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The  goal  of  this  work  is  to provide  some  recommendations  for  method  development  in HIC  using mon-
oclonal  antibodies  (mAbs)  and  antibody-drug  conjugates  (ADCs)  as model  drug  candidates.  The  effects
of  gradient  steepness,  mobile  phase  pH,  salt concentration  and  type,  as  well  as  organic  modifier  were
evaluated  for  tuning  selectivity  and retention  in HIC.  Except  the  nature  of  the  stationary  phase,  which
was  not  discussed  in this  study,  the most  important  parameter  for  modifying  selectivity  was  the  gradient
steepness.  The  addition  of  organic  solvent  (up  to 15%  isopropanol)  in the mobile  phase  was  also  found  to
be  useful  for  mAbs  analysis,  since  it could  provide  some  changes  in  elution  order,  in some  cases.  On the
contrary,  isopropanol  was  not  beneficial  with  ADCs,  since  the  most  hydrophobic  DAR  species  (DAR6  and
ntibody-drug-conjugate
ethod development

rentuximab-vedotin

DAR8)  cannot  be  eluted  from  the  stationary  phase  under  these  conditions.
This study  also  illustrates  the  possibility  to  perform  HIC  method  development  using  optimization  soft-

ware,  such  as  Drylab.  The  optimum  conditions  suggested  by  the  software  were  tested  using  therapeutic
mAbs  and  commercial  cysteine  linked  ADC  (brentuximab-vedotin)  and  the  average  retention  time  errors
between  predicted  and  experimental  retention  times  were ∼1%.
. Introduction

Due to the increasing number of monoclonal antibodies (mAb)
nd antibody-drug-conjugates (ADCs) in clinical phases and the
umber of biosimilars potentially entering the market, the need

or analytical techniques adapted for their detailed characterization
as increased [1].

Among the several liquid chromatographic (LC) modes applied
or the analysis of mAbs and ADCs, hydrophobic interaction chro-

atography (HIC) is the reference technique to determine the
elative hydrophobicity of mAbs and to separate the different pop-
lations of ADC molecules that differ in the number of drugs per
ntibody which are often known as DAR (drug-to-antibody ratio)
pecies [2,3]. The main advantage of HIC compared to other LC
odes (reversed phase (RP)) is that it is non-denaturating, so the
ative forms of the proteins are expected to be maintained, and
oreover the separated proteins can be collected for further activ-

ty measurements. HIC is able to separate the different DARs of

∗ Corresponding author. Fax: +41 22 379 68 08.
E-mail address: szabolcs.fekete@unige.ch (S. Fekete).
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native ADCs such as DAR0, DAR2, DAR4, DAR6 and DAR8 of an IgG1
type ADC under their physiological-like conformation [4].

The separation concept of HIC is based on the protein salting-out
principle and was first described by Tiselius [5]. Later on, Hjerten
called this mode of separation hydrophobic interaction chromatog-
raphy [6]. In HIC, proteins lose their hydrate shell in the highly
concentrated salt solution (mobile phase A) and are repelled to the
hydrophobic surface of the stationary phase. Mobile phase B is an
aqueous solvent containing no or low salt concentration and elute
proteins by allowing a reassembly of the water shell and enable the
elution of the proteins by floating down the column. The retention
in HIC is solely dictated by the hydrophobic interaction between
amino acid residues of the proteins and the alkyl chain – or other
non-polar functional groups – located at the surface of the sta-
tionary phase. In contrast to RP, there are no additional secondary
interactions in HIC. Therefore, the elution order enables to rank the
proteins on the basis of their relative hydrophobicity. Hydrophobic-
ity generally means the repulsion between a non-polar moiety of
the protein and of the polar aqueous environment of water [7]. The

structure of water is highly ordered and stabilized by dipol–dipol
interactions over a 3-dimensional structure, characterized by the
high surface tension of water (∼72 mN/m at 25 ◦C). Each oxygen
atom has four hydrogens as neighbors in a tetraeder and each
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http://www.sciencedirect.com/science/journal/07317085
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ydrogen forms a bridge between two oxygen atoms. When dis-
olving hydrophobic moieties of a protein in an aqueous system, the
eighboring water molecules have to be separated to form a cavity

or the protein. This requires the investment of energy. The surface
f the cavity multiplied with the surface tension is representing this
nergy. If two or more partners are associating, their hydropho-
ic contact surface areas are reduced, and energy is released. The
nergy is proportional to the size of the hydrophobic contact surface
rea of the protein. The larger this area, the higher is the chromato-
raphic retention in HIC. In other words, the interaction between
wo or more hydrophobic molecules in aqueous solutions proceeds
pontaneously and is mainly determined by the change in entropy
8–10]. The retention properties of proteins in HIC was explained
y the thermodynamic model of Melander et al. [11,12]. The solvo-
hobic theory relates the retention of proteins to the molar surface
ension increment of the salt [13–15]. However, the model requires
hat there is no specific binding between the salt and protein and
o change in the protein structure under the operating conditions.

