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ABSTRACT
Polishing chromatography is a critical element of a bioprocess, because it is
currently the only scalable separation technique that can remove process-related
impurities, thereby achieving the high purity required of a biotherapeutic.
Optimising the polishing chromatography of complex feeds has not been
systematically addressed in the literature. This thesis identified a novel,
academically affordable ternary protein mixture and systematically developed an
optimal two-column polishing train for it.
The ternary protein feed mixture was selected using many criteria, but had no
special feature to aid identification, such as a chromophore, making it more
difficult to characterise. The resulting analytical chromatogram could not be fully
resolved, which is typical of industrially relevant products, such as glycoproteins.
The

selected

HPLC

column

produced

fast

separations,

resulting

in a comparatively rapid quantification of preparative chromatograms.
Many chromatographic resins and operating conditions were screened, resulting
in the non-obvious sequence a hydrophobic interaction (HIC) followed by
an anion-exchange (AX) adsorbent. Systematic experimental studies optimised
the sequence with respect to yield, purity and amount recovered. Although the
loading exceeded the binding capacity of the HIC column, runs at extremely high
loadings (60 — 150 g/L) gave very efficient separation in an unusual combination
of flow-through and bind-and-elute modes. It was found to achieve >200 mg
of acceptably pure product from a single run.
A variety of problems were encountered during the development of this polishing
train, to which solutions were developed. While these problems are not
uncommon, the literature does not contain systematic solutions to them.
Examples include decisions about sequence design, protein solubility issues, and
the detailed characterisation of samples from preparative runs (not achieved
by analytical HPLC). In particular, a system-specific deconvolution methodology
was developed that allowed complete characterisation of the mixture; the
approach is likely to be widely applicable to industrially relevant biological feed
mixtures.
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NOMENCLATURE
AC

affinity chromatography

ALHS

Automatic Liquid Handling Platform

AS

ammonium sulfate

ATPS

aqueous two-phase systems

AUC

area under the curve

AX

anion-exchange chromatography

CE

capillary electrophoresis

CV

column volume

CX

cation-exchange chromatography

DEAE

diethylaminoethane

DoE

design of experiment

EMA

European Medicines Agency

FDA

Food and Drug Administration

FT

flow through

g/L

gram protein(s) per litre chromatography resin

GC

gas chromatography

G-CSF

granulocyte-stimulating factor

HA

hydroxyapatite

HCP

host cell proteins

HIC

hydrophobic interaction chromatography

HILIC

hydrophilic chromatography

HMW

heavy molecular weight impurities

HPLC

high pressure liquid chromatography

HS

high-sub (refers to high ligand density)

HT

high-throughput

HTTFF

high-throughput tangential flow filtration
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IEX

ion-exchange chromatography

IPA

isopropanol

LC

liquid chromatography

LMW

light molecular weight impurities

LS

low-sub (refers to low ligand density)

M

molarity, mol/L

mAb

monoclonal antibody

mAU

mili absorbance units

MM

multimodal (aka mixed-mode) chromatography

MS

mass spectroscopy

MW

molecular weight

NA

not available

PF

purification factor

pI

isoelectric point

pKa

acid dissociation constant

PLS

partial least squares regression

R&D

Research and Development

RP

reverse phase chromatography

RSM

response surface modelling

SC

sodium chloride

SDS-PAGE dodecyl sulfate polyacrylamide gel electrophoresis
SEC

size exclusion chromatography

SMB

simulating moving bed

TPP

three-phase partitioning

UV

ultraviolet
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PROTEIN NOMENCLATURE
aChy

a-Chymotrypsynogen

ALB

α-lactoalbumin

Amy

amyloglucosidase

BLG

β-lactoglobulin A

BSA

bovine serum albumin

Con

conalbumin

Cyt C

cytochrome C

Hb

hemoglobin

HSA

human serum albumin

Lip CR

lipase from Candida rugosa

Lip PP

lipase from porcine pancreas

Lip TL

lipase from Thermomyces lanuginosus

Myo

myoglobin

Ova

ovalbumin

RibA

ribonuclease A

SBTI

soybean trypsin inhibitor
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Chapter A. Introduction
1. Proteins
Two centuries ago a new group of molecules was discovered by Antoine Fourcroy
and others, which was later called proteins by Jöns Jacob Berzelius [1].
Etymology of the word protein is very interesting and already suggests its high
significance. It comes from a Greek πρώτειος (proteios), meaning “of the first
quality”, “first” (protos,[2]) or "standing in front" [3]. One can say that the name
already suggested a dominant place for proteins in science. Almost 200 years
later proteins have indeed become an important class of biomolecules, leading
bio-science innovation, mainly because of their therapeutic use. Proteins
therapeutic abilities are of constantly increasing interest to scientists and pharma
companies who invest more into the development of such products. The common
aim of both academia and industry seems very clear - cure diseases. In 2011, 21
biotech companies invested more than 1 billion Euros into research and
development (R&D). On top of that list there were Novartis, Roche and Pfizer
spending ca. 7 billion Euros each [4]. Company websites show that a lot of
attention was brought to proteins, such as antibodies, bispecfic antibodies and
ADCs. The importance of therapeutic proteins was also visualised by the fact that
in 2012, 40 % of all FDA approved drugs were biopharmaceuticals [5]. It is
estimated that by 2021 the market will reach 250 billion USD [6]. An existing huge
demand for novel medicines, but also for the already existing registered products
(Table A.1) and protein therapies, encourages and drives further research.
The global biopharmaceutical market is challenging, because proteins are
demanding molecules with very complex structures and difficult to measure
interactions especially in vivo. This challenge is also an opportunity for many
protein-related areas yet to discover.
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Table A.1 - Selected largest selling protein products and other commercial proteins used
medically [7,8].

Product

Type of molecule

Medical use

Humira

Adalimumab (antibody)

Rheumatoid arthritis

Avastin

Bevacizumab (antibody)

Bowel Cancer

Herceptin

Trastuzumab (antibody)

Breast Cancer

Neulasta

Remicade

Epoetin alfa

Filgrastim (granulocyte
colony-stimulating factor)

Infliximab (antibody)

EPO, glycoprotein
(hormone)

Neutropenia

Crohn's disease; rheumatoid
arthritis

Anemia

Betaseron

Interferon beta (cytokine)

Multiple sclerosis

Roferon A

Interferon alfa (cytokine)

Chronic hepatitis C

NovoSeven

Blood factor (proteases)

Haemophilia

2.

Bioprocessing

The key aspect of every therapeutic product is both its purity and impurity profile.
The effect of both must be studied prior the application in humans and
is regulated by official organisation, such as Food and Drug Administration (FDA)
in USA or European Medicines Agency (EMA) in Europe. Naturally, achieving
high purity levels is the key of every biopharmaceutical process and is controlled
during all the purification steps, especially during the downstream polishing step
[9]. Among other important parameters, which are of huge importance during
manufacturing of a medicine are yield of a process, ease of purification and cost.
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Currently, production of any protein therapeutic is performed using biological
systems and can be described as a two-staged process. The focus of the first
step, upstream is to produce high quantity of the product, while the focus of the
second step, downstream is to achieve desired product quality. Therefore,
the upstream

process

includes

everything

relating

cellular

expression

and primary recovery, while the downstream includes following purification up to
the point when the final product is formulated.
2.1.

Polishing step

Biomanufacturing of complex protein therapeutics usually involves a series of
purification steps that employ chromatographic methods [10,11]. As pointed out
earlier, monoclonal antibodies (mAb) are of particular interest in the current
biotech industry. They are the most popular and highly demanded biotherapeutic
molecules [12–14] and can be used to visualise a scheme of a typical bioprocess
(Figure A.1).

Figure A.1 - “Simplified platform process for the production of monoclonal antibodies in bulk
form” [15]. For abbreviations see the nomenclature on p.26.

During primary recovery step, the product is cleared of major impurities usually
of non-product related nature and is followed by a polishing step(s) where other
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minor impurities are removed, and desired product quality is achieved [10,16].
For example removal of aggregates is critical for the safety of medicines, because
of their potential immunogenicity [17].
Contaminants that are produced with the product during cell-culture can be of
product nature, such as truncates, aggregates, misfolded forms of target protein,
charge variants, glycosylated, deamidated, phosphorylated and other product
variants (table 1.3 in [18]), or non-product origin like residual DNA, host cell
proteins (HCP), leached protein A ligand or viral particles [9]. Most of non-product
related impurities are removed during the affinity capture step, however some
residual species may remain [19]. Typically, in the polishing step only few types
of impurities from the first group are present, but at relatively large amounts
[20,21], while the latter group usually includes substantial amount of various types
of impurities, but at low overall amounts, as compared to the product [22].
Table A.2 Mode of chromatography employed as polishing steps in mAb process for clearance
of specific kinds of impurities [16]. For abbreviations see the nomenclature on p.26.

Impurity

Mode of chromatography

High molecular weight aggregates

HIC, CX

Host cell protein impurities

AX, HIC, CX

Leached Protein A

HA, HIC, CX

Viral clearance

AX, CX, HIC, HA

To remove the range of different types of impurities, the polishing step often
consists of orthogonal methods, whose aim is to remove impurities based on their
different chemical properties [23]. For example a sequence of cation-exchange
and hydrophobic interaction chromatography is used to purify granulocyte-colony
stimulating factor (G-CSF) to a desired level of purity: low levels of host cellrelated contaminants like proteins, DNA and endotoxins, and acceptable levels
of yield suitable for production scale process [24]. G-CSF is a treatment used to
help strengthen of the immune system after chemotherapy. Examples of modes
of chromatography employed in mAb processing are presented in Table A.2.
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2.2.

Downstream pressure

Until relatively recently, the efficiency of the whole bioprocess was mainly limited
to low yields at the upstream front. However, a significant progress in increasing
cell densities and product titres was recently observed and well-developed
protein production systems, which utilise bacterial or mammalian cells are now
efficiently employed [25]. Instead of biological limits, scientists are now more
challenged with the efficient downstream purification of increased amount of
material. The focus of industry has shifted towards actual cost-effectiveness of
purification, in which a combination of yield, purity and cost has to be maximised.
Hence, there is a need to develop methods, that allow optimisation of the
downstream purification process.
The current major technique involved in downstream processing of bioproducts
is chromatography, because of its very high resolution in bioseparations [26,27],
and use of mild solvents [28]. Disadvantages of this technique include relatively
high costs, operation in batches and low-throughput. Due to the nature of physical
separations, the capacity of downstream processes scales at least linearly
with the cost [25]. Because decreasing dependency on chromatography is
desired, alternative methods, such as aqueous two-phase systems (ATPS)
[15,29–31], three-phase partitioning (TPP), precipitation, crystallisation [32], highthroughput tangential flow filtration (HTTFF) and others are gaining increasing
interest [33]. Nevertheless, because industry is rather conservative in reaching
for completely new solution, it is still likely that chromatography will remain the
most commonly used technique at least for the next few decades, which is
because, unlike other techniques, the position of chromatography is well
established in downstream processing [11].
3.

Chromatography

The earliest evidence of use of chromatography processes comes from the Old
Testament, the book of Exodus, where Moses threw a piece of wood into the
bitter water and made water potable. Possibly, it was an ion-exchange process,
where dissolved calcium chloride, which makes water bitter, was removed with
a potassium

oxalate-impregnated

wood

[34].

The

modern

history

of
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chromatography starts at the turn of the 20th century. A Russian, Michail Tswett,
who worked in University of Warsaw, in the Russian-occupied part of Poland
(the current Polish capital) used a term “chromatography” for the first time in
the context of separation of plant pigments [35,36]. Although he is often referred
to, as the father of chromatography, few years before him David Day applied
similar chromatographic techniques to petroleum analysis [37]. Nevertheless,
the latter one is rarely mentioned.
Chromatography is a technique used to separate compounds such as simple
molecules, peptides or proteins. Depending on the purpose, chromatography can
be used for either preparation or analysis of compound of interest. Liquid
chromatography can be classified as a specific case of processes called
percolation [18]. The basic principles of these operations are the same and are
based on different distribution of two or more species between liquid and solid
phase upon their contact. Solid phase is often called stationary phase, because
it is fixed, whereas the fluid which flows through it, contacting mixture of
components to be separated, is called mobile phase. Some fluid can be stagnant,
such as liquid in pores of matrix particles and will also count as a part of stationary
phase.
The most typical example of chromatographic separation is where the feed is
applied to the top of the column, which is packed with fixed solid phase and
separated products are collected at the other end in a process called elution.
Different reversible interactions between eluting compounds and the resin result
in different partitioning between solid phase and mobile phase for each
compound. This is schematically shown in Figure A.2, where a mixture of
components represented by filled shapes enters the top of the column and
is separated in time and over the column length (which can also be expressed as
column volume). Weakly interacting species (square) elute first, whereas strongly
interacting (circle) reside on the column for longer, and intermediate species
(triangle, diamond) elute in between. Exit of eluting components is typically
monitored using absorbance readings at a fixed wavelength and the obtained
result is called a chromatogram (panel B in Figure A.2). Components of
chromatogram are called peaks. Due to broadening effects, molecules of
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the same type of solute do not exit the column at the same time. It may contribute
to the fact that peaks are not fully resolved (diamond, triangle in panel B in Figure
A.2). Most basic chromatography theory assumes, that a peak is broadened
symmetrically and can be described by a Gaussian. However, intra- and extracolumn processes exists that can broaden a peak asymmetrically [38].
If the elution is complete, the mass of the loaded solute is linearly proportional to
the area of corresponding peak. For overlapping peaks integration of each peak
is more challenging and can be determined using deconvolution methods,
as discussed later in paragraph 6.4.

Figure A.2 - Schematics of batch, column chromatography. Different shapes (circle, triangle,
diamond, square) inside a column represent different types of molecules which separate in time
and alongside the column length (panel A), which is monitored and results are shown as a
chromatogram (panel B).

The example shown in Figure A.2 represents a batch type process, where
processing large amounts of material requires several chromatography runs.
Continues or semi-continuous chromatography methods are also developed,
such as continuous annular chromatography [39], simulating moving bed (SMB)
[40–42], or other multi-column continuous processes (e.g., BioSC® by NovaSep).
Their application is of particular interest in separations on an industrial scale,
where being able to operate continuously saves time, which directly translates
into cost efficiency. The clear complexity related with the employment of
continues methods may be outweighed by increased productivity. The subject of
continues manufacturing, also in the context of chromatographic purification, was
reviewed in detail by Jungbauer [43].
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3.1.

Types of chromatography

Chromatography methods can be divided based on the main interactions
involved in the separation process and can be grouped into: ionic,
hydrophobic/hydrophilic or specific interactions; relevant chromatographic
techniques are briefly summarised in Table A.3. Gel permeation, also called size
exclusion chromatography in an exception, whose separation is driven not based
on adsorptive interactions, but based on diffusion or exclusion of molecules into
resin pores. Entering pores depends on hydrodynamic volume of a molecule,
which is typically proportional to molecular weight of protein. Separations that
utilise more than one type of interactions also exist and can be generally referred
as mixed-mode chromatography (MM). These methods typically include resins
with ligands that combine positive and negative charges with hydrophobic
properties. Such ligands can have long aliphatic and strongly hydrophobic chains
with positively or negatively charged residues at the end [44]. There are also
examples where various ion-exchange resins are mixed in the same system,
so called mixed-bed, such as weak and strong anion-exchange [45]. The type of
chromatography used depends on the nature of the interactions between ligands
which are bound to the stationary phase and molecules that are going to be
separated from the mobile phase.
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Table A.3 – Summary of chromatographic techniques. For abbreviations see the nomenclature
on p.26.
Main
interactions

Description

Type

Abbreviations

Ion

Elution using increasing of ionic
strength

Anion or
cation
exchange

IEX: CX, AX

Hydrophobic

Strong: Use of water-organic
solvents. Elution with decreasing
polarity/increasing of organic solvent.
Mild: aqueous solutions of high ionic
strength and elution with decreasing
salt

Hydrophobic

HIC, RP

Hydrophilic

Hydrogen bonding and dipole-dipole
interactions.
Elution with increasing
polarity/decreasing organic solvent
concentration

Hydrophilic

HILIC

Specific

Specific interactions between protein
groups and ligands.
Aqueous, desorption with pH drop or
competitively bound species

Affinity

AC

Mixed-mode

Various types possible, e.g. cationanion-exchange or ion-hydrophobic

Ionexchange,
hydrophobic

MM

Size exclusion

Aqueous, elution based on size
dependent residence time

no chemical
interactions

SEC

3.2.

Mechanisms of separation in chromatography

As mentioned before, during chromatographic separations, a mobile phase
containing mixture of compounds flows through solid phase allowing compounds
(so called adsorbate) to adsorb on the resin (so called adsorbent). This process
is called adsorption and depends on electrostatic and van der Waals forces.
Differences in strength and rate of adsorption are the basics of the most of
chromatographic separations and therefore knowledge about parameters that
affect that process is important. Although the adsorbent properties and their role
in separation are usually well known, translating properties of proteins into
prediction of adsorption is more challenging. This difficulty is a result of protein
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structure. Proteins are a very broad and complex group of heterogenous
molecules with multiple interaction sites, which can unfold while being adsorbed,
self-associate or degrade during process of separation [18].
One of the examples that reflect the complexity of interactions during separation
can be demonstrated by human serum albumin (HSA), which transits to
a different conformation upon binding. Voitl, et all studied HSA binding to a strong
cation-exchanger, discovered that, even though protein was of high purity,
it eluted as two peaks, and proposed that the protein was bound to the resin in
two different conformations [46]. Study of the breakthrough curves, different
elution gradients, concentrations and temperatures and proposed a model, where
HSA binds to cation-exchanger instantaneously in one conformation and then
changes to another one, as visualised in Figure A.3 [46].
Proteins can also bind in various orientation depending on the adsorbent, ionic
strength or pH as observed for lysozyme [47]. Other factors affect binding of
protein to the chromatographic resin, such as slow diffusivity of proteins, which
limits binding, prevents formation of equilibrium and causes difficulties in
prediction of adsorption patterns [18]. Unlike particle resins, monolithic column
separations are driven by a convective flow and therefore the problem of low
diffusion of proteins is less of a factor [48].

Figure A.3 – “Schematic representation of the protein human serum albumin adsorbing on
conformation 1 from the liquid phase with a possible transition to conformation 2 in the
adsorbed phase” [46]
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4.

Performance factors - Equilibrium factors and dispersive factors.

Adsorbent usually consists of porous granules with relatively high ratio of area to
volume that allows huge surface of interaction with adsorbate. At least three
different porosities can be described which relation is presented in Equation 1:
Equation 1 Total porosity of an adsorbent: εt – total porosity, ε – extra-particle porosity, εp –
intra-particle porosity.

𝜀𝑡 = 𝜀 + (1 − 𝜀) ∙ 𝜀𝑝

(1)

Extra-particle porosity depends on the packing structure of medium. For
randomly packed those values are typically around 0.3-0.4 [49] whereas for more
organised, such as monoliths, they are much higher. Intra-particle porosity is
a characteristic property of a particle itself. Values can range from 0, for pellicular
stationary phase with no pores, up to 90 % for low density gels, such as agarose
and dextran. Typically, extra-particle porosity restricts the flow rate because of
the presence of the fluid. In intra-particle space, fluid flow is typically absent and
solute transport depends on diffusion, with exceptions of very large intra-particle
size and high flow rate. A process utilising the latter one is called intra-particle
convection on perfusion [18].
Two main groups of factors that have an important effect on the chromatographic
separation can be distinguished. These are equilibrium and dispersive factors,
also called rate factors. The first group includes adsorption equilibrium, which
characterises molecules distribution between liquid and solid phase, and also
ionic dissociation and sometimes intermolecular association. These are
describing best possible separation and therefore are related with a term ideal
chromatography. However, during chromatographic separations the timescale
is usually short, not allowing equilibrium conditions to be reached. That is why
dispersive factors are of more importance. These can be generally divided into
three categories: mass transfer resistance, kinetic resistance to binding and
mobile phase dispersion effects. The last one is impacted by axial diffusion,
hydrodynamic dispersion and non-uniform flow. The latter one can be due to poor
column design, heterogeneous packing or differences in viscosity of mobile
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phases, so called viscous fingering [18]. All those mechanisms that affect
dispersion can cause deviations from ideal chromatography which is observed as
peak broadening and tailing. Peak tailing which is a normal feature of real
chromatography is generally a result of heterogenous mass transfer kinetics
or thermodynamics with overloading of protein in nonlinear isotherm range [50].
Such loadings are expected in real downstream processing.
To describe mentioned effects in mathematical terms certain material
and interaction parameters have to be defined. The major elements are
schematically presented in Figure A.4 [10] and can be divided into two main
groups: factors affecting interactions with proteins related with resin
and with solvent outside the resin. Learning about those parameters for each
protein can pave the way for in silico optimisation of complex protein mixtures.
However, it is very difficult to obtain necessary parameters for all proteins due to
the complex nature of proteins and their interaction with adsorbents. Studying
equilibrium isotherms that describe mass transfer properties (e.g. [51–53]) or
performing batch uptakes that describes kinetic behaviour of protein and
adsorbent (e.g. [54–57]) allows for determination of some of these parameters.

Figure A.4 – “Schematic representation of the processes taking place inside a chromatographic
column on the microscopic scale and the parameters commonly used to describe protein
molecular properties, resin properties, and their interactions. Arrows indicate mass-transfer
effects, solid arrows convection, dashed arrows diffusion, and the length of each arrow is
qualitatively related to the magnitude of the effect.” [10]
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4.1.

Ion-exchange chromatography

The ion-exchange (IEX) is the most popular technique, because of relatively short
time of analysis, no organic solvent requirements, simple cleaning-in-place (CIP)
procedures, ease of scale-up, wide selection of resins, relatively high binding
capacity, high recovery of material and powerful separation capability [58–64].
In IEX, separation is a result of interaction between accessible charges of
the protein with the column ligands. The retention time depends on the strength
of those interactions.
A resin containing negatively charged column ligands comprised of a weak
or strong acid groups (e.g. carboxymethyl, sulfopropyl) that bind positively
charged solutes is called a weak or a strong cation-exchanger (CX) because
it exchanges cations between ligands, mobile phase and solutes. Similarly,
a resin containing positively charged ligands comprised of amine functional
groups or diethylaminoethane groups (DEAE) is called a weak or a strong anionexchanger (AX), because it exchanges anions. Comparison of different ionexchange resins were thoroughly studied by Staby [65–69]. Naturally, a charge
of both solutes and ligands depends on the structure of solutes, acid dissociation
constant (pK) of ligands and pH of the environment. The exchange of ions
between a ligand and solute is affected by presence of a counter-ion, usually salt
ions in the mobile phase [63,70,71]. By changing the concentration of the counterion or the pH, the interactions between solute can be weakened causing
the solute to elute.
A typical protein is heterogenous in charge, because it contains both positively
and negatively charged amino acid residues. The net charge of protein is zero,
at pH that equals protein’s isoelectric point (pI). Typically, the pI of protein
is investigated prior deciding which type of resin to use: AX or CX and what pH.
Typically for pI < pK, pH > pI is used during AX, while for pI > pK, pH < pI is used
for CX. The practical pH value is also limited by the stability of protein, which can
denature at high or low pH. Although pI indicates whether protein is acidic
or basic, it does not reveal any information about the charge distribution. It is
possible that even generally negatively charged protein can retain some positive
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charge on the surface at low pH, thus binding abilities to a cation-exchanger.
Similarly, a positively charged protein can be partially retained on an anionexchanger. Kopaciewicz et. al. [72] showed that several proteins were retained
on the AX at pH ≤ pI or the CX at pH ≥ pI and explained this observation
by the existence of localised charge regions in the molecular structure that orient
the protein to oppositely charged surfaces of ligands.
The importance of the choice of a mobile-phase counter-ion was also shown to
affect the retention of proteins and was specific to both protein and resin used.
Yamamoto and Ishihara [73] studied a model separation of β-lactoglobulin A
and B at pH near pI on both weak CX and AX. They showed no binding for CX,
but binding and baseline separation on a weak AX. In addition, they showed that
increasing the pH above pI worsened the resolution.
Modification of proteins, such as PEGylation were shown to significantly reduce
the binding capacity of an AX due to change of charge interactions and size of
the molecule, both caused by neutral in charge and large poly(ethylene glycol)
(PEG) molecule [62].
4.2.

Hydrophobic interaction chromatography

Hydrophobic interaction chromatography (HIC) is often used after IEX in
a polishing sequence where proteins are already processed in high salts, which
enhance hydrophobic interactions [74]. The retention of proteins on HIC reflects
their hydrophobicity [75]. To minimise electrostatic interactions, proteins are
usually loaded close at pI. A presence of high salt concentrations is required to
allow binding, but distorts protein structure by inducing conformational changes
[76], which may lead to solubility issues and yield losses [77]. Some approaches
have been made to reduce these unwanted effects, such as operating HIC at low
salt conditions [78] or using multimodal chromatography which can help avoid
certain problems existing in purely hydrophobic chromatography [19,44,79–83].
Often, HIC is used in the flow-through mode, where the impurity is bound to
the resin, while the product remains unretained. The flow-through approach is
limited to a binary separation problems. Due to low binding capacity, HIC is not
typically run in bind and elute mode. Using additives, such as urea, arginine
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or organic solvents to enhance solubility or elution may be of benefit, although it
may also negatively impact the resolution [78,84–86]. Due to the interplay
between binding, resolution and solubility of protein at high salts, the
development of HIC method is rather complex. This can be also justified by the
fact, that the exact mechanism describing binding between proteins and resin is
not yet fully understood, however several mechanisms are proposed [87–91] and
many valuable studies have been reported showing how the folding and unfolding
of protein affects the HIC binding [92]. Although in HIC electrostatic interactions
are not majorly responsible for the separation mechanism, the pH is still important
due to its effect on protein stability [93]. Therefore, the correct choice of all pH,
salt composition and concentration, and resin with respect to both solubility,
binding and resolution of proteins is the key of successful HIC separation.
The benefits and drawbacks of using IEX, MM and HIC in bioprocessing of mAb
are discussed in [11]. They limitations include: low binding capacity for HIC
and MM, which may require multiple cycles to process a single batch of product
feed, limited conductivity of the load for AX.
4.3.

Modes of operation

According to Arne Tiselius [94], chromatographic separations can be performed
in three modes: elution chromatography in either isocratic or gradient form, frontal
chromatography and displacement development. Elution chromatography is used
and studied the most, because of its scalability and ability to separate multiple
components. Frontal analysis can only give a single pure component, unless
multiple processing steps are introduced, whereas displacement chromatography
is more difficult to scale-up for use with proteins [18].
4.4.

Conclusions

Chromatography is a well-established purification technique and is likely to be so
in next decades. New columns and matrices are developed, enabling larger
throughput. Methods such as (but not limited to) ion-exchange (AX), cationexchange (CX), hydrophobic interactions (HIC) or multimodal chromatography
(MM) are employed, each targeting different types of impurities, where

43

Chapter A. Introduction
respectively surface charge, hydrophobic or mixed interactions between proteins
and resins are utilised[11]. These powerful techniques operate in either flowthrough or bind and elute mode. The first one usually removes impurities
by binding them to the resin, whilst product remains unretained, whereas in the
latter case, both product and impurities interact with the matrix, but are separated
alongside with the elution gradient.
Various purification process development approaches have been discussed in
the literature [10,95,96] with high throughput chromatography being currently
state-of-the art for screening experiments. It facilitates use of automatic/robotic
liquid handling stations and micro columns allowing testing of many types of
resins and process conditions, such as buffer types and protein loading in parallel
using relatively limited amount of proteins [97–105].
5.

Optimisation methods

As discussed earlier, protein chromatography plays an important role during
downstream processing of bioproducts. It is however also considered
a bottleneck of manufacturing processes and therefore there is a huge need for
a rational optimisation of this technique [9]. This would also allow quicker choice
of optimal separation conditions, which would be crucial to adapt chromatography
step to the huge diversity of biomolecules. An effective optimisation would not
only result in faster and cheaper production, meeting therefore higher market
demands, but also help to better understand the product quality.
Processes are not always run at most optimal conditions, because of high time
pressures and therefore no time for optimisation. The focus is on optimisation of
single units instead of the whole process. Optimisation of a bioprocess can be
performed using various strategies. The most classic approach is changing one
factor at a time and finding such factor value for which the results is the most
profitable. Other methods employ use of various mathematical, statistical tools,
as well as deep understanding of a studied system.
Nfor, et al. [96] classified the optimisation methods into two categories: nonalgorithmic and algorithmic and also proposed a new, hybrid approach. The non-
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algorithmic methods are heuristic or knowledge based and depend on experts’
knowledge and rule of thumbs. They involve huge experimental effort, but do not
require high knowledge about the system and may employ the use of recently
developed high-throughput techniques, such as robotic platforms that allow
performing multiple experiments simultaneously with no user input. As a result,
such methods reduce the time and cost of experimentation.
When methods for a separation of a given molecule are established they can be
used across similar proteins which reduced time and money spent for process
development. These are called platform processes, and are common in the mAb
processing field. Even though use of platform processes is relatively easy and
can be quickly applied, they are not always run at most optimal conditions, and
more importantly, may not respond well for future requirements.
The algorithmic or model based methods require mathematical models
and computational power to simulate purification processes. The number of
experiments performed to find the optimum solution is therefore much lower.
However, obtaining important parameters to build such models is sometimes
difficult, as it requires thermodynamic data which is not easy not determine for
complex protein mixtures.
Hybrid approach combines high throughput experimentation with mathematical
modelling. The former one creates a large database of all necessary parameters,
such as physicochemical and thermodynamic properties of target protein and
the latter one evaluates experimentally the model and finds the most optimal
conditions (more targeted optimisation) for a given separation. This is
schematically presented in Figure A.5.
To be able to find the best process conditions, certain knowledge about process
parameters should be gained and for rational optimisation, information about
molecular properties of compounds to be separated and their interaction with
buffers and chromatographic resin is required, which is briefly summarised in
Table A.4. Resin properties are usually available from a supplier, however, to
obtain physicochemical parameters of interacting components, fractionation of
protein mixture during a run with detailed analysis of fractions is often required.
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Figure A.5 – “Overview of the proposed model-based hybrid protein purification process
development approach. A computer algorithm calculates an optimum purification sequence
using state-of-the-art mathematical models. These are fed by databases containing physicochemical and thermodynamic properties of the feed components to be separated, as
determined by HTE. The synthesized purification sequence is experimentally optimized further
using HTE and then designed in detail. Modern proteomics tools are used to characterize the
feed.” [96]

Methods that allow extracting of important parameters include 2D gel
electrophoresis for estimation of isoelectric point and molecular mass of proteins
[106,107], ATPS [107] or HIC [106] for hydrophobicity characterisation or mass
spectrometry [108,109]. Sometimes multidimensional approach is required, such
as IEX followed by HIC and SEC to obtain isotherm parameters for crude
biological mixtures [110]. A combined chromatography and mass spectrometry
methods are also thoroughly used [108]. A multidimensional approach is usually
very laborious and challenging, because of increased complexity of sample and
data handling. A comprehensive review of knowledge based chromatographic
process development and techniques used to obtain parameters needed for
optimisation can be found in [10].
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Table A.4 – Parameters required for modelling of chromatography separation [96].

Method

Parameters

ion-exchange

charge, equilibrium constant, steric factor

hydrophobic interaction

hydrophobicity, maximum binding capacity

affinity

affinity constant, maximum binding capacity

size exclusion

molecular size, mass

5.1.

Protein models

Because mAbs are expensive or not readily available proteins, cheaper model
proteins are often used to study novel purification patterns, gaining knowledge
about the purification system and mechanisms or developing new processing
approaches. The correct choice of such proteins can not only reduce costs, but
also simplify analytics at the same time still feeding back into the real processing
problems. However, models can often lack the complexity to resemble a ‘real life’
mixture and therefore may not fully exploit given purification problem. Hence,
a requirement for developing model system relevant to a studied problem. One
of such problem is the optimisation of complex protein mixture in a two-column
purification sequence. It is not something reported in the literature to the
knowledge of author.
5.2.

DoE and mechanistic modelling

Researchers evaluate optimisation of protein separations during chromatography
step using various means, as mentioned in the previous section. They study
models using artificial model mixtures of known proteins. This allows easier
characterisation and better understanding of how a prediction method works.
Osberghaus et.al [111] used three component model system consisting of
Ribonucelase A, cytochrome C and lysozyme to compare mechanistic and
empiric modelling approaches. Optimisation of multicomponent separations is
a complex task usually resolved using statistical methods such as DoE (Design
of Experiment) and RSM (Response Surface Modelling). These approaches
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are purely based on investigating statistical relationship between experimental
factors and are often facilitated by the use of high-throughput platforms.
Mechanistic approaches are also of increasing interest. Here, Osberghaus
compared both. He used prepacked a CX column to separate three components
mixture using bilinear gradients at pH 7 with NaCl. Parameters such as length of
gradient, gradient slope and initial proportion of elution buffer were optimised
using mentioned approaches, as visualised in Figure A.6. In total For DoE-RSM
total of 32 experimental conditions were investigated, where three mentioned
parameters were varied. Resolution between peak proteins was calculated and
compared and peaks were deconvoluted based on additional absorbance of
cytochrome c. Mechanistic approach was based on steric mass action (SMA)
model developed by Brooks and Cramer [112]. Apart from sorption parameters,
which had to be determined, all other parameters needed for this model were
established beforehand. The aim of modelling was to achieve the best resolution
between peaks by changing parameters described in Figure A.6.

Figure A.6 – Schematic representation of optimised parameters [111].

Study showed that DoE-RSM approach was comfortable and fast method that
can help reliably predict correlations between parameters within the design
space, such as correlation between salt concentration and retention time of the
first peak. It seemed easy to find all important separation factors and their
influence on separation and on the system robustness. On the other hand, this
approach was very limited with respect to complex chromatographic processes,
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especially for non-linear gradients, where lack of fit was significant. Also,
deviations outside the design space were huge, hence need for new calibrations
of a model.
Mechanistic approach, unlike previous method, is a complex tool that requires
a lot of experimentation prior its application. In addition, there is a need for
efficient algorithms to solve partial differential equations that are part of the
model. The great advantage of this strategy is the reuse of the model and no
need for recalibration for similar problems. All investigated parameters are of
mechanistic nature, which means they can be employed for similar separations.
Use both systems was suggested, where the DoE approach was to assess
complexity of a separation, identify important parameters and obtain parameters
for needed for mechanistic models. The idea of using both approaches is present
in the literature and is gaining more interest as research continues, as could have
been also observed in [96]. However, obtaining mechanistic parameters for
complex protein mixtures is a challenging task.
To aid in obtaining process parameters that can be used for model-based
optimisation methods, special algorithms are designed. These algorithms can be
used to get important model parameters from chromatograms [113]. These
parameters can be then applied in model based optimisation. Huuk et al [114]
used such approach where they optimised in silico separation of proteins in a
process containing two orthogonal cation and anion-exchange steps. Their work
showed that global optimum is different that a sum of individual steps optima.
Global optimisation is important because it prevents from under or over
optimisation of individual steps and can be achieved using mechanistic
modelling. The best optimised examples were verified using model mixture of
cytochrome c, chymotrypsin and ribonuclease A and were shown to be
successful. It was claimed that their optimisation approach together with in-house
developed software can be also applied to commonly used platforms in
downstream processing and can handle more complex protein mixtures (such as
mAbs and sets of host cell proteins). This approach however, seem to be quite
complex and has to be thoroughly tested on a real mixture example.
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Successful optimisation and scale up of a whey proteins mixture were
demonstrated by Nfor [99]. Combined high-throughput screenings and column
modelling were used to determine best conditions for separation of α-lactalbumin
from β-lactoglobulin and BSA on IEX and HIC and scale up from 1 mL to 35 L.
Initially conditions and various column types were screened and then few were
selected for further model optimisation. High throughput determination of
isotherms and batch uptake experiments helped obtaining necessary parameters
for modelling of purification profiles. RP-HPLC, SDS-PAGE and mass
spectrometry were used to identify proteins. Finally, it was shown that the
combined approach increased throughput by 12 % without sacrificing yield and
purity. The approach where high throughput screening is applied before actual
modelling can allow screening much wider range of conditions and facilitate
finding a global optimum.
5.3.

Simplex algorithm

Experiment can be defined by set of parameters and a response that is produced
as a result to a change of a value of given parameters. A set of responses is
called response surface and any optimisation aims to find the coordinates (values
of parameters) for which the response is minimal or maximal. Finding optimal
conditions of one or more chromatography steps during downstream processing
is a challenging but important task. Various approaches could be studied, as
discussed earlier, however, the optimisation is not only the matter of finding the
optimum of a given separation problem, but also finding it efficiently.
The Simplex algorithm is a mathematical tool that can be used to facilitate
empirical choices when searching for optimal response of complex systems.
The theory of the simplex method have been developed by Spendeley et al.[115].
Mathematically, simplex is a geometrical shape, a polytope of n+1 vertices in a n
dimensional-space (e.g. point, line, triangle, tetrahedron are respectively 0,1,2,3
dimensional simplexes. In the context of chromatography optimisation,
a dimension corresponds to a parameter (e.g. load, slope, salt concentration) and
a vertex to an experiment, which simply indicates that for optimisation of two
parameters, at least 3 experiments are required. Once the responses are known,
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the Simplex algorithm organises them from best to worse and decides about
parameters of a new experiment. When the response is known, Simplex
algorithm ignores the worst response and forms a new simplex and the procedure
is repeated. The change of simplex is called the simplex step. Simplex algorithm
decides about the next step depending on the outcome of the previous response.
As a result, Simplex ‘climbs’ towards the best response, reacting to the observed
changes of parameters. The simplex methodology is thoroughly described in the
literature [116,117].
The Simplex Algorithm was used for optimisation of chromatography methods,
such as the optimisation of gradient elution in the separation of amino acids on
the reverse-phase HPLC column [116,118]. It has been also applied to optimise
to challenging bioprocess development process, such as removal of host cell
DNA and host cell proteins (HCP) using AX and MM [119]. Simplex allows
reaching optimal conditions in relatively few experimental steps and was shown
to converge quicker than a DoE [120,119,121]. An improved variant of the
simplex algorithm, a high-throughput simplex algorithm (HESA) was studied to
maximise the binding capacity of IEX for the Fab [120]. The results are compared
to other optimisation methods and are presented in Figure A.7. In addition, it was
also shown that HESA can be used in design spaces that are not accessed by
other algorithms and can be a good alternative for the response-surface
modelling approach for early development studies in bioprocess design.
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Figure A.7 – Showing efficiency of simplex algorithm on Fab’ case study: “(A) response surface
of raw binding capacity, (B) segments of the response surface revealed by the deployment of
the hybrid experimental simplex algorithm (HESA); (C)–(D) response surfaces of predicted data
obtained from the high-level factorial, central composite face-centered (CCF) Circles denote
experiments employed by the deployment of each approach. The arrow indicates the
experimental optimum.”[120]

6.

Analysis of proteins

Characterisation and quantification of a protein system is not only important from
a regulatory perspective, but is also a key during optimisation of any
bioprocessing step, such as the purification. The ability to properly characterise
a biopharmaceutical protein is complex, because of sophisticated structure of
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these molecules. There are various tests that can be performed, such as
determination of phosphorylation, glycosylation, aggregation, truncation, folding
and others that can help understand and eventually eliminate undesired protein
species.
Therefore, an accurate and robust analytical methods should be in place before
starting any of the optimisation process. The chosen methods are described in
following sections.
6.1.

PLS method

As mentioned earlier obtaining protein parameters during a chromatography
separation is crucial in every optimisation study. Methods of analysis depend on
individual proteins, on type of properties that have to be studied and number of
samples that have to be analysed. During fractionation of protein mixture during
chromatography run, large number of samples is produced for each run.
Moreover, this amount is multiplied by the number of runs performed. Therefore,
it is important to be quickly able to run and analyse samples needed, so it does
not become a bottleneck in a process of optimisation of chromatography. What
is also important is if the analysis is quantitative or qualitative. In the former case,
more accurate methods are needed. Those methods will be discussed here.
The simplest way of quantifying concentration of protein is measuring its spectra
and calculating concentration using Lamber-Beer equation and extinction
coefficient either taken from literature or calculated using protein standard curve.
This can be applied accurately for single, homogenous proteins or for mixtures of
proteins that absorb at completely different spectra. However, if proteins
that absorb at the same wavelength are present it is impossible to quantify them
using this univariate approach. Scientists have developed an approach to
handling the analytical data to determine concentration of proteins based on
whole sample spectra, which is based on partial least square (PLS) regression
[122,123]. Kamga [122] used online multiwavelength detector to measure
the absorbance of ternary protein mixture of immunoglobulinG (IgG), bovine
serum albumin (BSA), and b-lactoglobulin (BLG). UV spectra were measured
between 250 and 320 nm. It was shown that quantification of proteins in the
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mixture in range of 0.5-1 mg/mL was accurate and in agreement with predicted
values. Hansen [123] studied protein spectra in the 240-300 nm range were
and used this knowledge to quantify proteins eluting from chromatography
columns packed with different resin type. First, the method was calibrated using
lysozyme (lys) from hen egg white, cytochrome C (cytC) from horse heart, and
ribonuclease A (ribA) from bovine pancreas and then applied to analyse fractions
obtained from chromatographic analysis of mixtures of mentioned proteins. It was
shown that the method was not affected by salt concentration (up to 0.25 M NaCl)
nor temperature (23 – 35 °C) and mass balances were in the range of 80 - 110
%. Authors treated it as acceptable result. However, accuracy of 95 - 105 %
would probably be more desired. This method was shown to be quick, noninvasive and applicable for high-throughput screening of protein mixtures using
RoboColumns®.
Further extensive research by Hansen and Brestrich [124,125] found means of
predicting the method effectiveness for given proteins and validated it on few
binary to quaternary mixtures. The general conclusion was that for similar protein
spectra quantitation was difficult. It was demonstrated however, that this
approach can be applied to reconstruct individual chromatograms based on
analysed fractions obtained from chromatographic runs even when proteins are
very similar. Group published a recent article [126], where inline quantification
based PLS method is applied on mixtures, even when no pure protein spectra
are available. This is a significant step in a way to determine protein concentration
in real life mixtures.
6.2.

