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The  goal  of  this  work  was  to evaluate  the potential  of non-linear  gradients  in hydrophobic  interaction
chromatography  (HIC),  to improve  the  separation  between  the  different  homologous  species  (drug-to-
antibody,  DAR)  of commercial  antibody-drug  conjugates  (ADC).  The  selectivities  between  Brentuximab
Vedotin  species  were  measured  using  three  different  gradient  profiles,  namely  linear,  power  function
based  and  logarithmic  ones.  The  logarithmic  gradient  provides  the  most  equidistant  retention  distribution
for  the  DAR  species  and  offers  the  best overall  separation  of cysteine  linked  ADC  in  HIC.  Another  important
advantage  of  the  logarithmic  gradient,  is  its peak  focusing  effect  for  the DAR0 species,  which  is particularly
ydrophobic interaction chromatography
ntibody-drug-conjugate
ethod development

etention modelling
on-linear gradient

useful  to  improve  the  quantitation  limit  of  DAR0.
Finally,  the  logarithmic  behavior  of  DAR  species  of  ADC  in  HIC  was  modelled  using  two  different

approaches,  based  on  i)  the linear  solvent  strength  theory  (LSS)  and  two  scouting  linear  gradients  and  ii)
a new derived  equation  and two  logarithmic  scouting  gradients.  In  both  cases,  the  retention  predictions
were  excellent  and systematically  below  3% compared  to  the  experimental  values.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Antibody-drug conjugates (ADCs) represent a new generation of
rotein biopharmaceuticals for the effective treatment of various
ypes of cancer [1–3]. Those products show inherent heterogene-
ty, which has to be evaluated by the simultaneous use of a
umber of different analytical techniques combined with state
f the art sample preparation approaches [4–10]. Hydrophobic
nteraction chromatography (HIC) is a unique tool for the charac-
erization of cysteine conjugated ADCs [11–15]. These products are
ormed through partial reduction of the antibody’s (IgG1) inter-
hain disulfide bonds. The reduced cysteines are then alkylated
ith a preformed drug-linker. The process results in conjugates
ith a distributed drug load with 0, 2, 4, 6 or 8 drugs incorporated
er antibody and an average drug to antibody ratio (DAR) of ∼4.

ince the distribution of the loaded drugs and the average DAR are
ritical quality attributes of ADCs, their thorough characterization is
equired. The main benefit of HIC – over other denaturating modes

∗ Corresponding author.
E-mail address: szabolcs.fekete@unige.ch (S. Fekete).

ttp://dx.doi.org/10.1016/j.chroma.2016.12.047
021-9673/© 2016 Elsevier B.V. All rights reserved.
of chromatography – is that the native Y-shape conformation of
the antibody is preserved under the mild conditions, even when
the disulfide bridges are reduced [15,16]. Therefore, for cysteine
linked ADCs, the individual DARs can be separated in HIC on the
basis of the number of attached hydrophobic drugs. Distribution of
the loaded drugs and average DAR can then be determined from
the peak areas.

Loaded DAR species possessing 0–8 conjugated cytotoxic drugs
form an homologous series of proteins. Under linear gradient con-
ditions, homologous series often show non-equidistant elution
profiles. This behavior has already been reported for DAR species
[11,13–15]. In such a case, the general linear gradient elution might
suffer from poor selectivity and unnecessarily large peak spac-
ing in the same chromatogram. Jandera reported that non-linear
gradients are effective tools for selectivity tuning when separat-
ing consecutive peaks in homologous series of small molecules in
reversed-phase liquid chromatography (RPLC). The study showed
the efficacy of concave power function type gradients in the sepa-
ration of alkylbenzenes and oligostyrenes [17]. Recently, Joshi et al.

reported non-linear reversed-phase gradient separation of granu-
locyte colony-stimulating factor (GCSF) and its related impurities
[18]. Authors used a segmented gradient approach using non-
linear gradients described by power functions. The final method

dx.doi.org/10.1016/j.chroma.2016.12.047
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chroma.2016.12.047&domain=pdf
mailto:szabolcs.fekete@unige.ch
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as described as a combination of concave and convex gradi-
nts resulting in a sigmoidal gradient profile. To find out the best
hromatographic conditions and gradient shape, the method was
ptimized by a multistep trial and error approach. Very similar
ethod development approach was also used for the cation-

xchange separation of monoclonal antibody charge variants [19].
n another study, an algorithm was developed to generate opti-

ized non-linear gradient functions for shotgun proteomics RP
xperiments to improve peak distribution of peptide peaks [20].

Here, we present a successful method development approach
or the non-linear gradient HIC separation of ADC DAR species.
irst, the best performing logarithmic gradient profile was theoret-
cally derived from the linear solvent strength theory (LSS). Using
nly two scouting linear gradients, logarithmic-like gradient elu-
ion profile (segmented multi-linear approaching) was predicted
y a chromatographic modelling software. On the other hand, by
pplying the extended LSS model for logarithmic gradient pro-
le, retention time prediction became feasible on the basis of
wo logarithmic scouting gradients. Applicability and reliability of
his method development approach was evaluated by separating
ysteine conjugated commercially available brentuximab vedotin
ayloads. The theoretically derived logarithmic gradient profile
as compared to instrument built-in power-type gradient pro-
les. To the best of our knowledge, this is the first study describing

ogarithmic gradient separation for homologous series of proteins.