Today, HIC appears as a key technique for mAb  and ADC analy-
is. Several methods were developed for the determination of DAR
istribution of ADCs [16–18]. Debaene et al. applied HIC for off-line
ative mass spectrometry (MS) characterization of brentuximab
edotin [19]. HIC is also often used for protein purification based
n the apparent hydrophobicity of impurities and is a valuable tool

n downstream purification procedure [6,7,20].
Retention mechanism in HIC is well studied and understood

ut practical method development aspects are rarely reported in
he literature [21]. Our purpose was to study and find the most
mportant variables impacting selectivity and to propose a generic

ethod development approach for mAbs and ADCs’ DARs separa-
ions. Therefore, the effects of gradient steepness, mobile phase
H, salt concentration and type, and organic modifier, on the
etention were systematically evaluated and a computer assisted

ethod development was applied. Method optimization for real
ife samples such as therapeutic mAbs (denosumab, palivizumab,
ertuzumab, rituximab and bevacizumab) and a cysteine linked
DC (brentuximab-vedotin), approved both by the Food and Drug
dministration (FDA) and the European Medicine Agency (EMA) is
resented, and the reliability of retention time prediction is also
iscussed in this study.

. Experimental

.1. Chemicals and columns

Water was obtained with a Milli-Q Purification System from
illipore (Bedford, MA,  USA). Sodium dihydrogen phosphate,
isodium hydrogen phosphate, ammonium sulfate, ammonium
cetate, ammonium formate, sodium chloride and 1 M sodium
ydroxide (NaOH) solution were purchased from Sigma–Aldrich
Buchs, Switzerland). Isopropanol (HPLC grade) was  purchased
rom Fischer Chemicals (Reinach, Switzerland).

FDA and EMA approved therapeutic IgG monoclonal antibod-
es including bevacizumab, rituximab, palivizumab, denosumab
nd pertuzumab and ADC brentuximab vedotin were kindly pro-
ided by the Center of Immunology Pierre Fabre (Saint-Julien en
enevois, France).

MAbPac HIC-10 100 × 4.6 mm,  5 �m (1000 Å) column was  pur-
hased from Thermo Fisher Scientific AG (Reinach, Switzerland).

.2. Equipment and software
All the experiments were performed using a Waters Acquity
PLCTM system equipped with a binary solvent delivery pump, an
utosampler and fluorescence detector (FL). The Waters Acquity
and Biomedical Analysis 118 (2016) 393–403

system included a 5 �L sample loop and a 2 �L FL flow-cell. The loop
is directly connected to the injection switching valve (no needle
seat capillary). The connection tube between the injector and col-
umn  inlet was  0.13 mm I.D. and 250 mm long (passive preheating
included), and the capillary located between the column and detec-
tor was  0.10 mm I.D. and 150 mm  long. The overall extra-column
volume (Vext) is about 14 �L as measured from the injection seat of
the auto-sampler to the detector cell. The measured dwell volume
is around 100 �L. Data acquisition and instrument control was per-
formed by Empower Pro 2 Software (Waters). Calculation and data
transferring was  achieved by using Excel templates.

The mobile phase pH was measured using a SevenMulti S40 pH
meter (Mettler Toledo, Greifensee, Switzerland).

Method optimization was performed using DryLab® 4 chro-
matographic modelling software (Molnar-Institute, Berlin,
Germany) and Excel macros (Microsoft).

2.3. Apparatus and methodology

2.3.1. Mobile phase composition and sample preparation
Generally, for the separation of mAbs and ADC DARs, the mobile

phase “A” consisted of 2–5 M aqueous salt solution (e.g., ammo-
nium sulfate, ammonium acetate, ammonium formate or sodium
chloride) containing 0.1 M phosphate buffer, while mobile phase
“B” was 0.1 M phosphate buffer. The mobile phase pH was  set by
adjusting the ratio of sodium dihydrogen phosphate and disodium
hydrogen phosphate and then was  measured and further adjusted
if required. The pH was  set between 6.3 and 7.0.

Both the mAb  and ADC samples were diluted in water to
2 mg/mL  and stored at 4 ◦C. Then, the samples were directly injected
using low volume insert vials.

2.3.2. Selection of stationary phase and flow rate
Preliminary study was  performed to select the most appropri-

ate stationary phase for ADC DAR separations. Several butyl and
ether phases of 10, 5 and 2.5 �m particle sizes were tested. Finally,
the MAbPac HIC-10 phase provided suitable elution window for
all DARs and performed the highest peak capacity and was thus
selected for this study. The details of phase system optimizations
will be explained in a following study as the second part of this
paper.

The impact of flow rate on peak capacity and analysis time was
also studied and 1 mL/min (on 4.6 mm I.D. column) was  found to
be a good compromise between efficiency and analysis time.

