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Computer-assisted multifactorial method development for the streamlined 
separation and analysis of multicomponent mixtures in (Bio) 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Computer-Assisted multifactorial chro-
matographic strategies were addressed. 

• Using proper linear and non-linear 
models were discussed. 

• Applications in various chromato-
graphic techniques are critically 
reviewed. 

• Important parameters for retention 
mechanism modelling are 
demonstrated. 

• Computer-Assisted optimization strate-
gies are highlighted for generic 
methods.  
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A B S T R A C T   

The (bio)pharmaceutical industry is rapidly moving towards complex drug modalities that require a commen-
surate level of analytical enabling technologies that can be deployed at a fast pace. Unsystematic method 
development and unnecessary manual intervention remain a major barrier towards a more efficient deployment 
of meaningful analytical assay across emerging modalities. Digitalization and automation are key to streamline 
method development and enable rapid assay deployment. This review discusses the use of computer-assisted 
multifactorial chromatographic method development strategies for fast-paced downstream characterization 
and purification of biopharmaceuticals. Various chromatographic techniques such as reversed-phase liquid 
chromatography (RPLC), hydrophilic interaction liquid chromatography (HILIC), ion exchange chromatography 
(IEX), hydrophobic interaction chromatography (HIC), and supercritical fluid chromatography (SFC) are 
addressed and critically reviewed. The most significant parameters for retention mechanism modelling, as well as 
mapping the separation landscape for optimal chromatographic selectivity and resolution are also discussed. 
Furthermore, several computer-assisted approaches for optimization and development of chromatographic 
methods of therapeutics, including linear, nonlinear, and multifactorial modelling are outlined. Finally, the 
potential of the chromatographic modelling and computer-assisted optimization strategies are also illustrated, 
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highlighting substantial productivity improvements, and cost savings while accelerating method development, 
deployment and transfer processes for therapeutic analysis in industrial settings.   

1. Introduction 

Recent trends in drug discovery and development point towards 
tremendous increase in new drug modalities changing the way complex 
diseases are treated. This can range from multi-active ingredients to 
challenging co-formulations and multicomponent pharmaceutical mix-
tures bringing challenges from both small and large molecule worlds 
[1–3]. The number of therapeutic large molecules, such as monoclonal 
antibodies (mAbs), fusion proteins, bioconjugates, and biosimilars, is 
constantly evolving [3]. As such, there is a great need to introduce new 
and reliable analytical techniques and methods to enable their devel-
opment at a tremendous speed [4–6]. A variety of tools have been 
introduced in recent years to facilitate simpler and robust method 
development strategies [1,4,7–10]. Because of their physico-chemical 
complexity, method development for these modalities becomes 
extremely challenging. Chromatography has proved to be a workhorse 
and the gold-standard analytical technique for pharmaceutical analysis 
throughout the various drug development phases from discovery to 
commercialization [1–10]. Because of the increasing complexity of 
biopharmaceuticals entering the market, the need for automation and 
streamlined method optimization is quickly becoming a bottleneck [1,6, 
11,12]. 

Recent efforts have mainly focused on developing innovative stra-
tegies to facilitate high throughput chromatographic method develop-
ment. First, the use of generic or scouting methods to identify the best 
column and mobile phase combination has contributed to simplifying 
method development [8,13–18]. Second, automation of method 
scouting workflow with the use of solvent and column selector valves 
aids to streamline identification of the initial conditions for further 
optimization [10,16,19–21]. These recent advances do not fully address 
all inherent challenges encountered throughout the method develop-
ment life cycle. Apart from widely used RPLC approaches, optimization 
of other chromatographic modes such as HILIC, IEX and SFC is mainly 
based on inefficient trial-and-error approaches and unnecessary manual 
intervention [1,6,11,12]. 

The use of computer-assisted simulation tools to accurately generate 
retention models has demonstrated a dramatic impact in accelerating 
chromatographic method development [19–22]. Numerous research 
projects have focused on this subject for target molecules across both 
academic and industrial sectors [22–31]. Initially, computer-assisted 
models were available exclusively for RPLC due to its straightforward 
and well-understood separation mechanism [22–37]. However, it has 
been extensively demonstrated that more complex models and equations 
can also successfully predict the retention of a wide spectrum of com-
pounds using more complex chromatographic techniques (e.g. HILIC, 
HIC, IEX, SFC, chiral, etc.) [24,30,32–34]. Typically, coupling initial 
method screening with the use of predictive tools was fundamental to 
obtain effective separation of mixtures containing closely related com-
pounds [31–38] (See Table 1). 

In this review, we aim to highlight and critically analyze the latest 
trends in the use of computer-assisted approaches towards more efficient 
and streamlined chromatographic method development for challenging 
(bio)pharmaceutical samples. A discussion on different optimization 
and prediction models is covered that tackles the challenge of predicting 
the retention behavior of small and large molecules across different 
chromatographic techniques. Furthermore, the usefulness of computer- 
assisted multifactorial simulations to address and predict the influence 
of multiple chromatographic parameters onto the separation outcome is 
also discussed. In addition, a brief description of the latest applications 
currently illustrated in the literature involving computer-assisted 
modelling is provided. 

2. Tools for computer-assisted method development 

Chromatography method development often requires tremendous 
amount of work to obtain reliable and deployable assays. It involves 
optimizing various parameters, including, but not limited to the (1) 
stationary phase type and chemistry; (2) column temperature; (3) 
gradient slope or steepness; (4) mobile phase pH; and (5) the concen-
tration and type of mobile phase additives. Computer-assisted method 
development streamlines this optimization process by constructing 
retention models. Retention models are mathematical relationships of 
the analyte retention time as a function of various parameters that can 
be reliably controlled such as those previously mentioned. These 
retention models are then used to simulate the separation using a 
computer, thus, reducing the burden of having to run multiple trial-and- 
error experiments. In general, retention modelling can facilitate efficient 
LC method optimization, development and transfer [37,39]. There are 
five basic retention models that can be used to describe the retention of 
analytes, i.e. the linear-solvent-strength model (LSS), the Neue–Kuss 
model, the quadratic model, the adsorption model, and the mixed-mode 
model [39]. Alternatively, empirical models can be applied, using a few 
number of experiments, and correlating analyte with measurement ab-
stract parameters to predict retention mechanisms. The detailed math-
ematical descriptions of these models are beyond the scope of this 
present review, but the reader is referred to a comprehensive review of 
the subject published previously [39]. 