. Experimental

.1. Reagents and analytes

Water was obtained from a Milli-Q Water Purification Sys-
em from Millipore (Bedford, MA,  USA). Isopropyl alcohol (IPA)
as ULC–MS grade and purchased from Biosolve (Valkenswaald,
etherlands). Sodium chloride (NaCl) monosodium phosphate and

odium hydroxide (NaOH) were obtained from Sigma-Aldrich
Buchs, Switzerland).

Commercial ADC (Brentuximab vedotin 5 mg/ml) was kindly
rovided by the Center of Immunology Pierre Fabre (Saint-Julien
n Genevois, France) and injected as received.

.2. Instrumentation

All the experiments were performed using a Waters Acquity
PLCTM system equipped with a binary solvent delivery pump, an
utosampler and fluorescence detector (FL). This system includes

 5 mL  sample loop and a 2 �L FL flow-cell. The loop was  directly
onnected to the injection switching valve (no needle seat capil-
ary). The connection tube between the injector and column inlet

as 0.13 mm I.D. and 250 mm long (passive preheating included),
nd the capillary located between the column and detector was
.10 mm I.D. and 150 mm long. The overall extra-column volume
Vext) was about 14 �L as measured from the injection seat of the
uto-sampler to the detector cell. The measured dwell volume (Vd)
as around 100 �L. Data acquisition and instrument control were
erformed by Empower Pro 3 Software (Waters).

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

.3. Chromatographic conditions

Mobile phase salt concentration was set on the basis of pre-
ious studies to ensure appropriate elution window for all DAR

pecies [13,14]. Mobile phase A was 4.0 M aqueous NaCl solution
ontaining 10 mM monosodium phosphate. After dissolving NaCl,
he pH of mobile phase A was set to 7.0 by titrating with 1 M aque-
us NaOH solution. For complete recovery of hydrophobic DAR
r. A 1481 (2017) 82–91 83

species and improved selectivity, the mobile phase B contained IPA
as organic modifier. As recently reported, IPA concentration was
optimized for correct average DAR measurement using the present
phase system [15]. Mobile phase B contained 10 mM monosodium
phosphate and 8 V/V% IPA. Before adding the organic modifier, the
pH of mobile phase B was  set to 7.0 by titrating with 1 M NaOH
solution. Gradients from 0 to 100% B were performed using a flow
rate of 0.6 mL/min on a MAbPac HIC-10 (100 × 4.6 mm,  5 �m,  1000
Å) column, purchased from Thermo Fisher Scientific AG (Reinach,
Switzerland). To obtain input data for retention modelling, gradi-
ent time was  set either to tG,1 = 10 min  and tG,2 = 30 min, and both
linear and logarithmic gradients were performed. For studying the
accuracy of retention time prediction, gradients of 20 min  were run
in both linear and logarithmic modes (0–100%B). To compare the
selectivity distribution and elution window of the solutes, power
function based gradients were also performed (see in Section 2.5.).
Finally, logarithmic gradient has been optimized and gradient of
22 min  were run with initial mobile phase composition of ϕi = 0.05
(5%B) and ϕi = 0.1 (10%B).

Column temperature was  set to 25 ◦C. A sample volume equal
to 3 �L was injected using the partial loop injection mode. The FL
detector was  operated at 280 nm excitation and 360 nm emission
wavelengths, at 2 Hz sampling rate.

2.4. Software

Calculations based on linear and multi-linear gradients and data
transferring was achieved with DryLab 4 (Molnar Institute, Berlin)
and Excel templates (MS  Office). For the logarithmic gradient based
retention models and selectivity mapping, PyLSS software (https://
github.com/gmrandazzo/PyLSS) as an open-source software was
used.

2.5. Apparatus and methodology

The Linear Solvent Strength (LSS) model is frequently applied
in various modes of liquid chromatography to describe the rela-
tionship between the solute retention and experimental conditions
(i.e. gradient slope or mobile phase composition) [21]. The depen-
dence of the retention on the mobile phase salt concentration (ionic
strength) determines the applicability of the LSS model for gradi-
ent elution in HIC [22]. It was experimentally shown by Szepesy and
Karger that the retention of some common proteins in HIC gradient
mode follows the LSS model [23,24]. It has recently been reported
that LSS retention model can be applied for the optimization of ADC
species separation and retention time prediction were excellent for
linear and for 2-segment multi-linear gradients [13,14].

Based on the LSS theory, in isocratic elution mode, a logarithmic
retention factor (ln(k)) vs. mobile phase composition (ϕ) function
typically shows linear behavior and can be expressed as:

ln k = ln k0 − S · � (1)

where k is the retention factor (k = (tr − t0)/t0, tr refers to the solute
retention time and t0 refers to the column dead time), ϕ is the vol-
ume  fraction of mobile phase “B” (containing no salt), S is a constant
for a given compound at fixed experimental conditions (other than
ϕ), and k0 is the (extrapolated) value of k for ϕ = 0 (i.e., the retention
factor observed in pure mobile phase “A”, containing salt).

