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Chapter 1

Abstract

This doctoral thesis centers around the molecular understanding and preparative appli-
cation of aqueous two-phase systems for the purification of proteins. Aqueous two-phase
systems have been a topic of research for over four decades and still the mechanistic under-
standing of this separation process is limited. With the lack of mechanistic understanding
comes the lack of mechanistic models which might facilitate process design and the appli-
cation of the separation technique. This in turn leaves only the laborious way of extensive
screening and empirical optimization for the development of an aqueous two-phase extrac-
tion step. In combination with limited experience, the need for capital investment and
the absence of regulatory track records leaves this separation technique to stay in a niche
even though a large body of scientific work has proven its capabilities and applicability.
The present doctoral thesis aims at ameliorating this situation by both developing tools
to generate a mechanistic understanding of the process of distribution on a molecular level
and by devising screening tools and screening methodologies targeted at the preparative
application of aqueous two-phase systems and reducing the experimental and material effort
needed for process development.

In order to develop a tool to reach a mechanistic understanding of the separation process
in aqueous two-phase systems, a molecular dynamics approach was used. In this molecular
simulation technique, every atom of a system is accounted for. In terms of complexity it
ranks between coarse grain simulations, in which molecules are abstracted in some way, and
quantum mechanical simulations, in which every single atomic particle is taken into account.
From an initial setup kinetic energy is introduced into the system to a set temperature. The
attractive and repulsive forces experienced by every single atom are calculated based on the
atoms’ surroundings and a set of parameters called a force field. The atoms are then moved
for a certain amount of time in accordance to Newtonian laws of motion. As this way of
simulating a set of molecules is not a first principles method, any new simulation approach
needs to be validated against experimental data. In the case of many inorganic molecules
and organic solvents as well as proteins in aqueous solutions, this has already been done and
the set of parameters needed for a realistic representation of these molecules are given by
the appropriate force fields. The application of a simulation capable of representing both
proteins and a polymer as polyethylene glycol had not yet been shown. The simulation
approach employed in this thesis used the software package Yasara in combination with the
force field amber03 for the representation of proteins and the AutoSMILES algorithm to
generate force field parameters for PEG. Simulations of single PEG molecules in water were
conducted. Structural elements and the surface properties of the resulting 3D-structures of
the polymer were investigated. It was found that the surface hydrophobicity of the PEG
molecules is mainly influenced by two effects. First, the dilution of the polar hydroxyl end-
groups with increasing chain length renders the longer polymer chain more hydrophobic.
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1 Abstract

Second, the partial, and dynamic formation of helical regions within the polymer chain
turns the oxygen atom of the ethyl groups towards the inside of the helix thus omitting it
from interactions with the surrounding water. These findings provided an understanding
of the change in hydrophobicity of PEG with increasing chain length on a molecular scale.
The results were validated against two sets of experimental data. First, it was possible to
correlate two phase formation in the presence of phosphate to the surface hydrophobicity
obtained from MD simulations. Second, solvent polarity measured by the absorption maxi-
mum shift of a solvatochromic dye was also correlated to surface hydrophobicity taken from
simulations. It was thus shown that the taken simulation approach gives a representation
of the PEG molecules in agreement with experimental results. The main achievement of
these efforts was to provide a validated simulation platform capable of simulating both PEG
molecules and proteins - the basis for further work to generate mechanistic understanding
of ATPS on a molecular scale.

In the following work, mixtures of PEG and phosphate were simulated both in the stable
single-phase and in the unstable two-phase region. The molecular weights of the PEG used
were 300, 600, 1000, and 1450 Da. This work needed extensive investment into the devel-
opment of statistical evaluation routines capable of coping with the arising large datasets.
Again, it was possible to correlate the results of the simulations to experimental data. Using
a set of four system descriptors derived from the simulations and three experimentally de-
termined binodals, we were able to accurately predict a fourth binodal curve solely based on
the simulation data. The descriptors used in the correlations were found to cluster into four
distinct sets. Among the most prominent descriptors were the PEG surface hydrophobicity,
the total energy of H2O, van der Waals energy of PEG, and total system angle energy. The
prominence of these factors point to their important role in phase formation. Due to the
clustering of the descriptors however, the factors determining phase formation could not
be singled out exactly. In addition to the binodal data, solvatochromic characterization
of the phases was also carried out and compared to the results of the simulations. It was
found that the polarity of the solvent most closely correlated to the surface hydrophobic-
ity of the PEG molecule, which confirmed the results from the previous work. H-bonding
properties measured by two different solvatochromic dyes correlated well with the according
H-bonding properties observed in simulation. Finally, the distribution of the model protein
lysozyme was measured in 20 different systems, 5 system compositions for each PEG MW
used. Using a simplified Abraham equation, the distribution coefficient of this protein could
be correlated to the three phase properties either derived from dye measurements or the
simulations with equal quality.

While the work conducted on the molecular scale provides the ground for a new approach
to generate a mechanistic model, the application of such a model to process development
still lies in the future. In order to facilitate current process development, a high throughput
screening method was set up on a robotic platform. Liquid handling of highly viscous fluids
and mixing of the systems on an orbital shaker where the two most challenging process-
science related properties of the screening method that were optimized. With total system
volumes of 650 µL and a processing time of 2h per 96 samples this method significantly
improves throughput and reduces the need for sample material. The method formed the
basis for all other ATPS related studies conducted within the scope of this thesis and was
successfully transferred to the sponsoring industry partner.

Having established the screening procedure, the next goal was to investigate protein
descriptors that might be correlated to the protein’s behavior in ATPS. Many different
attempts had previously been made to improve the understanding of ATPS and decrease
the amount of screening necessary by finding correlations between phase properties, solute
properties, and their distribution. While some attempts were shown to yield good results
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1 Abstract

for the dataset investigated, none had yet been shown to be transferable to an industrial
separation task. With both the ATPS screening method and a newly developed precipita-
tion screening in place, a large investigation was conducted including 7 different types of
ATPSs, 50 individual system compositions, the distribution of ten model proteins in this
systems and the precipitation data on these proteins in the presence of ammonium sulfate.
Diverse protein descriptors including size, isoelectric point, and multiple measures of hy-
drophobicity were investigated for correlations to the proteins’ distributions. It was found
that none of the previously described correlations could be verified. One major difference
of this study was the total protein concentration used to generate the distribution data.
A concentration of 1 g/L was chosen as the aim of the study was to find correlations at
protein concentration reaching industrially interesting levels. Even though this study was
unsuccessful in finding correlations between protein descriptors and distribution, it gener-
ated two important results for the overall topic of this thesis. First, it became obvious that
using protein descriptors alone in correlations is no promising approach. A more promising
approach would incorporate both protein and phase descriptors. With the capability of
molecular dynamics simulations to generate such phase descriptors as described above, the
results encourage the further application of the simulation approach. The second important
result of this study was the dependency of a proteins distribution in an aqueous two-phase
system on the solubility of the protein in the two phases. This becomes especially important
under preparative conditions, where a high capacity of the systems is aimed for.

The findings described above led to the establishment of a new screening approach for
the preparative application of aqueous two-phase extraction. Initially, binodal and tieline
data are generated on the liquid handling platform. Prior to subjecting the target pro-
tein to ATPSs, the protein’s solubility in the presence of the phase forming components is
measured. With the binodal, tieline, and precipitation data, appropriate systems can be se-
lected and process windows for these systems can be chosen and further investigated. Such
screenings were conducted with four different monoclonal antibodies and a corresponding
host cell protein pool. Based on these results, two system compositions were chosen to be
scaled up from 650 µL to a multi-step extraction step using a counter current chromatog-
raphy column of 500 mL volume. The process parameters flow rate and rotation speed
were optimized to yield a high ratio of stationary phase inside the column. Host cell pro-
tein depletion from an antibody-HCP mixture was then investigated while varying sample
volume, protein concentration, and operating conditions. The best results were found at
flow rates of 5 mL/min and 2500RPM, conditions that gave the highest ratio of stationary
phase. HCP clearance was found to decrease with increasing load volume. It was however
not influenced by load concentration underlining the importance of a screening methodol-
ogy considering target protein solubility in the phases. While this study demonstrated the
applicability of centrifugal partitioning chromatography to an aqueous two-phase extrac-
tion step, it also revealed one major obstacle to its application in protein purification. The
high dilution introduced into the sample over the column needs to be reduced before it can
become a viable alternative. This will be the topic of further studies combining ATPS and
precipitation.
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Chapter 2

Abstract in German -
Zusammenfassung

Die zentralen Themen dieser Dissertation sind das molekulare Verständnis sowie die prä-
parative Anwendung von wässrigen Zweiphasensystemen (ATPS) zur Proteinaufreinigung.
Wässrige Zweiphasensysteme werden seit etwa vier Jahrzehnten beforscht. Dennoch ist das
mechanistische Verständnis dieses Extraktionsschrittes weiterhin stark begrenzt. Ohne me-
chanistisches Verständnis können jedoch keine mechanistischen Modelle aufgestellt werden,
was wiederum dazu führt, dass die Prozessauslegung auch nicht mit solchen Modellen un-
terstützt werden kann. Hierdurch bleibt für die Prozessentwicklung nur der recht arbeitsauf-
wendige Weg des extensiven Screenings und der empirischen Optimierung. Die Kombination
mit den geringen Erfahrungswerten bei der industriellen Anwendung der Technik, der Not-
wendigkeit des Kapitalinvestments, sowie mangelnder Bekanntheit bei den regulatorischen
Behörden, verhindert bisher die industrielle Anwendung diesen Aufarbeitungsschrittes, ob-
wohl reichlich akademische Arbeiten existieren, die die Anwendbarkeit und Vorteile von
wässrigen Zweiphasenextraktionen aufgezeigt haben. Hier setzt diese Dissertation an, in-
dem sowohl die Erarbeitung einer Plattform für die Generierung mechanistischen Verständ-
nisses auf molekularer Ebene als auch die Bereitstellung von Hochdurchsatzmethoden zur
schnellen und günstigen Untersuchung großer Anzahlen von Zweiphasensystemen angestrebt
werden.

Um einen Ansatz zum Generieren mechanistischen Verständnisses des Separationsprozes-
ses in wässrigen Zweiphasensystemen zu erarbeiten, wurden Moleküldynamiksimulationen
(MD) verwendet. Bei dieser Simulationsart werden alle einzelnen Atome eines Gesamt-
systems betrachtet. Die Komplexität solcher Simulationen liegt zwischen den sogenannten

”
Coarse Grain Simulations“, bei denen die simulierten Moleküle abstrahiert betrachtet wer-

den, und den quantenmechanischen Simulationen, bei denen alle atomaren Partikel einzeln
betrachtet werden. Ausgehend von einer generierten Ursprungskonstellation der Moleküle
wird dem System kinetische Energie zugefügt, bis eine vorgegebene Temperatur erreicht
wird. Anschließend werden für jedes Atom die auf es wirkenden anziehenden und absto-
ßenden Kräfte berechnet. Hierbei kommt ein

”
Force Field“ genannter Satz an Parametern

zum Einsatz, der für jedes Atom beschreibt, welche Kraft unter welchen Umständen auf
es wirkt. Nach der Berechnung der Kräfte werden für eine vorgegebenen Zeit - einen Zeit-
schritt lang - die Atome entsprechend der Newton’schen Gesetze bewegt. Diese Schritte
werden so lange wiederholt, bis die Simulation eine vorgegebene Gesamtzeit erreicht hat. Da
es sich bei dieser Simulationsart nicht um eine auf thermodynamischen Grundgleichungen
aufbauende

”
First Order“-Simulation handelt, müssen die Ergebnisse stets mit experimen-

tellen Resultaten verifiziert werden. Dies ist für viele anorganische und organische Moleküle
sowie Proteine schon ausführlich demonstriert worden und die entsprechenden Simulations-
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2 Abstract in German - Zusammenfassung

parameter in die dazugehörigen Force-Fields eingeflossen. Simulationen, bei denen sowohl
Proteine als auch Polyethylengylcol-Moleküle realistisch repräsentiert werden, waren bisher
jedoch noch nicht gezeigt worden. Die Simulationen innerhalb dieser Arbeit wurden mit
dem Software-Paket Yasara durchgeführt. Als Force-Field für die Beschreibung von Prote-
inen wurde

”
amber03“ verwendet, ein Force-Field, welches speziell für die Simulation von

Proteinen erstellt wurde. Um die Simulationsparameter für PEG zu bestimmen ist ein veröf-
fentlichter Algorithmus, genannt AutoSMILES, in der verwendeten Software implementiert.
Einzelne PEG Moleküle ansteigender Kettenlänge, gelöst in Wasser, wurden bis zum Errei-
chen eines Systems im Gleichgewicht simuliert. Dies ergab Simulationszeiten von bis zu 40
ns. Strukturelle Elemente und Oberflächeneigenschaften der resultierenden 3D-Strukturen
der PEG wurden anschließend untersucht. Zunächst wurde festgestellt, dass die mit der
Kettenlänge ansteigende Hydrophobizität der Moleküloberfläche auf zwei Effekte zurück-
zuführen ist. Zum einen wird der Einfluss der recht hydrophilen Endgruppe dieser linearen
Moleküle mit ansteigender Kettenlänge geringer. Zum zweiten entstehen dynamisch helikale
Bereiche in den Molekülen, bei denen der Sauerstoff der Ethylgruppe jeweils nach Innen
gerichtet ist und somit von Interaktionen mit dem umgebenden Wasser ausgeschlossen ist.
Somit brachten die durchgeführten Simulationen ein Verständnis für die Hydrophobizität
von PEG Molekülen auf molekularer Ebene. Die in silico Ergebnisse wurden gegen zwei Sät-
ze experimenteller Daten validiert. Zum einen ergaben sich Korrelationen zwischen der bei
Anwesenheit bestimmter Mengen Phosphat zur Zweiphasenbildung benötigten PEG-Menge
und der Oberflächenhydrophobizität der entsprechenden PEG Moleküle. Zweitens konnte
die Oberflächenhydrophobizität mit Lösungsmittelpolaritäten, gemessen durch die Absorp-
tionsverschiebung eines solvatochromen Farbstoffes, korreliert werden. Hierdurch konnte
folglich gezeigt werden, dass der gewählte Simulationsansatz für PEG Moleküle Ergebnisse
generiert, die in Übereinstimmung mit experimentellen Ergebnissen sind. Das Simulations-
protokoll konnte somit als validiert angesehen werden und die Ergebnisse bildeten somit die
Basis für alle weiteren Simulationen mit PEG einzeln oder in Lösung mit Phosphat oder
Proteinen.

In den sich anschließenden Arbeiten wurden Mischungen von PEG und Phosphat so-
wohl im stabilen einphasigen als auch im instabilen zweiphasigen Bereich simuliert. Hierbei
wurden PEGs mit Molekulargewichten von 300, 600, 1000 und 1500 Da verwendet. Diese
Arbeiten erforderten eine ausführliche Entwicklung von Datenmanagementmethoden und
Methoden der statistischen Auswertung der großen anfallenden Datenmengen. Wiederum
konnten die Simulationsergebnisse mit experimentellen Daten korreliert werden. Unter Be-
nutzung von vier aus den Simulationen extrahierten Deskriptoren und den experimentellen
Daten zu drei Binodalen konnte eine vierte Binodale ausschließlich basierend auf Simulati-
onsergebnissen mit hoher Genauigkeit vorhergesagt werden. Die hierbei benutzten Deskrip-
toren konnten in vier verschiedene Cluster einsortiert werden. Hierbei ergaben die auch in
der vorangegangenen Arbeit betrachtete Oberflächenhydrophobizität des PEG, der Ener-
giegehalt des Lösungsmittels Wasser, die van der Vaals Energie des PEG, sowie die Win-
kelenergie des Gesamtsystems die besten Vorhersagen. Dies deutet auf die mechanistische
Bedeutung dieser Faktoren hin. Aufgrund des Zusammenfallens der Deskriptoren in Cluster
konnten die die Zweiphasigkeit bedingenden Faktoren jedoch nicht genau aufgelöst werden.
Zusätzlich zu den Binodalendaten wurden erneut solvatochrome Charakterisierungen der
Phasen experimentell durchgeführt. Hierbei wurde festgestellt, dass die in der Simulation
gemessenen Oberflächenhydrophobizitäten mit den experimentell bestimmten Polaritäten
der Phasen korrelierten. Dies bestätigte ebenfalls die in der vorherigen Studie gefundenen
Korrelationen. Außerdem konnten die Wasserstoffbrückenbindungseigenschaften aus Simu-
lation und Experiment miteinander korreliert werden. Abschließend wurden Verteilungsko-
effizienten des Modellproteins Lysozym in 20 Zweiphasensystemen gemessen, mit je fünf
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2 Abstract in German - Zusammenfassung

Systemzusammensetzungen pro verwendetem PEG Molekulargewicht. Unter Verwendung
einer vereinfachten Form der Abraham-Gleichung, konnten die Verteilungskoeffizienten in
gleicher Güte sowohl mit den experimentell als in silico bestimmten Phaseneigenschaften
modelliert werden.

Während die vorangegangenen Arbeiten eine Basis für die Entwicklung eines mechanis-
tischen Verständnisses der Verteilung in wässrigen Zweiphasensystemen geben, liegt deren
Anwendung im industriellen Umfeld noch in der Zukunft. Um aktuelle Prozessentwicklun-
gen zu erleichtern wurde eine Hochdurchsatzmethode zur Evaluierungen von Zweiphasenex-
traktionen auf einer Pipettierstation etabliert. Hierbei waren die präzise Handhabung auch
hochviskoser Flüssigkeiten sowie das zuverlässige Mischen von Zweiphasensystemen unter-
schiedlicher Zusammensetzung die zwei größten verfahrenstechnischen Herausforderungen.
Mit Gesamtsystemvolumina von 650 µL und eine Prozesszeit von zwei Stunden für 96 Syste-
me ergaben sich deutliche Verbesserungen des Durchsatzes und des Materialverbauches. Die
entwickelte Methode war die Grundlage aller nachfolgenden Untersuchungen zu wässrigen
Zweiphasensystemen. Sie wurde zudem erfolgreich in das Labor des industriellen Sponsors
dieser Arbeit übertragen.

Das Ziel der ersten sich anschließenden Studie war es, Proteindeskriptoren zu untersu-
chen, die Vorhersagen über das Verhalten der Proteine in wässrigen Zweiphasensystemen
erlauben könnten. Eine Anzahl von Publikationen hatte zuvor solche Zusammenhänge prä-
sentiert und so das Verständnis um die entscheidenden Faktoren erweitert. Dennoch war
die erfolgreiche Anwendung dieser Zusammenhänge im industriellen Umfeld bisher nicht de-
monstriert worden. Mit der ATPS-Screeningmethode und einem neu entwickelten Präzipita-
tionsscreening wurde eine umfangreiche Reevaluierung der publizierten Korrelationen zwi-
schen Proteindeskriptoren und Proteinverteilung durchgeführt. Hierbei wurden sieben ver-
schiedene Arten von Zweiphasensystemen, 50 unterschiedliche Systemzusammensetzungen
und zehn Modellproteine verwendet. Zusätzlich wurden Ammoniumsulfat-Präzipitationen
der Modellproteine durchgeführt. Verschiedene Proteindeskriptoren wie Größe, isoelektri-
scher Punkt, sowie verschiedene Maße der Hydrophobizität wurden auf Korrelation zur
Proteinverteilung untersucht. Es ergab sich, dass keine der zuvor publizierten Korrelatio-
nen validiert werden konnte. Hierbei bestand ein Hauptunterschied zwischen den aktuellen
und den publizierten Ergebnissen in den verwendeten Gesamtproteinkonzentrationen. In
den aktuellen Untersuchungen wurde eine Proteinkonzentration von 1g/L verwendet, da
Korrelationen gesucht wurden, die auch unter industriell relevanten Proteinkonzentrationen
standhielten. Obwohl diese Arbeiten keine solchen Korrelationen finden konnten, konnten
zwei wichtige Schlussfolgerungen gewonnen werden. Somit wurde nämlich deutlich, dass
Korrelationen, die ausschließlich auf Proteindeskriptoren beruhen, wenig vielversprechend
sind. Ansätze, die Phasen- und Proteineigenschaften miteinander kombinieren sollten jedoch
erfolgversprechender sein. Dass die zuvor beschriebenen Moleküldynamiksimulationen sol-
che Deskriptoren generieren können, unterstreicht die Validität und Relevanz der Ergebnisse
der Moleküldynamiksimulationsstudien. Als zweites wichtiges Ergebnis dieser Studie kann
angesehen werden, dass der Einfluss der Proteinlöslichkeit und Proteinpräzipitation auf den
Verteilungskoeffizient herausgestellt wurde. Dies ist besonders im industriellen Umfeld, wo
hohen Kapazitäten und Proteinkonzentrationen angestrebt werden, von Bedeutung.

Nachdem die Bedeutung der Proteinlöslichkeit für die Proteinverteilung herausgestellt
worden war, wurde darauf basierend ein neuer Screeningansatz entwickelt, der auf die präpa-
rative Anwendung von wässrigen Zweiphasensystemen ausgerichtet ist. Hierbei werden die
Systeme zunächst auf ihre Binodalen und Konoden untersucht. Anschließend werden Prote-
inpräzipitationsversuche mit den phasenbildenden Komponenten als Präzipitanten durch-
geführt. Anhand dieser Daten und den Binodalen sowie Konoden können dann Systeme
und Systempunkte ausgewählt werden, die eine hohe Proteinkapazität und eine vorteilhaf-
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2 Abstract in German - Zusammenfassung

te Verteilung versprechen. Entsprechende Screenings wurden unter Verwendung von vier
monoklonalen Antikörpern und den dazugehörigen Wirtsorganismen-Proteinpools durchge-
führt. Auf deren Ergebnissen basierend wurden zwei Systempunkte ausgewählt, die von 650
µL auf eine mehrschrittige Extraktion unter Verwendung einer Gegenstromchromatogra-
phie mit einem Säulenvolumen von 500 mL hochskaliert. Die Prozessparameter Flussrate
und Rotationsgeschwindigkeit wurden auf einen hohen Rückhalt stationärer Phase hin opti-
miert. Die Abreicherung von Wirtsorganismenproteine wurde unter Verwendung verschiede-
ner Zielproteinkonzentrationen, Probenvolumina, Flussraten und Rotationsgeschwindigkei-
ten untersucht. Hierbei wurden die besten Ergebnisse bei 5 mL/min und 2500 RPM erreicht,
Bedingungen, die zum höchsten Rückhalt stationärer Phase führten. Die Wirtszellprotein-
abreicherung wurde mit steigendem Beladungsvolumen verringert, während sie unabhängig
von der Zielproteinkonzentration in der Probe war. Dies unterstreicht die Wichtigkeit eines
Screeningansatzes, der die Löslichkeit des Zielproteins in den Phasen mit einbezieht. Die
Untersuchungen zeigten zum einen, dass die Gegenstromchromatographie in Verbindung
mit wässrigen Zweiphasensystemen für die Proteinreinigung geeignet ist. Sie legte jedoch
auch einen Schwachpunkt dieser Technik offen. Die hohe Verdünnung der Zielproteine beim
Passieren der Säule muss verringert werden, soll diese Technik eine Alternative zu beste-
henden Prozessschritten darstellen. Diese Schwachstelle wird Thema folgender Arbeiten
sein, bei denen wässrige Zweiphasenextraktion und Präzipitation miteinander kombiniert
werden.
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Chapter 3

Introduction

In his PhD thesis in 1960 in Uppsala, Sweden, Per-Åke Albertsson discovered that PEG-
phosphate aqueous two-phase systems were well suited for the purification of chloroplasts
[7]. With his work he was among the initiators of the interest in purifying biological macro-
molecules and particles by using aqueous two-phase extraction. Zaslavsky focused his work
around ATPS, extending the knowledge on this topic to a degree that his book “Aqueous
two-phase partitioning” is one of the standard references for this field of science since 1995
[195]. He was among the first to extensively consider ATPS as an analytical technique.

The last two decades have seen a continuous increase in the number of scientific articles
concerned with aqueous two-phase systems (ATPS) published per year. Figure 3.1 shows
the number of results of a search on the topic ATPS performed on the database of the
ISI Web of KnowledgeSM [176]. While the overall increase in scientific output and the
growth of the scientific community worldwide has to be taken into account, an increased
interest in the topic of Aqueous two-phase systems can be concluded from the data shown
in figure 3.1. This is mirrored by the perceived increased interest in alternative protein
purification techniques such as ATPS-extraction or precipitation expressed by members of
the pharmaceutical industry both on conferences and within the scope of collaborations.
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Figure 3.1: Number of database entries of the ISI Web of KnowledgeSM [176] on the topic
“ATPS” plotted over the year of publication for the last two decades.

Liquid two-phase separations were among the first separation techniques used in the
purification of drug molecules. Organic solvents tend to denature proteins and are thus
not applicable to protein separation. In contrast, the phases in aqueous two-phase systems
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are each composed of >70% water and thereby have a better biocompatibility compared to
organic extractions. Aqueous two-phase systems are currently considered as an alternative
separation step to the most commonly used chromatographic separations in the downstream
processing of highly valuable proteins. While capacity and waste disposal issues might arise
with the use of this technique, its advantages over chromatography are the low costs of goods
as compared to chromatographic resins and its ease of upscale.

In the following section, the purification of high value proteins will be discussed in the
case of monoclonal antibodies. The subsequent sections then present the development of
batch aqueous two-phase extraction steps and review current literature on the application
ATPS for the purification of monoclonal antibodies. Following this section, past and current
attempts to model and predict protein behavior in ATPSs are presented. The introduction
ends with a discussion on the theory of liquid-liquid chromatography and its application to
the purification of proteins.

3.1 Purification of high value proteins in the pharmaceutical
industry

OKT3, an anti-CD3 antibody was introduced to the US market in 1986, thus making it the
first molecule of that class to be approved as a pharmaceutical ever [54, chap. 9]. While
OKT3 was produced in the ascites of mice, the majority of antibodies since then have been
produced in genetically modified mammalian cell lines such as chinese hamster ovary (CHO)
mouse myeloma (NS0), baby hamster kidney (BHK) cell lines [192]. Mammalian cell lines,
in contrast to procaryote or yeast fermentation, produce correctly glycosylated proteins.
Non-human glycosylation pattern would elicit an immune response thus diminishing drug
efficacy. In order to further reduce immunological response to the drug substance, mAbs
were first ”humanized” by replacing the murine scaffold sequence with the human sequence.
Later, mice were designed to carry a human immune system thus yielding actual human
antibody sequences. While the initial cell lines yielded final product concentrations well
below 1 g/L, volumetric productivities have increase 20-fold over the past 25 years [74, 192].
Downstream processing of these molecules has also seen changes of similar magnitude. The
large molecular similarity of all antibodies encouraged the standardization of the down-
stream process layout for the entire molecule class. A so called platform process is now
run by the vast majority of companies producing mAbs with the processes differing only
in detail from company to company. In general, an affinity chromatography step using a
ProteinA resin is used as first step after clarification of the cell culture supernatant. Af-
ter this initial step, the target molecule is highly pure and highly concentrated. Host cell
protein levels are reduced by a factor of 1000 and product concentration increased by a
factor greater 10. Owing to the low pH elution step in ProteinA chromatography, a first
viral inactivation step by low pH hold is readily incorporated into the process at that stage.
This step is followed by two chromatography steps, usually either two ion exchange steps
with one run in flow-through mode, or an ion exchange step followed by an hydropho-
bic interaction chromatography. These steps reduce DNA, host cell protein and aggregate
levels to acceptable levels. After viral filtration, the processed product reaches the formu-
lation. The standardization of the mAb production process has drastically reduced process
development efforts. If it is validated that a molecule fits into the platform process the
process development is reduced to optimization and the validation demanded by the regu-
latory authorities [159]. With this level of sophistication and standardization reached in the
production process, what could motivate a large change in the process design such as the
integration of a non-chromatographic unit operation? The only reasons to bring a major
change into the process would be economic ones. Upstream process development continues
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to improve volumetric productivities which are expected to supersede 10 g/L. While this
increases the overall output of the fermentation and reduces its capacity needs, it puts a
burden on the downstream process. While increased product titers do not pose a problem in
fermentation, chromatography unit operations are limited by the mass of a target molecule.
In order to handle the increased amount of product coming into downstream processing in
a timely fashion column sizes need to be increased. However, there is a limit in how large a
chromatography column can be constructed. Thus, additional columns need to be installed
increasing downstream process costs. As Low et. al [114] argue, alternative step such as
precipitation, crystallization or extraction may offer economies of scale and might thus be
considered even though they would increase process development time.

Whether there actually is an economic driver towards a change in the mAb production
process remains a topic of debate. While the current market situation is in favor of keeping
the process as it is, changes in demand or political changes to the health care systems
might shift the economic incentives. However, with the abundance of material available,
mAb/HCP solutions can be regarded as a both highly valuable and highly available model
system for a separation task faced by the pharmaceutical industry. New technologies can
be put to the test on these feedstocks and their use can be demonstrated and judged in
reference to current process data. New molecule classes or the development of personalized
medicine might make changes to the current downstream processes inevitable. Alternative
purification techniques could be a valuable addition to the process developers’ toolbox.
As stated above, one such alternative protein purification technique is aqueous two-phase
extraction, which is the central topic of this thesis.

3.2 Automation and miniaturization in pharmaceutical
downstream process development

Traditionally, protein purification processes were optimized using bench-top sized equip-
ment and a one-factor-at-a-time approach. The number of experiments conducted was
severely limited due to both time and material restrains resulting from the relatively large
scale and labor intensity of the experiments. In order to improve throughput, and de-
crease time, labor, and material costs, the unit operations used in protein purification were
miniaturized, parallelized, and automated. Such high throughput experimentation (“HTE”)
approaches are now a common feature of pharmaceutical downstream process development
[33]. The increase in throughput allows for the implementation of high throughput process
development (“HTPD”) schemes. Such schemes most often rely heavily on statistical design
of experiments and can yield, in addition to a process optimization, valuable insight into
the factors influencing the process. Based on these developments, regulatory agencies have
recently introduced the Quality by Design (“QbD”) initiative. In applying QbD, produc-
tion process knowledge is used in such a way that it allows to evaluate the influence on the
product quality of a deviation in the production process [142]. Ultimately, production pro-
cess control could be implemented based on HTE results and mathematic modeling of the
results. Obviously, deep process understanding mandates a large amount of experiments,
proper statistical evaluation of the results, and accurate analytics.

While most unit operations have already been adapted to a HTE approach, the progres-
sion towards QbD is often impeded by a lack of sample throughput in the analytics. As an
example, the quantification of aggregate level in antibody solutions is usually done using
size exclusion chromatography. Sample throughput of the standard methods used is be-
tween two and four samples per hour. With an HTE method generating at least 96 samples
within two hours, it is clear, that not all samples can possibly be analyzed. This particular
problem was addressed in this dissertation by established a size exclusion chromatography
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aggregate assay with a throughput of 30 samples per hour.

3.3 Aqueous two-phase extraction - Applications in batch mode

Aqueous two-phase system partitioning is the topic of a large body of scientific literature.
Various biological materials such as cells [96, 125, 183], cell organelles or membranes [7, 92],
and nucleic acids [65, 144] have been successfully purified using ATPS. The most often
investigated class of biological molecules is however proteins. Extensive research both to
the preparative and analytical application of ATPS for proteins has been conducted. Several
conclusive reviews articles have been published [79, 81]. The feasibility of using ATPS for
the purification of proteins up to a very large scale (105L) was demonstrated by Raghavarao
et. al [141].

For the development of an aqueous two-phase extraction step, numerous factors have
to be taken into consideration. Apart from special cases such as thermo-separating or
pH sensitive systems, there is the initial choice between polymer-polymer or polymer-salt
systems. Polymer-polymer systems might be favored if large quantities of salt containing
waste should be avoided. Additionally, distribution in polymer-polymer systems can be
more strongly influenced by the addition of smaller concentrations of additives, than in
polymer-salt systems. However, material prices might be higher and further processing
of the phases might be more difficult due to high viscosity. Polymer-salt systems have the
advantage of mostly lower material prices, waste treatment might, however, be in turn more
expensive. Processing might be easier due to lower viscosity, but protein solubility in the
presence of large amounts of salt can be reduced. Systems with large amount of buffering
salts can also not as easily be evaluate at different pH values as polymer-polymer systems.
The next choice to make would be both polymer and salt type as well as polymer chain
length. The most commonly used phase forming components are polyethylene glycol in
combination with either phosphate or dextran. With the additional complexity of choosing
polymer chain length, pH, additives, and protein load, it is obvious that a large number of
experiments is needed for the development of an aqueous two-phase extraction step.

While the application of ATPS for bulk biologicals such as enzymes has already been
extensively discussed, its use in the production of high value pharmacological proteins has
only been considered more recently. Again, monoclonal antibodies as the most prominent
molecule class has mostly been the focus of such work and was also used within this thesis.
Azevedo et. al [16] demonstrated the application of a PEG6000-phosphate systems to the
separation of a polyclonal antibody from model proteins and a hybredoma cell culture
supernatant. It was found that the antibody distributed into the lower phase when no
NaCl was added to the systems. The addition of NaCl at concentrations up to 15% [w/w]
pushed the antibody into the upper phase and increased purity. The limiting factor for the
application of the system was the low achievable antibody load. Total system concentrations
as low as 0.5 mg/mL lead to a decrease in recovery most likely caused by precipitation. The
same research group went on to investigate PEG3350-phosphate systems using statistical
design of experiments [148]. As in the previous study, it was demonstrated that addition
of NaCl could shift the distribution of the target protein into the upper phase and increase
purity by doing so. It was also demonstrated, that a subsequent back extraction using
systems of low salt content was feasible. The limiting factor was, again, the loss in protein
recovery caused by a low solubility. This factor has until now been neglected in the selection
of an ATPS extraction step. Research has been focused on influencing protein partitioning
and identifying conditions giving a high selectivity for the target protein. The limited
protein solubility and the resulting low system capacities need however be addressed in
order to yield a holistic understanding of the industrial capabilities of ATPSs.
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A single unit operation in downstream processing cannot yield the purity necessary in
the production of biopharmaceuticals. The compatibility of any unit operation with its
preceding or subsequent unit operations needs to be considered. The integration of an
aqueous-aqueous extraction step into a complete process can be a challenge. Both phases
contain a large quantity of solutes that can interfere with subsequent process steps or
create the need for extensive conditioning steps. The combinations of an ATPS step with
both hydrophobic and cation exchange chromatography has been successfully demonstrated
for the case of antibody purification [17, 18]. Thus, while both the implementation of a
ATPS purification step for a pharmaceutical protein and its integration into a multi-step
process have been successfully demonstrated, two main obstacles still impede the industrial
application of this technique. First, capacities of the systems used in the published scientific
literature were too low to be industrially applicable. Additionally, the development of an
ATPS step currently relies heavily on prior knowledge and the experimenter’s experience.
Models reliably predicting protein distribution in ATPS are missing, although there have
been numerous attempts to established such models as described in the following section.

3.4 Modeling protein partitioning in ATPS

Since the underlying physicochemical forces driving protein partitioning in aqueous two-
phase systems are not yet fully understood, numerous attempts have been made to find
correlations using protein or system descriptors to explain and predict protein behavior in
ATPSs. The systematic search for correlations between characteristics of suspended mate-
rials and their distribution began in the early 1970s. Charge of the suspended material was
identified as a factor influencing partitioning in polymer-polymer systems both for human
cells [36] and proteins [184]. The molecular weight of proteins, and thus the physical size
of the molecule was found to correlate with the partition coefficient for certain groups of
proteins at their isoelectric point [153]. The most promising models were found when corre-
lating protein partitioning to measures of the hydrophobicity of the protein. Berggren et al.
[26] describe a correlation between hydrophobicities calculated based on the amino acid se-
quence of the proteins and their distribution. The hydrophobicities of the individual amino
acids were determined by measuring the distribution coefficients of peptides composed of
an increasing number of the particular amino acid investigated. In a similar study, Salgado
et al. [152] considered measures of hydrophobicity based on the three dimensional structure
of the proteins. The correlations were best when only the primary sequence was used. This
is somewhat surprising and might point to the important role transient partial unfolding
of the proteins caused by the high concentrations of phase forming components might play.
An attempt to incorporate such effects was made by Asenjo et al. [9, 13]. In their studies,
the amount of ammonium sulfate needed to start precipitation of a fixed concentration of
protein was used as a measure of protein hydrophobicity. Within the present dissertation,
these correlations were reevaluated using a much larger set of conditions.