In recent years, various commercial software packages have been 
introduced that incorporated the ability for retention modelling, chro-
matographic simulation, and automation of method development such 
as DryLab (Molnar- Institute, Germany), ACD/LC Simulator and ACD/ 
AutoChrom (ACD/Laboratories, Canada), ChromSword Software pack-
ages (ChromSword, Latvia), Fusion (S-Matrix, USA), Osiris (Datalys, 
France) and EluEx software by CompuDrug Chemistry Ltd (Budapest, 
Hungary) (Table 2). 

DryLab and ACD/LC Simulator are considered the most common 
tools, they employ empirical mathematical models for simulation, and 
streamlined method development by mapping the separation landscape 
of multicomponent mixtures and generating multifactorial resolution 
maps containing optimal resolution spaces [37–41]. DryLab can predict 
retention time for optimization of chromatographic resolution under a 
wide range of parameters from a few experimental runs (2–12). DryLab 
can also operate systematically with the chromatographic data system 
(CDS) to acquire data, build models and visualize resolution maps 
(critical resolution Rs,crit) as a function of multiple variables [41]. The 
latest version of DryLab ‘Peak Tracking’, and ‘Column Match’ can 
deliver peak identification, peak assignment, and columns comparison 
from a large library [41]. Alternatively, ACD/LC simulator offers auto-
mated screening capabilities, multifactorial optimization including 
multiple factors (gradient, temperature, pH, buffer concentration, salt 
concentration, solvent ratio), retention prediction and optimal resolu-
tion under various experimental parameters, with minimized experi-
mental input [42,43]. This system also can run with CDS to acquire data, 
build models and visualize resolution maps (Rs,crit). The latest version 
from ACD software (ACD/AutoChrom) delivers peak tracking, peak 
assignment and peak selection capabilities using a searchable column 
library. 

On the other hand, ChromSword is a powerful software package that 
delivers acceptable retention prediction derived from the molecular 
structure [16]. The latest version of ChromSword enables automated 
method development including screening (column, solvents, buffers), 
optimization and method robustness in RPLC, NPLC, IEX modes using 
both LSS and polynomial models, with the capability to run as a CDS 
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system to automatically control LC instrumentation. EluEx software uses 
chemical structure to calculate logD, logP and pKa values to predict 
mobile phase compositions and pH range to assist in stationary phase 
scouting and resolution (Rs) optimization in RPLC mode [44]. Whereas 
Osiris software supports retention prediction, peak tracking, and opti-
mization for LC by employing empirical mathematical models [45]. 
Fusion is a quality by design software which automates method devel-
opment optimization by employing statistical Design of Experiments. 
This software also delivers screening and optimization options for the 
entire analytical workflow including sample preparation phase, and 
support LC, and SFC techniques often use in combination with Empower 
software for automation of method robustness studies [46]. Other stra-
tegies were also reported for the optimization of chromatographic 
conditions using MATLAB and Microsoft Excel software, which are 
cheap and available for education purposes [37]. 

3. Challenges in chromatographic method development for 
biopharmaceuticals 

Biopharmaceuticals are drugs derived from living cells or organisms 
through a plethora of biotechnological techniques [3]. These molecules 
range from small, for example, penicillin to large molecules like 
monoclonal antibodies (mAbs), recombinant proteins, oligonucleotides, 
and virus like particles (VLPs) [3,7,33]. Hybrid molecules have also 
been introduced such as bioconjugates including antibody-drug conju-
gates (ADCs), lipidated peptides, PEGylated proteins, and many others 
[3,7,37]. Another type of hybrid molecules, fusion proteins, are formed 
by two or more different proteins chemically linked together. Examples 

include Fc-fusion proteins and multi-specific antibodies [7,37]. All these 
large molecules are complex, having a wide range of sizes (from <1 kDa 
to over 15 MDa), hydrophobicity, solubility in aqueous solutions, and 
isoelectric points (pI) [3,37]. Recent trends suggest that there is a 
mounting number of these modalities in the drug discovery space and 
various stages of clinical development. As such, new analytical ap-
proaches are greatly needed to accelerate assay development and 
deployment across modalities [37]. 

Method development in chromatography aims to explore the opti-
mum conditions to achieve the best separation of target components. 
These parameters include column temperature, gradient steepness, pH, 
and mobile phase composition. Consequently, method development can 
often be tedious, laborious and time consuming. It also requires expert 
knowledge, trial-and-error, and substantial quantity of chemical re-
agents while also coping with a rapidly evolving complexity in molec-
ular structure across the portfolio. Alongside, analytical strategies have 
to evolve over the years by introducing digital and automation tools that 
undoubtedly accelerated chromatographic assay development and 
deployment [37–47]. 

Chromatographic method development for large biopharmaceuticals 
remains challenging due to their chemical nature that dictates their on- 
column complex behavior. The complexity of these molecules stems 
from: 1) size, 2) structure and chemical composition, 3) pH sensitivity, 
and 4) reduction-oxidation potential. All these factors contribute to the 

Table 1 
List of abbreviations.  

