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a b s t r a c t
Monoclonal antibodies (mAbs) are an emerging class of therapeutic agents that have recently gained
importance. To attain acceptable kinetic performance with mAbs in reversed phase liquid chromatography, there is a need to work with the last generation of wide-pore sub-2 m fully porous or core–shell
particles stationary phases. In addition, temperature in the range 60–90 ◦ C was found to be mandatory to
limit adsorption phenomenon of mAbs and their fragments. A generic method development strategy was
proposed to account for the selectivity, efﬁciency, recovery, and the possible thermal degradation. This
study also demonstrated that the gradient steepness and temperature cannot be optimized using van’t
Hoff type linear models. Similarly, the common linear solvent strength model also generated some error
in predicting the retention times. In contrast, when quadratic models were employed, the prediction
accuracy of retention times was found to be excellent (relative error between 0.5 and 1%) using a reasonable number of experiments (9 or 6 experiments for optimization of gradient time and temperature,
which requires between 6 and 8 h). Two separations of mAbs fragments were performed to demonstrate
the reliability of the quadratic approach.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction
It has been demonstrated that reverse-phase liquid chromatography (RPLC) is one of the most promising analytical techniques
in the ﬁeld of peptide and protein analysis [1,2]. The efﬁciency
obtained with RPLC is generally superior to that of ion-exchange
(IEX) or size-exclusion (SEC) chromatography [1]. Furthermore, the
separation time can be considerably shortened with RPLC compared to IEX or SEC. Another advantage is the straightforward
coupling of this technique to various ionization methods for mass
spectrometry (MS) detection.
In laboratory applications (e.g., biopharmaceutical quality control, industrial issues), separations of proteins with very similar
molecular weights and nearly identical structures (conformations)
are often performed. Very often, the difference in physicochemical
properties is relatively small and therefore similar retention behaviors are expected for the different forms. In many cases, selectivity
cannot be improved, so efﬁciency must be increased to enhance
the resolution. Therefore, the stationary phase and temperature
become the two most relevant parameters in method development.
By using the most advanced stationary phases, such as core–shell
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type materials, sub-2 m porous particles or wide-pore monolithic
columns, the separation power can be increased considerably [3–7].
A recent systematic study demonstrated the effect of column length
on peak capacity of intact protein separations [8].
The number of approved monoclonal antibodies (mAbs) has
been growing continuously in the pharmaceutical ﬁeld. Antibodies are large tetrameric glycoproteins of approximately 150 kDa,
composed of four polypeptide chains: two identical heavy chains
(≈50 kDa) and two identical light chains (≈25 kDa) that are connected through several inter- and intra-chain disulﬁde bonds
at the hinge region. The resulting tetramer has two similar
halves that form a Y-like shape [9]. Functionally, mAbs consist
of two regions: the crystallizable fraction (Fc) and the antigenbinding fraction (Fab) [10]. Because this structure is made of four
polypeptide chains, monoclonal antibodies can display considerable micro-heterogeneity. There are several common modiﬁcations
that produce charge variants (or isoforms) (e.g., deamidation,
C-terminal lysine truncation, N-terminal pyroglutamation, methionine oxidation, and glycosylation variants) and size variants of
the peptide chains (e.g., aggregation or incomplete formation of
disulﬁde bridges). Due to the increasing importance of this class
of therapeutic compounds, the development of analytical methods for their detailed characterization is an active area of study.
Complete proteolytic digestion of mAbs (peptide mapping) followed by gradient RPLC/MS analysis is the method of choice for

S. Fekete et al. / Journal of Pharmaceutical and Biomedical Analysis 70 (2012) 158–168

159

Fig. 1. Schematic view of the limited proteolytic digestion and reduction of monoclonal antibodies.

the identiﬁcation and quantiﬁcation of chemical modiﬁcations of
mAbs [11,12]. However, peptide mapping is time consuming and
can induce putative modiﬁcations during the lengthy and complex sample preparation [12]. Alternatively, the analysis of large
mAb fragments, such as Fab, Fc, F(ab )2 , HC and LC, requires very
little sample preparation and can provide a high-throughput alternative to peptide mapping (the sample preparation procedure of
mAb fragments is summarized in Fig. 1). For these reasons and
due to advances in RPLC columns and instrumentation, the second approach is currently preferred over the traditional peptide
mapping.
In the development of RPLC methods for small molecule characterization, computer modeling programs are employed to improve
the analytical throughput and obtain detailed information about
method speciﬁcity. The most successful and widespread modeling program (DryLab, Molnar-Institute, Berlin, Germany) optimizes
the Design Space by measuring and visualizing the effect of different parameters including mobile phase composition, gradient time
and shape, pH, ionic strength, ternary eluent, additive concentrations or temperature [13]. For this purpose, the program suggests
a relatively well-deﬁned number of experiments for a particular
stationary phase. Furthermore, it can predict the separation inside
the Design Space based on changes in the mobile phase composition, mode of elution (either isocratic or gradient), temperature,
and pH, as well as column parameters such as column length,
internal diameter, particle size and ﬂow rate [14]. In the case of
large biomolecules, such as mAbs, conformational changes in proteins that occur in response to varying chromatographic conditions
could be very complex, leading to unpredictable behavior based on
the chemical-chromatographic relationship (e.g., LSS theory). Thus,
there is a need to evaluate the validity of the models employed by
the software.
This study took advantage of the recently commercialized and
very efﬁcient columns packed with either wide-pore sub-2 m,
fully porous stationary phase or the last generation core–shell
particles. The retention properties of large mAb fragments were
investigated. Selectivity, efﬁciency and possible thermal degradations were all considered and a generic method development
approach was proposed. The commonly used linear retention models (linear solvent strength or van’t Hoff models) were modiﬁed
into quadratic models, resulting in very accurate prediction of the
retention times. Moreover, the goal of this study was the evaluation
of method optimization software such as DryLab for the separation of antibody fragments by using customized models during the
optimization process. This new approach allows a very fast and