HPLC methods

PLS methods discussed before cannot be used to identify proteins
and confirmation of what protein type is present in which sample. This is one of
the reasons why developing quantification HPLC methods for determination of
protein concentration is still important. Even though they are longer than PLS
methods, their development does not special software and sophisticated
calibrations. They can also have much lower limit of detection (<10 µg/mL) [127]
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and can be used for characterisation of complex, biotechnological feedstock
[128].
Like in preparative chromatography, the aim of HPLC methods is to separate
compound to be able to quantify them. The choice of an HPLC system, column
and conditions can be tedious and involves a lot of expertise and experimental
effort. Among various resin and column types that can be used for quantitation of
large number of sample, IEX seems to be the best candidate, because of quick
time of analysis, good resolution and good recovery of material [128,129]. Size
exclusion (SEC) method is slow, cost of column is high and the column life is
limited to few hundred injections. Although SEC is successfully applied to quantify
complex peptide mixtures [130], the method is more suitable for final sample
characterisation by investigating of sample’s size and not suitable for highthroughput use.
Reverse phase (RP) is performed under denaturing conditions and offer high
resolution power, however, due to complexity of molecular structure of proteins,
complex separation profiles can be observed leading to interpretation difficulties.
Advance development of modern RP-HPLC columns has led to better silica
resins, which prevent unwanted silanols effects and bigger variety of ligands
lengths, pore sizes and reduced carbon number. The latter one reduces
hydrophobicity of the column and enables better recovery of more hydrophobic
molecules, such as proteins [131]. However, full recovery of protein can still be
challenging and is very protein specific [64]. Slight deviation from optimised
conditions can lead to unwanted effects. Additional effects have to be considered
and prevented like peak splitting, “ghost” peaks (peaks that do not come from any
protein signal) or broad peaks. All of these reasons are strong enough to suggest
that developing a robust quantitation method using RP-HPLC for fractions
containing mixtures of large proteins may turn out to be not feasible [132]. Several
challenges in characterisation of proteins with liquid chromatography were
thoroughly reviewed in 2016 by Bobaly et.al. [131]. They concluded, that while
chromatography plays a key role in protein characterisation, it comes with certain
associated risks. These risks involve appearance of artifact peaks, or can be due
to sample degradation or change in molecular structure. Ideally, each
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chromatographic method should be validated with an alternative analytical
method for consistency. Preventing or on-column adsorption was identified as
critical to avoid sample loss and was shown to decrease with proper temperature
control or addition or organic solvents, chaotropic agents or salts to the mobile
phase.
Often, one method of characterisation and quantitation is not enough
and therefore multidimensional approaches, like chromatography in conjunction
with SDS-PAGE and analysis of tryptic digests with mass-spectrometry are used
[111,128,133]. These procedures are not straightforward and have to be carefully
developed and tested before application. The accurate prediction of retention of
proteins is rare and therefore general screening methods followed by systematic
tuning should allow finding most promising conditions [131].
6.3.

Additional methods

Other methods of analysis and quantification of proteins in fractions obtained after
chromatographic run are also available, such as Field Flow Fractionation (FFF),
[134], capillary electrophoresis (CE) [135–137] or LC-MS [138,139]. Some of
them require expensive equipment, a lot of knowledge and experience
and therefore are more complex than standard analytical chromatography
techniques. However, their separation power can be significantly higher. In order
to use them in the context of analysis of fractions they would have to be quick to
deal with large number of samples. This also means that those methods have to
be adapted to high throughput format for example by accepting sample plates
with multiple wells, but also having software which allows easy export of data to
be then able to model it.
6.4.

Resolution enhancement - deconvolution

When a resolution of proteins during chromatographic separation cannot be
experimentally improved, advanced computational algorithms and software tools
can be used to artificially enhance it. It may be performed using peak
deconvolution

techniques,

which

allow

reconstruction

of

a

native

chromatographic signal into its constituents using mathematical fitting of
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functions. Usually an exponentially modified Gaussian (EMG), but also other
functions are used to model a chromatographic peak [140]. A sum of modelled
peak represents a model of a native chromatogram. Successful deconvolution
depends on the fit of the model and modelled peaks to the real dataset. The
accuracy of fit may be defined in various ways and usually is expressed as sum
of squared errors. Deconvolution strategy is known for years and was applied to
both analytical and preparative chromatography with different degree of success
[98,141].
Determining a good, physical model of a peak depends on the peak shape
and knowledge of the number of components being separated (how many
peaks/functions have to be fitted) and the assumption that the shape of protein
peak is constant regardless of the load. Such assumption cannot be made in the
case of overloaded chromatography where competition between proteins occurs
which can result in distortion of peak shape (e.g. unsymmetrical bands, steep
front, diffused end)[142]. Hence, using a direct deconvolution of preparative
chromatography might be biased. Nevertheless, preparative chromatograms may
be deconvolved indirectly by analysis of fractions collected throughout
the preparative run.
More detailed review about deconvolution is included in the Chapter A.
7.

Conclusion

Chromatography is likely to remain a key technology for bio product separations
during downstream processing. Nevertheless, in order to use this group of
techniques efficiently for separation of protein mixtures, rational and efficient
optimisation approaches have to be developed, where best separation conditions
for any separation problem are determined. Due to nature of proteins and
interactions involved it is not an easy task and requires modern high-throughput
analytical techniques and computational power that can cope with handling of
large datasets. Various methods were presented, but are just a glimpse of what
is currently researched.
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Chapter B. Aims and objectives of thesis
This thesis describes the systematic development of a two-column polishing
chromatography train, which efficiently purifies a complex protein from a realistic
ternary protein mixture. The development of the train uses the adaptive simplex
method as a tool for experimental, model-free optimisation, but dynamically
combines the simplex with process understanding in a novel manner. The thesis
describes selection process for relevant protein mixture, either real or model,
and development of characterisation techniques for complex protein mixtures.
Development of chromatographic polishing methods is described, together with
optimisation supported with a combination of experimental and mathematical
efforts. The use of high-throughput methods is also considered to facilitate
reaching the aims depicted in Figure B.1.

Figure B.1 Schematic representation of project objectives: selection of a model protein mixture
representing industrially relevant example, development of purification step supported with
appropriate analytics and data interpretation such as deconvolution approach, followed by
knowledge and mathematical algorithms supported purification.

There are two main challenges in protein separation during the polishing step in
downstream processing. One class refers to the removal of product related
impurities. Usually, there are few types of impurities which are present
at relatively high concentrations. They can be categorised into weak and strong
impurities eluting before and after the main product, respectively. These are
usually related to product isoforms and are result of incorrect and undesirable
post-translational

modifications,

such

as

deamination,

phosphorylation,

glycosylation, fragmentation or aggregation of the product. These impurities can
negatively impact the activity, stability or toxicity of the final product and therefore
should be removed prior to the final formulation step. The other class of impurities
is called process related impurities and is specific to the cell culture environment.
Those can be host cell proteins, DNA or viruses. These impurities are usually
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present at low levels compared to product related impurities, but because of their
large variety, their net effect on product purity is important.
This project aims to address purification challenges of product related impurities.
This thesis is divided into four main sections, which describe:
•

The process of selection of model feed mixture

•

Establishing purification and analytical techniques

•

Development and optimisation of a polishing sequence purification
process

•

Developing deconvolution techniques to aid quantification of complex
protein mixtures.

In the first chapter of this thesis, a model mixture is identified based
on commercially available, medium sized (>50 kDa) and cost-effective proteins.
This

identification

is

performed

in

conjunction

with

the

choice

of a chromatography system for purification. A model mixture consists of at least
three different protein species that resemble the separation problem of product
related impurities, such as non-full separation and weak/strong impurity profile.
Analytical methods are developed to quantify individual components of
the mixture to characterise the purification process and extract data for further
process optimisation. Various bench scale systems and analytical approaches
are tested throughout this study.
Once the model mixture is selected, a two-column purification sequence
is designed to resolve the mixture and fast analytical methods are employed
to allow high-throughput quantification. This purification sequence is thoroughly
studied and process parameters, such as product yield and throughput
are subjected for optimisation. Optimisation is facilitated by the adaptive simplex
algorithm, which previous work in our group has refined and shown to be well
suited to early-phase process development. Further, as the simplex procedure
is applied, a deeper understanding of the process is built up; this understanding
is used to improve the efficiency of experimental optimisation in this thesis
in a novel way. The rational optimisation of the model mixture with features
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resembling natural feedstock is presented, together with methodology
and counter-intuitive results.
Finally, because of high complexity and challenge of detailed characterisation of
a product and impurities, a system-specific data deconvolution methodology
is proposed, which may be applicable to a wider range of examples.
In the proposed deconvolution method, the model mixture is quantified using,
for the first time, a novel representation of EMG function [143] in a pseudo
two-dimensional approach, where the first dimension is related with fractionation
of a purification run and the second with analysis of subsequent fractions.
The methodology is studied thoroughly, demonstrating the implications of both
numerical methodology and design choices.
Purification process development and analysis of a complex protein mixture
described in this thesis is considered a good model to demonstrate scientific
approach that could be undertaken in chromatography development. Knowledge
gained during characterisation and optimisation of a purification process
described

in

this

thesis

should

be

transferrable

to

development

of chromatography steps for real stock, and should benefit bioprocess engineers
in their work. Maximising product yields and process throughputs, while satisfying
purity specifications, leads to reduction of processing time, effort and
consequently reduces cost of the final product during manufacturing. The ultimate
aim is to minimise production costs for complex biological medicines, and to make
them more widely accessible to patients.
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Chapter C. Selection of model feed mixture
1. Introduction
The aim of this chapter is to screen proteins to select three that could form
a model of a complex protein mixture suitable for purification during the polishing
steps. A model should be a good mimic of industrially relevant scenario, where
a mixture of product with weak and strong impurities is purified by a single
or multiple chromatography steps. Proteins should be partially resolved
on a chromatography column to such extent that it is feasible to perform
optimisation of their purification [144]. Accurate quantification of such complex
protein mixtures is a key element in process characterisation and therefore
analytical methods are developed in parallel. Protein selection was designed
to meet the following criteria: (1) proteins should be available at gram quantities
at relatively low cost (< 100 GBP/g), (2) the target protein size should be larger
than 50 kDa, (3) smaller or more expensive, but otherwise interesting candidates
are also considered and most of all (4) protein mixture should resemble
a chromatography elution pattern of a product with weak and strong impurities.
The latter one was subject of experimental studies described here in details.
Choosing a model mixture has the advantage of more stringent control
of individual components of the mixture, e.g. changing the ratio of impurity-toproduct. Since model proteins are usually chosen from those well-known
and studied, it also accelerates development of analytical methods as well as
their validation. Careful selection of a model of protein mixture is important before
designing of a purification sequence and its optimisation. A review of the literature
reveals that many proteins are well studied in various chromatographic
and analytical set-ups. Usually proteins are studied as single components, which
can feedback to predict the behaviour of the whole mixture, but reports
on mixtures are also present. None of the mixtures found could readily
be implemented to the current studies, either because of the resolution between
proteins (too well resolved) or their properties (too small) being unsatisfactory.
In Table C.1 a list of proteins or protein mixtures is presented together
with the types of research they were used in. Based on the above, a list of protein
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candidates categorised into three groups with their basic properties and price was
created and is presented in Table C.2. The first group (Group 1, Table C.2)
with haemoglobin (Hb), myoglobin (Myo), conalbumin (Con), ovalbumin (Ova)
and bovine serum albumin (BSA) contains proteins of neutral or acidic pI intended
for use in anion-exchange chromatography (AX). Protein size is close
to or exceeds 50 kDa apart from Myo which is relatively small (17 kDa). Hb
and Myo were selected because of their structural similarity. Myo secondary
and ternary structure is very similar to the structure of β subunit in Hb. Both Hb
and Myo are oxygen binding proteins via a heme prosthetic group,
a chromophore that adsorbs light at additional wavelength. This property can
ease quantification when using spectroscopic methods. Cost of Myo and Con
exceeds 100 GBP/g but can be accepted if use of other proteins in Group 1 can
be scientifically justified, as its cost is low at < 20 GBP/g. The second group
(Group 2, Table C.2) contained alpha-chymotrypsynogen (aChy), ribonuclease A
(RibA) and cytochrome C (cytC) proteins with high pI potentially for cationexchange chromatography (CX). However, they all are of low molecular weight
<25 kDa and some were very expensive >300 GBP/g. Both protein size, overall
cost of this model group and abundancy of their use in various academic studies
argued against the use of this group. The third model group (Group 3, Table C.2)
contained a mixture of various types of trypsin inhibitor, such as soybean trypsin
inhibitor (SBTI) and lipases [78,145,146]. All had a low pI, were relatively
inexpensive (<60 GBP/g), and were of moderately small molecular weight (35 –
60 kDa, except SBTI with MW = 5 kDa).
This chapter summarises information about various proteins that can be used
in purification chromatography studies. Analytical profiles and various methods
of analysis are presented. At the end of this chapter a model of a complex protein
mixture is selected with its purification and analysis techniques.
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Table C.1 Selected model mixtures and proteins used in literature related with chromatographic
or quantification studies. ‡only selection of proteins presented, but more reported in the
referenced article. For abbreviations see the nomenclature on p.26.
Used
in mix

Proteins used

Types of study

Reference

-

Ova, SBTI, BSA, BLG, Con,
Myo, IgG, RibA, aChy, cytC,
Lys‡

Retention models in IEX
HPLC

[72]

-

Cyt C, RibA, Lys, Myo, aChy,
Ova, BSA, Con

Comparison of RP and HIC

[147]

-

Cyt C, RibA, Lys, BSA, Ova,
aChy, Myo

Separation by HIC HPLC

[78,148]

Y

aChy, cytC, Lys

Displacement
chromatography

[27]

Y

Con, Ova, BSA, BLG, ALB,
SBTI, RibA, cytC, Lys‡

2D HPLC using RP and IEX

[149]

Y

BSA, Myo

Separation of proteins by
IEX in SMB

[150]

-

BSA, Ova

Binding capacity and
recovery on HIC

[151]

-

Ova, ALB, BLG

Modelling of elution curves in
IEX and optimisation

[152]

-

BSA, Con, ALB

Modelling of elution curves in
IEX

[153]

Y

Lys, cytC

HT optimisation of
chromatography

[98]

-

BSA, Ova, Amy

Selection of chromatography
resins

[154]

-

a-Chy, Con, cyt C, Hb, Myo,
ALB, BLG, Lys, Ova, RibA,
BSA‡

Quantification using UV
spectra

[124]

Y

BSA, BLG,
IgG

Quantification in
chromatographic separation
using multi-wavelength UV
spectra

[122]

Y

RibA, cyt C, Lys

Quantification using UV
spectra

[123,125,126]

Y

Chy, cytC, RibA

Optimisation of multistep IEX

[114]

-

Myo, Lys, mAb

Simulation and optimisation
of chromatography

[155]

-

mAb, cyt C, Lys

Estimation of isotherms and
mass transfer parameters

[156]

-

various

Various HPLC guides,
application notes, reports,
etc.

[64,157–166]
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Table C.2 Preselected protein candidates. Prices in year 2014. ‡Lipase from Thermomyces
lanuginosus: pI – protein isoelectric point, MW - molecular weight mass, purity assessed by
manufacturer by agarose gel electrophoresis. All proteins from Sigma Aldrich, UK.

Group

1

2

Protein

Purity
[%]

pI [-]

MW

Price

Vendor

[kDa]

(GBP/g)

Code

Hb

N/A

6.8

68.0

9.6

H2500

Myo

≥95

6.8

17.0

120

M0630

Con

N/A

6.6

77.0

154

C7786

Ova

≥98

4.5

45.0

18

A5503

BSA

≥96

4.8

66.5

3

A2153

aChy

N/A

9.1

25.0

70

C4879

RibA

N/A

9.6

13.7

320

R6513

Cyt C

≥95

10

12.0

500

C2506

SBTI

N/A

4.5

5.0

60

T9128

Lip CR

N/A

4.5

60.0

4

L1754

Lip PP

N/A

5.0

50.0

0.25

L3126

Lip TL

N/A

4.5

35.0

30

L0777

3
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2.

Materials and Methods

2.1.

Proteins and buffers

All proteins used in this work were purchased from Sigma-Aldrich and their exact
vendor codes are presented in Table C.2. Before both preparative and analytical
chromatography, proteins were filtered with 0.2 µm PES Millex® Syringe Filter
(Millipore, UK) to remove any particulates that could affect the separation
or damage the columns. The recovery of proteins before and after filtration was
measured spectrophotometrically using NanoDrop™ 1000 (ThermoFisher).
The absorbance of samples was measured at 280 nm in triplicate before
and after filtration. Typically, the recovery was 100 % and relative standard
deviations between triplicates were less than 1.5 %.
Chemicals for buffer preparation (Tris salts, sodium chloride or sodium
phosphate) and cleaning procedures were obtained from one of common
suppliers, Sigma-Aldrich or Fisher Scientific, UK. Unless stated otherwise,
all chemicals were of analytical grade. Water used in experiments was MilliQ type
1 ultrapure water (18.2 MΩ-cm resistivity at 25 °C, bacteria content of
< 1 CFU/mL) obtained from MilliQ deionizer.
Conductivity of buffers was measured using Metler Toledo conductivity meter
to check reproducibility of buffer preparations. Buffers were filter-sterilized using
0.45 µm Steritop™ Filter Units (Merck Millipore, UK).
2.2.

Spectral analysis of proteins

NanoDrop™ 1000 (ThermoFisher) was used to measure protein concentration
and protein spectra in UV-VIS range between 220 - 680 nm. 1 μL of protein
solutions of Myo, Hb, Con, Ova and BSA at respectively 10, 10, 20, 12.5 and
20 mg/mL in 50 mM pH 7.0 were loaded onto the instrument according
to the manufacturer instructions. Instrument was set to measure absorbance
at 1 mM path length.
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2.3.

Solubility

Solubility of protein solutions of Myo, Hb, Con, Ova and BSA at respectively 10,
10, 20, 12.5 and 20 mg/mL in pH 4, 7 and 9 in 50 mM sodium acetate, phosphate
or Tris buffer with NaCl concentration ranging between 0 and 500 mM NaCl was
measured at 620 nm. Buffers with no protein were used as blanks.
The experiment was performed at ambient temperature and samples were
incubated overnight. Pipetting of liquids was performed using Tecan ALHS.
0.1 mL samples were transferred to 96 well full-area UV plates (Corning,
Germany) and these were then measured on a Tecan Infinite® 200 plate reader
(Tecan, Switzerland).
2.4.

Visualisations of electrostatic regions of protein molecules

Protein structures of Hb, Ova and BSA were obtained from RCSB Protein Data
Bank (Table C.3) and converted using PDB2PQR service [167] to assign atomic
charges and radii from specified force fields at various pH used during ionexchange chromatography. Protein charges as a function of pH were determined
using PROPKA (www.propka.org, access date Oct 2014).
Table C.3 PBD structures of selected proteins

Protein

Description

PDB code

Hb

Crystal structure of human deoxyhaemoglobin
at 1.74 A resolution

2HHB

Ova

Crystal structure of uncleaved ovalbumin at
1.95 A resolution

1OVA

Crystal structure of Bovine Serum Albumin
BSA

4F5S
at 2.47 Å resolution

Myo
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Following options were used in PDB2PQR service: AMBER force field, default
internal naming scheme, ensure that new atoms are not rebuilt too close
to existing

atoms,

optimize

the

hydrogen

bonding

network

and

use

PROPKA to assign protonation states at specified pH range. The resulting “.pqr”
files were saved and visualized in open-source software Jmol (www.jmol.org,
access date Oct 2014) that created surface of molecular electrostatic potential.
Following script was used:
isosurface molecular color range all colorscheme bgyor map mep.
Jmol colours the molecule according to its charge with color gradient between
red and blue, with red being the most positively and blue being the most
negatively charged residues. To compare protein profiles at different pH, proteins
at lowest and highest pH were analysed first and their minimum and maximum
charge were noted and set as charge range. Proteins across the whole pH range
were then visualized using script written below:
isosurface molecular color range [lowest charge from max pH sample]
[highest charge from low pH sample] colorscheme bgyor map mep
e.g. “isosurface molecular color range -0.5 1.2 colorscheme bgyor map mep”
Following minimum and maximum charge values were used: -0.5 and 1.2 for Hb
and -2.2 and 0.55 for Ova and BSA. Views from two different angles were
recorded.
Calculations of pKa values at different pH and molecular visualization were
performed based on the literature:[167–170].
2.5.

Visualisations of hydrophobic regions of protein molecules

Protein structures were obtained from Protein Data Bank (Table C.3).
Hydrophobic residues were selected in VMD program in graphical selection
menu, according to [171], using command:
resname ALA LEU VAL ILE PRO PHE MET TRP
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and coloured blue using “QuickSurf” drawing method. They were then overlaid
with the remaining residues, using command:
all not ALA LEU VAL ILE PRO PHE MET TRP
which were coloured white. Views from two different angles were recorded.
2.6.

HPLC System

The analytical experiments were performed using an Agilent Technologies high
pressure liquid chromatography (HPLC) System 1200 Series system which
consisted of following modules: degasser G1322A, Quaternary Pump G1311A,
MWD

G1365D

(UV-VIS

Multiwavelength

detector),

Hi-ALS

G1367B

(Autosampler) and FC-ALS Therm G1330B (Autosampler thermostat). System
was equipped with 2 μL flow cell. Chromatograms were recorded at 280 nm with
8 nm bandwidth with reference wavelength set to 650 nm with 20 nm bandwidth
in which no protein species absorb. The data points were recorded every 0.1 s
(10 Hz). Samples were kept at 4°C in temperature controlled auto sampler during
analysis and the analysis was performed at room temperature unless stated
otherwise. Prior analysis of the first sample, 3 - 5 blank runs were performed,
where method was run, but no sample was injected. Blanks were additionally run
every 5 - 10 samples during the sequence.
2.7.

Analytical AX

For AX experiments 0.1 mL CIMac™ QA monolith analytical column from BIA
was used (110.5113). Its properties are presented in Table C.4. The column was
handled according to manufacturer instruction. A precolumn filter with 0.5 μm frit,
both from Upchurch Scientific were connected prior the analytical column
to prevent any particle contamination.
For salt elution methods, protein samples were dissolved in buffer A: 40 mM Tris
buffer at pH 9, injected onto the column equilibrated with buffer A and eluted
with 0 - 40 % gradient of buffer B: 40 mM Tris buffer with 1 M NaCl at pH 9.0
at the slope of 5 mM NaCl/CV at 1.5 mL/min, as presented in Table C.5
and in panel A of Figure C.1.
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Table C.4 Column characteristics of CIMac™ QA.

Name

CIMac™ QA

ligand

quaternary amine

matrix

polymethacrylate

channel size

600-700 nm

dimensions

5.2 x 5 mm (0.106 mL)

flow rates:

0.2 – 2 mL/min (1-10 cm/min)
< 3 mL/min (15 cm/min)

pressure

< 150 bars

temp stability

4-40 ⁰C

pH

working range: 2-13 / CIP: 1-14

storage

20 % EtOH

For pH gradient methods, protein samples were dissolved in buffer A: 20 mM
piperazine, 20 mM triethanolamine, 20 mM BIS-TRIS propane, 20 mM
1-methylpiperazine and 5 mM NaCl at pH 10.5, injected onto the column
equilibrated with buffer A and eluted with 0 – 100 % buffer B: 20 mM piperazine,
20 mM triethanolamine, 20 mM BIS-TRIS propane, 20 mM 1-methylpiperazine
and 5 mM NaCl at pH 4.0 at the slope of 0.06 pH unit/CV (10 %B/mL) at
1.5 mL/min, as presented in Table C.6 and in panel B of Figure C.1.
Strip step was added to remove any potentially, strongly bound protein
contaminants remaining on the column after normal elution. After every
sequence, column was reversed and additionally cleaned with 30 % isopropanol
and a mixture of 1 M NaOH and 2 M NaCl at 0.1 mL/min for at least 1 h for each
step. To recondition the column buffer A was used. Column was stored
in 20 % EtOH.
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Table C.5 Elution method with salt gradient and additional regeneration step for CIMac™ QA
column. In presented method injection occurred at time = 0 min.

Step name

Time
[min]

Buffer
A [%]

Buffer
B [%]

Flow rate
[mL/min]

Volume
[mL]

Step
length
(CV)

Equilibration

0.5

100

0

1.5

0.8

8

Equilibration

0.51

100

0

1.5

0.8

0

Elution

5.8

60

40

1.5

8.7

80

Strip

5.81

0

100

1.5

8.7

0

Strip

7.45

0

100

1.5

11.2

25

Regeneration

7.46

100

0

1.5

11.2

0

Regeneration

11

100

0

1.5

16.5

53

Table C.6 Elution method with pH gradient with additional regeneration step for CIMac™ QA
column. In presented method injection occurred at time = 0 min.

Step name

Time
[min]

Buffer
A [%]

Buffer
B [%]

Flow rate
[mL/min]

Volume
[mL]

Step
length
(CV)

Equilibration

0.5

100

0

1.5

0.8

8

Equilibration

0.51

100

0

1.5

0.8

0

Elution

7.2

0

100

1.5

10.8

100

Strip

7.3

0

100

1.5

11

2

Strip

8.8

0

100

1.5

13.2

23

Regeneration

8.9

100

0

1.5

13.4

2

Regeneration

12.4

100

0

1.5

18.6

53
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Figure C.1 Visualisation of the elution methods with salt (panel A) or pH (panel B) gradient for
CIMac™ QA column. Details are presented in Table C.5 and Table C.6.

2.8.

Analytical HIC

Proteins were analysed by either HIC porous, strongly hydrophobic TSKgel®
Phenyl-5PW 7.5 x 75 mm (CV = 3.3 mL) column or non-porous, less hydrophobic
TSKgel® Butyl NPR 4.6 x 35 mm (CV = 0.6 mL), all purchased from Tosoh.
TSKgel® Phenyl-5PW guard column kit with in-house packed TSKgel®
Phenyl-5PW resin was used before the column to prevent contamination.
Various types and concentrations of salts, as well as additives were tested
in 0.1 M sodium phosphate pH 7.5 mobile phase. Salts were chosen according
to increasing salting out effect based of Hofmeister series in Figure C.2 [172].
Three salts were selected, sodium chloride, ammonium sulphate and sodium
sulphate.

Because

saturation

of

sodium

sulphate

depends

strongly

on temperature and below ~30 °C solutions containing more than 1 M salt can
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precipitate (Figure C.3). Therefore, the maximum concentration of sodium
sulphate that was used was 1 M. Apart from salt type and concentration,
additives, such as glycine, urea, arginine as well as isopropanol were tested.
The latter one was only used in the elution buffer. Conditions tested
are summarised in Table C.7, Table C.8 and Table C.9.
𝐴𝑛𝑖𝑜𝑛𝑠: 𝑆𝑂42− > 𝐶𝑙 − > 𝐵𝑟 − > 𝑁𝑂3− > 𝐶𝑙𝑂4− > 𝐼 − > 𝑆𝐶𝑁 −
𝐶𝑎𝑡𝑖𝑜𝑛𝑠: 𝑀𝑔2+ > 𝐿𝑖 + > 𝑁𝑎+ > 𝐾 + > 𝑁𝐻4+
Figure C.2 Ability of anions to precipitate proteins in Hofmeister series.

Figure C.3 Saturation of sodium sulphate in aqueous solution as a function of temperature[173].
Table C.7 Salt types that were used in binding mobile phase in HIC HPLC runs.

Salt

Concentration

Sodium chloride

2 and 4 M

Sodium sulphate

1M

Ammonium sulphate

0.5 – 1.5 M

Table C.8 Salt types that were used in binding mobile phase in HIC HPLC runs

Additive
Name

Additive
Concentration [M]

Ammonium Sulphate
Concentration [M]

Glycine

1

0.5, 1.5

Glycine

2

1.5

Urea

2

1.5

Arginine

0.5

1.5

Isopropanol

20 %

0.75, 1
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Table C.9 Ammonium sulphate concentrations tested on HIC HPLC columns

Ammonium Sulphate
Concentration [M]

Phenyl

Butyl

0.5



-

0.75



-

1.0





1.5





2.0

-



Protein samples were dissolved in at 20 mg/mL in 25 mM Tris buffer pH 7.5
and then diluted 20 times in relevant loading buffer containing salt (buffer A) to
1 mg/mL. No precipitation was observed at any conditions tested based on visual
inspection. Proteins were then injected at 10 μL onto the preequilibrated column
and eluted using one of the following methods described in Table C.10 and Table
C.11. In both presented methods 0.1 M sodium phosphate pH 7.5 was used
as buffer B. The strip step was added to remove any potentially, strongly bound
protein contaminants remaining on the column after normal elution. After every
sequence column was cleaned using protocol from manufacturer. To recondition
the column buffer A was used. Columns were stored in 20 % EtOH. For elution
with isopropanol, flow rate was reduced to 0.6 mL/min due to overpressure
and step duration was recalculated accordingly.
Table C.10 Analytical elution method with additional regeneration step for TSKgel® Phenyl5PW column.

Step name

Time
[min]

Buffer
A [%]

Buffer
B [%]

Flow rate Volume
Step
[mL/min]
[mL]
length [CV]

Injection
event

0.00

100

0

0.75

0.0

0

Elution

19.00

0

100

0.75

14.3

5

Strip

19.10

0

100

0.75

14.3

0

Strip

22.60

0

100

0.75

17.0

1

Regeneration

22.70

100

0

0.75

17.0

0

Regeneration

33.00

100

0

0.75

24.8

3
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Table C.11 Analytical elution method with additional regeneration step for TSKgel® Butyl NPR
column

Step name

Time
[min]

Buffer
A [%]

Buffer
B [%]

Flow rate
[mL/min]

Volume
[mL]

Step
length
[CV]

Injection
event

0.00

100

0

0.75

0.0

0

Elution

3.30

0

100

0.75

2.5

5

Strip

3.40

0

100

0.75

2.6

0.1

Strip

4.00

0

100

0.75

3.0

1

Regeneration

4.10

100

0

0.75

3.1

0.1

Regeneration

8.00

100

0

0.75

6.0

6

Figure C.4 Visualisation of elution methods for TSKgel® Phenyl-5PW column (panel A) and
TSKgel® Butyl NPR column (panel B). Details are presented in Table C.7 and Table C.8.
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2.9.

Analytical SEC

Proteins were analysed by size exclusion chromatography (SEC) using TSKGel®
G2000SWXL 7.8 x 300 mm 5 µm particle size column (Tosoh) with a TSKGel®
SWXL guard column 6 x 40 mm. Mobile phase consisted of 50 mM sodium
phosphate and 300 mM NaCl at pH 7.5. 10 µL samples at 1 mg/mL (equivalent
of 10 µg) were analysed at a flow rate of 0.5 mL/min for 30 min.
2.10. Exporting and processing chromatograms
Chromatograms signals, i.e. retention time and absorbance from each run were
exported manually from Agilent software (Chemstation) and stored as raw
numerical data in Excel file. To facilitate manual export of large number
of samples a script was written in an open-source AutoHotKey scripting language
(AHK, www.autohotkey.com, access date: 2017), that allows automation
of repetitive tasks in any Windows application. From each chromatogram signal
of a blank was subtracted to reduce the background noise. Unless stated
otherwise, signals were normalised to the maximum peak height and were plotted
in Matlab®.
2.11. SDS-PAGE
Non-reducing and reducing SDS-PAGE of proteins was performed using Novex®
NuPAGE® SDS-PAGE Gel System. Samples at 1 mg/mL in 50 mM sodium
phosphate buffer pH 7.5 were mixed with LDS sample buffer with or without
reducing agent, loaded into 10 well 4-12 % Bis-Tris Pre-Cast gels at 1 µg
submerged in MES Running Buffer and run at 200 V (50 mA) for 35 min. Gels
were stained with Coomassie Blue. A pre-stained protein molecular weight
marker with standards between 10 - 260 kDa from ThermoFisher was used
to identify size of analysed proteins.
2.12. Bench-scale purification system
AKTA Purifier (GEHealthcare Life Sciences) system, which contained single
wavelength UV-VIS detector set up to 280 nm, conductivity, pH and temperature
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detectors, two inlet computer-controlled pumps and multi-plate fraction collector
was used to perform bench scale chromatography runs.
AX runs were performed using pre-packed 4.7 mL HiScreen™ Capto™ Q
(0.77 cm x 10 cm) strong anion-exchange column (GEHealthcare Life Sciences),
which properties are summarized in Table C.12.
Single proteins were analysed using 50 mM Tris buffer at pH 9.0 binding buffer
(buffer A) and 50 mM Tris buffer, 1 M NaCl at pH 9.0 elution buffer (Buffer B).
Protein sample (50 mg) was injected via 5 mL peek sample loop (GeHealthcare)
in binding buffer. The elution was performed using linear salt gradient at a slope
of 50 mM NaCl/CV, across 10 CV to 0.5 M NaCl. Runs were performed at 2
mL/min (258 cm/h). Method is described in Table C.13.
Table C.12 Properties of HiScreen™ Capto™ Q. † assumed to be 60 % of the column volume
[18].

Column

HiScreen™ Capto™ Q

Matrix

Agarose with dextran extenders

Functional group

Quaternary amine

Mean particle size

90 µm

Pore size

1000 Å

Theoretical binding capacity (BSA)

> 100 mg/mL

Column volume

4.7 mL

Resin volume†

2.8 mL

pH stability (working range)

2-12
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Table C.13 Bench-scale elution method for Capto™ Q column

Step name

Duration

Injection

buffer B

Load

2 CV

Yes

0%

Wash

5 CV

No

0%

Elution

10 CV

No

0-50 %

Strip

2 CV

No

100 %

Before the run column was equilibrated with binding buffer. After the run column
was cleaned with 2 M NaCl. Cleaning-In-Place (CIP) procedure was designed,
according to manufacturer protocol and applied after several runs. Column was
stored in 20 % EtOH.
Chromatograms, i.e. retention time and UV signal absorbance from each run
were exported from AKTA Purifier software, Unicorn and stored as a raw data
in excel file. Selected chromatograms at 280 nm wavelength were plotted
in Matlab®.
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3.

Results and discussion

The main objective of this chapter was to select a model mixture from a preselected protein candidates. The choice depended on the ability to quantify
proteins, hence various analytical techniques were investigated here,
and the preparative chromatography elution profiles. Ultimately, we were looking
for a mixture that resembled a chromatography elution pattern of a product
with weak and strong impurities, that we can accurately quantify.
3.1.

Spectral analysis of Myo, Hb, Con, Ova and BSA

Spectra of proteins from the first group of proteins from Table C.2 were recorded.
In Figure C.5 all tested proteins absorbed at λ > 220 nm and 280 nm, which
agreed with presence of peptide bonds and rings of aromatic amino acids,
respectively. We observed additional absorbance peaks for Myo and Hb
at λ > 300 nm with maximum at approximately 400 nm, which were related
with the presence of an additional chromophore group: heme. Observed
differences in UV absorbance can be used to selectively quantify Hb or Myo
in protein mixture.

Figure C.5 Adsorption spectra of proteins at different wavelengths at 1 mg/mL in pH 9.0
measured using NanoDrop set up to 1.0 mm pathway.
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3.2.

Solubility of Myo, Hb, Con, Ova and BSA

The first group of proteins from Table C.2 was tested for solubility in various pH
and salt conditions to determine whether they can be used in IEX studies.
Precipitation was determined both visually and spectroscopically, by measuring
wavelength at 620 nm, which was attributed with protein solubility.
We observed (see Table C.14) that BSA was soluble under all conditions tested,
while solubility of other proteins decreased in low pH buffers (pH 4.0) containing
more than 200 mM NaCl with the exception of Con, that was not soluble only
when NaCl concentration increased to 500 mM. We observed cloudiness
in tested wells (see Figure C.6) for Ova, Con, Hb and Myo at pH 4.0 with 200
or 500 mM NaCl. These observations agreed with spectrophotometric
measurements where relative increase of absorbance at 620 nm confirmed
decrease of solubility, as shown in Table C.14. At higher pH (pH 7.0 and 9)
proteins were fully soluble regardless of NaCl concentration. Elevated
absorbance values of oxygen binding proteins Hb and Myo were related
with existence of chromophore groups which absorb light more strongly at
measured wavelength, as compared to albumins. These absorbance values
could be also affected by the pH, which can explain why there were differences
between pH 7.0 and pH 9. These differences were less affected (%RSD <2 %)
for different salt concentrations and therefore cannot be attributed to precipitation.
All proteins tested here were suitable for AX studies where higher pH is used
to test their resolution profiles. Use of CX was not recommended, because of
the risk of precipitation at low pH.
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Table C.14 The effect of NaCl concentration and pH on solubility of proteins. All absorbance
values are magnified by factor of 1000 for the clarity of readings. Gradient of colour is used to
show changes in absorbance values, with green being the lowest and red being the highest
values. Framed cells indicate cells where visible precipitate was observed (Figure C.6).
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5

5

5

5

4

4

5

4
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pH 9.0

12

14

13

696

13

11

11

33

19

11

10

22

Hb

pH 7.0

586

662

833

over

640

644

644

671

398

389

380

391

Myo

pH 4.0

767

819

1525

over

676

674

680

699

422

416

421

433

Figure C.6 The effect of NaCl concentration and pH on solubility of proteins.
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3.3.

Impact of pH on molecular structure of Hb, Ova and BSA

To determine and visualize local charge of proteins at different pH, and therefore
predict their binding to ion-exchangers, electrostatic properties of proteins were
visualised. Since proteins had low pI, the analyses were focused at pH between
6 and 9, which were relevant to operating pH for most AX.
The visualisations were performed using open-source software Jmol. Protein
structures were obtained from RCSB Protein Data Bank, which were then
converted using PDB2PQR script to assign atomic charges at various pH
in folded state. The folded charge was equal to the overall charge when
the protein was folded, and was calculated based on amino acids sequence, but
also other, potentially bonding amino acid residues, brought in to other residues
vicinity when folded. This was different from the overall charge of unfolded
protein, calculated considering the pKa of the amino acid residues where no
interactions occurred. The first one was however different from the surface
charge, which was mostly responsible for interactions with the chromatography
resins. Obtaining correct surface charge would require defining surface ionisable
residues, collecting their computed pKa values, and obtaining their charged
statuses depending on the pH of interest. This would involve highly detailed and
complex molecular analysis of proteins structures for which data might not be
available and therefore was not performed. Despite the fact that folded charge
cannot be called surface charge, they should be closely related, given that
majority of the polar residues within the protein were located on its surface.
This should be sufficient for comparative analysis of different proteins.
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Figure C.7 Visualisation of structures and charge of Ova, BSA and Hb proteins at different pH
conditions. Red color indicates highly positive charge, blue highly negative negative. Each
protein is viewed from two angles. To improve clarity, Hb uses a different scale from Ova and
BSA.

The visualisations in Figure C.7 showed different molecular shape of proteins
and charge distribution of amino acids residues on proteins’ surface at different
pH. As expected, the charge indicated by colour gradient, changed with change
of pH with blue colour being the most negatively and red being most positively
charged regions. All proteins contained both negatively and positively charged
patches with more positive regions at higher pH. Colour scale that indicated
charge in visualisations was not linked to absolute charge values, but was related
to maximum and minimum charge of a given protein. For Ova and BSA this scale
was the same, since the same maximum and minimum charges were used. BSA
contained more yellow groups and seemed to be more negatively charged at
lower pH as compared to Ova. At higher pH, both proteins contained green
and blue patches, related with more positive charges, but their comparison was
not conclusive. At pH > 8 Hb contained mainly green and blue regions, sign of
dominant negative charge. At pH < 8 some yellow groups were visible with red
groups being buried in the middle of the protein at pH 6.5, which indicated that
amino acids were positively charged. Hb was coloured using different charge
scale and therefore it could not be compared directly with Ova and BSA. This was
done to improve clarity.
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It should be noted, that if the same scale was used as for Ova and BSA, Hb
molecules would look green or blue across all pH and the effect of pH on charge
distribution would not be clearly visible. This is because Hb is far more positively
charged, as compared to Ova and BSA, as indicated in Figure C.8.
Apart from obvious changes in charge distribution related to change of pH
for a given protein, it was rather impossible to visually compare different proteins
and predict their behaviour on ion-exchangers based purely on molecular
structure models. Therefore, we presented the overall charge distribution plot of
proteins in their folded state in Figure C.8.

Figure C.8 Charge distribution of folded forms of Ova, BSA and Hb proteins as a function of pH
as determined by PROPKA. (A) full pH scale and (B) pH between 5 and 10.