2.3.3. Investigation of retention properties of mAbs and ADC
DARs (brentuximab vedotin)

Intact antibodies and ADC DARs were eluted in linear inverse
salt gradient mode. For studying the retention properties of intact
mAbs, five of the available antibodies were selected based on
their type (IgG class and isotype), calculated isoelectric point (pI)
and hydrophobicity. The purpose was  to cover the common pI
range of mAbs and to include chimeric (ch), humanized (hz) and
human (hu) reference IgG1 and IgG2 isotypes, to draw overall
and reliable conclusions. Relative hydrophobicity of 19 different
mAbs was  previously measured by a generic HIC method and
then, the less and most hydrophobic ones (denosumab and beva-
cizumab, respectively) as well as three other ones were selected to
cover the whole hydrophobicity range. The selected mAbs were
the followings in the order of their hydrophobicity (HIC elu-
tion order): denosumab (huIgG2, pI = 8.8), palivizumab (hzIgG1,
pI = 9.0), pertuzumab (hzIgG1, pI = 8.7), rituximab (chIgG1, pI = 9.1)

and bevacizumab (hzIgG1, pI = 8.5).

For studying the retention properties of ADC DARs, brentuximab
vedotin was  selected as it is the first approved cysteine linked ADC
available on the market. Brentuximab vedotin is a chIgG1 class anti-
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ody including peptide linker and auristatin E as cytotoxic drug
22,23].

First, the effect of salt gradient steepness on the retention was
valuated. Different gradient times were tested at a given mobile
hase pH (pH 7) and ionic strength (2 M ammonium sulfate in
obile phase “A”). A generic linear gradient, starting from 0% to

00% B (equivalent to 2–0 M ammonium sulfate gradient) was
pplied at a flow rate of 1 mL/min for all samples. The gradient
ime (tg) was  varied as 10, 15, 20, 30 and 40 min  (at T = 25 ◦C).
he observed apparent retention factors (kapp = (tr − t0)/t0 with tr

s retention time and t0 as column dead time) were plotted against
he gradient time (steepness).

For the investigation of mobile phase organic modifier, the
bove mentioned experiments were repeated by adding 5%, 10%
nd 15% isopropanol to mobile phase “B”. Apparent retention fac-
ors (kapp) were plotted against the gradient time at different
sopropanol concentrations and against the isopropanol concen-
ration at given gradient times.

The impact of mobile phase pH was evaluated by performing
he generic gradients at various gradient times (10, 15, 20, 30 and
0 min), but adjusting the mobile phase pH to 7, 6.7 and 6.3. The
ommonly applied mobile phase pH in HIC for mAbs and ADCs
s between 6.4 and 7, therefore our selected range represents the
onditions of real-life separations.

Finally, the impact of salt concentration and type was studied
y varying the salt concentration of mobile phase “A” as 2–4 M.  The
ollowing commonly used salts were applied: ammonium acetate,
mmonium formate and sodium chloride. The experiments were
arried out at various gradient times (10, 15, 20, 30 and 40 min) and
onstant pH (pH 7). The observed kapp values were plotted versus
he gradient time and versus the mobile phase molality at a given
radient time.

.3.4. Systematic method optimization
Initial basic runs for multifactorial experimental designs were

lready suggested in the 90’s for reversed phase liquid chromato-
raphic method optimization [24]. A general approach consists in
odelling simultaneously the effect of the most important factors

.e., gradient steepness and temperature on selectivity on a previ-
usly selected column [25,26]. Then, with the help of resolution
aps generated by modelling software – which show the critical

esolution of the peaks to be separated [27] – the selected variables
an be rapidly and efficiently optimized. This approach was cur-
ently applied for the reversed phase and ion-exchange separation
f antibody variants [28–30].

Based on the observed effects of the factors on retention and
esolution of mAbs peaks, an experimental design with 4 runs was
uggested for HIC method optimization. It was indeed found that
he impact of pH and salt type (and molarity) on selectivity and
esolution were not significant. However, gradient steepness and

obile phase organic modifier (isopropanol) significantly affected
he overall separation. Performing gradient runs with two gradi-
nt times (as tg1 = 10 min, tg2 = 30 min) and with two  isopropanol
oncentrations (0 and 10% in mobile phase “B”) on a 100 × 4.6 mm
olumn allowed a reliable optimization of the separation. The latter
as performed by computer simulation using DryLab and a custom
ade model. A mixture of reference mAbs was injected to build up

he DryLab model and study the prediction accuracy error.
On the other hand, for ADC DARs separations, only the gradient

teepness was found to be an important variable for method opti-
ization. Adding organic modifier to mobile phase “B” was found to

e not useful since it drastically increased the retention of DAR6 and

AR8 species and caused irreversible adsorption. DAR8 peaks were
ot eluted when isopropanol content was higher than 8% in mobile
hase “B”. So finally, performing two initial gradients with gradient
imes of tg1 = 10 min  and tg2 = 30 min  allowed the optimization of
and Biomedical Analysis 118 (2016) 393–403 395

DARs separation. Again, optimization was  supported by computer
simulation (DryLab and M.S. Office Excel macro). Retention time
prediction accuracy was  finally evaluated.