accurate systematic method development for the efﬁcient separation of mAbs fragments.
2. Experimental
2.1. Chemicals and columns
Acetonitrile
(gradient
grade)
was
purchased
from
Sigma–Aldrich (Buchs, Switzerland). Water was obtained with a
Milli-Q Puriﬁcation System from Millipore (Bedford, MA, USA).
IgG monoclonal antibodies, including rituximab (MabThera)
and bevacizumab (Avastin), were purchased from Roche (Roche
Pharma, Switzerland), and panitumumab (Vectibix) was purchased
from Amgen (Switzerland). For the fragmentation of monoclonal
antibodies, dithiothreitol (DTT) and papain (from Carica papaya)
were obtained from Sigma–Aldrich (Buchs, Switzerland). Triﬂuoroacetic acid (TFA) was purchased from Sigma–Aldrich (Buchs,
Switzerland).
Acquity BEH300 C18 and C4 columns with a particle size of
1.7 m (150 mm × 2.1 mm, 300 Å) were purchased from Waters
(Milford, MA, USA). An Aeris Widepore (WP) C18 column packed
with 3.6 m core–shell particles (150 mm × 2.1 mm) was a generous gift from Phenomenex Inc. (Torrance, CA, USA).
2.2. Equipment and software
All measurements were performed using a Waters Acquity
UPLCTM system equipped with a binary solvent delivery pump,
an autosampler and a UV and/or ﬂuorescence (FL) detector. The
Waters Acquity system includes a 5 l sample loop and a 0.5 l UV
ﬂow-cell 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 column inlet was 0.13 mm
I.D. and 250 mm long (passive preheating included), and the capillary located between the column and detector was 0.10 mm I.D.
and 150 mm long. The overall extra-column volumes (Vext ) were
approximately 13 l and 15 l, as measured from the injection
seat of the auto-sampler to the UV and FL detector cells, respectively. The measured dwell volume was approximately 100 l.
Data acquisition and instrument control was performed using the
Empower Pro 2 Software (Waters). Calculation and data transfer
were achieved using Excel templates.
Method optimization was performed using DryLab® 2010
Plus chromatographic modeling software (Molnar-Institute, Berlin,
Germany).
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Fig. 2. The effect of temperature (and stationary phase) on the apparent gradient retention factor of rituximab heavy chain (A) and light chain (B) fragments. Columns: Aeris
WP C18, Acquity BEH300 C18 and C4 (150 mm × 2.1 mm), injected volume: 0.5 l, detection: ﬂuorescence (excitation at 280 nm, emission at 360 nm). Mobile phase A: 0.1%
TFA in water, mobile phase B: 0.1% TFA in acetonitrile. Gradient: from 30% to 37% B on the Aeris WP C18 and BEH300 C4 columns, and from 32% to 39% on the BEH300 C18
column in 6 min, ﬂow rate: 0.3 ml/min. Temperature was varied from 40 to 80 ◦ C on the BEH300 columns and from 40 to 90 ◦ C on the Aeris WP C18 column.

2.3. Apparatus and methodology
2.3.1. Mobile phase composition and sample preparation
For the gradient separation of mAbs and its fragments, the
mobile phase “A” consisted of 0.1% TFA in water, whereas the
mobile phase “B” was 0.1% TFA in acetonitrile.
The intramolecular disulﬁde bonds of IgG monoclonal antibodies were reduced using DTT. For this purpose, 0.05 mg of DTT was
added to 100 l of a concentrated mAb solution and incubated at
30 ◦ C for 60 min. Proteins were completely converted into the light
and heavy chain components.
The digestion of rituximab and bevacizumab was initiated by the
addition of papain (diluted to 100 g/ml in water) to reach a ﬁnal
protein:enzyme ratio of 100:1 (m/m%). The digestion was carried
out at 37 ◦ C for 3 h. The ﬁnal digestion volume of 200 l was directly
injected using low volume insert vials.

