
Method development in liquid 
chromatography (LC) encompasses 
the search for the optimal operating 
conditions (type of mobile and 
stationary phase, temperature, gradient 
steepness, pH, ionic strength) resulting 
in the separation of a mixture into its 
individual constituents (1). Because of 
the high probability of peak overlap in 
complex mixtures and the dependence 
of retention and selectivity on the 
chromatographic parameters used, 
the method development process is 
often tedious and time-consuming 
(up to several weeks of work) (2). 
Knowledge and expertise are required 
from the chromatographer and a lot of 
trial-and-error type processes are still 
involved. Software-assisted retention 
modelling and method optimization 
offer the potential to speed up the 
overall process. The gain in method 
development time can be particularly 
interesting for large molecules 
(peptides and proteins), which are 
much more affected by the change in 
solvent strength than small molecules 
and hence often require very shallow 
and long gradients (on–off retention 
mechanism) (1). The development of 
such long gradients without retention 
modelling is therefore iterative and 
time-consuming (3). 

In an effort to improve the efficiency 
of method development and increase 
information about method specificity, 

several computer modelling programs 
have been developed in the last 25 
years. One strategy is based on the 
optimization of the design space by 
measuring and visualizing the effect of 
the mobile phase composition (gradient 
time and shape, pH, ionic strength, 
ternary eluent, additive concentrations, 
and temperature) on a given stationary 
phase. Another process is based on 
the use of a customized database or 
vendor database of chromatographic 
methods, where method conditions can 
be predicted from compound structures. 
Expert systems predict physicochemical 
properties (pKa, log P, logD) of the 
solutes and suggest a mobile phase 
composition for the separation.

The combination of the three 
approaches is also feasible and 
enables an automated strategy for high 
performance liquid chromatography 
(HPLC) method development as 
reported by Galushko et al. (4). Krisko 
et al. presented a strategy that uses an 
automated column selection system and 
a series of HPLC columns with different 
hydrophobicity and silanol activity, in 
combination with modelling software to 
successfully develop chromatographic 
methods (5).

The aim of this article is to illustrate the 
current possibilities of software-assisted 
HPLC method development by 
showing representative pharmaceutical 
applications. 

Impurity and Degradation 
Profiling of Small 
Molecule‑Based Pharmaceuticals
It has already been recommended 
since the 1990s to perform a few 
numbers of initial gradient runs (for 
example, 4 runs) for multifactorial 
(two-dimensional [2D]) experimental 
designs (6). A typical approach is to 
simultaneously model the evolution of 
selectivity (resolution) as a function of 
mobile phase temperature and gradient 
steepness on a selected column. 
In this case, the required ”scouting” 
runs are those experiments on which 
the computer models are “based” 
(calculated) to model a few thousand 
experiments with an accuracy of around 
99%. Now, thanks to the development of 
modelling software, three-dimensional 
(3D) resolution cubes can also be easily 
built based on 6–12 experiments (7). 
The most important method variables 
for such a 3D model are typically the 
gradient steepness, mobile phase 
temperature, and mobile phase pH 
or sometimes ternary composition, 
but there is also the possibility to 
select other factors such as additive 
concentration and ionic strength.

For the impurity profiling of small 
molecule pharmaceuticals, the 
pharmacopeia methods still have 
to be considered as references. 
Unfortunately, pharmacopeia 
monographs often describe and 
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suggest obsolete, time-consuming 
conventional HPLC separations—or 
even thin layer chromatographic  
(TLC) methods. Here, this article  
illustrates the renewal of such 
a pharmacopeia method using 
state-of-the-art retention modelling 
and ultrahigh-pressure liquid 
chromatography (UHPLC) technology.

An old-fashioned method for 
terazosin has been recently reviewed 
and optimized to reduce the analysis 
time from 90 min (2 × 45 min) to 5 min 
(8). The European Pharmacopoeia (Ph. 
Eur.) method determines the specified 
impurities separately using two different 
methods. The reason for using two 
methods is that the retention of two 
impurities is not sufficient in common 
reversed phase conditions, even with 
100% water as the mobile phase. 
Therefore ion-pair chromatography 
is suggested. In addition, two 
impurities absorb at low ultraviolet 
(UV)-wavelength and have therefore to 
be acquired at a different wavelength. 
This way, the Ph. Eur. method becomes 
unnecessarily complicated and 
time-consuming.