In HIC practice, an inverse salt gradient is applied to elute pro-
teins from a mildly hydrophobic stationary phase. The retention
(or retention time) of the solute can be calculated for any linear

gradients based on the LSS theory, using the following equation:

tr = tG

S · ��
ln

(
2.303 · S · �� · t0 · k0

tG
+ 1

)
+ t0 + td (2)

https://github.com/gmrandazzo/PyLSS
https://github.com/gmrandazzo/PyLSS
https://github.com/gmrandazzo/PyLSS
https://github.com/gmrandazzo/PyLSS
https://github.com/gmrandazzo/PyLSS
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here tG is the gradient time (duration) and td is the system dwell
ime (gradient delay). Eq. (2) can be rearranged to give [25]:

 = 1
S

ln � + 1
S

ln(S · k0) + � (3)

here� = 2.303 · ��  · tr/tG and � = 2.303 · ��  · t0/tG . After fur-
her rearrangement, the next formula can be obtained [25]:

 − � = 1
S

ln � + 1
S

ln(S · k0) (4)

his expression is particularly useful, since it yields 1/S  as the slope
f the linear fit of � – � versus log � .

Finally, the log k0 and S parameters of the HIC LSS model can be
etermined from two linear gradient runs obtained with different

G . For extracting the LSS parameters, iteration has been performed
n the basis of two linear gradients (DryLab 4 software was  used).

It is known, that when separating homologous series of com-
ounds, non-linear (concave) gradients (power-function based)
an provide better selectivity than linear gradients [17–19]. It is
ue to the fact than in the case of homologues – when performing

inear gradients – the selectivity decreases as the homologue num-
er (nh: number of interacting functional groups) increases. For
omologues with low numbers of functional groups, one additional

unctional group increases drastically the strength of interaction
etween the solute and the stationary phase. While, for homo-

ogues possessing high number of functional groups, one additional
unctional group will increase the strength of their interaction
nly to a small extent. Therefore, the unequal peak spreading
hat is often observed in the chromatograms is due to the gradu-
lly decreasing molecular difference among the species possessing
igher position in the series. As an example, the difference in
ydrophobicity of DAR0 and DAR2 species of a cysteine conju-
ated ADC is significantly larger than of the DAR6 and DAR8 species.
ig. 1A shows the possible DAR species and positional isomers of
ysteine conjugated ADC, while Fig. 1B illustrates the drug linker,
pacer and cytotoxic agent.

For the above discussed reasons, a logarithmic gradient pro-
le is proposed in this study to increase selectivity between high
AR species and decrease the “non-useful” elution space between

he low DAR species. Logarithmic gradients were performed by
pproaching the logarithmic gradient shape with multilinear gra-
ients. This way, the retention of solutes can be predicted for

ogarithmic-like gradient profiles on the basis of two  linear scout-
ng gradients. However, the LSS model can also be extended for
ogarithmic gradient profile. Then, performing two  scouting log-
rithmic gradients – instead of linear ones – probably provides a
ore accurate and reliable retention time prediction and can offer

enefits for method development. To derive the analytical solution
or the logarithmic gradient profile, we must start to differentiate
he definition of retention factor k, to get the fundamental gradient
quation:

tR

0

1
t0

· 1
k(t)

· dt = 1 (5)

here t0 is not varying with the solvent composition, k(t) is the
etention factor as a function of time.

In a linear gradient, the mobile phase composition (ϕ) varies
inearly with time (ϕ = f(t)), according to a linear relationship:

(t) = �i + (�f − �i)
t

· t (6)

G

here t is the actual time of the gradient program, ϕi and ϕf are
he initial and final mobile phase compositions, respectively. In our
ase, we decided to use a simple nonlinear concave shape in which
r. A 1481 (2017) 82–91

the solvent composition varies logarithmically with time. Thus, a
relative scale �t

min must be defined to obtain the following equation:

� �t
min

= f
(

�t

min

)
≡ �i + (�f − �i)

ln
(

t
G

+1
min

) · ln
(

t + 1
min

)
(7)

where
(�f −�i)

ln

(
t
G

+1

min

) is the logarithmic gradient steepness, described as

�.
By combining the fundamental LSS relation (see Eq. (1)) in which

the natural logarithm of the retention factor k varies linearly with
the solvent strength composition, together with the logarithmic
relation for the solvent composition, the following equation can be
obtained:

ln(k) = ln(k0i) − S ·  ̨ · ln
(

t + 1
min

)
(8)

where k0i is the retention factor observed when using the initial
mobile phase composition, S is a molecular parameter and � is the
logarithmic gradient steepness. By substituting Eq. (8) into Eq. (5),
integrating and solving the equation – considering also the dwell
time –, an analytical solution can be obtained, able to estimate the
retention time of solutes for any logarithmic gradient conditions:

tR = (t0 · k0i · (S ·  ̨ + 1)
1

S·˛+1 ) − td − 1 (9)

Through this equation and two  simple logarithmic gradients, it was
possible to estimate the ln(k0) and S parameters by iterative calcula-
tions and thus to predict the retention time for various logarithmic
gradients (e.g. for various tG and ϕi).

Thanks to the instrument control with Empower Pro 3 software,
various shape “built-in” concave gradients were performed based
on the following power-functions [18,19].

�(t) = �i + (�f − �i)
(

t

tG

)n

(10)

n = 1
2

;
1
3

;
1
4

;
1
5

(11)

where n is the exponent of the power function. Exponent values of
0 < n < 1 give concave gradients. The four different concave gradi-
ents were run (tG = 20 min) to compare their selectivity and elution
window vs. logarithmic gradient.