2.3.2. Investigation of retention properties of antibody fragments
Heavy chain, light chain, Fab and Fc fragments of rituximab,
bevacizumab and panitumumab were eluted in the gradient mode.
To investigate the effect of temperature (Fig. 2), short gradient
runs (6 min) were performed on the three columns at different temperatures from 40 ◦ C to the upper temperature limit of the column
(in 10 ◦ C steps). The BEH300 C4 and C18 materials are stable up
to 80 ◦ C, whereas the Aeris WP C18 is stable up to 90 ◦ C (according to the vendors). Although the recovery of mAb fragments is not
acceptable at 40 and 50 ◦ C, our purpose was to illustrate the effect of
temperature on the retention times using a relatively broad range
of temperatures. Setting the mobile phase temperature to less than
60 ◦ C is not effective for the separation of these large fragments.
For the rituximab samples, a linear gradient from 30 to 37% B
was employed with the Aeris WP C18 and BEH300 C4 columns,
whereas with the BEH300 C18 column, the gradient was varied
from 32 to 39% B to maintain a similar apparent gradient retention
factor. Because panitumumab is slightly more hydrophobic than
rituximab, the gradient programs were adjusted to achieve comparable apparent retention properties. For the panitumumab samples,
a linear gradient from 31 to 39% B was employed with the Aeris WP
C18 and BEH300 C4 columns, whereas a gradient of 33 to 41% B
was used with the BEH300 C18 column. For the bevacizumab samples, a generic gradient of 31 to 40% B provided suitable retention
times for all three columns. In this study, short gradient separations (6 min on 15-cm long columns) were utilized to avoid any
possible thermal degradation of the samples at elevated temperatures. The ﬂow rate was set to 0.3 ml/min. The chromatograms were

recorded in both UV (215 nm) and ﬂuorescence mode (excitation at
280 nm, emission at 360 nm). The retention properties on the different stationary phases were evaluated by plotting the logarithm
of the apparent gradient retention factors (log kapp ) as a function of
1/T (reciprocate temperature).
To evaluate the effect of gradient steepness on the retention
properties (Fig. 3), different gradient times were tested at a given
temperature. A generic linear gradient, starting from 30% to 40%
B, was employed at a ﬂow rate of 0.35 ml/min for all samples. The
gradient time was varied from 4, to 8, 12 and 16 min (at 70 and
90 ◦ C). Both UV and ﬂuorescence detection modes were used. The
observed log(kapp ) values were plotted as a function of the logarithm of gradient time.

2.3.3. Systematic method optimization
Snyder and co-workers demonstrated the utility of initial basic
runs for multifactorial experimental designs in 1990s [15]. The general approach is to simultaneously model the effect of temperature
and gradient steepness on the selectivity of a previously selected
RP column [16,17]. For conventional standard bore columns (I.D. of
4.6 mm) with a length of 15 and 25 cm, at 1–2 ml/min ﬂow rate with
a 5–100% ACN-water gradient, two gradients of tg1 = 20–30 min and
tg2 = 60–90 min should be employed to obtain accurate predictions
from the linear solvent strength (LSS) model. The modeling software is then used to generate resolution maps that show the critical
resolution of the separated peaks [18]. In this manner, the gradient program and column temperature can be rapidly and efﬁciently
optimized.
Recent studies have showed that mAb fragments (IgG1 and
IgG2) generally elute using a 30–40% ACN (containing 0.1% TFA) gradient at elevated temperatures [4,19]. In ultra high-pressure liquid
chromatography (UHPLC), narrow bore columns (2.1 mm I.D.) are
generally used to increase the sensitivity, reduce frictional heating
effects and decrease the solvent and sample consumption. By taking into account the fact that (i) only a 10% change in B produces an
adequate gradient for eluting all the different mAb fragment variants and (ii) that 2.1-mm columns are used; then applying the rules
of geometrical method transfer [13,20], the following conclusions
can be drawn. For 150 mm × 2.1 mm columns, gradient times in the
range of tg1 = 4 min to tg2 = 12 min (at a ﬂow rate of 0.35 ml/min,
starting from 30 to 40% B) should provide appropriate initial data
for constructing resolution maps and predicting retention times.
It was recently demonstrated [19] that the use of elevated
temperatures (up to 80–90 ◦ C) is necessary for the RPLC separation
of mAb fragments due to the adsorption phenomena on both
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Fig. 3. The effect of gradient time (at a given temperature) on the apparent gradient retention factor of rituximab heavy chain and light chain fragments (A), and of bevacizumab
Fc and Fab fragments (B) and the deviation between linear and quadratic ﬁtting in case of the rituximab light chain (C). Column: Aeris WP C18 (150 mm × 2.1 mm), injected
volume: 0.5 l, detection: ﬂuorescence (excitation at 280 nm, emission at 360 nm). Mobile phase A: 0.1% TFA in water, mobile phase B: 0.1% TFA in acetonitrile. Gradient:
from 30% to 40% B, ﬂow rate: 0.35 ml/min. The gradient time (steepness) was varied as 4, 8, 12 and 16 min (at 70 and 90 ◦ C).

silica-based and hybrid stationary phases. At elevated temperatures, thermal degradation is possible and becomes relevant for
gradient times longer than 20 min [19]. A compromise must be
found between the residence time and separation temperature.
Therefore, the use of tg1 = 4 min and tg2 = 12 min gradients were
employed to avoid issues with stability. Finally, the effect of
temperature on selectivity and resolution should be investigated
only in a limited temperature range (e.g., T = 20 ◦ C). The mobile
phase temperature should thus be set to T1 = 70 ◦ C and T2 = 90 ◦ C
(or T1 = 60 ◦ C and T2 = 80 ◦ C depending on the thermal stability of
the stationary phase).
As discussed in Section 3, because linear models cannot be
used to describe the behavior of large biomolecules (25–50 kDa),
quadratic models were applied for the optimization. A 32 factorial
design was chosen to simultaneously optimize the gradient steepness and mobile phase temperature. The effect of the two factors
was investigated at 3 levels. Gradient time was equidistantly set
to tg1 = 4 min, tg2 = 8 min and tg3 = 12 min while temperature was
set to T1 = 70 ◦ C, T2 = 80 ◦ C and T3 = 90 ◦ C. Two examples demonstrate the reliability of the second-degree polynomial model. The
ﬁrst example shows the optimization process for the RPLC separation of bevacizumab Fc and Fab fragments (Section 3.3.1), whereas
the second example conﬁrms the accuracy of this approach when
applied to the separation of the light chain and heavy chain variants
of rituximab (Section 3.3.2).