While the correlations described above gave valuable insights into the forces at play, it
needs to be stressed that until now, these correlations are limited to the proteins and sys-
tems used in the respective study. While they provide general trends that an experimenter
can use to guide process development, there are currently no universally applicable models
that could predict protein behavior in either polymer-polymer or polymer-salt systems. In
order to devise a system that could predict protein partitioning in ATPS, a combination
of protein descriptors with characteristics of the phases might be promising. One such
approach was presented by Madeira et. al [116]. The distribution of 13 model proteins in
10 different polymer-polymer systems was correlated using solvatochromic solvent param-
eters and the previously determined susceptibility of the model proteins to these solvent
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parameters. Using solvatochromic dyes, both phases of ATPSs were characterized for their
dipolarity/polarizability (π∗), their H-Bond basicity (β), and H-Bond acidity (α) as de-
scribed by Kamlet and Taft [94, 95, 171]. Model protein distribution was then fitted to the
difference in solvent parameters between the two phases using the Abraham model [1]. The
resulting linear correlation for all proteins and systems between measured and calculated
distribution had an R2 value of 0.997.

While this approach is promising, it is not possible to generate mechanistic understanding
of the processes on a molecular scale. How the solvent polarity and H-bonding properties
influence a protein’s distribution remains unclear. In order to fully understand the processes
on a molecular scale, an appropriate molecular representation of an aqueous two-phase
system containing a protein would be needed. One approach to devise such a representation
is through the use of molecular dynamics simulations. In such simulations, every atom and
all its bonds of a system are taken into account. The forces acting on each individual atom
through its vicinity are calculated in each frame of a simulation. Between two frames,
the forces act on the atoms according to Newtonian law of motion for a set time period.
This process is repeated until the system reaches an equilibrium. Molecular dynamics were
introduced to the downstream processing by Dismer et al. [50]. In their work, molecular
dynamics simulations were used to gauge the electrostatic interaction potentials between
model proteins and a cation exchangers surface as a function of the protein’s orientation.
It was thus possible not only to accurately reproduce the protein’s orientation that had
previously been determined experimentally by Dismer et al. [51]. It was also possible to
predict the elution behavior of a model protein in a salt gradient elution from a cation
exchanger based on simulation data and a calibration using a different model protein. Thus
molecular dynamics simulations have proven a valuable tool to generate understanding
of protein purification phenomena on a molecular level. In this dissertation, molecular
dynamics simulations were evaluated as a tool to study PEG molecules in solution, aqueous
two-phase systems, and protein partitioning therein.

3.5 Liquid-Liquid chromatography

The need for continuous extraction

While the purification of biologicals in batch ATPS was shown to yield good results in
some cases, a single extraction step is not sufficient for many purification tasks. In order
to improve the resolution between the molecules of interest and the impurities a series of
recurring extractions can be employed. In 1950 Craig [45] pioneered a countercurrent dis-
tribution (“CCD”) device now dubbed the Craig apparatus. It consists of a series of glass
devices connected in series in such a way that rocking the device back and forth results
in a flow of the lighter phase towards the end of the apparatus. The heavier phase stays
stationary in this process. Each cycle consists of mixing the two phases, letting them settle
and then transferring the lighter phase into the next tube. Substances distributing into the
upper phase move faster through the apparatus while substances distributing into the heav-
ier stationary phase are held back. This CCD mechanism has since been replaced by more
sophisticated technological implementations, but the basic principle of using liquid-liquid
extraction in a chromatography like mode is still the same. A review of the different ways
to implement liquid-liquid chromatography can be found in the publications by Grushka
and Grinberg [69, Chapter 9] and Sutherland [167]. The following two paragraph briefly
summaries the different concepts.
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Hydrodynamic liquid-liquid chromatography

There are two ways of implementing liquid-liquid chromatography: hydrodynamic and hy-
drostatic columns. the hydrodynamic countercurrent chromatography (“CCC”) was pio-
neered by Ito et. al [88]. Of the many possible implementations of this technology the
J-type CCC is among the most common. A tube, helically coiled around a drum, is ro-
tated in a planetary motion. Owing to the Archimedean screw force and the centrifugal
force [71, 86], each coil consists of a zone of mixing and a zone of demixing when a mobile
phase is pumped through the column. If the rotation is stopped, mobile and stationary
phase settle owing to the force of gravity. The settling of the phases when the rotation is
stopped is the reason why this implementation of liquid-liquid chromatography is termed
hydrodynamic.

Hydrostatic liquid-liquid chromatography

The hydrostatic centrifugal partitioning chromatography (“CPC”) was pioneered by Mu-
rayama et. al [126]. A CPC rotor consists of a series of chambers connected by capillaries
in such a way that the top of one chamber is connected to the bottom of the next. The
chambers are mounted on disks and the disks stacked to create the actual rotor sometimes
containing over 1000 separate chambers. The rotor is spun creating a centrifugal force
whose direction is along the chambers. Owing to the repetition of capillaries and chambers,
the heavier phase will not settle at the bottom of the rotor when the rotor is stopped,
which is why this implementation of liquid-liquid chromatography is called hydrostatic. As
explained by Sutherland [167] major improvement of the chamber design were achieved by
Marchal et. al [118]. The improvements were based on work done by van Buell et. al [178]
who used stroboscopic measurements to improve the understanding of the effects at play
in CPC. Ikehata et. al [84] recognized the important role of the Coriolis force for mixing in
CPC.

Modeling CCC/CPC

In 2009 de Folter et. al [47, 60] published a software modeling CCC/CPC. The model
assumes that the basic separation principle can be abstracted from the CCD apparatus.
Based on the works by [31, 43, 169]they come to the following conclusions. The retention
time (tR) of a solute in CCC/CPC can be calculated based on the volumes of mobile (VM )
and stationary phase (VS), the distribution coefficient D and the flow-rates of mobile (FM )
and stationary phase (FS) as follows:

tR =
VM +DVS
FM +DFS

(3.1)

With the distribution coefficient D defined as the ratio of the concentration of a solute in
the stationary phase (CS) to its concentration in the mobile phase (CM ).

D =
CS

CM
(3.2)

Sutherland et al. found the peak width w to obey the following equation:

w = 4

√
tRD

VM
VS

(3.3)
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It can be seen from equation 3.3 that the peak width and thus the dilution of a solute in
CPC increases with increasing retention time, increasing distribution into the stationary
phase and increasing ratio of mobile phase in the column. To avoid dilution of a certain
solute, the CCC/CPC should thus be operated using a system that gives a low distribution
coefficient for the solute and a high ratio of stationary phase in the column. Care must
however be taken not to reduce the residence time to a degree that sacrifices too much
resolution. The general equation for the resolution between two peaks in chromatography,
assuming Gaussian peak shapes, as a function of their retention times and the peak width
is:

Rs =
t1R − t2R

0.5 ∗ (w1 + w2)
(3.4)

For each set of peak widths a difference in retention time can be found to yield a certain res-
olution. Figuratively speaking, wide peaks need to be further apart from one another than
narrow peaks to generate the same resolution. The resolution of two adjacent peaks de-
pends on the selectivity α of a column, the number of theoretical plates N , the partitioning
coefficient D, and the ratio of mobile to stationary phase X.

RS =

√
N

4
× (α− 1)× k

1 + k
(3.5)

The retention factor k is defined by using the retention volume VR of a solute, the volume
of mobile (VM ) and stationary phase (VS) in the column:

k =
V 1
R − VM
VM

(3.6)

In CCC/CPC the use of a partition coefficient KD is more common. It is defined as:

KD =
V 1
R − VM
VS

(3.7)

Thus, k can be substituted by:

k = KD ×
VS
VM

(3.8)

Using the above equations, equation 3.5 can be rewritten to contain the ratio of mobile to
stationary phase:

RS =

√
N

4
× (α− 1)× KD

KD + VM
VS

(3.9)

Using equation 3.9 Berthod [69, chapter 9] demonstrated the complementarity of CCC/CPC
and HPLC with an example much like the following. Given are two solutes of low KD-value
(K1

D = 1, K2
D = 2). Compared to CCC/CPC HPLC columns usually have a much lower

ratio of VS to VM . A stationary to mobile phase ratio of 0.02 would result in retention
factors of k′1 = 0.02 and k′2 = 0.04. The two solutes would thus hardly be retained in
the column. In order to generate baseline resolution (RS = 1.5) according to equation 3.5
approximately 93600 theoretical plates would be needed. Such high numbers of theoretical
plates are achievable with current HPLC / U(H)PLC equipment. They lie, however, far
outside the numbers of theoretical plates reported for CCC/CPC which are in the region
of 80-300. CCC/CPC equipment can still generate the same resolution. This is due to the
much large ratio of VS to VM which are commonly between 0.6 and 9. Assuming an equal
volume of the two phases within the column, using equation 3.7 retention factors of 1 and 2
can be calculated. Using equation 3.9 to calculate the number of theoretical plates needed
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to generate a resolution of 1.5 we get N = 144. The low number of theoretical plates in
CCC/CPC is counteracted by the much larger ratio of stationary to mobile phase volume
as compared to HPLC. This leads to a much increased retention factor in CCC/CPC. With
longer retention in the column comes dilution which means that an HPLC would generate
two narrow peaks eluting very closely, while the CCC/CPC would generate much wider
peaks with a much larger difference in retention times. It should be noted that the above
example is a thought experiment only. HPLC operating conditions leading to retention
factors of 0.02 and 0.04 would most likely not be chosen. Mobile phase composition would
be chosen to yield increased retention factors and reduced need for such high numbers of
theoretical plates. Also, this assumes isocratic conditions for the HPLC which is highly
unusual except for size exclusion chromatography.

The severe peak broadening and thus dilution of the compounds in CPC is a consequence
of the long retention times. This leads to the following conclusions: a high ratio of stationary
phase is beneficial both to the resolution and to the sample dilution. Lower mobile phase
volume and higher distribution coefficient lead to higher retention times and increasing peak
width. In order to avoid dilution of the sample, a system should be chosen that gives a high
distribution coefficient D and a high ratio of stationary to mobile phase in the column.

Application of CCC/CPC to ATPS and biologicals

In contrast to organic-organic or aqueous-organic biphasic systems, CCC and CPC station-
ary phase retention and adequate mixing are harder to achieve when switching to aqueous-
aqueous systems. Compared to organic systems, ATPSs most often display lower differences
in density of the two phases, low interfacial tension, and higher viscosity. This results in
higher settling times and less mixing, leading to higher stripping of the stationary phase
during CCC/CPC and a lower efficiency in terms of number of theoretical plates. High
retention of stationary phase is, as shown above, desired. For ATPS in combination with
J-type CCC, it has been shown in theory [85] and in practice [70] that achieving a high
level stationary phase retention is mostly only possible at low flow-rates. Low flow-rates
lead to a decrease in productivity. It is clear that the design of the current CCC/CPC
apparati needs to be adjusted for the use of ATPS, and research geared towards this is
currently performed. Despite the pitfalls of the currently available CCC/CPC machines,
both hydrodynamic and hydrostatic columns have been investigated for the purification of
biological using ATPS. Guan et. al [72] used a J-type CCC in combination with a 12.5%
K2HPO4 12.5% PEG1000 ATPS. They investigated the influence of system setup, flow
rate, column length, and sample loading on the separation of myoglobin from lysozyme and
of the dipeptides His-Gly from Val-Tyr. Baseline separation of the two proteins was only
achieved at low flow rates of 0.62 mL/min (= 173 min/CV). They found that the separation
of the dipeptides was better even though single component distribution coefficients would
have suggested otherwise (α was larger for the proteins than for the dipeptides). Based on
the results presented by Ito et. al [87], the authors conclude that J-type CCC machines can
provide adequate mixing for ATPS, the molecular weight of proteins however leads to se-
vere band broadening thus worsening resolution. CPC has been used for the determination
of water-octanol distribution coefficients and for the purification of chemical compound by
organic-organic extraction. The use of CPC for protein purification is less common. Bérot
et. al [27] demonstrated the use of a CPC for the preparative purification of pea albumin us-
ing a butanol water system. As stated above, using ATPSs in CPC poses several challenges
but has been successfully demonstrated. Sutherland et. al [168] used a 12.5% K2HPO4

12.5% PEG1000 ATPS in an Armen instruments 500 mL CPC system investigating the
influence of flow-rate, rotation speed, and sample load volume on the resolution of myo-
globin from lysozyme. These proteins had distribution coefficients of 0.59 and 1.91 in batch
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ATPS. In CPC, they achieved resolutions of up to 3.2. Maximizing the load volume, they
found that near baseline separation (RS = 1.28) was achievable when loading an ATPS of
10% column volume with concentrations of 2.2 mg/mL for both proteins. While rotation
speed had little influence on the resolution, an increase in flow rate significantly reduced
resolution. The separation was run at 10 mL/min (50 min/CV). A flow rate of 20 mL/min
(=25 min/CV) resulted in a complete stripping of the column. Load volumes higher than
10% had the same effect, as the proteins were loaded in an ATPS rather than in mobile
phase. The authors were able to demonstrate that a simple linear scale-up approach to
an Armen instruments 6.25L CPC system yielded results in excellent agreement with the
smaller scale. However, even at the highest possible load volume, the proteins were diluted
more than threefold. Chen et. al [37] demonstrated the use of a PEG6000-phosphate ATPS
for the separation of BSA and lysozyme using a 230 mL CPC. A review of the published
work on the purification of biologicals using liquid-liquid chromatography was written by
Ian Sutherland [167]. As the same ATPS (12.5% K2HPO4 12.5% PEG1000) and the same
model proteins (myoglobin and lysozyme) are used in most studies, the aforementioned
review article gives a good overview of the current capabilities of the technology. It can be
concluded that at the current state of development, CPC is the most promising option of
liquid-liquid chromatography using ATPS for the separation of proteins as CPC was shown
to work at higher flow rates, higher sample load volumes, greater system volume, generating
better resolution.

One major obstacle for the implementation of ATPS CCC/CPC is the lack of a solvent
selection system. The selection of a two-phase system for organic-organic or aqueous-organic
extraction has been significantly simplified by the development of the ”Arizona” solvent
system [32, 61]. Twenty four different combinations of Heptane, Ethyl Acetate, Methanol,
and water were chosen such that a wide range in polarity of the resulting two phases was
covered. The polarity of the phases was judged by the bathochromic shift of the absorbance
maximum of the Reichhardt’s dye [143]. With this systematic approach the selection of an
extraction system is greatly simplified as one can infer from the results of a distribution
experiments which solvents might be better suitable for the separation task. For ATPS
however, no such approach has yet been developed. In fact, several publications both on
CCC and CPC used the exact same ATPS (12.5% K2HPO4 12.5% PEG1000) investigating
the resolution of myoglobin from lysozyme. While this is beneficial in terms of comparability
between the studies, it also underlines that a practical approach for selecting the biphasic
system to use is lacking.

3.6 Scope of this dissertation

In order to allow for a more systematic approach in the selection of ATPS suitable for
scale-up to CPC two measures are presented in this thesis. First, an automated screening
method, generating binodal data, tieline data, protein solubility and protein distribution
data is presented in section 5.1. Second, in section 5.3, results from MD simulation studies
on PEG solutions and in section 5.4 from PEG-phosphate solutions are shown. The results
give insights into the structure and surface properties of PEG molecules in solutions. The
results were correlated with solvent polarity measurements. Thus these studies might lay
the groundwork for the development of a scale of solution properties for PEG-phosphate
systems similar to the “Arizona” system used for organic extractions. The HTE method
developed to screen aqueous two-phase system was then used to investigate correlations
between protein descriptors and protein distribution. These efforts are summarized in
section 5.2 While CPC had been shown to work for the separation of two model proteins
using ATPS an evaluation of this technology for a complex purification task such as the
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separation of a biopharmaceutical target molecule from host cell proteins was missing. This
is addressed in section 5.5 of this thesis. The selection of an ATPS suitable for CPC was
again performed using the HTE method developed.
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Chapter 4

Research proposal

Aqueous two-phase extraction has recently attracted increased interest both from the scien-
tific community and from the biotech industry as one of the alternatives to chromatography.
For protein purification, ATPS have been shown to yield good results for various purification
tasks. Its merits include integration of solid removal and product recovery, easy upscale,
and high selectivity and recovery. ATPSs have been shown to be a valuable alternative
to conventional chromatography in certain cases both judging from product recovery and
purity as well as from process economics. Regardless of the many proposed benefits, there is
still only limited industrial scale application of this technique. This might be ascribed to the
following facts. Despite substantial academic efforts, there is only limited understanding of
the underlying principles, resulting in an absence of detailed physical models. This makes
it hard to select - from the wide range and diversity available - a set of suitable systems
to be tested when faced with a certain purification task. Manual screening on the other
side is a time, labor and material intensive process. Once a suitable system is identified,
current industrial processes are based on batch processing only, neglecting the potential of
multi-stage processes. There are two possible approaches to making this technique more
feasible for the biopharmaceutical industry. Find out the principles at work and decrease
the screening costs. This research proposal aims to work on both fronts, understanding the
underlying principles of ATPS and selecting suitable systems as well as an feasibility study
for multi-stage ATPS processing.

Several attempts to model protein distribution either on phase characteristics or protein
properties have been published. However, a verification of these correlations against an
independent data set is missing. The application of such correlations to an industrial
separation task has also not yet been demonstrated. Finding correlations between system
or solute descriptors and their distribution is one way to enhance understanding of the
systems. Another successful way of gaining detailed knowledge of the forces at play are
molecular dynamics simulations. They have been shown to accurately predict the elution
behavior of two model proteins from an cation exchange resins based on the 3D-structure
and molecular dynamics simulations. To be able to use this approach to study protein
behavior in ATPS however, the basic description of polymer and polymer/salt solutions
via molecular modeling first needs to be demonstrated. The capability to describe polymer
and polymer/salt solutions without proteins is thus a necessary prerequisite for studying
proteins in ATPS via MD simulations.

Monoclonal antibody separation from host cell proteins is probably the most commonly
investigated purification task in the context of biopharmaceutical downstream processing
and a well suited model system. ATPS have been shown to be applicable for this task.
However, lack of resolution and low system capacity were seen. Low system capacities need
to be addressed by screening more ATPSs, specifically ATPS composed of lower molecular
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4 Research proposal

weight polymers that promote higher capacities. Increased resolution, while simultane-
ously scaling up the extraction step, can be achieved by the use of centrifugal partitioning
chromatography (CPC). This unit operation has been demonstrated to work with aqueous
two-phase systems and to generate high resolution for the separation of proteins. Severe
dilution of the target molecules were encountered and need to be prevented when working
with pharmaceutical proteins.

With reliable models for the distribution of proteins in ATPSs lacking, fast and resource
efficient screening methods constitute an important part in the development of this process
step. Miniaturization and parallelization of process step developments, recently termed
high-throughput process development “HTPD”, has advanced greatly in recent years and
can now be considered the state-of-the-art approach for the purification process for high
value protein pharmaceuticals. The most well characterized process step in this format is
chromatography both in batch and in column format. While numerous other process steps,
including ATPSs, have been shown to be feasible for HTPD, deeper understanding of the
challenges of scale-down and their applicability to pharmaceutical process development still
need to be investigated.

This research proposal has two closely associated foci relating to the statements above.
As first focus, the proposed research will evaluate the capabilities of a published method
of predicting protein distribution in ATPS based on protein precipitation data. Using the
developed screening platform, the number of model proteins and ATPSs previously used
will be expanded. If a correlation is found, it is to be used in the screenings of appropriate
phases for liquid-liquid chromatography. If the correlations are not found to hold in light of a
larger dataset, a new approach to predicting protein distribution in ATPS will be attempted.
Molecular dynamics simulations shall be used in an attempt to characterize PEG solutions
and ATPS based on PEG and phosphate in silico. To do so, first a simulation protocol
for polymer solutions needs to be established. Then, the properties of polymer solutions in
silico need to be correlated with experimental values. Before protein distribution in ATPS
can be considered, it needs to be demonstrated, that the in silico representation of an ATPS
without protein can be correlated to experimental values. It needs to be shown, that the
representation of PEG/phosphate solutions in the molecular modeling is accurate enough to
yield differences in the characteristics of single and biphasic systems, and between the two
phases of an ATPS. This will lay the basis on which protein distribution might be evaluated
based on molecular dynamics simulations. Creating this basis for further research is the
final goal of the second focus of the proposed research.

As a second focus, the industrial application of an ATPS extraction step is to be evaluated.
Purification of monoclonal antibodies from host cell proteins is to be used as model system.
As explained above, the lack of an adequate model to predict protein distribution in ATPSs
creates the need for a sophisticated, miniaturized, automated screening platform. This
platform needs to be capable of generating in an automated fashion binodal data, tieline
data, and data on protein distribution and recovery. Additionally, to allow the estimation
of protein solubility limited load capacities of the systems, an automated screening method
for protein precipitation by any chosen precipitant needs to be developed. HTS methods
currently lack high informational content, high accuracy analytics matching the throughput
of the experiments. Thus one currently has to choose between fast, low content assays
and time consuming high content assays. In order to supplement the HTS methodology,
ways to improve throughput in chromatographic assays run on state-of-the-art U(H)PLC
equipment will be evaluated within this project. Finally, a CPC apparatus will be used in
order to evaluate scalability of batch experiments to liquid-liquid chromatography with the
aim of increasing resolution while keeping sample dilution to a minimum. The influence of
operation parameters and choice of biphasic system on the performance of a CPC needs to
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4 Research proposal

be evaluated. A screening scheme fitting the needs of liquid-liquid chromatography phase
selection will be developed. As the final goal of this focus of the proposed research is the
demonstration of the use of a CPC machine beginning with the selection of the phases by
HTS methods and the successful transfer of the developed methodologies to the sponsoring
industry partner.

In summary, this projects aims to deepen the basic understanding of aqueous two-phase
systems for the purification of proteins and generate an easily applicable process develop-
ment platform ranging from early stage screenings to pilot scale preparative purification.
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set of experiments and independent simulation data is shown. Simulation results are
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tochromic dyes.
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aggregate analysis by size exclusion chromatography. It evaluates new size-exclusion
media suitable for higher back-pressures which reduce analysis time in single injec-
tion mode. Additionally, a way of controlling the U(H)PLC machine such that two
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Abstract

Aqueous two-phase systems as separation technique have regained substantial in-
terest from the biotech industry. Biopharmaceutical companies faced with increasing
product titers and stiffening economic competition reconsider ATPS as an alternative
to chromatography. As the implementation of an ATPS is material, time and labor
intensive, a miniaturized and automated screening process would be beneficial. In this
article such a method, its statistical evaluation and its application to a biopharma-
ceutical separation task are shown. To speed up early stage ATPS profiling an auto-
mated application of the cloud-point method for binodal determination was developed.
PEG4000-PO4 binodals were measured automatically and manually and were found to
be identical within the experimental error. The ATPS screening procedure was applied
to a model system and an industrial separation task. PEG4000-PO4 systems at a pro-
tein concentration of 0.75 mg/mL were used. The influence of pH, NaCl addition and
tieline length was investigated. Lysozyme as model protein, two monoclonal antibod-
ies and a host cell protein pool were used. The method was found to yield partition
coefficients identical to manually determined values for lysozyme. The monoclonal an-
tibodies were shifted from the bottom into the upper phase by addition of NaCl. This
shift occurred at lower NaCl concentration when the pH of the system was closer to
the pI of the distributed protein. Addition of NaCl, increase in PEG4000 concentration
and pH led to significant loss of the mAb due to precipitation. Capacity limitations of
these systems were thus demonstrated. The chosen model systems allowed a reduction
of up to 50% HCP with a recovery of greater than 95% of the target proteins. As these
values might not be industrially relevant when compared to current chromatographic
procedures, the developed screening procedure allows a fast evaluation of more suitable
and optimized ATPS system for a given task.

Keywords: Aqueous two-phase system, high throughput screening, mon-
oclonal antibody, design of experiments, multilinear regression

1 Introduction

Aqueous two phase systems (ATPS) are long known to provide a way of separating biological
components by liquid-liquid extraction [1]. There has been extensive research on ATPS
and comprehensive review articles have been published on this topic [2–4]. For protein
purification, ATPS have been shown to yield good results for various purification tasks. Its
merits include integration of solid removal and product recovery, easy upscale, and high
selectivity and recovery [5, 6]. ATPS have also been shown to be a valuable alternative
to conventional chromatography in certain cases both judging from product recovery and
purity as well as from process economics [7].

Regardless of these potential benefits, only a limited number of industrial scale applica-
tion of this technique are currently observed. Recently however, ATPSs have attracted new
interest of the biopharmaceutical industry. As current product titer improvements during
cultivation shifts economic pressure onto the downstream side of a process [8–10] alterna-
tive processing steps might become favorable over conventional chromatography. While the
applicability of ATPSs for the purification of human antibodies has been demonstrated [11–
13], the experimental efforts needed for its implementation are still high. First, the binodal
curve of the system to be used to select a reasonable screening space needs to be deter-
mined. While this information can be found in the literature for the most common ATPSs,
any additive or deviation from literature conditions will lead to changes of the experimental
space and thus create new systems. An automated way of gaining this information would
significantly reduce resource consumption and speed up this process. Second, there is no
clear understanding of the underlying physical principles, which makes it hard to select -
from the wide range and diversity available - a set of suitable systems to be tested when
faced with a certain purification task. Large numbers of experiments for each system are
needed in order to gain sufficient insights. When performing the necessary studies on a
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manual basis, substantial amounts of the target protein, usually a very limited resource,
are consumed considering that a typical system size in manual screenings is 5 g [14]. Minia-
turization of the screening would reduce this protein consumption dramatically. As time
and labor are scarce resources in current short industrial downstream process development
cycles an automation of the screening procedure and thus significant reduction in time and
labor force needed would be highly beneficial. Automation and miniaturization would also
allow to increase replicate number and number of conditions tested. This will lead to better
and statistically more validated understanding of the screening results, which is essential
to follow a QbD approach. In short, as in other areas of downstream process development,
a high throughput screening strategy would be highly beneficial [15–17]. While single ex-
amples of statistically motivated manual ATPS screens have been carried out in the past
and automated screening ATPSystems using single protein solutions have been shown, the
application of an automatic ATPS screening method to a complex protein mixture in a DoE
context in order to evaluate an industrial separation task is still missing. In this paper,
such an approach is shown in detail. We first describe the optimization and extension of
an earlier ATPS screening method established by our group [18]. Total system volume is
decreased to 650 µL thus reducing sample consumption. Liquid handling and sampling
procedure were optimized concerning their accuracy and reproducibility. The method is
statistically profiled to give a better understanding of the quality of the produced data.
Additionally, a new method of automatically determining binodals of ATPS is described.
The distribution of lysozyme is investigated by a design of experiments approach using a
central composite face centered (CCF) design. The applicability of the screening method
to an industrial purification task is demonstrated by measuring the distribution coefficient
and the recovery of 2 monoclonal antibodies and a corresponding host cell protein mixture.
Aqueous two-phase systems composed of PEG4000 and PO4 are used. The effect of system
pH, NaCl addition and PEG4000 concentration on distribution and recovery are evaluated.

2 Materials and methods

2.1 System setup

2.1.1 Liquid handling station

In this study, a Tecan Freedom Evo 200 system (Tecan, Crailsheim, Germany) was used as
liquid handling platform. It is equipped with three robotic arms: one 8-port liquid handling
arm, outfitted with 4 fixed tips and 4 adapters for disposable tips, one standard robotic plate
handling arm equipped with a centric gripper as well as a 96 channel liquid handling arm
equipped with an eccentric gripper. Additionally, the system has an integrated centrifuge
(Rotanta 46RSC, Hettich, Tuttlingen, Germany), a rotational shaker (Te-Shake, Tecan,
Crailsheim, Germany) outfitted with a PreDictor frame (Tecan, Crailsheim, Germany),
and an Infinite200 spectrophotometer (Tecan, Crailsheim, Germany).

2.1.2 Disposables

For spectroscopic measurements Greiner Bio-One (Kremsmun̈ster, Austria) UV-Star plates
(article no. 655801) were used. ATPS were prepared in 1.3 mL Nalgene Nunc (Rochester,
NY, USA) Deep Well plates (product no. 260252). For all other purposes Greiner polypropy-
lene flat bottom MTPs were used (article no. 655261).

2.1.3 Software

Excel 2007 (Microsoft, Redmond, WA, USA) files were used as import format and for data
storage. All calculations, evaluation and visualization of data were done using Matlab
R2009b (The Mathworks, Natick, ME, USA). The robotic workstation was controlled using
Evoware 2.1 SP1 standard (Tecan, Crailsheim, Germany). The spectrophotometer was
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controlled using Magellan 6.4 (Tecan, Crailsheim, Germany). Design of Experiments (DoE)
setup and evaluation were done using Modde 8.0 (Umetrics, Ume̊a, Sweden) and Matlab.

2.2 Reagents, preparations and analytics

2.2.1 Stock solutions

Stock solutions were prepared in dH2O as follows: 40% [w/w] PEG4000, 40% [w/w]
NaH2PO4, 40% [w/w] K2HPO4, 25% [w/w] NaCl. PEG4000 was purchased from Carl
Roth (Karlsruhe, Germany, product no. 0156). All other chemicals were bought from
Sigma-Aldrich. Protein stock solutions ranged in concentration from 3.8 mg/mL to 10
mg/mL and were prepared as described in section 2.2.2. Phosphate stock solutions for
ATPS were combined as follows: 52.54 g NaH2PO4 solution and 47.46 g K2HPO4 to
yield pH 6.0; 29.71 g NaH2PO4 solution and 70.29 g K2HPO4 to yield pH 7.0; 11.15 g
NaH2PO4 solution and 88.85 g K2HPO4 to yield pH 8.0. NaH2PO4 and K2HPO4 were
chosen for the higher solubility of these salts compared to Na2HPO4 and KH2PO4.

2.2.2 Protein solution preparation

Two monoclonal antibodies (mAb) and a corresponding host cell protein (HCP) pool were
supplied by Boehringer Ingelheim Pharma GmbH & Co. KG. The monoclonal antibodies
were supplied as active pharmaceutical ingredient (API). If needed, protein concentration
in the API solutions was increased by ultrafiltration as described in section 2.3. The mAb
free flow-through obtained from a ProteinA chromatography step of clarified cell culture
fluid (CCF) of a mAb producing cell line was used as HCP pool. The proteins contained
therein were brought into a 20 mM Pi buffer at pH 7.0 by size exclusion chromatography
(SEC) using a Sephadex G25 Medium (GE Healthcare, Little Chalfont, UK) column. Pro-
tein concentration was then increased by ultrafiltration using a 1kDa MWCO membrane.
Lysozyme, used as model protein, was bought from Sigma (product no. L6876). Lysozyme
stock was prepared as a 10 mg/mL protein solution in 20mM Pi buffer at pH 7.0.

2.2.3 Protein concentration analytic

Protein concentration was measured via absorption of light at 280 nm wavelength. For
manual determination of protein concentration, standard UV transparent cuvettes placed
in an Infinite200 spectrophotometer (Tecan, Crailsheim, Germany)were used. Protein con-
centration of a sample was calculated in reference to a calibration curve. Protein concen-
tration determination on the liquid handling platform was performed using UV transparent
microtiter plates placed in an Infinite200 spectrophotometer. Protein concentration was
calculated by comparison to a reference sample with known concentration (internal stan-
dard).

2.3 Ultrafiltration

Ultrafiltration was done using a PureTec CP-120 system (SciLog, Middleton, WI, USA).
Minimate TFF Omega 10 kDa molecular weight cut-off (MWCO) membranes (Pall, Port
Washington, NY, USA) were used for mAb containing solutions, Minimate TFF Omega 1
kDa MWCO membranes (Pall, Port Washington, NY, USA) were used to increase HCP
concentration.

2.4 Liquid handling calibration

Liquid handling by the 8-port liquid handling arm was calibrated by pipetting onto an
analytical balance (WXTS205DU, Mettler-Toledo, Greifensee, Switzerland). Measurement
of liquid density were done using a standard 5 mL pygnometer. A set of general liquid
handling parameters optimized for low, medium and high viscosity fluids was used as basis
for further optimization. The most prominent parameters changed as adaptation to higher
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viscosities were plunger movement speed and waiting interval after plunger movement (“de-
lay”). Liquid handling was optimized for both types of tips used (Fixed silicone coated tips
and disposable tips) as well as for pipetting into air and onto a liquid. The calibrated range
was 10 µL to 1000 µL.

2.5 ATPS screening process

2.5.1 Manual procedure

Systems of a total volume of 1 mL were prepared in standard 1.5 mL tubes. Stock solutions
of phase forming components and dH20 were combined as required and the systems mixed
on a vortex shaker. After this initial mixing step, protein stock solution was added as
last component. The obtained systems were then incubated on an end-over-end shaker
for 15 minutes. Phase separation was achieved by centrifugation (17,000 x g, 3 minutes).
Samples of both phases were taken, diluted 1:10 and analyzed for protein content by UV280
absorption. Samples from the bottom phase were obtained by puncturing the bottom of
the tube.

2.5.2 Automated procedure

The method described herein is an extension and optimization of a method established
earlier by our group [18]. First, aqueous two-phase systems of 650 µL total volume were
put together, where water was dispensed first, followed by salt and polymer solutions. After
an intermediate mixing step, protein solution was added as the last portion followed by a
final mixing step. All liquids except polymer solutions were pipetted using the system’s
fixed tips. Due to their high viscosity, polymer solutions were handled using disposable
tips. Second, the systems were mixed on an orbital shaker (1300 rpm, 5 minutes) to ensure
equilibrium between the two phases. To test if the chosen conditions led to the systems
reaching equilibrium within the 5 minutes of mixing time, samples from the bottom phase
were analyzed for Methylviolet. Phase separation was accomplished by centrifugation (1,800
x g, 3 minutes). Samples of both phases were then taken, diluted 1:10 in dH2O and analyzed
for protein and dye content. Taking a sample from the top phase was achieved by using
the liquid level detection functionality of the LHS. Pipetting parameters were optimized to
assure correct volume transfer of any of the differently composed phases. This was done as
described above by using the top phases of four reference PEG4000 - PO4 systems. The
tip was lowered 0.25 mm below the liquid surface. The sample was drawn at a speed of 5
µL/s with a delay time of 1000 ms after aspiration. The leading airgap in the tip was set
to 30µL. Dispense speed was 10 µL/s with a breakoff speed of 50 µL/s. The factor between
plunger movement and volume pipetted was determined to be 1.092. When sampling from
the bottom phase, the pipetting tip has to be moved through the top phase. Thus, pipetting
parameters were optimized for correct volume and for least carry over. Using a series of
firmware commands directly sent to the liquid handling arm via visual basic scripts, 43 µL
of sample were aspirated at a speed of 15 µL/s after moving the tip through the top phase
at a speed of 1 mm/s. Following a delay of 1000 ms, the tip was retracted at a speed of 20
mm/s. The tips were then lowered onto the surface of wells containing dH2O to wash off
remaining top phase stuck to the outside of the tips. 5 µL of bottom phase sample were
discarded into the dH2O containing well as it had been observed that top phase material is
drawn into the tip due to capillary forces during retraction of the tip. Finally, the samples
were dispensed at 133 µL/s. 30 µL sample of both phases were transferred into a UV
transparent MTP containing 270 µL of dH2O. The diluted samples were mixed (1000 rpm,
20 seconds) and then spun down (1,800 x g, X minutes) to remove any surface air bubbles.
Protein and dye concentration were measured via light absorption (A280 for proteins, A586
for the dye) in relation to an internal standard. For the PEG4000 - PO4 systems used
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in this study, the internal standard was composed of 10% PEG4000 and 5% PO4 at the
appropriate pH.

2.6 Binodal and tieline determination

Binodal curves and tielines were measured to select reasonable screening ranges. Both
automated and manual binodal determination were done using the “cloud point method”
as described for example by Huddleston et. al [19]. Manual experiments were done by
titration of one phase forming component into the other. Phase separation was determined
by visual inspection after rigorous mixing on a vortex. While one-phase systems stay
clear, two-phase systems become opaque after mixing. Determination using the robotic
platform was done in UV transparent MTPs using a total volume of 300 µL per system.
Systems were put together as described above, shaken at 1000 rpm on an orbital shaker
while simultaneously being mixed using the robot’s 96 channel pipetting arm (30 cycles
of aspiration and dispensing of 150 µL with aspiration speed of 100 µL/s and dispense
speed of 300 µL/s). Systems beyond the binodal were identified by an increase in light
scattering measured by an increased absorbance of light at 230 nm wavelength. The 230
nm wavelength was chosen as the difference in absorbance caused by light scattering was
largest between single and two-phase systems. In a series of increasing phase forming
component concentration, one point on the binodal was identified as the mean of adjacent
data points between which phase separation was observed. Systems containing a dye known
to partition exclusively into the upper phase (methyl violet) were used to determine phase
volumes as described before [18]. Tielines were then calculated by the lever arm rule.

