
Advancements in
Purification Process Development

for a Therapeutic
Replication-Competent
Enveloped Virus Particle

Zur Erlangung des akademischen Grades eines

DOKTORS DER INGENIEURWISSENSCHAFTEN (DR.-ING.)

von der KIT-Fakultät für Chemieingenieurwesen und Verfahrenstechnik des

Karlsruher Instituts für Technologie (KIT)

genehmigte

DISSERTATION

von

M.Sc. Adrian Moritz Schimek

aus Filderstadt

Tag der mündlichen Prüfung: 17. Dezember 2025

Erstgutachter: Prof. Dr. Jürgen Hubbuch

Zweitgutachter: Prof. Dr. Michael Wolff





Danksagung

An dieser Stelle möchte ich meine aufrichtige Dankbarkeit gegenüber all jenen ausdrücken, die mich

während der vergangenen Jahre begleitet haben und deren fachliche und persönliche Unterstützung

wesentlich zum Gelingen dieser Arbeit beigetragen haben. An erster Stelle möchte ich mich bei Prof.

Dr. Jürgen Hubbuch für die fachliche Betreuung, die wertvollen Anregungen und die kontinuierliche

Förderung danken. Ebenso möchte ich meinen Dank an Prof. Dr. Michael Wolff als Zweitgutachter

aussprechen.

Diese Dissertation entstand im Rahmen einer Direktkooperation zwischen dem Karlsruher Institut für

Technologie (KIT) und der ViraTherapeutics GmbH, einem Unternehmen der Boehringer Ingelheim

Gruppe. Die Zusammenarbeit war für mich nicht nur fachlich bereichernd, sondern hat meinen Blick

für praxisnahe Fragestellungen geschärft und mir Einblicke in industrielle Entwicklungsprozesse

ermöglicht. Für die Ermöglichung dieser Industriepromotion und das Vertrauen in mich danke ich

Dr. Knut Elbers und Dr. Lisa Egerer. Den Kolleginnen und Kollegen bei ViraTherapeutics danke

ich für ihre Offenheit, ihre Hilfsbereitschaft und den regen fachlichen Austausch. Mein besonderer

Dank gilt Dr. Judy Ng für zahlreiche konstruktive Diskussionen und ihre unermüdliche fachliche

wie persönliche Unterstützung. Ebenso danke ich Dr. Michaela Smolle für inspirierende Impulse

und Ioannes Basbas für seine Hilfe bei der Methodenentwicklung. Ich wünsche Ioannes Basbas

alles Gute und viel Erfolg bei seiner eigenen Doktorarbeit. Dem gesamten Team möchte ich für

die vertrauensvolle und angenehme Arbeitsatmosphäre danken, die diese Zeit für mich besonders

gemacht hat.

Mein Dank gilt auch den Kolleginnen und Kollegen bei Boehringer Ingelheim, die mich durch intensi-

ven Austausch begleitet und unterstützt haben: Dr. Federico Will (geb. Rischawy), Dr. David Saleh, Dr.

Marija Brgles und Dr. Rudger Heß. Mit großer Wertschätzung danke ich auch allen Mitautoren der

im Rahmen dieser Dissertation entstandenen Publikationen für die stets produktive, vertrauensvolle

und inspirierende Zusammenarbeit.

Schließlich gilt mein tiefster Dank meiner Familie. Ohne ihre Geduld und uneingeschränkte Unter-

stützung wäre diese Dissertation nicht möglich gewesen. Sie haben mir in allen Phasen dieses Weges

den nötigen Rückhalt gegeben – in Momenten des Zweifelns ebenso wie in Zeiten des Fortschritts –

und mir die Kraft verliehen, Herausforderungen zu meistern, Rückschläge einzuordnen und diesen

Weg bis zum Ende zu gehen.

i





Zusammenfassung

Fortschritte bei der Entwicklung eines Reinigungsverfahrens für ein therapeuti-
sches replikationskompetentes umhülltes Viruspartikel

Replikationskompetente behüllte Viren sind vielversprechend für den Einsatz in der onkolytischen

Virotherapie und als Vektor für Krebsimpfstoffe. Sie verfügen den Wirtszellen-Spezifität und bieten

in ihrem Genom Platz für therapeutisches Genmaterial. Ihre Lipidhülle und ihre Größe machen diese

Viruspartikel (VP) jedoch empfindlich gegenüber Umweltfaktoren wie pH-Wert, Temperatur und

Scherkräften. Dies macht milde und optimierte Bioprozesse erforderlich, um die Partikelintegrität und

dadurch die Infektiosität während der Herstellung zu bewahren. Hohe Konzentrationen infektiöser

und replikationskompetenter Partikel sind erforderlich, um die gewünschte therapeutische Wirkung

auf Tumorzellen zu erzielen. Obwohl neue analytische und präparative Methoden, angepasst für die

Anwendung von VP etabliert wurden, gibt es immer nochWissenslücken und Herausforderungen. Das

Wissen über die Bioprozesse wird durch iterative Experimente gesammelt, wodurch Prozesserfahrung

aufgebaut wird. Bei VP ist die Übertragbarkeit zwischen Virusstämmen jedoch schwierig, so dass der

Wissensgewinn in diesem neuen Bereich kleinteilig ist. Die Auswirkungen von Bioprozessschritten

auf die Integrität verschiedener Virusstämme sind komplex und nicht gut verstanden. Außerdem

wird die Prozessentwicklung durch den Mangel an schnellen und zuverlässigen Analysemethoden,

die eine effiziente Charakterisierung der Prozessschritte ermöglichen, behindert. Dies verhindert

technologischen Fortschritt, wie z. B. die mechanistische Modellierung, die eine zuverlässige, tief-

gehende Charakterisierung der Prozessschritte erfordert. In dieser Dissertation wird der aktuelle

Stand der präparativen Aufreinigungsmethoden für umhüllte VP zusammengefasst und anschlie-

ßend Forschungsfortschritte für identifizierte Herausforderungen bei der Partikelquantifizierung und

chromatographischen Reinigung vorgestellt.

Zunächst bietet ein umfassendes Literatur Review einen Einblick in die Reinigungsprozesse replikati-

onskompetenter umhüllter VP und unterstreicht die Wichtigkeit der Erhaltung ihrer Integrität für

sichere und effektive therapeutische Anwendungen. Umhüllte VP bieten Vorteile wie große Genkapa-

zität und Wirtszellen-Spezifität, sind jedoch empfindlich gegenüber Umweltfaktoren was erhebliche

Herausforderungen im Bioprozess mit sich bringt. Die Heterogenität der Partikel erschwert die Ent-

wicklung eines universellen Plattformprozesses und erfordert häufig eine de novo Prozessentwicklung
für unterschiedliche Virusstämme. In diesem Review werden Reinigunsverfahren hinsichtlich ihres

Einflusses auf die Partikelintegrität bewertet, angefangen bei der Zellernte über Zentrifugations-

und chromatographische Techniken bis hin zur sterilen Filtration und Lagerung. Ein Schwerpunkt

liegt auf Chromatographieschritten, in dem herkömmliche und neu angepasste stationäre Phasen

verglichen werden. Konvektiv betriebene Phasen wie Membranadsorber und Monolithen sind für

große VP vorteilhaft, da sie keine diffusionalen Einschränkungen aufweisen. Ihr hoher Stoffübergang

und niedriger Rückdruck ermöglichen hohe Flussraten ohne Reduktion der Bindungskapazität. Vor-

und Nachteile sowie bestehende Wissenslücken in der VP-Reinigung werden beschrieben, ebenso

wie analytische Lücken, die eine effiziente Bewertung der Partikelqualität und -quantität, und damit

die Optimierung der Bioprozessschritte behindern.
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0 Zusammenfassung

Die Dissertation geht in Forschungsartikel über, die Fortschritte bei analytischen und präparativen

Methoden darstellen. Dabei kam ein modifiziertes Vesicular Stomatitis Virus (VSV) zum Einsatz. VSV

ist ein patronen- (engl. “bullet-”) förmiges, umhülltes VPmit Abmessungen von∼70 nm×∼200 nm. Die

entwickelte analytische Methode adressiert den Bedarf an schneller und präziser VP-Quantifizierung,

um Massenbilanzen zur Evaluierung von Prozessschritten zu ermöglichen. Vorgestellt wird eine

markierungsfreie Methode, basierend auf Hochleistungsflüssigkeitschromatographie (engl. “high

performance liquid chromatography”, HPLC) und Größenausschlusschromatografie (engl. “size exclu-

sion chromatography”, SEC), gekoppelt mit UV-Detektion für die Partikelquantifizierung. Das Setup

ist ergänzt durch einen Mehrwinkel-Lichtstreuungsdetektor (engl. “multi-angle light scattering”,

MALS) zur Partikelcharakterisierung welcher zusätzliche Informationen wie Partikelgröße liefert.

Die Methode wurde hinsichtlich einer hohen Rückgewinnungsrate der VP von der SEC Säule und

dem HPLC System optimiert, um somit Robustheit und Zuverlässigkeit zu garantieren. Der SEC

Auschlusspeak wurde mittels offline Analysen und online UV-Detektion als Viruspeak identifiziert,

was sich in einem konsistenten UV 260 nm/UV 280 nm-Verhältnis zeigte. Die Methode zeigte hohe

Präzision und Robustheit mit einer Reproduzierbarkeitsabweichung von unter 1 % und einer Prä-

zisionsabweichung von unter 3 %. Der lineare Quantifizierungsbereich erstreckt sich von 7.1 × 10
8

bis 1.7 × 10
11 VPs

mL
, mit einem Detektionslimit (engl. “limit of detection”, LOD) von 7.7 × 10

7 VPs

mL
und

einer unteren Bestimmungsgrenze (engl. “lower limit of quantification”, LLOQ) von 4.2 × 10
8 VPs

mL
.

Die Quantifizierung erwies sich als unabhängig von der unterschiedlichen Zusammensetzung der

Probenmatrix durch die Reinigungsstufen. Während die Methode die Gesamtzahl der VP quantifiziert

und eine orthogonal quantifiziertes Referenzmaterial benötigt, liefert sie Ergebnisse am selben Tag mit

minimalem Arbeitsaufwand und ermöglicht schnelle Entscheidungen in VP-Reinigungsprozessen. Ei-

ne Anwendung für eine Massenbilanz des Chromatographieschrittes eines modifizierten VSV belegte

ihre Eignung für Prozesscharakterisierungen und Entwicklung mechanistischer Prozessmodelle.

Die anschließende Studie untersuchte spezifisch das Verhalten des modifizierten VSV in einem chro-

matographischen Reinigungsschritt. Bei der Charakterisierung des Capture-Schrittes mittels einem

Kationaustauschchromatografen (engl. “cation exchange chromatography”, CEX) bei Verwendung

eines Monolithen wurde ein unerwartetes fluiddynamisches Phänomen festgestellt. Es resultierte

in einem Tailing-Effekt und der Trennung von Subpopulationen, welche sich nicht durch gängige

chromatographische Prinzipien erklären ließen. Das Phänomen wurde als konvektiver Einschluss

(engl. “convective entrapment”, CE) identifiziert, ein Effekt, bei dem große Biomoleküle vorüberge-

hend in Engstellen der stationären Phase eingeschlossen werden. Partikel werden durch Advektion

in diese Engstellen gedrückt und können nur durch Diffusion zurück in den Hauptströmungspfad

gelangen. Frühere Studien zeigten diesen Effekt bei großen Biomolekülen mit der Auswirkungen von

Ertragsverlusten und Verzögerungen in der Elution. Jedoch wurde dieser Effekt in konventionellen

mechanistischen Chromatographiemodellen bisher nicht berücksichtigt. Im vorgestellten mecha-

nistischen Modell wird der CE-Effekt mithilfe der Langmuir-Isotherme abgebildet und damit als

eigenes Bindungsmodalität, zusätzlich zur elektrostatischen Wechselwirkung nach dem sterisches

Massenwirkungsmodell (engl. “steric mass action”, SMA), beschrieben. Simulationen zeigten, dass

hauptsächlich eine Subpopulation für das Tailing verantwortlich ist und eine stärkere Retention

dem CE zuzuschreiben ist. Das Modell ermöglichte ein besseres Verständnis des präparativen Vi-

rusreinigungsprozesses, ist jedoch ohne weitere Entwicklung in seiner Anwendung eingeschränkt.

Tailing durch den CE-Effekt ist bei charakteristischen Flussraten in allen Maßstäben zu erwarten,

weshalb Ertragsverluste evaluiert und potenzielle Anpassungen der cleaning in place (CIP)-Protokolle

geprüft werden sollten. Niedrige Flussraten oder Flusspausen können die Freisetzung der Partikel

begünstigen.
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0 Zusammenfassung

Zusammenfassend wurde der aktuelle Stand der Reinigungsmethoden für umhüllte VP evaluiert und

Fortschritte in der VP-Prozessentwicklung vorgestellt. Das Literatur Review schafft eine Grundlage

über den aktuellen Wissensstand und die Herausforderungen von VP-Bioprozessen, insbesondere

hinsichtlich der Auswirkungen auf die virale Integrität. Es werden analytische Lücken identifiziert,

welche schnelle Prozessentwicklungsiterationen verhindern. Eine dieser Lücken wird durch die

Entwicklung einer Quantifizierungsmethode geschlossen, die schnelle und zuverlässige Ergebnisse

liefert und die Charakterisierung von Prozessen ermöglicht. Die eingehende Charakterisierung eines

präparativen Monolith-Chromatographieschrittes zeigte einen Mangel an Prozessverständnis, der

sich in einem nicht erwarteten Tailing-Effekt manifestierte. Das strömungsdynamische Phänomen

des convective entrapment wurde zum ersten Mal mit einem mechanistischen Modell dargestellt, das

die Bewertung seiner Auswirkungen durch Simulationen ermöglicht. Weitere Studien könnten das

mechanistische Modell verbessern, um in silico Optimierungen und eine robuste Herstellung von

umhüllten VP zu ermöglichen.
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Abstract

Replication-competent enveloped viruses show promise for use in oncolytic virotherapy and as

vector for cancer vaccines. They confer host cell target specificity, and provide large capacity in

their genome to carry therapeutic cargos. However, their lipid envelope and size renders these

virus particles (VPs) sensitive against environmental factors such as pH, temperature and shear

forces. This necessitates mild and optimized bioprocesses to maintain particle integrity and preserve

infectivity during manufacturing. High concentrations of infectious and replication-competent

particles are needed to achieve the desired therapeutic effect on tumor cells. Although new analytical

and preparative methods have been tailored and established for VP applications, gaps and challenges

prevail. Bioprocessing knowledge accumulates through iterative experiments, generating process

experience. However, for VPs the transferability between virus strains is difficult and thus knowledge

gain in this new field is cumbersome. E.g., the effects of bioprocessing steps on the integrity of various

virus strains are complex and not well understood. Also, process development is constricted due to the

lack of fast and reliable analytical methods capable of efficient evaluation of process steps. This hinders

technological progress such as mechanistic modeling which requires reliable in-depth characterization

of process steps. This doctoral thesis synthesizes the current state of preparative processing methods

for enveloped VPs and subsequently presents research advancements for identified challenges in

particle quantification and chromatographic purification.

First, a comprehensive literature review examines the purification processes for replication-competent

enveloped VPs, emphasizing the importance of maintaining their integrity for safe and effective

therapeutic applications. Enveloped VPs offer substantial advantages, including large gene insert

capacities and target specificity, however their inherent sensitivity to environmental factors presents

significant bioprocessing challenges which needs to be considered. Further, particle heterogeneity

hinders the development of a broadly applicable platform process, often necessitating de novo process
development for different virus strains. In this review purification process technologies are evaluated

for their influence on particle integrity, including cell-culture harvest, centrifugation and chromato-

graphic techniques, sterile filtration and storage considerations. A focus is set on chromatography

steps in which conventional and new, tailored stationary phases are compared. Convective-driven

stationary phases like membrane adsorbers and monoliths are beneficial for large VPs due to the lack

of diffusional limitations. A key benefit is their ability to facilitate high mass transfer rates and low

back pressure, enabling high flow rates without compromising binding capacity. The review describes

individual process steps and identifies knowledge gaps and challenges in VP purification. One of

them being an analytical gap which hinder the efficient characterization of VP process steps due to

lack of efficient and robust analytical methods. Slow and low throughput methods are typically used

which slow down process development.

The thesis progresses into research articles which constitute advancements in analytical and prepar-

ative methods. A modified vesicular stomatitis virus (VSV) was utilized in the studies. VSV is a

bullet-shaped enveloped VP, of ∼70 nm × ∼200 nm in size. The analytical method developed in this
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0 Abstract

thesis addresses the need for a rapid and precise VP quantification to facilitate mass balance calcula-

tions to evaluate and characterize process steps. A label-free high performance liquid chromatography

(HPLC)-based method is presented utilizing size exclusion chromatography (SEC) coupled with UV

for particle quantification. This setup integrates a multi-angle light scattering (MALS) detector for

particle characterization, providing additional information such as particle size. The method was

optimized to achieve high VP recovery from the SEC column and HPLC system to establish a robust

and reliable method. The SEC exclusion peak was confirmed to be the virus peak through offline

analytical methods and online UV detection, resulting in a consistent UV 260 nm to UV 280 nm ratio.

The method demonstrated high precision and robustness, with repeatability variation of less than 1 %

and intermediate precision deviation of less than 3 %. The linear quantification range spans 7.1 × 10
8

to 1.7 × 10
11 VPs

mL
, with a limit of detection (LOD) of 7.7 × 10

7 VPs

mL
and lower limit of quantification

(LLOQ) of 4.2× 10
8 VPs

mL
. The quantification method proved to be independent by variations in process

sample matrices from different purification processing steps. While the method quantifies total

VPs and requires an orthogonally quantified reference material, it delivers same-day results with

minimal hands-on time, enabling fast process evaluation and thus fast decisions in VP purification

processes and development. It further facilitates in-depth process characterizations and mass balance

calculations as shown for a cation exchange chromatography (CEX) step of the VSV purification.

This enables the development of mechanistic process models for which process understanding and

characterization is needed.

In the next presented study, the chromatographic behavior of modified VSV particles on a CEX

purification step is investigated and mechanistic model developed. During the characterization of the

CEX monolith capture step, an unexpected fluid-dynamic phenomenon was observed. It resulted in a

tailing effect and subpopulation separation that could not be explained by anticipated chromatographic

behaviors. The phenomenon was identified as convective entrapment (CE), an effect where large

biomolecules are temporarily restricted in the resin’s constriction sites. Particles are pushed into these

narrow sites by advection and can only be released by diffusing back through the opening, relying

on chance to take a different flow path. Previous research has demonstrated this effect for large

biomolecules, impacting recovery and leading to peak delays or tailing, but it has not been accounted

for in chromatographic mechanistic models. In the presented model the CE effect is implemented

by the Langmuir isotherm. This approximation represents CE as a binding modality, additionally to

electrostatic interaction modeled by a steric mass action model (SMA) isotherm. The simulations

showed that a subpopulation was primarily responsible for the tailing, with a stronger retention

attributed to the CE. The model supports knowledge gain for the preparative virus purification

run, however it is limited in its application scope (e.g., a fixed flow rate is used) without further

development. Tailing effects due to CE are expected across all scales at characteristic flow rates,

necessitating evaluation of recovery losses and potential adjustments of cleaning in place (CIP) steps.

Low flow rate steps or flow rate pauses can facilitate particle release.

In summary, the current state of purification methods for enveloped VPs was assessed, and advance-

ments in VP process development were discussed. The literature review establishes a baseline of

current knowledge and challenges in bioprocessing, especially regarding the impact on viral integrity.

Analytical gaps are identified which prevent fast process development iterations. This gap is addressed

by the development of a quantification method which provides fast and reliable results and enables

process characterizations. The in-depth characterization of a preparative monolith chromatography

step revealed a lack of process understanding which was manifested in a tailing effect not anticipated.

The fluid dynamic phenomenon of convective entrapment was represented for the first in a mechanis-
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tic model, enabling evaluation of its impact through simulations. Further studies could advance the

mechanistic model to enable in silico optimizations and a robust manufacturing of enveloped VPs.
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1 Introduction

Virus particles (VPs) are host-dependent, passive entities whose primary aim is to spread progeny

through replication in hosts. They are remarkably abundant, with billions of particles encountered

daily by every living organism [1]. In its evolution, the humankind had to deal with the pathogenic

threat by viruses since its beginning [2]. Viruses are extremely adaptable, evolving rapidly to adapt

to their host and environment [3]. Numerous viral variations have resulted from this evolutionary

advantage, many of which have distinct and specialized characteristics like host and target cell

specificity or host immune evasion tactics.

Modern science has leveraged the unique properties of viruses for biotechnological and medicinal

applications. Virus-derived nanoparticles are being studied and used as therapeutic, preventive, and

diagnostic tools [4]. For centuries, both inactivated and attenuated viruses have been employed as

vaccines. Vaccine designs based on non-infectious, antigen-presenting virus-like-particles (VLPs)

have emerged in recent decades due to fundamental research breakthroughs in immunology, synthetic

biology, DNA sequencing methods and genetic engineering. The same technological progress has

led to new therapeutic applications of replication-incompetent and also -competent VPs for the

treatment of cancer and genetic diseases. Significant progress has been observed for oncolytic virus

(OV) treatments [5] and gene therapies [6] as observed by the increasing amount of clinical trials and

approvals in those fields.

Despite this progress, developing viral production processes remains laborious. The requirements for

virus processes differ from those of conventional, small biopharmaceutical products due to the size

and fragility of VPs. Because of the diverse morphologies and properties of virus species and strains,

a universal platform process for all viruses does not exist. Conventional methods must be adapted, or

new methods developed and tested. A common lack of comprehensive knowledge in VP purification

means methods are often tested and optimized through empirical iterations. Evaluating each iteration

is cumbersome due to the limited availability of process analytical technology tools for viral vectors

[7, 8] and the inability of online detectors to provide qualitative process performance information.

Typically, offline analytical methods are required, which are time-consuming, have low throughput,

and are imprecise; making rapid process development iterations difficult. The heterogeneity of

VP populations and their dependency on upstream parameters further complicate analytical and

preparative method development and evaluation.

Even though the utilized VPs and corresponding medicinal applications vary widely, similar prepara-

tive and analytical methods are employed, leading to comparable challenges. These methods, and

thus the challenges, can be transferred amongst different VPs to some extent, especially when

morphological properties are similar. However, enveloped VPs are particularly delicate. The lipid

bilayer envelope is vulnerable to environmental factors such as pH, elevated temperatures, and shear

stress. Osmolarity, ionic strength, solvents, detergents, and excipients might additionally reduce

viral activity. Additionally, oncolytic applications have the highest particle quality requirements

because replication competency is necessary for the therapeutic effect. Therefore, this work focuses
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on replication-competent enveloped VPs. It establishes a baseline of current knowledge and best

practices for the preparative purification process of replication-competent enveloped VPs and offers

novel approaches to identified challenges using a modified vesicular stomatitis virus (VSV) intended

for oncolytic therapy.

Due to the specific requirements of VPs new and tailored processing methods have been developed and

established in the industry to support the new therapeutical field. However, a platform process is not

feasible due to the heterogeneity of VPs between strains, which complicates bioprocess development.

Further, the impact of processing steps on VP is often unknown which is particularly important for

labile enveloped VPs. To evaluate current knowledge of processing impact on VPs, the status quo is
described in a comprehensive literature review in chapter 3, covering everything from cell culture

harvest to formulation. Conventional biopharmaceutical and new, VP methods are assessed regarding

their impact on viral integrity, and an overview of relevant analytical methods for bioprocessing is

included. Iterative bioprocess development depends on efficient analytical methods for characterizing

process samples. For VPs, a comprehensive and timely set of analytical methods is typically required

to thoroughly assess a sample and thus derive process implications. Additionally, many methods are

limited by low throughput, slow result turnaround, imprecision, or the requirement for specialized

equipment. A tailored and validated quantification method for process development which would

also enable mechanistic model development was lacking for VSV. To address this gap, chapter 4

presents the development and validation of a quantification method based on widely available HPLC

device with ultraviolet (UV) detection, enabling high-precision quantification with minimal labor.

The quantification method facilitated the in-depth characterization of process steps required to

establish a mechanistic model as presented in chapter 5. The characterization of the CEX capture

step of an enveloped VP revealed an unexpected tailing effect. This effect was most likely due to CE,

which was incorporated into a mechanistic model that successfully described the purification process.

The process characterization during model development, together with the model simulations, has

improved the process understanding of monoliths and provided insights for future applications of

chromatographic monoliths.

In the following sections, VPs for medicinal applications, their properties, analytical characterization,

and preparative process are introduced. The focus is set on materials and methods utilized in later

chapters, such as VSV particles, HPLC-derived analytical methods, and monolithic chromatography

material. A fundamental introduction for mechanistic modeling of chromatography steps, used for in
silico representation, is provided. The introductory sections, section 1.2 to section 1.4, are partially

based on the published literature review [9], presented in chapter 3. Topics covered in the review

are introduced but not extensively elaborated upon. In relevant sections, the reader is directed to

chapter 3 for further information.

1.1 Virus Based Vaccines and Therapies

Viruses and modified VPs in various formats are used in medicine to prevent and treat viral diseases,

cancers, and genetic disorders. An overview of VP types and their applications is provided in Table 1.1.

Vaccines are designed to stimulate the immune system to recognize and combat pathogens, such

as viruses. Conventional viral vaccines use viruses attenuated by passage through different animal

species, as well as chemically inactivated pathogenic viral particles or viral subunits. Modern vacci-

nation strategies utilize VLPs as vectors displaying a variety of antigens [10]. VLPs lack viral genetic

2
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Table 1.1: Overview of VPs and derived particle types researched for medicinal interventions

Applications Virus particle type

Replication-competent VPs Replication-incompetent VPs VPs deficient of viral genes

Non-pathogenic VPs Live attenuated VPs Replication-defective VPs Inactivated VPs VLPs

Viral diseases Vaccines [14] Vaccines Vaccines [15] Vaccines Vaccines

Oncology
Oncolytic treatments

and therapeutic

cancer vaccines [15]

Preventive

and therapeutic

cancer vaccines [16]

Genetic disorders Gene therapies

material and are thus non-infectious. Vaccines that prevent oncovirus infections, and consequently

infection-related cancers, are considered (preventive) cancer vaccines because they eliminate the

underlying factor of tumor formation. Therapeutic cancer vaccines, on the other hand, are designed

to treat existing cancers through immunostimulation. These vaccines expose the immune system

to cancer-specific antigens, helping it target and eliminate cancer cells. The therapeutic goal is

to induce tumor regression, eliminate residual tumor cells after surgery, and establish long-term

immunity. Tumor antigens are either introduced into patients as peptides or transferred via vectors as

genes encoding antigens [11]. VLPs and replication-competent VPs lacking pathogenicity are used as

vectors. The latter is preferred if the virus itself exhibits oncolytic properties. The antitumoral effect

of these viruses is then enhanced by combining them with immunostimulatory genes, engineering a

therapeutic cancer vaccine [12].

Gene therapies, particularly those targeting monogenic inherited disorders, use vectors to deliver a

functional copy or modification of a mutated gene into cells. However, the first generation of gene

therapy viral vectors revealed severe carcinogenic side effects, including lethal outcomes, due to

replicating VPs. In response, newer generations of viral vectors have been developed to be replication-

incompetent, with strategies to prevent the regain of replication competency, thereby enhancing

safety [13]. OVs, which may also be considered gene therapies, introduce viral genes and payloads

specifically into tumors. Unlike most gene therapies that aim for a one-time treatment of genetic

diseases using replication-incompetent viruses, OVs require replication competency and may be

applied multiple times. The replication cycle enables their lytic activity and payload expression, thus

facilitating their therapeutic function.

1.1.1 Oncolytic Virus (OV) Therapeutics

OVs represent a promising approach in cancer therapy, leveraging the unique properties of viruses to

target and destroy cancer cells. These viruses exhibit naturally occurring or engineered specificity

for cancer cells, ensuring that cancer cells are preferentially infected while normal, healthy cells

are spared. Viral replication within the cancer cells eventually leads to their destruction by host

cell shut-off and hijacking the cell’s metabolism for virus progeny and through virus-induced cell

lysis, resulting in cell death. The release of viral progeny can lead to multiple rounds of infection

within the tumor and may also reach metastases. Cell lysis and the release of cellular components

can modulate the tumor microenvironment to a pro-inflammatory state, stimulating the body’s

immune system to recognize and attack the tumor. This effect can be enhanced by introducing

transgenes into the viruses, which express immunomodulatory agents within the tumor cells. This
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Figure 1.1: Generalized schematics of non-enveloped and enveloped VPs showing structural differences. Sourced from [20]

under Creative Commons Attribution 4.0 International (CC BY 4.0) license (https://creativecommons.org/licenses/by/

4.0/).

cancer vaccine setting enhances the overall efficacy of the treatment, potentially leading to long-term

cancer remission [17]. Payload expression is limited in timing, duration, and localization due to its

dependence on virus replication. The specificity of viral infection and the limited localization of

expressed antitumor agents reduce unnecessary exposure of healthy tissue and systemic toxicity, as

seen in conventional chemotherapy. However, these limitations might be too stringent for effective

treatment. Administering OVs alongside other therapeutics in combination drug approaches can

overcome these limitations. Examples of complementary drugs include immune checkpoint inhibitors

and prodrugs when the prodrug-converting enzyme is introduced as a viral payload [18]. Tumor

specificity of OVs and their limited ability to replicate in normal, healthy cells can originate from the

virus’s natural tropism for factors overexpressed or suppressed in tumor cells. Various strategies are

also utilized in OV development to engineer specificity: alteration of surface glycoproteins; deleting

viral genes required for replication in healthy, non-dividing cells; exploiting defects in antiviral cell

response pathways; and using tumor-specific promoters for viral gene expression. These strategies

have led to generally safe applications with a low toxicity profile [19]. Advances in safety and efficacy

have broadened the potential applications of OVs, as evidenced by over 100 ongoing clinical trials as

of February 2025 [see chapter 3].

Virus strains studied for oncolytic applications include non-enveloped viruses (e.g., Adenovirus,

Reoviruses) as well as enveloped VPs (e.g., HSV, Vaccinia, VSV) [21], with the latter being the majority

tested in clinical trials [see chapter 3]. Enveloped VPs have an additional lipid membrane as their

outermost layer and are generally larger, thus providing higher gene insert capacities. Structural

differences are schematically shown in Figure 1.1. The lipid membrane is derived from the host

cell, making its composition and properties dependent on the host cell state and culture conditions.

Glycoproteins embedded in the lipid membrane facilitate cell recognition, attachment, and entry,

initiating the infectious cycle. Through additions, alterations, and exchanges of glycoproteins, such as

pseudotyping, the tropism of VPs can be modified to tailor their specificity to the therapeutic target.

The integrity of glycoproteins on the viral surface, as well as the entire structure of the VP, needs to

remain intact from viral release until the infection of another cell to continue the infectious cycle. In
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Figure 1.2: VSV particle images and genome structure. (A) Negative staining electron microscopy (ns-EM) picture of VSV,

magnification approx. 40.000x, cropped micrograph from F.A. Murphy, University of Texas Medical Branch, Galveston,

Texas [22]. (B) Schematic VSV, adapted from [23] under Creative Commons Attribution 4.0 International (CC BY 4.0) license

(https://creativecommons.org/licenses/by/4.0/). (C) Genomic structure with approximated gene lengths.

the case of virus manufacturing for therapeutic applications, this time frame includes the production

of viral progeny in a cell culture and its subsequent purification, formulation, and storage, typically in

a frozen state. Afterward, the VP must remain stable during thawing, potential dilution, and patient

administration until a new host cell is targeted within the patient.

Enveloped OVs Enveloped VPs offer advantages for research and therapy due to their size and

structure; however, these same viral properties present challenges for production processes. The

non-rigid envelope and size of enveloped VPs provide large gene insert capacities, offering researchers

room for transgenes and flexibility in gene design. Depending on the location and modification, tags

can be added to structural viral proteins, and proteins to be expressed separately can be introduced.

Glycoproteins on the particle surface can be modified or exchanged with foreign glycoproteins,

resulting in a pseudotyped VP with altered tropism. Enveloped VPs bud and thus derive their lipid

membrane from cellular membranes. Present cellular membrane proteins and expressed viral proteins

can be incorporated into the viral envelope. In the case of non-enveloped VPs, the capsid structure is

rigid, and modifications may impair its structural integrity. Tropism changes are possible; however,

they require more sophisticated methods.

As described, the size and lipid envelope of enveloped VPs are key properties offering advantages

for therapeutic applications. At the same time, the lipid envelope renders the whole VP sensitive to

its local environment. Mechanical, chemical, and thermal stress can quickly disrupt the envelope

or the membrane proteins it contains, thus inactivating the VP. This necessitates the application of

relatively mild processing conditions to maintain viral integrity and infectious VPs for an effective

drug substance.

1.1.2 Vesicular Stomatitis Virus (VSV)

In this work, a modified yet infectious version of the VSV Indiana strain was utilized. VSV belongs

to the Rhabdoviridae family and is a non-segmented, negative-strand RNA virus [24]. It has been

extensively studied in the past as a model virus for RNA viruses [25] due to its highly efficient and

5
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rapid replication cycle, simple structure, and error-prone polymerase [24, 25]. Viral progeny of VSV

appear 2 to 10 h after infection in baby hamster kidney (BHK) cells [26]. VSV induces apoptosis,

leading to programmed cell death upon infection [27, 28].

VSV Structure Native VSV particles are bullet-shaped, with a cylindrical end on one side and a nar-

rowing, pointed opposite side, as depicted in Figure 1.2 A and B. Wild-type particles are approximately

70 nm in diameter and 200 nm in length [24]. The viral genome of VSV comprises approximately 11

kb and encodes five structural viral proteins, as shown in Figure 1.2 C. It is encapsidated with nucleo-

proteins (N) to form a helical nucleocapsid structure. This is covered by a layer of matrix proteins (M),

which is further encased by the lipid bilayer envelope spiked with glycoproteins (G). Associated with

the N-RNA complex are polymerase (’large’) proteins and their cofactor phosphoproteins [29].

Oncolytic Activity of VSV Wild-type VSV exhibits an inherent oncolytic effect due to its ability to

efficiently replicate in malignant cells, thereby inducing cell death in tumors. The selectivity for

malignant cells does not arise from the specific targeting of certain cells; rather, it is due to the

favorable conditions for VSV replication present in many malignant cell types. Most tumor cells have

a defective interferon type I (IFN) response or lack a IFN response entirely. Additionally, abnormal

messenger RNA (mRNA) translation in malignant cells promotes VSV replication. In contrast, healthy

cells inhibit viral replication due to their IFN response, which enables an antiviral state [30].

Pseudotyping of VSV Although VSV infection typically causes non-lethal fever and blister-like

lesions in natural hosts, neurotoxicity has been observed in rodents, and there is one known case

of induced encephalitis in humans [31]. Replacing the VSV glycoprotein with a glycoprotein from

another virus (pseudotyping) has been shown to reduce or completely abolish neurotoxicity, as seen

with Ebola and Lassa fever glycoproteins [32]. In this study, a VSV variant pseudotyped with the

glycoprotein from lymphocytic choriomeningitis virus (LCMV), termed VSV-GP, was used. This

modification confers cell specificity to VSV infection and abolishes neurotoxicity while retaining

tropism for malignant cells. Preclinical studies demonstrated that VSV-GP could be safely inoculated

into rodent brains at high dosages, unlike wild-type VSV [33]. Furthermore, the glycoprotein of

LCMV does not lead to the rapid induction of neutralizing antibodies, as observed with wild-type

VSV, enabling repeated application of VSV-GP. Additionally, replication competency is sustained,

which is required for the induction of cell death in malignant cells [33, 34, 35].

Known particle heterogeneity Enveloped VP populations exhibit significant heterogeneity in mor-

phology, size, protein composition, and genomic content, all of which directly influence their func-

tionality. This variability arises from differences in host-cell membrane incorporation, viral assembly

mechanisms, and environmental influences, such as those encountered during cell culture and bio-

processing. In contrast, non-enveloped viruses tend to be morphologically uniform, as their highly

structured protein capsid provides a more rigid and consistent framework for particle formation.

The diversity of enveloped viruses is further shaped by cellular factors, including lipid composition

and glycoprotein distribution, leading to complex interactions that affect infectivity and immune

recognition. Additionally, external conditions, such as temperature fluctuations and purification

processes, can further contribute to population heterogeneity, highlighting the sensitive nature of

enveloped VPs compared to their non-enveloped counterparts.
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1.2 Analytical Characterization of Enveloped Viral Particles

Defective interfering particless (DIPs) are VPs with mutations such as genomic deletions or partial

genomes. They arise due to errors in replication or recombination and cannot replicate on their own.

They require a helper virus, a fully functional virus, to coinfect a cell and provide the missing factors

needed for replication. DIPs interfere with the replication of their parent virus by competing for

resources within the cell, often reducing the overall viral load and altering disease progression. They

have been observed in various RNA viruses, including the influenza virus, VSV, and the measles virus

[36]. In cell cultures, DIPs occur in high numbers if a high multiplicity of infection (MOI) is used

for infection, resulting in a higher probability of coinfections of DIPs and functional VPs. DIPs can

become the dominant species; however, they can also drive viral evolution, leading to DIP-resistant

species [24]. DIPs impair the production of infectious VPs in cell culture and reduce capacity in

purification processes for infectious VPs. They should thus be prevented and minimized for an

efficient production process.

The particles-to-infectious unit (P:IU) ratio, which indicates the number of total VPs in a VP prepa-

ration per infectious unit (IU), is generally well above 1, signifying a low proportion of infectious

particles compared to total VPs [1]. DIPs increase this ratio, as do other non-infectious VPs, such as

malformed and defective particles, which may arise during the cell culture stage depending on the

culture conditions [37, 38], or during purification [39].

