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Abstract

This thesis makes contributions to a modern approach of process development for the purification

of biopharmaceutical ingredients termed ‘High-Throughput Process Development’ (HTPD). HTPD is

based on the principles of miniaturization, parallelization and automation of methods and processes

for protein expression and protein purification as well as protein analytics. The methods are mainly

applied for the fast investigation of protein properties, the evaluation of process parameters, and for

narrowing-down of a parameter space to an optimal region for final process optimization. In the field of

protein purification, experimental methods have been developed in the last decade for different types

of low-pressure liquid chromatography, protein precipitation, extraction, crystallization, enzymatic or

chemical modifications and for the investigation of refolding conditions, biophysical properties (e.g.

hydrophobicities, protein-protein-interactions), solubilities, and stabilities.

With regard to the development and implementation of HTPD in industries over the last decade,

open questions and remaining areas for optimization were identified and discussed in the introduction

of this work. This work deals with aspects of these questions and can be divided in three parts:

1. development/optimization of analytical methods providing high-throughput as well as fulfilling

high demands concerning accuracy, precision and robustness

2. application of HTPD for the purification of the hen’s egg-white protein avidin

3. characterization and quantification of method-specific effects and their influence on data quality

for one of the most-common high-throughput column chromatography method.

The first part of this work presents the development of analytical methods providing both a

high-throughput of samples and data quality comparable to traditional methods. High-Performance

Liquid Chromatography (HPLC) is well-known for highest accuracy and precision and is the prevalent

technique used for protein analysis. The main disadvantage, however, is the typically long analysis

time (e.g. 20 – 60 min) making HPLC technology ineligible for the use in HTPD, in which a three-digit

number of samples can be generated per day. In order to nevertheless be able to use HPLC methods

in HTPD, a search for a more efficient utilization of current HPLC technology (resins, equipment,

setup) was conducted.

In a first application, the analysis time in size-exclusion chromatography (SEC) was optimized for

the separation of antibody aggregates and monomer. The lag phases before and after the elution of the

species of interest are one feature of SEC-analysis which can sum up to a significant proportion of the

total analysis time. First, different SEC-columns were evaluated regarding the best ratio of resolution

to analysis time. Secondly, by two interlaced operating programs for a time-independent control of au-

tosampler and detector, the lag phase between sample injection and the first eluting aggregates could

be eliminated. Lastly, in order to save the lag phase between elution of antibody monomer and the

latest eluting buffer species, two identical columns were operated in parallel but time-shifted by the
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elution time of aggregates and monomer. In order to direct the injected samples to the columns and

the protein elution phase independently from injection to the detector, two multi-port switching valves

were built in at column in- and outlet. Despite of interlacing and time-shift, the correct assignment of

injected sample to the corresponding chromatogram was enabled by the developed control programs.

In comparison to a traditional mode of operation, the sample throughput was almost tripled by using

two columns in parallel and interlaced injection. This is remarkable when considering that, except

for two switching valves, no further major investment (e.g. detector) was necessary. Furthermore,

identical data quality regarding accuracy, precision and robustness as obtained in traditional mode

was achieved.

The developed mode of operation (interlaced sample injection in parallel) is only applicable for isocratic

elutions, i.e. when using the same solvent composition throughout the assay. Therefore, it applies

mainly to SEC-analysis. The majority of methods for protein quantification, however, is based on

reversed phase (RP) HPLC which provides the highest resolutions. For the considered protein system

consisting of avidin (AV), ovalbumin (OV), ovomucoid (OM), ovotransferrin (OT), and lysozyme (LYS)

a high-throughput RP HPLC method was therefore developed featuring a three-segment gradient elu-

tion. Based on the development of the method for a single-column application, a tandem-application

was established by using two identical columns, two multi-port switching valves, and by splitting the

assay in two programs operating in alternation for injection/elution and regeneration/re-equilibration.

Two versions of the method were set up allowing for operation either with inline split-loop or pulled-

loop autosampler. In comparison to published application notes of the tandem-application using an

inline split-loop autosampler, the analysis time could be reduced by additional ∼1 min by scheduling

the valve switching differently. Furthermore, it was shown that for fast gradient applications of a

few minutes and low flow rates, a high-pressure gradient pump is to be favored over a low-pressure

gradient pump due to a lower gradient residence time. With the presented tandem-application for

this challenging separation, very short analysis time of close to four minutes, high precision (relative

standard deviation of <1% within the relevant concentration range), and high robustness with respect

to changes in the sample matrix (e.g. buffers, concentration) were achieved.

The main disadvantage of a fast HPLC method is the time-costly method development. Chip-based

capillary electrophoresis (LabChip
R©

) as quantitative high-throughput method was therefore evaluated

as an alternative to HPLC analysis. Advantages and disadvantages of this technology were discussed

based on the AV-protein system and in comparison to the HPLC technology. A major advantage

is that no molecule-specific method development is required. Furthermore, advantages are the high

degree of automation and the small amount of sample volumes required. Major disadvantages are the

limited use for proteins of similar size, potentially poor staining (in the considered system OM was

not detected), high sensitivity against changes in the sample matrix, and low robustness of automated

peak integration. The latter required manual correction of the integration which significantly reduced

the overall sample throughput.

Besides methods for the determination of concentration and purity of AV-samples by RP HPLC,

an AV activity assay (HABA-assay) was implemented as high-throughput method. The assay, which

is based on photometric detection and is typically performed manually in cuvettes, was scaled-down

to a 96-well micro-titer plate format and performed on a liquid handling station. The determined

operation range and the obtained precision were in accordance with results from reference measure-

ments in cuvettes. The sample volume and analysis time were reduced to minimal 20 µL and approx.

45 min for 96 samples, respectively.
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The developed high-throughput analytical methods for the AV-system posed the pre-requisite for

the development of an alternative purification process by applying HTPD which is presented in the

second and main part of this work. Starting from pre-purified egg white, the goal was to remove the

remaining impurities OV, OM, OT, and LYS by fewest possible, cost-effective and easily-combined

process steps. First, extraction in aqueous two-phase systems (ATPS) was evaluated as an alternative

to solid-liquid chromatography. One major goal was to separate AV from LYS effectively, which was,

due to their similar isoelectric points, described as challenging in literature. The characterization of

an ATPS by binodal curve and tie-lines and the screening of various system compositions for the

separation of AV from its contaminants was performed in 96-well micro-titer plate format automated

on a liquid handling station with subsequent analysis of protein concentrations in upper and bottom

phase using the established RP HPLC method.

By automation and with sample consumption of only 65 µL per ATPS a large parameter space

consisting of polyethylene glycol (PEG), salt concentrations, PEG molecular weight, pH, and sodium

chloride concentration was tested and the effects on the distribution behavior of AV and contaminants

investigated. For a PEG molecular weight of 600 kDa and the addition of 3% w/w sodium chloride,

an effective separation was achieved in a PEG/phosphate ATPS resulting in a reduction of LYS by

99.7% and OM by 99.4%. For this ATPS composition, AV was enriched in the bottom phase with

a total purification factor of approx. 6. The results obtained in high-throughput experiments were

confirmed in an ATPS in laboratory scale.

Despite the efficient separation achieved by an optimized ATPS, further purification was required

in order to increase the purity of AV to >99%. Furthermore, with the single-step extraction, an over-

all volume reduction was not achieved which is disadvantageous for a process in large-scale. Lastly, a

competitive process for the recovery of AV from the bottom phase and transfer to an aqueous solution

for protein formulation was sought, as re-extraction into another two-phase system or dia- and ultrafil-

tration were not considered as optimal solutions due to the low concentration of AV. An investigation

of possible solutions to the mentioned challenges by applying HTPD was therefore included in the

second part of this work.

Differences in solubility were detected in the ATPS-screening experiments, and thus, the use of se-

lective protein precipitation for volume reduction and further purification of AV seemed promising. By

performing high-throughput precipitation experiments, solubility curves for AV and all contaminants

were generated. From these data, optimal conditions for the precipitation and further purification of

AV at elevated PEG-concentrations could be determined. In order to provide a seamless integration

of AV-precipitation in PEG-solutions with a subsequent extraction via ATPS, the precipitate was

completely re-dissolved in the homogeneously mixed ATPS prior to the phase separation. By this

integrated process, a purity of AV of 78% and a total yield of 91% was achieved. Finally, for the sep-

aration of the remaining impurity in the bottom phase (OV) from AV, chromatographic resins were

tested in high-throughput column chromatography experiments. In order to enable direct processing

of the salt-rich bottom phase via chromatography, resins for hydrophobic interaction and mixed-mode

(MM) chromatography were evaluated. A separation could be achieved using a MM-resin and a linear

reduction of the salt concentration during elution. The concentration of the impurities in the AV

elution pool were below the lower limit of quantification (LLOQ). For the reached concentration of

AV and the LLOQ of all impurities, the corresponding achieved purity of AV was 97.5%. During

development, data evaluation methods were developed, in order to fully take advantage of the time

savings gained by the experimental high-throughput methods. In conclusion, HTPD was successfully

employed and an effective alternative process for the purification of AV was identified and optimized
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in small-scale.

In the last part of this work, the method for performing high-throughput column chromatography

(HTCC) was investigated in detail, and limitations of this method were presented. Since commercial-

ization in 2007, the miniaturized columns investigated have been used in the field of protein purification

for resin screenings and for optimizations of load and elution conditions. However, the application of

HTCC for process development still goes along with questions, e.g. at which conditions and to what

extent the gained data are comparable to data obtained in traditional lab-scale or production-scale.

In order to eventually answer these questions, besides an investigation of scale-effects (e.g. via fluid

dynamic simulations), a detailed characterization of method-specific experimental parameters is re-

quired. In the presented study, the single and combined influences of pipetting accuracy, absorption

measurement in micro-titer plates, relative fraction size, flow interruptions, and salt step concentra-

tions in gradient elutions on qualitative and quantitative results were investigated experimentally and

by using simulations. It was shown that when applying suitable peak fitting, the influence of the salt

steps, by which the gradient is approximated, can almost be neglected. The cause for apparent higher

noise when performing salt gradient elution experiments was explained by using simulations for the

chromatographic separation of AV and LYS. The influence of the chosen flow rate was demonstrated

in conjunction with the flow interruptions, which are inherent in HTCC. The shown effects of various

method parameters are important for researchers aiming the determination of model parameters for

the calibration of chromatographic models via HTCC. The gained knowledge of method-specific effects

complement future comparability studies in which scale-effects are investigated.
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Zusammenfassung (deutsche Fassung)

Die vorliegende Arbeit ist in das Themengebiet Verfahrens- und Prozessentwicklung zur Aufreinigung

von biopharmazeutischen Wirkstoffen einzuordnen. Im Speziellen geht es um einen neuartigen Ansatz

zur Prozessentwicklung, der unter dem Sammelbegriff ‘Hochdurchsatz-Prozessentwicklung’ (HTPD)

zusammengefasst wird. Die Grundsätze von HTPD basieren auf Miniaturisierung, Parallelisierung und

Automation von Verfahren zur Proteinexpression und Proteinaufarbeitung sowie zur Proteinanalytik.

Vorwiegend dienen die Methoden zur Untersuchung von Moleküleigenschaften, der Evaluierung von

Prozessparametern sowie der Eingrenzung möglsicher Parameterkombinationen und Identifizierung

eines optimalen Bereichs für die finale Prozessauslegung. Im Bereich der Proteinaufarbeitung sind

Anwendungsbeispiele für Niederdruck-Flüssigchromatographie verschiedenster Trennprinzipien, Pro-

teinpräzipitation, Extraktion, Kristallisation, enzymatische oder chemische Modifikation sowie zur

Untersuchung von Löslichkeiten, Renaturierungsbedingungen, biophysikalischer Proteineigenschaften

(z.B. Hydrophobizitäten, Protein-Protein-Wechselwirkungen) und Stabilitäten bekannt.

In Analyse der Entwicklung von Hochdurchsatzmethoden und Umsetzung des HTPD-Konzepts in

der Industrie der letzten zehn Jahre wurden in der Einleitung zu dieser Arbeit derzeit noch offene

Fragestellungen und wesentliche Optimierungsbereiche identifiziert und erläutert. In der vorliegenden

Arbeit wurden Aspekte der dargelegten Fragestellungen in folgenden drei Teilbereichen bearbeitet:

1. Entwicklung/Optimierung von Analytikmethoden, die sowohl hochdurchsatzfähig sind als auch

hohen Anforderungen an Richtigkeit, Präzision und Robustheit erfüllen,

2. Anwendung von HTPD zur Aufreinigung des Hühnereiweißes Avidin,

3. Charakterisierung und Quantifizierung methodenspezifischer Phänomene und deren Einfluss

auf die Datenqualität anhand der aktuell gängigsten Methode zur Hochdurchsatz-Säulenchro-

matographie.

Im ersten Teil der Arbeit wurden Analytikmethoden entwickelt, mit denen sich der Probendurch-

satz erhöhen lässt und gleichzeitig eine zu traditionellen Methoden vergleichbare Datenqualität erzie-

len lässt. Zur Proteinanalytik, die höchste Richtigkeit und Präzision leisten kann, wird vorwiegend

Hochleistungs-Flüssigchromatographie (HPLC) eingesetzt. Meist erfordern HPLC Methoden jedoch

lange Analysezeiten (z.B. 20 – 60 min). Sie sind somit als Analytikmethode für HTPD kaum geeignet,

da hier eine dreistellige Anzahl an Proben pro Tag generiert werden kann. Um die Vorteile von

HPLC Methoden dennoch für HTPD nutzen zu können, wurde versucht, derzeit verfügbare Technik

(Trennmedien, Gerät und Konfiguration) effizienter auszunutzen.

Als erste Anwendung wurde die Analysezeit in der Größenausschluss-Chromatographie (SEC)

am Beispiel der Trennung von Antikörper-Aggregaten und -monomer optimiert. Charakteristisch

bei der SEC-Analyse sind die Verzögerungszeiten vor und nach Elution der zu bestimmenden Pro-

teinspezies, welche einen erheblichen Anteil der gesamten Analysezeit ausmachen können. Zunächst
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wurden verschiedene Trennsäulen hinsichtlich des besten Verhältnisses von Auflösung zu Analysezeit

evaluiert. Das Einsparen der inhärenten Verzögerungszeit zwischen Probeninjektion und der zuerst

eluierenden Aggregate konnte durch vorzeitige Probeninjektion in zwei ineinander verschachtelten

Programmsequenzen zur zeitlich getrennten Steuerung von Autosampler und Detektor erzielt werden.

Um darüber hinaus die Verzögerungszeit zwischen Elution von Antikörper-Monomer und den zuletzt

eluierenden Pufferkomponenten einzusparen, wurden zwei identische Trennsäulen gleichzeitig, jedoch

mit einer um die Elutionszeit von Aggregaten und Monomer verschobenen Probeninjektion betrieben.

Zwei Mehrkanal-Schaltventile wurden hierzu an Säulenein- und Säulenausgänge geschaltet, um die in-

jizierten Proben alternierend auf die Trennsäulen sowie die Elutionsphase alternierend zum Detektor

zu leiten. Die Steuerungsprogramme konnten so gestaltet werden, dass trotz der Zeitverschiebungen

jeder Probeninjektion das entsprechende Einzelchromatogramm für die Auswertung zugeordnet wer-

den konnte. Der Probendurchsatz konnte durch diese Betriebsweise im Vergleich zum traditionellen

Betriebsmodus nahezu verdreifacht werden, wobei bis auf zwei Säulenschaltventile keine weiteren In-

vestitionen für die Parallelisierung (z.B. zweiter Detektor) erforderlich wurde. Gleichzeitig konnte die

gleiche Datenqualität hinsichtlich Richtigkeit, Präzision und Robustheit wie im traditionellen Betriebs-

modus erzielt werden.

Das Prinzip der verschachtelten Probeninjektionen kombiniert mit parallelem Betrieb von zwei Säulen

ist nur bei isokratischer Elution, d.h. unter Verwendung desselben Laufmittels möglich und ist da-

her vorwiegend für SEC-Anwendungen geeignet. Die Vielzahl der Protein-Quantifizierungsmethoden

basieren jedoch auf der reversed phase (RP) HPLC, mittels welcher meist die höchsten Auflösungen

erzielt werden können. Für die in dieser Arbeit zu analysierenden Proteine Avidin (AV), Ovalbumin

(OV), Ovomucoid (OM), Ovotransferrin (OT) und Lysozym (LYS) wurde daher eine Hochdurchsatz-

Analytik mittels RP HPLC entwickelt. Eine Trennung konnte durch einen in drei Segmente un-

terteilten Gradienten erzielt werden. Basierend auf der entwickelten Methode für den Einsäulen-

betrieb wurde eine Tandem-Anwendung unter der Verwendung von zwei Säulen, zwei Mehrkanal-

Schaltventilen und der Aufteilung der Methode in zwei alternierend ablaufende Programme für die

Probeninjektion/Elution und Elution/Regeneration entwickelt. Zwei Versionen der Methode wur-

den etabliert, um die Verwendung mit sowohl einem ‘inline-split loop’ als auch einem ‘pulled-loop’

Autosampler zu ermöglichen. Im Unterschied zu veröffentlichten Anwendungsbeispielen des Tandem-

Betriebs für die ‘inline split-loop’ Konfiguration konnte durch Änderung der Ventilschaltzeiten die

Analysezeit um ca. eine Minute verkürzt werden. Des Weiteren zeigte sich, dass für schnelle Gra-

dientenmethoden im Bereich weniger Minuten und bei geringen Flussraten eine Hochdruckgradienten-

pumpe aufgrund der geringeren Gradientenverweilzeit gegenüber einer Niederdruckgradientenpumpe

zu bevorzugen ist. Mit der Tandem-Methode konnte für das gegebene anspruchsvolle Trennproblem

eine geringe Analysezeit von knapp über vier Minuten, eine niedrige Streuung im erwarteten Messbe-

reich von <1 % relativer Standardabweichung und gleichzeitig hohe Robustheit gegenüber Änderungen

in der Probenmatrix (z.B. Puffer, Konzentration) erzielt werden.

Als größter Nachteil einer schnellen HPLC Methode ist die aufwendige Methodenentwicklung zu

nennen. Als Alternative wurde daher die Verwendung von chip-basierter Kapillargelelektrophorese

(LabChip
R©

) als quantitative Hochdurchsatzanalytik evaluiert. Vor- und Nachteile der Technolo-

gie wurden im Vergleich zur HPLC Technologie anhand der generierten Daten mit dem Avidin-

Proteinsystem aufgezeigt. Ein Hauptvorteil ist, dass keine molekül-spezifische Methodenentwicklung

nötig ist. Als weitere wesentlichen Vorteile sind der hohe Automatisierungsgrad sowie das geringe

benötigte Probenmaterial zu nennen. Erhebliche Nachteile sind die limitierte Anwendbarkeit bei

größenähnlichen oder schlecht anfärbbaren Proteinen (im untersuchten Modellsystem wurde OM nicht
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detektiert), die Sensitivität gegenüber Änderungen in der Probenmatrix sowie die relativ geringe

Robustheit bei der automatisierten Peakintegration. Durch nötige manuelle Korrekturen bei der

Auswertung erniedrigte sich insgesamt betrachtet der Probendurchsatz signifikant.

Im Zuge der Methodenentwicklung für das Avidin-System wurde neben der Betrachtung der Rein-

heit und Konzentration mittels RP HPLC zudem eine Methode zur Aktivitätsbestimmung (HABA-

Assay) automatisiert. Der auf photometrischer Detektion basierende und typischerweise in Küvetten

ausgeführte Aktivitätsessay wurde im 96-well Mikrotiterplatten-Format für die Anwendung auf einer

Pipettierstation skaliert. Die Bestimmung des Messbereichs und Präzision zeigte zu Referenzmessun-

gen in manuellen Küvettenversuchen vergleichbare Ergebnisse. Mit dieser Methode reduzierte sich

das benötigte Probenmaterial auf ein Minimum von 20 µL sowie die Analysezeit auf ca. 45 Minuten

für 96 Proben.

Die Etablierung einer geeigneten Analytik für das Avidin-System war die Voraussetzung für die

Entwicklung eines alternativen Aufreinigungsprozesses mittels HTPD, deren Ergebnisse im Haupt-

und zweiten Teil dieser Arbeit präsentiert werden. Ausgehend von vorgereinigtem Eiweiß sollten die

verbliebenen Verunreinigungen OV, OM, OT und LYS in möglichst wenigen, kostengünstigen und

leicht kombinierbaren Prozessschritten von AV getrennt werden. Als Alternative zur Fest-Flüssig-

Chromatographie wurde zunächst die Extraktion in wässrigen Zweiphasensystemen (ATPS) evaluiert.

Ein Hauptziel war es, die aufgrund des ähnlichen isoelektrischen Punkts mittels Ionenaustausch-

Chromatographie als schwierig beschriebene Trennung von AV und LYS mittels ATPS effektiver

erzielen zu können. Die Charakterisierung des Zweiphasengebiets über Binodale und Konnoden sowie

das Ansetzen und Testen verschiedenster ATPS zur Trennung von AV und dessen Verunreinigungen

wurde in 96-well Mikrotiterplatten automatisiert auf einer Pipettierstation ausgeführt und die Pro-

teinkonzentrationen in Ober- und Unterphase mittels der etablierten Tandem RP HPLC Analytik

bestimmt.

Durch die Automation und den geringen Verbrauch an Probenmaterial von nur 50 µL Pro-

teingemisch pro ATPS konnte ein großer Parameterraum bestehend aus Polyethylenglykol (PEG)- und

Salzkonzentrationen, PEG-Molekulargewicht, pH-Wert und Natriumchlorid-Konzentrationen getestet

und deren Einflüsse auf das Verteilungsverhalten von AV und Verunreinigungen ermittelt werden. Mit

Reduzierung des molekularen Gewichts von PEG auf 600 kDa sowie der Addition von Natriumchlorid

zu 3 % m/m konnte in einem PEG/Phosphat-System eine für einen einstufigen Extraktionsschritt

äußerst effektive Reduktion von LYS um 99.7 % und von OM um 99.4 % erzielt werden. Für dieses

ATPS wurde eine Aufreinigung von AV etwa um den Faktor 6 in der Unterphase erzielt. In ATPS-

Versuchen im Labormaßstab konnten die Ergebnisse der Hochdurchsatzversuche bestätigt werden.

Obwohl mittels ATPS eine sehr gute Trenneffizienz erzielt werden konnte, bedurfte es einer wei-

teren Aufreinigung, um eine angestrebte Reinheit von Avidin mit > 99 % zu erzielen. Zudem konnte

in dem einstufigen ATPS insgesamt betrachtet keine Volumenreduktion erzielt werden, was für eine

großtechnische Realisierung des Prozesses nachteilig ist. Des Weiteren musste ein kostengünstiger

Weg für die Gewinnung von AV aus der Unterphase und den Transfer in eine für die Formulierung

geeignete wässrige Phase gefunden werden, wobei eine Rückextraktion oder Dia- und Ultrafiltration

wegen der geringen AV-Konzentration nicht als optimale Lösungen betrachtet wurden. Daher wurde

im zweiten Teil der Arbeit auch nach Lösungen für die genannten Fragestellungen unter Anwendung

von HTPD gesucht.

Bereits in den ATPS-Versuchen wurden Unterschiede in den Protein-Löslichkeiten festgestellt, so

dass der Ansatz einer Aufkonzentrierung von AV sowie eine weitere Abreicherung der Verunreinigun-
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gen über selektive Präzipitation nahe lag. Mittels Präzipitationsversuchen im Hochdurchsatz kon-

nten über die Aufnahme von Löslichkeitskurven optimale Bedingungen zur Präzipitation von AV bei

erhöhten PEG-Konzentrationen ermittelt werden und eine weitere Aufreinigung erzielt werden. Um

eine nahtlose Integration von AV-Präzipitation in einer PEG-Lösung mit anschließendem ATPS zu

erzielen, wurde das Präzipitat direkt in der Zusammensetzung des sich anschließenden ATPSs rück-

gelöst und anschließend die Phasenseparation durchgeführt. Durch den integrierten Prozess konn-

te eine AV-Reinheit von 78 % bei einer Gesamtausbeute von 91 % erzielt werden. Abschließend

wurden in Hochdurchsatz-Chromatographieversuchen auf einer Pipettierstation Chromatographieme-

dien für die Trennung der in der Unterphase verbliebenen Verunreinigung OV von AV getestet. Um

ohne Konditionierung der salzreichen Unterphase eine chromatographische Trennung durchführen zu

können, wurden Harze zur hydrophoben Interaktionschromatographie und Mixed-Mode (MM) Chro-

matographie untersucht. Letztlich konnte mit einem geeigneten MM-Harz durch lineare Erniedrigung

des Salzgehalts bei der Elution eine Trennung erzielt werden. Verunreinigungen ließen sich im AV-

Elutionspool mit der gewählten HPLC Analytik nicht mehr nachweisen, so dass unter Berücksichtigung

der Konzentrationen und Nachweisgrenze der Analytik die erzielte AV-Reinheit mindestens 97.5 %

betrug. Während der Arbeit wurden Methoden zur automatisierten Datenauswertung entwickelt, um

den Zeitgewinn durch schnelle Labormethoden ohne Leerlaufzeiten voll ausnutzen zu können. Durch

erfolgreiche Anwendung des HTPD-Ansatzes konnte somit eine effektive Prozessalternative für die

Aufreinigung von AV identifiziert und im miniaturisierten Maßstab optimiert werden.

Im abschließenden Teil dieser Arbeit wurden die Methode der Hochdurchsatz-Säulenchromatographie

genauer untersucht und Limitierungen der Methode aufgezeigt. Die verwendeten, miniaturisierten

Trennsäulen werden seit der Kommerzialisierung in 2007 zum Testen verschiedener Trennmedien zur

Proteinaufreinigung als auch zur Optimierung von Beladungs- und Elutionsbedingungen auf einer

Pipettierstation eingesetzt. Einher mit dem Gebrauch der Methodik gehen die immer noch offe-

nen Fragestellungen, inwiefern und zu welchen Bedingungen die erzielten Daten mit den im tradi-

tionellen Labormaßstab oder auch großtechnischen Maßstab erzielten Ergebnisse vergleichbar sind.

Um diese Frage letztlich beantworten zu können, bedarf es, neben der eigentlichen Untersuchung von

Maßstabseffekten (z.B. über Strömungssimulationen), der genauen Charakterisierung der methoden-

spezifischen Parameter wie z.B. des gewählten Fraktionierungsschemas. Sowohl experimentell als auch

unter Verwendung von Simulationen wurden qualitativ und quantitativ die Einflüsse von Pipettierge-

nauigkeit, Absorptionsmessungen in Mikrotiterplatten, relative Fraktionsgröße, Flussunterbrechungen,

Salzstufenkonzentrationen in Gradientenapplikationen als Einzelparameter und in Kombination er-

fasst. Die Ursachen für vermeintlich höheres Messrauschen bei Gradientenelutionen konnten in Chro-

matographiesimulationen am Beispiel der Trennung von AV und LYS erklärt werden. Des Weiteren

wurde gezeigt, dass durch geeignetes Peakfitting der Einfluss der Salzstufen, mit denen der Gradi-

ent approximiert wird, nahezu vernachlässigbar wird. Der Einfluss der gewählten Flussrate wurde

im Zusammenspiel mit den bei Salzgradientenelutionen nötigen Flussunterbrechungen dargelegt. Die

gezeigten Einflüsse verschiedenster Parameter sind für Anwender, die mittels dieser Hochdurchsatz-

Methodik Adsorptionsparameter bestimmen und ein chromatographisches Modell kalibrieren möchten,

von Bedeutung. Die erzielten Erkenntnisse über die rein methodenspezifischen Effekte komplemen-

tieren zukünftige Arbeiten, in denen Effekte, die alleinig auf Maßstabsunterschiede basieren, unter-

sucht werden.
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1 Introduction

1.1 Protein purification

Proteins play an important role in our everyday lives. Industrially manufactured proteins are used in

food, chemicals, cosmetics, and pharmaceutics either as active compound (e.g. enzymes, therapeutic

proteins) or for aiding product formulation (e.g. gelatine, whey proteins). A large group of applied

proteins originates from plants or animals. With the introduction of recombinant protein expression

techniques, however, an increasing number of proteins are manufactured in large-scale using genetically

modified organisms. Regardless whether the protein of interest (POI) is derived from natural sources

or is expressed by cultivated organisms, purification is challenging as the number of impurities is

vast. The removal of these impurities is achieved by a sequence of separation operations referred to as

downstream process. Most process-related impurities originate from the host organism, such as cell

fragments, DNA, RNA, host cell proteins (HCP), lipids, glycosides, endotoxins, etc. Other process-

related impurities originate from the cultivation media or are introduced during the downstream

process by the applied techniques. Product-related impurities are proteins differing only slightly in

the amino acid sequence, by charge, or by post-translational modifications, such as glycosylation,

phosphorylation, (de-)amidation, hydroxylation as listed in [17, 127].

From the variety of impurities it becomes clear that the efforts required in order to obtain pure POI

can be very high and costly. Due to the high complexity of extracts from natural sources or cultivation

fluids, a sequence of several purification steps is typically required to achieve the desired purity. For

the purification of a POI (including the removal of water/solvent), common mechanical and thermal

engineering process steps are applied, such as filtration, centrifugation, solid-liquid chromatography

and liquid-liquid extraction. In contrast to separation of (bio-)chemical compounds of low molecular

weight, protein bio-separations are usually performed at moderate conditions regarding pH, temper-

ature, shear stress, and content of organic solvent, in order to maintain the biological functionality of

the POI. An overview of the prevalent separation techniques along with the underlying biophysical

parameter and the common purpose of the process step is given in Table I.

The selection of a purification technique and its process parameters is based on the biophysical

properties of both the POI and the impurities. These properties are given by the sequence of amino

acids the POI is composed of resulting in a three-dimensional structure of certain size, hydrophobicity,

number and distribution of charged groups. As the charge of the amino acids changes with pH, proteins

feature a titration curve with a net charge of zero at the isoelectric point (pI). Differently charged

proteins can therefore be separated by using ion exchange adsorption when selecting suitable pH and

salt conditions. The composition and sequence of amino acids of the POI results in hydrophobicities

unique for each protein. The hydrophobicity depends on the distribution of nonpolar and polar patches

on the protein surface. Due to structural flexibility and the buffering property of proteins, apparent

hydrophobicity and solubility of a protein are functions of the solvent properties, such as content of

salts, organic compounds, pH and temperature. The attempt to identify correlations between solubility
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1 INTRODUCTION

and hydrophobic character of a protein with the retention behavior on hydrophobic chromatographic

resins [60, 77, 121, 88] and the distribution in aqueous two-phase systems [4, 60, 3, 91] is part of

extensive research. Besides charge and hydrophobicity, differences in the molecular sizes of proteins

can be utilized for separation. However, in comparison to other purification techniques separation

processes based on filtration or size-exclusion feature either low resolution or low capacity.

Table I Overview of prevalent techniques used in protein purification processes, the underlying
biophysical parameter, and the purpose of the step. V : liquid volume.

Unit operation Parameter Purpose

Centrifugation Density Removal of cells (+debris)

Filtration:
Depth Hydrodynamic radius Removal of cells (+debris)
Micro Hydrodynamic radius Removal of cells (+debris)
Ultra Hydrodynamic radius Classification
Nano Removal of small molecules, reduction of V

Precipitation Solubility Purification, reduction of V

Crystallization Solubility Purification, reduction of V , formulation

(Aqueous) two-phase extraction Solubility, hydrophobicity Purification, removal of cells (+debris)

Chromatography:
Ion exchange Electrostatic properties Purification, reduction of V
Reversed phase Hydrophobicity Purification, reduction of V , buffer exchange
Hydrophobic interaction Solubility, hydrophobicity Purification, reduction of V
Size-exclusion Hydrodynamic radius Purification, buffer exchange
Affinity Specific affinity Purification, reduction of V
Mixed-mode Electrostatic properties, Purification, reduction of V

hydrophobicity

Within the last decades, new integrated protein purification techniques have been evolved that

are based on new principles at both molecular level regarding biophysical interactions and process

engineering level regarding new equipment. For example, mixed-mode chromatography resins feature

ligands with both polar and unpolar characteristics. With such resins, a separation of proteins which

elute similarly from ion exchange or hydrophobic interaction chromatographic resins can be achieved.

Improved engineering solutions for integrated processing and increased productivity are expanded

bed adsorption [19, 59], magnetic separation [104, 39], and a variety of techniques for continuous

processing (e.g. simulated moving bed [107] and counter-current liquid-liquid chromatography [118]).

Which technique is applied depends first of all on the purity requirements and targeted ratio of

production costs to sales pricing. In this work, focus was laid on the costly therapeutic proteins

and their purification process development, in which bead-based chromatography is still the prevalent

technique used.

1.2 Purification process development for therapeutic proteins

Therapeutic proteins are often referred to as biopharmaceuticals. This class of drugs cover a wide

range of peptides, enzymes, hormones and larger proteins, such as antibodies and coagulation factors.

They are classified due to their mode of effect as given by Leader et al. [74]. The major advantage of

biopharmaceuticals certainly is their specific interaction and mode of effect within the human body.

Most biopharmaceuticals feature such high complexity that chemical synthesis is not possible with

current methods. In the second half of the 20th century the increasing understanding of biochemical

processes in the human body paired with recombinant DNA technology and significant advances in

large-scale cultivation technology led to a revolution within the pharmaceutical market. The industrial

production of proteins which naturally occur in the human body became possible. Thus, not only

extraction processes from human or animal blood or tissue could be replaced, but also the production
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1.2 Purification process development for therapeutic proteins

volume of these products significantly increased. The first recombinantly produced insulin licensed

by Eli-Lilly in 1979 certainly poses the most prominent example of this development. Furthermore,

technological advances and the increasing understanding of human diseases resulted in new types of

therapies of human diseases, such as the use of humanized antibodies for cancer therapy and auto-

immune disorders.

‘Eroom’s law’

The market of biopharmaceuticals has been growing strongly since the last quarter of the 20th century.

The share of biopharmaceuticals within all licensed drugs was 18% in 2012 with US$ 169 billion and

is forecast to increase to 19–20% in 2017, hence, achieving about US$ 220 billion in sales per year

[62]. Remarkably, five of the top-ten selling biopharmaceuticals are antibodies making alone US$ 42.4

billion [112]. However, despite growth and strong sales numbers, the pharmaceutical industry is strug-

gling with increasing costs per drug marketed. A market review of Scannell et al. [106] revealed that

over the last 60 years the number of approved drugs per billion US$ spent in R&D has halved every

nine years as shown in Figure 1. This trend is referred to as the Eroom’s law (Moore’s law backwards

[106]) relating to the known phenomenon in IT industries, in which the number of transistors that

can be placed on an integrated circuit for similar costs is doubled every two years. As reviewed by

Morgan in 2011 [86], numbers stating the costs of one single drug entering the market vary much. In

2013, costs were estimated to possibly sum up to US$ 1.3 – 5.5 billion [55, 83] by taking into account

the costs for drug candidates that fail in clinical trials. Among all industries, spendings for product

development in R&D is by far the highest in pharmaceutical industries making 14.4% of net sales

followed by software and computer services (9.9%), and the automobile industries with 4.2% (data

from 2012, [34]).
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Figure 1: Development of expenses spent in Research and Development (inflation-adjusted) per marketed
drug in billion US$. Reproduced from [106].

Among the reasons diagnosed for this development ([106, 85]) are the increasing development

costs for processes and clinical trials and the increasing requirements from regulatory authorities

regarding documentation of safety and efficacy. In particular, expenses for testing drugs in patients

during clinical trials are high. Ten to fifteen years pass from the identification of a potential active

pharmaceutical ingredient until entering the market. Companies aim to reduce ’time-to-market’ for

obvious reasons. This is attempted by reducing the time spent during drug discovery, process and

formulation development, as time-lines during clinical phases can often not be further decreased.

However, maybe equally important to the reduction of ’time-to-market’ is the ’time-to-failure’, because
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the late recognition of insufficient efficacy or occurring side-effects in late clinical phases is extremely

costly. As described in the first section, the development of a purification process is a complex task

due to high number of impurities in the starting material (e.g. cultivation broth or tissue extract) and

due to an impurity profile being unique for each expression strain and molecule. Costs for downstream

processing development and production do not increase linearly with increasing purity requirements

but rather increase exponentially making production costs of biopharmaceuticals with purities of 90%

up to >99.9% particularly expensive. Another cost-driver are modifications during the downstream

process, such as pegylation or ligation of functional side chains causing additional costs for side chains,

reaction agents and require further purification due to new side products generated.

Pressed by the need of decreasing time-lines and costs, the way processes are developed has been

questioned. In the past, processes were developed mainly driven by heuristic rules and experimental

work on a trial-and error basis. Current alternatives and new approaches address an optimization of

throughput and efficiency of downstream process development[49, 50]:

• Fusion protein technology

By recombinant fusion technology the amino acid sequence of the POI is prolonged during expres-

sion by an additional tag. This tag sequence features specific affinity to another molecule thus en-

abling a highly-selective purification of the tagged POI via affinity chromatography (large-scale)

or functionalized magnetic bead separation (lab-scale). A removal of the tag after capturing of

the POI can be achieved by enzymatic cleavage. Pairs of tag-ligand exist for protein–protein,

protein–small biological ligands, peptide–protein, or peptide–metal chelating ligands as recently

reviewed by Pina et al. [95]. The technology is mostly applied in the screening phase of new

proteins, since sufficient purity for subsequent efficiency tests can be achieved by one standard-

ized step. This is of major significance in the early-phase of drug development where only a few

milligrams of each protein are needed. The advantage of a more selective capture of the POI

might, however, also be economical for the final production process. Furthermore, by fusion

tags biophysical properties, e.g. stability, can be beneficially altered, and thus, the downstream

process improved.

• Platform-approach

The platform-approach describes the attempt to standardize the sequence of a purification pro-

cess which is applied for a class of molecules. The most prominent example of this approach are

the antibody purification platform processes [35, 109]. By standardization of the sequence of

the process steps, further development is limited to fine-tuning of the process parameter ranges

while the steps and techniques are set, and thus, experimental development work can be sig-

nificantly reduced. Furthermore, pilot and production facilities can be employed for a whole

class of antibodies without the need for rebuilding the facility. With an increasing number of

molecules manufactured via a given platform process, another benefit from this approach is,

that a data base on the process steps used is generated which can be used in risk evaluation

of process parameters criticality for new and similar molecules. However, the development of a

platform is challenging for other molecule classes than monoclonal antibodies because this pro-

cess is mainly based on the outstanding selectivity of the first Protein A capture step achieving

antibody purities of >95%.

• Model-based process development

The increasing computational power seen within the last two decades enabled a more detailed

modeling of molecular interactions as well as transport phenomena. Molecular dynamics sim-

ulations are used to mechanistically describe differences in the chemical potential of proteins,
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solvent, and adsorbents at varying physico-chemical conditions. Attractive and repulsive forces

on molecular level are correlated to aggregation, adsorption and desorption on a macro-level

[73, 27, 125, 72]. Often, more simplified models, such as the Langmuir model or the steric-mass

action model, are used to describe protein adsorption in dependence of the ionic strength. Ex-

tended models take several parameters, such as the modifier concentration and pH, into account

[10, 22]. Chromatographic adsorption models are combined with models describing the trans-

port phenomena known from chemical engineering science and in some cases by also accounting

for diffusional hindrance of proteins in the resin pores [48, 42, 84, 108, 25]. The description

of processes (model) and their predictive application (simulation) for process optimization and

robustness analysis can result in a significant reduction of costs and time, however, is obvi-

ously depending on both the suitability of the model and the accuracy of the experimental

data used for model calibration. The determination of model parameters of reasonable quality

often poses a major challenge when applying modeling. Besides the determination of model pa-

rameters by experiments or via numerical fit routines, statistical methods such as quantitative

structure-property relationships (QSPR) are used to describe a chemical property based on the

molecule structure [64]. The identified descriptors are then correlated to macroscopic behavior,

e.g. adsorption and partitioning.

• High-throughput process development

The miniaturization of experiments and their automation by using liquid handling stations

enable the screening of more parameter combinations while requiring less material and time in

comparison to traditional experimental methods. This results in both a reduction of costs and

increased process knowledge at early stages of the process development, and thus, in fast(er)

identification of process conditions and optimization. This approach is in particular focus of

this thesis, and therefore, terminology and further information will be elucidated in detail in the

following.

While each of the above stated methodologies have the potential to improve process development

in terms of reducing time-lines and costs, state-of-the-art bioprocess development is a combination of

technologies, also referred to as ‘hybrid’ process development [90, 50].