2.7 Method validation

In order to validate the method, distribution coefficients and a binodal line generated by
the liquid handling system were compared to manually determined values. The binodal of
a PEG4000 - PO4 system at pH 6.0 was used for comparison. Manually and automatically
determined distribution coefficients of lysozyme in 4 different PEG4000 - PO4 systems
were compared. The systems compositions were: 1.: 10% PO4, 11.5% PEG4000, pH 6.0;
2.: 11% PO4, 14.9% PEG4000, pH 6.0; 3.: 10% PO4, 11.5% PEG4000, pH 8.0 and 4.: 11%
PO4, 14.9% PEG4000, pH 8.0. Additionally, 33 equally composed systems were analyzed
in order to evaluate the fluctuation range of liquid handling system generated data. System
composition used for these experiments was 11%[w/w] PO4, pH 6.0, 10%[w/w] PEG4000,
0% NaCl, 0.75mg/mL lysozyme. The resulting yield and partition coefficient were combined
into 11 means of triplicates.

2.8 Method application

2.8.1 DoE screening using lysozyme

As a proof of concept, the influence of tieline length (TTL), salt addition, protein concentra-
tion and pH on the distribution and recovery of lysozyme was investigated using a design of
experiments approach. A reduced, face centered central composite (CCF) design was used
within the boundaries given in table I. The design comprised 21 factor combinations, each
measured in triplicates with two triplicates measured of the center point. Thus, a total
of 66 systems was analyzed. PO4 and PEG4000 concentrations were not treated as indi-
vidua.l factors. Rather, PEG4000 concentration was chosen such that system volume ratio
was approximately 1 at the three levels of PO4 concentration tested. Thus, the calculated
effect of the PO4 concentration is the combined effect of changes in PO4 and PEG4000
concentration. The three levels of PEG4000/PO4 thus lie on three different tielines and
the measured effect relates to the effect of differing tieline length.

5.1 Application of an Aqueous two-phase systems high throughput screening method to
evaluate mAb HCP separation

31



2.8.2 Industrial separation task

The screening method was used to evaluate the influence of PEG4000 concentration, NaCl
addition and pH on the distribution and recovery of 2 monoclonal antibodies (termed mAb1
and mAb2) and an HCP pool in PEG4000 - PO4 systems. 45 factor combinations were
tested for the three protein solutions. Each data point was measured at least in triplicates.
Table I shows the factor levels investigated. All factor level combinations were tested. Total
protein concentration was 0.75 mg/mL in all cases.

Table I Upper part: Factor boundaries of the DoE investiga-
tion using lysozyme as protein for proof of concept. PO4 and
PEG4000 concentrations were coupled. A central composite face
centred full factorial disign was used. Bottom part: Factor lev-
els investigated during the application of the screening method to
mAb and HCP containing solutions. All possible combinations
were tested.

DoE using lysozyme

Factor low mid high

% PO4 [w/w] 10 10.5 11
% PEG4000 [w/w] 11.5 13.4 14.9

% NaCl [w/w] 0 2.5 5

pH [-] 6.0 7.0 8.0

Lysozyme [mg/mL] 0.25 0.5 0.75

HCP and mAb screening

pH 6.0—7.0—8.0

PEG4000 % [w/w] 8—9—10—11—12

NaCl % [w/w] 0—1.75—3.5—4.25—7

3 Results

3.1 Method development

Prior to its use, the method was optimized in terms of sample volume, ease of handling,
accuracy and reproducibility.

3.1.1 Liquid handling optimization

Liquid handling was optimized in terms of accuracy and reproducibility by a calibration
procedure based on dispensing a series of set volumes onto an analytical balance. Repro-
ducibility was found to be mainly influenced by three parameters: speed of liquid aspiration,
speed of liquid dispensing, and waiting time after liquid aspiration (post aspiration delay).
Depending on liquid characteristics such as viscosity, density, and surface tension, different
values for these parameters were found to be optimal. Dispensing liquids into air rather
than into liquid was found to be superior in terms of accuracy and precision. A calibration
curve relating plunger movement to transferred volume was determined for all stock solu-
tion used in the screenings. Table II summarizes the results of the liquid handling system
calibration. R2 of the determined calibration curves varied between 0.997 and 1.0. The
average range rav, calculated as the difference between maximum (Xmax) and minimum
volume (Xmin) pipetted in percent of the mean volume pipetted (X̄) at each of the n set
volume, was below 3% for all individual stock solutions and volumes calibrated (see also
equation 1). The average range was 1.5% for volumes of 25-200 µL and 0.66% for volumes
of 250-990 µL. The average range over all stock solutions and all volumes was 1.1%.
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rav = 100 ∗ 1

n
∗

∑ Xmax − Xmin

X̄
(1)

Table II Liquid handling parameters and results of liquid handling calibration of the stock
solutions used. AS = Aspiration speed, DS = Dispense speed.

Liquid Volume [µL] AS [µL/s] Delay [ms] DS [µL/s] Calibration
water 5 - 50 30 500 300 1.026 × x + 0.801

50 - 250 70 500 300 1.026 × x + 0.801
250 - 1000 70 500 300 1.013 × x + 0.0

protein solution 15 - 50 30 500 300 1.0246 × x + 1.143
50 - 200 70 500 300 1.0246 × x + 1.143

200 - 1000 125 500 300 1.0132 × x + 3.744
40% PEG4000 3 - 20 20 540 600 1.042 × x + 1.1

20 - 200 100 540 100 1.0486 × x + 4.8797
200 - 1000 100 750 50 1.0374 × x + 0.00

40% PO4 15 - 50 30 500 300 1.0647 × x + 2.9059
50 - 200 70 500 300 1.0647 × x + 2.9059

200 - 1000 125 500 300 1.0291 × x + 13.0
25% NaCl 15 - 50 30 500 300 1.0065 × x + 1.0502

50 - 200 70 500 300 1.0065 × x + 1.0502

3.1.2 Sampling the top and bottom phase

Sampling from the top and bottom phase was calibrated by pipetting a set volume of
top and bottom phase material of 4 reference systems onto an analytical balance. After
optimization of the respective liquid class, mean mass pipetted from the bottom phase was
at 100.43% of the target with a CV of 1.62% (n=11). Mean mass pipetted from the top
phase was at 98.8% of the target value with a CV of 1.04% (n=12). To check for carry over
from the top phase when sampling the bottom phase, samples were taken from an ATPS
containing methylviolet, a dye partitioning entirely into the top phase. Absorption values
of these bottom phase samples did not differ significantly from the blind value, meaning no
carry over was detected. The following parameters values were were used for bottom phase
sampling: aspiration speed: 45 ticks/sec, dispense speed: 400 ticks/sec, post-aspiration
delay: 1000 ms, number of ticks aspirated: 129, number of ticks dispensed: 98. One tick
equaled a plunger movement of 0.33 µL.

3.1.3 System volume and mixing

Generally, the most convenient way of mixing on liquid handling stations lies in the use
of orbital shakers. However, many applications of orbital shaking systems reported are
hampered by insufficient power input, low shaking orbit or non-optimized parameter sets
[18]. When applying orbital shaking, shaking frequency and system volume need to be
optimized in concert. The first boundary condition was set by the hardware specifications
of the shaker used, allowing a maximal rotation speed of 1500 rpm with a shaking orbit of
3 mm. The second boundary condition was imposed by spillage occurring during shaking
when a too high liquid volume was deposited into the wells. This led to a small operational
window, where liquid volumes below 600 µL did not allow sufficient mixing while liquid
volumes above 700 µL let to spillage of liquid (visual inspection). At a system volume
of 650 µL and a rotating speed of 1300 rpm adequate mixing without spillage could be
achieved.
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3.2 Method validation

The distribution coefficient of lysozyme in PEG4000 - PO4 systems was determined both
manually and by use of the liquid handling system. Resulting partition coefficients are
summarized in figure 1. Data is in good agreement between the two methods. Pairwise
t-tests resulted in insignificant differences of the means of all conditions tested at the 5%
significance level.
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Figure 1: Comparison of distribution coefficients of lysozyme in 4 different systems both measured
manually and by the liquid handling system. System composition was: Measurement 1: 10% PO4,
11.5% PEG4000, pH 6.0; Measurement 2: 11% PO4, 14.9% PEG4000, pH 6.0; Measurement 3: 10%
PO4, 11.5% PEG4000, pH 8.0; Measurement 4: 11% PO4, 14.9% PEG4000, pH 8.0

Binodals were determined for the PEG4000 - PO4 system at pH 6.0 both manually
and by use of the LHS. Equation 2, also used by Merchuk et al. [20], was fitted to the
combination of both datasets to yield the binodal line.

[PEG] = A ∗ exp(B ∗ [PO4]
0.5 + C ∗ [PO4]

3) (2)

The resulting coefficient values for the binodal line as well as its upper and lower 95%
prediction bounds are A = 78.1 ± 9.0, B = −0.54 ± 0.056, and C = (−5.31 ± 0.76) ∗ 10−04 .
R2 of the fit is 0.997. As can be seen from figure 2, both LHS and manual data points fall
within the 95% prediction bounds of the fitted curve. It was thus concluded that data is in
good agreement between the two methods. Additionally, data taken from [21] was also in
good agreement with the observations described herein.
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Figure 2: Binodal data of PEG4000 - PO4 (pH 6.0) system measured manually and by the liquid
handling system. The binodal line was fitted to equation 2 using the combination of both data sets.
Dashed lines: 95% prediction bounds of the fit.

To determine the variation caused solely by the LHS, 11 triplicates of identically com-
posed systems were evaluated. System composition used was 10% PO4, 11.5% PEG4000,
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pH 6.0, 0.75 mg/mL lysozyme. The determined log10k was 0.45 with a coefficient of vari-
ation (CV) of 5.5%. Mean recovery was 101.2% with a CV of 2.1%. Figure 3 shows
the resulting logK and recovery values as well as their 95% confidence intervals of the 11
triplicate measurements. All values fall within the 95% confidence interval and distribute
randomly around the mean over all values.
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Figure 3: Variance of mean and recovery as measured by the LHS. System composition used was
10% PO4, 11.5% PEG4000, pH 6.0, 0.75 mg/mL lysozyme. Each data point represents the mean
of a triplicate. 95% confidence intervals are shown as solid lines. 100% recovery and log10k = 0 are
shown as dashed lines for orientation.

3.3 DoE screening using lysozyme

The screening method described above was used in concert with a DoE approach to investi-
gate the distribution and yield obtained when investigating lysozyme behavior in PEG4000
- PO4 systems. The combination of protein model and aqueous two phase system was cho-
sen as a benchmark system for the developed screening method as the behavior of lysozyme
in PEG-Phosphate systems builds on a broad knowledge base. A total of 66 systems was
analyzed. Mass balance was consistent around 100%in all systems. A multi linear regres-
sion (MLR) of the distribution coefficient was performed. All varied parameters and their
interactions were evaluated. Additionally, the squared NaCl concentration was included
as a factor. The regression identified NaCl concentration as the major factor influencing
lysozyme distribution within the conditions tested. R2 = 0.993 was calculated for the re-
sulting overall model. Figure 4 shows the normal probability plot of all effects and the main
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effect plot of the NaCl concentration. The former was used to identify NaCl concentration
as the major factor influencing the distribution of lysozyme. The effects of all factors ex-
cept NaCl and NaCl2 fall on a straight line in the normal probability plot. This implies
that their effects are randomly distributed and thus not significant. The latter shows the
increase of the distribution coefficient with increasing NaCl concentration both as measured
and as modeled. The model fits well to the measured values. The mean partition coeffi-
cient increased from -0.56 to 1.19 by raising NaCl concentration from 0 to 2.5%. Adding
another 2.5% NaCl further increased the mean partition coefficient to 2.03. The good fit
of the model to the results and the low overall range of the distribution coefficient caused
by varying all other factors at a constant level of NaCl also demonstrate the importance
of NaCl concentration for the distribution of lysozyme. The automated screening method
in concert with a DoE approach was thus capable of both identifying and quantifying the
most important factors for the distribution of a model protein in an ATPS in this context.
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Figure 4: Left: Normal probability plot of the effects. NaCl and NaCl2 do not follow normal prob-
ability distribution. NaCl concentration was thus identified as most influential on the distribution
coefficient of lysozyme within the investigated range of parameters. Right: Main effect plot showing
the effect of NaCl concentration on the distribution coefficient. Data points and error bars indicate
the mean and overall range of distribution coefficients measured at one level of NaCl concentration.
The plotted line shows the effect of NaCl concentration as calculated by the model.

3.4 Application to an industrial separation task

Influence of pH, PEG4000 concentration and NaCl addition on the distribution and recovery
of two monoclonal antibodies and a host cell protein pool was investigated. In total, 143
individual systems were evaluated for mAb1, 209 systems for mAb2 and 200 systems for
HCP. A total of 45 factor combinations was tested for all three protein solutions. All factor
combinations were measured at least in triplicates. For each factor combination mean
mass balance and distribution coefficient over all measurements were calculated. Systems
resulting in > 115% mass balance were excluded from the dataset. The resulting mass
balances and partition coefficient were modeled using MLR. R2 values calculated for the
fits vary between 0.77 and 0.97. Figure 5 shows the resulting contour plots for mAb1,
figure 6 those for mAb2. Both antibody behave differently, but show similar trends. At
all three pH values investigated, recovery reduction of > 90% was observed at the higher
concentrations of PEG4000 and NaCl tested. This reduction is caused by precipitation of
the antibody, as confirmed by visual inspection of the ATPSs. As pH values were increased
and were thus closer to the pI of the antibodies, recovery reductions increased due to
aggravated protein precipitation. At the same time, pH increase and NaCl addition cause
distribution of the antibodies to shift more towards the upper phase of the systems. This
is in line with published data [14]. No loss of protein due to precipitation was observed for
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the HCP pool at any condition (data not shown). HCPs were distributed almost equally
between the phases at all conditions tested. Figure 7 shows the distribution coefficient of
HCPs and the difference of distribution coefficient of HCPs and mAbs. The three best
conditions for separating HCP from each mAb while recovering > 95% of the mAb are
listed in table III. In all cases listed, mAb distributes into the bottom phase while HCP
distributes approximately evenly between the phases. Recovery and HCP reductions are
calculated for the bottom phase of a single step process. Overall screening time for one
microtiter plate containing 33 individual ATPS took between 2.5 and 3 h of robotic time
and consumed 16.1 mg of protein.

Table III Best three conditions resulting in separation of HCP from POI at > 95% recovery
of the POI.

POI PEG4000 pH NaCl Recovery POI Reduction HCP

mAb1 8 7 0 100.5 49.2
mAb1 8 8 0 97.2 50.2
mAb1 9 6 1.75 95.0 38.4

mAb2 9 6 1.75 95.5 38.4
mAb2 12 6 0 101.3 28.7
mAb2 8 6 3.5 97.6 40.7

Figure 7

4 Discussion

4.1 Method development

The performance of any automated screening procedure is dependent on its accuracy, pre-
cision and ease of handling. A minimum of sample volume needed and good knowledge
about experimental error further determines the quality of a screening procedure. The ac-
curacy and precision of liquid handling lies in the core of any automated liquid handling
station. In this respect the most important issue and basis for every process is the ability
to correctly aspirate and dispense set volumes. Closely related to pipetting as such is the
special feature of sampling of liquids without any cross contamination between the samples.
As can be seen from table II, optimum liquid handling parameters and plunger movement
to dispense volume relation were different for each stock solution used. This is most likely
caused by differing surface tension and viscosity of each stock solution and demonstrates
that precise calibration of the liquid handling system is crucial for the success of a HTS
method development. Coffman et. al [22] reported a variance of 3% when subsequently
aspirating multiple liquids into one tip and dispensing them simultaneously. While this
procedure speeds up the pipetting process, pipetting each liquid individually decreased the
average volume range to be below 3% even for small volumes of below 50 µL. The highly
viscous polymer stock solution was found to be handled with higher precision when using
disposable tips instead of fixed tips. In this respect, Coffman et. al [22] reported, that pre-
wetting of disposable tips by aspiration and dispensing of water prior to their use improved
pipetting accuracy and precision. This however might lead to dilution of the dispensed
liquid and was thus not applied in the current paper. Additionally, it was observed that
previously used, thoroughly washed and dried disposable tips yielded less precision than
virgin tips. Finally, when using disposable tips on a system liquid operated LHS the tips
could be filled with system liquid prior to their use. This pretreatment decreased precision
in our case and was thus decided against. Using virgin tips without any pretreatment,
average volume range of pipetting 40% [w/w] PEG4000 stock solution was within 3% of
mean pipetted volume.
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Figure 5: Left: log10 of the distribution coefficient of mAb1. A value of 0 means equal distribution
of the protein across the phases. Right: Recovery (Y) of mAb1 in %. Dots show factor combinations
tested. Contour plot shows the level of log10k and Y
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the antibody distributed more into the bottom phase than HCP.
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Mixing speed and total system volume were optimized in concert. A small operating
window between 600 µL and 700 µL with an optimal parameter set of 650 µL and 1300
rpm was found. Hermann et. al [23] have investigated mixing of liquid in microtiter plates
in the context of oxygen transfer rates for micro-scale cultivations. They have derived an
equation to calculate the critical shaking frequency at which a liquid surface increase begins.
Additionally, they quantified the increase in liquid height at a shaking diameter of 3 mm
and a frequency of 1000 rpm to be approximately 4 mm. In our case, mixing needs to occur
above this critical shaking frequency as the stock solution, pipetted on top of each other,
would otherwise not mix due to their density difference and high viscosity. Following the
equation of Hermann et. al [23], the critical shaking frequency is decrease with increasing
shaking orbit, increasing liquid density, increasing filling volume, and decreased surface
tension. In this study, we used an orbital shaker with an increased orbit, as well as liquid
with a density considerably above 1 and a decreased surface tension cause by the addition
of PEG. These three parameters were however fixed for any given system, leaving filling
volume as only parameter left to optimize. With a filling volume of 700 µL and a well
geometry of 8.5 ∗ 29.1mm (round wells, round bottom) there are 15.4 mm head-space in
each well. As spillage occurred at this volume with a shaking frequency of 1300 rpm, liquid
height increase was significantly higher than the 4 mm observed by Hermann et. al for an
aqueous buffer at 1000 rpm. The decreased surface tension and increased density of the
liquid in our case might explain the higher increase in liquid height in comparison to the
observations of Hermann et. al [23].

The “cloud point method” for binodal determination, adapted to a robotic platform,
was successfully applied to a PEG4000 - PO4 system. As can be seen from figure 2 the
obtained result was in good agreement both with manually derived binodal data and data
from the literature. Slight deviations from literature data can be seen towards the ends of
the concentration range of phase forming components investigated. In contrast to the data
presented herein, which were generated using a mixture of sodium and potassium phosphate,
the binodal given in [21] was derived using only potassium phosphate. Additionally, PEG
polydispersity and pH are not given in [21]. The slight deviations between the two dataset
might be ascribed to these differences. Compared to the method described earlier [18],
this automated “cloud point method” is significantly faster in generating the information
necessary to select a reasonable screening range for the investigation of a selected ATPS.
The only prerequisite to generating this data is to ensure precise liquid handling of the
stock solutions as discussed above.

One advantage of an automated system over manually determined data is the ease of
obtaining replicate numbers high enough for inferential statistics. One can, for example,
measure the deviations caused by the LHS once with a high replicate number and infer the
deviations of samples with lower replicate number from this data. This was exemplarily
done for one system point of the model system used herein. 33 individual values of the
distribution coefficient of lysozyme in a 10% PO4, 11.5% PEG4000, pH 6.0 system were
investigated. Even though some outliers were identified in the 33 individual values, the
11 calculated triplicates showed normal distribution. It was concluded that outliers are
reduced to a normal range when averaging over three measurements done by the LHS.
This is in line with experience from other screenings with the LHS used. The ability to
assess data quality to such a degree more easily is a clear advantage of a miniaturized and
automated screening system over manual experiments.
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4.2 Method application

4.2.1 DoE using lysozyme

The applicability of the screening method described herein combined with a typical DoE
approach was demonstrated using a model system in a well characterized aqueous two-
phase system. By screening a total of 66 systems, the influence of four parameters on the
distribution coefficient were quantified. Interactions between the parameters were taken
into account. The experimental points chosen purposely cover an area where no drastic
changes in the overall performance of the systems could be expected in order to evaluate the
methodology as such. Factors expected not to have significant effect on the distribution of
the model protein were included to validate the method’s capability to differentiate between
significant and non-significant factors. As can be seen from figure 4 NaCl concentration
was identified as the most influential parameter. While tieline length and pH showed
little effect, no protein concentration effect was observed. These findings are in line with
literature data [24]. Addition of a neutral salt to an aqueous two-phase systems shifts
the relative importance of factors determining protein partitioning. In the case described
herein, NaCl allows the protein to partition into the more hydrophobic top phase of the
system. This is most likely caused by a shielding of the electrostatic forces which promote
protein distribution into the bottom phase [21] as well as an increase of hydrophobic effects
pulling the protein into the upper phase. The more NaCl is added, the less its effect, as the
bottom phase gets depleted of protein. This is accounted for in the model by the quadratic
term of NaCl concentration getting a negative cofactor value. The pH of an ATPS can play
an important role in protein partitioning as the protein’s net charge is determined by the
pH of the solution. In the case of lysozyme, however, no pH effect was expected in the
investigated range as the pI of lysozyme lies above pH 11. pH was however included into
the screening to demonstrate the ability of the screening method in concert with DoE to
differentiate between significant and non-significant factors. As all findings were in line with
the expectation and reproducibility was high, it was concluded that the method described
herein is a suitable screening tool for aqueous two-phase systems.

4.2.2 Application to mAbs & HCP

The established screening method was subsequently applied to an industrially relevant
separation task. Two monoclonal antibodies and a HCP pool were distributed in PEG4000-
PO4 systems. The screening method was successfully applied to determine distribution
and recovery of 552 single systems with changes in pH, PEG4000 and NaCl concentration.
Figures 5, 6, and 7 show the results of these screenings. Without addition of NaCl, the
antibodies distributed almost exclusively into the bottom phase. Addition of NaCl shifted
the equilibrium more to the upper phase. Besides pushing the antibody more into the upper
phase, addition of NaCl also induced precipitation. Severe loss of both antibodies due to
precipitation was observed at the higher levels of NaCl tested. Changing the pH showed a
similar effect. As both antibodies have a pI above 8.0, increasing the pH from 6.0 to 8.0
decreased overall charge of the molecules without changing the overall charge’s sign. Both
distribution to the upper phase and precipitation were increased thereby. While the two
monoclonal antibodies tested gave very similar results concerning their precipitation and
their trends of distribution within the systems tested, mAb2 had stronger affinity for the
bottom phase. It showed lower distribution coefficients at all conditions tested than mAb1.
The HCP distributed approximately evenly over the phases at all conditions. As HCP is
a mixture of diverse proteins, this is not surprising. The distribution coefficient measured
is a sum signal over all proteins in the pool. More specific analytics would be needed to
determine which protein of the HCP pool distributes to which phase and to what extent.

Mean mass balance and partition coefficients were modeled via MLR for both mAbs
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and the HCP-pool at each pH. Most calculated R2 values are around 0.9 indicating a good
fit. Single R2 values were, however, lower. This might be ascribed to the more complex
distribution between the two liquid phases and a solid phase precipitate observed when
partitioning mAbs and HCP. More factors than identified in the case of lysozyme, as well
as the interaction of these factors show an influence on distribution and mass balance.
Mass balance was not consistently around 100% for the mAbs as precipitation occurred
thus adding additional noise to the data. This noise is firstly caused by the precipitation
itself. The screening procedure does not include a prolonged equilibration step. Thus, it is
unlikely that an equilibrium between precipitated and soluble protein is reached. Differing
precipitation kinetics might then add noise to the data. Secondly, although less often
observed, data can be skewed by increased light scattering by precipitates that were not
removed by centrifugation.

The screening method described herein performed well both when using single protein
solutions (mAbs and lysozyme) and a complex protein mixture (HCP) as feed. Thus, the
distribution of mAbs and HCP together in a single system can be inferred. Within the
systems screened, best conditions would give up to 50% clearance of HCP while recovering
> 95% of the antibody in a single step (see table III) . While this separation is not sufficient
for a single step purification compared to current chromatographic methods [25, 26] usually
employed during mAb purification, it demonstrates the usefulness of the described screening
procedure. The screening method was capable of determining the HCP clearance and thus
assessing the applicability of the investigated ATPSystems. Further screenings might be
conducted at different molecular weights of PEG or with polymer-polymer systems.

Recently Azevedo et. al published a series of papers describing the purification of
polyclonal and monoclonal human antibodies from an artificial mixture of impurities and
cell culture supernatant via ATPS [14, 27, 28]. Using 12% PEG6000 in combination with
10% PO4 at pH 6 and 15% NaCl they demonstrated a yield of 88% of an mAb from CHO
cell culture supernatant with a purification factor of 4.1. The total mAb concentration used
in their screening was 0.42 mg/mL. In comparison, we found that systems with PEG4000
and a total IgG concentration of 0.75 mg/mL were not suitable at NaCl concentration above
3.5% due to yield loss caused by precipitation. In contrast to the results by Azevedo et
al. best conditions found in our screening were at 0% NaCl. The mAbs distributed almost
entirely into the bottom phase under these conditions. Yield close to 100% and depletion
of 50% HCPs would give a lower purification factor of approximately 2 than identified by
Azevedo et al.. With this result we demonstrate the importance of solubility of the target
protein for the outcome of an ATPS screening. Low solubility can arise due to the high
content of salts and polymer in the mixture, leading to salting out and preferential exclusion
of proteins. This was also observed by Azevedo et al. [14]. Thus, optimization of an aqueous
two-phase extraction step includes not only screening for the optimal distribution of target
protein and impurities. Rather, solubility of the components to be separated needs to
be considered as well. Both distribution and solubility are influenced by a multitude of
parameters including phase forming components, additives such as neutral salts, tie line
length, pH, and protein concentration. Protein concentration in each phase in turn depends
on the protein’s distribution coefficient as well as the volume ratio of the two phases. When
investigating such complex phenomena, a fast and automated screening procedure is of
great benefit.

To further improve the separation of a suboptimal system caused by a near equal distri-
bution of HCP, a continuous mode of operation could be chosen such as demonstrated for
PEG1000-PO4 systems by Sutherland et. al [29]. The distribution of the antibodies in the
batch systems measured here should predict its behavior in a continuous separation well.
The sum signal HCP distribution in a batch system however cannot be used to accurately
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predict the outcome of a continuous process. Nevertheless, the clearance of a continuous
process should be at least that of the batch process. A higher degree of HCP clearance is
highly likely as all components of the HCP pool distributing more to the upper phase than
the antibody will be removed. Using a software tool recently published [30], one can see
that if HCP was to behave as a single component, excellent separation should be achievable
using a continuous mode of operation at the conditions identified.

5 Conclusion and outlook

In the presented work, it was shown how the previously described ATPS high throughput
screening method was further optimized in respect to system volume as well as pipetting
accuracy and precision. The applicability of the method in a DoE context to both sin-
gle protein solutions and complex protein mixtures was demonstrated. While the ATPSs
investigated herein did not yield HCP clearance comparable to chromatographic separa-
tion steps, the screening procedure has proven useful in evaluating ATPSs for a complex,
industrial separation task. Future work might include screening of ATPSs with PEGs of
different molecular weight as well as evaluation of upscale to continuous separations of the
best conditions identified in the screenings.
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Abstract

Aqueous-two phase extraction (ATPE) has been shown to be a possible alternative to
chromatographic separation steps for the purification of protein drugs. The implemen-
tation of an ATPE step is, however, impeded by the little mechanistic understanding
of the forces at play. This creates the need for laborious empirically driven process
development, making ATPE less attractive to the pharmaceutical industry. Several
reports have described correlations of certain protein attributes with their distribution
in ATPS. These correlations are mostly based on a set of model proteins and their
distribution in a limited number of ATPSs. Applying current high-throughput exper-
imentation methods, we reevaluated these correlations with a substantially increased
dataset. 500 combinations of model protein and system composition were evaluated.
Seven classes of PEG-salt systems with and without the addition of NaCl were used.
While previously published general trends in protein partitioning were confirmed, con-
trary to previously published studies, no strong correlations between protein descriptors
and distribution were found. It was thus shown that protein distribution in aqueous
two-phase systems is too complex to be modeled using protein descriptors alone. Ad-
ditionally, it was found that protein solubility plays a crucial role even at low protein
concentrations. This effect has to be taken into account if a correlation is to hold under
preparative conditions.

Keywords: Aqueous two-phase systems, surface hydrophobicity, correla-
tion, solubility

1 Introduction

Recently, aqueous two-phase extraction as a purification technique for proteins has gained
renewed interest by the pharmaceutical industry. Purification processes of proteinaceous
drug substances are currently highly dependent on chromatographic separations. While
chromatographic separation steps are comparably expensive due to material and equipment
cost, the implementation of these steps is greatly facilitated by both the large experience
and the existence of detailed models describing the separation process. From simple rela-
tion such as a proteins isoelectric point to its behavior on an ion exchange resin to detailed
mechanistic models and molecular simulations predicting elution times [1], there exists a
large supporting framework of knowledge around chromatography. Most alternative sepa-
ration methods, including aqueous two-phase extraction, lack this framework making their
implementation more empirical and less attractive. In order to build such a framework,
knowledge about the underlying forces that drive protein behavior in aqueous two-phase
systems needs to be generated.

One way of doing so is to gather data and generate experience based general rules
and guidelines for the implementation of the technique. In two review articles by Rito-
Palomares [2, 3] these general rules are put into a step development concept starting with the
characterization of the target molecule followed by the selection of the pH and phase forming
components, and finishing with an optimization procedure including other factors such as
tie line length or product load. Solution pH is stated as a highly influential parameter and
the general rule is given, that molecules tend to distribute into the PEG rich phase when
charged negatively. This implies that there should be a correlation between a proteins pI
and its distribution coefficient. Similar rules, mostly derived from experimental experience
can be found in the textbooks by Albertsson [4], Walter [5], and Hatti-Kaul [6].

Another way of facilitating aqueous two-phase extraction step development is to search
for correlations between protein descriptors and their distribution in ATPSs and several
such correlations have previously been described. A linear correlation between logMW of a
protein and its logK at the proteins isoelectric point in a dextran/PEG two-phase system
was found by Sasakawa et al. [7]. Johansson et al. [8] established a linear correlation be-
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tween the net charge of a protein and its logK. They used lysozyme and ovalbumin as model
proteins and a dextran/PEG ATPS to which different salts were added. A protein’s surface
hydrophobicity was found to influence its distribution in several different ATPSs. Asenjo
et al. [9] used three different measures of protein hydrophobicity, retention in hydropho-
bic interaction chromatography, retention in reversed phase chromatography, and a scale
based on protein precipitation established by Przybycien et al. [10]. They showed a linear
correlation between the precipitation based hydrophobicity descriptor and the distribution
of seven model proteins in a PEG4000-phosphate and a PEG8000-phosphate system. They
also established, that the correlation was better for systems containing additional NaCl.
Hachem et al. [11] demonstrated that the same correlation was also found when using five
model proteins distributed in a PEG-dextran system. Berggren et al. [12] showed that for
two EOPO-dextran systems the distribution of eight model proteins was best correlated to
a hydrophobicity scale based on amino-acid hydrophobicity and solvent accessible surface
contribution. Thus, while strong correlations were found for a range of system types and
different sets of model proteins, no unifying method of predicting protein distribution has
yet been found. The correlations are based on various different scales of protein descriptors
that are mostly unrelated to one another.

While correlation does not imply causation, strong correlations can give hints as to which
forces are at play. Additionally, if correlations are found, they might be used predictively
when faced with a new separation process. To apply a correlation in this way however, they
must be proven reliable when faced with a dataset different from the one they were found
in. There has been no report of an implementation of an ATPE step using distribution
predictions based on the correlations described above. Additionally, an investigation on
the validity of such correlations under preparative conditions is missing. However, for the
industrial applicability of such correlations, their validity under such conditions is crucial.
With high throughput methods now available for the evaluation of protein distribution and
recovery in aqueous two-phase systems [13, 14] the correlations described above can be
revisited with larger datasets.

In this paper, we reevaluate the published correlations between protein descriptors and
their distribution in seven different PEG-salt systems against a larger dataset. 50 differ-
ent ATPsystem compositions and 10 model proteins are used. Single- and multi-factor-
correlations are evaluated. We evaluate both correlations within one type of ATPS and
correlations over all types of ATPS used. We revisit generally accepted trends in pro-
tein distribution and discuss the influence of protein solubility on these correlations. A
preparative applicability of such correlations is the underlying aim of this work.

2 Materials & methods

2.1 Chemicals

Stock solutions were prepared in dH2O as follows: 40% [w/w] PEG4000, 40% [w/w] 40%
[w/w] PEG8000, 40% [w/w]NaH2PO4, 40% [w/w] K2HPO4, 25% [w/w] NaCl. PEG4000
was purchased from Carl Roth (Karlsruhe, Germany, product no. 0156). All other chemicals
were bought from Sigma-Aldrich. 29.71 g NaH2PO4 solution and 70.29 g K2HPO4 were
combined to yield pH 7.0.NaH2PO4 and K2HPO4 were chosen for the higher solubility of
these salts compared to Na2HPO4 and KH2PO4.

2.2 Proteins

For this study, ten model proteins were obtained from Sigma-Aldrich (St. Louis, USA).
The following list give the name, product number, and abbreviation of all proteins. Human

5.2 Evaluation of correlations of protein properties and ATPS distribution

50



serum albumin (A1653, “HSA”), bovine serum albumin (A7906, “BSA”), Cytochrome C
(C2506, “Cyt”), catalase (C40, “Cata”), α-chymotrypsinogen A (C4879, “Chymo”), β-
glucuronidase (G0251, “Glucu”), β-lactoglobulin (L3908, “Lacto”), hen egg white lysozyme
(L6876, “Lys”), Myoglobin (M1882, “Myo”), α-amylase (10065, “Amyl”). All proteins were
dissolved in 50 mM phosphate buffer (pH 7.0) to yield a final concentration of 10 mg/mL.

2.3 Aqueous two-phase systems used in this study

Seven different classes of aqueous two-phase systems were used within this study. They are
referred to throughout this manuscript as “System I” to “System VII”. All systems were
composed of polyethylene glycol and a salt, with two molecular weights of polyethylene
glycol and two types of salt. Additionally, NaCl was added to the systems in different
amounts. Several PEG4000-PO4 system without NaCl showed very low recoveries due to
precipitation. These systems were not tested with NaCl added. For each type of system,
5-10 system points were evaluated, with each system point measured at least six times, at
most ten times. Table I shows all system compositions. Final protein concentration in all
system was 1 g/L for all model proteins.

2.4 Liquid handling station

In this study, a Tecan Freedom Evo 200 system (Tecan, Crailsheim, Germany) was used as
liquid handling platform. It is equipped with three robotic arms: one 8-port liquid handling
arm with 8 fixed tips, one standard robotic plate handling arm equipped with a centric
gripper as well as a 96 channel liquid handling arm equipped with an eccentric gripper.
Additionally, the system has an integrated centrifuge (Rotanta 46RSC, Hettich, Tuttlin-
gen, Germany), a rotational shaker (Te-Shake, Tecan, Crailsheim, Germany) outfitted with
a PreDictor frame (Tecan, Crailsheim, Germany), and an Infinite200 spectrophotometer
(Tecan, Crailsheim, Germany).

2.5 Disposables

For spectroscopic measurements Greiner Bio-One (Kremsmun̈ster, Austria) UV-Star plates
(article no. 655801) were used. ATPS were prepared in 1.3 mL Nalgene Nunc (Rochester,
NY, USA) Deep Well plates (product no. 260252). For all other purposes Greiner polypropy-
lene flat bottom MTPs were used (article no. 655261).

2.6 Software

Excel 2010 (Microsoft, Redmond, WA, USA) files were used as import format and for
data storage. All calculations, evaluation and visualization of data were done using Mat-
lab R2011a (The Mathworks, Natick, ME, USA). The robotic workstation was controlled
using Evoware 2.2 standard (Tecan, Crailsheim, Germany). The spectrophotometer was
controlled using Magellan 6.4 (Tecan, Crailsheim, Germany). Evaluation of 3D protein
structure, energy minimization, and surface characterizations were performed using the
Yasara Structure software package [15], version 10.10.29.

2.7 ATPS screening method

Aqueous two-phase system distribution and recoveries of the ten model proteins in the 50
individual systems selected for this study were performed on a liquid handling platform as
described by Oelmeier et al. [14]. In short, the systems are put together in deep well 96
well plate by pipetting the appropriate stock solutions to yield a total system volume of 650

5.2 Evaluation of correlations of protein properties and ATPS distribution

51



Table I ATPS compositions used in this study. Seven differ-
ent types of systems were used, termed “System I” through
“System VII”. x designates systems that were evaluated.