The incorporation of transgenes into the VSV genome has been shown to yield replication-competent

VPswith little or no attenuation. Reporter genes, such as fluorescent tags, have been successfully added

to viral proteins without compromising viral function [40]. Transgenes encoding immunomodulatory

proteins have been inserted into intergenic regions, allowing for transcription and expression within

infected cells [32]. The viral nucleocapsid, which encapsulates the genomic RNA, forms a rigid

helical structure with fixed angular parameters, contributing to the virus’s characteristic morphology

and stability. The highly ordered interactions between structural proteins result in a consistent VP

diameter of approximately 70 nm [29]. Modifications affecting genome length impact the length of

VPs, while the width of particles remains the same [41].

1.2 Analytical Characterization of Enveloped Viral Particles

An analytical panel to evaluate the quality attributes of VP preparations typically comprises methods

related to general quality, safety, strength, identity, purity, process-related impurities, and potency

[42]. This extensive panel is necessary to encompass all aspects of the complex VP integrity and

structure, which is a combination of nucleic acids, proteins, and, in the case of enveloped VPs, lipids.

Structural VP characteristics can be assessed using electron microscopy (EM) techniques, such as

cryogenic electron microscopy (cryo-EM) and ns-EM. The latter method is also regarded as the current

benchmark for quantification purposes [43]. The composition of VPs can be evaluated by methods

that identify viral proteins, such as mass spectrometry (MS) and Western blotting. Advancements

in adapting flow cytometers for virus detection have led to the development of flow virometry, a

technique that enables the analysis of viral particles at the single particle level. Through labeling

techniques, surface structure and composition are analyzed, facilitating the quantification of VPs as

well as certain impurities [44]. Other well-establishedmethods for purity analysis include conventional

enzyme-linked immunosorbent assay (ELISA) and polymerase chain reaction (PCR)-based methods

for host cell protein (hcP) and host cell DNA (hcDNA) quantification. Aggregation of viral particles

can be assessed by DLS [45] or NTA [46], both of which are used for stability and formulation
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Figure 1.3: Simplified schematic of an HPLC device.

studies. The analysis of particulate impurities within the same size range as VPs and VLPs is more

challenging, if not impossible. If different surface properties can be labeled, flow virometry can be

used to differentiate between particle populations [47]. However, some populations, such as defective

VPs and extracellular vesicles (EVs), can exhibit the same surface markers, making staining strategies

important [48]. EMmethods, such as ns-EM and cryo-EM, can provide images of the VPs, enabling the

evaluation of structural integrity and quantification. Although regarded as the current gold standard

for quantification, the influences of sample preparation must be considered. Moreover, EM methods

are expensive, labor-intensive, and low-throughput. Additionally, EVs can only be distinguished if

distinct shape differences are present [48].

1.2.1 HPLC-based Virus Particle Characterization

High performance liquid chromatography (HPLC) devices offer a modular and automated analytical

platform for developing and establishing various analytical methods. Thanks to the platform’s

flexibility, these methods can be tailored to specific analytes and attributes for evaluation. Figure 1.3

provides a schematic of an HPLC device, illustrating its modular design with application-dependent

options for the chromatographic column and detector modules in the detector train. HPLC applications

typically involve chromatographic separation followed by the detection of the target analyte. The

HPLC does sample management, solvent management and mixing, and enables the use of various

detectors. Due to the pressurized and constant solvent flow, analyte separations in HPLCs are generally

reliable. These devices are widely used in biopharmaceutical labs and are readily available, with

experienced analytical staff usually present [49]. When equipped with an autosampler module and

properly set up, the device can autonomously process many samples sequentially, limited only by the

sample stability within the autosampler environment.

HPLC-based analytical characterization methods for VPs employ various strategies for separation

and detection, depending on the specific analyte preparation and related challenges and requirements.

The chromatographic separation should isolate the analyte from impurities that could impair detector

signals. Separation methods might resolve different VP populations, allowing for individual analysis.

Table 1.2 provides an overview of published quantification methods for enveloped and non-enveloped

VPs and VLPs established on HPLC devices. A variety of separation principles — reverse phase
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chromatography (RP), anion exchange chromatography (AEX), SEC, and affinity chromatography

— as well as a variety of detectors — UV, fluorescence (FLR), MALS — are used. Target analytes for

quantification include whole VPs and VLPs, as well as viral proteins, for which a correlation factor

(viral protein per VP or VLP) is used to determine the VP or VLP count.
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Table 1.2: Overview of HPLC-based quantification methods of VPs, VLPs and viral proteins. Abbreviations: HA - hemagglutinin protein, LC - Liquid Chomatogrpahy, Lin. -

Linearity, Prep - Preparation, Ref - Reference, SRID - single radial immunodiffusion, ex. - excitation, em. - emmission, inact. - inactivated, n.a. - not applied, n.e.r. - not explicitely

reported. Manufacturer information: ATCC (Wesel, Germany), Millipore (Billerica, MA, USA), Sigma (St. Louis, MO, USA).

Virus/
Analyte

Sample Prep./
Labeling

LC Detector Limits/
Linearity

Reference
virus preparation

Recovery/
Accuracy

Precision other
validation

Influenza, HA

[50]

Protein solubilization,

trypsin digestion,

stabilization

RP UV (215 nm) LOD: n.e.r.

Lin.: 8 to 62
µg

mL
HA

Sucrose-gradient

purified, inact.,

SRID quantified

n.e.r. RSD ≤ 7% Transferability to other

strains and production

methods shown

Influenza, HA

[51]

Protein solubilization,

trypsin digestion,

stabilization

RP FLR

(ex. 290 nm,

em. 335 nm)

LOD: n.e.r.

Lin.: 15.6 to 156
µg

mL
HA

a

Sucrose-gradient

purified, inact.,

SRID quantified

n.e.r. n.e.r. n.a.

Influenza, HA

[52]

DTT reduction,

stabilization by

Tween (Sigma)

RP FLR

(ex 280 nm,

em 335 nm)

LOD
b
: 0.25 to 1.0

µg

mL

LOQ
b
: 0.75 to 3.0

µg

mL

Lin.: 2.5 to 100
µg

mL
HA

Vaccine production

bulk material, SRID

quantified

RSD <10%

compared to SRID

Repeatabiltiy RSD =

0.82%, intermediate

precision RSD = 2.48%

n.a.

Chikungunya

VLP, viral

proteins [53]

Solubilization and

stabilization of

proteins by

Zwittergent 3-12

(Millipore)

RP FLR

(ex. 280 nm,

em. 350 nm)

LOD: n.e.r.

Lin.: 5.1 to 120
µg

mL

n.e.r. Recovery of

structural proteins

in relation to capsid

protein: 96 to 106%

Peak area repeatability

RSD <1.1%

Intermediate precision

RSD = 12%

Protein identification by

SDS-PAGE and subsequent

MALDI-ToF MS

Adenovirus

type 5 [54]

n.a. AEX UV (260 nm) LOD: n.e.r.

Lin.: 2 × 10
11 VPs

mL

CsCl purified, UV

quantified in

presence of SDS

n.e.r. RSD: ≤ 5 to10% Elution peak evaluation by

UV and HPLC-SEC

cross-analysis

Murine

leukemia virus

[55]

Nuclease treatment

and concentration

AEX UV (260 nm) LOD: 4.7 × 10
8 VPs

mL

Lin.: 3 × 10
9
to

1 × 10
11 VPs

mL

Sucrose cushion

and SEC purified,

nsEM-quantified

n.e.r. Intraday precision RSD <

5%, Inter-day precision

RSD < 10%

n.a.

Baculovirus

[56]

SYBR Green I nucleic

acid dye, incubation 2

h at 37 °C

AEX FLR

(ex. 479 nm,

em. 520 nm)

LOD: 3 × 10
7 VPs

mL

Lin.: 1 × 10
8
to

5 × 10
10 VPs

mL

Sucrose cushion

purified BV, flow

cytometer

quantification

Spike accuracy:

78 to101%

intra-assay precision

<10%,

inter-assay precision

<10%

Validation of incubation

robustness and method

specificity; peak identity

confirmed by Western blot

Influenza [57] n.a. AEX FLR

(ex. 290 nm,

em. 335 nm)

LOD: 2 × 10
8
to

4 × 10
9 VPs

mL

Lin.: 1 × 10
9
to

1 × 10
11 VPs

mL

Sucrose cushion

purified,

nsEM-quantified

n.e.r. Intra-assay precision

RSD <5-10%,

Intermediate precision

RSD <10-20%

Validation of specificity;

method transferability for

strains evaluated

continued on next page
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Table1.2 – continued from previous page

Virus/
Analyte

Sample Prep./
Labeling

LC Detector Limits/
Linearity

Reference
virus preparation

Recovery/
Accuracy

Precision other
validation

AAV, full/

empty capsids

[58]

n.a. AEX FLR

(ex. 280 nm,

em. 348 nm)

LOD: n.e.r.

Lin.: 5 × 10
10

to

3 × 10
13 VPs

mL

commercial AAV

serotypes + CsCl

gradient purified

AAV serotypes

n.e.r. only relative

quantification

(empty/full-ratio) was

characterized

robustness regarding

temperature, flow rate, pH;

transferability incl.

optimization for: AAV 1-3, 6,

8, 9

Reovirus [59] n.a. AEX UV

(260 nm)

LOD: 2.14 × 10
11 VPs

mL

Lin.: 3 × 10
11

to

2 × 10
12 VPs

mL

chromatographic

purification, UV

quantified

Accuracy:

87 to100%

Intraday: RSD < 10%,

interday: RSD < 15%

Specificity

Lentivirus

vector [60]

n.a. AEX FLR

(ex 290 nm,

em 335 nm)

LOD: n.e.r.

Lin.: 3 × 10
8
to

1 × 10
10 VPs

mL

n.e.r. RSD compared to

ELISA = 5.0%

Intra-assay: RSD < 5%,

inter-assay: RSD < 5%

Peak identity confirmed by

western blot

HIV VLP [61] n.a. SEC UV

(280 nm)

LOD: 7 × 10
9

VP/mL

Lin.: 2 × 10
10

to

7 × 10
10 VPs

mL

Density gradient or

AEX-purified VLPs,

NTA-quantified

n.e.r. RSD <15%

Robustness against sample

matrix variation and hcDNA

HIV VLP [61] n.a. SEC MALS LOD
c
: 6 × 10

9
VP/mL

Lin.:
c
2 × 10

10
to

7 × 10
10 VPs

mL

n.e.r. RSD <10%

FMDV [62] Nuclease treatment,

VP recovery from

emulsions

SEC UV (254 nm) LOD: 0.6
µg

mL
Nuclease treatment,

buffer exchange

Spiking accuracy:

within specified

range (85 to 115%)

Intra-assay repeatability

<10%, intermediate

precision <10%

Linearity for typical PD

samples

AAV, full/

empty capsids

[63]

n.a.

Affin-

ity

FLR

(ex. 280 nm,

em. 330 nm)

UV
d

LOD: n.e.r.

LOQ: 6.1 × 10
9 VPs

mL

Lin.: 7 × 10
11

to

7 × 10
12 VPs

mL

Chromatographic

purification,

SEC-MALS

characterization

RMSE = 4.3% RSD = 1.2% Transferability evaluated,

re-calibration for other

strains needed

Adenovirus

[64]

Nuclease

treatmentment,

dilution to

1 × 10
11 VPs

mL

cGE UV (214 nm) LOD: n.e.r.

Lin.: 5 × 10
10

to

2 × 10
11 VPs

mL

commercial Ad5

reference (ATCC)

Spiking accuracy:

95–110%

Repeatability: RSD <5%,

intermediate precision:

RSD <10%

Transferability evaluated;

robustness shown

a
Assuming the same mass-to-concentration calculation as in earlier publication of the same group [50].

b
Depending on strain.

c
Absolute MALS quantification numbers deviate by 0.5 logs.

d
UV 260/280 for empty/full-ratio determination required to apply a full capsids dependent correction factor.
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1 Introduction

Figure 1.4: Schematic of SEC separation principle. Larger molecules are excluded from entering the pores and travel faster,

while smaller molecules diffuse into the pores and experience a longer retention time, leading to separation. Figure sourced

from [68], reproduced with permission from Springer Nature.

Reverse phase chromatography (RP) RP chromatography separates analytes based on their hy-

drophobicity in a polar environment. Organic solvents mixed with water are used as the mobile

phase. This mobile phase compromises viral integrity, making RP chromatography unsuitable for

characterizing whole VPs. Instead, RP is applied to quantify and characterize individual viral proteins.

Viral proteins are solubilized and stabilized using agents such as detergents. The viral protein count

per VP/VLP must be constant and known to derive a VP/VLP quantification. Separated viral proteins

can be further characterized using methods such as MS and Western Blotting to identify proteins and

characterize glycoprotein patterns.

Ion exchange chromatography (IEX) Enveloped VPs typically have an acidic Isoelectric point (IEP);

however, the IEP cannot be accurately predicted or determined due to the heterogeneity of lipids

and glycoproteins [65]. The resulting net negative charge at neutral pH can be utilized by binding

to an AEX column. Analytical ion exchange chromatography (IEX) uses the bind-and-elute mode

(BE-mode) in which analytes elute in order of their charge in an aqueous mobile phase. Typically, an

increasing salt gradient is applied, leading to salt ions displacing bound analytes. However, reports

show a strong binding of enveloped VPs, which are only eluted during CIP steps [38, 66].

Sufficiently high and robust recoveries are necessary for quantification purposes [67]; however,

recoveries are rarely checked in evaluated publications. When checked, accuracy is evaluated by

spiking studies, and statements about the recovery are concluded. Furthermore, binding of VPs to the

stationary phase might impact viral integrity. This could affect the analytical result and is therefore

not preferred for whole particle characterizations.

Size exclusion chromatography (SEC) In SEC, analytes are separated based on their hydrodynamic

size without binding to the stationary phase. The separation principle is shown for analytes of three

sizes in Figure 1.4, resulting in three retention times. Analytes diffuse in and out of the pores of
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1.2 Analytical Characterization of Enveloped Viral Particles

the stationary phase. Smaller analytes can access a larger pore volume, taking longer to diffuse

out, which results in a retention effect. Consequently, larger analytes elute first. If nonspecific

binding occurs, the separation and recovery of analytes might be compromised. The mobile phase

should be designed to counteract these effects. SEC is considered a mild processing step due to the

absence of interactions (ideally) and typically low flow rates. For preparative processes, this results in

significant drawbacks, such as long processing times and low processable feed volumes. For analytical

purposes, SEC separates VPs and VLPs from smaller impurities and enables comprehensive particle

characterization. Most VPs, especially enveloped VPs, are larger than the mean pore diameter of

analytical SEC columns and are thus excluded from diffusional pores. This size-based separation of

VPs is not selective, and similarly sized impurities can be co-purified, potentially affecting detector

signals later. Therefore, the purity and identity of the peak must be evaluated using online detectors

or validated through orthogonal methods.

Other separation principles, such as capillary gel electrophoresis (cGE) and affinity chromatography

are used, but not widely applied. CGE requires specialized equipment and its limited sample capacity

results in a low sensitivity. Affinity chromatography is available only for a limited number of virus

species, and identifying or developing new affinity targets is cumbersome.

High performance liquid chromatography (HPLC) detectors As shown in the HPLC schematic (Fig-

ure 1.3), multiple detectors can be used in the detector train, and different detectors are utilized

depending on the application [69].

Ultraviolet (UV) UV detectors are the most widely used sensors in HPLC devices within biophar-

maceutical laboratories. The UV detector provides absorption data for specific wavelengths or the

entire UV spectrum. For particles such as VPs and VLPs, UV absorption is affected by light scattering

effects. Therefore, the Lambert-Beer correlation of the UV extinction coefficient is not applicable for

particle quantification. The measured UV signal for these particles is the light extinction, which is

the sum of absorption and scattering effects at the specific wavelengths analyzed [70].

For spherical particles that are sufficiently small compared to the incident wavelength (𝑟 ≪ 𝜆0), the

Rayleigh approximation can be used to calculate a scattering correction factor [70, 71, 72]. This

approximation correlates the intensity of scattered light with the wavelength, given by 𝐼𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑒𝑑 ∝ 𝜆4
.

Therefore, if a UV spectrum is acquired, wavelengths where only scattering effects occur can be used

to estimate scattering effects at wavelengths of interest. Porterfield et al. demonstrate this approach

for quantifying brom mosaic plant VPs, which are spherical, non-enveloped particles with a radius of

14 nm [70]. The Rayleigh approximation is only valid for particles that are sufficiently small compared

to the wavelength (𝑟 ≪ 𝜆0). For larger particles, such as most enveloped VPs, the Mie theory may

be applied for UV excitation. However, Mie theory exhibits greater mathematical complexity and is

limited to spherical particle geometries. Heterogeneity within enveloped VP preparations and the

lack of suitable validation methods further hinder the application of a correction factor for enveloped

VPs.

A linear correlation is still observed for VPs of various sizes, both with [50, 55, 60] and without

envelope VPs [49, 54, 59, 62, 64]. These studies demonstrate a linear impact of the additional

scattering effect depending on VP count. The observed linearity indicates that non-linear effects of

light scattering (LS), described by the second virial coefficient𝐴2, are sufficiently small to be negligible

within the concentration ranges studied. Either optimized buffer systems result in non-existent
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particle-particle interaction, or particle concentrations are sufficiently low, likely due to dilution

effects in chromatographic systems. Higher concentration ranges of VPs are not evaluated due to the

lack of highly concentrated samples.

Fluorescence (FLR) FLR detectors measure the light emission of excited fluorophores. The intrinsic

fluorescence of VPs originates from aromatic amino acids in proteins, most notably tryptophan.

The fluorescence of membranes, carbohydrates, and DNA is essentially non-existent or too weak

to be significant [73]. In comparison to UV, FLR detection of VPs and proteins achieves higher

sensitivity, as observed by a general comparison of HPLC-based quantification methods in Table 1.2

and evaluated by several studies [52, 60]. However, the emission of fluorophores is influenced by

the local environment, such as pH, polarity, and neighboring molecules, in complex and combined

effects [74]. Consequently, VP heterogeneity, batch-to-batch variations due to upstream changes,

and sample matrix alterations can impact the measured fluorescence emission per particle. For the

precise quantification of adeno-associated viruses (AAVs) by FLR, a UV-based correction factor for the

empty/full ratio of particles must be implemented [63]. Nevertheless, quantification capabilities of

virus process samples at different stages have been demonstrated, with sufficient precision achieved in

comparison to applied orthogonal quantification methods [52, 60]. Fluorescence labels, such as nucleic

acid dyes, can further increase quantification sensitivity [56], but they also increase the method’s

complexity and thus the potential for errors and validation effort [75].

Multi-angle light scattering (MALS) MALS detectors are sensitive and powerful tools for characteriz-

ing macromolecules in terms of size, morphology, and concentration [76, 77]. VPs and VLPs typically

fall well within the applicable size range, and MALS has been used for various characterization and

quantification purposes [61, 78]. MALS detectors can be used in batch mode as well as in-line in

preparative and analytical liquid chromatography (LC) systems, such as in an HPLC system com-

bined with SEC or IEX as separation methods. However, a fair amount of pre-knowledge about the

particles is required, which is not always available or feasible to determine for VPs due to the lack of

well-characterized reference standards. In the case of non-enveloped and spherical VPs, parameters

such as the refractive index and its increment can often be estimated [79]. For enveloped VPs, their

heterogeneity, lipid content, and non-spherical and non-rigid morphology make estimations difficult.

Estimations and models applied in MALS and LS calculations can be a source of error, as observed for

the quantification of VLPs containing a lipid membrane [61]. For the same reasons, quantification via

a refractive index (RI) detector is unfeasible.

1.2.2 Non-specific interactions of VPs in HPLC systems

VPs, as well as other large biomolecules, adhere non-specifically to various surfaces, mostly through

electrostatic and hydrophobic interactions [80]. Both interaction types are facilitated by the presence of

corresponding residues on biomolecules and surfaces and are influenced by environmental conditions.

bear charged surface patches due to ionizable amino acid residues of surface proteins and, in the

case of enveloped viruses, phospholipids containing carboxyl and amino groups, which protonate

or deprotonate depending on the surrounding pH and ions [81, 82, 83]. At physiological pH, VPs

typically have a net negative charge; however, positive patches remain [84]. The negatively charged

nucleic acid core might also contribute to the overall negative net charge [81].
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1.3 Purification Process of Viral Particles

Metal surfaces typically consist of oxidized metal ions covered by hydroxyl groups in aqueous

environments [85, 86]. Depending on pH and ionic strength, these metal surfaces typically carry a

positive charge, promoting the adsorption of negative charged biomolecules [87, 88]. Electrostatic

adsorption is also observed for borosilicate glass vials [89].

Hydrophobic attraction effects arise from minimizing the interfacial area between water and apolar

surfaces, which is thermodynamically favorable. The proximity of two apolar areas reduces the water

contact area between them, creating a local attraction effect [90]. Non-polar residues of amino acids

exposed to the surrounding environment, the complex interplay between proteinaceous hydrophobic

patches, which might or might not be hidden, and surrounding chemical environmental impacts

such as kosmotropic effects strengthen hydrophobic interactions [90]. Hydrophobic interactions are

reported for materials commonly used in biopharmaceutical processes and analytical methods [91]

such as polypropylene (PP) [92], polyether ether ketone (PEEK) [93] and other polymers [94] and to a

lesser extent glass surfaces [89, 92].

Adsorption can lead to recovery losses andmolecular alterations, such as aggregation and denaturation

[95]. Hydrophobic interaction might result in greater denaturation of biomolecules due to the

unfolding of proteins to expose hydrophobic patches. In the case of VPs, this can lead to a loss of viral

integrity and thus a loss of infectious particles. However, VPs also utilize non-specific interactions,

such as with cellular lipid membranes, to initiate infection. For example, VSV uses electrostatic

interaction for cell adhesion [96].

For analytical purposes, especially quantification approaches, recovery losses and analyte alterations

that impede results must be minimized [97]. While buffer optimization aims to reduce non-specific

binding on wettable parts of LC systems and secondary interactions within the column [98], the

stability of sample storage, usually in glass or polymer vials at room temperature or in a cooled

environment, is not addressed. The addition of additives into the samples, such as BSA and Tween,

is commonly used [99, 100]. BSA acts as a universal suppressor of non-specific binding due to its

ubiquitous adhesion to surfaces, thus shielding interaction sites [99]. Arginine has been used to

suppress hydrophobic interactions through its affinity for the aromatic rings of amino acids, thereby

successfully shielding against non-specific interactions [101].

1.3 Purification Process of Viral Particles

Contemporary, scalable purification processes for VLPs and VPs typically rely on a combination of

chromatography and filtration steps, excluding the difficult-to-scale centrifugation steps [102, 103].

Detailed descriptions of the purification scheme and individual steps can be found in chapter 3. In

brief, a generalized scheme consists of:

from USP: Cell culture bulk

1. Initial treatment as required:

Cell disruption, Viral release, Nuclease treatment

2. Clarification
3. Capture
4. Polishing
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5. Buffer exchange
6. If applicable: sterile filtration

to Fill & Finish: Drug substance

Cell disruption may be necessary for the release of intracellular VPs, common e.g. in poxviruses

[104]. Techniques like freeze-thawing and sonication can disrupt cells to release VPs, but they also

significantly increase impurity levels and may compromise viral integrity [105]. can adhere strongly

to cellular components, and the addition of salts can reduce electrostatic interactions, facilitating their

release for further processing [106]. Nuclease treatment enzymatically digests nucleic acid chains,

reducing solution viscosity and aiding separation. This treatment can be repeated or applied at later

purification stages, such as post-clarification [107]. During clarification, a coarse filter removes large

particulate impurities like cell debris [108]. At the laboratory scale, low-speed centrifugation and

two-step clarification may be employed [107]. For the capture step, bind-and-elute chromatography

offers apparent advantages [109], effectively depleting impurities in the flow-through mode (FT-

mode) while reducing processing volume. Further polishing reduces impurities, often using FT-mode

chromatography such as SEC or filtration techniques like ultrafiltration/ diafiltration (UF/DF). These

methods also facilitate simultaneous buffer exchange, allowing viral particles to be re-buffered into

the formulation buffer.

During processing, the sensitivity of viral particles to environmental factors must be considered,

particularly for enveloped particles, which are susceptible to inactivation from e.g. mechanical,

thermal, and pH stress [105, 110, 111]. To minimize shear stress and accommodate the large size

of viral particles, tailored methods such as low shear stress pumps or chromatographic stationary

phases without diffusional limitations are employed.

1.4 Chromatographic Purification of Virus Particles

The size of VPs limits their diffusional mobility and accessibility to porous volumes, especially in the

case of large enveloped VPs. Chromatographic methods and stationary phases are therefore tailored

to utilize convection-driven media. These media are not limited by mass transfer rates, which are

diffusion-dependent; instead, the convective flow facilitates the direct transport of VPs to the media

surface. This enables faster processing flow rates, which is beneficial for the typically high volumetric

VP preparations at the harvest stage. Examples of convection-driven media include membranes and

monoliths, based on polymers, as stationary phases. Both are commonly chemically modified for

application in various interaction types, such as affinity, hydrophobic interaction chromatography

(HIC), IEX, and steric exclusion chromatography (SXC), for VP purification.

The size difference and limited diffusion of VPs can also be exploited by their exclusion from diffusional

pores in SEC columns or restricted-access-media (RAM). RAM have a core-shell structure in which

the shell sterically excludes particulates from the core, which provides binding sites for smaller

impurities. Conventional, as well as VP-tailored chromatographic methods, are elaborated in depth

in chapter 3.
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A B

Figure 1.5: (A) EM picture of a polymer-based monolith, reprinted from with permission from Elsevier [112] (B) EM picture

of a silica-based monolith, sourced from [113] under Creative Commons Attribution 4.0 International (CC BY 4.0) license

(https://creativecommons.org/licenses/by/4.0/)

1.4.1 Monolith Adsorbers

Monoliths are advanced chromatographic stationary phases consisting of a single piece of highly

porous material. They are categorized into two types: organic polymer-based and inorganic silica-

based monoliths. Polymer monoliths are produced through a polymerization process, resulting in a

globule-like structure with an interconnected network of convective flow channels as shown in the EM

picture in Figure 1.5. In contrast, silica monoliths are created via a multistep sol-gel process, forming

a bi-continuous skeleton with a hierarchical pore structure, including macropores and mesopores.

Polymer monoliths are well-suited for separating large macromolecules such as proteins, viruses, and

nucleic acids, while silica monoliths are more appropriate for small to medium-sized biomolecules

and lower molecular weight compounds. [114, 115, 116]

Monoliths made from organic polymers, such as methacrylate, acrylamide, or styrene, are prepared

as a single piece of highly porous material [115, 117]. Their manufacturing often involves a single-

step molding process, typically based on thermally or radiation-initiated free-radical cross-linking

polymerization reactions of monomers in the presence of porogenic solvents [118, 119]. This process

is usually carried out directly within the chromatography column or mold. The bulk polymerization

determines the structure of the resulting monolith, including its porosity, pore size, and pore size

distribution, which are largely influenced by factors such as monomer composition, porogen content,

and polymerization temperature [120, 121]. Polymeric monoliths have morphologies described as a

globule-like, 3D adhered backbone, or as a 3D grid structure formed by agglomerated particles. After

polymerization, the porogenic solvents and other soluble compounds are washed out. Functional

groups can be introduced during the polymerization process through co-polymerization, or they can

be grafted onto the pore surface after the basic structure is formed.

Monolithic columns offer significant benefits for purifying large particulates, such as VPs, due to

their unique structural and hydrodynamic characteristics. Unlike traditional particle-based columns,

where mass transfer is hindered by slow diffusion into pores, monoliths provide an interconnected

network of large channels or macropores, ranging from 1 to 6 µm in mean diameter [122, 123]. This

design promotes convective mass transport, allowing the mobile phase to flow directly through these
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channels, delivering molecules to binding sites via bulk flow rather than diffusion. This results in

dynamic binding capacity independent of flow rates. The high porosity of monoliths, up to 90 %,

results in a low pressure drop, enabling high flow and thus rapid processing of large sample volumes

[117]. Polymeric monoliths are mechanical and chemical stable to withstand harsh CIP solutions

required for sanitization of active VP material [124].

Due to the polymerization of monoliths in their final form, monolith chromatography columns

have to be prefabricated by the manufacturer and thus are limited in customer adjustability. The

polymerization process also restricts the achievable thickness of the monolith geometry due to tight

temperature controls required for a homogeneous pore size distribution. Therefore, hollow cylindrical

monoliths utilizing an inward radial flow pattern are used, particularly for large scale applications

[117]. The flow distribution in the column housing, the outer annulus volume before entering the

monolith cylinder, and within the cylinder core is non-uniform along the cylinder’s length. This

non-uniformity leads to dispersion effects and peak tailing [122]. Another tailing effect observed in

monoliths is caused by CE which can occur for large particles [125].

Convective entrapment (CE) CE refers to the retention of large particles in chromatographic station-

ary phases due to hydrodynamic effects and constraining channels, independent of resin interaction

[125]. This effect is mainly observed with large bioparticles, such as open circular (OC) plasmid DNA

(pDNA) [126, 127] and viruses [125]. The phenomenon occurs when particles are carried by the mobile

phase into narrowing channels or constricted areas within the stationary phase that are too small for

the particles to pass through. The dominant convective flow traps the particles at the constriction,

and escape primarily depends on diffusion back into the flow path. The extent of CE is significantly

influenced by several factors: Flow rate, where higher flow rates lead to more pronounced entrapment

because convection into the constriction is high relative to diffusive escape, while decreasing the flow

rate can facilitate diffusion and elution of trapped particles. Bioparticle size and shape are critical,

as larger particles are more susceptible, and the OC isoform of pDNA is particularly prone due to

its larger, more open structure compared to the supercoiled or linear forms. The stationary phase

structure and void space size play a major role; entrapment occurs in materials with pores or channels

that contain restrictions comparable in size to the bioparticle, including monoliths and perfusive

resins, but also bead-based stationary phases if the interstitial space is small enough relative to the

particle [127]. In case of OC pDNA, a sufficient recovery of ∼15 kbp OC pDNA on monoliths requires

channels of at least 4 µm.

Advection is the movement of a mass in a fluid, such as a particle in liquid, due to its surrounding

fluid movement by e.g., convection. The balance between advective transport and diffusive motion of

a particle is quantitatively described by the dimensionless Peclet number (𝑃𝑒). In terms of entrapment,

𝑃𝑒 is descriptive of predominant effects, with 𝑃𝑒 ≫ 1 indicating convection dominates and entrapment

is expected, while 𝑃𝑒 ≪ 1 indicates the diffusion is sufficient for immediate escape of particles. The

Peclet number in the context of CE can be defined as

𝑃𝑒 =
advective transport rate

diffusive transport rate

≡ 𝑢c𝐿c

𝐷
, (1.1)

in which 𝑢c is the flow velocity through the constriction, 𝐿c is the characteristic diffusion path length

the particle has to cover to diffuse out of the constriction site and 𝐷 is the particle diffusion coefficient

[125].
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Using the Hagen-Poiseuille equation

𝑄 =
𝜋Δ𝑝𝑟 4

8𝜇𝐿
, (1.2)

describing the volumetric flow 𝑄 in a cylindrical tube with radius 𝑟 and the pressure difference Δ𝑝
over the tube length 𝐿 for a fluid with the dynamic viscosity 𝜇, and inserting the alternative equation

for 𝑄 using the tube’s cross-section area 𝐴 and the interstitial flow velocity 𝑢,

𝑄 = 𝑢𝐴 = 𝑢𝜋𝑟 2 , (1.3)

results in:

𝑢 =
Δ𝑝𝑟 2

8𝜇𝐿
=
Δ𝑝𝑑2

32𝜇𝐿
, (1.4)

and hence the proportionality:

𝑢 ∝ 𝑑2 , for Δ𝑝 = constant . (1.5)

Setting up proportionalities for the constriction flow velocity 𝑢𝑐 and the interstitial flow velocity 𝑢

𝑢𝑐 ∝ 𝑑2

𝑐 , (1.6)

𝑢 =
𝑢𝑠

𝜀
∝ 𝑑2

𝑝 . (1.7)

for which 𝑑c is the diameter of the constriction site, 𝑢s is the superficial flow velocity, 𝜀 the monolith

porosity and 𝑑p is the mean monolith channel diameter. Taking the ratio of both

𝑢𝑐

𝑢
≈ 𝑑2

𝑐

𝑑2

𝑝

, (1.8)

results in:

𝑢c ≈
𝑢s

𝜀

(
𝑑c

𝑑p

)
2

. (1.9)

Using Equation 1.9, an estimation of the Peclet magnitude can be derived utilizing following approxi-

mations: The diameter of constriction sites equals the bioparticle diameter (𝑑c = 𝑑b), the characteristic

diffusion path length equals the mean channel diameter (𝐿c = 𝑑p).

𝑃𝑒 ≈
𝑢s𝑑

2

b

𝜀𝐷𝑑p
. (1.10)
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1.5 Mechanistic Modeling of Chromatographic Monoliths

Mechanistic models of liquid chromatography system are in silico representations of physicochemical

phenomena occurring in the chromatography column. It includes fluid dynamics, mass transfer

phenomena, and adsorption thermodynamics. It’s beneficial use for biopharmaceutical process

science was shown for process optimization [128], robustness analysis [129], root-cause investigation

[130] and scale-up [131]. The development and calibration of a mechanistic model necessitates a

detailed consideration and representation of the actual physical and chemical phenomena within

the process, thereby providing a deep understanding. The gain of process knowledge is a key driver

for utilizing mechanistic modeling in areas like process optimization, characterization, and control

[132].

In the following the focus is set on monolithic columns which are commonly applied in virus-

based processes and utilized in chapter 5. Polymer-based monoliths are comprised of convective

channels enabling a high mass transfer and are thus suitable for high volumetric flows as applied in

VP purification processes [122, 133]. On the contrary, silica-based monoliths have a bimodal pore

distribution including diffusional pores inaccessible for VPs [134]. Silica-based monoliths are thus

not suitable for VPs purification and disregarded in the following.

1.5.1 Transport Model

Transport models in liquid chromatography describe the transport of solutes such as proteins or VPs

in the mobile phase through a stationary phase. The typical chromatography column is a cylindrical

volume of length 𝐿Col which contains the porous stationary phase with its total porosity 𝜀. The mobile

phase is introduced in axial direction at the coordinate 𝑥 = 0 by an external forced convection with

the superficial flow velocity 𝑢s, resulting in advection of all containing solutes 𝑖 ∈ [0, 𝑁comp − 1],
with 𝑁comp being the number of components considered in the model. In an ideal axial column, the

flow is independent of the cross-sectional position. The solute transport can thus be described in

a 2-dimensional space only depending on one spatial dimension in the column 𝑥 ∈ [0, 𝐿Col] and
the time 𝑡 ∈ [0,𝑇 ]. Thereof the following equations are derived. The transport phenomena in a

chromatography column are convection, dispersion effects and film mass transfers. Mass transfer

resistance leads to peak broadening effects and delays the solutes’ interaction with the stationary

phase. In case of an ideal polymeric monolith, occurring phenomena are reduced as shown in

Figure 1.6. The porosity of monoliths is composed of only convective flow through channels so that

internal mass transfer resistances, except for the binding kinetics, are not existing. The external

mass transfer describes the resistance of mass transfer between the mobile phase and the stagnant

boundary layer surrounding the stationary phase. Monoliths are typically used for rapid flow rates

due to their convection-driven structure. High convection decreases the thickness of the boundary

layer, thereby reducing the mass transfer resistance associated with it. Studies examining different

flow rates have shown that adsorption is independent of these rates, indicating that the external mass

transfer rate is fast enough to be negligible [122, 135]. This is considered in the following, simplified

transport model.

Equilibrium dispersive model (EDM) The equilibrium dispersive model (EDM) is a simplified trans-

port model which originally lumps together all peak broadening effects (mass transfer resistances

20



1.5 Mechanistic Modeling of Chromatographic Monoliths

us

Flow

u

Flow

x
Monolith columnA

convec�on + dispersion

B
Adsorp�on

C

Figure 1.6: Illustrated mass transfer phenomena in an axial monolithic liquid chromatography column. (A) The mobile

phase is introduced in the column at the column coordinate 𝑥 = 0 by a forced convection with the superficial flow velocity

𝑢s, resulting in advection of all containing solutes. (B) Convection pushes the mobile phase through the interstitial volume

of the column. Axial dispersion effects such as eddy dispersion and flow distribution in the column housing result in peak

broadening of rectangular applied peaks to Gaussian forms. (C) Depiction of the mass transfer of solutes to the stationary

phase only influenced by adsorption kinetics due to high mass transfer rates in monoliths [122, 135].

and dispersion effects) occurring within the chromatography column into 𝐷app [136]. This enables

a direct linking of the adsorption model
𝜕𝑞

𝜕𝑡
(𝑥, 𝑡) to the transport model as shown in Equation 1.11.

As elaborated in the previous paragraph, the influence of mass transfer resistances can be neglected,

so, 𝐷app can be replaced by 𝐷ax, only accounting for eddy dispersion and longitudinal diffusion.

Generally, the influence of band broadening effects of the monolith resin is low and outweighed by

broadening effects introduced by the column housing, flow distribution and the chromatographic

system [135].

𝜕𝑐𝑖 (𝑥, 𝑡)
𝜕𝑡

= −𝑢 (𝑡) 𝜕𝑐𝑖 (𝑥, 𝑡)
𝜕𝑥︸             ︷︷             ︸

Convection

+𝐷ax

𝜕2𝑐𝑖 (𝑥, 𝑡)
𝜕𝑥2︸           ︷︷           ︸

Dispersion

− 1 − 𝜀
𝜀

𝜕𝑞𝑖 (𝑥, 𝑡)
𝜕𝑡︸            ︷︷            ︸

Adsorption

(1.11)

The convection term represents the axial transport of applied solutes over the column driven by

external forces. Convection in chromatography is applied by an external mass force described by the

interstitial fluid velocity 𝑢, calculated by 𝑢 =
𝑢𝑠
𝜀
.