3. Results and discussion

Stationary phases applied for HIC separations are similar to
those used in RPLC, except that the bonded phase is less hydropho-
bic (e.g., ether or butyl) due to shorter alkyl ligands and a less dense
bonding [26]. The mobile phase is typically an aqueous solution of
a non-denaturing (antichaotropic) salt such as ammonium sulfate
and a buffer to control pH (usually phosphate, 6.4 ≤ pH ≤ 7). The
combination of a less hydrophobic packing with purely aqueous
mobile phases minimizes protein denaturation and usually allows
the recovery of native (non denatured) proteins from separated
fractions, especially for separations carried out at ambient temper-
ature.

Retention and selectivity in HIC can be tuned by means of sev-
eral operating parameters. To achieve an optimal HIC separation of
mAbs and ADC DARs, the influence of various parameters on sep-
aration, such as gradient steepness, pH, ionic strength and organic
modifiers has to be taken into account. In contrast to other separa-
tion modes (RP or IEX), the temperature has to be kept at ambient in
order to maintain non-denaturating conditions and the native con-
formation of the proteins. Therefore, mobile phase temperature is
not a parameter that can be considered for method optimization
(or only in a limited range).

3.1. The effect of salt gradient time (gradient steepness) on mAbs
and ADC DARs retention

For HIC analysis of mAbs and ADC DARs, the gradient elution
mode is preferred in practice. The retention of compounds in the
inverse salt gradient mode is strongly dependent on the salt con-
centration (gradient steepness) and a small change could lead to
significant shift in the retention. For this reason, isocratic conditions
are impractical in real-life mAb  and ADC separations.

The dependence of the retention on the concentration (ionic
strength) of the salt (CS) determines the applicability of the linear
solvent strength (LSS) model of gradient elution for HIC [26]. In
isocratic elution mode, a log (k) versus CS function typically shows
linear behavior and can be expressed as:

log k = log k0 + AHIC × cs (1)

were k0 refers to the value of k for CS = 0, and AHIC is the slope of the
plot log (k) versus CS (AHIC = d(log k)/d(CS)). In HIC, k increases with
increased CS, so that CS must decrease during the gradient elution.
Eq. (1) can be transformed into gradient mode based on LSS model:

log k∗ = log kini − SHIC × �HIC (2)

where k* is the median value of k during gradient elution when
the band has reached the column mid-point, kini is the value of k
observed for the initial (highest) salt concentration, S is a constant
for a given compound (slope of log (k) versus ˚HIC plot) and ˚HIC is
the volume fraction of the B solvent (generally contains no salt). It
is practical to show the dependence of k* on the gradient time (tg).
For this purpose, the following equation can be derived:

k∗ = tg × F

1.15 × Vm × �� · SHIC
(3)

where F is the mobile phase flow rate and Vm is the column dead

volume.

It was experimentally shown by Szepesy and Karger that the
retention of some common proteins in HIC gradient mode is
in quantitative agreement with the LSS model, suggesting that
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ig. 1. The impact of gradient time (gradient steepness) on ADC DAR species retenti
obile  phase “A”: 2 M ammonium-sulfate + 0.1 M phosphate (pH 7), “B”: 0.1 M phos

ethod development approaches applied in RP can be directly
pplied in HIC [21,31].

The effect of gradient steepness (gradient time) on the apparent
etention of intact mAbs and ADC DARs variants was practically
nvestigated. The gradient time was varied as 10, 15, 20, 30 and
0 min  (at T = 25 ◦C and at pH 7 using 2 M ammonium sulfate in
obile phase “A”). The retention of the five selected mAbs and

he ADC DARs of brentuximab vedotin showed the same behavior.
ig. 1 illustrates the effect of gradient time on the apparent reten-
ion (kapp). The relationship between kapp and tg can be perfectly
escribed by fitting a linear function (R2 > 0.999 for all solutes).
oreover, the observed results suggest that using longer gradi-

nts increase the selectivity. On the other side, as shown in [28],
he retention behavior of mAb  fragments showed some deviation
rom linear relationship in RPLC. Experimental points in kapp versus

g representation followed a slightly concave curvature. It can be
oncluded that a LSS type model perfectly describes the retention
ehavior of mAbs and ADC DARs.
 and on intact mAbs retention (B). Column: Thermo MAbPac HIC-10, 100 × 4.6 mm,
 (pH 7). Flow rate: 1 mL/min, gradient: 0–100% B. Mobile phase temperature: 25 ◦C.

The results suggest that only two  gradient runs are required
(e.g., with tg1 = 10 min  and tg2 = 30 min) for the optimization of an
inverse salt gradient, then the retention times can be predicted for
any gradient program.