System I
AS PEG4000 0% NaCl
13 7 x
13 10 x
13 14 x
13 17 x
13 19,5 x
10 14 x
16 14 x

11,5 14 x
14,5 14 x
18 14 x

System II System IV System VI
Pi PEG4000 0% Nacl 1,5% NaCl 4% NaCl
13 10 x x x
13 13 x x x
13 15 x x x
13 18 x
10 15 x x x
12 15 x
14 15 x
16 15 x
18 15 x
15 15 x x

System III System V System VII
Pi PEG8000 0% Nacl 1,5% NaCl 4% NaCl
12 8 x x x
10 15 x x x
15 15 x x x
13 10 x x x
13 13 x x x
13 15 x x x
13 17 x x x

µL. The plate is shaken to ensure equilibrium between the two phases. Phase separation by
centrifugation is followed by sampling of both phases (30µL sample each) and measuring the
protein content of the diluted (10x) sample. Including blanks approximately 6000 ATPSs
were analyzed in this way.

2.8 Precipitation screening method

In order to measure m∗-values of the model proteins as described by Hachem et al. [11]
and Berggren et al. [12], a protein precipitation screening on the liquid handling station
was developed. Buffer, precipitant stock solution, and protein stock solution are combined
to yield a sequence of samples with equal protein concentration but increasing precipitant
content. The precipitant used for m∗ determination was ammonium sulfate. Sample volume
was 300 µL. Sample container were standard 96 well plates made of polypropylene. Using
the rotational shaker samples were mixed and incubated for at least 15 minutes, at most
24h. Different shaking / incubation times were evaluated for their influence on m∗. If the
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incubation time was larger than 1 hour, plates were sealed to avoid evaporation. After in-
cubation, plates were centrifuged at 2900g for 30 minutes at 25°C thus removing aggregates
from the supernatant. Samples were taken from the solution’s surface and diluted 1:10
to yield a total volume of 300 µL. Protein content was determined by measuring sample
absorption at 280 nm wavelength. Plotting the logarithm of supernatant protein concen-
tration over precipitant concentration, two linear region are discernible. At low precipitant
concentration, no protein precipitation occurs, thus protein concentration is constant. At
high precipitant concentrations, protein content in the supernatant decreases exponentially
as described by the Cohn equation [16]. m∗ values were determined as described by Hachem
et al. [11] as the intersection of two linear fits to these two linear regions of the plot. Values
were determined in triplicates at least.

2.9 Model protein characterization

All model proteins were characterized by 6 measures. GRAVY scores were calculated based
on amino acid sequence described by Doolittle et al. [17]. GRAVY scores are a measure
of protein hydrophobicity factoring in the average probability of amino acids occurring
at the protein’s surface. Isoelectric points (pI) of the proteins represented a measure to
characterize a proteins charge. pI were calculated using propka [18] thus factoring in the
micro environment of the amino acid side chains. Molecular weight of the proteins was
used as factor describing the size of the proteins. m∗ values were measured as described
above. These values are considered to relate to the proteins hydrophobicity [11]. Finally,
two amino acid hydrophobicity scales using the distribution of uniform peptides in two
polymer-polymer aqueous two-phase systems were used to calculate a surface hydrophobic-
ity value as described by Berggren et al. [12]. The hydrophobicity values for each amino
acid was multiplied with the amino acids relative contribution to the solvent accessible
surface. The proteins hydrophobicity value was calculated as the sum of all its amino acids’
hydrophobicity values. Relative surface contributions were determined using the Yasara
software after exposing the crystal structure to an energy minimization. All factors were
evaluated for their correlation with protein partitioning and protein recovery results. To
cover both exponential and linear correlations, each factor was evaluated as is and loga-
rithmized. Multi-linear correlations using up to four factors were performed to evaluate an
interplay of different factors.

3 Results

3.1 Model protein characterization

Table II shows the results of the model protein characterization. While the two hydropho-
bicity values based on peptide slopes and relative surface contribution (“PS I” and “PS
II”) are highly correlated, no other factor correlates with any other factor. Thus the fac-
tors can be considered to be individual measures of protein properties. As to be expected,
there is a trend towards lower solubility at pH 7.0 the closer the pI of a protein is to this
value. This is reflected in the m∗ values. However, there are exceptions to this rule. For
example, while BSA and Amyl show almost identical m∗ values, their pI differ significantly.
Cytochrome C and myoglobin did not precipitate even at the highest concentration of am-
monium sulfate (3.15 M). Thus no m∗ value could be determined. The three measures of
protein hydrophobicity did not correlate with each other and did not result in the same
order.

5.2 Evaluation of correlations of protein properties and ATPS distribution

53



Table II Model proteins used in this study and their parameters used for correlation with
ATPS distribution. GRAVY values calculated as described by Doolittle et al. [17]. pI-values
were calculated using propka [18]. PS I and PS II: hydrophobicity values based on solvent
accessible surface as described by Berggren et al. [12]. 1: Homology model based on HSA.
Model obtained from Modbase [19]. 2: No precipitation.

Protein UniProt ID PDB Entry GRAVY pI MW [kDa] m* [M] PS I PS II
Cyto P00004 1HRC -0,88 9,79 11,8 — 2 -0,002 0,005
BSA P02769 — 1 -0,43 5,68 69,3 2,48 0,011 0,020

Lacto P02754 3BLG -0,01 4,58 19,9 2,83 0,010 0,020
Myo P68082 2V1F -0,38 7,83 17,1 — 2 0,036 0,050

Glucu P08236 1BHG -0,32 6,81 70,3 1,26 0,036 0,057
HSA P02768 1HK1 -0,35 5,67 69,4 2,40 0,008 0,017

Chymo P00766 2CGA 0,05 9,59 25,7 1,89 0,020 0,031
Lys P00705 193L -0,15 10,75 14,3 1,93 0,016 0,034

Kata P00432 7CAT -0,63 6,69 59,9 1,36 0,024 0,038
Amyl P0C1B3 2GUY -0,21 3,64 54,8 2,49 0,021 0,035

3.2 ATPS distribution and recoveries of model proteins

Table III summarizes the distribution coefficients of the model proteins in the seven classes
of ATPS used in this study. The minimum, mean, and maximum value of all system in
each class is given. The proteins can be roughly clustered according to their distribution,
however, no definite pattern emerged. While some proteins, such as cytochrome C strongly
distribute into the bottom phase under all conditions, others, such as Chymotrypsinogen A
tend to distributed more evenly and switch from preferring the bottom phase to distributing
more into the upper phase depending on the system composition. Some proteins, like
glucuronidase, show a strong influence on the individual phase system composition, while
other, like lactoglobulin are not as strongly influenced in their distribution by this. While
at no addition of NaCl PEG8000-PO4 systems showed lower logK values than PEG4000-
PO4, the addition of NaCl reversed this order. Average logK values for PEG4000-AS
systems were lowest. Average logK increased with the addition of both 1.5% and 4% NaCl
in PEG8000-PO4 systems. In contrast, averaged over all model proteins, the logK value
decreases slightly with the addition of 1.5% NaCl for PEG4000-PO4 systems and increases
with the addition of 4% NaCl. While a general trend of increasing distribution coefficient
with the addition of NaCl can be seen, the individual proteins react significantly different
to these changes. The shift upwards in distribution coefficient with the addition of NaCl
depended on the individual protein. Lysozyme, one of the most commonly used model
proteins, shows a very distinct behavior in that it is most strongly influence by the addition
of NaCl. The relative order of protein distribution changes depending on system type and
individual system composition.

Table IV summarizes the recoveries measured of the proteins in all 50 ATPSs, clus-
tered by system type. Mean and minimum value are presented. As for the distribution
coefficient, no well defined clusters were found within this data. While some proteins,
like BSA or glucuronidase, showed high recoveries in all systems, for others, like catalase
or chymotrypsinogen precipitation significantly reduced protein recovery. A third group,
composed of proteins such as amylase and myoglobin showed recoveries strongly depending
on system type and system composition. A general trend towards lower recoveries can be
seen with increasing PEG molecular weight and addition of NaCl. This however was not
correlated to the trends towards higher distribution coefficients described above.
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Table III Min mean max LogK values per protein and system type

Cyto BSA Lacto Myo Glucu HSA Chymo Lys Kata Amyl
min -3,0 -1,2 -1,5 -1,7 -2,0 -1,5 -0,2 -0,5 -0,7 -0,4

I mean -3,0 -0,9 -1,2 -1,5 -0,4 -1,2 0,1 -0,3 0,0 0,0
max -3,0 -0,6 -1,0 -1,0 0,0 -0,9 0,5 -0,1 0,2 0,7
min -2,0 -2,0 -0,9 -1,3 -0,5 -0,4 -0,3 -0,9 -0,4 -0,5

II mean -1,7 -1,2 -0,6 -1,2 -0,2 0,0 0,0 -0,7 0,1 -0,1
max -1,4 -0,6 -0,5 -1,0 0,1 0,5 0,4 -0,4 0,3 0,5
min -3,0 -1,7 -1,0 -1,3 -0,8 -1,2 -0,8 -1,2 -0,4 -0,2

III mean -2,1 -1,2 -0,7 -1,0 -0,3 -0,7 -0,3 -0,8 0,0 0,4
max -0,6 -0,8 -0,2 -0,7 0,0 -0,4 0,1 0,1 0,2 0,8
min -1,4 -1,2 -1,0 -1,0 -0,7 -0,9 -0,9 0,1 -0,3 -0,2

IV mean -1,3 -1,1 -0,9 -0,9 -0,6 -0,8 -0,8 0,2 -0,1 -0,1
max -1,1 -1,0 -0,7 -0,9 -0,5 -0,7 -0,8 0,5 0,1 -0,1
min -2,0 -1,7 -1,0 -1,3 -0,8 -1,1 -0,6 -0,1 -0,7 -0,2

V mean -1,6 -1,1 -0,8 -1,0 -0,4 -0,7 -0,4 0,4 0,0 0,3
max -0,8 -0,6 -0,4 -0,5 -0,1 -0,5 0,0 0,8 0,3 0,6
min -2,0 -1,1 -0,9 -1,0 -0,5 -0,8 0,6 1,8 -0,2 -0,4

VI mean -1,7 -0,9 -0,8 -0,9 -0,3 -0,7 0,9 2,2 -0,1 -0,3
max -1,4 -0,7 -0,8 -0,8 -0,1 -0,7 1,1 2,6 -0,1 -0,2
min -3,0 -1,4 -1,2 -1,2 -0,5 -0,8 0,6 1,7 0,1 -0,1

VII mean -1,8 -0,8 -0,8 -1,0 -0,2 -0,5 1,0 2,2 0,2 0,3
max -0,7 -0,3 -0,4 -0,4 0,0 -0,2 1,6 2,7 0,4 0,6

Table IV mean and min yield per protein and system type

Cyto BSA Lacto Myo Glucu HSA Chymo Lys Kata Amyl
I mean 98 95 102 97 57 95 34 87 48 94

min 91 85 98 92 31 89 16 30 23 66
II mean 99 89 110 101 68 98 55 83 47 97

min 95 79 101 99 47 93 28 25 37 88
III mean 81 85 94 81 81 86 70 81 52 68

min 72 76 90 73 59 82 26 29 17 33
IV mean 96 75 95 91 61 71 95 96 69 97

min 93 53 88 86 46 50 91 95 42 90
V mean 75 81 81 77 77 80 90 71 44 60

min 70 74 75 70 51 73 74 43 21 28
VI mean 92 97 100 97 53 92 76 95 57 94

min 86 96 98 94 42 83 57 92 44 89
VII mean 79 82 86 83 65 80 85 98 22 62

min 71 74 82 72 50 70 43 78 14 25
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3.3 Correlation ATPS behavior with protein attributes

3.3.1 Linear regression analysis

Linear regression of the protein attributes and their distribution in each of the 50 ATPS
tested were calculated. Table V shows the resulting R2 values of the regression clustered by
the seven classes of ATPS used. Both the mean R2 value for each class and its maximum
value are given. As can be seen from table V no protein attribute can be considered to
linearly correlate with protein distribution based on our measurements. Maximum values of
R2 were only slightly larger than the mean value in most cases, meaning that all individual
systems of a class gave very low R2 values. The only correlations between protein attributes
and logK with R2 values greater than 0.9 were found when using the gravy score on a subset
of the model proteins. The distribution of 6 model proteins, excluding both the two highest
and the two lowest scoring proteins on the gravy scale, could be linearly correlated with
their gravy scores in PEG-PO4 systems to which NaCl had been added. The R2 values
of these correlations are listed under “Gravy mid” in table V and can be seen to average
at 0.85. No protein attribute could be correlated with the shift in logK caused by by the
addition of NaCl.

Table V Mean and maximum R2 values for linear regression of
protein attribute to its logK in all 50 ATPSs investigated. Results
are clustered according to the seven different classes of ATPS used.

I II III IV V VI VII
Gravy 0,35 0,21 0,23 0,07 0,24 0,32 0,30

Gravy mid 0,46 0,16 0,28 0,97 0,89 0,71 0,83
log MW 0,25 0,33 0,26 0,03 0,05 0,02 0,01

Mean log(1/M∗) 0,51 0,45 0,29 0,33 0,34 0,26 0,29
PS I 0,29 0,13 0,27 0,14 0,18 0,07 0,07

PS II 0,32 0,13 0,26 0,21 0,25 0,12 0,12
pI 0,04 0,11 0,24 0,00 0,01 0,21 0,12

Gravy 0,46 0,33 0,36 0,12 0,37 0,38 0,39
Gravy mid 0,74 0,31 0,82 0,98 0,98 0,76 0,96

log MW 0,31 0,53 0,45 0,06 0,08 0,03 0,02
Max log(1/M∗) 0,66 0,52 0,48 0,38 0,42 0,28 0,33

PS I 0,39 0,17 0,43 0,16 0,42 0,11 0,11
PS II 0,42 0,18 0,42 0,24 0,54 0,16 0,17

pI 0,08 0,23 0,40 0,01 0,04 0,28 0,28

In figure 1(a), overall average distribution coefficient is plotted over the gravy score of
the proteins. As described above, leaving out the two highest and two lowest gravy scores, a
strong correlation can be seen. Figure 1(b) shows the overall average distribution coefficient
of the ten model proteins plotted over the proteins’ log(1/m∗) value. With a correlation
coefficient of 0.47, only a very rough correlation between the two values can be stated.

The overall average recovery of the model proteins in the seven classes of ATPS is
plotted over the log(1/m∗) in figure 2. A trend of increased average yield with increasing
m∗ value can be seen. With a correlation coefficient of 0.69 this trends can however only be
considered indicatively. m∗ values were the only hydrophobicity descriptors to be correlated
to protein recovery.

As loss in recovery can be caused by a saturation of the phases, which in turn could
distort the correlations, the effect of protein recovery on the resulting correlations was
tested as follows. All distribution coefficients of proteins with a recovery lower than 80%
were omitted from the data. Then, correlations between the remaining protein distribution
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Figure 1: (a): logK of the ten model proteins averaged over all 50 ATPS used plotted against the
gravy score of the proteins. While a strong linear correlation for the six medium gravy values can
be seen, including all ten proteins yields a weaker correlation. The plotted line represents the linear
correlation found for the medium six gravy values. (b): logK of the ten model proteins averaged
over all 50 ATPS used plotted against the log(1/m∗) value the proteins. A general trend towards
increasing logK values with increasing m∗ values can be seen. The plotted line represents the result
of a linear regression over all ten proteins.
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Figure 2: Recovery of the ten model proteins used in this study average over all 50 ATPS plotted
against the log(1/m∗ value of the proteins. A trend towards lower recoveries with decreasing m*
value can be seen. The plotted line represents the result of a linear regression over all ten proteins.

and the protein descriptors were calculated for those systems with more than six distribution
coefficients remaining. No significant improvement in the correlation coefficients was found.

3.3.2 Multi-linear regression analysis

In order to account for the interplay of multiple factors influencing protein distribution in
ATPS, multi-linear regressions were performed. pI, logMW, log(1/m∗), and gravy score
were selected as protein descriptors. Interaction and quadratic terms were excluded from
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the model as their inclusion would result in a number of factors higher than the number of
results. The result of this regression analysis is summarized in table VI, in which the factors
ascribed to of each descriptor are given along with their mean values and the correlation
coefficients. The highest R2 value of 0.8 was obtained for the PEG-AS systems. In general,
pI and logMW were given factors close to zero in almost all models built. The average R2

value calculated was 0.66

Table VI Results from multi-linear regressions of the distri-
bution coefficient to four protein descriptors. The value of
the factors ascribed to the individual protein descriptor are
given. R2 values of the resulting model are shown.

const pI logMW log(1/M*) gravvy R2

I -2,06 0,00 0,28 3,25 1,77 0,80
II -0,18 -0,06 0,11 2,36 0,79 0,71

III 3,02 -0,16 -0,13 2,78 0,87 0,68
IV 4,89 -0,08 -0,38 2,87 0,09 0,44
V 4,74 -0,08 -0,32 3,15 0,75 0,54

VI 0,61 0,23 -0,07 3,06 2,25 0,77
VII 0,80 0,18 -0,03 3,45 2,20 0,68

mean 1,69 0,01 -0,08 2,99 1,24 0,66

4 Discussion

4.1 Model protein characterization

The model proteins used in this study varied in pI, size, origin, and hydrophobicity. They
represent a commonly used set of model proteins. Model proteins were characterized by
6 different scales, containing three different measures of hydrophobicity. The selected pro-
tein descriptors were taken from published examples of successful correlations to protein
distribution. Our aim was to validate these correlations by increasing both the number of
proteins and systems used. Gravy value take into account the entire amino acid sequence
but factor in the probability of an amino acid to occur at the protein’s surface. PS values
used experimentally determined hydrophobicity values for each amino acid and factor in the
actual contribution of an amino acid to the protein’s surface via evaluation of the 3D struc-
ture. m∗ values are experimentally determined hydrophobicity values based on ammonium
sulfate precipitation. While all three scales represent a protein’s hydrophobicity, they were
not correlated. Proteins were ranked differently by all three scales. This underlines how
challenging the task to characterize a proteins hydrophobicity is. A protein’s hydropho-
bicity depends not only on the amino acid sequence and its 3D structure, but also on the
surrounding solution. Other hydrophobicity scales based on amino acids retention times
in hydrophobic interaction chromatography or amino acid distribution in aqueous-organic
systems have been evaluated for their correlation with protein distribution in ATPS. As
they did not yield good correlations, they were not included in this study.

4.2 ATPS distribution and recoveries of model proteins

Using an HTS method previously described, we were able to characterize the proteins
behavior in seven types of ATPS, with 50 individual system compositions, thus generating
a large dataset to validate correlations between protein distribution and protein descriptors
in a short amount of time using little material. Protein distribution data did not show any

5.2 Evaluation of correlations of protein properties and ATPS distribution

58



obvious clusters. Proteins reacted differently to the change in system composition and the
addition of salt. This already indicates that finding correlations between protein descriptors
and its behavior in ATPS will be very challenging as the descriptors were constant, but the
order of proteins changes.

Protein recovery is a major issue in ATPS as the high concentrations of the phase form-
ing component can decrease protein solubility to a level at which an industrial application
would be inviable [20]. The total protein concentration of 1 g/L is a commonly used level
and has previously been used to evaluate correlations between protein descriptors and dis-
tribution [9]. The recoveries measured in this dataset show a decreased recovery for some
model proteins. This reduction is caused by protein precipitation, which often occurs when
both phases of an ATPS are saturated with the protein [21]. A saturation of the phases can
lead to a distortion between measured and real distribution coefficient. This might lead to a
change in the observed correlations. From a practical standpoint however, models that are
only applicable to very low protein concentrations are of little value for the implementation
of an industrial separation step.

4.3 Correlation ATPS behavior with protein attributes

The distribution data was evaluated for correlations to protein descriptors. While several
trends can be seen within the data, no strong correlations were found. This is in contrast
to previously published studies showing correlations between protein molecular weight,
protein solubility, or protein hydrophobicity. Some of these studies used polymer-polymer
ATPS, which might explain the discrepancy to our results. In polymer-polymer ATPS
electrostatic forces and molecular weight likely play a more pronounced role that in polymer-
salt systems. The disagreement with our results with a study published by Hachem et al.
[11] is remarkable as the authors also used PEG4000 and PEG8000 phosphate systems. The
discrepancy seems to arise from the difference in model protein selection and phase system
composition. If however a correlation can only be found for specific phase compositions and
sets of model proteins, it will most likely not be applicable to model protein distribution
more generally. For example, we found a very good correlation between the gravy score
and the distribution coefficient of a subset of 6 model proteins in PEG-phosphate system
with added NaCl. However, while using only a subset of the model proteins resulted in
high R2 values, the validity of excluding the remaining four model proteins is questionable.
As the proteins with both the highest and lowest Gravy scores were excluded, one might
argue that the correlation found for the subset of proteins is valid only in a small range of
the gravy scale. However, the gravy scores of the excluded proteins cannot be considered
extreme values on this scale when taking the overall distribution of this value into account.

One trend that was seen for the recoveries of the model proteins was that proteins of
lower m∗ value generally showed lower recoveries. Both precipitation and ATPS distribution
experiments were conducted at pH 7.0 Proteins with a lower solubility against ammonium
sulfate can be expected to also show lower recoveries in the presence of high concentrations
of PEG and phosphate. The trend towards lower recoveries with decreasing m∗ value is
thus not surprising. Multi-linear regression using four protein descriptors were attempted.
While R2 values were generally low, there was an agreement between all models that the
coefficients ascribed to the pI and MW values were close to zero, while those ascribed
to protein hydrophobicity descriptors were significantly different from zero. This is in
agreement with previous reports that stated that electrostatic and size exclusion effects do
not play as an important role in polymer-salt systems as in polymer-polymer systems.

To be applicable to a new separation problem, correlations between a protein descriptors
and its distribution need to be strong and generalizable. Such correlation are most likely
to be found if there is actual causation underlying the correlation. We doubt that any
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correlation reported so far for ATPS can actually claim this. A protein’s distribution in
ATPS is most likely the result of a complex interplay of both protein and phase system
characteristics which are not yet fully understood. If correlations can only be found for
certain sets of proteins or specific system compositions, while indicative to the distribution
mechanism at work, they cannot be applied with certainty to a different protein and / or
system composition. As we show in this work, protein descriptors alone or in combination
do not suffice. It is thus crucial to not only characterize the protein, but also the two
phases of each system and the proteins susceptibility to the phases’ attributes. In a recent
publication Madeira et al. [22] start to work along these lines. Investigating distribution of
12 model proteins in three classes of polymer-polymer ATPS, with ten individual system
composition in total, they were able to present a linear correlation between phase descriptors
and protein distribution similar to the approach presented by Yizhak et al. [23] for aqueous-
organic systems. The phases were characterized using solvatochromic dyes. The difference
of these descriptors between the two phases was used to correlate each proteins distribution.
Thus a susceptibility of each protein to the difference in phase descriptors was established.
In order to better understand the actual mechanisms behind protein distribution, more
systems including salt-polymer ATPSs now need to be investigated. Understanding the
proteins characteristics that lead to its susceptibility to the phase characteristics might
then further advance the possibilities of predicting protein behavior in ATPS.

5 Conclusion and outlook

In this manuscript, we evaluated correlations between protein attributes and protein behav-
ior in aqueous two-phase systems. All evaluated protein attributes had previously shown to
yield good correlations to protein distribution in limited sets of model proteins and ATPSs.
However, none of the correlations described could be reproduced with the larger sets of
model proteins and increased number of biphasic systems used in this study. While most
previous publications included only small numbers of different two-phase systems, we tested
a large set of 50 systems and 10 model proteins and found that no protein attribute neither
in linear nor in multi-linear regression gave promising results. While a large number of pro-
tein attributes can readily be obtained either in silico or from experiments, it seem obvious,
that factors describing the two phases of an ATPS are missing. Only limited work has been
conducted trying to relate phase describing attributes to protein behavior in ATPS. As our
results clearly show, using protein attributes alone is insufficient and future research will
focus on combining phase and protein attributes to better model protein behavior in ATPS.
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Abstract

Molecular Dynamics (MD) simulations are a promising tool to generate molecular
understanding of processes related to the purification of proteins. Polyethylene glycols
(PEG) of various length are commonly used in the production and purification of pro-
teins. The molecular mechanisms behind PEG driven precipitation, aqueous two-phase
formation or the effects of PEGylation are however still poorly understood. In this
paper, we ran MD simulations of single PEG molecules of variable length in explicitly
simulated water. The resulting structures are in good agreement with experimentally
determined 3D structures of PEG. The increase in surface hydrophobicity of PEG of
longer chain length could be explained on an atomic scale. PEG-water interactions as
well as aqueous two-phase formation in the presence of PO4 were found to be correlated
to PEG surface hydrophobicity. We were able to show that the taken MD simulation
approach is capable of generating both structural data as well as molecule descriptors
in agreement with experimental data. Thus, we are confident of having a good in silico
representation of PEG.

Keywords: Molecular dynamics simulation, polyethylene glycol, hy-
drophobicity, aqueous two-phase systems, amber03, yasara

1 Introduction

Polyethylene glycol (PEG) is among the most commonly used chemicals in protein purifi-
cation processes. Its use ranges from precipitating agent [1, 2], phase forming component
in liquid-liquid extraction [3–6], displacer in hydrophobic interaction chromatography [7] to
potential additive in protein formulation [8, 9] and drug modifying agent [10, 11]. Despite
its frequent application, the exact nature of the polymer solvent interactions as well as the
structural dynamics in solution governing its role in protein purification processes remain
unclear.

One approach to understand the nature of molecules on an atomic scale are molecular
dynamics (MD) simulations. MD simulations have proven a useful tool to understand the
binding and elution behavior of proteins in ion exchange chromatography [12]. Its results
could be correlated to experimental data and thus used predictively. Besides HTS process
development methodologies, MD simulations represent another promising approach to speed
up process development in protein purification.

Several molecular dynamics studies have been performed focusing on the tertiary struc-
ture of polyethylene glycol or polyethylene oxide in aqueous solutions. Lee et al. in 2008
[13] used a revision of the CHARMM ether force field (C35) [14] to establish a molecular
understanding of the relation between hydrodynamic radius and radius of gyration of PEG,
which differs in behavior from polymer theory under certain conditions. They extended
their study in 2009 [15] by using a coarse grained model and were thus able to extend the
simulated timespan from 20 to 800 ns. These studies were again focused on investigating the
hydrodynamic properties of the polymer molecules, their hydrodynamic radius in relation
to their radius of gyration and the coherence of the simulation results with polymer theory.
One major goal was to understand - on a molecular scale - the influence of the three dimen-
sional structure of polymer molecules in solution on macroscopic, hydrodynamic properties
of these solutions e.g. viscosity. Other studies, such as the one conducted by Borodin et al.
in 2001 [16] are geared towards polymer dynamics of pure polymers and the effect of added
water. One main goal of this study was again to understand the physicochemical properties
of polymer solutions such as viscosity.

Tasaki et al. performed MD simulation of a single PEG molecule of 722 Da in 1996 [17]
focused more on the secondary structure and polymer-water interaction. While their study
yielded interesting insights into the 3D structure of single PEG molecules in solution, the

5.3 Molecular dynamics simulations on aqueous two-phase systems: Single PEG-molecules
in solution

65



advance in computational power since their publication now allows for longer simulations of
larger PEG molecules. Another, more recent, MD simulation study using a PEG-derivate
focused the importance of choosing a proper force field [18] to obtain secondary structure
results in agreement with experimental data. One force field, not tested in their study, but
commonly used for protein simulations, is the amber03 force field [19]. While this force
field is designated to proteins, a self-parameterizing algorithm can be applied to adjust
for non proteinaceous molecules [20]. The advantage of using a force field designated to
proteins is that combined MD simulations of proteins and PEG could be readily run, once
it is established that the self-parameterizing algorithm yield reasonable results for PEG.
In order to verify the structural data resulting from such MD simulations, experimentally
determined structures are needed. There have been several reports of 3D structural data
of PEG [21] with the recent addition of a high quality crystallographic record [22].

As stated above, MD simulations focused on the secondary structure of single PEG
molecules of fixed molecular weight as well as studies concentrating on the three dimen-
sional structure and its implications for macroscopic solution properties have been con-
ducted. Simulations of larger PEG molecules and an investigation of the effects of polymer
molecular weight on properties of PEG such as secondary structure, surface hydrophobicity
and H-bond network with the solvent are lacking. These properties most likely govern the
characteristics of PEG molecules in protein purification, thus their deeper understanding on
a molecular scale would be beneficial. PEG polymer molecular weight influences the effect
PEG has on protein solubility or aqueous two-phase formation. To understand the influence
of molecular weight of PEG molecules on their structural and surface characteristics on an
atomic scale would thus be valuable.

This study’s first aim is to confirm the validity of all-atom molecular dynamics sim-
ulations of PEG in water based on the amber03 force field by comparing the resulting
structure to the recently published crystallographic data and previous MD results. Results
from 10-30 ns long MD simulations of PEG molecules ranging in molecular weight from
300 Da to 3500 Da are shown. This study puts a focus on the effect PEG chain length has
on geometric parameters, secondary structure, polymer surface characteristics and polymer
solvent interactions. We aim to understand the influence on PEG molecular weight on
polymer properties important for its use in protein purification. Correlations to experimen-
tal data on the phase forming behavior of 4 different PEGs in the presence of phosphate
are given. Correlation between solvent polarity determined using a solvatochromic dye to
hydrophobicity determined via MD simulations are shown.

2 Materials & methods

2.1 Molecular Dynamics simulation software

Molecular dynamics simulations were performed using the Yasara Structure software pack-
age [23], version 10.2.1. The software was installed in a cluster computer environment
running Suse Linux Enterprise 10 as operating system. Each simulation was run using a
single node of the cluster computer. Each node was equipped with 2 Intel Xeon Quad Core
(X5355) processors at 2.66 GHz and 16GB local memory (2GB per processor core).

2.2 Force field

The software package used for the simulations employs an automatic parameterization algo-
rithm (termed ”AutoSMILES”) to generate force field parameters for unknown structures.
The method is described in detail in [19, 20]. This method was used to generate force field
parameters for the polymer molecules. Van der Vaals forces were truncated at a cutoff
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of 10 Å. Long range Coulomb interactions were calculated using the Particle Mesh Ewald
algorithm detailed by Essmann et. al [24]. Grid point for the PME evaluation were evenly
spaced in each dimension. The amber03 force field [25] was used for all molecular dynam-
ics simulations. As water model, TIP3P was used. The amber03 force field was chosen
as following studies were to include protein molecules in the simulation and amber03 is a
well-established force field for protein simulations.

2.3 MD simulation protocol

All-atom molecular dynamics simulations were run for PEGs with subunit numbers (n)
between 6 and 81 (6, 7,. . . , 21 subunits; 21, 23,. . . , 41 subunits, and 41, 45,. . . , 81 sub-
units). Each simulation consisted of a single PEG molecule surrounded by water molecules.
Number of atoms simulated ranged from 1572 for n=6 to 17211 for n=81. PEG molecules
were imported into the simulation software using an OpenBabel plug-in and SMILES file
format. Thus, each simulation initially contained a perfectly linear PEG molecule with all
geometric parameters set to standard values. A simulation box was put around the PEG
molecule with a distance of 5 nm. The simulation box’s size ranged from 28.33 x 24.23 x
23.59 Å for n=6 to 309.14 x 23.59 x 23.59 Å for n=81. Boundary conditions were set to
periodic. Water density was set to 1 g/cc, temperature to 298K. The simulation box was
(automatically) filled with water molecules to the set density and a short steepest decent en-
ergy minimization was run. Finally, a 5 ns long molecular dynamics simulation was started
and snapshots of the simulation taken every 5 ps. Table I summarizes the parameters set
for these simulations.

Table I MD simulation parameter used in this study.

Parameter Value

Force-Field Amber03 [25–27]
Wall boundaries periodic
Simulation time 10-30 ns
Snapshot interval 5 ps
Density [g/l] 1.0
pH 7.0
Temperature control rescale velocities [28, 29]

2.4 MD snapshot data evaluation

The PEG molecule in each simulation snapshot was analyzed for a series of parameters.
The following geometric parameters were recorded: dihedral angle between adjacent oxy-
gen atoms (“CC-dihedral”), dihedral angle between adjacent oxygen and carbon atoms
(“OC-dihedral”), bond angles (“COC”-, “OCC”-, “CCO”-, and “HCH”-angle), bond length
(“OC”-, “CC”-, and “CH”-bond length). Additionally, H-bonds (total number, number do-
nated, number accepted, and total energy), surface characteristics (solvent accessible surface
(“SAS”) of CH-groups, O-atoms, and OH-groups), and solvent accessible volume (“SAV”,
1.4Å probe radius) were measured.

2.5 Reference structure generation

Recently published crystallographic data of a PEG molecule [22] was used to build refer-
ence structures. The geometric parameters (dihedral angles, bond angles, bond lengths)
of the crystallographic record were measured and PEG-molecules with 6 to 81 subunits
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constructed accordingly. Surface characteristics and solvent accessible volume of these
molecules were measured as described for the MD snapshots.

2.6 Data evaluation

Data evaluation was performed using Matlab R© (The Mathworks
TM

, Natick, ME, USA),
version 2010a. All geometric parameters were first analyzed for a trend over simulation
time. If no dependency on simulation time was found, the mean value over all snapshots
was used. If no dependency on the position within the molecule was found, the mean
value across the molecule was used. Finally, if no dependency on PEG-length was found,
the mean value over all PEG-length was calculated. To assess the degree of secondary
structure formation of the simulated PEG molecules, regions of four and more consecutive
CC-dihedral angles within the “gauche-conformation range” of 50◦ to 100◦ or -50◦ to -100◦

were considered to form a helical structure. The ratio of CC dihedrals forming a helical
structure over the total number of CC dihedrals in the molecule was taken as a measure for
the helicality of the molecule. Mean helicality over all snapshots were calculated for each
PEG-length simulated. Curve fitting was done using the non-linear-least-square method
for fitting and the least-average-residual (“LAR”) method for robustness.

2.7 Binodal data generation

Experimentally determined binodal curves were obtained using the approach previously
described [30]. In short, a Tecan (Crailsheim, Germany) Freedom EVO R© 200 robotic plat-
form was used to determine phase transition points using a “cloud point method” modified
for liquid handling platforms. PEG used were obtained from Sigma-Adrich (Product num-
bers were: PEG300: 202371 - PEG600: 202401 - PEG1000: 202428 - PEG1500: 81214 ).
40%[w/w] PO4 stock solution at pH 7.0 was composed of 11.9 g sodiumdihydrogenphos-
phate and 28.1 g di-potassiumhydrogenphosphate per 100 g of solution.

2.8 Polarity measurements

Determination of empirical ET (30) values were done using the solvatochromic dye nile red
(Sigma Aldrich, Steinheim) by measuring the shift of the last absorbance maximum between
500 and 650 nm with a Perkin Elmer lambda 35 spectrophotometer [31]. The following
PEGs were investigated: PEG 200, PEG 400, PEG 600, PEG 1000 and PEG 1450 (all
purchased from Sigma Aldrich, Steinheim as stated in the previous section). Samples were
prepared for different molar fractions of PEG in water with the investigated range depending
on the PEG molecular weight (0-44.2% for PEG 200, 0-21% for PEG 400, 0-15.8% for PEG
600, 0-7.8% for PEG 1000 and 0-3.3% for PEG 1450). 2 µl of a saturated solution of nile
red in 75% v/v acetonitrile were added to 1ml of sample solution. Calibration of the ET (30)
scale was done by plotting ET (30) values of organic solvents (ethanol and different dilutions
of ethanol in water, isopropanol, acetone, toluol and octanol) over the wavelength of the
absorbance maximum of nile red. ET (30) values were taken from literature [32]. Data was
fitted with a 2nd degree polynomial function.

3 Results

3.1 PEG primary structure in solution

All simulations were started with a linear PEG molecule, with all geometric parameters set
to standard values by the simulation software. Table II shows average geometric parame-
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ters resulting from the MD simulations in comparison to those obtained from the crystal
structure [22]. While tetrahedral angles showed almost no deviation (maximum deviation
0.45%) between the crystal structure and the structure found by our simulations, bond
length and dihedral angle differ by 1.4% - 4.1% and 2.0% - 4.1% respectively. CC dihedral
and OC distance showed a dependency on the number of PEG subunits. CC dihedral angle
increased by 1.02% over the range of PEG subunits investigated herein (see figure 3(b)).
The increase in OC bond length was 0.14%.

Table II Comparison of geometric parameter between crystal structure of
PEG [22] and MD simulation results. OC distance and OCCO dihedral
showed dependency on PEG-length. All other parameters were averaged
over all PEG lengths. Dihedral values are given for the dominating con-
formation. Average dihedral of gauche(+) and gauche(-) conformation is
given for MD simulation results.