3. Results and discussion
When dealing with low molecular weight analytes, the most
common strategy in method development consists of selecting a
suitable stationary phase chemistry, organic modiﬁer and mobile
phase pH. The gradient program and mobile phase temperature
are subsequently tuned as complementary parameters for a second
level optimization.
In the case of large biomolecules such as mAb fragments, the
method development rules are different and some additional constraints should be considered. First, a highly efﬁcient wide-pore
stationary phase must be used, but the chemistry of such columns
is very limited and only a small number of C4, C8 or C18 materials
are currently available. To attain suitable peak shapes with maximum efﬁciency, the mobile phase containing 0.1% TFA is typically
recommended. Finally, acetonitrile should be selected as the solvent because it provides a lower backpressure when using columns
packed with sub-2 m particles, in comparison with methanol or
isopropanol, and is particularly favorable in terms of kinetic performance.
Based on these considerations, this study was conducted
using recently developed stationary phases, namely, the Acquity
BEH300 and Aeris Widepore C4 or C18, and a mobile phase
consisting of water with 0.1% TFA and acetonitrile with 0.1%
TFA. The mobile phase temperature and gradient steepness
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were optimized to achieve the optimum separation of the mAb
fragments.
3.1. Retention behavior of antibody fragments
3.1.1. Effect of temperature on the retention properties
In RPLC, the effect of temperature on the retention factor (k) can
generally be expressed by the van’t Hoff equation:
log k = −

H
S
+
+ log ˇ
RT
R

(1)

where H is the enthalpy change associated with the transfer
of the solute between phases, S is the corresponding entropy
change, R is the molar gas constant, T is the absolute temperature and ˇ is the phase ratio of the column. When log(k) is plotted
against 1/T, the enthalpy is calculated from the slope of the curve.
With neutral compounds, the van’t Hoff plots exhibit a linear relationship. However, a quadratic dependence of log(k) versus 1/T
was observed over a wide range of temperatures in another study
[21], which employed silica and non-silica based stationary phases
(this phenomenon has not been fully explained yet). The effect of
temperature on the retention of partially ionized compounds that
exist in two forms can also be described by Eq. (1). However, both
enthalpy and entropy are expected to be different for the two forms
(i.e., molecular and ionized forms); as a result, both H and S can
vary with temperature when both forms are present in signiﬁcant
quantities [21]. Melander et al. [22] and Castells et al. [23] have
developed complex relationships to describe the retention behavior of a partially ionized solute with a unique acid–base equilibrium,
based on the assumption that the retention factor is considered
as the weighted average of the retention factors of the individual
forms.
The effect of temperature on the retention behavior becomes
more complex for large biomolecules. Depending on the stability of the secondary structure, the molecules unfold to a different
extent and interact with the stationary phase with varied strength
[24]. Due to the different conformation-dependent response of proteins at elevated temperatures, the change in the retention times
can be very different [25,26]. Therefore, temperature offers the
ability to adjust the selectivity of the separation. If a protein is
completely denatured into a random coil conformation, it will be
eluted as a single sharp peak. However, under certain conditions,
the native conformation and/or other intermediate conformations
may also be present during the analysis. Each of these will interact differently with the stationary phase, resulting in varying
retention times and multiple peaks in the chromatogram [27–33].
In some cases, irreversible conformational changes can occur by
changing the temperature. Irreversible temperature-induced conformational transitions may have been responsible for the observed
peak splitting of proteins under RPLC conditions [34].
Herein, short gradient runs were performed on three different
column types at different temperatures. The change in the apparent gradient retention factors of antibody fragments using different
stationary phases (C18 and C4, core–shell type silica based and
fully porous hybrid) was investigated. The logarithm of apparent
gradient retention factors log(kapp ) was plotted as a function of
1/T. All fragments of the three different mAbs exhibited signiﬁcant
deviation from the conventional linear least-squared model. More
surprisingly, the relationship between retention and temperature
depended on the stationary phase employed. Fig 2 provides a representative example of the change in retention behavior of heavy
and light chain of rituximab fragments. Experimental data shows
an obvious concave curvature when log(kapp ) is plotted as a function of 1/T, and the data can be readily ﬁt with polynomial functions
(e.g., quadratic model). The change in the retention behavior is also
very similar for the heavy chain fragment on all stationary phases,