Another interesting finding is that in HIC mode compared to RP,
SHIC values of mAbs are significantly smaller – by a factor of around
5 – than the corresponding S values in RP. This suggests that for a
required range of retention and selectivity, a steeper gradient can
be applied in HIC versus RP.

3.2. The effect of salt concentration and type on the retention and
selectivity

Ammonium sulfate is the most commonly applied salt in HIC
[32]. Alternative salt systems were studied and it was  found that

sodium acetate increased the retention of hydrophobic proteins,
while it decreased retention of the hydrophilic ones [33]. In other
early studies, sodium citrate was  found also to be a good candi-
date, but was  left out because of solubility issues [34,35]. It has also
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ig. 2. The impact of mobile phase salt concentration on ADC DAR species retentio
obile phase “A”: 2–4 M sodium-chloride + 0.1 M phosphate (pH 7), “B”: 0.1 M phosp

5 ◦C.

een demonstrated that salt nature affects differently the retention
n different stationary phases. It can both increase and decrease
he retention of hydrophobic and hydrophilic proteins, respectively
34,35]. The above results also imply that the effect of a salt cannot
e predicted in advance but should always be determined experi-
entally as an early step of method development [21].

One of the primary variables for varying HIC retention is the
obile phase salt concentration. Our purpose was not only to qual-

fy the effect of salt concentration on mAbs and ADCs retention but
o see the impact of different salts on selectivity. The influence of
ifferent salts on hydrophobic interactions follows the Hoffmeis-
er (lyotropic) series for the precipitation of proteins from aqueous
olutions [36]. Based on this series, salt types may  be interchange-
ble if their lyotropic strength is considered. However, it was  not
eported whether salt type impacts the selectivity between closely

elated proteins or just play a role in the absolute retention. There-
ore, salt concentration and type of mobile phase “A” was varied
uch as 2–4 M and based on their solubility, the following salts
and on intact mAbs retention (B). Column: Thermo MAbPac HIC-10, 100 × 4.6 mm,
H 7). Flow rate: 1 mL/min, gradient: 0–100% B in 20 min. Mobile phase temperature:

were selected beside the reference ammonium sulfate: ammonium
acetate, ammonium formate and sodium chloride. The experiments
were carried out at various gradient times and constant pH.

As expected on the basis of Eq. (1), the apparent retention fac-
tors showed logarithmic dependence over salt concentration at any
gradient steepness. Moreover, very similar tendency was observed
with all salts. Fig. 2 shows the results observed with sodium chlo-
ride at tg = 20 min  for intact mAbs and for ADC DARs. At first sight,
the results suggested no significant difference in selectivity when
salt concentration is compensated for lyotropic strength. Fig. 3.
illustrates the impact of increasing salt concentration on ADC DARs’
retention and shows a head-to-head comparison of the elution
profile obtained with 2 M ammonium sulfate and 5 M sodium chlo-
ride. It can be clearly seen that by changing the salt concentration
in mobile phase “A” the elution window and selectivity can be

adjusted in a very efficient way. On the other hand, peak widths
also vary with salt concentration since it impacts the concentra-
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Fig. 3. The impact of mobile phase salt concentration and type on ADC DAR species retention. Column: Thermo MAbPac HIC-10, 100 × 4.6 mm,  mobile phase “A”: 3–5 M
sodium-chloride or 2 M ammonium-sulfate + 0.1 M phosphate (pH 7), “B”: 0.1 M phosphate (pH 7). Flow rate: 1 mL/min, gradient: 0–100% B in 40 min. Mobile phase
temperature: 25 ◦C.

Fig. 4. The impact of organic modifier (isopropanol) on mAbs retention (A) and model chromatograms obtained for 0% isopropanol (B) and 13% isopropanol (C). Column:
Thermo MAbPac HIC-10, 100 × 4.6 mm,  mobile phase “A”: 2 M ammonium-sulfate + 0.1 M phosphate (pH 7), “B”: 0.1 M phosphate (pH 7) + isopropanol. Flow rate: 1 mL/min,
gradient: 0–100% B in 20 min. Mobile phase temperature: 25 ◦C. Peaks: denosumab (1), palivizumab (2), pertuzumab (3), rituximab (4), bevacizumab (5).
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Fig. 5. The impact of organic modifier (isopropanol) on ADC DAR species retention. Column: Thermo MAbPac HIC-10, 100 × 4.6 mm,  mobile phase “A”: 1.2 M ammonium-
sulfate + 0.1 M phosphate (pH 7), “B”: 0.1 M phosphate (pH 7) + isopropanol. Flow rate: 1 mL/min, gradient: 0–100% B in 30 min. Detection: FL (�ex: 280 nm,  �em: 360 nm),
mobile  phase temperature: 25 ◦C. Sample: Brentuximab-vedotin. Peaks: DAR0 (1), DAR2 (2), DAR4 (4), DAR6 (6), DAR8 (7), unknown (3,5).