By working at high mobile phase 
pH, the retention of the poorly retained 
terazosin impurities can be sufficiently 
enhanced. High pH separations can 
now be performed on hybrid stationary 
phases, which were probably not 
available when the Ph. Eur. method 
was developed. In addition to high pH 
separation, an appropriate detection 
wavelength can also be selected for all 
terazosin impurities. 

After a pH screening study, it was 
shown that pH > 10 provided sufficient 
retention for all terazosin impurities. The 
use of 0.1% v/v NH4OH-solution was 
found to be optimal to avoid additive 
precipitation in organic modifiers. 
Since the type of organic modifier 
had a significant effect on selectivity 
and resolution between impurities, a 
gradient-time–temperature–ternary 
composition (tG × T × tc) model was 
built on the basis of 12 initial runs. 
The impact of gradient steepness was 
studied at two levels (tG1 = 3 min, 
tG2 = 9 min), temperature was set to 
T1 = 20 ºC and T2 = 40 ºC, while the 
organic modifier in mobile phase B was 
changed as tc1: 100% acetonitrile, tc2: 
50% acetonitrile + 50% methanol, and 
tc3: 100% methanol. The 50 × 2.1 mm 
C18 column was operated at 0.5 mL/
min. Figure 1 shows the developed 

resolution cube (design space) and 
critical resolution planes corresponding 
to (a) 100% acetonitrile, (b) 50% 
acetonitrile in methanol, and (c) 100% 
methanol as strong mobile phase.

As shown in Figure 1, the protic 
solvent (methanol) provided 
higher resolution and more robust 
separation than acetonitrile. Figure 2 
shows (a) the predicted and (b) the 
experimentally verified chromatograms 
when performing the separation 
at the selected working point (WP, 
see Figure 1[c]). The predicted and 
observed retention times, as well as 
resolution values, were in excellent 

agreement. The average deviation of 
the predicted retention times was less 
than 1 s compared to the measured 
ones, and the critical resolution (Rs,crit) 
was 1.82 in both cases. 

Finally, the original 90-min long 
analysis could be cut down to only 
5 min by using a 50 × 2.1 mm UHPLC 
column instead of a conventional HPLC 
column. The total method development 
time was no longer than three days as a 
result of the small column dimensions. 

Simulated Robustness Testing
A fundamental criteria of quality in 
HPLC separations is robustness. 
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Figure 1: 3D-critical resolution cubes with different organic modifiers, (a) tc1: 
100% acetonitrile, (b) tc2: (B1:B2) 50:50 (v/v) acetonitrile–methanol, (c) tc3: 
100% methanol. Red colours correspond to Rs,crit > 1.5 (baseline resolution of 
the critical peak pair), blue colours indicate coelution (Rs,crit = 0) of the closest 
(“critical”) peak pair. Adapted with permission from reference 8.

Figure 2: Terazosin impurity profiling: (a) predicted and (b) experimental 
chromatograms. Conditions: 50 × 2.1 mm, 1.7-µm Acquity CSH C18 column, mobile 
phase A: 0.1% v/v ammonium hydroxide, mobile phase B: 0.1% v/v ammonium 
hydroxide in methanol, flow rate: 0.5 mL/min, gradient: 10–90% B in 6 min, 
temperature: 30 ºC, detection was performed at 220 nm (UV) and at 15 V cone 
voltage in positive mode (QDa MS). Peaks: Impurity-N (1), -L (2), -O (3), -B (4), -M (5), 

-C (6), -A (7), terazosin (8), -K (9), -J (10), -E (11). Adapted with permission from 
reference 8.