Abbreviations Definition 

ADCs Antibody drug conjugates 
AQbD Analytical Quality by Design 
API Active Pharmaceutical Ingredient 
Fab Antigenbinding fraction of mAbs 
BAs Biogenic amines 
bsAbs Bispecific antibodies 
CAD Charged Aerosol Detector 
CDS Computer Data Systems 
CMPs Critical method parameters 
DAR Drug-to antibody ratio 
DGUC Dual-gradient unifiedchromatography 
Fc The crystallizable fraction of mAbs 
HC Heavy chain (HC) variants of a recombinant mAb 
HIC Hydrophobic Interaction Chromatography 
HILIC Hydrophilic interaction Liquid chromatography 
IC Ion Chromatography 
IEX Ion-exchange chromatography (IEX), 
LSS Linear solvent strength 
LogD Logarithm of distribution coefficient between 1-octanol and water 
log P Logarithm of partition coefficient between1-octanol and water 
mAbs Monoclonal antibodies 
mD-LC Multi-dimensional chromatographic techniques 
MPC Multifactorial peak crossover 
MS Mass Spectrometry 
NPLC Normal phase liquid chromatography 
PR&D Pharmaceutical Research and Development 
PDA Photo diode array detector 
Pd Palladium 
pKa Negative algorithm of the acid dissociation constant 
QSRR Quantitative Structure-Retention Relationships 
RPLC Reversed phase liquid chromatography 
Rt Retention time 
Rs Resolution 
Rs,crit Critical resolution 
SDM-R Stochiometric Displacement Model for Retention 
SEC Size exclusion chromatography 
SFC Supercritical fluid chromatography 
tG Gradient Time 
UHPLC Ultra-high pressure liquid chromatography  

Table 2 
Tools and software packages for computer-assisted method development.  

Name Developer Comments Ref 

ACD/LC 
Simulator and 
AutoChrom 

ACD/Laboratories 
(Canada) 

Screening, Rt prediction, 
generates resolution maps to 
visualize optimal Rs v (Rs,crit) 
in RPLC, HILIC, HIC, NPLC and 
IEX, works with CDS to acquire 
data, build models, enables 
selection of higher-degree 
polynomial fits for modeled 
parameters, ACD/AutoChrom 
version provides peak tracking, 
peak assignment and column 
selection. 

[40, 
42] 

ChromSword ChromSword 
(Latvia) 

It provides approximate Rt 

prediction, screening, Rs 
optimization in RPLC, HILIC, 
HIC, NPLC, IEX modes using 
LSS and polynomial models, it 
operates as a CDS system, 
utilizes asmart algorithm that 
requires no analyst input for 
optimizing the gradient profile. 

[16] 

DryLab Molnar-Institute 
(Germany) 

Screening, Rt prediction and 
optimal Rs (Rs,crit) from a 3D 
cube module in RPLC, HILIC 
and IEX, works with CDS, 
enables peak identification, 
peak assignment, and columns 
selection. 

[41] 

Fusion S-Matrix (USA) Screening, optimization, 
development, and validation. It 
supports LC (RPLC, NPC, IEX, 
SEC, HILIC, HIC, Chiral) and 
SFC techniques and peak 
tracking. 

[46] 

EluEx CompuDrug 
Chemistry Ltd 
(Hungary) 

Uses chemical structure to 
initially calculate logD, logP 
and pKa values to find mobile 
phase compositions and pH 
range for simulating the 
chromatogram and optimum 
Rs in RPLC mode. 

[44] 

Osiris Datalys (France) Supports Rt prediction, Rs 

optimization and method 
validation for LC 

[45]  
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observed behavior of these molecules in chromatography. In most 
chromatographic modes, large biopharmaceuticals demonstrate reten-
tion mechanisms fundamentally different to what is observed for small 
molecules, such as (1) precipitation–redissolution, i.e., solubility-based 
retention mechanism rather than analyte-stationary phase interaction; 
(2) attachment to multi-point of the stationary phase surface; (3) an on/ 
off retention at the column inlet until getting desorbed by the mobile 
phase gradient without further analyte-stationary phase interaction [5, 
37]. These are very sensitive to small changes in chromatographic pa-
rameters, such as column temperature, mobile phase composition and 
pH, to name a few. 

For instance, mAbs show significant deviation in RPLC mode from 
the common linear temperature dependence of the retention (van’t Hoff 
behavior), which can be attributed to its conformational change. 
Therefore, column temperature should be kept within a very narrow 
range to achieve acceptable separation and peak shape [33,37]. Similar 
situation was reported for the deviation of protein retention mechanism 
with small changes in mobile phase pH, organic modifier and 
ion-pairing reagent concentrations [37]. Hence in most cases, chro-
matographic parameters must be optimized in a very narrow range and 
limited design space. Not only can simple linear models describe 
retention mechanisms, but also polynomial, quadratic, and logarithmic 
models are applicable options. In this scenario, method optimization and 
development for the separation of large molecules and bio-
pharmaceuticals have considerable challenges. Hence, method devel-
opment for such molecules requires slow and long gradients, which is 
tedious and time-consuming. Besides this, column temperature can 
change retention behaviour, introducing post-translational modifica-
tions, denaturation, or thermal degradation [37,48–50]. This could 
result in retention time shift, peak broadening, and poor resolution. 

Thus, column temperature and mobile phase elution strength are critical 
optimization factors for those compounds. 

Method screening or method scouting is also important in every 
stage of drug discovery and development to address chromatography 
challenges for large biopharmaceuticals, Fig. 1 [33]. It is often limited to 
the screening of different column chemistries, mobile phase additives 
and, to a limited extent, pH. Hence, generic methods can be quickly 
established as a viable option to rapidly analyze many biopharmaceu-
tical samples [1]. After screening, optimization is often required to 
achieve sufficient chromatographic separation. In this scenario, 
computer-assisted approaches can potentially enable quick and auto-
mated method development for increasingly complex mixtures [8,23, 
28–32]. Improved selectivity, efficiency and excellent separation can be 
achieved with the fine-tuning of secondary parameters via 
computer-assisted strategies [17,23,28–32,40–47]. 