In Figure C.8A, Ova and BSA calculated charge profiles were similar in the range
of pH 1-14 with slight differences at pH < 4 and pH > 8. Hb charge distribution
differed from Ova and BSA, reaching similar charge only at pH 5. AX exchangers
operated at neutral or more alkali pH where Hb charge was more positive than
Ova and BSA (Figure C.8 B). Starting from pH 8, we observed, that Ova charge
was increasingly larger than BSA. Assuming that pH 10 was the limit under which
AX was normally operated, it seemed that pH 9.0 might be the most interesting
starting condition for AX.
We concluded that, although the differences in charge distribution between Ova
and BSA were not very significant at neutral pH, they were more pronounced
when pH was increased. Those charge difference could be sufficient to allow
separation of those molecules using AX methods at higher pH (e.g. 9.0). At these
conditions, it is hypothesised that the elution would be in the order Hb, Ova
and BSA. Nevertheless, the actual resolution of this protein mixture will strongly
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depend on the column and the actual conditions used, whose selection was part
of this study.
3.4.

Analytical AX profiles of model proteins

To assess resolution profiles of all proteins from Table C.2, CIMac™ QA strong
anion-exchange monolith column was tested at pH 9.0 and salt elution gradient
and results are presented in Figure C.9. The effect of various pH and the type of
gradient was also studied on selected candidates.
Small proteins like Myo were expected to elute as sharp peaks during
chromatography runs, because of faster longitudinal diffusion, as compared to
larger proteins e.g. Hb, Ova and BSA. In addition, the structural complexity
of proteins (e.g. multimeric structure) could also contribute to the complexity
of elution profiles, e.g. increased number of possible binding sites could produce
different elution peaks and possibly, elution patterns [46]. Furthermore, protein
vendor, Sigma Aldrich did not provide detailed information about impurities,
whose presence was likely to be reflected in elution profiles. Similarly, potential
presence of various protein isoforms would further increase the complexity
of elution profile.
The aim of this study was to help to identify those proteins that could be used as
a model mixture, allowing their identification and quantification in the mixture.
They should, therefore, ideally have simple shape and distinct elution times.
Analytical AX at pH 9.0
Among preselected proteins that were listed in group 1 (Table C.2), we observed
differences in elution profiles on analytical AX (Figure C.9). Myo eluted as
a sharp, single peak with small right-sided shoulder (panel A in Figure C.9).
It eluted early in the gradient suggesting relatively weak binding to the column.
Hb bound more strongly than Myo, eluting later with a salt gradient as two sharp,
but not resolved peaks, followed by a very long tail that crossed almost the whole
gradient area co-eluting with Con, Ova and even BSA. Con eluted as a split peak
with a right sided shoulder. Shoulder species of Con co-eluted with some of Ova
peaks. Elution profile of Ova, under selected conditions, was the most complex,
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as it eluted as multiple peaks, which could be attributed to various phosphorylated
and glycosylated isoforms of Ova [137,157]. BSA protein appears to bind to AX
most strongly out of all proteins tested, eluting at the end of a salt gradient as two
peaks: dominant monomer peak, followed by a smaller dimer peak [164]. Elution
order of Hb, Ova and BSA was in agreement with the charge analysis described
in paragraph 3.3.
Elution profiles of protein from Group 2 (Table C.2): aChy, RibA and CytC were
shown in Figure C.9 B, showing that proteins were weakly bound to the column
used, as expected based on to their high pI > 9. They all co-eluted early in the
gradient, with some species observed in the flow through (FT), indicating
unsatisfactory binding to the column under conditions tested
SBTI and lipases from model Group 3 (Table C.2) had the most complex elution
profiles of all groups tested and eluted as multiple peaks across whole
chromatogram (Figure C.9 C), which indicated multiple charge variants of tested
proteins. Both lipase from porcine pancreas (Lip PP) and lipase from Candida
rugosa (Lip CR) did not fully bind to the column and had major peaks in the FT,
but large multiple peaks were also observed across the whole gradient. Lipase
from Thermomyces lanuginosus (Lip TL) had a minor peak in the FT and early
in the gradient, and multiple, poorly resolved peaks in the middle of the gradient,
followed by a shoulder. SBTI did bind to the column (no flow through peak), but
contained various small peaks along the gradient and a major, sharp elution peak
later in the elution.
The aimed model of a ternary mixture should consist of a product and weakly and
strongly eluting impurities. BSA seemed to be a most suitable candidate
for a strong impurity, and Ova for a product, while the model of weak impurity
could be chosen from Myo, Hb and Con. Each of these proteins had its own
drawbacks. Myo and Hb were spectroscopically assayed, which made them more
interesting from the analytical point of view. However, the fact that Hb tailed
strongly, suggested difficulty in full removal from the whole model mixture.
In contrast, Myo did not have this challenge, but because it was eluting very early
in the gradient, it could be outcompeted by salt or larger amounts of more strongly
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retained proteins, such as Ova, when competing for binding site in preparative
AX. Finally, late eluting species of Con observed as tail would almost surely
interfere the quantification of Ova. Nevertheless, the degree of Con tailing was
far less than the one observed for Hb. These three weak impurity candidates
were further investigated.
The effect of pH
Improvements in Hb, Ova and BSA separation were accessed using pH gradient
elution on the AX monolith column, in range of pH conditions (7.4 – 9.5)
and shallow linear gradient elution of salt (5 mM NaCl/CV), with the aim to
achieve best resolution between proteins (Figure 3.6).
Increasing pH of elution buffer resulted in improved Ova and BSA separation, as
BSA eluted later with increased pH. Baseline separation of Ova and BSA was not
achieved under any of conditions tested because the last Ova variant(s) were
coeluting with front of BSA.
Increased elution pH resulted also in increased binding of Hb, but also in more
tailing of Hb (Figure C.10).
The distance between main peaks of Hb, Ova and BSA was compared across
the pH (Figure C.11). For increased retention time difference, the separation
between proteins was better and the best trade-off between resolution of both
Ova and Hb and BSA and Ova seemed to be at pH 9.
Increasing pH improved resolution between Ova and BSA, but decreased
the resolution between Ova and Hb (also increased the tailing of Hb). Since Ova
and BSA separation was more challenging because those proteins did not absorb
light at different wavelengths, slightly higher pH was more favourable, even when
Hb, Ova separation was worse. At this stage pH 9.0 was selected and was
consequently used for further method development, also for other mixtures.
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Figure C.9 AX HPLC profiles of proteins using 0.1 mL CiMaC QA column: (A) Myo 3 µg, Hb 16
µg, Con 3 µg, Ova 10 µg, BSA 15 µg, (B) aChy 15µg, RibA 15 µg, CytC 16 µg, SBTi 10 µg and
(C) Lip CR 150 µg, Lip PP 16 µg and Lip TL 0.5µL.
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Figure C.10 Comparison of analytical elution profiles at different pH for the monolith column and
Hb, Ova and BSA. Conditions: elution gradient 0-350 mM NaCl in 7 min (from 0.5 to 7.5 min),
gradient delay ca. 1-1.5 min. Sample load: 10 µg. Mobile phase: 20 mM Tris buffer pH 7.4 (A),
pH 8.0 (B), pH 8.5 (C), pH 9.0 (D), pH 9.5 (E).
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Figure C.11 Differences in resolution for Hb and Ova (♦) or Ova and BSA (■) at various pH.

The effect of pH gradient
For previously tested monolith column and elution with increasing gradient of salt,
we observed that the resolution between Ova and BSA was pH dependent,
but baseline separation was not achieved. Here, we briefly investigated the same
column but with pH elution gradient from pH 10.5 to pH 4.0 (Figure C.12).
The resolution between Ova and BSA was not improved.

Figure C.12 AX HPLC profiles of proteins using 0.1 mL CiMaC QA column and pH gradient
elution between pH 10.5 and pH 4. Loading: Con 3 µg, Ova 10 µg and BSA 15 µg.
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Conclusions
Selected analytical methods were tested here to facilitate the decision about the
choice of a model of a ternary mixture. Three interesting groups of proteins were
chosen: 1) Hb, Ova, BSA, 2) Myo, Ova, BSA and 3) Con, Ova, BSA and the best
chromatographic separation was observed at pH 9.0.
Initial selection from wider protein groups (Table C.2) showed that some
of proteins discarded from the model groups had too complex analytical profiles,
which would significantly affect the effective quantitation (SBTI and various
lipases), or did not bind to the AX under tested conditions (RibA, cytC) or their
profile were not significantly better than already pre-selected proteins (aChy).
Nevertheless, before the final decision about which model mixture to select,
analytical hydrophobic interaction chromatography (HIC) was also investigated,
which was described in next paragraphs.
3.5.

Visualisation of hydrophobicity of Hb, Ova and BSA

Hydrophobic profiles of proteins were briefly analysed here with the aim of finding
any differences in hydrophobicity that could lead to their resolution during
analytical HIC. Hydrophobic properties of selected proteins were briefly evaluated
by calculation of the most hydrophobic residues such as tryptophan (Trp),
phenylalanine (Phe) and Tyrosine (Tyr), which are responsible for protein-resin
hydrophobic interaction in Table C.15. If a protein consisted of multiple subunits,
their amino acids were presented in brackets. Purely from numerical perspective,
the number of hydrophobic residues increased in following order: Myo, Hb, BSA
and Ova when the whole molecule was considered or Myo, Hb Ova and BSA
when only subunits were considered. There were substantial differences between
proteins, which suggests that their resolution can be achieved on HIC.
Not all hydrophobic residues are exposed on the surface and therefore may not
interact with the chromatographic resin. Therefore, visualisations of hydrophobic
regions are plotted to help to compare overall expected hydrophobicity of
selected proteins.
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Hydrophobic regions of proteins are marked in blue in Figure C.13. Apart from
significant size difference of protein molecules, the hydrophobic regions seem to
be evenly distributed across all the surfaces for all proteins. Although, it is difficult
to predict how each protein would behave on hydrophobic surface of
chromatographic resin, their ability to bind to the resin is undoubted.
In neither of the case, the effect of salt on hydrophobic resins exposure is
visualised, nor measured and therefore these observations serve purely as vague
indications of the elution behaviour of proteins on hydrophobic surface of
the resin.
Table C.15 Basic properties of selected proteins and number of their hydrophobic residues. If
the protein consists of more than 1 subunit, number of hydrophobic residues per subunit is
placed in brackets.

Myo

Hb

BSA

Ova

Subunits

1

4

2

4

Trp

2

6 (1.5)

4 (2)

12 (3)

Phe

6

30 (7.5)

56 (28)

80 (20)

Tyr

3

12 (3)

40 (20)

40 (10)

Sum

11

48 (12)

100 (50)

132 (33)

Figure C.13 Visualisations of structures of Myo, Hb, Ova and BSA proteins and their
hydrophobic residues. White colour indicates not hydrophobic and blue hydrophobic residues.
Each protein is viewed from two angles.
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3.6.

HIC analytical profiles of Myo, Hb, Ova and BSA

Selected proteins were analysed analytically using HIC. Different salts: sodium
chloride, sodium sulphate and ammonium sulphate as well as additives: glycine,
urea, arginine and isopropanol and HIC columns: phenyl and butyl based, were
tested to find conditions under which proteins are best separated.
At < 1 M ammonium sulphate there was no binding to the Phenyl column
observed, as shown in Figure C.14. Increase in ammonium sulphate
concentration caused increased binding of proteins to the column. Myo was
the weakest binding protein even when high ammonium sulphate concentrations
were used. Ova eluted as mainly one peak with other minor peaks creating a tail
and was followed by elution of sharp Hb and broad BSA peak. There was no
significant difference between Ova, Hb and BSA patterns between 1 and 1.5 M
ammonium sulphate and only some separation between Ova and BSA was
observed. However, the BSA profile was noisy. This was because of overall low
BSA peak height, that when normalised caused background noise to be
amplified. This may suggest that the recovery of BSA at those conditions is rather
poor.
When 1 M sodium sulphate was used, HIC elution patters was changed for all
proteins. BSA eluted as a sharp peak, before Ova and Hb in the elution gradient
in (Figure C.14D). Major peaks of Ova and Hb were observed in the strip, which
suggests that sodium sulphate triggers very strong binding of proteins to the
resin. This can be explained with the fact that sodium sulphate is the strongest
salt from Hofmeister series in Figure C.2.
When 2 M sodium chloride was used to condition the load, most of proteins did
not bind to the HIC resin used (Figure C.14F). However, some peaks were
observed in strip fractions, especially for Hb. Increasing salt concentration to 4 M
allowed binding of BSA and Hb, but not Ova (Figure C.14E). Like for ammonium
sulphate, BSA profile was noisy.
The conditions where 1.5 M ammonium sulphate and additives were used were
presented in Figure C.15. Use of urea, which may help to solubilise proteins [131],
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reduced BSA noise, but also caused coelution of all proteins. Its effect on Myo
was negligible, and Myo did not bind to the column. When arginine was used, all
the proteins bound more strongly to the column, including Myo. Partial resolution
could be observed, but the baseline became unstable, which made it more
difficult to analyse the chromatograms and judge resolution, because of amplified
noise. Use of glycine decreased binding capacity for Hb and BSA, as both had
significant peaks in flow-through fractions. Myo and Ova did bind to the HIC resin
and eluted in the middle of the elution gradient. Some peaks of BSA were
observed in the strip.
Use of IPA caused BSA to elute as sharp peak, but also caused all proteins
to coelute. At the same time, additional Hb peaks were observed close to the strip
and BSA peak in the strip.
None of the HIC conditions tested allowed good resolution between model
proteins: Hb, BSA and Ova, regardless of salt type and type and concentration of
additives used. Some of proteins, like Hb or BSA, eluted additionally as multiple
peaks. These elution profiles showed that proteins were heterogenous
and contained various subpopulations, with different hydrophobicity, that
interacted differently with hydrophobic resin. This is in agreement with their
complex structures.
A different type of column, with less hydrophobic butyl ligand was also tested
Figure C.16. At 1 M ammonium sulphate, no binding was observed. At higher
concentrations Myo eluted as sharp peak, BSA as two peaks, similarly to profiles
reported by Kato [148], Ova as multiple peaks and Hb as two main peaks followed
by smaller peaks that tailed broadly. Apart from Myo, Hb, BSA and Ova proteins
co-eluted from the column and therefore their separation was not achieved under
conditions tested.
In the section 3.5, our brief modelling efforts have shown, that the overall
hydrophobicity of analysed proteins was similar. While protein contained different
amount of hydrophobic amino acids in the sequence, which produced different
hydrophobicity scores (Table C.15), the overall differences in hydrophobicity
(Figure C.14, Figure C.15, Figure C.16) turned out to be not sufficient. Prediction
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of protein hydrophobicity is more challenging than the charge predictions under
different conditions. Analytical HIC requires more optimised conditions, tailored
for individual proteins to allow quantification of proteins. Therefore, analytical HIC
was not considered further as a tool for protein quantitation.

Figure C.14 Evaluation of differen salts in HIC HPLC of Myo, Hb, Ova and BSA using TSKgel®
Phenyl 5PW column. All mobile phases contained 0.1 M sodium phosphate buffer pH 7.5 with:
A) 1.5 M, B) 1.0 M or C) 0.75 M ammonium sulphate, D) 1M sodium sulphate, E) 4 M sodium
chloride and F) 2 M sodium chloride in loading mobile phase. Elution was performed using 0.1
M sodium phosphate buffer pH 7.0 in gradual gradient from 0 to 100 %.
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Figure C.15 Evaluation of additives in HIC HPLC and their effect on profiles of Myo, Hb, Ova
and BSA using TSKgel® Phenyl 5PW column (D, E, F). All mobile phases contained 0.1 M
sodium phosphate buffer pH 7.5 with: A) 2 M, B) 1.5 M, C) 1 M, D) 1.5 M, E) 1 M sodium
chloride and F) 0.75 M ammonium sulphate in loading mobile phase. Elution was performed
using 0.1 M sodium phosphate buffer pH 7.0 in gradual gradient from 0 to 100 %.
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Figure C.16 Comparison of HIC HPLC profiles of Myo, Hb, Ova and BSA between two different
HIC column, TSKgel® Butyl NPR (A, B, C) or TSKgel® Phenyl 5PW column (D, E, F). All mobile
phases contained 0.1 M sodium phosphate buffer pH 7.5 with: A) 2 M, B) 1.5 M, C) 1 M, D) 1.5
M, E) 1 M sodium chloride and F) 0.75 M ammonium sulphate in loading mobile phase. Elution
was performed using 0.1 M sodium phosphate buffer pH 7.0 in gradual gradient from 0 to
100 %.
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3.7.

Analysis of Myo, Hb, Ova and BSA with SEC and SDS-PAGE

It was important to determine purity profiles of selected proteins before selecting
model mixture and performing polishing step studies. Therefore, both SEC and
SDS-PAGE analysis were performed, where non-specific proteins interactions
are reduced and size related impurities can be visualised. Additionally, two
different lot numbers of Ova and BSA were tested.
SEC protein profiles were shown in Figure C.17. We saw that the main peak of
BSA eluted first, followed by Ova and Myo. During SEC, molecules with large
hydrodynamic volume, which is usually correlated with protein size and shape,
elute first. This agreed with elution order for BSA, 66 kDa, Ova, 45 kDa and Myo,
17 kDa. Hb, 68 kDa was the largest protein, but eluted as multiple peaks across
the broad volume range, which could indicate presence of different species, such
as monomers, dimers and tetramers. The main Hb peak elutes just before Myo
and after Ova, that suggests that its size is between 17 kDa and 45 kDa.
This suggests that the main peak of Hb is a dimer (~30 kDa).
Ova and BSA did not elute as single peaks, but were mostly at least 80 % pure.
Some multimers were present. Myoglobin was of high (97 %) purity, while purity
of Hb was difficult to determine due to a complex elution profile (tailing, multiple
peaks and shoulders). This could possibly help to explain significant tailing during
AX analytical runs (Figure C.9).
Ova contained two main peaks (peaks 3 and 4 in Figure C.18A) which
corresponded to monomer and dimer and constituted of around 10-15 % and 80
% of total Ova area, regardless of the lot used. Those peaks were preceded by
minor peaks (peaks 1 and 2) with 7-8 % of total area. There were slight
differences between different lot number of Ova mainly reflected in peak 1 and 3.
SDS-PAGE corroborated SEC results. The main, most dense band around
45 kDa (lane 1 in Figure C.19) corresponded to the main peak 4. Less dense
bands around 70 kDa and >110 kDa were observed, which could correspond to
Ova multimers or aggregates (peaks 2 and 3). We saw that when Ova was
reduced (lane 2 in Figure C.19), bands were shifted towards higher molecular
weight markers. It can be explained by the fact, that when proteins underwent
99

Chapter C. Selection of model feed mixture
conformational changes upon reduction, their structure changed, which reduced
their electrophoretic mobility during SDS-PAGE.
We observed differences for different BSA lot numbers. The purity of the main
BSA peak, which represented BSA monomer (peak 3 in Figure C.18) was either
79 % (lot 1) or 90 % (lot 2). Peak 2 represented a dimer of BSA and 6 % of the
total area. This profile could be also clearly seen on SDS-PAGE (lane 3 in Figure
C.19), where two main bands were present. Peak 1 could correspond to
aggregates of BSA and peak/shoulder 4 could be a different isoform of BSA.
Hb eluted very broadly as multiple peaks on SEC-HPLC. The most defined peak
(peak 3a in Figure C.18 D) corresponded to 66 %, however, was immediately
followed by a well-defined shoulder (peak 3b in Figure C.18 D) which
corresponded to 17 % of total protein area. Those two peaks together would
correspond to 83 % of total area.
Under SEC-HPLC conditions, at pH 7.4 Hb should mostly be present
in a tetrameric form with molecular size of 68 kDa (Table C.2), while experimental
data show high heterogeneity of sample, with the main peak eluting at 0.63
column volume (CV), suggesting low apparent size of the protein in solution
(approx. 20-30 kDa). The tetramer peak of Hb would be expected to elute around
the 0.5 CV, near the main peak of BSA (66 kDa), while the observed Hb peak
elutes later. SDS-PAGE of Hb showed a main band around 15 kDa, which
corresponded to Hb monomer and bands around 30 and 60 kDa, which were
likely to be a dimer and a tetramer (lane 11 in Figure C.19). There was no
difference between reduced and non-reduced sample of Hb. Because Hb peaks
were difficult to corroborate with bands we saw that SEC and SDS-PAGE profiles
were not fully compatible. This could be because Hb is a higher-order noncovalently bound structure, which dissociated under denaturing conditions of
SDS-PAGE. It might also indicate presence of impurities.
Myoglobin eluted mainly as single peak with some minor impurities at total of <4
%. High purity of Myo was also confirmed by SDS-PAGE where only one band
around 17 kDa was visible (Figure C.19, lane 9). There was no difference
between reduced and non-reduced sample.
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The protein profiles of analysed samples showed, that apart from Myo, selected
proteins were not homogenous and contained different protein species or various
oligomeric states of the same protein, which could negatively affect later
quantification. It was also seen that Hb profile was very broad, which might also
suggest unwanted interactions of multiple species with the column. This could
explain why Hb profile on AX was strongly tailing.
Because, apart from BSA and Myo, tested proteins were not baseline separated,
we did not intend to use the SEC method for quantification of selected protein
mixture.

Figure C.17 SEC profile of Myo, Hb, Ova and BSA
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Figure C.18 Peak analysis of individual proteins and comparison of lot numbers.

Figure C.19 SDS-PAGE analysis of Myo, Hb, Ova, BSA and different Ova and BSA lots.
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3.8.

Preliminary bench-scale AX profiles of Myo, Hb, Ova and BSA

Preparative profiles of proteins from Table C.2 were obtained at pH 9.0 using
strong anion-exchange HiScreen™ Capto Q column and were presented
in Figure C.20. Each protein eluted as a single asymmetric peak with sharp front
and a shallow, tailing back-end. The sharpest peak was observed for Myo, which
could be explained by its relatively small size and simple structure. Other, more
complex proteins were more asymmetric. Hb and Con were the most back-end
tailing proteins. Unlike peak profile, elution order of proteins corroborated with
analytical AX. Myo eluted early in the gradient, which suggested that slight
increase in concentration of NaCl or more strongly retained components may lead
to displacement of Myo. Hb and Con eluted at similar elution volume and were
followed by Ova and then BSA.

Figure C.20 Single proteins profiles from Capto Q column at pH 9.0
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4.

Conclusions – selection(s) of model mixture(s)

This chapter described methodology that was used in selection of a model ternary
protein mixture, its potential purification and analysis techniques. The selected
methods were then used in the development of a two-column polishing step
and subsequent process optimisation, whose aim was to maximise product yield
and purity, which was described in next chapters.
4.1.

Rationale for model mixture selection

For the purification studies, we selected a protein model mixture, instead of a real
feed mixture. Producing a real feed mixture is a time-consuming and costly
process, which often includes full development of analytical methods. Unlike
the real feed, selecting a model mixture offers the benefit of either using of
improving the already established analytics, which undoubtedly is more costeffective. We rather avoided the challenges related with a real feed and decided
to use a model mixture, which we thought to be of a good academic choice.
4.2.

Selection of model mixture

The model mixture of Con, Ova and BSA, that best resembled a product variant
separation problem (mimic of a product and both weak and strong impurities)
and allowed analytical quantification, was selected based on experimental
studies performed on the pre-selected proteins from Table C.2. These studies
included: analysis of the solubility of proteins in various chromatography buffer
conditions, modelling approaches that facilitated the choice of protein selection
and

separation

conditions,

spectrophotometric

quantification

employing

differences in protein spectra and detailed analytical studies with ion-exchange,
hydrophobic interaction and size-exclusion chromatography. In addition, the latter
was compared with analysis on SDS-PAGE. Finally, a bench-scale ion-exchange
chromatograms were obtained for a selection of proteins, which helped identify
the potential product and both weak and strong impurities and therefore helped
decide on the final composition of the model mixture.
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4.3.

Other models considered

Throughout the course of the work presented here, we also considered different
model mixtures. One model assumed use of Hb instead of Con. This model had
a similar bench-scale profile to final one and initially seemed to be easier
to characterise, because of unique Hb spectrum. Although the unique
absorbance of Hb was used to distinguish Hb from other proteins in the mixture,
due to complex profile, in particular, the lack of chromatographic separation,
the work with Hb was discontinued. The fact that Hb absorbed at additional
wavelength did not suffice to resolve all the quantitation problems.
We also considered using Myo instead of Hb. Although Myo had a simple elution
profile and a unique spectrum, which allowed for easier quantification, it also
eluted significantly earlier than Ova (product), due to large pI. Because it eluted
early in the salt elution gradient, Myo indicated a relatively high sensitivity
to elution with NaCl and because it eluted substanitally earlier than Ova it
indicated a relatively low competition with Ova for binding sites in the
chromatography resin. These two indications suggested that the ternary
separation problem could reduce to a binary problem, which was unfavourable.
Therefore, Myo was regarded as not interesting candidate, especially when
compared to more competing Hb or Con proteins. In addition, brief experiments
(data not presented) confirmed that binding of Myo to the AX column was
prevented for NaCl ≤ 50 mM. The binding of protein to the column under presence
of low amounts of salts (such as 50 mM NaCl) was considered important to reflect
industrial process, where certain amount of salt remains from previous
purification steps.
A pseudo-ternary mixture of Ova and BSA was also considered. Although,
it contained two types of proteins, its elution profiles consisted of more than two
peaks. Ova is a mixture of various phosphorylated and glycosylated isoforms
[137,174,175], which were observed in analytical AX. It eluted as at least nine
different species and was a complex protein mixture itself. This was one
of the reasons why Ova was chosen as the main product protein. Its combination
with other proteins in either form represents a good surrogate for realistic
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medicine product with many product variants, e.g. EPO (highly glycosylated,
[18]). Therefore, it is also a natural surrogate for even more complex non-protein
systems such as viruses, virus-like-particles (VLP), stem cells and even
exosomes or cell organelles. Here, together with BSA, which mimicked a strong
impurity, early eluting Ova peaks could be considered weak impurities, while main
Ova peaks could be considered a product. For the purpose of our studies,
the disadvantage of such model included the inability to control the amount
of the weak impurities and product, and increased difficulty in development
and validation of quantitation methods, because of lack of impurity and product
standards.

106

Chapter D. Selection of polishing sequence
Chapter D. Selection of polishing sequence
1. Introduction
Polishing chromatography is a critical element of a bioprocess, because
it produces the extremely high purity needed for a biological medicine
[10,23,40,176]. Both product- and process-impurities present after upstream
and early downstream processing, need to be removed, such as product variants
or aggregates [18]. Typically, polishing step consist of two orthogonal
chromatographic steps, such as cation-exchange (CX) and anion-exchange (AX),
or hydrophobic interaction (HIC) and some form of ion-exchange [10]. Although
HIC does not usually produce the high loadings and recoveries typical of AX
[151,92,99], it often provides unique selectivities, especially for product variants
[177–179].
In this chapter, we considered two-column polishing chromatography sequences
for a complex ternary feedstock, consisting of conalbumin (Con), ovalbumin
(Ova), and bovine serum albumin (BSA); the model feed mixture was selected
in previous chapter. In all the chromatographic modes to be discussed here, Ova
showed intermediate retention, and was designated as the product. The ternary
separation problem was therefore to isolate Ova at high purity, yield,
and throughput from BSA and Con. Despite the disparate sources of these
proteins, they turned out to be difficult to separate, even in analytical HPLC.
Further, they each had multiple product forms, because of phosphorylation,
acetylation or glycosylation or high molecular product derivatives [137,149,180–
185]. It was seen that this feedstock was both extremely difficult to separate and
that many of the difficulties in developing an efficient separation sequence were
likely to be found in the separation of a biotherapeutic, such as a monoclonal
antibody or even more complex product.
Fraction analysis in chromatography is often a challenge during purification
studies [11,186,187]. Various ways to overcome it have been reported;
of particular interest are non-invasive, high-throughput quantification of protein
mixtures, such as PLS method employing absorbance spectra of proteins [125].
Nevertheless, these high-throughput methods were not ideal for our ternary
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feedstock, and we had to use HPLC analysis of output fractions from high-loading
runs. Monolithic analytical columns offer comparable resolution to classic particle
resins, but because of thin layer design and convective mass transfer allow much
greater flow rates and therefore faster separations [48,188–191]. This feature
was of huge practical importance when analysis of many fractions expected
during complex separations was required.
The results for other ternary separation problems found in the literature are
summarised in Table D.1. Some results were not reported here, because they
were either based on simulations with no experimental basis [192–196], or yield,
load or purity were not supplied [111,197–199], or the separation was effectively
a binary separation instead of a ternary, often because all impurities were less
retained or all were more retained than the product [99,198,200–202].
Table D.1 Separation of the ternary feed mixture using gradient elution chromatography
reported in the literature. The underlined protein is the main product. For Amy, BSA, CX, HIC,
HMW, LMW, mAb, MM, MW, Ova, PF, RP, SDS-PAGE see the nomenclature on p.26.

Mix

Feed
purity

Load [g/L]

Mode

Purity
[%]

Yield
[%]

Source

Insulin, two
impurities

98.6 %

16

RP

>99.5

>95

[203]

BSA, Amy, Ova

33 %

5

MM:CX
MM: HIC

94.2
94.8

99.2
98.2

[154]

mAb, LMW,
HMW
Three mAb
variants
Recombinant
protein and
three impurities

96.8 %

Preparative
loads*

CX

99

96

[204]

25 %

1

CX

80

10

[205,206]

NA*

1

CX

Pure by
SDSPAGE*

2630%

[60]

* values not specified in the references.

The Simplex-based method allows for rapid optimisation of a multi-parameter
system, such as the chromatographic purification of a feed mixture. It has been
shown to facilitate identification of interesting separation conditions during early
bioprocess development [120]. Usually high-throughput platforms such as
the PreDictor RoboColumns® operated on a system like Tecan Freedom Evo
200 were used, because of automation and parallelisation of experiments
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[120,121]. Several parameters that impact the purification can be screened by
Simplex simultaneously, with no or limited user made decisions, which reduces
the complexity of the optimisation, as compared to traditional, fully empirical
optimisation and therefore simplifies the optimisation process. The Simplex also
allows reaching global solution with less steps, as compared to design of
experiment (DoE) approach [120,121,119]. Simplex-based optimisation was not
yet performed on a whole polishing sequence.
2.

Aims and outlook of study

There were two main aims of this chapter. The first one was to develop a twocolumn polishing chromatography sequence for purification of a model mixture.
The second aim was to optimise conditions of that model system using
the Simplex algorithm-based maximisation of the yield and purity of the product
protein (schematically presented in Figure D.1).
Model ternary protein mixture of three globular albumins Con, Ova and BSA,
a good mimic of a real life complex protein mixture, was used. These proteins
were mixed at a ratio that represented a mixture before a polishing step, where
product corresponded to 80 % w/w (here Ova) and both impurities to 10 % w/w
(here Con and BSA) of a total mixture mass. The overall goal was to identify such
chromatographic sequence that would allow purification of Ova to a 95 % purity
at highest yield possible, ideally higher than 80 %. Strong ion-exchanger (AX)
Capto™ Q, mixed-mode (MM) Capto™ Adhere and hydrophobic resins (HIC)
Phenyl Sepharose were considered. Since all proteins had relatively low pI (Table
D.2), strong anion-exchanger was a default choice for one of the two steps in
purification sequence. Later, chromatographic binding and resolution was
exploited on mixed-mode and hydrophobic resins.
The feed mixture was characterised at various purification stages using protein
spectra and partial least squares (PLS) regression model, and monolithic strong
AX HPLC column. Since all feed proteins (Con, Ova and BSA) had relatively low
pI (Table D.2), strong AX was a default choice for one of the two steps in
sequential purification train and therefore was studied first. Initial purification
conditions for AX, were established during screening experiments performed on
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high-throughput PreDictor™ RoboColumns with Capto™ Q resin. For MM
and HIC runs, purification experiments were preceded by protein solubility tests
in range of pH and salt conditions. For MM, binding screen was performed on
high throughput PreDictor™ plate with Capto™ Adhere. All high-throughput
experiments were performed using Tecan Evo, Automated Liquid Handling
Platform (LiHa). Conditions were then evaluated on a bench scale HiScreen™
columns with relevant resins and in purification sequence consisting of AX
and MM or HIC columns. When HIC or MM step was performed first, a buffer
exchange, using either spin-concentrators or desalting column, was required.
To maximise yield and purity of a product in a purification sequence using
algorithm-based method, input variables and objective function were defined, and
the simplex algorithm was employed. Generally, the sequence load, gradient
slopes, buffer conditions and pooling regions were described by input variables
and the objective function was defined as yield*purity. To start the simplex
optimisation, because of the nature of the simplex shape, several runs had to be
performed to populate pairs of various conditions and results, prior actual
optimisation (for n input variables, n+1 runs).

Figure D.1 Schematic representation of a simplex mediated optimisation of a sequence
purification train.
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3.

Materials and methods

Range of experiments was performed to identify the conditions for separation of
the model feed mixture. The investigation included various scales and modes of
chromatography. The small-scale experiments, such as the solubility, binding and
mini-column experiments, were performed to screen a wider range of conditions
and identify a narrower and more interesting range of conditions, which was then
used on a bench-scale. These experiments allowed deeper understanding of
a system that was investigated. Different modes of chromatography were studied
to allow for an orthogonal purification of a model mixture in a polishing sequence
step.
Three globular model proteins used in these studies were BSA, Ova and Con
(Sigma Aldrich, UK) at 1:8:1 ratio, a schematic case for many purification
applications where impurities elute before and after the main component [192].
Their properties and product codes are presented in Table D.2. Proteins were
weighed out and dissolved to a given concentration in respective buffers and
were filter-sterilized using 0.2 µm PES Millex® Syringe Filter (Millipore, UK).
Table D.2 Properties of the feed proteins studied here: pI – protein isoelectric point, MW molecular weight. Purity assessed by manufacturer by agarose gel electrophoresis; data not
available for Conalbumin, but probably > 95% from HPLC.

Protein

pI

MW [kDa]

Purity [%]

Catalogue
number

BSA

4.8

66.5

≥96%

A2153

Conalbumin

6.6

77

-

C7786

Ovalbumin

4.5

46

≥98%

A5503

3.1.

Preparation of buffer solutions

Range of buffers between pH 3.5 and 9 was used throughout the experiments
described in the following sections. Buffers included sodium citrate, acetate,
phosphate and Tris buffers and were prepared by dissolving corresponding salts
in Milli-Q™ type 1 ultrapure water (18.2 MΩ-cm resistivity at 25 °C, bacteria
content of < 1 CFU/mL) obtained from Milli-Q™ deionizer from Millipore.
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90 mM sodium citrate buffers pH 4.5 used in multimodal chromatography
solubility and binding experiments were prepared by mixing 106 mL 0.7 M sodium
citrate and 81 mL 0.55 M citric acid solution in a litre of ultrapure water.
50 mM sodium acetate buffers used in hydrophobic chromatography studies were
made by dilution of 250 mM sodium acetate, which was prepared from 14.4 g/L
anhydrous sodium acetate in ultrapure water mixed with glacial acetic acid until
desired pH was achieved.
50 mM sodium phosphate buffers used in hydrophobic chromatography studies
were prepared by dissolving 2.9 g/L monobasic sodium phosphate monohydrate
with 10.3 g/L dibasic sodium phosphate dodecahydrate in ultrapure water.
50 mM Tris pH 9.0 buffers used in ion-exchange chromatography both at bench
and analytical scale were prepared by dissolving Tris-HCL and Tris-Base
according to Buffer Reference Centre (Sigma Aldrich, http://bit.ly/2xu8o0H,
access date 08.2017).
Stock solutions of 5 M NaCl or 4 M ammonium sulphate were prepared in
ultrapure water and added to respective buffers when required. pH of solutions
was adjusted using 1 M NaOH or respective acid (citric, acetic or hydrochloric),
depending on the composition of buffer to match ions present in the solution.
Buffers were filter-sterilized using 0.45 µm Steritop™ Filter Units (Merck Millipore,
UK) under vacuum. All salts were obtained at analytical grade purity from Sigma
Aldrich or Fisher Scientific, UK.
3.2.

Experiments employing high-throughput platform

Following experiments were used to assess the solubility of proteins and the
binding capacity of proteins to a resin across different conditions, and to assess
the

separation

between

proteins

on

selected

conditions

on

a

mini

chromatography columns.
Automatic liquid handling station (ALHS) Tecan Freedom Evo™ 150 with 8 fixed
1 mL tips controlled by EVOware® version 2.3 (Tecan, Switzerland) was used for
high-throughput solubility and binding studies with PreDictor™ 96-well Filter
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Plates prefilled with 20 µL Capto™ Adhere resin and PreDictor™ RoboColumns®
prefilled with 0.6 mL Capto™ Q resin (GE Healthcare, Uppsala, Sweden).
Sanitisation protocol was employed when handling proteinaceous liquids to
remove carry-over, where 0.5 M NaOH solution was repeatedly aspirated and
dispensed followed by wash with system liquid. The procedure was described in
[187].
Solubility studies
Solubility studies were performed to test solubility of proteins across different
conditions. The studies were performed in a 96-well 2 mL deep square well plates
(Corning, UK). Proteins were dissolved to 3 mg/mL in buffers in range of pH
and salt types and concentrations presented in Table D.3.
Table D.3 Conditions tested in solubility experiments preceding chromatography studies

Chromatography

pH

NaCl [M]

(NH4)2SO4 [M]

MM

3.5 - 7

1.3 - 4.5

-

MM

3.5 - 7

1 – 3.5

0.1 – 0.5

HIC

7

1.5

-

HIC

5

0 – 3.5

0.4 – 1.3

Plates were stirred for 20 s at 1000 rpm using Plate Shaker (Tecan, Switzerland)
connected to ALHS. 0.1 mL of stirred solution was transferred to 96-well, half
area, flat, clear, UV-transparent plates (Corning, UK) for the assessment of level
of solubility and protein precipitation using absorbance spectra at 280 and 620
nm [154]. At pH 7.0 additives, such as urea (0 - 2 M) and arginine (0 - 0.7 M)
were also briefly tested.
Binding studies
Binding studies were performed to test solubility of proteins across different
conditions. PreDictor™ plates with Capto™ Adhere resin were equilibrated
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with buffers in range of pH (3.5 - 7) with varying sodium chloride concentration
(1.3 - 4.5 M) or varying ammonium sulphate (0.1 - 0.5 M) and sodium chloride
concentration (1 - 3.5 M) as presented in first two rows of Table D.3. Total of 70
grams of protein per litre of resin (abbreviated later as g/L) was dispensed to the
resin slurry. The suspension was stirred and left for 4 h incubation at room
temperature. After incubation, plates were centrifuged and flow-through solution
was collected. Slurry was then washed and centrifuged with 0.3 M NaCl in 50 mM
Tris at pH 9.0 and again with 1 M NaCl in 50 mM Tris at pH 9.0 to elute bound
material. Detailed procedures were performed according to manufacturer
protocol and similarly to [187]. 0.1 mL of flow-through and two washes were
transferred to 96 well, half area, flat, clear, UV-transparent plates (Corning, UK)
for the spectral analysis. Binding capacity at given condition was calculated as
sum of mass of proteins detected in the washes.
High-throughput chromatography
Separation of proteins was assessed using eight PreDictor™ RoboColumns®
prefilled with 0.6 mL Capto™ Q resin (GE Healthcare, Uppsala, Sweden) were
connected to Tecan EVOware® platform. Prior each run, plates containing feed
solutions, wash, loading and elution buffers, as well as cleaning in place (CIP)
(1 M NaOH with 2 M NaCl) and storage solutions (20 % EtOH) used throughout
the experiment were prepared in 2 mL 96 deep square-well plates. Loading
buffers contained 50 or 75 mM NaCl in a 50 mM Tris pH 9.0 buffer. Elution was
performed with 25, 50 and 75 mM NaCl/column volume (CV) gradients. To mimic
a gradual elution using ALHS several elution buffers had to be prepared, each of
which contained incrementally increasing amount of NaCl from initial 50 or 75 mM
NaCl to 500 mM NaCl in 50 mM Tris pH 9.0 buffer. The number of gradient steps
was calculated as the total length of the gradient divided by the fraction volume.
Different initial salt levels and gradient slopes produced different number of steps
as described in Table D.4. Performing chromatography runs on miniature
columns was described in [121].
Feed solutions contained Con, Ova and BSA at 1:8:1 ratio and were prepared
at 5, 7.5, 10 and 12.5 mg/mL. 4 CV (2.4 mL) feed solution were loaded onto each

114

Chapter D. Selection of polishing sequence
column, which corresponded to 33 - 83 g/L. As previously, the load was
calculated as the amount of protein in relation to the volume of resin. It was
assumed that the resin volume in a column equals 60 % of the total column
volume. Prior run column was equilibrated with 7 CV loading buffer, followed by
loading of feed solutions and elution whose details are presented in Table D.4.
This was followed by 2 CV strip with 1 M NaCl, 2 CV CIP step, 2 CV wash with
50 mM Tris pH 9.0 and 2 CV wash with storage solution. Throughout the run, 0.2
mL fractions were collected into 0.5 mL 96-well full area UV plates, which were
analysed in a Tecan Infinite® 200 plate reader as in 3.5 after the run. All the
dispensing steps of liquids into the column were performed at 4.2 µL/s (0.25
mL/min), which corresponds to residence time of 2.38 min and is almost
the equivalent of the 2 mL/min flow in a 4.7 mL column with residence time of
2.35 min.
Table D.4 Conditions tested during high-throughput experiments with RoboColumns® and
Capto Q resin; Concentration of NaCl in the loading buffer in mM, Load in g/L, Slope in mM
NaCl/CV or CV. The last column shows total number to fractions collected during the elution.