Parameter Crystal MDs

HCH angle [◦] 109,01 108,97
CCO angle [◦] 109,96 109,87
COC angle [◦] 115,64 115,09
OCC angle [◦] 109,49 109,87
OC distance [Å] 1,43 1,45-1,452
CC distance [Å] 1,48 1,54
CC dihedral gauche [◦] -74,95 -73,43-74,18
OC dihedral trans [◦] 177,41 170,13

3.2 Secondary structure

PEG secondary structure was mainly governed by the CC dihedrals settling into gauche
conformation. While the average CC dihedral was found in good agreement to the crys-
tal structure (see table II), its value increased and the ratio of CC dihedral in gauche
conformation decreased with PEG chain length (see figures 3(b) and 3(d)). Concurrently,
helicality, defined as the ratio of dihedrals partaking in stretches of more than three di-
hedral of equal conformation, increased with PEG chain length (see figure 3(c)). Figure
4 shows a rendering of a simulation snapshot of a PEG550 (n=11). Helical regions and
the surface accessible volume (“SAV”) are noted. In agreement with other publication,
the PEG molecule adapts a random-coil conformation with the CC dihedrals preferring a
gauche conformation. Stretches of CC dihedral in gauche conformation of equal sign form
helical regions within the random coil.

3.3 Tertiary structure

As mentioned in the previous section, the PEG molecules were found to settle into a random-
coil conformation in agreement with previously published studies. While the fluctuation
of total system energy suggested to have reached an equilibrium after 1 ns of simulation
time, values of Rg reached equilibrium only after 25 ns for the longest PEG molecules.
In figure 1 the logRG is plotted over logPEGMW . A linear fit using the least average
residual algorithm was calculated and is shown in figure 1. The radius of gyration Rg

was found to correlate with the molecular weight with an exponent v for Rg ∝ Mv
w not

significantly different from 0.5. This is in agreement with polymer theory for molecules
within the tested range of molecular weights [33, 34] when ideal chain behavior, or a theta
solvent respectively, are assumed. While the exponent v was found not to be significantly
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different from 0.5 the 95% confidence interval accommodates values as high as 0.535 thus
also allowing for a divergence towards real-chain behavior. As helical coils were observed
as a structural element in the secondary structure, a divergence from the ideal chain model
would be reasonable. Longer simulation times might be needed to average out structural
fluctuations of Rg thus narrowing the confidence interval around v. However, as mentioned
above, as the aim of this study was not to infer from structure to macroscopic solution
properties, the fluctuations of RG are acceptable within the scope of this work. Solvent
accessible volume (“SAV”) of the artificial linear PEG helices and the equivalent average
volume of the PEG molecules from MD simulations did not differ significantly. SAVs of
simulated PEG molecules were normally distributed around their mean with an average
coefficient of variation (“CV”) of 2.4 %. It was concluded, that, while the volumes of PEG
molecules in our simulations change dynamically with time, no stable tertiary structures
excluding the solvent were formed. While the observed helical regions influenced surface
hydrophobicity, they did not significantly change the accessible volume of the molecules.
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Figure 1: Dots: logRG plotted over logPEGMW . Line: Linear fit using least average square
algorithm. The slope of the linear fit is not significantly different from 0.5.

3.4 Structure dynamics

Figure 2 highlights three aspects of the structural dynamics observed over the course of
the simulations. Figure 2(a) shows the value of two CC-dihedrals arbitrarily selected from
a PEG1162 (n=25) over the entire course of a 5 ns simulation. The two angles are in
gauche(-) or gauche(+) conformation in the vast majority of the snapshots. The angles flip
irregularly between the (-) and (+) conformation. While the angles are either gauche(-)
or gauche(+) most of the time, regions where both angles have the same conformation are
more limited. Helical structures form in regions where multiple consecutive CC-dihedrals
are of the same conformation. Figure 2(b) shows the normalized PEG dihedral energy of
three PEGs of different molecular weight over the course of 0.5 ns of simulation. The higher
the molecular weight of the PEG, the longer it took to reach equilibrium. Figure 2(c) shows
the normalized system energy of three PEGs of different molecular weight over the course
of 1 ns of simulation. All three simulations show the same trend and reach equilibrium
within this time frame. Scattering of the data is lower, the higher the molecular weight
of the PEG. Figure 2(d) shows the radius of gyration plotted over the simulation time of
four exemplary PEG molecules. It can be seen, that the tertiary structure of the PEG
reached equilibrium within the simulated timespan. Longer PEG molecules needed longer
simulation times. The range over which average properties were calculated is detailed in
figure 2(d). It can be seen, that the tertiary structure is in equilibrium in the time span
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which was used for the calculation of average PEG properties. Both figure 2(b) and figure
2(c) suggest, that the flexibility of the PEG molecule is dependent on its molecular weight.

3.5 Surface hydrophobicity

As no tertiary structure excluding the solvent was formed during our simulations, it was
concluded that the effect of PEG molecules on their surrounding solvent is governed by its
solvent accessible surface. Thus, the influence of PEG chain length on the surface charac-
teristics were investigated. Figure 3(a) shows the dependency of the surface hydrophobic
fraction on the number of PEG subunits. Surface hydrophobic fraction was defined as the
solvent accessible surface of CH-groups in relation to the total surface. Three dataset are
compared in this figure: first, the results from the MD simulations; second, hypothetical,
entirely helical PEG molecules constructed with the geometric parameters obtained from
the crystal structure as describe in the section ’Reference structure generation’, and third,
hypothetical, entirely linear PEG molecules, constructed in the same way as the helical
structures, but with dihedral angles all set to 180◦. Three effects are discernible. First,
there is an offset between surface hydrophobicity of the helical and the linear structure. It
was concluded, that the degree of surface hydrophobicity is strongly influenced by the sec-
ondary structure of the PEG molecule. Within helical regions, oxygen atoms face inwards,
away from the solvent, while CH-groups are turned towards the solvent, thus increasing
surface hydrophobicity (see figure 4(a)). It should be noted that due to the compaction
of the overall structure, both the hydrophobic and the hydrophilic surface area decrease
in the process of helix formation. However, hydrophilic surface area decreases more than
the hydrophobic surface area thus making the overall surface more hydrophobic. Second,
all three curves show a dependency of the surface hydrophobic fraction on the number of
PEG subunits. This effect is mostly independent of the secondary structure. By comparing
the hydrophobicity of the end- and mid-groups of the various PEGs, the effect could be
ascribed to the “dilution” of the end group with increasing PEG chain length. The end
groups are less hydrophobic than the repetitive units in the middle of the molecule. Thus,
surface hydrophobicity increases the more of these repetitive units exist. Third, surface
hydrophobic fraction of the MD simulations are generally below those of the entirely helical
structures. At higher numbers of subunits, the values start to converge. To explain this
trend, several underlying effects need to be looked at. As helicality of a PEG molecule has
a major effect on its surface hydrophobicity, and helicality increases with number of PEG
subunits (see figure 3(c)), it is reasonable that MD simulation results close in on the sur-
face characteristics of a perfectly helical molecule with increasing molecular weight. While
helicality increases, helix angle also increases (figure 3(b)) and fraction of CC dihedrals
in gauche conformation decreases (figure 3(d)), with both effects decreasing surface hy-
drophobicity. Additionally, as shown in figure 4(b), during the MD simulations, temporary
structures can be formed that hardly change the solvent accessible volume but strongly
reduce the solvent accessible surface of certain parts of the molecules. These regions were
found randomly distributed over time and place in the MD simulations and contribute to a
decrease in surface hydrophobicity as they only affect mid-groups. The relation of surface
hydrophobicity to molecular weight were the result of the combination of all the underlying
effects mentioned above.

3.6 PEG-solvent interaction

To quantify the influence of the change in surface hydrophobicity on the interaction of
the PEG molecule with their surrounding solvent, average number of H-bonds per PEG
subunit were plotted over PEG chain length and surface hydrophobicity in figure 5. Average
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Figure 2: Structural dynamics resulting from the MD simulation. (a): Two dihedral angles of
a PEG1162 over simulation time. (b): Dihedral energy of three selected PEGs over simulation
time. (c): System total energy over simulation time. Single data points as well as smoothed
line calculated over 9 data points are shown. The number of subunits is given in the legends. (d):
Radius of gyration over simulation time. Blue lines show raw data of (from top to bottom) PEG2746,
PEG1426, PEG766, and PEG326. Red lines show the timespan over which average properties of
the polymer molecule were calculated.
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Figure 3: (a): Surface hydrophobic fraction of artificially constructed perfectly helical, perfectly
linear PEGs and results of the MD simulations over PEG chain length. (b)-(d): factors influencing
surface hydrophobicity over PEG chain length with (b): CC dihedral angle, (c): helicality, (d):
ratio of CC dihedrals in gauche conformations. (e) solvent accessible volumes of the PEG molecules
determined from MD simulations over the corresponding volume of perfectly helical molecules.
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Figure 4: (a): 3D rendering of a helical region formed during the MD simulation. CH-surfaces are
marked gray, O-surfaces are marked red. (b): 3D rendering of a simulation snapshot of a PEG722
including the solvent accessible surface (1.4Å probe radius). Two oxygen atoms having near 0
solvent accessible surface as well as the helical regions are pointed out.

number of H-bond per subunit decreased with increasing PEG chain length in the form of
a power function. A linear correlation between average H-bonds per subunit and surface
hydrophobic fraction was found with R2 = 0.963.
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Figure 5: Average number of H-bonds per subunits over number of subunits (top) and surface
hydrophobic fraction (bottom)

Binodal curves of PEG300, PEG600, PEG1000 and PEG1500 in combination with PO4

at pH 7.0 were determined experimentally. The least PEG concentration needed for two-
phase formation at four different concentrations of PO4 were plotted against the surface
hydrophobic fraction of the corresponding PEG determined in the MD simulations (figure
6). Linear correlations with an average R2 of 0.994 were found for all four PO4 concen-
trations. The good correlation between experimental and simulation data suggests that
the taken simulation approach was successful in generating meaningful polymer surface
properties.

5.3 Molecular dynamics simulations on aqueous two-phase systems: Single PEG-molecules
in solution

74



0.8 0.82 0.84 0.86 0.88 0.9 0.92
-5

0

5

10

15

20

25

30

35

40

Surface hydrophobic fraction [-] - MD data

M
in

im
u

m
 P

E
G

 c
o

n
ce

n
tr

a
ti

o
n

 f
o

r 
p

h
a

se
 s

e
p

a
ra

ti
o

n
[%

 w
/w

] 
- 

E
xp

e
ri

m
e

n
ta

l 
d

a
ta

P
E

G
3

0
0

P
E

G
6

0
0

P
E

G
1

0
0

0

P
E

G
1

5
0

0

5% PO
4

10% PO
4

15% PO
4

20% PO
4

A

B

0            5          10          15         20          25         30          35
0

5

10

15

20

25

30

35
300Da

600Da

1000Da

1500Da

A

B

D

P
E

G
 c

o
n

ce
n

tr
a

ti
o

n
 [

%
 w

/w
]

Po concentration [% w/w]4

A
B

D

C

C

Figure 6: Experimentally determined PEG concentration needed for two-phase formation of four
different PEG molecular weights at four concentrations of PO4 plotted over the surface hydrophobic
fraction of the corresponding PEG molecules determined from MD simulations. Phase formation
in the presence: • 5% PO4, × 10% PO4, ◦ 15% PO4, + 20% PO4. B: Experimentally determined
binodals of PEG-PO4 ATPSystems. Dashed lines represent the levels of PO4 concentration at which
the minimum concentration of PEG needed for phase separation was determined. The data point
labelled “A”, “B”, “C”, and “D” are the same points on the binodals in both subfigures.
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3.7 Polarity measurements

Figure 7 A shows ET (30) values as an empirical measure for solvent polarity of PEG in an
aqueous solution (PEG 200 to 1450) at different molar fractions. Molar fractions of higher
PEG molecular weights were corrected relative to PEG 200 to assure comparability of
different PEGs (PEG 400 molar fractions were multiplied by 2, molar fractions of PEG 600
by 3 and so on). Polarity decreased with increasing molar fraction of each PEG. PEG with
higher molecular weight was more hydrophobic at the same relative molar fraction (meaning
that 2 molecules of PEG 200 were less hydrophobic than 1 molecule of PEG 400). With
increasing molar fractions the decrease of ET (30) clearly deviated from linearity. For that
reason the slope of the linear region was used as a basis for comparing polarities of different
PEGs rather than using the extrapolated intercept with the x-axis. These values showed
a linear correlation with hydrophobicity values generated on the basis of PEG structure
information as shown in figure 7 B.

A B

Figure 7: A: ET (30) values of solutions of PEG of varying molecular weight plotted over the
relative mole fraction of PEG calculated as described in section “Polarity measurements”. The
slopes of the linear parts of the plots were used as measure for the polarity of PEG. B: The slopes
as determined in subfigure A plotted over the surface hydrophobicity calculated from MD simulation
results of the corresponding PEG molecules.

4 Discussion

4.1 Primary & secondary structure

Starting from a completely linear structure with all geometric parameters set to standard
values by the importing plug-in, our molecular simulations resulted in average PEG struc-
tures with geometric parameters in good agreement with both the crystal structure [22]
and previous MD simulations [17].

While Tasaki et al. [17] found a ratio of gauche(+) to gauche(-) of 0.33 to 0.67 for the
CC dihedral in their 0.5-2ns long simulations, we found equal distribution of the two con-
formations. As there is no molecular constraint that would lead to an uneven distribution
of the conformation, we conclude that the chosen simulation time of 5 ns is sufficient to
yield a representative, average structure. System total energy reaching equilibrium within
1 ns supports this conclusion.

A clear dependency of CC dihedral and the OC distance on PEG chain length was found.
The increase in CC dihedral (1.02%) was significantly larger than the increase in OC bond
length (0.12%). While the dependency was obvious, we consider the degree of change of
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OC bond length too low to have a significant effect on the resulting surface characteristics.
The reason for this dependency remains unclear.

In a recently published paper, Winger et al. [18] investigated the influence of force-
fields on the resulting structure of a modified PEG molecule. They concluded that the
development of a helical structure of the simulated PEG molecule in aqueous solution is
dependent on the force-field used. Improper force fields or simulations in vacuo resulted
in the PEG molecule collapsing into a random coil. In our study, PEG molecules formed
helical structures and stayed elongated. The resulting geometric parameters are in good
agreement with the results from previous MD simulations [17] as well as crystallographic
data [22] and structural data from other sources (as summarized in [21]). We thus conclude,
that the amber03 force-field in concert with the employed parameterization algorithm is
well suited to run MD simulations of PEG molecules.

4.2 Structure dynamics

Structure dynamics were looked at in terms of time to reach equilibrium of total system
energy, scattering of total system energy and time to reach dihedral energy equilibrium.
The general conclusion drawn from these observations was, that longer PEG chains are less
flexible. It was further concluded, that the increase in helicality with increasing PEG chain
length is a direct consequence of the decreased flexibility. Helical regions are less prone to
be broken up if the structure is changing less dynamically. Tasaki et al. [17] concluded that
their simulation times (0.5-2 ns) were not sufficient to reach an equilibrium. In contrast,
system total energy in our simulations reached equilibrium within 1 ns of simulations. We
conclude, that simulation times of 1 ns are sufficient when using the simulation protocol
employed herein and when the surface of the molecule is the target of the investigation.
Reaching an equilibrium tertiary structure, measured as reaching an equilibrium in the
radius of gyration, needed significantly longer simulations times as high as 25ns for the
largest molecules investigated. Lee et. al in 2009 [13] used a different modeling approach to
realize simulation times of up to 800 ns in order to investigate PEG tertiary structure and
its hydrodynamic properties in water. Such long simulation times are currently outside the
reach of all-atom MD simulations. Again, it should be pointed out that the focus of this
study was on the secondary structure and PEG solvent interactions.

In 1970 Koenig et. al concluded from Raman spectroscopy studies that PEG molecules
display a more highly ordered structure in water than in methanol. They hypothesized that
the helical nature of the solid state is partly retained in the solubilized state [35]. This was
also discussed by Devanand et. al [36] and is supported by the results presented herein.
While the radius of gyration observed did not support a large deviation from ideal chain
behavior, helical regions were found to form within the molecule.

4.3 Surface hydrophobicity

Surface hydrophobicity of the PEG molecules was looked at in terms of surface contribution
of CH groups. Two main effects were identified. First, formation of helical regions within
the molecule increased the overall hydrophobicity. Second, the effect of the hydrophilic
end-group got diluted with increasing PEG chain length. These two effects could explain
the overall trend in surface hydrophobicity of the simulated PEG molecules. Addition-
ally, several underlying effects were identified, that influenced surface hydrophobicity and,
in part, counteracted one another. For example, both helix angle and overall helicality
increased with PEG chain length, with the former decreasing and the latter increasing
surface hydrophobicity. While the interplay of the various effects is complex, the overall
trend, increasing surface hydrophobicity with increasing PEG chain length showed clearly
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in our simulations. Zaslavsky et al. [37] measured the hydrophobicity of tritium labeled
PEG molecules (1.5 to 40 kDa) in terms of distribution in Ficoll-400-dextran-70 ATPS. The
distribution was found to be equal within experimental certainty. The authors concluded
that the investigated PEG molecules had equal hydrophobicity. While results from the MD
simulations described herein suggest an increase in surface hydrophobicity, the smallest
PEG molecule investigated by Zaslavsky et al. had a MW of 1.5 kDa. At this molecular
weight (no. of subunits = 34) we found surface hydrophobicity to become less dependent
on PEG chain length. Surface hydrophobicity in our simulations changed most in the range
300 Da to 1.1 kDa. Thus, it would be most interesting to obtain distribution data for PEG
molecules within this range.

4.4 PEG-solvent interaction

In this study, the direct interactions of PEG molecules and the surrounding water molecules
via H-bonds were quantified. It was found that the number of H-bonds per PEG subunit is a
function of PEG chain length and decreases with increasing number of PEG subunits. This
is in agreement with the increased hydrophobic surface fraction and the helical structure
formed by the PEG molecule, in which the oxygen atoms face inwards and are thus excluded
from interactions with the solvent. Tasaki et al. [17] discussed the average number of water
molecules associated with the PEG molecule. The association of water molecules with PEG
was determined by a water density function around the PEG molecule and found to be 2.9.
There are several studies in which water associated with PEG molecules was quantified,
the results ranging from 1 to 5 water molecules per PEG subunit. Our results are at the
lower end of this range. However, it should be noted, that the interaction via H-bonds
quantified here does not necessarily translate directly into the association measured in the
before mentioned studies, as the nature of this association remains unclear and is governed
by proximity rather than direct interaction.

In general, H-bond formation is an exothermic process. Less formation of H-bond with
increasing PEG chain length might create the need for a higher ratio of order water structure
around the PEG molecule, which is an entropically unfavorable process. This might have
implications on the effect PEG molecules have on other dissolved entities or its behavior
on aqueous two-phase systems. A direct correlation of the surface hydrophobic fraction
to the experimentally determined PEG concentration needed for two-phase formation in
the presence of fixed concentrations of PO4 was found. We concluded that the simulation
results are a good representation of the actual behavior of PEG molecules in solution and
that the hydrophobic character of the molecule might be a driver of phase separation in
PEG ATPSs. Further investigations will be based on this approach focusing on phase
formation in PEG-PO4 ATPSs.

While this article focuses on ATPSs, it should be noted that the results might also be
applicable to protein precipitation by PEG. Both its structure and thus the space occupied
by the PEG molecule in the solvent [1, 38] as well as PEG solvent interactions and thus
its influence on solvation energy of the protein might be associated with protein solubility.
This will be the scope of following investigations.

4.5 ET (30) versus relative surface hydrophobicity

To approve the calculation of relative hydrophobicity of PEG based on structural infor-
mation, we compared ET (30) as an empirical measure for solvent polarity with calculation
results based on PEG structure information. In accordance with theory, PEG solutions
became more hydrophobic with increasing molar fraction of PEG, indicating that PEG
itself is less polar than water (see figure 7 A). Over a wide range of PEG concentrations
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this relationships was found to be linear, at higher PEG concentrations further addition of
PEG led to an disproportional decrease of ET (30). For that reason the slope for the linear
part was used as a measure for PEG polarity and correlated with relative PEG hydropho-
bicity based surface contributions of unpolar −CH and polar −O− and −OH groups of
1) linear PEG molecules and 2) partly helical PEG molecules from MD simulations. In
both cases a linear correlation was obtained with similar R2 values (see figure 7 B), indi-
cating that the structure-based hydrophobicity measure was suitable to describe changes in
PEG hydrophobicity. Nevertheless, the experimental data could not be used to differentiate
between linear and partly helical PEG structures.

5 Conclusion and outlook

In this study, the validity of using the amber03 force field in combination with the Au-
toSMILES self-parameterizing algorithm for MD simulations of PEG was confirmed. MD
simulations were run on a series of PEG molecules ranging in molecular weight from 300
Da to 3500 Da. 3D data from these simulations were found in good agreement with re-
cently published crystallographic data and published MD simulation results. It was found
that PEG chain length has a major influence on the surface characteristics and solvent
interaction of PEG. Surface hydrophobicity values derived from these simulations could be
correlated to experimentally determined minimum PEG concentrations needed to estab-
lish two-phase systems in the presence of PO4. Surface hydrophobicity values from MD
simulations correlated linearly with solution polarity experimentally determined via a sol-
vatochromic dye. This work forms the basis for conducting further MD studies on phase
behavior of PEG as well as simulations including both PEG and proteins such as proteins
in ATPSs or simulations of PEGylated proteins.
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Abstract

Product titers have steadily increased in the biopharmaceutical industry over the
past decades adding new challenges to downstream purification processes. For that
reason unit operations are needed that can be operated in a continuous fashion offering
high productivity, one such alternative being aqueous two phase systems. These systems
were shown to have high selectivity while offering mild working conditions ensuring the
integrity of biomolecules. Nevertheless, driving forces for aqueous-aqueous partitioning
of proteins are not well understood and process development remains based on empiri-
cal screenings. Here we investigated the use of Molecular Dynamics (MD) simulations
to determine phase system properties of polyethylen glycol (PEG) - phosphate systems
that guide protein distribution. MD simulations were accurate enough to resolve dif-
ferences in certain molecular properties of the ATPS components (such as the relative
hydrophobicity and H-bonding properties of PEG) over a wide range of PEG and salt
concentrations (0-35% w/w) as well as PEG molecular weights (282 - 1471 kDa). We
successfully correlated these properties with phase formation resulting in a model that
was capable of predicting binodals and tie lines for the investigated systems. We also
extracted upper- and bottom phase properties (polarity, H-bonding donor and accep-
tor functionalities) necessary for the use of the Abraham equation which was shown
to be useful in predicting partitioning coefficients of proteins. These properties were
compared to experimentally determined values measured by using solvatochromic dyes.
Both datasets, experimentally and in silico determined phase system properties showed
good correlation with partitioning coefficients of lysozyme in these systems.

Keywords: Molecular dynamics simulation, polyethylene glycol, binodal
prediction, aqueous two-phase systems, amber03, yasara

1 Introduction

The use of aqueous two-phase systems for the purification of biotechnological products
has been extensively studied in the past [2, 8, 14, 22] as they offer some advantages over
traditional chromatography: easy scale-up, mild working conditions , continuous operation
modes, high mass-transfer rates and integrated cell debris removal. One of the ATPS
components is always a water-miscible polymer (e.g. polyethylene glycol, dextrane, etc.),
the second component can be again a polymer, a salt (e.g. sodium or potassium phosphate,
ammonium sulfate, sodium chloride, etc.) or a detergent (e.g. polyoxyethylene detergents,
Triton X100).

For biotechnological applications conditions need to be found where the differences in
distribution coefficients of the target molecule and the main contaminants are big enough to
yield an acceptable purity and yield. Since the distribution event itself is of a multi-modal
nature and numerous system parameters are known to play a role during the partitioning
event, rationally choosing the right system and the right system composition can be difficult
[8]. Additionally, many fundamental mechanisms behind the formation of phases and the
distribution of proteins are not well understood making it even harder to rationally adjust
system parameters.

Due to these limitations, high-throughput techniques are still state-of-the-art when it
comes to process development [4, 18]. To reduce experimental efforts, these screenings
can be combined with Design of Experiment approaches as shown by [7, 19] and others.
Parameters such as tie line length, temperature, sodium chloride concentration and polymer
molecular weight are usually being looked at.

The use of mathematical models can further decrease the screening work by in silico
identifying promising systems. For that a wide range of different approaches can be found
in literature. Silverio et al. [23] showed that the Collander equation can be applied that
allows estimating partitioning coefficients of proteins in ATP systems based on available
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data for chemically similar systems. Baughman et al. [3] demonstrated already in 1994 that
neuronal networks combined with expert systems can be used to predict phase diagrams
and protein distribution coefficients based on ATP system properties, protein properties
based on secondary structure information and salt properties. The major drawback of that
method, as stated by the authors, was that their network did not provide the user with
information on the rationale behind the network answer, making it difficult to extend the
model to problems beyond the training dataset. Salgado et al. [20] correlated protein
hydrophobicity (based on primary and tertiary protein structures using different hydropho-
bicity scales) with partitioning behavior in PEG-salt systems. The model based on the
hydrophobicity calculated based on the primary structure of the proteins (assuming an
equal accessibility of all amino acids) outperformed the 3D structure-based approach. The
same can be found for protein aggregation predictions that correlated well with primary
sequence based approaches. One reason for that are structural changes by partial unfold-
ing of the protein molecules when undergoing non-native aggregation. So our hypothesis
is that the protein might also undergo some reversible structural changes when present in
an ATPS so that the crystal structures used correlations with distribution coefficients are
not representable for proteins under high salt and PEG concentrations. Andrews et at. [1]
used ammonium sulfate precipitation to determine protein hydrophobicity and showed that
hydrophobicity alone can be used only in 5 out of 12 systems investigated (PEG-sulfate,
-phosphate, -citrate and dextrane systems with different levels of sodium chloride concen-
trations) for reasonably good predictions (with correlation coefficients above 0.80). Models
only based on net charge or charge densities (both per area and per volume) performed
even worse. This underlines the multi-modal nature of protein distribution and thus the
complexity of aqueous two-phase systems when it comes to predictive modeling. The ma-
jor drawback of modeling protein partitioning in such a way is that the model itself does
usually not include parameters describing the properties of the phase systems. As a result
the models are predictive for the calibrated phase systems only, they are e.g. not capable
of describing changes in the partitioning of proteins with increasing tie line length.

In a very recent study Madeira et al. [12] showed that a modified version of the Abraham
equation, which is commonly applied for small organic compounds, is suitable to predict
protein partitioning in phase systems that were characterized using solvatochromic dyes to
measure the solvent polarizability π∗, the hydrogen-bond donor acidity α and the hydrogen-
bond acceptor basicity β of both the upper and lower phase of polymer-polymer systems. In
a series of distribution experiments, the sensitivity of a protein to these three parameters
can be determined on an empirical basis in the form of three coefficients that can be
used to determine distribution coefficients in ATPS with known ∆π∗, ∆α and ∆β values
characterizing the differences between upper and lower phase. This again emphasizes that
a) protein partitioning is of multi-modal nature and that it is b) in parts based on the
interaction of phase system components (water, buffer molecules and/or PEG) with the
protein.

All these findings indicate that the properties of both, the phase-forming components
and the protein need to be looked at, one alone does possibly not lead to good, univer-
sally applicable models. Especially the findings by Andrews et al. show the need for new
approaches that could account for possible structural changes. One such approach is the
use of force-field based molecular dynamics simulation including all components present in
such a system. In the work presented here, we studied the applicability of this tool, in a
first step by simply looking at the formation of phases in PEG-phosphate systems and the
effects of different PEG molecular weights on both, the position of the binodal curve and
the slope of the tie lines within the phase diagram. In the second part of the presented work
we extracted ∆π∗, ∆α and ∆β values from MD simulations as well as from experimental
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data based on solvatochromic dyes, compared the trends observed in the data and used
both datasets to build a predictive model based on the publication by Madeira et al. [12].
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2 Materials & methods

2.1 Molecular Dynamics simulation software

Molecular dynamics simulations were performed using Yasara Structure [11], version 10.2.1.
The software was installed in a cluster environment running Suse Linux Enterprise 10 as
operating system. Each simulation was run using 16 nodes of the cluster computer. Each
node was equipped with 2 Intel Xeon Quad Core (X5355) processors at 2.66 GHz and 16
GB local memory (2 GB per processor core).

2.2 Force field and PEG parametrization

The amber03 force field [6] was used for all molecular dynamics simulations. PEG molecules
were parameterized using AutoSMILES to generate force field parameters and validated
as described by Oelmeier et al. [17]. Phosphate ions were built with Yasara and also
parametrized using AutoSMILES [9, 24]. Long range cutoff was set to 10 Å.

2.3 MD simulation design

Simulations were performed for four different PEGs with increasing molecular weight: 282
Da, 590 Da, 1031 Da and 1471 Da. The size of the simulation cell was 45 Å in both x and y
direction, the z dimension was adjusted according to the length of a single PEG molecule,
ranging from 22.5 Å for the 282 Da PEG to 112 Å for the 1471 Da PEG. For each PEG, 64
MD simulations were run with PEG and phosphate concentrations equally spaced between
0-35% [w/w] (eight different PEG concentrations at eight different phosphate concentra-
tions). The following molecules were added to the simulation cell in the listed order: PEG,
acidic phosphate buffer component, basic phosphate buffer component, potassium ions and
water molecules. The number of molecules per volume was determined by the final density
of the system. System density was considered to be a function of PEG and phosphate con-
centrations. The PEG stock solution density was measured by a pycnometer as 1.2 g/mL,
independent of molecular weight and phosphate concentration (calculated for different con-
centrations according to Schiel et al. [21] at pH 7). Final densities of the systems were in
the range of 1.00 - 1.15 g/mL. The ratio of acidic to basic buffer components was adjusted
to pH 7 using the Henderson-Hasselbalch equation 1.

pH = pKa + log
c(A−)

c(HA)
(1)

Potassium ions were added to keep electroneutrality. The total number of atoms per sim-
ulation cell was in the range of 3916 to 22.764 atoms. At the lowest PEG concentration, a
minimum of 5 molecules were added to the simulation to account for intramolecular effects.
PEG molecules were energy minimized before adding them to the simulation cell, and were
evenly distributed within the cell.

2.4 MD simulation parameters

Each of the 64 all-atom simulations per PEG were run with a total simulation time of 1 ns,
with the ’rescale velocity’ setting of Yasara. Snapshots were taken and analyzed with 2.5
ps timesteps.
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2.5 Data handling

Raw data was preprocessed by averaging to reduce the amount of data. All calculated
energies were averaged over the last 500 ps of each simulation, surface properties of PEG
(hydrophobic and hydrophilic surface) and H-bonds data were averaged over the last 250
ps. The averaged dataset was then normalized in two ways to generate two datasets for
modeling:

• relative to a volume of 1 nm3 and

• relative to the number of a) molecules for water and buffer components, b) PEG units
for all PEG related descriptors and c) atoms for all system energies

Both approaches are being discussed later.
To increase data density for modeling and tie line prediction, individual energies was fit-

ted over the PEG and phosphate concentration by a 3rd degree polynomial surface function
and data points were interpolated to a grid of 35 PEG and 35 phosphate concentrations
over the same range used for the MD simulations (0-35 % [w/w]).

2.6 Modeling of binodals

Models were build using a multivariate clustering approach that is implemented in Matlab
as part of the ’classify’ command, using the mahalanobis distance for cluster analysis. For
modeling, data was split into a teaching set consisting of three different PEG molecular
weights and a test-set including the fourth PEG. Each model was generated 4 times, with
changing teaching- and test-sets, so that each PEG was in the test set once. This leave-
one-out approach was shown to be a useful in terms of validating predictive models [5, 10].
Altogether 45 input parameters were used: 38 different energy contributions (bond, angle,
dihedral, coulomb, Van-der-Waals and total energy) for all components in the system (PEG,
water, acidic and basic buffer components, ions) as well as 3 parameters describing H-bond
formation of PEG and 4 parameters characterizing PEG hydrophobicity.

The experimentally determined binodals for each PEG in the teaching-set were used to
assign each simulated system to either the one-phase or the two-phase region of the phase
diagram. This information was then used to build a model based on clustering of certain
descriptor combinations. The most complex models were build by using four different
descriptors, model screening was done in a full-factorial approach.

2.7 Model error and prediction quality

Models were ranked according to their error and their predictive quality. Model error was
calculated as the ratio between misclassified data points in the teaching set to the total
number of data points used to build the model, e.g. if 2 data points were assigned to the
1-phase region of a phase diagram but were experimentally determined to be in the 2-phase
region, the model error was calculated as 2/64 = 0.031 (or 3.1 %). Since each model was
built four times with a different PEG molecular weight being the test set, the model error
was averaged over these four models.

To determine the model quality, the number of phases for each data point in the test-set
was predicted, and points of phase transition were determined (the last 1-phase and the
first 2-phase data point along a line of constant PEG concentration and increasing PO4

concentration). These data points were fitted with a function representing a binodal curve
proposed by Merchuk et al. [16]:

fcPEG = a ∗ exp(b∗c
0.5
PO4

+c∗3PO4
)

(2)
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The experimental and predicted binodal were compared by calculating the relative differ-
ence between both within the experimental range (0-35 % [w/w] PEG and phosphate). As
with the model error, quality values were averaged over all four models. Both, model error
and prediction quality averages were then combined to a score value by simply multiply-
ing both values, so that a model with an average error of 20 % and an average deviation
of 10 % between predicted and experimental binodals of all four PEGs would have a score of:

Score = Error ∗Quality = 0.20 ∗ 0.10 = 0.02 (3)

2.8 Tie line prediction

Given a point P (that is defined by a phosphate concentration cP,phosphate and a PEG con-
centration cP,PEG) in the 2-phase region of a phase diagram, the corresponding tie line is
defined by this point and a negative slope STL in the form of:

cP,PEG = STL ∗ cP,phosphate + a (4)

with a being the intercept with the y-axis. By knowing the slope at a given point P , a
can easily be determined. The following steps were performed using simulation data to
determine the slope:

1. Definition of a point P .

2. Definition of a series of slopes to investigate (here: slopes between -0.5 and -2 in steps
of 0.025).

3. Determination of the left and right intercept with the binodal for each slope (as they
define the upper and lower phase composition the system would split into).

4. Calculation of descriptor values for these systems (upper and lower phase) for each
slope using the 3rd-degree polynomial surface used for interpolation.

5. Finding the slope at which both descriptor value reach a maximum or minimum
(depending on type the descriptor).

6. This slope was then compared with experimental data published by Zaslavsky [25]
for PEG 600, PEG 1000 and PEG 1500.

2.9 Solvatochromic dye measurements

In order to determine α, β and π∗ values for different phase systems (PEG 300, 600,
1000 and 1500), three different dyes were used: 4-nitrophenol for the determination of β,
4-nitroanisole for the determination of π∗ and nile red for the determination of α. All
three dyes were calibrated by measuring their absorption maximum in different organic
solvents with known α, β and π∗ values as published by Marcus [13]. The solvents used for
calibration were: water, ethanol, different mixtures of water and ethanol, acetonitrile, acetic
acid, formic acid, octanol, isopropanol and acetone. All dyes and solvents were purchased
from Sigma Aldrich (Taufkirchen, Germany). The following equations 5 to 7 were obtained
after calibration:

4-Nitroanisole: π∗ = −11.91 + 0.041 ∗ λ (5)

4-Nitrophenol: β = 0.32 ∗
(

35.6 − 10000

λ

)
− 0.84 ∗ π∗ (6)
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Nile Red: α = −4.08e−4 ∗ λ2 + 0.48 ∗ λ− 0.76π∗ − 140.34 (7)

For each PEG molecular weight, 48 systems equally distributed in the one-phase region
of the phase diagram were prepared on a TECAN station (Crailsheim, Germany) in 96-
well UV plates (Greiner bio-one, Frickenhausen, Germany) in duplicates with a volume of
300 µl each. 100 µl were transfered into a 384-well plate (Greiner bio-one, Frickenhausen,
Germany). 2 µl of dye were added to the systems and absorption spectra were measured
with an Infinite 200 spectrophotometer (Tecan, Crailsheim, Germany). To speed up mea-
surement two dyes were combined in one sample (nile red and 4-nitroanisole, nile red and
4-nitrophenol). All α, β and π∗ values were fitted with polynomial surfaces with the lowest
degree possible still giving a reasonably good R2 in order to extrapolate the parameters
to the experimentally determined binodals which is necessary for the calculation of the ∆
values.

2.10 Protein partitioning coefficients

Lysozyme partitioning coefficients were determined for all four PEG molecular weights on
the TECAN station as published by Oelmeier et al. [18] for total lysozyme concentrations
of 0.1 mg/ml. At this concentration no influence of the protein concentration on the par-
titioning coefficient was observed. Lysozyme concentrations in both phases were measured
using an HPLC method with a gradient elution from 40 % to 100 % acetonitrile (+ 0.1 %
TFA) over 2 min on a reversed-phase column (Chromolith RP-18, Merck, Damrstadt) with
a flow rate of 4 ml/min. The analytical method was calibrated with an injection volume of
4 µ l and lysozyme oncentrations of 0.01 - 1 mg/ml. All samples with higher concentration
were diluted.