4. The role of computer-assisted approaches in method 
development and method transfer 

Computer-assisted method development is highly valuable for 
chromatographic method development of large biomolecules that are 
sensitive to changes in mobile phase strength and column temperature 
[37,48]. Over the last decades, numerous publications demonstrated the 
value of computer-assisted strategies to speed up and automate method 
development by reducing the number of experiments needed compared 
to conventional approaches [8,35,37,47]. This enables a faster turn-
around to obtain robust separation methods for the analysis of complex 
compounds, such as nucleotides [8], phytocannabinoids [38], palladium 
scavengers [47], closely related pharmaceutical intermediates [35] and 
proteins [37]. The rationale behind this is quite straightforward: 

Fig. 1. Automated screening and method development workflow for purity profile of monoclonal antibodies (mAbs) mixture under RPLC conditions, (adapted with 
permission from American Chemical Society [33]. 
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retention models can quickly identify a full set of chromatographic 
conditions where optimum baseline resolution of mixture components 
can be achieved in a cost-effective manner from fewer experimental 
runs. This approach can become quite useful to better understand the 
impact of numerous secondary variables on the quality of separation, 
especially for critical pairs in complex multicomponent mixtures [25,35, 
36]. For example, the influence of gradient time, column temperature 
and mobile phase pH has been quickly scouted to generate 3D resolution 
maps capturing the best separation of 24 neoplastic agents [35,36]. Due 
to the high number of ionizable species, the combined optimization of 
pH, temperature and gradient time resulted in a robust method for 
baseline resolution of all components with excellent correlation between 
predicted and experimental results. Similar approaches have led to the 
same optimal results [35,36], leading to the identification of robust 
separation conditions for facile method transfer. 

It is worth noting that computer-assisted techniques not only deliver 
advantages in the method screening space, but also enable fast and 
robust method transfer between laboratories [51]. A clear trend in the 
use of computer-assisted strategies is to define critical method param-
eters (CMPs) and, consequently, design a space in which CMPs vari-
ability does not impact the overall quality of the analytical method by 
mapping the robustness range. This approach, called by many as 
“Analytical Quality by Design” (or AQbD), has been thoroughly inves-
tigated in different applications. For example, in understanding 
robustness of different columns [37,50,51], in developing efficient 
chromatographic methods for analytes present in complex matrices [51, 
52], and many other applications. As demonstrated by the authors, the 
use of simulations and modelling software identified conditions rapidly 
to ensure superior performance across different laboratories and easier 
method transfer. For more details on this topic, a comprehensive review 
is available [60]. 

Generic approaches to computer-assisted method development usu-
ally focus on understanding and subsequently predicting the in-
teractions of a restricted number of combinations between different 
chromatographic parameters (e.g., organic solvent ratio vs retention 
time; column temperature vs retention time, etc.) [37,53–60]. This 
strategy, however, does not always translate into a successful reduction 
in experiments, particularly when analyzing complex and challenging 
multicomponent mixtures. In these cases, the possibility to model 
combinations between more than two parameters simultaneously can 
represent a huge improvement, bringing down the time spent in devel-
oping and optimizing the chromatographic method while also identi-
fying a space where the conditions obtained through modelling provide 
robust results. 

The typical process of method development requires elevated level of 
knowledge and expertise. It also involves scouting and numerous trials- 
and-errors which could take up to several weeks of work with large 
amount of LC solvent consumption [37,60]. This is laborious, requires 
long analysis time and high cost. Alternatively, computer-based method 
development offers dramatic reduction in the solvent use and waste 
generation by minimizing the required number of experiments to 
maintain robust and short separation methods. For example, if column 
temperature (T) and gradient (tG) are being optimized, four experiments 
(2 (T) × 2 (tG)) are needed to establish a reliable model to identify op-
timum chromatographic conditions instead of running multiple experi-
ments. Moreover, computer-assisted strategies have the potential to 
significantly speed up the process of method development, this is 
particularly important for pharmaceutical industries [37,38]. 

Analytical strategies often applied to obtain a baseline resolution of 
all components for complex mixtures require multidimensional chro-
matography. Multi-dimensional chromatographic techniques (mD-LC) 
are becoming routinely used for complex biopharmaceutical mixtures. 
Method development for mD-LC can be challenging to scientists who are 
not fully accustomed to the complex instrumentation. There has been a 
growing interest in applying modelling for mD-LC method development. 
The example in Fig. 2 [58] illustrates how the use of multifactorial 

Fig. 2. Examples of multi-factorial optimization applied for challenging sepa-
rations. (a) Optimizing methanol-acetonitrile blending in RPLC for develop-
ment of robust methods, adapted with permission from Elsevier, [59]. (b) 
Modeling IEX separation of peptide mixture through optimizing pH, T, and tG 
simultaneously, (c) In Silico optimization of 2D IEX method in two-dimensional 
LC separation by optimizing T, tG, and buffer concentration (adapted with 
permission from American Chemical Society [58]. 
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modelling serves to reduce the number of experiments required to 
establish a new analytical assay This has been demonstrated to unlock 
the separation of all unresolved components in the first dimension [40, 
56–58]. Multifactorial models enabled the simultaneous optimization of 
three different parameters (column temperature vs pH vs gradient time) 
to obtain a robust and fast method with baseline separation of all 
mixture components [40,58,60]. Three-dimensional resolution plots aid 
to assess the impact of more than two parameters on the final separation 
[40,47,58]. In this work [61], authors have demonstrated how a 
computer-assisted modelling strategy can be incredibly beneficial to 
predict and precisely choose the proper ratio of loop filling, with the aim 
to develop efficient methods in the second dimension while minimizing 
the amount of sample loss in the loops. 

In general, there are different models which can be employed for 
understanding and optimizing separation mechanisms. The selection of 
the relevant model relies on the sample composition and employed 
chromatographic technique. For biopharmaceutical samples containing 
ionizable analytes (acidic or basic), pH could be an important variable 
for the chromatographic model. Alternatively, in the case of samples 
containing polar-neutral compounds, these compounds contain func-
tional groups which can form H-bonding with the eluent and/or sta-
tionary phase. In this case, the organic modifier and concentration can 
be a crucial factor. Other variables should be considered in the model 
including additive or buffer concentration, isocratic composition, tG, T, 
and ionic strength. Mathematical transformations can be used to line-
arize the impact of some variables (e.g., isocratic %B), and therefore 
they can be studied at two-level model. Other variables which have 
nonlinear retention mechanisms (e.g., pH, ternary composition, ionic 
strength), they may require three levels (or more) measurements. 

