.

IEX is definitely one of the most powerful techniques to sepa-
rate deamidated forms of native proteins. Deamidation is a source
of nonenzymatic protein degradation, and should be strictly mon-
itored during the course of formulation development [60]. As
example, CEX was successfully applied to separate the deamidated
analogs of recombinant granulocyte colony-stimulating factor (G-
CSF, filgrastim), as illustrated in Fig. 5. Weitzhandler et al. [61]
presented the baseline separation of cytochrome C variants (bovine,
horse, rabbit) and two deamidation products of ribonuclease A,
such as the Asp67 and isoAsp67 forms. Gotte et al. [62] applied CEX
for the separation of ribonuclease B deamidated forms. Abzalimov
et al. [55] applied the combination of IEX and top-down tandem MS
for the structural characterization of protein–polymer conjugates
and to assess heterogeneity of a small PEGylated protein and map-
ping conjugation sites. Finally, Ganzler et al. showed the separation
of oxidized and deamidated PEGylated-G-CSF using CEX [63].

4.2. Separation of mAb variants
Fig. 5. Ion-exchange HPLC of rhG-CSF and the deamidated analogs. (A) Gln11,20,67

→ Glu analog, Gln67 → Glu analog, f-met rhG-CSF, Gln11,20 → Glu analog, and met
rhG-CSF (from left); (B) Gln12,21 → Glu analog; (C) Gln67 → Glu analog; (D) Gln11,20,67

→ Glu analog.

Adapted from Ref [60], with permission.
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Fig. 6. CEX of XOMA 3AB antibodies. The three XOMA 3AB reference antibodies (Ab-
A, Ab-B, and Ab-C) display multiple acidic and basic isoforms typical of recombinant
monoclonal antibody drug products. The forced oxidized samples of each of these
antibodies exhibit broad peak profiles indicating underlying structural heterogene-
ity.
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The mAbs are glycoproteins that belong to the immunoglobulin
Ig) superfamily, which can be divided into five isotypes: IgA, IgD,
gE, IgG, and IgM. Because only IgGs are produced for therapeutic
urposes through genetic engineering, the terms recombinant mAb
nd IgG are often used interchangeably. IgGs are large tetrameric
lycoproteins measuring approximately 150 kDa that are struc-
urally composed of four polypeptide chains: two  identical heavy
hains (HC, ∼50 kDa) and two identical light chains (LC, ∼25 kDa)
onnected through several inter- and intra-chain disulfide bonds
t their hinge region [64]. Each chain is composed of structural
omains according to their size and function, giving the constant,
ariable, and hypervariable regions. Differences between the HC
onstant domains are responsible for the IgG sub-classes (i.e., IgG1,
gG2, IgG3, and IgG4).

Functionally, mAbs consist of two regions, the crystallizable
raction (Fc) and the antigen-binding fraction (Fab) [65]. Fc
∼50 kDa) is composed of two truncated HCs and is responsible
or the effector functions, such as complement fixation and recep-
or binding. The Fc sequence also has a conserved N-glycosylation
ite, which is generally occupied by a biantennary oligosaccharide
ccounting for significant effects on the activity and efficacy of the
gGs [66]. The Fab domain (∼50 kDa) is composed of the LC and the
emaining portion of the HC. This domain is primarily involved in
ntigen binding [65].

There are several common modifications leading to anti-
ody charge variants (or isoforms) on the peptide chains (e.g.,
eamidation, C-terminal lysine truncation, N-terminal pyroglu-
amation, methionine oxidation, or glycosylation variants) and
ize variants on the peptide chains (e.g., aggregation or incom-
lete formation of disulfide bridges). The combination of these
icro-heterogeneity sources in the peptide chains significantly

ncreases the overall micro-heterogeneity of an entire IgG. There-
ore, the complete characterization of an intact mAb  is difficult
o achieve. In this context, various enzymes, such as pepsin,
apain, Lys-C or IdeS are often used to obtain mAb  fragments
nd facilitate the investigation of its micro-heterogeneity. Papain
s primarily used to cleave IgGs into three fragments at the HC
inge region to create one Fc and two identical Fab fragments of
50 kDa each, while pepsin and IdeS generates F(ab′)2 fragments
f ∼100 kDa. These types of digestion are called limited proteolysis
LP).