The model incorporates Danckwerts boundary conditions at both the inlet 𝑥 = 0 and outlet 𝑥 = 𝐿Col.

Equation 1.12 describes the inflow in which 𝑐in,𝑖 is the administered concentration of component 𝑖 .

Equation 1.13 describes the outflow in which a zero concentration gradient is assumed.

𝜕𝑐𝑖 (𝑥 = 0, 𝑡)
𝜕𝑥

=
𝑢 (𝑡)
𝐷ax

(
𝑐𝑖 (𝑥 = 0, 𝑡) − 𝑐in,𝑖 (𝑡)

)
, for 𝑡 > 0 (1.12)

𝜕𝑐𝑖 (𝑥 = 𝐿Col, 𝑡)
𝜕𝑥

= 0 , for 𝑡 > 0 (1.13)
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Radial flow Temperature control constraints during the polymerization of polymermonoliths restrict

the maximum thickness of cast monoliths in the manufacturing. Monolith columns of greater scale

than small scale are thus cast as hollow tubes, enabling temperature and thus channel size control

[117]. The typically inward directed, radial flow within the cylinders leads to an increase of flow

velocity following the radial coordinate [128]. This effect is minimized in large-scale columns in

which the outer and inner diameter of the monolith cylinders are sufficiently large and their difference

sufficiently low. Furthermore, in polymer-based monoliths without diffusional pores, mass transfer

was shown to be very fast and independent of flow velocity. Dispersion effects in monoliths are

generally low and peak broadening effects are dominated by extra-column effects, in specific the

distribution of flow along the longitudinal length of the cylindric stationary phase leads to a peak

broadening [122]. It can therefore be sufficient to approximate an average velocity within the cylinder

and regard the stationary phase as an axial flown through column [122].

1.5.2 Binding Models

The solutes’ interaction with the stationary phase, in specific the adsorption and desorption, is

described by a binding model. Depending on interaction type and level of detail various models exist

taking into account local environment factors manipulating the interaction such as pH or counter-ion

concentration.

Langmuir model The Langmuir isotherm is an early and simple adsorption model, formulated

initially for gas molecule adsorption on a solid surface by Langmuir in 1916 [137]. An ideal solution

is regarded in which a solute P adsorbs to a surface with the rate 𝑘ads. Adsorbed solutes build a

monolayer without solute-solute interaction. The desorption of adsorbed solutes, Pads follows the

rate 𝑘des. The equilibration, shown in Equation 1.14 is not influenced by solvent effects [138].

P

𝑘ads−−−⇀↽−−−
𝑘des

Pads (1.14)

The rate of adsorption and desorption of each component 𝑖 is equal at equilibriums stage. Adsorption

is proportional to the component concentration in the mobile phase, 𝑐𝑖 and free binding sites, 𝑞.

Desorption is proportional to the bound amount of the component 𝑖 , 𝑞𝑖 , resulting in equation

𝑘des,𝑖 𝑞𝑖 (𝑥, 𝑡) = 𝑘ads,𝑖 𝑞 𝑐𝑖 (𝑥, 𝑡) . (1.15)

Utilizing 𝐾eq =
𝑘ads,𝑖
𝑘des,𝑖

and 𝑞 = 𝑞max −
∑𝑛

𝑗 𝑞 𝑗 (𝑥, 𝑡), and assuming an equal saturation capacity 𝑞𝑚𝑎𝑥 for

all components, the competitive Langmuir isotherm [138, 139] is

𝑞𝑖 (𝑥, 𝑡)
𝑞max

=
𝐾eq,𝑖 𝑐𝑖 (𝑥, 𝑡)

1 +∑𝑛
𝑗 𝐾eq,𝑗 𝑐 𝑗 (𝑥, 𝑡)

. (1.16)

A first-order kinetic is commonly applied to describe the saturation dependency of the adsorption

process [138, 140]. A multi-component form is shown in equation Equation 1.17.
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𝜕𝑞𝑖 (𝑥, 𝑡)
𝜕𝑡

= 𝑘𝑎𝑑𝑠,𝑖 𝑐𝑖
©­«𝑞max −

𝑁comp∑︁
𝑗=1

𝑞 𝑗 (𝑥, 𝑡)
ª®¬ − 𝑘𝑑𝑒𝑠,𝑖 𝑞𝑖 (𝑥, 𝑡) 𝑖 = 1, . . . , 𝑁comp (1.17)

𝑁comp in this case is the number of protein/ particle components. This form of Langmuir does not

consider the influence of counterions. An extension for counterion dependency of the equilibrium

rates to enable the application for IEX columns has been developed [141].

Steric Mass Action (SMA) isotherm The SMA isotherm, introduced by Brooks and Cramer in 1992,

describes the interaction of solutes and counter-ions of a IEX system. The interaction is described

as a stoichiometric exchange of ions on the surface of the stationary phase reaching an equilibrium

[142]. The equilibrium equation is

P + 𝜈p Sads
𝑘ads−−−⇀↽−−−
𝑘des

Pads + 𝜈p S , (1.18)

in which a solute P, such as a protein, displaces the amount 𝜈p salt ions (Sads), which are adsorbed to

oppositely charged ligands on the stationary phase surface. The solute becomes bound on the resins

surface (Pads), and salt ions are released into the mobile phase (S). 𝜈p is the stoichiometric coefficient

of solute P, derived from the effective binding charge number of the solute 𝑧p and the counter-ion 𝑧s:

𝜈p =
𝑧p

𝑧s
[143].

In an aqueous environment such as IEX and when neglecting differences in electrochemical potentials

of individual components, the change of bound solute can be described by an adsorption and desorption

rate term using molar concentrations:

𝜕𝑞𝑖 (𝑥, 𝑡)
𝜕𝑡

= 𝑘ads,𝑖 𝑞
𝜈𝑖
s
(𝑥, 𝑡) 𝑐p,𝑖 (𝑥, 𝑡) − 𝑘des,𝑖 𝑞𝑖 (𝑥, 𝑡) 𝑐𝜈𝑖

0
(𝑥, 𝑡) , (1.19)

in which 𝑞𝑖 denotes the bound solute, 𝑞s the amount of counterions on available binding sites, 𝑐p,𝑖 the

concentration of component 𝑖 in the stagnant volume which equals 𝑐𝑖 for ideal monoliths at fast flow

rates, and 𝑐0 concentration of counterions in the mobile phase.

The electrochemical neutrality on the stationary phase surface dictates

𝑞s (𝑥, 𝑡) = Λ −
𝑛∑︁
𝑖=1

(𝜈𝑖 + 𝜎𝑖) 𝑞𝑖 (𝑥, 𝑡) (1.20)

in which the total amount of binding sites is represented as the total ionic capacity, Λ. Bound

solutes 𝑞𝑖 occupy binding sites characterized by their stoichiometric coefficient 𝜈𝑖 and their shielding

coefficient 𝜎𝑖 . The latter represents unavailable binding sites due to steric hindrance of bound solutes.

Equation 1.20 into Equation 1.19 results in:
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𝜕qSMA

𝑖 (𝑥, 𝑡)
𝜕𝑡

= 𝑘ads,𝑖 𝑐p,𝑖
©­«Λ −

𝑁comp−1∑︁
𝑗=1

(
𝜈 𝑗 + 𝜎 𝑗

)
𝑞SMA

𝑗 (𝑥, 𝑡)ª®¬
𝜈𝑖

− 𝑘des,𝑖 q
SMA

𝑖 (𝑥, 𝑡) 𝑐𝜈𝑖
0
(𝑥, 𝑡)(

𝑖 = 1, . . . , 𝑁comp − 1

)
(1.21)

Utilizing the definitions for the equilibriums and kinetic coefficient,

𝐾eq,𝑖 =
𝑘ads,𝑖

𝑘des,𝑖
(1.22)

𝑘kin,𝑖 =
1

𝑘des,𝑖
(1.23)

the kinetic form of the SMA isotherm is derived:

𝜕qSMA

𝑖 (𝑥, 𝑡)
𝜕𝑡

=
1

𝑘kin,𝑖

©­«𝐾eq,𝑖 𝑐p,𝑖
©­«Λ −

𝑁comp−1∑︁
𝑗=1

(
𝜈 𝑗 + 𝜎 𝑗

)
𝑞SMA

𝑗 (𝑥, 𝑡)ª®¬
𝜈𝑖

− q
SMA

𝑖 (𝑥, 𝑡) 𝑐𝜈𝑖
0
(𝑥, 𝑡)ª®¬(

𝑖 = 1, . . . , 𝑁comp − 1

)
(1.24)
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2 Thesis Outline

2.1 Research Proposal

It is projected that cancer will become the leading cause of premature deaths worldwide within the

next decades [1]. Conventional anti-cancer treatments, such as surgery, chemotherapy, radiation

therapy, and hormonal therapy have been applied for decades or even centuries. Despite ever-

progressing refinements of these technologies and recent advancements, these conventional methods

have a limited success rate or are accompanied by severe side effects [2]. Current approaches in

cancer therapy are increasingly focused on redirecting the immune system to target tumor cells while

simultaneously altering the tumor microenvironment to enhance treatment efficacy. Oncolytic viruses

(OVs) are engineered to selectively infect and replicate within cancer cells. Through their replication

cycle, they can induce lysis of the host tumor cells, releasing viral progeny and tumor antigens into

the surrounding tissue. Immunologically ’cold’ tumors are transformed into ’hot’ ones while the

tumor burden is reduced. Additional therapeutic cargos in OVs can further modulate the immune

response. Another approach involving virus particles (VPs) are cancer vaccines which deliver gene

cassettes encoding tumor-associated antigens. The expression and presentation of these antigens

primes the immune system. Vesicular stomatitis virus (VSV) is a well researched enveloped virus

which shows inherent oncolytic activity as wild type variant and is thus suitable as OV platform [3].

A pseudotyped variant, VSV-GP, was utilized in this study, which has a lower immunogenicity and

enhanced oncolytic properties compared to the wild type [4]. The variant is currently being tested

in a phase 1 clinical study [5] and thus bioprocessing optimizations to ensure efficient and robust

manufacturing of high quality VPs become relevant.

The fragile lipid membrane of enveloped VPs requires mild and optimized bioprocesses to maintain

particle integrity and preserve infectivity during manufacturing. High concentrations of infectious

and replication-competent particles are essential to achieve the desired therapeutic effect on tumor

cells. Despite the development of new analytical and preparative methods tailored for viral particle

applications, challenges and gaps remain. It is difficult to transfer process knowledge between different

virus strains due to their different properties. Process experience is therefore limited to specific virus

strains. E.g, the impact of bioprocessing steps on the integrity of various virus strains is complex and

not fully understood. Additionally, process development is limited by the lack of rapid and reliable

analytical methods for efficient evaluation of process steps. This limitation impedes technological

advancements such as mechanistic modeling, which demands reliable, in-depth characterization of

process steps.

Enveloped VPs offer large capacities for transgenes due to their size and non-rigid envelope structure,

however, the size and labile envelope structure also renders these particles susceptible to inactivation

and degradation. Particularly OVs must maintain their integrity to remain infectious and replication-

competent and thus effectively exert their therapeutic impact. Bioprocesses need to address these

challenges while providing high titers for which conventional bioprocessing methods are typically
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unsuitable. Although new and often VP-tailored methods have been developed, the experience for

those are limited. In chapter 3 this thesis provides a comprehensive assessment of bioprocessing steps

for replication-competent enveloped VPs emphasizing on the process impact towards viral integrity.

Advanced analytical methods are required to evaluate particle quality during process development

and are thus included in the assessment. Current knowledge gaps and analytical challenges impeding

efficient process development are identified. The review offers an overview to support the development

of efficient and robust bioprocesses for safe and effective therapeutics based on enveloped VPs.

Analytical tools are essential for process characterization, especially when online detectors are not

informative or compromised by co-eluting impurities as e.g., in the capture step. Conventional

methods for enveloped VP quantification are often imprecise and time-consuming, or dependent on

specialized equipment and skilled operators. The iterative process development requires methods

capable of handling large sample quantities while delivering robust and precise results suitable for

yield calculations through mass balances. The quantification of an analyte requires either a highly

specific measurement principle or the separation of the analyte from interfering impurities prior

to measurement. In chapter 4, the analytical quantification gap for VSV-GP samples is addressed

utilizing analytical SEC and UV for quantification without the need for specialized equipment. A

thorough validation should ensure requirements for process development samples are met, and

particle recoveries are sufficient and reliable for automated measurements to increase throughput.

This method will enable in-depth process characterizations necessary for knowledge-based process

development and technological advancements such as mechanistic models.

The capture step critically influences purification process robustness and performance, offering high

optimization potential particularly for enveloped VPs, for which no specified capture method ex-

ists. IEX being highly flexible is routinely used as capture step and in combination with convective

monoliths columns suitable to concentrate VPs from high-volume, low-concentration harvests con-

taining high amounts of impurities. However, process knowledge is limited for monoliths which

manifested itself in the occurrence of an unexpected fluid dynamic effect leading to peak tailing and

subpopulation separation. In chapter 5, this effect is identified and characterized, which resulted in

convective entrapment (CE) [6, 7] as most plausible cause. Gained knowledge was used to develop

an in silico representation of CE to be used in mechanistic models. The established monolith model

incorporating electrostatic interactions and the CE effect will enable the impact evaluation of CE

and provide insights for the applicability of monoliths. The obtained process knowledge aids future

process optimizations and the robust manufacturing of enveloped VPs using monoliths.

2.2 Manuscript Overview

This section provides an overview of the publications that constitute this thesis. The first publication

reviews the status quo of purification process technologies for replication-competent enveloped VPs

with focus on viral integrity. The second publication describes a rapid and precise quantification

method for enveloped VPs. The third publication describes the mechanistic elution behavior of an

enveloped VP, supported by in silico modeling. Both the electrostatic interactions and the elution

delays due to convective entrapment were represented in the model. The manuscripts have been

published internationally in established peer-reviewed journals and have not been used elsewhere as

qualification to obtain an academic degree.
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Chapter 3: Navigating the purification process: Maintaining the integrity of
replication-competent enveloped viruses

Adrian Schimek, Judy King Man Ng, Jürgen Hubbuch

Vaccines, 2025, Vol. 13(5), p. 444

This literature review comprehensively reviews the challenges and advancements in purification

technologies for replication-competent enveloped VPs, which have therapeutic potential as oncolytic

viruses or as cancer vaccines. The importance of maintaining viral integrity, both structural and

functional, is highlighted and examined throughout the purification process, from cell culture harvest

to final sterile filtration. Bioprocessing methods assessed include centrifugation, filtration, and

chromatographic techniques. The focus is set on the sensitivity of enveloped VPs to environmental

factors, shear forces, and non-specific adsorption, which can compromise their quality and production

efficiency. The chapter is extended by an introduction of relevant analytical methods which are

required to assess the VP quality and integrity. The methods include infectious titer assays, total VP

quantification methods, and structural and compositional analysis. To cover the entire purification

scheme, the impact of upstream considerations and formulation and storage strategies are assessed

as well. This review guides researchers in developing robust and safe processes for complex and

sensitive enveloped VPs. [8]

Chapter 4: An HPLC-SEC-based rapid quantification method for vesicular stomatitis
VPs to facilitate process development

Adrian Schimek, Judy K.M. Ng, Ioannes Basbas, Fabian Martin, Dongyue Xin, David Saleh,

Jürgen Hubbuch

Molecular Therapy Methods and Clinical Development, 2024, Vol. 32 (2), p. 101252

This research article introduces a label-free, and high-precision analytical method for the quantification

of a modified VSV, a replication-competent enveloped virus. The method employs an HPLC device

equipped with an SEC chromatography column for separation of VPs and smaller impurities. UV

detection is utilized for particle quantification and additionally MALS for particle characterization.

The method enables same-day results with minimal hands-on time and validated precision for process

development samples. The method development is elaborated which included buffer optimization

and sample stability optimization, both needed to prevent non-specific interactions and establish high

recoveries from the SEC column, as well as the sample vial. The developed method demonstrates

high accuracy, repeatability, and intermediate precision, with a linear quantification range spanning

more than two orders of magnitude. Its robustness was validated across various in-process sample

matrices typically encountered during purification. The applicability was shown in the mass balancing

of a chromatography step. This HPLC-SEC method provides a rapid total particle quantification

that supports the advancement and commercialization of virus-based therapies through faster and

informed process development decisions. [9]

39



Chapter 5: Mechanistic modeling of the elution behavior and convective
entrapment of vesicular stomatitis virus on an ion exchange chromatography
monolith

Adrian Schimek, Judy Ng, Federico Will, Jürgen Hubbuch

Journal of Chromatography A, 2025, Vol. 1748, p. 465832

The IEX monolith chromatography step, which is used as capture step for VSV-GP, showed an un-

expected peak tailing and subpopulation separation. This phenomenon could not be explained by

anticipated fluid dynamics in chromatographic monoliths and particle-resin interactions. The most

plausible cause was identified as convective entrapment effect, where large biomolecules are pushed

into and temporarily retained in narrow constriction sites of the resin by advection, and only released

by diffusion. Other factors were discussed and ruled out after extensive experimental characteri-

zation of the effect. The conventional SMA formalism was extended by incorporating a Langmuir

approximation to describe the convective entrapment. The extended mechanistic model successfully

reproduced the observed tailing and retention due to the CE. Model simulations showed the cause

of partial separation of subpopulations due to different entrapment behaviors. It is concluded that

this phenomenon has implications for both preparative scale-up and analytical method development

for large biomolecules on convective media, highlighting the need to understand recovery losses

and adjust CIP steps. Further studies could extend the model frame including flow rate to optimize

processes for low CE. [10]
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Abstract: Replication-competent virus particles hold significant therapeutic potential in
application as oncolytic viruses or cancer vaccines. Ensuring the viral integrity of these
particles is crucial for their infectivity, safety, and efficacy. Enveloped virus particles, in
particular, offer large gene insert capacities and customizable target specificity. However,
their sensitivity to environmental factors presents challenges in bioprocessing, potentially
compromising high quality standards and cost-effective production. This review provides
an in-depth analysis of the purification process steps for replication-competent enveloped
virus particles, emphasizing the importance of maintaining viral integrity. It evaluates
bioprocessing methods from cell culture harvest to final sterile filtration, including cen-
trifugation, chromatographic, and filtration purification techniques. Furthermore, the
manuscript delves into formulation and storage strategies necessary to preserve the func-
tional and structural integrity of virus particles, ensuring their long-term stability and
therapeutic efficacy. To assess the impact of process steps on particles and determine their
quality and integrity, advanced analytical methods are required. This review evaluates com-
monly used methods for assessing viral integrity, such as infectious titer assays, total virus
particle quantification, and structural analysis. By providing a comprehensive overview
of the current state of bioprocessing for replication-competent enveloped virus particles,
this review aims to guide researchers and industry professionals in developing robust and
efficient purification processes. The insights gained from this analysis will contribute to the
advancement of virus-based therapeutics, ultimately supporting the development of safe,
effective, and economically viable treatments for various diseases.

Keywords: enveloped virus particles; replication-competent virus particles; virus purification;
oncolytic viruses; cancer vaccines

1. Introduction
Virus-based therapeutics is a rapidly evolving field, leveraging the unique properties

of viruses to treat a variety of diseases. These therapeutics include vaccines against infec-
tious diseases and cancer, gene therapies, and oncolytic therapies, each with its unique
mechanism of action and therapeutic potential [1].

Vaccines, the most well-known type of virus-based therapeutics, use viruses or parts of
the virus particle to stimulate the body’s immune response. This concept of immunization
to prevent disease dates back to the late 18th century when Edward Jenner developed the
smallpox vaccine. Nowadays, conventional vaccines use live-attenuated or inactivated
pathogenic viral particles or viral subunits. More recently developed vaccines, primarily
due to the pandemic outbreak of coronavirus, utilize viral vectors or vehicles to deliver
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the genetic information to cells for expression of viral subunits. Vaccination strategies that
prevent oncovirus infections and, thereby, prevent infection-related cancers are considered
cancer vaccinations as they mitigate the cause of tumor formation [2].

Gene therapies use virus particles (VPs) as vectors to deliver therapeutic genes into
patients’ cells, offering potential treatments for genetic disorders. The first approved gene
therapy was alipogene tiparvovec, marketed as Glybera, approved in Europe in 2012 for the
treatment of lipoprotein lipase deficiency [3]. Due to increased malignancy risks correlated
to the replication-competency of viruses, VPs for gene therapies are engineered to transduce
genes but not to replicate or regain replication-competency [4].

Oncolytic virus (OV) therapies, on the other hand, employ replication-competent
viruses that preferentially affect cancer cells over normal cells, leading to the lysis of
tumor cells and the stabilization and reduction of tumor progression [5]. Surface-presented
proteins on VPs confer their tropism for specific cells in the host, and they can be redirected
to other cells of interest by manipulation through genetic engineering of the virus. In
addition to direct tumor cell lysis, OVs can stimulate the immune system to mount an
anti-tumor response. This is achieved by modifying the tumor microenvironment from
an immune-tolerant state to an inflamed state, enabling the immune system to effectively
target and kill abnormal cells [6]. This mode of action is known as cancer vaccine treatment
and can be enhanced by inserting transgenes into OVs to modify viral competencies or to
specifically modulate the host response [7].

OVs should be capable of replicating within the host’s cells while being attenuated
to prevent pathological infection. The advantage of using replication-competent viruses
is that they can amplify their numbers within the tumor, leading to the spread of virus
infection and increased expression of transgenes. Replication-competency is a key factor
for OVs to facilitate an enhanced therapeutic effect. The first FDA-approved OV therapy
was Talimogene laherparepvec (T-VEC) in 2015 for the treatment of melanoma. T-VEC is
an example of a replication-competent OV, which is a modified herpes simplex virus (HSV).
In this example, neurovirulence genes were deleted to improve safety and efficacy, while
added immunomodulating genes enhanced the host immune response [8].

Of the 103 active clinical studies involving OVs at the beginning of 2025, 65% were
utilizing enveloped VPs (env. VPs) [9]. The outermost layer of env. VPs is a lipid bilayer de-
rived from the host cell. This envelope embeds viral proteins, predominantly glycoproteins,
equipping the VPs with special properties useful for therapeutic applications. Envelope pro-
teins responsible for cell recognition and attachment can be replaced, modified, or added,
generating pseudotyped viruses. This pseudotyping of replication-competent env. OVs are
typically performed by genetic engineering. For non-enveloped VPs, the highly structured
capsid layer constrains the incorporation or modification of surface structures. Capsid
engineering requires more sophisticated techniques for tropism modifications without
compromising the capsid integrity [10]. Another reason for the widespread use of env. VP
for therapeutic applications is the large capacity for gene inserts [11]. However, envelope
VPs have inherent drawbacks mostly related to their labile lipid envelope structure and its
variability, presenting challenges for bioprocessing, which will be elaborated in Section 1.1.

Manufacturing requirements for advanced therapy medicinal products (ATMPs),
which include virus-based therapies, are formulated by regulatory agencies in several
guidelines [12,13]. Drug product quality attributes such as identity, purity, potency, and
safety might be impacted by the bioprocess and need to be assessed to ensure a safe and
effective application of viral therapeutics [14]. Therapeutic products based on replication-
competent env. VPs constitute an especially labile drug substance. Live attenuated vaccines
and oncolytic VPs both fall into this category, but oncolytic VPs are subject to stricter
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specifications. This combination of sensitive drug substances and high requirements poses
challenges to biomanufacturing and the purification process in particular.

This review focuses on the purification of replication-competent env. VPs with thera-
peutic applications. A selection of viruses within this scope that are currently in develop-
ment is shown in Table 1. The status quo regarding current challenges, best practices, and
the impact of process steps on the integrity of viral particles are evaluated using published
references. However, reviews, case studies, and protocols are not always available for
this set frame. The bioprocessing literature landscape for replication-deficient VPs and
virus-like particles (VLPs), enveloped or non-env. VPs lacking therapeutic applications is
substantially broader. For these products, analytical methods and purification processes are
often simpler and more widely implemented due to their less complex particle structures
and lower processing demands. However, where transferability between virus modali-
ties could reasonably be inferred, references from other viral modalities were included
and discussed.

Table 1. Selected DNA and RNA enveloped virus species currently in development as oncolytic virus
or cancer vaccine.

Virus Family Particle Geometry Genome Size References

DNA viruses
Herpes simplex virus
(e.g., HSV-1) Herpesviridae 155–240 nm,

icosahedral 152 kb [14]

Orf Poxviridae 220–300 × 140–200 nm,
ovoid shaped 140 kb [15]

Vaccinia Poxviridae 360 × 270 × 250 nm,
brick shaped 190 kb [14]

Myxoma Poxviridae 320 × 235 nm,
brick shaped 162 kb [16,17]

RNA viruses

Measle Paramyxoviridae 100–300 nm,
helical 15.8 kb [14]

VSV
(vesicular stomatitis virus) Rhabdoviridae 70 × 200 nm,

bullet shaped 11 kb [14,18]

NDV
(Newcastle disease virus) Paramyxoviridae 100–500 nm,

spherical 15 kb [14,19]

LCMV
(lymphocytic
choriomeningitis virus)

Arenaviridae 78–90 nm,
spherical 10.6 kb (segmented) [20–22]

Influenza Orthomyxoviridae
50–120 nm,
spherical +
longer filamentous forms

13.6 kb [23,24]

1.1. Challenges in the Purification of Enveloped VPs

The complexity and non-rigid structure of the lipid membrane makes env. VPs
vulnerable to perturbations of optimal environmental conditions, such as elevated temper-
atures [25–28], pH [26–29], osmolarity, and ionic strength [30]. Solvents, detergents [31,32],
and excipients, such as arginine, might impede viral activity [33]. Previously exploited
for viral inactivation [31], these conditions must be avoided in purification approaches.
Furthermore, freeze/thaw-cycles (FT-cycles) [34,35] and shear forces [27,28,36] can cause
VP degradation, leading to a decrease in infectious titers while increasing impurity con-
tent. Furthermore, sample handling and conditions during analytical methods can skew
analytical results [28,37]. Forced degradation studies may help to find conditions that
maintain viral integrity [27,38]. In general, the processing time and number of steps should
be minimized. Purification processes might also be conducted in a cooled environment,
but scalability issues are apparent [39].
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The lipid membrane is variable in the composition of lipids and viral and host cell
proteins (hcPs) [40]. Differences between virus species, strains, serotypes, and engineered
virus variants are evident. Structural differences between virus types exist in size, morphol-
ogy, and number of envelopes. The heterogeneity and complexity impede the development
of efficient platform processes. Hence, process development efforts often start anew if
process knowledge is not available or methods cannot be transferred. Genomic variants,
established via evolution or genetic modifications might also require adaptations of process
parameters [41]. Heterogeneity of VPs also prevails between production batches due to
direct dependency on the cell culture, which is subject to variability and, furthermore, leads
to heterogeneity of particles within the same batch [42–45].

In biopharmaceutical processes, impurities from cell culture, such as whole cells, hcPs,
and host cell DNA (hcDNA), need to be depleted. However, during the budding of env.
VPs, viral proteins as well as host cell-derived proteins are incorporated either in the
tegument or the envelope [46–48]. Some incorporated cellular proteins may contribute to
viral replication, which complicates the definition of the target product profile [46,49,50].

Impurities of the same size range as the VPs, such as extracellular vesicles (EVs), are
more complex to separate [51]. EVs are membrane particles secreted naturally by cells
in various sizes and with diverse enclosed content and membrane proteins. Viruses and
EVs use overlapping cellular pathways which results in a high similarity between them
regarding structure and protein/DNA content [52]. EVs’ biological function and their role
in viral infectious is a topic of ongoing research. Some EVs are shown to facilitate viral
infection, while other EVs carry anti-viral features [53]. Increased EV production upon cell
infection was observed for multiple virus strains [54]. This class of impurities is difficult to
assess and it is unclear if it should be regarded as impurities [51].

By comparing the count of non-infectious VPs (non-inf. VP) to infectious (inf. VP), the
particles-to-infectious unit ratio (P:IU) can be derived. Corresponding analytical methods
are discussed in Section 2.1. A longstanding challenge in virus bioprocessing is the popu-
lation of non-inf. VPs that usually predominate the material generated [55,56]. Non-inf.
VPs lost, or never gained, their functional integrity due to malformations or errors in com-
position. The initial amount of non-inf. VPs is dependent on host cell type and upstream
conditions [45,57,58]. In non-clinical efficacy and safety-studies, usually only infectious
titers are reported. Correlations of side effects with non-inf. VPs can, therefore, not be
made. At the same time, viral therapies have been applied and clinically tested for decades
and are generally considered safe [59]. The practical approach to purifying VPs aims to
minimize the presence of non-inf. VPs. From a processing perspective, EVs and all non-inf.
VPs reduce the efficiency of purifying the desired infectious VPs [60].

Dosages of live attenuated vaccines are in the range of 104 to 108 infectious units (IUs)
per dose [61], whereas the dosages for enveloped OVs reach up to 1011 IU per dose for
intravenous applications [62,63]. High dosage requirements for OVs at the drug product
level necessitate the processing of high volumes and efficient concentration due to usually
lower titers at harvest level. During the whole bioprocess, the functional integrity which is
key for the replication-competency and, thus, therapeutic effect, must remain intact. Ideally,
non-infectious particles are reduced together with the depletion of immunogenic impurities
such as hcP and hcDNA.

The size of env. VPs enables the insertion of transgenes for therapeutic applications but
also increases their complexity and sensitivity to environmental stress and poses a challenge
for the bioprocess. Conventional methods for processing biopharmaceuticals are primarily
designed for protein molecules, like antibodies, which are significantly smaller in size.
Other novel chromatographic and filtration approaches are used to overcome these size
limitations. Experience and knowledge applying these methods are currently generated.
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Unexpected effects arise, such as convective particle entrapment (see Section 7.2.3), multi-
point binding of VPs (see Section 7.1.5) and irreversible time-dependent binding (see
Section 7.1.5), for which mechanistic insights and solutions are needed.

In addition to the aforementioned challenges directly involved with the bioprocessing
of env. VPs or VPs in general, analytical methods to evaluate VP preparation are limited. As
further discussed in Section 2, the available analytical panel lacks accuracy, high throughput,
and quick turnover time.

1.2. General Purification Scheme for Therapeutic Enveloped VPs

Replication-competent VPs are propagated by infection of permissive production cell
lines. Sophisticated bioreactors, simple shake flasks, or supports for adherent cell lines
are used for cell culture in which the cells are provided with the necessary nutrients and
conditions to grow and produce. Once the cells have reached a target density, they are
infected with a replication-competent virus at a specified multiplicity of infection (MOI)
ratio. The virus uses the cells’ machinery to replicate itself, producing virus progeny.

A general purification scheme for VPs intended for clinical grade material production,
as shown in Figure 1, is the following: clarification, capture, polishing, and sterile filtration.
Further unit operations may be included as required, dependent on the virus life cycle,
harvest strategy for the VPs, and target purification requirements.

ff
ff

ff

Figure 1. Generalized purification scheme for replication-competent enveloped VPs.
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Prior to a clarification step, cell disruption, viral release, or a nuclease treatment may
be performed to improve initial VP titers and VP recovery. Cell disruption aims to break
up cells to release intracellular VPs to render them accessible for purification. VPs might
be non-covalently attached to cells or cell debris and thus cell-associated. A viral release
step involving the addition of additives (e.g., salt) can facilitate the release of VPs into
the supernatant. The addition of nucleases degrades free DNA and RNA chains and also
reduces viscosity, which improves the processability of the harvested material.

Initial clarification of harvest material is essential to remove solids in the feed stream,
such as cells, cell debris, and aggregates, all while ensuring the maximal recovery of intact
VPs. Techniques such as centrifugation and filtration are commonly employed. At lab
scale, the clarification is often divided into primary and secondary clarification, providing a
robust setup for the removal of, first, large particulate matter, such as intact and non-viable
cells, and, subsequently, colloidal matter, such as large aggregates, without exceeding
device limitations.

The capture step aims to selectively concentrate VPs from clarified harvest, effectively
separating them from the bulk of process-related impurities and reducing the process feed
volume. Chromatographic modalities such as ion exchange chromatography (IEX), hy-
drophobic interaction chromatography (HIC), and affinity ligands confer specific binding
to VPs while most impurities are in the flowthrough. To maintain reasonable process-
ing times with high volumetric feeds, high flow rates are necessary, making convective
chromatographic media like membrane and monolithic stationary supports preferable.

The polishing step is designed to further reduce remaining impurities to achieve the
low levels demanded by regulatory bodies for clinical application. A buffer exchange into
the formulation buffer is typically applied at this stage as well; thus, flowthrough (FT)
chromatography, size exclusion chromatography (SEC), or ultrafiltration and diafiltration
(UF/DF) are applied. Subsequently, stabilizers or other additives might be added to ensure
the VPs remain stable and effective.

The final step is to sterilize the VP preparation to remove any remaining contaminants.
In case conventional microfiltration is not applicable due to the size of VPs, the entire
bioprocess must be conducted under aseptic conditions.

2. VP Integrity and Analytical Methods for Its Assessment
VPs comprise a genome (DNA or RNA) bound by capsid proteins and additional

viral-encoded proteins. Env. VPs are additionally surrounded by a lipid bilayer derived
from the host cell membrane that incorporates virus- or host-cell-derived and potentially
glycosylated proteins [64]. This envelope is not merely a protective layer; it is integral to
the virus’s morphology and stability.

The envelope and the correct assembly of all viral components, such as the capsid
and the viral genome, provide the framework for a functioning replication-competent VP.
The physical intactness of all VP components and structure is termed structural integrity.
Any damage or alteration to the structural integrity can affect the virus’ ability to infect
host cells and replicate and, thus, influence the responses they provoke in both in vitro and,
notably, in vivo experiments. The components also account for the stability of the structural
integrity and are, therefore, virus-specific, whereas env. VPs are particularly labile due to
their envelope, as discussed in the introduction.

Functional integrity, on the other hand, refers to the virus’ ability to perform its
intended functions. This includes the ability to bind to host cells, enter these cells, replicate
its genome, express viral proteins, assemble new VPs, and exit the host cell. As part of
the infectious cycle, proteins encoded on the genome are expressed, including introduced
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transgenes with therapeutic effects. Any disruption of listed functions can significantly
impact the virus’ infectivity and, thus, its efficacy as a therapeutic agent.

For bioprocessing, maintaining the structural and functional integrity of env. VPs is
critical to ensure high infectious titers. Understanding and monitoring viral integrity is an
important aspect during the development of purification strategies for VPs. This knowledge
can help improve the production process, ensure the quality of the viral products, and,
ultimately, contribute to the development of safe and effective viral therapies and vaccines.

2.1. Quantification Methods

For virus process development, in-process control samples are taken to assess virus
yield, depletion of host cell impurities, and presence of contaminants (not part of this
review). Yield of env. VP processes are typically assessed by measuring both inf. VP
titer and total VPs (inf. VPs + non-inf. VPs), which together are informative regarding
the influence of the unit operation on the recovery performance and its influence on VPs
functional integrity. The derived P:IU ratio depends on the specific analytical methods
used to determine the individual values. For total VP count, several methods exist; each
method targets a specific property or particle characteristic, e.g., genomic content, light
scattering events, or antigen content. Hence, results can differ, and population overlaps
between different analytical methods are difficult to derive. The specific methods and their
limitations should be considered in the evaluation of the P:IU ratio. Most quantification
methods can also be applied for non-enveloped VPs, and additional methods exist to
determine the full/empty state of particles. Lothert et al. recently reviewed and evalu-
ated available quantification methods for VPs to which the reader is referred for more
information regarding the individual analytical methods [65].

2.1.1. Infectious Titer Assays

Infectious titer is conventionally measured by end-point cell-based assays: 50% tissue
culture infective dose assay (TCID50) or plaque assay-determined plaque forming units
(pfu). These assays are straightforward to perform and do not require sophisticated
equipment. Although they are applicable to different viruses, the actual setup must be
adapted for each virus to be measured (especially permissive cell line and incubation time).
However, they rely on multiple rounds of viral replication, which may take up to a week
for evaluation and are sensitive to operator handling [65]. Generally, a TCID50 variability of
0.5 log steps is reported [66,67]. Contemporary applications of the TCID50 method reduce
hands-on time by using pipetting robots and digital image analysis for the evaluation of
infected cells. The approach reduces variability to approx. 20% [68].

Other faster and more sensitive infectivity measurement methods have been devel-
oped. These require only one round of replication and quantifying the inf. VP titer against a
calibration curve. Cytopathic effects in the cell culture may be quantified based on changes
in cell morphology by imaging, and reach variabilities of below 20% [69]. Alternatively,
fluorescent markers, either expressed in infected cells or by antibody stain labeling, can
be measured with flow cytometry or imaging [70]. However, these enhanced infectivity
methods are more technically challenging and require specialized equipment.

2.1.2. Total Virus Particles

Total VPs can be measured by quantifying viral antigens and viral genome, and by
particle analysis. Structural viral antigens may be measured using immune techniques such
as enzyme-linked immunosorbent assay (ELISA) or indirectly using hemagglutination (HA)
and radial immunodiffusion (RID) assays [65]. These assays provide same-day results, but
they require specialized substrates and a standard curve for quantification. For enveloped
viruses, these methods may overestimate actual virus titers due to potential variation
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in the amount of incorporated viral proteins on the outer lipid membrane dependent
on upstream conditions as well as the method of clarification. Viral genomic copies can
be measured by polymerase chain reaction (PCR). Upon extraction of the viral DNA or
RNA, the method of choice is quantitative PCR (qPCR) using a suitable pair of primers
and detecting the amount of amplification by measuring fluorescent intensity after each
cycle. Genomic copies are quantified based on a calibration curve using a known standard.
Further advanced PCR methods, such as digital PCR and digital droplet PCR (dPCR and
ddPCR), can directly quantify the viral genome without reliance on a calibration curve and
may be performed with less sample handling. Digital PCR methods are characterized by
improved precision, with a report showing a 5-fold improvement in precision and a 20-fold
improvement in accuracy for human immunodeficiency viruses (HIV) genomic copies
analyzed by ddPCR compared to conventional qPCR [65,71]. PCR methods can reliably
quantify viral genome copies, but for env. VPs, they potentially overestimate total VPs
as not all viral genomes detected are incorporated into VPs with full functional integrity.
Furthermore, dependent on the amplicon chosen for the assay, it does not distinguish
between complete and truncated genomes. A multiplex ddPCR result for (non-enveloped)
adeno-associated viral vectors (AAVs) showed a discrepancy of 40% between amplicons
used due to AAVs containing incomplete genomic copies [72].