Experiment

Columns
used

Initial
NaCl

Load

Slope

# fractions

1

1-4

50

33-83

25 or 18

54

5-8

75

33-83

25 or 17

51

1-4

50

33-83

50 or 9

27

5-8

75

33-83

50 or 8.5

26

1-4

50

33-83

75 or 6

18

5-8

75

33-83

75 or 5.7

17

2

3

3.3.

Bench-scale studies

To assess separation profiles of a feed mixture and establish two-column
polishing sequence, bench-scale studies were performed. Experiments were
performed on AKTA Purifier using HiScreen™ Phenyl FF (high sub and low sub)
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(HIC), HiScreen™ Capto™ Adhere (MM) or Capto™ Q (AX) columns with column
volume of 4.7 mL. The bed porosity in packed beds of spherical particles of
mentioned columns was assumed to be 0.4 [35] and therefore the actual resin
volume was calculated as 2.82 mL.
All loadings are reported in units of gram protein per litre resin.
Samples were injected via 5 or 10 mL peek sample loops or via system buffer
pump for high load samples. All runs were performed at 2 mL/min (258 cm/h).
Eluates from both HIC and AX were fractioned using AKTA Fraction Collector into
Eppendorf tubes (HIC) or Eppendorf tubes and 96 well 2.2 mL Deep Square Well
Plates (Corning, UK) (AX). For HIC, 5 - 15 mL fractions were collected, the actual
volume of which depended on the run profile. For AX, 2 mL fractions were
collected. For both AX and HIC, flow-through was in 50 mL fractions. CIP
procedures involved cleaning with 20 % isopropanol and mixture of 1 M NaOH
and 2 M NaCl. Columns were stored in 20 % ethanol. Chromatography materials
were purchased from GE Healthcare, Sweden.
Prior the first chromatography step, feed proteins were weighed out, dissolved
and filtered, as described earlier. For a second chromatography step, pool of
chosen fractions from the first step was used as the feed. For HIC-AX pools, HIC
fractions were buffer-exchanged first to remove excess salts and adjust buffer
components and subsequently a pH.
Anion-exchange (AX)
For AX runs buffer with 50 mM Tris and 25 mM NaCl at pH 9.0 was used for
column equilibration and loading. Elution was performed with gradual increase
of 50 mM Tris and 0.35 M NaCl at pH 9. The actual slope of gradient elution
depended on the run, but ranged between 8 and 38 mM NaCl/CV (50 - 10 CV).
The strip was performed using 50 mM Tris pH 9.0 with 2 M NaCl.
Mixed-mode (MM)
Multimodal runs were performed using HiScreen™ Capto™ Adhere and mobile
phase consisted of binding buffer: 90 mM sodium citrate pH 4.5 with 3.5 M NaCl
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and 0.35 M (NH4)2SO4 and elution buffer: 90 mM sodium citrate pH 4.5. The
elution was performed with two step gradual decrease of the binding buffer with
intermediate point at 55 % binding buffer. The actual slopes of gradient elution
depended on the run, but ranged between 60 - 110 mM NaCl/CV (14 - 26 CV)
for the first and 25-150 mM NaCl/CV (11 - 63 CV) for the second slope. The strip
was performed using 90 mM sodium citrate pH 4.5 and 50 mM Tris pH 9.
Hydrophobic interaction (HIC)
HIC runs were performed using HiScreen™ Phenyl FF (high sub and low sub)
columns. Mobile phases consisted of either 50 mM sodium phosphate at pH 7.0
or 50 mM sodium acetate buffer at pH 5.0 with (for binding mobile phase)
or without (for elution mobile phase) 1 - 2 M ammonium sulphate or varying
concentration of sodium chloride and ammonium sulphate. The exact salt
concentrations were calculated using Equation 2, which was based on data from
the solubility study (see section 6.5):
Equation 2 Correlation between ammonium sulphate and sodium chloride concentrations
2
𝑐(𝑁𝐻4 )2𝑆𝑂4 = 0.0279 ∙ 𝑐𝑁𝑎𝐶𝑙
− 0.3472 ∙ 𝑐𝑁𝑎𝐶𝑙 + 1.285

(2)

Buffers with high salt content were used for equilibration and binding. At pH 7.0
the elution was performed with two-step gradient with intermediate point at 60 %
binding buffer. The actual slopes of gradient elution depended on the run, but
ranged between 120 - 150 mM NaCl/CV (4 - 5 CV) for the first and 25 - 100
mM NaCl/CV (6 - 24 CV) for the second slope. At pH 5.0 the elution was
performed with gradual decrease of the binding buffer with no intermediate point.
Run details are presented in the results sections. Additionally, a wash with 20 %
isopropanol (Fisher Scientific, UK) was employed as an additional strip step after
the elution gradient and subsequent strip with buffers with no salts finished.
Polishing trains
Proteins were weighed out, dissolved and filtered, as described earlier prior the
first chromatography step. If a second chromatography step was conducted pool
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of chosen fractions was used as the feed. If the pool was intended to be purified
by IEX, fractions were buffer exchanged to remove excess salts. In case it was
used for subsequent MM or HIC, buffer components were adjusted to allow
binding to hydrophobic media, by additions of salts and adjusting pH by adding
acidic or alkali solutions.
Buffer-exchange
A buffer exchange technique was required to desalt samples obtained from
hydrophobic chromatography runs, which included both HIC and MM. Initially
a technique was used which utilised filtration units and centrifuge, but was later
replaced with a size-exclusion method.
VivaSpin® 20 with MWCO 10 kDa (Sartorius) were used to buffer exchange and
concentrate samples that were present in highly salted solutions obtained from
MM or HIC (at pH 7). Samples were mixed together and poured into VivaSpin®
concentrators, which were then centrifuged at 3000 g until the volume in each
concentrator dropped to 2.5 - 5mL. They were then topped-up with 20 mM Tris
buffer pH 9.0 and centrifuged again. The latter step was repeated 2-3 times until
the samples were buffer exchanged
To buffer-exchange highly salted samples from HIC runs at pH 5, AKTA Purifier
and HiPrep™ 26/10 desalting column (GeHealthcare, Sweden) were used
in an isocratic mode with 50 mM Tris buffer pH 9.0 as a mobile phase at 20
mL/min (226 cm/h). Injection volume was between 5 and 15 mL which produced
up to 24 mL of desalted eluate.
3.4.

Analytical protein quantification

Profiles of individual protein traces in bench-scale chromatograms were
reconstructed based on information obtained from analysis of collected fractions.
The analysis was performed off-line using absorbance spectra and analytical
chromatography.
In analytical chromatography, samples were analysed using 0.1 mL CiMac QA
column (BIA, Slovenia) connected to Agilent 1100 HPLC system (Agilent,
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Cheshire, UK). Injection of sample depended on the estimated protein
concentration with the aim to load 10-15 µg of protein, which was based on
spectroscopic protein quantification. Samples were injected onto the column
equilibrated with 50 mM Tris buffer at pH 9.0 and eluted with 0 - 40 % gradient of
40 mM Tris buffer with 1 M NaCl at pH 9.0 at the slope of 10 mM NaCl/CV at 1.5
mL/min (424 cm/h). Samples were kept at 4°C in temperature controlled auto
sampler (Agilent) during analysis. The analysis was performed at room
temperature. Following the sequence of the analysis of preparative fractions CIP
procedures of the monolith column were employed. CIP procedures involved
cleaning with 30 - 80 % isopropanol, mixture of 1 M NaOH and 2 M NaCl and
mixture of 0.5 M sodium acetate with 2 M NaCl at pH 3.5. Columns were stored
in 20 % ethanol. Chromatograms were recorded at 280 nm, every 0.1 s (10 Hz).
Each signal was integrated using a drop-line method in regions representing Con,
Ova or BSA, such as in the Figure D.26. Integration results were converted into
protein concentrations using the integrated area, experimentally measured slope
of the linear standard curve for each protein Equation 3, injection and preparative
fraction volume of analysed fraction as described in Equation 4.
Equation 3 Linear standard curve equation of analytical HPLC; A - area under the curve, ϵ slope of the linear curve determined experimentally (Con: 0.403, Ova: 0.213 and BSA: 0.223),
m – mass of protein corresponding to the area.

𝐴=𝜖∙𝑚

(3)

Equation 4 Calculation of protein mass in a preparative fraction, based on integrated area: m F –
protein mass in preparative fraction, VF – preparative fraction volume, Vinj – injection volume to
the HPLC, A – integrated area under the curve, ϵ - slope of the linear standard curve,

mF =
3.5.

VF A
∙
Vinj 𝜖

(4)

Spectroscopic protein quantification

For the spectroscopic quantification of protein concentrations, 0.1 mL samples
were transferred to 96 well half area UV plates (Corning Wiesbaden, Germany)
and were then measured on a Tecan Infinite® 200 plate reader (Tecan,
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Switzerland). Spectra of samples were recorded in the 243-300 nm with the
increment of 1 nm range averaging 10 reads per well. A multivariate analysis
approach was employed based on Partial Least Squares (PLS) regression.
This was implemented on SIMCA (Umetrics, Sweden) based on the method
developed by Field et al. [187]. Additional 990 and 900 nm reading were taken to
normalise the signal with respect to the path length and therefore the sample
volume [100]. Spectroscopic quantification was not used in detailed quantification
of bench-scale runs and was used only as an indication of protein concentration,
which help estimation of protein load on a HPLC column.
3.6.

Calculation of product pools

Pooling decisions in HIC in a HIC-AX sequence were made in real time, based
on experience to maximise Ova yield and minimise content of BSA, before the full
characterisation of fractions was complete. Once characterisation data was
available, a post factum evaluation of pooling choices was performed
and presented as purity-yield plots. To generate pooling options a special
Matlab® script was written and used, which calculated mass of each protein,
purity and yield of a product in pools of fractions between the first (nstart) and last
(nend) fraction. This lead to a combination of pools, considering yields, purity and
amount recovered. For the final purification step purity was constrained to values
>94.9 %. As will be discussed later, these criteria may be useful to facilitate
the choice of “the best” pool. Here, some supporting calculations are described.
The total amount of the k-th protein in the pool between the nstart and the nend
fractions is defined in Equation 5, where ck,i and Vk,i are protein concentration
and fraction volume, respectively, of the i-th fraction.
Equation 5 Total amount of protein. For details see text.
𝑛𝑒𝑛𝑑

𝑀𝑘 =

∑ 𝑐𝑘,𝑖 𝑉𝑘,𝑖

(5)

𝑖=𝑛𝑠𝑡𝑎𝑟𝑡

Yield and purity of a protein in a pool are calculated from Equation 6 and Equation
7, where Mk0 is the mass of species k fed into the column.
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Equation 6 Purity of protein. For details see text.
3

𝑃𝑘 = 𝑀𝑘 / ∑ 𝑀𝑘

(6)

𝑘=1

Equation 7 Yield of protein. For details see text.

𝑌𝑘 = 𝑀𝑘 /𝑀𝑘0

(7)

Optimisation can be done using several metrics. Here, we have focused on
choosing the product pool so as to maximise either the product of purity and yield,
as shown in Equation 8, or the product of purity and yield and product mass,
as shown in Equation 9. Note that k=2 represents the product, Ova.
Equation 8 Maximisation of product purity and yield. For details see text.

max

𝑛𝑠𝑡𝑎𝑟𝑡 ,𝑛𝑒𝑛𝑑

𝑃2 (𝑛𝑠𝑡𝑎𝑟𝑡 , 𝑛𝑒𝑛𝑑 ) ∙ 𝑌2 (𝑛𝑠𝑡𝑎𝑟𝑡 , 𝑛𝑒𝑛𝑑 )

(8)

Equation 9 Maximisation of product purity, yield and mass. For details see text.

max

𝑛𝑠𝑡𝑎𝑟𝑡 ,𝑛𝑒𝑛𝑑

𝑃2 (𝑛𝑠𝑡𝑎𝑟𝑡 , 𝑛𝑒𝑛𝑑 ) ∙ 𝑌2 (𝑛𝑠𝑡𝑎𝑟𝑡 , 𝑛𝑒𝑛𝑑 ) ∙ 𝑀2 (𝑛𝑠𝑡𝑎𝑟𝑡 , 𝑛𝑒𝑛𝑑 )

(9)

Other optimisation metrics include maximising yield with purity as a constraint,
and maximising product mass with both yield and purity as constrains.
The optimal choice of pool can vary depending on the objective function chosen
[119].
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4.

Results & discussion: strong anion-exchange (AX)

The aim of this section was to investigate the use of a strong anion-exchange
resin in separation of the model mixture. Initial screens were designed to screen
range of conditions to select those for which model proteins (Con, Ova and BSA)
were reasonably well resolved. For this purpose, high-throughput miniaturised
columns were used. The study was performed in conjunction with highthroughput fraction analysis employing protein spectra. Finally, results were
tested on a bench-scale system.
4.1.

High-throughput strong anion-exchange studies

Initial screens were focused on finding conditions where proteins (Con, Ova and
BSA) were well resolved on a strong ion-exchanger (AX) Capto™ Q resin.
For this purpose, high-throughput 0.6 mL PreDictor™ RoboColumn units
(miniaturised columns) with Capto™ Q resin operated through Freedom Evo™
ALHS from Tecan were used. Protein mixtures of Con, Ova and BSA were loaded
onto the column at 33-83 g/L. Three elution slopes (25, 50 and 75 mM NaCl/CV)
and two initial NaCl levels (50 and 75 mM) were tested (Figure D.2). Two partially
resolved peaks of early eluting Con and later eluting Ova were observed for 25
mM NaCl/CV gradient. The resolution was dropping with the increase of gradient
steepness as visible for 50 and 75 mM NaCl/CV. This picture however could be
biased by the fact that fraction volumes were constant and therefore different
gradients were represented by different number of fractions. For shallower
slopes, relatively more fractions (absorbance points) were collected and therefore
more features of the chromatogram were observed. BSA was expected to elute
after Ova, but no peak was identified in the chromatogram. Later, spectral
analysis of fractions confirmed presence of BSA in the later eluted fractions.
Resolution at shallow slopes was not significantly affected by the tested load
range (33-83 g/L). At steeper gradients and highest loads absorbance signals
reached saturation capacity of detector which explained why traces of different
loads overlay. Initial NaCl concentrations of 50 and 75 mM NaCl did not affect
the resolution. Small, almost negligible peaks were observed in the flow-through
for the 75 mM/CV gradient slopes for both initial salt concentration levels. These
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experiments were performed last and appearance of these flow-through peaks
was probably related with slight deterioration of the RoboColumns®. If peaks
were related with reduced binding capacity due to NaCl competition, they would
be more likely to appear in experiments with initial NaCl concentration (75 mM)
and would not be dependent on the slope.

Figure D.2 Comparison of high-throughput screening of Capto Q resin in a RoboColumn®
format in a separation of the feed mixture (Con, Ova and BSA) at pH 9. Starting NaCl: 50 mM
(panels A, B, C) and 75 mM NaCl (panels D, E, F), gradient slopes: 25 mM NaCl/CV (panels A
and D), 50 mM NaCl/CV (panels B and E) and 75 mM NaCl/CV (panels C and F). Column loads
are shown in legend in panel F. OA – optical absorbance, AU – absorbance unit, CV – column
volume. See text for other details.
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Based on the spectral-based quantification of fractions and reconstructed
chromatograms (Figure D.3), it was confirmed that there was partial separation
of Con and Ova at the early side of the gradient and Ova and BSA at the late side
of the gradient. Certain tailing of Con into Ova and Ova into BSA also appeared.
The latter one and the fact that the amount of the BSA in the load was 8 times
smaller as compared to Ova, explained why no extra BSA peak was visible in the
absorbance-based chromatogram.
These scouting experiments identified range of AX conditions that were then used
during the development of a polishing sequence.
Spectral analysis of high-throughput fractions
High-throughput chromatograms were reconstructed based on PLS analysis of
fraction spectra (Figure D.3) and showed 3 main peaks of Con, Ova and BSA,
respectively and 2 other peaks in between Con and BSA, which were attributed
to BSA and Con. These unusually appearing BSA and Con peaks were believed
to be ghost peaks, an artifact of PLS method. Usually, BSA ghost peak appeared
after real Con peak and Con ghost peak before real BSA peak. Later HPLC
analysis of similar fractions found no evidence, that such elution was valid; no
existence of late eluting Con proteins nor early eluting BSA during AX elution
gradient was detected (see later sections for comparison of HPLC and PLS).
Although, in some fractions, PLS falsely identified proteins, it strongly suggested
that the order of elution is Con, Ova and BSA.
Values representing ghost peaks were manually removed from selected
chromatograms, where it was possible to distinguish ghost peak from a real peak
(panel A and B of Figure D.3), and re-reconstructed chromatograms were
presented in right panels of Figure D.3. Such crude removal of one protein from
the PLS quantified fractions might lead to inaccurate quantification of other
proteins. Given the absorbance spectrum of a sample is constant, reduction of
concentration of one protein must be associated with gain of concentration in one
or two of the other proteins. Therefore, in corrected chromatograms, the amounts
of proteins might not be accurately quantified without additional adjustments.
These adjustments can be based on knowledge of the system or ultimately,
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a HPLC analysis of samples. Here, the adjustments were not done, because of
tediousness of the procedure (each of 24 chromatograms would have to be
corrected manually) and because the overall resolution picture and conclusions
of RoboColumns® screening were not hugely affected by the noise introduced
by PLS. This phenomenon is caused by an unusual feature of the PLS method,
which is too complex to discuss here.

Figure D.3 PLS reconstruction of 50 g/L runs from panels A, B and C in Figure D.2. Panels D, E
represent reconstructed chromatograms with removed ghost peaks for corresponding panels A
and B; no effective reconstruction was possible for chromatogram in panel C. OA – optical
absorbance measured at 280 nm, AU – absorbance unit, CV – column volume.
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In addition, some PLS quantified fractions did not produce meaningful results,
because of high concentrations of proteins reaching detection limits
or inconsistent reconstructed protein profiles, as observed in Figure D.3C. These
observations were the result of sharp elution gradients which also prevent the
ghost peak correction. It is also known that PLS can struggle to quantify certain
types of mixtures, where one protein is present at very high and others at low
quantities [187]. This was the reason why spectroscopic quantification using PLS
was not used in detailed quantification of bench scale runs and was mainly
an indication of protein concentration and elution profiles.
4.2.

Bench-scale runs and comparison with miniaturised columns

A couple of conditions from high-throughput experiments were replicated
at bench scale HiScreen™ Capto™ Q AX columns and AKTA systems. Results
presented in Figure D.4 showed good agreement between two scales: two-peak
elution pattern and similar tailing at the back end of the peak, however, profile
of a small-scale run with elution at shallow slope (Figure D.4B) was noisier.
Generally, there was a good agreement between elution times of peaks.
For steeper gradient (50 mM NaCl/CV, Figure D.4A), first peak in small-scale
chromatogram was only defined by one point (fraction), whereas for shallower
slope (25 mM NaCl/CV, Figure D.4B) this peak was more pronounced.
To visualise the chromatograms more clearly, the absorbance of bench scale
chromatograms was adjusted to match the elution start and end. The observed
differences between peak heights between small- and bench-scale runs could be
explained by the differences in absorbance measurements in those two systems.
In the AKTA system, it was measured constantly at 280 nm via UV lamp
connected to a flow cell, whereas at small-scale, collected fractions were
measured off-line at 280 nm using a plate reader. Even though extinction
coefficients for each protein should be the same at both scales, the path length
during measurement is different, hence the difference between absorbance
signals. Nevertheless, these differences did not impact the overall profile, where
Con peak preceded Ova peak and no BSA peak was observed, and all proteins
eluted at the same NaCl concentration during elution gradient.
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Figure D.4 Comparison of RoboColumns® and bench scale AKTA HiScreen Capto Q runs. Left
panel shows data at 50 mM NaCl/CV slope and at 33 g/L load and right panel at 25 mM NaCl
/CV slope and 83 g/L load. Samples were loaded in 50 mM Tris + 50 mM NaCl pH 9.0 and
eluted with gradient to 50 mM Tris + 1 M NaCl pH 9.0 at 50 mMNaCl/CV (panel A) or 25
mMNaCl/CV (panel B). Chromatograms start at gradient start. Absorbance of bench scale runs
was multiplied by 3 to match scale.

One of the bench-scale runs was also reconstructed based on analysis
of fractions using both PLS and HPLC (Figure D.5). It showed the differences
between the accuracy of PLS and HPLC, which were discussed in section
on page 124.

Figure D.5 Representative AX profile of the ternary feed mixture at a total loading of 32 g/L
reconstructed with HPLC (panel A) or PLS (panel B). Elution with buffer B with slope of 25 mM
NaCl/CV. UV trace (black), elution gradient (dark green) and reconstructed chromatograms
(Con is in blue, Ova in in red and BSA in light green).
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4.3.

Conclusions

Several AX conditions, such as load, initial salt and elution slopes were evaluated
using high-throughput column system. The feed mixture was shown to be
relatively well resolved. The elution profiles of feed mixture at various conditions
were obtained for both mini- and bench-scale and good correlation was shown.
Different starting NaCl concentration in the feed did not affect the binding
and elution profiles in the range tested. For improved resolution, shallower slopes
were preferred.
PLS analysis of protein spectra allowed reconstruction of chromatograms
for more resolved profiles, however, certain corrections, related with the
existence of ghost peaks had to be applied.
Knowledge gained here was used later, when designing polishing sequence.
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5.

Results & discussion: mixed-mode (MM)

The aim of this section was to investigate the use of a mixed-mode (MM) resins
in separation of the model mixture. It was hypothesised that use of Capto™
Adhere MM resin with ligands that contain both hydrophobic phenyl and charged
quaternary amine groups can benefit separation of tested proteins. The AX
properties were already shown to be beneficial for the model mixture separation
(Figure D.4), while employing hydrophobic properties of the MM should help
remove most hydrophobic impurity: BSA from the system. Nfor et al. [207]
showed that Capto™ Adhere offered low binding capacity for Ova and BSA (flat
isotherms), but it was also observed that the binding was ca. 2 times higher for
BSA than for Ova. This observation and the fact that Nfor tested only relatively
low NaCl concentrations (up to 2 M) with respect to HIC led to suggestion that
there may be a room for establishing and optimisation of the MM system
and incorporating it into the polishing step sequence.
The aim of following studies was to find conditions under which the feed is bound
to MM and partially resolved during elution gradient. After reviewing relevant
literature [17,19,44,83], it was decided to perform a thorough solubility
and binding study, where different pH, salt types, salt concentrations and salts
mixtures were tested. Experiments involved use of high-throughput systems,
such as PreDictor™ RoboColumn units and PreDictor™ plates, all filled with the
Capto™ Adhere resin.
5.1.

High-throughput chromatography with miniaturised columns

A relatively quick and high-throughput experiment was performed, where the feed
mixture was loaded at various pH and with strong chaotropic ammonium sulphate
(AS) salt onto RoboColumn units with Capto™ Adhere resin (Figure D.6).
This high-throughput and parallel screen showed that most of the material eluted
in the flow-through at relatively low loading (17 g/L) in range of pH (5.5-8) even
for relatively high concentrations of AS: 1.0 M. For higher, 1.5 M AS
concentration, precipitation was observed even at pH 9; conditions at which
protein was otherwise stable, and such highly concentrated ammonium sulphate
was not tested at other pHs. It is worth noting that the feed concentration was 5
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mg/mL. It was later discovered, that proteins were less prone to precipitation
in solution with ammonium sulphate, when lower concentration of proteins
in the solution were used. Here, it was decided to perform more thorough
experiments, where binding and solubility conditions were screened.

Figure D.6 PreDictor™ RoboColumn profiles of the feed mixture at 5 mg/mL (Load 17 g/L resin)
analysed at various pH (5.5 – 8.0) and with various AS concentration (0.5 or 1.0 M). Load: 2CV,
Wash: 5 CV (7CV), Elution: 16 CV (23CV). OA – optical absorbance, CV – column volume.

5.2.

Binding and solubility screen at pH 3.5 – 7.0

A more thorough condition screen was performed using PreDictor™ plates,
where higher (as compared to Nfor [207]) NaCl concentration (1.3 – 4.5 M)
at different pH (3.5-7) (Figure D.7AB), as well as different salt types (ammonium
sulphate mixed with NaCl) were tested (Figure D.7CD). The feed was loaded at
70 g/L. In parallel, solubility test was performed with the same pH and salt
conditions.
With decrease of pH and increase in NaCl concentration, an increase
in absorbance at 620 nm and therefore decrease of solubility was observed with
clear visual precipitation at pH < 4 (pH <4 not shown). The binding capacity had
increased for lower pH values and higher NaCl concentrations (Figure D.7B),
while the absorbance at 620 nm was relatively similar (values of 0.36 vs 0.32,
Figure D.7A). For the highest absorbance values, indicating the lowest solubility,
values were not larger than 12%, as compared to the reference at pH 7; where
material is fully soluble. Although the solubility was within acceptable range,
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the best binding achieved at pH 4.5 and 4.5 M NaCl showed only ca 16 g/L
binding (23 % of the initial load). It therefore decided to additionally test other salt
types and concentrations at this pH to further increase binding capabilities.
Ammonium sulphate (0 - 0.5 M) and sodium sulphate (0 - 0.5 M) salts were tested
in conjunction with NaCl (0 - 3.5 M) both in solubility- and binding-experiments,
similarly as before. The results are presented in right panels of Figure D.7.
Although, the absorbance-based solubility decreased ca. 2.5 times, as compared
to previous experiments, where only NaCl was tested (compare Figure D.7A and
Figure D.7C), binding capacity also increased ca. 2.5-fold (Figure D.7D). This
change was caused by use of ammonium sulphate, a more chaotropic salt then
NaCl; which increases the salting out effect and therefore the binding to the resin.
We observed, that binding values increased for conditions where proteins were
less soluble. The binding capacity was measured, as the amount of proteins
eluted during wash step. The wash step was performed at pH 9, conditions that
favoured solubilisation of proteins. This may indicate, that some of the previously
insoluble material solubilised during the wash and therefore led to increased
binding capacity.
We also observed, that use of salt mixtures with ammonium sulphate and NaCl
offered higher binding capacities, as compared to mixtures with sodium sulphate
and NaCl (data not shown).
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Figure D.7 Solubility (top panels) and binding (bottom panels) studies for mixed-mode Capto™ Adhere. Left: pH vs NaCl screening. Right:
Ammonium sulphate vs NaCl screening at pH 4.5.
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5.3.

Bench-scale chromatography

After solubility and binding capacity studies, a bench-scale run of individual
components of the ternary feed was performed to test the resolution of Con, Ova
and BSA on a HiScreen™ Capto™ Adhere column.
Buffer conditions were chosen, based on previous screening studies, so the
loading capacity was between 35 - 40 g/L. This led to selection of buffer with 3.5
M NaCl and 0.35 M ammonium sulphate at pH 4.5. The solubility of the feed was
affected at these conditions; the absorbance values related with solubility were
high, ca. ~ 1 AU (3-fold increase as compared to pH 7), but the binding capacity
was given more priority at this stage.
Single protein profiles were established, as visualised in Figure D.8. Con eluted
as two peaks before and after main Ova peak, and additional Con peak was also
detected in the strip. Small BSA and Ova peaks were detected in the flow-through
(FT). Major BSA peak coeluted with both Con and Ova during elution gradient.
Tailing of BSA at front and back end was also observed. Ova eluted as three
peaks: a flat, broad peak, followed by a major and a minor sharp peak. These
peaks coeluted with other proteins and some resolution of both BSA and Con
from the main Ova peak was observed before and after main Ova peak.
For the ternary feed, runs at 36 and 60 g/L were performed and results were
presented in Figure D.9 and Figure D.10. For the lower load, a minor FT peak
was observed, followed by two broad peaks in the elution zone and a sharp peak
in the strip. As expected, at the higher load, the FT peak was more significant,
but the elution pattern remained similar to the one at lower load.
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Figure D.8 MM profile of single proteins: Con, Ova and BSA. Binding in 90 mM sodium citrate
buffer with 3.5 M NaCl and 0.35 M Ammonium Sulfate pH 4.5, Elution: 90 mM sodium citrate
buffer, pH 4.5. Strip: 50 mM Tris + 1 M NaCl pH 9, Flow: 2 mL/min, Load 10 mg (4 g/L).

Figure D.9 HIC profile of the feed. Binding with 3.5 M NaCl + 0.35 M AS in 90 mM Citrate pH
4.5, Elution with: 90 mM Citrate pH 4.5 + 1 M NaCl, Strip: 44 mM Tris + 1 M NaCl pH 9. Load:
36 g/L.
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Figure D.10 HIC profile of the feed. Binding at 3.5 M NaCl + 0.35 M AS in 90 mM Citrate pH 4.5,
Elution with 90 mM Citrate pH 4.5, Strip: 44 mM Tris + 1 M NaCl pH 9, Load: 60 g/L.

HPLC analysis of MM fractions
MM profile was far more complex than the one observed for AX, hence, the HPLC
analysis was required. The feed mixture and single feed components were
analysed (Figure D.12), as well as collected run fractions from two MM runs.
For the lower load (run from Figure D.9), the FT peak contained mainly early Ova
species, main peak (peak 1) contained Ova and some BSA, second peak
consisted of late Ova or early BSA species (pointed by the arrows with question
mark in both Figure D.11 and Figure D.14), while the rest of BSA and Con was
detected in the strip (Figure D.11). Late strip fractions contained late eluting BSA
peaks, which probably corresponded to aggregated BSA.
For runs performed higher loads (Figure D.10), analytical results were similar;
peak 1 contained mainly Ova, but also Con and BSA at similar ratio to the load,
Peak 2 contained most probably a mixture of late Ova species and BSA, while
strip consisted most probably of BSA aggregates (Figure D.14). There was
a difference in the FT content, as compared to lower load: it contained mainly
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Con, but also some Ova and even BSA, especially later FT fractions (Figure
D.13).

Figure D.11 HPLC analysis of MM fractions from run at 36 g/L.

Figure D.12 HPLC analysis of the MM feed.

136

Chapter D. Selection of polishing sequence: MM

Figure D.13 HPLC analysis of MM flow through fractions.

Figure D.14 HPLC analysis of MM peak 1, peak 2 and strip fractions.
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5.5.

Design of polishing sequence

The main aim of this work was to design a polishing sequence and use it
in Simplex-based optimisation. Therefore, two polishing sequences containing
either MM followed by AX or AX followed by MM were designed and tested. Even
though resolution of Ova from Con and BSA was not clearly demonstrated in the
previous sections, certain removal of Con at the front and Con and BSA at the
back end was achieved. It should be noted, that AX itself seemed to be a very
powerful technique to remove Con and BSA impurities, which is part
of the discussion in next chapter. From a purification perspective, it may not be
valid to combine AX and MM into a sequence, but rather use a single AX, however
combining those methods into a sequence may create an interesting purification
system with non-intuitive results to be found during Simplex-based optimisation.
Therefore, although, MM did offer far less resolution than AX, because
of the reasons mentioned earlier, polishing sequences incorporating both AX
and MM were designed and studied.
Sequence design choices
In MM-AX, the selected fractions were pooled and buffer exchanged using
VivaSpin® concentrators with 10 kDa cut-off. In AX-MM sequence, AX pool was
adjusted to MM conditions by adding salt and buffer components. In both
sequences, for MM, the elution gradient was split into two linear elution gradient
steps, intersecting at 55 % buffer B. The first gradient was sharp, while
the second one was shallow, to prioritise resolution at the back end of Ovalbumin.
Prior final MM step, the AX pool was split into two, to avoid overloading
the column. Only one purification of the halt of the pool was performed, assuming
that the outcome of the latter one would be the same.
The pooling strategy depended on the sequence and the type of purification step
performed. Generally, the aim was to populate results from various sequences,
where possibly wide range of different pooling strategies and also other
conditions, such as loads and slopes of the first step and slopes of the second
polishing sequence is tested. In that way, enough data would be generated
to start the simplex algorithm optimisation. For the final AX or MM, pooling was
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performed, so the yield * purity term was maximal. The aim was to achieve high
yields at >95 % purity.
Brief solubility study
During the polishing studies, it was suspected that for MM, proteins were more
soluble at lower protein concentration. Therefore, various protein concentrations
in the feed were tested ferent temperatures [208,89,76]. It was observed in Figure
D.15,

that

the

recovery

of

protein

in

the

supernatant

depended

on the concentration of the protein. For 1.5 mg/mL it was ca. 80 %, while for 0.5
mg/mL it was >85 %. The control at pH 9.0 showed 100 % recovery for all
conditions tested. Increase in temperature did not significantly change the
solubility.
Based on the solubility experiments, it was decided to perform few sequence runs
at reduced protein concentration. Although conditions used in these runs offered
lower precipitation, they did not offer significantly better yield and purity.
In addition, runs performed at decreased protein concentration were substantially
longer, because of increased loading volume. The time difference was especially
visible for runs performed at high loadings. Overall, prolonged time of run was
considered a significant disadvantage.

Figure D.15 The effect of protein concentration and temperature on solubility in MM buffers at
pH 4.5.
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Polishing sequence runs
The examples of AX - MM and MM - AX sequences were presented in Figure
D.16 and Figure D.17 and the final purification outcomes were listed in Table D.5
and Table D.6.
For MM-AX, more sequences than in AX-MM were performed. The sequence
objective function defined as yield*purity was generally not higher than in AX-MM
case and was in the range of 0.45-0.59 with best yield of 64 % (Table D.6). In few
cases purity of 95 % was not achieved. Although, at lower concentration
the solubility of protein in solution was increased, as compared to highly
concentrated feed, the overall yield of MM-AX sequence was significantly
improved. All final yield values were beneath expectations (aim: > 80 %)
and therefore, it was decided not to perform any optimisations on this polishing
sequence.
Table D.5 AX-MM polishing sequence. AX and MM load in g/L, AX and MM slopes in mM
NaCl/CV, Conc. – protein concertation in solution in the load in mg/mL, P - purity and Y - yield in
%. † MM load is half of the pool from AX. ‡ Final purity and yield were multiplied by two,
assuming that the outcome of MM purification of the remaining half of the AX pool would be the
same.

AX
Load

AX
Slope

MM
Load†

Conc.

MM
Slope 1

MM
Slope 2

Final
P‡

Final
Y‡

Final
P*Y

30

37.5

11.6

0.5

60

50

88.6

54.9

0.49

40

50

NA

-

100

25

84.4

69.9

0.59

40

25

15

0.5

60

50

90.8

51.9

0.47

50

25

NA

-

82

61

84.5

41.4

0.35

50

12.5

19

1.5

60

50

91.0

56.4

0.51
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Figure D.16 AX – MM polishing sequence. AX presented in left panels and corresponding MM
presented in the right panels. Sequence load: 50 g/L (panel A) or 40 g/L (panel C). Elution
slope: 25 mM NaCl/CV (panel A), 80 and 60 mM NaCl/CV (panel C), 50 mM NaCl/CV (panel B)
and 80/30 mM NaCl/CV (panel D). Red vertical lines indicate pooling. Note that only half of the
AX pool was purified in a single MM step.

141

Chapter D. Selection of polishing sequence: MM

Table D.6 MM-AX polishing sequence. MM load in g/L, MM and AX slopes in mM NaCl/CV,
Conc. – protein concertation in solution in the load in mg/mL, P - purity and Y - yield in %.

MM Load

Conc.

MM
Slope 1

MM
Slope 2

AX
slope

Final
P

Final
Y

Final
P*Y

14

1.5

60

50

25

92.5

63.8

0.59

20

5.6

80

25

25

98.0

49.2

0.48

20

1.5

80

25

25

95.8

59.2

0.57

20

1.5

80

25

25

94.2

63.1

0.59

30

8.5

100

25

25

95.5

46.7

0.45

30

5.6

80

25

50

94.2

49.9

0.47

36

0.5

110

150

37.5

95.1

61.9

0.59

40

0.75

110

150

25

95.3

59.2

0.56

44

0.75

110

150

25

95.2

61.6

0.59
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Figure D.17 Examples of MM - AX polishing sequences. MM presented in the left panels and
corresponding AX presented in right panels. Sequence load: 20 g/L (panel A) or 30 g/L (panel
C). Red vertical lines indicate pooling.
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5.6.

Summary and conclusions:

The aim of this section was to investigate the use of a mixed-mode (MM) resins
in separation of the model mixture. It was discovered that although binding
on Capto™ Adhere MM was promising (PreDictor™ plates screens) and there
was certain resolution between tested proteins (bench-scale runs), its use
in the polishing sequence of the model mixture was limited due to significant yield
losses. The losses were mostly attributed to high protein precipitation in the highly
salted MM loading buffers.
For AX-MM sequences, apart from low yield*purity, the desired purity of 95 %
was not achieved in none of the case tested. Unfortunately, MM did not offer
enough resolution in neither of the conditions tested, its ability to polish AX pool
was poor and therefore MM was not of any benefit in the polishing sequence.
Additionally, it is worth noting that for AX-MM, MM had to be used twice to process
all the material from AX, which was not time-effective.
Although a polishing sequence was developed, its effective use was limited.
The optimisation of non-effective polishing sequence would certainly be
unprofitable. Therefore, it was decided to continue the investigation of other
purification options, such as HIC, which was discussed in the next section.

144

Chapter D. Selection of polishing sequence: HIC
6.

Results & discussion: hydrophobic interaction (HIC)

In the previous paragraphs, use of AX and MM resins was discussed. The AX
offered good resolution of the feed proteins in the selected range of conditions,
while the MM offered limited binding and partial resolution of selected impurities.
In addition, solubility problems were observed for the feed dissolved in MM
buffers. Two types of polishing sequences: AX-MM and MM-AX were tested, but
none of them produced sufficiently high yield and purity and further simplexbased optimisation was not applied.
Here, the investigation of hydrophobic resins (HIC) and conditions is presented
with the aim to produce in conjunction with AX, an effective polishing sequence,
which could be then further optimised using simplex-based methods.
6.1.

Hydrophobic interaction resins

Purification of Con, Ova and BSA using polishing sequence with AX and MM did
not produce expected results. Therefore, it was decided to test purely
hydrophobic phenyl-based resins. These resins were expected to allow higher
binding capacity for the feed mixture and also higher product solubility, because
of the use of higher pH, which therefore should translate into higher product yield
as compared to Capto™ Adhere resin [177]. The potential downside of using HIC
was related with certain degree of potential irreversible binding, which might
negatively impact the overall yield.
No PreDictor™ plate screen was performed here, but conditions were evaluated
at the bench-scale, based on either common knowledge or extrapolating
knowledge gained in Capto™ Adhere system.
Classically, HIC starting conditions involved use of ammonium sulphate at neutral
pH, therefore use of 1 or 1.5 M AS in phosphate buffer at pH 7.0 was tested both
on HiScreen™ Phenyl FF low- and high-sub columns. To reduce observed
irreversible binding, use of urea and arginine in the feed solutions was evaluated.
Polishing sequence HIC-AX was designed and several conditions were tested.
One AX-HIC sequence was performed and unlike in AX-MM sequence, the whole
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AX pool was loaded onto the final HIC. Buffer exchange between MM and AX
was performed, as previously, using VivaSpin® concentrators.
Later, for HIC, pH 5.0 was tested with a mixture of AS and NaCl that was based
on a solubility test. HIC-AX sequences were designed and the simplex algorithmbased optimisation was performed. HIC samples were buffer exchange using
HiPrep 26/10 column, which offered more robustness than VivaSpin®
concentrators.
6.2.

Solubility of feed mixture at pH 7.0

A solubility test of the feed in various loading buffers at pH 7.0 was performed
and the results were compared to the results obtained at pH 4.5 (MM buffers).
Similar range of NaCl were tested, but note the increased range of ammonium
sulphate (AS) concentrations for pH 7. Higher concentrations of AS were tested
at pH 7, as they would allow binding of proteins to the hydrophobic resin.
The solutions were generally less turbid at pH 7.0 than at pH 4.5, based on both
visual inspection and detailed absorbance analysis. It was concluded that
the solubility of the feed was generally improved at pH 7, as compared to pH 4.5
indicated by less red contour plot (Figure D.18). Similarly, the solubility of the feed
at conditions particularly interesting for chromatography runs (indicated as red
arrows in Figure D.18) was greater at pH 7.0 when compared to pH 4.5. Hence,
pH 7.0 was chosen in HIC experiments to follow.
6.3.

Comparison of HIC columns

For HIC purification, two different resins were tested: HiScreen™ Phenyl FF lowsub and HiScreen™ Phenyl FF high-sub, which had different reported ligand
density: 25 vs 40 μmol/mL, respectively [209]. The ligand densities were shown
to affect protein resolution patterns [177] and recovery [78]. It was suspected that
the resolution for the low-sub column would be worse than for the high-sub,
but proteins could be recovered to a higher degree. We wanted to investigate
these trade-offs.
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Figure D.18 Solubility of the feed mixture in HIC buffers at pH 4.5 and pH 7.0 as function of the
concentration of ammonium sulfate (AS) and NaCl. OA – optical absorbance. Feed
concentration 3 mg/mL. The colour gradient indicates the intensity of absorbance at 620 nm.
The signal was normalised to the volume of the sample. Red arrows indicate typical conditions
used during bench-scale runs: 3.5 M AS, 0.35 M NaCl (panel A) and 1.5 M AS (panel B).