whereas the light chain shows different behavior depending on
the nature of the column. When using the BEH300 C4 material,
the change in the retention as function of 1/T appears to be more
linear than when using the BEH300 C18 and Aeris C18 columns.
Thus, the intrinsic properties of the stationary phase (e.g., surface
physicochemical properties) can play an important role at elevated
temperatures. A non-linear relationship on silica-based columns is
often explained by the so-called “phase transition” phenomenon
[21], which is due to a conformational change in the stationary
phase from a solid-like (low temperature) to a liquid-like (high
temperature) state. In many cases, this transition can be diffuse
and occur over a large temperature range.
A variety of phenomena may be responsible for the non-linear
relationship between log(k) and 1/T of poly-charged analytes (mAb
fragments), including: (i) possible conformational changes in the
protein, (ii) changes in the dissociation rate of the functional groups
with temperature and (iii) the phase transition of the stationary
phase. Within the temperature range investigated (40–90 ◦ C), the
change in apparent retention factor (log(kapp )) of mAb fragments
as a function of 1/T can be described by the quadratic models. Chromatographic optimization software commonly uses linear models
for the log(k) − 1/T dependence based on two initial runs. As discussed earlier, this approach cannot be applied for the antibody
fragments.
3.1.2. The effect of gradient time (gradient steepness) on the
retention
In RPLC, the interaction between the stationary phase and the
analyte is mediated predominantly through hydrophobic interactions between the nonpolar amino acid residues of mAbs and
the immobilized n-alkyl ligands. During RPLC analysis, the gradient elution mode is preferred, wherein the solutes are eluted in
order of increasing molecular hydrophobicity. Because the retention of mAbs is strongly dependent on small changes in the solvent
strength, very small changes (<1%) in the organic modiﬁer content
could lead to a signiﬁcant shift in the retention. Thus, isocratic conditions are impractical, and gradient elution is a requirement for
the separation of real mAb samples.
In RPLC, the LSS model is the widely accepted for describing the
retention of analytes as a function of the volume fraction (˚) of
the B solvent. For the gradient elution mode, the following general
equation can be written:
log k∗ = log kw − S∗

(2)

where k* is the median value of k during gradient elution when
the band has reached the column mid-point, kw is the value of k
in pure water, S is a constant for a given compound (slope of the
curve) and ˚* is the corresponding value of ˚. The dependence of
k* on the gradient time (tg ) is also typically presented, which can
be described using the following equation [35,36]:
k∗ =

tg
1.15t0 S

(3)

where t0 is the column dead time. For practical reasons, modeling
software such as DryLab transforms the variables of k or k* into
log(k) or log(k*) when building a mathematical model. According
to Eqs. (2) and (3), log(k*) should exhibit a linear dependence when
plotted against the logarithm of gradient time (which is related to
the gradient steepness) in the case of “regular” samples.
The LSS model generally provides a good description for the
retention behavior of numerous types of analytes. In some cases,
deviation from a linear model can be observed. Because the conformation of proteins can vary during the elution, linear relationships
cannot be used. The effect of gradient steepness (gradient time) on
the retention of heavy and light chain fragments, as well as the Fab
and Fc fragments, of the three mAbs was investigated. The gradient
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time (steepness) was varied from 4, to 8, 12 and 16 min (at 70 and
90 ◦ C, from 30–40% B). The retention of the fragments for all three
mAbs showed very similar behavior. Fig. 3 illustrates the effect of
gradient time on the retention of the heavy and light chain fragments of rituximab and the Fc and Fab fragments of bevacizumab as
representative examples. In most cases, the relationship between
log(kapp ) and log(tg ) can be accurately described with a linear function. Surprisingly, the retention behavior of light chains showed
a slight deviation from the linear relationship. The data in the
log(kapp ) versus log(tg ) plot exhibited a slight concave curvature.
This behavior was most pronounced for the light chain fragments
of rituximab when the temperature was set to 90 ◦ C. Fig. 3C demonstrates the use of linear and quadratic models to ﬁt the data. When
the linear ﬁt was employed, only two points (the two ends of the
investigated gradient range, 4 min and 16 min) were considered
because the modeling software only uses two experimental points
when creating a linear model. For the quadratic ﬁt, all the experimental points were taken into account. Then, retention times were
modeled on the basis of two models for different gradient times
(i.e., 3, 10 and 20 min). Fig. 3C demonstrates that a 1.8% difference
between the predicted and observed retention times was calculated for the 3 min gradient, whereas the difference between the
two models was 2.3 and 2.1% for the 10- and 20-min gradients,
respectively.
In conclusion, we can conﬁrm that the LSS model can describe
the retention behavior of antibody fragments in the RP gradient elution mode within approximately 1.0–2.5% error, which is
reasonable. However, when more precise prediction is required,
quadratic model should be considered.
3.2. Creating a two dimensional quadratic DryLab model
The optimization software packages generally employ a linear
model for the simultaneous optimization of tg and T. The polynomial relationship of two variables can be written as:
y = b0 + b1 x1 + b2 x2

(4)

where y is the response (retention time or its transformation), x1
and x2 are the model variables, e.g., tg and T, whereas b0 , b1 , b2
are the model coefﬁcients. As observed previously with antibody
fragments, it is preferred to use the quadratic model to achieve
maximum accuracy in the prediction of retention times. A general
quadratic model for two variables can be written as:
y = b0 + b1 x1 + b2 x2 + b11 x12 + b22 x22 + b12 x1 x2

(5)