3 Results & discussion

The general idea behind clustering of data is to find a link between multiple observations
for a number of individuals and their respective properties. Here, the individuals were
different ATPSs, each defined by a PEG and a phosphate concentration as well as a PEG
molecular weight and the property of interest was the number of phases formed, which is of
course connected to the position of each individual system within the phase diagram. The
observations were 45 descriptors extracted from MD simulations:

• 31 Energies of single components in this particular system (water, PEG, buffer com-
ponents)

• 4 PEG surface descriptors

• 3 PEG H-bonding properties

• 7 System energies

All individuals cluster into two sub-populations: those in the 1-phase region (below the
binodal curve) and those in the 2-phase region (above the binodal curve). The goal was
to find descriptors that could, alone or in combination with others, be linked to phase
formation and thus be used for binodal predictions based on MD data.

In the simplest case (a 2-descriptor model) the descriptors could be e.g. the PEG and
the phosphate concentration. One could then determine the center points of both clusters
calculate by calculating the arithmetical means of both descriptors for all 1-phase individ-
uals and all 2-phase individuals. By defining certain boundaries, e.g. a maximal euclidean
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distance of a system to one of the center points, each new individual that is characterized
by a PEG and a phosphate concentration can then be assigned to one of the two clusters.
If the training set is big enough, and if only one PEG molecular weight is used, this simple
model could probably give a reasonably good prediction quality. Nevertheless, this model
would fail to explain effects of increasing PEG molecular weight and it would not be able
to generate mechanistic understanding. As a result, better or at least more descriptors
are needed. With increasing number of descriptors, clustering becomes a multidimensional
problem. In that case the mahalanobis instead of the euclidean distance can be calculated
and used to specify the boundaries. For more details, please refer to McLachlan et al. [15].

At this point we want to emphasize that the scope of this paper is not the characteri-
zation of the process of phase formation itself, it is rather the end-point of the process that
we were interested in and the question whether MD simulations are accurate enough to
resolve the differences between stable systems in the 1-phase region and instable systems
in the 2-phase region.

3.1 Data normalization, interpolation and random models

In the process of data pre-processing, two different approaches for data normalization we
chosen: a) per volume and b) per molecules. Normalization was necessary for predictive
modeling since neither the number of molecules nor the volumes of the simulation boxes
were constant over all systems. Both procedures generally yield different information: data
normalized per volume gives information on the total contribution of one type of molecules
to the system while data normalized per molecule gives information about changes of the
energetical state of a certain type of molecules. For example the energy x of a compo-
nent y normalized per molecule can remain constant at different concentrations while the
same energy normalized per volume changes due to an increasing or decreasing number of
molecules possibly leading to a changed contribution of that component to the total energy
of the system.

To judge model validity data was generated from random 3rd degree polynomial surfaces
for each PEG similar to the ones used for data interpolation. Modeling was performed in the
exact same way as used for MD based data and was repeated for 100,000 random datasets
to give a representative probability distribution. All MD based models had significantly
lower scores than the random models, actually no 4-descriptor model based on random data
had a score < 0.03 (the lower the score, the better the model ).

Interpolation of the MD data to increase data density (from 5 % (w/w) to 1 % (w/w)
steps for PEG and phosphate) lead to an overall increase in the probability for a good score,
although it did not positively affect the best 20 % of the random models (for 4 descriptors,
the probability decreased, which was different for 1-3 descriptors were no effect of high
data density was found). Only 20 % of the random models were capable of differentiating
between 1-phase and 2-phase systems for each PEG, for MD based data 75 % of all models
met these criteria.

3.2 Model complexity

Figure 1A shows the best model score for each level of model complexity and the influence
of 1) data interpolation and 2) the effect of two different normalization procedures (as de-
scribed in the ’Data handling’ section). As expected, models became better with increasing
number of descriptors used. All models shown here (except the 1 descriptor model for the
’per volume’ normalized and interpolated data) had a probability of < 0.001 % to occur
from random data. Adding one descriptor to the model increased model quality by approx-
imately 45 % which can be translated into a decrease in model error and an increase in
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Figure 1: Model scores and results for the prediction of binodals based on MD data. A. Best
model scores of models with increasing complexity and the influence of data normalization and
interpolation. B-E. Prediction results (dashed lines) using the best models in comparison with
experimental data (solid lines) for all PEGs between 300 Da (B), 600 Da (C), 100 Da (D) and 1500
Da (E).

prediction quality by about 25 % each. Extrapolating to 5 descriptors showed only a minor
score improvement and was thus not considered, especially when taking into consideration,
that for 5 descriptor models, about 1.2 billion descriptor combinations would have to be
evaluated.

Data interpolation improved the overall model quality for the following reasons:

1. Interpolation averaged out noise from the MD simulation data. This also explains
why interpolation had a stronger effect on the per molecule normalized data, since
the R2 values for data fitting were generally lower.

2. An increase in data density led to higher resolution of data points close to the binodal,
thus training of the models became precise.

3. Higher resolution data also improved binodal curve fitting to the predicted data.

The overall best model was found for data normalized by volume with a score of 0.0024
(with a model error of about 0.08 and a prediction quality of 0.03). The predicted binodals

Complexity Descriptors Score

1 descriptor PEG: accepted H-bonds 0.027
2 descriptors PEG: hydrophobic surf. 0.007

PEG: accepted H-bonds
3 descriptors H2O: bond energy 0.004

H2O: angle energy
PEG: rel. hydrophobicity

4 descriptors PEG: vdW energy 0.002
H2O: total energy
PEG: rel. hydrophobicity
System: angle energy

Table I: Summary of the best models and the descriptors used for these models
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are shown in figure 1 B. Due to the leave-one-out approach for model building, the predicted
PEG was not part of the teaching set. 1-descriptor models could not clearly distinguish be-
tween different PEG molecular weights whereas 2-descriptor models performed reasonably
good for PEG 600 and PEG 1500 with some deviations for PEG 1000 and strong deviations
for PEG 300. Adding more descriptors mostly affected prediction quality for PEG 300 and
4-descriptor models showed good agreement between experimental and predicted binodals
with the highest deviation at low phosphate concentrations.

The descriptor combinations that gave the best models are summarized in table I. PEG
and H2O descriptors seemed to dominate over others. All PEG descriptors were linked to
either the hydrophobicity or the formation of H-bonds with surrounding water molecules,
both previously found to be good discriminators between PEGs with different molecular
weights [17]. Trying to identify crucial descriptors based on the best models alone is not a
valid approach to generate mechanistic understanding since other models with almost the
same score used different descriptors. Thus looking at the interplay of different descriptors
would be the key to understanding phase formation.
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Figure 2: Upper half: Frequency of occurrence of each descriptor within the 5 % best models.
Only those descriptors are shown that occurred more frequently than the average over all descriptors
(6.6 %). Lower half: Average relative score improvement for each descriptors. The average relative
decrease in score when adding an additional descriptor was by 65 %. The numbers close to the bars
indicate the cluster this descriptor belonged to. Descriptor clustering is discussed at a later point.

3.3 Global descriptor assessment

In general only about 21 % of all models that were built with descriptors of only one compo-
nent (e.g. only PEG descriptors) were better than average indicating that looking at PEG
properties and energy contributions only is not sufficient for good predictions endorsing the
use of MD with explicit solvent and buffer components. To generate mechanistic under-
standing, we looked at two different measures for the importance of a certain descriptor: 1)
frequency of occurrence of each descriptor within the best 5 % of all models and 2) average
score improvement when a certain descriptor is added to a model.

The results are summarized in figure 2. The upper half clearly shows that the relative
hydrophobicity of PEG (descriptor 37) is one of the most frequently occurring descriptors
(in 34 % of all models). Interestingly this frequency went up with increasing number of
descriptors from 3 % for 2-descriptor models up to 53 % for 4-descriptor models. Looking
at the predicted binodals in figure 1 B, the models with 1 and 2 descriptors could hardly
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capture the effects of increasing PEG molecular weight, especially for the 300 kDa PEG,
thus the role of descriptor 37 is mainly to discriminate between different PEGs rather than
being responsible for predicting the shape of the binodal. The reason, why this descriptor
did not appear in the lower half of the plot showing the average model improvement is the
specific interplay of this descriptor, that improved models by 90 % when combined with
water energies 11, 12 and 15 (bond, angle and kinetic energy), but when combined with
other descriptor model improvement was rather poor.

The second most frequent descriptor was the system bond energy (42) that occurred in
23 % of all models with a decreasing tendency (43 % down to 12 %). The same decreasing
trend could be observed for the coulomb energy of the system (descriptor 45, from 19 %
down to 9 %). All these system energies showed also a good average model improvement.
System energies capture the trend in a certain energy over all components. With increasing
number of descriptors system energies were being replaced by single component energies
giving more detailed information (bond energy of water (11) and PEG (4) both went up by
about 8 % each, coulomb energy for acidic and basic buffer components both went up by 3
% each).

Other descriptors showing a rather high frequency were the kinetic energies of all indi-
vidual components (15,29 and 33) and descriptors characterizing the H-bond formation of
PEG as an H-bond acceptor (38,40).

Figure 3: Cluster analysis of all descriptors. The Euclidean distance is a rough representation of
the similarity of the descriptors: close points are similar in terms of modeling, distant points are
different. The numbers below the cluster names indicate the frequency, with which energies from
this cluster appear in the top 5 % models. The dashed gray line shows the descriptor combination
of the overall best model.

Problematic was the interpretation of the role of descriptors that showed a significant
reduction of model score without appearing in the best 5 % of all models (13 out of 25,
mostly buffer related energies). To fully understand this, the informational content of the
MD based descriptors was analyzed by a clustering approach to reveal differences in the
informational content of each descriptor relative to all others. We ran a regression analysis
of each combination of 2 descriptors by a 2nd degree polynomial function. The resulting
R2 were used to generate figure 3. Each point in the plot represents a descriptor and
the distance between two points is a measure for their similarity in terms of a 2n degree
polynomial correlation (represented by 1-R2 from the regression), meaning that close points
have a high and distant ones a low similarity. Four clusters formed during the analysis
indicating that there were groups of descriptors sharing a similar informational content.
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All buffer related energies were located in one cluster (cluster 3) explaining why only very
few buffer descriptors were present in the top models as they all provide similar information.
Apparently there are also descriptors not located in one of the cluster as they contained
unique information; descriptor 37 was one of them again pointing out the special role PEG
hydrophobicity. The dashed line in gray highlights the descriptors used for the overall best
model. All were located in different clusters, maximizing the informational content of the
model.

3.4 Mechanistic understanding

Figure 4: A. Critical kinetic energy of water (normalized per volume) as a function of the relative
PEG hydrophobicity. B. Number of accepted H-bonds per PEG unit in relation to the hydrophilic
surface (−OH and −O− contributions) of PEG per unit. The dashed line represents a linear fit of
the 1-phase system datapoints with an R2 = 0.88.

Since the cluster analysis showed that some descriptors could be grouped by similar
informational content the following discussion should be viewed in light of that finding as
other descriptors from the same cluster may result in models with a similar score. For
example the total energy of H-bonds between water and PEG is in the same cluster as the
total number of accepted H-bonds per PEG. Both descriptors are a measure for a similar
property, namely the ability of PEG to form H-bonds. Thus when discussing the amount
of H-bonds per PEG unit later in this section, discussing the total energy of H-bonds of
PEG would yield similar insights.

3.4.1 Relative hydrophobicity of PEG

The only descriptor that did not cluster and still occurred in about 34 % of all top models
was the relative hydrophobicity of PEG surface that was already identified in a previous
publication [17] as one of the key discriminators for PEGs with different molecular weights.
Oelmeier et al. showed, that with increasing molecular weight the surface of PEG becomes
more hydrophobic due to the ’dilution’ of hydrophilic endgroups and the formation of helical
secondary structures (that was also more pronounced for higher molecular weight PEGs).
Fig. 4 A shows its correlation with phase formation. It was generally relative hydrophobicity
increased with PEG concentration and decreased with phosphate concentration for all PEGs
with an average differences between minimum and maximum hydrophobicity of 3 % (PEG
300: 0.765 - 0.805, PEG: 600: 0.825 - 0.86, PEG 1000: 0.855 - 0.88 and PEG 1500:
0.87 - 0.89). At high PEG concentrations intramolecular connections between single PEG
molecules were observed, excluding water molecules in that region. This mainly affected
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hydrophilic areas which explains the increase of relative hydrophobicity with increasing PEG
concentration. With increasing phosphate concentration the helicality of PEG molecules
decreased from about 58 % down to 45 % for PEG 1500 (30 % down to 19 % for PEG 300).
As found by Oelmeier et al. [17] a decrease in helicality might correlate with a decrease in
hydrophobicity as the surface contribution of oxygen atoms of PEG units increases.

3.4.2 Kinetic energy of water

Figure 4 A also shows the kinetic energy of water plotted versus the relative hydrophobicity
of all four PEGs. There seems to be a critical kinetic energy of water that separates the
1-phase systems from the 2-phase systems, and this critical energy is a function of the
hydrophobicity of PEG. From a thermodynamic point of view only the 1-phase systems
are actually stable systems. Each system in the 2-phase region would separate into two
systems in the 1-phase region both lying on the binodal curve. The kinetic energy of water
represents entropic effects in the system, meaning that the formation of two stable phases
is driven by a gain in entropy.

3.4.3 H-bond formation

Since H-bonds were not explicitly accounted for in the simulations but rather calculated
after each MD run by screening for hydrogens of water molecules within a certain distance
to H-bond acceptor atoms of PEG (mostly oxygen atom of PEG units), the observed overall
trend was determined by the ratio of water to PEG molecules and the accessibility of the
acceptor atoms. The general trend was again similar for all PEGs with a maximum number
of H-bonds per PEG unit at low PEG and phosphate concentrations and a decrease with
both, increasing PEG and phosphate concentration. Higher molecular weight PEGs formed
less H-bonds per unit (0.4 to 0.9) than smaller PEGs (0.55 to 1.4). A possible explanation
for that is again the helicality of PEG and thus the accessibility of oxygen atoms that act
as H-bond acceptors (see discussion above). Supporting this theory figure 4 B shows the
number of H-bonds versus the amount of hydrophilic surface per PEG unit. The 1-phase
systems showed a very narrow distribution with a more or less fixed ratio between H-
bonds and hydrophilic area (the slope is 0.0267 H-bonds/per A2 surface), while the 2-phase
systems all showed lower ratios with a wider distribution.

3.5 Tie line prediction

BA

Figure 5: A. Kinetic energy (solid line) and bond energy (dashed line) of water as a function of
the tie line slope for a point in the 2-phase region (cPEG = 13%, cPO4

= 15%) of PEG 1000. B.
Predicted (dashed line) and experimentally determined (solid gray line, [25]) tie lines for PEG 1000.
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Each system with a total PEG and phosphate concentration in the 2-phase region,
separates into a PEG-rich upper phase and a phosphate-rich lower phase, both lying on the
binodal curve. When connecting these points, one obtains a tie line. All systems on a tie
line have the exact same composition of upper and lower phase but with different volume
ratios, according to the lever arm rule. Since the chemical composition of the phases does
not change along a tie line, the distribution coefficient of a molecule A remains constant as
well. Thus knowing the tie lines can be crucial for process development.

Theoretically, the system could separate into numerous different combinations of upper
and lower phase compositions. Practically, from a thermodynamic point of view, it will
separate into two systems that are energetically more favorable than the others. Since we
had identified a series of descriptors that could be linked to phase formation, we examined
these looking for compositions that were more favorable than other. For each PEG, four
points were chosen in the 2-phase region for which experimental data was published by
Zaslavsky [25] (data was only available for PEG 600, 1000 and 1500).

Of all descriptors only five descriptors revealed such a behavior: 11 (bond energy of
water), 15 (kinetic energy of water), 38 (number of accepted H-bonds of PEG), 40 (H-
bond energy of H-bonds formed with PEG) and 43 (total angle energy of the system),
and among these five only descriptors 15 and 43 showed an average relative error below
10 %. A representative plot of descriptor values is shown in figure 5 A. This plot was
generated for PEG 1000, a PEG concentration of 13 % and a phosphate concentration of
15 %. Both descriptors clearly showed an optimum that was in good agreement with the
findings discussed above: 1) the kinetic energy of water reached a maximum at a slope of
-1.35, which could be interpreted as a maximum in entropy of water, and 2) the total angle
energy of the system reached a minimum at a slope of -1.58 which could be interpreted as
a state, where the all molecules were in an energetically favorable conformation. Using the
kinetic energy of water, the slopes showed an average error of -8.3 %, those determined by
the total angle energy of the system showed an error of +9.6 %. Using the average of both
slopes yielded a relative error of only 2.3 % over all PEGs, the results for PEG 1000 are
shown in figure 5 B. (the average error for this PEG was 1.9 %). The calculated slopes
confirmed a trend that was also found in the experimental data: the tie line slope became
less negative with increasing distance from the critical point of the binodal, thus tie lines
were not absolutely parallel. This was observed for all PEGs.

4 Protein distribution

As mentioned in the introduction, the main goal of this work was to evaluate MD sim-
ulations as a tool to characterize and predict protein distribution in ATPS. In a recent
publication Madeira and Zaslavsky showed [12] that solvent properties of ATPS can be
linked to distribution coefficients by using a modified version of the Abraham equation. To
determine properties of the upper and bottom phase of a given ATPS, they used different
solvatochromic dyes in order to characterize phase acidity (H-bond donor functionality, α),
basicity (H-bond acceptor functionality, β) and polarity (π). Their manuscript was limited
to polymer/polymer systems so we needed to validate their approach for polymer/salt sys-
tems. A hight-throughput screening process was established in 384-well plates as described
in the materials and methods section to determine α, β and π.

4.1 H-bond donor properties (α)

The α property relates to the H-bond acceptor property of the polymer-salt systems. In
a PEG molecule, the only groups that can act as H-bond acceptors are the hydrophilic,
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terminal hydroxyl-groups so it was to be expected that the number of donated H-bonds
per PEG units is relatively low and decreases with increasing chain length of PEG. Fig. 6.
H-bond formation can be influenced by secondary structure formation. Nevertheless, helix
formation should mainly influence the repetitive units rather then the terminal ones, so the
effect on H-bond donor properties should be small.
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Figure 6: H-bond donor functionality of PEG in water: A. Alpha values determined by solva-
tochromic dye measurements in PEG-phosphate systems below the respective binodals. The sym-
bols indicate data points used for regression. B. Number of H-bonds between PEG and water with
PEG being the donor. Values are per PEG unit.

The simulation data revealed all these trends: generally low values compared to the
number of accepted H-bonds (see following section), almost no change throughout the
phase diagram since secondary structure formation has no effect but a very slight decrease
with increasing PEG chain length. When comparing the simulation data to experimentally
determined α values, similar trends could be observed, although the sligh decrease with
increasing PEG molecular weight could not be resolved.

4.2 H-bond acceptor properties (β)

The β property relates to the H-bond acceptor functionality and is expected to be more
pronounced for PEG since each repetitive unit can act as an H-bond acceptor. Nevertheless,
from correlations with phase formation that were discussed earlier, we knew that helix for-
mation of PEG plays a crucial role here as it influences the accessibility of the oxygen atom
that is responsible for H-bond formation. Increasing helicality with increasing molecular
weight of PEG should therefor decrease the number of accepted H-bonds.

Again, the simulation results showed these trends. Additionally a decrease in the num-
ber of accepted H-bonds could be observed with increasing PEG concentration. This might
be explained by the decreasing ratio of water to PEG molecules with increasing PEG con-
centration and the fact, that at higher concentrations intermolecular contacts appeared
more often, excluding water from the PEG surface. The experimental data showed similar
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Figure 7: H-bond acceptor functionality of PEG in water: A. Beta values determined by solva-
tochromic dye measurements in PEG-phosphate systems below the respective binodals. The symbols
indicate data points used for regression. B. Number of H-bonds between PEG and water with PEG
being the acceptor. Values are per PEG unit.

trends: highest beta values at low PEG concentrations and a decrease with increasing PEG
molecular weight.

4.3 Abraham equation for protein distribution

Generally, the agreement between solvatochromic dye measurements and MD simulation
data was very good in terms of the influence of PEG and phosphate concentration as well
as. Absolute values are not comparable between both datasets since the scales for α, β
and π are arbitrary (for each parameter one solvent was chosen to have a value of 1, all
other solvents have values relative to this reference system). The qualitative trends for
experimentally determined pi values and rel. hydrophobicities from MD simulations were
similar (data not shown). They showed only little differences throughout the phase diagram
but slight differences with increasing PEG molecular weight. When building a model using
the Abraham equation we found, that van-der-Waals interactions of PEG with surrounding
molecules as a measure for polarity (or polarizability) yielded better models. The final
model quality can be found in Fig. 8. The model quality increased by using the values
normalized by volume rather than per molecule, although models could be built for both.

5 Conclusions and outlook

In this paper we have shown that it is possible to generate predictive models to deter-
mine binodal curves for PEGs with varying molecular weights from molecular dynamics
simulations data. The resulting binodals were in good agreement with experiments. We
also evaluated the effects of data preprocessing (data interpolation, normalization) and in-
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Figure 8: Correlation of phase system properties with lysozyme distribution coefficients for all
four different PEG molecular weights. A. Correlation using solvatochromic dye measurements. B.
Correlation using MD data. Two models are shown: a model based on the rel. hydrophobicity of
PEG as third descriptor (blue) and a model based on Van-der-Waals energies (red).

creasing model complexity on both, model error and prediction quality. Data interpolation
proved valuable as it improved the overall model score by about 30 % on average. With
this finding, the number of MD simulations could probably be reduced from 64 down to 16
simulations per PEG (just enough for data interpolation). Data normalization also had an
effect, although good models could be generated with both approaches. As data normalized
to a constant simulation cell volume showed higher R2 values when fitted for interpolation,
this approach would be our choice for future studies. Energy clustering was successfully
applied to identify codependent descriptors, helping to identify critical descriptors for phase
separation. The clustering also pointed out why drawing mechanistic conclusions from such
a modeling approach (and common QSPR and QSAR approaches as well) can yield mislead-
ing results, since some descriptors can be exchangeable if they have a similar informational
content. Descriptors playing a key role during phase formation were identified; namely the
relative PEG hydrophobicity, the kinetic energy of water and energies characterizing the
geometrical state of the molecules in the simulations. Two of these descriptors, the kinetic
energy of water and the total angle energy of the system could also be linked to the slope
of the tie lines showing a correlation that was good enough to actually predict the slopes
based on these two descriptors with an average error of 2.4 %. The scope of this paper was
to show that molecular dynamics simulations are a suitable tool to study ATPS, and PEG-
phosphate systems in particular. This might be an interesting approach to study protein
distribution in such systems and to extract protein specific parameters influencing parti-
tioning behavior. We observed changes in hydrophobicity of PEG and its ability for form
H-bonds with surrounding molecules. According to the Abraham model both properties
influence protein partitioning. We think that MD simulations might outmatch traditional
3D structure based prediction approaches as they have the potential to capture structural
changes at high phosphate and PEG concentrations and they can additionally account for
solvent effects, which might also be crucial in understanding protein partitioning.
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Abstract

Aqueous two-phase systems have been demonstrated to be a possible alternative
to chromatographic separations during the industrial purification of proteins. While
convenient high throughput screening methods were shown to drastically reduce exper-
imental effort for the evaluations of ATPS as a unit operation, the selection of which
phases to investigate is currently guided largely by prior knowledge. Correlations be-
tween protein descriptors and distribution were found, but the general applicability of
such correlations especially under conditions of high protein load is questionable, as
currently no correlation take the saturation of the phases with protein into account.
In this manuscript, we demonstrate how precipitation experiments using the phase
forming components can guide the selection of both system type and tieline length for
the purification of monoclonal antibodies. Good qualitative correlations between pre-
cipitation data and both distribution and recovery of the target molecule were found.
Most promising system were selected for upscale to a 500 mL CPC. Influence of op-
eration condition on the column and on HCP clearance was investigated. An increase
in HCP clearance of more than threefold compared to batch extractions was observed.
The importance of load protein concentration underlined the value of using a screening
approach that incorporated target protein solubility data.

Keywords: centrifugal partitioning chromatography, monoclonal anti-
body, host cell protein, process development, high throughput screening

1 Introduction

Aqueous two-phase systems (ATPS), a biopurification technique known for many decades,
has recently received increased interest as an alternative separation technique for the
biotechnological industry. ATPSs promise a low cost, easily scalable unit operation with
high selectivity and is discussed as an alternative for chromatographic separations [1]. One
major obstacle to the implementation of aqueous two-phase systems for the preparative
purification of proteins is the lack of predictive models. The distribution in ATPS is gov-
erned by multiple factors such as protein hydrophobicity, charge, and size as well as system
characteristics such as PEG molecular weight, ion distribution, and pH. Several correlations
between protein or system descriptors and protein distribution have been demonstrated.
For certain conditions, correlations were found between molecular weight and distribution
[2], charge and distribution [3], as well as hydrophobicity and distribution [4–6]. At condi-
tions under which no phase is saturated with protein, the distribution is influenced solely
by physicochemical factors such as those detailed above. If one phase is however saturated
with protein, the measurable apparent distribution starts to deviate and becomes a function
of total system protein concentration. The apparent distribution under such conditions is
strongly influenced by the solubility of the distributed molecule in the two phases. For
preparative purification of proteins a high system protein load is desirable. Thus the ef-
fect of saturating one or both phases with protein needs to be taken into account by the
selection scheme. As the underlying effects governing distribution in ATPS are little under-
stood, neither scale nor selection theme currently exists and process development is largely
guided by experience and prior knowledge. The application of PEG-phosphate systems for
the purification of monoclonal antibodies (mAb) has previously been demonstrated using
PEG4000 systems [7, 8]. Conditions were found under which a reduction of host cell pro-
teins by approximately 50% was achieved while fully recovering the target protein. Even
though total system mAb load was only up to 0.75 mg/mL in these studies, mAb recovery
was below 90% for most tested conditions. While the application of HTS platforms greatly
decreases the experimental effort for the evaluations of ATPS, a rational scheme guiding
the selection of the conditions to be investigated could further decrease and systematize
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the experimental work. To aid the system selection for a preparative application of ATPS
and to improve capacity, target protein solubility would need to be taken into account.

One way to improve resolution of aqueous two-phase extractions while concurrently
scaling the extraction up is to use centrifugal partitioning chromatography (CPC). CPC
has been demonstrated to be applicable to ATPS . Sutherland et al. [9] used a PEG1000-
PO4 system to separate two model proteins (lysozyme and myoglobin) using a 500 mL CPC
system. With distribution coefficients of 1.3 and 0.7 respectively, a single batch extraction
step would hardly generate any resolution of the two proteins. In CPC however, baseline
separation was achieved under these conditions. As CPC experiments are high both in
time and material consumption, a scheme to select the phases to upscale from batch to
CPC on a rational basis needs to be devised. For organic extractions, polarity scales and
the “Arizona” system greatly simplifies phase selection [10]. No similar scale or selection
scheme currently exist for aqueous two-phase systems.

The aim of this study is to devise a ATP-system selection scheme that takes into account
the effect of overloaded systems that occur when maximizing system protein load. The
selection scheme thus needs to consider the influence of protein solubility on the apparent
distribution of the protein. Additionally, selecting phases for their application in centrifugal
partitioning chromatography is guided by the data generated. All data needed for phase
selection are generated on a high throughput screening platform. PEG-PO4 systems and
the separation of monoclonal antibodies from host cell proteins are used in this study. Scale-
up from 650µL batch system to a 500 mL CPC system is demonstrated and the influence
of operating parameters on HCP clearance, mAb dilution and recovery are evaluated.

2 Materials & methods

2.1 Chemicals

Stock solutions were prepared in 50 mM phosphate buffer pH 6.0 as follows: 70% [w/w]
PEG400, 70% [w/w] PEG600, 70% [w/w] PEG1000, 60% [w/w] PEG1450. Phosphate
stock solutions were prepared in dH2O as 40% [w/w]NaH2PO4, and 40% [w/w] K2HPO4.
All chemicals were bought from Sigma-Aldrich. 52.54 g NaH2PO4 solution and 47.46 g
K2HPO4 were combined to yield pH 6.0.NaH2PO4 and K2HPO4 were chosen for the
higher solubility of these salts compared to Na2HPO4 and KH2PO4.

2.2 Proteins

Four monoclonal antibodies were used in this study. All mAbs were derived from CHO cell
culture and were of the same subtype. mAb stock solutions varied in protein concentration
between 3.6 g/L and 16 g/L. As impurities, the clarified supernatant of a mock fermentation
was used. This host cell protein (HCP) solution was concentrated by a factor of 10 to yield
the HCP stock solution used in this study. UV absorption gave a HCP concentration of 4.1
g/L for the 10x solution.

2.3 Liquid handling station

In this study, a Tecan Freedom Evo 200 system (Tecan, Crailsheim, Germany) was used as
liquid handling platform. It is equipped with three robotic arms: one 8-port liquid handling
arm with 8 fixed tips, one standard robotic plate handling arm equipped with a centric
gripper as well as a 96 channel liquid handling arm equipped with an eccentric gripper.
Additionally, the system has an integrated centrifuge (Rotanta 46RSC, Hettich, Tuttlin-
gen, Germany), a rotational shaker (Te-Shake, Tecan, Crailsheim, Germany) outfitted with
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a PreDictor frame (Tecan, Crailsheim, Germany), and an Infinite200 spectrophotometer
(Tecan, Crailsheim, Germany).

2.4 Disposables

For spectroscopic measurements Greiner Bio-One (Kremsmun̈ster, Austria) UV-Star plates
(article no. 655801) were used. ATPS were prepared in 1.3 mL Nalgene Nunc (Rochester,
NY, USA) Deep Well plates (product no. 260252). For all other purposes Greiner polypropy-
lene flat bottom MTPs were used (article no. 655261).

2.5 Software

Excel 2010 (Microsoft, Redmond, WA, USA) files were used as import format and for
data storage. All calculations, evaluation and visualization of data were done using Mat-
lab R2011a (The Mathworks, Natick, ME, USA). The robotic workstation was controlled
using Evoware 2.2 standard (Tecan, Crailsheim, Germany). The spectrophotometer was
controlled using Magellan 6.4 (Tecan, Crailsheim, Germany).

2.6 ATPS screening method

Aqueous two-phase system distribution and recoveries of four monoclonal antibodies and a
host cell protein pool were performed on a liquid handling platform as described by Oelmeier
et al. [8]. In short, the systems are put together in deep well 96 well plate by pipetting the
appropriate stock solutions to yield a total system volume of 650 µL. The plate is shaken to
ensure equilibrium between the two phases. Phase separation by centrifugation is followed
by sampling of both phases (30µL sample each) and measuring the protein content of the
diluted (10x) sample. Including blanks approximately 2600 ATPSs were analyzed for this
study. Four different PEG molecular weight were used in this study: 400, 600, 1000 and
1450 Da. All ATPS were composed of PEG and phosphate buffer with a pH of 6.0. Binodal
data was fitted to equation 1 as described by Merchuk et al. [11]. Protein distribution and
phase volumes were measured at least in triplicate, blank values at least in duplicate. Mean
values of protein distribution and recovery are reported throughout this manuscript.

2.7 Precipitation screening method

A protein precipitation screening method on the liquid handling station was developed.
Buffer, precipitant stock solution, and protein stock solution are combined to yield a se-
quence of samples with equal protein concentration but increasing precipitant content.
Phase forming components were used as precipitants. Sample volume was 300 µL. Sample
container were standard 96 well plates made of polypropylene. Using the rotational shaker
samples were mixed and incubated for at least 15 minutes, at most 24h. Different shaking /
incubation 15 minutes and 24 hours were evaluated for their influence on m∗. If the incuba-
tion time was larger than 1 hour, plates were sealed to avoid evaporation. After incubation,
plates were centrifuged at 2900g for 30 minutes at 25°C thus removing aggregates from the
supernatant. Samples were taken from the solution’s surface and diluted 1:10 to yield a
total volume of 300 µL. Protein content was determined by measuring sample absorption
at 280 nm wavelength. Plotting the logarithm of supernatant protein concentration against
the precipitant concentration two linear region are discernible. At low precipitant concen-
tration, no protein precipitation occurs, thus protein concentration is constant. At high
precipitant concentrations, protein content in the supernatant decreases exponentially as
described by the Cohn equation [12]. Precipitations were conducted in triplicate at least
and mean values are reported throughout this manuscript.
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2.8 Centrifugal partitioning chromatography

Centrifugal partitioning chromatography (“CPC”) experiments were performed on an Ar-
men Instruments 500 machine. An Armen Instruments HPLC pump delivered solvent flow
to the column. An Äkta prime (GE Healthcare) system was used for online UV and conduc-
tivity signals and fraction collection. All column experiments were conducted in ascending
mode, using the upper phase as mobile phase. 2.5 kg of an ATPS were made and settled
in a separating funnel for approximately 60 minutes. The pump inlet tubing was put into
the separating funnel to draw lower phase. For column equilibration with the stationary
phase, the column was operated at 500 rpm and a flow of 50 mL/min was delivered for
13 minutes. Subsequently, the lower phase was drained from the separating funnel. Flow
rate and rotation was adjusted to the set values and mobile phase delivered to the col-
umn. Fraction collection was started together with delivery of mobile phase to the column.
Fraction size was 10 mL. Samples were injected 10 minutes after the start of the elution.
Samples of 10 mL volume were injected using a manual Rheodyne injection valve. Samples
of higher volume were injected by pausing the pump, transferring the pump inlet tubing
into the sample container, and restarting the pump. The elution was continued for at least
90 minutes. Samples were analyzed for stationary phase content using graduated fraction
containers. mAb and HCP content were analyzed as described in section 2.9

2.9 Protein content analytics

In the high throughput screenings, protein content was measured by UV-absorption at 280
nm with appropriate blanks subtracted. Distribution coefficients were calculated as the
ratio of protein concentration in the upper phase to the concentration in the lower phase.
CPC fractions were analyzed by ProteinA-HPLC for mAb concentration. HCP content in
CPC fractions were measured using a proprietary ELISA-like assay.

3 Results

3.1 Precipitation by phase forming components

Precipitation screenings were performed using the phase forming components. Figure 1
shows the results of precipitations using PEG of all four molecular weights, the four mAbs,
and HCP. In general, protein solubility decreases with increasing PEG MW. Each mAb
showed a distinct solubility. mAb2 had the highest solubility with mAb6, mAb1, and
mAb4 following in decreasing order. As an example, supernatant recovery of the mAbs
at a concentration of 30 % PEG600 was 72.4% for mAb2, 34.7% for mAb6, 13.8% for
mAb1, and 2.7% for mAb4. HCP generally precipitated less than the mAbs, but HCP
precipitation also increased with the molecular weight of the PEG. Maximum ratio of
precipitated HCP found during these experiments was with PEG1000 and PEG1450 at
concentrations above 30 % [w/w]. 25% reduction of supernatant HCP concentration was
observed under these conditions. mAb concentration was reduced by at least 80 % under
these conditions. Certain conditions might allow precipitating the antibody while keeping
most of the HCPs in solution. For example at a level of 18% PEG1450, 98% of mAb4 and
94% of mAb1 precipitated, while 88% of HCPs stayed in solutions.

Three additional sets of precipitation screenings were performed: precipitations using
phosphate buffer, precipitations using PEG with 5% [w/w] phosphate buffer added, and
precipitations using phosphate buffer with 5% PEG added. The latter two were conducted
due to the following rational: in aqueous two-phase systems, no phase is completely void of
any of the two phase forming components. At short tielines, the level of the non-dominating
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Figure 1: Supernatant recovery in percent of total mAb amount after precipitation with PEG.
mAb1: +, mAb2: △, mAb4: *, mAb6: ○, HCP: ×
component is higher than at longer tielines. With decreasing PEG molecular weight, this
concentration also tends to increase. Binodal and tieline data suggested, that systems
composed of PEG400 and phosphate had a phosphate concentration of approximately 5%.
The aim of this investigation was to evaluate if precipitation data of target proteins can
be used to predict the proteins behavior in aqueous two-phase systems under overloading
conditions. Thus, in order to judge, which precipitation screen yield the best predictions,
precipitations with and without the addition of 5% of the non-dominating phase forming
component were conducted. The addition of 5% phosphate to PEG solutions increased
mAb solubility significantly for all mAbs. Data density does not allow for an exact quan-
tification of this effect, protein precipitation however set in one data point later, which
equals additional 6% of precipitant. Likewise, addition of 5% PEG also increased mAb
solubility, with the effect decreasing with increasing PEG molecular weight. Addition of
PEG400 increased the starting precipitating phosphate concentration by an average of 3%.
The effect was significantly lower for PEG600. It was thus decided to use data from precip-
itations by combined phase forming components only for the prediction of protein behavior
in PEG400 systems.
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Table I Binodal curve equation coefficients A,
B, C of PEG-phosphate systems and the average
tieline slope (TLS) determined in these systems.