Fig. 6. Two dimensional resolution map  for the optimization of mAb  separation. Variables: gradient time (tgrad) and isopropanol% in mobile phase B (IPA%).

Fig. 7. Comparison of predicted (A) and experimental (B) chromatograms for the separation of intact mAbs. Column: Thermo MAbPac HIC-10, 100 × 4.6 mm,  mobile phase
“A”:  2 M ammonium-sulfate + 0.1 M phosphate (pH 7), “B”: 0.1 M phosphate (pH 7). Flow rate: 1 mL/min, gradient: 0–100% B in 50 min. Detection: FL (�ex: 280 nm, �em:
360  nm), mobile phase temperature: 25 ◦C. Peaks: denosumab (1), palivizumab (2), pertuzumab (3), rituximab (4), bevacizumab (5).
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ig. 8. Comparison of predicted (A) and experimental (B) chromatograms for the 

hase  “A”: 1.2 M ammonium-sulfate + 0.1 M phosphate (pH 7), “B”: 0.1 M phosphat
em: 360 nm), mobile phase temperature: 25 ◦C. Sample: Brentuximab-vedotin. Pea

ion gradient (steepness) and therefore the gradient band focusing
ffect.

Our results also suggest that similar selectivity can be set with
ny type of salts. As shown in Fig. 3, the selectivity obtained with

 M ammonium sulfate and 5 M sodium chloride is practically
dentical, however some slight differences were observed in the
chievable peak capacity (peak width) and therefore in the resolu-
ion (see for example the DAR4 peaks). A 5.5 M ammonium acetate
nd 5.5 M ammonium formate buffers also provided identical selec-
ivity. Similar tendencies were observed with the intact mAbs (data
ot shown). Our observations are in good agreement with previous
ndings, namely that similar values of AHIC and SHIC were found for
alts other than ammonium sulfate [13].

To conclude on the impact of salt type and concentration, salt
oncentration in mobile phase “A” (that corresponds to the gradient
teepness) is an important variable for tuning the retention and
electivity of closely related proteins. Regarding salt type, similar
electivity can be obtained with different salts, when their lyotropic
trength is corrected. In our study we observed that 2 M ammonium
ulfate was roughly equivalent with ∼4.5–5.0 M sodium chloride,
r 5.0–5.5 M ammonium acetate and 5.0–5.5 M ammonium formate
that is in good agreement with the Hoffmeister series) for mAbs
nd ADC on our MAbPac HIC-10 stationary phase. From a practical
oint of view, during method development, the first step should be
he selection of salt type and then the tuning of elution window by
djusting salt concentration.

.3. The impact of isopropanol as mobile phase additive

Adding low proportion of water-miscible alcohols results in
eakening the protein-ligand interactions in HIC, leading to the

lution of the bound solutes [37]. The non-polar parts of alcohols
particularly isopropanol) compete effectively with the bound pro-
eins for the adsorption sites on the HIC stationary phase resulting
n the displacement of the proteins. Alcohols also decrease the

urface tension of mobile phase thus weakening the hydrophobic
nteractions to give a subsequent dissociation of the ligand–solute
omplex [37]. Although additives can be used in the elution buffer
o affect selectivity during desorption, there is a risk that proteins
tion of ADC DAR species. Column: Thermo MAbPac HIC-10, 100 × 4.6 mm,  mobile
7). Flow rate: 1 mL/min, gradient: 0–100% B in 37 min. Detection: FL (�ex: 280 nm,
R0 (1), DAR2 (2), DAR4 (4), DAR6 (6), DAR8 (7), unknown (3,5).

could be denatured or inactivated by exposure to high concentra-
tions of such chemicals.

Addition of organic modifiers, such as isopropanol, is often cited
as an advantageous parameter in HIC method development for
decreasing the retention of hydrophobic compounds and to tune
selectivity [38]. Therefore, the impact of isopropanol content in
mobile phase “B” on the retention of both mAbs and ADC DARs was
systematically studied. Generic HIC gradients were applied and the
isopropanol content of mobile phase “B” was set to 0, 5, 10 and 15%.

Fig. 4A shows the change in retention of intact mAbs as a func-
tion of isopropanol content. As expected, the retention decreased
when increasing isopropanol concentration but in a different
extent, depending on the mAb. The slopes of the fitted curves are
indeed slightly different and the curves of pertuzumab and ritux-
imab cross each other at ∼5% isopropanol content, suggesting the
coelution of the two species. This behavior demonstrates the pos-
sibility to change the elution order (selectivity) of these two mAbs
by adjusting the isopropanol content of the mobile phase. On the
other hand, a simple linear model describes well the dependence
of retention on isopropanol content, which makes it simple to pre-
dict the retention of mAbs for any isopropanol concentration on
the basis of only two initial runs (e.g., performed with 0% and 10%
isopropanol). Fig. 4B presents the effect of isopropanol content on
retention and selectivity between 0% and 13% isopropanol content
(based on simulation). The chromatograms clearly show the change
of selectivity between all peaks and the elution order change of
peaks 3 and 4. Based on these observations, the isopropanol con-
tent of the mobile phase is indeed a valuable parameter to tune the
selectivity of mAbs separation in HIC.