1.3 High-Throughput Process Development

1.3.1 Terminology

Within the last decade, several terms have been used in literature describing the application of high-

throughput methods in process development. However, the terminology used is not consistent, and

therefore, the author gives an overview on the terms used in this work:

• High-throughput

The term high-throughput screening originates in the 1990s and describes major advances of

experimental methods in drug discovery [11, 15, 110]. Improvements in computational techniques

and robotics in combination with (bio-)chemical assays enabled the rapid screening of potential

drug candidates of low molecular weight (high-throughput screening, HTS). In the field of drug

discovery, therefore, the term ‘high-throughput’ refers to a screening of several thousands of

samples per day. A throughput of even more than 100.000 samples per day was outlined by

Hook in 1996 [57], anticipating the development of micro-array technologies.
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In this work and in the field of protein purification, the term ‘high-throughput’, however, is

already used when performing dozens or hundreds of experiments per day rather than thou-

sands. The reason for these differences in sample throughput lies in the complexity of processes

applied for protein purification and constraints to the minimal reasonable scale. As in compar-

ison to traditional laboratory method such experimental methods lead to a significant gain in

throughput, using the term ‘high-throughput’ might nevertheless be justified.

• High-throughput experimentation (HTE)

High-throughput experimentation (HTE) refers to experimental methods that are based on

miniaturization, parallelization, and automation leading to a significant increase in sample

throughput. In this work, HTE is considered only in the field of protein purification and refers to

small-scale models for typical process unit operations. Liquid handling stations and micro-titer

plate (MTP) formats (e.g. 96-well, 384-well plates) are considered as essential elements in HTE.

• High-throughput analytics (HTA)

In the analytical field, the counterpart of HTE is referred to as high-throughput analytics (HTA).

In this work, HTA refers to all kinds of methods for protein analysis featuring a high sample

throughput, a high degree of automation, and the possibility of handling small sample volumes.

• High-throughput process development (HTPD)

In this work, HTPD is considered as the methodology of developing manufacturing processes for

peptides and proteins by combining the elements of HTE and HTA, and thus, reducing expenses

for material, manual work, and time. While the term HTPD comprises the full chain of process

development consisting of up-, downstream, and formulation processes, in this work, the focus

lies on downstream processing. The experimental part is supplemented by the application of

computational tools, e.g. mathematical modeling. Although rarely mentioned in literature, for

a functional HTPD-approach, suitable techniques for data evaluation, data managing and time-

management tools for synchronization of working routines are essential elements complementing

HTE and HTA.

1.3.2 The evolution of HTPD - a literature review

In the beginning of a development resulting in the current form of HTPD, principles of HTS as known

from drug discovery were adapted for the use in bioprocess development. In first publications in the

beginning of the 21st century, it was the use of multi-well micro-titer plates rather than the use of

liquid handling stations which was adapted first and stated as HTS. Methods were developed for strain

selection, protein production for biochemical assays, and enzymatic conversions [113, 126, 79, 2]. In the

field of downstream processing, the first publications on HTS were presented for sample conditioning

in protein crystallization screenings [114] or for chromatographic separation by batch adsorption [119,

100]. The development of new hardware for HTE in the field of liquid chromatography certainly

poses an important milestone. Chromatographic processes are, on one hand, most-often used for the

purification of biopharmaceuticals, but, on the other hand, are also very time-consuming to develop.

With the introduction of commercially available hardware and its application described in several

publications [111, 9, 23, 14, 129, 20, 99, 123], a market was served, that desired a revolution of the

traditional experimental approach. Interestingly, a significant fraction of initial studies were published

from industries, a fact which demonstrates the industrial need for speeding up the time-consuming

purification process development.
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An increasing focus on HTE led to the development of methods covering almost the whole spec-

trum of protein separation science by transferring traditional laboratory methods into a micro-plate

format, which enabled parallelization and automation [21, 69] on liquid handling stations. Besides

chromatography, the range of published methods covers solubility and precipitation [130, 66, 93, 8],

protein refolding [124, 7], crystallization [114, 61], two-phase separation [6, 92, 91, 93], and filtration

[18, 63, 98, 65].

From the advances in HTE it very soon became clear that increasing the number of generated

samples does not necessarily lead to an overall acceleration of the process development work. The

access to analytical methods matching the speed of HTE was identified as a major bottleneck. In recent

years, new types of bioanalytical devices have entered the market which are capable of processing a

high number of samples in short time and can be combined with automation platforms (e.g. chip-

based capillary electrophoresis, immunoassays in MTP or on centrifugal disc, MTP confocal imaging,

ultra high performance liquid chromatography coupled with mass spectrometry, MTP dynamic light

scattering, surface plasmon resonance [13, 120, 40]). Besides new hardware, various new analytical

methods have been developed addressing the need for high-throughput and also taking the low sample

material available into account [36, 37, 52, 51, 102]. A generic approach to select suitable analytical

methods to complement HTE has recently been presented by [67]. With HTE and HTA going hand

in hand and a synchronization of working routines, the term HTPD became eventually meaningful.

Another aspect of HTPD is the increasing use of computational methods for modeling of structural

protein properties and protein separation, as modeling provides the possibility of both increasing

throughput and saving experimental work. In an optimal scenario, experimental data obtained by

HTE and HTA are used to calibrate empirical or mechanistic models that can then be used for

process optimization and prediction of scale-up scenarios. Several studies have been published from

researchers in academia demonstrating such ‘hybrid’ approaches on protein model systems for single

unit operations [101, 116, 89, 88, 94]. Furthermore, a high-throughput of samples enables the use of

strategies for the design of experiments that would not be feasible using traditional methods. Besides

the use of experimental designs of higher resolution, the application of genetic algorithm or simplex

algorithm combined with HTE has been reported [117, 122, 67].

The evolvement of methods applied in both academia and industries is accompanied by a dedicated

conference series which started in 2010 (‘HTPD’, www.htpdmeetings.com). Here, in discussion across

institutions and industries, other potential bottlenecks in HTPD have been identified, namely generic

methods for data evaluation, data handling and data management. Processing of large data sets can

not be performed adequately without automated evaluation procedures and, furthermore, instrument

software packages need to be compatible to the software that is used for data processing and storage

[75].

In summary, HTPD has evolved from a set of single, customized screening methods to a toolbox

containing items for both experimentation and analytics. The success of HTPD in biopharmaceu-

tical industries is based on the major advantages of providing a high degree of automation, a high

number of experiments, and, most importantly, a reduction of time for the identification of suitable

process parameters. Furthermore, HTPD fits into the ‘Quality-by-Design’ initiative [38] by providing

the opportunity to exploit the parameter space to greater extent, and thus, to gain better process

understanding [12, 69].
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1.3.3 Implementation and challenges of HTPD

The methodology of HTPD is considered state-of-the-art in early-phase bioprocess development [50].

However, the implementation on HTPD can pose a complex task. A schematic of an HTPD imple-

mentation process sketched from the author’s point of view in relation to the net benefit achievable is

shown in Figure 2. A ‘benefit’ is considered the improvement in at least one of the following: a reduc-

tion of development time and hence costs, or an increase in process knowledge relevant for identifying

robust and close to optimal process conditions.

Figure 2: Illustration of qualitative increase in the benefits from HTPD with different implementation phases.
The gray shaded line outline the variability in this qualitative trend curve given by differences from case to
case.

The start-up phase of the implementation of HTPD (Figure 2-a) is characterized by a series of

investments, typically the acquisition of a liquid handling station and other supplementing hardware.

HTE requires consumables that are typically for single-use and more expensive than traditional lab-

ware. In a first learning phase, published experimental methods are used as starting points, and

training and time for gaining experience are required. The development of generic methods applicable

to a broad spectrum of protein systems while avoiding over-optimized and too complex methods might

require a large initial investment until eventually HTE is successfully applied (Figure 2-b). If sample

preparation (e.g. ultra-, diafiltration) cannot be automated in small-scale, or treatments specific to

the protein system are required, degree of automation and speed of the adjusted methods are com-

promised. Whether the application of HTE at this stage already poses a benefit to the organization

might depend on the chosen application and the willingness to invest in method development and

dedicated personnel. A potential gap between the achieved level of HTE and the expectations at

this phase might result in disappointment and potentially in even stopping further investment in the

HTPD-program.

In the case where HTE has been implemented successfully, the bottleneck caused by low analytical

throughput becomes instantly obvious. Further investments in both analytical method development

and analytical equipment compatible with HTE are required (Figure 2-c). Resources need to be

available for adapting published methods or developing adequate methods from scratch. Again, there

is a risk of developing methods that are too specific to be applied to other molecules in the pipeline. The

selection of generic analytical techniques and a reduction of method development times significantly

contribute to successful implementation of HTA (Figure 2-d). If experimentation and analytics are

8



1.3 High-Throughput Process Development

performed in different parts of an organization, the experimental workflow needs to be coordinated, a

fact which needs to be considered in the early planning phase.

The increasing amount of data that comes along with HTE and HTA requires evaluation proce-

dures unknown from typical laboratory experiments. While, for example, three samples are obtained

from a common chromatography experiment (application, wash, and elution pool), a comparable ex-

periment in HTE-mode using 96-well filter plates would generate about 6–12 samples per experiment

(well), because wash and elution are performed in repetitive cycles [23]. Considering a total of ap-

proximately 600 – 1200 data points from one 96-well plate, potentially several experiments per day,

and furthermore, the need for cherry-picking and sorting samples in preparation for applying different

types of analysis, manual analysis is not feasible any longer. Methods for the automated data eval-

uation and data storage need to be developed requiring further investment in method development

(Figure 2-e). Accessibility of data from various control software packages might pose a first hurdle

to overcome. Suitable evaluation methods would feature automated sorting of data and calculation

of relevant information with subsequent storage of data in common formats. Implementing sufficient

flexibility in order to handle data also when experimental methods change might be one of the essential

learnings (Figure 2-f). With all relevant elements of HTPD implemented, continuous improvement can

be expected (Figure 2-g) by increasing experience in HTPD and a growing method toolbox, but also

due to growing data bases. These contain knowledge applicable to molecules of the next generation.

Considering current topics in the field of HTPD (www.HTPDmeetings.com) and by taking available

literature into account, the following issues in the field of HTPD still require further improvement:

1. Demonstrating the application of HTPD using various molecule classes

A large fraction of published HTE- and, in particular, HTA-methods were developed and used

for the development of antibodies or antibody fragments purification processes (e.g. [36, 66, 92,

123]). Other published methods were developed using artificial model systems consisting of two

or three model proteins [117, 94, 51]. Demonstration of HTE- and HTA-methods to industrial-

relevant systems apart from the well-known antibody platform is therefore highly desired.

2. Extending the HTA-toolbox

Due to the demonstration of HTE-methods using simple protein systems, the requirements on

the analytical techniques were often low and easily fulfilled by using photometric measurements

in plate readers. In order to completely remove the analytical bottleneck, the portfolio of HTA-

methods needs to be further expanded for more complex protein systems and by methods with

highest precision.

3. Understanding scale-down effects

Since the introduction of HTPD, questions and concerns are raised regarding the degree of com-

parability of HTE-data to data obtained by traditional laboratory methods. In general, data

comparability is stated sufficient for fulfilling the needs in early-phase process development, that

is, a reduction of the parameter space by screenings of process parameters and chromatographic

phases. With the intention of expanding the use of HTPD to later phases of process develop-

ment the requirements on data quality are, however, significantly higher. For detailed process

optimization or process characterizations using HTE-methods, it is essential to know whether

differences seen in data from different scales/methods are caused by the experimental parame-

ters (method-specific) or by physical effects (scale-specific). Further studies of scale-effects are

therefore required in order to better understand chances and limitations of the miniaturized

methods [68, 41].
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4. Understanding experimental errors of scaled-down methods

In order to assist the mentioned scale comparability studies and hence make HTPD an acknowl-

edged tool in a Quality-by-Design strategy, the variances introduced by the HT-method need

to be characterized. With this knowledge, scaling effects would become distinguishable from

method-specific effects. A better understanding of the experimental errors paired with further

knowledge on scale-effects eventually lead to further acceptance of HTPD in industries and by

regulatory authorities.

5. Establishing standardized methods for generic data evaluation and data management

While commercial software applications for the control of HTE- and HTA-instruments are typ-

ically easy to use, user-friendly applications of data transfer, data evaluation and data storage

are commonly developed in-house. Increasing standardization of data formats as well as devel-

opment of generic evaluation routines flexible enough for a variety of experimental approaches

would facilitate simpler access to methods and data [75] and hence, reduce reservations towards

HTPD.

This work presents contributions to challenges 1, 2, and 4 described above. The identification and

development of a suitable HTA-method applicable to the chosen, industrially-relevant protein system

of avidin represents an essential part of this work. Furthermore, achieving both high accuracy and

high precision was prioritized during the development of HTA-methods. In order to shed light on the

method-specific variances obtained in HTE, a detailed characterization of a HTE-method for column

chromatography was performed.

1.4 The used avidin protein system

As model system, the purification of avidin from pre-treated hen’s egg white was chosen.

1.4.1 The interest in avidin

The protein avidin has drawn attention of researchers in the field of biology, nutrition science, and

pharmacology due to two outstanding properties. First, avidin is very stable at rather extreme pH-

values and temperatures [45]. Second, avidin features very high affinity to biotin. In the 1940s,

observations of toxic reactions in animals when administrating a diet of raw or dried egg white was

explained by the presence of avidin in egg white binding to the essential nutrient biotin (vitamin H)

[31, 32, 115, 71]. In the 1960s and 1970s, research groups of Green and DeLange crucially contributed

to the knowledge on the amino acid sequence and structure of avidin, and the biotin-binding site.

They also published methods on the fractionation and purification of avidin from egg white [43, 82,

44, 45, 26, 58]. In the following decades, assays based on the avidin-biotin interaction were developed

for the use in bioanalytical methods for diagnostics, immunology or affinity-based separation [131,

132, 133, 87, 81]. Pioneering work was done by the working group of Bayer and Wilchek providing a

comprehensive list of publications, reviews, and innovative applications of the avidin-biotin-technology

[33]. In a pharmaceutical context, avidin-biotin technology has gained interest for intelligent drug

delivery [105, 134] or targeting biotin-labeled drugs for controlled inactivation [53]. Recombinantly

manufactured streptavidin and modified forms were found an alternative to avidin featuring very

similar properties regarding the binding to biotin [78, 70]. Recombinant manufacturing of avidin

appears desirable and was reported feasible however with low titers (<10 mg/L [1]). Extraction of

avidin from egg white might still be the most economical method, as several other egg white proteins

that are obtained during the fractionation process can also be commercially used. The growing field of
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applications of the avidin-biotin technology led to an increasing demand of purified avidin. In order to

fulfill the demands, existing manufacturing processes are reviewed and optimized aiming a reduction

of purification costs of avidin.

1.4.2 Properties of the avidin protein system

The avidin dry mass fraction of egg white protein is only 0.05%. Pre-treated egg white (after removal

of insoluble mucin, lipids, water, and a large fraction of albumins) was used for the intermediate

purification and polishing of the avidin (AV). The major impurities in this starting material were

ovalbumin (OV), ovotransferrin (OT), ovomucoid (OM), and lysozyme (LYS). In this work, it was

therefore focused on the separation of avidin from these four impurities.

Avidin consists of four identical subunits each composed of 128 amino acids [26]. The four subunits

have a total weight of 57.4 kDa. The difference to the experimental weight of the naturally occurring

tetrameric avidin (66.0 – 68.3 kDa [47, 46, 76]) is explained by the high degree of oligosaccharides

attached to amino acid asparagin 17 of each subunit. Each subunit binds non-covalently one biotin

molecule with extraordinarily high affinity (dissociation constant of kd ≈ 10−15 [43]). The biotin-

binding activity was found the same for native glycosylated avidin compared to non-glycosylated

avidin [56]. The transition temperature indicating thermal denaturation of avidin and the avidin-

biotin complex is 85◦C and 132◦C, respectively [28].

In Table II, biophysical properties of avidin and the major impurities in ovomucin-free egg white are

summarized.

Table II Selected properties of egg white proteins used in this study. Stated data are
considered average values as isoforms are not taken into account. Data from [16]

Protein Mass fraction in total protein Molecular weight Isoelectric point
(%) dry mass (kDa) (-)

Avidin 0.05 66.0–68.3 10.0
Ovalbumin 54 45–46.0 4.5
Ovotransferrin (Conalbumin) 12.0–13.6 76.0–80.0 6.1–6.6
Ovomucoid (Ovotrypsin-Inhibitor) 11.0 28.0 3.9–3.5
Lysozyme 3.5 14.3–14.6 10.7

1.4.3 Purification of avidin

Extraction and purification of avidin in large-scale is cost-intensive, in particular when considering

the high purity (>99%) demanded for the use as active pharmaceutical ingredient. Commonly, frac-

tionation of egg white proteins is achieved by precipitation using inorganic salts, such as ammonium

sulfate, or organic solvents, such as ethanol, followed by ion exchange chromatography and gel filtra-

tion [128, 82, 5]. With the given differences in the isoelectric points of avidin and its impurities (Table

II), a charged-based separation appears promising and is, in fact, the pre-dominantly used technique

for the purification of AV reported in literature. A review on avidin purification processes based on

ion exchange chromatography was given by Durance [29]. When using ion exchange chromatography,

the separation of avidin and lysozyme poses the main challenge to be overcome by the selection of

suitable ligands and solvent systems. Piskarev et al. [96] obtained an AV purity of approx. 99%, how-

ever, employed a concave gradient and high-pressure cation exchange chromatography, which comes

with limitations when scaling-up. Limitations regarding scaling-up is also the disadvantage of the

approach Rothemund and co-workers presented [103]. In their work, avidin was effectively separated
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from lysozyme in a two-step filtration process using an electrophoresis instrument with a recovery of

60%-65%.

The high affinity of avidin to biotin provides the possibility to capture effectively avidin by using

biotin-tagged ligands. The application of affinity-based techniques was reported in several studies

already in the 1960s [80, 24, 54]. However, a preparative application of biotinylated resins is not

favorable due to both harsh elution conditions required and high resin manufacturing costs. An

alternative affinity-based method was presented by Rao et al. in 2002 [97] by selectively eluting avidin

from a weak cation exchanger with 4’-hydroxy-azobenzene-2-carboxylic acid (HABA), that binds to

avidin similarly selectively as biotin. In contrast to the biotin-avidin complex, the HABA-avidin

complex can be disrupted under less harsh conditions (e.g. 0.2 M acetic acid), however, a subsequent

dialysis step is required.

As a separation of lysozyme and avidin via charged-based separation is challenging, other tech-

niques employing differences in protein hydrophobicities could pose suitable alternatives. However,

only one study has been published demonstrating the use of metal-chelate interaction and hydrophobic

interaction for the separation of avidin from lysozyme in comparison to the use of cation exchange

chromatography [30]. While the latter was shown more effective, it was found worthwhile to re-

evaluate alternative techniques and, in this work, explore different methods aiming at a high purity

of the final avidin fraction and an easy-scalable, cost-effective purification process.
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[9] Bergander, T., Nilsson-Välimaa, K., Öberg, K.,  Lacki, K. M., 2008. High-Throughput Process De-

velopment: Determination of Dynamic Binding Capacity Using Microtiter Filter Plates Filled with

Chromatography Resin. Biotechnol. Progr. 24 (3), 632–639.
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2 Research Proposal

The purpose of this work is to contribute to the recent progress in the field of HTPD by demonstrating

the feasibility of HTPD for the development of an alternative purification process for the high value

protein avidin used for biopharmaceutical purposes. In contrast to previous works, in which single

methods have been presented, the linkage of various experimental and analytical high-throughput

methods is to be demonstrated on this industrial-relevant case study. Furthermore, detailed insight

in the methods will generate a better understanding of the achievable data quality and limitations.

Part 1: As essential building block for beneficial HTPD, analytical methods need to be developed

which enable a sample throughput that matches the speed of the experimentation without compro-

mising analytical precision and accuracy. This conflict in particular represents the major reason for

HTPD having been mostly considered as pure screening methodology for which requirements on preci-

sion are significantly lower compared to later phases in process development. Furthermore, the higher

the demands on purity are in the later process steps, the more challenging the requirements on the

analytical techniques become in terms of sensitivity and precision. An important aspect of this work

will therefore be the development of suitable analytical techniques required for the development of an

avidin purification process.

Method development of suitable assays should focus on the analysis of avidin and its four major

contaminants in egg white, however, should also consider the general applicability of the methods to

other protein systems, and thus, contribute to the portfolio of HTA-methods available.

Part 2: With suitable high-throughput analytical methods at hand, a purification process for avidin

is to be identified by developing and applying high-throughput methods. As the highest potential

for process optimization was identified downstream the initial recovery steps, development work will

start from ovomucin-free, pre-purified avidin rather than from raw egg white. As an alternative to

the currently used ion exchange chromatography, aqueous two-phase extraction and selective precip-

itation will be investigated for the intermediate purification of avidin. In particular, focus will be

on the separation of lysozyme and avidin which is currently challenging when using ion exchange

chromatography at preparative scale.

The development of aqueous two-phase extraction processes is commonly driven by empirical rules

which makes the use of HTE particular advantageous. Data on protein distribution and solubility

generated in high-throughput screenings will build the basis for further development that aims for the

combination of single process steps in the most beneficial way. Optionally, the use of chromatography

based on hydrophobic interaction will be considered , thus supplementing the identified alternative

process in order to reach a purity of pharmaceutical grade. Methods for automated data evaluation

need to be developed and included in the overall workflow. It is the intention of this case study to

demonstrate the benefits from using the HTPD-toolbox in a synchronized interplay of experimenta-
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2 RESEARCH PROPOSAL

tion, analytics, and data evaluation.

Part 3: In another aspect of this work, a detailed insight into one of the most complex high-throughput

methods, i.e. high-throughput column chromatography (HTCC), will be generated. HTTC provides

the possibility to obtain data on selectivity and binding capacity in a dynamic system, and therefore,

data are expected to be very similar to the data obtained on commonly used preparative liquid chro-

matography systems. HTCC is used for different purposes: While some researchers apply HTCC only

as screening method for resin comparison, others consider HTCC for detailed process optimization,

model parameter determination and process robustness studies. However, uncertainty exists to what

extent differences between data from HTCC and traditional FPLC experiments are due to scale-effects

or the experimental method. In order to conclude on effects only caused by the scale differences, fun-

damental understanding of the influence of the robotic experimental parameters needs to be generated

first. This part of the work aims furthermore to explore the limitations of HTCC in terms of data

quality. Thus, it serves the judgment whether HTCC is suitable for tasks in which the requirements

on precision are high, e.g. process robustness studies, model parameter calibration, or development

of polishing steps.
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Abstract

In process development and during commercial production of monoclonal antibodies (mAb) the mon-

itoring 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 devel-

opment (HTPD), nor is it applicable for purification process monitoring. We present a comparison

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 (relative standard deviation (RSD) < 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
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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, 4, 5, 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 UltraHPLC) [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
R©3000 SWxl), two new SEC columns suitable for higher back pressures of 24.1 MPa (Zenix

TM

SEC-

250 (Sepax Technologies)) to 41.4 MPa (ACQUITY UPLC R©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 R©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 R©3000 SWxl

column. Advantages and disadvantages of the methodology are discussed.
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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 (Ultra)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 (Ultra)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 methodol-

ogy 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 injec-

tion. 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)

3 PUBLICATIONS & MANUSCRIPTS
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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 in-

terference of eluting salt fractions. As an example, Figure 1 shows a schematic drawing of

PI-SEC methodology 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

29



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.

column. The injection times and the time needed for the analysis of n samples can be esti-

mated 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, 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:
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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.

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 unprecise peak integration.

Regarding all described scenarios case one marks the optimal condition for PI-SEC since informa-

tion 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 (Ultra)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.
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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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2 Materials & Methods

2.1 SEC columns

SEC columns from three vendors were used in this work: 1. TSKgel 3000 SWxl (Tosoh Corpora-

tion, Tokio, Japan) 2. ACQUITY UPLC R©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 R©EXP
TM

, Optimize Technologis, Oregon City, OR, USA). In table I the column properties

are listed. The columns differ in macroscopic as well as microscopic dimensions.

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

analysis. The system was composed of two HPG-3400RS pumps, a WPS-3000TFC-analytical autosam-

pler and a DAD3000RS detector. The autosampler was equipped with a sample loop of 5 µl or 20 µl,

respectively. The volume of the injection needle was 15 µl, the syringe size was 250 µl. In all exper-

iments, 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 col-

umn 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 sys-

tem 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 R©(6.80

SR10) was used to control the UHPLC equipment and to integrate the elution peaks in the chro-

matograms. The Chromeleon software was extended to include two timebases.
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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)

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 Figure 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
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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.

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 chromatographic 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 re-

sulting 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.

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 <
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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.

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.

3.1.1 Aggregate Levels and Precision

The determined resolution, aggregate level, and RSD 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 (RSDmean,TSKgel = 0.91, RSDmean,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

(RSDmean,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.
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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.

TSKgelR©3000 SWxl

Flow rate Aggregate RSD 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 UPLCR©BEH200 SEC

Flow rate Aggregate RSD 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
TM

SEC-250

Flow rate Aggregate RSD 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 ag-

gregate 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 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
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down to 13 min generated adequate precision (RSD < 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.

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.

Sufficient resolution (∼1.5) and precision (RSD<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

column 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.

3.2 Interlaced SEC

Twenty five injections of the same load material were performed on three ACQUITY columns in

interlaced 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 successfully cut from the analysis time. In this mode of operation 1.43 samples were analyzed per

column 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
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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.

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.

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 R©software and the corresponding times in the control programs of time-

base 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
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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 10x – 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 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
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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 compart-
ment 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 con-
trol 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 anal-

ysis tasks 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.
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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 extend 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 two fold 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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Abstract

Three different high-throughput methods for quantitative purity, content and activity analysis

were established and characterized for the analysis of the egg white protein avidin and its major

contaminants in egg white ovalbumin, ovomucoid, lysozyme, and ovotransferrin. The robustness of

the automated capillary electrophoresis instrument LabChip R©(GXII, Caliper LS) was investigated

regarding interference from changes in pH, salt and buffer species. A fast reversed phase HPLC

method for purity and concentration determination using a UltraHPLC-System (Ultimate 3000 RSLC,

Dionex) was developed and shown to provide highly precise data with a run-time of only 4.25 minutes.

Lastly, a quantitative assay for the avidin-biotin interaction was scaled-down to a 96-well plate format

enabling automated performance on a liquid handling station. Using the avidin protein system as

model, the benefits and limitations of these three analytical methods were elucidated and general

conclusions for their use in high-throughput process development are presented.

Keywords: high-throughput screening, LabChip R©gel electrophoresis, tandem-HPLC,

avidin, egg white proteins
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1 Introduction

Robotic-based high-throughput experimentation (HTE) in protein purification process development

features major advantages, e.g. a reduction of sample material needed and an automation of workflows.

However, in order to fully utilize high-throughput techniques advantageously, it is essential to have

implemented analytical methods for automated and rapid protein analysis. Improved technologies for

purity measurements and protein quantification were developed in the last years which in combination

with high-throughput experimentation on liquid handling stations led to an significantly increase of

the experimental throughput [1, 2, 3, 4]. However, due to the novelty of these techniques, experience

and knowledge regarding a broad range of applications and method robustness is scarce. Furthermore,

the gain in throughput is often stated by comparing the analysis times rather than evaluating the

overall time spent including preparation steps and data evaluation.

We present in this study the learnings gained during a search for fast analytical methods for

quantitative and qualitative analysis of the valuable protein avidin. The goal was to develop methods

that can match the speed of high-throughput experimentation when applied for process development

for the purification of avidin (AV) from egg white. The major impurities in this process are lysozyme

(LYS), ovomucoid (OM), ovalbumin (OV), and ovotransferrin (OT). While providing short analysis

times, the aimed analytical techniques should not compromise precision and accuracy when compared

to traditional methods with lower throughput. Furthermore, the challenge was to develop methods

also applicable for samples of high purities of 90% – 99.5%. As a consequence, the quantification of

the impurities down to 1 mg/L was aimed in presence of high concentrations of AV.

For protein quantification and purity determination, the high-throughput capillary gel electrophore-

sis instrument GXII from Caliper Life Sciences was evaluated. Based on the principle of SDS PAGE [5]

proteins are electrophoretically separated through a gel matrix due to differences in size. In the GXII,

the separation takes place in a micro channel on a chip which is loaded automatedly with samples

from a 96-well or 384-well micro-titer plate. The large benefit of this technique is that, in addition to

a virtual gel view of the protein bands indicating the protein size, fluorescence measurement is used

for a correlation to protein mass, thus, providing also a quantitative measurement. The fluorescence

is caused by a dye which is injected into the separation channel and there binds to the SDS-protein

complex. The combination of qualitative and quantitative analysis, the high degree of automation

(integration on liquid handling station possible) and the very low analysis time (≈50 s per sample)

are ideal features for high-throughput concentration and purity analysis.

As alternative approach for the quantification of AV and the determination of its purity, we

investigated whether traditional HPLC technology could fulfill the demands on a high-throughput

method. While high precision and accuracy should be rather easily obtained when using HPLC, the

challenge in this case was to achieve a reasonable short analysis time. A run time <5 five minutes

was set as target, which would match the average number of generated samples per day.

In addition to methods for the quantification and determination of purity a high-throughput com-

patible activity assay was established. Avidin features an exceptionally strong affinity to the vitamin

biotin (kd = 10−15). The avidin-biotin interaction is a valuable tool for biochemical assays and di-

agnostics [6] as well as for therapeutic use [7]. High and well-defined activity is therefore a quality

attribute which needs to be determined. A method for the automated and parallelized performance

of the biotin-avidin binding assay using 4’-hydroxyazobenzene-2-carboxylic acid (HABA) in miniatur-

ized micro-titer plate (MTP) format was developed. The HABA-assay is based on the competing

binding between HABA and biotin to the same binding site in avidin [8, 9]. A change in absorption
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intensity at wavelength (λ) 500 nm can be determined by photometric measurement after the addition

of HABA to an avidin solution. Biotin is then added and displaces HABA resulting in a change of

absorption which can be linearly correlated to the amount of biotinylated avidin. A photometric assay

is in particular suitable for high-throughput applications because photometric analysis can easily be

performed in plate readers fully integrated on LHSs. Furthermore, this kind of analysis is typically

performed within seconds and does not require expensive instruments and materials.

With this study we intend to demonstrate the potential of different analytical techniques as well as

the limitations we came across. By purpose, rather high requirements on the quantification methods

such as as the high avidin purity and hence low quantification levels for the impurities, were set.

This was done, because an evaluation on the applicability of high-throughput methods at challenging

conditions was considered necessary, in order to further increase the acceptance and understanding of

high-throughput process development.

2 Material and methods

2.1 Materials

2.1.1 Proteins and Chemicals

The egg white proteins, ovalbumin (prod.-no. A5503), ovotransferrin (conalbumin, prod.-no. C0755),

ovomucoid (trypsin-inhibitor, prod.-no. T9253), lysozyme (prod.-no. 6290), phosphorylase b (prod.-

no. P6635), and β-galactosidase (prod.-no. G5160) were purchased from Sigma-Aldrich Co. (Tauf-

kirchen, GER). Avidin with a purity > 90% was provided by an industrial partner.

The salts H2NaPO4, HNa2PO4, MES, MES sodium salt, sodium acetate, and NaCl were of ana-

lytical grade and purchased from Merck KGaA (Darmstadt, DE). For pH adjustments, hydrochloric

acid (Merck KGaA (Darmstadt, DE)) and acetic acid and sodium hydroxide (Sigma-Aldrich Co.

(Taufkirchen, DE)) were used. Water was purified using an Arium R©pro UV system (Sartorius Ste-

dim Biotech, Göttingen, D). Acetonitrile (ACN) of gradient-grade was purchased from Merck KGaA

(Darmstadt, DE). Trifluoroacetic acid (TFA) of sequencing grade supplied by Thermo-Fisher Sci-

entific (Bonn, DE) was used as modifier. D-Biotin and dithiothreitol (DTT) were purchased from

Sigma-Aldrich Co. (Taufkirchen, DE).

Protein stock solutions of AV, LYS, OV, and OM were prepared in water or 100 mM phosphate

buffer, pH 7, while OT was solubilized in 100 mM phosphate buffer, pH 4.5, due to its low solubility

at neutral pH. D-Biotin and 4-Hydroxyazobenzene-2-carboxylic acid (HABA) were purchased from

Sigma-Aldrich Co. (Taufkirchen, DE).

2.1.2 Consumables

HT PROTEIN EXPRESS (version 2) LabChip R©chips from Caliper LS (Hopkington, US) were applied

for the analysis on the GXII. Buffers and solutions (HT PROTEIN EXPRESS Reagent Kit and HT

Protein 200 Sample Buffer) were purchased readily prepared from CaliperLS (Hopkington, US). UV

Star 96 polysterol micro-titer plates from Greiner Bio-one and skirted 96-well polypropanol PCR plates

from Eppendorf (Hamburg, DE) were used. For sample desalting, Zeba
TM

Spin Desalting 96-well plates

with a MWCO of 7 KDa were used. For HPLC analysis, customized Vydac R©ProZap
TM

Ex-pedite C18

columns (ID x L = 2.0 x 30 mm and ID x L = 2.0 x 20 mm) from Grace (Deerfield, IL, USA),

an UPLC R©BEH300 C4 column (ID x L = 2.1 x 50 mm) from Waters (Milford, MA, USA), and a
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Chromolith Performance RP C18 (ID x L = 2.0 x 100 mm) purchased from Merck Millipore KGaA

(Darmstadt, DE) were used.

2.2 Methods

2.2.1 LabChip R©electrophoresis

Protein samples were analyzed using the HT Protein Express 100 High Sensitivity assay and, for

comparison, the HT Protein Express 100 (standard) assay. The LabChip R©preparation, sample prepa-

ration and analysis was performed according to the manufacturer’s protocol [10]. Regarding the

sample preparation, the procedure for the Protein Express or Protein Express High Sensitivity assay

were identical except for the volume ratio of sample to sample buffer. In brief, 10 µL or 4 µL sample

solution (for the Protein Express High Sensitivity assay or Protein Express standard assay, respec-

tively) were mixed with 14 µL sample buffer in a MTP. The MTP was sealed with adhesive aluminum

sealing foil and incubated on a MTP thermo-mixer with lid heating (Ditabis AG, Pforzheim, DE) at

95◦C for 5 min while shaking at 300 rpm. The MTP was then cooled down to room temperature and

centrifuged shortly prior to removing the plate sealing foil. To every well, 64 µL purified water was

added (70 µL when using the Protein Express standard assay). The plate was shaken for 5 min at 800

rpm followed by short centrifugation prior to loading the plate into the GXII instrument. The protein

reference standard (’ladder’) was prepared in one well of the sample plate incubating 12 µL ladder

and adding 120 µL water after incubation. The ladder was transferred into a single vial, placed into

the GXII instrument and used for maximal 8 hours.

For testing method robustness, a full-factorial experimental design was used and samples were

analyzed using the HS-assay. AV samples with a concentration of 1.5 g/L were prepared in two stock

solutions of 0 mM and 600 mM of each 100 mM sodium phosphate, 100 mM sodium MES and 100

mM sodium acetate buffers at pH 4.5, 5.5, 6.5, 7.5, and 8.5. Further salt concentrations were obtained

by mixing the two salt stock solutions of the corresponding buffer and pH.

The first 12 injections on a plate were used as ’dummy’ samples and were not considered for the

evaluation. This was done due to the observation that after instrument downtimes the first injections

showed a significantly higher signal compared to the rest of the samples. For all samples the peak

integration was manually corrected if needed.

In order to test desalting of the samples prior to analysis on the GXII device, protein sample

volumes between 25 µL and 50 µL followed by the same volume of water (’stacker’) were pipetted into

Zeba
TM

Desalting plates. Subsequently, the plate was centrifuged for 2 min at 1000 g and the desalted

eluate was collected in a 96-well MTP.

Factors influencing the determination of the concentration

The GXII software calculates protein concentrations based on peak areas. The area values, however,

are corrected for differences in injection volume and shifts in retention time, because later eluting

proteins move slower through the gel matrix and therefore generate a broader and larger peak. The

correction for the injection volume is performed by the injection of an internal standard of low molec-

ular weight (lower marker) which is mixed with the sample on the chip during injection. If the area

of the lower marker is different from the default area, the protein peak areas are corrected by the

reciprocal of this ratio. The relation of area to concentration is calibrated by the average area of the

ladder proteins for which concentrations are known. The correction due to shifts in retention time is
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performed using the retention times of the ladder proteins which are aligned by the retention time

of the lower marker. Thus, the determination of the concentration depends on the performance of

the ladder injection and the correct elution time of the lower marker while assuming that if the lower

marker area would be affected (e.g. lower injection volume), the protein peak areas would be affected

with the same factor. A full description of the algorithm performed by the software was, however, not

available in the software manual [10].

2.2.2 RP HPLC analysis

RP HPLC analysis was performed on an UltiMate R©3000 RSLC x2 Dual system from Thermo Fisher

Scientific (Waltham, MA, USA). The system was composed of two HPG-3400RS pumps, a WPS-

3000TRS analytical autosampler or aWPS-3000 TFC autosampler, a column thermostat TCC-3000RS,

and a DAD3000RS detector. The column compartment was equipped with two six-port column switch-

ing valves. The column temperature was 25 ◦C. The flow rate was set to 0.4 mL/min. An injection

volume of 2 – 5 µL was used. Purified water containing 0.1% (v/v) TFA (solvent A) and ACN contain-

ing 0.1% (v/v) TFA (solvent B) were used as solvents. The method featured a multi-segment increase

of solvent B in solvent A. Details on the established program are given in the results section, Figure 7.

The method was used as single and tandem application, the latter by operation of two columns simul-

taneously. Protein absorption was measured at λ=225 nm. A solution of 2 mM D-Biotin dissolved

in 100 mM sodium phosphate buffer, pH 7, was added in excess (volume ratio: 1 part d-Biotin to 10

parts of sample) to each sample prior analysis. Addition of biotin prevented the elution of avidin in

several peaks.

2.2.3 HABA-assay

Reference analysis in cuvettes

A protein sample volume of 250 µL was diluted two-fold with 100 mM phosphate buffer, pH 7.0. Sub-

sequently, 12.5 µL of 10 mM HABA dissolved in 100 mM sodium phosphate buffer, pH 7.0, was added

and mixed by aspiration and dispension several times using the pipette. The absorption (A+HABA)

was measured using a Tecan R©Magellan reader at a wavelength of 500 nm and a path length of 1 cm.

Subsequently, 12.5 µL of 2 mM d-biotin dissolved in 100 mM sodium phosphate buffer, pH 7.0 was

added, mixed thoroughly, and the absorption was measured at λ=500 nm using the Magellan reader.

Automated assay in MTP format

Automated experiments were performed on a Freedom Evo R©200 station (Tecan, Crailsheim, DE)

equipped with an 8-channel liquid handling arm (fixed steel tips), a centric gripper, a shaker (Tele-

shake 95, inheco, Munich, DE), an integrated centrifuge (Rotanta 46RSC, Hettich, Tuttlingen, DE),

and an Infinite200 plate reader (Tecan, Crailsheim, DE). Sample volumes between 20 – 100 µL were

pipetted with the 8-channel pipetting arm into a 96-well MTP and filled up to 250 µL with 100 mM

sodium phosphate buffer, pH 7.0. A volume of 25 µL HABA solution was added to each sample. Prior

to the absorption measurement at λ=500 nm in the plate reader, the plate was shaken for 1 minute

with ≈1500 rpm. Subsequently, 25 µL d-biotin solution was pipetted into each sample well, the plate

was shaken again for 1 min at 1500 rpm, and the absorption at λ=500 nm was measured again.

Determination of concentration of active avidin

The concentration of biotin-binding AV cAV,active was calculated by
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cAV,active =

(
MAV

ǫA,HABA−AV

)
·


A+HABA · V+HABA

Vsample

L+HABA
−

A+biotin · V+biotin

Vsample

L+biotin


 (1)

where MAV is the molecular weight of AV monomer (16.39 g/mmol), ǫA,HABA−AV is the molar extinc-

tion coefficient of the HABA-AV-complex at pH 7.0 (34 L/mmol·cm), A+HABA and A+biotin are the

absorption values at 500 nm after addition of HABA and biotin solution, respectively, to the AV sam-

ple (Vsample). V+HABA and V+biotin are the nominal volumes of the sample after addition of HABA

and biotin solution, respectively. In the case of measurements in cuvettes, the path lengths L+HABA

and L+biotin were constant and were to 1 cm whereas in the automated method L+HABA and L+biotin

in the MTPs changed. In order to determine the liquid levels and hence the path lengths in each well,

the absorption at wavelengths 990 nm and 900 nm were measured in a plate reader. The absorption

difference was correlated to the liquid level as presented by McGown and Hafemann (author?) [11].