HiScreen™ Phenyl FF low-sub at pH 7.0
Testing the feed mixture on the low-sub column at pH 7.0 with 1.5 M AS showed
some resolution between Con and other proteins, but no resolution between BSA
and Ova (Figure D.19). Reduced binding capacity for Con was indicated
by the front shoulder eluting prior the elution gradient. No additional peaks were
detected in the strip, which could indicate lack of low irreversible binding. The lack
of irreversible binding was confirmed by high recovery of the area under the curve
(AUC) for proteins (> 99 %, Table D.7). The recovery was measured as the ratio
between AUC for protein that was injected onto the system with a column,
and AUC of the same protein run through the system from which the column was
removed.
Increasing the ionic strength 2 M AS would most likely bind the Con. The effect
of increases AS concentration on the resolution of Ova and BSA was shown
in Figure D.20. Two peaks overlaid substantially. None of the conditions tested
produced sufficient resolution between tested compounds and the work with lowsub columns was discontinued.
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Figure D.19 Profiles of the feed mixture proteins (Con, Ova, BSA) on HiScreen™ Phenyl lowsub column at 1.5 M AS, pH 7.0. Load: 10 g/L.

Figure D.20 Profiles of the feed mixture proteins (Ova, BSA) on HiScreen™ Phenyl low-sub
column at 2 M AS, pH 7.0. Load: 10 g/L.
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HiScreen™ Phenyl FF high-sub at pH 7.0
HiScreen™ Phenyl FF high sub column was tested at conditions similar to those
used in Capto™ Adhere runs, except pH: pH 7.0 was used instead of pH 4.5,
and feed concentration in solution was fixed at 3 mg/mL for all runs. Other
experiments included further changes, e.g. buffers with 1 and 1.5 M AS were
used, instead of AS, NaCl salt mixture. Profiles are presented in Figure D.21 (3.5
M NaCl + 0.35 M AS), Figure D.22 (1.0 M AS) and Figure D.23 (1.5 M AS). For the
salt mixture, little binding was observed for Ova, even at 21 g/L. There was some
coelution of BSA and Ova, however, most BSA eluted in the late part
of the gradient and in the strip. Some Ova eluted in the middle of the elution
gradient and some was also detected in the strip.
For 1.0 M AS, most Con eluted in the FT and significant tailing was observed
during elution gradient. As previously, BSA eluted in the later elution gradient,
after main Ova peak. Ova eluted partially in the FT, coeluting with Con and late
Ova species co-eluted with BSA in late part of the gradient.
Full binding was observed for 1.5 M AS, where main peaks of Con, Ova and BSA
were partially resolved in the elution gradient. Nevertheless, some Con was
tailing across all the proteins, early Ova coeluted with the main Con and late Ova
coeluted with BSA. In spite of the fact that AX was capable of removing Con, HIC
was considered a tool to remove mainly BSA, when polishing sequence was
considered.
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Figure D.21 Profiles of the feed mixture proteins (Ova, BSA) on HiScreen™ Phenyl high-sub
column at 3.5 M NaCl, 0.35 M AS, pH 7.0. Load: 21 g/L.

Figure D.22 Profiles of the feed mixture proteins (Con, Ova, BSA) on HiScreen™ Phenyl highsub column at 1 M AS, pH 7.0. Load: 3 g/L. UV scale for Con is normalised from 0-180 mAU to
0-60.
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Figure D.23 Profiles of the feed mixture proteins (Con, Ova, BSA) on HiScreen™ Phenyl highsub column at 1.5 M AS, pH 7.0. Load: 10 g/L.

Irreversible binding of proteins and testing additives to improve solubility
Use of high sub columns and high ammonium sulphate concentrations allowed
certain resolution, but also caused irreversible binding, as presented in Table D.7.
Irreversible binding may be related with protein being precipitated on the column.
Ammonium sulphate is a chaotropic salt, which is known to trigger precipitation.
In order to reduce precipitation and improve solubility of a protein, arginine and
urea additives were tested (Figure D.24).
It was shown that addition of urea improved solubility of a protein that was
incubated with ammonium sulphate by ca 15 %. Because arginine affected
the absorbance readings (see HIC-HPLC results in Chapter A in paragraph 3.6);
it absorbed at 280 nm, as observed in control samples with no ammonium
sulphate, it was more difficult to assess its real effect on protein solubility.
It seemed that addition of arginine improved the solubility of protein by about 10
%, but this value was likely to be overestimated.
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Figure D.24 The effect of additives on the solubility of the feed mixture at pH 7. Total protein
concentration was 3 g/L.

To evaluate the effect of urea on the chromatography resolution and irreversible
binding, selected condition was tested on a bench-scale HIC (Figure D.25).
Addition of arginine to both loading and elution or only to loading HIC buffers
during chromatography runs was not tested, because urea was a more interesting
candidate, with respect to all: solubility gain, lack of absorbance interference and
cost; arginine is more expensive than urea.

Figure D.25 The effect of 2 M urea on resolution of the feed mixture proteins (Con, Ova, BSA)
on HiScreen™ Phenyl high-sub column at 1.5 M AS, pH 7.0. Load: 10 g/L.
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Addition of urea to the HIC mobile phase shifted the elution of all protein slightly
towards the front end. Otherwise, Ova profile remained similar, Con back tailing
was slightly reduced and BSA started to tail at the front end. The last effect
of addition of urea was not desired, because it lowered the resolution between
BSA and Ova. Apart from solubility and resolution, addition of urea had a slight
positive effect on the reduction of the irreversible binding of both BSA (6 %)
and Ova (3 %) (Table D.7). The irreversible binding was defined here, as protein
shortfall, and was measured as the ratio of peak areas obtained in a column run
and in an identical run with the absence of a column.
Table D.7 Irreversible binding in HIC runs for Con, Ova and BSA. All runs at pH 7. AS –
ammonium sulphate. Hyphen (-) indicates no data.

Irreversible
Binding

Phenyl FF
High - sub

Phenyl FF
Low - sub

[%]

3.5 M
NaCl +
0.35 M
AS

1.0 M
AS

1.5 M AS

1.5 M AS +
2 M Urea

1.5 M
AS

2.0 M
AS

Con

-

0

0

0

0

-

Ova

5

-

14

11

1

5

BSA

16

29

28

22

-

-

To conclude, the overall effect of urea on the overall improvement of the polishing
step was difficult to predict at this stage. Generally, urea improved the solubility
of Ova, from 80 to 90 %, but presence of a low signal flow-through peak of Ova
indicated reducing the binding capacity for Ova. It also triggered earlier BSA
elution contaminating the potential product pool, as indicated in Figure D.25.
Irreversible binding of Ova was slightly reduced when urea was used,
but the same applied to BSA, which was not favourable, as far as BSA removal
was concerned.
6.4.

Design of sequence at pH 7.0

Similar to previously described results and discussion paragraphs, the aim of
designing a valid polishing sequence and optimising it with a simplex algorithmmediated technique remained the same. Therefore, again, prior optimisation,
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several sequence runs had to be performed to: a) test if the sequence is generally
improving purity of the product at high yields, and b) populate enough results
to start the simplex-algorithm.
Prior new polishing sequence design, because of variety of chromatographic
results, a brief comparison of MM and HIC runs was presented in Table D.8.
It was used to summarise the observations about binding and resolution
on various resins and help decide about next polishing sequence. It seemed that
performing HIC at pH 7.0 was preferred over MM at pH 4.5, because it offered
better binding capacity, reduced solubility problems and more resolution between
proteins. High-sub columns were clearly preferred over low-sub, because they
offered better resolution. Use of higher ammonium sulphate was chosen, instead
of a previously used NaCl/AS mixture, because it offered better binding.
To reduce the solubility problem, addition of urea was also evaluated in the whole
polishing sequence.
Table D.8 Summary of MM and the current HIC runs (pH 7). LS – low-sub, HS – high-sub
column, AS – ammonium sulphate.
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Mode

Conditions

Comments
Binding at ~35 g/L. Low resolution. Multiple
peak elution for every protein. High turbidity of
solutions.

MM
pH 4.5

3.5 M NaCl, 0.35
M AS

MM
pH > 4.5

<1.5 M AS

Weak or no binding.

HIC LS

1.5 M - 2.0 M AS

Binding at > 10 g/L. Low resolution between
Ova and BSA. Low irreversible binding of
Ova.

HIC HS

3.5 M NaCl, 0.35
M AS

Weak binding of Ova at > 20 g/L. Low
irreversible binding of Ova.

‘’

1.0 M AS

Weak binding of Ova at 10 g/L.

‘’

1.5 M AS

‘’

1.5 M AS + 2.0
M Urea

Binding at > 10 g/L. Some resolution between
feed components. Reduced solubility.
Significant irreversible binding.
BSA front tailing; worse resolution with Ova.
Some reduction of irreversible binding for
both Ova and BSA. Increased solubility.
Reduced binding capacity.
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Sequence order
In an AX-HIC sequence, it is common to use AX first [196,210], because bufferexchange is usually not necessary when HIC follows AX; conversely, the
sequence HIC-AX usually requires an intermediate buffer-exchange step.
Moreover, the ability of HIC to remove aggregates provides process robustness
when it is the final chromatography step.
In other studies, discussed earlier, the sequence order of MM followed by AX was
clearly favoured over the AX-MM, as presented in section 5.6; by analogy, we
preferred the HIC-AX sequence here. Nevertheless, we performed one run,
where the opposite sequence, AX-HIC was performed.
HIC was performed at pH 7.0 with 1.5 M AS for binding buffer and without for
elution buffer. Use of 2.0 M urea was also evaluated. Fractions obtained during
HIC gradient elution, were buffer exchanged using centrifugal concentrators
to remove salts and adjust the pH before loading onto AX. Analysis of HIC
fractions was performed by HPLC.
Analysis of HIC fractions
HPLC analysis was performed on the load and selected buffer-exchanged HIC
fractions from a typical HIC run (Figure D.26). It showed that the FT (panel B)
contained some Ova. A typical main product pool (panel C) contained mainly
Ova, but also some Con, later fractions (panels D and E) contained Con, late
species of Ova and BSA, and fractions collected at the end of elution gradient
(panels F) contained Con and BSA with no Ova. We therefore concluded, that
HIC had the capability to remove BSA, but also some Con from the feed mixture.
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Figure D.26 HPLC analysis of HIC run at pH 7. Feed mixture (panel A), flow-through (panel B),
typical fraction pool for the AX (panel C), late fractions (panel D, E), strip fractions (panel F).
Red lines indicate integration regions for Con, Ova and BSA, respectively. OA – optical
absorbance at 280 nm measured in mAU.
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Sequence results
Initial analysis of the final results of a polishing sequence performed with
and without urea suggested the benefit of choosing the HIC-AX sequence.
The recovery of Ova from the HIC column with urea was > 80 %, while for
the non-urea <75 %. The final yield was also positively affected, 66 % vs 62 %
(Table D.9). Although, the final yield difference of 4 % cannot be treated as
significant, it may be considered promising and therefore urea was used in further
experiments.
As previously suspected, a HIC-AX sequence was less favourable than the HIC
- AX, as indicated in Table D.9, because of low final yield and purity of a product
(0.54 vs. 0.63 - 0.73). For population of HIC-AX sequences (Figure D.29), results
were greater that these obtained for MM-AX (Y*P = 0.59); there were examples,
where yield was greater than 70 % at 95 % purity. Nevertheless, these yields
were still below the aimed 80 %. A variability between runs was also observed
and was suggested by the fact, that in one case, where conditions were similar,
final results were different by 0.05.
For the highest load at 45 g/L, a flow-through peak was observed, which indicated
that the binding capacity of the HIC column was limited at these conditions. At this
stage, it was decided not to start the simplex-mediated optimisation.
It was decided to investigate other conditions to increase the binding capacity
and the final yield. Dropping the pH from pH 7.0 to pH 5.0 was considered,
as a solution for the first issue. To avoid precipitation, which would occur at low
pH with high ammonium sulphate concentrations, a mixture of lower
concentrations of ammonium sulphate and higher concentrations of sodium
chloride was used, as discussed in the following paragraph.
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Table D.9 Summary of HIC-AX or AX-HIC (*) sequence purifications; HIC at pH 7.0 with 1.5 M
AS and 2.0 M Urea or no Urea (**). Protein concentration in solution: 3 mg/mL. In HIC runs two
slopes were used with the intermediate point at 55 % buffer B. Italicised results indicate
similarity to other results in the table: essentially replicates. Load in g/L, Slopes in mM NaCl/CV,
Purity – P and Yield – Y in %.

Load

HIC
Slope 1

HIC
Slope 2

AX
slope

P

Y

P*Y

23

150

50

25

95

66

0.63

31

150

25

12.5

95

74

0.71

32

150

100

25

95

67

0.63

32

120

45

25

95

71

0.68

32

120

45

25

95

76

0.73

45

150

50

12.5

96

66

0.64

32*

150

50

25

93

58

0.54

21**

150

50

25

95

62

0.59
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Figure D.27 Comparison of HIC-AX polishing sequence without (panel A) and with use of Urea
(panel B). Details in Table D.9.

Figure D.28 AX-HIC polishing sequence. HIC at pH 7. AX load 32 g/L, details in Table D.9.
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Figure D.29 Examples of HIC-AX polishing sequence. HIC at pH 7. Details in Table D.9.
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6.5.

Solubility in sodium chloride/ammonium sulphate mixture at pH 5.0

Solubility of Con, Ova, BSA mixture at various ammonium sulphate and NaCl
concentrations at pH 5.0 was tested to identify conditions that could be then
evaluated at a bench scale chromatography experiments on a HiScreen™
Sepharose Phenyl FF high sub column.
To

assess

protein

solubility,

a

relation

between

salt

concentrations

and absorbance at 620 nm was plotted in Figure D.30A. To reduce broad range
of salt concentrations to be tested at bench scale salt concentrations were
correlated as visualised in Figure D.30B. This correlation was found by
orthogonally slicing the solubility space between highly soluble points (low
absorbance at 620 nm) at high NaCl / low ammonium sulphate in the right-hand
side of the plot and lower solubility points (high absorbance at 620 nm) at low
NaCl / high ammonium sulphate range in the left. In latter case, solubility values
were similar to those observed for conditions from Capto Adhere (Figure D.7C).

Figure D.30 Solubility plot of 3 mg/mL Con, Ova, BSA mixture at pH 5.0 in correlation to NaCl
and AS concentration (A) and correlation of NaCl and AS (B) used in further studies.

Then, various HIC runs at pH 5.0 were performed were the effect of salt
concentration on binding was evaluated. The idea behind testing broader range
of salt conditions was to find the solubility/binding trade-off where accepting
certain solubility loss had to be balanced with higher binding on the column or
decreasing binding had to be accompanied by gain in solubility. Dropping pH
should allow better binding and use of less AS, as compared to 1.5 M AS at pH
7.0 and this should also possibly reduce the irreversible binding.
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Once initial studies were performed, optimisation of all chosen process variables
was done to allow finding the best trade-offs between binding and solubility that
correspond to maximum final yield*purity values.
The discussed conditions were then tested in a purification sequence with HIC
being the first purification step and AX being the last, as described in the next
paragraph; choice justified in previous sections.
6.6.

Comparison of pH 5.0 and pH 7.0

A quick comparison of the feed mixture HIC profiles at pH 5.0 and pH 7.0 was
performed (Figure D.31). Salt concentrations were chosen as the intermediate
between high salt concentrations and high precipitation: 2 M NaCl and 0.7 M AS
(middle point in Figure D.30 B).
It was observed, that at pH 5.0 a major peak eluted in the middle of the elution
gradient. It was followed by small shoulders at the front and the back end. A peak
between the end of the gradient and the no-salt strip. A sharp peak was also
observed in the IPA strip. Last peak, at the right end of the chromatogram was
unrelated with protein absorption, but with a change of mobile phase from IPA
to ethanol.
For pH 7.0 two broad peaks were observed, one in the flow-through and second
in the elution gradient. A significant sharp peak was observed in the IPA strip
region, but its area was not far greater than at pH 5.
To conclude, improved binding at pH 5, as compared to pH 7 suggested an
interesting window for further investigation of HIC for the polishing step
in conjunction with the AX.
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Figure D.31 Comparison of the feed mixture profile on HiScreen™ Phenyl high-sub column at
2 M NaCl and 0.7 M AS at pH 5.0 (panel A) and pH 7.0 (panel B). Load: 16 g/L.

6.7.

Design of a sequence at pH 5.0

HIC-AX sequence was designed, where HIC was operated at pH 5.0 with mixture
of NaCl and (NH4)2SO4 whose concentrations were found in section 6.5. Range
of the feed mixtures was tested to populate diverse conditions and results for later
Simplex-based maximisation of yield*purity.

163

Chapter D. Selection of polishing sequence: HIC
The examples of sequence purification chromatograms consisting of HIC step
performed at pH 5.0 and the subsequent AX step performed at pH 9.0 with
pooling regions were shown Figure D.32 with vertical red lines indicating
the pooled regions. We had observed (Figure D.32) that HIC chromatograms
contained mainly one broad peak and a shoulder in the gradient elution region
and a distinct peak on the right end of the chromatograms, which corresponded
to the IPA strip. A flow-through peak could also be observed for loads > 20 g/L.
In AX, a long loading phase was followed by elution, whose profile is typical to
those observed earlier (Figure D.5). In is worth noting, that for AX, there was no
peak in the strip, which confirmed greater recovery of material from AX columns.
For HIC, their elution profiles were similar to those observed at pH 7.
This similarity was also reflected in the sequence results, that showed that
the objective function was similar for both pH 5.0 (0.62-0.71, loads 30 g/L, Table
D.10) and pH 7.0 (0.54-0.73, loads < 50 g/L, Table D.9) with maximum total yields
being <80% in both cases. Although, HIC (pH 5) – AX sequence did not offer
significantly better results than previously tested sequences, it was hypothesised
that it’s potential for improvement is much greater, also because the salt
variability, which should offer better solubility-binding trade-off. Therefore,
the HIC (pH 5)-AX sequence was subject for optimisation studies.
Table D.10 Summary of conditions and results from initial HIC-AX polishing runs; HIC at pH 5.0.

#

HIC
Load

[NaCl]

[AS]

HIC
Slope

AX
Load

AX
Slope

P [%]

Y [%]

Y*P

1

7

3.2

0.46

20

-

11

95.7

66.7

0.638

2

16

2.0

0.70

20

13

23.5

95.4

65.5

0.624

3

16

2.5

0.59

25

11

13.3

95.1

72.2

0.687

4

21

1.8

0.75

15

15

25

95.1

69.4

0.660

5

21

3.5

0.41

23

15

23.5

95.1

74.9

0.712

6

23

1.6

0.80

20

16

18.2

95.0

71.9

0.683

7

27

1.0

0.97

20

20

23.5

95.7

72.7

0.696
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Figure D.32 Example of a HIC-AX purification of the ternary feed mixture. Each row represents
a different HIC-AX run, with the HIC chromatogram on the left and the AX chromatogram on the
right. Red dotted vertical lines indicate start and end of the pool; HIC pool was purified by AX
and AX pool was the final product pool. Load (in g/L), gradient time (in column volumes) and for
HIC, also initial sodium chloride, SC and ammonium sulfate, AS concentrations (in M) are
presented in the legend. Note, that for AX in panel A, AX load data was not available.
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7.

Summary and conclusions

The aim of this section was to identify a polishing sequence of the model feed
mixture.
Various AX, MM and HIC columns, as well as range of conditions, were
investigated to find promising separation system for the model mixture.
AX was shown to resolve the feed mixture to a relatively high degree under
conditions tested. It was discovered that for MM there was only certain resolution
between tested proteins and its use in both MM-AX and AX-MM polishing
sequences was limited due to significant yield losses and low final purity results.
Investigation of HIC offered promising resolution pattern. HIC in conjunction with
AX offered a promising polishing system, with high purities and lower than
expected, but in view of the whole study performed, acceptable yields, which
could be then further optimised using simplex-based methods.
Therefore, several HIC-AX polishing sequences of the feed mixture were
performed to start the simplex-based optimisation, which is discussed in the
following paragraph.
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8.

Results and Discussion: Optimisation of polishing step facilitated

by Simplex Algorithm
The aim of this chapter was to a) identify a polishing sequence and b) perform its
optimisation using the Simplex Algorithm. Prior the optimisation, several
sequence runs were performed to populate enough data to create the initial
simplex. For reasons described in previous sections (mainly low yield after
hydrophobic step and potentially limited improvement capabilities), the Simplex
algorithm was not applied to the MM-AX and HIC (pH 7) – AX polishing
sequences. Instead, the Simplex-based optimisation was applied to HIC (pH 5) –
AX sequence.
8.1.

Optimisation scheme

General scheme of the optimisation based on the Simplex Algorithm is presented
in Figure D.33. The first step of this procedure was to define the problem, which
had to include the objective of optimisation and variables whose changing was
most-likely to affect the optimisation results. In case discussed here, the aim was
to maximise the yield and purity (Y*P) of a polishing sequence, but various
parameters that were affecting this aim had to be investigated. The second step
was to create initial simplex based on selected polishing sequences and start the
optimisation. Every round of optimisation contained a criterium (“sufficient
progress”), based on which next Simplex steps were decided. The optimisation
should be performed until, after several rounds, a suspected maximum or close
to maximum was observed or there was no further enhancement of the objective
function (“maximum obtained”).
The method of choosing next steps is presented in more details in Figure D.34.
The Simplex algorithm suggested conditions that depended on the result of the
previous step. When there was sufficient progress and the objective functions
values were greater than those already observed, new conditions were
suggested, that either reflected, contracted or expanded the current simplex. In
other case, a shrink of current simplex was suggested, which was an undesirable
step in the context of a discussed polishing sequence.
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Figure D.33 Scheme of the Simplex Algorithm optimisation

Figure D.34 Simplex optimisation: step-by-step; Y objective function. Note: stop criteria not
specified.
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8.2.

Choosing simplex variables

For the current simplex, following groups of conditions were used as input
variables:
a) Load [g/L], HIC NaCl [M], HIC Slope [M NaCl/CV], HIC Pool Start [CV], HIC
Pool End [CV] and AX Slope [M NaCl/CV], total of 6 variables
b) Load [g/L], HIC NaCl [M], HIC Slope [M NaCl/CV], HIC Pool End [CV] and AX
Slope [M NaCl/CV], total of 5 variables

It was observed before, that presented conditions were most likely to be affecting
the final yield and purity. These naturally included the salt concentration, which
affected both binding and solubility, and both HIC and AX slopes that affected the
resolution. Pooling strategy during HIC was considered one of the key
components of the defined problem and was therefore also included. Pooling
during AX was performed independently, based on the characterised AX fractions
and was therefore excluded from the Simplex-based optimisation. Adding AX
pooling to the simplex problem would excessively and unnecessarily complicate
already complex problem and would require performing even more initial
polishing sequence runs.
To start the Simplex, n+1 results were required, where n equalled number of input
variables used. Therefore, for the first group with six variables, all seven runs
were used to construct the initial simplex. Similarly, for the group with five
variables, six runs were used.
8.3.

Performing optimisation

Initially, the optimisation was performed for the first group of parameters, whose
results are presented in Table D.11. More simplex details, including step
decisions are were presented in Table D.13. The optimisation was stopped after
5th suggested condition, run S3b, which were similar to run S1. When for run S3b
the Y*P value for run S1 was used, the Simplex suggested shrinking, which would
involve performing 6 new runs. This led to suggestion, that the objective function
did not change significantly which indicated a relatively flat space of global
optima. It was also observed, that for the initial simplex runs, the start
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of the pooling was almost constant. Such small difference in the simplex-variable
values was not desired during optimisation, because it prevented the simplex
algorithm from suggesting a different value (risk of local minimum). It was
therefore allowed to start the pooling from a different point, if a more favourable
condition was likely, e.g. runs: 2a or 3a and override the suggested value.
Ignoring start of the pool in the context of simple optimisation was one
of the reason for excluding start pool conditions from a variable list and starting
the 2nd optimisation study.
The 2nd optimisation was started (Table D.12, more details in Table D.13.), based
on six best runs from current polishing sequences, but was paused after simplexsuggested step yielded much lower results. Certain inconsistency was observed:
a lower final yield value was observed for a run 12 (S1a), which was similar to
run 4 (ini 2), both in Figure D.35. The latter run had a longer pooling regime during
HIC and no flow-through peak, which both should favour higher final yields, but
instead, run 12 produced lower final yields. Generally, the yield seemed to mainly
depend on the HIC, while the purity on the AX. Even when material was purified
to a lower extent, the AX was able to purify it to a 95 % purity level with no
substantial loss on yield by starting the pooling later (to remove Con) or earlier
(to remove BSA). Here, we observed the opposite, that for run 12, pooling was
broader than for run 4 and the final yield seemed to depend more strongly on AX.
This ‘inconsistency’ may also indicate that the operating region was relatively flat
and most observed changes was within the noise of the system.
These and previous results suggested that current optimisation methodology was
insufficient. No choice seemed to substantially improve the condition
in the operating region, which suggested, a flat surface of the objective function
results.
We thought, that for this weak-moderate retention system and low-moderate
loadings, current optimisation was lacking progress. It was suggested, that
presented multiple-parameter problem may depend strongly on only one
parameter, load. In addition, with limited time, we could not look for local optimum
solutions in the moderate loading ranges. We rather selected other conditions,
independently of Simplex-based optimisation, that helped find the global solution
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of a polishing step problem. It should be noted here, that performing a full
sequence run with analysis took equivalent of approximately three working days,
hence the time was an important factor during these optimisation studies.
Table D.11 HIC-AX runs chosen for 1st Simplex optimisation; Ini – initial, S – step. R-reflection,
C-contraction, NP run not performed. Id – number of the polishing sequence. Load in g/L, NaCl
in M, Slopes in mM NaCl/ CV, Pool St – pool start in CV, Pool End in CV.

Objective
function

Variables
Id

Role in
Simplex

Load

NaCl

Slope

Pool
St

Pool
End

AX
Slope

Y*P

1

Ini 1

7

3.2

20

3.1

17.9

11

0.638

2

Ini 2

16

2.0

20

3.2

19.1

23.5

0.624

3

Ini 3

16

2.5

25

3.2

22.4

13.3

0.687

4

Ini 4

21

1.8

15

3.1

15.4

25

0.660

5

Ini 5

21

3.5

23

3.1

25.6

23.5

0.712

6

Ini 6

23

1.6

20

3.1

19.2

18.2

0.683

7

Ini 7

27

1.0

20

3.1

19.0

23.5

0.696

8

S1 R

23

2.5

21

3.1

20.8

14

0.641

9

S2a R

36

1.1

24

-5.8

22.2

48

0.634

10

S2b C

15

2.7

21

3.2

19.1

14

0.670

11

S3a R

18

1.8

20

0.0

19.5

27

0.594

-

S3b C

21.5

2.3

20.8

3.1

20.5

16.7

NP

Table D.12 HIC-AX runs chosen for 2nd Simplex optimisation; Initial simplex (first 5 runs) was
chosen from the runs with highest Y*P values; Ini – initial, S – step. R-reflection, C-contraction,
NP run not performed. Id – number of the polishing sequence. Load in g/L, NaCl in M, Slopes in
mM NaCl/ CV, Pool End in CV.

Objective
function

Variables
Id

Role in
Simplex

Load

NaCl

Slope

Pool
End

AX
Slope

Y*P

3

Ini 1

16

2.5

25

22.4

13.3

0.687

4

Ini 2

21

1.8

15

15.4

25

0.660

5

Ini 3

21

3.5

23

25.6

23.5

0.712

6

Ini 4

23

1.6

20

19.2

18.2

0.683

7

Ini 5

27

1.0

20

19.0

23.5

0.696

8

Ini 6

23

2.5

21

20.8

14

0.641

12

S1a

21

1.7

21

22.4

33

0.611

-

S1b

22.0

2.3

20.8

26.4

22.0

NP
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Table D.13 Detailed description of steps during the simplex-based optimisation. Simplex
algorithm started with reflection. Op – optimisation group, Var – number of variables used, Id –
number of the polishing sequence, Y – indicates objective function value, R-reflection, Ccontraction.

Runs of
initial
simplex

Var

Id

Results of
current step

Suggested
Direction

S1

1-3,6,8-10

6

8

𝑌𝑚𝑖𝑛 < 𝑌 < 𝑌𝑚𝑎𝑥

R

S2a

2-3,6,8-10,13

6

9

𝑌𝑚𝑖𝑛 > 𝑌

C

S2b

2-3,6,8-10,13

6

10

𝑌𝑚𝑖𝑛 < 𝑌 < 𝑌𝑚𝑎𝑥

R

6

11

𝑌𝑚𝑖𝑛 > 𝑌

C

6

-

NOT
PERFORMED

C

Op Step
1

2-3,6,810,13,15
2-3,6,810,13,15

S3a
S2b
2

8.4.

S1a

2-3,6,8-10,13

5

17

𝑌𝑚𝑖𝑛 > 𝑌

S1b

2-3,6,8-10,13

5

-

NOT
PERFORMED

Pausing optimisation

We paused the Simplex-based optimisation studies and tested increasing
the load of the sequence, because it was something that we suspected to be
the main driving factor. The conditions we found: high yields and extremely high
amounts processed, turned out to be successful, which was discussed in great
detail in the next chapter. Therefore, here, we did terminate the simplex studies
prematurely at the current stage with the summarised list of all runs presented
in Table D.14.
The

overall

number

of

polishing

sequence

runs

may

seem

small

and the termination too early, however, more sequence runs were performed (>5)
and both the knowledge and experience gained on them, as well as the reasons
discussed earlier, contributed to the decision about study termination. These
extra runs were not included in the list here, because they lacked sufficient
quality, because of either technical issues, such as column clogging, system
brake-ups or loss of key eluted samples, or quantification failures related with
analytical system problems. This should be mentioned, because practical
aspects were undoubtedly one of the biggest challenges in this project.
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Table D.14 Summary of HIC (pH 5.0) - AX polishing runs. Load in g/L, NaCl and AS in M, Slope
in CV and both purity – P and yield – Y in %.

#

Load

NaCl

[AS]

HIC
Slope

AX
Load

AX
Slope

P

Y

Y*P

1

7

3.2

0.46

20

-

11

95.7

66.7

0.638

2

16

2.0

0.70

20

13

23.5

95.4

65.5

0.624

3

16

2.5

0.59

25

11

13.3

95.1

72.2

0.687

4

21

1.8

0.75

15

15

25

95.1

69.4

0.660

5

21

3.5

0.41

23

15

23.5

95.1

74.9

0.712

6

23

1.6

0.80

20

16

18.2

95.0

71.9

0.683

7

27

1.0

0.97

20

20

23.5

95.7

72.7

0.696

8

23

2.5

0.59

21

15

14

95.1

67.4

0.641

9

36

1.1

0.93

24

25

48

95.1

66.6

0.634

10

15

2.7

0.55

21

8

14

97.0

69.1

0.670

11

18

1.8

0.75

20

11

27

97.4

61.0

0.594

12

21

1.7

0.78

21

14

33

95.3

64.1

0.611
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Figure D.35 Comparison of runs 4 (A) and 12 (B), details in Table D.12 and Table D.14.
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8.5.

Conclusions

We discussed various polishing two-step chromatography system for the model
feed mixture containing Con, Ova and BSA. Several purification runs were
performed and both yield and purities of purified Ova were reported.
For what we believed was the most promising purification sequence, we
employed the optimisation using Simplex algorithm. Having observed that
the current optimisation methodology does not provide enough objective function
change we paused our current investigation. We had investigated the option
to perform polishing sequence at elevated loadings, which turned out to be very
interesting and was the subject of the next chapter. A relatively low number of
steps of simplex optimisation was performed here, because we did not want
to spend time on finding a local optimum.
Because of the nature of this polishing problem, even a time-consuming DoE
study is likely to fail in finding global solutions. The surface of results is believed,
with reasons presented in the discussion section, to be flat with relatively narrow
window for optimum solutions. Such peculiar system is difficult to optimise, even
with time-consuming DoE methodologies.
Based on the current studies, it was also observed that for similar loads 21-23
g/L, different HIC slopes 15-23 CV and different salts 1.6 M– 3.5 M NaCl with
corresponding (NH4)2SO4, the best results were achieved for 3.5 M NaCl and
corresponding 0.4 AS. In addition, at these salt conditions, the solubility was
higher than at mixtures with less NaCl, but more AS. Therefore, salt concentration
in loading buffer was fixed at 3.5 M NaCl in later experiments, which will be
discussed in the next chapter.
8.6.

Critical appraisal

Even though, the separation problem presented here is peculiar, it does represent
a valid mimic of a real-life purification problem of product variants during polishing
chromatography step. During these studies, several avenues were explored and
many key decisions were taken, some of them, were not leading to improvement
of the separation. Nevertheless, they all contributed to understanding of how
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the model protein behaves under various separation conditions, which is
something that every purification scientists may encounter, especially when
dealing with complex protein mixtures.
Simplex algorithm is a tool to help make quick decisions, when dealing with multiparameter spaces and complex system and therefore the system studied here
seemed a very reasonable example to demonstrate the simplex applicability.
Unfortunately, it was shown that this multi-parameter space represented by our
model mixture and system was hugely affected by just one parameter, the load.
The question remains open, whether elevating loads opened way for new multiple
parameter, simplex algorithm-mediated optimisation or not?
Certainly, before such optimisation, more automation of this process would be
necessary to improve data collection and analysis and therefore enhance
the capabilities of the simplex-algorithm optimisation. In addition, other objective
functions, such as amount*yield*purity may also be investigated.
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1. The aim
In previous chapter we described the process of identifying the polishing
sequence for the model feed mixture. A selected system was partially optimised
using the simplex-based optimisation, but because of lack of progress, we
decided to pause it. Because we suspected that the load may affect the overall
results, we decided to increase it > 50 g/L, which is a significant value for
hydrophobic resins. We investigated the effect of overloading the HIC on the final
polishing sequence results. It turned out to be interesting, because of some
surprising outcomes, which was also the reason, why the HIC-AX sequence was
studied in more detail. The effect of various pooling decisions on yield, purity
and throughput at various steps of purification was also assessed.
As will be shown, the unusual behaviour of proteins during HIC led to high
productivities. We therefore decided to report this polishing problem,
incorporating two-column sequences and fast HPLC analysis, as representative
of a clan of difficult problems in the biotechnology industry.
1.1.

Brief summary of previous findings

Prior, the actual testing of the effect of the load on the polishing of the feed, a brief
summary was presented. As discussed earlier, the difficulty of separation of our
model mixture is clearly seen in the HPLC analysis (Figure E.1), where
the incomplete resolution is further complicated by the many product variants.
The preparative separations on both AX and HIC are also difficult (Figure E.2).
This is characteristic of the separation of product variants, where weak and strong
impurities (which are also product forms) are not fully resolved from the product.
Various pHs were studied for both AX and HIC in previous chapters. The pHs
that led to the best resolution were pH 9.0 for AX and pH 5.0 for HIC; these values
were used in all the experiments reported here.
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Figure E.1 Typical analytical chromatogram of Con, Ova and BSA obtained using CiMac QA
monolith column. Graph was normalised with respect to peak maximum.

Figure E.2 Representative AX and HIC profiles of the ternary feed mixture at a total loading of
16 g/L. In the HIC run, sample analysis was stopped at 32 CV. UV trace (top panels) and
reconstructed chromatograms (bottom panels). In both bottom panels, Con is in blue, Ova in in
red and BSA in green.
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2.

Materials and methods

For materials and methods see previous chapters.
3.

Results & discussion

3.1.

Strong anion-exchange chromatography (AX)

As previously, AX was used both as a single purification step and as a final
purification step, where pooled fractions obtained after HIC purification were
purified. It has not been highlighted before, but AX behaved differently in these
two capacities, as can be seen from typical results in Figure E.3 and Figure E.4.
One important operational difference was the feed volume: when AX followed
HIC, the HIC pool fractions had to be taken through buffer-exchange, which
increased the feed volume to the AX. When the AX was run as a single step,
a concentrated feed volume was used. However, this difference in volume is not
expected to affect bind-and-elute performance. Moreover, it is observed that at
loads > 70 g/L for single AX, breakthrough of all the feed components occurs
(Figure E.3B and Figure E.3C). Also, at higher loads, the Con shoulder becomes
swamped by the main peak (compare Figure E.3A and Figure E.3B). During
elution, the Ova product peak is mixed with both Con and BSA, and the mixing
becomes more pronounced for higher loads (compare bottom panels of Figure
E.3).
In the HIC-AX sequence, the Con and BSA levels are lower in the AX (Figure
E.4), as compared to the single AX (Figure E.3). This was expected, because
the preceding HIC step had removed a substantial fraction of BSA (Table E.1).
Some Con species were removed also during AX loading, observed as elevated
absorbance during loading (clearly visualised in the right panel of Figure D.32)
and confirmed by HPLC in analysis of flow-through fractions. At 87 g/L (Figure
E.4C) 58% Con, <2% Ova and no BSA were removed in the flow-through. A
qualitatively similar removal of Con occurred during the 73 g/L run (Figure E.4B);
this selective clearance of Con could be due to competitive displacement.
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Table E.1 Clearance of Con and BSA impurities on HIC and in final AX step. For 150 g/L, final
AX was not performed. Apart from load in g/L, all other values expressed as %.

First step, HIC

Second step, AX

Ova Step

BSA Step

Con Step

Ova Step

BSA Step

Con Step

Yield

Clearance

Clearance

Yield

Clearance

Clearance

15

67

72

70

97

19

70

21

83

75

49

95

17

81

23

76

75

54

100

13

65

27

80

73

32

96

20

85

36

74

75

32

95

11

86

50

69

53

53

99

45

73

70

72

87

61

97

14

61

99

80

53

39

88

46

75

126

78

91

36

98

0

77

150*

84

92

44

-

-

-

Load
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Figure E.3 Selected single step AX runs of the ternary feed mixture: absorbance (top panel) and reconstructed chromatograms (bottom panel). The
legends report the loading (in g/L) and the gradient time (in column volumes). Absorbance in panel A was underestimated, because of a faulty UV
detector. However, the reconstructed chromatogram is accurate.
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Figure E.4 Selected AX runs (from a HIC-AX sequence) of the ternary feed mixture: absorbance (top panel) and reconstructed chromatograms (bottom
panel). The legends report the loading (in g/L) and the gradient time (in column volumes).
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3.2.

Hydrophobic interaction chromatography (HIC) – typical loadings

HIC was initially tested on loads below 20 g/L. A flow-through peak was observed
in HIC chromatograms for loads > 20 g/L, while in the gradient portion of the
chromatogram, one broad peak and a shoulder were observed for all loads
tested. In contrast to AX, a distinct peak on the right end of the chromatogram
was visible, which corresponds to the IPA strip (the HIC panels of Figure D.32).
HIC step was shown to remove mainly BSA impurity, whereas AX removed both
BSA and Con. Experimental data (Table E.1) showed that at typical loadings (<60
g/L), typical pooling in HIC resulted in 50 - 75 % clearance of BSA and around 30
- 70 % clearance of Con, where the highest values was observed for 15 g/L
loading. Ova yield was around 70 - 80 %.
Yield of Ova during AX step was substantially higher (95 - 99 %) and clearance
of BSA and Con was 10 - 50 % and 60 - 90 %, respectively. The relatively low
clearance of BSA and high clearance of Con during AX can be attributed to
the already relatively low amount of BSA and high amount of Con at this step.
The AX therefore acts as an efficient polishing step to the preceding HIC, thereby
further justifying the HIC-AX order.
3.3.

HIC-AX sequence – typical loadings

Fractions obtained during HIC were buffer-exchanged to remove NaCl and
(NH4)2SO4 salts and adjusted to pH 9.0 before loading onto AX. Selected bufferexchanged fractions were pooled and loaded onto AX. For the AX chromatogram,
fractions were selected to maximise yield/purity/amount of Ova, as described
in section 3.6. Examples of HIC-AX runs are shown in Figure D.32, with vertical
lines indicating pooled regions. Pooling of HIC fractions was performed in real
time, as discussed in section 3.6.
Results in Table E.2 showed that for sequence loads up to 50 g/L the yield*purity
parameter was in range 0.63 - 0.71 with maximum total yield of 75 % for 21 g/L.
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When

the

amount

parameter

was

also

considered,

the

highest

purity*yield*amount parameter was observed for 50 g/L. At these conditions,
80 mg of product was produced at acceptable purity (>95 %) and 70 % yield.
The experiments at loadings > 70 g/L are discussed later.
Table E.2 Summary of HIC-AX conditions and results: AS - ammonium sulfate, P - purity, Y yield, A - amount in selected product pool.

HIC

AX

Final results

LOAD
[G/L]

[NaCl]

[AS]

Slope
[CV]

Load
[g/L]

Slope
[CV]

P

Y

P*Y

15

2.7

0.55

21

8

14

0.97

0.69

0.67

23

16

21

3.5

0.41

23

15

23.5

0.95

0.75

0.71

36

25

23

2.5

0.59

21

15

14

0.95

0.67

0.64

34

22

27

1.0

0.97

20

20

23.5

0.96

0.73

0.70

43

30

36

1.1

0.93

24

25

48

0.95

0.67

0.63

54

34

50

3.5

0.41

27

33

20

0.95

0.70

0.66

80

53

70

3.5

0.41

14

44

20

0.95

0.60

0.57

95

55

100

3.5

0.41

14

73

16

0.95

0.69

0.65

155

101

125

3.5

0.41

14

87

20

0.95

0.77

0.73

218

160

3.4.