Moorhouse et al. [56] was among the first ones to describe the
otential of IEX for mAb  characterization. Papain-digested mAb
amples were successfully separated and the corresponding frag-
ents were identified thanks to MS  detection. The C-terminal

ysine variability of the Fc and the N-terminal glutamine-
yroglutamate variability of the Fab were observed. A recent study
emonstrated the suitability of IEX for studying complex degrada-
ion processes involving various IgG1 molecules [67]. Assignment
f covalent degradations to specific regions of the mAbs was  facil-
tated using Lys-C and papain to generate Fab and Fc fragments.
his method was  particularly useful for characterizing protein vari-
nts formed in the presence of salts under accelerated storage
onditions. The usefulness of this assay was further illustrated by
haracterization of light-induced degradations of mAb  formula-
ions. Another study presented the importance of IEX in the analysis
f oxidized mAb  samples [68]. Both CEX and AEX approaches were
sed and found suitable for the separation of the more basic oxi-
ized variants of the intact mAbs. Fig. 6 displays multiple acidic and
asic isoforms obtained in AEX mode, typical of recombinant mAb
rug products. Vlasak et al. [69] combined CEX, papain digestion
nd a panel of MS techniques to identify asparagine deamidation in

he light chain region of a humanized IgG1 mAb. Another study also
resented and proved the importance of CEX (salt-gradient based)

n mAb  characterization and showed the separation of different
soforms [70].
Adapted from Ref [68], with permission.

A pH-gradient based separation using CEX chromatography
was evaluated in a recent study [8]. The method was shown
to be robust for mAbs and suitable for its intended purpose of
charge heterogeneity analysis. Simple mixtures of defined buffer
components were used to generate the pH gradients that sepa-
rated closely related antibody species. Validation characteristics,
such as precision, linearity and robustness were demonstrated.
The stability-indicating capability of the method was determined
using thermally stressed antibody samples [8]. Another recent
study showed the applicability of a shallow pH gradient through
CEX monolithic column and demonstrated relatively high res-
olution separation of mAb  charge variants in three different
biopharmaceuticals [40]. Zhang et al. [43] presented a multiprod-
uct charge sensitive separation method for 16 mAbs possessing
pI-s between 6.2 and 9.4. This salt-mediated pH-gradient IEX
method was  demonstrated to be robust under various chro-
matographic conditions and capable of assessing manufacturing
consistency and monitoring degradation of mAbs. As an illus-
tration, Fig. 7 shows the charge heterogeneity profile of 16
mAbs.

High-performance cation-exchange chromatofocusing meth-
ods were developed for the variants of neutral to acidic antibodies,
and base-line separation of a variety of antibody variants
was achieved [71]. The high resolution achieved indicated that
the methods developed were useful alternatives to isoelectric
focusing for characterizing the charge heterogeneity of mAbs vari-
ants.

The fast and efficient separation of cetuximab Fab and Fc vari-
ants were recently reported in both salt and pH-gradient CEX
mode [32,41]. Fourteen charge variants were separated in only
17 min.

A systematic study compared the possibilities of IEX modes and
showed that these approaches are cost- and time saving alterna-
tive to classical protein analysis methods (e.g. gel electrophoresis).
The authors predicted that in the next step, further biologicals, e.g.
antibodies, will be analyzed and quantified mostly with IEX and
RPLC in the native as well as in its denatured form, respectively
[72]. Another study also found benefits of IEX compared to elec-
trophoretic methods such as the possibility of being automated and
better quantitative results [73].

Besides the separation of mAbs’ charge variants, pH-gradient
based IEX chromatography can also be applied to evaluate the pI of
intact mAbs [74].

Besides recombinant mAbs, IEX seems to be a promising tech-
nique for the characterization of other antibody-related products

such as bispecific antibodies, recombinant polyclonal antibodies
(pAbs) and Fc-fusion proteins [75–80].
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Fig. 7. The charge heterogeneity profiles of 16 mAbs with pI ranging fro
dapted from Ref [43], with permission.

.3. Analysis of antibody–drug conjugates

Antibody–drug conjugates (ADCs) or immunoconjugates, are
ecoming another increasingly important class of therapeutic
gents undergoing clinical investigations for treatment of vari-
us cancer [81]. ADCs are produced through the chemical linkage
f a potent small molecule cytotoxin (drug) to a mAb  and have
ore complex and heterogeneous structures than the correspond-

ng antibodies [82]. ADCs are constructed from three components:
 mAb  that is specific to a tumor antigen, a highly potent cyto-
oxic agent and a linker species that enables covalent attachment
f the cytotoxin to the mAb  through either the protein or the gly-
an. The primary sites used for protein-directed conjugation are
he amino groups of lysine residues or the sulfhydryl groups of the
nter-chain cysteine residues [82]. Depending on the characteristics
f the drug, the linker and the conjugation site (i.e., lysine, inter-
hain sulfhydryl, carbohydrate), the methods commonly used to
haracterize the parent mAb  may  not be applicable to the ADC or
ay  give significantly different information.
Attachment of an uncharged linker and drug through lysine

esidues decreases the net positive charge by one for each bound
rug-linker. In this case, separation based on charge, such as using

EX or iso-electric focusing (IEF), results in profiles that characterize
he drug load, rather than proving information about the underly-
ng mAb  [83]. Despite the utility of these methods, there are only a
ew published reports of charge-based assays applied to ADCs.