For ADCs, a different behavior was  observed. As expected, a
retention decrease was observed for DAR0 and DAR2 species but
surprisingly the retention of DAR 4, DAR6 and DAR8 increased
with the isopropanol concentration (Fig. 5). Moreover at 9% of iso-
propanol, the DAR8 cannot be eluted from the column and the
selectivity between peaks 4 and 5 clearly decreased. We  still have
not a clear explanation for this specific elution behavior of DARs

but some possible explanations are (i) a shift in mobile phase pH
and proteins pI when adding isopropanol, taking into account that
the pH shift could be different depending on the amount of salts
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hat is continuously changing during the gradient; (ii) conforma-
ional changes of ADCs in presence of alcohols. To conclude on
he addition of isopropanol for ADC analysis as a parameter of

ethod development, it does not seem to be useful since it dras-
ically increases the retention of the most hydrophobic ADC DAR
pecies and does not permit the elution of DAR6 and DAR8 from
he column.

.4. The effect of mobile phase pH on mAbs and ADC retention

The effect of pH in HIC is not straightforward [37,39,40]. In this
tudy the mobile phase pH was set between 6.3 and 7, while the
I of mAbs and ADC is ranged between 8 and 9. Therefore we  were
uite far from their pI. When increasing the mobile phase pH, a
etention increase is expected due to increased hydrophobic inter-
ctions thanks to a shift to a more neutral state of the protein (close
o its pI). Hjerten et al. found that the retention of proteins changed

ore drastically at pH values above 8.5 and/or below 5 than in the
ange pH 5–8.5 [41].

In our study, the impact of mobile phase pH was evaluated by
erforming generic gradients at various gradient times and adjust-

ng the mobile phase pH to 7, 6.7 and 6.3. In the studied pH range,
o difference or shift in retention was observed for intact mAbs and
DC species, whatever the gradient steepness. The chromatograms
bserved at different pH perfectly overlapped each other (data not
hown). Such a behavior was expected since mAbs and ADCs pos-
ess relatively high pI values (typically between 8 and 9). These
ndings suggest that pH is not an important separation parameter

n the optimization of HIC separation of mAbs and ADC species. On
he other hand, in the investigated pH range, the methods were
obust.

.5. Method optimization for mAbs HIC separation by using two
imensional retention models

Optimization software packages generally employ linear mod-
ls for the simultaneous optimization of two or three variables. The
olynomial equation for two variables can generally be written as:

 = b0 + b1x1 + b2x2 (4)

here y is the response (retention time or its transformation such
s log k), x1 and x2 are the model variables (here gradient time
tg) and isopropanol content (IPA%)) while b0, b1, b2 are the model
oefficients.

In this study, DryLab was used for further method optimization
nd determination of the unknown coefficients of the model. The
oftware implements an interpretive approach, where the reten-
ion behavior is modelled using experimental information from
nitial runs, and the retention times at other conditions are pre-
icted in a selected experimental domain. This allows calculating
he critical resolution, and accordingly, the optimal separation can
e found [42,43].

As shown in Sections 3.2 and 3.4, the type of salt and mobile
hase pH are minor variables, which do not influence significantly
he retention and selectivity. On the contrary, the salt gradient
teepness and isopropanol content of mobile phase appear as the
ost important factors for adjusting selectivity and resolution.

inally, mobile phase temperature is not a separation parameter
n HIC, since it is important to maintain the physiological-like con-
ormation of the proteins.

A new two dimensional mode was created in Drylab software.
etention times were transformed into retention factors, and lin-

ar models were chosen for the modeling of retention as functions
f tg and IPA%. The modeling takes place in a rectangular region

n the tg—IPA% plane, determined by 2 gradient times (steepness)
nd two levels of IPA%. Hence, this approach necessitates only 4
and Biomedical Analysis 118 (2016) 393–403 401

initial experimental runs for creating the model. Gradient times
were set to tg1 = 10 min  and tg2 = 30 min, while IPA% was varied as
0 and 10%. (Please note, that here the low level of IPA% was  set to
zero, that is only acceptable and feasible when having a perfectly
linear behavior.) Following the execution of the input experimen-
tal runs, the figures of merit (i.e., retention times, peak widths and
peak tailing values) were imported into DryLab and peak tracking
was performed. Peak tracking was  carried out on the basis of peak
areas and individual injections of the mAbs. Next, the optimization
was carried out on the basis of the created resolution map. In the
resolution map, the smallest resolution (Rs) value of any two criti-
cal peaks in the chromatogram was  plotted as a function of the two
simultaneously varied experimental parameters (Fig. 6).