A
P*Y*A
[mg]

Differences in pooling between HIC and AX

AX allowed better control of the yield and purity of the product pool by being able
to adjust pools differently on the early or the late part of the elution gradient, as
visualised in Figure E.5. Red circles indicate the position of the first and last
pooled fraction and the red horizontal line that connects them represents
the corresponding pool. Value of zero indicates the collection start of the first
analysed

fraction

of

the

chromatography run.

Also,

each

pool

has

a corresponding yield and purity value given by a blue circle on the left plot.
In the HIC plot (Figure E.5A), increased product purity (left panel) is mainly
associated with differences between late fractions, which mainly contain BSA
(right side of the right panel). Change in pooling of early fractions affects mainly
the yield, because the early fractions contain both Con and Ova; however, small
change in purity is also observed. For single AX (Figure E.5B), yield and purity
are evenly correlated with fractions on both sides of the product.
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Figure E.5 Comparison of purity vs yield plots (left panel) and corresponding pooling plots (right
panel) for HIC at total loading of 21 g/L (panel A) and AX at total loading of 32 g/L (panel B).
Red circles represent the starting and ending point of the pool in relation to fraction number,
where zero indicates the collection start of the first fraction. Red arrows indicate which proteins
are mostly affected by the pooling at a respective side.

3.5.

The effect of pooling on yield and purity
185
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HIC was used to remove BSA and reduce the demand on the AX step.
The percent of removed impurities, mainly BSA, could be controlled depending
on the pooling that was performed after HIC run, as was indicated in section 3.4.
Pooling decisions during HIC were made in real-time, but post-run
characterisation of all fractions enabled detailed study of the effect of the potential
pooling on yield and purity of the product.
Various pools from single HIC, single AX and obtained from final AX step were
compared. Their impact on product yield and purity was illustrated in Figure E.5
and more generally in Figure E.6. It was observed that for low loads of around
30 g/L, single AX could achieve pools at purity >95 % at around 75-80 % yield
when a shallow gradient was used. For higher loads or steeper gradient, AX
struggled to achieve purity >95 %. To achieve yield of around 80 % at high loads,
the require purity should be decreased to 85 – 90 %. In addition, achieving higher
purity was correlated with significant loss of yield. Similarly, at low loads (15 g/L),
single HIC could achieve purities > 95 % at ca. 70 % yield, while for higher loads
such purity levels were either not achievable or related to a significant loss of
yield. In a few cases, purities were approaching 92 - 94 % at a significant cost
of yield (~60 %). When AX and HIC steps were combined in a HIC-AX sequence,
the maximum purity of best pools exceeded the maximum purity achieved by both
single-HIC and single-AX. Moreover, using the sequence resulted in purity > 95
% at 65 - 77 % yield, suggesting that such sequence can remove almost all
product impurities for any load in the tested loading range (Table E.1).
At this stage, the results did not show any significant advantage of using single
HIC over single AX in the tested condition range. At typical loadings, high purity
and high yield cannot be achieved simultaneously, as is usually true
in preparative chromatography [142].
The single-AX step is clearly superior to the single-HIC step, because it provides
greater maximum purity and greater maximum yield (naturally, both cannot be
achieved simultaneously). The HIC-AX sequence, on the other hand, offers
extremely high purity (>98%), which neither single-step can achieve
at acceptable yield (> 60 %); however, the combined yield of the sequence was
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lower than those achievable by either step alone. Nevertheless, it was decided
to consider single HIC runs at even higher loadings, for two reasons. First, it was
hypothesised that the >20% loss of yield in the single-HIC runs was partially due
to irreversible binding of Ova; if that were true, higher loadings could cause
the BSA to competitively desorb some Ova and thereby improve its yield.
Second, such preferential binding of BSA might decrease the extent of BSA
eluting in the product pool.
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Figure E.6 Purity-yield plots of the product pools obtained from HIC, AX and HIC-AX. The legend contains: (for both columns), loading (g/L) and gradient
time (in column volumes); (for HIC), initial sodium chloride (SC) concentration (M); and (for AX in HIC-AX sequence), loading onto the AX column (g/L).
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3.6.

Highly loaded hydrophobic chromatography

In order to maximise removal of BSA and recovery of Ova, loadings of 70 150 g/L of ternary feed mixture were studied. Figure E.7 illustrates HIC runs
performed at 100, 125 and 150 g/L. The corresponding AX runs for runs 100
and 125 g/L can be found in Figure E.4B and Figure E.4C. The same buffers
and gradient slopes were used for HIC runs, with some changes in the method
of loading. In the first run (Figure E.7A), feed was loaded via multiple injections
with pre-filled loops, whereas in the other runs (Figure E.7B and Figure E.7C),
the load was pumped into the column. This explained the appearance of multiple
peaks in loading step for the 100 g/L run, while only one peak was found
for the 125 and 150 g/L runs. Note also that different fraction volumes were used,
leading to some small differences among the chromatograms. For all loads,
reconstructed impurity and product profiles were similar.
Characterisation and impact of Con: weak impurity profile
Because Con is the weak impurity, it was believed that at high loadings it might
be displaced by Ova and BSA, and therefore might be removed early
in the chromatogram. However, this was not observed. Instead, Con was found
to be a broad peak, co-eluting with Ova, and at fairly low concentrations
throughout. It follows that Con has an almost constant effect on Ova’s yield
and purity. This is the probable cause of the initial plateau of the purity vs yield
correlation in Figure E.8, where change in the pooling changes the yield while
the purity is almost constant. This corroborates the previous findings shown
in Figure E.5 (for pool analysis in HIC at high loadings see Figure E.9). The HPLC
analysis showed that 40 – 60 % of Con was removed during this step.
This suggests that although the most important role of HIC is to remove BSA,
its partial removal of Con is not to be underestimated.
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Figure E.7 Comparison of HIC profiles of the feed mixture: absorbances (top panels) and reconstructed chromatograms (bottom panels) at 100,
125 and 150 g/L. Violet dashed lines in the top panels indicate start and end of pooling. Note that pooling was not performed for 150 g/L. Blue,
red and green lines in the bottom panels represent Con, Ova and BSA, respectively.
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Figure E.8 Comparison of purity-yield and purity-amount plots of the product pools obtained from HIC, AX and HIC-AX. The legend
contains: (for both columns), loading (g/L) and gradient time (in column volumes); (for HIC), initial sodium chloride (SC) concentration
(M); and (for AX in HIC-AX sequence), loading onto the AX column (g/L). Red circles in panel A indicate HIC pools that were purified by
AX for which results are presented in panel C. See text for further discussion of HIC pooling decisions.
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Figure E.9 Comparison of purity vs yield plots (left panel) and corresponding pooling plots (right panel) for HIC at total
loading of 70 g/L (panel A), 100 g/L (panel B), 126 g/L (panel C) and 150 g/L (panel D). Red circles represent the starting
and ending point of the pool in relation to fraction number, where zero indicates the collection start of the first fraction. Red
arrows indicate which proteins are mostly affected by the pooling at a respective side. Load (in g/L), gradient time (in column
volumes) and initial sodium chloride concentration, SC (in M) are presented in the legends.
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Characterisation and impact of BSA: strong impurity profile
The maximum concentration of BSA in the chromatograms of Figure E.7 seemed
to increase slightly with the load. The apparent lower maximum at 125 g/L is
probably because of the fewer fractions collected in this run, resulting in a less
detailed reconstruction of the concentration profile.
One of the potential risks of increasing loading is the breakthrough of BSA.
However, no BSA breakthrough was observed, even for the highest loads.
It appears that, in spite of the high concentration of Ova, BSA successfully outcompetes Ova and therefore does not break through. It is interesting to note
the dramatically different behaviours of Con and BSA in these competitive
settings.
Over the second half of the purity vs yield plot (Figure E.8), a sudden decrease
in purity is found along with a limited increase in yield. This shape is explained
by the presence of BSA, which was more abundant in later fractions than Ova
(thereby reducing the pool purity), while gain in Ova was limited. This gain
is shown in Table E.3, where the column entitled “Ova Outside Pool” showed that
potential yield gain was not higher than few percent.
It is also shown that the point where the initial plateau of the purity-yield plot meets
the steep decrease part can be considered as the best trade-off between product
purity and yield (Figure E.8). It also worth noting, that because pooling decisions
during HIC were made in real-time, the exact choice of “the best” pool was
in some cases non-optimal (e.g. 100 g/L).
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Table E.3 Comparison of losses for the HIC step in HIC-AX sequence. AS - ammonium sulfate,
IPA – isopropanol, NA – not available, SC – sodium chloride.

HIC
Load
[g/L]

SC
Solubility
/AS [M] Loss [%]

Ova Pool
[%]

Ova
Outside
Pool [%]

Ova
IPA
[%]

Ova
Shortfall
[%]

Con
IPA
[%]

BSA
IPA
[%]

15

2.7/0.6

6

72

NA

NA

22

NA

NA

23

2.5/0.6

3

74

NA

NA

23

NA

NA

50

3.5/0.4

5

69

1

1

24

1

14

70

3.5/0.4

6

71

4

1

19

1

11

100

3.5/0.4

7

75

3

1

14

1

9

125

3.5/0.4

10

78

6

NA

6

NA

NA

150*

3.5/0.4

10

84

4

0

2

0

7

*AX was not performed.

Characterisation of purity vs. yield or amount
The shape of the purity-yield relationship for HIC was steeper than that observed
for single AX, because AX could remove both impurities with approximately
comparable efficacy, thereby creating more pooling options and a smoother
purity-yield curve (Figure E.5).
Increasing HIC load was associated with an increase in yield with comparable
purity profiles (Figure E.8 and Table E.3). As discussed earlier, the larger fraction
volumes for the 125 g/L run led to a slightly different purity-yield profile where
the plateau on the left side was at a lower level of ca 90 % at < 80% yield,
as compared to ca 93 % for the 70, 100 and 150 g/L loads.
For the 150 g/L run, the yield approached 90%, which was higher than observed
before. These observations confirmed the hypothesis that HIC captured the BSA
impurity effectively, leading to a large zone of BSA-free Ova. Since the amount
of Con were low throughout, both the yield and purity of Ova were enhanced.
Note that there are two conflicting phenomena involved. As expected, the higher
loadings led to preferential strong (or irreversible) adsorption of BSA
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and therefore decreased strong adsorption of Ova, as reflected in the smaller
Ova shortfall at high loadings in Table E.3. However, the loss of Ova through
insolubility also increased slightly (see “Solubility loss” column in Table E.3).
The net effect was to increase substantially the yield and purity of Ova.
It was also important to consider the amount of acceptably pure product that was
generated by these runs at extremely high loading. The fact that the breakthrough
of Ova did not result in a large degree of contamination by Con, allowed us
to recover large amounts of Ova at relatively high purities. This quantification is
shown in Figure E.8 (panels B, D, and F). These plots show that at higher loads,
contrary to intuition, single HIC outperformed AX. Moreover, Table E.2 shows,
that at 125 g/L both throughput (expressed as yield*purity*amount) and yield were
maximum for the sequence among conditions tested and clearly suggests that
the HIC-AX sequence can produce large amounts of product at very high purity
and reasonable yield.
Limits of overloading
As described before, at higher loads, single AX had difficulty achieving purity
>95 % at high yield at >40 g/L loads. 100 g/L load was the highest tested
for single AX. At this load both HIC and AX produced similar amounts of product,
ca. 175 mg at 90 % purity (Figure E.8B and F). To achieve purity >95% at high
loads (>40 g/L), a sequence was required, since neither HIC nor AX could get to
95% purity alone within the conditions tested. This was because at higher loads,
breakthrough of the all three proteins was observed in AX (Figure E.3C, bottom
panel). However, the sequence purification was also limited by the fact, that very
high HIC loads (150 g/L) created high loads on AX (~120g/L) which could lead
to breakthrough and concomitant product loss.
Nevertheless, the extremely high loadings of the purification sequence, resulting
in a large mass of very high purities, make the HIC in its combination of
breakthrough and bind-and-elute mode followed by AX purification a very
attractive purification sequence for this complex feedstock.
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3.7.

Factors affecting yield and purity in hydrophobic runs

Factors that affected overall product yield included: solubility of the HIC load
(usually >90 %), which depended mainly on the salt types and concentrations
used, buffer-exchange of HIC fractions (usually loss of a few %), irreversible
binding of Ova to the column both detected in IPA strip peak and not detected
(Ova shortfall), and the pooling regime. The IPA strip usually consisted of <1 %
Ova, 1 - 2 % Con and 7 - 14 % BSA with respect to the total amount of protein
loaded (Table E.3).
Although many factors could have contributed to the Ova loss, including
quantification using analytical column, it was clear that the main source of loss
was related to the use of HIC column and, in all probability, to irreversible binding.
Difficulties in recovering protein from hydrophobic surfaces have been widely
reported in the literature [92,154,177,75,91,88].
There was a positive correlation between increase in the load and reduction of
Ova shortfall. When load was increased from 50 to 150 g/L, the Ova shortfall
dropped from 24 to 2 %. This could be explained by an increase in bound BSA
and therefore a decrease of Ova being irreversibly bound to the column.
However, other data with 1:1 Ova:BSA feed mixtures did not show a substantial
decrease in the Ova shortfall (data not shown), suggesting that the composition
is also important. We therefore only suggest this competitive decrease
in irreversibly bound Ova as one possible mechanism occurring during these
experiments at high loading.
4.

Conclusions

Purification results of a complex protein feedstock were reported, where Ova was
separated from Con and BSA impurities using AX, HIC or HIC-AX. At typical
loads, AX was better suited than HIC to process high loadings of the feed to
achieve good product yield and purity. When the unusual HIC-AX sequence was
employed, again at typical loadings, purity of the product could be improved, but
at the cost of yield and time. The sequence which was subject for simplex-based
optimisation was not further improved at typical loadings, as described in previous
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chapter. However, due to peculiar behaviour of Con and extreme binding of BSA
in HIC, the HIC-AX sequence purification process could be run at extremely high
loadings, which allowed higher throughput, while maintaining high purity
and yield. This counter-intuitive process clearly outperformed single AX and led
to selection of not initially expected loading range. It was concluded that the best
purification of the ternary feed using sequence was achieved for 125 g/L load that
produced almost 220 mg Ova at 95 % purity and 77 % yield. To the best of our
knowledge, this is the highest throughput for HIC that has been reported
in the literature for a ternary protein mixture.
This study also demonstrated the applicability of presented two-column sequence
and fast HPLC analytics as a potential tool to resolve difficult separations
in the polishing step in the biotechnology industry.
This study has been an empirical evaluation of the best process sequence for the
purification of Ova from a complex ternary feedstock. A mechanistic explanation
has not been attempted, since a substantially larger dataset would have been
required. Nevertheless, it would be most interesting to analyse these competitive
interactions mechanistically. In addition, it may be possible to increase
the loading of the HIC run beyond 150 g/L; as long as the BSA does not break
through, the amount recovered might increase further. These studies
are deferred to future project work.
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Chapter F. Deconvolution of preparative chromatogram
1. Introduction and rationale
Heterogeneous mixtures containing multiple variants of proteinaceous products
can be a challenging problem during bioprocess engineering both in terms of
purification and analysis. Considering the importance of accurate quantification
of product and impurities of a complex mixture, and therefore product yield
and purity (whose maximisation is often used as an objective function
of the optimisation process), it can become a major bottleneck of purification
process optimisation. Although various analytical techniques can be used to
determine protein concentrations (e.g., capillary isoelectric focusing, capillary gel
electrophoresis,

field-flow

fractionation,

mass

spectroscopy

or

UV

spectrophotometry [122,133–136,108,211]), those employing chromatography
are at the forefront [131,108].
The difficulty of accurate quantification of complex protein mixtures often comes
from the fact that they produce chromatograms where no baseline separation
is achieved. Low resolution may cause inaccurate quantification of analysed
material, especially when standard integration techniques, such as drop-line
integration (where, a vertical line is manually dropped in the valley between
the two peaks), are used [206,212]. When quantitative analysis of components
is the main objective, improvement in resolution in regions where peaks overlap
should be achieved. This improvement can be done by either optimising
the separation conditions, such as pH, buffer compositions, gradient slope,
additives or flow rate or by changing the analysis method to one that allows full
resolution of analysed peaks. Changing the analytical method can be achieved
through changing the column type (particle, porous, non-porous, monolith, etc.),
mode of chromatography (ion, hydrophobic, size-exclusion, reverse phase, etc.)
or even by altering the whole technique (capillary or gel electrophoresis,
spectroscopy, field flow fractionation, etc). In addition, combining several
techniques to allow separation in two-dimensions can also be beneficial as shown
in following examples: LC-CE [133], GC-MS[213] , LC-MS [214], LC-UV[215],
LC-LC [149,216] (for abbreviations see the nomenclature section).
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Usually method optimisation requires a lot of prior expert-knowledge, money
(necessary to purchase relevant equipment) and time needed for learning,
developing and validating new methods and techniques. When these factors are
an issue, it seems reasonable to use any available tools which enable artificial
enhancement of already obtained signals, i.e. improve the resolution of nonresolved peaks. Chemometrics, whose aim is to solve problems of chemical
nature by means of statistics and mathematics, often offers such tools. The
observed substantial increase in the number of datasets related to development
of automation [100], reduction of time of single analysis [191], substantial
increase in size of produced datasets [126,128,133,217,218] and growth of
cheap computer power contributed to the fact that chemometrics is becoming
increasingly popular and most of all, more available for routine use in laboratory
[219–221].
2.

Peak deconvolution

Deconvolution is one of the examples of chemometric techniques used to
enhance signal resolution and is widely used in signal processing. The term
deconvolution defines “a process of resolving something into its constituent
elements or removing complication” (English Oxford Dictionary). In mathematics,
it can be defined as a process or algorithm where a convoluted function is
resolved into the functions from which it was formed. In chromatography, this
term refers to peak resolution, where physically convoluted peaks are artificially
resolved. Such resolution can be achieved by either reducing noise and distortion
effects, usually by means of Fourier transformations [222–226] or curve fitting
techniques where a chromatogram consisting of overlapping peaks is
decomposed to an individual peak. The latter technique is also called spectral
or peak deconvolution. Peak deconvolution can be achieved using iterative leastsquares curve fitting of a proposed peak model to the data set [216,223,227–
231]. Fourier transformation and peak deconvolution both fit the definition
of the term deconvolution, but are conceptually different and thus require different
prior knowledge. It is worth mentioning, that a resolution enhancement can be
achieved using non-deconvolution techniques such as peak sharpening
or resolution enhancement algorithms [226], which do not require as much prior
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knowledge as the deconvolution, but they may be of little use when complex
overlapping signals are considered.
2.1.

Popularity of deconvolution

Popularity of deconvolution over the years was assessed by comparing
the number of records that contained searched phrase. Records were searched
in the Web of Science™ database in the topic or the title and using special
operator NEAR (forces search for records where the terms joined by NEAR are
within 15 words of each other) and the asterisk * (a wildcard, that represents any
group of characters). The outcomes which are presented in the Table F.1
and plotted in Figure F.1 suggest an increasing popularity in use of peak
deconvolution techniques. Over 17 years (2000 - 2017) number of records almost
quadrupled from around 500 to 2000 (row 1) with 111 records that contained
searched terms in the title (row 3). At the same time, the number of records
mentioning peak deconvolution techniques in context of chromatography
increased “only” by factor of 2.5 from 57 to 145, with ~5 published papers per
year (row 2), which is a shallower increase, as compared to the previously
discussed “peak deconvolution” trend (Figure F.1 red and green traces).
This slope

difference

indicates

that

use

of

a

peak

deconvolution

in chromatography is less frequent than in other signal processing areas.
Among articles purely about peak deconvolution (111 records, ~3 records/year,
row 3), where searched terms are in the title, more than half mention
chromatography in the article body (60 records, <2 records/year, row 4).
These papers may relate to peak deconvolution in chromatography, but may also
only mention chromatography in unrelated context. In parallel, only 34 papers (~1
record/year, row 5) were found that focus on curve fitting techniques and mention
chromatography in the text body and even less were found for peak fitting and
chromatography (13 papers, <1 paper per two years, row 6).
This statistical approach of the first step of a literature review does not show
the whole picture of how the world of deconvolution of chromatographic peaks
looks like, but certainly shows some trends in the field.
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We had observed, based on search in the title, that there are relatively few new
papers which discuss peak deconvolution, specifically in chromatography.
One of the potential reasons for this rare publishing, could be that either existing
methods are very effective and there is no need to improve or develop new ones,
or these techniques are not often used. The latter one corroborates with the fact
that not all chromatographers are convinced to use chemometric on a regular
basis [220]. One may also conclude, that while deconvolution is generally
popular, its use in chromatography context is rather rare and peak deconvolution
gains limited interest. It is probably because of the complexity that
the deconvolution, which in principle requires advanced knowledge and some
computational power, is not used routinely. There are several problems that
discourage scientist when developing a deconvolution method. These problems
include signal de-noising, peak detection, choosing a peak model, and specifying
the range of characteristics for the parameters of the peak model [220].
Table F.1 Number of records found in Web Of Science database over the years for terms
related with peak deconvolution in chromatography. Operators AND, NEAR and * are described
in the text; Search field is presented in parentheses. pY – records pear year.

#

KEYWORDS
Title

1

-

2

-

3
4
5
6
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peak NEAR
deconv*
peak NEAR
deconv*
curve NEAR
fit*
peak NEAR
fit*

TOTAL RECORDS

topic

PY

2000

2008

2017

2000 - 2017

534

1100

1968

1434

84.4

57

93

145

88

5.2

-

64

82

111

47

2.8

chromatogr*

33

47

60

27

1.6

chromatogr*

16

26

34

18

1.1

chromatogr*

6

8

13

7

0.4

peak NEAR
deconv*
peak NEAR
deconv* NEAR
chromatogr*
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Figure F.1 Number of records found in Web Of Science database over the years for terms
related with peak deconvolution in chromatography.

Deconvolution methods have been often avoided due to handling of large data
and apparent complexity of numerical analysis. Although routinely used
programs, such as MS Excel® can be used for preprocessing or even
deconvolution [232,233], even basic knowledge of programs like Matlab® can be
more efficient in solving complex deconvolution procedures, especially for large
datasets.
There are ready available programs, such as PeakFit® (from SPSS), that can
offer easier handling of complicated data sets with less user knowledge [140],
but they struggle with noisy data [234]. These programs are also often limited to
the pre-defined functions and less control over individual function parameters,
which may be required during system-specific problems.
Several automated solutions for the deconvolution process, that remove
the pressure from the user and the risk of human mistake, have been discussed
in the literature, especially by the group of Gabriel Vivo-Truyols [235–237]. Their
use was not validated on complex profiles, but should apply to a large group of
deconvolution problems.
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2.2.

Peak deconvolution in chromatography literature

Deconvolution is a broad topic, which has gained popularity over last decades,
because improved, cheaper and more available computer power has become
more accessible. Such popularity should also apply to chromatography, however,
peak deconvolution techniques in chromatographic context seem to be less
studied (Table F.1). Few possible reasons were discussed in previous section.
Here, selected chromatography literature on deconvolution in chromatography,
and more specifically: peak or curve fitting techniques, is listed in Table F.2.
Table F.2 List of deconvolution examples found in the literature. For other abbreviations see the
Nomenclature section.
Data
sourc
e

Sample
type

Peaks
and
complexi
ty

Peak
model

Deconvolution method

Sourc
e

GC

Carbon
isotope

2

EMG

PeakFit, min error of SS,
R^2 and F-statistics to evaluate
Manual initial estimation.

[228]

RP

hormons

2-3
(average
overlap)

PMG

MiChrom (self-developed), iterations:
finding local minimum of function
(method of Powell)

[238]

HPLC
(AX)

BSA
profile

2-3

EMG

PeakFit, Finding statistical moments
and calculation of HETP

[239]

RP

Catecholrelated
solutes

Various
Gauss
modifica
tions

MS Excel® Solver, min SSR

[233]

GC

alkens

5-6
peaks,
good
overlap
2-3 (for 2
relatively
high
overlap)

PMG

Non-linear least square fitting
(GnuPlot)

[229]

RP

Small
chemicals

2 (various
overlaps)

PMG

Min of SSR; multi batch
deconvolution: same samples at
various protein concentrations.Two
way data-approach.

[236]

HPIC

Heavy
metals

2 (Zn, Co
overlap)

Gauss

Matlab, min SSE

[240]

Simulated
and DNA

<6, noisy,
some
highly
overlappe
d

CE
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Non-linear curve fitting, minimising
residuals of denoised signals;
PeakFit provides initial estimates of
peak location and number.

[234]
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Marine
organic
matter
(carbohyd
rate fracs)

<3

Binomial
distributi
on
(unique
function)

GC

hydrocarb
ons

5
Or 3
highly
overlappe
d

own
function

Peak shapes extracted from
chromatogram, iterative nonweighted least squares procedure
Scilab™ code

[242]

RP

Organic
compoun
ds

<3,
relatively
simple

PEMG

Min least squares; different
algorithms used for simple and
complex problems. Detailed study.

[237,2
43]

5

Gauss

PeakFit, iteration until max F number
(related to R^2>0.970)

[244]

2

EMG

PeakFit, Iteration until R^2>0.970

[245]

TLC

X-ray

HPLC

peaks of
cellulose
Herbicide
s
enantiom
ers in soil

Curve fitting evaluation, min least
squares
Gnuplot, Matlab, Pascal

[241]

GC

m- and pxylene

2 (highly
overlappi
ng)

Gauss

TMI (translation modification
iteration)

[231]

LCMS/M
S (RP)

8
aminobut
yric acid
isomers

<2 (quite
well
resolved)

Gauss

Matlab fminsearch

[214]

isomers
1,2dialkylate
d
diaziridine
s

<2

Gauss
(?)

Program written in Delphi,
deconvolution based on 2D data and
reference material?

[246]

IgG from
CHO cell
supernata
nt

Several
peaks
(only few
highly
overlappe
d)

mEMG
(2D)

Matlab Fminsearch

[216]

Not
specifie
d

Developed comprehensive program
(ADAP-GC) for peak detection,
model selection and and
deconvolution; Subsequently,
identification of compounds.
Matching with library.

[247]

GCMS
(2D)

LC
(2D)

GCMS

Metabolo
mic
studies

Very
complex
systems
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Among variety of different problems and application of deconvolutions, there is
lack of deconvolution analysis of highly overlapping multiple peak scenarios,
which are observed in complex protein mixtures, where the concentration of
an analysed overlapped component is of particular interest. It is often the case
with product variants, but also host-cell-proteins (HCP) impurities. Often,
to deconvolve complex chromatograms such as those observed for diesel fuel
analysis, a statistical approach is used. However, such approach lacks the
information about specific component, cannot determine the presence
or absence of a component, instead most of these parameters are estimated.
The statistical approach to deconvolution is reviewed in details by Felinger [248].
Analysis of a complex deconvolution pattern is part of metabolomic studies.
Several programs have been developed and offer robust and sensitive
deconvolutions of analysed material [247], but require a library of previously
studied components. Although it is mentioned in many of the listed articles that
deconvolution of multiple, highly overlapping protein peaks may be difficult
or even impossible, to our knowledge, there is one article investigating this
problem on a real, complex protein example [216]. Hanke discusses use of
deconvolution in purification of IgG mixture from CHO cell supernatant using
modelled data from two-dimensional chromatograms. There are 9 peaks in total,
of which two to three peaks overlap in the 2 nd dimension, as indicated in Figure
F.2. Although it is a complex protein profile, the degree of overlap is not more
challenging than other discussed in the literature.
It seems, that not enough attention was placed on analysis of very complex
protein chromatograms, such as the observed for Con, Ova and BSA. Although,
with no doubt, deconvolution of such complex protein profiles is very challenging,
which probably stops scientist from implementing this technique, it should not be
neglected. This is one of the reasons, why it is investigated in this chapter.
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Figure F.2 Two-dimensional chromatograms of an IgG-1 containing CHO cell culture
supernatant: contour plot of the composite chromatogram with an exponential colormap after
resolution enhancement with labels marking peaks detected by the local maxima scanning
algorithm. Copied from [216].

2.3.

Assumptions of peak deconvolution

The deconvolution of chromatography peaks using curve fitting methods is based
on certain assumptions. The first assumption, which is generally true for
chromatography, is that the chromatogram of a mixture is a linear sum of
chromatograms of the components of the mixture and that the contribution of
each components is proportional to its concentration. Secondly, components are
linearly independent, which is generally true for analytical chromatography
and thirdly, each component can be modelled using a mathematical function.
When each of i-th peak is described with a function defined by vector of
parameters, B then sum of these functions creates an artificial chromatogram Ya.
This process can be called convolution. Conversely, a deconvolution is a process
of splitting original functions into several functions, as depicted in Figure F.3.
The similarity can be expressed as the sum of squared errors (SSE) between
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each point of Ya and Y and the overall aim of peak deconvolution is to find such
B vectors, for which this error is minimal. The actual deconvolution is performed
automatically using iterative numerical algorithms, which can be found,
for example in Matlab™ package. One of the problems encountered during peakfitting includes occurrence of false results, because of existence of multiple
minima in the objective function (usually sum of squares).

Figure F.3 Schematic representation of deconvolution, where the aim is to artificially reconstruct
chromatogram (panel A) with sum of mathematical functions (panel B), where each function
represents physical component in the chromatographically resolved mixture.

2.4.

Exponentially modified Gaussian (EMG) and novel parametrisation

The review of different functions and their capability to describe chromatographic
peaks was thoroughly discussed by Di Mario and Bombi [140] and also by Li
[232]. EMG function is often used in deconvolution studies, because it captures
the shape of chromatography peak and its parameters are of physical importance
[38,249–252]. EMG function can be parameterised in various ways. Its most
popular, here called classic form, is defined by four parameters (Equation 10).
Although, these parameters are not directly linked with peak properties [229],
their relative physical significance is observed. Parameters related with peak
retention time (z) and height (h) deviate from true retention (x(ymax)) and height
values (ymax), which is more significant for asymmetric peaks, as simulated in
Figure F.4.
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Equation 10 Representation of EMG function; parameters have only relative physical
significance [253]

𝑓(𝑥) =

ℎ∙𝑤 𝜋
𝑤2 𝑧 − 𝑥
1
𝑤 𝑥−𝑧
∙ √ ∙ exp [ 2 +
] [1 − erf ( ∙ ( −
))]
𝑠
2
2𝑠
𝑠
𝑤
√2 𝑠

(10)

ℎ, 𝑤, 𝑧, 𝑠 > 0

Here, a novel parametrisation of EMG function found by Prof. A. Jurlewicz is
used (Equation 11) for the first time in a practical application. It adds true physical
meaning to height (H) and retention time (x0) and therefore is favourable (Figure
F.4). A few functions were plotted to get an idea of how the other parameters
(ν and m0) influence the peak shape, as well as what operating range would be
not feasible in the context of peak fitting (Figure F.5). Parameter ν defines shape:
front and back tailing of a peak, and m0, described as mass-to-height ratio,
is strongly related with peak width. Mathematical details of this novel
reparameterization will be discussed in an article soon to be published by Prof.
A. Jurlewicz [143], while here, we focus on its practical use in deconvolution
studies.
Equation 11 Novel parametrisation of EMG function [143]. For description see text.

𝑓(𝑥) =

𝐻
erfc (−

𝜐
)
√2

∙ exp [−

𝑎(𝜐)(𝑥 − 𝑥0)
1
𝑥 − 𝑥0
] erfc ( ∙ (
+ 𝜐))
𝑚0𝛽(𝜈)
√2 𝑚0𝛽(𝜈)
(11)

𝐻, 𝑚0 > 0, 𝑥0, 𝜐 ∈ 𝑅
Equation 12 Definition of α(v) [143]

𝑎(𝜐) = √

2
𝜋

1
exp [(−

𝜐 2
𝜐
) ] erfc(− )
√2
√2

(12)

Equation 13 Definition of β(v) [143]

(𝜈 + 𝛼(𝜈)2)
𝛽(𝜈) = exp(−
)
2

(13)
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Figure F.4 Visualisation of EMG functions based on following parameters h=5, w=0.5 and z=4.5,
s=0.5 for panel A or z=2, s=1.5 for panel B. Values of parameters z and h (classic EMG form),
and values of x0 and H (novel EMG form) are presented and overlaid with function maxima
(ymax) and its x coordinate x(ymax).

Figure F.5 The impact of ν and m0 parameters on the EMG function shape. Panel A: m0
between 0.02 and 1, Panel B: ν between -10 and 5, panel C and D: m0 between 0.01 and 0.1
for ν = 0 (panel C) or ν = 1.5 (panel D). x0 and H constant in all panels.
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3.

Case study

It has been shown that the literature does not provide enough information on
deconvolution of complex protein mixtures during chromatographic purification.
Here, a complex ternary feed mixture of globular albumins Con, Ova and BSA,
whose variants make it a good analogue for a complex biological mixture, was
subject to detailed characterisation during the purification process. The mixture
of proteins was first purified and fractioned using an AX chromatography step as
depicted in Figure F.6. AX was chosen because it offered very high recovery of
protein material and allowed calculation of mass balance. Fractions from different
elution regions contained different amounts of proteins and were analysed using
a fast HPLC monolith column in a single-channel detection mode. Due to serious
overlap of peaks, obtained chromatograms were subject for deconvolution
studies using novel representation of EMG model function. The deconvolution
procedure was performed in two steps. In the first step, models for each observed
peak were found based on simultaneous analysis of representative fractions.
In the second step, peak models were applied sequentially to the remaining
fractions, allowing reconstruction of the native, preparative chromatogram.
It is assumed that once physically significant peak models were found they
should apply to other preparative runs, as long as the same analytical method is
used. This makes a deconvolution method reasonably general and prevents
performing the first deconvolution step each time.
Detailed

characterisation

of

deconvolved

chromatograms

should

allow

quantification of mixture components and could be further used to help facilitate
the whole optimisation of feed purification, as schematically presented in Figure
F.6. The actual experimental chromatographic procedures, both preparative
and analytical, were described in previous chapters, while deconvolution
procedures are described and analysed in this chapter.
This chapter’s overall aim is to demonstrate a solution for an analytical
quantification problem that could not be resolved experimentally, which was
encountered during purification of complex protein mixture and which mimics
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a real-life scenario. This chapter should also encourage scientists to use
deconvolution methods for their benefit when the classic experimental route fails.

Figure F.6 Schematic representation of characterisation of a purification process. Fractions are
collected throughout the run (top panel) and are analysed to quantify individual proteins present
at each stage of a purification (middle panel). Then the information is used to reconstruct
chromatogram to individual protein profiles (left side of the bottom panel), which can be used to
optimise separation (right side of the bottom panel).

4.

Deconvolution strategy

4.1.

Overview

The feed containing a complex ternary mixture is first purified and highly
fractioned. Each fraction has unique profile which contains part of the information
of the whole preparative chromatogram. These fractions are the subject of signal
preprocessing and subsequent deconvolution.
Preprocessing procedures aim to eliminate noise and allow determination of peak
positions and therefore also their total number. As mentioned earlier,
deconvolution procedures consist of two steps. In the first step, here called
calibration, representative chromatograms are used to build a physically
meaningful peak model. In the second step, here called curve fitting
deconvolution, the previously found model is applied to other chromatograms.
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Such two-step strategy of peak deconvolution is commonly known [233,236],
however, the actual procedures vary in details.
The calibration can be avoided if the peak model already exists. Similarly,
in theory, calibration of the same complex protein mixture, based on fractions
from a preparative run, could be performed only once. Once the deconvolution
profiles are available, the results are evaluated. Limited fine-tuning may be
required if the deviations from original chromatogram are small. For high
deviations, change of model (re-calibration) may be required. Once results are
acceptable, individual proteins are quantified and a preparative chromatogram is
reconstructed. This overall strategy is presented in Figure F.7.

Figure F.7 Proposed strategy of analysis of complex protein feed using deconvolution.
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4.2.

Strategy details

Details of deconvolution procedures are presented in more details in Figure F.8.
Calibration: choosing representative fractions
The aim of calibration step is to find parameters that are common for each
of the peak in all the chromatograms. During calibration, a mathematical EMG
model of observed peaks is built using dataset from the representative
chromatograms. These chromatograms should contain enough information to be
able to describe the whole protein mixture; together they should contain all
present components, ideally at different loads and ratio with respect to each
other. The underlying assumption here is that an analytical peak, produced
by a given protein is conserved with respect to its shape and relative position in
all analysis, regardless of the load and other proteins. This should be generally
true in linear chromatography, where no competition should occur, which is
the case in HPLC. Representative chromatograms are also selected considering
a trade-off between number of selected chromatograms and time required to
numerically process the deconvolution parameters from a given dataset. The time
of processing increases for larger numbers of peaks and chromatograms.
Calibration: determination of parameters
Total number of peaks, K, as well as position, x0, and height, H, of each peak are
determined from the chromatograms. Then, shape parameters: ν and mass-toheight ratio, m0 are estimated. While the total number of peaks is constant, other
EMG parameters are subject for simultaneous (calibration) or sequential (curve
fitting) optimisation. These parameters can be grouped into two categories:
chromatogram independent and dependent. The first group includes parameters
that are constant between different chromatograms. These parameters should
generally include x0, m0 and ν. The second group contains parameter H which
varies between chromatograms and depends on the amount of a given protein
entity in analysed sample. In real laboratory practice, parameter x0, which defines
peak positions, is subject to certain deviations and for the purpose of
deconvolution is treated as chromatogram dependent parameter. Perfect
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alignment of peaks should remove the problem of retention time variations;
however, it may not be possible without using method called warping [254].
Warping aligns peaks to the reference chromatogram, but is not favourable here,
because it distorts peak shapes [254,255].
Calibration: model optimisation
The estimated model is visualised and overlaid with real chromatograms.
To optimise the mode parameter optimisation is simultaneously performed on all
the representative fractions using iterative methods coded in Matlab® (fmincon
function) to minimise the objective function. The objective function is defined as
sum of sum of square error (SSE) between all: real and modelled chromatograms
of representative fractions. Once the optimiser reaches minimum, SSE for each
chromatogram is investigated. If SSE values are genuinely small and plots are
visually acceptable, parameters ν and m0 for each peak are extracted. If not, the
procedure is repeated with different initial conditions.
Curve fitting: model application
During curve fitting deconvolution, chromatogram independent parameters are
imported from calibration step and estimated H and x0 are read from each
chromatogram. Each guessed model is visualised and evaluated. When needed,
adjustments of x0 and H are performed. Contrary to the calibration, during the
curve-fitting chromatogram dependent parameters are optimised separately for
each chromatogram, but the same Matlab® function is used during numerical
optimisation. Due to the sequential procedure, the objective function is defined
as least SSE, instead of sum of SSE.
Results evaluation and quantification
Deconvolution results are evaluated and used in determination of protein
concentration for each preparative fraction. The mass of each protein entity
visualised as peak is linearly proportional to the value of the H parameter for each
EMG function. The curve fitting deconvolution is numerically and computationally
much faster than the calibration, because it calculates significantly lower number
of variables.
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Fine-tuning
Finally, certain fine-tuning may be required to correct for real-life signal variability.
It is limited to removal of artificially introduced peaks, correction of signal positions
or shapes. It may also include change of parameter boundaries, in which
the numerical optimiser operates. When a change of number of peaks
or representative fractions is required, instead of fine-tuning, a new calibration is
performed.
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5.

Methodology

5.1.

Model system

A protein mixture of Con, Ova and BSA mixed at ratio 1:8:1 and AX fractions of
purified mixture were used in deconvolution studies. Details of used proteins are
described in chapter A. Purification was performed in an AX mode using
HiScreen™ Capto Q column on an AKTA Purifier with details presented
in the previous chapter. The deconvolution study was performed on runs that
ranged in the load: 16 - 100 g/L and the gradient elution slope: 15 – 38 mM/NaCl.
AX was selected, because recovery of proteins was known to be close to 100 %,
which allowed calculation of the mass balance. To demonstrate deconvolution
procedures, a run at 32 g/L is used, unless stated otherwise in the text.
5.2.

Exporting and preprocessing of chromatograms

Retention time and absorbance of each chromatogram of analysed sample were
exported manually from the HPLC system and stored as raw numerical data
in MS Excel® file as described in previous chapter. Following preprocessing
procedures were performed in Matlab®: 1) absorbance signal of a blank was
subtracted from each chromatogram to reduce the background noise, 2) the
retention time of each chromatogram was adjusted according to the injection
volume of a sample (discussed in paragraphs 5.3 and 0) and 3) the respective
region in which the relevant part of chromatogram was analysed (containing
overlapping peaks or crucial information), was selected. In addition, for better
visualisation purposes, the normalisation was performed, where each
absorbance value of a processed signal was divided by the maximum
absorbance in a presented part of a chromatogram. Additionally, to facilitate
plotting procedures, the number of data points was reduced by factor
of 2 (equivalent of the frequency of 5 Hz). For peak analysis using derivatives,
signals were subjected to smoothing, which was performed using script adapted
from Tom O’Haver [226]. The degree of smoothing depended on the selected
width of smoothing and unless stated otherwise was equal to 10. Chromatograms
of non-derivatised signals were not subjected to smoothing, because of loss of
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information in a processed signal, such as change of peak width or peak height,
which were key in further analyses.
5.3.