The DryLab software was used for further method optimization
by creating a new two dimensional mode. Retention times were
transformed into retention factors, and the quadratic model was
chosen for both variables (temperature and gradient time). This
mode was modeled on a rectangular region in the tg − T plane
determined by 3 temperature and 3 gradient times (steepness).
In this case, the model requires the measurement of the effects
of the variables at 3 levels. Hence, this approach is like a 32 factorial design, which needs 9 initial experimental runs to create
a model. The gradient time was set to tg1 = 4 min, tg2 = 8 min and
tg3 = 12 min, whereas the temperature was varied from T1 = 70 ◦ C,
to T2 = 80 ◦ C and T3 = 90 ◦ C. Fig. 4 shows the schematic representation of the experimental design utilized in the two-dimensional
quadratic model. After performing the input experimental runs, the
data (retention times, peak widths and peak tailing values) were
imported into DryLab and peak tracking was performed. Subsequently, an optimization was carried out on the resolution maps,
wherein the smallest resolution value (Rs) of any two critical peaks
in the chromatogram was plotted as a function of two simultaneously varied experimental parameters.
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Fig. 4. Experimental design of the two-dimensional quadratic model for the optimization of mAb (IgG) fragment RPLC separation.

The accuracy of this 2 dimensional quadratic model was veriﬁed by comparing the predicted and experimentally derived
chromatograms (retention times and resolution) under optimal
conditions.
3.3. Accuracy of retention time and resolution predictions
3.3.1. Optimization of the separation of Fab and Fc fragments
Papain is a thiol protease that cleaves IgG antibodies at the heavy
chain hinge region into three fragments: one Fc and two identical Fab fragments (Fig. 1). The separation of these domains has
facilitated the investigation of the micro-heterogeneity of human
monoclonal antibodies, including the conﬁrmation of chemical and
post-translational modiﬁcations, such as the N-terminal cyclization, oxidation, deamidation, and C-terminal processed lysine
residues [37,38]. This study describes a fast and efﬁcient method for
the determination of variants and degradation products of a recombinant mAb (bevacizumab) from a commercial solution, using the
separation power of new wide-pore core–shell type columns (Aeris
Widepore of 150 mm long). The native mAb was digested with
papain and the aim of the method development was to separate
as many variants of the Fab and Fc fragments as possible, within
the shortest achievable analysis time. Three initial gradients with
different slopes were carried out at three column temperatures
(as described in Section 2.3.3). Fig. 5 provides the chromatograms
obtained during the 9 initial runs. Note that relatively large deviations in the peak areas (and sum of peak areas) are expected when
tracking the peaks because of recovery issues with large antibody
fragments at low temperatures. Moreover, the recovery of these
fragments depends on their molecular weight (size). In contrast, the
reproducibility of retention times, derived from consecutive runs
at a constant temperature, was excellent. The result is presented
in Fig. 6 as a resolution map. As shown, the 11-min gradient was
found to provide the highest resolution when the column temperature was kept at 90 ◦ C. RPLC analysis was then performed using
the optimum predicted conditions, and the resulting experimental chromatograms are provided in Fig. 7, along with the predicted
data.
The accuracy of the quadratic approach (using 4-, 8- and
12-min basic gradient runs with B = 10%) was evaluated using
the 150 mm × 2.1 mm column. The predicted and experimentally
derived chromatograms (retention times and resolution) are compared in Table 1, which reveals good agreement between the
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Fig. 5. Experimental chromatograms of the 9 initial runs (Bevacizumab Fc and Fab fragments). Column: Aeris WP C18 (150 mm × 2.1 mm), injected volume: 0.5 l, detection:
ﬂuorescence (excitation at 280 nm, emission at 360 nm). Mobile phase A: 0.1% TFA in water, mobile phase B: 0.1% TFA in acetonitrile. Gradient: from 30% to 40% B, ﬂow rate:
0.35 ml/min. Gradient time and temperature were set as 4 min, 70 ◦ C (A), 8 min, 70 ◦ C (B), 12 min, 70 ◦ C (C), 4 min, 80 ◦ C (D), 8 min, 80 ◦ C (E), 12 min, 80 ◦ C (F), 4 min, 90 ◦ C (G),
8 min, 90 ◦ C (H) and 12 min, 90 ◦ C (I). Peaks: 1–3: pre-Fc peaks, 4: Fc, 5,6: post-Fc peaks, 7–9: pre-Fab peaks, 10: Fab, 11–13: post-Fab peaks.

Table 1
Experimental retention times and resolutions vs. predicted from the two-dimensional gradient time–temperature quadratic model of bevacizumab fragments (Fc and Fab).
Peaks

Pre-Fc 1
Pre-Fc 2
Pre-Fc 3
Fc
Post-Fc 1
Post-Fc 2
Pre-Fab 1
Pre-Fab 2
Pre-Fab 3
Fab
Post-Fab 1
Post-Fab 2
Post-Fab 3

Retention time

Resolution

Experimental

Predicted

Difference

Abs error %

Experimental

Predicted

Differencea

Abs error %b

2.99
3.45
3.60
3.68
3.89
3.96
4.78
5.15
5.24
5.35
5.49
5.60
5.70

2.97
3.41
3.54
3.64
3.85
3.92
4.75
5.08
5.17
5.3
5.45
5.54
5.69

0.02
0.04
0.06
0.04
0.04
0.04
0.03
0.07
0.07
0.05
0.04
0.06
0.01

0.67
1.16
1.61
1.11
0.95
1.09
0.54
1.30
1.39
0.92
0.75
1.00
0.18

5.34
1.11
0.84
2.02
0.58
7.22
2.89
0.5
0.67
1.36
1.01
1.02

4.93
1.27
0.96
2.46
0.65
6.84
2.42
0.6
0.82
1.25
0.57
0.95

0.41
−0.16
−0.12
−0.44
−0.07
0.38
0.47
−0.10
−0.15
0.11
0.44
0.07

7.68
14.41
14.29
21.78
12.07
5.26
16.26
20.00
22.39
8.09
43.56
6.86

Average
a
b

Difference = experimental − predicted.
% error = [(experimental − predicted)/predicted] × 100.

a

b

0.97

Average

16.05
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bore columns, it is possible to well resolve both the Fc and the Fab
variants.