3. Results and discussion

3.1. Expected retention distribution of ADC homologues in HIC

Homologous series are particularly useful for the investigation
of retention mechanism in liquid chromatography and potentially
attractive for the calibration of retention, because they allow study-
ing the specific contribution to retention caused by a regular
increase in the length or number of the functional groups [17,26].
A regular linear increase of the logarithmic retention factor with
increasing number of carbon atoms in a homologous series has
been reported for a number of homologous series in both RP and
HIC systems [17,26,27]. This behavior is to be expected from the
Martin rule of additivities of the molecular increments to retention
and often called as the “homologue-rule”. It has also been reported
that for some homologues - deviations from linear relationship of
logk – nh can be observed in a wide range of conditions and semi-
logarithmic or quadratic relationship could result in a better fit
[17].
Based on two linear scouting gradients (tG = 10 and 30 min), the
LSS parameters (k0 and S) were obtained for DAR0, DAR1, DAR2,
DAR3, DAR4, DAR6 and DAR8 species and retention factors (k)
for an isocratic separation at ϕ = 0.8 were calculated. As expected,
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Fig. 1. Possible DAR species of a cysteine conjugated ADC (A) and structure of doubly loa
samples since they are degradation products of even DAR species.
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peak pair, that is typically the most challenging one with “com-
ig. 2. Calculated retention factors for 80% B isocratic elution of DAR homologues
ith log-k scaling vs. number of functional groups (DARs).

hen plotting the calculated retention factors in a logarithmic scale
ersus DAR number (or nh), a linear relationship was  observed
Fig. 2). However, due to the large S values of macromolecules,
socratic separation is hardly feasible, moreover it would require
ery long analysis time. Therefore, calculations were done to study
he distribution of peaks (as normalized apparent retention factors,

app) and the evolution of selectivity for various gradients including
inear, power function based and logarithmic ones (for tG = 20 min
nd from ϕi = 0 to ϕf = 1).
ded brentuximab-vedotin (B). Please note that odd DAR species may  appear in real

Fig. 3 shows the normalized kapp values as a function of DAR
number for various gradients. Since we  were interested in selec-
tivity and not in the absolute retention, the retention factors were
normalized for the kapp range between DAR0 and DAR8. We  con-
sidered the retention of DAR0 as 0% and as 100% for DAR8. This
way, the retention distribution and selectivity are directly com-
parable. Curves have been fitted to better see the tendencies. The
more linear the curve, the more equidistant the retention distri-
bution is. In other words, when the fitted curve is close to a linear
trend, then the selectivity becomes more constant between all the
species. With a regular linear gradient, the fitted curve is quite
steep in the range of low DARs (DAR0–DAR4) but it becomes flat for
high DARs (DAR4-DAR8). It suggests that linear gradient provides
high selectivity for low DARs but relatively poor selectivity for high
DARs. In practice, the most critical peak pair to be separated in HIC
is the DAR6-DAR8, and linear gradients can hardly separate these
species. When using a power function based non-linear gradient
with n > 1 (convex gradient, see Eq. (10)), a similar tendency was
observed as with linear gradients, but to a higher extent. Indeed,
the selectivity further improves for low DARs (unnecessarily) and
decreases for high DARs (not sufficient). In contrast, concave gra-
dients (0 < n < 1) clearly improve the selectivity between high DARs
but also decrease selectivity for low DAR species. Those concave
gradients with 1/2 < n < 1/5 are obviously more useful than linear
gradient. A too low n values (e.g. n = 1/10) provides insufficient
selectivity for low DARs, but gives high selectivity for DAR6-DAR8
mon” linear gradients. As expected from the “homologue-rule”, a
logarithmic gradient should provide the most equidistant retention
distribution for the ADC DAR species. In agreement with this expec-
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Fig. 3. Normalized kapp vs. DAR calculated for variou

Fig. 4. Linear (black) vs. logarithmic (blue) gradient profiles and chromatograms
of  brentuximab-vedotin. Peaks: DAR0 (1), DAR2 (2), DAR4 (3), DAR6 (4) and DAR8
(6). Mobile phase A: 4 M NaCl with 10 mM phosphate buffer (pH = 7), mobile phase
B:  10 mM phosphate buffer (pH = 7) with 8% IPA. Column: Thermo Fisher Scientific
M ◦
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AbPac HIC-10 (100 × 4.6 mm,  5 �m,  1000 Å), T: 25 C, gradient program: 0–100%
 in 20 min, flow: 0.6 mL/min. (For interpretation of the references to colour in this
gure legend, the reader is referred to the web  version of this article.)

ation, the logarithmic gradient provided indeed the best overall
electivity. It leads to an appropriate selectivity for high DARs with-
ut ruining the separation of low DARs. As a conclusion, based
n our calculations, a logarithmic gradient indeed offers the best
verall separation of cysteine linked ADC DAR series in HIC.

.2. Impact of gradient shape on selectivity and elution window

In Section 3.1, calculations based on two scouting linear gra-
ients were discussed to estimate the selectivity of ADC DARs for
arious non-linear gradient conditions. In Section 3.2, experimen-
ally observed results are discussed. Linear, logarithmic and power
unction based gradients were performed (with tG = 20 min  and
rom ϕi = 0 to ϕf = 1).