2.3 Software

The GXII was operated by the LabChip R©GX software version 2.2.417.0 SP1. Chromeleon R© (6.80

SR10, Thermo Fisher Scientific (Waltham, MA, USA)) was used to operate the UltiMate R©3000 RSLC

x2 Dual system and for peak integration. MODDE 8.0 from UMETRICS (Uppsala, SE) was used for

the evaluation of full-factorial experiments. The liquid handling station was operated with Evoware 2.4

SP3 (Tecan, Crailsheim, DE). UV-VIS absorption measurement were performed using the Magellan

6.5 or the i-control 1.3.3 software. Import of pipetting values and export of photometric data was

realized via Excel R©(Microsoft, Redmond, WA, USA).

3 Results & discussion

3.1 High-throughput capillary gel electrophoresis

The potential of the LabChip R©GXII for a high-throughput analysis of AV and its major impurities

in egg white LYS, OV, OM, and OT was investigated using different mixing ratios of these proteins.

Besides the possibility to use this device as an alternative to common SDS-PAGE analysis for quali-

tative analysis, we were interested in the performance regarding a determination of the concentration,

quantification limits and robustness towards changes in the sample matrix. For an initial evaluation,

we used both the standard Protein Express 100 protocol (in the following referred to as ST-assay) and

the Protein Express 100 High Sensitivity assay (in the following referred to as HS-assay).

3.1.1 Qualitative analysis

A mixture of egg-white proteins with 1.0 g/L of AV and concentrations varying between 10 – 200

mg/L of LYS, OM, OV, and OT in 10 mM phosphate buffer, pH 7 were analyzed using the GXII

device. The virtual gels and an example of an electropherogram are shown in Figure 1. Only four

clearly separated peaks were obtained. A comparison to single-protein samples revealed that OM was

not detected by this analysis. When using reducing conditions by adding DTT to the sample OM was

detected as broad peak ranging from 69 kDa to 120 kDa. Thus, OM would elute together with OT

and using reducing conditions was therefore not feasible. Regular SDS-PAGE using a 16% Bis-Tris gel

was performed in order to evaluate whether the lack of detection of OM was instrument specific or in
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Figure 1: Virtual gel view (rotated) and example of corresponding electropherogram (sample lane
2) of egg protein samples analyzed using the LabChip R©ST-assay (lane 1-3) and HS-assay (lane 5-7).
The AV concentration in each sample was 1.0 g/L. The impurities LYS, OT and OV were spiked with
concentrations of 10 mg/L (lane 1 and 5), 50 mg/L (lane 2 and 6), and 200 mg/L (lane 3 and 7). Lane
4: ladder reference sample.

general challenging by methods based on the staining of protein-SDS complexes with a dye. Although

no reducing agent was added, OM was detected with regular SDS PAGE, however, the OM band was

of low intensity and, similar to the result from the GXII, very broad with a range between 60 – 80 kDa.

Difficulties in the determination and quantification of OM by the principle of SDS gel electrophoresis

is described in literature [12]. Due to the high degree of glycosylation of OM (25%, [13]), sufficient

binding of SDS to the molecule is hindered and thus staining and electrophoretic mobility affected.

The results obtained with the ST-assay and the HS-assay differed significantly in the signal intensity.

This is in agreement with the larger sample volume used for the HS-assay.

3.1.2 Quantitative analysis

Determination of concentration

For both the ST-assay and the HS-assay, AV concentrations of 100 – 1500 mg/L and LYS, OV and

OT concentrations of 10 – 100 mg/L were analyzed. Each sample was prepared as replicate on a

second plate measured directly after the first plate. Each plate was measured twice. The mean of

the four concentration values determined by the LabChip R©GXII software are plotted in Figure 2 as a

function of the prepared sample concentrations. The latter are referred to as nominal concentration

in the following.

From these data it can be seen that the absolute concentrations determined by the LabChip R©GXII

software did not match the nominal concentrations. Thus, each protein would require a separate cali-

bration if a correct determination of the concentration was desired. In the lower concentration range,

the determined and nominal concentrations correlated linearly as expected. A linear calibration curve

was applicable for the ST-assay for concentrations of AV and the impurities up to 1000 mg/L and

100 mg/L, respectively. When using the HS-assay, a fit of the response using a quadratic function

was required for concentrations >100 mg/L (Figure 2a). According to the different protein sample
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Figure 2: Comparison of nominal and determined concentration for AV (a) and the impurities LYS,
OV, and OT (b,c) when using the LabChip R©ST-assay (a,b) and HS-assay (a,c). Concentration ranges
were selected based on ranges expected for the application of the method. Correlations were fitted
using a quadratic polynomial function (a) or linear function (a (for comparison, ST-assay), b,c). Error
bars represent +/- one standard deviation (no. of samples: 4).

volumes used for ST- and HS-assay, the protein signals are about 2-3 times higher when using the

HS-assay.
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As indication of the lower limit of quantification (LLOQ) of the impurities, the signal to noise ratio

was estimated from the noise of the baseline. The concentration at which a signal to noise ratio of 10

is achieved is commonly considered as LLOQ [14]. When using the ST-assay, signal to noise ratios for

sample concentrations of 10 mg/L of approx. 2.5 were obtained for OV and OT, whereas a ratio of

approximately 100 was obtained for LYS. When using the HS-assay for sample concentrations of 10

mg/L signal to noise ratios were 500, 21, and 17 for LYS, OV, and OT, respectively. For the HS-assay,

the corresponding LLOQs were hence estimated with 0.2 mg/L, 4.8 mg/L, and 5.8 mg/L for LYS,

OV and OT, respectively. As the purpose of this analysis was to determine purities of >90% of AV

at concentrations ranging from 0.2 – 2 g/L, the application of the HS-assay would therefore be more

suitable than using the ST-assay.

Determination of molecular weight

The molecular weights (MWs) determined by LabChip R©GXII software for the proteins LYS, AV, OV

and OT were compared with values retrieved from literature (Table 1). While the determined MW

for OT was in agreement with the literature values for the theoretical size, the MWs for AV, LYS, and

OV deviated from literature values by +30%, +12.5%, and 5.6%, respectively. Values obtained from

ST- and HS-assay were similar. An influence of the protein concentration on the MW determination

was not observed.

Table 1: Molecular weight determination using the LabChip ST- and HS-assay
in comparison to literature values. Theoretical MWs were given in [15]. Values
obtained in SDS-PAGE with silver staining were stated in [13]. All values have
the unit kDa.

protein literature ST-assay HS-assay
theoretical by SDS PAGE mean relSTD (%) mean relSTD (%)

LYS 14.5 14 16.3 2.5 16.4 1.8
AV monomer 15.5 17-20 24.6 2.8 24.0 3.2

OV 45.0 50 42.6 1.0 42.2 1.2
OT 76.0 74 74.8 1.4 73.9 1.3

AV consists of four identical subunits. In literature, a total mass of 55.0–68.3 kDa is stated [15].

The determined size of 24 kDa indicates a penetration of the matrix most-likely as monomer which has

been proposed from SDS PAGE results ([13, 16]). In comparison to the deviation between SDS-PAGE

analysis and literature values, the deviations obtained when using the LabChip R©were larger.

3.1.3 Aspects of method precision

The quantitative precision of the LabChip R©was of great interest and was intended to be compared

to the quality of HPLC data. With the benefit of no method development and much shorter analysis

times, one would possibly accept the precision to be lower compared to HPLC. However, the ques-

tion was rather to what extent the experimenter would need to compromise precision when using the

LabChip R©instrument. This was investigated in two studies. In a first study using the ST-assay, 20

samples of 200 mg/L avidin in 100 mM sodium phosphate buffer, pH 7, were prepared according to

the original procedure described in the user manual [10] and by using a single-channel pipette. These

samples were analyzed randomly distributed with other egg protein samples and blank samples in

between. Three hours after the first analysis (hereafter measurement-1), the same sample plate was

analyzed again (hereafter measurement-2). The obtained area values and concentrations determined
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by the software are shown in Figure 3.
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Figure 3: Area values and corresponding concentrations of 20 samples of 200 mg/L AV. The first
measurement-1 (measurement-1, black) was repeated after three hours (measurement-2, gray). Sam-
ples were randomly distributed on a plate with various calibration samples in between (data not
shown). Straight lines indicate the average trend with increasing sample number and hence analysis
time. ∗ The aligned area gives the peak area corrected after alignment of the internal standards (lower
markers) with the markers in the ladder.

For measurement-1 and measurement-2, the determined mean avidin concentration was 168 mg/L

and 260 mg/L with relative standard deviations (RSDs) of 21.8% and 12.9%, respectively. The con-

centrations increased in average throughout measurement-1 from ∼100 mg/L to ∼220 mg/L. The area

values did not show this trend but were rather constant throughout the measurement. In order to ex-

plain the increasing concentrations for measurement-1, the standard protein ladder areas and sizes were

plotted (Figure 4). The area signal of all standard proteins in the ladder decreased in measurement-1

with increasing analysis time, whereas the ladder areas were rather stable in measurement-2. The

determined ladder protein MWs were exactly the same in both measurements. Besides the decreas-

ing ladder area signals, the elution times of the lower marker in the ladder samples increased with

increasing sample number (data not shown). Both factors contribute to the trend of increasing AV

concentrations in measurement-1, however, an exact description of the algorithm underlying the cal-

culation of the concentration was not available in the software documentation. Furthermore, an

experimental reason for the decrease in ladder area signals could not be identified. This observation

was made regularly in the first measurements of a day and were therefore considered as an systematic
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error. This was regardless whether the applied chip was new or reused.
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Figure 4: Area and molecular weight (size) of all ladder proteins (Lp1-Lp6) determined during
measurement-1 and measurement-2 (from Figure 3) displayed in chronological order. For every 12
protein samples, the ladder sample was analyzed resulting in 8 data points for measurement-1 and
measurement-2, respectively.

When considering only the aligned area values, it can be concluded from Figure 3 that the devia-

tions between each of the 20 pairs of samples (measurement-1 and measurement-2) are lower than the

deviations within one measurement of 20 prepared samples (caused by errors in sample preparation).

In a follow-up study, the sample preparation was optimized by doubling the sample and buffer

volumes as described in section 2.2.1, by using a multi-channel pipette, and priming the instrument

twice prior to starting the analysis. For each of the five concentration levels between 100 mg/L–1500

mg/L, eleven AV samples were prepared on one samples plate (in total 55 samples). All 55 samples on

this plate were analyzed with the HS-assay in three subsequent measurement series (hereafter series-1,

series-2 and, series-3). The ladder areas were inspected after measurement of series-1 and showed very

consistent area values (data not shown). When comparing the three measurement series, however, a

deviation of up to 24% in area values was determined for each ladder protein, and again, the largest

deviation was identified in series-1. For a comparison of the instrument precision with the precision

of the measurement including sample preparation, the data set was evaluated in two ways. For each

sample measured in triplicate (3 series), the RSD was calculated. The mean of these eleven RSDs

were used as indication of the instrument precision. For an estimation for the variance including the

sample preparation, the mean of the RSDs calculated for each series of 11 samples were calculated.

These two means of the RSDs are displayed for each concentration level in Figure 5.

The triplicate measurements (series-1, series-2, and series-3) of 55 AV samples (11 samples of 5

concentration levels) showed that for concentrations up to 500 mg/L the sample preparation error

is significantly higher compared to the instrument error. With increasing sample concentration, the

mean RSD for each concentration level (11 samples), however, decreases to values below 2%, while the

instrument error appears to be independent of the sample concentration. The RSDs of the mean RSD

values for the three replicate measurements are significantly higher compared to the RSDs regarding a

series of 11 samples. Although this might have been due to the different number of samples (3 vs. 11)
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Figure 5: Means of eleven RSDs for each identical sample measured in triplicate (◦,gray) indicating
the instrument precision, and means of three RSDs calculated for each series of eleven samples (•,
black) indicating the overall precision including errors in sample preparation. The error bars display
± one RSD of the means. The AV samples were prepared in 100 mM sodium phosphate buffer at pH
7 and were analyzed using the HS-assay.

for which the RSDs were calculated, it was found that the concentrations determined in series-1 were

higher compared to series-2 and series-3. The deviations between the last two series were between 1.7%

– 0.9%. This confirmed the observation made previously that the first measurement deviated stronger

from the following measurements, although chip preparation and instrument handling was performed

as given in the user manual. When comparing only the last two measurements, it was shown that the

instrument can provide a reproducible analysis and the main error source is the sample preparation (e.g.

pipetting error, sample loss due to the heating/cooling during preparation etc.). However, difficulties

with the first measurements after instrument down time without any indications from the standard

protein ladder signal, poses a question mark on the overall repeatability of the measurements.

3.1.4 Method robustness

The previously described measurements had all been performed with proteins dissolved in the same

buffer system. However, the purpose of this method was to analyze samples obtained from a variety

of purification process steps, and hence, to analyze samples of significantly varying sample matrices.

In order to determine the method robustness regarding the influence of the sample matrix, the effect

of NaCl concentration, type of buffer ion (inorganic: phosphate, organic: acetate, synthetic: MES),

and pH was therefore investigated in a full-factorial study. Samples were prepared in duplicates and

analyzed using the HS-assay. The area, concentration and MW values determined by the GXII soft-

ware (after manual control of the peak integration) were evaluated regarding the main effects and

interaction effects, and the results are shown in Figure 6. In electropherograms of several samples

with phosphate and 0 or 200 mM NaCl, the elution profile was strongly shifted to earlier elution times.

The suspected lower marker areas eluted with the system peaks resulting in undefined lower marker

peak areas , and hence, in apparently false concentration values. Obviously incorrect concentration

values (e.g. >2.5 g/L) were excluded from further data evaluation.
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Effect of salt concentration

The NaCl concentration had a large effect on the determined area, concentration, and MW. The area

values decreased with an increasing NaCl concentration (Figure 6a,d) regardless of the pH or buffer

species. The determined concentrations increased for all pH values and buffers in the range of 30%

– 55% (Figure 6b,e). The opposite trend was expected for the concentration values, because larger

peak areas should result in larger concentrations. This trend was, however, caused by a decrease in

the area of the lower marker with an increasing NaCl concentration. The software therefore assumed

lower injection volumes indicated by the lower marker areas and corrected the concentration values

for the apparently lower injection volumes. As the lower marker areas were more affected by salt than

the protein peaks, the software overestimated the correction factor for calculating the concentrations

resulting in increasing concentrations with an increasing salt concentration.

The determined MW increased with an increasing salt concentration, however, only in the case of

using acetate and phosphate, whereas an influence of the NaCl concentration in MES samples was not

observed. For samples in phosphate and acetate buffer, the average increase of the AV MW across all

pH values was between 18% and 29%.

Effect of buffer species

The choice of buffer species clearly showed an effect on both the concentration and the MW (Fig-

ure 6d-i). The determined AV concentrations were lowest in presence of phosphate and highest for

samples in MES buffer. The average deviation from the nominal concentration value across all pHs

and salt concentrations was ∼25%. The difference in the determined MWs for samples with different

buffer species was significant with approximately ∼19 kDa, ∼23 kDa, and ∼28.5 kDa for samples in

phosphate, acetate, and MES buffer, respectively.

Effect of sample pH

The change in pH showed little effect on the determined concentration, whereas area values decreased

with an increasing pH (Figure 6g,h). In this case, the software was able to correct for the decreasing

area and calculated rather constant concentration values for all pHs. The determination of the MW

was not affected significantly by changes in pH for acetate and phosphate samples (within 1 kDa),

however, for MES samples the MW of AV increased with pH by approximately 11%.
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Figure 6: Interaction plots for the effect of pH, buffer ion, and NaCl concentration on area, concen-
tration and molecular weight. The values display the results of duplicates of 1.5 g/L AV dissolved
in the corresponding buffer. The effects of two parameters are displayed at average level of the third
parameter (evaluation in MODDE). All samples were analyzed using the HS-assay.
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Parameter interactions

An interaction of parameters was indicated when the trends in each subplot of Figure 6 had different

slopes. Regarding the obtained area values, the slopes were very similar for all combinations. However,

the changes of pH and buffer species had a larger effect when no NaCl was present compared to when

using 600 mM NaCl. With regards to the determination of the concentration, it was clearly shown

that the influence of NaCl was almost independent from the buffer species or the pH. The sensitivity

against NaCl was slightly higher at low pH as can be seen in Figure 6b. For the determination of the

MW, it was shown that acetate and phosphate were influenced by a change of the NaCl concentration,

but rather unaffected when changing the pH. The opposite was seen when using MES.

In conclusion, as seen from the relation of area to concentration values, the necessity of a correction

algorithm and internal standard of known concentration in each sample was demonstrated. However,

the changes in retention time and area caused by a varying NaCl concentration or the buffer species

could not be corrected by the software resulting in varying concentrations for samples of identical

nominal AV concentration.

3.1.5 Potential method improvements

Desalting of samples

The robustness study revealed a high sensitivity towards changes in the buffer matrix. In order to

circumvent this influence, we tested the use of 96-well desalting plates in order to generate identical

buffer conditions prior to sample preparation for the LabChip R©analysis. Chen and Flynn [17] had

reported a benefit from desalting samples from cell culture supernatants for the determination of an-

tibody aggregates on the LabChip R©and obtained a recovery of 93%± 2.9%. Desalting was tested for

solutions of AV and the impurity with lowest MW (LYS). It was found that 40µL of protein solution

was required to provide total recovery of the AV in the sample. Total recovery was, however, only

obtained using at least 40µL of water/sample buffer (’stacker’ volume) added to the sample prior

to centrifugation. Without stacker volume the recovery decreased below 50%. The recovery of LYS

could not be increased to over 50%, a fact, which makes desalting by this simple and high-throughput

compatible method not applicable for this analysis task.

Different internal standard

The use of a second internal marker would be a feasible option supported by the GXII software as

potential remedy for the incorrect correction due to the lower marker. The usage of an upper marker

is, however, only possible in cases in which there is a sufficiently large range of MW in which no

proteins of the analyzed sample elute (in our case approx. >85 kDa). We tested both phosphorylase

b (97 kDa) and β-galactosidase (119 kDa), which were mixed with the lower marker solution and

injected with each sample. While phosphorylase b partly co-eluted with OT, β-galactosidase was

found suitable for the use as upper marker. For eight identically prepared AV samples (750 mg/L) in

100 mM phosphate, pH 4.5, with 0 mM and 300 mM NaCl, the achieved RSDs were 28% and 34%,

respectively, when using the upper marker and 67% and 187% when using the lower marker (data not

shown). In the latter case, lower marker detection and integration appeared incorrect due to the low

area and shift in retention time of the lower marker peak.

In summary, the LabChip R©technology was shown to provide a very easy and fast way to qualita-

tively determine the protein MWs. In comparison to the analysis using traditional SDS-PAGE, the

huge benefit of the high throughput is complemented by additional information given by electrophero-
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grams in which peak overlaps can be detected. In terms of protein quantification, an intermediate

precision with a RSD of 2–15% was determined which might be sufficient for many high-throughput

applications. However, deviations between replicate measurements of identical sample plates differed

for unknown reasons giving the experimenter some uncertainty regarding the results.

When using the HS-assay, the sensitivity to buffer species, salt concentration, and pH was very large

with changes in protein concentration up to 55%. The shown influence of buffer and NaCl however

is likely lower when using the ST-assay, because the ratio of sample volume (user buffer matrix) to

sample buffer (pre-defined buffer from manufacturer) used in the HS-assay is 2.5 fold compared to the

ratio in the ST-assay. Therefore, if the LLOQ for a given application is about 20–30 mg/L or higher,

the use of the ST-assay would be recommended. Alternatively, desalting samples prior to analysis as

a very fast way to equalize buffer conditions can be used to remove effects caused by the buffer matrix.

However, this was not applicable in this case as the recovery of LYS from the desalting procedure was

poor.

As additional aspect, the efforts for evaluating the large amount of data should be mentioned (up

to four 96-well MTPs per day seems realistic). Despite of several software options it was not possible

to generate a robust integration procedure for all peaks in our application. The integrated peaks

were either split into several peaks or the baseline was not set appropriately. This required manual

correction of the integration for the majority of the peaks, and thus, the time-benefit from the fast

analysis was significantly reduced.

3.2 RP HPLC analysis

3.2.1 Initial development

The LabChip R©analysis did not fulfill all the challenging requirements we had set for the analysis of the

egg white protein system consisting of AV and the impurities OV, OM, OT, and LYS. In particular,

the missing quantification of OM and the sensitivity towards NaCl led us continue the search for a

suitable high-throughput method for the given analytical task. HPLC analysis is by far the most

commonly used technique when it comes to high requirements on precision and accuracy. The major

disadvantage of HPLC analysis is the required time for sample analysis, hence the challenge was to

develop a HPLC method with both sufficient precision and low analysis time.

It was observed that AV eluted from RP columns in three major peaks with one broad peak

eluting at retention times similar to OT and OV. By adding d-biotin in excess to the samples prior to

analysis, AV eluted as one peak having the shortest retention time which made the analysis applicable

for the quantification of AV and all impurities. However, AV which was not biotinylated eluted shortly

after LYS. Therefore, special focus of the gradient optimization was the separation of LYS from the

unbiotinylated peak which was in most cases <2% of the total AV peak area.

In a first step, three different reversed phase columns were tested with a generic gradient from 5%

ACN (solvent B) to 80% ACN in purified water (solvent A) over 30 CV at approximately 70% of the

maximal allowed pressure for each column (data not shown). Peak separation for all impurities was

obtained with all tested columns (Waters BEH300 C4, Grace ProZap
TM

C18 (L=20 mm), and Merck

Millipore Chromolith C18). However, the chromatograms obtained with the Chromolith column

showed an abrupt step in the absorbance signal during the elution of AV and was therefore not taken

into further consideration. It was decided to continue development work and gradient optimization
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using the Grace column as the generated back pressure and the expenses for column and required

solvent volumes were lower than for the Waters column.

Prior to gradient optimization, different TFA mass fractions between 0.05–0.2% were tested re-

garding the effect of the peak shape and resolution (data not shown). It was found that a TFA mass

fraction of 0.1% in both solvents significantly decreased peak tailing. A further increase to 0.2% TFA

did not result in further improvement of the elution profile.

For sufficient resolution between all peaks, a sequence of three linear gradients of solvent B were

optimized. A total method time of 3.2 min was achieved using the 20 mm Grace ProZap
TM

column

at a flow rate of 0.5 mL/min. However, when column load was >5 µg, the AV peak split and eluted

partly with the injection peak. In order to increase the binding capacity, a Grace ProZap
TM

column

with 30 mm column length was chosen instead. For this column, a load of up to 8 µg protein was

possible without a breakthrough of AV. At a flow rate of 0.4 mL/min, a total assay time of 6.1 min

was achieved with the 30 mm Grace column by applying a multi-segment gradient of solvent B of

8%–32.5% in 1.05 min, 32.5%–37.% in 1 min, 37.5%–58% in 0.8 min, and subsequent regeneration

phase (100% solvent B for 1.25 min), and re-equilibration phase at 8% B (2.0 min).

3.2.2 Tandem application

The initial development had shown that a fast HPLC method for the quantification of AV and its

impurities was possible. With a throughput of about ten samples per hour, the analysis time was

already acceptable. However, almost 35% of the analysis time was spent for column regeneration and

re-equilibration in which no relevant sample information was generated. In order to save this time, a

second column was operated in tandem mode.

In Figure 7, the principle of this tandem application is displayed with the resulting chromatograms.

The main principle of a tandem application is that the separation via gradient elution is performed

in alternation to the regeneration and re-equilibration. While the gradient program is performed on

column-1, the regeneration and re-equilibration phase takes place on column-2. As soon as all relevant

peaks have eluted from column-1, the subsequent sample is injected on column-2 et cetera.

The tandem application was realized in two method programs which were running in alternation

and only differed in the valve switching commands and the pump running the gradient program. With

the use of a 6-port valve at the column inlets and a 6-port valve at the column outlets, the flow was

directed from the injection needle in the autosampler to either column-1 or column-2 (Figure 7a). The

6-port valve at the column outlets was switched accordingly, gating the column effluent either to waste

or the detector. Hence, the resulting chromatograms consisted only of relevant analytical information

(Figure 7b).

The established method differs from the tandem application suggested by the manufacturer [18].

There, the aspiration of the subsequent sample, and thus, also flushing of the sample loop (100

µL) with equilibration buffer starts after elution of the previous sample has been completed. This

flushing process for the used ’inline split-loop’ autosampler took up to one minute in order to fully

equilibrate the flow paths and, in general, becomes a significant factor when using low flow rates.

In our alternative procedure, flushing the sample loop with equilibration buffer and aspiration of the

subsequent sample (’prepare next sample’ command) was enabled while the gradient program was still

running. This was done by switching the A-valve shortly after the injection had been completed and by

operating the gradient without passing the autosampler (Figure 7a,b) but directing the regeneration

and re-equilibration phase through the autosampler. Thus, the sample loop was readily flushed with
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equilibration buffer after about 2.5 min allowing the preparation/aspiration of the next sample (Figure

7b).
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Method performance

The assay time was reduced from 6.10min to 4.15min per sample while achieving identical precision

and accuracy compared to the single column method. The average relative standard deviation for

protein concentrations >50 mg/L was less than 1% and increased to 2.1% for a concentration of 18

mg/L. A LLOQ was determined as ten times the detector noise at λ=225 nm and corresponded to 0.3

mAU. For AV, OV, OM, OT, and LYS the LLOQ was 0.48 mg/L, 0.94 mg/L, 0.94 mg/L, 0.6 mg/L,

and 0.29 mg/L, respectively. For a linear calibration for AV in the range of 0.05–1.5 g/L (9 levels,

n=5) a coefficient of determination R2 of 0.9997 was obtained.

The sensitivity of the method regarding changes in the sample matrix was tested for 0.5 g/L AV

dissolved in water, 100 mM sodium phosphate buffer with 0 mM or 500 mM NaCl. Further, diluted

top and bottom phases from aqueous two-phase extraction experiments, in which salt or polyethylene

glycol (PEG)1000 and PEG4000 were present with mass fractions of up to 10%, were included in

this investigation. Changes in NaCl concentration and the presence of PEG4000 and salt (phosphate

and ammonium sulfate) did not show a statistical effect on the mean values for AV (significance level

95%, n=6). The RSDs ranged within 1% for 500 mM NaCl and up to 2% at mass fractions of 10%

ammonium sulfate or 10% PEG4000. When using PEG1000, a breakthrough of AV was observed at

mass fractions of ≥5% PEG1000. As it was not within the scope of this work to further investigate

this, it is only concluded that samples containing PEG1000 should be diluted to mass fractions of

≤5% prior analysis.

When using an autosampler based on a pull-loop principle instead of the inline split-loop principle,

deviations in the elution signal occurred depending on the aspiration speed. Maximum precision for

samples with high salt or PEG content was only achieved for full loop injections and aspiration speeds

below 2 µL/s.

3.3 Method comparison

In this section, the advantages and disadvantages of both the LabChip R©and the HPLC assay are

discussed based on the experiences gained during the development of a quantification method for AV

and its impurities and with respect to the potential use as high-throughput application. In Table 2,

attributes of both methods are summarized and compared.

One major advantage of LabChip R©analysis compared to HPLC analysis is the property of being

a ’plug and play’ tool. Method development of HPLC methods can be cumbersome and challenging

if the assay times shall be reduced while still providing the required resolution and capacity. In this

respect, the LabChip R©clearly shows its benefits as a quick evaluation tool that certainly finds its

application in early development and rapid screening experiments. The throughput requirements,

however should be carefully evaluated. While run times on the LabChip R©were significantly lower,

the effort for integration and data evaluation were significantly higher compared to the evaluation

with the HPLC software. This might partly be due to the decades of development work that has

been invested in HPLC software compared to a rather new software for the LabChip R©. A fast and

robust integration and data evaluation is obligatory in order to fully gain the benefit of fast analysis

times. For a comparison of the overall throughput one must also keep in mind that changing a

chip needs to be performed manually after in average every four plates (384 samples). Thus, on a

common workday 4 runs (for manual preparation of chip and samples) or up to 8 plates (when using

a liquid handling station for sample preparation and using two chips) appear as a realistic maximal

feasible throughput. For comparison, the HPLC could be operated continuously 24 h per day (the
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Table 2: Comparison of LabChip R© and RP HPLC analysis for the quantification of proteins based
on the experiences gained during this study.

LabChipR© RP HPLC/UltraHPLC

method development

effort low1 high

considerations reducing vs. non-reducing conditions column (solid phase?)

incubation temperature solvent system and modifier (mobile phase?)
gradient program

minimal assay time 50 s ≥ 2 min2

data quality

calibration required2 required

mean deviation 1 – 15% 0.1 – 1%

2 – 50% rel STD 0.1 – 2%
(when varying buffer, salt, pH) (when varying buffer, salt, polymer)

working range3 0.05 – 1.5 g/L, ST-assay 0.001 – 1.5 g/L

0.01 – 1.0 g/L, HS-assay

LLOQ 1– 40mg/L, ST-assay 0.2 – 5mg/L

0.5 – 20mg/L, HS-assay

method robustness medium, ST-assay high

low, HS-assay

costs

instrument4 ∼100.000e 80.000 – 120.000e

spare parts, consumption low, low low, medium

consumables chips 4, 500e columns4, 300 – 1000e

reagents4, 220 – 250e solvents4,5, 30 – 50e

cost per sample6 1.8 – 2.0e 0.1 – 0.4e
1 further development for specific applications can be required (e.g. antibody aggregate determination [17])
2 estimation of the minimal analysis time possible for gradient applications and UltraHPLC equipment
3 concentration values provided by the software give an estimation for a concentration based on average values from
ladder proteins, calibration recommended based on the results from this study, using a quadratic function
4 status 2010
5 for the presented method at flow rate of 0.4 mL/min
6 LabChipR©: 400 samples per chip and reagent kit/ HPLC column price 500e, for 2000 – 10.000 injections

autosampler fitted three plates). In this study, it required about 6 h to perform the integration and

evaluation of 400 samples from LabChip R©analysis compared to 2 h for 400 samples with occasional

re-integration using Chromeleon and further processing using a Matlab script. The actual throughput

with the LabChip R©therefore is only higher when also the sample preparation and incubation is fully

automated.

In terms of accuracy and precision, HPLC/UltraHPLC technology poses without doubt the ’Gold-

standard’ for protein analysis. High precision was also achieved in this study regardless the decrease in

column length and achieved reduction in assay time. Thus, a high-throughput compatible analytical

method was developed which would be applicable also for later stages during process development

where the requirements on an analytical method are high. In comparison to the HPLC method,

the precision of the LabChip R©was lower. Furthermore, the results were influenced on randomly

occurring variations (e.g. ladder signals). The reason for a ladder signal changing from measurement

to measurement even when using the same sample plate was not found. Relative deviations below 1%

were obtained between two sample plates, whereas a third measurement showed a continuous increase

of the concentration values with increasing injection number resulting in deviations up to 15%.

The major advantage of the HPLC analysis compared to the LabChip R©analysis is the robustness

against changes in the sample matrix such as buffer salt species, pH and high salt concentrations. It

is recommended to perform a buffer exchange prior to LabChip R©analysis. This might in certain cases,
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however, not be possible or introduce unacceptable deviations due to insufficient recovery or sample

dilution, and thus, limiting the possible applications of the LabChip R©.

The sensitivity of both methods was high with LLOQ down to 0.5–10 mg/L. These values obviously

depend on the protein type and other method parameters (e.g. injection volume). However, with the

HPLC method, a sensitivity was achieved even higher than achieved with the HS-assay.

Concluding on the data quality, we found that LabChip R©analysis could not compete with HPLC

technology. The price for higher precision and robustness of the HPLC assay, however was a five-

fold longer assay time. Throughput in HPLC assays might be even further increased by means of

higher flow rates and tandem applications, however, assay times below 2 minutes appear unrealistic,

in particular for gradient applications. It is important to note, that for fast gradient assays high

pressure gradient pumps should be favored over low pressure gradient pumps in order to minimize the

gradient residence time.

In terms of costs, the investment on the instrument is rather equal whereas higher costs per sample

were estimated for the LabChip R©application compared to costs per HPLC analysis. However, HPLC

sample costs might be higher when columns are used that are more expensive or have a shorter

life-time.

In summary, the LabChip R©might be favorable for broad screenings and early process development,

since time for method development can be saved and requirements on precision might be lower in

comparison to later stages of process development. The risk of insufficient protein separation or the

lack of detection of certain proteins must be taken into consideration. High accuracy and reasonable

throughput can be obtained using (Ultra)HPLC with suitable columns and by taking advantage of the

well-developed software packages. Robustness, precision and resolution is gained while paying time

for method development.

3.4 Automation of avidin activity assay

With the HABA-assay the binding activity of avidin to biotin is quantified. The experimental steps of

the HABA assay were adjusted for the 96-well MTP format and performed on a liquid handling station

as described in section 2.2.3. In contrast to measurements in cuvettes, in which only the dilution by

adding HABA and biotin solutions needs to taken into account, in the MTP based method, the path

length changed as well after both the addition of HABA and biotin. This change was included in the

calculation of the concentration of active AV (equation 1) with the path lengths determined by the

method adapted from McGown [11].

3.4.1 Comparison to measurements in cuvettes

The accuracy and precision of the automated method were compared with measurements in cuvettes.

Six solutions of 0.24 g/L of partly purified AV in sodium phosphate buffer at pH7.0 with either 0mM

or 200mM NaCl were analyzed. The identical solutions were used for both measurements in order to

exclude errors introduced by preparation of sample solutions.

The results of the measurements are shown in Figure 8 activity for AV in samples without NaCl

were 76% with a RSD of 3.2% determined in cuvettes and 78% with a RSD of 1.5% determined for

the automated method. In presence of 200mM NaCl, the determined activity was 72% with a RSD

of 3.2% and 75% with a RSD of 1.1% for measurements in cuvettes and on the LHS, respectively.
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The 99% confidence intervals of the means overlapped indicating no significant difference between the

results obtained from both methods.
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Figure 8: Comparison of AV activity determined by automated (LHS) and manual assay (cuvettes)
both with and without 200 mM NaCl. Error bars display 99% confidence intervals of the mean
(number of samples = 6).

Concentration working range

The working range of the HABA-assay were evaluated for AV samples of 0.048 – 0.74 g/L by perform-

ing sixfold replicates on the LHS. The determined absolute and relative activities of AV are shown

as a function of the prepared (nominal) AV concentration in Figure 9. For nominal concentrations

>0.15 g/L, the activity response was constant with a RSD of 3.0%. The RSD for the sixfold measure-

ments of each concentration level was in average 1.6%. A clear decrease of both determined activity

and the precision for the determination was obtained for AV samples of below a concentration of

0.15 g/L. The activity at 0.48 g/L was 54.2% with a RSD of 34%, whereas the activity for a sample

of this concentration determined in a cuvette was 66% with a RSD of 3.4%. An increase in standard

deviations for sample concentrations below 0.2 g/L when measuring in MTPs has also been reported

in Hansen et al. [19], however, does not account for the total variance. From the data shown in Figure

9, a range of 0.25 g/L – 0.75 g/L AV was considered as suitable working range for the automated assay.

With the automation of all handling steps on the LHS and the parallel pipetting, 96 samples were

analyzed within 45 minutes, while manual performance of this assay took about 2-3 minutes per sample.

Due to the automation, not only the analysis time was reduced, but the overall manual handling was

minimized to approx. 5 minutes spent for preparation of one MTP with 96 samples. The assay can

be easily combined with high-throughput experiments performed on the LHS. In the current layout,

the required sample volumes range within 20–100 µL resulting in a dilution of factor 12.5 – 2.5. A

further reduction of the sample volumes was not performed in order to secure minimal pipetting errors.

However, a further scale-down requiring only 5 – 20µL of sample volume using half area 96-well plates

or 384-well plates is possible. For further optimization of pipetting precision, coated and low-volume

pipetting tips should be used.

The benefits of miniaturization and automation shown by this example can be obtained for all

assays which have steps such as pipetting, mixing, incubation, and photometric analysis in common

(e.g. immuno-assays, such as ELISA, or protein assays, such as Bradford assay or Biuret assay, etc.).
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Figure 9: Absolute (open circles) and relative (black circles) activities of AV regarding the binding
to biotin determined by using the HABA-assay automated on a LHS. Error bars display the 99%
confidence intervals of the mean (number of samples = 8). AV samples were prepared in 100 mM
sodium phosphate buffer, pH 7.0.

These steps can all be performed in a MTP format and by the use of liquid handling stations on which

a plate reader for UV-VIS and fluorescence measurements are integrated.

4 Summary and conclusion

This study comprised the development and evaluation of three different analytical methods for avidin.

First, chip-based capillary electrophoresis using the LabChip R©GXII device was evaluated for the de-

termination of the concentration and purity of AV. Both available assays were tested in calibration

experiments showing that a quadratic correlation of nominal to measured concentration can be used

in order to extend the working range of the method. The desired quantification of low-concentrated

impurities LYS, OM, OV, and OT required the use of the HS-assay which was further evaluated re-

garding method precision and sensitivity for changes in the buffer matrix. Method precision was high

considering measurements of only one plate, however, comparison of several measurements per day

demonstrated the first measurement being influenced by changing ladder signals during the measure-

ment, thus, decreasing the precision significantly. Further work should therefore focus on improving

the start up procedure of the instrument and chip preparation. The method was demonstrated being

sensitive towards changes in NaCl concentration, buffer species, and pH, and therefore, desalting pro-

cedures, such as using gel filtration, acetone precipitation or reversed phase trap columns, is highly

recommended prior to analysis. The use of an upper marker could be beneficial when working in

phosphate buffer ions, otherwise did not result in a higher precision. As furthermore OM could not

be detected properly with this method, the high requirements on a quantification method set in this

case study were not fulfilled by the LabChip R©.

Second, a HPLC-assay was developed using a short column with small particle sizes operated on

an UltraHPLC instrument. A method was developed in which two columns are operated in a tandem

application. The method provided a precise and robust quantification of AV and the impurities LYS,

OM, OV, and OT in approx. four minutes which makes this assay applicable to high-throughput
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process development. In comparison to the LabChip R©application, the costs per sample by HPLC

were estimated approx. 30% of the costs for LabChip% analysis. However, the time spent for method

development was significantly longer and need to be considered when deciding for a high-throughput

analysis method.

Lastly, a photometric activity assay for the binding of biotin to AV was automated and performed

in MTPs using a LHS. The assay provided similar results regarding accuracy and precision when

compared to the original method performed in cuvettes. This assay showed the large benefit of

automation when assays are simple and require only pipetting steps and photometric measurement.

Future work should consider further miniaturization of the assay by working in 384-well MTPs in

order to further increase sample throughput and to further decrease the required sample volume.
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[13] C. Desert, C. Guérin-Dubiard, F. Nau, G. Jan, F. Val, J. Mallard, Comparison of Different Electrophoretic Sepa-

rations of Hen Egg White Proteins, J. Agric. Food Chem. 49 (10) (2001) 4553–4561.

[14] F. T. Peters, H. H. Maurer, Bioanalytical method validation and its implications for forensic and clinical toxicology

- a review, in: Validation in Chemical Measurement, Springer, 2005, pp. 1–9.

[15] L. Campbell, V. Raikos, S. R. Euston, Review Modification of functional properties of egg-white proteins,

Food/Nahrung 47 (6) (2003) 369–376.

[16] E. Bayer, S. Ehrlich-Rogozinski, M. Wilchek, Sodium dodecyl sulfate-polyacrylamide gel electrophoretic method

for assessing the quaternary state and comparative thermostability of avidin and streptavidin, Electrophoresis 17

(1996) 1319–1324.

[17] X. Chen, G. C. Flynn, A high throughput dimer screening assay for monoclonal antibodies using chemical cross-

linking and microchip electrophoresis, J. Chrom. B 877 (2009) 3012–3018.

[18] F. McLeod, F. Arnold, Computer Assisted Design of Column Switching Instrument Methods for Reduced Chro-

matography Run Times, http://www.dionex.com/en-us/webdocs/35679-LPN%201795-02 Computer%20assisted.pdf

(2006).

[19] S. K. Hansen, E. Skibsted, A. Staby, J. Hubbuch, A label-free methodology for selective protein quantification by

means of absorption measurements, Biotechnol. Bioeng. 108 (11) (2011) 2661–9.