Fig. 6. Two-dimensional resolution map of the column temperature (◦ C) against
gradient time (tg , min) for the separation of Bevacizumab Fc and Fab fragments.

simulation and experimental results. The average relative error in
the retention times was ∼1.0%, which is considered an excellent
prediction using such rapid gradient proﬁles. The mean error in the
predicted resolution (Rs) was 16.1%. The error in the resolution values contains the retention time error as well as the uncertainty of
peak width and peak symmetry prediction. Thus, this prediction is
considered reliable and the suggested fast gradient runs (4, 8 and
12 min for a 150-mm long narrow bore column) can be applied in
routine work, resulting in signiﬁcant timesavings. In this case, the
time spent for method development was approximately 8 h (3 gradient times × 3 temperatures × 3 samples). The predicted method
was then experimentally veriﬁed and the ﬁnal separation required
only an 11-min linear gradient, whereas a separation of similar
quality using conventional columns would require at least 60 min.
By using the most advanced, highly efﬁcient 150-mm long narrow

3.3.2. Optimization of the separation of light- and heavy chain
fragments
Using RPLC without enzyme digestion and under reducing conditions, the light chains (∼25 kDa) can produce a single sharp peak,
but the heavy chain fragments (∼50 kDa) often elute as a more
heterogeneous peak with slightly resolved forms. Increasing the
temperature signiﬁcantly improves the peak width and resolution
[39]. This example illustrates the development process of a fast
separation method for the resolution of light chain (LC) and heavy
chain (HC) variants of a recombinant mAb (rituximab). The intact
native mAb was reduced by adding DTT to the sample. Our purpose
was to separate as many variants as possible with sufﬁcient resolution. Initial gradients with different slopes were performed at three
different column temperatures (as described in Section 2.3.3).
Fig. 8 provides the experimental chromatograms of the 9 basic
input runs. The results are presented in the form of a resolution
map in Fig. 9, which reveals that the separation performed at 81 ◦ C
using a 14-min gradient provides the highest resolution. The predicted optimum conditions were then evaluated experimentally.
The results demonstrate that the predicted retention times were
practically identical with those obtained experimentally, with an
average error in the retention times of 0.5% (see Table 2). The resolution was also predicted with sufﬁcient accuracy (average error
of ∼20%). In this manner, computer-assisted simulation can be
applied with high precision for the separation of antibody fragments by using two dimensional quadratic models. Fig. 10 provides
a comparison between the predicted and experimentally obtained

Fig. 7. Predicted and experimental chromatograms of Bevacizumab Fc and Fab fragments optimized by quadratic model. Column: Aeris WP C18 (150 mm × 2.1 mm), injected
volume: 0.5 l, detection: ﬂuorescence (excitation at 280 nm, emission at 360 nm). Mobile phase A: 0.1% TFA in water, mobile phase B: 0.1% TFA in acetonitrile. Gradient:
from 30% to 40% B, ﬂow rate: 0.35 ml/min. Gradient time: 11 min, T = 90 ◦ C. Peaks: 1–3: pre-Fc peaks, 4: Fc, 5,6: post-Fc peaks, 7–9: pre-Fab peaks, 10: Fab, 11–13: post-Fab
peaks.
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Fig. 8. Experimental chromatograms of the 9 initial runs (Rituximab LC and HC fragments). Column: Aeris WP C18 (150 mm × 2.1 mm), injected volume: 0.5 l, detection:
ﬂuorescence (excitation at 280 nm, emission at 360 nm). Mobile phase A: 0.1% TFA in water, mobile phase B: 0.1% TFA in acetonitrile. Gradient: from 30% to 40% B, ﬂow rate:
0.35 ml/min. Gradient time and temperature were set as 4 min, 70 ◦ C (A), 8 min, 70 ◦ C (B), 12 min, 70 ◦ C (C), 4 min, 80 ◦ C (D), 8 min, 80 ◦ C (E), 12 min, 80 ◦ C (F), 4 min, 90 ◦ C (G),
8 min, 90 ◦ C (H) and 12 min, 90 ◦ C (I). Peaks: 1: pre-LC peak, 2: LC, 3–5: post-LC peaks, 6.7: pre-HC peaks, 8: HC, 9–10: post-HC peaks.