As shown, a 50 min  gradient was found to provide the high-
est resolution when the mobile phase contains no isopropanol.
The predicted optimum condition was  set and experimental chro-
matograms recorded. Fig. 7 shows the comparison of predicted and
experimental chromatograms.

To evaluate the accuracy of this approach, the predicted and
experimental retention times were compared. The predicted reten-
tion times were in good agreement with the experimental ones and
the average retention time relative errors were ∼1.0%.

Despite the fact, that in this example 0% isopropanol provided
the highest resolution, isopropanol content may  have significant
impact on selectivity (see in Section 3.3). It is highly probable that
for other selected mAbs, higher isopropanol content will perform
better separation.

Finally, this method optimization approach can be considered as
reliable and the suggested initial experiments (10 and 30 min  gra-
dient on a 100 mm long standard bore column with 0% and 10% IPA)
can be applied in daily routine work, resulting in time saving. The
time spent for method development in this example was approxi-
mately 6 h (2 gradient times × 2 IPA% × 5 samples + equilibration),
and then the predicted method was experimentally verified.

However, please note that for more complex samples, the opti-
mum conditions for high resolution separations can be shifted to
longer gradient time ranges. Therefore, for high resolution separa-
tions, an extended model might be useful.

3.6. Method optimization for ADC DARs HIC separation by using
one dimensional retention model

Based on our findings for ADC DAR species separation, the only
relevant parameter for tuning selectivity is the gradient steepness
(gradient program). Addition of organic modifier to the mobile
phase was  found to be ineffective. Then, the method optimization
was quite simple, and necessitates only two experimental runs.
Gradient times were set to tg1 = 10 min  and tg2 = 30 min, and mobile
phase pH was  kept constant (pH 7), while no organic modifier was
added. The required ionic strength was determined by preliminary
scouting runs. It was  found that on our preferred stationary phase,
an inverse salt gradient from 1.2 to 0 M ammonium sulfate pro-
vided appropriate retention for all compounds and therefore was
used for further optimization. An excel macro was prepared for the
modelization, and a 37 min  long linear gradient performed the opti-
mal  separation of the DAR species of intact brentuximab vedotin.
Fig 8. shows a comparison of the experimental and predicted chro-
matograms under the optimal conditions. The predicted retention
times were again in good agreement with the experimental ones;
the average retention time relative errors were below 0.5%.

This optimization procedure took only 1 h (2 gradients × 1 sam-

ple + equilibration). However, it has to be mentioned that the
scouting runs for finding the appropriate salt concentrations may
be more time consuming (depending on the number of columns
used for the screening procedure).
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. Conclusion

The purpose of this study was to provide guidelines for method
evelopment in HIC, when analyzing mAbs or ADCs. Numerous HIC
ariables impacting selectivity and retention, were tested in a sys-
ematic way. The tested parameters include gradient steepness,

obile phase pH, salt concentration and type, and organic modifier.
s demonstrated, a mobile phase pH variation in the range 6.3–7.0
as found to be ineffective for tuning selectivity in HIC mode. The

ype of salt employed for performing the reversed salt gradient
as a significant impact on retention, but if lyotropic strength is
onsidered (through the Hoffmeister series), it is easy to achieve
imilar retention, by adjusting the ionic strength. In this work, it
as been demonstrated that 2 M ammonium sulfate was roughly
quivalent with ∼4.5–5.0 M sodium chloride, or 5.0–5.5 M ammo-
ium acetate and 5.0–5.5 M ammonium formate (that is in good
greement with the Hoffmeister series). Under these conditions
f equivalent lyotropic strength, the selectivity was  virtually not
ffected by a modification of salt nature. However, the gradient
teepness plays a major role for tuning retention and selectivity and
hould be optimized both for mAbs and ADCs. Finally, the possible
ddition of organic modifier (namely isopropanol) to the mobile
hase in HIC, was found to be particularly useful for mAbs separa-
ions, as some elution order changes between peaks were noticed in
he range 0 to 13% isopropanol. On the contrary, when dealing with
he analysis of ADC DAR species in HIC, the addition of isopropanol
as never beneficial since the most hydrophobic species (DAR6 and
AR8) cannot be eluted in presence of ∼10% isopropanol.

At the end, a HIC automated method optimization proce-
ure was developed using Drylab software. For therapeutic mAbs
nalysis, both the gradient steepness and isopropanol content
ere simultaneously optimized after 6 h of initial experiments (2

radient times × 2 IPA% × 5 samples + equilibration), resulting in
ubstantial time saving. The optimum conditions were tested and
redicted retention times were in good agreement with the experi-
ental ones, with average retention time relative errors of ∼1.0%. A

ysteine linked ADC (brentuximab-vedotin), was also used to evalu-
te the capability to modelize retention in HIC. Again, the reliability
f retention time prediction after optimization of gradient steep-
ess was found to be excellent and this optimization procedure
ook only 1 h (2 gradients × 1 sample + equilibration).
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