3 PUBLICATIONS & MANUSCRIPTS

70



MANUSCRIPT 3

Evaluation of PEG/Phosphate Aqueous
Two-Phase Systems for the Purification of
the Chicken Egg White Protein Avidin by

using High-Throughput Techniques

Patrick Diederich, Sven Amrhein, Frank Hämmerling, Jürgen Hubbuch

Institute of Engineering in Life Sciences, Section IV:
Biomolecular Separation Engineering, Karlsruhe Institute of Technology (KIT), Karlsruhe, Germany

published in: Chemical Engineering Science, 104 (2013), 945–956

71



Abstract

The egg white protein avidin is known for its strong binding to biotin. Because of various applica-

tions in bioanalytics and biopharmaceutical industries, there is a great interest in the manufacturing

of highly purified avidin. For the first time, the distribution behavior of avidin and the major con-

taminants occurring in egg white, ovalbumin, ovotransferrin (conalbumin), ovomucoid (ovotrypsin-

inhibitor) and lysozyme in aqueous two-phase systems (ATPS) are presented. The results revealed

a high capability of PEG/phosphate systems for the intermediate purification of the highly valuable

protein avidin from chicken egg white solutions. Several PEG/phosphate systems varying in PEG

molecular weight, pH and NaCl concentration were investigated in an automated small scale screen-

ing performed on a liquid handling station. The high throughput screening was used to determine

binodal curve and tie-lines as well as protein distribution and recovery. Tandem Reversed Phase

HPLC was applied for very fast quantification of both impurities and active (biotin binding) avidin

within 4.25 minutes per sample. The main finding was that avidin partitioned in almost all ATPSs to

the salt-rich bottom phase while distribution of impurities depended strongly on chosen experimental

conditions. Starting from a pre-purified avidin solution containing 11% (c/c) avidin, in the most

effective small-scale ATPS, a purification factor of 5.7 was obtained with an avidin yield of 92% in

the bottom phase. In this particular system, a removal of ovalbumin of 65%, ovomucoid of 99.4%,

lysozyme of 99.7% and ovotransferrin of 95.4% was achieved. The screening results were confirmed in

common lab scale experiments representing a scale up by factor 15.

Keywords: aqueous two-phase systems, high throughput screening, tandem-HPLC,

avidin, egg white proteins
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1 Introduction

Avidin is a glycosylated, homo-tetrameric protein. Each subunit can bind one molecules of the vi-

tamin biotin, which features one of the strongest non-covalent binding known in nature (dissociation

rate constant ka=10−15 [1]). The avidin-biotin interaction has been widely used in bioanalytical as-

says such as ELISAs, but also makes avidin an interesting molecule for the use as receptor specific

targeting or receptor specific transport of biopharmaceuticals [2]. Avidin is found in oviducts of birds,

amphibians and reptiles and can be extracted from their egg whites. Besides of the extraction from

egg white, the production of avidin using genetically modified organism, such as e. coli [3], pichia

pastoris [4] or in transgenic plants [5] has been reported. Proteins constitute approximately 10% of

the mass of chicken egg white. In this protein fraction, the predominantly occurring proteins are

ovalbumin (54%), ovotransferrin (12-13%), ovomucoid (11%) and lysozyme (3.5%). Only 0.5% of the

total protein is avidin [6, 7]. Extensive studies on the purification of these proteins can be found in

literature as reviewed by Awade [7] or reported by Guerin-Dubiard [8] and Omana [9]. However, there

is only a limited number of studies published addressing the purification of avidin.

For the purification of avidin, affinity chromatography e.g. using iminobiotin has been applied. This

is, however, not favored regarding a large-scale production due to high costs and potentially short resin

lifetimes. In most publications, an initial precipitation is followed by ion exchange chromatography

[10]. The isoelectric point (pI) of avidin (10.0) and lysozyme (10.7) are similar [11] and therefore,

an effective separation via ion exchange chromatography is challenging. Durance and Nakai [12] and

Li-Chan et al. [13] reported of co-elution of avidin and lysozyme. However, besides precipitation, ion

exchange chromatography and biotin-based affinity chromatography there has hardly been any work

published in which separation techniques underlying different biochemical or biophysical mechanistics,

e.g. hydrophobic interaction chromatography, were applied.

A separation using aqueous two-phase systems (ATPSs) which are composed of an aqueous polymer

phase and an aqueous salt phase could pose an alternative to the chromatographic separation of avidin

from egg white proteins. Protein separation in an ATPS is based on different affinity and hence dis-

tribution of proteins to either the salt-rich bottom phase or the more hydrophobic, polymer-rich top

phase. ATPSs have been used effectively for the separation of a variety of proteins and are gaining

increasing interest of industries for the purification of high valuable products as reviewed in literature

[14, 15, 16, 17]. The technique provides several advantages such as good scalability, biocompatibility,

tolerance of solid particles, solid particle removal, and selectivity. High selectivity, however, might

only be identified by testing different ATPS compositions varying the polymer type and molecular

weight, type of salt, tie-line length, phase ratio, concentration of neutral salts, pH or temperature.

Furthermore, the protein concentration and solubility must be taken into account concerning high

yields. Available models on phase formation and protein distribution do not comprehend all complex-

ity inherent in the mechanistics of ATPS separations of proteins and therefore, the identification of

suitable ATPSs is commonly still driven by heuristics. Even when applying Design of Experiments

or optimization tools such as Simplex or Genetic Algorithm, ATPS process development still requires

high experimental effort. The application of high throughput experimentation (HTE) enables auto-

mated screenings for phase compositions and protein distribution with a reduced amount of sample

material. If combined with fast analytics, HTE offers the researcher a fast identification of suitable

systems, the possibility to test more ATPSs within the same timeline and thus, a rapid, initial deter-

mination of process robustness.

This study comprises three aims. The main purpose of this study was to present an evaluation of
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the distribution of the egg white protein avidin (AV) in polymer/phosphate ATPSs and focus on

the differences in partitioning compared to the other egg white proteins ovomucoid (OM), lysozyme

(LYS), ovotransferrin (OT) and ovalbumin (OV). While OM, LYS, OT and OV have been used as

model proteins in aqueous two phase partitioning experiments in several studies [18, 19, 20, 21, 22],

AV partitioning in ATPSs is reported for the first time. The second aim was to demonstrate the

beneficial application of a high-throughput approach in order to investigate the effects of changes in

PEG molecular weight, sodium chloride concentration and pH on the distribution and recovery. A

robotic screening method modified from Oelmeier et al. [23] was therefore applied to perform the

partitioning experiments on a liquid handling station. The third aim was to evaluate if extraction in

ATPSs would pose a promising alternative to existing avidin purification process steps. Therefore,

the screening was performed with a multi-component solution derived from partly purified egg white

rather than using a model system of highly purified avidin. This required the application of an an-

alytical technique different from photometric analysis, which otherwise would probably be the first

choice for the analysis of the protein concentration. A tandem Reversed Phase (RP) HPLC method

was developed for the fast quantitative analysis of AV and the impurities ovomucoid (OM), lysozyme

(LYS), ovotransferrin (OT) and ovalbumin (OV).

With using a real egg white solution as starting material we highlight the relevance of such an HTE

approach as suitable for industrial early process development. The screening identified extraction

being very promising for the separation of avidin from its impurities. An effective separation of the

basic proteins avidin and lysozyme is presented, which is in particular beneficial compared to the chal-

lenging separation via ion exchange chromatography. This work therefore should also be considered

as a basis for a further process development for the intermediate purification of AV via two-phase

separation.

2 Material and methods

Unless stated differently percentage data given in the following correspond to the mass fraction.

2.1 Materials

2.1.1 Protein Solutions

Egg white protein suspension with an avidin concentration of approximately 11% (c/c) was provided

by an industrial partner. The suspension was filtered using cellulose acetate 0.45 µm filter (Sar-

torius, Göttingen, DE) prior to buffer exchange into 10 mM sodium phosphate (Sigma-Aldrich Co.,

Taufkirchen, DE) buffer (pH 7) and concentration using a PureTec CP-120 Tangential Flow Filtration

system (SciLog, Middleton, WI, USA) equipped with a 3 kDa MWCO Omega
TM

(Minimate
TM

TFF

Capsules, Pall, Port Washington, NY, USA). The retentate was filtered (sterile filter, 0.2 µm from

Millipore, Schwalbach, DE) and stored in aliquots at -30 ◦C. This pre-purified avidin solution (PPAS)

was equilibrated to room temperature prior use. The protein concentrations in the PPAS used in

all experiments were: 0.70 g/L AV, 4.02 g/L OM, 1.54 g/L LYS, 0.26 g/L OT and 0.82 g/L OV.

Standard proteins, ovalbumin (prod.-no. A5503), ovotransferrin (conalbumin, prod.-no. C0755), ovo-

mucoid (trypsin-inhibitor, prod.-no. T9253) and lysozyme (prod.-no. 6290) were purchased from

Sigma-Aldrich Co. (Taufkirchen, DE). Highly purified avidin was provided by an industrial partner.
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For reference analysis standard protein stock solutions were prepared in 100 mM sodium phosphate

buffer at pH 7.

2.1.2 Chemicals and stock solutions

Water was purified using an Arium R©pro UV system (Sartorius Stedim Biotech, Göttingen, DE).

Polyethylene glycol (PEG) was of synthesis grade and was purchased from Merck KGaA (Darmstadt,

DE). PEG was dissolved in purified water to prepare following stock solutions: 60% PEG600, 60%

PEG1000, 40% PEG1450 and 40% PEG4000. All salts used were purchased from Merck KGaA

(Darmstadt, DE) and were of analysis grade. Salt stock solutions were prepared by dissolving the salt

in water: 40% sodium phosphate (pH 3.5, pH 4 and pH 4.5), 40% potassium phosphate (pH 7), and

42 % ammonium sulfate (pH 7). The pH was adjusted by adding NaOH or HCl purchased from Merck

KGaA (Darmstadt, DE). The added mass of sodium (< 1 g/L) was included into the calculation of

the total mass ratio of phosphate solutions.

2.2 Protein analytics

Concentrations of AV, OV, OM, OT and LYS were determined via Reversed Phase (RP) HPLC

performed on an UltiMate R©3000 RSLC x2 Dual system from Thermo Fisher Scientific (Waltham, MA,

USA). The system was composed of two HPG-3400RS pumps, a WPS-3000TRS analytical autosampler

and a DAD3000RS detector. The column thermostat TCC-3000RS was equipped with two six-port

column switching valves. Two customized Grace Vydac ProZAP!
TM

C18 columns (diameter x length

= 2.0 mm x 30 mm) were run in tandem mode, thus providing total analysis time of 4.25 minutes per

sample at a flow rate of 0.4 mL/min. Acetonitrile (ACN) containing 0.1% (v/v) trifluoracetic acid

(TFA) was chosen as solvent B, while solvent A was purified water containing 0.1% (v/v) TFA. A

multi-segment increase of solvent B in solvent A was applied as follows: 8%–32.5% in 1.05 min, 32.5%–

37.5% in 1 min, 37.5%–58% in 0.8 min and 58%–100% in 0.15 min in to 100% was applied. While one

column was regenerated and equilibrated, the next sample was analyzed on the other column (tandem

application). The temperature of the column compartment was set to 25◦C. A wavelength of 225

nm was used. Prior to analysis, 2 mM d-Biotin (Sigma-Aldrich Co., Taufkirchen, D) dissolved in 100

mM sodium phosphate buffer, pH 7, was added in excess (volume ratio: 1 part d-Biotin to 10 parts

of sample) to every sample and standard. Thus, the purity and the concentration of biotin-binding

(active) avidin were quantified in only one assay. In order to increase method accuracy, a one-phase

mixture of corresponding PEG and salt (10% PEG, 5% salt) in purified water was analyzed to serve

as ATPS-specific blank sample and was subtracted from sample chromatograms prior to integration.

The detection limit and the lower limit of quantification (LLOQ) were estimated multiplying the noise

signal from blank injections by three and ten, respectively. The LLOQ for the analyzed proteins were:

AV: 0.48 mg/L, OV: 0.94 mg/L, OM: 0.94 mg/L, OT: 0.60 g/L and LYS: 0.29 mg/L. The average

relative standard deviation at a concentration of 18 mg/L was 2.1% and for protein concentrations

>50 mg/L less than 1%. A chromatogram of a PPAS sample is provided in the appendix of this

article.

2.3 Liquid handling station

Automated ATPS experiments were performed on a Freedom Evo R©200 station (Tecan, Crailsheim,

DE), equipped with an 8-channel liquid handling arm (teflon coated fixed tips), a centric gripper,
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a rotational shaker (Te-shake, Tecan Crailsheim, DE), an integrated centrifuge (Rotanta 46RSC,

Hettich, Tuttlingen, DE), and an Infinite200 spectrophotometer (Tecan, Crailsheim, DE).

2.4 Software

The liquid handling station was controlled using Evoware 2.4 SP3. Import of pipetting values and ex-

port of photometric data was automatically performed in Evoware programs employing Excel R©(Micro-

soft, Redmond, WA, USA) files. Chromeleon R© (6.80 SR10) was used to control the UltiMate R©3000

RSLC x2 Dual system and for peak integration. Data of both photometric measurements and RP

HPLC analysis were further processed and evaluated using routines programmed in Matlab R©R2011b

(The Mathworks, Natick, ME, USA).

2.5 Two-phase characterization

2.5.1 Determination of binodal curves in microtiter plate format

All binodal curves were determined using the liquid handling station to prepare the two-phase systems.

Purified water was pipetted into a standard 96-well polystyrene microtiter plate (Greiner bio-one,

Frickenhausen, D), followed by salt and PEG stock solutions to obtain different combinations of

PEG/salt concentrations in system volumes of 300 µL per well. The 96 solutions were mixed on

a Te-shake at 1100 rpm for five minutes. Subsequently, phase formation was determined by visual

inspection: Two-phase systems became opaque when being mixed while one-phase systems stayed

clear. Starting from literature values or initial guesses system points were chosen at 12 different

salt concentrations, each combined with eight PEG concentrations varying by maximal 1% in PEG.

For each salt concentration level, a binodal point was defined as the mean value of two neighboring

systems of which one exhibited the formation of two phases. Thus, sufficient precision was achieved

to fit the binodal curve as a function f using following equation as given in [24] with xPEG and xsalt

respresenting the mass fractions of PEG and salt, respectively, and a, b, and c as fit parameters:

xPEG = f(xsalt) = a · exp(b · (xsalt)
0.5 + c · (xsalt)

3) (1)

2.5.2 Determination of tie-lines in microtiter plate format

Due to the small volumes present in the microplates, phase volumes were determined similarly to the

colorimetric method described in [25] and [23]. In the latter study, it was proven that tie-lines deter-

mined with the high-throughput compatible, colorimetric method were in accordance with published

data that have been generated using different techniques such as gravimetric analysis, conductivity

(salt) and refractive index (PEG) analysis [24, 26]. One mM methyl violet dissolved in purified water

was added to every ATPS. This dye exclusively partitioned into the top phase and, thus, the exct-

inction measured at 586 nm in a sample of the top phase correlated to the phase volume Vtp. By

applying the lever arm rule, which derives from mass balances (neglecting density differences of phase

solutions), the tie-line lengths (Ltp and Lbp) were calculated by the ratio pr of top phase volume (Vtp)

and bottom phase volume (Vbp) :

pr =
Vtp

Vbp
≈ Lbp

Ltp
. (2)

It must be noted that neglecting the different phase densities introduces an error on the determi-

nation of the exact phase compositions and slopes of the tie-lines. This error increases with increasing
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mass concentrations of the phase forming components and differences in the densities of salt and poly-

mer. The error on the concentrations in a PEG/salt system was in the range of approximately 1% –

7% (unpublished data) and therefore considered to be acceptable for the purpose of this study. A non-

graphical evaluation method was established to determine tie-line slope and hence the compositions of

top (xtp) and bottom phase (xbp) (see Figure 1). The system of equations (3-6) was iteratively solved

using the fsolve operation in Matlab R©. Equation 3 and equation 4 are true at the intersections of

tie-line and binodal curve (represented as f(xsalt,tp) and f(xsalt,bp)):

xPEG,tp − f(xsalt,tp)
!
= 0, (3)

and

xPEG,bp − f(xsalt,bp)
!
= 0, (4)

A third relation between the searched tie-line of the mixing point M and the binodal can be

derived using pythagorian theorem applied to two triangles of which line segments of length Ltp and

Lbp represent the hypotenuses (Figure 1):

(xsalt,bp − xsalt,M )2 + (xPEG,M − xPEG,tp)
2

(xsalt,M − xsalt,tp)2 + (xPEG,tp − xPEG,M )2
− pr2

!
= 0 (5)

The tie-line is determined when the slopes of the hypotenuses are equal:

(
xPEG,bp − xPEG,M

xsalt,bp − xsalt,M

)
−

(
xPEG,M − xPEG,tp

xsalt,M − xsalt,tp

)
!
= 0 (6)

Additional boundary conditions for the iteration procedure were set; xsalt,tp < xsalt,M <salt,bp,

xPEG,tp > xPEG,M >PEG,bp.

Figure 1: Schematic of tie-line determination. Two right-angled triangles can be stated using potential
top and bottom phase points (intersections of binodal and tie-line) and the mixing point M . The
tie-line is determined correctly, if the lengths of the hypothenuses equal the phase ratio and the
slopes of the hypothenuses are hence equal. In order to determine the searched tie-lines, the phase
compositions of top and bottom phase and hence the lengths of the hypothenuses are iteratively
changed (as indicated by the arrows) until the solution of the system of equations stated in equations
3–6 reaches a tolerance value < 10−8.
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2.6 Two-phase separation experiments

All two-phase experiments were performed at room temperature (23◦C).

2.6.1 Automated routine

Prior to experiments, the pipetting accuracy of all stock solutions was tested using an analytical bal-

ance (WXTS205DU, Mettler-Toledo, Greifensee, CH). The actual pipetted volume was calculated out

of the measured mass and the density of the corresponding liquid. The deviations between pipetted

volume and nominal volume were correlated by a linear function. In order to obtain the correct pipet-

ting volumes, these relations were given to the liquid handling software. The automated procedure

used to perform ATPS experiments was adapted from a method developed in our group [23]. ATPSs

were prepared using the liquid handling arm to pipette stock solutions into 1.3 mL 96-well Deep Well

plates (Nalgene Nunc, (Rochester, NY, USA) in the following order: water, salt solution(s) and PEG

solution. The ATPSs were mixed at 1100 rpm for one minute using the Te-shake. Subsequently,

65µL of PPAS were added to each well resulting in an ATPS volume of 650 µL. Protein dispensing

was performed while mixing the plate in order to prevent phase separation prior to protein addition.

The deep well plate was shaken for another 30 min at 1100 rpm. Phase separation was achieved

by centrifugation for five minutes at 1800 g. Subsequently, 50 µL samples were taken from top and

bottom phase using the pipetting arm according to an optimized sampling method [23] and dispensed

into 200 µL purified water in sample plates. Finally, 25 µL of 2 mM d-Biotin solution were added

to each sample and mixed by shaking the plates for 1 minute on the Te-shake at 1100 rpm. RP

HPLC-analysis was started within two hours after the experiments had been finished. A one-phase

reference system composed of 10% PEG and 5% phosphate was prepared eight-fold whenever PEG

MW, NaCl concentration or pH was changed. The mean protein concentration determined in these

systems served as reference for the calculation of protein recovery.

One PEG/salt-combination was analyzed within 24 hours. This included the determination of the bin-

odal curve, tie-line determination, separation experiments in quadruplicates of 12 different PEG/salt

concentrations and the RP HPLC-analysis of 96 samples in total overnight (2×4 samples of the one-

phase reference system and 2×44 samples from top and bottom phase). The tie-line determination

was performed in duplicate (two rows for blanks, two rows with dye) in parallel with the protein distri-

bution experiments (four rows, i.e. 12 systems in quadruplicate) on the same plate. Furthermore, the

large portion of automation in data processing by using specifically developed routines in Matlab R©and

Excel R©templates enabled data evaluation within a few minutes. However, it must pointed out that

automated integration of HPLC chromatograms within the HPLC Chromeleon R©software often had

to be corrected manually in order to ensure consistent integration of very small peak areas.

2.6.2 Manual experiments in lab-scale

To compare results gained from the screening study with data obtained from experiments in larger

scale, some ATPSs were prepared manually in 15 mL polypropylene tubes (VWR International GmbH,

Darmstadt, De). ATPSs with a total volume of 9.75 mL were pipetted manually in the same order

as performed on the liquid handling station. The systems were mixed by vortexing. PPAS was

then added while gently vortexing and the solutions were subsequently mixed for 30 minutes using

an overhead shaker (Bibby Scientific, Stuart Rotato SB2, Stafforshire, UK). Phase separation was

achieved by centrifugation at 1800 g for 5 minutes. Samples of bottom phase were taken using a
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syringe cannula. Contamination of bottom phase with top phase throughout sampling was reduced

to a minimum by discarding the first and last third of the sample volume taken. Sample dilution

and analysis were equivalent to the procedures described in section 2.2 and 2.6.1. Phase volumes

were determined in a second system prepared in a measuring cylinder, in which phase separation was

obtained by gravity. As well as in robotic experiments, a reference system composed of 10% PEG and

5% phosphate was prepared and used for the calculation of recovery.

2.7 Determination of biological activity, distribution ratio, recovery and

purity

The addition of d-biotin to samples prior to RP HPLC analysis allowed direct quantification of biotiny-

lated and thus, biologically active avidin. Only the elution peak of biotinylated avidin was considered

for the calculation of distribution ratio, yield and purity and is referred to as avidin in this work.

The peak area of non-biotinylated relative to biotinylated avidin in the starting material PPAS was

determined to be below 2%. The distribution ratio D of proteins between PEG-rich top phase and

salt-rich lower phase was calculated by the ratio of protein peak area of top phase (atp) divided by

peak area determined in bottom phase (abp):

D =
atp
abp

. (7)

Protein mass balance, in the following referred to as recovery, was calculated by using equation 8:

Rec =
atp · Vtp + abp · Vbp

a0 · Vsystem
, (8)

where a0 represents the protein peak area determined by RP HPLC in a one-phase reference

system composed of 10% PEG and 5% phosphate, Vsystem states the total volume of the ATPS, Vtp

and Vbp represent the volumes of top and bottom phase, respectively. Recovery values give the total

amount of soluble protein found in both phases. The protein yield Y in either top or bottom phase

was calculated by the ratio of soluble protein mass determined in the respecting phase divided by the

protein mass in the system (equation 9).

Yphase =
aphase,protein · Vphase

a0 · Vsystem
(9)

Purity Pu of avidin was calculated by dividing the avidin concentration (cphase,AV ) by the sum

concentration of AV, OV, OM, OT, and LYS in the respecting phase:

Puphase =
cphase,AV

cphase,AV + cphase,OV + cphase,OM + cphase,OT + cphase,LY S
. (10)

In the case of concentrations being below the level of quantification (LOQ) of the used analytical

method, the corresponding LOQ was used in the calculation of Pu.
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3 Results & discussion

In the following the effects of the PEG molecular weight, the NaCl concentration and the pH-value on

the distribution of avidin and its impurities is presented. For each system a grid-like screening design

was used. The capacity of the ATPSs, which would be an important factor

3.1 Binodal curves

The PEG/phosphate ATPSs investigated in this study varied in PEG molecular weight from PEG600

to PEG4000, NaCl concentrations from 0% to 3% and pH values between 3.5 and 7. For each system,

the binodal curve function was determined and the determined coefficients of the fit equation are

summarized in Table I. At least 12 data points obtained from the screening procedure described in

section 2.5.1 were used to fit the binodal curve as described in [24]. The binodal curves were used to

evaluate potential combinations of PEG and salt concentrations for two-phase bioseparation experi-

ments. Furthermore, fitted binodal curves were used to determine the tie-lines as described in section

(2.5.2). The effect of PEG molecular weight, the addition of NaCl and pH on binodal curves will be

discussed along with the effect on protein distribution in the following sections.

Table I: Coefficients of the binodal curve for PEG/phosphate
systems fitted with equation 1.

pH PEGMW NaCl a b c R2

(kDa) (% (w/w))

7 600 – 67.00 -0.320 -1.1186·10−4 0.998
7 600 3 62.42 -0.353 -1.4255·10−4 0.998

7 1000 – 86.11 -0.431 -1.5615·10−4 0.998

7 1000 3 63.21 -0.415 -2.3168·10−4 0.999
7 1450 – 68.67 -0.382 -2.7594·10−4 0.998

7 1450 1.5 56.71 -0.386 -3.3762·10−4 0.997

7 1450 3 52.37 -0.412 -3.2627·10−4 0.999

7 1450 5 45.41 -0.382 -4.0033·10−4 0.999
7 4000 – 83.83 -0.522 -5.4803·10−4 0.999

3.5 1000 – 60.00 -0.242 -1.2873·10−4 0.995

3.5 1000 3 71.17 -0.320 -1.2762·10−4 0.992
4.5 1000 – 86.50 -0.430 -1.2168·10−4 0.993

4.5 1000 3 59.53 -0.347 -1.7750·10−4 0.990

3.2 Effect of PEG molecular weight on protein separation

PEG/phosphate two-phase systems with varying PEGmolecular weight (PEG600, PEG1000, PEG1450,

PEG4000) were compared at pH 7 regarding the partitioning behavior of the egg white proteins present

in PPAS. In Figure 2, the determined binodal curves of the tested systems along with selected tie-lines

are displayed including the shortest and longest tie-line. With increasing molecular weight of PEG the

amount of phosphate and PEG needed to obtain two phases decreases. This effect can be explained

by a model of volume exclusion as described for polymer/polymer systems by [27]. The determined

binodal curves agree very well with the binodal curves for these systems given in [27]. As expected,

the determined slope of the tie-lines increased with increasing PEG MW [28]. The risk of protein

precipitation is increased with increasing tie-line length, because the concentrations of phase forming

components in the resulting top and bottom phases increase with increasing tie-line lengths. If PEG
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MWs were changed, the experimental systems were therefore shifted along with the binodal curve

to lower PEG/phosphate concentrations. The systems were chosen to feature only moderate volume

phase ratios.

Figure 2: Binodal curves and tie-lines for ATPSs composed of phosphate and PEG600 (a), PEG1000
(b), PEG1450 (c) and PEG4000 (d) at room temperature and pH 7. Dots represent the tested ATPSs
in protein separation experiments.

The difference in phase distributions and total recoveries of AV, OM, LYS, OT and OV are dis-

played in Figure 3. With increasing PEG MW the distribution of OM, LYS, OT decreased by factors

up to 100 and partitioning was reversed from top into bottom phase. AV and OV strongly distributed

into the bottom phase in all systems. However, while distribution values of OV decreased ten-fold

when using PEG4000 instead of PEG600, partitioning of AV did not change significantly through all

systems (mean D < 0.04 in all ATPS). For PEG600/phosphate, the largest difference in distribution

ratios between AV and the other proteins was obtained. The observation of decreasing distribution

ratio with increasing PEG MW is well known [29, 30, 31] and explained sufficiently in literature

[32, 31, 33].

The distribution ratios of AV, OT and OV increased with increasing tie-line length (data not shown).

This was, however, not only due to a change in partition behavior as described, but is also due to

the decreased solubility of the proteins in the bottom phase with increasing salt concentrations. For

example, DOV increased up to a value of 1.63 while recovery was only 5%. Furthermore, the phase
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Figure 3: Distribution coefficients of avidin (AV, △), ovomucoid (OM, ◦) lysozyme (LYS, ✷), ovo-
transferrin (OT, ⋄) and ovalbumin (OV, ▽) in PEG/phosphate ATPSs. PEG MW was varied from
600 kDa to 4000 kDa. Differences in protein recovery values are indicated both in color code and a
marker size according to the obtained recovery.

ratio showed an effect on the distribution ratio. With reducing bottom phase volume, precipitation in-

creasingly occurred in the salt-rich phase (data not shown). For example, in an ATPS of 7% PEG4000

and 15% phosphate the recovery of all proteins was > 89%, whereas at a higher phase ratio, provided

in an ATPS of 15% PEG4000 and 13% phosphate, the recovery of all proteins was < 62%, although

both systems share the same tie-line as seen in Figure 2d.

Whether the determined differences in mean distribution values for avidin (DAV ≈ 0.015 for

PEG600 and PEG4000 and DAV ≈ 0.035 for PEG1450 and PEG4000) are significant is questionable

(see Figure 3). One explanation for this deviation are the different dilution ratios used to prepare

samples of top and bottom phase for the subsequent HPLC analysis. Dilution of the samples was

necessary, because the very high concentrations of either PEG or salt in the undiluted top or bottom

phase, respectively, showed an influence on the analysis results. Samples of PEG600 and PEG4000

were diluted three-fold before analysis, while samples of experiments using PEG1450 and PEG1000

were diluted five-fold before analysis. Due to the strong affinity of avidin to the bottom phase, the

avidin peak area in the top phase was often below the lower level of quantification (LLOQ) of the

analytical method. In such cases, the concentrations were set to LLOQ, and thus, higher distribution

ratios were calculated for the five-fold diluted samples. In the case of precipitation, concentration

values were further reduced, which hence increased discrepancy between distribution ratios of five-

fold diluted to three-fold diluted samples. It therefore must be kept in mind, that in all cases of low

3 PUBLICATIONS & MANUSCRIPTS

82



recovery or extreme D-values, the determined distribution ratios are a function of the corresponding

LLOQs, the phase ratio and the solubility.

3.3 Effect of sodium chloride concentration on protein distribution

Partitioning of hydrophobic proteins was reported to be directed into the top phase with increasing

content of sodium chloride [34, 22]. Oelmeier e al. [23] have reported an increase in the distribution

ratio of lysozyme with the addition of NaCl. The results described in section 3.2 showed avidin to

strongly distribute into the bottom phase. Therefore, an increase of sodium chloride seemed promis-

ing in order to increase differences in protein distribution and to obtain higher purities of avidin in

the bottom phase. The sodium chloride mass fraction was varied between 0 – 5% in ATPSs using

phosphate and three different PEG molecular weights (PEG1000, PEG1450 and PEG4000). The ex-

perimental variables phosphate concentration, PEG concentration and NaCl concentration were varied

according to a three level full-factorial design. A change in NaCl addition affected phase behavior and

distribution coefficients in the same way independently of the PEG molecular weight (data not shown)

and therefore, the effects are presented exemplary for the PEG1450/phosphate systems. The screened

ATPSs, the determined binodal curves and two tie-lines of the investigated systems are displayed in

Figure 4.
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Figure 4: Influence of NaCl-concentrations on binodal curve and tie-line in PEG1450-phosphate sys-
tems at pH7, 23◦C. The ATPS compositions used in protein separation experiments are displayed as
dots.

The binodal curve shifted to lower PEG and phosphate concentrations with increasing content

of NaCl in the solutions. Accordingly, average tie-line slopes are decreasing with increasing NaCl

concentration. The shift of the binodal curve to the left within the phase diagram is in accordance

with the observation reported by [24] who used PEG4000/phosphate systems at NaCl mass fractions

of 0%–10%.
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Figure 5: Influence of NaCl-concentrations on distribution ratios of avidin (AV, △), ovomucoid (OM,
◦) lysozyme (LYS, ✷), ovotransferrin (OT, ⋄) and ovalbumin (OV, ▽) in PEG1450phosphate ATPSs.
Differences in protein recovery values are indicated both in color code and a marker size according to
the obtained recovery.

In Figure 5, the influence of the NaCl-concentration on recovery and distribution values of AV,

OM, LYS, OT and OV is displayed. In all cases, AV and OV distributed into the bottom phase

providing average D-values lower than 0.1. The distribution of OM, LYS, and OT was significantly

influenced by the NaCl-content. Distribution ratios for these proteins increased with increasing NaCl-

concentration in average by a factor of 20. The distribution ratio of LYS increased the most from a

median DLY S = 1.44 at 0% NaCl up to a median DLY S = 240 at 3% NaCl. A further significant

increase of DLY S at 5% NaCl (DLY S = 244 (median)) was not determined. This was due to the

fact that the concentration in the bottom phase was below the LLOQ at both 3% and 5% NaCl

concentration (compare 3.2). The distribution values for OM reached values of about 200, but at the

same time a lower AV recovery was obtained (median 80%) in comparison to LYS (median 95%). The

DOM -values reported in this work were hence more than 33 times higher compared with the highest

DOM -values de Oliveira and co-workers obtained in their work by using a PEG1500/sodium carbonate

system [18]. OT distributed into the bottom phase at 0% NaCl. With addition of NaCl, the affinity

of OT to the top phase increased and a median value of DOT = 7.6 at 5% NaCl was reached. Similar

to the results shown in Figure 3, the interplay of reduced protein solubility and the distribution ratios

are reflected in the recovery values for the proteins AV, OT and OVA which all distributed into the

salt-rich bottom phase. As can be seen from Figure 4, tie-line slope decreases with increasing NaCl

concentrations resulting in increased phosphate concentration in the bottom phase.
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3.4 Effect of pH on protein distribution

In the previous section it was demonstrated that by choosing low molecular weight PEG and the

addition of at least 3% NaCl AV was effectively separated from OM and LYS and distributed into

the bottom phase. OV was the only protein which showed the same distribution characteristics as

AV. Varying the pH will in general lead to a change in proteins’ surface and might induce changes in

the distribution of proteins as reported for polymer/polymer two-phase systems [27] and polymer/salt

ATPSs [33, 35]. Besides experiments at pH 7, partitioning of the egg white proteins was therefore also

investigated in PEG1000/phosphate ATPSs at pH 3.5 and pH 4.5. Low pH values were selected based

on the isoelectric point of OM (4.1) and OV (4.5) [7]. All systems were also investigated adding 3%

NaCl. The determined binodal curves and a comparison of tie-lines at 17% PEG and 17% phosphate

concentration are displayed in Figure 6. A decreasing pH led to a shift of the binodal curve to increas-

ing PEG and phosphate concentrations. While the difference of the binodal curve for pH 4.5 and pH

7.0 was small, the binodal curve at pH 3.5 significantly differed regarding slope and shape. For exam-

ple, at 15% phosphate, 10 % PEG was required to form a second phase at pH 4.5 and 7.0, while 15%

PEG was required at pH 3.5. The observed shifting of the binodal curve to lower concentrations with

increasing pH is in accordance with the findings of [29] who used a PEG1450/phosphate system at pH

7.0 and 9.0. However, [36] reported the opposite trend in ATPSs composed of PEG8000-phosphate

over the range of pH 6.0–9.0. Tie-line slopes as shown for 17%/17% PEG/phosphate system did not

seem to be affected by a change in pH. However, the average tie-line slope changed with increasing

pH from -1.27 to -1.54 (data not shown).
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Figure 6: Influence of pH on binodal curve and tie-line in PEG1000/phosphate systems at 23◦C and
without NaCl-addition. Tie-line slopes and lengths are compared for an ATPS composed of 17% PEG
and 17% phosphate (circle).

For the investigation of the influence of the pH on the protein distribution the system points were

chosen to shift along the observed shift of the binodal curve with varying pH and 0% and 3% NaCl.

In Table II, the screening results at three different pH values are summarized. In experiments without

NaCl, AV and OV strongly distributed into the bottom phase and D-values increased with decreasing
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pH, whereas D-values of OM, OT and LYS did not change. Although pH 4.5 was chosen near the

isoelectric points of OV and OM DOV and DOM were not increased compared to values obtained at

pH 7. Remarkably, with addition of 3% NaCl AV and OVA distributed into the top phase at pH 3.5.

Here, D-values > 50 were obtained with recoveries > 69%. Hence, the increase of DAV and DOV could

not be correlated to an increased precipitation as described in previous sections. However, as seen

in Table II on D-values for pH 7.0, 3% NaCl, 17% phosphate and increasing mass fractions of PEG

(17%, 19 % and 21%), precipitation increased with increasing PEG concentration and significantly

affected the determined D-values.

Table II: Distribution ratios and recoveries of egg white proteins in PEG1000/phosphate ATPS varying
in pH, NaCl-concentration and phase ratio (pr)

system point avidin ovomucoid lysozyme ovotransferrin ovalbumin

NaCl PO4 PEG1000 pr D rec D rec D rec D rec D rec
% (w/w) % (w/w) % (f) – – % – % – % – % – %

pH 3.5

0 17 17 1.28 0.02 54 4.58 100 3.99 88 1.86 76 0.05 53
0 19 11 0.61 0.06 83 3.15 100 2.42 91 1.16 81 0.11 90
0 21 13 0.69 0.04 41 11.0 100 8.04 90 6.02 67 0.12 36
0 23 7 0.52 0.72 100 2.66 69 1.94 69 1.39 67 0.72 98
0 23 15 0.78 0.07 20 22.2 96 16.4 86 15.6 65 0.75 13
3 15 19 1.40 0.71 69 45.4 96 40.9 95 15.7 77 1.67 75
3 17 13 0.83 0.46 69 18.3 100 17.7 100 20.4 79 1.30 76
3 17 17 1.12 1.89 69 48.8 98 46.7 96 16.5 73 3.33 71
3 19 15 0.84 3.47 78 58.7 96 90.7 96 19.2 75 6.61 74
3 21 9 0.41 0.81 89 97.1 95 310 94 34.1 86 1.90 90
3 21 17 0.96 85.2 86 247 99 321 97 18.9 78 51.4 84

pH 4.5

0 13 19 1.71 0.01 94 2.35 91 3.88 91 0.35 83 0.01 100
0 15 13 0.92 0.01 86 2.54 96 3.25 96 0.47 79 0.02 92
0 17 17 0.96 0.02 45 6.93 88 8.76 91 1.31 50 0.04 43
0 19 9 0.40 0.02 89 4.48 93 5.47 93 0.54 89 0.02 94
0 19 17 0.87 0.04 32 11.2 83 13.7 88 2.47 25 0.12 16
3 11 19 2.44 0.01 88 9.20 95 38.6 96 0.78 83 0.08 91
3 13 13 1.35 0.07 86 4.08 100 7.21 100 0.96 91 0.26 92
3 15 15 0.92 0.02 61 33.5 88 80.2 90 3.49 68 0.16 61
3 17 9 0.48 0.02 90 26.4 100 80.2 100 3.62 82 0.12 91
3 17 17 1.00 0.24 39 119 91 264 93 11.2 60 0.44 35

pH 7.0

0 13 15 1.38 0.02 96 2.26 93 1.69 94 0.65 99 0.03 88
0 15 17 1.14 0.03 80 5.71 86 4.04 89 1.09 92 0.03 79
0 17 17 1.01 0.03 69 11.8 80 8.72 88 1.20 66 0.05 60
0 17 19 1.14 0.03 66 12.7 72 9.14 81 1.58 26 0.08 32
0 17 21 1.29 0.05 42 15.2 67 11.5 74 1.06 14 0.48 8
3 13 15 1.08 0.02 100 146 91 220 100 5.68 94 0.03 84
3 15 17 1.03 0.03 89 147 87 216 97 4.76 93 0.04 78
3 17 17 0.93 0.05 59 156 87 231 98 11.1 83 0.06 56
3 17 19 1.12 0.05 50 130 78 195 89 8.49 69 0.11 29
3 17 21 1.24 0.95 5 119 75 182 88 7.81 66 0.52 8

In order to compare only the effect of pH and NaCl the D-values and recoveries in ATPSs composed

of 17% PEG/17% phosphate are displayed in Figure 7. D-values of AV, OM and LYS increased with

increasing pH at 0% NaCl, whereas D-values of OT were highest at the lowest pH. The distribution

values of OV did not change and were slightly higher than DAV (0.047 compared to 0.027). An ap-

proximately 10-fold increase of D-values was observed for OM, LYS and OT with the addition of 3%

NaCl, whereas the trends of DOM , DLY S and DOT obtained with the variation of the pH were similar

and independant from NaCl concentration. An interaction of the parameters pH and NaCl concentra-

tion was identified only for AV and OV. With additional 3% NaCl present in solution DAV and DOV

increased approximately by a factor of 100 with decreasing pH. At pH 4.5 and pH 7 recoveries of AV

and OV decreased when NaCl was present, whereas the opposite was true for proteins OM, LYS and
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Figure 7: Influence of pH and NaCl-concentration on distribution ratio (a) and recovery (b) of egg
white proteins in a 17% PEG1000/17% phosphate ATPS at 23◦C. Systems were investigated at three
pHs (3.5, 4.5 and 7.0), each at NaCl mass fractions of 0% and 3%. Data points are connected for
better visualization.

OT. Possible explanations for the change in partitioning of AV and OV mainly into the top phase at

pH 3.5 are an increased salting-out in the bottom phase and an increased shielding of proteins’ surface

charges by Na+ and Cl− ions. At this low pH conformational changes of AV and OV might lead to

an increased exposure of hydrophobic surface areas and, hence, a favored distribution of the proteins

into the top phase. An increase in structural flexibility for OV at low pH was reported in literature [37].

The very similar behavior regarding the distribution and recovery of AV and OV lead to the

assumption of a potential interaction between these proteins. Interactions between basic protein LYS

and OV has been reported [38] and might occur between the basic protein AV and OV as well. In

order to test this hypothesis, experimentally derived distribution values obtained in the following

two ATPSs composed of 15% PEG1000 and 13% phosphate at pH 7 using a) 0.7 g/L OV and b)

0.7 g/L AV + 0.7 g/L OV were compared. The obtained DOV -values were a) 0.29 and b) 0.32 and

thus, in both systems about ten times higher than the values obtained using PPAS protein solution.
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The DAV obtained in experiment b) was equal to the values obtained in experiments using PPAS.