5. Computer-assisted approaches in liquid chromatography 

5.1. Computer-assisted approaches for RPLC 

In general, RPLC offers superior efficiency, resolution, and robust-
ness for hydrophobic (bio)pharmaceuticals and macromolecules [33,37, 
59,60]. Here, mobile phases consist of water, acetonitrile, or 
methanol-based eluents with a myriad of additives to enhance separa-
tion and detection. In many cases, volatile additives make RPLC highly 
suitable for routine use particularly with mass spectrometric and 
charged aerosol detector analyses [5,37,60]. However, there are some 
inherent challenges associated with RPLC such as slow mass transfer and 
low diffusivity, post-translational, and isomer modifications of bio-
pharmaceuticals [5,48–50]. Moreover, protein variants are overly sen-
sitive to changes in temperature, mobile phase composition, salt type 
and salt concentration [5,48,50,60]. 

In RPLC, optimization variables typically interrogated include 
gradient profile, mobile phase temperature, and mobile phase ternary 
composition. In general, there are different retention mechanisms re-
ported for biopharmaceutical separation in RPLC mode, which are 
fundamentally different from retention mechanisms reported for small 
molecules [60,61]. The traditional approach to model retention 
behavior in RPLC follows linear solvent strength (LSS) model [62]. A 
simple linear relationship between the retention factor (logarithmic 
form) and the mobile phase elution strength (expressed as amounts of 
organic solvent mixed to mobile phase) was previously reported [62]. 
Authors in Ref. [63] discussed the validity of the LSS model with RPLC 
mode, as it provided minimal differences between experimental and 
predicted values for retention time. This was possible thanks to the 
narrow elution window demonstrated by the class of drug proteins, a 
behavior that has been witnessed in other studies as well [64,65]. 

Later, in the case of complex biomolecules such as peptides and 
proteins, there was a need to investigate both linear and non-linear 
models. This topic was discussed by different scientists who brought 
critical points on the use of LSS with RPLC retention prediction [32,39]. 
In this work [32,37,60], it has been demonstrated how the LSS model 

might not be the best prediction model for retention mechanism under 
RPLC conditions. The authors observed significant shifts between pre-
dicted and experimental retention factors for poorly and strongly 
retained compounds, regardless of their nature, and the stationary and 
mobile phases. Meanwhile, non-linear modelling functions provide 
better accuracy in the prediction of chromatographic behavior for pro-
teins, depending on the nature of the additive used in the mobile phase 
(i.e., chaotropic agents). Hence, in Ref. [32] it was suggested to limit the 
use of LSS model for analytes within the retention factor range of 1–30. 
Meanwhile, in a different work [37], authors have reached a similar 
conclusion to that of the later report [32], using once again a series of 
small molecules in RPLC. This remark is particularly interesting as small 
molecules have been considered to fit best with the LSS model [66,67]. 
Therefore, for those molecules that are either not well or too strongly 
retained by the column under RPLC mode, different models have been 
suggested to yield more robust results, such as the quadratic approach 
[60] and the Neue-Kuss model for capillary-scale LC [68]. Modifications 
of the original LSS model have also been proposed to improve the reli-
ability of the simulations [69]. This suggests that the chromatographic 
behavior of biomolecules, particularly therapeutic proteins, can be 
influenced by the conformation changes inherently present with com-
plex structures, and by other factors such as the chemical composition 
and concentration of mobile phase additives or column temperature. 
This can affect the denaturation of biomolecules, causing induced 
unfolding and accordingly altering the retention mechanism [5,60,67]. 
Fortunately, the recent improvement in computational capabilities 
allowed the creation of robust linear and non-linear model in an auto-
mated manner [37,38,60]. 

In this scenario, the prediction model can be plotted in the two- 
dimensional resolution map to visualize the optimum conditions. The 
resolution maps translate into a facile selection of optimum conditions 
to maximize separation, with minimum number of experiments 
providing the critical resolution (Rs,crit) values for method development 
(Fig. 3). This strategic framework has delivered remarkable success with 
RPLC for the separations of a complex mixture of nucleotides, illus-
trating how retention modelling can be conveniently applied to 
streamline method development in industrial settings. 

Recently, an innovative approach combining tandem-column with 
computer-assisted modelling strategies was established for complex 
chromatographic separations [31]. In this work, the authors have suc-
cessfully demonstrated effective combinations (chiral and achiral) of 
serially coupled stationary phases in RPLC mode together with 
computer-assisted simulations. The set-up was used for complex samples 
containing multiple impurities with closely related structures. Attempts 
to use this strategy in more complex scenarios, such as in the context of 
chiral separations performed using tandem coupling of columns in su-
percritical fluid chromatography, have also been recently reported [34]. 

5.2. Computer-assisted approaches for HILIC 

HILIC is a common complementary chromatographic mode to RPLC 
employed for the analysis of small polar compounds and therapeutic 
proteins [26,60]. It is typically compatible with various detectors 
including mass spectrometry and other detection techniques. HILIC 
could deliver more benefits for large molecules analysis, for example, it 
can employ moderate temperature to the mobile phase [60]. This en-
hances mass transfer, lowers the viscosity of the mobile phase and 
backpressure, allowing the use of different columns in tandem to 
improve the overall resolution for poorly recovered analytes [27,60]. 
HILIC has demonstrated enormous potential in proteomics, membrane 
protein, intact protein, therapeutic protein, and saccharides analysis 
[70]. The recent introduction of short columns with wide-pore silica 
stationary phases enabled the diffusion and separation of large mole-
cules, particularly biological samples, and proteins using HILIC systems 
[70,71]. Meanwhile hydrophilic proteins, such as mAb glycoforms, 
showed much better separation in HILIC than other techniques [37,60]. 
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HILIC retention mechanism combines both hydrophilic partitioning 
and adsorption with hydrogen bonds, electrostatic and ionic interactions 
[32,60]. The limitations of a simple linear model, such as the LSS, 
become more evident when considering chromatographic techniques, 
such as HILIC [72] or even in the case of chiral separations [19]. In 
HILIC, sophisticated models are needed for accurate prediction of 
retention mechanisms and robust method development of large mole-
cules (Fig. 4) [71]. Non-linear, polynomial, and mixed models have 
proved to be valid in predicting accurate retention times for proteins and 
biotherapeutics under HILIC conditions, with robust conditions quickly 
identified [37,73,74]. Further, multifactorial models (for gradient and 
temperature) were also utilized for the analysis of mAbs in mixed mode 
HILIC/RPLC mode [75]. 