Measurement of the impact of injection volume on retention time

shift
The acquisition of chromatogram in HPLC software from Agilent starts when
the needle with aspirated sample moves onto the needle seat in the respective
HPLC compartment and the content is injected into the system under the constant
flow. Because of this technicality, injections of larger volumes delay the actual
method start. This is especially visible for short methods. Therefore, retention
time of a signal was adjusted according to injection volume by shifting the whole
signal by the time that is taken to load given injection volume onto the column
under the used flow rate, according to the Equation 14.
The impact of injection volume on retention time shifts was also studied by
injecting solution of 1 mg/mL adenosine 5′-monophosphate disodium salt (AMP)
in 40 mM Tris pH 9 onto the HPLC column and system described in chapter A.
AMP was obtained from Sigma-Aldrich. The injection volume ranged between
5 and 100 µL. AMP was eluted from the column with 0 - 50 % gradient of
40 mM Tris buffer with 1 M NaCl at pH 9 at the slope of 5 mM NaCl/CV and at 1.5
mL/min flow. Other conditions are the same as described in chapter A.
Retention time of peaks around 2.3 and 8.8 min were measured. The first was
attributed to AMP and second to mobile phases change of elution buffer into strip
buffer. The effect of injection volume on retention time shift was presented
in relation to the lowest volume injection, where it was assumed no retention time
shift should occur.
Equation 14 Retention time shift (ts) which is related with injection volume (Vi) at constant flow
rate (Q)

𝑡𝑠 = 𝑉𝑖 /𝑄

(14)
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5.4.

Selection of chromatograms and establishing number of peaks

To accurately detect number of peaks in presented purification system,
representative chromatograms were selected. Fractions were chosen manually
to cover all the peaks that exist in the protein mixture, but at the same time to limit
number of chromatograms to be processed. To detect number of peaks,
representative chromatograms were plotted and overlaid. Their 1 st and 2nd
derivatives were calculated and plotted to facilitate peak detection.
Detection of number of peaks in a fraction was performed both by visual
inspection of peaks and shoulder, and with use of 1st and 2nd derivative of
processed signal. The signal of 1st derivative crosses x-axis (zero-crossing point)
going from positive to negative in the peak maximum, while 2nd derivative has
a minimum in the peak centre. Information obtained from the analysis of peaks
using all three methods was compared and the total number of peaks was
established. Retention time of each of the detected peak was recorded. Similar,
but automated methodologies to detect peaks were presented by [237].
5.5.

Defining model chromatograms

To perform peak deconvolution using curve fitting procedures, a chromatogram
needs to be reconstructed using sum of mathematical functions. Here, this,
so called modelled chromatogram, was defined as sum of individual EMG
functions (Equation 15), where each function was defined by four parameters: ν,
m0, x0 and H (Equation 11). These parameters were subject for optimisation
in curve fitting procedures to allow deconvolution of real chromatograms.
The underlying assumption was made, that parameters ν and m0 are constant
for each EMG and independent between chromatograms, while parameters x0
and H vary depending on the chromatogram analysed. Theoretically parameter
x0, related with peak retention time, should also be independent of
chromatogram, however, certain variability is allowed due to observed small peak
shifts, as was also discussed by others [233]. The variability of parameter x0 was
restricted to few seconds on each side of the peak centre, while H values should
be between 0 (no peak detected) and maximum peak height detected in real
chromatogram.
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Equation 15 Definition of modelled chromatogram: sum of EMG functions
𝑛

𝑓(𝑥) = ∑ 𝑓𝐸𝑀𝐺,𝑖 (𝑥; 𝜈𝑖 , 𝑚0𝑖 , 𝑥0𝑖 , 𝐻𝑖 )

(15)

𝑖=1

5.6.

Calibration

Representative chromatograms were used to establish independent EMG
parameters, ν and m0, that described peak shapes. Modelled chromatograms
describing each representative chromatogram were constructed based on read
or estimated parameters. These parameters were then simultaneously optimised
using fmincon function in Matlab® (R2015b) to minimise the sum of the sum of
squared errors (SSE) between modelled and real representative chromatograms.
Parameters, x0 and H were estimated from retention time and height of each
peach in each representative chromatogram. Independent parameters ν=0 and
m0=0.03

were

used,

as

a

reasonable

starting

point

of

calibration.

These parameters described almost Gaussian, relatively narrow peaks. Lower
and upper boundaries for all parameters during optimisation procedures were
defined and are presented in brackets: ν (-10,1.5), m0 (0,2.5), x0 (± 5 s or ±15 s
for BSA peaks in respect to the initial estimate) and H (0,max read peak height).
Additionally, to prevent optimiser from changing the order of peaks, an artificially
high extra SSE was introduced when following criterium was not met: x0 1 < x02 <
… < x0n. During optimisation using fmincon, parameters are changed every time
the optimisation criteria are not met. The termination criteria include the number
of iterations that can be performed and the minimum difference between previous
and current sum of calculated errors. Maximum number of iterations and function
evaluations during optimisation using fmincon were set to 20 000 and 40 000
and termination tolerance on the function value and the current point were set to
1e-10. Optimisation was performed on a 64-bit PC laptop with Microsoft®
Windows 7 with Intel®-Core™ i5-2410M @ 2.3 GHz and with 8 GB DDR3 RAM.
Results were evaluated visually to assess if the proposed deconvolution profile
can represent a true chromatographic case. This was introduced to exclude
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unusual peak shapes which don’t exist in chromatography (flat broad peaks,
unusual tailing) or may be related with numerical problems. Calibration results
were also evaluated numerically by comparing SSE, NMRSE and the RFO.
5.7.

Curve fitting

Each chromatogram was deconvolved using curve fitting procedures. Modelled
chromatogram describing each chromatogram was constructed based on read
(x0 and H) or found parameters (ν and m0). The latter ones were obtained from
calibration studies and were constant during optimisation. Read parameters were
subject for optimisation using previously described fmincon function in Matlab®
to minimise the SSE between each modelled and real chromatogram. Retention
time of each peak in representative chromatograms obtained after calibration
studies was averaged and used as initial x0 estimate, while corresponding height
of peak was used as initial H estimate. Other conditions (boundaries and order)
were used as in calibration section. Similar to the calibration, the goodness of fit
of curve fitted chromatograms were evaluated both visually and numerically by
calculating SSE, NMRSE and RFO.
5.8.

Total number of parameters

Although EMG function is described by four parameters, the total number
of parameters used to reconstruct a chromatogram, depends on the number of
EMG functions (peaks). During optimisation, chromatogram can be processed
simultaneously, which can further increase number of used parameters.
Therefore, the total number of parameters, T that described a given
deconvolution problem was defined in Equation 16, where C – number of
chromatograms, K – total number of peaks, D – number of chromatogram
dependent parameters, I – number of chromatogram independent parameters.
Equation 16 Total number of parameters

𝑇 =𝐶∙𝐾∙𝐷+𝐾∙𝐼
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In theory and ideal case, only 1 parameter, H is chromatogram dependent, while
other 3 are constant. As discussed earlier, certain change of x0 parameter must
be allowed (especially for BSA peaks) and therefore number of independent
and dependent parameters equals 2 and the total number of parameters can be
calculated from Equation 17. This equation describes the situation observed
during calibration of deconvolution parameters.
Equation 17 Total number of parameters during calibration when D=I

𝑇 = 2𝐾 ∙ (𝐶 + 1)

(17)

For the actual curve fitting, independent parameters are not subject of
optimisation and therefore their number equals 0, hence the equation
For the curve fitting, independent parameters are not subject of optimisation (I=0)
and each chromatogram is processed independently. Therefore, the total number
of parameters can be calculated from Equation 18.
The total number of parameters has practical implications on the complexity
and speed of deconvolution procedures.
Equation 18 Total number of parameters during curve fitting deconvolution of a single
chromatogram for D=2

𝑇 = 2𝐾

5.9.

(18)

Defining optimisation problem

For numerical optimisation, fit effectiveness of modelled chromatogram to real
chromatogram was defined by SSE. The objective of curve fitting procedures was
to minimise SSE by changing selected EMG parameters. Selection of these
parameters was different, depending on whether calibration of representative
fractions or curve fitting deconvolution of all fractions was performed.
For calibration, two chromatogram independent parameters vectors (ν and m0)
and two chromatogram dependent parameters vectors (x0 and H) were varied
to minimise the sum of SSE from all reference chromatograms, as defined
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in Equation 19. A vector contains parameters that describe all peaks in a i-th
chromatogram.
Equation 19 Definition of optimisation problem during calibration.
𝐶

min ∑ 𝑆𝑆𝐸(𝜈, 𝑚0, 𝑥0𝑖 , 𝐻𝑖 )

𝜈,𝑚0 ,𝑥0 ,𝐻

(19)

𝑖=1

In curve fitting deconvolution, independent parameters were fixed based on
information from calibration set and only dependent parameters were subject to
change. In addition, each chromatogram was deconvolved sequentially.
Therefore, the objective was to minimise SSE of a single chromatograms, as
defined in Equation 20.
Equation 20 Definition of optimisation problem during curve fitting deconvolution.

min 𝑆𝑆𝐸(𝑥0 , 𝐻)
𝑥0 ,𝐻

(20)

5.10. Calculating goodness of fit
Evaluation of goodness of fit was performed by comparing errors between
modelled (fitted) and real chromatogram. Three types of errors were calculated:
sum of squared error (SSE, Equation 21), normalised root mean square error
(NRMSE, Equation 22) and the area ratio between modelled and original
chromatogram (RFO). Perfect fit would be described by SSE=0 and both NRMSE
and RFO = 1 and bad fit by SSE = +infinity (INF), NRMSE = - INF and RFO ±INF.
As a general rule, values of NRMSE >0.95 and RFO between 0.95 and 1.05 were
considered good fit. SSE dependent also on the intensity of original signal
and was subject to more careful analysis. Visual evaluation of the fit was
considered a valuable method. Although it is related with potential subjective
human decisions, it allowed relatively simple rejection of false peaks.
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Equation 21 Sum of squares error (SSE), where yi is one of n points in modelled (Y) or
reference signal (Yref).
𝑛

𝑆𝑆𝐸 = ∑(𝑌𝑖,𝑟𝑒𝑓 − 𝑌𝑖 )

2

(21)

𝑖=1

Equation 22 Normalised root mean square error (NRMSE) where || indicates the 2-norm of a
vector (Equation 23), y and yref are vectors of modelled and reference signal.

𝑁𝑀𝑅𝑆𝐸 = 1 −

|| (𝑌𝑟𝑒𝑓 − 𝑌)||
||𝑌𝑟𝑒𝑓 − 𝑚𝑒𝑎𝑛(𝑌𝑟𝑒𝑓 )||

(22)

Equation 23 Definition of a 2-norm of a vector ν, where n is total number of points.

𝑛
2
𝑛𝑜𝑟𝑚(𝑣) = √∑ 𝑣𝑖2 + 𝑣𝑖+1
+ ⋯ + 𝑣𝑛2

(23)

𝑖

5.11. Integration of peaks
To calculate concentration of each protein, deconvolved chromatograms were
integrated. Each protein was characterised by number of peaks, and their
integrated areas were summed and used to calculate respective protein
concentration using protein standard curves (described in previous chapter).
The integrated area of each EMG was calculated directly from H and m0
parameter, as described in Equation 24.
Equation 24 Calculation of peak mass (area under the curve) directly from Equation 10
∞

𝑀 = ∫ 𝑓𝐸𝑀𝐺 (𝑥)𝑑𝑥 = 𝐻 ∙ 𝑚0 ∙ √2𝜋

(24)

−∞
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6.

Results and Discussion

6.1.

Selection of model system

Purification of Con, Ova and BSA mixture (ratio 1:8:1) using AX Capto™ Q
column at pH 9 and subsequent analysis of fractions using CiMac QA column,
whose details are described in previous chapter, was selected to demonstrate
applicability of deconvolution procedures. This model system was selected,
because of known concentrations of loaded proteins and almost 100 % recovery
of material from the column (as seen and described in previous chapters), which
allowed accurate calculation of mass balance. Because of two purification steps,
this separation can be treated as two-dimensional, as visualised in Figure F.9.
For the reference purposes, 1D profile is presented on the bottom of the y axis,
below 2. This picture shows the benefit of using a 2nd separation technique, where
red colour which indicates maximum of peak absorbance in a fraction, changes
diagonally and indicates further separation of 1D profile. Naturally, it does not
reveal the full complexity of the separation, which will be discussed later in details.
At the same time, from a deconvolution, and more precisely curve fitting
standpoint, the problem is handled only in one, the 2nd dimension, that shows
some similarity to so called two-way data problems [236].
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Figure F.9 2D separation of Con, Ova, BSA mixture on Capto Q and CiMac QA resins. Signals
were normalised to maximum signal of analysed sample. Normalised 1D signal is presented on
the bottom of the plot, below y=2.

6.2.

Preprocessing

Injection volume and retention time shift
To test the impact of the injection volume on the retention time shift in HPLC
chromatogram, sample of AMP was injected at different volumes, ranging from 5
to 100 μL; but at constant load, 15 μg. The elution time of observed peaks was
measured. Figure F.10 shows two peaks, where the first was attributed to AMP
and the second to the strip. Both peaks are presented at larger scale in Figure
F.10C and Figure F.10D and their relative position and retention volume are
presented in Figure F.10B. As expected and discussed in section 5.2,
the retention time differences of peaks were larger for larger injection volumes.
Although, for the strip peak the retention volume difference was almost the same
as the injection volume (red triangles in Figure F.10B), for earlier eluting AMP
peaks these differences were smaller. This difference between AMP and strip
peak behaviour suggests, that the effect of injection volume on retention time may
vary depending on peak position in the chromatogram. Nevertheless, based on
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current results, it can be estimated that for maximum injection volume shift of
peaks should not be larger than 5 s. This information was later used in estimating
lower and upper parameter boundaries during automated fitting procedures.

Figure F.10 Analytical profiles of AMP and strip peaks and their retention time shift at different
injection volumes. Chromatograms represent A) full analytical profile, B) retention time
difference between peak at given volume in relation to peak at 5 µL C) zoomed AMP peak area
and D) zoomed strip peak area.

Theoretical calculation of injection volume shift generally agrees with what was
observed in the study, where the impact of injection volume on retention time shift
was briefly evaluated (paragraph 0).
Smoothing
The effect of smoothing was evaluated for HPLC chromatogram of Ovalbumin
(0th derivative) and its 1st and 2nd derivatives and results are presented Figure
F.11. It is observed that smoothing reduced the noise amplitude of signals, which
is especially visible in derivatised signals and most of all in the 2nd derivative.
Because 0th derivative signal had already relatively low signal to noise ratio,
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smoothing can be considered a cosmetic procedure here. Furthermore,
excessive smoothing of the chromatographic signal, resulted in loss of
information, observed as decrease in peaks and loss of resolution. This negative
effect of smoothing is clearly visible for smooth widths >10. For 1st and, especially
for 2nd derivative, smoothing was more important, because it allowed more
accurate detection of peak minima or zero-crossing points.

Figure F.11 The effect of smoothing on 0th (A), 1st (B) and 2nd (C) derivative of analytical
chromatogram of Ovalbumin. Smooth width for each signal presented in the legend in panel A.
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The effect of loading
Analytical chromatography is usually performed at conditions which allow
operation in linear range of isotherms. At these conditions, there is enough
binding sites for analysed species and therefore no competition effect occurs.
This is achieved by using low loads of sample far less than the binding capacity
of the column. In analytical experiments where preparative chromatography
fractions were analysed using CiMac QA column, the aim was to load 15 μg
protein, equivalent of 0.2 gprotein/Lresin, far beneath the binding capacity [256].
When different, low loads of model proteins were used, an unexpected behaviour
of BSA protein species was observed: BSA peaks eluted earlier for higher
loadings, as shown in Figure F.12. Because of loadings beneath the binding
capacity, the shift effect is difficult to explain by competition mechanism. For Con,
although peaks elution time remained constant, an interesting swap in peaks
heights was observed, where increase in height of 1st Con peak was paralleled
by decrease of 2nd Con peak when the load was increased. Such phenomena
were not observed for Ova.

Figure F.12 The effect of loading of model proteins on elution profiles.
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The impact of number of parameters
The total number of parameters to be optimised during curve fitting process was
calculated using formula from Equation 16. The plot presented in Figure F.13,
shows examples of number of total parameters (T) that are handled during
optimisation that depend on the number of peaks (K), chromatograms (C)
and both dependent (D) and independent (I) parameters, when a 4-parameter
function, like EMG is used. For 10 chromatograms and 15 peaks where D=I
and equals 2, the total number of parameters that are processed during
optimisation equals 330, while for D=4, T=600 and for D=1, T=195. The impact
of dependent and independent parameters on the total number of parameters is
significant. This is one of the reasons why the deconvolution methodology
discussed here was split into two steps: calibration and curve fitting, whose
details were discussed in later sections.
The total number of parameters is, apart from general complexity of
a deconvolution problem, accuracy of initial estimations and algorithm used, one
of the most important factors that affect the time of numerical calculations.
During calibration, the processing time of 10 chromatograms with 16 peaks
defined by 2 chromatograms dependent and 2 independent parameters was
around 30 min (for PC details, see section 5.6). During curve fitting procedures,
significantly less parameters are processed (independent parameters are
constant), which translates into reduced time of analysis: on average 20 seconds
per chromatogram (maximum 40 seconds for a tested dataset), ca 10-20 min for
whole dataset.
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Figure F.13 Influence of number of chromatograms (C), peaks (K) and independent parameters
(I) on the total number of parameters (T). Number of dependent parameters equals 4 – I.

6.3.

Calibration of deconvolution model

As described before, deconvolution process was performed in two steps:
calibration, where deconvolution model was established, and curve fitting, where
deconvolution model was applied to each chromatogram. Both steps were
facilitated by optimisation methods coded in Matlab®, however their number of
parameter in each step was vastly different. During calibration, models of EMG
functions describing chromatography peaks were calibrated based on a
representative set of chromatograms.
Choosing representative chromatograms and establishing number of
peaks
Analytical chromatograms of all elution fractions from AX purification were plotted
in Figure F.14. A distribution of various peak shapes representing different protein
species is observed. Reference chromatograms, that represented the distribution
of all observed peaks were selected, normalised and plotted in Figure F.15.
Detailed detection of peaks was performed visually and with use of 1 st and 2nd
derivative of

processed signals. Zero-crossing point in 1st derivative

and a minimum in a 2nd derivative indicated peak maximum in a chromatogram
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of a zeroth derivative. Three examples (early, middle and late fractions) of fully
analysed chromatograms are shown in Figure F.16.
For the early fraction, three peaks were observed in original signal and were
confirmed by 1st and 2nd derivative. In the latter one, another minimum was
observed depicted by red dashed arrow, which suggested existence of a fourth
peak. This peak is barely seen in the original signal, but could be interpreted as
a shoulder. For middle fraction, four peaks were identified and confirmed by
derivative analysis. Additional peak in the middle of chromatogram was clearly
identified by derivative analysis. Also, earlier peaks were identified, especially by
2nd derivative analysis. Finally, for late fraction, five peaks were identified in the
original signal, confirmed by 1st derivative analysis. The analysis with 2nd derivate
was less conclusive, because of higher noise and less pronounced minima.
This is because, wider peaks have smaller derivative amplitude and therefore it
is more difficult or even impossible to accurately detect peak maxima or minima.
This is also a problem in 1st derivative signal, but in this case, it was still possible
to determine zero-crossings.
Analysis of all representative chromatograms suggested existence of 16 peaks,
where the last peak is visible as a shoulder. Summarised results were shown in
Figure F.17.
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Figure F.14 Overlaid chromatograms of all fractions.

Figure F.15 Overlaid and normalised chromatograms of representative fractions.
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Figure F.16 Peak detection in selected chromatograms of representative fractions: B11, B05
and C06 using visual inspection of original signal and its 1st and 2nd derivatives.
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Figure F.17 Normalised chromatograms of reference fractions. Section (A) present early and (B)
late fractions. Peaks are pointed with red arrows and numbered.
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Table F.3 Results of peak detection for representative chromatograms
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Estimation of EMG parameters
Estimation of deconvolution parameters was reported to be a very important
factor in deconvolution process [234,237], which is partially responsible for
deconvolution success. The number of peaks (K) and two out of four parameters
of each EMG function (x0 and H) were estimated based on representative
chromatograms. Number of peaks was assumed to be the sum of observed,
different peaks and was equal to 16, as discussed before. This assumption is
valid for the deconvolution purposes described here, however it may not
represent all the different species present in the analysed mixture. Position
and height of each peak were read and used as initial x0 and H parameters, as
presented in Table F.3. It is worth noting, that in a multicomponent case, the
observed peak height in an overlapping region of a convolved chromatogram is
a result of an overlap of individual peaks, which are not visible prior
deconvolution. Therefore, the actual retention time (x0) and height (H)
of individual peaks will almost certainly deviate from those initially read.
The degree of deviation depends on the overlap and shape of each peak.
Nevertheless, it is reasonable to use read x0 and H parameters, as initial
estimates, because they approximate the position of peaks quite accurately and
reflect the peak composition in the analysed sample. This is also possible due to
use of a novel parametrisation of EMG function, which parameters with physical
attributes of peaks, such as peak position and height. In contrary, in classic
parametrisation of EMG parameters z and h are loosely related with peak
retention time and height and therefore their variability between convolved
and deconvolved signal is much larger.
The other two parameters, ν and m0 were chosen to reflect relatively simple,
close to Gaussian function, here ν=0 and m0=0.03. As can be seen in figures
presented in Figure F.18, all EMG peaks, indicated by coloured peaks, are of the
same shape, but their height and retention times are different.
Initial EMG functions, representing deconvolved peaks, were summed for each
chromatogram

to

create

chromatogram

of

representative
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the corresponding real one and the difference between them was expressed as
sum of standard errors. The aim of curve fitting procedures was to find
parameters for which the sum of the sum of standard errors for all reference
chromatograms was minimal. The results are presented in Figure F.19 and will
be discussed in later sections.

Figure F.18 Estimation of EMG parameters for calibration set.
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Figure F.19 Results of calibration of EMG parameters for representative fractions.
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Evaluation of found parameters
Evaluation of deconvolution results included comparison of errors, mainly SSE,
NRMSE and fit error, but also visual inspection. The latter one is unavoidable to
check whether peak shapes can be regarded as real. For example, heavily tailing
and broad peaks eluting across whole chromatogram are unreal, but may result
in low SSE and therefore may not be rejected based purely on mathematics.
Although visual inspection method is always related with the human-to-human
opinion variation, it allows relatively simple rejection of clearly false peaks and
should therefore not be neglected.
The results of optimisation of EMG parameters for a calibration set are presented
in Table F.4 and selected deconvolved chromatograms are visualised in Figure
F.19. High error measured as SSE was observed for the first representative
chromatogram (B11), containing early eluting peak, mostly Con, and was
probably mostly related with the lack of fit at the front end of a peak (Figure F.19A
and B). This part of chromatogram was not included into the model and could be
related with peculiar baseline drift, rather than a separate peak. For late fractions
SSE was low, while NRMSE values were below 0.95, which together can indicate
that the fit was not entirely accurate, but the absorbance signal was generally
low. It is worth noting here, that lower peaks will have smaller effect on the overall
result of calibration and therefore solving certain problems observed there is not
prioritised. This gives advantage for compounds that are present at higher
concentrations in fractions, which can be a desirable effect, since low
concentrated sample affect product purity to a lesser extent. RFO was close to 1
in almost all cases, which indicates that overall fitted area is close to original one.
Visual inspection of presented chromatograms did not notice any clearly false
peaks for most of peaks, except the 16 th peak, whose shape was unreal.
The significant sharpness of that peak was probably because of overall low effect
of incorrect fitting of the last peak and the fact that the 15th peak covered some
of the area of peak 16. Because this region of chromatogram was not the key
region, it was neglected at this stage. Chromatogram independent parameters
that were found during calibration are listed in Table F.5. These parameters were
used during curve fitting of remaining chromatograms.
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Table F.4 Comparison of errors for neat and deconvolved chromatograms from the calibration
set. SSE-standard error, NRMSE – normalised root mean square error and RFO - ratio of area
under curve for fitted and original signal. Columns are coloured using conditional formatting
from MS Excel® with red indicating values on the edge of the selected range.

Name
B 11
B 09
B 07
B 05
B 03
B 01
C 02
C 04
C 06
C 08

SSE
148
40
22
12
23
23
31
28
32
33

NRMSE
0.95
0.96
0.97
0.97
0.97
0.95
0.93
0.93
0.91
0.89

RFO
0.97
0.98
0.98
1.00
1.00
1.02
1.00
1.05
1.01
1.01

Table F.5 Chromatogram independent parameters found during calibration of deconvolution
model.

Peak

1

2

3

4

5

6

7

8

ν

-0.386

0.146

-2.746

-1.492

-1.018

-1.817

0.806

-0.586

m0

0.034

0.051

0.050

0.032

0.036

0.046

0.033

0.028

Peak

9

10

11

12

13

14

15

16

ν

-0.406

-0.311

-0.131

0.869

-3.002

1.027

0.500

1.179

m0

0.037

0.029

0.045

0.083

0.159

0.115

0.376

0.008

The importance of the quality of analytical data
Ideally, model calibration needs to be performed once for a given analytical
method and protein system, because of the assumption that analytical peak
shapes of individual proteins are conserved between preparative runs. Therefore,
curve fitting of all preparative chromatograms is performed based on the same
calibration set of results. This application of single calibration set to the whole
spectra of preparative runs is limited to the fact, that analytical columns
deteriorate and certain re-calibration may be required.
We had to analyse high number of samples relatively fast and therefore we used
fast monolith, analytical column. In order to maintain high resolution profile
between Con, Ova and BSA, the column was subject to the rigorous cleaning
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regime after analysis of set of fractions from each preparative run. The cleaning
slightly affected the retention time of eluting components, which was especially
significant for early eluting components and which contributed to the differences
between analytical profiles between different preparative runs. In addition,
although general resolution was not affected, certain slight shape differences
were also observed. These reasons and the fact that the time of the project was
limited, made us decide to run separate calibrations for each run. Performing
calibration on a multi-preparative runs calibration set was also possible, but would
involve careful adjustments of all the analytical chromatograms to include
retention time differences and slight peak shape changes, and was not
considered at this stage.
These analytical issues highlight the importance of maintaining the analytical
system in perfect condition when similar deconvolution analysis are performed.
Nevertheless, we believe, that it is perfectly valid to assume that for a robust
analytical system, we can get reproducible calibration results for multi preparative
calibration sets.
As mentioned earlier, we did calibration for each run, but we present detailed
analysis for the run performed at 32 g/L. This run was chosen, because we could
demonstrate several problems that a user might encounter during deconvolution
process.
6.4.

Curve fitting of remaining fractions

Deconvolution model found during calibration step was used during curve fitting
deconvolution of the all fractions. Independent parameters were fixed (ν and m0,
Table F.5) and only relative height (H) and position (x0) were subject for
optimisation. Although, representative chromatograms were deconvolved during
calibration step, they were deconvolved “again” using strategy proposed here,
to access the variability of a model. The optimisation problem here was much
simpler, than the one encountered during calibration, because each
chromatogram was analysed individually and therefore number of parameters
was smaller.
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Estimation of EMG parameters
To facilitate the process of estimation of parameters, the same peak retention
times (x0) (an average of peak retention time in different calibration
chromatograms) were used for all chromatograms. Corresponding peak heights
(H) were automatically calculated from each chromatogram using Matlab™ code
based on estimated x0. The results of estimation of selected chromatograms are
presented in Figure F.20. Initial EMG functions, representing deconvolved peaks,
were summed for each chromatogram to construct a chromatogram model.
Modelled chromatograms of fractions were compared with the corresponding real
chromatograms and the difference between each of them was expressed as SSE.
Modelled chromatograms deviate from the original signal, but are very good
estimates prior subsequent curve fitting procedures. It is worth noting, that
the last peak in Figure F.20G and Figure F.20H is an artefact, as discussed
during calibration, but at this stage was not deleted. The aim of curve fitting was
to find x0 and H parameters for which the SSE error for each chromatogram was
minimal.
Evaluation of found parameters
Similar to calibration, evaluation of deconvolution results included comparison of
errors, mainly SSE, NRMSE and fit error, but also visual inspection. Examples of
modelled and deconvolved chromatograms are presented in Figure F.21. Results
of all modelled fractions and corresponding error values are presented in Figure
F.23 and Figure F.24 and Table F.6.
High SSE (>100) and relatively low NRMSE ≤ 0.95 were observed for early
fractions: A11 – B11 and two fractions in the middle of elution gradient: B2
and C1. Low NRMSE was observed for late fractions, especially: C11 and C12
(NRMSE < 0.8) and was mainly due to high signal to noise ratio and baseline
distortions. Fitting model curves to such shapes is almost always prone to errors.
Slight inaccuracies were also observed for fraction C6 – C8 which could also be
related with wrong upper boundaries for x0 for the peak 13. Parameter analysis
(Figure F.25) revealed that for fractions C5 – C9 peak 13 reached its upper
boundary (indicated by green star filling the upper red circle).
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Inaccurate curve fitting of the early fractions was because of peak shift during
optimisation. Modelled peaks were shifted towards the early tailing area and fall
out of their correct positions: yellow peak described the 1st peak instead of the 2nd;
as presented in Figure F.21A. The front tailing problem could potentially be
corrected when another peak was introduced prior 1st peak during calibration
stage. A simpler solution was applied, where initial estimates and boundaries
were adjusted and prevented peaks from wrong excessive movement during finetuning. Middle fractions, B2 and C1 were wrongly fitted most probably due to
inaccurate estimates of some of its peaks. When, even a single peak falls out of
its position, it can cause optimiser to fall into local minima solutions. This seemed
to be the case for some of the late fractions, as well. To prevent this, other
estimates and potentially also parameter boundaries are applied. Corrections that
were applied to inaccurately fitted fractions are discussed in paragraph Fine
Tuning.
It is known, that different solutions may be observed when different initial
parameters estimates are used. This problem will be investigated in detail in later
sections. Here, we wanted to test if for the same fractions, the same results are
obtained. For this purpose, we re-fitted representative fractions from calibration
set, during curve fitting. The average difference between calibrated and re-fitted
chromatograms for SSE, NRMSE and RFO was -6, 0.006 and -0.014,
respectively (compare Table F.4 and Table F.6) and it is almost impossible to
observe these differences by naked eye (Figure F.22). This suggested that the
curve fitting algorithm is robust.
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Figure F.20 Estimation of EMG parameters for the curve fitting deconvolution
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Figure F.21 Results of curve fitting of deconvolution model to selected fractions.
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Table F.6 Comparison of errors for neat and deconvolved chromatograms for all fractions. SSEstandard error, NRMSE – normalised root mean square error and RFO - ratio of area under
curve for fitted and original signal. Columns are coloured using conditional formatting from MS
Excel® with red indicating values on the edge of the selected range.
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Name

SSE

NRMSE

RFO

A 11

648

0.83

0.94

A 12

403

0.93

0.95

B 12

230

0.94

0.99

B 11

143

0.95

0.96

B 10

90

0.95

0.97

B 09

34

0.96

0.97

B 08

33

0.96

0.97

B 07

15

0.97

0.98

B 06

7

0.97

0.99

B 05

7

0.98

0.99

B 04

34

0.96

0.98

B 03

20

0.97

1.00

B 02

530

0.82

1.14

B 01

18

0.95

0.99

C 01

157

0.77

1.19

C 02

25

0.94

0.99

C 03

15

0.94

0.99

C 04

14

0.95

1.01

C 05

18

0.94

0.98

C 06

31

0.91

0.99

C 07

25

0.90

0.99

C 08

28

0.89

0.99

C 09

53

0.85

0.98

C 10

41

0.82

0.97

C 11

48

0.73

0.91

C 12

30

0.71

0.90
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Figure F.22 Comparison of deconvolution profiles of the same fractions after calibration (left
panels) and curve fitting (right panels).
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Figure F.23 Modelled chromatograms during curve fitting deconvolution – part 1/2 (early and
middle fractions)
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Figure F.24 Modelled chromatograms during curve fitting deconvolution – part 2/2 (late
fractions)
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Figure F.25 X0 parameter analysis for fractions C5 – C12. Red circles indicate upper and lower
boundary, blue circles indicate starting parameter and green stars indicate found parameters
after curve fitting. Parameter boundaries were normalised for plotting purposes, so that the
starting value is always 0 and upper and lower boundaries are 1 and -1 respectively.

Fine Tuning
Several problems in deconvolved chromatograms of early, middle and late
fractions were identified as possible reasons for incorrect deconvolution profiles.
These problems were grouped into four categories: A) part of chromatogram was
not included in the model (e.g. front tailing of early fractions), B) incorrect estimate
of x0 C) incorrect lower and/or upper limits of x0 (e.g. peak models fitted to wrong
peaks), and D) peak model cannot capture peak shapes correctly (e.g. visible for
late fractions); and were indicated by red arrow in Figure F.26, Figure F.27
and Figure F.28 (problems A and B are indicated on the top panel, C in the middle
panel and D in the bottom panel).
Selected chromatograms, that included problems B and C were subject to finetuning, a correction method, in which initial conditions of selected peak models
were changed manually and curve fitting procedures were run again. Parameters
x0 of selected peaks were re-estimated or their limits were changed prior
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optimisation, as presented in Table F.7. New limits applied to all fractions
analysed.
Table F.7 Changes applied during fine-tuning of parameters of selected fractions and peaks.
Previous values noted in brackets.

Group
Early
Fractions

Middle
Fractions

Name
A 11
A 12
B 12
B 11
B 03
B 02

B 01
C 01

Estimates
Peak 7: 2.856 (2.837)
Peak 8: 2.946 (2.940)
Peak 12: 3.186 (3.205)
Peak 13: 3.116 (3.336)
Peak 14: 3.534 (3.638)
Peak 13: 3.578 (3.638)
Peak 14: 4.088 (4.005)

Limits
Peaks 1-3
+/- 1.5 s (5s)
Peak 12
+/- 3s (5s)
Peak 13
+/- 3.5s (5s)
Peak 14
+/- 5s (15s)

Results of this limited fine-tuning for selected fractions show that deconvolution
for middle fractions was improved, indicated by both lower errors and better visual
fit (Figure F.30 and Table F.8). Fractions that were previously deconvolved
accurately preserved their good fit after fine-tuning, which confirms that such
adjustments were valid. No improvement was observed for early fractions, most
likely because the limited parameter correction could not compensate for the lack
of fit in the front tail, a part which was not included in the model (defined as
problem A). The lack of fit was because EMG is a function that described tailing
and not fronting of a peak.
Contrary to problems B and C, which can be solved by fine-tuning, problems A
and D require more thorough changes and rerunning the calibration process with
additional constrains or on different representative chromatogram set. This was
indicated by deconvolution of late fractions, where model chromatograms did not
accurately fit to real chromatograms. It was evident, that models of peak 15 (did
not capture the peak shape), peak 16 (too sharp, did not capture the shape of
the shoulder) and potentially also peak 14 were inaccurate. Their change would
involve change of peak shape defined by ν and m0, which typically involves rerunning the calibration process. Although, some of those mentioned peaks were
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not

reconstructed

perfectly,

they

described

the

separation

problem

with reasonable degree of accuracy and therefore re-calibration was not required.
Re-calibration was performed on similar dataset with the same problem.
It showed (Figure F.29) that no significant improvement in fit was observed for
late samples, containing mainly BSA. Extra peak that was added to the model,
to fit the last BSA peak, was reduced during calibration to a spike, which can be
regarded as the artefact of calibration. It did not present any value and therefore
was excluded during fitting procedures. One of the possible reasons for this fact
was the low signal to noise ratio and the elevated baseline of late fractions, which
prevented accurate fit of the last peak.
Table F.8 Comparison of errors before and after fine tuning for selected fractions. Previous
values shown in brackets. SSE-standard error, NRMSE – normalised root mean square error
and RFO - ratio of area under curve for fitted and original signal.

Early Fractions

Middle Fractions

Name

SSE

NRMSE

RFO

A 11

755 (648)

0.82 (0.83)

0.89 (0.94)

A 12

403 (403)

0.93 (0.93)

0.95 (0.95)

B 12

206 (230)

0.94 (0.94)

0.96 (0.99)

B 11

152 (143)

0.95 (0.95)

0.96 (0.96)

B 03

21 (20)

0.97 (0.97)

1 (1)

B 02

12 (530)

0.97 (0.82)

0.99 (1.14)

B 01

22 (18)

0.95 (0.95)

1 (0.99)

C 01

7 (157)

0.95 (0.77)

0.99 (1.19)

It is worth noting that, with respect to quantitation, early and late fractions
represent mainly Con or BSA impurities and therefore their accurate
quantification was less of a concern. The observed problems of inaccurately fitted
model functions may be also implied by noise in chromatograms, that was related
with HPLC system variability. In some cases, shape parameters (ν and m0) can
be subject to slight (few %) change during fine-tuning if there were slight shape
inconsistencies between analytical chromatograms (given the same method was
used), but such fine-tuning would essentially change the peak model
and therefore was not employed.
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Figure F.26 Identification of deconvolution problems in early fractions prior fine tuning. See text
for description of red arrows meaning.
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Figure F.27 Identification of deconvolution problems in middle fractions prior fine tuning. See
text for description of red arrows meaning.
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Figure F.28 Identification of deconvolution problems in late fractions prior fine tuning. See text
for description of red arrows meaning.
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Figure F.29 The effect of re-calibration of deconvolution model on deconvolution of late fractions
containing BSA. Panel A shows results of standard calibration (15 peaks modelled on
representative chromatograms), while panel B shows results of re-calibration (+1 peak to
describe last BSA peak/shoulder, modelled on chromatograms representing late BSA fractions
only). Data was obtained from a 30 g/L run.
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Global optimiser as alternative to fine-tuning
Fine-tuning procedures can be time-consuming and prone to human error,
as described in section 0. Instead of fine-tuning after curve fitting procedures,
we tested the global optimiser algorithm (function ga, Matlab®) during curve
fitting procedure instead of the currently used (function fmincon, Matlab®).
Selected fractions, whose fine tuning was previously shown to improve
deconvolution profile, were subject to curve fitting procedures using global
optimiser (middle and late fractions). The same initial estimates were used,
as during the non-fine-tuned curve fitting procedures, but boundaries were
extended in all cases, as compared to fmincon. The results were identical for finetuned and globally optimised deconvolution profiles for those fraction for which
fine-tuning improved the overall error, which suggests that use of ga can prevent
fine-tuning in most cases, and solutions found are globally optimal (Figure F.30).
For a very limited case, where not entire part of chromatogram is modelled,
special fine tuning is inevitable (Figure F.30, panel 1,2 and 3). This ambiguous
situation required human intervention and interpretation. In these cases, the final
error of fine-tuned signal may be higher than after curve fitting, but the distribution
of peak shapes can better describe the real situation. Because global optimiser
finds the best solution in terms of the error, it will not correct such ambiguity (e.g.
wrong attribution of peaks) and should be avoided.
Use of global optimiser was generally attractive, because, apart from very limited
cases, offered solutions for which no fine-tuning was required. However, it was
not employed during these deconvolution studies, because of lengthy time of
numerical calculations (30-40 min per signal for ga vs. <1 min for fmincon).
Nevertheless, for more powerful workstations and especially for a routine use
in the laboratory, use of ga may be considered.
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Figure F.30 Selected chromatograms (A, B, C) after curve fitting (left), fine-tuning (middle) or
curve fitting using Matlab® ga (global optimiser) instead of fminicon.

6.5.

Attribution of protein type to deconvolved peaks

The decision about which peak are attributed to Con, Ova and BSA depends on
what model was used, i.e., how many peaks there were used in a deconvolution
model. Generally, peaks 1,2 and 3 were always attributed to Con and peaks 14,
15 and 16 to BSA, while other peaks were regarded as Ova peaks. The example
is presented in Figure F.31. Comparing single protein profiles (Figure F.31A)
showed that late Con and early Ova peaks overlaid substantially, that in fact their
mixture produces fused peaks. The analysis of such peaks and distinguishing
them is impossible without using an additional, and ideally orthogonal, analysis
method, such as LC-MS. This fact produced a challenge of how to attribute peaks
to their proteins if there were peak fusions. From a fractionation of a complex
mixture point of few, such as the one discussed in section 0, it would not be
possible to find the correct number of all the protein species in analysed fractions
without additional characterisation methods that would produce information about
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pure components. This problem will be, most probably, often observed in real-life
mixtures, where pure components data is not available. This has generally
an important implication on the quantitation analysis, regardless of the integration
method used. It does indicate that for completely unresolved peaks,
deconvolution methods are less effective, as also observed by others [216].
For purpose of these deconvolution studies, even though some peaks may be
composed of multiple fused peaks, they will be treated as single peak and defined
by one EMG function, without further investigation of how they were fused. This
deconvolution methodology cannot be used to detect all the different components
in the protein mixture, but rather to identify those that are already partially
separated. It is worth noting, that the aim of presented deconvolution procedures
was not to characterise individual peaks, but to obtain good protein quantitation
values for Con, BSA and in particular Ova, which was considered product.
Although we knew, that early Ova peaks were likely to contain some late Con,
we assumed that first 3 peaks were strictly Con, while later peaks corresponded
to Ova (Figure F.31C). We also assumed that the distribution of Con ‘impurities’
in Ova and Ova ‘impurities’ in Con is equal.
The number of detected peaks is affected by the resolution of the proteins during
the purification step. If the resolution during purification (1D) is very low or
fractionation very rare, fractions may contain larger number of fused peaks as
compared to fractions obtained in a process with higher resolution. Larger
number of fused peak may also affect the total number of detected peaks which
will most likely affect the deconvolution. It can be concluded, that the outcome of
deconvolution procedures will also be a function of the resolution of product
during the 1st purification step. Similarly, any resolution changes between
analytical runs will contribute to differences between deconvolution models and
therefore integration method.
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Figure F.31 Real and modelled peaks of Con, Ova and BSA. Standard proteins (panel A),
representative fraction from run at 32 g/L (panel B) and modelled EMG peaks representing each
peak from panel B (panel C). Legend in red in panel C shows what peaks were attributed to
Con and BSA; the remaining peaks were attributed to Ova.