Guidelines define the robustness of an 
analytical procedure as “a measure 
of its capacity to remain unaffected 
by small, but deliberate variations in 
method parameters...” providing “...an 
indication of its reliability during normal 
usage” (9). Historically, robustness 
testing was performed as the final step 
of a method development process, 
during the validation stage, which 
often led to unexpected observations. 
However, because a method 
considered as non-robust should 
be redeveloped and revalidated, 
robustness should be verified earlier 
in the method lifetime, that is, at the 
method development stage or at the 
beginning of the validation procedure 
(10,11). Generally, two approaches 
are used for robustness testing, 
according to the ICH definition in 
pharmaceutical analytical practice. 
Either a one-factor-at-a-time (OFAT) 
procedure or an experimental design 
(DoE) procedure could be applied. 
Both approaches require additional 
experiments and can sometimes be 
time-consuming.

A useful feature of current 
modelling software is the possibility 
to perform an in-depth “modelled” 
robustness testing, without the need 
for additional experiments. From 
the design space, as defined in a 
resolution map or cube, it is possible 
to get robustness information for the 
measured parameters (tG, T, tc, or pH). 
In addition, the influence of additional 
factors, such as flowrate or initial and 

final mobile phase composition of a 
gradient, on resolution can also be 
estimated. Consequently, the impact of 
changes in any of the six parameters on 
the resolution can be assessed using a 
simulated 26 or 36 type factorial design 
(12). The possible deviations from the 
nominal values have to be defined 
(input in the software) and then the 
software simulates 64 or 729 conditions 
(depending on the type of factorial 
design). At the end, a “frequency 
distribution graph” can be obtained 
that shows the probability of fulfilling 
a given resolution criteria under any 
combination of possible parameters. 
On the other hand, “regression 
coefficients” can also be obtained to 
show the effect of each parameter 
(and their combinations), related to the 
selected deviation from the nominal 
value, for the critical resolution. The 
reliability of such a virtual robustness 
test has been studied and compared 
to real experiments based on DoE 
robustness tests (12). It appeared that 
the retention time relative errors were 
maximally 4% (lower than 1% for the 
average relative error). On the other 
hand, the predicted critical resolution 
errors were between 6.9 and 17.2%. 
This accuracy of virtual robustness test 
is more than acceptable and enables 
robustness studies to be developed 
at the very beginning of the method 
development.

To illustrate the usefulness of 
simulated robustness tests, the 
previous example of terazosin 

impurity profiling was considered 
(section 2). Since the ternary mobile 
phase composition seemed to be a 
critical factor, it is worth performing 
robustness studies at different ternary 
compositions to prove that the most 
robust working point (100% methanol 
as organic modifier) was selected. For 
this illustration, the following mobile 
phase compositions were considered 
close to the working point: tc1: 90%, tc2: 
92%, tc3: 94%, and tc4: 99% methanol 
in mobile phase B. The required 
resolution was Rs = 1.5. Besides the 
three model variables (tG, T, and tc), 
the flow rate—as well as initial and final 
composition of the mobile phase—was 
also included in the built up 36 design. 
Then, the 729 experiments were 
simulated. Figure 3 shows the obtained 
frequency distributions for the different 
methanol fractions and the success 
rate of robustness test as a function of 
methanol. On the frequency distribution 
plots, the red bars correspond to the 
experiments that did not fulfil the Rs≥1.5 
criteria. It can clearly be seen that the 
higher the methanol content in mobile 
phase B, the higher the success rate of 
the robustness testing is. This suggests 
that 100% methanol as organic modifier 
was a good choice because it provides 
a robust working point.

Method Transfer
To increase sample throughput, a 
conventional HPLC analysis can be 
transferred to UHPLC. Alternatively, to 
decrease method development time, a 
separation can be developed in UHPLC 
conditions and then transferred to 
conventional HPLC for routine analysis. 
In both cases, when transferring an 
analysis from conventional HPLC to 
UHPLC—or vice-versa—comparable 
method parameters must be used to 
maintain equivalent separations.