In an ATPS composed of 19% PEG1000 and 17% phosphate at pH 7 DOV of a) 3.93 and b) 3.23

were determined, while in experiments using PPAS DOV was 0.08. An interaction between AV and

OV therefore seems unlikely. However, the OV-distribution observed differs between single protein

experiments and PPAS experiments. In future studies, analytical tools such as static light scattering

could be applied to test for egg white protein-protein interactions. Furthermore, molecular modeling

might enable investigations on distribution characteristics and potential interactions between the egg

white proteins on a molecular basis. The findings demonstrate that the effect of a change in pH should

be evaluated in multiparameter studies rather than being investigated in a single parameter study.

The high number of experiments required for multiparameter studies clearly justifies the application

of high-throughput screening technology as presented in this study.

3.5 Purification of avidin

The screening results revealed large differences in the distribution of AV, OM, LYS, OT and OV in

ATPSs. In almost all investigated systems AV distributed strongly into the bottom phase, whereas

with decreasing PEG molecular weight and with the addition of NaCl > 3%, OM, LYS, and OT

increasingly distributed into the top phase. In a final study, we investigated if a combination of low

PEG molecular weight and NaCl-addition would cause a further increase of the distribution ratios of

the impurities OM, LYS, OT, and OV. ATPSs composed of PEG600/phosphate with 3% NaCl at pH

7 were chosen in order to evaluate the effectiveness of a purification of AV via two-phase separation.

3.5.1 Results of robotic screening

In total, eleven different two-phase compositions regarding PEG600 and phosphate were prepared in

quadruplicates on the liquid handling station. In Figure 8, a the tested ATPSs are displayed in the

corresponding phase diagram. In the contour plots in Figure 8b-f, the resulting distribution ratios

coded by color and the corresponding recovery values are displayed.

AV distributed strongly into the bottom phase (DAV <0.15) except for the three systems with the

longest tie-line lengths. The recovery values were about 100% and decreased with increasing tie-line

length. This explains the higher D-values calculated for these systems. The impurities LYS and OM

strongly distributed into the top phase showing distribution ratios >150 and recovery values >84%

in most of the ATPSs. As observed in all previously investigated systems, the distribution pattern of

OV followed that of AV resulting in the largest D-values for the systems with longest tie-line lengths.

In a system composed of PEG600/phosphate/3% NaCl, DOV -values >1 were obtained. In an ATPS

composed of 13% PEG600 and 19% phosphate, the avidin yield in the bottom phase was 89% ± 1.2%

and the purity of avidin could be increased from 11% in the starting material up to 63% ± 0.2%.

In almost all systems, the AV concentration in the top phase did not succeed the LLOQ and was

consequently set to the LLOQ. Therefore, the calculated DAV varied only with the concentration

determined in the bottom phase. Thus, DAV becomes a function of the solubility in the bottom

phase and the phase ratio. In fact. DAV could even be smaller than the determined values. The

concentrations of the impurities OM, OT, and LYS in the bottom phase were often below the LLOQ,

and the D-values hence depend only on the concentration in the top phase. This concentration is

decreasing with decreasing phase ratio and solubility in the top phase. Therefore, the presented D-

values for LYS, OM and OT only give the minimal distribution ratios and could possibly be higher.
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Nevertheless, with the ATPS conditions found, in only one batch extraction a removal of OV by 65.2%,

OM by 99.4%, LYS 99.7% and OT of 95.4% was achieved.

Figure 8: Screening results of PEG600/phosphate ATPSs with additional NaCl with a mass fraction of
3% NaCl at pH 7 and 23◦C. a: phase diagram, tie-lines and system points (dots) chosen for screening.
b-f: distribution ratios of the egg white proteins displayed in color coded contour plots. Numbers
within contour plots represent the protein recovery values obtained in the corresponding ATPS. If
concentration in one phase did not exceed the analytical limit of quantification, systems were marked
with *. This was the case in all top phases for AV and in some bottom phases for LYS, OM and OT.

3.5.2 Comparison to lab-scale experiments

In order to verify the results obtained in miniaturized scale, the ATPS composed of 13% PEG600,

19% phosphate (pH 7) and 3% NaCl was investigated in lab-scale using a total system volume of 9.75

mL (scale-up by factor 15). In contrast to only 30 µL of protein solution required for one robotic

experiment, 975 µL of protein solution was used for one experiment in falcon tubes. The ATPS

experiment in lab scale was conducted in duplicate, whereas the robotic experiment was performed

in quadruplicate. In Table III, the obtained distribution ratios, recoveries, and absolute errors are

compared.

The overall trends of partitioning characteristics of all proteins seen in the miniaturized experi-

ments were confirmed in larger scale. Both D-values and recoveries of LYS and OT were comparable

89



Table III: Comparison of AV purity and yield in the
bottom phase and the distribution ratios, recoveries
and absolute deviations. Results were obtained in
robotic screenings using deep 96-well plates (0.65 mL)
and lab scale experiments using falcon tubes (9.75 mL).

objective robot scale lab scale

AV purity (%) 63 ± 0.2 70 ± 0.7

AV yield (%) 92 ± 1.5 87 ± 1.2

distribution ratio (-)

avidin 0.014 ± 0.0004 0.028 ± 0.0051
ovomucoid 234 ± 50.3 113 ± 12.4
lysozyme 442 ± 27.1 437 ± 9.6
ovotransferrin 31.6 ± 1.10 31.8 ± 0.56
ovalbumin 1.63± 0.125 4.18 ± 0.372

recovery (%)

avidin 96 ± 4.5 89 ± 3.1
ovomucoid 94 ± 4.9 95 ± 1.4
lysozyme 92 ± 3.6 93 ± 0.9
ovotransferrin 97 ± 3.1 100 ± 1.4
ovalbumin 71 ± 14.2 83 ± 1.4

between both scales with sufficient precision (e.g. relative standard deviation of D-values in robotic

experiments: 1.2% – 6.6%). AV recovery was 89% compared to 96% obtained in screening experi-

ments. However, the determined DAV in lab scale experiments was 0.028 and, thus, double as high as

the value obtained in robotic experiments (0.014). The DOM -value obtained in lab scale experiments

was significantly smaller compared to the value determined in the robotic experiment. The phase ratio

determined in robotic experiments was 0.65, whereas pr = 0.58 was obtained in lab scale experiments.

This deviation might be due to the different methods used to determine phase volumes in both scales.

The purity of AV in the bottom phase was 70% with a yield of 87%±1.3%. These values are in good

agreement with the values obtained in the robotic experiments (Pu = 63% and Y = 89%). It must

be pointed out that in this study a natural feedstock was used, in which a large concentration range

was present. The very strong partitioning into one phase results in very low protein concentrations

in the other phase. This low protein concentrations mainly caused the deviations and imprecision.

Small changes in the integration of the obtained HPLC peak areas (< 0.2 mAU) had a large effect

on the determined value, because the peak areas for these proteins were often very small in one of

the two phases. Nevertheless, changes in interfaces and mixing performance due to different container

materials and geometry might also cause deviations in partitioning. Kinetic effects of precipitation

competing with mass transfer into the top phase could be another reason for the determined differ-

ences for RecOV and DOV . Assuming that for OV the solubility limit in the salt-rich bottom phase

is reached, the protein either precipitates or favors the polymer-rich phase. The overhead shaking

used for mixing in falcon tube experiments generated larger interfaces. Thus, mass transfer might

be increased compared to conditions in a deep well plate, resulting in higher D-values and increased

recovery. A transfer of the method to process scale should be performed in following studies, in order

to evaluate the quality of the data obtained in the miniaturized experiments.

3.6 Aspects on the screening procedure

The robotic screening included the initial determination of the binodal curve, the tie-line determination

and the extraction experiments. It must be noted that the binodal determination was not necessary
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for the evaluation of the protein distribution. However, this proceeding supported the choice of the

ATPS compositions to be tested and prevented a preparation of systems which were located in the one-

phase region of the phase diagram. The determination of the tie-lines was performed in parallel to the

protein partitioning experiments (see section 2.6.1). The tie-lines were not required for the calculation

of the distribution coefficients and recovery values. However, the information of the top and bottom

phase compositions and concentrations are relevant concerning the development of following process

steps.

For the extraction experiments, a grid-like screening design was applied. Thus, first data on a possible

effect of the phase ratio and the robustness of the system were obtained. This information is valuable

for a comparison of the systems regarding an industrial application of the process. However, if the

experimental effort needs to be further reduced, it is suggested to vary only the tie-line lengths and

keep the phase ratio constant [17].

4 Conclusion and outlook

In this paper, the distribution of AV in ATPS was investigated for the first time. The study re-

vealed large differences in partitioning of avidin and its impurities in egg white, ovomucoid, lysozyme,

ovotransferrin, and ovalbumin in PEG/phosphate ATPSs. AV and OV strongly distributed into the

salt-rich bottom phase, while OM, LYS, and OT could be distributed into the top phase when using

low PEG MW. By the addition of 3% NaCl, a ten-fold increase in distribution values was obtained.

Separation of OV from AV with a pH-value near the isoelectric point of OV was not achieved, but

rather increased distribution ratios of both proteins. It was clearly demonstrated that recovery values

as well as phase ratios need to be considered when comparing distribution ratios, because this value

only comprises soluble protein. An alteration of the protein concentrations in the starting material

can affect the degree of protein precipitation and hence protein distribution [34]. Furthermore, the

capacity of the ATPS poses an important factor concerning the economic evaluation of a potential

industrial process. Therefore, it will be necessary to investigate different loadings in future develop-

ment studies.

The evaluation of ATPSs was performed using high-throughput experimentation combined with fast

analytics. The presented screening procedure enabled a complete characterization of one ATPS within

24 h. This included the determination of the binodal curve and tie-lines, automated ATPS experi-

ments of 12 system points in quadruplicate, RP HPLC analysis and data evaluation automated in

Matlab R©. Streamlining the timelines of experimentation (during the day), analytics (overnight) and

rapid, largely automated data evaluation poses a concept of efficient work. With the shown example

of using a complex mixture and selective analytics different from photometric analysis commonly used

in HTE, we demonstrate the applicability for such screenings also for industrial process development.

The automated screening identified ATPSs composed of PEG600, phosphate at pH 7 with additional

3% NaCl resulting in purities >60% and high yields (>90%) of avidin. One single batch extraction

step is already remarkably effective regarding the removal of the impurities LYS, OM and OT. By

applying a sequence of multiple extraction steps or continuous processing by using centrifugal parti-

tioning chromatography, AV purity can probably be further increased. The results from batch ATPS

were confirmed by the findings in commonly used lab scale experiments. The effective separation of

lysozyme from avidin underlines ATPSs being a valuable alternative to ion-exchange chromatography,

which according to literature is widely used for the purification of avidin. Following work will focus
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on the separation of the high valuable protein AV from the mainly remaining impurity OV from the

salt-rich bottom phase.

Appendix

The following Figure serves as supplementary data for section 2.2.

In Figure 1 a/b two sample chromatograms obtained with one column by the developed tandem

Reversed Phase HPLC assay are displayed. In Figure 1a, the chromatogram represents the analysis of

a ten-fold diluted pre-purified avidin solution (PPAS). In Figure 1b, the chromatogram represents the

analysis of a one-phase reference system prepared for each corresponding ATPS. The concentration

levels of the one-phase reference system correspond to the total dilutions prepared during an automated

experiments. As an example for the concentrations quantified in the ATPS experiments, the area

signals obtained in the reference system (Figure 1b) for avidin and ovotransferrin correspond to

concentrations of 21.1 mg/L and 5.3 mg/L, respectively.

Figure 9: a: analysis of PPAS, dilution: 1:10. b: analysis of PPAS obtained in a reference system for
the ATPS separation experiments (5% phosphate, 10% PEG600), dilution: 1:65. Peaks: 1: biotiny-
lated avidin (refers to as active biotin), 2: ovomucoid, 3: non-identified component, 4: lysozyme, 5:
non-biotinylated avidin, 6: ovotransferrin, 7: ovalbumin. The UV-signals shown in both figures were
previously corrected by the subtraction of a blank sample.
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Abstract

With an increased number of applications in the field of the avidin-biotin technology, the result-

ing demand for highly-purified protein avidin has drawn our attention to the purification process of

avidin that naturally occurs in chicken egg white. The high-throughput process development (HTPD)

methodology was exploited, in order to evaluate purification process alternatives to commonly used ion-

exchange chromatography. In a high-throughput format, process parameters for aqueous two-phase

extraction, selective precipitation with salts and polyethylene glycol, and hydrophobic interaction and

mixed-mode column chromatography experiments were performed. The HTPD strategy was comple-

mented by a high-throughput tandem High-Performance Liquid Chromatography assay for protein

quantification. Suitable conditions for the separation of avidin from the major impurities ovalbumin,

ovomucoid, ovotransferrin, and lysozyme were identified in the screening experiments. By combination

of polyethylene glycol precipitation with subsequent resolubilization and separation in a polyethylene

glycol/sulfate/sodium chloride two-phase system an avidin purity of 77% was obtained with a yield

>90% while at the same time achieving a significant reduction of the process volume. The two-phase

extraction and precipitation results were largely confirmed in larger scale with scale-up factors of 230

and 133, respectively. Seamless processing of the avidin enriched bottom phase was found feasible

by using mixed-mode chromatography. By gradient elution a final avidin purity of at least 97% and

yield >90% was obtained in the elution pool. The presented identification of a new and beneficial

alternative for the purification of the high value protein thus presents a successful implementation of

HTPD for an industrial relevant purification task.

Keywords: high-throughput process development, downstream processing, avidin, egg

white protein
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1 Introduction

Biopharmaceutical process development is particularly driven by tightly set timelines in order to reach

toxicological studies and clinical phases as fast as possible. Therefore, within the last decade, process

development scientists have adapted the methodology of ’high-throughput screening’ known from

drug discovery departments for their purposes. By miniaturization, parallelization and automation of

experiments various process unit operations were scaled down in order to fit the micro-plate format.

This enabled the operation on robotic liquid handling stations. In comparison to traditional methods,

only fractional amounts of material was now required for the experiments. In the field of downstream

processing, screening methods for chromatographic batch binding conditions [1–3], parallelized column

chromatography in µL-scale [4, 5], solubility and precipitation screenings [6–8], and aqueous two-phase

extraction [8, 9] have been developed. The evolving demand for analytical techniques matching the

speed of the experimentation was responded within the last years by both academia and industry. The

commercialization of hardware solutions led to wide acceptance of the technologies in industries and by

regulatory authorities. The popular buzzword ’high-throughput process development’ (HTPD) that

Rege et al. stated in 2006 [10], nowadays represents the combination of high-throughput screening

techniques and fast analytics and is steadily augmented with methods of mechanistic modeling, process

simulation and data processing tools. Besides the application of HTPD to newly develop processes,

an identification of process alternatives is clearly a promising application of the existing toolbox.

The globular glycoprotein avidin (AV) is well-known for its exceptionally strong and non-covalent

binding with biotin (vitamin H) with a dissociation rate constant reported of kd=10−15 [11]. The

pronounced interaction of biotin and AV has been applied for the detection and quantification of

certain targets both in biochemical assays and for biomedical applications. Commonly, avidin and

biotin are chemically conjugated to specific binders (e.g. antibodies, oligonucleotides, enzymes, etc.)

and reagents such as fluorophores or enzymes to enable the detection of the target. In McMahon

[12] and the reviews by Diamandis and Wilchek [13, 14] many improved methods and applications of

the affinity-based tool either using avidin or the microbially-derived avidin homolog streptavidin are

summarized. Additionally, an increasing interest in using the biotin-avidin technology for biophar-

maceutical applications is reported [15–18]. The resulting demand on highly purified avidin asks for

a re-evaluation of the manufacturing process and particularly the purification processes. Commonly,

the tetrameric protein avidin is extracted from chicken egg whites, which is therefore the process

we focused on in this work. Avidin constitutes only 0.05% (w/w) of the total protein in egg white

[19, 20] which is one reason for the high manufacturing costs. The largest fractions of the protein

mass is represented by ovalbumin (OM, 54%), ovotransferrin (OT, 12-13%), ovomucoid (OM, 11%),

and lysozyme (LYS, 3.5%).

For the separation of avidin from egg white protein solutions, biotinylated ligands and iminobi-

otin have been used for affinity chromatography [21, 22]. The achieved high selectivity, however,

comes with common disadvantages of affinity chromatography such as ligand leakage and high resin

costs. The most commonly used techniques for egg white protein purification, precipitation and ion

exchange chromatography [20, 23], have also been applied for the purification of avidin as reviewed by

Durance et al. [24]. The published methods include a sequence of ion-exchange chromatography steps

(Mealmed and Green [11]: purity 93%, yield 27%), the extension of this protocol by using gel filtration

and crystallization [25], and a process using ion exchange chromatography reported by Durance and

Nakai [26] (purity: 41%, yields: 74 – 80%). When using ion exchange chromatography, co-elution

of avidin and lysozyme was reported [26, 27]. This is due to the similar isoelectric points of avidin
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(10.0) and lysozyme (10.7) [20]. Piskarev et al. [28] obtained a separation of lysozyme employing a

concave gradient in a final cation exchange High-Performance Liquid Chromatography (HPLC) step

yielding 75%–85% avidin and purity of approximately 99% determined by SDS-PAGE. Rothemund

and co-workers [29] achieved a separation of avidin from lysozyme in a two-step process using an

electrophoresis instrument and obtained a recovery of 60% – 65%. However, the application of both

HPLC and electrophoresis in large-scale is limited by currently available equipment.

Extraction using aqueous two-phase systems (ATPS) have been successfully applied for the purifica-

tion of proteins [30–33] and promise good scalability, tolerance to solid particles and high selectivities.

Recently, we have investigated the partitioning behavior of egg white proteins in polyethylene glycol

(PEG)/phosphate systems regarding the effects of varying the PEG molecular weights, pH and NaCl

concentrations [34]. The screening results showed favored partitioning of AV and OV into the bottom

phase and distribution of LYS, OM and OT mainly into the upper phase when a low PEG molecular

weight was chosen and NaCl was added to the systems.

This paper pursues two objectives. First, we intend to demonstrate the application of HTPD

methodology to rapidly develop a process consisting of several steps. This approach features only little

protein sample consumption per experiment and a large portion of automated experimental routines

linked with speed-matching and selective tandem-HPLC analytics and automated data evaluation.

Second, we present a new, alternative process layout for the purification of the high valuable protein

avidin (AV) from a chicken egg white solution aiming high purities. By this combination, we hence

address the lack in literature of demonstrating HTPD to other applications than monoclonal antibody

platform optimizations or studies on artificial mixtures on two or three model proteins.

Based on the recently gained knowledge of the distribution of AV in ATPSs [34], in this work,

we focused on the development of an integrated purification process for AV and hence on a possible

separation of AV and OV out of an ATPS bottom phase. The efficiency of two-phase extraction

in PEG/phosphate, PEG/ammonium sulfate ATPSs, and selective AV precipitation with PEG is

demonstrated both in high-throughput experiments (300–600 µL) and in scale-up experiments (40–150

mL). The importance of tracking protein solubility in ATPSs for the correct judgment of distribution

ratios is elucidated in detail. We further link the development of a purification step by aqueous two-

phase separation and selective precipitation with a screening for a suitable final chromatography step

(mixed-mode (MM) and hydrophobic interaction chromatography (HIC)).

2 Materials and Methods

All experiments were performed at room temperature (23◦C). In the following, fractions given in

percentage correspond to weight per weight (w/w) unless stated differently.

2.1 Chemicals and stock solutions

Water was purified using an Arium R©pro UV system (Sartorius Stedim Biotech, Göttingen, DE). PEG

600 and PEG 1000, synthesis grade, purchased from Merck KGaA (Darmstadt, DE) was dissolved

in purified water to prepare following stock solutions: 60% PEG600 and 60% PEG1000. K2HPO4,

NaCl and (NH3)2SO4 of analysis grade were supplied by Merck KGaA (Darmstadt, DE). The salts

were dissolved in purified water to obtain following stock solutions: 40% potassium phosphate (pH

7) and 40 % ammonium sulfate (pH 7). NaCl was dissolved in purified water obtaining a 25%

mass fraction. NaOH solution or H3PO4 purchased from Merck KGaA (Darmstadt, DE) were used
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for titrating solutions to the final pH. Acetonitrile used in RP HPLC was purchased from Merck

(LiChrosolv R©gradient grade, Merck KGaA, Darmstadt, DE).

2.2 Protein Solutions

An egg white protein suspension containing approximately 11% (c/c) avidin was supplied by an

industrial partner. This material was filtered using 0.45 µm cellulose acetate filter from Sartorius

(Göttingen, DE), the buffer was exchanged to 10 mM sodium phosphate, pH 7, and the protein solution

was concentrated using a PureTec CP-120 Tangential Flow Filtration system (SciLog, Middleton, WI,

USA) employing a 3 kDa MWCO Omega
TM

membrane (Minimate
TM

TFF Capsules, (Pall, Dreieich,

DE). The filtered retentate (sterile filter, 0.2 µm from Millipore, Schwalbach, DE) was aliquotted and

stored at -30 ◦C until use. The final protein concentrations in this protein stock solution which was

used in all experiments were: 1.27 g/L AV, 6.32 g/L OM, 2.69 g/L LYS, 0.354 g/L OT and 1.30 g/L OV.

In the following, the solution is referred to as pre-purified avidin solution (PPAS). Standard proteins

ovalbumin (prod.-no. A5503), ovotransferrin (conalbumin, prod.-no. C0755), ovomucoid (trypsin-

inhibitor, prod.-no. T9253) and lysozyme (prod.-no. 6290) were purchased from Sigma-Aldrich Co.

(Taufkirchen, DE). Purified avidin (>90%) was provided by an industrial partner.

2.3 Liquid handling station

Automated ATPS experiments were performed on a Freedom Evo R©200 station (Tecan, Crailsheim,

DE), equipped with following components from Tecan: an 8-channel liquid handling arm (teflon coated

fixed tips), a centric gripper, a plate storage and delivery device Te-Stack
TM

, a rotational shaker (Te-

Shake
TM

), a Te-Chrom
TM

chromatography module, a Te-VacS
TM

vacuum module for filtration, and

integrated Infinite200 spectrophotometer. An integrated centrifuge was used for liquid-liquid phase

separation (Rotanta 46RSC, Hettich, Tuttlingen, DE).

2.4 Software

The liquid handling station was controlled using Evoware 2.4 SP3. Import of pipetting values and ex-

port of photometric data was automatically performed in Evoware programs employing Excel R©(Micro-

soft, Redmond, WA, USA) files. Chromeleon R© (6.80 SR10) was used to control the UltiMate R©3000

RSLC x2 Dual system and for peak integration. Data of both photometric measurements and RP

HPLC analysis were further processed and evaluated using developed routines in Matlab R©R2011b

(The Mathworks, Natick, ME, USA).

2.5 Protein analytics

A high-throughput Reversed Phase (RP) HPLC method developed in an earlier study (see manuscript

3, [34]) was used for protein quantification and purity analysis. In case of protein concentrations found

below the lower limit of quantification (LLOQ), the corresponding LLOQ concentration was used for

calculations of distribution ratio, yield, and purity.
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2.6 Aqueous two-phase experimentation

2.6.1 Automated characterization of two-phase system

Binodal curves were determined by turbidity measurements using the liquid handling station for the

preparation of the two-phase systems. Purified water was pipetted into a standard 96 well polystyrene

micro-titer plate (Greiner bio-one, Frickenhausen, DE), followed by salt and PEG stock solutions to

obtain different systems each of 300 µL. The 96 solutions were mixed on a Te-Shake
TM

at 1100 rpm

for five minutes. Subsequently, phase formation was determined by visual inspection. While one-

phase systems stayed clear, two-phase systems became opaque when being mixed. Starting with

initial guesses for similar systems derived from literature, system points were chosen for 12 different

salt concentrations, each combined with eight PEG concentrations varying by maximal 1% in PEG

concentration. For each salt concentration level, a binodal point was determined when in one of

two neighboring systems phase formation was indicated by turbidity. Thus, sufficient precision was

achieved to fit the binodal curve as a function f using following equation as given in Merchuk et al.

[35]:

xPEG = f(xsalt) = a · exp(b · (xsalt)
0.5 + c · (xsalt)

3) (1)

Tie-lines and compositions of top and bottom phases were determined using a colorimetric method

adapted from [9] and described in detail in [34]. In brief: One mM methyl violet dissolved in purified

water was added to the ATPSs. Since the dye exclusively partitions into the top phase, the extinction

measured at a wavelength of 586 nm was linearly correlated to the top phase volume (Vtp). The lever

arm rule deriving from mass balances was used while neglecting the density differences of the phase

solutions, in order to calculate tie-line lengths (Ltp and Lbp), bottom phase volume (Vbp), and hence

the phase ratio pr:

pr =
Vtp

Vbp
≈ Lbp

Ltp
. (2)

Having a function of the binodal curve and volumes of both top and bottom phase at hand, the

unknown salt and PEG concentrations were determined from an equation system based on mass

balances as described elsewhere [34, 35]. Each tie-line was determined in duplicate. Thus, four wells

were occupied for the determination of one tie-line; two without dye (blank), two with dye.

2.6.2 Automated and miniaturized two-phase separation

The automated screening procedure used to perform ATPS experiments was identical to the method

used in [34]. ATPSs were prepared in 1.3 mL 96-well Deep Well plates (Nalgene Nunc, Rochester,

NY, USA) using the liquid handling arm. Purified water, salt stock solutions and PEG were pipetted

to obtain the desired mass ratios of total volume of 650 µL per well and subsequently mixed at

1100 rpm for one minute using the Te-Shake
TM

. While mixing, 65 µL of PPAS were added to each

well. The deep well plate was shaken for another 30 min at 1100 rpm before phase separation was

achieved by centrifugation for five minutes at 1800 g. Subsequently, 50 µL were pipetted from top

and bottom phase according to an optimized sampling method [9] and diluted five-fold with purified

water. The samples were prepared for RP HPLC by adding 25 µL of 2 mM d-Biotin solution to

each well and mixed by shaking for one minute at 1100 rpm. A one-phase system composed of 10%

PEG and 5% phosphate was prepared eight-fold whenever PEG MW, NaCl concentration, or pH was
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changed. The mean protein concentration determined in these systems served as reference for the

calculation of protein recovery. Every ATPS containing protein was prepared in quadruplicate. Thus,

for each combination of PEG/salt/salt, eight wells were occupied (four for the determination of the

corresponding tie-line (see 2.6.1) and four wells for protein distribution experiments).

2.6.3 Scaled-up two-phase separation

ATPSs were prepared in 250 mL Schott Duran R©laboratory glass bottles supplied from VWR Interna-

tional GmbH (Darmstadt, DE). In the same order as performed on the liquid handling station, purified

water, stock solution of phosphate or ammonium sulfate, NaCl solution and PEG stock solution were

manually pipetted into the bottle. The system was mixed using magnetic stirring bar and controller

(VWR International GmbH (Darmstadt, DE). After 5 minutes 15 mL PPAS was added, thus obtain-

ing the desired mass ratios of salts and PEG in a total system volume of 150 mL. The solution was

kept stirring for another 30 minutes. Phase separation was achieved by gravitation within 30 – 60

minutes. Samples of bottom phase were taken using a 5 mL pipette by mimicking the same sampling

procedure as performed in the automated routine on the liquid handling station. The samples were

diluted threefold and fivefold using purified water prior the addition of biotin and HPLC-analysis.

Phase volumes were determined in a second system prepared in a 250 mL measuring cylinder, in

which phase separation was obtained by gravity. In this system, PPAS solution was replaced by 10

mM phosphate buffer, pH 7.

2.7 Precipitation studies

2.7.1 Automated and miniaturized precipitation experiments

A high-throughput screening procedure adapted from [8] was used for protein precipitation studies.

Purified water, salt stock solutions, and/or PEG solutions were pipetted into polypropylene 96-well

filter plates (Bio-Inert R©, Pall GmbH, Dreieich, DE) and mixed on the Te-Shake
TM

for 5 minutes at

1100 rpm. While shaking at 800 rpm 30 µL of PPAS was added resulting in a total volume of 300 µL

per well. The micro-titer plate was then sealed and shaken for 3 hours. For solid-liquid separation,

vacuum was applied for 15 minutes. In the case of resolubilization of precipitate, first, a ’wash-step’ was

performed by adding 200 µL of fresh, protein-free precipitation solution with identical concentrations

of the precipitant, subsequent shaking for 15 minutes at 1100 rpm and removal of liquid by vacuum

filtration for 10 min. Subsequently, 100 µL of resolubilization solution was added to the precipitate

followed by shaking for 15 minutes at 1100 rpm and vacuum filtration for 10 minutes. Prior the

addition of biotin and HPLC analysis, the filtrate and the resolubilized samples were diluted threefold

and the filtrate samples from the washing step were diluted twofold in purified water. For each series

of experiments using one precipitant, 12 concentrations were prepared in quadruplicate. Four different

precipitants were hence tested in two micro-plates and analyzed within 24 h by employing tandem

HPLC analysis.

2.7.2 Scaled-up precipitation experiments

Polypropylene centrifuge tubes (50 mL) purchased from VWR International GmbH (Darmstadt, DE)

were used to investigate precipitation behavior in systems of 40 mL total volume. Water and stock

solutions of precipitant and additives were manually pipetted and vortexed thoroughly, before 4 mL

of PPAS were added. The solution was gently vortexed and placed on a rocking shaker for mixing.
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Shaking was stopped after three hours and solid particles were sedimented by centrifugation for 10

minutes at 3000 g. The supernatant was carefully decanted and diluted threefold in purified water.

The procedure was repeated using 10 mL of fresh precipitation solution, and an incubation time of

15 minutes. The supernatant was decanted, diluted twofold and prepared for later analysis. The

precipitate was resolubilized with 5 mL of resolubilization buffer. The tube was gently vortexed until

no precipitate was visually detected any more and incubated for another 15 minutes. Samples were

diluted threefold prior analysis.

2.8 Automated and miniaturized column chromatography experiments

Four resins each for hydrophobic interaction and mixed-mode chromatography were tested regarding

the binding and elution behavior of the proteins. The eight MediaScout R©RoboColumns supplied by

Atoll GmbH (Weingarten, DE) with a column volume (CV) of 200 µL were operated in parallel using

the liquid handling station. In total, 60 elution buffers of either decreasing potassium phosphate or

decreasing ammonium sulfate concentration were prepared in advance by mixing purified water and

a highly concentrated salt solution with the corresponding ratios on the liquid handling station. The

highly concentrated salt solution was previously generated in a separate two-phase experiment using

the same phase compositions than used for the corresponding two-phase experiment. The same salt

solution was used for the equilibration and wash steps for 8 CV and 3 CV, respectively. Afterwards,

each column was loaded with 8 CV of the protein containing bottom phase that was obtained in the

two-phase separation experiment. The flow rate was 3 µL/s (54 cm/h). The elution buffers were

then consecutively aspirated and 200 µL of each was dispensed into the columns, thus achieving a

gradient-like salt step elution. Column regeneration was performed by dispensing 6 CV of purified

water followed by 6 CV of 0.2 M sodium hydroxide. Eluate was collected in 200 µL fractions in 96-well

plates. The resulting sample plates were analyzed at wavelengths of 280 nm, 900 nm and 990 nm

using the plate reader integrated on the liquid handling station. Fractions with absorption values

A280nm −A320nm > 0.06 were further analyzed using the HPLC assay.

2.9 Quantitative parameters

The addition of d-biotin to samples prior to RP HPLC analysis allowed direct quantification of biotiny-

lated and thus, biologically active avidin. Only the elution peak of biotinylated avidin was considered

for the calculation of distribution ratios, yields and purities and is referred to as avidin in this work.

The distribution ratio D of each protein was calculated from HPLC data by the ratio of protein

peak area of the PEG-rich top phase (atp) divided by peak area determined in salt-rich bottom phase

(abp):

D =
atp
abp

. (3)

Protein recovery was calculated by

Rec =
atp · Vtp + abp · Vbp

a0 · Vsystem
, (4)

where a0 represents the HPLC protein peak area determined in a 10% PEG and 5% phosphate

one-phase reference system. Vsystem states the total volume of the ATPS. The protein recovery hence

represents the total amount of soluble avidin found in both phases. Density differences of the resulting

phases were neglected, since for such small volumes its measurement was not feasible.
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The avidin yield Y in ATPS experiments was calculated by the ratio of soluble avidin determined

in the corresponding phase divided by the avidin mass in the system:

Y =
cphase · Vphase

c0 · Vsystem
. (5)

The purity Pu of avidin was calculated by dividing the avidin concentration (cAV ) by the sum

concentration of AV, OV, OM, OT and LYS in the respecting phase (equation 6. In the case the

composition of a mixture was stated using the purities for each protein, cAV in the numerator was

replaced by the concentration of the corresponding protein.

Pu =
cAV

cAV + cOV + cOM + cOT + cLY S
. (6)

In precipitation and resolubilization studies the protein yield and AV purity were calculated using

the concentrations in and the volume of the supernatant and resolubilization buffer, respectively.

Avidin purity and yield achieved in column chromatography experiments refer to the purity determined

in a virtual pool of collected elution fractions and the soluble avidin found in these selected fractions.

3 Results

The purpose of this study was to use high-throughput methods in order to develop an alternative

process for the purification of avidin from egg white solution. The goal was to minimize linkage steps,

such as volume reduction via ultra-filtration and time-intensive buffer exchanges between process steps.

Therefore, a combination of precipitation with subsequent resolubilization and extraction in ATPSs

and chromatography based on multi-modal interactions was chosen. In the following sections, ATPS

representing the core of the process is evaluated in terms of achieved purities and yield. In order to

evaluate the potential of further purification or concentration of the target molecule, precipitation

screenings were performed and will be presented in the second part of the results and discussion

section. Finally, the results of a resin screening for the direct processing of an ATPS bottom phase

for the separation of the mainly remaining contaminant OV will be shown.

3.1 Aqueous two-phase experiments

PEG/ammonium sulfate ATPSs and PEG/phosphate ATPSs at pH 7 using PEG600 and PEG1000

molecular weights with varying phase ratio were investigated. The governing process parameters guid-

ing the selection process for further process development were yield, purity and concentration factor.

In the context of ’green processing’ relating to using bio-degradable salts and additives, citrate was

also investigated. The solubilities of AV obtained in PEG/citrate ATPSs were, however, significantly

lower than in phosphate or sulfate systems and therefore was not followed during further development

(data not shown).

3.1.1 High-throughput ATPS screenings

Binodal curves

Prior to any ATPS screening, binodal curves were determined to map the relevant screening and

process space. Additionally, the intersection of tie-line and binodal line determines the salt/PEG

composition of the obtained upper and lower phase. This information on phase composition serves
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as link for a seamless interplay with prior and successive steps when considering a high degree of

integration. The concentrations at which the formation of a second phase was observed were fitted

according to the regression function for the binodal curve Merchuk and Huddleston used in their work

[35, 36]. The fit coefficients are given in Table I. In accordance with literature, the addition of 3%

NaCl led to a shift of the binodal curve to lower concentrations [35, 37, 38] whereas using lower PEG

molecular weight caused the opposite effect [39, 40]. A significant difference between binodal curves

of PEG600/phosphate and PEG600/(NH4)2SO4 at pH 7 including the addition of NaCl to a mass

fraction of 3% was not determined (see Fig. 1a, Fig. 1g, and Fig. 2c).

Table I Coefficients of the binodal curves for PEG/ammonium sul-
fate systems at pH 7 fitted with equation f(xPEG)=a·exp(b·x0.5salt-
c·x3salt). Data for PEG600/K3PO4 were taken from [34].

PEGMW salt phase NaCl a b c R2

kDa % (w/w) % (w/w)

1000 (NH4)2SO4 – 83.23 -0.365 -1.8373·10−4 0.998
1000 (NH4)2SO4 3 72.54 -0.443 -2.1047·10−4 0.998

600 (NH4)2SO4 3 57.33 -0.307 -1.7524·10−4 0.997

600 K3PO4 3 62.42 -0.353 -1.4255·10−4 0.998

General screening - system evaluation

The screening for a suitable ATPS for the purification of AV was split into two screening rounds. The

first screening round aimed at an evaluation of protein distribution values, obtained recovery and

the determination of tie-lines. At this point prior knowledge gained from a broad screening of ATPSs

with varying the PEG molecular weight, NaCl concentration and pH-value [34] was taken into account.

The outcome of the first screening round incorporating five system points with increasing PEG/salt

concentrations for each of the selected ATPS is shown in Table II providing mean distribution values

and protein recoveries of the selected PEG/salt systems.

The obtainedDAV -values ranged mostly between 0.10 and 0.017 representing a favored distribution

into the bottom phase. OV distributed similarly into the lower phase using PEG1000, however, in

PEG600 systems DOV -values above 1 were obtained. D-values of the impurities LYS, OM and OT

were significantly above 1 arising from a distinct partitioning into the top phase and increased with

increasing tie-line length and lower PEG MW. The addition of NaCl led to a pronounced increase

of the partitioning of LYS, OM and OT into the top phase. When comparing the values for 15%

PEG1000 and 17% ammonium sulfate for example, the DOV increased up to 108-fold. In contrast,

the influence of a NaCl-addition on partitioning of AV and OV was low with an increase by factor

1.07 and 1.5, respectively. The positive effect of NaCl addition and lower PEG MW was also observed

for the partitioning of these proteins in PEG/phosphate systems [34] and are in accordance with

observations for different proteins and PEG/salt systems in literature [9, 41, 42]. With respect to a

potential purification process using ATPS, both salt/PEG600/3% NaCl systems appeared promising

as large differences in distribution between AV and its impurities were determined.

The median of the avidin recovery values was >90% and decreased with increasing PEG and salt

concentrations which corresponds to an increasing tie-line length. With increasing PEG and salt con-

centration, the recovery values for the impurities decreased for salt and PEG concentrations above

17% and 15%, respectively. The recovery slightly decreased with addition of NaCl. When using phos-
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Table II Distribution ratios and recoveries of egg white proteins avidin (AV), ovalbumin
(OV), lysozyem (LYS), ovotransferrin (OT), and ovomucoid (OM) in ATPS with different
phase ratios (pr) at pH 7. The systems are listed in the order of increasing tie-line length.
Data for PEG600/potassium phosphate were taken from [34].

system point AV OV LYS OT OM

salt PEG pr D Rec D Rec D Rec D Rec D Rec
% (w/w) % (w/w) – – % – % – % – % – %

PEG1000/ammonium sulfate

15 13 0.63 0.015 100 0.022 100 1.86 97 0.610 100 2.97 98
15 15 0.7 0.013 100 0.020 100 2.25 93 0.085 91 3.71 93
17 15 0.61 0.015 100 0.022 100 4.39 95 1.97 74 7.87 95
19 15 0.56 0.014 100 0.026 94 10.3 92 11.0 55 27.1 88
19 17 0.68 0.014 100 0.040 56 19.43 92 10.7 43 50.0 88

PEG1000/ammonium sulfate/3% NaCl (w/w)

17 11 0.42 0.014 100 0.029 83 346 96 12.9 85 74.0 93
17 13 0.49 0.017 96 0.030 78 519 97 14.8 87 195 94
17 15 0.60 0.016 95 0.033 70 473 96 22.5 83 277 93
19 15 0.57 0.016 92 0.067 38 492 97 22.1 80 320 92
21 15 0.57 0.048 33 0.530 6 521 100 20.4 74 382 98

PEG600/ammonium sulfate/3% NaCl (w/w)

17 11 0.45 0.016 100 1.46 92 91.0 100 32.1 100 68.7 95
17 13 0.57 0.016 95 2.73 88 427 96 26.5 100 193 92
17 15 0.69 0.015 93 6.45 87 433 98 22.8 100 324 95
19 15 0.62 0.013 88 1.28 75 453 96 23.8 100 329 89
21 15 0.57 0.018 58 4.01 74 466 94 23.2 100 323 91

PEG600/potassium phosphate/3% NaCl (w/w)

15 13 0.83 0.11 100 0.66 96 130 99 5.23 96 28.1 90
15 15 1.00 0.010 100 0.81 92 313 97 8.99 91 107 90
17 15 1.17 0.010 100 0.87 81 324 93 15.1 92 172 87
19 15 0.78 0.018 66 3.90 56 386 94 26.2 90 285 87
19 17 0.94 0.044 27 8.50 38 262 69 12.3 50 249 81

phate the recovery values were slightly reduced in comparison to the sulfate systems.