262

Chapter F. Deconvolution of preparative chromatogram
6.6.

Reconstruction of preparative chromatograms

The same deconvolution methodology was applied to set of preparative
chromatograms of a ternary feed. Based on the deconvolution results, whose
example

was

discussed

in

detail

in

previous

sections,

preparative

chromatograms were reconstructed and compared to classic (drop line)
integration technique (Figure F.32 and Figure F.33), as well as to PLS method
(Error! Reference source not found.). PLS method was already discussed
in chapter C and information presented here is mainly for comparison reasons.
This method was shown to struggle in accurate reconstruction of protein profiles
during chromatography runs, which is also reflected in inaccurate mass balances.
For both classic and deconvolution-based reconstructions, shapes of proteins are
visually similar, however, important differences are noteworthy. BSA peak was
smaller and Ovalbumin tailed more at the back end in chromatograms
reconstructed based on deconvolution methods, as compared to chromatogram
reconstructed in classical way. The recalculated mass balances, shown in Table
F.9 is underestimated for Con by approximately 1/3, which is most probably
because of significant overlap of Con and Ova variants at the front. Ova mass
balance was improved to < 8 % error. For BSA it is usually within 10 % error,
except run at 100 g/L. This underestimation of BSA is likely to be a result of
technicality of analytical method. For this particular analytical run, samples eluted
later, then expected, some of late BSA species eluted in the strip and therefore
could not be accurately quantified.
Use of deconvolution method allowed improved quantification of the product, Ova
and the late impurity, BSA. Con was underestimated in similar way for all runs,
which is a result of generally complex overlap of Con and Ova in analytical
chromatograms. In addition, the mass balances were more coherent,
as compared to data obtained for classic integration methods.
Presented deconvolution certainly does not solve all the resolution problems
encountered during analytical runs, but seems to simplify at least some of its
complexity and therefore offers some improvements in quantitation analysis.
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Figure F.32 Reconstruction of preparative chromatograms for A) 16, B) 30 and c) 32 g/L load,
using standard perpendicular drop and deconvolution-based integration
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Figure F.33 Reconstruction of preparative chromatograms for A) 40, B) 70 and c) 100 g/L load,
using standard perpendicular drop and deconvolution-based integration.
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Figure F.34 Selected chromatograms reconstructed using three different integration methods:
drop-line, deconvolution and PLS.
Table F.9 Comparison of mass balance errors. AX Load in g/L, AX Slope in mM NaCl/CV; error
for a particular protein calculated as the difference between eluted and loaded mass in relation
to loaded mass.

Conditions

Drop-Line [%]

#

AX
Load

AX
Slope

Con

Con

Con

1
2
3
4
5
6

16
30
32
40
70
100

27
38
25
25
25
15

-28
-14
-47
-14
-31
-36

-18
-13
-3
-14
-9
-6

39
80
39
75
6
11

6.7.

Deconvolution
[%]
Con Ova BSA

Con

Ova

BS
A

-42
-30
-38
-29
-32
-27

94
37
83
-15
-19

-33
-14
-34
-9
-10

-3
-29
17
-8
-10

-6
-4
-1
-4
-6
-8

9
-5
-1
-6
-3
-15

PLS [%]

Evaluating uniqueness of results

Every numerical method that deals with multiple or even hundreds of parameters,
especially as complex as deconvolution of multiple overlapping peaks, has a risk
of falling into local solutions. Finding a global optimum is a known challenge of
such procedures. We have shown previously, that Matlab® function and its
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algorithm used in current deconvolution studies are robust (section 0). Here,
we wanted to show that our solution of the deconvolution problem is in a global
optimum (or at least close to) and the method is robust regardless of the decisions
made, and therefore, it is physically relevant.
Deconvolution method presented in this chapter consist of two main steps:
calibration and curve fitting deconvolution. From a numerical point of view, as
mentioned earlier, the aim of the first step is to find key shape-describing
parameters of EMG functions, while the aim of the latter one is to find actual
position and height of individual EMG functions based on the other, previously
found parameters. These steps together allow the deconvolution of every fraction
obtained from a tested preparative chromatogram. Because at each of these
steps numerical procedures are involved, a risk of local minima exists.
The problem of local minima associated with the algorithmic procedure, here
employed by Matlab® function fmincon, which utilises ‘interior-point’ algorithm,
were discussed by [257] and will not be part of the discussion here. Similarly,
the question which algorithm is better suited for solving deconvolution problem is
also not part of the discussion. However, the problem of local minima related with
human decisions will be investigated for the current method. There are two main
places where human decisions are made, that may affect the final deconvolution
solution, these are: defining initial estimates of EMG functions, especially for m0
and ν, and selection of samples for calibration set. In addition, use of global
optimiser during the 2nd deconvolution step: curve fitting procedure was
previously evaluated which potentially removes the fine tuning of signals (see
section 0). These areas were exploited and were discussed in the following
sections.
Multiple calibration starting points
Calibration of the deconvolution model starts with defining number of peaks,
which is performed after analysing all the obtained fractions (see section 5.4),
and defining initial estimates of parameters. Parameters: x0 and H are based on
real chromatograms while ν and m0 are assumed, so they define certain peak
shape. All four parameters define each EMG function that represent a physical
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peak in a chromatogram. Estimation of initial parameters is one of the key steps
in process of multipeak deconvolution [229].
Analysis of EMG parameters, presented at the beginning of this chapter in Figure
F.5B, showed that for ν approaching zero from -∞, EMG was relatively gaussian
(because of the nature of EMG function real gaussian shape is impossible), while
for ν increasing to ∞, the exponential component was favoured and EMG was
more skewed and tailing at the back end. The biggest differences in terms of
EMG shape were observed for parameters -1 < ν < 2. Parameter m0, which is
defined as mass-to-height ratio [143] linearly changes the mass by rescaling
values of the EMG function, which is observed as change in width of the EMG;
the smaller the value, the narrower the function. In the context of current
analytical runs, values of m0 between 0.02 and 0.1 seemed to correspond to
peaks guesses (Figure F.5A, C and D), that represented peaks with most
reasonable width (0.2 min), measured at the base (Figure F.18).
For the runs processed during calibration, we started with ν = 0 and m0 = 0.03.
These values were chosen based on the previous EMG analysis, because they
defined close-to gaussian peak shapes and represented relatively good initial
estimate of a whole chromatogram. It was a physically relevant parameter choice,
where peaks were not initially defined as skewed, too narrow or too broad.
To prove that the decision led to an optimal solution, a broader range of initial
parameters estimates was screened and its impact on the final results was tested.
Three different sample sets were selected, that represented a range of realistic
purification scenarios: different loads and elution slopes: 30, 70 and 100 g/L load
and 38, 25 and 15 mM NaCl slope (compare with Table F.9).
To identify the global solutions, various combinations of parameters ν and m0
from Table F.10 were tested in the calibration procedure and the produced SSE
error was measured and visualised in form of a contour plot (Figure F.35).
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Table F.10 Screened parameters during identification of optimal starting estimates for
calibration studies.

Min value

Step

Max value

ν

-1

0.5

1.5 or 2

m0

0.01

0.01 or 0.05

0.1

Max iterations

10 or 200

Max evaluations

250 or 20000

To reduce the significant time of numerical analysis of bulk of conditions, two
types of optimisation screens were performed: short and expanded, which
differed in number of maximum allowed iterations and function evaluations (Table
F.10). The first one was performed There are differences between those maps,
depending on the run analysed.
to locate the interesting area of parameters, while the second one was performed
to investigate this area further. The results of short screen showed a parabolic
trend for m0 and the error, which was independent of ν (Figure F.35, left panels).
The most interesting region of m0 parameters was studied in a more detailed
screen and a map of correlations was plotted on a contour plot (Figure F.35, right
panels). These maps were plotted to visualise the complex results and locate
the area of potential optimal solutions in more details. Therefore, identified points
from what was observed as global minima were further processed, exactly as
during the calibration step (the number of evaluations was 50000).
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Figure F.35 The effect of initial parameter estimation on the results in short (left panels) and
expanded screening (right panels) for a calibration set from AX runs: panels A and B: 70 g/L
and 25 mM NaCl/CV, panels C and D: 32 g/L and 38 mM NaCl/CV, panel E and F: 100 g/L and
15 mM NaCl/CV. Red arrow on panel A indicates section that was analysed in details in panel
B; legend below the left plot shows values for ν. White numbered dots in the right panels show
initial estimates that were further explored. The scale of right panels is limited to errors below
1000.

Differences between contour plots are observed for different preparative runs.
For the shallowest gradient slope, the biggest window of initial parameters
estimates was observed that led to low SSE error. In contrary, for the steepest
slope, the smallest window of parameters was observed.
Multiple minima were identified and in case of two AX runs, they were further
investigated to see if different minima produce similar final results. Few
representative chromatograms (example in Figure F.36), which showed early,
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middle and late preparative fractions with high amount of Con, Ova and BSA,
respectively, were chosen to visualise the impact of different initial estimates on
the final calibration results. The initial estimates of ν and m0 were identified from
the contour plots in Figure F.35B and Figure F.35F. The estimated models for
four different sets of parameters, for the representative fractions from the first run
were shown in Figure F.37. The optimised models after calibration for three
representative fractions for the first and second run were shown in Figure F.38
and Figure F.39.
Both runs showed that for different parameter sets, that were chosen from
different minima, deconvolved chromatograms were not significantly different
from each other, which suggests that if a deconvolution leads to a reasonable
solution (low SSE error), it is likely that it is also a global solution. Similarly, if the
optimiser does not converge to a realistic solution (high SSE error), new initial
parameters can be identified based on contour maps.
This observation indicates that for the best resolved preparative chromatograms,
optimal solution(s) can be found when starting from a relatively wide range of
initial estimates, whereas for steep slopes, finding an optimum is more
challenging. Interestingly, in three studies cases optima were found for the
intuitively guessed ν and m0 parameters (ν = 0 and m0 = 0.03). Differences
between results for different AX slopes agree with the fact, that for shallower
slope, AX fractions contain more resolved material and therefore the calibration
set contains chromatograms with generally less overlapped peaks. Improvement
in resolution during the 1st preparation contributes to the convergence
of the deconvolution procedure.
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Figure F.36 Selected fractions of run 70 g/L and 25 mM NaCl/CV elution gradient.

Robust windows of parameters for interesting range was demonstrated on
practical chromatograms. Such window of operation will almost definitely be
different for different mixtures, because it depends on intrinsic properties of
peaks, but in case of our model system was satisfying.
As a future aspect, it would be interesting to see what is the effect of individual
peak estimates on the global optimum. While it is clear, that from a practical point
of view, starting a deconvolution method with one set of parameters is easier,
there may be a benefit in using peak-specific initial parameter estimates. It would
be interesting to see how peak specific estimation affects the global optima for
cases, where peaks are of completely different shapes.
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Figure F.37 Starting model of deconvolved chromatogram based on different parameter
estimates (see the top legend) for an early, middle and late fraction from run at 70 g/L.
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Figure F.38 Comparison of calibration results for an early, middle and late fraction from the 70
g/L AX run for three calibrations, which were started at different initial estimates of m0 and ν –
presented in the legend.
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Figure F.39 Comparison of calibration results for an early, middle and late fraction from the 100
g/L AX run for three calibrations, which were started at different initial estimates of m0 and ν –
presented in the legend.
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The effect of different calibration sets
The effect of different choices of the calibration sets was also evaluated to see
how calibration set decisions affect final calibration results. Four different choices
of calibration samples were initially made. Later, the fifth was added. Following
calibration sets were chosen:
1) empirically-based, where samples were selected based on used knowledge,
experience and rule of a thumb,
2) empirically-based and orthogonal to 1, where decisions about sample selection
were deliberately made the opposite to those in 1,
3) automated selection: every 2nd sample,
4) automated selection: every 3rd sample,
5) Modification of 2), where one late fractions was added and estimates for late
peaks were changed.

Calibration set choices are presented in Table F.11. The calibration was
performed using standard initial estimates, ν = 0 and m0 = 0.03, except for the set
5, where following m0 estimates were used, m0 = 0.1, 0.08, 0.15 and 0.15 for
peaks 13, 14, 15 and 16, respectively. These peaks were adjusted based on
observations from previous study, where for too narrow initially estimated peaks
(m0 <0.02), results of calibration were shown to be not optimal.
Table F.11 Selection of representative fractions (marked by X) for different calibration sets for
run 32 g/L and 16 mM NaCl/CV. Fr – fraction name.
Fr.

set 1

set 2

A11
A 12

B 02
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Fr.

set 1

B 01

X

C 01
C 02

X

X

C 04

X

X

C 06

X

X

X
X

X

X

C 08
C 09

X

X
X

X

X

X

X

X

X

X

X

X

set 5
X

X
X
X

X

X

X
X

X

C 10
C 11

X

X

set 4

X

C 07
X

set 3

X

C 05

X

set 2

X

C 03

X

B 04
B 03

X
X

X

B 06
B 05

X

set 5

X

B 08
B 07

X

X

B 10
B 09

set 4

X

B 12
B 11

set 3

X
X

X
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Calibration results depended on the calibration set choice, as reflected by the
sum of errors for different calibration sets (Table F.12). The automated choices
(set 3 and set 4) had the biggest overall and average error, which indicated that
automated selection of fractions for calibration set was not best suited for
deconvolution. Sets 1, 2 and 5 were generally relatively similar, as observed in
Figure F.40. High errors for set 2 and 5 were related with inclusion of fraction
A12, which contained the front part that was not included in the model. This issue
was already discussed earlier. Unlike in set 1, both in set 2 and 5 peak 16 th was
modelled as a real peak and not an artefact. Nevertheless, the fit of late eluting
fractions was still relatively poor, as compared to other fractions, but reasons
were also discussed earlier.
Interestingly, parameter m0 did not significantly change between sets; the biggest
difference was observed for late peaks (Figure F.41, top panel). Parameters ν
changed between sets (Figure F.41, bottom panel), especially for peaks 3, 6, 8,
13 and 15, but the change was in the negative region of ν (below -2), which was
shown not to contribute to the significant peak shape change (close to gaussian).
Nevertheless, changes in parameter ν indicates, that the peak shapes are not
conserved between different deconvolutions and multiple solutions are expected.
This peak shape changes were especially visible in regions of analytical
chromatograms, where peaks highly overlapped, were broad (late fractions)
or not clearly defined (shoulders).
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Table F.12 Comparison of errors for different calibration sets. SSE- sum of squared errors, AVG
– average SSE. Fr – fraction name.
Set 1

Set 2

Set 3

Set 4

Set 5

Fr

SSE

Fr

SSE

Fr

SSE

Fr

SSE

Fr

SSE

B 11

148

A 12

386

A 11

661

A 11

459

A 12

389

B 09

40

B 10

96

B 12

308

B 11

389

B 10

109

B 07

22

B 06

9

B 10

165

B 08

85

B 06

21

B 05

12

B 04

14

B 08

143

B 05

89

B 04

23

B 03

23

B 02

9

B 06

128

B 02

72

B 02

20

B 01

23

C 01

10

B 04

103

C 02

63

C 01

20

C 02

31

C 03

10

B 02

111

C 05

98

C 03

19

C 04

28

C 05

21

C 01

102

C 08

80

C 05

26

C 06

32

C 07

19

C 03

187

C 11

97

C 07

29

C 08

33

C 05

164

C 10

36

C 07

121

C 09

140

C 11

133

∑SSE

391

574

2466

1432

692

∑SSE/chro
m

39

64

190

159

69
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Figure F.40 Comparison of calibration results for three calibrations sets and four selected
fractions that represent different eluting regions of preparative chromatogram.

279

Chapter F. Deconvolution of preparative chromatogram

Figure F.41 Differences between found parameters after calibration for various calibration sets.

Peak models found in the calibration sets were used for curve fitting of
the remaining fractions. Preparative chromatograms were reconstructed based
on the deconvolution results (Figure F.42) and mass balance was calculated for
all cases (Table F.13). Interestingly, even though some sets were shown to be
non-optimal, produced relatively good reconstructions. There were some shape
differences, but no significant differences were observed. The mass balance of
Ova, closed to within 3 %. Con was underestimated by 30-40 %, but the results
did not vary significantly between sets. For BSA, the best results were observed
for set 1 and set 2, while other sets overestimated its amount by 6-10 %.
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It is reasonable to say, that the deconvolution method was sensitive to decisions
made during the selection of representative chromatograms for the calibration set
(especially for the automated selection methods). Nevertheless, the final
outcome of the calibration and subsequent curve fitting, represented here as
mass balance and reconstructed chromatograms, was not hugely affected.
It certainly was improved when compared to classic drop-line integration
or the PLS method, which suggest the robustness of the deconvolution method.
Table F.13 Comparison of mass balance errors for different calibration sets that were used in
curve fitting deconvolution for the 32 g/L run; error for a particular protein calculated as the
difference between eluted and loaded mass in relation to loaded mass.

Deconvolution [%]
#

Con

Ova

BSA

Set 1

-38

-1

-1

Set 2

-30

-3

4

Set 3

-38

-2

10

Set 4

-41

-1

6

Set 5

-33

-3

8
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Figure F.42 Comparison of the impact of five different calibration sets on reconstructed
chromatograms for run 32 g/L.
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6.8.

Application of deconvolution procedures

We demonstrated the applicability of current deconvolution approach to product
variant

mixtures

that

are

obtained

during

chromatography

step.

The deconvolution-based quantification, discussed here applies to: case of
genuine impurity profiles, like the one observed for HCP [23] and product variants
for which we can make the assumption that the extinction coefficient is the same
for all product and impurities. In a realistic mixture, the knowledge of the individual
extinction coefficients of the impurities is usually scarce. In contrast, the product
should be fully characterised and therefore its extinction coefficient should be
known. In the probably limited case, where the extinction coefficient is different
for product and impurities, which is the case of our model mixture, where different
extinction coefficients apply for Con, Ova and BSA, a method to determine
a relation between integrated area and mass of protein would have to be
developed first.
7.

Conclusions

Deconvolution methods have been often avoided due to large data handling and
complexity of numerical analysis. Quantification of the model feed mixture using
classic integration methods led to substantial error.
It was demonstrated that basic knowledge of programs like Matlab® allowed
developing deconvolution procedures to tackle problems that were not solved
in a basic laboratory, such as a problem of non-resolved peaks in a model of
a complex feed mixture containing Con, Ova and BSA. The mixture resembled
a realistic problem with many features of an industrially relevant feedstock.
The deconvolution methodology was successfully applied to analytical signals
obtained from preparative chromatography runs in a pseudo two-dimensional
data analysis approach. Peak models were found based on selection of analytical
signals and applied to the remaining signals to allow full characterisation of
a preparative run.
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The study employed use of a novel parametrisation of an EMG function, which
allowed physically meaningful estimation of deconvolution model and most likely
contributed to the speed of analysis.
Model calibration followed certain intuitive rules, however, it was also shown, that
the more automated choices produced results that were reasonable. For cases
when intuitive rules led to wrongly deconvolved chromatograms, a robust method
for initial parameter selection, which incorporated heatmaps, was shown.
Use of global algorithm during curve fitting procedures was shown to remove
the occasional requirement for the limited fine-tuning of wrongly deconvolved
fractions, but at a cost of time.
Given the complexity of a problem, it was certainly possible to reach multiple
solutions, however deconvolution method presented here seemed to converge
well into global solutions. When rational choices were made, the net effect,
described as reconstructed chromatogram and mass balance, remained
constant.
Although it was suggested, that the deconvolution model, once found, can be
applied to other preparative runs, it was discovered that such assumptions was
limited to: the resolution of the preparative run based on which the model was
created and robustness of the analytical method. The slight differences between
analytical runs prevented proving the application of a single model to a wide
range of preparative runs, however, it was proven that effective reconstruction of
each run was possible when calibration was performed for each run.
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Chapter G. General discussion and conclusions
1. Summary
1.1.

Thesis hypotheses

The primary hypothesis of this thesis was to demonstrate a successful application
of the Simplex-based optimisation to a purification of a complex protein feed
in a two-step polishing sequence. We found that, because of high complexity of
selected model protein mix, which had many features of an industrially relevant
product, there was an increased complexity of the separation and analysis of
proteins. It is consistent with analytical characterisation of complex feedstock,
such as the highly glycosylated products, where classic analysis may not suffice.
Hence, we investigated deconvolution methods, which formulated the second
hypothesis of this thesis. We hypothesised that we can artificially resolve
analytical signals of complex, multiple-peak feed mixture, based on the physical
identification of strongly coeluting peaks from the data generated experimentally,
hence we can quantify the mixture components accurately.
Although the Simplex algorithm has been used to optimise single purification
steps [115,116,120,119,121], according to our current knowledge, it has not been
reported for the optimisation of the whole polishing sequence. The results of such
optimisation may not be intuitive, and even different to those obtained for
polishing steps, that were optimised individually [258,259]. Hence, we found it
interesting to study the mentioned optimisation problem. The aim of our simplexbased optimisation was to demonstrate that the purified product yield and purity
can be maximised, by changing purification conditions of the whole polishing
sequence, which included the feed loading, concentration of buffer components,
elution conditions at each stage or pooling regimes.
Accurate process performance measures were challenged by the requirement for
more sophisticated analytics, as the studied model ternary mixture was not fully
resolved using standard analytical approach, which led to quantification errors.
Therefore, in parallel to the simplex-based studies, we decided to artificially
enhance the resolution by developing a curve-fitting deconvolution procedure.
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This auxiliary tool deployed for data analysis became a focus of some parts of
this thesis We have learned that physically relevant deconvolution of a complex
protein mixture, such as the one used in this work (16 peaks, highly overlapping),
is a non-trivial and not fully explored area. We also observed that deconvolution
methods are lacking sufficient interest, because of apparent complexity
and decided to study deconvolution in more details.
1.2.

Selection of model feed mixture

Prior the actual Simplex-based optimisation, we had to identify a relevant feed,
chromatography-based polishing system and both fast and accurate analytics,
which is discussed in Chapter A. The choice of an interesting mixture was
associated with comparison of its both analytical and preparative profiles. What
we defined as an ‘relevant or interesting feed mixture’, was a model protein
mixture representative of an industrially relevant purification challenge of product
variants during the polishing step. We were searching for proteins that behaved
as weak and strong impurities of a product with respect to retention time during
the preparative chromatography experiments and we wanted these proteins to
compete to a moderate degree. For no competition, the optimisation of protein
system would be too trivial; by contrast, too strong competition may result in lack
of sufficient progress during optimisation.
We decided to choose a mixture of known, commercially available and relatively
inexpensive proteins (model mixture), instead of producing a natural
proteinaceous feed; the latter one would involve high levels of expertise, costs,
time and effort. We also wanted to mimic complexity, which is associated with
an industrially relevant problem. We performed a detailed screen of various
protein candidates and we selected three albumins: conalbumin (Con),
ovalbumin (Ova) and bovine serum albumin (BSA), that produced an interesting
product variants-like profile on a strong anion-exchanger (AX). It showed
a realistic problem of multiple non-resolved peaks that many bioprocessing
scientists may face. To analyse the model mixture, we used fast analytics,
employing monolithic column, that allowed us to analyse large number of samples
in a relatively short time, as compared to a classic, particle analytical column.
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To facilitate some process choices, we also used a partial-least-squares (PLS)
method on the feed and fraction spectra, which enabled us to obtain initial protein
concentration estimates within minutes after samples have been collected.
1.3.

Selection of polishing sequence

Once relevant model protein mixture has been identified, polishing sequence was
optimised, as described in Chapter D. We tested multiple purification conditions
on the AX, varying pH gradient slope and salt in mobile phase, employing highthroughput miniaturised columns and automatic-liquid handling stations,
and identified operating conditions, which allowed us to define parameter
boundaries in the future optimisation step.
We also tested selected mixed-mode (MM) and hydrophobic columns (HIC)
in various pH and salt conditions, also employing high-throughput methodologies,
such as multi-well plates filled with the relevant chromatography resin, used for
binding capacity studies. Because of the nature of hydrophobic interactions
chromatography, high amounts of salts had to be used. Salts promote
interactions between resin and protein, but also distort a protein structure, which
may lead to protein precipitation. Therefore, for MM and HIC, selection of
purification conditions was paralleled with solubility tests, some of which were
performed in high-throughput format.
Several conditions were identified as interesting in terms of protein solubility
under certain conditions, binding capacity and resolution. Polishing sequences
were designed, incorporating either AX and either MM or HIC. HIC was run at two
different pH. The effect of sequence order, where the AX was run first or last, was
also evaluated. Use of high salts during MM or HIC required a buffer-exchange
step prior AX, which resulted in incorporation of an additional step
to the sequence.
Polishing sequences were investigated in a sequential manner. We started
to investigate sequences incorporating the MM and, once we observed that they
failed to satisfy high yield and purity requirements, we continued to sequences
incorporating the HIC at pH 7 and later HIC at pH 5. In addition, each sequence
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type was run at several conditions, such as load, initial salt concentration,
gradient slope during first and second polishing step or pooling strategy,
to generate enough results for the simplex-based optimisation to start. We aimed
to run conditions, for which we suspected, the results would meet high yield
and purity targets. These studies were also performed to gain understanding of
the purification system used.
1.4.

Simplex-based optimisation of polishing sequence

We decided to optimise the most interesting polishing sequence consisting of HIC
followed by AX with intermediate buffer-exchange step, as discussed in Chapter
D, in paragraph 8.
The simplex-based method is a mathematical tool that can be used to find
solutions out of complex multivariate systems. Therefore, we defined our problem
in mathematical terms. Several purification process parameters were included as
variables, e.g. initial load concentration, salt concentration, gradient slope, pool
start, pool end and slope of the 2nd purification step. The purity and yield results
were considered the objective function. The aim was to maximise the objective
function. We then performed two-column polishing sequence of AX - HIC
according to simplex-suggested conditions.
1.5.

Load based optimisation of polishing sequence

We suspected that the simplex-based method operated close to some local
optima, and decided to pause the current optimisation study and increase
the load on the HIC in the polishing sequence to the values not typically expected
for a HIC run. We performed several runs, where elevated loads were
investigated, and reported results as yield vs purity plots (Chapter E).
We therefore could study in details how different decisions may affect the final
pooling, as well as compare how the yield and purity changed for different pools
for AX and HIC.
We point out that this alternative approach led us to more favourable conditions,
but it did not neglect the conventional approach with simplex-driven methods,
nor the value of what we previously did.
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1.6.

Analytical challenge – developing deconvolution method

In parallel we wanted to develop an effective deconvolution method
for quantification of our model mixture, as discussed in Chapter A. The
deconvolution procedure was developed to enhance readout from analytical
chromatography and was divided into preprocessing, calibration and actual
curve-fitting deconvolution. The first step focused on adjusting the analytical data
(collected from a fast monolith column) for the numerical procedures, and also
allowed extraction of as much information from real chromatograms, as possible
to a) define the deconvolution problem, b) reduce the numerical optimisation
problems in the later steps.
One of the most important aspects of any deconvolution is a peak model, which
defines peak shapes. We decided to use physically significant and current stateof-the

art

exponentially

modified

gaussian

function

(EMG)

[140,216,233,249,251–253]. As with others, we observed certain problems
in linking physical peak properties with EMG function parameters. This problem
led to collaboration with Prof. A. Jurlewicz, who represents mathematical
community, who discovered a novel parametrisation of the EMG function [143].
As a result, a physical meaning was added to EMG parameters that allowed more
precise parameter estimation; parameter estimation has been reported as one
of the key elements of deconvoluting success. The use of this novel
parametrisations was tested on the studied model mixture.
We have used known methods to extract information from analytical
chromatograms, which allowed us to accurately estimate initial peak position
and height. Other initial parameters, which were related with peak shapes, were
first guessed or tested by trial and error and then optimised numerically during
calibration step, where the deconvolution model was defined.
The calibration was performed on the selection of analytical signals of selected
preparative fractions from a single preparative run. The aim of calibration was
to find a deconvolution model that could be used in curve-fitting deconvolution of
all other signals to allow characterisation of a whole preparative chromatogram.
Hence, the calibration should apply to other preparative runs, as far as the same
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model mixture and analytical systems are concerned. Both calibration and curvefitting deconvolution steps were performed using Matlab® built-in optimiser
with the objective to minimise the difference between artificial and real
chromatogram defined as sum of squared error (SSE). For the calibration, several
chromatograms were processed simultaneously, while for the curve-fitting,
signals were processed sequentially, thus reducing the numerical effort. Limited
fine-tuning

was

allowed,

where

the

outlying

results

were

corrected

in a reasonable manner.
Several convergence aspects of the optimisations were investigated to justify why
the observed deconvolutions can be regarded as physically meaningful, such as
the impact of decisions of selection of representative chromatograms
on the model calibration or the impact of various initial estimates on
the deconvolution results, as well as the effect of use of global optimiser as
oppose to local optimiser.
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2.

Conclusions

We have shown here a rational way of developing a two-column polishing
purification sequence of a complex protein mixture. We first successfully
identified proteins that served as a model mixture of product related variant
impurities. Its complexity was reflected both in preparative and analytical context,
which was consistent with features expected for a natural feedstock. We then
identified chromatography resins, their sequence and operating conditions
capable of resolving this mixture and employed fast analytical methods, such as
PLS or HPLC, to allow a relative high-throughput quantification.
We encountered problems, that a typical chromatographer and bioprocess
scientist may encounter during optimisation of a purification sequence, such as
resin selection and sequence design, protein solubility issues or the need
for accurate characterisation of a product and impurity. Because of the latter one,
we developed a system-specific deconvolution methodology, which we think may
be applicable to a wider range of examples.
2.1.

Optimisation of a polishing sequence

We reported purification results of a complex protein feedstock, where Ova was
separated from Con and BSA impurities. Although several sequence runs were
performed, such as MM – AX, AX – MM, HIC at pH 7 – AX and AX – HIC at pH
7, where the yield and purity of product were compared, only the AX at pH 9
followed by HIC at pH 5 sequence was chosen for the Simplex-based
optimisation, because it allowed acceptable protein solubility, produced high final
purity (> 95 %) at acceptable product yield (~70 %).
The sequence which was subject for simplex-based optimisation was not further
improved at typical loadings. Having observed that the current optimisation
methodology did not provide enough objective function change we paused our
investigation. We believe, that even a time-consuming DoE study would likely fail
to identify a global solution for this system and these conditions. The relatively
flat surface of results prevented the simplex-optimiser from reaching the global
optimum quickly. Such peculiar system is generally difficult to optimise
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and sometimes both unusual and knowledge-based steps are favoured. Hence,
we took an unconventional approach of investigating the effect of the increased
load on the polishing sequence, which turned out to be very interesting.
We observed, that due to peculiar behaviour of Con and extreme binding of BSA
in HIC, the HIC-AX sequence purification process could be run at extremely high
loadings, which allowed higher throughput, while maintaining high purity
and yield. We also compared these results to a single-step purification
and we observed that the counter-intuitive HIC-AX process clearly outperformed
single AX and led to selection of not initially expected loading range. It was
concluded that the best purification of the ternary feed using sequence was
achieved for 125 g/L load that produced almost 220 mg Ova at 95 % purity
and 77 % yield. To the best of our knowledge, this is the highest throughput for
HIC that has been reported in the literature for a ternary protein mixture.
The results of chromatography runs employing HIC, AX or HIC – AX sequence,
were reported as yield vs purity plots, which demonstrated in details how different
decisions might affected the final pooling, and how the yield and purity changed
for different pools for AX and HIC. At typical loads, AX was better suited than HIC
to process high loadings of the feed to achieve good product yield and purity.
When the unusual HIC-AX sequence was employed, again at typical loadings,
purity of the product could be improved, but at the cost of yield and time.
This study also demonstrated the applicability of presented two-column sequence
and fast HPLC analytics as a potential tool to resolve difficult separations
in the polishing step in the biotechnology industry.
2.2.

Curve fitting deconvolution

We have shown that we were able to characterise a complex protein profile using
a physically relevant deconvolution methodology. We therefore, tackled
a problem that was difficult to solve on a classic experimental route in a basic
laboratory. This was the case of quantification of our model mixture, consisting of
Con, Ova and BSA that was purified using anion-exchange chromatography
and analysed using both PLS and fast analytical column. Although, the PLS
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method was fast, it lacked the specificity and accuracy, and was used as
a complementary analytical technique to the analytical chromatography.
Although, the latter method was more accurate than PLS it did not produce
sufficient resolution of multiple (~16) peaks. Therefore, we decided to process
analytical signals using the deconvolution methodology.
One of the aims of the deconvolution study was to show its general application
over wide range of preparative runs. It was assumed that single calibration should
be enough to deconvolve all other preparative runs. It was discovered that such
approach is limited to at least two things: one is that the calibration should be
done on a comparatively well resolved preparative run, and second, analytical
runs for all the samples should be very robust. While the first condition was met
in our case, the second was not. Due to challenge with day to day reproducibility
of analytical system, calibrations were performed for each run. We observed that
when analytical column was frequently used and cleaning procedures employed,
certain differences occurred, such as the retention time shift, and slight peak
shape changes, which then would affect numerically-driven deconvolution.
These differences could be adjusted using data-adjusting methods or using
a more robust analytical system, however, in our case, we did not have
the capability to investigate it fully, and decided to overcome this inconsistencies
by performing individual calibrations each time. The slight differences between
analytical runs prevented us from proving the application of a single model to
a wide range of preparative runs, however, we proved that each run can be
effectively reconstructed if the preceded by calibration. The discussed analytical
variability problem highlights the requirement of data of high and highly conserved
quality

when

a

multi-batch,

high-throughput

processing

is

evaluated.

Nevertheless, we could carefully look at the deconvolution procedure,
i.e. calibration process, and corroborate the differences between different runs.
We have shown that we can calibrate the deconvolution model using data from
the basic analysis of preparative fractions. Relatively intuitive rules led us to
relatively robust results; however, it was also shown that automatic choices
produce results that are reasonable. In addition, we have shown methods to
estimate starting deconvolution parameters that should produce global solutions.
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We have also shown, that if these estimates led to wrongly deconvolved
chromatograms, a more detailed map of the impact of shape parameters on
the deconvolution error could be plotted and the decision about new initial
estimated can be made relatively easy. This was demonstrated to be a robust
method for parameter selection.
We applied limited fine-tuning which took account for variabilities between runs
by using certain adjustment. We also shown that use of global algorithm during
curve fitting procedures removed the occasional requirement for the limited finetuning of wrongly deconvolved fractions, but at a cost of time.
It is certainly possible to reach multiple solution for such complex problems,
as ours, and similar problems will be encountered when dealing with natural
feedstock. These problems are related with the high overlap of peaks, which is
an inevitable consequence of a complex analytical profile. We have shown,
however, that when rational choices are made, the net effect of the deconvolution
procedure, described as reconstructed chromatogram and mass balance,
remains relatively constant. And so, we found, that our deconvolution method
converged well into, what was believed to be a global solution.
Unfortunately, we lacked in time to employ our deconvolution method during
the two-column polishing step optimisation process, but we have certainly
demonstrated its value on a strong anion-exchanger and shown its potential
applicability in similar kinds of resolution problems.
We also wanted to emphasise that use of chemometrics in signal processing is
beneficial and encourage other scientists to use these offered tools.
In addition, Matlab® codes that were created and used during these
deconvolution studies can be made available when requested from the author.
Any scientist with basic Matlab® knowledge should be able to perform curve
fitting deconvolution for any system, as described in this chapter.
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3.

Critical appraisal

Post-factum, we identified areas, where certain experiments could have been
performed differently, certain decisions could lead to a solution quicker, or new
experiments should have been done. We think it is a natural feature of any
experimental research. Therefore, we wanted to present our critical appraisal of
certain bottleneck areas that were identified, as well as possibly plans to avoid
them.
3.1.

Analytical challenge

Our biggest challenge was the analytics. Although, it allowed us to develop
an interesting deconvolution methodology, it also prevented us from both fast
and accurate quantification of our model system components during all the
polishing steps. Even though the monolithic column used allowed relatively good
resolution between proteins within minutes, it was not a baseline resolution,
and it took many hours to analyse all the samples. Moreover, analysis of many
samples caused contamination and fouling of the column, whose removal added
significant time to the whole process. We were also forced few times to replace
the column, which added some lead time to the whole project.
We identified high-throughput, as the key element of such studies.
For the polishing sequence studies, we purposely ignored the fact of certain
quantitation problem in order to enable fast analysis of samples; at the time,
we could not afford holding development of a polishing sequence while waiting
for the deconvolution method. Although it certainly affected detailed quantitation,
especially Con, we believe, that for our ternary model system, it did not affect
the overall picture. We would still observe a relatively flat surface of solutions
at the conditions tested, we would also see the unusual behaviour of overloaded
HIC.
3.2.

Binary system instead of ternary

We wanted to deal with a complex ternary mixture from the beginning, to reflect
the complexity of scientist who deals with a real feed mixture. However, for
process understanding purposes, it could be better to start with a binary system
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first. This would allow easier quantification and could lead to results in a quicker
and easier fashion. On the other hand, it would reduce time spend on studying
the ternary system, which we ultimately wanted to study anyway.
3.3.

Change number of Simplex variables

To start the Simplex-based optimisation, we had to perform n+1 number of runs,
where n was the number of Simplex variables. Each polishing sequence run
and its full characterisation took a substantial amount of time (ca 3 working days).
Naturally, the larger the n, the more time consuming it was to start
the optimisation. Therefore, keeping the number of variables low was important
from a time-perspective, but was also challenging, because of the complex
description of the polishing system.
At some point a mixture of NaCl and AS were used in mobile phase used for
binding of proteins to a HIC. It was found during solubility and binding studies that
high concentrations of NaCl did not cause precipitation of proteins, but also did
not grant enough exposure of hydrophobic protein patches, thus prevented them
from binding to the exchanger. In contrast, high concentrations of ammonium
sulphate caused precipitation of proteins, because of its strong and well known
chaotropic effect, but also allowed binding to the resin. Therefore, it was thought
that the mixture of those two salts, where NaCl would be kept high and AS
relatively low can have a positive effect on both solubility and binding. Finding
concentrations of both salts was thought to be a part of the Simplex-based
optimisation, but would also increase the number of variables, as compared to
already existing ones: load, HIC slope, pools start and end and AX slope.
To simplify this problem, concentration of only one salt was used as variable and
the other one was linearly correlated. This correlation was established based on
solubility plot, where NaCl and AS mixtures were tested.
While it was reasonable to include salt concentration to variable list and also
perform correlation of two salt, it was later discovered that tested salts
concentration did not have a significant impact on the final results and therefore
they could have been removed from the Simplex variables list.
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3.4.

Yield vs purity pooling decisions

Pooling decisions after first of two purification steps was initially done intuitively
and later done automatically based on Simplex suggestions, which practically
means, that pooling was made prior detailed analysis. Detailed yield vs purity
plots showed that in some cases, the results may have been different,
if the pooling was performed differently. Therefore, analysing all the fractions first
and looking at purity-yield trade-offs prior making a pooling decision seemed to
be reasonable. On the other hand, this would further increase the already longtime sequence processing, which was the reason for why it was not done.
3.5.

Binding plates and miniaturised columns

For MM, binding experiments were performed using PreDictor plates. To be fully
comparable, we should have used similar plates for the HIC studies. For the same
reason, we should also run miniaturised columns in all cases, prior going to
bench-scale. However, this was not possible at the time of research, due to
project constrains such as availability of materials and time constrains.
We wanted to make quick decisions even at a risk of losing some consistency.
Nevertheless, certain reasonable assumptions were made based on knowledge
gained on the MM runs, that were extrapolated to the HIC work, which justified
not performing the small scale high-throughput work.
3.6.

Outsourcing certain tasks

Finally, as mentioned earlier, performing the polishing steps was both time
consuming and labour intensive. To maintain high quality of data, it involved extra
care and focus during various experiments at prolonged time. It is typical of many
experimental research, but could be reduced by outsourcing certain tasks (e.g.,
analytics) to another researcher. We are aware, that such approach may be
difficult to implement into a PhD studies, but it worth mentioning.
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4.

Future Work

This study has been an empirical evaluation of the best process sequence
for the purification of Ova from a complex ternary feedstock. A mechanistic
explanation has not been attempted, since a substantially larger dataset would
have been required. Nevertheless, it would be most interesting to analyse these
competitive interactions mechanistically. In addition, it may be possible to
increase the loading of the HIC run beyond 150 g/L; as long as the BSA does not
break through, the amount recovered might increase further. These studies are
deferred to future project work. Any future studies should build upon this work to
also make the polishing sequence more robust and applicable for use on a wider
scale and for more different protein mixtures.
During deconvolution studies we highlighted few areas, which should be
exploited to further improve or validate the applicability of our deconvolution
approach. Other algorithms should be tested during calibration and estimation for
a better convergence of fitted parameters. As in [216], it would be interesting to
handle the whole dataset in a two-dimensional manner, where a retention time
or volume of preparative run was another dimension of vector of data. There is
definitely a need for corroborating the individual peak results with data from LCMS or other methods. This corroboration would demonstrate the physical
significance of current deconvolution method in our model system. It would
certainly be of interest to investigate more automation in the deconvolution
procedures, to process the data quicker and with limited human impact.
In addition, a study of different mathematical functions for comparative reasons
would be required, to further justify the use of newly parametrised EMG function
or to show its cons.
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