To have a method compatible with 
any column dimensions and HPLC 
or UHPLC instruments, the optimized 
methods can virtually be transferred 
to other columns of different lengths, 
inner diameters, and particle sizes, 
and for various system gradient delays 
and extra-column volumes. By utilizing 
HPLC modelling software, it is possible 
to automatically calculate and predict 
the impact of column parameters 
(length, diameter, particle size), system 
dwell volume, and extra-column 
volume on the resolution. Moreover, 
experimentally observed column 
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Figure 3: Modelled robustness testing of terazosin’s impurity profiling: frequency 
distribution plots and success rate for various methanol contents of the ternary 
mobile phase. 



porosity can also be considered for 
making the transfer more accurate 
(porosity of HPLC and UHPLC columns 
is often slightly different). For such a 
simulated method transfer, the initial 
data acquired on a given column and 
system have to be changed virtually 
and the geometrical method transfer 
rules have to be considered (13). The 
accuracy of UHPLC to HPLC method 
transfer was found to be excellent in 
previous studies (13).

This article illustrates the transfer 
between different LC systems when 
using very efficient 50 × 2.1 mm 
columns. Often when a UHPLC 
method is developed in a research 
laboratory and then transferred 
to the QC laboratory the UHPLC 
system is different (different provider, 
different extra-column volume, binary 
or quaternary pumps). Again, the 
terazosin separation was taken as 
an example. The method mentioned 
earlier was developed on an optimized 
UHPLC system, possessing a 100-µL 
gradient delay (dwell) volume (binary 
pumping system) and around 10-µL 
extra-column volume (0.065 mm i.d. 
connector tubes). The goal of this study 
was to highlight what happens when 
using this method on a non-optimized 
UHPLC system possessing a 350-µL 
gradient delay volume (quaternary 
pumping system) and a 40-µL 
extra-column volume (0.125-mm i.d. 
connector tubes). Figure 4 shows 
the simulated separations on the two 
different UHPLC systems. As expected, 
there is a systematic shift in the 
retention times in proportion with the 
difference in gradient delay volumes. In 
addition—because of the differences in 
extra-column volumes—the apparent 
efficiency of the separation performed 
on the non-optimized system 
decreased drastically. By performing 
such a virtual system transfer, surprises 
during method transfer between 
different laboratories can be avoided. 

Analysis of Therapeutic Proteins
In contrast to small molecules, large 
molecules such as proteins show 
different retention mechanisms in 
several modes of chromatography 
such as: (i) an on–off mechanism 
retaining the macromolecules at 
the column inlet until at some point 
in the gradient they are desorbed 
and then move through the column 
without any further interaction; (ii) 

precipitation-redissolution, that is, 
separation based on solubility instead 
of interaction with the stationary phase; 
and (iii) multipoint attachment to the 
surface of the stationary phase (1). 

While these mechanisms are 
fundamentally different from those 
observed with small molecules, the 
gradient separation of macromolecules 
can still be predicted from the linear 
solvent strength (LSS) theory or from a 
slightly modified model. The reason is 
that, in most cases, a relatively limited 
range of the method variables has to 
be studied because sufficient retention, 
recovery, and peak shape can only be 
obtained in a limited design space. As 
an example, for monoclonal antibodies 
(mAbs) in reversed-phase mode, the 
temperature has to be kept between 
70 °C and 90 °C to get acceptable 
recovery and peak shape. Therefore, 
performing measurements at lower 
temperatures makes no sense. It is 
known that mAbs show deviations 
from the common linear Van’t Hoff type 
behaviour (temperature dependency 

of the retention) in a wide temperature 
range, as a result of possible 
conformational changes. It was also 
shown that in a narrow temperature 
range (for example, ΔT = 20 ºC), 
a linear retention model provides 
excellent prediction accuracy (14). 
The situation is similar with organic 
modifier, ion-pairing reagent, and pH 
because only a limited range has to be 
studied because of the on–off retention 
mechanism of proteins. In such a 
narrow range of method variables, 
simple linear models (or polynomial 
ones) can be used.