Fig. 4 shows a comparison of the chromatographic pro-
les obtained with usual linear and logarithmic gradients for

rentuximab-vedotin (commercial cysteine conjugated ADC). With
he linear gradient (black chromatogram in Fig. 4), the selectivity
ontinuously decreases between the consecutively eluted species.
he separation was quite poor between peaks 4 and 5 (correspond-
s gradient programs for optimizing selectivity.

ing to DAR6 and DAR8), while the peak spacing was unnecessarily
large between peaks 1 and 2 (corresponding to DAR0 and DAR2).
With the logarithmic gradient (blue chromatogram in Fig. 4), which
was approached by a ten-segment multi-linear gradient (see Sec-
tion 3.3), the separation of high DARs improved (close to baseline
resolution was  reached between DAR6 and DAR8), whereas the
superfluously large distance between DAR0 and DAR2 decreased.
Another important advantage of the logarithmic gradient against
the linear one is its peak focusing effect for the DAR0 species. The
peak is compressed because of changes of its trajectory while cross-
ing the gradient within the column. During gradient elution, the
rear part of the peak moves faster than its front part, because the
mobile phase strength increases along the column [28]. This phe-
nomenon is better known under the name of band compression.
The steeper the gradient, the higher the band compression effect is
[28]. Since the gradient steepness is higher at the beginning with
the logarithmic vs. linear gradient profile, the DAR0 species was
more focused and eluted as sharp peak. It is useful because the
concentration of DAR0 is generally very low (the naked mAb is con-
sidered as an impurity of the ADC). By utilizing the peak focusing
effect, the quantitation limit of DAR0 can thus be improved (Please
note that for our experiments an old brentuximab-vedotin sample
was used that contained relatively high amount of DAR0).

The concave power function based gradient profiles were com-
pared on Fig. 5. As expected, they all provide better selectivity for
high DARs than linear gradient and decreases the elution distance
between low DAR species. Thus, power function based concave gra-
dients have similar effect on the separation as logarithmic gradient,
but to a different extent. As shown in Fig. 5, a power function gra-
dient with exponent of n = 1/3 gives appropriate chromatographic
profile for separating DAR species of ADC. With the power function
gradients – similarly to the logarithmic ones – the beneficial peak
focusing for DAR0 was also observed. Another advantage of built-in
power gradients is that elution window can easily be adjusted. As
an example the power gradient with n = 1/2 resulted in 2.5 times
larger elution window than the gradient with n = 1/5 (see Fig. 5).

3.3. Approaching logarithmic gradient with multi-linear ones
As expected and observed for ADC DAR homologous series,
the logarithmic gradient program seems to be the most suitable.
Table 1 shows the resulting selectivity and resolution values for
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Fig. 5. Chromatograms obtained with built-in power shaped gradient programs of
the  chromatographic system. n = 1/5 − 1/2 corresponds to curvature 2 − 5 in the
gradient table of the Empower Pro 3 software. Mobile phase A: 4 M NaCl with 10 mM
phosphate buffer (pH = 7), mobile phase B: 10 mM phosphate buffer (pH = 7) with 8%
IPA. Column: Thermo Fisher Scientific MAbPac HIC-10 (100 × 4.6 mm,  5 �m,  1000
Å),  T: 25 ◦C, gradient program: 0–100% B in 20 min, flow: 0.6 mL/min. Peaks: DAR0
(1),  DAR2 (2), DAR4 (3), DAR6 (4) and DAR8 (6) species of brentuximab-vedotin.

Table 1
Selectivity (�) and resolution (Rs) of DAR species using various gradient profiles
with the same chromatographic conditions.

� n = 1/5 n = 1/4 n = 1/3 n = 1/2 logarithmic linear

DAR 0–1 1.68 1.74 1.79 1.82 1.84 1.84
DAR  1–2 1.62 1.62 1.60 1.59 1.94 1.51
DAR  2–3. 1.17 1.26 1.25 1.24 1.39 1.19
DAR  3–4 1.33 1.23 1.22 1.19 1.35 1.13
DAR  4–6 1.22 1.21 1.19 1.16 1.27 1.08
DAR  6–8 1.09 1.09 1.08 1.06 1.10 1.03

Rs n = 1/5 n = 1/4 n = 1/3 n = 1/2 logarithmic linear

DAR 0–1 1.73 2.14 2.39 2.43 1.72 2.97
DAR  1–2 2.23 2.56 2.68 2.69 2.62 3.01
DAR  2–3 1.68 1.69 1.83 1.91 1.82 2.00
DAR  3–4 1.77 1.77 1.97 1.96 2.13 1.89

D
r
s
p
o
p
m

DAR  4–6 1.89 2.04 2.19 2.24 2.71 2.04
DAR  6–8 0.70 0.74 0.71 0.59 0.87 0.27

AR species when using various gradient profiles. Indeed, loga-
ithmic gradient profile provided the best separation for high DAR
pecies of D6 and D8, which are considered to be the critical peak

air. For other DAR species baseline resolution was  observed. The
nly problem with this approach is that the logarithmic gradient
rogram is not built in any chromatographic software. To imple-
ent this gradient curvature, one can approach the logarithmic