PEG MW A B C TLS
400 72,02 -0,34 -6,89E-05 -1,28
600 68,87 -0,37 -1,54E-04 -1,38

1000 95,80 -0,54 -1,96E-04 -1,65
1450 88,72 -0,55 -2,24E-04 -1,69

3.2 Protein distribution and recovery in ATPS

3.2.1 ATPS characterization and system point selection

All four systems were initially characterized by determination of the binodal curve using a
cloud point method as described in [8]. Tielines were determined using the lever arm rule
and measured phase volumes. The average tieline slope was calculated based on five to ten
different system compositions. Table I shows the resulting coefficients A, B, and C from
equation 1 as well as the average tieline slope.

[PEG] = A ∗ exp(B ∗ [PO4]0.5 +C ∗ [PO4]3) (1)

The influence of contact time of the proteins with the ATPSs before centrifugation was
evaluated. Precipitation kinetics were found to differ depending on system composition.
Precipitation rates were found sufficiently low as to show differences in recovery and dis-
tribution over the course of 2 hours (data not shown). It was decided to implement an
additional incubation time of 45 minutes, thus increasing the total contact time of the
proteins with the ATPS to 60 minutes to mimic realistic contact times in a theoretical
production scenario.

Based on the average tieline slope, five systems point were selected per PEG molecular
weight, with increasing tieline length and a volume ratio of approximately one. Protein
distribution and recovery of all four mAbs were determined at least at total protein con-
centrations 0.5 mg/mL, 1 mg/mL, and 1.5 mg/mL. System with closed mass balances at
1.5 mg/mL were additionally tested with total protein concentration of 2.5 mg/mL, 3.5
mg/mL, and 6 mg/mL. Host cell protein distribution and recovery was tested at a total
concentration of 0.41 mg/mL, mimicking the cell culture supernatant level.

3.2.2 Correlation of ATPS distribution and recovery to precipitation data

Figures 2 to 5 show the results of the four mAbs tested. The binodal curve and the tielines
of the tested systems are shown. At the intersection of the tielines with the binodal a dot
plot represents the recovery of the mAb in the upper and lower phase respectively. The
distribution of the mAbs can be estimated from the recoveries in the two phases. Bar plots
along the X- and Y axes show the results of precipitation screening using the phase forming
components. Initial concentration of both precipitation and ATPS screening was 1 g/L.
For PEG400-PO4 systems, precipitation results of PEG400 with 5% PO4 as precipitant are
shown.

Several general trends were seen in the ATPS distribution and recovery data of the
mAbs. Distribution coefficients increased with increasing tieline length, as long as no
precipitation occurred. Distribution coefficients however decreased with decreasing recovery
and with increasing PEG molecular weight. Recovery decreased both with increasing tieline
length and with increasing PEG molecular weight.
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Table II The twenty system points (”SP”) chosen based
on binodal, tieline, and solubility data for the four classes
of ATPS. Tieline length increases from SP1 to SP5 in
each system.

PEG 400 SPI SP2 SP3 SP4 SP5
PEG %[w/w] 15 16,5 18 20 22,5
PO4 %[w/w] 17,15 17,45 17,7 18 18,35

PEG 600 SPI SP2 SP3 SP4 SP5
PEG %[w/w] 11,6 13,7 15,5 17,2 18,7
PO4 %[w/w] 16 16 16,1 16,3 16,6

PEG 1000 SPI SP2 SP3 SP4 SP5
PEG %[w/w] 12,2 13,3 14,8 16,2 18,2
PO4 %[w/w] 12,6 12,8 13,1 13,5 14,1

PEG 1450 SPI SP2 SP3 SP4 SP5
PEG %[w/w] 12,1 13,2 14,3 15,3 16,4
PO4 %[w/w] 11,6 11,9 12,1 12,4 12,7

From figures 2 to 5 it can be seen that the precipitation data could be used as a predictor
for the distribution and recovery of the mAbs in all four system types tested. For PEG400
and PEG600, phosphate levels in the bottom phase were too high to allow protein distri-
bution into the bottom phase. PEG concentrations in the upper phase were low enough
to permit the mAbs to be soluble in the upper phase. The resulting distribution in these
systems was very one sided with K values above 50. As tieline length increases, PEG con-
centrations in the upper phase reached levels that precipitated the mAbs, thus decreasing
the overall recovery. With increasing molecular weight, bottom phase phosphate concen-
tration decrease. With PEG1450 as phase forming component, bottom phase phosphate
concentrations for the first two system points tested were sufficiently low to allow for higher
concentrations of mAb to partition in this phase. Concurrently, PEG1450 concentrations
in the upper phase were too high to admit distribution of mAbs into the upper phase. Thus
the distribution was reversed in these systems.

In figure 6, the concentrations in the top and bottom phase as well as the resulting dis-
tribution coefficients are plotted against the total system protein concentration for the least
soluble mAb (mAb4) in a PEG400-phosphate system (SP1). While mAb concentration in
the bottom phase was approximately constant independent of the total system concentra-
tion, mAb concentration increased linearly with an increasing total protein concentration.
The resulting distribution coefficient increased accordingly. This suggests, that the bot-
tom phase was already saturated with mAb at a very low concentration (approximately
0.05mg/mL). Any additional mAb added to the system distributed into the upper phase.
All tested total protein concentrations yielded closed mass balances, with the highest top
phase concentration at 12.64 mg/mL. Identical trends were seen for other system points and
proteins. This leads to the following two conclusions. One, the systems were overloaded,
the distribution of the mAbs under these conditions was a function of the solubility of the
mAbs in the two phases rather than an equilibrium of the attractive and repelling forces
that guide distribution under non-overloaded conditions. Two, the precipitation data could
be used as a good predictor for the behavior of the mAbs in the systems.

Host cell proteins distributed more evenly across the two phases than antibody. Dis-
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Figure 2: Result of precipitation and ATPS distribution screenings using mAb1. Bar plots along
the axes represent results of precipitation screenings with phase forming components. *marks the
total system compositions tested. Dot plots at the top and bottom phase composition represent
mAb yield in the respective phase, coded by color.

tribution coefficients increased with increasing tieline length from 3.9 to 5.6 in PEG400
systems, from 2.1 to 2.8 in PEG600 systems, and from 1.0 to 1.1 in PEG1000 systems. In
PEG1450 systems distribution coefficient of HCP was 0.7 regardless of tieline length. The
trend of decreasing distribution coefficient with increasing PEG molecular weight was thus
also seen for HCP. The effect of tieline length on the distribution coefficient decreased with
increasing PEG molecular weight. Recoveries of HCP were generally high, but decreasing
with increasing tieline length. Average recoveries were 88% for PEG400 systems, 72% for
PEG600 systems, 100% for PEG1000 systems, and 95% for PEG1450 systems. However,
no conditions were found in which mAbs and HCP distributed different enough to yield
high reductions of HCP levels in a single batch step, thus justifying the attempt to increase
resolution by use of CPC.

Based on the above data, three system points were chosen for upscale to centrifugal
partitioning chromatography: SP1 and SP2 of the PEG400-phosphate systems and SP1 of
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Figure 3: Result of precipitation and ATPS distribution screenings using mAb2. Bar plots along
the axes represent results of precipitation screenings with phase forming components. *marks the
total system compositions tested. Dot plots at the top and bottom phase composition represent
mAb yield in the respective phase, coded by color.

the PEG600-phosphate systems.

3.3 CPC column characterization

In order to select operating conditions for centrifugal partitioning chromatography, the
composition and stability of a column in dependence of the operating conditions needs to
be judged. The systems PEG400 SP2 and PEG400 SP3 were selected for this evaluation.
The systems were selected as they promised both a robustness due to the length of the
tieline, a favorable mAb/HCP distribution, and high mAb capacities. A two-factor, two
level full factorial designed experiment was conducted with flowrates between 5 mL/min
and 15 mL/min and rotation speed between 1500 RPM and 2500 RPM (equaling 125
to 350⋅g on this rotor). The influence of the aforementioned factors on column stability,
column composition at mobile phase breakthrough, column composition at the steady state,
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Figure 4: Result of precipitation and ATPS distribution screenings using mAb4. Bar plots along
the axes represent results of precipitation screenings with phase forming components. *marks the
total system compositions tested. Dot plots at the top and bottom phase composition represent
mAb yield in the respective phase, coded by color.

and column back-pressure was investigated. Column stability was found to be high after
reaching a steady state. Ratio of mobile to stationary phase in the eluate was above 100
for all conditions and both systems tested. Thus hardly any column bleeding was observed.
Other investigated factors varied with flow-rate and RPM. Column back pressure varied
ranged from 19 to 56 bar for SP2 and from 24.5 bar to 67.9 bar for SP3. Highest back
pressure was observed at 2500 RPM and 5 mL/min. Lowest backpressure was measured at
1500 RPM and 5 mL/min. Column backpressure was thus found to be mainly influenced by
rotation rate. Column ratio at the stable state, expressed as volume of mobile phase to total
system volume ranged from 0.37 at 5 mL/min and 1500 RPM to 0.65 at 15 mL/min and
2500 RPM for SP2 and from 0.27 at 5 mL/min and 2500 RPM to 0.55 at 15 mL/min and
2500 RPM for SP3. Column composition was thus found to be a result of the interactions
of the two operating parameters. For visual representation, the results were fitted using a
cubic spline interpolation. Contour plots thereof are shown in figure 7.
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Figure 5: Result of precipitation and ATPS distribution screenings using mAb6. Bar plots along
the axes represent results of precipitation screenings with phase forming components. *marks the
total system compositions tested. Dot plots at the top and bottom phase composition represent
mAb yield in the respective phase, coded by color.

3.4 mAb elution on CPC column

For mAb/HCP separation on the CPC column, the PEG400-SP2 system was chosen. This
system promised higher possible loads and generated less backpressure. Less backpressure
allows for higher rotation speed, which can be beneficial to the number of theoretical plates
of the column [13]. Additionally, the systems were selected such that the target protein
distributed strongly into the mobile phase in order to reduce target protein dilution. The
model mAb used had distribution coefficients above 200 in the systems used, while HCP
distribution coefficient was 4.8 in SP2. mAb concentration in the load was 1 mg/mL, HCP
was diluted to yield 1x concentration. Load volume was 10 mL. The column operating
conditions also used in the stability studies were again used to investigate their influence on
HCP clearance and mAb recovery. Figure 8(a) shows the resulting HCP clearances plotted
against the achieved mAb yield in dependence of the pooling of the fractions. Application
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Figure 6: Top (cT ), bottom (cB) phase concentration, and distribution coefficient of mAb4 in the
PEG400-SP1 system as a function of total system mAb concentration. While the bottom phase
concentration stays approximately constant, the top phase concentration and thus the distribution
coefficient increase with increasing total system mAb concentration.
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Figure 7: Results of column stability studies using the PEG400-SP2 and PEG400-SP3 system.
a&c) column backpressure as a function of rotation speed and flow rate for SP2 & SP3. b&d) Ratio
of stationary phase after column stabilization as a function of rotation speed and flow rate SP2 &
SP3.

of the mAb/HCP mixture approximately triple the HCP clearance effect of the ATPS
in comparison to a batch system without sacrificing yield. If a loss of mAb of 10% is
acceptable, HCP clearance of 75% can be reached. From figure 8(a) it can also be seen,
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that the operating conditions cleary influence the results. High rotation speeds and low
flowrates are beneficial to the purification.

The operating conditions that gave the best purification (5 mL/min, 2500RPM) were
subsequently chosen to investigate the influence of load volume and load mass on the purifi-
cation. Figure 8(b) shows the results of this investigation. It was found that an increase of
the load volume from 10 mL to 20 mL did not influence the purification. Further increase
to 50 mL and 100 mL however decreased the HCP clearance significantly. The dilution of
the target protein was also evaluated as a function of load volume. The results are shown in
table III, calculated for a yield of 98% mAb. Dilution of the target molecule decreased sig-
nificantly with increasing load volume. Loading 10 mL resulted in a dilution of 2.9x, while
a load volume of 100 mL resulted in a dilution of only 1.25x. To evaluate the influence of
load mass on the purification, samples of 10 mL volume with 1 mg/mL and 5 mg/mL mAb
were compared. No difference in the purification was observed (data not shown).

Table III Dilution of mAb as a function of load volume. Sample was
loaded onto the CPC running the PEG400 SP2 system at 5 mL/min
and 2500 RPM. Resulting dilutions calculated for mAb yields of > 98%.

Load [mL] 10 20 50 100
mAb dilution [-] 2.9 2.3 1.5 1.25
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Figure 8: Influence of operating conditions (a) and load volume (b) on the purification. HCP
clearance is plotted against mAb yield. The PEG400 SP2 was used in all cases. The dashed red
area represents the HCP clearance achieved with a single batch separation.

4 Discussion

4.1 Precipitation screenings

Results of the precipitation screenings revealed that all four mAbs used in this study showed
a distinct precipitation behavior when subjected to high levels of the phase forming com-
ponents. This is remarkable as mAbs are a comparably large protein and share a very
similar scaffold. Difference in the proteins are mostly restricted to the variable regions and
especially the complementarity determining regions. The differences in these regions are
sufficient to change the proteins’ susceptibility to precipitation by both PEG and phos-
phate. All mAbs used in this study were derived from CHO cell culture and belonged to
the same subclass. Glycosilation can thus be ruled out as factor determining the difference
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in the precipitation experiments. Increasing PEG molecular weight was found to encourage
precipitation both of the mAbs and the HCPs. This is in agreement with previous findings
by Atha et al. [14] who found that the precipitation strength increases threefold for human
albumin when PEG molecular weight is increased from 400 Da to 20 kDa.

Initial protein concentration can have an influence on precipitation results depending
on the proteins used [15, 16]. For one mAb Ahamed et al. [17] showed no such influence.
As the intended use of the precipitation data was not to yield an exact correlation of
the distribution coefficient, but rather to qualitatively predict protein behavior in ATPS,
precipitation screenings using one set initial protein concentration were conducted.

It was found that the addition of 5% [w/w] of phosphate to the samples increased mAb
solubility in PEG-rich solutions. A cooperative effect might have been expected when two
precipitants are combined. In the cases described here however, one precipitant counter-
acted the effect of the other. Protein precipitation by polymers and salts are most likely
based on different mechanisms [15, 18]. Melander and Horvath [19] described the precip-
itation of a protein by a salt as the results of two opposing effects, an electrostatic effect
increasing solubility (“salting in”) and a hydrophobic effect decreasing solubility (“salting
out”). For precipitations using PEG Bhat et al. [18] reported that the precipitating action
of polymer is mostly based on its steric exclusion from the protein domain. In contrast to
the competitive effect of a salt increasing and decreasing a proteins solubility, Middaugh
et al. [20] found no solubility increasing effect when PEGs are used as precipitant. Thus,
the increased solubility of the mAbs with the addition of 5% phosphate buffer to PEG solu-
tions, can be ascribed to a salting in effect. The mechanism behind the increased solubility
against phosphate when 5% PEG is added remains unclear.

The precipitation experiments also revealed potential conditions to precipitate the tar-
get protein while keeping impurities in solution. Precipitation as a purification technique
has found extensive use [21] and has also been demonstrated for the purification of mAbs
[22, 23]. If the protein of interest can be redissolved in an active state, precipitating the
protein of interest is attractive as it drastically reduces process volume. However, from
the experiments detailed above, it remains unclear, whether the mAbs re-dissolution can
be achieved after precipitation. Additionally, precipitation of the mAb might lead to co-
precipitation of the impurities thus reducing the purification effect. While the precipitation
screenings were conducted to predict protein behavior in ATPS, it is clear that the infor-
mation gained from these experiments might also be valuable in such circumstances.

Overall, the precipitation screenings successfully generated valuable data using little
amount of protein and time and allowed for the selection of ATPS systems to be screened.

4.2 ATPS distribution and recovery

The main goal of this work was to establish an aqueous two-phase system selection scheme
usable for the preparative application of ATPS. Similar to non-linear chromatography,
preparative application of ATPS under conditions of maximum protein load lead to the
saturation of at least one of the phases. The apparent distribution coefficient measured for
proteins in ATPSs under these conditions thus becomes a function of total system protein
concentration and the protein’s solubility in the two phases. The results in section 3.2.2
show a good qualitative correlation between the results of protein precipitation experiments
and the protein’s behavior in the ATPS. While single data points diverge, such as recovery
of mAb1 in the PEG400-PO4 system with the longest tieline, the general trends both in
distribution and in recovery of the mAbs could be predicted using data from precipitation
experiments. It is thus plausible to select both system type and a range of tieline length to
further investigate from the precipitation data in concert with binodal curves and tielines.
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Several concepts to aid the implementation of an aqueous two-phase extraction step
have been proposed either based on experience or based on the characterization of the pro-
tein. An experience based development concept was suggested by Rito-Palomares et al.
[24] and Benavides et al. [25]. Basic target protein characteristics such as isoelectric point
and molecular weight guide the initial selection of phase forming components and pH of
the ATPS. This initial selection is based on general rules of thumb concerning the distri-
bution of proteins and is thus largely based on the experimenters experience. If the initial
selection proves successful, the system is subsequently optimized concerning tieline length
and protein load. A different approach to facilitating ATPS process step development is
to measure a characteristic of the target protein that correlates with its distribution. Sev-
eral such correlations have been published both for polymer-polymer [2, 3, 26] systems and
polymer-salt systems [5]. Asenjo et al. [5] demonstrated a linear correlation between a pro-
tein hydrophobicity descriptor based on ammonium sulfate precipitations [27]. While such
correlations give valuable insights into the force influencing protein distribution in ATPSs,
they are unlikely to be applicable for the implementation of a preparative separation step.
The major obstacle for their practical use is the influence of total protein load on the distri-
bution coefficient in overloaded systems as detailed above. For preparative application of an
ATPS, the proteins solubility in the phases needs to be taken into account. The approach
described in this publication uses target protein specific data generated from precipitation
screenings with the phase forming components in combination with phase systems specific
data, binodal and tielines, to guide the selection of a system type that promises both high
capacity and a favorable distribution. It thus neither relies on extensive experimental ex-
perience on the developers side nor does it neglect the influence of protein solubility on the
distribution and recovery. Experimental effort to use this scheme is generally low. Binodal
and tieline data can either be taken from literature or generated, for example using HTS
platforms [8]. Precipitation screenings, which can also be performed on a HTS platform,
using the phase forming components as precipitants then give the basis for a selection of
systems points to be further investigated. In some cases, as for PEG400 in this work, the
amount of phosphate in the upper and PEG400 in the lower phase might need to be taken
into account during the precipitation experiments. A salting-in effect of 5% phosphate dur-
ing PEG precipitations was observed. A similar effect was also observed when 5% PEG400
was added during PO4 precipitations. The amount of other phase forming component in
the PEG and PO4 rich phases depends on the position of the binodal curve and the tieline
length chosen. As binodal curves move towards lower concentrations with increasing PEG
molecular weight, this effect is reduced in a way that is was unnecessary to take into account
for PEG molecular weights of 600 Da and above.

Capacity of ATPS for mAbs was previously shown to be critically low in PEG4000-PO4
systems. Oelmeier et al. [8] and Rosa et al. [7] showed that mAb concentrations as low
as 1 g/L lead to recovery loss due to precipitation in PEG4000-PO4 systems. Attempts
to shift mAb distribution towards the upper phase by the addition of NaCl largely failed
due to precipitation. With precipitation experiments as those shown above, this capacity
limitation could have been predicted as PEG4000 concentrations in the upper phase are
too high for the mAbs to be soluble at high concentrations in the upper phase.

The presented process step development approach thus constitutes a systematic way of
selecting promising conditions for the preparative application of ATPS.

4.3 CPC column characterization

Centrifugal partitioning chromatography as a means to scale-up an extraction while con-
currently improving resolutions [28, 29] was evaluated for the presented purification task.
Column stability using both PEG400 systems was generally high. Stripping of stationary
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phase was below 1% after reaching a stable state. Thus, column stability was significantly
higher than that of PEG1000-PO4 systems reported by Sutherland et al. [9] and PEG4000-
PO4 systems tested by the authors. Similar trends were seen for stationary phase ratio.
PEG400-PO4 systems showed a significantly increased ratio of stationary phase under equal
conditions when compared to PEG1000 and PEG4000-PO4 systems. A general trend to-
wards both higher column stability and higher ratios of stationary phase with decreasing
PEG molecular weight can be deduced. Tieline length was also found to influence column
composition and backpressure. A longer tieline lead to a higher ratio of stationary phase
and higher backpressures. Armstrong et al. [30] investigated the influence of mobile phase
flow rate, density difference between the two phases, the viscosity, and centrifugal force on
the backpressure generated over the column using organic/aqueous two-phase systems. He
found that the backpressure increased with increasing density difference and viscosity. Our
findings for ATPS are in line with these observations. Under the same operating condi-
tions, a system of higher density difference and viscosity - a system with a longer tieline -
generated a higher backpressure and retained more stationary phase.

4.4 mAb elution on CPC column

mAb/HCP separation was evaluated for the PEG400 SP2 system under various operation
conditions and different load volumes. HCP clearance was best at a flow-rate of 5 mL/min
and 2500 RPM. These conditions gave the highest stationary phase retention. It had previ-
ously been shown, that high retention of stationary phase increases resolution in CCC type
liquid-liquid chromatography [31]. Our results for CPC are thus in line with previously pub-
lished results. Load volume was found to decrease sample dilution in the expense of HCP
clearance. Again, these finding are in line with previously published results [9]. In contrast
to load volume, an increase of mAb concentration in the load did not decrease mAb/HCP
resolution. Thus, to maximize system load, load volume should only be increased to a
certain extent, while mAb concentration in the load should be maximized. This underlines
the importance of conducting screening experiments under preparative conditions and con-
sidering the solubility of the mAb in the presence of the phase forming conditions such as
conducted in this work.

As the target protein eluted within one mobile phase volume of the column, it is rea-
sonable to suggest that the observed dilution of the target protein is the minimal dilution
achievable with the used load volume. As also demonstrated by Sutherland et al. [9] we
found that higher load volumes can reduce dilution. Loss of resolution with increasing load
volume was however observed. An increase in process volume by a factor of 4 or above
cannot be tolerated, especially at an early phase of a process. Thus a compromise between
clearance and dilution must be selected when CPC is considered as a unit operation. Ac-
cording to CPC theory [32], to improve resolution, a higher ratio of stationary phase would
be beneficial. A higher ratio of stationary phase could be achieved by further decreasing
flow rate. This might however lead to industrially in-applicably long processing times and
would increase dilution of the target molecule. Additionally, column backpressure will most
likely increase with a further decrease of flow-rate thus approaching the pressure limit of
the equipment.

In order to produce a sample to be injected onto the CPC column, a batch ATPS was
used. The upper phase of this batch system was used as sample. The benefit of generating
the sample in this way is that the target protein will be in mobile phase at the time of
injection. Sutherland et al. [9] observed detrimental effects on the column stability if an
entire ATPS is injected directly onto the column. Load volume above 10% column volume
lead to a collapse of the column. By injecting the sample contained in mobile phase, we
showed that load volumes of 100 mL (20% column volume) had no effect on the column
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compositions. Higher load volumes are most likely possible, due to the decreasing HCP
clearance however, of little applicability. Additionally, by using a single batch step to
generate the load, target protein concentration can be increased before injection onto the
CPC column and higher load masses might be achievable. A strong distribution of the
target protein into the mobile phase is needed in order to be able to use this approach.

5 Conclusion and outlook

In this publication, a selection theme for preparative application of aqueous two-phase ex-
traction for the purification of proteins was demonstrated. PEG-PO4 systems were used.
As industrially relevant purification task the separation of four monoclonal antibodies from
host cell proteins was chosen. The selection of the phases is based on binodal and tieline
data, as well as protein precipitation experiments performed on a high throughput screening
platform. The phase selection took into account the high protein loads desirable for prepar-
ative application of an ATPS and its scale-up to a centrifugal partitioning mode. It was
shown that precipitation experiments performed with the phase forming components gave
a good qualitative correlation to protein behavior in ATPSs. Upscale from 650µL batch
systems to a 500 mL CPC was successfully demonstrated. Influence of process parameters
on HCP clearance and target protein dilution were investigated. Conditions leading to high
retention of stationary phase yielded the highest HCP clearance. Dilution of the target
protein could be reduced, at the expense of HCP clearance, by increasing the load volume.
Using the CPC, HCP clearance was improved more than threefold compared to batch sep-
arations with recoveries of the target protein above 98%. While the target protein dilution
needs to be addressed, it was shown that CPC can be a valuable addition to the protein
purification toolbox.
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Abstract

In process development and during commercial production of monoclonal antibodies (mAb) the
monitoring of aggregate levels is obligatory. The standard assay for mAb aggregate quantification is
based on size exclusion chromatography (SEC) performed on a HPLC system. Advantages hereof are
high precision and simplicity, however, standard SEC methodology is very time consuming. With
an average throughput of usually two samples per hour, it neither fits to high throughput process
development (HTPD), nor is it applicable for purification process monitoring. We present a com-
parison of three different SEC columns for mAb-aggregate quantifi cation addressing throughput,
resolution, and reproducibility. A short column (150 mm) with sub-two micron particles was shown
to generate high resolution (∼ 1.5) and precision (coefficient of variation (cv) < 1) with an assay
time below six minutes. This column type was then used to combine interlaced sample injections
with parallelization of two columns aiming for an absolute minimal assay time. By doing so, both
lag times before and after the peaks of interest were successfully eliminated resulting in an assay
time below two minutes. It was demonstrated that determined aggregate levels and precision of the
throughput optimized SEC assay were equal to those of a single injection based assay. Hence, the
presented methodology of paralell interlaced SEC (PI-SEC) represents a valuable tool addressing
HTPD and process monitoring.

Keywords: Monoclonal antibody, aggregates, Size Exclusion Chromatography, high
throughput analytics, interlaced injection, PI-SEC

1 Introduction

Aggregate levels in monoclonal antibody drugs are a critical quality attribute due to their potential
immunogenicity [1, 2]. Aggregates of monoclonal antibodies are often the most abundant product related
impurity. The purification process needs to ensure that aggregate levels are reduced to an acceptable
level in the final drug product. While the first two steps in a standard mAb downstream process are
readily capable of depleting three highly abundant process related impurities, host cell protein, DNA,
and water, the reduction of aggregate levels to acceptable levels is often challenging. Thus, monitoring
aggregate levels is critical in process development.

One way to reduce process development costs is to increase development throughput. Various process
steps have been scaled down to fit into a high throughput process development (HTPD) scheme [3–
6]. Additionally, platform processes have been implemented for monoclonal antibody based products,
further reducing the efforts needed from process development down to process verification [7]. These
improvements have created an analytical bottleneck in process development. To match throughput of
the experimentation, reasonably short analysis times need to be achieved.

Size exclusion chromatography (SEC) is the standard method for mAb-aggregate analysis. The
standard SEC assay with a throughput of two samples per hour [8, 9] does however not suit a HTPD
approach. Several measures are thus in the spotlight to increase throughput in HPLC without changing
the analytical technique as such: parallelization and interlacing sample injection. While parallelization
using multiple HPLC stations is currently the most often used approach, it is for obvious reasons also
the most expensive. Parallelization of multiple columns on a single detector via column switching valves
is a way to reduce parallelization cost and has been successfully demonstrated [10]. Most often in this
approach, the elution and the regeneration of a chromatographic analysis are separated such that one
column regenerates while the other column performs an analysis [11]. In contrast to gradient elution,
column regeneration is however not necessary in SEC. Another approach to improve throughput is to
run a single column in an interlaced mode. In interlaced chromatography a sample is injected onto the
column before the preceding analysis has been completed. This approach requires isocratic conditions.
Farnan et. al [12] successfully demonstrated its use for aggregate analysis of mAbs and were able to
reduce assay time per sample by more than a factor of two from 30 minutes to 14 minutes.

Finally, HPLC equipment capable of higher back pressures has been implemented (most often termed
UHPLC) [13]. Shorter columns with smaller column volume and smaller particle sizes can be used with
this equipment, thus reducing assay time without sacrificing resolution. While one of the most often used
columns for mAb-aggregate analysis has a pressure limit of 7.2 MPa (Tosoh TSKgel ®3000 SWxl), two
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new SEC columns suitable for higher back pressures of 24.1 MPa (Zenix �SEC-250 (Sepax Technologies))
to 41.4 MPa (ACQUITY UPLC ®BEH200 SEC (Waters Corporation)) recently became commercially
available.

In this paper, we compare mAb-aggregate analysis performed on these three SEC columns. The
columns are compared in terms of assay throughput, resolution, and precision. We demonstrate the
application of ACQUITY UPLC ®BEH200 SEC columns (Waters Corporation) in an interlaced mode
as well as by interlaced injections on two columns run in parallel. We demonstrate how throughput can
be increased by a factor of 10-15 compared to a standard analysis using a TSKgel ®3000 SWxl column.
Advantages and disadvantages of the methodology are discussed.

1.1 Theory - Increasing Throughput by Interlacing and Parallelization

While the presented methodology can be applied universally to any type of SEC-column, differences
arise in the use of (U)HPLC equipment and the actual pressure rating of the respective SEC-columns
and adsorbents. To implement the method developed in this study to its full potential, a prerequisite
lies in the use of an (U)HPLC system which is equipped with two independent flow switching valves.
An inlet valve directs the flow to the columns and autosampler and an outlet valve directs the flow
from the column outlets to the detector and waste. For maximum throughput two SEC columns can
thus be run in parallel applying interlaced injections on each of the two identical columns. The idea of
parallel interlaced (PI-) SEC methodology is to eliminate every region of a chromatogram which is not
providing any relevant data (e.g. antibody aggregate and monomer). In a first step, data of a single
chromatographic SEC analysis therefore serve as a benchmark for the estimation of analysis time and
method development as described in the following:

Single Injection

In figure 1 A and 2 A typical chromatograms of common mAb SEC analysis are displayed. The
chromatograms can be divided into four main phases. The first phase after sample injection is the
initial lag phase (tlag). The time span in which aggregate species and monomer elute is referred to as
information phase (tinf ). In this work, protein fragments are not considered as species of interest and
are not included in tinf . The third phase between monomer peak and the eluting salt fraction is referred
to as hold phase (thold). It is assumed that no protein elute later than the salt fraction of the injected
sample. The elution region of salt species is refered to as tsalt.

An single chromatogram of the sample material provides the user with the retention times of every
elution phase for the column used at the specific flow rate. The total time required for the analysis of
n samples can be stated as:

ttotal = n · (tlag + tinf + thold + tsalt) (1)

Given these retention times, the first step to increase analysis throughput is to eliminate tlag from
the resulting chromatograms as explained below.

Interlaced Injection

Farnan et al. [12] has described the methodology of interlaced SEC in detail. In a brief, the methodology
is based on injecting a subsequent sample before the ongoing analysis of a sample has completed. The
subsequent information phase begins immediately after the salt fraction of the preceding sample has
eluted. Figure 3 A and B show the transition from a mode of single injection to interlaced injection. By
the use of a second timebase (see section 2.2), a separate control program for data aquisition (”program
DAD”) facilitates distinct chromatograms for each injection and corresponding sample. In figure 3 B it
is demonstrated that the lag phase can thus be eliminated from analysis. The total time required for
the analysis of n samples can be stated as:

ttotal = tlag + n · (tinf + thold + tsalt) (2)
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Parallel Interlaced Injection

A further increase in throughput can be achieved when applying interlaced injections on two columns
which are operated in parallel. Starting from interlaced chromatogaphy, in parallel interlaced SEC the
assay time is further reduced by thold, as is demonstrated in figure 3 B and C. Two switching valves are
used to direct the flow alternately between autosampler, two columns and the detector, thus enabling
the elimination of tlag, thold and tsalt. In figure 3 D a scheme of the valve switching is displayed.
The use of two columns and switching valves require two distinct programs assigned to timebase 1,
on which pumps, autosampler and column compartment including the switching valves are controlled.
The programs contain the same commands, but differ in the direction of both valves switching. As for
interlaced chromatography, data aquisition is performed separately by using a second timebase (timebase
2 ) for the detector, now only recording phase tinf of each injected sample.

For programming PI-SEC, three possible cases need to be considered, since elution profiles of a
single injection analysis differ in tlag, thold and tsalt depending on column type and sample material.
For reason of simplicity, it is assumed that thold > tsalt, which is the common case in SEC analysis of
antibody samples.

Case-1. tinf > thold:

The first sample is injected on column 1 at:

t1 = 0 (3)

The second sample is injected on column 2 at:

t2 = t1 + tinf (4)

The subsequent samples are alternately injected on column 1 and column 2 at times:

tn,inj = tn,inj−1 + tinf (5)

The total assay time for the analysis of n samples can hence be calculated by equation 6. This
equation gives the theoretically possible increase in throughput which can be gained via PI-SEC
using one single detector.

ttotal = tlag + n · (tinf ) + thold + tsalt (6)

The outlet valve is switched as soon as the information phase of a sample from one column has
passed the detector. At that time, the salt peak has completely eluted from the other column.
Samples are alternately injected on the two columns and analyzed without any interference of
eluting salt fractions. As an example, figure 1 shows a schematic drawing of PI-SEC method-
ology for the case of thold < tinf .

Case-2. k · tinf < thold:

If k ≥ 1, one or more informational phases fit into thold and k additional injections (rounding
down of k to whole numbers) on one column become feasible before switching to the second
column. The injection times and the time needed for the analysis of n samples can be estimated
using the same equations 3 - 6 as given in case one. Figure 2 shows a schematic drawing of the
PI-SEC methodology applied for a case 2 elution profile where 1 < k < 2. Now, two salt peaks
elute from one column within the time two information phases elute from the other column.

Although time benefit is the same as in case one, it should be noted that in this mode proteins of
multiple, subsequently injected samples pass the salt fraction of the preceding injected samples,
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Figure 1: Schematic of PI-SEC methodology applicable in the case of tinf > thold. A: chromatogram of a mAb
sample analyzed in single injection mode. Using the elution phases tlag, tinf , thold, and tsalt, a PI-SEC program
can be set up (B). In this case, samples are injected alternately on two columns, while the outlet valve directs
the flow from the column outlet to the detector.

Figure 2: Schematic of PI-SEC methodology applicable in the case of tinf < thold. A: chromatogram of a mAb
sample analyzed in single injection mode. Using the elution phases tlag, tinf , thold, and tsalt, a PI-SEC program
can be set up (B). In this case, two samples are subsequently injected per column before switching to the second
column.
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whereas for case one the salt fraction of each sample always elute earlier from the column than
does the information phase. Multiple injections on one column is further only applicable, if no
species of lower molecular weight than the monomer species is present in the sample material.
Otherwise the species of lower molecular weight will elute within the information phase of the
subsequent sample injected on the same column.

In the case that k < 1 and the outlet valve is switched instantly after the information phase of a
sample from one column has passed the detector, the salt fraction of the preceding sample has
not eluted yet from the second column. Therefore, some additional time (tadd) must be added
before switching the outlet valve. The sum of tadd + tinf needs to be greater than thold + tsalt.
The time needed for the analysis of n samples can be estimated using equation 6, while including
tadd (9). This delay needs also to be factored in the injection times of the interlaced mode of
each column. When the first injection at t1 is performed, the second injection takes place at:

t2 = t1 + tinf + tadd (7)

The injection time of sample n can be hence given by:

tn,inj = tn,inj−1 + tinf + tadd (8)

The total assay time for n samples can be calculated using:

ttotal = tlag + n · (tinf + tadd) + thold (9)

From a practical aspect it should be mentioned that, if tinf is slightly smaller or exactly equals
the sum of thold + tsalt, the outlet valve is switched just when salt is detected or just arrives at
the detector. The baseline determination and an autozero processing of the absorbance signal
is hence affected and might lead to imprecise peak integration.

Regarding all described scenarios case one marks the optimal condition for PI-SEC since information
phases of samples injected alternately on two columns neither interfere with eluting salt fractions nor
are additional times required. With an increasing ratio of tinf/thold, the benefit of using two columns
in parallel over interlaced injection decreases. For the purpose of method robustness, in any of the
above described cases additional time for switching the inlet and outlet valves should be implemented:
Switching the inlet valve should occur a few seconds before the injection takes place and switching of the
outlet valve should occur a few seconds before the high molecular weight species elute. Thus, baseline
determination and peak integration become more precise. To set up the control program, sampling and
washing times need to be taken into account. The duration of sampling and washing depends strongly
on the used (U)HPLC equipment and might significantly slow down the assay if it exceeds the duration
of the information phase. Furthermore, differences in column packing and hence retention times need
to be considered.