2.1.3. Total Particles by Light Scattering (LS)

Total particles can be rapidly quantified by LS techniques using both dynamic and
static LS (SLS). Such techniques require a laser beam directed at the sample, and fluctuation
of scattered light based on the Brownian motion of particles, as well as the intensity of the
scattered light, are detected [65]. Dynamic LS (DLS) and nanoparticle tracking analysis
(NTA) are both methods that rely on the detection of the Brownian motion of particles
in solution to ascertain the size distribution of a particle population. While NTA tracks
individual particles using microscopy lenses, the DLS indirectly calculates the particle
count based on the intensity of the scattered light. Both methods are vulnerable to drift
motions in the measurement chamber and the influence of solvent composition, and
their particle concentration range for measurement is limited [73,74]. Furthermore, for
polydisperse samples, especially those containing impurities of large sizes and aggregates,
the result can be skewed. The increased scattering intensity of larger particles can lead to
an underestimation of smaller particle populations, and results depend highly on chosen
device settings [75,76]. Thus, measurement parameters must be tightly controlled for
the precision of the result. Multi-angle LS (MALS) is an advanced method using SLS at
different angles to obtain information on particle size, shape, and molecular weight, as
well as particle count. It is primarily used in conjunction with a separation technique such
as chromatography or field-flow fractionation (FFF) [77]. However, the full potential of
a MALS analysis is often not reached for enveloped viruses due to the heterogeneity of
VPs and sample composition, as well as unknown particle properties such as the refractive
index (RI) increment.

LS measurements are non-invasive and can provide rapid results, making them suit-
able for real-time measurements during a process [77] and as a quality control method. A
reported quantification method using FFF-MALS showed good accuracy and precision
(<5% and <2%) [78]. However, LS methods indiscriminately consider all particle types
present in the solution, env. VPs and also EVs, and the extent of such overestimation of
total env. VPs depends on upstream conditions as well as the purification stage of the
sample. The separation capability of current analytical assays is insufficient to separate EVs
from VPs [51].
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2.2. Structure and Composition

The structural integrity of VPs is defined by their intact structure and correct compo-
sition of components. The composition of env. VPs is determined not only by the viral
genome but also by the production cell line and the specific upstream conditions [61]. The
virus structure can be evaluated by a combination of advanced imaging techniques, assess-
ment of viral envelope, as well as X-ray crystallography (used for viral research). Mass
spectrometry (MS), capillary gel electrophoresis (cGE), and Western blotting are common
methods to look at particle composition. Recent developments adapting flow cytometers
for the detection of viruses gave rise to the method referred to as flow virometry. It is a
rapid method that allows for the detection and analysis of single VPs in a bulk sample
based on its known characteristics like size, surface structure, and composition [79].

2.2.1. Structure

To understand the effect of a unit operation on VPs, high-resolution images that can
facilitate a close examination of VP structure and substructure on a single particle level are
essential. Of particular interest is to look at samples taken before and after a process step
for the proportion of intact particles versus degraded particles, empty vesicles and EVs,
and VP aggregates. Electron microscopy (EM) can facilitate the capture of such images,
either by cryogenic EM (cryo-EM) looking at snap-frozen VPs in a hydrated state or by
negative staining EM (nsEM) in a dehydrated state [64]. Cryo-EM can be performed on
VPs in their native state in various conditions, requires a small amount of virus, and is
suitable for viruses that take up a symmetric shape and also irregular shape, albeit at a
lower resolution [80]. Studies of dengue virus (DENV) by cryo-EM revealed the influence
of temperature on the conformation of the envelope [81]. NsEM can reveal in detail VP
substructures and also surface protrusions from enveloped incorporated glycoproteins [82].

Structural variability of env. VPs is first introduced upstream during virus budding,
reflecting the host cell line, the state of the cells after infection, and the specific virus
budding mechanism [80]. During a unit operation, VPs can be (partially) degraded (degra-
dation of surface glycoproteins, leakage of nucleocapsid, irregular shapes) and form small
aggregates. While some degraded particles and VP aggregates retain infectivity, as seen in
infectious titer measurements, they elicit unwanted effects during in vivo experiments [61].
Detection of undesired particle degradation through high-resolution imaging is crucial for
the evaluation of the quality of the target VPs during production.

While EM imaging can provide detailed structural information on single VPs, as well
as detect the presence of non-VPs, the technique is accessible only in specialized labs and
can be performed only on a limited number of samples. LS techniques analyze whole
VP samples to obtain size distribution information, which can be useful for detecting
significant particle degradation as well as aggregation. Correlations between the resulting
size distribution and EM imaging results may provide quick insight into the potential
detrimental effects of a unit operation on VPs [83].

2.2.2. Composition

For therapeutic applications, viruses are often engineered with exogenous sequences
inserted into the genome, while viral genes that confer undesired pathogenicity are
deleted [84,85]. The genomic stability of the target virus should be examined, especially
during upstream parameter optimization (e.g., multiplicity of infection (MOI), timepoint of
infection (TOI), and timepoints of harvest (TOH)). While PCR-based methods and Sanger
sequencing are readily accessible techniques to examine specific genomic stretches, next-
generation sequencing (NGS) and deep sequencing methods provide a more comprehensive
view of the entire genome.
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The composition of viral and acquired cellular proteins reflects cell culture condi-
tions and is indicative of its function in terms of infectivity and potential subsequent
immunogenicity. Characterization and absolute quantification of protein content, including
post-translational modifications, was performed for a vesicular stomatitis virus (VSV) pseu-
dovirus by multiple reaction monitoring MS [86]. A number of host-derived proteins have
been characterized for their function in the virus replication cycle, such as chaperones for
protein folding, complement control proteins, vesicular transport proteins, and adhesion
molecules [46]. Relative quantification techniques by MS would be instrumental in not only
the identification of such incorporated host cellular proteins but also their differential pro-
portions relative to viral proteins for samples taken during upstream optimization [87,88].
Further, the lipid and glycoprotein content of env. VPs should be examined, especially
when choosing a production cell line. The envelope’s fluidity and, thus, its stability and
integrity were shown to depend on the host cell line [89]. Envelope-incorporated glyco-
proteins impact the stability, shown in increased resistance against shear forces in process
unit operations [90,91]. Kim et al. observed a higher functional stability for retroviruses
pseudotyped using the VSV-G glycoprotein compared to pseudotyping with an influenza
envelope protein [91]. Specific to the virus life cycle, the lipid membrane may be derived
from intracellular structures, the plasma membrane, and sometimes it is derived from a dis-
tinct membrane region such as lipid rafts. Additionally, the glycosylation pattern of lipids
and incorporated glycoproteins may differ between different cell lines, as identified using
matrix-assisted laser desorption/ionization MS (MALDI-MS) upon lipid isolation [92].
These attributes have direct consequences on VP stability in solution and its reception
in vivo. As MS techniques are not ubiquitously accessible, Western blotting and cGE can
be used for virus identification and estimation of the number of individual proteins for
in-process control samples taken during process development [93,94].

2.2.3. Flow Virometry

Flow virometry is a recently developed technique that facilitates the examination of
viral particles (VPs) at a singular particle level, providing insights into their size, structural
integrity, and biochemical composition. This method hinges on the specific labeling of VP
components in a solution, followed by the passage of these particles through a detector [95].
Simultaneous labeling of VPs facilitates a multiplexing approach [96]. The technique
is potentially of high throughput while generating rapid results, and it can be set up
in process development labs as an at-line assay. Not only can it provide insight into
particle concentration and purity (quantification of non-viruses), but it can also detect VPs
that are degraded during a production process [97,98]. With such real-time insights, this
technique facilitates the improvement of production quality and yield overall. Moreover,
flow virometry can also be used to evaluate host antibody-mediated immunogenicity
against the VP preparation [99].

2.2.4. Mass Balance for Virus Process Development

For virus process development, mass balance is essential though challenging to achieve.
This is due to the complexity of measuring specific components in a complex biological
system, as well as the dependency on biological assays to measure functional integrity.
Measuring all components in an in-process control sample accurately and simultaneously
requires advanced analytical techniques. Recent developments in analytical separation
techniques such as SEC and FFF coupled with multiple online detectors (including UV,
RI, DLS, and MALS) facilitate mass balance measurements. VPs can be quantified in a
bulk sample with good accuracy and precision. These methods are especially useful for
enveloped virus (or virus-like) particles that are not replication-competent for accurate
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particle quantification [65]. Further, this approach can be used to quantify protein and
nucleic acid components in complex samples due to the separation from smaller process
impurities. It may be used as a quality control method, and also as an at-line measurement
during a production process or process development.

For non-enveloped coxsackievirus, a method for VP characterization including quan-
tification of drug substance and process intermediates has been developed based on SEC
separation [100]. In another study, an FFF-MALS characterization method was established
for the influenza virus as a vaccine candidate [78]. The reported precision for both methods
was <2% and, therefore, is very useful for mass balance applications, though such use cases
were not applied. In a similar quantification method for a VSV pseudovirus, the mass
balance of a chromatographic unit operation was performed, and the virus content in the
samples was quantified using an HPLC-SEC setup. The reported method precision was
<3%, which resulted in an overall mass balance discrepancy of about 15% [37].

2.3. Further Commentary

Process development, being upstream optimizations or downstream endeavors, can
only be pursued if the outcome of process changes can be evaluated. Analytical methods
are required to characterize process steps in regard to the structural and functional integrity
of VPs as well as the preparations’ purity. Ideally, analytical methods are high-throughput,
accurate, precise, and deliver same-day results. Currently used and well-established
methods do not fulfill these requirements. Many different methods exist, each with its
own drawbacks, e.g., low VP specificity for NTA and DLS measurements, tedious and low
precision for infectivity assays such as TCID50 and plaque assays, or skewed PCR results
due to the counting of free or EV-associated DNA or RNA [65]. To gain a complete picture
despite the mentioned drawbacks of current analytical methods, an analytical panel of
various methods is typically used at the moment. However, performing such a panel is
time-intensive and is not conducive to making fast decisions during process development.

Furthermore, analytical methods cannot be easily transferred between different vi-
ral particles. Methods need to be developed, validated, and established before usage.
Here, analytical development and process development are co-dependent and represent a
‘chicken-or-the-egg’ dilemma, with process development requiring established analytical
methods and analytical development requiring purified and well-characterized material.
Thus, both developments should be conducted in parallel.

Ideally, the results of multiple assays can be allocated to particle populations and,
thus, subpopulations distinguished by various properties quantified. This would enable a
comprehensive evaluation of particle integrity and its correlation with functional integrity.
Distinct properties such as glycoprotein content, genomic content, morphology, and infec-
tivity would need to be allocated. This requires either multidimensional assays or assays
capable of multiplexing on a singular particle level. Multiplex approaches utilizing mi-
crofluidic devices and immunostainings (ELISA or flow virometry [96,101]) and multiplex
qPCR assays [72] exist. However, simultaneous detectable properties are limited and insuf-
ficient for the afore-drawn ideal case. Furthermore, these analytical methods are complex
and not ubiquitous. Hence, only individual properties within the whole population can be
evaluated and their change within the process monitored.

3. Cell Culture and Infection
Replication-competent VPs are produced by propagation in a susceptible production

host cell under optimized culture conditions [102]. The lipid bilayer of env. VPs is derived
from the host cell, and thus, its structure and composition depend on the cell line. While
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this does not necessarily impact infectivity [89], virion structural integrity relies on the
envelope composition.

Current viral vector production processes rely on both adherent and suspension cell
cultures in chemically defined media. While technologies exist to upscale both culture
platforms, suspension culture is advantageous for the operator due to easier handling and
scalability. However, bioreactors induce shear forces through agitation and aeration, for
example, stirred tank reactors (STRs) that utilize impellers and gas spargers [103]. VPs that
are released extracellularly in the culture are exposed to the resulting shear stress and may
be negatively impacted. Grein et al. observed a high impact of aeration and agitation on
measles virus productivity in a STR for Vero cells using microcarriers [104]. The increase
in aeration in response to elevated oxygen consumption of infected cells resulted in a
4-log reduction in viral titers. The authors suggested the utilization of bubble-free aeration
methods, which were shown to work for high oxygen-demanding cell cultures [104].
Another type of microcarrier was introduced by Yekrang Safakar et al. which locally shields
cells from shear stress by a hollow structure. While the structure’s benefits were shown
for sensitive stem cell cultivation [105], the impact on viral productivity has yet to be
shown. New impeller concepts utilizing a flexible, multiple impeller setup aim to reduce
introduced shear stress while keeping sufficient agitation and simple scalability [106].

Infecting the cell culture at the late exponential (G2M) phase of the cell cycle typically
yields the highest infectious titers for enveloped viruses [107,108]. The ratio of applied inf.
VPs-to-viable cells is described by the MOI. Upstream parameters, including TOI, MOI,
cell density, and time of harvest (TOH), are interlinked, and remain to be optimized to
produce each virus according to its specific virus life cycle [109]. While a low MOI reduces
the required amount of the master seed virus, a high MOI usually results in an earlier
harvesting time point [110]. Especially for enveloped RNA viruses, VPs with truncated
genomes of variable sizes, namely defective interfering particles (DIPs), naturally occur
and can spontaneously arise in culture [111]. The DIPs are by-products of virus production
that share structural similarities with replication-competent VPs but contain a significantly
truncated genome. They cannot replicate on their own but compete with standard VPs
for replication in co-infected cells, thereby reducing the infectious titer, and should be
monitored in virus production. By using low MOIs, the likelihood of co-infections is
reduced, and reports show a lower DIP count [112].

Developments toward process intensification demonstrate a positive correlation be-
tween virus titer and cell density at TOI [113–115], using both simple fed-batch or sophisti-
cated perfusion systems using cell retention devices. Gutiérrez–Granados et al. provide
a good overview of perfusion culture systems in their review of process intensification
methods for viral vaccine and viral vector production [116]. However, the impact on viral
integrity was not evaluated.

4. Harvest of Viral Particles
At time of harvest (TOH), VPs are collected from the host cell culture and fed into the

subsequent purification process. Harvesting conditions, such as TOH and cell disruption
methods, impact viral integrity and impurity content and, thus, have an influence on the
overall process performance.

Virus-infected cells produce viral progeny until cells eventually die due to the overuse
of metabolic pathways for viral replication or induced viral cytopathic effects, e.g., apoptosis
by VSV infection [117]. For bioprocessing, harvesting of extracellular VPs should be
performed prior to the exponential cell viability drop to reduce the impurity burden on
purification steps while maximizing yield. However, from a biological point of view, the
optimal TOH needs to be evaluated in terms of viral integrity. The condition of an infected
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cell’s culture at early and late stages influences viral integrity and composition, as seen by
their release of different amounts of infectious and non-inf. VPs as well as EVs [45,118].
Furthermore, morphological and functional differences are observed for early (24 hpi
(hours post-infection)) and late (≥48 hpi) harvested paramyxovirus particles cultivated in
eggs [119]. The mechanistic understanding of the cellular state after infection and the viral
integrity of VPs remains a knowledge gap. Hence, VP quality and concentration, as well as
impurity levels due to dying host cells, need to be considered and evaluated to find the
cell culture and virus-specific optimal TOH. Dielectric spectroscopy has been applied as an
online detector for frequency-dependent capacitance measurements, and thus, cell culture
state and level of infection could be derived in real time [120]. It proved to be useful to
support TOH optimization efforts and real-time control of the optimal TOH.

4.1. Continuous Harvest

Infectivity loss of VPs over time in a production culture has been shown in a bioreac-
tor. The elevated cell culture temperatures and exposition of VPs to proteases and shear
stress in the cell culture are presumed to reduce the infectivity of influenza and measles
VPs [121–123]. Perfusion systems, initially developed for process intensification, have been
explored for continuous extraction of VPs. The continuous harvesting approach improved
cell-specific productivity for influenza VPs by a factor of four compared to a batch pro-
cess [121]. At the same time, inhibitors of the viral replication are removed, and depleted
nutrients are replaced, which was shown to keep viral productions high (e.g., for VSV in
HEK293F cells [124] and HSV-1 in Vero cells [125]).

Membrane-based cell retention systems have been successfully utilized in different
modalities for the continuous harvest of env. VPs, including tangential flow filtration
(TFF) [126], alternating TFF (ATF) [127], and tangential flow depth filtration (TFDF) [115].
A recurring issue of the membrane technology is membrane fouling and, thus, loss of
perfusion functionality. High optimization efforts are required to establish a suitable
system for cell retention and continuous viral harvest without early membrane fouling.
Non-membrane devices such as acoustic settlers do not suffer from fouling issues. An
influenza perfusion cell culture utilizing an acoustic settler showed a 1.5 to 3 times increased
volumetric productivity compared to an ATF perfusion device [122]. The comparison of the
acoustic settler perfusion process to a batch process for a purification-challenging fusogenic
VSV pseudovirus showed an increase of factor 15 to 30 in volumetric productivity [128].

The prerequisite for a continuous harvesting approach is a prolonged harvesting
window before the viral cytotoxic effects dominate, leading to a high impurity content at
low additional productivity. Non-destructive virus budding exists also for some enveloped
viruses, allowing an extended virus production phase in the host cell. Both possibilities
enable a continuous viral production (e.g., vaccinia on AGE1.CR.pIX [129]) or several
rounds of harvesting [45], which can be exploited in perfusion reactors (HSV-1 on Vero
cells [125] and VSV on BHK-21 [115]).

Continuous or repeated harvest during a perfusion culture may not necessarily im-
prove yields significantly to justify the increased development and processing effort, as
shown for a VSV perfusion culture [124] and temperature-stable modified vaccinia Ankara
(MVA) VPs [130]. Additionally, as discussed in the introduction to this section, the VP
quality depends on the TOH and needs to be evaluated (P:IU changes for mumps and
measles VPs [45]).

Online monitoring of processing parameters, e.g., by real-time process analytical
technologies (PAT), is especially useful for continuous processes to control the process
and derive real-time process and quality attributes. In VP processes, it is difficult to
derive real-time information from online detectors due to the complex VP structures, VP
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heterogeneity, and similarities to impurities [131]. Referenced studies in this section, thus,
relied mostly on the application of at-line or offline analytical methods to evaluate cell
culture conditions and product quality. However, it was shown that the application of
an online dielectric spectroscopy detector could provide not only the state of the cell
culture in real-time but also valuable information about the state of infection in cell cultures
infected by env. VPs [101,120]. Different dielectric frequencies were used to distinguish
between capacitance measurements for cells and VPs, enabling the estimation of VP count.
An application to continuous harvesting approaches could increase process robustness
through process control and provide real-time estimation of VP count. Gränicher et al. used
capacitance measurements to monitor cell culture parameters, control perfusion conditions,
and optimize TOH for vaccinia release [129]. However, the precision of the release timepoint
was low (±4 h), and no VP count estimation was derived from capacitance measurements.
More studies evaluating the use of online dielectric spectroscopy are required to determine
the usefulness for env. VP processes.

4.2. Cell Disruption

During the viral replication cycle, env. VPs acquire a host-derived lipid membrane
through a budding process from host cell membranes. Intracellular and extracellular
budding exist, whereas the latter budding results in a cellular egress [132]. Viruses being
developed for therapeutic application that first undergo intracellular budding include
poxviruses [133] and HSV [134]. Intracellular budding viruses go through several inter-
mediates within the host cell, distinguished by shape and the number of acquired lipid
membranes. Mature particles can egress by exocytosis or after cell lysis, while the in-
termediate stages can already be infectious and accumulate in large numbers, as shown,
e.g., for vaccinia [135]. Thus, at the time point of harvest, cell-disruption methods can be
applied to increase VP titers. It is worth noting that the viral intermediates differ in surface
protein composition, which impacts viral attachment and entry, as observed for multi-
ple poxviruses [136,137]. To our knowledge, there is no published study evaluating the
functional integrity of derived subpopulations and their effects on therapeutic applications.

Cell-disruption methods include manifold mechanical methods, as well as chemical
lysis used to release viral particles from cells. At the lab scale, a combination of FT-cycles
and sonication is commonly used to increase harvest recoveries for VPs (e.g., HSV-1 [138],
Orf [139], and Newcastle disease virus (NDV) [140]). The formation of ice crystals impairs
the stability of the cellular lipid bilayer. At the same time, FT-cycles also impact the viral
integrity of env. VPs (herpesvirus [141], retrovirus [35], VSV [34]). Furthermore, FT-cycles
are impractical for large-scale production volumes.

Sonication as an alternate method of mechanical lysis is scalable with flow-through
probe devices [142]. However, sonication induces shear forces due to cavitation, which
results in cell disruption, a phenomenon that may also negatively affect env. VPs. This
is observed in surrogate VPs over extended time frames [143]. The power densities and
exposure time required for cell disruption are notably lower than those applied to the
surrogate VPs. In a stability study for orf particles, a decrease in infectious titers was
observed within minutes of sonication, though the loss may be attributed to the uncooled
environment [38]. It is imperative to maintain temperature control of the material and to
minimize the induced energy to mitigate potential detrimental effects on viral integrity.

Homogenizers are another cell disruption category with a multitude of devices and
scale-up possibilities available [142]. Mundle et al. compared sonication and microflu-
idization methods for Vero cell disruption and harvest of respiratory syncytial virus (RSV)
particles [144]. A similar increase in infectious titer could be achieved for sonication and
low-pressure microfluidization of harvest, whereas repeated or higher pressure microflu-
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idization showed a lower or decreased infectious titer. With both methods, an expected
increase in soluble host cell impurities was observed [144]. The question of the structural
impact of the cell disruption methods was not evaluated, although mechanical stress has
been shown to generally impair the envelope of viral particles [119].

Cell disruption by osmotic pressure (hypotonic conditions) is a mild method to release
intracellular components. Laposova et al. showcased the beneficial use of deionized
water on BHK-21 cells for disruption and release of lymphocytic choriomeningitis (LCMV)
particles [145].

Using solely deionized water for disruption showed higher infectivity yield compared
to a combined approach with sonication and FT-cycles, which presumably impaired viral
integrity. On the other hand, the use of a low ionic buffer to establish hypotonic conditions
was insufficient to release VPs. Moreover, the additional use of sonication and FT-cycles
did not enhance infectivity and may have further reduced it. Kong et al. observed diverg-
ing results using double distilled water to lyse two different cell types under hypotonic
conditions. The recovery of infectious avian metapneumovirus (aMPV) by water lysis
compared to FT-cycles was only beneficial for an avian cell line (TT-1) and not for Vero
cells [146]. Env. VPs seem to mechanically withstand the osmotic pressure in hypotonic
environments, as shown for influenza particles, which only react by swelling but without
loss of activity [147]. Despite these advantages, hypotonic cell disruption is rarely used,
possibly due to the buffer exchange required and, thus, the lack of scalability. Moreover, hy-
potonic environments failed to efficiently release VPs from cells and cell debris attachment,
supposedly due to high prevailing electrostatic interaction in low ionic environments [148].

Chemical lysis is the method of choice for non-env. VP production due to ease of use
and scalability. In the case of env. VPs, most detergents impair the VP due to the exposed
membrane proteins [149]. Furthermore, lysis chemicals might pose a safety risk in vivo,
and their removal must be considered during purification [150].

Overall, cell disruption methods can increase infectious VP titers accessible for further
purification but also release cell-derived impurities. It increases the burden for the purifica-
tion process, e.g., impurities can bind to chromatographic resins, thus decreasing binding
capacity and the probability of filter fouling as filtration steps increase. The application
of cell disruption and increased purification burden needs to be justified by increased VP
yields at sufficient purity.

4.3. Viral Release

Even after cellular egress of VPs, viral particles can still be attached to the cell sur-
face. For vaccinia, these cell-associated VPs are believed to drive cell-to-cell infections in
combination with an actin tail propulsion [136]. Cell-associated VPs can be released by the
addition of release agents. The use of heparin and dextran sulfate was shown to dissociate
VPs from cells and cell debris through electrostatic interaction with viral envelope pro-
teins [148]. Increased titers were also observed for VSV after the addition of salt or dextran
sulfate [124,151]. An electrostatic interaction hindering the release of VPs into the culture
supernatant was presumed.

4.4. Nuclease

Nucleases are used to degrade hcDNA and reduce its associated viscosity in the
harvest. The high cost of these enzymes and their narrow optimal working window
require targeted placement within the process. Process conditions, such as pH, temperature,
incubation time, ionic strength, nuclease type, and nuclease concentration, have a high
influence on nuclease efficacy and can easily be optimized by a DoE approach [152]. Cell
disruption typically releases high amounts of hcDNA, and thus, a subsequent nuclease
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step is commonly implemented, though the large working volume at the harvest stage
necessitates a high amount of enzyme, increasing the costs for this digest step.

In a VSV production process, the placement of a nuclease step at various purification
stages was tested, and the nuclease step immediately after the harvest stage facilitated the
best overall VP recovery [153]. In addition to measuring the reduction in hcDNA, infectious
titers need to be monitored, as elevated temperatures and incubation times can reduce
infectivity [154]. In some cases, the nuclease step had an additional positive influence on
the clarification recovery, as observed for an orf virus production [152]. Filterability was
not only improved due to viscosity reduction but also due to a hypothesized dispersion
of large aggregates of VPs bound together by DNA chains. In a study by Mayer et al., the
nuclease step improved the recovery of a subsequent affinity chromatography step without
reported negative impact [155].

Destabilization of chromatin structures by salt addition has been reported [156]. The
tight packing of DNA with histones in chromatin shields DNA chains from nuclease diges-
tion and the application of salt-tolerant nucleases in increased salt conditions was shown
to improve DNA removal [157]. In another report, Vincent et al. assumed negative impacts
of chromatin/VP complexes on a chromatographic purification step [158]. The positively
charged chromatin reduced the binding capacity of a cation-exchange chromatography
(CEX) column through binding competition. Furthermore, the binding strength of VPs was
increased due to chromatin/VP complexation, presumed due to the co-elution of both at
high salt conditions [158].

5. Centrifugation Methods
5.1. Low-Speed Centrifugation: Clarification

The clarification step aims to remove cells and other insoluble large impurities, such as
cell debris, from the cell culture harvest. Differential centrifugation applied at low speeds
(<10,000× g) is used to pellet large, insoluble components of the cell culture harvest at mild
process conditions. Excellent recoveries have been reported for the centrifugation clarifica-
tion step [159], and in the case of env. VPs, clarification by low-speed centrifugation alone
or in combination with a subsequent filtration is commonly used at lab scale [153,160–164].
Centrifugation increases filtration capacity by reducing membrane fouling when performed
prior to a filtration step. Sviben et al. compared low-speed centrifugation at 3000× g and
a 0.45 µm polyvinylidene fluoride (PVDF) filtration for the clarification of mumps and
measles VPs. The authors showed higher infectious step recoveries for both VPs for clarifi-
cation by filtration and observed a reduction in particle size after centrifugation. Shearing
in the centrifuge was assumed to reduce the recovery, which is coherent with VPs being
sensitive to vortexing observed in the same study [28]. Systematic evaluations of centrifu-
gation properties and its impact on infectious titers are rarely reported. One reason is
the difficulty of scaling centrifugation steps due to the lack of transferability across scales
in combination with high initial and maintenance costs [159]. Hence, filtration steps are
preferred if process scale-up is intended.

5.2. Differential Centrifugation: Concentration and Partial Purification

Differential centrifugation is used for the concentration of VPs, which leads to the pel-
leting of particles under ultracentrifugation force, usually greater than 20,000× g. VPs, but
also impurities, end up at high concentrations in the pellet, which is afterward resuspended.
The force impact on VPs and overcompaction within the pellet was shown to reduce viral
infectivity of env. VPs in inverse proportion to centrifugal time and force [165–167]. The
co-precipitation of impurities (e.g., cell debris, proteins) can lead to neuro-inflammatory
responses in vivo, and thus, further purification is required [168]. A high-density cushion,
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such as a sucrose cushion (SC), can be used to retain smaller impurities while pelleting the
VPs to reach partial purification [169,170]. However, chromatographic steps, in comparison,
show higher recoveries of infectious particles (for an orf process [15]) and lower amounts
of contaminants (for a VSV process [162]).

5.3. Density Gradient Centrifugation: Concentration and Purification

Density gradients leverage differences in sedimentation velocities (rate-zonal centrifu-
gation) or in buoyancy (isopycnic centrifugation) to separate particles. The differences
are established by high-density media, e.g., sucrose, CsCl, iodixanol, or others. In-depth
information can be found in the book Nanoseparation Using Density Gradient Ultracen-
trifugation, chapter 2 [171]. Depending on the centrifugation conditions and processing
step, density gradients are used for VP concentration and/or separation from cells, large
cell debris, as well as impurities that are smaller in size. Separation of VPs from EVs
and microvesicles has been reported for herpesviruses [49] and HIV [52]. Still, due to the
heterogeneity of EVs and their similarities in density and size with env. VPs, a complete
separation is not feasible [51].

A high resolution is established in density gradients via long centrifugation time and
high centrifugation forces. Both increase the induced mechanical stress on VPs, potentially
resulting in the loss of surface structures and, thus, infectivity loss, reported to be up to
99% [172,173]. A high sucrose concentration increases the osmotic pressure [174] in solution,
which impairs cell cultures and living organisms when administered intravenously. A 20%
sucrose solution resulted in an intense diuresis in rabbits [175]. Lengthy wash steps, such as
dilution and pelleting through centrifugation, are applied to reduce sucrose before in vitro
or in vivo applications [176].

CsCl, compared to sucrose as a medium, has advantages due to a lower viscosity and
faster centrifugation, but both are hyper-osmotic in the concentration range applied. The
sudden change in osmotic pressure can impact cell cultures, as well as the viral envelope’s
integrity, thus reducing safety and infectivity [147]. Still, protocols of the last decade for
the purification of preclinical orf and NDV material include sucrose and iodixanol density
gradients [139,177]. In addition to preparative applications, analytical methods exploit the
high separation resolution in isopycnic applications to analyze density populations [178] or
conduct subsequent proteomics [179].

5.4. Centrifugation Summary

Centrifugation methods for concentration and partial purification can induce mechan-
ical stress that leads to lower recovery of inf. VP titers. Scale-up techniques are limited, and
thus, industrial preparative processes rely on other methods, as detailed in the following
sections [180]. However, density gradient centrifugation techniques are still used ubiq-
uitously in original lab-scale processes and present advantages due to their fast process
development and simple application with the possibility for buffer exchange. Especially in
virology research labs, these methods are commonly used, even though their purification
capabilities and scalability are limited, and their negative effects on viral integrity is known.

6. Filtration Methods
Filtration methods are ubiquitously performed in VP bioprocessing. There are fil-

tration membranes of various materials with a range of pore sizes employed in different
designs and flow patterns suitable for each specific application. Clarification by filtration
uses the steric retention of cells and large particulates from the harvest material, thereby
reducing turbidity and enhancing subsequent processability. UF/DF utilizes membranes to
retain VPs based on size, effectively concentrating VPs and removing smaller, undesirable



Vaccines 2025, 13, 444 18 of 51

impurities and soluble buffer components. Sterile filtration at the end of bioprocesses
employs a microfilter to ensure sterility of the final product, but challenges exist for VPs
larger than the typical filter cutoff of 0.2 µm.

Env. VPs are prone to adsorption on the filter membrane due to their lipid mem-
brane facilitating unspecific binding primarily by electrostatic or hydrophobic interactions.
Unspecific binding was shown to significantly decrease overall yield [181,182] and might
result in early membrane fouling, possibly stopping membrane flux. Screening of different
filter membrane materials must be performed early on to identify a suitable material for
the particular VP of interest.

Charged membranes and filter aids are designed to reduce impurity content, typically
applied as depth filters in clarification. They have been shown to be unsuitable for VPs
because the strong electrostatic binding reduces VP yield [152,154]. For lentivirus (LV)
purification, however, the use of diatomaceous earth (DE) as a filter aid simplified the clari-
fication [183]. DE increased the filtration capacity and purity by prolonging the processing
time until clogging and cake formation. Even though this one-step filtration reduced inf. VP
yield by 35% compared to the alternative two-step clarification, it was regarded beneficial
by the authors due to faster processing, safer VP handling, and improved robustness [183].

Filter membranes of different materials are available, such as PVDF, polyethersulfone
(PES), polypropylene (PP), glass fibers (GF), nylon (NYL), and cellulose-based membranes
like cellulose acetate (CA), cellulose esters (CE), nitrocellulose (NC), and regenerated
cellulose (RC). Suitability tests for env. VPs are scarcely reported, and a thorough screening
including the influence of pore sizes and feed parameters is lacking. The application of filter
devices incorporating multiple filters with different materials as coarse prefilters hinders a
distinct material evaluation [184].

A recent study by Labisch et al. for the purification of LVs screened different materials
and pore sizes of filters in three different devices: centrifugation filters, stirred cells, and
crossflow cassettes [185]. Interestingly, the authors found the overall best-performing filters
in terms of inf. VP recovery and impurity removal to have different pore size specifications:
reinforced 100 kDa PES, 300 kDa cellulose-based filter. The reinforced PES membrane
outperformed other membranes across all devices, also in comparison to non-reinforced
PES membranes. This was contributed to tighter pores due to polymer fleece reinforcements
within the PES membrane, resulting in optimal retention of LV particles while effectively
passing small impurities. Large differences in inf. VP recovery were found between the
individual filter devices, even with the same membranes. This emphasizes the impact of
device design and flow patterns on concentration polarization, filter fouling, and separation
performance [185].

For a primary clarification of influenza VLPs, Carvalho et al. observed complete
recovery of HA activity when applying different filter materials with pores sizes between
0.55 µm and 10 µm (PP, PVDF, and depth filters with material combinations of cellulose,
PP, glass fiber, and DE filter aid) (Carvalho et al., 2019 [186]). In a second clarification step
utilizing pore sizes of 0.2 to 1.2 µm, most materials (CE, PES, and mixed material depth
filters) showed complete recoveries, whereas PVDF and PP showed reduced functional
recoveries. Only the PES filter additionally reduced residual, and in this case contaminating,
baculovirus (BV) particles, most likely due to steric hindrance.

Especially for later purification stages with reduced protein impurities or no excipients,
which prevent unspecific interaction, the material choice has a substantial impact [181,187].
Pre-coating of membranes using proteins can improve recoveries [182,188] but also in-
troduces impurities to the process. On the other hand, residual hcPs at levels of about
25 µg/mL have been shown to negatively impact the sterile filtration step for VSV on PVDF
and PES membranes through accelerated filter fouling [189].
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It is worth noting that PVDF belongs to the category of per- and polyfluoroalkyl sub-
stances (PFAS) for which the European Union plans a ban due to health and environmental
hazards [190].

6.1. Normal Flow Filtration (NFF)

In NFF, also known as dead-end or direct flow filtration, the fluid is passed per-
pendicularly through the filter membrane, trapping the larger particulates on the filter
surface. Common applications for envelope VPs involve clarification and sterile filtration.
At the lab scale, centrifugal NFF devices are also applied in sample preparation for volume
reduction [15,28,185].

6.1.1. NFF for Clarification

Clarification by filtration aims to separate large contaminants in the retentate while
VPs are collected in the filtrate. A large variety of filter materials and modalities exist,
and the optimal devices need to be chosen based on the VP and feed properties, as well
as purification requirements. Due to the broad size range of particulates to be depleted
in clarification, multiple subsequent filters with degressive pore sizes (filter train) or a
combination with other clarification methods are used [129,154,160,162]. A filter train
increases the capacity of the latter filters by pre-filtration steps for large particles. At lab
scale, membrane areas can easily be enlarged; however, at large scale, this might lead to
practical and economic difficulties [152]; thus, filtration trains are preferred [191]. In the
case of prior cell lysis, the burden on the clarification step is increased, usually necessitating
a pre-filtration. In a protocol for a lab-scale orf virus production, the exchange of the
pre-filter after cell lysis is recommended due to fast filter fouling, highlighting the high
burden on the subsequent clarification step [139].

As each VP and purification process has its own requirements and specific feed
properties, finding the optimal inert filter material and filter pore size requires extensive
screening. Small screenings of filter materials might not result in a satisfactory balance
of VP recovery and impurity clearance. This was observed for replication-defective HSV
particles, leaving room for optimization after four materials (NC, NYL, CA, PES) were
tested [167]. Modern high-throughput (HT) screening devices such as the Ambr crossflow
(Sartorius, Göttingen, Germany) facilitate this effort, as shown by Pagallies for an orf
virus clarification [152]. Filter properties, as well as nuclease treatment and TOH, are
significant factors influencing the recovery of the clarification step. After HT screening
and optimization, a recovery of up to 80% was reached for a combination of two PP filters,
while turbidity was reduced to a third of the initial level. Additionally, a prior nuclease
step improved recovery, presumably due to the breakdown of DNA-VP complexes, as
discussed in Section 4.4. Other reports showed a similar breakdown effect by the addition
of salt [129] or the introduction of a homogenization step [192], whereas the latter led to
increased impurity content in the filtrate.