Detailed screening - influence of phase ratio

The largest differences between the distribution values of AV and the impurities were obtained in

systems of PEG600/sulfate/NaCl and were in the same range when compared to D-values reported

for PEG600/phosphate/NaCl (table II). Therefore, both salt systems were used in combination with

PEG600 and 3% NaCl in a second, more detailed screening. The purpose of this screening was to

systematically investigate the effect of phase ratio variations on the distribution and recovery of AV

compared to the impurities. Based on the initial screening results shown, three tie-lines for each of

the two salt/PEG600/3% NaCl systems were selected and system points with phase ratios (pr) 4, 1,

and 0.25 were analyzed for protein distribution and yield. This screening scheme was complemented

by two system points with a pr ≈1 located on tie-lines shorter and longer than the other three.

The phase diagrams, distribution values, and recoveries of AV and the four impurities OV, LYS,

OM, and OT are displayed in Figure 1. The affinity of the proteins to the top phase decreased in the

following order: LYS > OM > OT > OV > AV. An increase in the tie-line length led in general to an

increase in the D-values. With an increasing phase ratio the distribution values for all proteins were

reduced. The largest D-values for all impurities were obtained at 7.9% PEG600 and 23.9% sulfate

at pr = 0.25. The largest DAV was determined in a PEG600/sulfate ATPS with a short tie-line

length (composed of 7.6% PEG600, 20.5% sulfate) at pr = 0.25. The lowest DAV -values (≤0.01) were

obtained at pr = 4. The effects of varying the phase ratio and changing the tie-line length appeared

to be additive, however, differently pronounced for each protein. Results from sulfate systems were in

very similar range when compared to the results from phosphate systems. However, as can be seen in

the contour plots for DLY S in Figures 1d and 1j, the tie-line length had a more pronounced effect on
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DLY S in sulfate systems than in phosphate systems. Furthermore, the distribution values of AV at

low phase ratios increased with increasing tie-line length when using phosphate, whereas the opposite

trend is true for low phase ratios when using sulfate.

Matching the result from initial screenings (Table II), the recovery values decreased generally with

increasing tie-line length. However, this effect was more pronounced for the proteins AV and OV when

compared to the recoveries of LYS, OM, and OT which were >85% in all systems. In comparison to

AV, even lower recovery values were obtained for OV when analyzing the results at pr = 1. In the

phosphate ATPS with the longest tie-line (composed of 17.9% PEG600, 17.8% phosphate), only 25%

AV was recovered. In comparison, the AV recovery values in the sulfate ATPS with the longest tie-line

(composed of 20.0% PEG600, 16.6% phosphate) was 92%. The average relative standard deviation

for the recovery values was 6.6%.

The data given in Figure 1 presenting distribution characteristics of AV and impurities were translated

to the achieved AV purity and yield in order to guide further process development (see Figure 2a and

b). The obtained contour plots depict a similar purity pattern for both PEG600/salt systems. The

Pu was increased with increasing tie-line length and with increasing phase ratio. The Pu in sulfate

systems was however about 10% higher when compared to phosphate systems. The highest Pu was

achieved in the systems located on the longest tie-line. In these systems the lowest Y was obtained.
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Figure 1: a and g: Phase diagrams for PEG600/sulfate and PEG600/phosphate ATPSs each with 3% NaCl,
pH 7. Dots represent the investigated systems. b–f and h–l: Contour plots of distribution values (color coded)
and the corresponding recovery values in percent obtained in the corresponding system. Systems marked with
* indicate that the concentration in one phase did not exceed the analytical LLOQ.
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Figure 2: Avidin purity and yield obtained in PEG600/ammonium sulfate (a) and PEG600/phosphate
(b) two-phase systems with 3% NaCl at pH 7. The obtained yields given in percentage are located at the
corresponding systems. c: binodal curves and tie-lines of the ATPSs selected for scale-up.

3.1.2 System selection and scale-up

In order to demonstrate comparability between high-throughput experimentation and common lab-

oratory experiments, suitable ATPSs were selected for scale-up by factor 230. The chosen system

compositions are displayed in Figure 2c. For the selection, the largest tie-line lengths were considered

at which no AV precipitation was observed in the screening results. Therefore, higher PEG and salt

concentrations were chosen for the sulfate system compared to concentrations used in the phosphate

systems. Furthermore, it was decided to calculate system points at an approximately pr=3 within

the linearly interpolated AV Y - and Pu-plane. The intention behind this decision was to evaluate if

interpolated data from the high-throughput screening could be used to sufficiently predict the perfor-

mance of any other ATPS in the experimental landscape. It must be pointed out that for this reason,

not necessarily the truly optimal systems were selected in regards of the best process performance.

In analogy to the robotic experiments, PPAS was added to homogeneously mixed stock solutions

resulting in 150 mL of 11.5% PEG600, 24.4% ammonium sulfate, 3% NaCl and 10.9% PEG600, 23.2%

potassium phosphate, 3% NaCl, respectively. Phase separation was reached by gravitation. It took

about 75 minutes until a clear bottom phase and distinct interphase was obtained. For comparison,

phase separation in a reference system using water instead of PPAS was completed already after 10
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minutes. The obtained purities and yields in the bottom phases calculated for each protein are given

in Figure 3.
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Figure 3: Purities and yields obtained in the bottom phases of 150 mL ATPSs composed of 24.4% PEG600,
11.5% ammonium sulfate (b) and 23.2% PEG600, 10.9% potassium phosphate (c) each with 3% NaCl at pH
7. a: Mass fractions of the proteins AV, OV, LYS, OM, and OT in the starting material PPAS.

An increase in the Pu of AV from 11% to >61% was achieved in both ATPSs. Furthermore, the

contents of LYS and OM in the bottom phase were reduced by ≥ 99.7% and the OT concentration

was reduced by ≥ 97%. The OV concentration in the bottom phase was reduced by 57% in the sulfate

system compared to 66% in the phosphate system. The Y of AV obtained in the sulfate ATPS was

96%, and thus, significantly higher than in the phosphate system (73%). For comparison, the AV Y

and Pu predicted by interpolation of the screening data for these systems were Y=94% and Pu=76%,

and Y=91% and Pu=67% in the sulfate and phosphate systems, respectively. The results in the 150

mL scale thus confirmed the overall potential of ATPS for the purification of AV which was observed

in high-throughput experiments. However, a precise prediction of Pu and Y by interpolation of the

screening data was not achieved.

3.2 High-throughput precipitation screenings

The ATPS screenings had demonstrated distribution behaviors which significantly differed between

AV and the impurities. It was therefore assumed that a selective separation by precipitation using

one of the phase-forming component could also be achieved. A selective precipitation would either

increase the purity of AV in solution (if impurities precipitated) or would lead to an additional product

concentration (if AV precipitated). Since OV was not reduced as efficiently as the other impurities via

aqueous two-phase extraction, the screening was in particular aiming at the identification of solubility

differences between AV and OV. In the precipitation screenings the same polymers and salts were
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applied as used for the ATPSs. Thus, an integration of precipitation to the ATPS extraction step

would be possible without the need for an additional buffer exchange step.

3.2.1 Precipitation screenings using salt solutions

Precipitation experiments using phosphate and sulfate solutions were conducted in 96-well filter plates.

The concentrations of each protein determined in the supernatant at different salt concentrations are

shown in Figure 4a. The precipitation results applying only salt as precipitant were compared to

precipitations with additional 1% PEG1000 in the salt solutions as approximately occurring in ATPS

bottom phases. Here the motivation was to evaluate if PEG would act synergystically or adversely to

salt as precipitant.

The salt concentration at which protein precipitation occurred increased in the order of OM <

OT < OV < LYS < AV. AV precipitated at phosphate and phosphate/sulfate + PEG concentrations

≥27.5%. When using sulfate only, AV precipitated at 30% sulfate. The impurities, on the contrary,

were less stable in sulfate and sulfate+PEG solutions than in phosphate solutions. The addition of 1%

of PEG1000 to the sulfate solutions decreased the AV and LYS solubility by approx. 2.5%, whereas

addition of PEG led to 1.5%–2.5% higher salt concentrations required to obtain precipitation of OV

and OT. Regarding the stability of OM, no clear influence of the addition of PEG1000 was observed.

Among all proteins, OV showed the highest sensitivity against a change in the precipitant. Addition

of PEG1000 did not result in better separation of OV from AV, and therefore, further experiments,

e.g. by adding PEG600 were not performed. The screening results demonstrated that by using 27.5%

ammonium sulfate it would be able to reduce the content of the impurity OV by 95% whereas more

than 90% of AV remained in solution.
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Figure 4: Protein concentration in the supernatant after incubation at different precipitant concentrations
(a: salt; b: PEG) related to the start concentration c0 in PPAS.
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3.2.2 Precipitation screenings using PEG solutions

It was assumed that AV would be least stable in PEG solutions compared to the impurities, because of

the lowest distribution values obtained in the ATPS screenings. Therefore, precipitation experiments

were performed using PEG600 and PEG1000 solutions with concentrations of up to 35% and with

and without 1% salt. The resulting protein precipitation curves are presented in Figure 4b.

The PEG concentrations at which precipitation occurred increased in the order of AV<OV≈OT,

whereas LYS and OM did not precipitate at concentrations of up to 35% PEG. With an increasing

PEG MW lower precipitant concentrations were required to achieve precipitation of AV, OV, and OT

regardless whether salt was added or not. For both PEG MW, the addition of 1% salt resulted in

precipitation of AV at significant lower PEG concentrations in the order of: PEG600 < PEG1000 <

PEG600+salt < PEG1000+salt. The latter clearly showed the synergistic behavior of small amounts

of salt in the case of AV, whereas the solubility of OV and OT were increased when adding phosphate.

Regarding a separation of AV from the impurities, the precipitation using either PEG600 with

mass fractions of >30% or PEG1000 with mass fractions >25% at presence of 1% phosphate was

shown the most promising, because at these conditions differences in the solubility were largest.

3.2.3 Resolubilization and scale-up

Following the screening for precipitation conditions, successful resolubilization of AV with preservation

of its activity had to be demonstrated. As precipitation conditions 32.5% PEG600/1% phosphate were

chosen followed by resolubilization in a 22.5% ammonium sulfate solution.

First, precipitation, removal of filtrate, and subsequent resolubilization of the precipitate was per-

formed in 96-well filter plates. In order to confirm the screening results, the experiment was then

performed in a larger scale with a start volume of 40 mL and a resolubilization in 5 mL. The mass

fractions and yields of AV and the impurities obtained with precipitation and subsequent resolubiliza-

tion in both scales are shown in Figure 5b,c and compared to the starting material PPAS (Figure 5a).

The yield of AV in the scale-up experiment was 89% and hence 23% higher compared to the value

determined in the screening. The Pu value obtained in scale-up experiments (60%) was significantly

lower compared to the Pu determined in the screening experiments (86%). This reduction of the

purity was mainly due to the higher yield of OV in scale-up experiments. Furthermore, the yields

of OT and OM were slightly increased in scale-up experiments compared to the values obtained in

micro scale, whereas the opposite trend was observed for LYS. By this experimental set up, a volume

reduction of factor eight was achieved.

3.3 Integration of precipitation step and ATP separation

In order to increase integration, a combination of precipitation with subsequent resolubilization and

separation in an ATPS was evaluated. With this strategy, a reduction was aimed of the process volume

and a large fraction of the impurities already in the precipitation step and the ATPS volume and the

required amount of salt.

The precipitate obtained from the precipitation using 32.5% PEG600 + 1% phosphate in 40 mL

was resolubilized with 5 mL of a homogeneously mixed ATPS composed of 11.5% ammonium sulfate,

24.5% PEG600, and 3% NaCl. Phase separation was achieved by centrifugation. While both phases

became clear, some precipitate was seen in the interphase. The determined purities and yields in the
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Figure 5: a: Protein mass fraction of proteins in PPAS. Results of precipitation by 32.5% PEG600 + 1%PO4
and resolubilization using 22.5% ammonium sulfate performed in micro-titer plates (b) and 50 mL centrifuge
tubes (c).

obtained 1.5 mL of bottom phase are given in Figure 6.

With the combination of precipitation and aqueous two-phase extraction an AV purity of 77.6%

and a total yield of 91% in the bottom phase were achieved. The LYS concentration was lower than

the LLOQ which equals a reduction of the concentration by 99.97%. The OM concentration was

reduced by >99.92% resulting in a mass fraction of 0.42%. The determined OT mass fraction was

0.23% which equaled a reduction of the concentration by 99.44%. With a final mass fraction of 21.7%

(reduction of concentration by 80.7%), OV was the mainly remaining impurity in the bottom phase.

The process of precipitation and separation in an ATPS resulted for the bottom phase in a volume

reduction by factor 26.7.

3.4 High-throughput column chromatography experiments

In order to further increase AV purity while at the same time extracting AV from the ATPS bottom

phase and reducing the fraction of the remaining impurity OV, a subsequent separation step was

investigated. Due to their salt tolerance hydrophobic interaction chromatography (HIC) and mixed-
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Figure 6: Yields and purities in the bottom phase obtained by PEG600-precipitation with resolubilization
in an ATPS composed of 24.4% PEG600/11.5% ammonium sulfate/3% NaCl, pH 7.

mode chromatography (MM) were the favorable types of chromatography to be tested, as the salt-rich

bottom phase of an aqueous two-phase separation could possibly be loaded directly on HIC or MM

columns without requiring a buffer exchange.

Four HIC resins of different hydrophobicity and ligand type and four different MM resins were

tested using 200 µL columns. These eight resins were loaded with eight column volumes of the

bottom phases of ATPSs generated in lab-scale (see 3.1.2): a) the bottom phase composed of 11.5%

PEG600, 24.4% ammonium sulfate, 3% NaCl (experiment 1), and b) the bottom phase composed

of 10.9% PEG600, 23.2% potassium phosphate and 3% NaCl (experiment 2). Gradient elution was

applied with decreasing sulfate concentrations from 1.9 M to 0.01 M over 60 CV in experiment 1 and

decreasing phosphate concentrations from 1.8 M to 0.01 M over 60 CV in experiment 2. The salt

gradient was hence performed beginning with approximately the loading salt concentrations.

Table III Overview of HIC and MM resin screening using ATPS bottom
phases. ’Partly’ indicates a beginning breakthrough and significant elu-
tion within wash step and the first 3 CV of the salt gradient. Separations
of OV from AV providing baseline separation or minimal peak overlap
were indicated with ’yes’.

Resin Salt phase Binding of AV Separation of OV

HEA HyperCel
TM phosphate yes yes

sulfate yes yes

PPA HyperCel
TM phosphate yes yes

sulfate yes yes

MEP HyperCel
TM phosphate partly yes

sulfate yes yes

Capto MMC
phosphate partly no

sulfate yes no

FractogelR©EMD Propyl S
phosphate – –

sulfate – –

Toyopearl Phenyl-650S
phosphate – –

sulfate – –

Butyl Sepharose HP
phosphate – –

sulfate partly yes

Octyl Sepharose 4 FF
phosphate partly no

sulfate partly yes
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The screening results are summarized in Table III addressing two questions: Is a 100% binding

of AV to the respective resins given, and can a separation of AV and OV be achieved in a linear salt

gradient?

When using HIC resins, AV bound only partly, whereas complete binding was observed for six

of the eight cases when using MM resins. For each resin type, the elution profile obtained with the

phosphate system was similar compared to the profile obtained with the sulfate system. AV and

OV eluted however at lower phosphate concentrations compared to the sulfate elution concentrations.

A separation of AV from OV was achieved in the phosphate and sulfate systems on the three MM

resins HEA HyperCel
TM

, PPA HyperCel
TM

, and MEP HyperCel
TM

. No separation between AV and

OV was achieved using the Capto MMC resin. Here, AV eluted in the regeneration step when using

sulfate whereas AV coeluted with OV when using phosphate. As an example for the chromatograms

obtained from the robotic experiments three chromatograms of MM chromatography experiments

using a sulfate elution gradient are shown in Figure 7.
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Figure 7: Elution profile of robotic chromatography experiments using mixed-mode adsorber

PPAHyperCel
TM

(a), HEAHyperCel
TM

(b) and MEPHyperCel
TM

(c) loaded with a bottom phase of a
PEG600/sulfate/3% ATPS. The abrupt change in protein concentration at 9.5 – 10 mL elution volume in

the case of HEAHyperCel
TM

is assumably caused by an incorrect buffer composition and was therefore consid-
ered as outlier.
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AV and OV eluted from the HEA column at higher salt concentrations compared to the concen-

trations required for the PPA resin. When using MEP, AV and OV changed elution order and AV

was mainly eluted in the regeneration step applying 0.1 M NaOH. With the PPA resin, a total AV

yield of 87% for the sulfate system and 85% for the phosphate system was achieved. The determined

AV purities were 97.5% and 95.8%, respectively. Regarding the calculation of the purities one has to

note that the concentration of impurities OV, LYS, and OT in the AV elution pool each was lower

than the LLOQ. The LLOQ was hence used to calculate the minimal purity achieved and therefore

the determined purity values are in fact the lowest possible values for the given AV concentration and

might actually be higher.

3.5 Combined process

With the generated screening data and additional scale-up experiments shown in previous sections,

following process conditions as well as the sequence of process steps is suggested for the purification

of AV. First, precipitation using 30–32% PEG 600 and 1% potassium phosphate salt leading to a

significant volume reduction (up to factor 8 was tested) and concentration of AV, and furthermore, a

reduction of the LYS-, OM-, and OT-content. In an integrated process approach, a homogeneously

mixed solution 24.4% PEG600/11.5% ammonium sulfate/3% NaCl is used for resolubilization and

for the extraction of AV, which distributes in the salt-rich bottom phase. Besides further volume

reduction (factor 3) AV purity is increased to 77% and LYS, OM, and OT are reduced close or below

the quantification level. The mainly remaining impurity OV can be separated via mixed-mode chro-

matography applied in HIC-mode by loading the ATPS bottom phase directly on the column without

the need for any conditioning steps. The reached AV purities and yields for the single steps ATPS

and PEG precipitation as well as the combination of process steps are displayed in Figure 8. It must

be noted that the determined total AV yield for the combined ATPS and precipitation process was

higher than the yield determined for the precipitation step only. This is assumed to be due to the

variance inherent in the experimental and analytical procedures.
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Figure 8: Overview of obtained AV purities (bars) and AV yields (+). Starting material: PPAS; ATPS:
24.4% PEG600/11.5% ammonium sulfate/3% NaCl; precipitation: 32% PEG 600 + 1% phosphate; PPA

Chrom: mixed-mode chromatography using PPAHyperCel
TM

equilibrated with 1.8 M ammonium sulfate and
loaded with ATPS bottom phase.
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4 Discussion

4.1 Avidin purification using aqueous two-phase systems

In order to identify a suitable ATPS for the purification of AV from its four major impurities

LYS, OM, OT, and OV, three steps were undertaken. First, a crude screening of three different

PEG/sulfate/NaCl combinations was performed complemented by data from an earlier screening

study [34]. In a second screening step the two most promising systems were analyzed with variation of

the phase ratio. Third, based on the screening results two ATPSs were selected for performance testing

in a larger scale. The use of ATPSs of either PEG600/sulfate/3% NaCl or PEG600/phosphate/3%

NaCl was demonstrated to be very effective for a reduction of the impurity fraction. The AV purity

was increased from 11% in the PPAS to greater than 61% in only one extraction step. In particu-

lar, the large difference of the distribution ratios obtained in the PEG600/sulfate/3% NaCl system

(DLY S = 264 and DAV = 0.004) yielded a reduction of the LYS concentration by ≥99.7%. This is

a considerably high value when taking into account that a preparative separation of these proteins

using common ion-exchange chromatography has been reported to be challenging due to their similar

isoelectric points of AV (pI=10) and LYS (pI=10.7) [26, 27]. If considering multiple extraction steps,

the impurities LYS, OM and OT could probably be fully separated from the AV-rich bottom phase.

Varying the phase ratio

A volume reduction of the phase enriched with the protein of interest lowers the volume to be processed

in subsequent steps and is of great economic interest. The phase ratio was therefore taken into account

in the second step of the screening procedure for optimal ATPS conditions. The following relation

of yield (Y ) in the bottom phase, distribution ratio (D), and phase ratio (pr) derives by combining

equations 2, 3 and 5.

Y =
1

1 +D · pr . (7)

From this relationship, which is visualized in figure 9a, it becomes clear that the optimization of

the purity and yield poses a Pareto optimization problem. With increasing phase ratio the yield in

the bottom phase must decrease providing that the partitioning coefficient is constant and no pre-

cipitation occurs. Protein yields and purities strongly depend on the phase ratio, in particular for

moderate D-values between 0.02 – 50. In the case of AV, the D-values were ≤0.01 for pr ≥1.0. Thus,

corresponding to equation 7 a Y ≥90% could be achieved with phase ratios up to 10. In this study,

however, we deliberately chose a phase ratio of only three for subsequent experiments in larger scale

in order to investigate the potential of predicting experimental outcomes from the interpolated data

of the high throughput experiments (0.25<pr<4). With this in mind, further process optimization

will be carried out using higher phase ratios of up to ten in order to achieve an even further decrease

of the OV fraction in the bottom phase. With a distribution value of about 0.4 in the sulfate system,

the calculated yield of OV using equation 7 at a phase ratio of pr =3 is 38%. This is in good accor-

dance with the experimentally obtained yield of OV in the large scale experiment (43%). If the phase

ratio would be increased up to 10, for example, only 20% of OV would be yielded in the bottom phase.

Scale comparability

The large scale experiments were performed at pr=3. The expected purities of AV estimated with the
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Figure 9: a): Visualization of the correlation of phase ratio, distribution ratio and theoretical yield in the
bottom phase (equation 7). b) Experimentally determined distribution ratio (z-axis) of AV for a LLOQ of 0.5
mg/L and a start concentration of 0.27 g/L plotted versus the actual distribution ratio and different phase
ratio. With extreme distribution ratios and phase ratios protein concentrations can be lower the analytical
LLOQ, and hence, the determined distribution ratio differs from the actual distribution ratio.

high-throughput data shown in figure 2a and b for this pr were found to be 14% (11.5% PEG600/24.4%

sulfate/3% NaCl) and 5% (10.9% PEG600/23.2% phosphate/3% NaCl) higher than the experimentally

derived values in the large scale experiments. The lower purity values are mostly explained by the lower

D-value for OV determined in the larger scale (0.4) compared to the value obtained in miniaturized

PEG/sulfate systems (∼ 0.55 – 0.6). This deviation could be caused by the different phase separation

times and vessel materials used in the high-throughput experiment compared to the experiments

performed in 250 mL glass bottles. In a future study, a further scale-up to pilot or production scale

should be performed in order to evaluate the quantitative prediction of manufacturing data from

high-throughput and lab-scale aqueous two-phase experiments.

The yield of AV predicted by interpolation of the screening data for the sulfate system were in

accordance with the experimental value obtained in the large scale experiment (94% and 96%, respec-

tively), whereas the yield values deviated significantly for the phosphate system (91% vs. 73%). This

deviation can not be explained by the experimental error of the high-throughput experiments (6%).

Partly precipitation of AV was indicated by the recovery value of soluble protein of only 74%. The

results from the precipitation studies (section 3.2) supports this hypothesis by showing precipitation

of AV at phosphate concentrations ≥27.5% compared to sulfate concentrations ≥30.0% after 3 hours.
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Concerning a robust extraction process this observation favors the sulfate system over the phosphate

system.

Apparent distribution values

The correlation presented in Figure 9a can obviously be only used if the D-value has been determined

correctly. In the case of extreme D-values and/or protein precipitation, however, this can be chal-

lenging. When protein concentrations in the start material or in one of the two phases are below the

LLOQ of the chosen analytical method, the D-value is determined only on the basis of the concentra-

tion determined in the second phase, and hence, true and apparent D-values differ. This was observed

in the case of LYS, for example, as can be seen in Figure 1j. The determined ’apparent’ D-values

increased with a decrease in phase ratio and hence with an increase in the LYS concentration in the

top phase, whereas the concentration in the bottom phase was below the LLOQ of 0.3 mg/L.

The impact of concentrations below the LLOQ on the apparent D-value is presented as an example

for AV in Figure 9b. For a varying phase ratio the true D-value of AV was compared with the appar-

ent D-value, which would be experimentally determined if protein concentrations below the LLOQ

were determined. In this example, an AV concentration of 0.27 g/L, a LLOQ for AV of 0.5 mg/L

and a fivefold dilution of the samples prior analysis were taken into account. It becomes clear that

at true D-values <0.02 and >100 the analytical LLOQ leads to apparent D-values based on experi-

mental data differing greatly from the true D-value. For example, at phase ratios of 0.25 and a true

D-value of 0.005 the apparent D-value would be determined to 0.032. Furthermore, the relative error

of an analytical method is commonly increasing for very low and very large concentrations resulting

in higher uncertainties for the determination of extreme D-values. The increased error for very low

concentrations was therefore averaged by performing the experiments in quadruplicates. It can be

concluded that, if very strong affinity to one phase is determined, the analytical sensitivity and used

phase ratio should be taken into account when comparing results only based on distribution values.

Effect of precipitation

Besides the analytical sensitivity, protein precipitation affects the determination of the distribution

value. Huddleston and co-workers [43] pointed out in their work that the distribution value can change

due to increased salting-out in PEG/salt systems when varying the phase ratio. In the case of OV

and for the longest tie-line lengths (figure 1i), the determined D-value increased with reduced recovery

values. The OV concentration in the upper phase remained constant, whereas the concentration in

the bottom phase was significantly reduced, probably caused by the high sulfate concentration in the

bottom phase and precipitation of OV therein. The evaluation of distribution characteristics of a

protein in ATPSs should therefore be related to the overall mass balance of soluble protein found in

the top and bottom phase. For this reason, the results of the precipitation screenings will be discussed

in the following section not only in regards to a possible purification of AV but also in context of the

partitioning and stability in ATPSs.

4.2 Screening for precipitation coupled with ATPS

It has been described in literature that protein hydrophobicity determined by solubility analysis in

salt and polymer phases correlates to certain extent with the partitioning in aqueous two-phase sys-

tems [41, 44, 45]. The ATPS screening had revealed very large differences in the distribution of AV

and the impurities OV, LYS, OM, and OT. Therefore, the solubility of AV and its impurities was
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investigated by mixing PPAS and different levels of PEG and salt concentrations assuming that AV

could be further purified by selective precipitation.

Precipitation in salt solutions

AV was the most stable protein in solutions of increasing salt concentrations. AV was less stable in

phosphate solutions compared to sulfate solutions, whereas the opposite was observed for the stability

of the impurities OV, OM, and OT. Precipitation of AV occurred in sulfate solutions only at concen-

trations >30%, whereas OV, which distributed similarly to AV into the bottom phase, precipitated

already at sulfate concentrations ≥18%. This result leads to the conclusion that in PEG/sulfate

ATPSs low recovery values should be obtained for OV, because the sulfate concentrations in the bot-

tom phase were above 22%. However, the experimentally determined recoveries of OV in PEG/sulfate

systems were >80%. A possible explanation for this discrepancy lies in the different processing time

in the aqueous two-phase and the precipitation experiments. While samples from an ATPS were di-

luted for analysis approximately 10 minutes after phase separation, sample withdrawal and dilution

of precipitation samples was performed after three hours.

The concentration at which a protein began to precipitate determined in this study followed the

order OT<OV<LYS. This result is not in accordance with the order given in Andrews et al. [41]

where protein precipitation was investigated in single-component systems: LYS<OV<OT. This might

be due to large differences in protein concentrations and possible protein-protein interactions occurring

in PPAS.

The addition of PEG1000 to the sulfate solutions resulted in an increased solubility of OV. There-

fore, the high recovery values of OV in ATPSs could also be due to the 0 – 2% PEG present in the

ATPS bottom phases. The stabilizing effect of PEG on proteins in salt solutions might be due to

interaction of PEG molecules with nonpolar patches on the protein surface, and thus, sterically stabi-

lizing the proteins. Remarkably, when adding 1% PEG1000 the solubility of all impurities increased,

whereas AV precipitated at lower sulfate concentrations. When using phosphate, however, an effect

of the additional PEG was not observed. Further studies would be required in order to give a sound

explanation for this observation which was out of scope for this work.

Precipitation in PEG solutions

With regard to an AV purification process, the high solubility of AV in sulfate solutions could be used

to precipitate OV before performing a PEG/sulfate two-phase separation. However, we aimed at a

precipitation of AV in order to achieve an increased AV concentration by resolubilization in low liquid

volume. In solutions with PEG600 and PEG1000 concentrations of up to 35%, AV, OV, and OT

could be precipitated, whereas LYS and OM remained soluble. This observation is in accordance with

the results obtained in the ATPS experiments, in which high recoveries and the highest distribution

ratios of all investigated proteins had been obtained for LYS and OM. Furthermore, the low solubility

of AV in PEG solutions compared to the stability in highly concentrated salt solutions explains the

propensity to partition into the salt-rich bottom phase.

Lower concentrations of PEG1000 compared to PEG600 were required in order to obtain precipi-

tation. This is in accordance with a decreasing slope of the precipitation curve with decreasing PEG

molecular weight as described in literature [46, 47].

The addition of 1% salt (either phosphate or sulfate) to the PEG solutions was demonstrated to

have a large effect on the solubilities of AV. AV precipitated at an approximately 5% lower PEG
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content when adding potassium phosphate. In contrast, the solubilities of OT and particularly of OV

were increased (approximately 7.5% higher PEG content). When adding sulfate to PEG600, however,

no difference in the solubilities of OV and OT were observed when compared to using only PEG600.

The results of the PEG600/1% phosphate experiments in small scale (confirmed in a repeated exper-

iment), were not in accordance with the corresponding large scale experiment. Therefore, the effect

of additional phosphate on the solubility of OV and OT might not be as strong as indicated from the

small-scale precipitation curves shown in figure 4.

An increase in protein stability in PEG solutions with the addition of salt has been previously

reported for albumin and chymotrypsin in PEG4000 solutions by Miekka and Ingham [48]. They

observed that at acidic pH, the addition of ammonium sulfate led to decreasing stability whereas at a

pH>pI the addition of ammonium sulfate resulted in increased solubility. The precipitation data we

have presented match this observation, because at pH 7 OV has a negative net charge, whereas AV is

positively charged. Furthermore, in their work, Miekka and Ingham correlate the different stabilities

in solutions of PEG either with or without the presence of salt with the extent of self-associated

protein. They showed that with the presence of salt, the degree of self-association is reduced leading

to stabilization in PEG solutions, whereas solubility is decreased when no additional salt is present.

Self-association for OV has been reported [49] supporting this hypothesis. It would however require a

dedicated study in order to fully explain the observed stability differences between AV, OV, and OT

by considering self-association, inter-monomer interactions of AV [50], and molecular properties such

as the distribution of hydrophobic patches and charges.

The precipitation screenings demonstrated that solutions of both PEG1000 + 1% phosphate as well

as PEG600 + 1% phosphate could be used to selectively precipitate AV. The successful resolubilization

of AV precipitate in both a 100 mM phosphate buffer and a highly-concentrated sulfate solution

provides the possibility of using either cation-exchange chromatography or hydrophobic interaction

chromatography as subsequent step. The screening results were in adequate accordance with the

results in 40 mL scale. The mass fractions of OV and OT, however, were considerably larger when

using centrifugal tubes compared to the results obtained in micro-titer plates. This might be due to the

different vessel material used, the mixing procedure and different methods for solid-liquid separation.

The precipitation screening provided useful information on the solubilities of all contaminants in

potential top and bottom phases, respectively. Oelmeier et al [8] have proposed an ATPS selection

scheme on the basis of the solubilities of the target protein determined in precipitation screenings. The

suitability of this approach is supported by the presented data. Nevertheless, it was demonstrated that,

if the stability of proteins in bottom phases of ATPSs is estimated based on precipitation screenings,

in some cases thepresence of PEG remaining in the bottom phase need be taken into account. A

correlation of partitioning behavior and solubility as presented in some publications [41, 44, 45] could

not been stated for all proteins present in PPAS. Possible protein-protein interactions occurring in

the mixture of PPAS could explain different results compared to literature data that were obtained

in experiments using only a single, already highly purified protein.

4.3 Processing of ATPS bottom phase using mixed-mode chromatography

After precipitation and ATPS separation OV remained in solution with a fraction of about 22%. Due

to the low pI of 4.5, a separation of OV from AV by using ion-exchange chromatography was assumed

to be feasible at neutral or basic pH-values. However, this would require the reduction of the salt

concentration in the bottom phase by using diafiltration, for example. A seamless process would be
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beneficial and hydrophobic interaction or mixed-mode chromatography were therefore considered as

potential techniques.

When using HIC resins, neither with a bottom phase composed of phosphate (1.9 M) nor sulfate

(1.8 M) sufficient binding of AV was obtained or AV eluted completely in the first fractions of the salt

gradient. A separation from OV was only achieved when using butyl and octyl phases providing the

greatest hydrophobicity. For these resins, HIC might be optimized to function as flow-through step.

This, however, would not provide the advantage of a further concentration of AV. When using MM

resins, AV and OV were adsorbed. The chosen salt gradient provided a separation of OV from AV

on the HEA and PPA HyperCel
TM

resins and step yields ≥95%. However, the AV mass recovered in

the elution pool was about 25% lower for the experiments using phosphate compared to when using

sulfate. The discrepancy to the determined yield for the phosphate systems could be due to further

precipitation in the application indicating low stability of AV in the phosphate systems. AV eluted

from the PPA resin at lower salt concentration when compared to the elution from the HEA column.

This is probably due to the more hydrophobic ligand of PPA compared to HEA and is in accordance

with studies using different proteins [51]. The reversed elution order of AV and OV when using MEP

in comparison to PPA and HEA underlines the different binding mechanism for proteins on the MEP

resin [52, 53].

With both HEA and PPA, a good separation of AV and OV was achieved. When regarding

potential follow-up processing steps, the use of the PPA is favored over the use of HEA, because

the target protein elutes at lower salt concentrations compared to the elution from the HEA resin.

In the case of PPA, the concentrations of every impurity in the elution pool were below the LLOQ.

Therefore, the purity of ≥97%, which was determined in the case of PPA and the sulfate system, in

fact manifests the lowest limit of achieved purity. Further optimization of the elution (e.g. including

elution by pH-shift), investigations on the binding capacity and confirmation in large scale is required

to fully evaluate the potential of the developed process.

4.4 Process performance

The presented process scheme of precipitation, resolubilization and separation in an ATPS and subse-

quent MM chromatography poses an effective alternative AV purification process. By means of HTPD,

an integrated process was developed which is simple and scalable. With regard to the high purity

achieved and the currently high market costs of avidin the process layout is economically promising.

The proposed process further features the effective separation of AV and LYS which, due to their

similar isoelectric points, is difficult to achieve with common ion-exchange chromatography. It further

does not require time-intensive and hence expansive buffer exchange or dialysis steps. However, further

optimization should take recycling of PEG and salts into account in order to reduce environmental

burden.

The presented process is considered favorable over existing processes published in literature. For

comparison, Piskarev et al. [28] presented a purification process consisting of a two-step ammonium

sulfate precipitation, ethanol precipitation, sodium acetate precipitation and a final cation-exchange

HPLC step using a concave gradient that yielded 75%-85% AV and a purity of approximately 99%

(SDS-PAGE). Rothemund and co-workers [29] demonstrated the separation of avidin from egg white

using an electrophoresis instrument (Gradiflow) and obtained a yield of 60%-65% and an AV fraction

containing approximately 0.1% of lysozyme. In contrast to the newly developed process, a preparative

application of this technique seems questionable. In 2002, Rao et al. [54] patented an interesting
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approach by using 4’-hydroxy azobenzene-2-carboxylic acid (HABA) in order to selectively elute AV

from an weak cation-exchange resin. HABA was subsequently separated from AV at low pH and

dialysis. The yield percentage was not stated whereas the purity was estimated 98% via SDS PAGE.

The use of dialysis, however, appears not favorable for a large-scale process.

Regarding the purification of AV, future studies should focus on even further volume reduction in

the precipitation step and an investigation of the capacity of the ATPS extraction process. Further-

more, when having larger amounts of sample material at hand, large-scale PPA column experiments as

polishing step should be performed to evaluate potential column loads and impurity reduction factors.

The presented integrated process consisting of precipitation, aqueous two-phase extraction and

mixed-mode chromatography (or HIC) possibly can be used as a platform for the development of pu-

rification processes for other molecules. In particular, the process is suitable for molecules being either

very hydrophilic (AV, polymer precipitation, ATPS, MM/HIC) or very hydrophobic (salt precipitation,

ATPS + back extraction into bottom phase, MM/HIC).

5 Conclusion

We have developed a purification process for the extraction of AV from an egg white solution by

exclusively using high-throughput techniques. The HTPD-approach included the three unit opera-

tions precipitation, aqueous two-phase extraction and chromatography as well as a fast tandem RP

HPLC assay for protein quantification. ATPSs composed of PEG600/ammonium sulfate/3%NaCl

and PEG600/potassium phosphate/3%NaCl were demonstrated to be suitable for the separation of

OM, LYS and OT with an AV step yield of 96% and step purity of 61%. The precipitation of AV

employing high PEG600 concentrations and additional 1% salt was successfully integrated prior to

the extraction via an ATPS resulting in a volume reduction and an AV purity of 77%. The results

obtained were mainly confirmed in 230-fold and 133-fold scaled-up experiments. Furthermore, the

screening provided information on the sensitivity of a possible process against changes in the phase

ratios and the concentrations of PEG and salt. HIC and MM resins were evaluated by dynamic salt

gradient elution experiments. Two resins, PPA and HEA Hypercel
TM

provided a separation of OV

from AV with step yields >95% resulting in total AV yield of about 85% and final purities >95%. The

obtained data build the basis for further studies addressing the binding capacity and optimization of

elution conditions.

The high-throughput process development methodology presented in this work underlines the ben-

efits of such an approach: First, only little sample material was needed: 65 µL per ATPS, 30µL

per precipitation experiment, 1.6 mL per chromatography experiment. Secondly, the presented study

(robotic experiments, HPLC analysis and data evaluation) required in total only a about three weeks

work for one person (not including the development time for the high-throughput methods). One must

keep in mind that ATPS and precipitation screenings were performed in quadruplicates in order to

increase data quality. Therefore, the experimental time needed could have been reduced even further.

Such short development times, however, can only be reached, if a toolbox of high-throughput routines

for ATPS, precipitation, chromatography screenings, and analytics is already well-established in the

lab as well as combined with automated data handling methods. Once developed and implemented,

HTPD was shown to enable the fast and simple evaluation of process alternatives that could be used

for economic considerations as well as initial facility fit simulations.
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Abstract

Automated and parallelized chromatography on liquid handling workstations using miniaturized col-

umns has become a widely-accepted experimental tool for purification process development of biophar-

maceuticals. Established knowledge on limitations and pitfalls is however limited. As a consequence,

some uncertainty regarding the data quality remains with the experimenters and eventually the reg-

ulatory bodies. In order to increase confidence in the data obtained using this technology, we have

conducted a thorough investigation of specific parameters and error sources and their influence on

the precision of the experimental outcome. The study comprised investigations on the influence of

pipetting precision, absorption measurements in micro-titer plates, peak fractionation, flow patterns,

and salt step heights in gradient elution experiments. Separate and combined effects were qualita-

tively and quantitatively investigated using both experiments and simulations based on a mechanistic

model.

The results demonstrate that with a sufficient number of fractions collected per peak a significant

improvement in precision can be obtained despite of a low analytical precision. The flow interruptions,

which are required to perform gradient elution experiments, were demonstrated to strongly affect peak

shapes. Therefore, the resulting deviations of actual and nominal residence time should be taken into

account if data are used to predict scale-up performance of common laboratory experiments or to

calibrate chromatography models. The interplay of fractionation and salt step heights resulted in

elution profiles that vary strongly when judged visually. In contrast to the visual impression, it was

shown that the influence of different salt step heights can however be neglected up to step heights of

44 mM when using a peak fitting routine. Altogether, the new insights into the technology allow a

more confident choice of experimental parameters and provides better understanding of the observed

variances.

Keywords: high-throughput column chromatography (HTCC), RoboColumn, fraction-

ation, error analysis, error simulation
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1 Introduction

Liquid chromatography is indispensable for the purification of therapeutic proteins. However, the

development of chromatographic processes can be a challenging task. There is a variety of chromato-

graphy-based separation principles that can be applied and combined, and for each of them dozens of

process parameters need to be optimized. Consequently, the required experimental effort for process

development and process optimization can be huge. This is in particular true if only little is known on

the molecular properties of target protein and contaminants and heuristic rules do not apply. Even if

process development scientists can employ a purification platform process or support the development

by using mechanistic modeling, the number of experiments, the time needed for model parameter

estimation and process characterization, and the material consumption can still be considerably high.

In response to these challenges, miniaturized chromatography formats have been developed within

the last decade for the parallel and automated experimentation on liquid handling stations (LHSs).