Quantitative structure-retention relationship (QSRR) was reported 
for retention prediction and optimization in HILIC method development 
[32]. For a variety of proteins under HILIC conditions, a linear rela-
tionship was demonstrated between the logarithm of retention factors 
and the logarithm of water content in the mobile phase [32,73,74]. 
These results were obtained with a retention model called “Stochio-
metric Displacement Model for Retention” (SDM-R), correlating the 
complex retention-elution mechanism displayed in HILIC mode to the 
concentration of water molecules (acting as displacing agents). The 
proposed approach, which has been also validated for small molecules in 
HILIC mode, helps bringing a simple model of potential retention be-
haviors for many compounds, with the potential to facilitate method 
development thru a chromatographic technique that is known for its 
complex retention mechanism. In conclusion, the gradient time or 
gradient steepness with mobile phase temperature was shown to be the 
most vital variables for resolution and method development, meanwhile 
organic modifier is considered a non-important variable. 

5.3. Computer-assisted approaches for IEX 

IEX is a common non-denaturing technique for the analysis, purifi-
cation and characterization of ionized molecules and 

biopharmaceuticals (i.e., charged proteins and peptides) [76]. In IEX 
systems, cation-exchange chromatography (CEX) is the most common 
mode for therapeutic protein, while anion exchange chromatography 
(AEX) is widely used for mAbs analysis [76,77]. Typically, column type, 
mobile phase pH, salt concentrations and salt gradient are considered as 
the most influential variables for chromatographic optimization of 
selectivity and resolution in IEX [76,77]. Retention mechanisms and 
prediction models for IEX can be categorized as stoichiometric or 
non-stoichiometric, which are based on the molecular structure of the 
ionized variants [60,78]. Numerous stoichiometric and 
non-stoichiometric retention mechanisms were reported for IEX tech-
niques [32,37,60]. However, these approaches require thorough 
chemical characterization and time-consuming molecular structure 
calculation. 

For example, CEX was reported for the separation and character-
ization of 10 charge mAbs, applying both pH and salt gradient models 
(Fig. 5) [79,80]. The salt gradient delivered higher resolution and higher 
peak capacity, with relative error <1.0 % for retention time prediction. 
The salt gradient IEX models were applied with linear elution at constant 
pH and temperature. Gradient steepness, and mobile phase pH showed 
significant importance to chromatographic selectivity and resolution, 
while mobile phase temperature did not appear to be a significant var-
iable for the model. The applied mobile phase pH defined the net charge 
and elution order of the protein in the gradient program. This suggests 
that salt gradient could be of higher accuracy than pH gradient for the 
characterization of intact and fragments mAbs. On the other hand, pH 
gradient is a powerful strategy for the separation of protein isoforms, by 
applying wide range of pH, using different mobile phase buffers. There 
are few publications discussing the application of pH gradient mode in 
IEX separation of mAbs [79,80]. 

In general, the retention mechanism of intact mAbs demonstrated a 
linear behavior, with high significance for both variables, pH gradient 
slope and mobile phase temperature, providing high accuracy for 
retention time prediction for mAbs. Most recently in 2022, our research 
group developed a new screening workflow using both CEX and AEX 

Fig. 3. Examples of computer-assisted RPLC optimization (A) two-dimensional resolution map of the gradient (tG) and column temperature (T (◦C)) for the sep-
aration of Bevacizumab Fc and Fab fragments; (B) Predicted and experimental chromatograms of Bevacizumab Fc and Fab fragments using quadratic model; (C) Two- 
dimensional resolution map of the gradient (tG) and column temperature (T (◦C)) for the separation for the separation of Rituximab LC and HC fragments; (D) 
predicted and experimental chromatograms of Bevacizumab Fc and Fab fragments using quadratic model, adapted with permission from Elsevier [112]. 
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technique and computer-assisted simulation for characterization and 
purification of nucleotides and peptides mixture in biopharmaceutical 
industrial settings [81]. In this work, the IEX screening columns were 
used for first dimension (1D) with RPLC conditions in the second 
dimension as two-dimensional liquid chromatography configuration. 
For final method optimization, multifactorial model of chromatographic 
variables including mobile phase pH, column temperature, and gradient 
time were studied for the optimal separation of peptides. The multi-
factorial model demonstrated high accuracy (<0.5 %) for the studied 
compounds. 

Computer-assisted simulations have facilitated the proliferation of 
innovative strategies for long-standing analytical challenges. For 
example, a recent methodology was recently reported to resolve closely 
related and co-eluted peaks of pharmaceutical mixtures that are highly 
challenging to be separated and purified in analytical and preparative 
scales in IEX and RPLC [29]. In this work, chromatographic modelling as 
a function of column temperature, mobile phase gradient, or a multi-
factorial combination, enabled the development of a new technique 
called multifactorial peak crossover (MPC) [29]. Using MPC, authors 
were able to map the separation landscape of studied mixtures and 
quickly identify peak coelution crossings and selectively switch the 
elution order of target peaks away from undesired coeluting peaks. This 
approach demonstrated an immense potential to facilitate efficient pu-
rification, and characterization of complex therapeutic substances and 

their impurities. 
In further work, computer-assisted method development was used to 

establish a 2D-IEX-IEX method that otherwise would have normally 
meant a laborious amount of work [69]. Computer-assisted model was 
built for the system, and 3D-plots for the resolution of the second 
dimension IEX analysis, of nucleotides mixtures partially resolved via 
IEX analysis in the first dimension are given [69]. In this scenario, 
computer-assisted simulations minimized the number of experimental 
runs needed and were successful in employing multi-dimensional liquid 
chromatography (mD-LC) across high-throughput screening labora-
tories. This shows a disruptive combination for the developments of 
robust mD-LC making the technology more accessible. 