Fig. 9. Two-dimensional resolution map of the column temperature (◦ C) against
gradient time (tg , min) for the separation of Rituximab LC and HC fragments.

chromatograms. In this example, the method development process
took was less than 6 h.
3.3.3. Comparison of quadratic and linear models
As shown in Section 3.1, the change in the retention factor
(log(k)) of the antibody fragments caused by temperature (1/T)

cannot be described accurately using linear functions, whereas
the log(kapp ) vs. gradient time log(tg ) exhibits a nearly linear
correlation. Accordingly, the accuracy of the two dimensional
linear and the combined linear-quadratic model were compared to that of the quadratic model. In the linear model, 4
initial runs were considered, namely: tg1 = 4 min, tg2 = 12 min
and at T1 = 70 ◦ C, T2 = 90 ◦ C. In the combined model, 6 initial
runs were considered, and the effect of gradient time was
investigated at 2 levels (tg1 = 4 min, tg2 = 12 min), whereas the temperature was evaluated at 3 levels (T1 = 70 ◦ C, T2 = 80 ◦ C and T3
= 90 ◦ C).
By using the linear model for the example described in Section
3.3.1, the average error in the retention time prediction was 4.1%,
whereas the combined model produced an average error of 1.5%
(∼1% error was observed with the quadratic model). For the second example (see in Section 3.3.2), the linear model produced an
average error of 3.8%, whereas the combined model produced a 1.7%
error for the retention time prediction (∼0.5% error was observed
with the quadratic model). In conclusion, the combined model can
also provide acceptable accuracy (∼1.5–2% error) and requires only
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Fig. 10. Experimental and predicted chromatograms of Rituximab LC and HC fragments optimized by quadratic model. Column: Aeris WP C18 (150 mm × 2.1 mm), injected
volume: 0.5 l, detection: ﬂuorescence (excitation at 280 nm, emission at 360 nm). Mobile phase A: 0.1% TFA in water, mobile phase B: 0.1% TFA in acetonitrile. Gradient:
from 30% to 40% B, ﬂow rate: 0.35 ml/min. Gradient time: 14 min, T = 81 ◦ C. Peaks: 1: pre-LC peak, 2: LC, 3–5: post-LC peaks, 6.7: pre-HC peaks, 8: HC, 9–10: post-HC peaks.

Table 2
Experimental retention times and resolutions vs. predicted from the two-dimensional gradient time–temperature quadratic model of rituximab fragments (light- and heavy
chain).
Peaks

Pre-LC
LC
Post-LC 1
Post-LC 2
Post-LC 3
Pre-HC 1
Pre-HC 2
HC
Post-HC 1
Post-HC 2

Retention time

Resolution

Experimental

Predicted

Difference

Abs error %

Experimental

Predicted

Differencea

Abs error %b

2.38
2.96
3.49
3.82
4.03
5.92
6.06
6.15
6.41
7.40

2.41
2.98
3.5
3.82
4.05
5.93
6.04
6.14
6.43
7.53

−0.03
−0.02
−0.01
0.00
−0.02
−0.01
0.01
0.01
−0.02
−0.14

1.18
0.57
0.29
0.13
0.45
0.12
0.25
0.18
0.27
1.83

6.37
4.95
2.59
1.63
15.21
0.89
0.75
1.79
7.3

8.73
5.35
3.01
2.69
17.04
0.87
0.87
1.41
7.19

−2.36
−0.40
−0.42
−1.06
−1.83
0.02
−0.12
0.38
0.11

37.05
8.08
16.22
65.03
12.03
2.25
16.00
21.23
1.51

Average
a
b

a

b

0.52

Average

19.93

Difference = experimental − predicted.
% error = [(experimental − predicted)/predicted] × 100.

6 initial runs. Thus, the time required for the initial runs can be
shortened by a factor of 1/3 (6 runs vs. 9 runs).

4. Conclusion
The current trends in RPLC analysis of mAbs involve the use of
limited fragmentation (proteolysis and reduction), which is based
on the separation of the heavy and light chain variants as well as the
Fab–Fc fragments. The recent advances in wide-pore columns, such
as the highly efﬁcient, fully porous sub-2 m BEH300 or core–shell
type Aeris Widepore columns, offer high resolution power for the
separation of these large fragments.

Fortunately, these mAb (IgG) fragments elute in a relative
narrow gradient range (e.g., 30–40% acetonitrile at elevated temperature), which means that the method optimization procedure
does not require a wide range of scouting gradients (e.g., 0 to
100% B). In general, it was found that initial gradients of 30 to
40% B were appropriate for modeling the retention behavior of
the fragments. In addition, it was shown previously that the use
of elevated temperatures (e.g., 60–90 ◦ C) is necessary because
of recovery issues due to column adsorption of the IgG fragments. Accordingly, the effect of temperature on selectivity was
investigated using a limited temperature range (e.g., 70–90 ◦ C),
eliminating the need to perform initial gradient runs at low
temperatures.
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In the analysis of these large analytes, deviations from the LSS
and van’t Hoff models appear to be critical, resulting in a decrease
in the prediction accuracy. In this study, it was demonstrated that
a two dimensional quadratic model and computer simulation (e.g.,
DryLab) can accurately predict the retention times, within an error
of 1% (or lower). In addition, the optimum conditions can be determined using a very short amount of time (6–8 h).
A general 32 factorial design is proposed for the simultaneous
optimization of gradient steepness and mobile phase temperature. The effect of these two variables should be investigated at
3 levels to construct an appropriate quadratic model. When using
150-mm long narrow bore columns, the following settings are recommended: tg1 = 4 min, tg2 = 8 min and tg3 = 12 min (at ﬂow rate
of f = 0.35 ml/min), and the temperature should be varied from
T1 = 70 ◦ C, to T2 = 80 ◦ C and T3 = 90 ◦ C. The analysis of two mAb
samples was used to demonstrate the reliability of this quadratic
approach.
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