For gemtuzumab ozogamicin, the IEX profile showed that most
f the calicheamicin was on approximately half of the antibody
hile 45–65% of the product was a low conjugated fraction, essen-

ially unconjugated antibody [83,84].
Thiomabs are antibodies with an engineered unpaired cysteine
esidue on each heavy chain that can be used as intermediates to
enerate ADCs [85]. Multiple charge variant peaks were observed
uring CEX analysis of several different thiomabs. This charge het-
rogeneity was due to cysteinylation and/or glutathionylation at
 to 9.4 obtained with the salt-mediated pH-gradient based IEX method.

the engineered and unpaired cysteines through disulfide bonds
formed during the cell culture process [85].

In a recent study, the effects of chemical conjugation on the
electrostatic properties of Fc-conjugates were estimated [86].
To minimize the effects of post-translational modifications (e.g.,
deamidation), a single Fc charge variant was  isolated prior to con-
jugation of a fluorescent probe, to the side chains of lysine residues.
The resulting Fc-conjugates were assessed by a variety of analyti-
cal techniques, including IEX, to determine their charge properties
[86].

5. Perspectives in IEX

5.1. Decreasing the particle size

The Ultra-High Pressure Liquid Chromatography (UHPLC) tech-
nology was originally developed for RPLC applications, but it is now
also available for SEC [87] and IEX operations due to the availability
of 1.7 and 3 �m non-porous particles (PS/DVB) [88,89].

Applying 1.7 and 3 �m particles may  open a new level of per-
formance in IEX, but it has to be kept in mind that on very fine
particles, the separation quality is improved at the cost of pressure
(and temperature gradients attributed to frictional heating effects).
Therefore, there is a risk of creating on-column degradation when
analyzing temperature or pressure sensitive proteins under high
pressure (i.e., >300 bar) conditions, as reported for RPLC and SEC
[90,91]. The other disadvantage of sub-2 �m IEX separations is that
currently there are only a very limited number of commercially
available stationary phases.

Columns packed with these very fine particles are stable up to
600 bar that could be beneficial for both fast and high resolution

separations. On short columns, high throughput separations can
be achieved by applying high flow rates. On the other hand, the
separation power can be improved by increasing the column length
(e.g. coupling columns in series). With relatively long columns (e.g.
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Fig. 8. Separation of a standard protein mixture on a 0.32 mm ID × 25 cm strong
anion exchanger capillary column using pH-gradient mode. The elution order of the
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roteins: cytochrome C (1), myoglobin basic band (2), myoglobin acidic band (3),
onalbumin (4), and �-lactoglobulin B (5) and A (6).

dapted from Ref [43], with permission.

0–40 cm)  employed at low flow rates, the peak capacity can be
mproved at the cost of analysis time.

.2. Capillary IEX

To improve the sensitivity of protein variants determination or
andle very small amounts of samples, the use of capillary columns

n IEX appears to be a promising approach. However, several key
odifications to a commercially available liquid chromatography

ystem are required to reduce the system volume and associated
xtra-column band broadening, which could be critical for capil-

ary IEX operation. Until now, the number of applications in this
eld is rather limited, but a 0.32 mm I.D. IEX capillary column was
uccessfully applied in pH-gradient mode as the first dimension in

 2D separation of standard protein mixtures [92]. Fig. 8 shows the

ig. 9. The 2D protein expression map  of E. coli bacterial lysate. The x axis is in pI unit fr
ydrophobicity (%B) (measured by RPLC).

dapted from Ref [98], with permission.
 Biomedical Analysis 113 (2015) 43–55

chromatogram observed with a 0.32 mm ID × 25 cm strong anion
exchanger capillary column using pH-gradient mode.

5.3. Monolithic columns

Monolithic stationary phases are promising materials to
improve chromatographic performance [93,94].

A monolithic column can be defined as a continuous solid
matrix, porous in nature and containing interconnected flow
paths. Various types of inorganic (e.g. silica, zirconia, car-
bon, titania) and organic (e.g. polymethacrylate, polyacrylamide,
poly(styrene-divinylbenzene. . .)  monoliths can be prepared but
only polymethacrylate, poly(styrene–divinylbenzene), and silica-
based monoliths are commercially available (mostly for RPLC
separations).