5.4. Computer-assisted approaches for HIC 

HIC is a non-denaturating mode for the analysis and purification of a 
wide range of biotherapeutics, including mAbs, ADCs and bsAbs 
[82–88]. This technique is based on an inverse salt gradient, as analyte’s 
hydrophobic interaction with a stationary phase is altered using a kos-
motropic salt, allowing the analyte to be retained by weakly hydro-
phobic stationary phases via the “salting-out effect”. In contrast to RPLC, 
HIC uses minimal to no organic solvent for the elution of the analytes. 
There are different suggested retention mechanisms for HIC mode in the 
literature, which have been reviewed in a previous work [82,83]. 

Fig. 4. Resolution maps with peak capacities in HILIC, optimized at different gradient times (tG) and Temperature (T (◦C)) of (A) NISTmAb, (B) cetuximab and (C) 
brentuximab vedotin, adapted with permission from Elsevier [71]. 
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Typically, HIC method development includes the selection of stationary 
phase, salt type and salt concentration, column temperature and pH of 
the mobile phase [83]. 

In a previous paper, it was demonstrated that the amount of organic 
modifier in the mobile phase has a crucial influence on HIC retention 
mechanism, and it is an important parameter in optimization of highly 
hydrophobic proteins (i.e., ADCs) [84]. Later, the same group demon-
strated that mobile phase temperature and gradient steepness also in-
fluence HIC retention mechanisms following a linear retention model 
[83,84]. This result is consistent with Karger and Szepesy earlier work 
showing that the retention mechanisms of proteins follow the LSS model 
in HIC gradient systems [85,86]. In addition to the above, mobile phase 
temperature and gradient steepness were also studied and showed an 

LSS behavior for mAbs separation, with high prediction accuracy (error 
~ 1.0 %) for retention time model [83]. The same research group also 
published the application of non-linear models in HIC gradient retention 
mechanisms, and its potential to enhance the separation between 
different Drug-Antibody-Ratio (DAR) species [83]. It is worth noting 
that the resolution for the separated compounds was evaluated using 
three different gradient models, namely power function, linear, and 
logarithmic. The logarithmic gradient profile provided the highest 
overall resolution and prediction accuracy, and most peak focusing with 
equidistant retention distribution for the DAR species, against the linear 
model for HIC [87,88]. 

Most recently in 2022, Barrientos et al., [88] introduced an auto-
mated multi-column and multi-eluent HIC platform coupled with an 

Fig. 5. (A) Resolution map for gradient (tG− pH) IEX model of cetuximab sample, (B) chromatograms for predicted and experimental conditions, showing successful 
IEX model with good, adapted with permission from Elsevier [79]. 

Fig. 6. Examples of using computer assisted modeling for automated screening, multifactorial modeling and optimization for the separation and purification of 
biopharmaceutical targets including protein, ADCs and mAbs in HIC mode (adapted with permission from American Chemical Society [88]. 
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integrated fraction collection and computer-assisted multifactorial 
simulation (Fig. 6). This work streamlined automated method screening, 
optimization, and purification workflow for biopharmaceuticals 
including proteins, mAbs, ADCs, and oxidation variants. 3D multifac-
torial model was built from gradient steepness, column temperature, 
and salt blending variables to obtain the optimum resolution and 

selectivity. The retention models were built with the commercially 
available LC simulator software, deliveing less than 5 % error across all 
(bio)pharamceutical mixtures. 

Fig. 7. SFC sperations of biogencic amines using in silco modelling, (a1–a3) 3D resolution maps for multifactorial optimization at different column temperatures, 
gradients, and flow rates; (b1–b3) 2D resolution map for column temperature and flow rate, (adapted with permission from American Chemical Society [94]. 
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5.5. Computer-assisted approaches for SFC 

SFC is performed using sub/supercritical fluid mobile phases con-
taining pressurized carbon dioxide blended with a cosolvent. In general, 
supercritical fluid chromatography (SFC) can deliver unique advantages 
such as high peak capacity, reduced backpressure, solvent requirements, 
and shorter run time. This technique has been historically viewed as 
challenging to model due to the nature of its mobile phase, its 
compressibility, and its multimode retention mechanisms [89–91]. 
Recently, there has been a mounting interest in using computer-assisted 
strategies with less common chromatographic techniques such as SFC 
[89,91–95]. For example, Tyteca et al. [89], explored the possibility of 
modelling retention mechanism and method development in SFC using 
computer assisted method, MATLAB-Software. In this work, both iso-
cratic and gradient techniques were applied for the analysis of ator-
vastatin and its related impurities, using different column chemistries. 
The later work successfully demonstrated that isocratic retention 
mechanism can be used accurately with non-linear retention models. 
Further, it showed that pressure had a noteworthy influence on the 
interconversion between isocratic and gradient retention mechanisms in 
SFC. Furthermore, the same authors investigated retention predictions 
after gradient scouting runs to estimate the critical retention parame-
ters, providing retention predictions with high accuracy (<5 %) for 
applied gradients programs, only with the same starting conditions. 

Later in 2019, Akchich et al., highlighted enantioseparation of 
dihydropyridone stereoisomers using SFC serially coupled with two 
polysaccharide-based chiral columns [43]. Due to the impact of pressure 
increase, this tandem configuration yielded enhanced chiral resolution 
through increased column efficiency and selectivity of two paired sta-
tionary phases. The same group further employed two empirical quan-
titative pressure-retention relationships reported earlier by Wang et al. 
[96], to predict the retention times on a tandem column at any pressure 
value. This enabled mathematical modelling of retention times with 
tandem column configurations at different pressure settings, which 
showed to be a highly valuable tool for stereoisomers and therapeutics 
assay development. 