6.1.2. NFF for Sterile Filtration

Conventional final filtration in biopharmaceutical processes consists of a sterile filtra-
tion step to fulfill regulatory requirements to deplete potential bacterial contaminations.
The same microfiltration step of 0.22 µm has been applied for various env. VPs, though,
in general, high product losses were reported for PES and PVDF membranes [189]. Trans-
figuracion et al. screened filter membranes and the influence of buffer matrix for the final
filtration of BV particles [193]. Unspecific binding was presumed to reduce recovery to
approx. 20% for a PES membrane. The addition of salt did not increase recoveries, in
contrast to the well working improvement by salt addition for the prior SEC step. The
tested polysulfone (PS) membrane yielded a maximum inf. VP recovery of 79%. Again,
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salt addition did not improve recovery but led to VP inactivation [193]. In another screen-
ing by Shoaebargh et al., the influence of filter material morphologies was tested for the
filtration of VSV particles [184]. Total particle recoveries were generally low (<25%), and
no correlation to membrane morphologies or the incorporation of pre-filters could be taken.
However, utilization of two-layered filters delayed transmembrane pressure (TMP) increase
and aided the filterability. This was attributed to filter blockage by VP aggregates [184], in
line with the findings of a recent study for a vaccine VP [194]. On the contrary, Fernandes
et al. had no issue with the final filtration of VSV particles [154]. The sterile filtration
utilizing a PES membrane achieved full reported recovery of inf. VPs. It is unclear whether
the differences arose from different VP formulations or the higher purification state in
the study by Fernandes [154]. Considering protein impurities, Wright et al. observed the
impact of residual hcPs in accelerating membrane fouling. An effect of hcP resulting in
filter blockage or the mediation of VP attachment to the membrane was presumed [189].
However, as the last step in the purification step, hcP levels should be sufficiently low to
prevent these effects.

Larger env. VPs such as poxvirus and vaccinia viruses exceed the exclusion limit
of 0.22 µm sterile filters. Larger filter pore sizes such as 0.45 µm or 0.65 µm have lower
bacterial retention capacity, and their application, if utilized, must be justified. As stated
in regulatory guidelines [195], an aseptic process may become necessary, but this requires
much higher technical efforts.

Sterile filtration of VPs is a crucial step that can limit overall process recoveries tremen-
dously. The step performance is impacted by variabilities in the purification process.
Screening for the optimal membrane material for filtration of VPs in its formulation must
be performed, and the amount of VP aggregation before and after filtration, as well as the
influence of residual proteins, should be controlled.

6.2. Tangential Flow Filtration (TFF)

TFF is an essential technique in the bioprocessing of env. VPs. It operates by allowing
a feed solution to flow tangentially across a selective membrane, reducing the build-up of
solids on the filter and prolonging the operational life of the filter medium. For harvest
clarification, VPs are filtered out in the permeate while the cell culture and large debris
remain in the retentate. This can be implemented in a perfusion culture setup as well as a
batch setup. The main application of TFF is the retention of VPs enabling concentration
and buffer exchange. It is readily scalable, rendering it very interesting for industrial
applications [196].

TFF applications have been shown to successfully concentrate shear-sensitive measles
VPs using the lowest possible TMP [187]. Depending on the application and feed properties,
higher flow rates in the retentate loop may be required to reduce membrane fouling and
speed up processing times. Peristaltic pumps, commonly used for TFF systems, have been
correlated with reduced recoveries of VPs [38,196] and attributed with increased shear
rates [197]. ATF utilizing diaphragm pumps as well as centrifugal pumps designed for low
shear rates have been shown to prevent membrane fouling as well as improving recovery
for shear-sensitive particles [197]. It is worth noting that specific glycoproteins on the
envelope of VPs can increase viral stability, as shown for HIV VLPs [90]. As discussed
in Section 2.2.2, env. VPs can be engineered for stability by design to sustain mechanical
forces during the purification process.

Hollow fibers and flat sheet cassettes are commonly used for env. VPs or VLPs [187,
198,199], although no comparative study between these devices was identified at this time.
Differences in surface area per volume, flow distribution, scalability, and ease of use are
apparent and need to be evaluated for the specific use case. Nonetheless, hollow fibers are
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presumed to induce less shearing due to larger internal channels [200]. Performance and
recovery of inf. VPs seem to be largely dependent on filter material and pore sizes and less
dependent on the specific device used.

6.2.1. TFF for Clarification

TFF microfiltration can be used to prevent early membrane fouling in clarification
without increasing membrane area or filtration steps. For example, in the production of HIV
VLPs, a TFF microfiltration step using a 0.45 µm filter was used for clarification prior to a
second TFF UF step with a 500 kDa cutoff membrane [199]. An overview of the advantages
and disadvantages of filtration methods is provided by Besnard et al. [159]. Generally, TFF
is more laborious compared to NFF and is only beneficial for high volumetric feeds. Thus,
it is mainly used for lab-scale harvest if a continuous or repeated harvest is developed,
see Section 4.1. At large scale, TFF applications have not been reported for clarification
purposes, although filtration modules for scale-up are commercially available for pore sizes
0.1 µm and larger. The effect of shear stress in TFF systems for VPs during the processing
of large volumes must be considered, although this may be controlled with an optimized
flow rate.

6.2.2. TFF for Buffer Exchange and Concentration

TFF is primarily applied as UF/DF. It is a useful method for processing feed concentra-
tion and buffer exchange, for example, at the end of a production process for formulation
and adjusting the VP concentration to reach specified titer ranges. For env. VPs or VLPs
particle recovery rates of up to 100% have been reported [198]. However, the impact on
replication-competent VPs has not been evaluated in many studies. Fernandes et al. used a
hollow fiber setup for UF/DF of VSV particles. After 6 times DF and 4 times concentration,
the authors reached an inf. VP recovery of about 50%. No impact of shearing was observed
as an increase in flow rate achieved similar inf. VP recoveries but rounded, non-native
particles have been observed in transmission electron microscopy (TEM) analysis [154].
Another study reported the regular occurrence of such rounded particles in VSV biopro-
cessing [83]. Loewe et al. screened different TFF membranes for their UF/DF application
for measles VPs [187]. They reported no impact of filter material on retention of VPs and
that a 15-times concentration could be achieved for three different membranes; however,
no inf. VP recovery values were reported.

6.3. Filtration Summary

Filtration is essential in VP bioprocessing for clarification, concentration, buffer ex-
change, and, in the case of small VPs, sterile filtration. However, infectivity loss and also
membrane fouling are challenges to be addressed with enveloped VPs. Optimization of a
filtration step is crucial but may require extensive screening of filter materials (e.g., PVDF,
PES, PP). Charged membranes and filter aids are generally unsuitable despite some success
with DE for lentivirus clarification.

Filter design and flow patterns significantly impact VP recovery, while material se-
lection becomes especially important in later, more purified stages to minimize unspecific
adsorption. NFF is favored for clarification, and filter trains starting with coarse filters
are especially useful when the feed is crude harvest. TFF is suitable for concentration and
buffer exchange, though some pumps (e.g., peristaltic) and a non-optimized setup can
damage shear-sensitive VPs. Sterile filtration is not always possible for the bioprocessing
of larger VPs, necessitating aseptic conditions for the entire process.

Optimizing filtration of enveloped VPs demands extensive screening of materials,
devices, and parameters to address binding, fouling, and product loss. Tailored strate-
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gies are essential for effective clarification, robust and high VP recovery, and a sterile
drug substance.

7. Chromatography Methods
Chromatography is a conventional purification method widely used for VPs. SEC, as

well as ligand-based modalities such as IEX and HIC, are commonly used. Moreover, spe-
cific affinity ligands were recently developed for VP application. Stationary supports that
facilitate high mass transfer and high flow rate are especially beneficial for VP purification.
The impact and suitability of relevant modalities and stationary phases are discussed in the
next subsections, together with the evaluation of relevant published studies. Chromatog-
raphy in bind-and-elute (B&E) mode is favored as an initial capture step to process large
volumes with typically low VP concentrations at the harvest stage. Chromatography in
FT mode is designed to retain impurities and is thus typically used as a polishing step to
deplete residual impurities.

7.1. Chromatographic Modalities
7.1.1. Ion Exchange Chromatography (IEX)

IEX might be used as capture for VP purification in B&E-mode after a clarification
step as well as a polishing step to further deplete impurities. It operates based on charge,
which is dependent on the isoelectric point (IEP) and surrounding pH. The IEP of env.
VPs is not easily predictable due to the high variability of envelope lipid and glycoprotein
composition. Published experimentally determined IEPs for env. VPs are rare, and multiple
literature values might not match due to a high dependency on the upstream [201].

Env. VPs carry an overall negative charge at neutral pH, which points to the use of
anion-exchange chromatography (AEX). Several publications show the successful applica-
tion of AEX chromatography with infectious step recoveries of up to 86%, including NDV
and influenza on AEX monoliths [19,202] and VSV pseudovirus on an AEX membrane [154].
However, the net charge itself is not sufficient to determine suitable process conditions for
the IEX step. Measles VPs have been shown to form such a strong electrostatic binding to
AEX resins that it is not possible to recover infectious VPs [45,203]. Instead, a CEX column
was utilized by Eckhardt et al., indicating sufficient positive patches for binding on the VPs.
Additionally, Gautam et al. used a CEX membrane adsorber for the purification of VSV
particles [162].

Impurity content and properties, as well as VP properties, are cell culture-dependent
and variable [158,163], and thus challenge the robustness of an IEX step and its suitability
as a platform process step. Impurities carrying similar charge properties are co-purified
and reduce the binding capacity for VPs. Multi-point binding of VPs, further discussed in
Section 7.1.5, is established through ligands conjugated on linker polymers, as in tentacle
resins. This increases binding strength to the resin and sets it further apart from weakly
bound smaller impurities. By modulating the salt concentration during loading, ‘interfer-
ence chromatography’ [204] aims to exploit the ‘sweet spot’ in which VPs bind, but smaller
impurities with fewer surface charges do not. This method is presumed to be especially
successful for high ligand-density IEX adsorbers and increases binding capacity as well
as separation performance. Fernandes et al. showcased the beneficial utilization of citrate
for the purification of VSV particles on an AEX column, increasing the dynamic binding
capacity (DBC) and purification performance [154].

IEX chromatography performance depends on loading parameters such as pH and
salt concentration. The capture of VPs directly from clarified harvest without adjustments
requires a robust unit operation that can withstand expected feed variabilities. Rogerson
et al. used a HeLa cell culture to produce NDV VPs and evaluated the influence of pH and
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conductivity for the AEX capture step [19]. In the range of pH 7 to 7.6 and loading conduc-
tivity of 8 to 17 mS/cm, their robustness study showed a constant recovery of infectious
particles of 25% to 33% and an impurity reduction of above 53% for hcDNA and 89% for
hcP was reached. However, in an upscaled application, an inf. VP recovery of 37% with a
StD of 14% (incl. assay variability, n = 5) was realized. Harvest composition variabilities
due to the upstream were assumed to be responsible for the increased variability.

IEX for the polishing step in FT mode can be performed after a concentration step. The
stationary phase is functionalized ideally with ligands only accessible to small impurities.
Restricted access media (RAM) is specifically designed for this application and discussed
in Section 7.2.7, including polishing chromatography.

7.1.2. Affinity Chromatography

Affinity chromatography is the preferred capture method in biopharmaceutical pro-
cesses due to its high specificity and, therefore, high purification capability. As a prerequi-
site, a suitable ligand/target combination must be identified while considering purification
capabilities and economic factors. Currently, applications of affinity chromatography meth-
ods are found mainly for vaccines and VLPs, for which Lothert et al. give an extensive
overview [205]. Transferable knowledge for this technique to replication-competent env.
VPs is summarized here, together with the evaluation of relevant published studies.

Heparan sulfate on cell surfaces assists in the attachment of VPs. The specific affinity
of VPs to heparan sulfate and its analog heparin have been exploited in affinity columns
for the capture of VPs. Nasimuzzaman et al. showed a strong binding of BV particles to
a heparin column, which requires high salt concentrations for virus elution [206]. Due to
an immediate stabilization by dilution of eluted particles, inf. VP recoveries of up to 85%
were reached [206]. Due to the animal origin of heparan sulfate and heparin and the high
costs for recombinant alternatives, heparin-mimicking sulfated polysaccharides have been
developed. Sulfated cellulose and dextran have been successfully utilized for enveloped
virus vaccines such as MVA [207] and influenza [208] but showed only very low inf. VP
recovery for measles VPs in comparison to a heparin purification [155].

The development of new ligand/target combinations for env. VPs is an ongoing
process. Engineering VPs to include targets on the surface, such as biotin-mimicking tags
to bind to streptavidin [209] or histidine tags for metal affinity [210], were successfully
implemented for enveloped VLPs and vaccines but come with limitations for applicability
for replication-competent viruses. The impact of such tags on replication cycles and in vivo
effects is unknown, and leachable metal ions lead to virus inactivation [211].

More recent studies applied in silico modeling and experimental screening setups to
identify ligands with high specificity. For instance, LVs with VSV-G glycoprotein were
successfully targeted [160]. Promising results were reported in other studies that used
phage display for LV particles [212] and coronavirus purification [213]. However, the trans-
ferability of customized ligands to capture replication-competent VPs remains outstanding.
The advantages of high specificity must be balanced with the high development efforts
required, and this strategy may only be beneficial for widely used virus platforms with
conserved glycoproteins. The question of cost/benefit, column production cost, reliability
in supply and quality, and column reusability for potentially expensive ligands remains.

7.1.3. Hydrophobic Interaction Chromatography (HIC)

HIC has been successfully used as a capture step in the purification of env. VPs. Sviben
et al. showed infectious recoveries for mumps and measles VPs of over 60% [45]. High titers
could be achieved while hcDNA was depleted. For vaccinia particles, an inf. VP recovery of
above 50% was reached, while hcDNA was reduced by 99% [158]. In both studies, hcDNA
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was depleted without prior nuclease treatment. However, when HIC was applied as a
polishing step for MVA, it was not sufficient to deplete the residual hcDNA after an affinity
capture step [214]. It is noteworthy that only double-stranded nucleic acids flow through
the resin due to their hydrophobic patches being shielded by the double structure, unlike
single-stranded nucleic acids, in which hydrophobic patches are exposed [215].

There are some notable disadvantages to HIC. A high salt concentration is required
for the binding of particles. Ammonium sulfate is typically used for the binding of VPs,
but at high concentrations, it has been found to precipitate and inactivate VPs [45,158,216].
Vicente et al. substituted ammonium sulfate with NaCl to prevent aggregation and resolve
filterability issues of vaccinia VPs. The impact of salt concentration on the flowthrough of
hcDNA was found to be minimal [158,214]. In all applications, a balance between the salt
concentration required for VP binding and the detrimental effect on the viral integrity must
be determined. HIC is, thus, best-suitable for VPs with a high salt tolerance.

7.1.4. Steric Exclusion Chromatography (SXC)

SXC has emerged as a promising technique for the purification of VPs, leveraging
specific properties of polyethylene glycol (PEG). The method is based on steric exclusion
effects, where PEG molecules induce a crowding effect that facilitates the capture of large
targets on a hydrophilic stationary phase without direct binding [217]. SXC is particularly
advantageous for the purification of large, labile biomolecules due to its gentle nature and
the absence of direct chemical interactions, which helps maintain the structural integrity of
sensitive viral components [218]. Furthermore, the addition of PEG to the load material is
presumed to shield VPs from shear stress [219]. The application of SXC for env. VP purifi-
cation has been shown in various studies, the majority being vaccine or VLP applications,
including BV [220], influenza [221], Hepatitis C [222], and LV [219].

Two studies are available that capture replication-competent orf VPs using SXC,
achieving inf. VP recoveries of 85% [15] and over 90% [70]. Protein depletion is efficient,
with over 98% protein reduction in both studies. For hcDNA reduction, a prior nuclease
step was used to increase its size difference to VP, and thereby reductions of about 80%
were achieved. Even though the inf. VP recovery was much higher for SXC compared
to SC purification, the eluted concentration of orf was in the range of 106 IU/mL, and
thus three log-steps lower compared to SC [15]. Eilts et al. analyzed the VP quality after
SXC and observed a monodisperse size distribution of VPs and minimal morphological
changes in TEM, indicating a good VP quality [15]. Lothert et al. further evaluated the
method for two different virus genotypes. Pressure issues arose for one genotype during
loading, presumably due to the genotype’s surface properties and resulting aggregation of
VPs. In a low-loading setup (<DBC10%) of SXC, similar performances for both genotypes
were observed, showing the method’s robustness for virus strain variations. No relevant
aggregation levels were observed after SXC purification [70]. However, both studies
presumed residual PEG molecules after the process despite a second purification step. PEG
removal and monitoring after the SXC step is not yet sufficiently reported and poses a
safety concern due to the rare prevalence of PEG allergies [218].

SXC purification performance and DBC, as well as the extent of VP aggregation and
resulting pressure increases, are dependent on process parameters. PEG concentration and
molecule size and the feed matrix in terms of buffer composition can be optimized. High
recoveries were shown to be achievable for different viral strains, whereas the infectious
recoveries for labile VPs such as influenza and measles are still to be evaluated. Additionally,
PEG is introduced at high levels, which must be treated as a process impurity at subsequent
purification stages. Additionally, as the collection of VPs on the initial membrane surface
leads to pressure issues and potentially reduced binding capacities, there remain challenges
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in membrane design that must be addressed to facilitate the scaling-up of this method to
production scale [223].

7.1.5. Surface Functionalization

The manner in which ligands are presented influences both their ability to bind
(binding capacity) and the strength of their interactions (binding strength). Polymers can be
grafted on a stationary support to act as ligand linkers, extending the reach of ligands and
increasing the overall ligand density. These flexible linker polymers are termed tentacles. A
multi-point binding principle is assumed to be facilitated through the flexibility of linker
polymers and increased ligand density. The multiple binding points increase the overall
binding strength and make the interaction robust in the case of IEX against changes in salt
concentrations. Increased salt concentrations in the feed prevent the binding of impurities
to the column, increasing the separation efficiency and capacity for VPs [204,224]. Eckhardt
et al. showcased the higher performance of Eshmuno CPX (Merck, Darmstadt, Germany),
a bead-based resin using linker polymers, in a screening of IEX bead-based resins for the
purification of measles VPs [203]. Aguilar et al. showed the sufficient binding of enveloped
VLPs on the exterior surface of linker polymer bead resin [225]. Moreover, the use of linker
polymer resins is also highlighted in the literature for their efficacy in viral clearance [226].

On the contrary, reports also show that ligands at high density can result in a binding
strength that negatively impacts the recovery and infectivity of VPs. Turnbull et al. showed
a time- and ligand-density-dependent yield reduction of non-env. VPs for ligands directly
grafted on an AEX fiber resin [227]. A high ligand density in combination with an increased
polymer layer thickness was also shown to reduce the infectivity of eluted env. VPs and
lead to co-purification of impurities [224,228]. Pamenter et al. observed time-dependent
two-step adsorption of LV particles on a strong AEX membrane adsorber [229]. The
authors hypothesized a conformational change as the second binding step, resulting in a
strong multi-point binding. Strongly bound VPs could only be eluted during the cleaning-
in-place (CIP) step. A kinetic approximation resulted in a halving time for the second
step of approximately 15 min. A more rigid VP is presumed to withstand the induced
conformational change [229].

In ligand density screenings for enveloped and non-env. VPs, the lowest tested density
yielded the highest recovered infectious titers [224,228]. Low ligand densities and a shallow
polymer layer also reduce ligands that are accessible only to smaller impurities and, thus,
decrease the co-purification of such, as observed by Vicente et al. [228].

Parameters such as polymer layer thickness, polymer density, and ligand density
remain to be optimized specific to each VP application. This is not feasible within a virus
process development. Moreover, customized stationary phases carry a high cost for later
upscaling. It is also worth noting that grafted polymer layers reduce the pore or channel
diameters, which might result in increased backpressure during loading, prolonging the
processing time.

7.1.6. Size Exclusion Chromatography (SEC)

Preparative SEC can be used to separate VPs from smaller, soluble impurities. SEC
resins exclude VPs from the resin pores while impurities can enter, resulting in VPs eluting
in the void volume and impurities at later fractions. However, it cannot effectively separate
impurities near the size of VPs. A buffer exchange can be implemented, which makes this
step suitable for polishing. As low flow rates and low feed volumes are required for SEC, a
prior concentration step might be needed. SEC steps are characterized by low productivity,
lack of scalability, and inevitable dilution [230].
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The exclusion of the large VPs, and thus, good separation from impurities, facilitated
an overloading of BV particles on a Sepharose SEC column (Cytiva, Marlborough, MT, USA)
with still good purification performance [193]. With this approach, the low productivity
of SEC was improved by Transfiguracion et al. The SEC nonetheless took 85 min using a
69 mL column and achieved a step recovery of 73% total particles and 64% inf. VPs [193].
Kröber et al. addressed the low productivity of SEC columns by utilizing a simulated
moving bed (SMB) approach and coupling multiple columns in a continuous process for
the purification of influenza particles [231]. The authors achieved a maximum productivity
increase of factor 3.8; however, a scale-up would require longer processing times, thus
reducing productivity [231]. An early publication for the purification of coronavirus
particles reported superior capabilities of SEC purification compared to overnight SC
purification [216]. However, no time benefit was achieved by the utilization of the 466 mL
column requiring over 7.5 h for one column exchange.

One advantage of SEC is its ability to facilitate buffer exchange and desalting. This
feature allows the use of a favorable buffer environment, which ensures virus integrity
during the process. However, it is important to carefully select buffer conditions to prevent
any unspecific interactions of VPs which could negatively impact the purification as well
as the viral particle integrity. Transfiguracion et al. highlighted the importance of buffer
screening and optimization due to the fact that three out of four screened buffers had
an initial infectious recovery of below 10% for BV particles [193]. After buffer and salt
concentration optimization, a maximum of 97% infectious yield could be reached.

SEC has been observed to exert shear stress on large molecules, a phenomenon that has
been particularly noted in polymers and HPLC applications [232]. A study for preparative
SEC purification reported significant activity reduction for a non-enveloped and inactivated
VP in the foot-and-mouth disease virus (FMDV) [233]. Shearing of VPs within pores has
been found to cause alterations in the secondary and tertiary peptide structures on the
surface of viruses. However, the negative impacts on VP stability and immunogenicity
could be overcome by stabilizing buffer components [233]. In the case of env. VPs, the
usually larger particle sizes exclude VPs from entering pores, thus reducing the observed
impact. The hydraulic diameter, a value characterizing the flow pattern in the column, has
been found to be inversely proportional to the shear rate. Larger resin beads and lower
flow rates thus reduce shearing [234].

7.2. Chromatographic Stationary Phases

Various conventional, as well as novel stationary phases have been applied for the
purification of virus particles. Illustrated schematics of subsequently discussed stationary
phases are shown in Figure 2.

7.2.1. Bead-Based Resins

Conventional chromatography resins typically used for antibody purification are based
on porous and functionalized beads. These beads have a highly porous internal volume
to increase the functionalized surface area. The internal bead volume is not accessible to
enveloped viruses due to steric hindrance based on their large size. Additionally, the low
diffusional movement of VPs leads to a high mass transfer resistance. Consequently, the
binding capacity of bead-based resins for large VPs is primarily dependent on the outer
surface area of the beads, which in turn is influenced by the size of the beads [235]. The
size of the beads also has a direct impact on backpressure and shear rates and, thus, the
applicable flow rate. Specifically, smaller beads result in an increased binding capacity,
but also increased backpressure. This necessitates a reduction in flow rate, rendering this
setup unsuitable for a capture step in B&E-mode in which high volumetric feeds need to be
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processed. In contrast, larger beads induce low shear rates and have a reduced binding
capacity of VPs while sustaining a high binding capacity for impurities. This makes bead-
based columns generally more suitable for polishing applications in FT mode instead of
B&E capture applications. Specifically optimized resins for VP polishing applications are
RAMs, which are discussed in Section 7.2.7.
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Figure 2. Illustrated schemes of chromatography stationary phases applied for the purification of
virus particles. Illustrations not to scale.

The application of VP binding on bead-based resins is explored in several publications.
In one study, Rogerson et al. conducted a screening of AEX resins, evaluating the DBC
specifically for NDV VPs of size 100 to 500 nm [19]. Their findings revealed a 10-fold
higher DBC when using a Poros AEX resin (Thermo Fisher Scientific, Waltham, MA, USA)
in comparison to other resin beads. The authors attributed the difference to the larger
pore structure of Poros resin. Poros resins are perfusion resins featuring a bimodal pore
size distribution of convective macropores and diffusional micropores. Macropores were
examined to be in the size range of 100 to 500 nm by Wu et al. [236]. Contractionary to
Rogerson et al., Wu et al. observed that human papillomavirus (HPV) VLPs of 50 and
100 nm in size blocked the macropore structures at the surface of the Poros beads and, thus,
the internal bead structures were not accessible [236,237]. It is unknown if the observed
differences are attributed to different ligand chemistries or the differences in VP types.
Regardless of the contradiction, Rogerson et al. demonstrated an NDV concentration
ranging from 25- to 60-fold, alongside a 90% reduction in impurity proteins. Despite
the promising results with Poros resins, Rogerson’s research suggests that convective
chromatographic media, such as monoliths, may still offer superior performance. The
study reported DBCs up to 7 times higher using a monolith [19].

The use of chromatographic beads featuring tentacle resins, such as Eshmuno (Merck,
Darmstadt, Germany), has been highlighted in the literature for their efficacy in viral
clearance. This was demonstrated in a study by Aguilar et al. in which an enhancement
in specificity and binding capacity was observed [225]. This improvement is believed to
be due to an increased virus-accessible functionalized surface area on the bead’s exterior
and increased binding strength, as discussed in Section 7.1.5. This aligns with a screening
of CEX resins conducted by Eckhardt et al. [203] for the purification of oncolytic measles
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VPs. Despite the size of measles particles (100 to 300 nm) exceeding the pore size of the
beads (80 nm [238]), the Eshmuno CPX column still exhibited the best performance in
terms of recovery. A notable disparity between the DBC and the static binding capacity
(SBC) was observed by Eckhardt et al.; only 2.3% of the SBC could be realized in DBC
in regard to inf. VPs. The potential impact of shearing was considered, as higher flow
rates were observed to result in lower infectious particle recovery. In spite of that, the total
particle count, including inactivated VPs, was not determined, and thus, slow mass transfer
rates can be causative as well. However, the lab-scale experiments yielded an infectious
recovery of 81%, albeit with a 17% reduction in the infectious particle ratio. Significant
decreases in total protein and hcDNA were observed, with removal rates of 98% and 81%,
respectively [203].

Flow rate-related inactivation of env. VPs was observed by Ta et al. on a different AEX
tentacle resin, the Nuvia HP-Q (Bio-Rad, Hercules, CA, USA) [239]. In this case, shearing
was determined to result in the fragmentation of VPs and, thus, inactivation of influenza
VPs. A flow rate reduction improved inf. VP recovery to some extent; however, another
reduction did not recover further inf. VPs. A structural change due to strong binding was
assumed to be partially responsible for the virus inactivation [239]. Pamenter et al. provide
a mechanistic explanation for structural changes of env. VPs due to binding to strong AEX
on tentacles [229], which is discussed in Section 7.1.5.

7.2.2. Membrane Adsorber

Membrane chromatography features convective channels through the membrane
stationary support with the benefit of low backpressure and high flow rates during loading.
These attributes are ideal for early high-volumetric purification stages. The fast mass
transfer in convective channels without diffusional limitations ensures constant DBCs over
a wide range of flow rates. Membranes with additional diffusional pores are available, but
due to the size and diffusional limitations of VPs, these membranes are more suited for
polishing VPs in FT mode.

The adsorber membrane is manufactured as a flat sheet and is then packed in a
suitable housing to provide an inlet and outlet stream, as well as an ideally even flow
distribution over the membrane area. The low ratio of bed height-to-frontal area, typical for
membranes, challenges device design to keep an even flow distribution over the membrane.
This is achieved through void volumes in the housing, which also facilitates unfavored
dispersion and local concentration of particles, thus resulting in early breakthrough and
low resolution [240]. Device designs used for lab-scale applications, stacked-disc devices, as
well as upscaled radial flow devices, were shown to have low resolution [241]. Lateral flow
devices, engineered specifically for large-scale applications, address these issues and, thus,
yield an overall better performance [241]. Still, flow velocity heterogeneities that prevail
may induce shear stress on particles at high flow rates [242]. The membrane adsorber resin
itself has good linear scalability, but the different scale performances need to be considered.
With the development of mechanistic models, the effects of hydrodynamic dispersion can
be decoupled from particle/membrane interaction and can, thus, support scale-up, even
across different device designs [243].

A grafted polymer layer on adsorbers can increase the binding capacity for VPs and
impurities as well as inactivate VPs, as discussed in Section 7.1.5. Gautam et al. used a
CEX membrane adsorber including a grafted polymer for VSV purification [162]. Sufficient
impurity reduction for in vivo studies was reached by the membrane adsorber with an
hcP dose level of approx. 40 ng/109 TCID50. No deformation of particles was observed in
TEM analysis, and in vivo studies showed no difference in comparison to a clinical grade
process. The question remains if an optimized grafted polymer layer can further reduce the
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level of co-purified hcPs. Gautam et al. reached a high concentration factor for VPs using
the membrane adsorber; however, presumably due to stringent cutting criteria and low
peak resolution, the recovery of infectious particles in the elution fraction was only 30%.
Furthermore, a six-times dilution had to be introduced to reduce the salt concentration
that was required for the CEX elution [162]. Fernandes et al. evaluated two membrane
adsorbers with grafted polymer layers (Sartobind Q, Sartorius, Goettingen, Germany and
Mustang Q, Cytiva, Marlborough, MT, USA) in an IEX capture chromatography screening
for a VSV pseudovirus purification [154]. Initial screening showed higher performance
of these membrane adsorbers compared to the bead-based column in terms of inf. VP
recovery and impurity reduction. The use of citrate in the feed improved impurity removal
and increased binding capacity for VPs on the membrane. In the final process, an inf. VP
step recovery of 80% could be reached and inf. VPs were enriched compared to non-inf.
VPs. No significant impact on the oncolytic potency was observed [154]. A TEM analysis
showed native bullet-shaped particles as well as round-shaped particles, which has also
been reported elsewhere as a processing outcome for VSV particles [83].

The continuous application of membrane adsorbers in a periodic countercurrent chro-
matography (PCC) setup efficiently uses high flow rates due to low column backpressure
while overcoming the limitations of low binding capacity. Due to convective channels, the
mass transfer is high, and binding kinetics are relatively independent of flow rates [244]. In
a PCC setup, the FT and/or the wash of one column is fed into the next column, achieving
a higher loading density on the first column, while unbound VPs bind on the next column.
Periodic change of columns achieves a continuous, near-maximal loading and elution of
highly concentrated VPs while reducing the required membrane area. The outcome is an
increased productivity per membrane area as well as a robustness increase. Matos et al.
showcased the application of PCC for the purification of a defective herpesvirus using four
membrane units [245]. The challenge in this purification step, namely the low binding
strength of VPs and, thus, virus loss during washing was overcome by the post-wash
load of the PCC application. A constant yield of over 80% was achieved compared to
the variable recovery of 65 to 80% in the batch process [245]. Fortuna et al. applied a
pseudo-affinity PCC consisting of 3 membrane units for the purification of inactivated
influenza particles and reached a 2.3-fold increase in productivity compared to batch due
to efficient utilization of binding capacity [246]. Both examples dealt with the purification
of replication-incompetent env. VPs. Applications for replication-competent have only
been reported for non-membrane chromatographic systems and non-env. VP [247,248].
It remains to be shown if the continuous PCC approach is also beneficial for replication-
competent env. VPs that are more labile and sensitive to environmental stress. PCC systems
incorporate a complex fluid stream with more pumps, valves, and flow rate changes, in-
ducing an increased amount of shear stress on particles. Furthermore, PAT sensors in the
ATMP field are lacking but are required for dynamic control of PCC and, thus, robust
application [245]. While current development is still early, continuous membrane-based
PCC systems have the potential to reduce manufacturing costs at a large scale [245].

7.2.3. Monolith Resins

Monoliths share similar properties and advantages over bead-based resins as the
membranes discussed earlier. Monoliths are also comprised of convective channels, elim-
inating diffusional limitations and ensuring a high mass transfer and low backpressure.
The difference lies in the polymerization of the resin, which, in the case of the monolith,
occurs directly in its final shape—most commonly a hollow cylinder. Thus, no packing or
stacking irregularities are observed in monoliths [240,249]. The scalability of monoliths
is made possible through the availability of distinct column sizes over a large range of
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volumes. It is worth noting that monoliths of different base materials exist. In the case of
env. VP purification, usually polymeric-based monoliths comprised of channel sizes in the
micrometer range are utilized. Silica-based monoliths are available as well; however, they
are comprised of additional diffusional pores, which are inaccessible for VPs and are, thus,
not suitable [250].

Due to the convective channels, high mass transfer, and low backpressures, monoliths
can be loaded with high flow rates without compromising on DBC, as shown for NDV [19]
and influenza VPs [202]. However, the binding kinetic itself might be flow rate limiting,
as Gerster et al. reported for the purification of BV particles [163]. This limitation is
independent of resin type and has also been reported for membrane adsorbers [207,251].
For column screenings at a small scale and analytics, axial flow disks are utilized, which
can be stacked in an appropriate housing to achieve a flexible column volume. Dispersion
effects have been observed due to a certain heterogeneity of pore sizes, leading to flow
variances within the resin, thus reducing resolution [252]. A radial flow design is used
for larger scales. To control the polymerization temperature and, thus, channel sizes of
monoliths, the resin geometry is limited in its thickness. Thus, a tubular design with radial
flow is used for lab-scale as well as production-scale applications [253]. Due to the required
flow distribution for radial flow, the void volume in the device is increased, leading to an
additional dispersion factor [254].

Monolith resins are available with different channel sizes, which influences the sepa-
ration performance and flow properties. Larger channels reduce backpressure, and thus,
a higher flow rate can be used, which is beneficial for high-volumetric feeds. However,
larger channels also reduce the binding capacity due to a less available surface area. Small
channels might not be suitable for the purification of large env. VPs, even though the
particle size is smaller than the channel diameter. This was observed for mumps VPs using
an immunoaffinity monolith [255], mumps and measles VPs using a HIC monolith [45],
and NDV on an AEX monolith [19]. In all cases, no flowthrough and low elution of particles
were observed for the lower channel size (1.3 µm), whereas larger channel sizes (2 µm or 6
µm) achieved sufficient recovery of inf. VPs. Sviben et al. assumed convective entrapment
or increased shear stress for smaller channels to be the cause [45].

Convective entrapment has been shown to reduce recoveries of various VPs as well
plasmids in monoliths for small as well as for larger channels [256–259]. The flow-rate-
dependent entrapment in narrowing funnels might be facilitated due to the alternation
of narrow and large channel sizes, a structure leading to velocity heterogeneity within
the monolith [260]. High flow rates [256,259] and small channel sizes [257] promote
entrapment. Low flow rates are impractical in the capture step for VPs where usually
a high volumetric feed must be processed. Thus, some extent of entrapment cannot be
prevented but should be considered in designing CIP steps to prevent carryover and fouling
if monoliths are reused.

Fouling of channels and, ultimately, channel blocking, can also occur for feed material
containing high amounts of lipids, as shown for an OH monolith by Burden et al. using
a feed derived from a yeast culture [261]. Lipid molecules also compete for binding sites
and thus reduce binding capacity if not depleted beforehand. Gerster et al. describe a
presumed lipid fouling of an AEX monolith resin leading to reduced recoveries of BV
particles [163]. Negatively charged phospholipid fragments become tightly bound to the
ligands and capture VPs through membrane fusion. The strong interaction leads to an
irreversible capture and reduces recoveries as well as binding capacity. The utilization of an
epoxy pre-column column to deplete phospholipid fragments improved the performance
of the subsequent AEX monolith (97% VP recovery in all elution fractions compared to
77.6% without a pre-column). An AEX-based purification method for NDV particles was
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developed by Rogerson et al. [19], showing a factor of 5 to 65 higher DBC compared to
bead-based resins. Interestingly, the breakthrough signal surpassed the feed signal in
the chromatogram, presumably due to the displacement of retained particles when the
monolith is overloaded.

7.2.4. Monolith-like Particles (MLP)

A novel class of bead-based resins are cellulose-based monolith-like particles that
comprise large internal pore structures accessible to large biomolecules. Kadoi et al. poly-
merized spherical beads of approx. 90 µm in an oil/water emulsion having internal pores
of 3 µm mode size [262]. The authors modified the beads for mechanical stability and
functionalized them using dextran sulfate as a pseudo-affinity ligand. For inactivated
influenza particles, these MLPs showed an HA activity recovery rate of 69% compared to
commercially available bead-based pseudo-affinity resins with 35% and lower. Impurity
reduction levels were comparable across all resins, while determined DBC was highest
for the MLP resin. The handling and scalability of MLPs are comparable to conventional
bead-based columns, while the functional properties are more like monoliths. Kadoi
et al. showed low backpressure while using high flow rates; however, the question of
flow-rate-dependent DBC was not addressed. Large particles are slow in diffusion, thus
long diffusional paths into beads require long residence times of particles in the column.
Furthermore, the suitability of the MLP approach was shown only for inactivated particles
up to 100 nm [262].

7.2.5. Cryogels

Cryogels, structurally akin to monoliths, are characterized by a flexible and sponge-
like structure. Their manufacturing process, known as cryopolymerization, leverages a
frozen phase to instill porosity within the resin [263]. Compared to monoliths, cryogels
consist of significantly wider convective channels, ensuring even lower backpressures
but also reduced capacities. Additionally, their elasticity can lead to compression of
the structure at higher flow rates and, thus, a sudden increase in backpressure [264].
Despite this, cryogels might allow the direct purification of cell cultures without the need
for clarification [264]. In addition, the use of acrylamide monomers for polymerization
enables inherent hydrophilicity of the resin surface and thus prevents unspecific adsorption
of proteins.

The use of cryogels for affinity chromatography of LV particles was previously de-
scribed; however, difficulties were reported [264–266]. A limitation of cryogels is their low
binding capacity due to the wide channels. Compared to a monolith, cryogels were shown
to exhibit an overall lower performance [265]. Streptavidin-coated cryogels were success-
fully used to bind biotinylated LVs; however, the particles cannot be eluted [266]. Grafted
polymer layers have been added to improve the binding capacities of cryogels, and benefi-
cial use could be shown for protein purification [267]; however, published applications for
VPs could not be found.