Fig. 6. Approximation of logarithmic gradient by a 10-segment multi-line
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function with a multi-linear gradient. The higher the number of the
multi-linear gradient segments, the more accurate the approaching
to the logarithmic function is. Based on our experiments, a 10-
segment multi-linear gradient − which approaches the logarithmic
curvature − gives indeed an excellent separation (very close to a
“real” logarithmic elution profile). Fig. 6 illustrates this gradient
program and the chromatographic profile of brentuximab-vedotin.
However, the drawback of this 10-segment multi-linear gradient
is that it is time-consuming to write such a gradient program and
therefore probably it would not be accepted in routine pharma-
ceutical laboratories. On the other hand, for routine use this has
to be done once and the same method can be used for further
analyses. From practical points of view the minimum number of
multi-linear gradient segments required to maintain the quality
of the separation and the “logarithmic-like” chromatographic pro-
file was determined. After an optimization process, it was found
that a multi-linear gradient with 4 segments was still appropri-
ate, when setting the mobile phase composition at the 10, 30, 50
and 100% of tG . Obviously, shorter segments were required at the
beginning of the gradient (as the 10 and 30% segments of tG), since
the steepness of logarithmic curvature changes more intensively.
Fig. 7 shows an example of a 4-segment based multi-linear gradient.
It can be seen that indeed a very similar separation was  achieved
as on Fig. 4, where a 10-segment based multi-linear gradient was
applied. Even if the retention distribution of the DAR species was
not exactly the same as with a “true” logarithmic gradient pro-
file, the 4-segment based multi-linear gradient still provides better
overall selectivity as any of the Empower’s built in concave gradi-
ent functions. In supplementary material 1, a 4- and a 10-segment
based multi-linear gradient programs were provided for 20 min
long gradient. These gradients are particularly useful for routine
applications when operating 100 × 4.6 min  HIC columns (for other
column dimensions, the gradient has to be geometrically trans-
ferred).

The benefit of approaching a logarithmic gradient program with
a limited number of multi-linear segments (e.g. 4 segments) is that
a very accurate retention time prediction is feasible on the basis
of only two scouting linear gradients (common LSS modelling can
be applied). An average error of less than 1.5% was  observed for
retention time prediction (using DryLab 4 software). Fig. 7 also
shows a comparison of predicted and experimentally observed
chromatograms. More details on retention time prediction accu-
racy are provided in Section 3.4.
3.4. Optimization and accuracy of retention time prediction

First, the appropriate phase system (column, mobile phase salt
type and salt concentration) has to be found and the elution win-

ar gradient based on LSS model and two scouting linear gradients.
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Fig. 7. Approximation of logarithmic gradient by a 4-segment multi-linear gradi-
ent and experimental verification. Mobile phase A: 4 M NaCl with 10 mM phosphate
buffer (pH = 7), mobile phase B: 10 mM phosphate buffer (pH = 7) with 8% IPA. Col-
umn: Thermo Fisher Scientific MAbPac HIC-10 (100 × 4.6 mm,  5 �m,  1000 Å), T:
25 ◦C, gradient program: 0–100% B in 20 min, flow: 0.6 mL/min. Peaks: DAR0 (1),
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Fig. 8. Optimized logarithmic-like gradient. Mobile phase A: 4 M NaCl with 10 mM
phosphate buffer (pH = 7), mobile phase B: 10 mM phosphate buffer (pH = 7) with 8%
IPA. Column: Thermo Fisher Scientific MAbPac HIC-10 (100 × 4.6 mm,  5 �m, 1000
Å),  T: 25 ◦C, gradient program: 10–100% B in 22 min  (10-segment multi-linear gradi-
ent), flow: 0.6 mL/min. Peaks: DAR0 (1), DAR2 (2), DAR4 (3), DAR6 (4) and DAR8 (6)
species of brentuximab-vedotin. DAR1 and DAR3 species are degradation products
of even DAR species [29,30].

Table 2
Accuracy of retention time predictions based on two  scouting linear gradients
(tG1 = 10 min, tG2 = 30 min, 0 − 100%B).

Prediction for 20 min  long linear gradient (0–100% B)

peaks retention times

experimental predicted difference abs. error%

DAR 0 6.53 6.63 −0.10 −1.5
DAR 1 10.28 10.44 −0.16 −1.5
DAR 2 14.52 14.64 −0.12 −0.8
DAR 3 16.92 17.01 −0.09 −0.5
DAR 4 18.77 18.86 −0.09 −0.5
DAR 6 20.20 20.29 −0.09 −0.4
DAR 8 20.70 20.80 −0.10 −0.5
average: −0.8

Prediction for 20 min  long logarithmic-like gradient (0–100% B) performed with
10-segment multi-linear gradient

peaks retention times

experimental predicted difference abs. error%

DAR 0 3.77 3.65 0.12 3.3
DAR 1 5.19 5.12 0.07 1.4
DAR 2 8.11 8.04 0.07 0.9
DAR 3 10.59 10.56 0.03 0.3
DAR 4 13.46 13.4 0.06 0.4
DAR 6 16.55 16.49 0.06 0.4
DAR 8 17.96 17.82 0.14 0.8
average: 1.1