With large molecules—in most 
cases—generic conditions can be 
applied for different protein classes (for 
example, cytokines, mAbs, antibody–
drug conjugates [ADCs]). Indeed, the 
structure of the different proteins within 
a class is very similar. The amino acid 
sequence is very close and the global 
conformation is similar. It is also clear 
that the variants, which have to be 
separated from the native protein and 
from each other, possess relatively 
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Figure 5: A resolution cube and corresponding chromatogram of reduced ADC 
(cysteine-linked IgG1). A 150 × 2.1 mm, 3.5-µm column (superficially porous 
particles) was operated at 0.3 mL/min. Peaks: unconjugated light-chain (L0), 
conjugated light-chain (L1), unconjugated heavy-chain (H0), and conjugated 
heavy-chain species (H1, H2, H3 with 1, 2, and 3 conjugated drugs, respectively).

Figure 4: Modelled method transfer between optimized UHPLC (top) and 
non-optimized UHPLC (bottom) systems. 
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small differences compared to the 
native protein (such as the oxidation 
of some amino acids, deamidation, 
reduction of a disulfide bond). In 
a whole protein structure, those 
modifications are minor compared to 
the native amino acid sequence (for 
example, modifications of 2–5 amino 
acids from the total few hundred or 
thousand amino acids in the protein 
backbone).

To conclude on proteins HPLC 
method development, generic 
conditions can be used for the 
optimization in most cases and the 
impact of method variables on the 
separation has to be studied only in a 
narrow range. 
Reversed‑Phase Liquid 
Chromatography: Reversed phase 
chromatography is a denaturating 
mode and offers very efficient 
separations for large proteins. It 
is historically used to separate 
hydrophobic variants of a given protein 
in harsh conditions (low pH, organic 
modifier, elevated temperature).

The most useful retention models 
can be based on (i) gradient 
steepness–temperature (tG × T ), or on 

(ii) gradient steepness–temperature–
ternary mobile phase composition 
(tG × T × tc) models.

In the following example, a fractional 
design, consisting of 2 × 2 × 3 
experiments, was applied for a 
reduced cysteine-linked IgG1 ADC. 
The conventional, small-molecule 
linear relationship was used to 

model the gradient steepness 
and temperature, while the ternary 
composition was modelled using a 
quadratic relationship. For each of 
the three experimental sets (ternary 
composition), two-dimensional 
resolution maps (gradient time 
against temperature) were generated. 
They were used to create a 
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Figure 6: Modelling of a multi-linear pH gradient for complex digested mAb 
sample in CEX. The retention model was based on two initial gradients performed 
at different gradient steepness (linear pH gradient between pH = 5.6 and 10.2). 
Adapted with permission from reference 1.
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three-dimensional resolution cube to 
visualize the combined influence of 
the optimization parameters. Figure 5 
represents a resolution cube, based 
on three method variables, and the 
chromatogram at the working point. 
The part of the ”design space” where 
Rs > 1 is shown in red.

The accuracy of retention time 
and resolution predictions in 
reversed-phase LC mode were 
excellent for large proteins (digested 
mAbs, reduced mAbs, ADCs, reduced 
ADCs), as reported elsewhere (1,14,15).
Ion Exchange Chromatography 
(IEX): IEX is an historical and 
non-denaturing chromatographic mode 
considered as a reference technique 
for the qualitative and quantitative 
evaluation of charge heterogeneity 
of therapeutic proteins. Among the 
different IEX modes, cation-exchange 
chromatography (CEX) is the most 
widely used for protein characterization 
because most biopharmaceuticals 
(mAbs) possess a high isoelectric point 
(pI). CEX is considered as the gold 
standard for charge variants analysis, 
but method parameters, such as 
column type, mobile phase pH, and 
salt concentration gradient, often need 
to be optimized. 

In classical IEX, a linear salt-gradient 
is applied for the elution and a 
constant mobile phase pH is 
maintained. Recently, however, pH 
gradient mode has regained interest, 
since generic, multiproduct methods 
can be developed.

The most efficient design space 
in IEX can be based on (i) gradient 
steepness–pH (tG × pH) model in 
salt gradient mode or on (ii) gradient 
steepness–temperature (tG × T ) model 
in pH gradient mode.