The application of cryogels might be beneficial if non-clarified harvest can be directly
purified; however, properties such as capacity, specificity, and mechanical stability to ensure
fast processing of high volumetric feeds are a prerequisite.

7.2.6. Fibers

Functionalized fibers assembled as a non-woven fabric membrane have been de-
veloped to achieve scalable, convective-driven chromatography devices with fast mass
transfers [268]. For instance, cellulose-based nanofiber adsorbers with channels of around
2–3 µm enable the application for large biomolecules such as VPs. Ruscic et al. used
AEX-functionalized RC fibers for the purification of LVs and achieved up to 90% recovery
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of transduction-active particles [269]. No impact of the nanofiber chromatography step on
functional as well as structural viral integrity was observed as evaluated by FT runs and
extensive analytical assays such as TEM. The high concentration factor and the possibility
to use high flow rates (100 CV/min) rendered it an ideal method for the initial high vol-
umetric reduction step. A 2-log hcP reduction was reached, while hcDNA could not be
reduced without nuclease treatment [269]. Using cellulose-based fibers as well, Turnbull
et al. evaluated the influence of AEX ligand density and residence time on the infectious
recovery of adenoviruses [227]. As discussed in Section 7.1.5, a negative impact of high
ligand densities and, thus, reduced recoveries was observed.

7.2.7. Restricted-Access-Media (RAM)

RAM are bead-based resins that feature a functionalized core shielded by a porous
layer, thus restricting access to large particles. It is used as a polishing step in FT mode for
the removal of small impurities that diffuse through the pores and bind to the core while
VPs flow through the resin [270]. RAM can be used irrespective of differences introduced
in the genotype of viruses as long as unspecific binding is not introduced, as shown for
two orf virus subtypes [70].

Various materials, shell pore sizes, and ligand functionalities are available, 12 of which
were challenged by Lothert et al. with clarified harvest containing high impurity levels for
an orf purification screening [161]. The authors showed generally similar behavior for the
columns, with infectious recoveries in the range of 42% to 87%. Some columns showed a
higher capacity for impurity removal; however, these were columns at the lower end of inf.
VP recoveries. The choice of RAM depends largely on the feed composition. Shear stress,
on-column inactivation, or accessibility of HIC ligands were discussed but not further
investigated. Overall, all columns showed low reusability, as impurity reduction worsened
after each subsequent cycle, even though thorough CIP steps were applied. In two other
studies, Lothert et al. used the CaptoCore700 (CC700, Cytiva, Marlborough, MT, USA) for
polishing of orf virus and achieved inf. VP step recoveries of 90% and over 95% [70,271].
The CC700 outperformed other resin and ligand types in terms of recovery and hcDNA
depletion [271], while viral integrity remained unimpaired [70].

The application of CC700 as the first chromatographic step before concentration,
contrary to its intended use, is reported by Steppert et al. for the purification of measles
VPs [67]. The authors loaded clarified harvest directly on the CC700 and yielded an
inf. VP recovery of 61%, which was higher than compared to B&E-mode resins. High
impurity binding capacities of the CC700 were observed. A scale-up for 8.9 L clarified and
nuclease-treated harvest material was processed on a 190 mL column with 4 min column
residence time and resulted in near complete inf. VP recovery. However, RAM columns
dilute the load instead of concentrating, so a subsequent UF/DF-step for concentration was
applied [67].

7.3. Chromatography Summary

Conventional chromatography concepts, such as IEX and SEC, have been successfully
applied for env. VPs, and new methods such as SXC are being developed and tested for
further process improvements. Especially with affinity chromatography, more development
can be expected as the field of viral therapeutics continuous to grow and establishes itself
amongst biopharmaceuticals. Intelligent ligand design and novel surface functionalization
will improve and better modulate binding strength, and more research will be required to
fully understand such binding mechanics.

Additional to the conventional chromatographic stationary phases, novel stationary
phases are being developed. These are tailored to accommodate large VPs and high
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volumetric process streams. Overall, convective-driven stationary phases have prevailing
advantages due to the higher flow rate limits and increased mass transfer rates.

As different viruses most likely differ in key properties influencing binding behavior
and process knowledge is unfortunately limited, screening experiments are essential to
ascertain the optimal chromatography modalities for each process step.

8. Further VP Purification Techniques
8.1. Flocculation

Alternative purification methods have been explored or transferred from other fields
for the purification of env. VPs in occasional studies. For instance, flocculation is conven-
tionally used for viral clearance, but promising results for purification applications have
been shown as well [272]. By the addition of high salt or osmolyte concentrations, VPs are
specifically flocculated, meaning aggregated. This leads to an even bigger size difference
of VPs compared to non-flocculated impurities, and the flocculated VPs are retained in a
subsequent filtration step. Diluting the filter retentate afterward reduces the flocculation
agent concentration and reverses the flocculation, thereby recovering inf. VPs. This concept
was used for enveloped Sindbis VPs, and realized as a three-step filtration process with the
initial purification step achieving recoveries of up to 96% [273]. Removal of large amounts
of protein was reported, but hcDNA co-aggregated with VPs and, thus, was co-purified.
The authors utilized mannitol as a flocculation agent which was shown to work also for a
non-enveloped virus, although with a lower recovery rate [273]. Hasan et al. reviewed the
utilization of osmolytes as excipients and flocculation agents for vaccine VPs [274]. The
authors highlighted the stabilizing effects of osmolytes, contrary to high salt concentrations,
and their use as adjuvants and concluded there might not be any need for removing these
agents after flocculation.

8.2. Aqueous Two-Phase (ATP) System

Aqueous two-phase (ATP) systems utilize two immiscible aqueous phases, each
characterized by distinct partition coefficients for VPs, hcDNA, and hcPs. This differential
partitioning facilitates the effective separation of target molecules from impurities. One of
the key features of ATP systems is the use of polymers, which can also aid in stabilizing
env. VPs. The gentle processing method avoids harsh conditions and minimizes unwanted
interactions with the VPs [275]. Various applications for enveloped VLPs or inactivated
env. VPs show general good recoveries and purification performances. The flexibility of
this system was shown in a continuous setup with the use of an in-line helical mixer and
separator, reaching nearly 100% recovery [276]. Optimization possibilities were shown with
different polymer chain lengths, e.g., PEG size [277] and osmolyte addition [278]. The only
reported application for the purification of infectious VPs was published by Kim et al. for
Hepatitis C VPs [279]. A PEG/Dextran system and subsequent low-speed centrifugation
for VP recovery was applied, yielding in an inf. VP recovery of 40%.

9. Formulation and Storage
For a safe and effective drug product, it is necessary to maintain high inf. VP titers

throughout long-term storage. Storage of VPs is typically in a dried state or at ultra-
low temperature. Functional integrity must be preserved through a stable structural
integrity, and causes of particle degradation must be eliminated. Physical and chemical
factors resulting in the degradation and loss of particles include freeze/thaw damage, pH
changes, surface adsorption, shear stress, oxidative denaturation, and thermal stress. Pan
et al. provide an extensive evaluation of these factors and describe formulation strategies
for VPs for preventing or at least minimizing their negative impacts [280]. Membrane
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proteins, exposed on the outside of env. VPs, are especially prone to degradation. Surface
glycoproteins such as spike proteins enable attachment to host cells and thus initiate the
viral replication cycle. Their functionality must be preserved, and the task of VP formulation
is thus similar to protein formulation.

At the end of a production process, env. VPs, and also other VPs, undergo buffer
exchange into the final formulation buffer. Direct addition of excipients may also be
required prior to a sterile filtration step. The formulation buffer composition depends
on the biophysical properties of the VPs, along with the desired storage conditions. In
addition, safe patient administration must be achieved. Although the mechanisms of
storage degradation processes and their prevention by excipients are understood to some
extent [280], a thorough screening of stabilizing agents is usually needed [281,282]. For
each VP in development, forced degradation studies are performed to define the space
for later formulation, including FT-cycle stability, pH and salt tolerability, temperature
and mechanical stability, and propensity for aggregation with test excipients [281,282].
Beyond that, formulation screenings involve stability studies at storage conditions and
accelerated storage conditions [281,282]. For instance, Homan et al. reviewed stability
studies of env. and non-env. VPs in liquid formulations which were stored at different
temperatures [283]. They found that lower temperatures correlated with longer functional
stability. It is noteworthy that the authors pointed out the importance of storing VPs below
the solution’s glass transition temperature (Tg), at which molecules’ and atoms’ severely
limited motion prevent degradation processes. Tg is estimated for VP solutions to be
between −35 ◦C and −60 ◦C. At temperatures of at least 50 ◦C below Tg, reached only
in liquid nitrogen tanks, almost infinite stability is reached. Homan et al. had access to
stability studies of seven different virus strains and developed a generalized stability model,
predicting long-term recovery losses. In these long-term stability studies, degradation
due to the freezing and thawing process is excluded from the results and evaluated in
specialized studies. An extrapolation over 10, 20, and 30 years of VP solution stored at
−70 ◦C predicted infectivity losses to be lower than 0.3, 0.5, and 0.7 log10, respectively [283].

9.1. Liquid Formulation

VPs stored in a liquid formulation for drug products require aliquoting into small-
volume containers and the subsequent freezing and storage at temperatures below
−70 ◦C [283]. The formulation is designed to maintain VP stability during the FT-cycle,
and also while in frozen storage. Various buffer components and excipients can be used to
maintain particle infectivity during this process.

Buffering agents are essential in maintaining the pH of the formulation, which is criti-
cal for the stability and activity of the VPs. Common buffering agents include phosphate
buffers, histidine, and citrate. These agents stabilize the pH at a virus-specific optimal
setpoint, thus preventing pH-induced degradation. During freezing, the pH of the buffer
solution can change drastically due to the successive crystallization of buffer substances.
The intensity of this change depends on the type and concentration of the buffer compo-
nents. Salts can be added to mitigate pH shift, and amorphous excipients like sucrose or
alginate can inhibit buffer crystallization [280].

The concentration changes upon freezing can also result in osmotic pressure impacting
the viral integrity as well as the VP’s surrounding hydration layer, which influences
membrane protein functionality. Virus inactivation, degradation, and aggregation follow.
Cryoprotectants serve as stabilizing agents, reducing ice crystal formation, balancing the
osmotic pressure, and replacing water molecules bound to proteins. Cryoprotectants used
in viral formulations include saccharides (e.g., sucrose, trehalose), polyols (e.g., sorbitol,
PEG), and albumin, as well as cations such as calcium and magnesium [280,282].
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Surface adsorption of VPs results in particle aggregation and is accelerated through me-
chanical forces like stirring and shaking. Surfactants such as polysorbate and poloxamer are
used to prevent adsorption through the shielding of interfaces [284]. However, polysorbate
degradation by residual enzymatic hcPs is a known challenge in industry [285] and degrada-
tion products of polysorbate were shown to inactivate env. VPs [286]. Oxidation processes
can alter membrane protein and lipids of env. VPs resulting in inactivation [178,280]. Cellu-
lar proteins such as albumin, as well as amino acids such as methionine and histidine, were
shown to protect VPs from oxidation.

9.2. Lyophilized Formulation

The subsequent sublimation process, the removal of water from virus formulations,
further stabilizes virus preparations. After lyophilization, the dried preparations can be
stored at higher temperatures, for live vaccines usually at −20 ◦C or, as reported by Hansen
et al., between 2 and 8 ◦C [287]. This reduces the requirements on storage and logistics
but, at the same time, introduces another process step, potentially reducing the infectivity
of VP. Lyophilized formulations require the addition of a bulking agent to guarantee the
formation of a solid cake when lyophilized. Commonly used bulking agents include
mannitol and amino acids such as glycine [280]. Env. VPs, as highly sensitive particles,
require a high amount of stabilizers and complex formulations to facilitate sufficient inf.
VP recovery [288,289]. These formulations necessitate a high development effort. An
alternative to lyophilization is spray drying, which embeds the VPs in a glassy matrix of,
e.g., starch, thus preserving its function [289]. The potential detrimental freezing process
is prevented, and the water is evaporated. Coleman et al. compared both processes for
the storage of BV. No loss of infectivity was observed for spray drying or lyophilization.
Spray-dried VPs showed enhanced stability against high temperatures of, e.g., 85 ◦C for
1 h or 30 ◦C for one week, which significantly reduces storage requirements [289].

10. Summary and Conclusions
Process development for replication-competent env. VPs for therapeutic purposes is

particularly challenging due to their high sensitivity to environmental stress. The functional
integrity of these particles is crucial for a safe and effective treatment, but the manufacturing
process imposes a negative impact and challenges this integrity. Thus, thorough evaluation
and then optimization of potential impacting parameters are indispensable.

Advanced analytical methods are essential to assess the impact of process steps on
particles and determine their quality and integrity. A combination of such methods is
required to evaluate VP preparations completely, and methods include infectious titer
assays, total virus particle quantification, and structural analysis.

A comprehensive overview of the current state of bioprocessing for replication-
competent env. VPs is provided in this review. Bench-scale centrifugation methods for
concentration and purification are less effective compared to contemporary chromato-
graphic techniques, which offer higher recovery and purity. Both conventional and modern
chromatographic techniques are evaluated, with variable reported recoveries across differ-
ent publications, mainly dependent on the viruses studied. Table 2 presents an exemplary
selection of contemporary and scalable purification processes for several env. VPs. Dif-
ferences in purification strategies due to specific VP properties and virus life cycles are
apparent. For intracellular VPs, cell disruption is necessary, but it introduces additional
impurities that burden downstream processes. The orf process described by Lothert et al.
utilizes an FT-cycle for cell disruption and requires a subsequent filtration train for clar-
ification, with a coarse primary filtration step [70]. In the measles process by Steppert
et al., a single and coarse clarification filter is sufficient due to the subsequent RAM chro-
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matography step in FT mode [67]. This enables a gentle initial processing for the sensitive
measles VPs, however requires a subsequent UF/DF step for concentration. Upstream
conditions significantly influence VP quality and heterogeneity, with continuous harvest
concepts aiming to mitigate the adverse effects of the cell culture environment. However,
Gränicher et al. compared the batch and continuous harvest bioprocessing of vaccinia VPs,
showing similar results in overall yield and impurities [129]. However, the final VP titers
are not explicitly stated. Nuclease treatment is often necessary to degrade hcDNA and
improve the processability of the virus feed. This is also observed in Table 2, in which
the sole use of fine filters (≤1 µm) for clarification is only applied if the nuclease step is
applied prior to clarification. Filtration methods are ubiquitously used in the purification
process of env. VPs, but careful selection of filter materials and optimization of pore sizes
are necessary to maintain viral integrity and achieve high yield. Various UF/DF modalities
and filter materials are applied in the referenced processes in Table 2, each optimized to the
specific VP properties. Convective-driven stationary phases are beneficial for processing
high volumes without mass transfer resistances, especially immediately after the harvest
stage. This is also reflected in Table 2 with the use of solely membrane stationary phases
for B&E chromatography steps.

Emerging trends and technologies in the field of VP purification include the devel-
opment of more specific and high-throughput analytical methods, continuous processing
techniques, and advanced chromatographic methods. These advancements have the po-
tential to significantly impact the field by improving the efficiency and robustness of VP
purification processes. However, every virus is different, and purification approaches need
to be tested for every virus, especially if the separation principle relies on virus-specific
characteristics such as size, structure, stability, and surface proteins. Many approaches
have proven beneficial for vaccine or virus-like particle (VLP) applications, but method
transfer and optimization for more sensitive replication-competent env. VPs are often
still outstanding.

This review highlights the demand for optimized purification strategies to ensure
the safety and efficacy of virus-based therapeutics. By addressing the complexities and
providing insights into best practices, valuable knowledge is contributed to the field of
viral bioprocessing, ultimately supporting the development of effective and stable viral
therapies and vaccines.
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Abbreviations
The following abbreviations are used in this manuscript:

AAV adeno-associated viral vectors
AEX anion-exchange chromatography
ATF alternating TFF
ATMP advanced therapy medicinal product
ATP aqueous two-phase
B&E bind-and-elute
BV baculovirus
CA cellulose acetate
CC700 CaptoCore700
CEX cation-exchange chromatography
CIP cleaning-in-place
DBC dynamic binding capacity
DE diatomaceous earth
DENV dengue virus
DF diafiltration
DIP defective interfering particle
DLS dynamic light scattering
DNA deoxyribonucleic acid
ELISA enzyme-linked immunosorbent assay
EM electron microscopy
EU European Union
EV extracellular vesicle
FDA food and drug administration
FFF field flow fractionation
FMDV foot-and-mouth-disease virus
FT flowthrough
FT-cycle freeze/thaw cycle
GF glass fibers
HA hemagglutination assay
HIC hydrophobic interaction chromatography
HIV human immunodeficiency viruses
HPLC high-performance liquid chromatography
HPV human papillomavirus
HSV herpes simplex virus
IEP isoelectric point
IEX ion exchange chromatography
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IU infectious unit
LCMV lymphocytic choriomeningitis
LS light scattering
LV lentivirus
MALDI-MS matrix-assisted laser desorption/ionization MS
MALS multi-angle LS
MLP monolith-like particles
MOI multiplicity of infection
MS mass spectrometry
MVA modified vaccinia ankara
NC nitrocellulose
NDV Newcastle disease virus
NFF normal flow filtration
NGS next-generation sequencing
NTA nanoparticle tracking analysis
NYL nylon
OV oncolytic virus
P:IU particles-to-infectious unit ratio
PAT process analytical technology
PCC periodic countercurrent chromatography
PCR polymerase chain reaction
PEG polyethylene glycol
PES polyethersulfone
PFAS polyfluoroalkyl substance
PP polypropylene
PS polysulfone
PVDF polyvinylidene fluoride
RAM restricted access media
RC regenerated cellulose
RI refractive index
RID radial immunodiffusion
RNA ribonucleic acid
RSV respiratory syncytial virus
SBC static binding capacity
SC sucrose cushion
SEC size exclusion chromatography
SLS static LS
SMB simulated moving bed
STR stirred tank reactor
SXC steric exclusion chromatography
T-VEC Talimogene laherparepvec
TCID50 50% tissue culture infective dose assay
TEM transmission electron microscopy
TFDF tangential flow depth filtration
TFF tangential flow filtration
TMP transmembrane pressure
TOH timepoints of harvest
TOI timepoint of infection
UF ultrafiltration
UV ultraviolet
VLP virus-like particle
VP virus particle
VSV vesicular stomatitis virus
aMPV avian metapneumovirus
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cGE capillary gel electrophoresis
cyro-EM cryogenic EM
dPCR digital PCR
ddPCR digital droplet PCR
env. VP enveloped VP
hcDNA host cell DNA
hcP host cell protein
hpi hours post-infection
inf. VP infectious VP
non-env. VP non-enveloped VP
non-inf. VP non-infectious VP
nsEM negative staining EM
pfu plaque-forming units
qPCR quantitative PCR
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Virus particle (VP) quantification plays a pivotal role in the
development of production processes of VPs for virus-based
therapies. The yield based on total VP count serves as a process
performance indicator for evaluating process efficiency and
consistency. Here, a label-free particle quantification method
for enveloped VPs was developed, with potential applications
in oncolytic virotherapy, vaccine development, and gene ther-
apy. The method comprises size-exclusion chromatography
(SEC) separation using high-performance liquid chromatog-
raphy (HPLC) instruments. Ultraviolet (UV) was used for par-
ticle quantification andmulti-angle light scattering (MALS) for
particle characterization. Consistent recoveries of over 97% in
the SEC were achieved upon mobile phase screenings and addi-
tion of bovine serum albumin (BSA) as sample stabilizer. A
calibration curve was generated, and themethod’s performance
and applicability to in-process samples were characterized. The
assay’s repeatability variation was <1% and its intermediate
precision variation was <3%. The linear range of the method
spans from 7.08 � 108 to 1.72 � 1011 VP/mL, with a limit of
detection (LOD) of 7.72 � 107 VP/mL and a lower limit of
quantification (LLOQ) of 4.20 � 108 VP/mL. The method,
characterized by its high precision, requires minimal hands-
on time and provides same-day results, making it efficient for
process development.

INTRODUCTION
Therapies based on virus particles (VPs) have significantly advanced
over the past decades. Researchers have engineered and optimized
VPs to expand their range of applications for various indications
and also to enhance their safety and efficacy.1 As a result, VP-based
therapies are on their way to market with 331 active or recruiting clin-
ical trials for gene therapies and 90 for oncolytic viruses, as listed by
the US National Library of Medicine at the end of 2023.2 For gene
therapy, viruses are typically replication-incompetent and used as a
vehicle to transfer genetic material to target cells. In contrast, onco-
lytic viruses are typically replication-competent in target cells and
will multiply in the host.

Both enveloped and non-enveloped viruses are exploited for virus-
based therapies. The surface of non-enveloped VPs is typically
composed of a highly structured virus-encoded capsid shell consisting
of multimers of protein subunits. Enveloped viruses, on the other
hand, are enclosed with a lipid bilayer; its composition is directly
dependent on the virus-encoded proteins, replication cycle, and
host cell type. Thus, the surface of enveloped viruses is, in compari-
son, more complex and heterogeneous even within one production
batch.

Despite the advancement of VP-based therapies, there remain signif-
icant challenges to develop manufacturing processes for such VPs.
These challenges include the development of stable producer cell
lines, the scalability of production, ensuring the purity and infectivity
of the VPs, and maintaining the stability of the final product.3–6 To
address these challenges in process development, it is crucial to set
up analytical tools to accurately quantify infectivity and particle con-
centration to determine yield after each step and evaluate the step and
process performance.

Various quantification methods are widely used to measure different
aspects of the target VPs, namely infectivity, genome copy, and par-
ticle quantification. Infectivity assays employ cell-based approaches
to measure VPs that can successfully infect and replicate in host cells.
Genome copy quantification is based on polymerase chain reaction
(PCR) and will detect genetic material incorporated in both infectious
and non-infectious VPs, as well as non-incorporated forms found in
the sample. Particle quantification techniques based on physical mea-
surement principles mostly rely on specialized devices such as nano
particle tracking analysis (NTA), dynamic light scattering (DLS),
tunable resistive pulse sensing (TRPS), and negative staining trans-
mission electron microscopy (ns-TEM). A combination of some of
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these techniques is necessary to properly describe the quality and
quantity of VPs in a sample. Thus, VP analysis typically requires
high laboratory workload, long analysis time, low sample throughput,
and high result variability.7–9 The lack of rapid at-line analytical
methods to accurately characterize and quantify VPs is an issue faced
in the development of viral therapies.5 As the fields of gene therapies
and oncolytic virus therapies continue to evolve, advancement of VP
analytics will be essential for the successful development and
commercialization.

Quantification methods based on ultraviolet (UV) detection of
entire VPs have been published for several enveloped and non-envel-
oped particles.10–15 All of the referenced quantification methods
employ separation techniques (such as size-exclusion chromatog-
raphy [SEC], ion-exchange chromatography [IEX], or capillary elec-
trophoresis [CE]) that influence the analyte recovery and thereby the
result. Reproducible recovery values that are within specified range
were shown for non-enveloped viruses with all separation techniques,
but not for enveloped viruses. SEC resin based on hydrophilic poly-
methacrylate has previously been shown to be suitable for virus anal-
ysis,10,15,16 and it is hypothesized it may outperform IEX resins in
terms of target recovery and shape preservation upon buffer optimi-
zation to maximize recovery. When the size difference between VPs
and SEC resin pore size is sufficiently large, VPs are expected to elute
in the void volume, which is seen on the chromatogram as the exclu-
sion peak. Comparatively smaller protein impurities and nucleic acids
will be retained longer in the resin and be therefore separated.

The enveloped virus used in this study is a modified vesicular stoma-
titis virus (VSV) of the Rhabdoviridae family. Rhabdoviruses are en-
veloped RNA viruses with a bullet-shaped morphology measuring
70 � 196 nm.17,18 Though wild-type VSV already has versatile appli-
cation potential as an oncolytic virus and vaccine vector,19 further en-
gineering of the virus by substitution of its glycoprotein (GP) for that
from lymphocytic choriomeningitis virus (LCMV) has resulted in
VSV-GP with minimal neurotoxicity, greater potency against human
cancer cells, and escape from host humoral immunity.20,21 Infectivity
assays, such as 50% tissue culture infectious dose (TCID50), plaque
assay, and laser force cytology are available and used quantification
methods for VSV and its variants.22–24 Additionally, PCR and
TRPS protocols have been established. However, these methods
necessitate high laboratory workload and specialized machines, thus
challenges in application remain.22,25,26

In this study, a straightforward method for total VP count for
VSV-GP was developed. The key features of the method include
low hands-on time, high precision, and same-day results. The work-
ing range for quantification was tailored to process development
applications. To develop a robust, versatile, and sample matrix-inde-
pendent method, a label-free approach was chosen.While the method
is based on SEC separation and UV detection, a downstream in-line
multi-angle light-scattering (MALS) detector provided additional
particle characteristics such as particle size. Each component of the
setup from sample preparation to the run method itself has been opti-

mized and characterized, and an example application for process
development is presented. A standard curve based on purified refer-
ence virus material is used to interpolate absolute values. As an
orthogonal method for sample characterization, ns-TEM was used
as it is considered the established benchmark method for VP quanti-
fication for particle numbers.8,27 High-performance liquid chroma-
tography (HPLC) instruments equipped with UV detectors are ubiq-
uitous in biopharmaceutical labs, and expertise and familiarity are
typically well-established among researchers. This will facilitate
wide implementation and applicability.

RESULTS
Reference material generation and characterization

Two batches of purified VSV-GP preparations were produced by su-
crose cushion centrifugation followed by SEC. Both batches
were analyzed using orthogonal quantification methods: ns-TEM,
quantitative PCR (qPCR), and TCID50 assay. The titers determined
by ns-TEM were comparable between the two batches with
1.72� 1011 VP/mL for the first and 1.44� 1011 VP/mL for the second
batch. The viral RNA in the sample was quantified by qPCR to be in the
same magnitude as the ns-TEM, with 1.38 � 1011 genomic copies per
mL (GC/mL) for the first and 2.13� 1011 GC/mL for the second batch.
Infectivitywas confirmedbyTCID50 assaywith 5.62� 1010TCID50/mL
for the first and 3.06 � 1010 TCID50/mL for the second batch. The
magnitude difference between genomic copies and infectivity is ex-
pected, as particle heterogeneity results in VPs that are unable to infect
otherwise susceptible cells.28

Analytical separation method on the HPLC

Virus preparations are injected into the HPLC-SEC setup with an in-
line MALS detector and using an SEC resin that excludes VPs from
entering the bead pores and thus separating them from smaller impu-
rities. Separation of concentrated VSV-GP VPs from impurities is
shown in Figure 1A, where a sample of purified VPs spikedwith impu-
rity-rich clarified harvest material was analyzed. The chromatogram
can be divided into the distinct exclusion peak at 10.2min and a second
peak region eluting between 18 and 33min. Separate injections in Fig-
ure 1B enable peak allocation, which shows the exclusion peak origi-
nates from the VSV-GP sample. The second peak region originates
from the clarified harvest material. In the light-scattering signal only
the exclusion peak is observed. This indicates large, thus scattering par-
ticles in the exclusionpeak; and small, thus non-, or low-scattering par-
ticles for the secondpeak region.Ananalysis of the cell culturemedium
of the process revealed that the second peak region mostly originates
from the cell culture media itself, except for the first eluting impurity
peak. This first impurity peak was depleted upon nuclease-treatment,
implying its nucleic acid content (data not shown).

Virus peak identification

The presumed virus-containing exclusion peak, eluting at 10.2 min,
was collected using a fraction collector, and analyzed by offline analyt-
icalmethods to identify itsVP identity. The presence ofVPs in this frac-
tion was confirmed by detection of viral genetic material by qPCR
(showing a recovery of 63.3%) as well as by identifying virus-encoded
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protein bands using gel electrophoresis followed by silver staining as
depicted in Figure S1 presented in the supplemental material.28

Method development

The initial running buffer was a Tris-based buffer with 50 mM NaCl
and 150 mM Arginine (Arg) at pH 7.5. Comparing the UV 280 nm
signal responses of VSV-GP injections over the column and the bypass
showedVSV-GP particle recovery values of about 30%. Also, the clean-
ing-in-place (CIP) steps showed particles eluting from the column that
could be observed in the light-scattering signal (data not shown). Buffer
screening was performed to increase recovery values by reduction of
non-specific interaction of the analyte with the column. Simulta-
neously, two different pore sizes of the TosohTSKgel polymethacrylate
resin (50 nm, >100 nm) and two column housing materials (stainless-
steel, polyetheretherketone [PEEK]) were tested for resolution
improvement and sample recovery. Sample stability issues were ad-
dressed by spiking of BSA (bovine serum albumin) as a stabilizer to
the samples. The aim was to increase storage duration in the system
sample manager until the sample injection for analysis was performed.

Mobile phase buffer screening

Buffer screenings were performed to minimize non-specific bind-
ing of the VPs to the column resin, which are mainly due to a

combination of hydrophobic and electrostatic interactions.29

Following each buffer optimization run, two CIP steps (organic
solvent and high-salt buffer) were conducted with the aim of spe-
cifically eluting bound VPs based on their interaction type. During
these CIP steps, the MALS signal was qualitatively assessed
to determine the residual interaction type prevailing by the buffer
used.

The mobile phase was optimized in seven iteration rounds of buffer
screening, each consisting of multiple runs. In each round, the
buffers were adjusted based on the recovery and CIP results from
the previous rounds and literature research. A detailed buffer list
can be found in Table S1, the iteration rounds consisted of the
following:

(I) Tris-based buffer with increasing salt content
(II) Tris-based buffer with Arginine and pH adjustments
(III) Citrate and phosphate-based buffer testing
(IV) Tris-based buffer with combined Arginine and salt content

adjustment
(V) Tris-based buffer with additives (sorbitol, sucrose, dimethyl

sulfoxide [DMSO])
(VI) Tris-based buffer with Arginine, salt, and DMSO content

adjustments

Figure 1. SEC separation chromatogram of purified VSV-GP and impurity-rich material

(A) Chromatogram of concentrated VSV-GP material (reference material) spiked into impurity-rich material (clarified harvest) on TSKgel G4000PW using optimized buffer

conditions. (B) Concentrated VSV-GP material and impurity-rich material were injected separately on the SEC column using the same conditions. UV 280 nm and light-

scattering signal at the 90� angle is shown.
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The initial low recovery using a non-optimized buffer could be
improved by adjusting the salt and Arg content of the Tris-based
buffer. A sample recovery of 84.4% could be reached after two iter-
ation rounds as depicted in Figure 2A. The use of phosphate-based
buffers and citrate as an additive did not improve recoveries. Sor-
bitol, sucrose, and DMSO increased recoveries, from which DMSO
performed best under the tested conditions. The overall best per-
formance of this system was achieved using a buffer composed
of 50 mM Tris, 200 mM NaCl, 150 mM Arg, and 0.1% DMSO
at pH 8.0: A recovery of 97.2% (SD 0.54%) on the stainless-
steel version of G4000PW was reached and 94.2% (SD 0.76%) on
the PEEK version. Simultaneous to the buffer screening with
VSV-GP, the recoveries for BSA were determined. In the iteration
rounds 1 to 4, the recovery values for BSA were much higher
compared with VSV-GP with values above 70%, averaging at
87.4%. For the final buffer (number 21 Figure 2A), a BSA recovery
of 96.88% (SD 0.56%) was reached for the stainless-steel version

and 97.24% (SD 0.56%) for the PEEK version. (BSA recovery
data not shown).

Sample stability optimization

A decrease in UV 280 nm signal response over time was observed for
VSV-GP samples stored in the sample manager. This was likely due to
non-specific adsorption of purified VPs to storage material surfaces.
To address this issue, two different HPLC sample vial materials (glass
and polypropylene [PP]) were tested as well as BSA spiking of the
samples. Prior to BSA spiking, the reference material was diluted to
a concentration of 9 � 109 VP/mL. Prepared samples were stored
in the sample manager at 8�C over a time frame of 35 h and the signal
response repeatedly determined. The results are depicted in Figure 2B.
The first time point for non-spiked samples in the glass vial and the
polypropylene vial resulted in 70% to 80% signal responses in com-
parison to the BSA-spiked sample. Over the course of the measure-
ment, the signal response for the non-spiked samples further

Figure 2. Buffer screening, sample stability testing, and analytical SEC column selection for method development

(A) Recovery values for virus particles upon the mobile phase optimization. Iteration rounds: I – Tris-based buffer with increasing salt content, II – Tris-based buffer with Arg

and pH adjustments, III – Citrate- and phosphate-based buffer testing, IV – Tris-based buffer with combined Arg and salt content adjustment, V – Tris-based buffer with

additives (sorbitol, sucrose, DMSO), VI – Tris-based buffer with Arg, salt, and DMSO content adjustments; technical replicates: n = 1 for buffers 1 to 20, n = 3 for buffer 21

(SD < 0.8%). (B) Sample stability optimization using different vials (glass and polypropylene vials) and BSA spiking. The UV 280 nm signal response is the integrated exclusion

peak, identified as the virus peak. (C) SEC chromatogram comparison of BSA-spiked reference material for stainless-steel and PEEK version of G4000PW and PEEK version

of G6000PW.
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decreased to 57% for the polypropylene vial and 28% for the glass vial.
The UV 280-nm signal response for samples with BSA spikes were
stable over the complete time frame with an RSD below 0.5%.

Column comparison

Two different pore sizes of the Tosoh TSKgel PW resin (G6000PW
and G4000PW) were compared for resolution, and additionally
two different column housing materials were tested for recovery. The
specified mean pore sizes for the resins are 50 nm for the G4000PW
and >100 nm for the G6000PW. Upon comparison of the exclusion
peaks of the different columns in Figure 2C, differences in elution
time and widths are observed. The PEEK G6000PW column resulted
in later (4 to 4.5 min) and broader peaks (by the factor 3.3) compared
with the G4000PW columns. The time shift and especially the broad
peak indicates a greater retention of the VPs by the greater pore sizes.
It is assumed the G6000PW resin pores are, at least partially, large
enough to retardVPs, in contrast to the G4000PW resin pores that pre-
dominantly exclude them. The PEEK column housing has an inner
diameter of 7.8 mm compared with 7.5 mm for the standard stain-
less-steel housing that results in an increased column volume of
8.2%. The PEEK version of the G4000PW retards the elution time
for 31 s compared with the stainless-steel version. However, the peak
shape remains comparable between the column housings.

BSA was used as sample stabilizer, and it can also be seen as a model
impurity protein for column comparison as shown in Figure 2C. As
expected, the BSA spike peaks elute after a longer retention time
compared to the VPs. They are broadened in a similar way as the
VP peaks in respective to the column used. However, the use of the
G6000PW resin leads to a reduced separation efficiency without
distinct baseline separation. Together with the recovery results, it
was decided to continuemethod development using the stainless-steel
version of the G4000PW.

Separation characterization using BSA as sample stabilizer

The online signals of the UV and MALS detectors were used to char-
acterize the obtained chromatograms, focusing on the exclusion
peaks. In the method setup, BSA was spiked into the samples as a sta-
bilizing agent. Chromatograms of BSA-spiked and non-spiked refer-
ence material are shown in Figures 3. Injecting the reference VP ma-
terial into the analytical SEC column results in a single peak at
an elution time of 10.2 min. Different BSA spiking concentrations
(0.5 to 1.75 g/L) were used in Figure 3A, resulting in a later eluting
BSA peak without any effect on the elution behavior of the exclusion
peak. A reduced peak area for the non-spiked sample was observed
after several hours in the sample manager before injection, indicating
some loss of sample during prolonged storage without addition of
BSA as stabilizer. The ratio of UV 260 nm to UV 280 nm results in

Figure 3. Exclusion peak characterization using BSA as sample stabilizer

(A) SEC chromatogram of reference material spiked with different concentrations of

BSA and non-spiked. The exclusion peaks at 10.2 min of the BSA-spiked samples

are entirely overlaying. The non-spiked sample has been in the sample manager for

several hours before measurement. (B) UV 260 nm and UV 280 nm absorbance for

non-spiked and BSA-spiked reference material and UV260/280 nm ratio; a

percentile filter of 50 was used to smooth the ratio curve. (C) RMS-radii for non-

spiked and BSA-spiked reference material. Radii were only evaluable for the

exclusion peak due to the low light-scattering signal for the rest of the chromato-

gram.
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a value of 1.196 (SD 0.004) for the first elution peak at 10.2 min as
depicted in Figure 3B. The difference of the ratios between the
BSA-spiked and non-spiked measurement lays within the standard
deviation. With the addition of BSA, a second peak is observed in
the UV signal at a later elution time point (16.2 min). At its peak
maximum, a ratio of UV 260 nm to UV 280 nm of 0.624 is reached.
In Figure 3C, size measurements based on the online light-scattering
signal results in a radius of gyration of 76.4 nm (SD 0.6) for the con-
stant region after peak fronting. The size difference between the BSA-
spiked and non-spiked measurement lies within the standard devia-

tion. In the front of the peak, larger radii are measured, with a
maximum of approximately 250 nm.

Virus size variants

Virus preparations of VSV-GP variants with different total genome
sizes were analyzed, and their particle sizes measured using the
MALS detector signal. A shift of less than 2 s inmaximumof the exclu-
sion peak to an earlier elution time point with increasing genome size
is shown in Figure 4A. The measured size of the peak maximum is
plotted over the total genome size in Figure 4B. A linear regression
shows the linear dependency of particle size and total genome size.