Prediction for 22 min  long logarithmic-like gradient (10–100% B) performed with
10-segment multi-linear gradient

peaks retention times

experimental predicted difference abs. error%

DAR 0 3.23 3.18 0.05 1.5
DAR 1 4.48 4.58 −0.10 −2.2
DAR 2 7.30 7.51 −0.21 −2.8
DAR 3 9.80 10.02 −0.22 −2.2
DAR 4 12.79 13.03 −0.24 −1.8
DAR 6 16.19 16.76 −0.57 −3.4
AR2 (2), DAR4 (3), DAR6 (4) and DAR8 (6) species of brentuximab-vedotin.

ow has to be set to have sufficient retention for DAR0 and to elute
he DAR8 species. This “method screening approach” and procedure
or ADCs has recently been reported by our group [14]. For the cor-
ect determination of average DAR, it has been shown that organic
odifiers should be added to mobile phase B (5–20%, depending

n the salt system and recovery of high DAR species) [15]. Here,
e do not discuss this method screening process in details, as it is

ut of the scope of the present study. Based on preliminary results,
he most efficient commercially available column, an appropriate
hase system and conditions have been selected for the gradient
ptimization (see conditions in Section 2.3).

To further optimize the HIC separation of ADC DAR species, two
ossibilities could exist: (1) The first option is to run two linear
couting gradients and then calculating (optimizing) the reten-
ion and selectivity between all studied analytes, for any linear or

ulti-linear gradients (including logarithmic-like too), based on a
ommon LSS model. (2) The second possibility is to already run two
ogarithmic-like scouting gradients and then optimize the separa-
ion on the basis of the extended LSS model for logarithmic gradient
rofile (derived in Section 2.5). For both approaches, the method
arameters to be optimized are: (i) the initial mobile phase compo-
ition, (ii) the final mobile phase composition and (3) the gradient
ime. The benefit of the first approach is that any gradient program
approached by multi-linear gradients) can be optimized on the
asis of linear scouting gradients and commercially available soft-
are can be used for optimization (e.g. DryLab). The advantage of

he second approach − and its novelty − is that the theoretically
xpected best selectivity can be reached already during the scout-
ng gradients and it may  happen that there will be no further need
or optimization (since a logarithmic gradient should already pro-
ide the best separation of homologous series if the initial and final
obile phase composition have been properly set). An example

s shown in Fig. 8 for the optimization based on two logarithmic-
ike scouting gradients. The 10 and 30 min  long scouting gradients
lready resulted in appropriate separations, however by fine tun-
ng the initial mobile phase composition (ϕi = 0.1) and gradient time
tG = 22 min), a slightly better separation could be achieved (Fig. 8).
his separation is probably one of the best separations that can be

chieved for this particular ADC – on this given stationary phase
nd column dimension –, when considering both selectivity and
nalysis time.
DAR 8 17.73 18.39 −0.66 −3.6
average: −2.1
Another interesting aspect is the accuracy of the retention mod-
els. The prediction errors were determined for various gradient
conditions, using both linear and logarithmic models. Table 2 shows
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Table  3
Accuracy of retention time prediction based on two logarithmic-like scouting gradi-
ent  runs (tG1 = 10 min, tG2 = 30 min, 0 − 100%B, logarithmic gradient was  approached
by  10-segment multi-linear gradient).

Prediction for 20 min  long logarithmic-like gradient (0–100% B) performed with
10-segment multi-linear gradient

peaks retention times

experimental predicted difference abs. error%

DAR 0 3.77 3.82 0.05 1.3
DAR 1 5.19 5.18 −0.01 0.2
DAR 2 8.11 8.12 0.01 0.1
DAR 3 10.59 10.61 0.02 0.2
DAR 4 13.46 13.50 0.04 0.3
DAR 6 16.55 16.59 0.04 0.2
DAR 8 17.96 17.96 0.00 0.0
average: 0.3

Prediction for 22 min  long logarithmic-like gradient (10–100% B) performed with
10-segment multi-linear gradient

peaks retention times

experimental predicted difference abs. error%

DAR 0 2.99 3.17 0.18 6.0
DAR 1 4.36 4.53 0.17 3.9
DAR 2 7.16 7.44 0.28 4.0
DAR 3 9.80 9.88 0.08 0.8
DAR 4 12.75 12.88 0.13 1.0
DAR 6 15.99 16.34 0.35 2.1
DAR 8 17.63 17.81 0.18 1.0
average: 2.7

Prediction for 22 min  long logarithmic-like gradient (5–100% B) performed with
15-segment multi-linear gradient

peaks retention times

experimental predicted difference abs. error%

DAR 0 3.21 3.33 0.12 3.7
DAR 1 4.66 4.80 0.14 2.9
DAR 2 7.56 7.82 0.26 3.5
DAR 3 10.00 10.30 0.30 3.0
DAR 4 13.13 13.30 0.17 1.3
DAR 6 16.37 16.70 0.33 2.0
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arithmic ones. Because it is currently not possible to perform a
DAR 8 18.01 18.13 0.12 0.7
average: 2.4

hree cases, for which the prediction was based on two  linear scout-
ng gradients. In the first case, only the gradient time was changed.
ased on the 10 and 30 min  long linear gradients, retention times
ere predicted for a 20 min  long linear gradient. The experimen-

al and predicted retention times were in excellent agreement.
nly a −0.8% average error was found. In the second case, reten-

ion times were predicted for a logarithmic-like 10-segment based
ulti-linear gradient (tG = 20 min). Again, very good accuracy was

ound as the average error in retention time prediction was about
.1.%. In the third case, a logarithmic-like gradient was again sim-
lated, but the initial mobile phase composition was  changed to
0% B and the gradient time to 22 min. As expected, the reten-
ion time prediction error increased, but remained still acceptable
−2.1% average error). To conclude, performing linear scouting gra-
ients enables to accurately predict retention times for multi-linear
radients (logarithmic-like) by using commercial software package
DryLab).