The large flow-through channels and essentially nonporous sur-
faces support fast mass transfer, especially for large molecules
(possessing slow diffusion), resulting in high resolution or fast sep-
arations. These channels also provide high permeability, allowing
the use of high linear velocities.

Monoliths are generally classified as organic and silica-based
monoliths. The organic monoliths are usually applied for the
separations of biomolecules, including oligonucleotides, peptides,
and intact proteins such as protein isoforms [95,96]. They are
better accepted for protein separations than inorganic mono-
liths because of their biocompatibility. However, low surface
area and binding capacity, swelling and shrinkage in some sol-
vents, as well as deficiency in mechanical stability are their
major drawbacks. Contrarily, silica-based monoliths are well
adapted to the analysis of small molecules. They consist of a
single rod of silica with two types of pores: macropores, which
enable low flow resistance, and mesopores, which ensure enough
surface area to reach high separation efficiency and loadabil-

ity.

Currently, only 5 cm long organic monoliths containing strong
and weak exchangers are available in either 4.6 or 1.0 mm ID format
[97].

om pH 4.0 to 7.0 (measured by pH-gradient IEX) and the y axis displays increasing
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.4. Two  dimensional separations

IEX is widely used for the separation of large biomolecules
nd can be sometimes combine with other HPLC modes for two-
imensional (2D) or multistep separations.

The most promising combination of LC modes for protein analy-
is is probably IEX as the first and RPLC as the second dimension in
D setups. In this configuration, it becomes possible to acquire MS

nformation from an IEX separation that is hardly feasible in uni-
imensional IEX, except when using MS  compatible mobile phases

n IEX [40]. This 2D setup enables the use of ESI-TOF-MS analysis of
ntact proteins or MS/MS  sequencing or other methods.

A multidimensional method has been applied by Zheng et al. for
he separation and comparison of E. coli bacteria lysates using pH
radient based IEX coupled with RPLC [98]. The method provided

 2D map  of protein expression with proteins categorized by both
I and hydrophobicity. This 2D method offered significantly higher

oadability than conventional techniques while maintaining a high
egree of resolution. Fig. 9 shows the 2D protein expression map
f E. coli bacterial lysate.

Pepaj et al. [92] showed another application of IEX for mul-
idimensional separation. A capillary IEX column was  applied in
H-gradient mode as the first dimension in a 2D separation of
tandard protein mixtures [92].

Comprehensive 2D LC was recently proposed as a novel tool
or peptide mapping of therapeutic mAbs in both R&D and rou-
ine (QA/QC) environments [99]. It was illustrated by the analysis
f the tryptic digest of trastuzumab applying a commercially avail-
ble 2D-LC system. Among three different LC × LC combinations,
EX × RP, was reported as an important tool for antibody charac-
erization.

. Conclusion

Because IEX is a non denaturating strategy, it will certainly
emain one of the gold standards for the characterization of charge
ariants of therapeutic proteins. As illustrated in this review, IEX
s a valuable strategy for the analysis of biopharmaceuticals and
llows appropriate resolving power even for closely related sub-
tances. Currently, there are two approaches used in IEX, namely
alt-gradient and pH-gradient, and both have their advantages and
rawbacks. Today, one of the main limitations of pH-gradient IEX
trategy is the high cost of commercial buffers, which prevent a
ore widespread use of this approach.
When dealing with therapeutic proteins, a good starting point

or method development may  be to use polymeric non porous sta-
ionary phase bonded with strong cation exchanger (sulfonic acid
roup). To select the best mobile phase conditions (i.e. pH, salt
ature and concentration), it may  be of importance to consider the
I of the proteins.

To date, IEX has been successfully employed for the characteri-
ation of charge variants on the peptide chains (e.g., deamidation,
-terminal lysine truncation, N-terminal pyroglutamation, methio-
ine oxidation, or glycosylation variants) of numerous therapeutic
roteins including mAbs and ADCs.

At the end, there are two main limits in IEX: (i) the limited
esolving power of this technique which provides high selectivity
ut relatively poor kinetic performance (low peak capacity can be
ttained compared to RPLC). To improve this aspect, IEX columns
acked with smaller particle sizes in the range sub-2 �m–3  �m
ave been recently commercialized by a few providers and offers

ignificantly higher peak capacity than 5–10 �m particles, and (ii)
he lack of compatibility with mass spectrometry, due to the pres-
nce of high concentration of non volatile salts, which prevent the
recise identification of charge variants. To resolve this issue, the

[
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on-line combination of IEX and RPLC in a comprehensive 2D-LC
setup appears as a promising solution and will certainly be more
and more applied in a close future.
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