Calibration curve for VP quantification

A dilution series of the reference material containing purified VPs was
analyzed by HPLC-SEC and is shown in Figure 5A. No difference in
elution time and general peak shape is observed. Both online and off-
line analysis indicated no interference for the exclusion peak by other
particles than the VPs and showed a baseline separation from smaller
impurities. The reference material and the developed SECmethod are
deemed suitable for generating a calibration curve. The UV 280 nm
signal response was defined as the integrated peak area of the exclu-
sion peak at 10.2 min, identified as the virus peak. The signal re-
sponses of eight concentration levels of the reference material were
plotted to obtain the calibration curve shown in Figure 5B. The linear
regression was 1/Y-weighted due to the heteroscedasticity of the data-
set and forced through the origin. The dependency of the response to
the VP concentration in the sample is given by Equation 1, where y is
the signal response in mAU * sec and x is the VP concentration in
VP/mL. The coefficient of determination was calculated as R2 =
0.998. The concentration range of the calibration curve reaches
from 7.08 � 108 to 1.72 � 1011 VP/mL.

y = 1:5503 � 10� 8 mAU � sec
VP=mL

� x (Equation 1)

Method characterization

Performance

The performance of the method was tested at four concentration
levels within the working range with the lowest being the lower limit
of quantification (LLOQ). Based on the signal-to-noise (SN) ratio, the
theoretical sensitivity of the method was calculated. A ratio of 3 was
applied for the limit of detection (LOD) and a ratio of 10 for the
LLOQ, resulting in an LOD = 7.72 � 107 VP/mL and an LLOQ =
2.57 � 108 VP/mL. However, sufficient accuracy was only reached
for an LLOQ of 4.20 � 108 VP/mL, which was used for the perfor-
mance evaluation. Accuracy, repeatability, and intermediated preci-
sion have been determined and are shown in Table 1. Recommended
specifications by the Food and Drug Administration (FDA) guide-
lines were met or exceeded.30

Sample matrix influence

The influence of different sample matrices on the VP recovery was
evaluated. In early downstream process (DSP) steps, the process

A

B

Figure 4. VP size influence on the exclusion peak and VP sizing

(A) SEC exclusion peak of VSV-GP and variants of different genome sizes.

Normalized light scattering and radius of gyration. (B) Radius of gyration for VSV-GP

(Variant 1) and larger size variants (Variants 2 to 6) over variant genome size. The

radii were measured at the peak maximum of the exclusion peak.
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material matrix consists of spent cell culture media and cell-derived
impurities. Nuclease is added to degrade host cell DNA and RNA.
DNA and RNA fragments, as well as other residual impurities are
removed throughout the process steps. Buffer compositions are
changing along the process, and the total salt concentration varies
and can go up to a maximum of 1 M.

For VSV-GP, cell culture media is replaced by Tris-based buffers early
in the DSP and formulated with excipients such as albumin and treha-
lose. To examine the influence of the process sample matrices on the
quantification method, samples were generated for analysis with the
following method: in-process control samples from each step were
filtered to deplete the VPs they originally contain, and then a defined
amount of VP was spiked into each sample. The samples were first
checked by HPLC-SEC (<LOD) for successful VP removal prior to
spiking. The results, as presented in Table 2, show an average accu-
racy of 99.79% for all in-process controls (IPCs) with a standard de-
viation of 5.64%, indicating that the quantification method is not
influenced by the sample matrices tested.

Chromatographic step mass balance

Utility of the quantification method described in this paper was
demonstrated through performance of a mass balance calculation
of a typical chromatographic capture step. VSV-GP was propagated
in cell culture, and the conditioned clarified harvest material fed
into a cation exchange chromatography (CEX) monolith column in
bind-and-elute mode. VP concentration of the input feed and output
flowthrough, wash, and elution were quantified by HPLC-SEC
method. Fractions with expected high concentrations of VSV-GP
were diluted (10� or 100�) so that the concentrations fall within
the calibrated range of the method. Collected output fractions were
analyzed by qPCR in parallel.

The online chromatogram signals are shown in Figure 6A and the off-
line fraction analysis results in Figure 6B. One liter of feed with a con-
centration of 2.39� 109 VP/mLwas loaded on the column, and a total
of 2.76 � 1012 VPs were quantified by the HPLC-SEC method in the
output fractions. Specifically, 18.8% of the total VPs in the feed was
measured in the column flowthrough, VP concentration in the col-
umn wash was below LLOQ, and 66.3% was detected in the main
peak with a peak width of 1.6 mL. The entire elution peak including
the tailing was 9.8 mL wide and 78.8% of total input VPs was found.
Additionally, the CIP peak was pH-stabilized and also collected for
quantification, showing a result of 2.4% of total VPs. Overall, the total
VPs quantified in the output is marginally higher than the expected
total particle counts in the feed and falls within the accepted error
margin of the performance runs.

The quantification results obtained from the presented HPLC-SEC
method and from the established qPCR method were comparable:
feed concentration 2.8 � 108 GC/mL, 5.0 � 108 VP/mL; elution
peak particle count 2.03 � 1012 GC, 2.1 � 1012 VP.

DISCUSSION
Separation method and method development

In-process control samples generated from process development and
production of VPs vary in buffer composition, particle concentration,
and amount of process-related impurities.31 UV-absorbing impurities
need to be depleted or shown to be of neglectable concentration
before target quantification by UV, thus framing the separation prob-
lem to be solved prior to the quantification. Another challenge is
maintaining the integrity of the viral particles during the analytical
method; all system parameters, including flow rate and resin bead
size, were selected to minimize shear forces incurred. Such system pa-
rameters, once selected, remained unchanged during method devel-
opment in this study.

The exclusion peak was identified as the virus peak by offline analyt-
ical methods as well as by characterization using online detectors. The
online UV data show a constant ratio of UV 260 nm to UV 280 nm
ratio of 1.2 over the width of the exclusion peak, indicating the pres-
ence of nucleic acids and proteins at the same time, though no more
information about the sample composition can be derived. However,
the consistency of the obtained value leads to the conclusion of a

Figure 5. Calibration curve

Diluted reference material was analyzed using BSA as the sample stabilizer to obtain

measurement points for the calibration curve. The UV 280 nm integrated area of the

exclusion peaks was used as signal response. Three independent runs in triplicate

for eight concentration levels were obtained. (A) Exemplary exclusion peaks of the

concentration levels used for the calibration are shown in comparison. (B) A 1/Y-

weighted linear regression was used to fit calibration curve. Only mean values are

shown due to non-displayable RSD <2% and for the lowest concentration

RSD <4.5%.

www.moleculartherapy.org

Molecular Therapy: Methods & Clinical Development Vol. 32 June 2024 7

http://www.moleculartherapy.org


constant ratio of nucleic acid to protein content over the width of the
exclusion peak. Furthermore, it indicates no increase or decrease in
light-scattering effects over the peak.32 The in-line MALS detector
can show the presence of particles in the expected size range for the
target VPs. The sizing data of the MALS also reveals the presence
of larger particles in the beginning of the exclusion peak with radii
up to 250 nm for the start of the peak, and then constant sizes are
measured throughout the rest of the exclusion peak. The larger par-
ticles eluting first may be VP aggregates still showing an unaltered
UV 260 nm to UV 280 nm ratio. This observation indicates a weak
separation effect of the SEC column at particle sizes much larger
than its specified pore sizes, possibly induced by a broad pore size
range of the SEC column or, as suspected by Vajda et al., a separation
effect of the inter-particle volume.33 This effect can also be observed
when comparing the exclusion peak time points of virus variants
varying in particle size. The increased particle length correlates with
shift toward an earlier elution. The correlation seen with the observed
separation effects and sizing data to the theoretical VP sizes indicates
that the integrity of the VPs is preserved in this analytical method.

For the method characterization runs, purified VP preparations
defined as reference material were used. The material was purified
and concentrated by sucrose cushion centrifugation and polished us-
ing preparative SEC. However, possible impurities of similar size and
density range as the VPs cannot be depleted by these steps. From anal-
ysis of previous established methods (qPCR and ns-TEM), as well as

considering the lack of UV-signal and light-scattering interference
signals, the preparations were deemed suitable for use as a VP stan-
dard. Similar observations for the exclusion peak in the online signal
are made for IPC samples, making the peak suitable to be used for
quantification purposes. A dilution series of the reference material
was used to obtain a calibration curve based on the UV 280 nm signal
response. The calibration curve showed good linearity in the exam-
ined range. While this approach requires an orthogonal quantified
reference material, it does not require knowledge of target molecule
or solute-specific optical parameters in comparison with methods
based on light-scattering principles.34

To increase the sample recovery of the SEC method, the running
buffer was optimized using a buffer screening. The rationale was to
reduce suspected hydrophobic and electrostatic interactions with
the column resin when altering the buffer composition. The low
initial recovery could be improved by shielding electrostatic interac-
tions by increasing the NaCl concentration until the point where
the salt enhanced hydrophobic interactions leading again to a reduced
recovery. Arginine proved to be a good agent to suppress both inter-
actions as previously reported.35 Observed recoveries for BSA were
higher compared with VSV-GP for the first four iteration rounds,
indicating additional or stronger interactions of the much larger
VPs with the resin. Addition of sugars and organic solvents increased
the recovery for VPs, of which DMSO performed best. DMSO was re-
ported to stabilize enveloped VPs during freeze-thaw cycles,36 but

Table 1. Performance evaluation

Level
Expected
titer [VP/mL] Mean [VP/mL]

Standard
Dev. [VP/mL]

95% confidence
interval [VP/mL] Accuracy

Repeatability
RSD

Intermediate
precision RSD

H 1.44 � 1011 1.64 � 1011 6.31 � 108 1.63 � 1011 to 1.64 � 1011 113.7% 0.63% 0.75%

M 2.06 � 1010 2.19 � 1010 1.88 � 108 2.17 � 1010 to 2.21 � 1010 106.2% 0.09% 1.67%

L 2.94 � 109 2.97 � 109 3.28 � 107 2.93 � 109 to 3.00 � 109 100.9% 0.59% 2.14%

LLOQ 4.20 � 108 4.23 � 108 6.44 � 106 4.15 � 108 to 4.30 � 108 100.6% 0.49% 2.95%

Four concentration levels (High [H], Middle [M], Low [L], and LLOQ) were used to evaluate the performance of the HPLC-SEC quantification. For the concentration levels, reference
material was diluted, aliquoted and stored at �80�C until usage. Measurements were done in triplicate in five independent runs.

Table 2. Results of the sample matrix influence evaluation

IPC 1 IPC 2 IPC 3 IPC 4 IPC 5 IPC 6

Mean 3.56 � 1010 3.58 � 1010 3.19 � 1010 3.58 � 1010 3.56 � 1010 3.13 � 1010

Standard deviation 5.41 � 107 8.24 � 107 7.98 � 108 5.46 � 106 8.81 � 107 4.95 � 108

RSD 0.15% 0.23% 2.50% 0.02% 0.25% 1.58%

95% confidence
interval

3.55 � 1010 to
3.57 � 1010

3.57 � 1010 to
3.59 � 1010

3.10 � 1010 to
3.28 � 1010

3.58 � 1010 to
3.58 � 1010

3.56 � 1010 to
3.58 � 1010

3.08 � 1010 to
3.19 � 1010

Accuracy 103.4% 104.0% 92.7% 104.0% 103.6% 91.0%

IPCs of a lab-scale production run were taken, the virus particles removed by filtration, and a specified virus concentration spiked in. Samples were measured in triplicate by HPLC-SEC
quantification. The spike concentration in the sample was 3.44� 1010 VP/mL. Purification stage and differences between IPCs are as follows. IPC 1: harvested cell culture including cell
culture media, increased ionic strength for viral release, clarified by depth filtration; IPC 2: nuclease treated clarified harvested material; IPC 3: CEX purified material, CEX eluate
consists of a Tris-based buffer containing Arginine and NaCl; IPC 4: polished material with reduced impurity content; IPC 5: buffer exchanged to a Tris-based buffer containing Argi-
nine and excipients; IPC 6: material spiked with additives.
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could also have a negative effect on VP integrity due to increased lipid
bilayer permeability.37 Thus, DMSO was reduced from 1% in first
screening runs to 0.1% without impacting recovery values. For quan-
tification purposes, a sufficiently high recovery is required, though it
does not have to be 100% as stated by an FDA guideline.30 Rather, the
recovery values should be consistent and reproducible. Within the
buffer screening, the final buffer was tested in triplicates with recovery
RSDs below 0.6% for VSV-GP and BSA samples. The VSV-GP recov-
eries were later validated for four concentration levels in the perfor-
mance evaluation.

Spiking BSA into the sample to act as a stabilizer enabled overnight
measurements. Without BSA, UV 280 nm signal response was
reduced by as much as 70% after 35 h in the temperature-controlled
sample manager module. To explain and overcome this sample loss,
different theories are considered. Aggregated VPs, retained by the col-
umn frit, would accumulate over injection count, leading to increased
system pressure. Degraded VPs, disintegrated to fragments of smaller
size, would be separated in the SEC column from the exclusion peak.
However, such effects were not observed. It was thus hypothesized
that VP adhered to the HPLC vial walls. To assess this hypothesis,
the available wall area per VP was estimated. For 100 mL sample fill
volume in the vials, the contact surface was calculated. As no technical
drawings or vial interior dimensions were available, manual length
measurements and surface calculations for cylinders and cones
were used as geometrical approximations. A contact surface of
115 mm2 was estimated for the glass vial, resp. 228 mm2 for the poly-
propylene vial. Based on the VSV particle dimensions by Ge et al.,17

the projected sideways rectangle for a single VP was calculated to be
1.4 � 10�8 mm2. Based on the virus concentration in the sample and
the signal reduction between the non-spiked samples and the spiked
samples, the amount of presumed non-detected VPs was calculated.
At the last time point of the sample stability experiment, each non-de-
tected VP had 1.3, resp. 2.11 times more area available than its own
projection on the surface. This estimation confirms the possibility
of a Langmuir layer adhesion of the particles in terms of available
wall area per particle. Furthermore, the declining VP concentration
curves without BSA spikes observed in Figure 2B correspond to a
Langmuirian adsorption kinetic.38 The subsequent use of polypro-
pylene vials coated with a high-performance surface did improve
the sample stability but was not sufficient to enable a constant over-
night signal response. BSA was reported to prevent non-specific sam-
ple binding on vial walls and the spiking of BSA to VSV-GP samples
stabilized the resulting UV 280 nm response over the tested time
frame of 35 h.39 BSA spiking concentrations over the range of 0.5
to 1.75 g/L showed similar results without influencing the elution
behavior of VPs or changing the rms radius. The results are in agree-
ment with a published HPLC method development by Lorbetskie
et al. in which the change from glass to polypropylene vials improved
the recovery, however only the addition of an additive to the sample
yielded in the sufficient reproducibility.40

Non-specific binding losses to HPLC vials were targeted using BSA as
the sample stabilizer. Further losses could occur in other parts of the
HPLC system such as the measurement chambers, tubings and con-
nectors. These losses were minimized by the use of the “Bio” version

Figure 6. Offline fraction VP quantification of a CEX purification step

Clarified harvest material of a VSV-GP upstream process was applied in bind-and-elute mode on a CEX monolith column. Fractions of load, wash, elution, and CIP were

collected and quantified offline by the presented HPLC-SEC method and qPCR. (A) Chromatogram of CEX run showing online UV 280 nm signal and online conductivity

signal. The UV signal saturated at 3.0 AU. (B) Fraction quantification results for HPLC-SEC and qPCR. Due to low numbers for the load phase (and CIP for HPLC-SEC) and

scale limitations, signals are plotted close to zero for these phases.
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of the HPLC system which features bio-compatible materials for the
wetted parts of the flow path up to and including the UV detector.
Furthermore, the column resin and housing can induce non-specific
binding. The column resin material was chosen according to manu-
facturer’s information regarding suitability for VPs and already pub-
lished applications for VPs.10,15,16 After the above-described buffer
optimization, a reproducible and high recovery of VPs from the col-
umn was achieved, showing neglectable residual interactions. Also,
the column housing material was evaluated for sample recovery.
Because the stainless-steel column showed high recovery and faster
elution times compared with the PEEK housing, it was chosen for
further method development. In case of the TSKgel G6000PW resin,
the manufacturer’s data of the pore size is vague with a size specifica-
tion of >100 nm and the resin material has shown to produce a broad
pore size distribution.33 Diffusion effects and pore accessibility for the
bullet-shaped VSV particles depend on their orientation, resulting in
different possible retention behaviors for the same particle. Predom-
inant retention effects due to pore accessibility is seen only with the
G6000PW resin, resulting in a broader peak compared with the
G4000PW resin with a specified mean pore size of 50 nm. However,
a weak separation effect by size is also observed for the G4000PW
resin. Baseline separation from protein impurities, shown for BSA
as model impurity, was only achieved using the G4000PW resin, in-
dependent of the column housing.

Method characterization

The performance evaluation based on four concentration levels
showed a high reproducibility and intermediate precision for all tested
levels. Accuracy values decreased with increasing VP concentration.
For the highest level, 13.7% deviation was observed, which is still
within the FDA recommended specification of 15%, but close to the
threshold.30 Highly concentrated samples should thus be diluted for
increased accuracy and extrapolation to higher levels should be
omitted. This is an assumption as higher concentration levels were
not tested due to the lack of well-characterized and highly concen-
trated material, which limited the exploration range. Theoretical sensi-
tivity values were calculated based on the SN ratio. In order to meet
performance expectations, an LLOQ concentration between the theo-
retical value and the lowest calibration value had to be chosen. The
LLOQ measurement point, extrapolated from the calibration curve,
showed good results in the method performance evaluation. It led to
an established working range across 2.5 orders of magnitude from
4.20 � 108 to 1.44 � 1011 VP/mL. This range is at the upper end of
published measurement ranges of other HPLC-based quantification
methods for enveloped VPs.11,13–15,41 The method’s sensitivity is
similar or better than the referenced quantification methods, which
are all label-free methods. The use of signal-enhancing labeling dyes
can increase sensitivities without reducing themeasurement range.42,43

Transfiguracion and colleagues used a fluorophore to stain viral nu-
cleic acids without the need for VP lysis or membrane permeabiliza-
tion. The labeling method reached seven times lower LLOQ compared
with the herein presented method.43 However, to develop a robust and
versatile method, as well as to minimize the method’s complexity, no
signal enhancers were used. At the same time this approachmaximizes

sample recovery and reduces the probability of errors by preparational
steps, thus minimizing themethod’s variability. A possible approach to
improve the sensitivity limitation of the method is the increase of in-
jected sample volume of currently 10 mL.

Samples from six production process steps, representing the major
matrix changes in the DSP process have been analyzed to ascertain
the robustness of the method in response to variations in sample
matrices. Results showed a low variance (<2.5%) and an averaged ac-
curacy of 99.79%. Sample matrix components were separated from
the VPs and diluted in the SEC column, thus the matrix effect on
the recovery and accuracy was low. BSA spiking seems to prevent
VP adsorption in all tested sample matrices as the largest signal re-
ductions were still below 10%.

Chromatographic step mass balance

The main objective of the developed method was a straightforward,
rapid, and robust quantification method for analyzing process devel-
opment samples of VSV-GP particles. This method facilitated the
characterization of a chromatography run based on the collected frac-
tions. The mass balance application shows a sufficient precision to
allocate VP percentages to chromatography phases. Results were
obtained the following day, due to an overnight (12 h) sample
throughput for 20 samples. The results for a single sample can be
determined within 1 h, enabling the immediate at-line determination
of the step yield, if required. The availability of this process perfor-
mance indicator enables same-day process decisions beneficial in pro-
cess development. Results were confirmed by qPCR analysis, which
shows comparable counts for the eluted peak. In the SEC chromato-
gram, the virus peak elutes in the first half and later peaks are
neglected for VP quantification purposes. Consequently, a tandem
column setup could be employed in order to interlace subsequent
analysis runs and increase the sample throughput without altering
the flow rate or the column size.44 In the current method setup, there
is broad elution time gap between the exclusion peak and the impurity
peak. Thus, another approach to reduce the analysis time could be the
use of a shorter SEC column. If required, smaller resin beads could
improve separation efficiency in shorter columns. However, smaller
beads increase backpressure and thus the shear stress on VPs, which
may damage the VPs.

Summary

A robust method with rapid turnaround time for the quantification of
VSV-GP particles was presented. Performance evaluation and a mass
balance example using harvest material on a CEX column shows the
applicability for IPCs and use for DSP process development. Absolute
quantification relies on a reference VPmaterial that was quantified by
an orthogonal method; however, relative quantification can be per-
formed in the absence of such reference material. The method was
specifically established for enveloped viruses being generally more
challenging in terms of physico-chemical properties and stability.
The applicability to other VPs or variants of oncolytic viruses or
gene therapies has yet to be shown, though it is assumed to be feasible
with the suitable SEC pore size. The required knowledge about the
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VPs is low and devices used are ubiquitous in biopharmaceutical lab-
oratories. The MALS detector proved to be a useful tool for method
development and can size particles, but the method application
does not rely on it. For process development, themethod allows deter-
mination of particle titers on the same day, enabling mass balancing
and faster process decisions in the lab. Alternative methods such as
PCR (qPCR or digital PCR) and TCID50 remain essential because
the additional information about genomic copies and infectious titers
is beyond the scope of this method. For virus samples, multiple assays
are typically required to gain the full picture of its composition and
virus quality.

MATERIALS AND METHODS
Virus preparation

To generate VSV-GP, VPs were propagated by infection in mamma-
lian cell suspension. Upon harvest at 34 h after infection, the suspen-
sion was treated with 200 mM NaCl. The harvest was clarified by
centrifugation (5 min, 2 000� g), filtered (0.22 mm), and then treated
with nuclease. A Tris-based buffer with NaCl and 150 mM Arg at a
pH of 7.5 was used in all subsequent steps. The virus-containing ma-
terial was underlaid by a 20 w/v-% sucrose cushion and centrifuged at
6�C for 14 h at 5 000 rpm. The resulting pellet was resuspended and
filtered (0.22 mm). A preparative SEC column comprising Sepharose
6FF (Cytiva, Marlborough, MA, USA) was used for polishing of the
material. The final virus suspension was sterile-filtered (0.22 mm), ali-
quoted, and stored at �80�C until usage. Two batches were used for
experiments to optimize and characterize the method.

For further method characterization, material generated from a
different lab-scale production process was used. The upstream pro-
cess (USP) is as described above, and the DSP involves an IEX step
and further filtration steps as described in the process patent
application.45

Generation of virus variants

Virus variants with varying genomic sizes were generated using the
Gibson assembly NEBuilder HiFi DNA Assembly kit (New England
Biolabs, Ipswich, MA, USA), adhering to the manufacturer’s recom-
mendations. In brief, synthetic DNAs (GeneArt, Thermo Fisher Scien-
tific Inc., Rockford, IL, USA) were placed between the LCMV-GP and
the VSV-L open reading frame of the VSV-GP vector backbone. Re-
combinant virus variants, expressing the additional gene that is not
incorporated into the virion, were subsequently recovered by a helper
virus-free calcium phosphate transfection in HEK293T cells using
pCAG expression plasmids of T7 polymerase and VSV proteins N, P,
and L, along with the respective virus construct that contained the
VSV-GP vector.46 Following detection of cytopathic effects and expan-
sion onHEK293F cells, the virus progenyunderwent two rounds of pla-
que purification and was further amplified on HEK293F cells.

Separation method and orthogonal analytical methods

HPLC-SEC separation

An Acquity Arc Bio HPLC system equipped with a 2998-photodiode
array (PDA) detector (Waters, Milford, MA, USA) and the software

Empower 3 FR 5 (Waters, Milford, MA, USA) for data acquisition
and integration was used in this work. The path length of the PDA
flow cell was 10 mm. An MALS DAWN detector controlled by Astra
8.1 (Wyatt Technology, Santa Barbara, CA, USA) was integrated in
the HPLC detector flow path. Analytical SEC column resins with
mean pore sizes of 50 nm (TSKgel G4000PW) and >100 nm (TSKgel
G6000PW) were used (Tosoh Bioscience, Griesheim, Germany). Col-
umn housings made of stainless-steel and PEEK (name affix “Bio-
Assist”) were tested during the method development. Tosoh uses an
abbreviated term for the PEEK version of the G6000PW resin, which
is “BioAssist G6PW”. For more clarity, we refrain from using the
abbreviated term. The PEEK version of the G4000PW was custom
manufactured by Tosoh. A temperature-controlled column oven
was used to keep the columns at 25�C during the method. The use
of Waters Fraction Manager-Analytical (WFM-A) enabled the
optional collection of elution fractions. The mobile phase used after
screenings consisted of 50 mM Tris-HCl, 200 mM NaCl, 150 mM
Arg, and 0.1 wt-% DMSO, pH 8.0, prepared with MilliQ purified wa-
ter and 0.22 mm filtered (Corning, Glendale, AZ, USA). A constant
flow rate of 0.5 mL/min was used, and the column was equilibrated
for at least five column volumes before sample injections. A sample
volume of 10 mL was used. For the CIP of the column, a high-salt
buffer and a 20% methanol step were used.

Sample preparation

Samples were measured undiluted unless stated otherwise; if dilutions
were required, a Tris-buffered, NaCl and 150 mMArg-containing so-
lution was used. A 50 g/L BSA stock solution was prepared from a
lyophilized BSA heat shock fraction (Sigma-Aldrich, Saint-Louis,
MO, USA) in a Tris-buffered, 50 mM NaCl-containing solution.
The stock solution was used to spike 0.98 g/L BSA into each sample.
Samples were then transferred to Quan Recovery polypropylene vials
with a high-performance surface (Waters, Milford, MA, USA) and
kept in the HPLC sample manager at 8�C until injection. Total Recov-
ery glass vials (Waters, Milford, MA, USA) were also tested for
comparison.

Separation characterization

The exclusion peak is presumed to be the virus peak. It was character-
ized by online UV andMALS signals and orthogonal offline analytical
methods (described in following sections). Samples with and without
BSA spikes were used to investigate the influence of BSA as the stabi-
lizing agent on the exclusion peak. Virus variants of VSV-GP with
increased genome length (up to 27%), resulting in prolonged VPs,47

were used to evaluate the influence of different-sized VPs on the
exclusion peak. Also, the MALS was used to acquire sizing data of
the exclusion peak.

Ns-TEM quantification

Ns-TEM experiments were performed by NanoImaging Services
(San Diego, CA, USA). VSV-GP containing samples were mixed
1:1 with 100 nm Polystyrene (PS) beads of predetermined concen-
tration. The samples were transferred on a copper grid and stained
using phosphotungstic acid. At least 50 images of different areas of
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the grid containing sufficient amounts of PS beads and VPs were ac-
quired at 15 000� magnification. Visible particles were classified
into PS beads, bullet-shaped VPs, deformed VPs, and empty parti-
cles, and each class was counted. The particle concentration for each
class is calculated based on the known PS bead concentration and
the counted number n for the virus particles VP and PS beads as
shown in Equation 2. VP deformation can occur during the
required sample treatment, which is why the sum of the bullet-
shaped and deformed VPs class was used for subsequent
calculations.

cðVPÞ = cðPSÞ � nðVPÞ
nðPSÞ (Equation 2)

SDS-PAGE and silver staining

Collected SEC fractions were analyzed by SDS-PAGE (4%–20%Mini-
PROTEAN TGX Precast Protein Gel; Bio-Rad, Hercules, CA, USA)
and silver stained (Thermo Scientific Pierce Silver Stain Kit; Thermo
Fisher Scientific Inc., Rockford, IL, USA), both methods were used ac-
cording to the manufacturer’s instructions.

qPCR

Viral RNA was extracted using Ambion’s MagMAX Viral RNA isola-
tion kit (Life Technologies Corp., Carlsbad, CA, USA) according
to the manufacturer’s instruction. A CFX96 Real Time Cycler (Bio-
Rad, Hercules, CA, USA) and iTaq Universal Probes One-Step Kit
(Bio-Rad, Hercules, CA, USA) were used for qPCR analysis with
primers targeting the N-protein gene sequences as described
elsewhere.48

TCID50

BHK-21 cells (CLS Cell Lines Service GmbH, Eppelheim, Germany)
were seeded in 96-well plates containing GMEM medium comple-
mented with 10% fetal calf serum (FCS), 5% tryptose phosphate broth
and 1% penicillin-streptomycin solution (all media components from
Gibco, Thermo Fisher Scientific Inc., Rockford, IL, USA) and incu-
bated at 37�C and 5% CO2. 24 hours after seeding, a dilution series
of the virus-containing samples was prepared. The complemented
media is used to create half-log10 dilution steps that are then added
individually to the seeded wells. The plates are incubated for 3 days
and subsequently the confluence of each well is determined using
an automated plate reader (Tecan, Männedorf, Switzerland). A
confluence level of %95% is used as a threshold to determine cyto-
pathic effects in wells by virus infection. The TCID50/mL is calculated
based on the number of infected wells using the Spearman-Kärber
equation.49,50

Method development

Recovery analysis

Quantifying analyte molecules by a post-column detector requires the
targeted analyte to elute with a sufficiently high and reproducible re-
covery. Recovery was determined by comparing analyte injections
over the column and PEEK bypass tubing. Five microliters of VSV-

GP reference material and, as a model protein, 5 mL of 2 g/L BSA,
were applied. The post-column and post-bypass UV 280 nm signal re-
sponses were compared, and recoveries calculated.

Mobile phase screening

To improve the recovery of the SEC method, the mobile phase buffer
was optimized. Various buffer components were screened: Tris, cit-
rate, phosphate, NaCl, Arg, sorbitol, sucrose, and DMSO. Excipient
concentrations as well as pH were optimized to reduce non-specific
adsorption to the column resin. The initial buffer was based on Tris
with NaCl and Arg at a pH of 7.5. A complete list of screened buffer
compositions can be found in the supplement material, Table S1. The
buffer components were iteratively optimized by single or combined
adjustments of buffer components and additional additives. Buffer
performance was evaluated by the above-described quantitative re-
covery analysis and the qualitative evaluation of the CIP peaks by
the MALS detector.

Sample stability optimization

The sample stability in the sample manager was evaluated using two
different sample vial materials (glass and polypropylene) and a BSA-
spiking methodology. VSV-GP reference samples were diluted to a
concentration of 9 � 109 VP/mL and prepared with different BSA
spike concentrations. Over a time frame of 35 h, the prepared samples
were stored in the sample manager at 8�C either in Quan Recovery
polypropylene (Waters, Milford, MA, USA) or Total Recovery glass
vials (Waters, Milford, MA, USA). During this time, samples were
repeatedly drawn from the vials and analyzed by HPLC-SEC
quantification.

Method characterization

The reference material for method development was used to generate
a calibration curve. Eight concentration levels in the range from the
undiluted reference material to the LLOQ were evaluated. For the
higher concentrated range, the undiluted material and two dilutions
with the factor 1.5 were used. For the lower concentrated range, a
five-step dilution series with the factor 3.0 starting from the undiluted
material was used. HPLC-SEC analysis was conducted in triplicates
for each concentration level as previously described. The triplicate
measurements were repeated in three independent runs, resulting
in nine measurement points per concentration level. Independent
runs on different dates and using different buffer batches ensured
the robustness of the calibration curve from random influences.

For the performance evaluation, quality control samples (QCs) at four
concentration levels across the working range were specified: High,
Mid, Low, and LLOQ concentration level. QCs were produced by
dilution of the characterization reference material, aliquoted, and
stored at �80�C until usage. Every QC level was quantified by
HPLC-SEC in three repetitions on five independent runs. The inde-
pendent runs differed in date and mobile phase buffer batch. The per-
formance runs were evaluated for precision and accuracy. The theo-
retical LOD and LLOQ were determined based on the baseline noise
with an SN ratio of 3:1 and 10:1.
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From a virus production run involving multiple DSP steps, IPCs were
collected and frozen at �80�C until analysis. The VPs in these sam-
ples were first removed by 0.1 mm filtration (Whatman Anotop
10 Plus; Cytiva, Marlborough, MA, USA). Then, the reference virus
material was spiked back into each sample. Finally, the samples
were analyzed by HPLC-SEC quantification.

Chromatographic step mass balance

The VSV-GP particle quantification method described herein was
applied to investigate an exemplary process development chromatog-
raphy run for enveloped viruses. Clarified supernatant containing not
only virus but also cell media components and cell-derived impurities
was loaded on a monolithic CEX column (CIMmultus SO3 1.0 mL;
Sartorius BIA Separations, Ajdov�s�cina, Slovenia) in bind-and-elute
mode. The flowthrough during sample loading and the wash phases
were collected for analysis. A salt step was applied to elute bound
VPs, and the peak was collected in fractions for offline quantification
by HPLC-SEC and qPCR. A mass balance of the VP loading and
eluting in the elution phases was conducted; 1 M NaOH + 2 M
NaCl was used for the CIP step of the column as specified by the
manufacturer.
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A B S T R A C T

Developing a downstream purification process for replication-competent enveloped virus particles presents a 
significant challenge. This is largely due to the highly complex particle structures, as well as complexities of 
emerging purification modalities for such virus particles. In this study, an unexpected fluid-dynamic effect was 
observed during the elution of enveloped virus particles from an ion exchange chromatography monolith. This 
effect led to peak tailing and the separation of virus particle subpopulations. Upon considering possible causes, 
convective entrapment was identified as a plausible explanation. To investigate this effect, a mechanistic 
modeling approach representing the electrostatic resin interactions and the convective entrapment effect was 
implemented. The introduced Langmuir approximation of the convective entrapment showed good alignment 
with reference data from experiments. The model reproduced the retention effect, and furthermore suggested 
two virus particle populations due to the stronger retention effect on the tailing subpopulation caused by 
convective entrapment.

1. Introduction

Viral vector-based therapeutics have advanced significantly in the 
recent years, enhancing their therapeutic potential, safety, and efficacy 
[1,2]. This development is reflected in the current clinical landscape, 
highlighting the demand for suitable bioprocesses for viral vector pro
duction [3]. Virus particles (VPs) are large, complex biomolecules with 
unique structures, sizes, and shapes. These attributes can vary tremen
dously between different viruses, presenting unique challenges for 
process development and making it difficult to establish standard plat
form processes [4,5]. Enveloped viral particles tend to be susceptible to 
malformation and possibly degradation during bioprocessing. This ne
cessitates the development of mild production processes with short 
processing times and minimal number of unit operations. A chromato
graphic capture step can be implemented after the clarification of har
vest material, which has typically a high feed volume with low VP 
concentrations [6]. It is designed to concentrate VPs while reducing 
working volume using a positive mode (bind-and-elute, BE).

For viral vector chromatography, significant progress has been made 
in the development of the interacting resin surface as well as resin 
structure. Affinity chromatography (AC) has demonstrated good per
formance for some viral vectors [7], though the specificity of AC ligands 
limit their versatility, and harsh conditions are required for elution [8,
9]. Ion exchange chromatography (IEX), on the other hand, offers 
greater versatility due to its lower specificity, but it requires more 
optimization for efficient VP purification [9]. While potential high salt 
elution conditions of IEX may cause osmotic stress on VPs, they are still 
milder than those of AC. IEX serves as the primary alternative to AC for 
the capture step and can also be used for polishing [7].

Large enveloped viral particles present both opportunities and 
challenges. While they offer a substantial gene insert capacity, their size 
impedes diffusional movement and obstructs pore accessibility of con
ventional porous bead-based resins. Convective-driven chromato
graphic media like monoliths, membranes, and nanofibers offers 
minimal mass transfer resistances and low pressure drops, facilitating 
high flow rates ideal for capture steps [10–12]. However, industrial 
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experience using convective media for enveloped VPs is rather limited, 
and a deeper understanding of the manifold process challenges for a 
variety of virus vectors is needed. Monoliths are chromatographic col
umns comprising a continuous and homogenous structure. 
Polymer-based monoliths are designed to be made of convective chan
nels, enabling a high mass transfer [13,14]. Silica-based monoliths on 
the other hand have a bimodal pore size distribution with convective 
channels and diffusional pores. The latter are inaccessible to large bio
molecules, limiting their use in VP purification [15].

Modeling of chromatography purification steps for non-enveloped 
VP and virus-like particles (VLPs) is performed in recent years to opti
mize process conditions [16–19] and to gain process understanding 
[12]. Particularly, mechanistic chromatography models are in silico 
representations to simulate chromatographic process steps. They are 
based on mathematical equations to represent fluid dynamics as well as 
physico-chemical phenomena within a chromatographic column. The 
biopharmaceutical industry leverages the predictive capabilities of 
mechanistic models to optimize [20], simulate scale-up conditions [21], 
conduct root-cause investigations [22] and robustness studies [23]. 
Effort is initially invested to characterize and understand the phenom
ena within the column to effectively derive accurate mathematical 
equations to describe it. In the process of developing the model, process 
knowledge is gained.

Two examples of chromatography modeling for enveloped VPs and 
VLPs can be found in literature, both involving anion exchange chro
matography (AEX) membrane adsorbers. Pamenter et al. observed a 
time-dependent irreversible sorption of lentiviral vectors, and subse
quently developed a kinetic model that can predict recovery losses [24]. 
Vicente et al. applied the steric mass action (SMA) formalism to describe 
the resin interaction of Sf9-derived Baculovirus particles and to examine 
the impact of ligand density on impurity depletion in a gel-layered 
membrane adsorber [25]. They concluded that the ligands in the gel 
layer were inaccessible to the large virus particles, unlike the small 
impurities. However, this feature specific to virus particles was not 
represented in the model equations. Zhao et al. extended the SMA 
formalism to exclude ligands within bead pores inaccessible to large 
virus particles [26]. This extension increased the accuracy of the steric 
shielding SMA parameter for an enveloped and non-enveloped virus 
particles in bead-based chromatography systems.

In this study, we used a modified vesicular stomatitis virus (VSV) of 
the Rhabdoviridae family known as VSV-GP [27], an enveloped virus 
particle with a bullet-shaped morphology of dimensions of approxi
mately 70 × 200 nm [28]. Production involves propagation in a 
mammalian cell suspension, and purification by filtration and chroma
tography steps [29]. Here we characterize the capture step which in
volves a cationic exchange chromatography (CEX) monolith. During 
characterization experiments, peak tailing was observed for VSV-GP 
eluting in a salt gradient. This tailing could not be explained by our 
current understanding of fluid dynamics and particle-resin interaction in 
the monolith. An unexpected effect, namely convective entrapment, 
arose from this investigation.