2 Materials & Methods

2.1 SEC columns

SEC columns from three vendors were used in this work: 1. TSKgel 3000 SWxl (Tosoh Corporation,
Tokio, Japan) 2. ACQUITY UPLC®BEH200 SEC (Waters Corporation, Milford, MA, USA) 3. Zenix
SEC-250 (Sepax Technologies, Newark, DE, USA). Columns were fitted with 0.2 µm inlet filter (Opti-
Solv®EXP�, Optimize Technologis, Oregon City, OR, USA). In table I the column properties are listed.
The columns differ in macroscopic as well as microscopic dimensions.
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Figure 3: Three modes of operating SEC analysis are displayed. Based on single run chromatograms (A)
throughput can be improved by interlacing sample injections (B) on one SEC column. By using a second
timebase (timebase 2 ) for data acquisition, a dedicated chromatogram is generated for every sample injection.
Each timebase is controlled by separate programs. Using a second column run in parallel and two timebases
(C), throughput can pushed to its theoretical maximum by performing interlaced injections on both columns.
Hereby, two programs on timebase 1 are implemented differing only in the switching direction of the switching
valves. A schematic of the configuration of two six-port-valves (D) demonstrates the switching procedure which
has to be implemented in the control programs 1 and 2.
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Table I Specifications of the HPLC SEC columns used in this study.

vendor column pore particle maximum volume
description dimension size size pressure column void

ACQUITY UPLC BEH200 SEC 4.6x150 mm 200 Å 1.7 µm 41.5 mPa 2.5 mL 1.97 mL
Zenix SEC-250 4.6x250 mm 300 Å 3.0 µm 24.1 mPa 4.2 mL 3.45 mL
TSKgel 3000 SWxl 7.8x30 0mm 250 Å 5.0 µm 7.8 mPa 14.3 mL 12.23 mL

2.2 UHPLC setup

An UltiMate3000 RSLC x2 Dual system from Dionex (Sunnyvale, CA, USA) was used for UHPLC anal-
ysis. The system was composed of two HPG-3400RS pumps, a WPS-3000TFC-analytical autosampler
and a DAD3000RS detector. The autosampler was equipped with a sample loop of 5 µl or 20 µl, respec-
tively. The volume of the injection needle was 15 µl, the syringe size was 250 µl. In all experiments,
full loop injections were performed. The system included a TCC-3000RS column thermostat to enclose
two columns, which were connected to two six-port column switching valves. The inlet valve directs
the flow between autosampler outlet and column inlets, hence controlling to which column a sample is
injected. The outlet valve directs the flow between column outlets and UV-detector, hence controlling
from which column outlet the UV signal is measured. All column experiments were conducted at 25
◦C. For SEC analysis performed in interlaced and parallel-interlaced mode, the system was split in two
virtual parts by using two separate timebases. Timebase 1 controlled pumps, autosampler, valves and
column compartment and Timebase 2 controlled the UV detector. The two timebases were physically
linked by connecting a relay assigned to timebase 1 with an input assigned to timebase 2. Switching
of the relay in timebase 1 triggered an input signal in timebase 2. This input signal was then used to
trigger the UV signal acquisition. By this setup, it was possible to record the information phase of each
sample separately.

2.3 Software

Matlab2010a (The Mathworks Natick, ME, USA) was used for data analysis. Chromeleon®(6.80 SR10)
was used to control the UHPLC equipment and to integrate the elution peaks in the chromatograms.
The Chromeleon software was extended to include two timebases.

2.4 Buffer and Sample

SEC analysis were performed using a 0.2 M potassium phosphate buffer at pH 6.2 containing 0.25 M
potassium chloride. Buffers were filtered through 0.2 µm filters (Sartorius, Germany) prior to use.
When two pumps were used simultaneously (parallel-interlaced protocol), the same buffer preparation
was apportioned in two bottles. A proteinA pool of a CHO expressed IgG was used as mAb sample.
The concentration was set to a concentration of 1 g/L by dilution with dH2O.

2.5 Aggregate Level and Chromatographic Resolution

For each single injection run, the aggregate level and the resolution was determined. For all interlaced
and parallel-interlaced runs only the aggregate level was determined. The aggregate level was defined
as the percentage of the species in the mAb sample eluting prior to the monomer. The achieved
chromatographic resolution of the mAb monomer and the smallest aggregate (dimer) was calculated
based on the EP norm:

R = 1.18 · tmonomer − tdimer

W50%,monomer + W50%,dimer
(10)
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2.6 Single Injection SEC Protocols

The TSKgel column was loaded with 20 µL of sample and the analysis was run at flow rates between
0.235 mL/min and 1.5 mL/min (30 - 188 cm/h). The ACQUITY column was loaded with 5 µL of sample
and run at flow rates between 0.05 mL/min and 0.5 mL/min (18 - 181 cm/h). The Zenix column was
loaded with 5 µL of sample and run at flow rates between 0.05-0.96 mL/min respectively (18 - 347
cm/h). The exact flow rates are listed in table II.

2.7 Interlaced SEC protocol

For interlaced SEC experiments the chromatography system was split in two virtual parts as described in
section 2.2. It should be noted, that this is not a necessary prerequisite in interlaced chromatography,
but rather a convenience for the experimenter. By splitting the instrument and running dedicated
programs for UV signal acquisition, the relation of chromatogram and injected sample is facilitated.
The methodology described in section 1.1 was applied to the use of ACQUITY columns. A single
chromatographic run at a flow rate of 0.4 ml/min was used to determine the initial lag phase (tlag) (see
fig. 1 A).

In the adapted method, the data acquisition program on timebase 2 was triggered by switching a
relay on timebase 1 at t = tlag after injection. The withdrawal of the subsequent sample (pulled-loop
mechanism) was triggered 51 seconds prior to injection by using the ”PrepareNextSample”- command.
This avoided additional hold phases between subsequent control programs.

2.8 Parallel-Interlaced SEC Protocol

To improve throughput further, a second column was run in parallel to the first column using two
switching valves directing the flow to the columns and to the detector, respectively. The eluate of one
column was directed to the waste right after the monomer peak has passed the detector. The eluate of
the second column was then directed to the detector, while the salt peak eluted from the first column
into the waste. By running both columns simultaneously in an interlaced mode, the maximum possible
throughput of the system was realized (section 1.1). In this work, two ACQUITY columns were used
at a flow rate of 0.4 mL/min. The time for sample withdrawal was adjusted to 27 seconds (pulled-loop
mechanism). Thoroughly washing of the sample loop and the injection needle was set to be performed
within 90 seconds.

2.9 Aggregate Spiking Studies

Aggregate spiking studies were conducted in order to evaluate the linearity of aggregate determination
of the presented parallel-interlaced methodology. Two solutions containing different levels of aggregate
were mixed to control the level of aggregate in the samples. In order to obtain a solution with a
high aggregate content, aggregate was isolated from the proteinA pool. This was done by loading the
mAb sample onto a Poros 50 HS (GE Healthcare, Germany) column. Before loading the column, the
mAb sample had been adjusted to a conductivity of 15 mS/cm and a pH of 5.5. These conditions had
been found to provide high selectivity for mAb aggregates compared to mAb monomer. The elution was
performed with a sodium chloride gradient from 10-150 mM in 20 mM MES buffer at pH 5.5. The eluate
was collected in fractions, analyzed by SEC and merged to create an aggregate pool with approximately
50 % aggregate. Seventeen aggregate levels were tested ranging from 2.1 to 48.7 %. The samples were
first analyzed on two different ACQUITY columns in single injection mode, where each sample was
measured sixfold. Subsequently, the presented parallel-interlaced assay was applied, using the same two
columns and the same samples which were measured sixfold each. The results were compared in terms
of coincidence of the linear regression between expected aggregate level and aggregate level determined
via the different approaches.
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3 Results & Discussion

SEC columns from three different vendors with different particle size, pore size, and length were applied
for mAb aggregate quantification. In contrast to the TSKgel column, the ACQUITY and the Zenix
columns have entered the market recently. The TSKgel column has been on the market for almost
25 years and a literature survey revealed a marked preference for this particular column in relation
with mAb analysis (data not shown). The chosen columns were compared in terms of generated chro-
matographic resolution, throughput and precision of aggregate quantification. Based on the results, the
best suited column and flow rate was chosen and used to establish a in throughput optimized assay by
combining interlaced injections with parallel operation of two SEC columns.

3.1 Single Injections

Three different columns were used to analyze identical mAb samples. Figure 4a shows all three result-
ing chromatograms. The applied flow rates were 108 cm/h for the ACQUITY, 116 cm/h for the Zenix
column, and 126 cm/h for the TSKgel column. For comparability, the chromatograms were normalized
with respect to void volume of the respective column (figure 4b). The void volume of each column was
defined as the elution volume of the sample buffer. These are listed in table I.
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Figure 4: a: Overlay of single injection chromatograms of the mAb sample (1.0 g/L) analyzed on three different
SEC columns. b: For comparability, elution volumes were normalized to column void volumes.

The normalized chromatograms revealed similar elution patters for all columns in which the mAb
species eluted over a range from approximately 0.45 to 0.85 void volumes. The elution order, based
on normalized elution volume of the monomer species from the three different columns (VACQUITY <
VTSKgel < VZenix) correlated with the decreasing pore size of the column matarial (ACQUITY: 200 µm,
TSKgel: 250 µm, Zenix: 300 µm). The elution profiles generated by the Zenix and the TSKgel column
exhibited a more widely stretched elution of the aggregate species. At very low flow rates, these two
columns also revealed a third aggregate species in the mAb sample which eluted in between the two main
aggregate species (data not shown). However, if an analytical assay aims for the total aggregate level,
a resolution of single aggregate species is not necessary. In such a case, the most important parameter
is the resolution of the smallest mAb aggregate species (dimer) and the mAb monomer. Hence, in the
following the term resolution will refer only to the resolution of mAb monomer and dimer species.
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3.1.1 Aggregate Levels and Precision

The determined resolution, aggregate level, and coefficient of variation (cv) for each applied flow rate
and column are listed in table II. The columns were shown to generate different results regarding
aggregate level, even though the same mAb sample was analyzed. Using the TSK column, the highest
and most stable aggregate level (4.80 % ± 0.08) over the tested range of flow rates was determined.
Using the ACQUITY column, a lower mean aggregate level was determined (4.17 % ± 0.44) and further
the determined aggregate levels exhibited an increase with increasing flow rate (3.79 % - 5.02 %).
However, the precision resulting from each tested flow rate was comparable to the accuracy obtained
with the TSKgel column (cvmean,TSKgel = 0.91, cvmean,ACQUITY = 0.87). The overall aggregate level
determined using the Zenix column (4.20 % ± 0.35) was similar to the one obtained with the ACQUITY
column, however the accuracy of the results was lower compared to both other columns (cvmean,Zenix =
1.38). As for the ACQUITY column, the aggregate level determined with the Zenix column exhibited
an increase with increasing flow rate (3.69 % - 4.54 %). For all columns, a tendency of higher precision
at medium flow rates was observed.

Table II Aggregate levels determined for a mAb
sample using three different columns. Each col-
umn was operated at several different flow rates.
All displayed results are based on six replicates.

TSKgel®3000 SWxl

Flow rate Aggregate cv resolution
(cm/h) (mL/min) (%) (%) (-)

30 0.235 4.74 1.91 1.85
44 0.352 4.87 0.85 1.77
63 0.50 4.87 0.60 1.71
94 0.75 4.84 0.27 1.59
126 1.00 4.83 0.52 1.50
157 1.25 4.79 0.48 1.41
188 1.50 4.64 1.75 1.34

ACQUITY UPLC®BEH200 SEC

Flow rate Aggregate cv resolution
(cm/h) (mL/min) % % (-)

18 0.05 3.79 1.94 1.66
27 0.075 3.90 1.00 1.60
36 0.10 3.90 0.99 1.61
72 0.20 4.00 0.48 1.56
108 0.30 4.16 0.27 1.52
144 0.40 4.36 0.94 1.47
181 0.50 5.07 1.52 1.45

Zenix�SEC-250

Flow rate Aggregate cv resolution
(cm/h) (mL/min) % % (-)

18 0.05 3.69 2.33 1.35
27 0.075 3.96 0.97 1.33
36 0.10 4.11 0.58 1.30
116 0.32 4.28 0.97 1.14
231 0.64 4.62 1.53 1.01
347 0.96 4.54 1.91 0.92

3.1.2 Resolution vs. Analysis Time

The main objective of the presented work, was to establish an ultra-rapid SEC assay for mAb aggregate
quantification. Due to the different column dimensions, the correlation between resolution and flow
rate does not transmit directly to analysis time. To give an overview of the direct relation between
analysis time and chromatographic resolution, the resolution generated for each flow rate and column
was plotted as a function of the required time per analysis (figure 5). The evaluation was performed
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in sequential mode, thus time per analysis equals time needed for processing a single column volume
(CV). In generel, the decrease in resolution correlated with the particle size of the column material.
We found that at assay times above 20 min, the TSKgel column achieved the highest resolution of the
columns tested. The resolution achieved under these conditions ranged from 1.59 to 1.85. However, in
most cases, a resolution of 1.5 is sufficient for precise quantification. Hence, the high resolution achieved
by the TSKgel column at the lower end of the tested flow rates will in some cases be disadvantageous
as an unnecessary low throughput is the consequence of the achieved yet dispensable resolution. At
lower assay times (increased flow rates) the resolution achieved with the TSK column was shown to
decrease faster compared to the ACQUITY column. Of all columns, the ACQUITY column was shown
to generate the highest resolution at assay times below 20 min. This finding correlates with the smaller
particle size of the ACQUITY column. The tested Zenix column was outperformed by the TSKgel
and ACQUITY columns with respect to resolution at all tested assay times. One advantage of the
Zenix column was the potentially lower assay time, but the low resolution under these conditions were
shown to generate imprecise results (see table II) . However, assay times down to 13 min generated
adequate precision (cv < 1) despite the low resolution. Hence, taking the relative low cost for the Zenix
column compared to the TKSgel and the ACQUITY column into consideration (which exhibits a factor
of 1:1.5:2), this column could pose a favorable alternative to the otherwise comprehensive use of the
TSKgel column.

Sufficient resolution (∼ 1.5) and precision (cv < 1) was shown feasible with the ACQUITY column
even at very low analysis times. This clearly favours the ACQUITY column for development of a high
throughput parallel-interlaced SEC assay. A flow rate of 0.4 ml/min was chosen, both to guarantee
sufficient accuracy and also not to operate the column close to maximal flow rate.

The findings presented above are based on measurements performed with only one column per col-
umn type. Hence, the conclusions do not take batch and packing variability into consideration. This
influence is shown in the studies below. Further, a buffer optimization was not in the scope of this work
and changes in performance under other buffer conditions can not be ruled out.

Figure 5: Achieved chromatographic resolution for each tested column displayed as a function of the analysis
time. Each data point represents the mean value of six measurements.

3.2 Interlaced SEC

Twenty five injections of the same load material were performed on three ACQUITY columns in inter-
laced mode. Average analysis time per sample was 3:27 minutes at a flow rate of 0.4 ml/min. Figure
6A shows the resulting A225 trace from the detector. It can be seen that the initial lag time was suc-
cessfully cut from the analysis time. In this mode of operation 1.43 samples were analyzed per column
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volume. While aggregate levels resulting from all three column were in the same range and normally
distributed around their mean, pairwise t-tests (α = 0.01) showed that all results differed statistically
significantly from one another. The first column resulted in a mean aggregate level of 5.08 % with a
standard deviation of 0.04. The second column yielded mean 5.02 % with a standard deviation of 0.05.
The third column yielded mean 4.91 % with a standard deviation of 0.04.

By interlacing injections and switching to a column of smaller volume and particle size, the assay
time was reduced from 14 minutes reported by Farnan [12] to 3:27 minutes. The obvious advantage of
using interlaced injections lies in the improved throughput. However, special care has to be taken in
order to correctly relate sample and chromatogram. By splitting the instrument into two virtual parts
(timebases) a comfortable solution to this problem can be achieved. While throughput was increased,
there was still room for optimization. First, column utilization is not optimal as only the initial lag
phase is eliminated by interlaced injections. Second, the next sample was not injected until 15 seconds
after the salt fraction of the preceding sample had eluted.
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Figure 6: A: A225 absorption data of two injections run in interlaced mode on the ACQUITY column. The
dashed line represents the limit between the two samples. 1.43 samples could be analyzed per CV in this mode
of operation. B: A225 absorption data of four injections run in parallel-interlaced mode on two ACQUITY
columns. The dashed lines represent the moments of switching the column outlet valve to the detector for the
subsequent sample. Separate result files are generated for each sample as delimited by the dashed lines. Equally
colored lines represent samples analyzed over the same column. Three samples were analyzed per CV in this
mode of operation.
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3.3 Parallel-Interlaced SEC

Program Parameters

By parallelization of two ACQUITY columns operated with interlaced sample injections, chromatograms
containing only the aggregate and monomer areas could be generated. As described in chapter 1.1, the
control program was set up based on a single run at a flow rate of 0.4 ml/min. The operation commands
of the Chromeleon®software and the corresponding times in the control programs of timebase 1 and
timebase 2 are summarized in table III. tlag was set to 2:00 minutes. tmin

inf , the minimal possible analysis

time was 1:12 minutes. Twenty-four seconds were added to tmin
inf to make the method more robust against

changes in sample composition. tinf used for programming the method was thus 1:36 minutes. The
determined thold was 1:18 minutes. A sequence of samples was first started with a dummy run in which
the first sample is injected but no protein elutes. DAD data acquisition thus generated a blank sample.
Immediately after DAD data acquisition has ended, the outlet valve was switched. Fifteen seconds were
added to the method to ensure a stable baseline after switching the outlet valve (t1add = 0:15). Next,
the inlet valve was switched. Three seconds were added to the method to flush the autosampler prior
to injection (t2add = 0:03). Triggering the data acquisition was performed three seconds after the sample
injection by using the following commands: after the Inject command triggered sample injection in
timebase 1, a Relay.State = ON command switched a relay which was connected to an input via cable.
A wait Input.State = ON as first command in the control method for timebase 2 triggered the start
of this control method and thus of DAD data acquisition as soon as relay 3 was switched. 1:27 minutes
later the next sample withdrawal was started using the PrepareThisSample command. 0:09 minutes
afterwards, DAD data acquisition was stopped thus closing one cycle of sample injection and detection.
The process of sample withdrawal took 27 seconds and was performed during the last nine seconds of
tinf of the preceding sample and the t1add and t2add after switching the outlet valve and inlet valve.

In general, the operating speed of the autosampler was found to be an important factor when
programming the control method. Slower autosampling equipment might hinder the implementation of
the method. Compared to the data presented, faster autosampling procedures, for example by using
a inline split-loop autosampler instead of the used pulled-loop would take the method closer to its
theoretical minimum of 1:12 minutes.

To analyze a batch of samples, two batch files were created, one for each timebase. The batch file
for timebase 1 contained two different control programs with each used for every other sample. The
two control programs were equal but for the valve switching commands. The batch file for timebase 2
consisted of a sequence of the DAD control program. The two batch files were started simultaneously.

Method Performance

Fifty injections (25 on each column) of the same mAb load material were performed in parallel-interlaced
mode. The analysis time for this batch was 1:57 minutes per sample. Figure 6B shows the resulting
detector signal at a wavelength of 225 nm of four consecutive samples. Compared to the standard
analytic (single injections, TSKgel column), throughput was improved by 10-15x. Compared to single
injections on the same column type, throughput was increased approximately 3x. In accordance to
equation 6 the analysis time per sample for n samples can be calculated as follows:

tanalysis =
tlag

n
+ (tinf +

∑
tadd) +

thold

n
(11)

which in our case amounts to

1:57 =
2:00

50
+ (1:36 + (0:15 + 0:03)) +

1:18

50
(12)

It is obvious that tlag and thold do not contribute substantially to the overall analysis time when
running the columns in parallel interlaced mode.

A statistical analysis of the results was performed and two data points differing more than 3 standard
deviations from the mean value were excluded from further analysis. Average aggregate content detected
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was 5.03% with a standard deviation of 0.26 This rather large standard deviation was due to differing
results from the two separate columns used. Mean aggregate level determined on the first column
was 5.27% with a standard deviation of 0.06. Mean aggregate level determined on the second column
was 4.78% with a standard deviation of 0.05. While both columns yielded aggregate levels normally
distributed around their mean value, results from both column differed statistically significantly as
determined by a t-test (p < 0.1%).

Table III Control parameters used to control timebase 1 (TB1; autosampler, pumps, column com-
partment including switching valves) and timebase 2 (TB2; DAD). The commands for injecting five
samples are shown. The initial flow path was: sampler → column 1 → DAD. Column “Time” shows
the actual time during the analysis. Columns “TB 1” and “TB 2” show the time points programmed
into the control programs for timebase 1 and timebase 2. The “action” columns adjacent to the “TB 1”
and “TB 2” columns contain the commands used at the corresponding time point. Column “Sample”
shows the time during which a sample is on a specific column. The first data acquisition on timebase
2 generates a chromatogram (’dummy #’) that only contains the tlag of the first sample. (The two
control programs of timebase 1 differ only in switching valve commands. The data acquisition program
on timebase 2 is started by switching a relay ON.)

Time Sample TB 1 Action Flow path Action TB 2

00:00 -0:27 Prepare sample #1
00:27 0:00 Inject + Start Wash Wait Input.state = ON 00:00
00:30 0:03 Relay.State = ON Data Acquisition On
01:54 1:27 Pump Acquisition OFF
01:57 1:30 method end dummy #
01:57 -0:27 Prepare sample #2
02:06

sample #1
/ column 1

-0:18 switch outlet valve column 1 → DAD Data Acquisition Off 1:36
02:12 method end 1:42
02:21 -0:03 switch inlet valve sampler → column 2
02:24 0:00 Inject + Start Wash Wait Input.state = ON 00:00
02:27 0:03 Relay.State = ON Data Acquisition On
03:51 1:27 Pump Acquisition OFF
03:54 1:30 method end sample #1
03:54 -0:27 Prepare sample #3
04:03

sample #2
/ column 2

-0:18 switch outlet valve column 2 → DAD Data Acquisition Off 01:36
04:09 method end 01:42
04:18 -0:03 switch inlet valve sampler → column 1
04:21 0:00 Inject + Start Wash Wait Input.state = ON 00:00
04:24 0:03 Relay ON Data Acquisition On
05:48 1:27 Pump Acquisition OFF
05:51 1:30 method end sample #2
05:51 -0:27 Prepare sample #4
06:00

sample #3
/ column 1

-0:18 switch outlet valve column 1 → DAD Data Acquisition Off 01:36
06:06 method end 1:42
06:15 -0:03 switch inlet valve sampler → column2
06:18 0:00 Inject + Start Wash Wait Input.state = ON 00:00
06:21 0:03 Relay.State = ON Data Acquisition On
07:45 1:27 Pump Acquisition OFF
07:48 1:30 method end sample #3
07:48 -0:27 Prepare sample #5
07:57

sample #4
/ column 2

-0:18 switch outlet valve column 2 → DAD Data Acquisition Off 01:36
08:03 method end 01:42
08:12 -0:03 switch inlet valve sampler → column 1
08:15 0:00 Inject + Start Wash Wait Input.state = ON 00:00
08:18 0:03 Relay.State = ON Data Acquisition On
09:42 1:27 Pump Acquisition OFF
09:45

sample #5
/ column 1

1:30 method end sample #4

The presented method was shown to achieve large improvements of throughput for the particular
analysis investigated. Certain prerequisites for achieving these improvements for any given chromato-
graphic assay should be noted. First, the method works for isocratic elutions only, which is the case for
SEC and some IEC/HIC analytics. Second, the improvement in assay throughput is related to the ratio
of the information to the non-information phases of the chromatogram as only those parts containing
no valuable information can be eliminated from the chromatogram. In the case described here, the
information phase was approximately 24% of the entire chromatogram. Samples and analysis tasks
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making use of a larger portion of the chromatogram are amenable to the methodology as described in
section 1.1 but might not yield throughput improvements as high as those reported here.

Reliability, robustness, and quantitativeness are the hallmarks of analytical SEC chromatography
for mAb-aggregate quantification. Thus, it is preferred over other, even faster analytical methods
such as capillary gel electrophoresis. The presented methodology increased sample throughput to an
extend that it matches the speed of high throughput experimentation without changing the robust,
underlying analytical principle. More detailed studies of aggregation and aggregate depletion during
process development and production of mAb based pharmaceuticals can thus be performed.

3.4 Aggregate spiking studies

Aggregate spiking studies resulted in a linear response of the detected aggregate level to the expected
aggregate level in the sample throughout the entire range tested (2.1% to 48.7%). The linear regression
of measured aggregate level versus expected aggregate level were compared for the two separate columns
used and two modes of operation (single and parallel-interlaced injection mode). The linear regression
results were found to coincide, slope and intercepts were found to be statistically not different. The
overall regression of expected versus measured value was resulted in a R2 value of 0.9993 with an intercept
fixed at 0 and a resulting slope of 1.01. This underlines our conclusion that the method presented herein
can replace the standard method of running SEC columns for mAb-aggregate analysis and that the
column used is well suited for the analysis task investigated. In theory, increasing aggregate levels could
have increased the aggregate peak area to an extent where either monomer-aggregate peak resolution
would decrease or where column valve switching times might have had to be adjusted. However, neither
was found leading to the conclusion that the presented method is robust regarding aggregate levels of
up to 48.7%. Aggregate levels below 2.1% were not investigated owing to the sample material at hand.
However, the authors find no reason to believe that lower aggregate levels would pose a problem to the
method.

4 Conclusion

In case of total mAb aggregate quantification, we find the ACQUITY column to be the best suited choice
of the tested columns, as it enables more than a twofold improvement in throughput when compared to
the TSKgel column (assay time comparison at a resolution of 1.5, see figure 5 and table II). Further,
due to the relatively low influence of flow rate on the separation which was found for the ACQUITY
column, assay throughput can be increased further without compromising resolution significantly. The
ACQUITY column also offers the benefits of lower buffer consumption and lower sample volume, latter
being of great importance when performing HTPD.

A new methodology to improve throughput for SEC mAb analysis applied in biopharmaceutical
science was demonstrated in this paper. By combining interlaced injections with parallel operation of
two columns, near optimum utilization of SEC columns for the quantification of monomer and aggregate
of a monoclonal antibody solution was achieved. Assay time was reduced to 1:57 minutes per sample as
compared to 20-30 minutes using standard analytical protocols. Resulting aggregate levels were found
to be comparable between different columns and different modes of operation. As an added benefit,
heterogeneity between separate columns is factored into the results by using this method. With analysis
times in the range of 2 minutes per sample the method presented in this paper is well suited for current
high throughput pharmaceutical process development and process monitoring.
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Chapter 6

Outlook

This doctoral thesis was centered on aqueous two-phase partitioning of pharmaceutical pro-
teins. A high throughput screening method was implemented and applied to an industrial
separation task. Using this platform, previously reported correlations between protein de-
scriptors and distribution were evaluated and it was found that target protein solubility
constitutes the limiting factor to the application of these correlations under preparative
conditions of high protein load. In accordance, a different approach to screen ATPS for
their industrial application was devised and put to use for the selection of ATPSs used in
centrifugal partitioning chromatography. To improve the understanding of aqueous two-
phase partitioning, a new modeling approach based on molecular dynamics was set up.
This approach was initially validated using single PEG molecules in solution. Next, the
approach was extended to mixtures of polyethylene glycol and phosphate and finally to
lysozyme in PEG/PO4 mixtures.

While this thesis was able to close some important gaps in the knowledge in both the
preparative application and the molecular understanding of aqueous two-phase extraction,
it also provides a basis for further investigations. First, it was found that the applicability of
centrifugal partitioning chromatography for the preparative purification of pharmaceutical
proteins is hampered by the strong dilution of the target protein caused by this process
step. Further evaluation of this technology might show ways to augment this problem.
Higher ratios of stationary phase might lead to both less dilution and better separation.
Additionally, alternative modes of operating the CPC should also be investigated. Centrifu-
gal partitioning chromatography offers the possibility of switching stationary and mobile
phase during a run. The target molecule could thus be trapped inside the column first and
then stripped of impurities akin to a cross flow extraction. In a second step, a reversal of
mobile and stationary phase would lead to the elution of the target protein at the column
inlet. Initial experiment in this direction were conducted and showed promising results.
As CPC was shown to be capable of generating good resolution with the disadvantage of
concurrently diluting the sample, a combination of CPC and precipitation might also be
promising. With the process stream already containing high concentrations of polymer or
salt, the addition of a small amount of a precipitant might force the target molecule out of
solution. This would solve both the dilution issue as well as the separation of the target
molecule from the phase forming components. Finally, the integration of the process step
into a larger process with subsequent filtration and chromatography steps and the economic
evaluation of these constructs could be an interesting topic of investigation and can be con-
ducted on the basis of the results and implementations achieved within the scope of this
thesis.
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[8] Albertsson PÅ. Partition of cell particles and macromolecules: distribution and
fractionation of cells, mitochondria, chloroplasts, viruses, proteins, nucleic acids,
and antigen-antibody complexes in aqueous polymer two-phase systems. Wiley-
Interscience, 1971. ISBN 9780471020479

[9] Andrews BA, Schmidt AS, and Asenjo JA. Correlation for the partition behavior of
proteins in aqueous two-phase systems: Effect of surface hydrophobicity and charge.
Biotechnology and bioengineering, 90(3):380–390, 2005

[10] Arakawa T and Timasheff SN. Mechanism of poly(ethylene glycol) interaction with
proteins. Biochemistry, 24(24):6756–6762, 1985

144



7 Bibliography

[11] Armstrong DW. Theory and Use of Centrifugal Partition Chromatography. Journal
of Liquid Chromatography, 11(12):2433–2446, 1988

[12] Asenjo JA. Phase separation rates of aqueous two-phase systems: correlation with
system properties. Biotechnology and bioengineering, 79:217–223, 2002

[13] Asenjo JA, Schmidt AS, Hachem F, and Andrews BA. Model for predicting the parti-
tion behaviour of proteins in aqueous two-phase systems. Journal of Chromatography
A, 668(1):47–54, 1994

[14] Atha DH and Ingham KC. Mechanism of precipitation of proteins by polyethylene
glycols. Analysis in terms of excluded volume. The Journal of biological chemistry,
256(23):12108–12117, 1981

[15] Aubert JH and Tirrell M. Flow Rate Dependence of Elution Volumes in Size Ex-
clusion Chromatography: A Review. Journal of Liquid Chromatography & Related
Technologies, 6(9):219–249, 1983

[16] Azevedo AM, Rosa PA, Ferreira IF, and Aires-Barros MR. Optimisation of aqueous
two-phase extraction of human antibodies. Journal of Biotechnology, 132(2):209–217,
2007

[17] Azevedo AM, Rosa PAJ, Ferreira IF, and Aires-Barros MR. Integrated process for
the purification of antibodies combining aqueous two-phase extraction, hydrophobic
interaction chromatography and size-exclusion chromatography. Journal of Chro-
matography A, 1213(2):154–161, 2008

[18] Azevedo AM, Rosa PAJ, Ferreira IF, and Aires-Barros MR. Chromatography-free
recovery of biopharmaceuticals through aqueous two-phase processing. Trends in
Biotechnology, 27(4):240–247, 2009. 432

[19] Azevedo AM, Rosa PAJ, Ferreira IF, de Vries J, Visser TJ, and Aires-Barros MR.
Downstream processing of human antibodies integrating an extraction capture step
and cation exchange chromatography. Journal of Chromatography B, 877(1-21-2):50–
58, 2009

[20] Baughman DR and Liu YA. An Expert Network for Predictive Modeling and Optimal-
Design of Extractive Bioseparations in Aqueous 2-Phase Systems. Industrial & En-
gineering Chemistry Research, 33(11):2668–2687, 1994

[21] Benavides J and Rito-Palomares M. Practical experiences from the development
of aqueous two-phase processes for the recovery of high value biological products.
Journal of Chemical Technology & Biotechnology, 83(2):133–142, 2008

[22] Bensch M, Selbach B, and Hubbuch J. High throughput screening techniques in
downstream processing: Preparation, characterization and optimization of aqueous
two-phase systems. Chemical Engineering Science, 62(7):2011–2021, 2007

[23] Bensch M, Wierling PS, von Lieres E, and Hubbuch J. High throughput screening
of chromatographic phases for rapid process development. Chemical Engineering &
Technology, 28(11):1274–1284, 2005

[24] Berek D. Size exclusion chromatography–a blessing and a curse of science and tech-
nology of synthetic polymers. Journal of separation science, 33(3):315–335, 2010

145



7 Bibliography

[25] Berendsen HJC, Postma JPM, Gunsteren WFv, DiNola A, and Haak JR. Molecu-
lar dynamics with coupling to an external bath. The Journal of Chemical Physics,
81(8):3684–3690, 1984

[26] Berggren K, Wolf A, Asenjo JA, Andrews Ba, and Tjerneld F. The surface exposed
amino acid residues of monomeric proteins determine the partitioning in aqueous
two-phase systems. Biochimica et biophysica acta, 1596(2):253–268, 2002
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[28] Bérot S, Le Goff E, Foucault A, and Quillien L. Centrifugal partition chromatography
as a tool for preparative purification of pea albumin with enhanced yields. Journal
of Chromatography B, 845(2):205–9, 2007

[29] Berthod A and Cardabroch S. Determination of liquid-liquid partition coefficients by
separation methods. Journal of Chromatography A, 1037(1-2):3–14, 2004

[30] Berthod A, Friesen JB, Inui T, and Pauli GF. Elution-countercurrent chromatogra-
phy: theory and concepts in metabolic analysis. Analytical chemistry, 79(9):3371–
3382, 2007

[31] Berthod A and Hassoun M. Using the liquid nature of the stationary phase in counter-
current chromatography. IV. The cocurrent CCC method. Journal of chromatography
A, 1116(1-2):143–8, 2006

[32] Berthod A, Hassoun M, and Ruiz-Angel MJ. Alkane effect in the Arizona liquid sys-
tems used in countercurrent chromatography. Analytical and bioanalytical chemistry,
383(2):327–340, 2005

[33] Bhambure R, Kumar K, and Rathore AS. High-throughput process development for
biopharmaceutical drug substances. Trends in biotechnology, 29(3):127–35, 2011

[34] Bhat R and Timasheff SN. Steric exclusion is the principal source of the preferential
hydration of proteins in the presence of polyethylene glycols. Protein science: a
publication of the Protein Society, 1(9):1133–1143, 1992

[35] Borodin O, Bedrov D, and Smith GD. A Molecular Dynamics Simulation Study
of Polymer Dynamics in Aqueous Poly(ethylene oxide) Solutions. Macromolecules,
34(16):5687–5693, 2001

[36] Brooks D and Seaman G. Detection of differences in surface-charge-associated prop-
erties of cells by partition in two-polymer aqueous phase systems. Nature, 1971

[37] Chen J, Ma G, and Li D. HPCPC separation of proteins using polyethylene glycol-
potassium phosphate aqueous two-phase. Preparative Biochemistry & Biotechnology,
29(4):371–383, 1999

[38] Cheng W and Hollis D. Flow-rate effect on elution volume in size-exclusion chro-
matography. Journal of Chromatography A, 408:9–19, 1987

[39] Chou KC and Zhang CT. Prediction of Protein Structural Classes. Critical Reviews
in Biochemistry and Molecular Biology, 30(4):275–349, 1995

146



7 Bibliography

[40] Coffman JL, Kramarczyk JF, and Kelley BD. High-Throughput Screening of Chro-
matographic Separations: I. Method Development and Column Modeling. Biotech-
nology and bioengineering, 100(4):605–618, 2008

[41] Cohn E and Edsall J. Proteins, Amino Acids and Peptides As Ions and Dipolar Ions.
Reinhold Publishing, New York, 1943

[42] Cohn EJ. The Physical Chemistry of the Proteins. Physiological Reviews, 5(3):349–
437, 1925

[43] Conway W. Countercurrent chromatography: apparatus, theory, and applications.
VCH, 1990. ISBN 9780895733313

[44] Cornell WD, Cieplak P, Bayly CI, Gould IR, Merz KM, Ferguson DM, Spellmeyer
DC, Fox T, Caldwell JW, Kollman PA, and et al. A Second Generation Force Field
for the Simulation of Proteins, Nucleic Acids, and Organic Molecules. Journal of the
American Chemical Society, 117(19):5179–5197, 1995

[45] Craig LC. Partition Chromatography and Countercurrent Distribution. Analytical
Chemistry, 22(11):1346–1352, 1950

[46] de Faria JT, Sampaio FC, Converti A, Passos FML, Minim VPR, and Minim LA.
Use of response surface methodology to evaluate the extraction of Debaryomyces
hansenii xylose reductase by aqueous two-phase system. Journal of Chromatography
B-Analytical Technologies in the Biomedical and Life Sciences, 877(27):3031–3037,
2009

[47] de Folter J and Sutherland IA. Probabilistic model for immiscible separations and
extractions (ProMISE). Journal of chromatography A, 1218(36):6009–14, 2011

[48] Devanand K and Selser J. Asymptotic behavior and long-range interactions in aqueous
solutions of poly(ethylene oxide). Macromolecules, 24(22):5943Ű5947, 1991
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