In another work, a novel approach called Isomolar Plot was intro-
duced to model the common retention shifts occurring with pressure 
drops in SFC techniques [97]. Using Isomolar Plot, an interesting 
application was reported for retention time shifts for efficient method 
transfer from SFC to ultra-high performance SFC. The efficient calcula-
tion of the apparent retention factor at any column pressure change, 
enabled streamlining the transfer of chromatographic method per-
formed using different instruments. Recently in 2022, Duan et al., re-
ported a new strategy for effective simulation and separation of a 
challenging mixture of closely related biogenic amines (BAs) by using 
ultrahigh-performance supercritical fluid chromatography (UHPSFC) 
and PDA detector on a BEH column [94]. The separation landscape of 
the 10 amines was mapped using ACD/LC simulator software (Fig. 7). To 
achieve optimum resolution, a multi-factorial model was applied by 
selecting the influential variables including gradient elution, column 
temperature, and various flow rates. The latter application was suc-
cessful in rapidly separating all studied compounds, with high resolution 
(~2.6), and accuracy (84.1–117.1 %) while also delivering higher 
detection sensitivity (LOD = 1.2, 10 ng/mL) and detection dynamic 
range (10–2500 ng/mL). This enabled efficient separation and fast 
method development of complex mixtures of Bas with massive reduction 
of cost, time and solvent consumption compared to traditional SFC 
approaches. 

More recently in 2022, our group developed a new hybrid separation 
workflow using SFC instrumentation, named dual-gradient unified 
chromatography (DGUC) [98]. This new platform was built upon an 
automated dynamic modulation of CO2, organic modifier, and water 
blends. A DGUC automated screening system using multiple columns 
and mobile phases delivered simultaneous multicomponent analysis of 
both small and large molecules (ADCs), synthetic intermediates, 

nucleosides, cyclic and linear peptides) across a wide polarity range in 
single experimental runs. DGUC would benefit from the use of 
computer-assisted multifactorial simulations to streamline method 
optimization. 

6. Computer-assisted chromatographic simulations in the 
development of generic analytical assays 

Generic or more universal chromatographic methods can separate a 
wide number of compound classes in a single experimental run [1,8,47]. 
Such generic analytical conditions are very convenient to accelerate the 
deployment of reliable analytical assays across various stages of (bio) 
pharmaceutical development at a faster pace. Recent advances in 
analytical instrumentation including pumping systems, column tech-
nologies, and detection systems are extremely useful in the development 
of generic chromatographic methods [4,11,99–105]. Computer-assisted 
chromatographic modelling is becoming a powerful tool for efficient 
development of robust generic chromatographic methods [106–112]. 
Additionally, chromatographic simulations can help minimize tedious 
optimization endeavors when dealing with new reactions and complex 
samples. 

Fekete’s group introduced a generic RPLC method for mAbs tackling 
critical challenges including chromatographic resolution, and the po-
tential thermal degradation [112]. Using computer-assisted modelling, 
it was demonstrated that temperature and gradient steepness were not 
following typical van’t Hoff type linear models, and LSS model was not 
able to predict the retention time with acceptable accuracy. Meanwhile, 
nonlinear quadratic models provided high prediction accuracy for the 
retention (0.5–1% relative error) using only 6–9 number of experiments 
to usefully separate all targeted mAbs in the mixture. 

In the example shown in Fig. 8, a new generic IEC method for the 
separation of 20 nucleotides and closely related synthetic intermediates 
in therapeutic substances was introduced from computer-assisted 
modelling [1,8]. This generic method offered the capacity to stream-
line the separation of nucleotide-based drugs, with minimum number of 
experiments, which was applied in both analytical and preparative scale. 
The method showed an excellent accuracy, with less than 0.26 % ΔtR 
difference between predicted and experimental outcomes. In another 
example, the analysis of palladium-scavengers in complex 
palladium-catalyzed reaction mixtures was facilitated with a generic ion 
chromatography–conductivity detection (IC–CD) assay [47]. The new 
approach was enabled via software-assisted simulations delivering 
excellent resolving power, linearity, recovery, repeatability, and sensi-
tivity for baseline separation and analysis of more than 10 Pd scavenger 
species plus salt counterions commonly used in PR&D laboratories. 

7. Conclusions 

Multifactorial computer-assisted separation approaches are an 
important addition to existing analytical toolbox towards a more 
streamlined deployment of meaningful and reliable assays across (bio) 
pharmaceutical laboratories. In this review, the importance of 
computer-assisted strategies across different chromatographic modes 
was discussed showcasing current challenges and limitations including 
the use of classic and linear computer-assisted models. Further, the 
beneficial uses of polynomial and non-linear regression models were 
also outlined. Multifactorial strategies from several reports were also 
discussed, illustrating a higher correlation and prediction accuracy for 
more complex stationary phase-analyte interactions as typically occurs 
with large molecules. These provided deeper understanding of retention 
mechanisms in various chromatographic techniques and more insights 
on how to enhance the accuracy of retention prediction. Finally, 
different unconventional applications have emerged in recent years 
showing how computer-assisted strategies can be successfully used in 
many creative ways to overcome extremely challenging separations 
involving complex reaction mixtures and modern separation techniques. 
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Fig. 8. Generic IEC method for the analysis and separation of 20 nucleotides from computer-assisted modelling to experimental run, Adapted with permission from 
Elsevier [1,8]. 
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Overall, computer-assisted strategies prove undeniable potential for 
method development and optimization, playing a crucial role in 
enabling rapidly growing (bio)pharmaceutical targets. With the emer-
gence of artificial intelligence and robotics, it is anticipated that 
computer-assisted strategies will dominate method optimization and 
development across both industrial and academic settings. 
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A. Laganà, A multidimensional liquid chromatography–tandem mass 
spectrometry platform to improve protein identification in high-throughput 
shotgun proteomics, J. Chromatogr. A 1498 (2017) 176–182. 
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