Table 3 shows three other cases for which the retention time
rediction was based on logarithmic scouting gradients. For this
urpose, our proposed logarithmic retention model was applied.

n the first case, only the gradient time was changed. Based on 10

nd 30 min  long logarithmic-like gradients, retention times were
redicted for a 20 min  long logarithmic gradient. As expected, a
ery low error was observed (0.3% average error). The second case
r. A 1481 (2017) 82–91 89

represents the accuracy when the initial mobile phase composition
was also changed (10%B). In these conditions, the average error was
2.7%, which can still be considered as an accurate prediction. The
difference between experimental and predicted retention times
can probably be explained by the fact that the model was based
on “true” logarithmic function, while the scouting gradients were
“just” logarithmic-like gradients, since “true” logarithmic gradient
cannot be performed. To improve the retention model accuracy, the
number of multi-linear segments was increased. The third exam-
ple shows the prediction accuracy when the logarithmic gradient
was approached by a 15-segment multi-linear gradient and when
starting the separation from 5%B (gradient program is listed in
Supplementary material 1). Here, the observed average error in
retention time prediction was reduced to 2.4% and the accuracy
improved significantly for the early eluting species. To summarize,
our proposed logarithmic gradient retention model offers reliable
retention time prediction and a useful tool for optimizing the chro-
matographic separation of homologous series.

Mapping the selectivity can be a valuable tool to find out the
optimal conditions. In commercial software package (DryLab), the
so-called resolution map  is generally used to determine the most
appropriate conditions, but it requires the correct setting of peak
widths. With logarithmic gradients, the calculation of peak widths
becomes challenging, due to the continuously changing band com-
pressing effects (see Section 3.2). Prediction of peak widths is
further complicated due to the heterogeneity of the DAR species.
Therefore, we decided to monitor the change of selectivity (rather
than resolution) as a function of gradient time (logarithmic pro-
file) and initial mobile phase composition as method variables.
Based on the retention model derived in this study, the selectivity
(k2/k1) was  determined for all peak pairs. To map the selectivity,
the “critical selectivity” was  considered as the smallest selectivity
(worst-case) among all selectivity values under a given condition.
Then, this critical selectivity was calculated for various conditions
and mapped as 2D contour plot with ϕi and tG as variables. Fig. 9
shows the obtained selectivity map. As can be seen, the longer the
gradient time, the higher the selectivity. On the other hand, the
initial mobile phase composition had no significant effect on the
critical selectivity. This behavior was expected since the logarith-
mic  gradient profile should already provide the highest selectivity
for the critical peak pairs. However, by adjusting the initial mobile
phase composition, more equidistant peak (retention) distribution
can be attained. For an initial composition higher than 10%B, the
retention of the first peak (DAR0) was not sufficient.

Finally, the time spent for method development has also to
be mentioned. By using the most common HIC column dimen-
sion (100 × 4.6 mm)  and performing tG1 = 10 min  and tG2 = 30 min
scouting gradients (linear or logarithmic), the time required for
the optimization becomes (10 + 30 min) x number of samples. Then
the computer assisted method optimization takes maximum a few
hours (including the input of retention data to build the model). In
total – generally – the time spent for method development requires
less than one working day.

4. Conclusion

In this study, non-linear gradients were employed in HIC to
improve the analytical characterization of ADCs. The evolution of
selectivities between the different DAR species of a commercial
ADC, namely brentuximab Vedotin were investigated for various
gradient profiles, including linear, power function based and log-
logarithmic gradient with current LC systems, the logarithmic gra-
dient shape was approached with multi-linear ones (four-segment
multi-linear was found to be well adapted for routine application
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nd remains easy to implement). As shown in this work, the log-
rithmic gradient provides better selectivity for high DARs than
inear gradient and decreases the elution distance between low
AR species (in other words, it provides the most equidistant

etention distribution for the ADC DAR species and offers the best
verall separation of cysteine linked ADC in HIC). Another impor-
ant advantage of the logarithmic gradient against the linear one, is
ts peak focusing effect for the DAR0 species. This is particularly use-
ul because the concentration of DAR0 is often low (the naked mAb
s considered as an impurity of ADC). By utilizing the peak focusing
ffect, the quantitation limit of DAR0 can thus be improved.

Then, two different approaches were implemented to model
he logarithmic behavior of DAR species of ADC in HIC. First, the
est logarithmic gradient profile was selected from the linear sol-
ent strength theory (LSS), using only two scouting linear gradients
nd the predictions were carried out with a chromatographic mod-
lling software (Drylab). The prediction accuracy was  excellent and
he errors for various gradient times and initial compositions were
omprised between 0.8 and 2.1%, in average. In a second instance,
he LSS model was extended to logarithmic gradient profile and a
ew solution was  derived. Then, retention time predictions were
ossible based on two logarithmic scouting gradients. With this
econd approach, the prediction accuracy was again excellent and
he average errors ranged from 0.3 to 2.7%.
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