This has enabled high-throughput experimentation (HTE) within liquid chromatography. Batch chro-

matography for resin screening and isotherm determination can be performed using 96-well filter plates

and 384-well micro-plates [1–6]. Packed bed chromatography can be conducted in pipette tips filled

with resin and miniaturized chromatography columns providing a fast way to obtain information on

dynamic binding capacities and optimal binding and elution conditions [7–12]. Furthermore, HTE

chromatography has been used for the initial determination of parameters required for mechanistic

modeling and simulation of chromatographic processes [1, 13–16]. Particularly in early industrial

process development, in which process development work is mainly driven by short timelines, HTE

in the form of screening procedures have been implemented. Here, the advantages of low sample

volume and high throughput will outweigh the larger experimental errors which are often inherent

in HTE. However, if the intention is to use µL-scale HTE column chromatography (in the following

referred to as HTCC) for more than screening purposes, i.e. as scale-down model for detailed process

optimization, process characterization, and calibration of chromatography models, two categories of

questions related to the quality of data arise. The questions in the first category deal with scale, i.e.

’What chromatography parameters can in fact be investigated in µL-scale compared to the Liter-scale?’

’How is scale ’comparability’ defined by development departments and regulatory authorities?’ The

questions in the second category deal with data quality, i.e. ’What are the main error sources in

HTCC?’ ’Which effects are caused specifically by using a LHS and do not occur when using common

chromatographic systems?’ Or, ’To what extent can the accuracy be influenced by optimizing LHS

settings and method parameters?’ In this work, we have addressed questions of the second category,

focusing on HTCC at a scale of 200 µL column volume (CV).

The study aims to generate novel insights into the performance of HTCC and develop a better

understanding of the limitations while incorporating results of recently published studies on the un-

certainty in HTE batch chromatography [6, 17]. We have studied the influence of LHS settings related

to pipetting accuracy, working in micro-titer plates (MTPs), fractionation, fluid flow regime, and step

gradient elution by employing a combination of experimental data and simulations. In combination

with different levels of analytical errors, we aim to identify the main sources of experimental noise and

to quantitatively determine the correlation to the resulting data quality regarding peak characteristics

such as retention times or peak width. The results also illustrate which HTCC settings require special

attention whereas others could be left out from extensive and time-consuming optimization without

compromising the resulting data quality. A detailed knowledge on expected error ranges will help
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approaching issues from the above-mentioned first-category on scale comparability and on quality of

model parameters estimated based on data from HTCC.

1.1 High-throughput column chromatography – method review

In order to facilitate a better understanding of the presented objectives and results, this section will

briefly review the experimental setup of HTCC while focusing on chromatography operated using salt

gradient elution. The typical work-flow in HTCC is displayed in Figure 1.

The chromatography columns are fixed on the HTCC carrier which is located above a plate shuttle.

The plate shuttle is a part of the plate storage and delivery system. On this shuttle, MTPs are moved

with defined intervals underneath the columns which enables collection of column eluate droplets and

fractionation hereof. The liquid flow on typically eight columns operated in parallel is realized using an

eight-channel pipetting arm which aspirates and dispenses the required process liquids such as buffers,

protein solutions, regeneration and cleaning solutions. Most commonly, the collected fractions are

analyzed photometrically with a UV-VIS plate reader that is operated at-line fully integrated in the

LHS. Further information including a description of the miniaturized columns used for HTCC are

given in [9, 18]. The photometric data are automatedly exported for subsequent data evaluation. The

resulting ’chromatogram’ in fact is a scatter or bar plot with the width of the fraction volume. Peak

fitting functions can be used to generate a ’continuous’ absorption signal vs. the elution volume.

When considering the usage of HTCC three major system characteristics must be kept in mind.

First, the plunger size determines the maximal volume that can be dispensed without flow interruption.

The most common size of the plunger in current format is 1 mL. Therefore, a sequence of dispense

steps interrupted by aspiration steps must be performed in order to process the total volume required

for dynamic chromatography experiments. Second, the minimal possible volumetric flow rate is given

by the fixed plunger volume and the minimal step size for the plunger movement e.g. 0.83 µL/s for

1 mL plunger which equals a residence time of 4 min when using 200 µL columns. Third, only one

liquid at a time can be dispensed into a column and therefore inline gradient mixing is not possible.

Hence, a gradient must be mimicked by a multiple step elution (step gradient). Preferably, this is

done with buffers previously prepared by the LHS [12].

1.2 High-throughput column chromatography – error sources

It has been demonstrated that chromatograms resulting from HTCC in 200 µL scale are comparable to

chromatograms obtained with 2.5 mL or 1 mL used on an laboratory LC system [9, 12, 16]. However,

HTCC features apparently higher noise levels when compared to the precision obtained on a laboratory

scale LC system [9, 16]. In particular, the variations in mass balances are relatively high. For

example, a range of 86%–104% (HPLC analysis) and 83%–104% (photometric analysis) was stated

in Hansen et al. [19] (four replicates). Treier et al. [12] stated a mass balances of 111% with

a standard deviation (STD) of 10% (photometric analysis; eight replicates). No publications were

found regarding a quantitative investigation of HTCC in order to identify the main contributors to

the observed variances.

A cause-and-effect diagram is shown in Figure 2 providing an overview of error sources potentially

affecting the experimental outcomes. From this overview, LHS settings were identified which are

specific for HTCC when compared to column chromatography using standard laboratory LC systems.

These settings were chosen for further investigation. Error sources which are similarly important to
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Figure 1: Sequence of HTCC process steps in case of gradient elution experiments.

the experimental results when performing laboratory LC experiments such as false weighing of buffer

components and proteins were not considered for further analysis.
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Figure 2: Fishbone diagram on potential parameters affecting the quality of HTCC experiments on
a LHS. The process parameters typed in bold represent robot-specific parameters chosen for detailed
investigation.

It must be pointed out that parameters such as fraction volume and salt step height are param-

eters that needs to be set in advance. These are self-evidently well controlled, whereas precision of

pipetting can only be maximized to a certain extent by optimization of pipetting parameters. In

the investigation, the following process parameters were included and sorted by increasing degree of

complexity and cumulation of possible error sources:

• pipetting

• UV-VIS absorption measurements in 96-well MTP

• fractionation volume (number of fractions)

• discontinuous flow and needle movement in and out of the column

• salt step height and flow interruptions in salt gradient elution experiments.

2 Material and methods

2.1 Materials

2.1.1 Protein Solutions

Chicken egg white lysozyme (prod.-no. 62970) was purchased from Sigma-Aldrich Co. (Taufkirchen,

DE). Purified avidin was provided by an industrial partner. Protein stock solutions were prepared

in 100 mM sodium phosphate solution at pH 4.5, sterile filtered (0.22 µm, Cellulose Acetate syringe

filter, Pall, Dreieich, DE) and stored at 7 ◦C until use. Each category of experiments was performed

using the same protein solution.
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2.1.2 Chemicals and stock solutions

Purified water was generated using an Arium R©pro UV-system (Sartorius Stedim Biotech, Göttingen,

DE). NaH2PO4, Na2HPO4 and NaCl of analysis grade were purchased from Merck KGaA (Darmstadt,

DE). Ethanol and NaOH were supplied from (Sigma-Aldrich Co., Taufkirchen, DE) and diluted with

purified water prior the use for column regeneration (0.1 M NaOH) and column storage (20% v/v

EthOH with 100 mM NaCl).

2.2 Liquid handling station

HTCC was performed on a Freedom Evo R©200 station (Tecan, Crailsheim, DE), equipped with an

8-channel liquid handling arm (non-coated fixed tips), a centric gripper, a rotational shaker (Te-shake,

Tecan Crailsheim, DE), a plate delivery and storage devices (Te-Stack, Tecan, Crailsheim, DE), and a

chromatography unit (Te-Chrom, Tecan Crailsheim, DE). An Infinite200 spectrophotometer (Tecan,

Crailsheim, DE) was integrated into the platform for automated absorption measurements in a micro-

plate format. For comparison of pipetting accuracy low-volume tips coated with fluorinated ethylene

propylene (FEP) were used.

The pipetting accuracy of the liquid handling arm was tested by pipetting a nominal liquid volume

onto an analytical balance (WXTS205DU, Mettler-Toledo, Greifensee, CH) providing a readability of

0.1 µg. The actual pipetted volume was calculated by dividing the measured mass by the density of

the corresponding liquid. The density was determined using a 5 mL pycnometer (BLAUBRAND R©,

VWR International GmbH, Darmstadt, DE). The deviations between pipetted volume and nominal

volume were correlated by a linear function. This correlation and additional settings on pipetting

speed are referred to as ’Liquid Class’ in the control software.

2.3 Software and data processing

The liquid handling station was controlled using Evoware 2.4 SP3. The software both imported pipet-

ting values and exported photometric data employing Excel R©-files (Microsoft, Redmond, WA, USA).

Matlab R©R2011b (The Mathworks, Natick, ME, USA) was used to further process exported absorption

values and to provide automated data evaluation. This included the calculation of chromatograms

based on UV 280 nm, the performance of peak fitting, the calculation of retention times and peak

widths, the calculation of liquid volumes in each well, providing the selection of the samples for subse-

quent HPLC analysis and the calculation of dilution values (if the absorption exceeded an absorption

of 2.0 AU). Matlab R©was also used to perform chromatography simulations and in order to perform

error simulations on robotic peak fractionation. Furthermore, the used chromatography model and

simulation procedures were implemented in Matlab R©environment [20]. Chromeleon R©(6.80 SR10) was

used to control the UltiMate R©3000 RSLC x2 Dual system.

2.4 High-throughput column chromatography

Both isocratic and gradient HTCC experiments were performed using 200 µL RoboColumns (1 cm

bed height) filled with SP Sepharose FF resin purchased from Atoll GmbH (Weingarten, DE). For

description of the general procedures of HTCC it is referred to section 1.1. The separation of the

proteins lysozyme (14.3 kDa) and avidin (≈68 kDa) at pH 4.5 was chosen as experimental system.
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The fractions from both, isocratic and gradient elution experiments were photometrically analyzed at

wavelengths 280 nm, 900 nm, and 990 nm using the integrated plate reader prior to HPLC analysis.

2.4.1 Isocratic elution

Isocratic elution experiments were performed using a flow rate of 90 cm/h (5 µL/s) which equals a

residence time of 40 s. The fraction volume was 75 µL. The default pipetting setting allowed a maximal

volume during aspiration and dispension of 1 mL per step. Saying this, by using firmware commands

in the control software, an aspiration volume of 3.2 mL was achieved (the tubing volume from needle

to switching valve was approx. 4 mL). Thus, for isocratic elution, a continuous dispension of 2.7 mL

(=15 CV) elution buffer was performed, interrupted only briefly after each plunger volume (approx. 2

sec). The excess in aspiration volume of 0.5 mL was needed as a decrease in the salt concentration of

buffer aspirated at the front end had been observed when aspirating such large volumes. This decrease

in salt concentration indicates dilution during the aspiration process probably by the remaining thin

film of system liquid within the tubing, which clearly only becomes significant when aspirating more

than the nominal plunger volume of 1 mL. The total elution volume used during isocratic HTCC

was 5.4 mL, which corresponds to 27 CV. Thus, the elution phase was interrupted only once for the

aspiration of new elution buffer.

Isocratic experiments were performed using the same eight columns throughout all experiments in

order to evaluate whether the inter-column variability significantly differed from the variance caused

by the different flow patterns investigated. Two sets of four columns were used with a column load of

0.64 mg of lysozyme or 0.64 mg of avidin.

2.4.2 Gradient elution

The applied gradient lenghts ranged from 8 CV – 28 CV for an increase in NaCl concentration from

150 mM NaCl to 675 mM. The fraction volume of 75µL and a step length of 150µL were kept constant

for all gradient experiments. In the case of a salt gradient length of 18 CV, the salt step height in the

robotic experiments corresponded to 21.9 mM. Used flow rates were 54 cm/h (3 µL/s) and 144 cm/h

(8 µL/s). Columns were loaded with 0.21 g lysozyme and 0.64 g avidin.

2.5 Lab-scale column chromatography

For comparison to HTCC, gradient chromatography experiments were performed on an Äkta Purifier10

laboratory LC system from GE healthcare (Uppsala, SE). Pre-packed mini-columns with a bed volume

of 200 µL purchased from Atoll GmbH (Weingarten, DE) were used providing identical dimensions

compared to the RoboColumns. For the separation of lysozyme from avidin, a salt gradient with an

increasing NaCl concentration from 0.15 M – 0.675 M in 18 CV was applied. The eluate was collected

in fractions of 75 µL. Column loads were equivalent to the loads used in gradient HTCC experiments.

2.6 Peak fitting

The discrete data points of each chromatographic experiment were fitted using an exponential-Gaussian

hybrid function (EGH) described in [21]. This function features excellent fitting of also strongly

asymmetric peaks. The EGH was compared to the commonly used exponentially-modified Gaussian

function [22, 23] to be used in Monte-Carlo simulations and found being more robust in finding fit

parameters. Both fit functions have the advantage compared to many other fit functions of requiring
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only four data points for the determination of the function parameters. Details on the EGH and its

parameters are given in appendix A.1 and in [21, 24].

2.7 Monte-Carlo simulations on peak fractionation with varying number

of fractions

The effect of different error levels for the determination of the fraction volume (V ), protein concen-

tration (c) and pipetting error (Pip) were investigated using in-silico fractionation of two differently

shaped, experimentally derived chromatography peaks. In Figure 3, the simulation procedure is

schematically summarized for one peak shape. These peaks were initially fitted with the EGH func-

tion, thus, serving as reference peaks for normalization (step 1). Afterwards, these peaks were in-silico

fractionated with fraction volumes ranging from 50 µL – 350 µL (step 2). The theoretical concentra-

tions in each of these artificial fractions were then altered by adding experimental errors of different

levels for the determination of the concentration (y-coordinate) and the fraction volume (x-coordinate)

(step 3). These varied data points were then fitted again in order to calculate the retention time and

the peak area (step 4). For each fraction size, the concentrations and the volumes were altered 100

times each resulting in 10,000 simulated peaks per fraction size. Finally, the 95% confidence intervals

of the mean retention time and mean peak area of all simulated peaks were calculated (step 5) and

plotted versus the fraction size normalized to the widths of the peaks, thus, indicating the precision

in relation to a specific fractionation scheme.

Figure 3: Illustration of the Monte-Carlo simulation procedure. Randomly distributed errors of
different levels on fraction volume and concentration were added in 10,000 different combinations. See
text for further explanation.

All errors were assumed to be standard normal distributed and were added to the initial volume

and concentration value for each fraction (yref,frac,V and yref,frac,c) resulting in a simulated data

point defined by the modified volume ỹV and concentration ỹc:
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Table I: Error correlations used in the Monte-Carlo simulations. The path length in full
area plates was assumed to be identical to the length in half area MTPs with half of the
volume. The constants k was 75 µL in the case of fractions <150 µL (half area MTPs)
and 150 µL for fractions ≥150 µL (full area MTPs).

Parameter Error term Error source Notation

volume (V)
sV,frac= a/100 calibration + detector Va%

Esyst,V = 0.075·exp (−11c)·Vk meniscus Vsyst,meniscus

concentration (c) sc,frac=0.05· exp (−8c) +0.001· c3 + p analytical error
p = 0.004 c0.5%
p = 0.019 c2%
p = 0.099 c10%
Esyst,c= 0

pipetting spip10µL,frac=0.038 precision, 1 mL plunger Pipdil:V

spip50µL,frac= 0.0064 precision, 1 mL plunger Pipdil:V

ỹV = yref,frac,V + Esyst,V + Erandom,V , (1)

with

Erandom,V = yref,frac,V · sV,frac, (2)

and

ỹc = yref,frac,c + Esyst,c + Erandom,c, (3)

with

Erandom,c = yref,frac,c · (randn · sc,frac + randn · spip,frac). (4)

The systematic deviation was given by the absolute values Esyst. The statistical errors Erandom

were calculated by multiplying a random number normally distributed around the mean zero with a

function sV,frac,sc,frac, or spip,frac representing the relative standard deviation (RSTD). An overview

on the used error terms is given in Table I.

The error functions for the determination of concentration were selected to cover a wide range

of analytical error levels and were based on data reported for photometric analysis in 96-well plates

[19, 25]. The functions incorporated the experimental observation that the common random error

increases for very small and for large concentrations. Systematic errors were not considered.

For the determination of the volume by photometric analysis, a RSTD of 2% was experimentally

derived and used in all simulations unless stated differently. This value included the pipetting error

during calibration and photometric precision with a RSTD of ∼0.5%. Additionally, a concentration-

dependent, systematic deviation on the determined volume, Esyst,V , was calculated for each fraction

representing the error caused by meniscus formation as will be presented for half area plates with

75µL in section 3.2. This absolute error linearly depended on the liquid level and hence on the choice

of half or full area plates.

The variance introduced by pipetting for dilution was added to fractions with concentrations >0.2

g/L. In this study, we chose to add an average variance for the dilution step on the concentration value

rather than calculating the dilution error in dependence of the concentration, as the concentrations of

the considered peak were relative low. For a 20-fold dilution (10 µL protein solution), concentration

values were varied with a RSTD of 3.8%, whereas a RSTD of 0.64% was used for a four-fold dilution

(50 µL protein solution).
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For evaluation of the error impact, the 95% confidence intervals of the simulated peaks were plotted

versus the fraction size normalized to the widths of the peaks, thus, indicating the precision in relation

to a specific fractionation scheme.

2.8 Simulations of cation-exchange chromatography

2.8.1 Model description

A general rate model was used to simulate the mass transfer in the chromatography column including

convection, dispersion, film diffusion and intra-particle diffusion. The steric mass-action model (SMA)

introduced by Brooks and Cramer [26] was chosen as sorption model. The employed solver of the

general rate model followed von Lieres and Andersson [20]. The Matlab R©routine was adapted for

the simulation of HTCC, i.e. incorporating a multiple step elution with variable step height and step

volume (mimicking the salt gradient) and the corresponding flow interruptions for the uptake of each

salt buffer. The corresponding model equations describing dispersive and convective transport in the

bulk phase, film mass transfer and diffusion in the beads, and adsorption and desorption kinetics can

be found in appendix A.2. For further information on the discretization and solution of the model

equations we refer to von Lieres and Andersson [20].

2.8.2 Model parameters

The determination of the SMA-isotherm parameters was performed using the inverse method as pre-

sented by Osberghaus et al. [27]. As data for calibration, we used experimental data from elutions

on the LHS with salt gradient slopes of 525 mM NaCl over 8 CV, 13 CV, 18 CV, 23 CV, and 28 CV.

For both lysozyme and avidin, the characteristic charge, ν, the shielding factor σ and the ad- and des-

orption equilibrium constants kad and kdes were determined by minimizing the least-squares residuals

to experimental data using the matlab function lsqnonlin. The isotherm parameters resulting from

the fitting procedure are given in Table II.

Table II: SMA-isotherm param-
eters for lysozyme and avidin us-
ing SP Sepharose FF at pH 4.5

Parameter Lysozyme Avidin

ν 6.25 11.18
σSMA 10 45
kad 55 256
kdes 80 811

The used process parameters and column model parameters are summarized in Table III. Porosities

were obtained in pulse experiments using a penetrating (acetone) and non-penetrating tracer (2 MDa

Dextran). An ionic capacity Λ of 0.8 M as reported in literature for SP Sepharose FF was used

[27]. Axial dispersion, film and intra-particle diffusion coefficients were retrieved from manufacturers,

literature, or by empirical correlations.

2.9 Protein analytics

For rapid protein quantification based on absorption measurements, a Tecan plate reader (Magellan,

Tecan, Crailsheim, DE) was used. For selective protein quantification, Reversed Phase (RP) HPLC

was performed on a UHPLC system as described in [32]. The lower limit of quantification (LLOQ)
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Table III: Process model parameters for HTCC.

Parameter value determination

process and column parameters

column length, L 0.01 m manufacturer information
column diameter, dcol 0.005 m manufacturer information
linear flow rate, u 36-144 cm/h –
column porosity, ǫcolc 0.33 experimental, moment analysis
particle porosity, ǫp 0.82 experimental, moment analysis

particle diameter, dp 90 ·10−6 m manufacturer information
axial dispersion coefficient, Dax 6.8 ·10−8 m2/s estimated by correlation [28]

mass transfer parameters

film mass transfer coefficient, kf NaCl: 1.9 ·10−4m/s literature [29]
lysozyme: 3.5·10−5 m/s estimated by correlation [30, 31]

avidin: 2.4·10−5 m/s estimated by correlation [30, 31]

effective intra-particle diffusion coefficient, Dp NaCL: 5.9·10−10 m2/s literature [29]

lysozyme: 5.75·10−11 m2/s estimated from literature [31]
avidin: 2.33 ·10−11 m2/s estimated from literature [31]

were estimated by 10 times the noise signal from blank injections. The average RSTD for protein

concentrations >50 mg/L was less than 1%.

3 Results and discussion

The challenge of investigating the influence of each single factor lies in finding proper methods to

distinguish between effects exclusively caused by the robotic method and the general effects of working

in such small scale. The following result sections start with investigations on very basic effects and

gain complexity with sequentially incorporating more aspects of gradient elution in HTCC.

3.1 Pipetting accuracy

Pipetting accuracy is probably the first error source to be considered when discussing the goodness of

automated methods. In common control software the researcher can adjust many pipetting parameters

such aspirate and dispense speed as well as experimentally derived correlations (’Liquid Classes’)

between plunger movement and pipetted liquid volume for each type of liquid. However, optimization

of a large number of Liquid Classes can become time-consuming, especially if with each class a wide

volume range needs to be covered accurately. Liquid Class parameters and data on pipetting accuracy

can be found in literature [12, 17, 33, 34] demonstrating that an optimization of the Liquid Class is

necessary in order to reduce the deviation between nominal and true pipetted volume below 1%.

In Figure 4, the RSTD is plotted as a function of the nominal pipetting volume when using

optimized Liquid Classes for the pipetting of a phosphate buffer and a protein solution (1 g/L avidin).

Two liquid handling set-ups were compared: first, using stainless steel (non-coated) tips and a 1 mL

plunger volume, and second, using low volume stainless steel tips (FEP-coated) and a plunger volume

of 0.25 mL. The pipetting precision decreased exponentially with a decreasing pipetted volume which

is in concert with trends reported by Treier [12] and Osberghaus [17]. When using 1 mL plungers the

precision decreased strongly from RSTD values <1% for volumes larger than ∼25 µL to a RSTD of

∼10% for pipetting less than 5 µL. With a reduced plunger volume, a RSTD of <1% was obtained for

volumes larger ∼15 µL and the precision was reduced to 5% when pipetting 3 µL. The data clearly

demonstrates that low volumes should be avoided for sample dilution, i.e. volumes lower than 15 µL.

The average pipetting accuracy of all channels was 100%±1% when using optimized Liquid Classes

calibrated in three volume ranges (2 – 15 µL, 15 – 55 µL, 55 – 200 µL) and for each needle tested in
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Figure 4: Relative standard deviation as a function of the pipetted volume. -•-: 50 mM phosphate
buffer, pH 7, with fixed tip, stainless steel non-coated, 1 mL syringe; -◦-: 50 mM phosphate buffer, pH
7, with low volume fixed tip, stainless steel FEP-coated, 0.25 mL syringe; -◮-: 1 g/L avidin with fixed
tip, stainless steel non-coated, 1 mL syringe; -⊲-: 1 g/L avidin with low-volume fixed tip, stainless
steel FEP-coated, 0.25 mL syringe.

duplicate. In terms of accuracy, there was no significant difference obtained when comparing the two

types of set-ups. The accuracy depends only on the goodness of the calibration, and therefore, only

the random variance in pipetting was taken into account in this study.

3.2 Absorption measurement in micro-titer plates

Photometric analysis is probably the most suitable analytical technique for high-throughput screenings.

It is very fast, cheap, label-free, non-invasive, and can be automated on LHSs in 96-well and 384-well

plate format. Most commonly, the absorption at a wavelength of 280 nm is used for the quantification

of the protein content. Furthermore, the liquid level within a well and thus the liquid volume can be

linearly correlated to the absorption difference of wavelengths ≥ 970 nm and at 900 nm [12, 35].

The accurate determination of volume balances and of mass balances (if protein concentration is

analyzed by absorption measurements) hence depends on the accuracy of the photometric measure-

ment in MTPs and the quality of the calibration curves. The main differences of measurements in

micro-plate wells compared to measurements using cuvettes are the variable path length. The drop-

wise collection of the elution volume during a HTCC experiment can lead to deviations in collected

volume between fractions by one drop (∼25 µL), and hence, the path length is not constant for all

fractions. Furthermore, meniscus formation results in a decrease of the path length and, hence, in a

decrease of the absorption value according to Lambert Beer’s law. The curvature of the meniscus and

hence the path length depend on liquid/protein characteristics and protein concentration, all having

an influence on the liquid surface tension [36].

Determination of volume based on absorption difference

A typical calibration curve obtained when measuring the absorption difference Ah = A990nm - A900nm

as a function of the pipetted volume in half area and full area MTPs is given in Figure 5a for a

constant protein concentration of 0.6 g/L lysozyme and for a 100 mM phosphate buffer solution, pH

7.0. The linear relationship as described in literature [12, 35] was confirmed by achieving coefficients of
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determination for linear regression R2>0.998 (8 replicates for each volume level were performed). For

both microplate types, Ah-values were higher when using buffer compared to using protein solution

with an offset being rather constant for all volumes. In Figure 5b, Ah obtained in half area and

full area MTPs at volumes of 75 µL and 150 µL, respectively, is shown as a function of a varying

lysozyme concentration. The decreasing absorption difference measured is due to a path length which

decreases exponentially with increasing protein concentration until a rather constant value is obtained

for lysozyme concentrations higher than approx. 0.15 g/L. The formation of a meniscus, being the

cause of a decreasing path length with increasing protein concentration, thus clearly affects the use

of a single calibration curve with constant protein concentration as shown in Figure 4a, and thus, the

calculation of liquid volume in MTPs based on path length determination via A990nm – A900nm. As

the meniscus can change with the composition of the protein sample, the accurate determination of

the volume using an univariate calibration becomes practically not feasible.
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Figure 5: a: Absorption difference Ah=A990nm - A900nm as a function of pipetted volumes of 100 mM
phosphate buffer (marker squares) and 0.6 g/L lysozme (marker diamonds) in half area MTPs (open
marker) and full area MTPs (filled marker). b: Absorption difference Ah=A990nm - A900nm obtained
in half area (-⋄-) and full area MTPs (-�-) at nominal volumes of 75 µL and 150 µL, respectively,
as a function of the lysozyme concentration in 100 mM phosphate buffer, pH 7.0. The y-axis to the
right is obtained relying on a calibration curve established by using a lysozyme solution of 0.6 g/L as
displayed in Figure 4a.
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The different path lengths for a 1 g/L lysozyme solution compared to the buffer blank resulted

in deviations of predicted volumes of ∼6 µL and ∼16 µL in half area MTP wells and full area MTP

wells, respectively. This equals an error of 8% and 11% for sample volumes of 75 µL and 150 µL.

These values are in concert with data Treier et al. [12] reported as offsets between protein solutions

and water (18 µL, full area MTP).

Determination of protein concentration based on UV 280 nm

When using common cuvette measurements the path length is constant and thus a fixed value when

correlating A280nm and protein concentration. In MTP measurements, however, the increased path

length for samples with low protein concentrations leads to higher absorption values which is an

effect not represented by a linear calibration curve for A280nm. It may thus be advisable to correlate

A280nm/Ah to the protein concentration when establishing the calibration curve. Furthermore, we have

observed that the constant value of a linear correlation between A280nm and the protein concentration

usually is higher than the absorption value of the buffer (data not shown). Therefore, one can conclude

that the blank value should not be included in the calibration data set.

In conclusion, when using micro-plate absorption measurements for the determination of protein

concentrations and fraction volumes, potential meniscus effects must be considered when setting up

the calibration curves. Deviations from 100% in the total volume balance of a HTCC experiment can

possibly be explained by meniscus effects rather than false pipetting. The procentual error caused by

meniscus formation however decreases proportionally with increasing sample volume. Thus, the error

can be reduced by choosing larger sample volumes and fractions.

3.3 Effect of fractionation and number of fractions

The number of collected fractions is an important parameter to be set when performing HTCC. The

fractionation using low volumes, on the one hand, results in more information on the peak shape and

provides a higher resolution which, in turn, provides the possibility of performing fractionation and

peak cutting comparable to a large-scale process. On the other hand, the analytical effort obviously

increases with a larger number of fractions and the number of fractions might be limited by the

minimum fraction volume required for subsequent analysis. The influence of the chosen fraction size

regarding the determination of the peak area and the retention time was investigated for two different

peak shapes, a rather symmetric peak (Figure 6a) and a asymmetric, strongly tailing peak (Figure 7a).

By using Monte-Carlo simulations, different error levels for the determination of volume and protein

concentration as well as pipetting errors from potential dilution of fractions were investigated using

the procedure described and visualized in section 2.7 and Figure 3.

The effect of a varying number of fractions per peak width on the peak area and peak retention time

is displayed in Figure 6 and Figure 7. For both investigated peak types, error scenarios are compared

for errors introduced during determination of the fraction volume (V ) (Figure 6b,c, and Figure 7b,c),

the concentration (c) (Figure 6d,e, and Figure 7d,e), and dilution procedures (Pip) (Figure 6f,g, and

Figure 7f,g).
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Figure 6: Effect of the number of fractions per peak width on the peak area (b,d,f) and peak retention
time (c,e,g) determined after peak fitting for a symmetrical elution peak displayed by 95% confidence
intervals. The confidence intervals were calculated for peak area and retention time of the simulated
peaks related to the values of the start peak. Lower and upper boundaries of the intervals are plotted
in same color. Introduced error categories were b,c: determination of volumes; d,e: determination of
protein concentration; f,g: dilution procedures. Following errors introduced were set constant: b,c:
c2%; d,e: V2%, Vmeniscus; f,g: V0.5%, Vmeniscus, C0.5%.

3 PUBLICATIONS & MANUSCRIPTS

144



peak area retention time

c

c

c
2%

10%

nom

c0.5%

350µL 200µL 125µL 75µL 50µL

a

b c

d e

Pip

Pip
dil:50µL

dil:10µL

Pipnom

f g

350µL 200µL 125µL 75µL 50µL

constant error: c2%

V

V

V , V

nom

2%

2% meniscus

constant error: V , V2% meniscus

constant error: V , V , c0.5% meniscus 0.5%

peak fitting error

0 1 2 3 4 5 6 7 8 9
0

0.2

0.4

0.6

0.8

1

CV (-)

c
o

n
c
e
n

tr
a
ti

o
n

 (
m

g
/m

l)

5 10 15 20 25 30

0.6

0.7

0.8

0.9

1.0

1.1

1.2

1.3

1.4
n

o
rm

al
iz

ed
 p

ea
k

 a
re

a 
(-

)

no. of fractions per peak width

5 10 15 20 25 30
0.6

0.7

0.8

0.9

1.0

1.1

1.2

1.3

1.4

n
o

rm
al

iz
ed

 r
et

en
ti

o
n

 t
im

e 
(-

)

no. of fractions per peak width

5 10 15 20 25 30

0.6

0.7

0.8

0.9

1.0

1.1

1.2

1.3

1.4

n
o

rm
al

iz
ed

 p
ea

k
 a

re
a 

(-
)

no. of fractions per peak width

5 10 15 20 25 30
0.6

0.7

0.8

0.9

1.0

1.1

1.2

1.3

1.4
n

o
rm

al
iz

ed
 r

et
en

ti
o

n
 t

im
e 

(-
)

no. of fractions per peak width

5 10 15 20 25 30

0.6

0.7

0.8

0.9

1.0

1.1

1.2

1.3

1.4

n
o

rm
al

iz
ed

 p
ea

k
 a

re
a 

(-
)

no. of fractions per peak width

5 10 15 20 25 30
0.6

0.7

0.8

0.9

1.0

1.1

1.2

1.3

1.4

n
o

rm
al

iz
ed

 r
et

en
ti

o
n

 t
im

e 
(-

)

no. of fractions per peak width

Figure 7: Effect of the number of fractions per peak width on the peak area (b,d,f) and peak retention
time (c,e,g) determined after peak fitting for an asymmetrical elution peak displayed by 95% confidence
intervals. The confidence intervals were calculated for peak area and retention time of the simulated
peaks related to the values of the start peak. Lower and upper boundaries of the intervals are plotted
in same color. Introduced error categories were b,c: determination of volumes; d,e: determination of
protein concentration; f,g: dilution procedures. Following errors introduced were set constant: b,c:
c2%; d,e: V2%, Vmeniscus; f,g: V0.5%, Vmeniscus, C0.5%.

145



3.3.1 Error by peak fitting

The error caused by peak fitting was relatively small (<0.2%) for the symmetrical peak (Figure 6b,c).

For the asymmetrical peak, however, a low fraction number of <8 – 10 resulted in deviations up to 9%

and 4% for the determined peak area and retention time, respectively (Figure 7,b,c). It becomes clear,

that even if the applied analytics was free of errors, accurate results for asymmetrical peaks would only

be achieved when using a large number of fractions per peak width (e.g. 20). The reason for a decreased

accuracy when fitting asymmetrical peaks lies in the steep peak front of the asymmetrical peak. With

changing fraction sizes, the fraction that covers the peak maximum is pointing either to the peak front

or the peak tail. For which number of fractions the peak maximum shifts is furthermore influenced by

the start of the fractionation. Nevertheless, the shown overall trends and the demonstrated sensitivity

of the asymmetrical peak towards the number of fractions are expected to hold true regardless of a

change in starting volumes or the elution peak width.

3.3.2 Effect of fraction number - general trends

For all investigated error levels, the confidence intervals decreased with an increasing number of

fractions per peak width. This is as expected, because a peak shape is obviously better represented

by more data points as well as the errors are averaged and partly cancel each other out when fitting

the peak. From Figure 6 and 7 it can be seen that the decrease of the confidence interval approached

a width which did not decrease further with increasing number of fractions. This limit was reached

for fraction volumes of <100 µL and represented the approximately maximal feasible experimental

precision at corresponding error levels. For a number of fractions ≥15, the width of the confidence

intervals of asymmetric and symmetric peaks became similarly small, thus indicating that an effect of

the peak shape can be neglected if a large number of data points per peak width are available to fit

the peak. Precision of the determination of the retention time and peak area increased with increasing

number of fractions. Accuracy was only increasing for the peak area, whereas for the retention time an

increasing discrepancy to the nominal retention time with increasing number of fractions was observed

as explained in the following section.

While the overall trend of increasing precision with increasing number of fractions was the same for

both peak shapes, huge differences in the absolute confidence intervals as well as in the shape of the

confidence interval bands were determined. The confidence intervals obtained for the asymmetrical

peak were up to ±45% when using a fraction number of five, whereas the intervals obtained for the

symmetrical peak shape were up to 10% for five fractions. For the asymmetrical peak, large variations

in the confidence intervals were obtained even if the number of fractions was changed by only one (e.g.

changing the number of fractions from five to four, Figure 7). These spikes in the confidence intervals

result from the peak fitting algorithm, by which for the altered number of data points a significantly

different peak maximum and hence retention time is identified.

3.3.3 Accuracy of retention times

In all simulations in which the meniscus formation of a liquid in a MTP was taken into account

(Vmeniscus) an increase in retention times with increasing number of fractions was obtained. This can

be explained with the data given in section 3.2 and Figure 5. For the simulations, we chose a calibration

scenario for the determination of the fraction volumes using a protein solution with a concentration

>0.2 g/L. From Figure 5 it becomes clear that the volume with concentrations >∼0.2 g/L will be
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determined correctly using this calibration, whereas the volume of fractions with concentrations below

will be determined higher than the actual values. As shown in Figure 5, the offset of an additional, false

volume for buffer fractions compared to protein fractions is up to about 6 µL and 16 µL for half-area

MTPs and full-area MTPs, respectively. Randomized volumes up to these values were therefore added

as absolute values to the fraction volume, and hence, the larger the number of fractions, the larger

the absolute error and shifting towards later retention times. The widths of the confidence intervals

and hence the precision, however, was not influenced by Vmen. Obviously, the retention times would

become shorter when calibrating using a buffer solution or might barely be influenced when a different

volume-offset is present (protein-specific). It is therefore essential to investigate the calibration for the

volume determination when using a high number of frations and aiming at an accurate determination

of the retention times.

3.3.4 Effects of volume errors

The effect of errors introduced during the determination of fraction volumes is shown in Figure 6b,c,

for a symmetric peak and in Figure 7b,c for an asymmetric peak. Under the assumption of a constant

error of 2% introduced by the determination of protein concentration, c2%, three different scenarios

were compared: a) assuming the preset constant nominal fraction volume, Vnom, b) volumes with a

constant RSTD of 2%, V2%, and c) volumes with a constant RSTD of 2% combined with the effect

caused by meniscus formation, Vmeniscus.

As can be seen when comparing case b) and c) the addition of errors caused by meniscus forma-

tion had very little effect on the widths of the confidence intervals. However, the accuracy of the

determination of retention times strongly decreased with an error of about +11% and +27% for the

symmetric and asymmetric peak, respectively, due to the assumption of using a protein solution for

the calibration of the volume determination as explained above. When omitting the determination

of fraction volumes and instead using the nominal fraction volume (case a)), the precision was higher

for a number of fractions ∼<10 and the accuracy of the determined retention time was higher for

a number of fractions ∼>20. This is an interesting result demonstrating that an additional effort

of measuring and calculating the true volumes (Vmen) in fact can result in less accurate retention

times. Omitting the volume determination would furthermore be beneficial as the experimental and

evaluation method can be simplified. However, when not measuring the fraction volumes, significant

deviations to the actual retention times were seen for a number of fractions of 12 – 22 in Figure 6c and

for a number of fractions of 8 – 13 in Figure 7c. The reason for such deviations lies in the collection

of the eluate in droplets. The fractions often differ in the number of collected droplets, which was

taken into account for the reference and simulated peaks by alternating the fraction size by half of

a drop volume (13 µL). Hence, the x-coordinate for the concentrations being fitted were different for

the scenario using fixed nominal values compared to the scenario taking the droplets into account.

For both considered peaks, fitting of the peak was thereby affected resulting in deviations of accuracy

using Vnom.

3.3.5 Effects of concentration errors

The effect of errors introduced during the determination of protein concentration is shown in Figure

6d,e for a symmetric peak and in Figure 7d,e for an asymmetric peak. The errors applied for the

determination of protein concentrations were set to 0% (cnom), 0.5%, 2%, and 10% (see Table I) while

keeping an error of the determination of fraction volumes (V2% + Vmeniscus) constant for all systems.
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A RSTD of 0.5% in the concentration did not result in a noticeable change on the precision

when compared to simulations without an concentration error. Such low error levels apply if precise

analytical techniques, such as HPLC, are available for the determination of the concentration in

each fraction. A decrease in analytical precision from 0.5% to 2% resulted in an absolute increase

of the confidence interval of maximal 0.1 for the symmetric peak (Figure 6d). For the asymmetric

peak, the effect was larger for a number of fractions <8 with an increase of the confidence interval

by maximal 0.25 (Figure 7e). In the case of the symmetric peak and for a large analytical error

of 10%, the determined confidence interval for the peak area and the retention time decreased with

increasing number of fractions from approximately 0.2 to 0.08 and from approximately 0.15 to 0.06,

respectively. In the case of the asymmetric peak and an analytical error of 10%, the determined

confidence interval for the peak area and the retention time decreased with increasing number of

fractions from approximately 0.55 to 0.1 and from approximately 0.75 to 0.18, respectively.

It becomes clear that the compensation of the analytical error by using a larger number of fractions

is greater for a large error in the determination of the concentration compared to a rather high precision

of the analytical technique (e.g. c0.5%). For an asymmetrical peak, using a larger number of fractions

(e.g. >20) would therefore be more effective than optimizing the precision of the analytical method.

In contrast, the precision for symmetrical peaks is mostly dominated by the precision of the analytical

technique and the optimization thereof outweighs the benefit from using more fractions.

3.3.6 Effect of dilution errors

The effect of errors introduced during a dilution process is shown in Figure 6f,g for symmetric and in

Figure 7f,g for asymmetric peak shapes. Under the assumption of error levels for the determination

of fraction volumes, V0.5%,Vmeniscus and for the determination of protein concentrations, c2%, for all

systems, three different scenarios for the pipetting during dilution were investigated: a) no pipetting

error (Pipnom), a dilution by pipetting 50 µL of protein solution, Pipdil:50µL, and a dilution by

pipetting 10 µL of protein solution, Pipdil:10µL. For these two dilution volumes, a constant RSTD

derived from the data presented in Figure 4 was used in the simulations.