Computer-assisted method 
development was successfully 
applied for the separation of Fab 
(fragment antigen binding) and 
Fc (fragment crystallisable region) 
variants of cetuximab in both salt- 
and pH- gradient modes (16,17,18). 
In salt gradient mode, 10 min and 
30-min gradients were performed on 
a 100-mm long standard bore column 
at pH = 5.6, 6.0, and 6.4 to build up 
the models. In the pH gradient mode, 
the experiments were performed 
with 10-min and 30-min gradients 
at temperatures of 25 °C and 55 °C. 
Finally, similar separation quality was 
achieved in the two modes and the 

analysis times were comparable. 
There are also some additional 

benefits of using modelling software, 
such as the possibility to simulate 
multilinear gradients. Multilinear 
gradients often improve the selectivity 
and can reduce analysis time. Figure 6 
shows a calculated multilinear gradient 
separation for a complex papain 
digested mAb sample analyzed in pH 
gradient mode.
Hydrophobic Interaction 
Chromatography: Hydrophobic 
interaction chromatography (HIC) 
is able to separate protein species 
based on their hydrophobicity, 
under nondenaturing conditions. 
Currently, HIC is mostly applied for the 
characterization of mAbs, ADCs, and 
bispecific antibodies (bsAbs) (1). One 
of its most important applications is 
the separation of different populations 
of ADC molecules that differ in 
their number of drugs per antibody, 
which are often known as DAR 
(drug-to-antibody ratio) species. 

In HIC, the separation of proteins 
is based on a negative salt gradient 
performed on a slightly hydrophobic 
stationary phase, using physiological 
mobile phase pH conditions. The 
retention mechanism in HIC is often 
misunderstood and none of the 
proposed theories have received 
general acceptance. Retention in 
HIC mostly depends on the ligand 
type, ligand chain length, and ligand 
density. It has been shown that the 
salt type can have different effects 
on the retention, depending on the 
hydrophobicity of the protein to be 
separated. The influence of salts in 
HIC follows the lyotropic (Hoffmeister) 
series for the precipitation of proteins 
from aqueous solutions. In practice, 
sodium or ammonium sulfate effectively 
promote stationary phase–protein 
interactions and have a stabilizing 
effect on protein structure. Besides 
the salt type, salt concentration also 
influences retention in HIC. Depending 
on the lyotropic strength of the 
various salts, different concentrations 
are required to maintain the same 
salting-out effect.

The most efficient method 
development in HIC is based on either 
(i) gradient steepness–temperature 
(tG × T ) or on (ii) gradient steepness–
organic modifier (tG × Corganic) models. 
The addition of organic modifier to 
the mobile phase can improve the 

recovery of the most hydrophobic 
species (for example, high DARs 
of ADCs) and can also impact their 
retention. Therefore, organic modifier 
content can also be a useful method 
variable when highly hydrophobic 
proteins have to be analyzed in HIC. 
Both protic and aprotic solvents can 
be used (for example, isopropanol, 
acetonitrile) since they affect the 
salting-out process in different ways 
through their different solvation. 
Recently, a linear HIC retention model 
has been derived for organic modifier 
content, and therefore the impact of 
organic modifier can be easily studied 
using only two levels (for example, 5 
and 15%).

Custom-made retention models 
have been successfully applied for the 
separation of intact mAbs and ADC 
species for both “gradient steepness–
temperature” and “gradient steepness–
organic modifier” modes (19). For 
ADC species, a multilinear gradient 
(steeper at the beginning and flatter at 
the end) or logarithmic gradient gives 
better selectivity than linear gradients, 
probably because ADC species 
consist in a homologous series of 
linkers and cytotoxic drugs (20).

Conclusion
This work illustrates the possibilities 
offered by HPLC modelling software 
for the method development 
of small molecules as well as 
biopharmaceuticals. Such software 
can be used to effectively develop 
methods by the virtual screening of 
several analytical conditions (that is, 
gradient time and composition, pH, 
temperature, ternary mobile phase 
composition), based on a limited 
number of initial experimental runs. 
This allows the analyst to rapidly and 
efficiently develop a chromatographic 
method. Besides method development, 
robustness testing and method 
transfer between different instruments 
and column dimensions can also 
be virtually evaluated using HPLC 
modelling software.
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