A dilution using a large volume did not result in a significant decrease of precision, since the

pipetting error is small, as discussed in section 3.1. With decreasing sample volume used for dilution

and hence an increasing pipetting error, the effect on the precision for the determination of the

peak area and retention time increases. This effect was seen from the simulation results for both the

symmetric and asymmetric peak. In the case of the symmetric peak, the confidence intervals increased

up to 0.055 (Figure 6f), whereas in the case of the asymmetric peak, the confidence intervals increased

by up to 0.26. An increase in precision at a low number of fractions for the low pipetting error as seen

in Figure 6f is assumed to be caused by the errors canceling each other out. Furthermore, for a larger

number of fractions the mean of the confidence interval shifted from approx. 1.01 for (Pipnom) to

the expected value of 1.00 Pipdil:50µL (Figure 6f), demonstrating that in some cases accuracy might

increase despite a reduction of the precision.

The fraction volume needs to be adequately large to enable the use larger volumes for dilution.

The use of larger fraction volumes, however, is in contrast to the general conclusion that a higher

number of fractions, i.e. smaller fraction volumes, should be used to improve precision.

The error caused by dilution depends also on the concentration in the eluate. With increasing

concentrations the absolute error caused by dilution increases significantly, which results in higher
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uncertainty of the peak fitting result compared to eluting peaks of lower concentrations.

In summary, it was demonstrated that even with very precise analytical tools the choice of a

low fraction number can not be balanced out. If the analytical precision is known to be imprecise,

however, a sufficient level of the overall precision on the mass balance and retention time still can

be reached by increasing the number of fractions. With about ≥10 fractions per peak width, the

experimental precision and the error caused by strong asymmetry can be significantly reduced. The

maximal possible precision for the retention time and mass balance was estimated by the simulations

using the low error levels V0.5% and c0.5% and can be reached by using a fraction number of 15 –

20. For long elution times and hence a large number of buffer fractions or low concentrated protein

fractions, volume determination affected by meniscus formation can result in significantly inaccurate

retention times. In that case, the use of the preset fraction volume appears favorable. It must be

noted that the results for the asymmetric peak could be different when changing the asymmetry and

peak width, because the peak fit strongly depends on the number of data points by which the peak

front is represented.

3.4 Influence of flow regime

During HTCC, the pipetting needles leave the columns multiple times as explained in section 1.1,

Figure 1. In contrast to typical laboratory LC systems, the fluid flow is thus interrupted for a period

of time required for the uptake of new buffer solutions. This leads to longer residence times and

potential reflux caused during withdrawal of the needle. In order to investigate the quantitative

influence of robotic process steps on the chromatographic behavior in isocratic HTCC, the following

fluid flow pattern for a step elution from a 200 µL RoboColumn were analyzed:

1. ’continuous’ flow

2. ’flow interruptions’ every 150 µL for 19 sec, keeping needles in columns

3. ’needle’ movement out and into the column every 150 µL1

4. ’combination’ of flow interruption and needle movement.2

In Figure 8, the retention times, peak widths and asymmetries determined after peak fitting with

the EGH function are displayed including mean values and 95% and 99% confidence intervals.

No effect of the chosen flow pattern on either retention time, peak width or peak asymmetry was

observed when using the protein lysozyme. The differences between the flow patterns were statisti-

cally not larger than the differences between the columns. The elution profiles of avidin, however,

showed an effect when comparing the ’continuous’ flow with the other patterns, which all featured

flow interruptions. In the case of avidin, the mean retention time and the peak width were both

reduced by ≈20% compared to the three other flow patterns. The asymmetry was increased by factor

1.8. Between the flow patterns ’flow interruptions’, ’needle’, and ’combination’ no differences were

determined.

The difference between the two proteins indicates that the influence of changing from a continuous

flow to a flow pattern incorporating flow interruptions depends on the diffusion rates specific for the

1this implied an interruption of the flow, approximately 14 sec
2the total time for buffer uptake performing all program steps took 40 sec
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Figure 8: Influence of the used fluid flow pattern on peak retention time, peak width at 50% peak height
and peak asymmetry. For each fluid flow pattern, the same four columns were used in parallel for each
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displayed. A trend was determined, if the 95% confidence intervals overlayed vertically. The effect was
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protein/resin system as well as on the flow rate applied. With changing residence times and flow

rates the ratio of external mass transfer rate to intra-particle diffusion, expressed by the Biot number,

changes, eventually resulting in a change in the rate-limiting step [37, 38]. The diffusion coefficient

of avidin is about three times smaller than the value for lysozyme explaining among others the larger

difference of the peak width and asymmetry between continuous flow and flow with interruptions for

avidin compared to lysozyme.

Concentration changes after flow interruptions were not detected in the elution profiles of any case

(data not shown). This indicates a ’smoothing’ effect when collecting the eluate in fractions compared

to the continuous signal from a flow-cell. The effect of flow interruptions, however, will be detectable

when performing breakthrough curves. Wiendahl et al. [9] reported that the concentration during

protein breakthrough dropped significantly when interrupting the flow for aspirating new protein

solution, hence affecting the shape of the breakthrough curve.

The frequent movements of the pipetting needles out of the column and into the columns did not

lead to a detectable change in retention time and peak shape. There was no liquid volume detected by

visual detection being soaked from the column outlet into the columns by an underpressure generated

when the needles were withdrawn out of the columns.

When comparing the results for each column with each other no statistically relevant differences

were detected that would indicate deviations in packing quality or bed volume. Since identical buffers

and protein solutions were used and each column was operated each time with the same pipetting

channel, the systematic errors were considered being negligible compared to the overall variance. The

mean mass and volume balances and their uncertainties for all 2 x 16 experiments were calculated

in order to estimate the precision for yield calculations. For lysozyme, the average mass balance was

94%±1.5% (RSTD of 3.1%). The mean volume balance for lysozyme experiments was 101%±1.3%

3 PUBLICATIONS & MANUSCRIPTS

150



(1.7% RSTD). In the case of avidin, the mean mass balance was 98%±2.1% (RSTD 4.1%) and the

mean volume balance was 102%±0.4% (RSTD 0.8%). The obtained deviations were therefore close

to the theoretical value for the peak area confidence interval (approx. 2%) determined by simulations

of fractionation schemes and a corresponding 2% error level (see section 3.3).

3.5 Gradient elution experiments

When performing isocratic elution in HTCC mode, flow interruptions can be reduced to a minimum

required for changing fraction collection plates. When performing gradient elutions, however, flow

interruptions for buffer uptake can not be avoided when using current HTCC hardware set-ups. During

HTCC, the application of salt-gradients is mimicked by sequential pipetting of buffers with varying

salt concentrations or pH (Figure 1). The salt concentration csalt for each buffer is calculated by

equation 5 with n being the total number of salt steps:

csalt = cgradient,start +
cgradient,end − cgradient,start

n
· 2i− 1

2
, i = 1, 2, 3...n. (5)

It is obvious that the smaller the applied salt steps (and thus the more steps), the closer the

approximation to a gradient applied on a laboratory LC system. In a study published by Welsh et

al. [39], the effect of three different salt step heights on the elution profile was qualitatively shown

demonstrating a significant influence of the salt steps on the elution profile. Furthermore, with

each flow interruption required the discrepancy between applied flow rate and average residence time

increases. In Table IV, ratios between times of flow and interruptions due to buffer uptake were

exemplarily calculated for 12 and 48 interruptions during elution. Significant differences in residence

times occur depending on the chosen flow rate and frequency of flow interruptions.

Table IV: Relation of flow rate and residence times during elution with 12 and
48 interruptions in HTCC experiments. The duration of a flow interruption
(’pause’) for wash and buffer uptake was 30 s.

flow rate (µL/s) no. of pauses average residence time (s) ratio to continuous flow

1 12 220 1.1
1 48 280 1.4
3 12 147 2.2
3 48 87 1.3
8 12 45 1.8
8 48 105 4.2

In the following sections, investigations of gradient elutions in HTCC are presented adressing:

1. the effect of different salt step heights mimicking a gradient

2. the combined influence salt steps, flow interruptions and flow rate on elution performance

3. the comparability of HTCC, simulation, and common laboratory LC experiments.

As it is not possible to investigate separately the effect of different salt step heights and flow

interruptions for salt-gradient runs experimentally on a LHS, simulations were used for the comparison

of various scenarios of salt step heights, flow interruptions, and fractionation. For the simulations, a

general-rate model and the SMA isotherm model (see section 2.8 and the appendix) was applied.
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3.5.1 Salt step height

In a first step, the separation of lysozyme from avidin was simulated using NaCl step heights between

11 mM and 66 mM (corresponding to buffer steps from 75 µL to 450 µL, respectively). The qualitative

effect of the salt step height can be seen from the simulated chromatograms in Figure 9.

The application of buffer salt steps caused a deviation from the common peak profile. With

increasing salt step height the deformation of the peaks became more pronounced. When using salt

step heights below 11 mM, an effect of buffer steps was not visually detected. For salt step heights

of 21.9 mM, the effect of using salt steps still appeared to be negligible. For salt step heights of 54.7

mM and 65.6 mM, the avidin peak eventually split into two main peaks. It became clear that peak

fitting is required in order to enable determination of peak retention times. However, despite the large

peak deformation, a similar qualitative conclusion on the separation efficiency of the system of resin,

solvent, and gradient would be drawn regardless of the salt step height used.

Simulation results would obviously be different for other protein systems, flow rates, and binding

kinetics. However, the observation based on the presented simulated elution profiles match the exper-

imental data using a monoclonal antibody reported by Welsh et al. [39]. As general conclusion one

can state that the suspected ’noise’ often observed in data from robotic experiments is mostly caused

by the application of salt steps. These peak deformation must therefore not be considered as noise but

in fact reflect the elution profile of a multiple step elution. The reason why these unsmooth elution

profiles are not always detected in the obtained pseudo-chromatograms lies in the chosen fractionation

volumes (as will be shown in the next subsection), but it depends also on the step length and hence

on the gradient slope.
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Figure 9: The separation of lysozyme (gray) from avidin (black) in robotic experiments simulated
using different salt steps for elution. The flow rate was 54 cm/h (3µL/s).

3.5.2 Salt steps and flow interruptions

In a next step, simulations were performed taking the flow interruptions caused by each buffer uptake in

gradient HTCC into account by setting the flow rate to zero for 30 s before every salt step. Furthermore,

we expanded the simulations introducing in-silico fractionation with fractions of 75µL, 15µL, 225µL,

300µL, and 375µL. In order to determine retention time, asymmetry, and peak width, for each of

these fractions the theoretical average concentration was calculated and a peak fit was performed using

these average values. It was furthermore assumed that additional pauses should not be introduced

during a salt step, and thus, the number of breaks corresponded to the number of applied salt steps.

Effect of salt steps and flow interruptions - qualitative evaluation

Simulated elution profiles obtained for NaCl concentration step sizes of 10.9 mM and 43.8 mM, each

with fractionation in 75 µL or 300 µL, are displayed for flow rates of 54 cm/h and 144 cm/h in Figure

10.
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Figure 10: Effect of salt step height, fractionation, and flow rate on the elution profile for the separation
of lysozyme (gray) from avidin (black). The gradient slope was +525 mM NaCl over 18 CV. Solid
lines: simulated elution profiles for corresponding salt step height. Markers (circles: lysozyme, boxes:
avidin): concentration values obtained in theoretical fractions of corresponding size (300 µL or 75 µL).
Dashed lines: fit of the fraction concentrations using the EGH function. The step size of 11 mM and
43.8 mM corresponded to a step length of 75 µL and 300 µL, respectively. The ’ideal’ chromatogram
displays the simulation result assuming a linear gradient without flow interruptions.

Similar to the result shown previously (Figure 9), the influence of the salt step was large for the

43.8 mM salt step, whereas when using 11 mM steps the peak shapes were very similar to those of the

reference (’ideal’) gradient elution. The introduction of flow interruptions generated prompt changes

in the concentration after each break.
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The concentration in the bulk phase decreases at peak front after each stop in flow because protein

pre-dominantly diffuses into the beads. At peak tail, the protein concentration in the bulk phase

increases after each stop in flow due to protein diffusion out of the beads. The magnitude of this effect

is more pronounced at high flow rates at which the ratio of convection to diffusion is larger. Compared

to the effect of different salt steps, the effect of flow interruptions on the overall peak shape appeared

smaller.

The influence of the fraction volume becomes very clear from the chromatograms shown in Figure

10. When using small fraction volumes the number of distinct data points is high enough to reflect the

actual elution profile including the variations in concentration. That means, an ’unsmooth’ elution

peak will be observed potentially leading to a false conclusion of having large data noise levels. When

using large fraction volumes the elution profile will be smoothed and the resulting common peak shape

intuitively gives the impression of a more precise result. However, as demonstrated in section 3.3, a

fraction number per peak lower than 8 – 10 may lead to a significant reduction in precision of the

determined retention time and mass balance (area).

By performing a peak fit the resulting peaks were very similar regardless of the chosen fractionation

or salt step height indicating the importance of fitting the peaks prior to evaluation.

Effect of salt steps and flow interruptions - quantitative evaluation

The quantitative deviation of the determined peak characteristics for different gradient patterns and

fractionation schemes related to an simulated ’ideal’ gradient experiment are presented in Figure 11

for lysozyme (Figure 11a,b) and avidin (Figure 11c,d,e). The effect on the determined peak resolution

is shown in Figure 11f. The relative deviations were calculated for different fraction volumes and

two flow rates, each grouped by a certain salt step height (and hence number of flow interruptions).

In addition to simulations with flow interruptions, the theoretical scenario of performing salt steps

without having flow interruptions are given for the smallest and largest fraction volume.

A clear difference between the output parameters retention times on one hand and peak asymmetry,

peak width and peak resolution on the other hand can be seen in Figure 11 from the magnitude of

deviations. The effect of different experimental combinations on the determined retention times was

rather low (<4.5% for all cases), whereas the range of deviations in peak asymmetry and avidin peak

widths was very large (-29% – +22%). The range of deviations in peak width for lysozyme was -21%

– +11% (data not shown). In accordance with the large deviations in peak width, the determined

resolution values increased significantly (+48%) compared to the ’ideally’ performed gradient when

using the highest number of flow interruptions, i.e. smallest salt step heights and smallest fractions.

The effect of only introducing salt steps can be seen from the simulations without flow interruptions.

The effect on the quantitative result of the chromatographic output parameters was small (<8%)

when applying the two small salt step heights. For a step height of 65.6 mM and a step height

of 43.8 combined with the largest fraction volume, deviations of up to 20% were obtained for peak

asymmetries (Figure 11b, d). For these larger salt step heights, the output parameters were more

affected by the choice of the fraction volume compared to the salt step height.
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The effect of the flow interruptions can be seen when comparing the simulation results of identical

salt step heights with and without flow interruptions as displayed for each fraction volume of 75µL and

375µL. It becomes clear that the effect of flow interruptions on the quantitative results is significantly

larger than the variation of the salt step height, although qualitatively the chromatograms indicated

the opposite (Figure 10).

For a combination of salt steps and flow interruptions, the overall results were closer to the result

from an ’ideal’ gradient experiment when using larger salt step heights compared to results using small

salt steps. This is due to the fact that with increasing salt step heights a lower number of buffers and

hence a lower number of flow interruptions is required which outweighs the peak deformation resulting

from larger step heights.

For a variation of only the fraction volume at constant salt step height, peak widths and asym-

metries for avidin increased with the chosen fraction volumes, and larger fraction volumes resulted

in less deviation compared to the ’ideal’ case. This has several reasons: First, a lower peak height

of the determined peaks was obtained when fitting the peak with less fractions. As the peak widths

were calculated at 0.1 peak height, the peak widths increased with increasing fraction volume, and

thus, coming closer to the ideal case, in which peaks were broad. Second, the concentrations after a

flow interruption at peak front were reduced and the concentrations after a flow interruption at peak

tail were increased (see Figure 10) leading to a further increase of the peak height, and thus, the

determined peak width. Lastly, with an increasing fraction volume and hence using less fractions for

fitting the peak, the influence of flow interruptions decreased due to the generated smoothing effect.

The trends described above were very similar for both flow rates. However, for a flow rate of 144

cm/h the deviations in peak width and resolution were more than doubled compared to a flow rate of

54 cm/h. This is due to the larger relative changes in residence times (see Table IV) and hence larger

differences in mass transfer rates as discussed in section 3.3. The abrupt changes in concentrations in

the bulk phase after a flow interruption were larger at 144 cm/h compared to 54 cm/h, as can be seen

in Figure 10. Thus, the peak shifted slightly to longer retention times, and at the same time the peak

width decreased. From this result, higher comparability of experiments in HTCC mode to traditional

laboratory LC experiments would be expected when using lower flow rates, because differences in the

residence times become smaller. However, with further decreasing flow rates, the rate limiting step

might change from the intra-particle diffusion to the external mass transfer as discussed by  Lacki [38].

3.5.3 Comparability of simulation, HTCC, and laboratory LC results

In the previous sections it was shown in simulations that HTCC process parameters have both a

quantitative and qualitative effect on the outcome of chromatography experiments. However, to

investigate whether the determined effects and deviations from the ’ideal’ case can also be detected

in experimental data, results from HTCC experiments were compared for two flow rates with data

generated in traditional laboratory LC experiments and simulation data (Figure 12 and Table V).

For an evaluation of the variance between parallel HTCC runs, four elution profiles from HTCC

experiments were compared. Furthermore, the comparison included experiments at flow rates of

54 cm/h and 144 cm/h. An artificial fractionation in fractions of 75 µL was applied for all simulated

chromatograms matching the experimental procedure.

From Figure 12 it can be seen that the experimental chromatographic profiles largely match the

simulated elution profiles, hence confirming the use of simulations as a suitable tool for the presented

investigation of HTCC process parameters. The concentration profiles of the elution peaks show a
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Figure 12: Chromatograms of the separation of avidin (black) from lysozyme (gray) at flow rates
144 cm/h (a) and 54 cm/h (b) on SP Sepharose FF (CV=200 µL). Separations were performed on
a LHS in four parallel experiments (1a) – 1d)), salt step height: 21.9 mM, fraction volume: 75µL,
simulated including flow interruptions and salt steps (2), and performed on a laboratory LC system
(ideal gradient and without flow interruptions, 3). All experiments were performed using columns
with CV=200 µL.

pattern of changing concentrations every second value. This pattern was seen for all four HTCC

experiments indicating these variations to be reproducible. The concentration pattern is furthermore

in agreement with the predictions from the simulated elution profiles using the same fractionation

scheme consisting of step heights of 21.9 mM (step lengths = 150 µL) and a fraction size of 75 µL.
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Table V: Deviations of retention time and peak widths to the reference of a simulated ’ideal’
robotic experiment without salt steps and flow interruptions (’pauses’) for different experimental
set-ups. The relative standard deviations (RSTD) were calculated from four parallel experiments
on a LHS. The resolution values are given as absolute values. All separations were performed
using the same gradient slope of 525 mM over 18 CV.

experimental mode protein1 retention volume peak width resolution

deviation RSTD deviation RSTD mean

(%) (%) (%) (%) (-)

54 cm/h (3 µL/s)

HTCC simulated ’ideal’ lys/avi – – – – 1.32

HTCC experimental ’steps+interruptions’ lys -0.9 0.3 -1.5 2.7 –

HTCC simulated ’steps+interruptions’ lys -0.2 – -2.0 – –

Laboratory LC experimental ’ideal’ lys -4.3 – 14.4 – –

HTCC experimental ’steps+interruptions’ avi -3.1 0.5 -7.7 2.9 1.24

HTCC simulated ’steps+interruptions’ avi 0.1 – -8.4 – 1.40

Laboratory LC experimental ’ideal’ avi 0.7 – 4.4 – 1.36

144 cm/h (8 µL/s)

HTCC simulated ’ideal’ lys/avi – – – – 0.76

HTCC experimental ’steps+interruptions’ lys 2.5 0.8 -23.4 2.7 –

HTCC simulated ’steps+interruptions’ lys 1.5 – -14.7 – –

Laboratory LC experimental ’ideal’ lys -7.4 – 6.0 – –

HTCC experimental ’steps+interruptions’ avi 0.3 1.0 -31.3 7.5 0.98

HTCC simulated ’steps+interruptions’ avi 4.3 – -19.3 – 1.00

Laboratory LC experimental ’ideal’ avi 0.3 – 2.3 – 0.86
1 lys: lysozyme, avi: avidin

The elution profile from laboratory LC experiments (continuous flow and ideal gradient) shows the

expected Gaussian peak shape. Small variations to the ideal peak profile reflect the analytical error

for the determination of the concentration. The experimental data confirmed the earlier findings that

variations in concentration are more pronounced at higher flow rates (Figure 10).

The differences of retention times and peak widths obtained in experimental and simulated HTCC

and laboratory LC experiments related to the reference of an simulated ’ideal’ robotic experiment

(without salt steps and flow interruptions) are summarized in Table V. In average, the deviations for

the different experimental modes regarding the determined retention times were significantly lower

(∼2.1%) than the deviations determined for the peak widths (∼11.3%). The RSTDs determined from

four HTCC experiments for retention times and peak widths were ≤1.0% and ≤2.9%, respectively,

with the exception of 7.5% RSTD for the avidin peak width. With respect to this variation it can

be concluded that there is no statistical effect of the experimental mode on the retention times.

This conclusion is affirmed when taking potential deviations in the determined retention time due to

different fractionation schemes into account as presented in Figure 6 and Figure 7. Furthermore, the

differences between results from HTCC and results from laboratory LC experiments were larger than

the differences between the two simulated HTCC modes (’ideal’ and ’steps+interruptions’).

A significant difference of HTCC to ideal gradient and laboratory LC experiments was however

obtained for the peak widths. The peaks obtained from the laboratory LC experiments were broader

compared to the peaks from HTCC experiments. This result is in agreement with the findings discussed

in section 3.5.2, Figure 11. Furthermore, for a flow rate of 144 cm/h the peak widths determined from

experimental HTCC were significantly smaller than the simulated values (Table V). This indicates

that the peak width and hence peak resolution might in fact be even more affected by the HTCC

experimental set-up than concluded from preceding simulation results.
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4 Summary and Conclusion

In this study, we systematically investigated in which way robot-specific experimental parameters con-

tribute to the experimental error of HTCC. Furthermore, differences between elution profiles obtained

in HTCC and profiles obtained with laboratory LC systems were explained.

It was shown that the precision of pipetting (e.g. for dilution prior to analysis) increases expo-

nentially with increasing pipetting volumes. Furthermore, the use of the MTPs was demonstrated

to cause specific challenges. First, meniscus formation being different for solvent and varying pro-

tein concentrations affects the path length in absorption measurements, and thus, causes inaccuracies

in the determination of concentration and volume. Calibration ranges need therefore to be chosen

adequately and without forcing the calibration curve through zero (buffer blank). Secondly, when

collecting eluate in MTPs the elution signal comprises a series of distinct absorption values rather

than a continuous absorption signal and a chromatogram needs to be rebuild by fitting discrete ab-

sorption/concentration data points. The importance of using peak fitting functions to obtain suitable

information on retention times and peak resolution as well as to increase precision was highlighted.

It was shown that a low number of collected elution fractions significantly contribute to imprecision

of the retention time and peak area (mass balance) obtained from HTCC data, particularly when

elution peaks are asymmetric. Remarkably, using very precise analytical techniques can not outweigh

the increase of variance caused by of a low number of fractions. If the analytical precision is known

to be imprecise, however, a sufficiently precise determination of mass balance and retention time can

still be reached by increasing the number of fractions. About 10 fractions collected per peak width

appear sufficient in order to significantly reduce the variance and the maximal possible precision is

approached. A possible further gain of precision using more fractions might eventually not justify the

increasing effort required for the analysis of more fractions. Furthermore, for low fraction volumes,

the absolute error of the volume determination via absorption measurements increases. In this case,

it becomes favorable to instead use the nominal fraction volumes.

It was explained that the ’smoothness’ of an elution peak in HTCC gradient experiments is mainly

depending on the choice of the salt step height. By choosing small fractions variations in the con-

centration profile will be reflected giving the impression of apparent noise in the data. In contrast,

when collecting less fractions the common peak shape can be obtained. This is a fact which might be

counter-intuitive, as one would expect better representation of the common peak shape when collect-

ing more fractions rather than less. It was quantitatively shown that when using peak fitting functions

the choice of the salt step height is not as important as the resulting number of flow interruptions.

The effect of flow interruptions was furthermore demonstrated for isocratic elutions showing an effect

only for the larger protein investigated. The peak widths were strongly influenced by the number of

flow interruptions, whereas the determination of the retention times was shown to be more affected by

the intrinsic variation caused by the fractionation scheme and analytical errors. Using larger salt steps

(i.e. less flow interruptions) increased comparability to common laboratory LC experiment. However,

larger deviations in retention times and asymmetry were seen in this case study for salt step heights

>43.8 mM. Therefore, a suitable compromise for the salt step heights would be in a range of 22 mM

- 44 mM. Future work could expand this study by taking other mass transfer scenarios into account,

e.g. by varying the diffusion rates (different proteins and resins), flow rate and column dimensions.

There is no doubt that for screening purposes the use of HTCC fulfills the requirements on accuracy

and precision. However, the results of this study also demonstrated that robotic process parameters

should be chosen thoughtful on a case by case basis. Variabilities in the determined retention times
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and peak widths need to be taken into account, if data are used to calibrate mechanistic models or

if the technology is considered for detailed process development and robustness studies. The changes

in residence times depending on the flow interruptions need to be considered in order to evaluate

comparability to larger scales. The presented investigation of HTCC-specific parameters provides not

only comprehensive knowledge on potential error sources and experimental variances, but it can also

be considered as guidance for planning HTCC experiments according to the desired quality.
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Appendix

A.1 Peak Fitting

The exponential Gaussian hybrid function (EGH) was used for fitting HPLC concentration data in

order to determine peak width, asymmetry, and retention volume. The EGH represents a combination

of the Gaussian function and an truncated exponential function. Details on this function can be found

in [21, 24]. The fit function has four fit parameters: retention time tR, the peak height H, the STD

of the corresponding Gaussian function σ̃, and the time constant of the corresponding exponential

function τ . It is piecewise defined as

fEGH(t) =




H exp

(
−(t−tR)2

2σ̃2+τ(t−tR)

)
, 2σ̃2 + τ(t− tR) > 0

0, 2σ̃2 + τ(t− tR) ≤ 0
(6)

The fit parameters were determined using the matlab fit function based on non-linear least squares

regression. A maximum of 1012 iterations were performed with a maximum tolerance of 10−15. The

peak width was determined at 10% of the peak height. The peak asymmetry was determined at 50%

of the peak height. Peak resolution was defined by

R =
t2 − t1

2(σ2 + σ1)
(7)

with t1,2 being the retention times of peak 1 and peak 2 and σ1 and σ1 being the standard deviations

of peak 1 and peak 2 estimated via Moment analysis.

A.2 Chromatography model

The used model was based on following assumptions:

• ideally-packed bed

• spherically symmetrical and equally-sized beads
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• incompressible fluid

• plug-flow regime and homogeneous radial distribution of components in the column

• no convective transport within the bead pores

• instantaneous local equilibrium between the bead macro pore surface and fluid inside the macro

pores

• isothermal process

• diffusional mass transfer being independent of the concentration of other components

• dead volumes at column inlet and outlet are negligible.

The concentrations for component i in the interstitial phase ci(t, z) are a function of time t and

axial position z ∈ [0, L] with L being the column length. The concentration in the intra-particle

fluid phase cp,i(t, z, r) and stationary phase qp,i(t, z, r) are functions of time and both axial and radial

position with r ∈ [0, rp].

Mass transfer

Equation 8 describes the concentration change, ∂ci/∂t, depending on time t and location z in the

interstitial liquid phase for components 1, 2, ...i. The right-hand side terms describe the convective

transport in the bulk phase, the dispersive transport and the diffusion through the stagnant film to

the particle surface:

∂ci
∂t

= −uint
∂ci
∂z

+ Dax
∂2ci
∂z2

− 1 − ǫcol
ǫcol

3

rp
kf,i(ci − cp,i). (8)

The interstitial velocity, uint, is the quotient of the linear velocity, u, divided by the column

porosity, ǫcol. Dax is the axial dispersion coefficient, rp is the particle radius, kf,i are referred to

as the film mass transfer coefficients of component i, and cp,i are the component’s concentrations at

r=rp.

The mass balance for the bead is given by the diffusion terms through the film and within the

particle:

∂cp,i
∂t

= Dp,i

(
∂2cp,i
∂r2

+
2

r

∂cp,i
∂r

)
− 1 − ǫp

ǫp

∂qi
∂t

, (9)

in which Dp,i denotes the effective intra-particle diffusion coefficients, ǫp refers to as the particle

porosity, and qi is the stationary phase concentration.

The system of partial differential-algebraic equations were discretized in the spatial domain with

200 axial nodes and 25 radial nodes employing a finite volume method (see [20] for detailed informa-

tion).

Adsorption and desorption

The used Steric Mass-Action (SMA)-model for ion-chromatography [26] describes the ad- and des-

orption kinetics by the rate coefficients kad and kdes for adsorption and desorption, respectively, the

characteristic charge, ν, a shielding factor σSMA, the counter ions available for binding, q̄0, and the

ionic capacity, Λ. For each component i ≥1, the concentration on the surface, qi, changes over time

as expressed by:

3 PUBLICATIONS & MANUSCRIPTS

162



∂qi
∂t

= kad,icp,iq̄
νi
0 − kdes,iqic

νi
p,0 (10)

From the condition of electro-neutrality the ionic capacity of the adsorbent must equal the sum of

the available counter ions for binding and the binding sites occupied by the bound species:

Λ = q̄0 +
n∑

i=1

qi(νi + σSMA,i) (11)

where the total concentration of salt ions, q0, is related to the available counter-ions by

q̄0 = q0 −
n∑

i=1

qiσSMA,i. (12)

Boundary conditions

The boundary conditions were chosen according to [20]. The concentrations at the column inlet (z = 0)

and outlet (z = L) were:

ci(t, 0)u = cin,i(t)u + Dax
∂ci
∂z

(t, 0) (13)

∂ci
∂z

(t, L) = 0 (14)

The diffusive transport into the beads was assumed to equal the flux through the stagnant film at

the particle surface (r = rp) and hence the concentration change can be written as

∂cp,i
∂r2

(., ., rp) =
kf,i(ci − cp,i)

ǫpDp,i
. (15)

The concentration in the bead center (r = 0) is

∂cp,i
∂r2

(., ., 0) = 0. (16)

Model calibration

The model was calibrated using the inverse method as described in detail in [27]. Five chromatographic

separations of lysozyme from avidin in 200 µL columns filled with SP Sepharose FF were performed on

the LHS. The salt gradients slopes of 525 mM NaCl over 8 CV, 13 CV, 18 CV, 23 CV and 28 CV were

performed at pH 4.5, 22◦C and with a flow rate of 3 µL/s. Fractions were collected in 75µL volumes

at a salt step width of 150 µL for each gradient. The salt step heights were calculated using equation

5. The protein concentrations were determined by the RP-HPLC method described in section 2.9.

The resulting experimental chromatograms and the corresponding simulated chromatograms ob-

tained when using the estimated SMA-parameters (Table III) are displayed in Figure 13. Taking all

five chromatograms into account the simulated results were in good agreement with the experimental

results and therefore, the quality of the calibration was considered to be sufficient for the purpose of

this study.
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Figure 13: Separation of lysozyme (gray) and avidin (black) by applying different salt gradients over
525 mM in 200 µL RoboColumns operated on a LHS. Displayed are the experimental values (dots)
and the simulated concentration profiles (solid lines).
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4 Conclusion

This work dealed with three different aspects of High-Throughput Process Development. As essen-

tial element of HTPD, analytical methods matching the requirements of high-throughput analytics

regarding speed, sample volume, and automation were developed in the first part of this work. With

(Ultra)HPLC technology being the ’Gold-standard’ for protein concentration and purity analysis, the

presented studies have focussed on alternative utilization of HPLC equipment and control programs,

in order to reduce the typically long analysis times. Parallel operation of two columns paired with

interlaced injection was found an effective way to cut-down analysis times for applications using iso-

cratic elution. For the quantification of antibody aggregate/monomer content, the analysis time was

reduced to below two minutes, while accuracy and precision were identical to the traditional method

using single injections on one column. For the avidin egg white protein system used in this work,

the application of two columns in tandem mode was successfully implemented for the separation of

AV, OV, OM, OT, and LYS. Besides providing short analysis times and high precision, robust auto-

mated peak integration was achieved with the highly developed HPLC control software. The latter

is as an important factor for a high-thoughput method. For comparison, a detailed evaluation of a

high-throughput analytical technique (LabChip R©) was conducted revealing major disadvantages when

it comes to method robustness, precision and automation of data evaluation. However, there is no

doubt that with technological improvements of such new instruments, control software, and improved

data quality, the partly existing analytical bottleneck in HTPD will be further opened. With the

used methods, HPLC technology was demonstrated to be a qualified element in the HTA toolbox.

Nevertheless, the time-consuming development for HPLC methods, which is required whenever the

analytical task changes, needs to be considered when choosing the analytical technique.

In the second part of this work, high-throughput methods were used to develop an alternative

process for the separation of AV from egg white. A sequence of process steps were investigated in

high-throughput mode in order to identify a simple and scalable process for large-scale manufacturing

of highly pure AV. Extraction using aqueous two-phase systems was found to be very effective regard-

ing the separation of LYS from AV in comparison to traditionally used ion-exchange chromatography.

With ATPS as core element of the suggested process, suitable process conditions for a selective pre-

cipitation of AV before, and a volume reduction and final purification of AV after the extraction step

could be identified by using the HTPD-approach. While being out of scope for this work, further

studies, however, need to evaluate existing methods for re-cycling of the used polyethylene glycol and

salts, in order to further reduce costs and the environmental burden.

During development work and the application of both HTE and HTA, it became clear that au-

tomated data processing, evaluation and data storage are important elements which also need to be

addressed when implementing HTPD. Only by adaquate methods for data evaluation (ideally ap-

plicable for various development tasks) included in the experimental workflow, the real benefits of

HTPD can be exploited. In conclusion from the practical experiences gained during this work and
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4 CONCLUSION

from discussions with industrial researchers, the author considers efficient HTPD as a network of sev-

eral elements (Figure 3). While in biopharmaceutical sciences the focus is often on the experimental

and analytical methods only, future work should also strive for more standardized solutions for data

transfer and communication between control software of existing HTE/HTA equipment as well as

automated sorting, pre-processing and final data evaluation.

Figure 3: The core elements in current HTPD methodology. In many publications on HTPD applications,
already the combination of High-throughput (HT) experimentation and HT analytics is termed HTPD ( Lacki
2014) while in others modeling and simulation techniques (Hanke 2014) or advanced data analysis (Hubbuch
2012) is included. However, for efficient HTPD both automation and standardization of data evaluation and
the linkage to easy-accessible data management systems are required. In particular, in larger organizations,
in which experimentation and analytics are performed by different groups, coordination of the workflow and
the obtained data becomes important.

The last study of this work contributed to a better understanding of the apparent noise and re-

duced precision obtained when using high-throughput column chromatography, HTCC. Correlations

of decreasing precision were quantitatively determined for decreasing pipetting volumes, a lower num-

ber of fractions collected during elution and by taking the precision of methods for the determination

of volume and concentration into account. For the first time, simulations of gradient elution HTCC

were performed taking all method-specific parameters into account, in order to determine their influ-

ence on the experimental outcome. By this approach, it could be shown that the selected salt step

height when mimicking a gradient qualitatively contributes strongly to the elution profile. However,

the effect is rather small with regards to quantitative results such as the determined retention time

or peak width. Furthermore, simulations allowed the investigation of the interplay of peak fraction-

ation, salt step height, and flow interruptions, which are inherent for gradient elutions in HTCC.

The conflict of increasing discrepancy between actual and nominal residence time when using higher

flow rates and choosing smaller salt step heights (= many flow interruptions), in order to achieve a

better approximation of a gradient, was elucidated. The introduction of flow interruptions influenced

the retention time and peak width in the case of avidin for both isocratic and gradient elutions,

whereas an effect when using lysozyme was not determined. Although it became clear that a general

recommendation on the optimal HTCC method parameters can not be stated, the presented study

provides valuable information which will serve other users in the selection of HTCC method param-

eters. Furthermore, researchers aiming to use HTCC data for calibrating chromatography models
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are provided with data on experimental variances for various conditions which might help to improve

model robustness validation.

With the knowledge of method-specific effects, future work must address remaining questions

regarding the scale-differences to traditional lab-scale and production scale (e.g. wall effects, packing

(in-)homogeneity, liquid flow distribution in mini columns). Most-importantly, the limitations of

scaling-down via residence time or by linear flow rate require the identification of other scaling factors

more suitable for predicting the scale-up from HTCC. With the advanced knowledge on method-

specific effects presented in this work and scale-specific effects obtained in future studies, HTCC can

eventually be used not only for screening purposes but also for detailed process optimization and

characterization.
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5 GLOSSARY

Abbreviations

ATPS Aqueous two-phase system
AV Avidin
CV Column volume
DAD Diode array detector
DNA Deoxyribonucleic acid
EGH Exponential-Gaussian hybrid function
ELISA Enzyme linked immunosorbent assay
FEP Fluorinated ethylene propylene
FPLC Fast preparative liquid chromatography
HABA 4’-hydroxy-azobenzene-2-carboxylic acid
HCP Host cell protein
HIC Hydrophobic interaction chromatography
HPLC High performance liquid chromatography
HS High-Sensitivity
HT High-throughput
HTA High-throughput analytics
HTCC High-throughput column chromatography
HT CGE High-throughput capillary gel electrophoresis
HTE High-throughput experimentation
HTPD High-throughput process development
HTS High-throughput screening
ID Inside diameter
LHS Liquid handling station
LLOQ Lower limit of quantification
LYS Lysozyme
mAb Monoclonal antibody
MC Monte-Carlo
MM Mixed mode
MTP Microtiter plate
MW Molecular weight
MWCO Molecular weight cut-off
OM Ovomucoid
OT Ovotransferrin
OV Ovalbumin
PEG Polyethylene glycol
PI Isoelectric point
Pip Pipetting
PI-SEC Parallel interlaced size exclusion chromatography
POI Protein of interest
PPAS Pre-purified avidin solution
RNA Ribonucleic acid
RP Reversed phase
RSD Relative standard deviation
SMA Steric mass-action
SDS PAGE Sodium dodecyl sulfate polyacrylamide gel electrophore-

sis
SEC Size exclusion chromatography
ST Standard
UHPLC Ultra high performance liquid chromatography
UV-VIS Ultraviolet-visible radiation
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Symbols

Symbol Description Unit

a Peak area mAU·s
A Absorption mAU
c Concentration g/L or M
cp Intra-particle concentration M
d Diameter m
D Distribution ratio –
Dax Axial dispersion coefficient m2/s
Dp Effective intra-particle diffusion coefficient m2/s
Ec Deviation of concentration µg/mL
EV Deviation of volume µL
H Peak heigth mg/L
k Sorption rate –
kf Film mass transfer coefficient m/s
L Length m
pr Phase ratio –
Pu Purity %
q Adsorbed protein concentration M
q0 Total concentration of salt ion M
q̄0 Concentration of available counter-ion M
r Radial position m
R Resolution –
REC Recovery %
s Relative standard deviation –
t Time s
tR Retention time s
u Linear velocity cm/h
uint Interstitial velocity m/s
V Volume mL
xPEG Mass fraction PEG kg/kg
xsalt Mass fraction salt kg/kg
yV Elution volume of fraction µL
yc Concentration in elution fraction µg/mL
ỹV yV modified by error term µL
ỹc yc modified by error term µg/mL
Y Yield %
z Axial position m
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5 GLOSSARY

Greek symbols

Symbol Description Unit

ε Porosity –
εA Molar extinction coefficient L/mmol·cm
λ Wavelength nm
Λ Ionic capacity M
ν Characteristic charge –
σ Standard deviation s
σ̃ Standard deviation Gaussian function µL2

σSMA Shielding factor –
τ Time constant of exponential decay s
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Indices

0 Relating to start condition
+Biotin After addition of biotin
+HABA After addition of HABA
active Biologically active
ad Adsorption
AV Relating to avidin
bp Bottom phase
c Concentration
col Column
des Desorption
dil Diluted
dimer Antibody dimer
frac Eluate fraction (in one well)
HABA−AV Avidin complex with HABA
h Liquid Level
hold Holding
i Component i
in Inlet
inf Information
lag Lag
LY S Relating to lysozyme
M Mixing point
mean Mean value
meniscus Meniscus of liquid in a well
monomer Antibody monomer
nom Nominal
OM Relating to ovomucoid
OT Relating to ovotransferrin
OV Relating to ovalbumin
p Particle
PEG Relating to polyethylene glycol solution
pip Pipetting
phase Phase of an ATPS
random Random
ref Reference value
salt Relating to salt
syst Systematic
system Experimental system
tp Top phase
V Volume
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