A convective entrapment effect has been previously described for 
large biomolecules trapped in constriction sites of a resin [30]. Trilisky 
et al. observed a flow dependent fluid-dynamic effect that impacted 
recovery, although dynamic binding capacity of monoliths are 
flow-independent [31]. Such constriction sites are convectively flown 
through but narrow down to a size through which large biomolecules 
cannot pass. Biomolecules are thereby pushed into the constriction sites 
by advection, thus becoming entrapped. Entrapped particles can then 
only be released by diffusing back through the opening, and by chance, 
taking a different flow path through the resin [30,32]. Trilisky et al. 
demonstrated this effect for monoliths with channel diameter of 2 µm 
and for non-enveloped human adenovirus serotype 5 of approximately 
100 nm in diameter [30]. Pavlin et al. observed this effect in an 
analytical monolith with a 6 µm channel diameter for an open circular 
DNA (ocDNA) plasmid isoform [33]. Recovery reduction due to this 

effect was seen at flow rates of 0.5 and 1.0 mL/min. However, more 
compact DNA structures were not affected. In a preparative setup, this 
recovery reduction for ocDNA was only observed for 2 µm, but not for 6 
µm channels by Kralj et al. [34]. Gabor et al. observed plasmid recovery 
losses due to convective entrapment on analytical monoliths as well as 
bead-based columns. The authors were unsuccessful in predicting the 
losses using the radius of gyration for different plasmid isoforms, sug
gesting an important role of particle geometry for the entrapment effect 
[35].

The retention effect due to convective entrapment is currently not 
accounted for in any transport term of conventional chromatographic 
mechanistic models. To address this gap, we incorporated the Langmuir 
model to approximate the particle retention by convective entrapment, 
in addition to the SMA formalism for the electrostatic interactions. 
Consequently, this study presents a mechanistic model that describes the 
bind-and-elute behavior of enveloped virus particles in a chromato
graphic monolith, taking into account the particle retention due to 
convective entrapment.

2. Theory and model design

A mechanistic chromatography model is an in silico representation of 
a chromatographic step utilizing mathematical equations to simulate the 
fluid dynamics and molecule adsorption and retention. The applied 
models are presented in this section, together with the implemented 
modifications for this study.

2.1. Equilibrium dispersive model

A monolithic structure is considered, with its porosity built up by 
only convective flow channels. Mass transfer is presumed to be non- 
limiting [13,31], and potential diffusional accessible pores and thus 
diffusional limitations are neglected. Therefore, the stationary phase 
concentration q can be directly coupled to the mobile phase concen
tration c.

In an axial flow column, mass transport by convection through the 
column is presumed to be independent of the cross-sectional position. 
The column geometry is thus reduced to a one-dimensional space. The 
equilibrium dispersive model (EDM) describes the change of the con
centration c in the mobile phase (MP) at a coordinate x ∈ [0, LCol] and a 
discrete time point t ∈ [0,T] as shown in Eq. (1), in which u0 is the 
applied flow velocity and ε the column porosity. The EDM is composed 
of an advection term, a dispersion term, and a term for the mass transfer 
to the stationary phase (SP) [36]. 

∂c
∂t

(x, t) = −
u0(t)

ε
∂c
∂x

(x, t) + Dax
∂2c
∂x2 (x, t) −

1 − ε
ε

∂q
∂t

(x, t) (1) 

In the EDM, all peak broadening effects are lumped together into the 
apparent dispersion factor Dapp [36]. In general, contributing factors for 
chromatographic peak broadening can include: axial molecular diffu
sion, eddy dispersion, mass transfer limitations (film mass transfer 
resistance layer, pore diffusion, boundary layer) and adsorption/ 
desorption kinetics [37]. Since mass transfer is assumed to be 
non-limiting and binding kinetics are accounted for in the binding 
isotherm, the apparent dispersion factor Dapp can be reduced to axial 
effects and becomes Dax.

The EDM is complemented at the inlet (x = 0) and outlet (x = LCol) 
by the Danckwerts’ boundary conditions [38]. 

∂c
∂x

(x = 0, t) =
u(t)
Dax

(
ci(x= 0, t) − cin,i(t)

)
for t > 0 (2) 

∂c
∂x

(x = LCol, t) = 0 for t > 0 (3) 
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2.2. Steric mass action isotherm

Brooks and Cramer introduced the SMA isotherm in 1992 [39], 
which assumes a stoichiometric exchange of ions as principle of 
molecule-ligand binding. The adsorption of component i on the sta
tionary phase is described by the isotherm equation. A total of Ncomp 

components including salt (i = 0) is considered. Eq. (4) shows the ki
netic form of the SMA isotherm which considers the counter-ion con
centration in the mobile phase c0 and the ionic capacity of the stationary 
phase Λ [40]. The adsorption behavior is dependent on the 
component-specific parameters characteristic charge νi and steric hin
drance factor σi. The rate of adsorption and desorption is characterized 
by the equilibriums parameter Keq = kads/kdes and the kinetic parameter 
kkin. Reference concentrations (qref = 1000 mol

m3
SP
, cref = 1000 mol

m3
MP

) were 

applied to make the units of the equilibriums and kinetic parameter 
independent from the characteristic charge and thus decouple them. 
This simplifies parameter estimation and the use of reference values 
within the same dimension of c0 and Λ improves numerical stability 
[41].  

2.3. Convective entrapment effect

Convective entrapment is a fluid-dynamic effect observed in mono
liths which depends on advection and the diffusional rate of affected 
particles. The Peclet (Pe) number was found to be a prediction param
eter for convective entrapment. Pe is a dimensionless number describing 
the ratio of advection to diffusive transport of a physical quantity. 
Trilisky et al. derived and simplified an equation to estimate the Pe 
number for the convective entrapment of large biomolecules in mono
liths, Eq. (5) [30]. 

Pe ≈
usd2

b
εDdp

(5) 

In which us is the superficial flow velocity, db is the biomolecule 

diameter, ε is the porosity of the monolith, D is the diffusion coefficient 
of the biomolecule, and dp the mean channel diameter of the monolith. 
In theory, at Pe = 1, advection and diffusional rate are balanced. At 
Pe ≪ 1, the diffusive transport prevails and particles in constriction sites 
immediately diffuse out again. At Pe ≫ 1 the advection prevails and 
thus particles are convectively entrapped in constriction sites.

2.4. Convective entrapment modeling

In an approach to model the convective entrapment (CE) effect, a 
second isotherm equation, additive to the SMA isotherm, is introduced. 
Fig. 1 shows the possible binding modalities for a particle in the mobile 
phase based on the additive isotherms shown in Eq. (6). 

∂qi

∂t
=

∂qSMA
i
∂t

+
∂qCE

i
∂t

(6) 

Even though convective entrapment is a fluid dynamic effect rather 
than a binding modality, it can be interpreted as a binding modality due 
to the temporary restriction of particles in the resin’s constriction sites. 
Entrapment-and-release is an advection- and diffusion-driven process, 

dependent on the flow velocity, column channel geometries and the 
particle diffusional rate, therefore also temperature and viscosity 
dependent. For reasons of simplification, the dependencies were lumped 
together into an entrapment (ktrap) and release (krelease) parameter. These 
parameters are thus only valid as long as the cumulated process vari
ables are not changed.

In addition, homogenous and single-particle constriction sites were 
assumed. With these prerequisites, a simple Langmuir isotherm as 
shown in Eq. (7) was used to represent the convective entrapment effect. 
The total amount of constriction sites is considered using qCE

max of which 
the sum of entrapped particles qCE

j are subtracted to calculate the 
amount of available constriction sites. 

∂qCE
i

∂t
= ci ktrap,i

(

qCE
max −

∑Ncomp − 1

j = 1
qCE

j

)

− qCE
j krelease,i

(
i = 1,⋯,Ncomp − 1

)

(7) 

Fig. 1. Isotherm scheme Schematic representation of the isotherm setup. Particles in solution are either entrapped due to convective entrapment or bound to ligands 
by the SMA formalism.

∂qSMA
i
∂t

=
1

kkin,i

(

Keq,i cp,i

(

Λ −
∑Ncomp − 1

j=1

(
νj + σj

)
qSMA

j

)νi

q− νi
ref − qSMA

i

(
c0

cref

)νi
)
(
i=1,…,Ncomp − 1

)
(4) 
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3. Materials and methods

3.1. Virus preparation

VSV-GP particles were propagated by infection in a mammalian cell 
suspension. 37 h after infection, the suspension was treated with 200 
mM NaCl for viral release. The harvest was clarified by depth filtration, 
sterile-filtered and treated with nuclease. VPs were captured using a CEX 
monolith column (CIMmultus SO3, Sartorius BIA Separations, 
Ajdovščina, Slovenia) and eluted using a 1 M NaCl step at pH 7.5. For 
polishing and buffer exchange, a preparative size exclusion chroma
tography column comprising Sepharose 6FF (Cytiva, Marlborough, MA, 
USA) was used. The mobile phase buffer consisted of a Tris-based buffer 
with 50 mM NaCl and 150 mM Arginine at pH 7.5. After sterile filtration 
(0.22 µm), the final virus suspension was aliquoted and stored at − 80 ◦C 
until usage. The batch was analyzed by qPCR for genomic copies and by 
TCID50 for infectivity resulting in a concentration of 2.3 × 1011 GC/mL 
and 1.67 × 1010 TCID50/mL.

3.2. Chromatographic instrumentation and experimental design

Chromatographic runs were performed on an Äkta micro liquid 
chromatography (LC) system including an adequate fraction collector 
(provided by Cytiva, Munich, Germany) unless stated otherwise. PEEK 
tubing of 0.25 mm inner diameter were used to connect the individual 
LC system parts except for the column which is mounted on the UV cell. 
The post-column flow path of the LC system comprised of an UV and a 
conductivity detector, extended by a multi-angle light scattering (MALS) 
detector (Wyatt Technology, Santa Barbara, CA, USA).

This study focused on the chromatographic behavior of VSV-GP on a 
CEX monolith. For this purpose, a scale-down approach was designed. 
The monolith resin consisted of prototype CIMmic SO3 disks with a 
manufacturer-specified channel diameter of 6 µm. Three disks were 
stacked together into the appropriate CIMmic housing, allowing axial 
flow through all disks with 0.3 mL total volume. The disks and housing 
were kindly provided by the manufacturer Sartorius BIA Separations 
(Ajdovščina, Slovenia). Loading densities of virus particles on the 
monolith resin were kept low (<25 % of max loading capacity) to pre
vent additional saturation effects. An overview of runs is presented in 
Table 1.

A Tris-based buffer consisting of 50 mM Tris at pH 7.5 was used 
throughout this study. The NaCl concentration differed according to the 
requirements of each step. Column conditioning was conducted using 2 
M NaCl for at least 10 column volumes (CVs). 50 mM NaCl were used for 
column equilibration, loading of virus in BE mode and subsequent wash 

phase of 5 CV. A linear salt gradient up to 950 mM NaCl was applied for 
virus particle elution. Different gradient lengths were used as presented 
in Table 1. In non-binding flowthrough (FT) mode, 500 mM NaCl was 
used for equilibration and isocratic sample application. After each run, a 
cleaning-in-place (CIP) step of 2 M NaCl with 1 M NaOH was applied.

3.3. Analytical methods

3.3.1. qPCR titer
The extraction of viral RNA was carried out using the MagMAX Viral 

RNA isolation kit from Ambion (Life Technologies Corp., Carlsbad, CA, 
USA), following the instructions provided by the manufacturer. The 
qPCR analysis was performed using a CFX96 Real Time Cycler from 
BioRad (Hercules, CA, USA) and the iTaq Universal Probes One-Step Kit, 
also from Bio-Rad (Hercules, CA, USA). The primers used in the analysis 
targeted the N-protein gene sequences, as detailed in a previously 
publication [42].

3.3.2. TCID50 titer
BHK-21 cells (CLS Cell Lines Service GmbH, Eppelheim, Germany) 

were cultured in 96-well plates using GMEM medium, which was 
enriched with 10 % fetal calf serum (FCS), 5 % Tryptose Phosphate 
Broth, and 1 % Penicillin-Streptomycin solution (all media components 
from Gibco, Thermo Fisher Scientific Inc., Rockford, IL, USA). The cells 
were then incubated at 37 ◦C and 5 % CO2. 24 h post-seeding, a series of 
dilutions of the virus-containing samples were made. The enriched 
media was used to produce half-log10 dilution steps, which were then 
individually added to the seeded wells. The plates were incubated for a 
period of 3 days and subsequently the confluence of each well was 
measured using an automated plate reader (Tecan, Männedorf, 
Switzerland). A confluence level of ≤95 % was set as the threshold to 
identify cytopathic effects in wells due to infection by infectious parti
cles (IP). The TCID50/mL was then calculated based on the number of 
infected wells using the Spearman-Kärber equation [43,44].

3.3.3. Hydrodynamic radius
The hydrodynamic radius of virus samples was measured by dynamic 

light scattering (DLS) using a DynaPro Nanostar I (Wyatt Technology, 
Santa Barbara, CA, USA). Samples were diluted as required using the 
CEX equilibration buffer described above. The lower fit threshold of the 
autocorrelation function was adjusted to exclude smaller sample matrix 
components based on a matrix blank analysis.

3.3.4. HPLC-SEC quantification
For offline quantification of total particle count of virus particles 

(TP), a method based on a high performance LC (HPLC) device equipped 
with an analytical size exclusion chromatography (SEC) column was 
used as described previously [45]. An Acquity Arc Bio HPLC system 
including a photodiode array (PDA) detector (Waters, Milford, MA, 
USA) was equipped with the analytical SEC column TSKgel G4000PW 
(Tosoh Bioscience, Griesheim, Germany). The virus particles were 
separated from smaller impurities by size and the measured UV signal 
used for quantification against a calibration curve. The mobile phase 
consisted of 50 mM Tris–HCl 200 mM NaCl, 150 mM L-Arg, and 0.1 wt-% 
DMSO, pH 8.0. A constant flow rate of 0.5 mL/min was used. Samples 
were spiked with bovine serum albumin (BSA) to minimize unspecific 
adhesion of the VPs to the HPLC vials used.

3.4. Model application and parameter estimation

3.4.1. CADET (Chromatography analysis and design toolkit)
The mechanistic model was build using the CADET open-source 

framework. CADET is a chromatography-specific modeling and simu
lation software written in C++ which has built-in functionality for 
common mass transport and binding models [46]. The CADET source 
code for the SMA isotherm was modified to implement the convective 

Table 1 
Overview of chromatographic runs. (FT – Flowthrough; CV – Column volume; 
BE – Bind and Elute; LGE – Linear gradient elution).

Name Loading conditions Run conditions

System characterization Polystyrene beads (100 nm) FT mode; 0.3 mL/min
1000 mM NaCl

Low load gradients for 
Yamamoto method

VSV-GP, <0.1 % of max. 
loading capacity

BE mode: 20, 40, 60, 80 
CV LGE 
(50 to 950 mM NaCl); 
0.3 mL/min

Fraction collection VSV-GP, approx. 22 % of 
max. loading capacity

BE mode: 60 CV LGE 
(50 to 950 mM NaCl); 
0.3 mL/min

Reapplication runs VSV-GP, collected and 
diluted pools of fraction 
collection run

BE mode: 60 CV LGE 
(50 to 950 mM NaCl); 
0.3 mL/min

Flow rate variations VSV-GP, <0.1 % of max. 
loading capacity

BE mode: 40 CV LGE 
(50 to 950 mM NaCl) 
Flow rates: 0.1, 0.25, 
0.3, 0.35, 0.45, 0.75 
mL/min

A. Schimek et al.                                                                                                                                                                                                                                Journal of Chromatography A 1748 (2025) 465832 

4 



entrapment functionality as described in the Section 2.4. In CADET, the 
implicit differential–algebraic solver (IDAS) time integrator was used to 
discretize time steps to solve the model’s differential-algebraic equation 
system. In this study, the required Jacobians at every time step were 
calculated using automatic differentiation. The CADET-Process frame
work was used to setup the mechanistic model. CADET-Process is an 
open-source python package with interfaces to external libraries such as 
CADET to facilitate the setup and parameter estimation of mechanistic 
models [47].

3.4.2. Yamamoto method
The Yamamoto method is a parameter estimation method based on 

low load linear gradient elution (LGE) runs to determine SMA isotherm 
parameters [48]. The method exploits the correlation of salt concen
tration cs at the eluting peak maximum of a component with the slope g 
of the linear gradient applied (Eq. (8)). It thereby calculates Keq and the 
characteristic charge ν. 

log(gVsolid) = (ν + 1)log(cs) − log
(
ΛνKeq(ν + 1)

)
(8) 

3.4.3. Parameter calibration
An inverse parameter estimation method was applied for model 

parameters for which no other parameter determination method was 
feasible or available. The inverse method compares simulation data with 
reference data obtained in experiments and calculates the deviation, in 
this case, the normalized least square error. This enables the formulation 
of a minimization problem and allows the application of genetic opti
mization algorithms such as U-NSGA-III implemented in the pymoo 
Python package [49]. Within an a posteriori specified range, multiple 
start points were generated. The resulting simulations were evaluated 
for their error and a new generation of the genetic algorithm was 
derived.

4. Results and discussion

4.1. System and column characterization

The liquid chromatography system and the chromatography column 
were characterized for dead volumes and dispersion effects. Detector- 
specific tracers consisting of a NaCl solution, a dextran solution (blue 
dextran 2000, Cytiva, Munich, Germany) and a 100 nm polystyrene (PS) 
bead suspension were used to address different parts of the flow path. 
The peak maxima of the tracer runs were used to calculate system dead 
volumes. Column porosity was determined using the net retention time 
of NaCl and dextran in the column. The porosity determined using NaCl 
was 3.5 % higher than that derived from the dextran peaks. A mercury 
intrusion porosimetry analysis was conducted by ZetA Partikelanalytik 
(Mainz, Germany): the pore volume for pore sizes below 100 nm was 
approx. 1 % of the total determined pore volume. Based on both find
ings, the differences in porosities for different molecule sizes (NaCl, 
dextran and VPs) were regarded negligible and the porosity derived 
from dextran was used for the model. Dead volumes of 52 µL were 
considered as ideal plug flow reactors (PFRs) and dispersion was rep
resented using ideal continuous stirred tank reactors (CSTRs) of in total 
43 µL. The dispersion contribution of the tubings was expected to be 
minor. Hence, flow delays of tubings were modeled as ideal PFRs while 
residual dispersion effects were lumped together with back mixing ef
fects of detector flow cells and other dead volumes as ideal CSTRs. This 
approach simplified the model setup and calibration. The tubular 
reactor with an axial dispersion of zero as ideal PFR, and the CSTR unit 
operation, both included in the CADET-Process package were utilized. 
The column axial dispersion value was determined by parameter fitting 
of the NaCl solution runs. Resulting simulations of the characterization 
runs are displayed in Fig. 2.

To determine ionic capacity, an acid-base-titration was conducted 
[50]. First, all counter-ions were displaced by protons using 0.5 M HCl. 

Then, a column wash was caried out using purified water. Finally, a 
titration using 5 mM NaOH was performed until breakthrough was 
observed in the conductivity signal. The applied amount of sodium ions 
nNa+ was then used to determine the ionic capacity with Eq. (9). Vari
ables and results are shown in Table 2. 

Λ =
nNa+

VCol(1 − ε) (9) 

4.2. SMA parameter estimation

SMA parameters were determined by correlating the salt concen
tration at peak maxima with the normalized salt gradient slope using 
four elution gradient lengths (20, 40, 60 and 80 CV) according to 
Yamamoto et al. [51]. The slope and x-intercept of the regression were 
used to calculate ν = 1000.0 and Keq = 12.0 according to Eq. (8). The 
results are shown in Fig. 3A.

The determined ν and Keq were used to simulate the low load 
gradient runs, resulting in a good alignment of the retention times for 
the peak maxima as shown in Fig. 3B. Fitting of kkin = 5 × 106 s 
enabled the representation of the peak fronts. Additional to the main 
peaks where the peak maxima were used, all elution chromatograms 
show a strong tailing which is not represented in the simulation. The 
SMA approach and the assumption of a homogeneous virus particle 
population did not account for the observed tailing effects. Since no pore 
diffusion is present in the model an unaddressed phenomenon must be 
the cause.

Fig. 2. System and column characterization tracer runs for system and column 
characterization using (A) NaCl for the conductivity detector and (B) 100 nm PS 
latex beads for the LS detector. Dashed lines are experimental reference data 
which are matched by the solid simulation data. Dotted vertical lines mark the 
injection times of the tracers.

Table 2 
Column parameters for the CIMmic SO3 0.3 mL disk stack. Column geometry 
values are provided by the manufacturer.

Parameter Symbol Value Unit

Column length LCol 6.3 mm
Column diameter dCol 7.9 mm
Column volume VCol 0.3 mL
Axial dispersion Dax 0.003 mm2/s
Porosity ε 0.636 –
Ionic capacity Λ 0.184 mol/L
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4.3. Causes for peak tailing

A variety of factors can contribute to tailing in an elution peak for IEX 
chromatography: Mass transfer limitations, (extra-column) dispersion 
effects, sample heterogeneity and secondary particle-resin interactions 
[37]. These potential causes were considered, using both experimental 
and theoretical approaches. The findings are presented in this section, 
and potential contributing factors are discussed.

4.3.1. Peak height and tailing are flow rate dependent
To investigate potential influences from fluid dynamics, the bind- 

and-elute run using a 40 CV NaCl-gradient (Fig. 3) was repeated at 
various flow rates. In the tested range of flow rates between 0.1 to 0.75 
mL/min, the elution peak showed changes in the extent of peak tailing as 
well as peak height depending on the flow rate as shown in Fig. 4. For 
the previously used flow rate of 0.3 mL/min, the tailing is most pro
nounced (Fig. 4B, blue line). Deviations of 0.05 mL/min in either di
rection reduced the tailing. A minimal tailing in the set is reached for the 
highest flow rate deviations in both direction (Fig. 4A+C) for which the 
increased flow rates also show a reduced peak height (Fig. 4C). Due to 
these findings, the influence of flow rate on dispersion was evaluated as 
presented in the following section.

Fig. 3. SMA parameter determination and simulations of low load gradient runs. (A) SMA parameter determination based on the Yamamoto method. Log-log plot of 
gradient slope and salt concentration at elution maximum yielding in Keq and ν using given equation. (B) Yamamoto LGE runs, conducted at 20, 40, 60 and 80 CV 
gradient lengths and low loading densities. Experimental reference data and simulations which are based on the SMA parameter determined in A and a fitted ki
netic parameter.

Fig. 4. The impact of flow rate on the elution profile was analyzed by deviating the flow rate between 0.1 and 0.75 mL/min for 40 CVs LGE runs at low loading 
densities. (A) 0.1 mL/min, (B) (0.3 ± 0.05) mL/min and (C) 0.45 mL/min, 0.75 mL/min.
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4.3.2. Possible dispersion effects
Dispersion effects in the column and LC system were characterized 

and considered as shown in Fig. 2. Furthermore, the influence of flow 
rate and thus potential impact on the chromatogram was investigated. 
Acetone pulses were applied on the column at different flow rates. 
Overlying peaks are observed for higher flow rates between 0.5 to 1.0 
mL/min while slightly broader peaks are observed for lower flow rates 
between 0.1 to 0.25 mL/min (supplemental Figure S1).

From a theoretical point of view, dispersion effects in chromatog
raphy can be categorized as either column-originated or extra-column 
effects. Within the column, the hydrodynamic dispersion due to the 
resin geometry is a constant parameter according to van Deemter and is 
independent of the flow rate [52]. The longitudinal (axial) molecular 
diffusion is dominant for very low flow rates, which is seen using the 
acetone pulses at very low flow rates in Figure S1 [52]. However, with 
lower residence times at elevated flow rates and low inherent diffusional 
rates of large biomolecules, its influence is considered negligible. Thus, 
it is unlikely that flow rate-induced dispersion effects is responsible for 
the observed tailing variations in Fig. 4.

For monoliths in disk formats used in this study, observed dispersion 
is dominated by extra-column effects [14] such as system dead volumes. 
Tubings, column housing and detector flow cells contribute to the dead 
volume which becomes more important when using low volumetric 
columns [53]. In a similar chromatographic setup, Yamamoto et al. 
observed a fronting and slight tailing which was assumed to originate 
from dispersion in the column housing [54]. In comparison, tailing ef
fects observed in the results presented here are much more dominant. 
The setup used for this study was optimized for minimal dispersion ef
fects: the chromatographic system used features small internal volumes, 
and the axial flow CIM disks exhibit lower dispersion compared to the 

radial flow monoliths [13]. In the presented study, no relevant peak 
broadening influence of the flow rate was determined. Observed 
dispersion effects were constant within the tested flow rate and 
accounted for in Fig. 2.

4.3.3. Fractions of main peak and tailing show distinct elution behavior
To examine the behavior of virus particles in the main and tailing 

part of the elution peak separately, the elution peak was fractionated 
accordingly. The column was loaded to approximately 22 % of its ca
pacity with purified virus particles, and then a 60 CV NaCl-elution 
gradient at 0.3 mL/min was performed. With this higher loading den
sity, the elution profile (Fig. 5A) remains the same as for the low load 
runs (Fig. 3B), comprising a main peak and a strong tailing.

Fractions collected throughout the run were quantified by offline 
HPLC-SEC analysis. The overlay of the light scattering signal at 90◦ and 
the offline quantification matches except for the peak maxima where the 
scatter signal was saturated even though the laser power was reduced to 
10 %. The ratio of offline measured VP concentration to the scatter 
signal of this run was used as measurement factor for this study. The 
measurement factor of 1.9 × 109 VP

mL/ V was applied in all plots to visu
alize the scatter signal of experiments, the reference data, together with 
simulated virus particle count data at a constant ratio between them.

The fractions at the peak maximum and the mid part of the tailing 
(indicated in Fig. 5A) were pooled and conditioned (diluted) to adjust 
the NaCl concentration to the initial binding conditions. The pools were 
individually reapplied on the regenerated column using the same con
ditions as for the initial fraction collection run. Reapplication of the two 
pools resulted in completely different behaviors compared to the initial 
application and also between the two pools (Fig. 5B). Specifically, the 
main pool elutes as a sharp peak with minor tailing at the same retention 

Fig. 5. Main peak and tailing fraction collection and reapplication. (A) Fraction collection of a 60 CVs LGE run with purified VSV-GP. Laser power was reduced to 10 
% to prevent saturation which still occurred at peak maxima. The scatter signal shown was normalized to 100 % laser power for comparability. Fractions were 
colllected and VPs quantified offline by HPLC-SEC. (B) Pools of the main and tailing peak region (marked in A) were reapplied onto the same column using the same 
bind-and-elute parameters as in A. NaCl concentrations of the pool loads were adjusted by dilution to meet initial sample loading conditions of A.
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time as the pool collection. On the contrary, the reapplied tailing pool 
starts eluting with a small delay compared to the main peak and exhibits 
a dominant tailing. In this case, however, no distinct peaks can be 
discriminated. This phenomenon of different elution behaviors of 
collected fractions was observed also in a scaled-up setup using the same 
run conditions: 1 mL CIMmultus SO3 column (Sartorius BIA Separations, 
Ajdovščina, Slovenia) on an Äkta avant150 (Cytiva, Munich, Germany) 
at 1 CV/min. A different batch of purified virus particles was used which 
was produced in the same way as the virus material applied to the 
original experiment. The scaled column uses a radial flow pattern 
instead of an axial flow in the scale-down approach. Even in this scaled 
setup and changed flow pattern, the same distinctive elution behavior of 
virus particles in the main and tailing peak part were observed 
(Figure S2). In the next sections possible causes which could explain 
observed effects are discussed.

4.3.4. Charged subspecies and kinetic effects
When multiple peaks or shoulders are observed in an IEX elution 

gradient, the first logical assumption is that there is a diverse population 
of subspecies or impurities with different charges. Effio et al. showcased 
an example where a single target component had to be separated from a 
complex feed stock. [17] In their highly complex LGE chromatogram, 
many overlapping peaks are observed which could be deconvoluted into 
individual components. In their derived model, all components were 
modeled individually with different and independent SMA parameters 
[17]. In contrast, the chromatograms observed in this study show a 
different behavior: no individual distinct peaks are revealed in any of the 
utilized gradients (Fig. 3B). Instead, a flow rate dependency for the 
tailing was observed in Fig. 4. The strongest effects were seen at the flow 
rate of 1 CV/min = 0.3 mL/min. Deviations in both directions decreased 
the tailing. These observations strongly oppose the tailing effect being 
originated from charged species.

Another influence on the chromatogram are time-dependent kinetics 
of the particle-resin-interaction. These effects are amplified in bead- 
based chromatographic resins due to mass transfer resistances which 
are considered negligible in this study setup using a monolith. By 
increasing the kinetic parameter in the kinetic form of the SMA equa
tion, the actual kinetics decrease due its reciprocal form. This results in 
slowed desorption of components and peak tailing [55]. Decreased ki
netics also impact the adsorption term in the SMA equation, leading to a 
slowed adsorption until breakthrough during loading occurs. The kinetic 
parameter was fitted to be aligned with the front of the LGE peaks. A 
further increase of the parameter in the model lead to an early break
through of components during the loading phase (data not shown) 
which is not seen in the reference data set. Slow kinetics were thus 
excluded as a tailing cause.

4.3.5. Hydrophobic interaction chromatography (HIC) effects
Residual hydrophobic interactions of the polymethacrylate back

bone of the monolithic resin may slow down the desorption process of 
bound particles, especially with salt ions being present. The salting out 
effect should increase potential hydrophobic interactions, thus a steeper 
salt gradient for elution should increase effects as observed by Altern 
et al. for mixed-mode columns [56]. This is not observed in Fig. 3. 
Moreover, a potential HIC effect would not exhibit a flow rate de
pendency as observed for the tailing in Fig. 4.

4.3.6. Binding modalities
The shape of VSV particles resembles a bullet with its cylindrical 

structure, with one flat end and the other one convex. Thus, different 
binding strengths of the particle facets to the resin surface could be 
assumed. If so, a certain proportion of the different binding modalities is 
expected to be established. This proportion would then be observed as 
the ratio of the peak areas eluting from the column. And the ratio should 
be re-established when any elution peak fractions are reapplied on the 
column. Fractions of the main peak and the tailing were collected and 

reapplied on the same column using the same process conditions at two 
different scales (Fig. 5 and Figure S2). Upon reapplication of the pools, 
the resulting chromatograms show a very different ratio of the main and 
tailing part. This observation indicates that different binding modalities 
are most likely not the main contributor to the observed tailing.

4.3.7. On-column particle alterations
Morphological differences in VSV-GP particles were previously 

described to occur in the preparative process [57] and enveloped virus 
particles are typically sensitive to environmental stress such as high 
ionic strength [58] and shear rates [59]. Possible morphological 
on-column alterations could result in a variety of elution behaviors, thus 
the broad tailing peak. The reapplication of the main peak does not 
support this hypothesis. The tailing upon reapplication is reduced to a 
minimum (Fig. 5B), so no on-column alterations result in an extended 
tailing behavior. Furthermore, no significant difference in infectivity 
was determined between the pooled fractions: ratioIP/TP (Main peak) =

14 ± 7% TCID50/VP; ratioIP/TP (Tailing) = 20 ± 12% TCID50/VP.

4.3.8. Convective entrapment
The observed peak tailing may be caused by fluid-dynamic effects 

rather than particle-resin-interactions. The convective entrapment effect 
as described by Trilisky et al. [30,32] and Koku et al. [60] is a 
fluid-dynamic effect leading to partial or complete particle retention. 
Particles are entrapped in narrowed channels by convective pressure 
and released by chance due to diffusional movement. This leads to a 
retention effect observed as a peak delay, tailing effect or peak area 
reduction.

Convective entrapment can be classified by the Peclet number (Pe), a 
dimensionless number dependent on process parameters such as the 
flow rate but also on particle characteristics such as the diffusional rate. 
The Peclet number is used as a predictor for recovery losses due to the 
convective entrapment effect (Pe≫1), but convective entrapment was 
also observed for Pe < 1 [30,33]. In the bind-and-elute runs presented 
here, the determined Peclet numbers of the utilized flow rate range were 
Pe < 1 (Figure S3). Peclet numbers were estimated based on diffusional 
rate measurements of VPs using DLS. At the flow rate of 0.3 mL/min for 
which the strongest tailing effect was observed (Fig. 4B), a Pe0.3 ≈ 0.14 
was estimated. At lower flow rates (Fig. 4A), Peclet numbers are lower 
(Pe0.1 ≈ 0.04) and diffusional transport becomes more dominant: par
ticles would have a higher chance of a fast release from constriction sites 
by diffusion. Conversely, at higher flow rates the advection compared to 
diffusional transport becomes dominant, and particles in constriction 
sites remain entrapped until the conditions change. This leads to a 
reduced peak height as observed in Fig. 4C. However, this is not rep
resented in the estimated Peclet numbers which are Pe < 1 (Pe0.45 ≈ 0.2,
Pe0.75 ≈ 0.34) and demonstrates the estimative character of the Peclet 

number. The correct interpretation of Peclet numbers in the dimension 
of 1 is difficult due to the equilibrium of advection and diffusional rate. 
It thus remains unclear at which Peclet value tailing effects due to 
convective entrapment are most prominent.

The reapplication runs using the main and tailing fractions in Fig. 5
and Figure S2 indicate the presence of at least two populations in the 
feed material. These are weakly separated due to their different be
haviors in terms of the convective entrapment effect. Since the salt- 
gradient alone cannot effectively separate these populations, it is pre
sumed that there is a morphological difference between them. Particle 
analysis of the two pools by DLS reveals a difference in the hydrody
namic diameter by 14 nm, with pool 1 measuring 156 nm and pool 2 
measuring 170 nm. Based on these findings, we conclude that there are 
at least two distinct populations within the feed material exhibiting 
different convective entrapment behaviors. We further suspect that the 
convective entrapment is likely highly sensitive to even minor differ
ences, which may originate from upstream production conditions and/ 
or alterations from downstream processing. Heterogeneity in functional 

A. Schimek et al.                                                                                                                                                                                                                                Journal of Chromatography A 1748 (2025) 465832 

8 



and structural properties of VSV particles can arise from the timepoint of 
budding from the infected host cell [61]. Morphological changes may be 
further introduced throughout the preparative process due to environ
mental stress on particles [57]. Differences in VSV particles were 
observed in this study, however the root cause analysis for the variations 
is out of scope. It remains unclear if particle heterogeneity originate 
from the cell culture or is later introduced, eg. during clarification. 
Particles alterations occurring in the CEX column were excluded as 
discussed in Section 4.3.7.

Additional runs in non-binding conditions at elevated salt concen
trations (cNaCl = 950 mM) were conducted. These runs used an initial 
flow rate of 0.75 mL/min. Subsequently the flow rate was either paused 
(Figure S4A) or stepwise reduced (Figure S4B). After the initial flow
through peaks, subsequent ‘eluting’ peaks were detected every time the 
flow rate conditions changed. 7.5 % of the total peak area was measured 
after the flow rate pauses while 2.5 % was seen with flow rate reduction. 
When conducting blank runs without virus particle application or 
without a column, no subsequent peaks were observed upon flow rate 
changes (data not shown). Low flow rates are impractical in preparative 
applications as monoliths are specifically chosen to be used at high flow 
rates, eg. for high volumetric feeds in initial capture steps. A flow rate 
reduction after preparative runs can help to evaluate recovery losses due 
to entrapment effects. Furthermore, CIP steps might be improved by 
flow rate adjustments to increase the diffusional movement out of 
constriction sites.

Koku et al. showed a near complete entrapment of Adenovirus par
ticles at high Peclet numbers [60]. In the study presented here, no 
complete entrapment was observed. Instead, a strong tailing effect was 
attributed to the entrapment effect already at Peclet numbers below 1. In 
this range, the impact on recovery might be low, nevertheless for 
analytical applications it could be important. Loading densities are 
usually low to start with and retained particles might lead to mis
interpreted chromatograms.

4.4. Modeling of convective entrapment effect

Particle retention due to convective entrapment was implemented 
additionally to the SMA isotherm through an approximation by a 
Langmuir term. Model parameter estimation and calibration, as well as 
model insufficiencies due to simplifications are presented.

To estimate the amount of constriction sites of the monolith resin, a 
pore size distribution analysis was performed. The mercury intrusion 
porosimetry analysis shown in Figure S5 shows a generally narrow pore 
size distribution. A pore volume of VPore = 1255.0 mm3/g and a modal 
pore diameter of 5.47 µm was determined in the analyzed pore size 
range between 10 nm and 100 µm. The pore volume of pore sizes be
tween 10 nm and 100 nm was considered (VCE = 12.55 mm3 /g) for an 
estimation of the convective entrapment constriction site capacity. A 
cylindrical approximation using the particle geometry of 70 nm x 200 
nm [28] was utilized to determine the single virus particle volume and 
derive a theoretical maximum number of virus particles fitting in the 
convective entrapment capacity. The density of the dried monolith resin 
was determined to be ρ = 0.491 g/mL (mean of 4). Using these values, 
a theoretical convective entrapment capacity of qCE

max(VSV) = 8.01 ×

1012 particles/mL was calculated. This estimated capacity exceeds the 
amount of virus particles applied in a single run of this study by a factor 
of at least 10. The pore size population considered represents only the 
end volume of presumed funnel-shaped constriction sites whereas virus 
particles would most likely be stuck above in more spacious geometries. 
The result is thus a low estimate which still exceeds the number of viral 
particles applied.

Based on the findings described in Section 4.3, two virus particle 
populations were assumed. The same SMA parameters, previously 
determined, were used for both populations which means that the same 
electro-chemical interaction with the resin is presumed. The convective 

entrapment parameters ktrap and krelease were calibrated together with 
the ratio of populations by parameter estimation based on the low load 
gradient runs. Table 3 summarizes the determined population specific 
parameters. The difference in the determined convective entrapment 
parameters reflects their different convective entrapment behavior.

4.5. Predicted chromatograms

The predicted gradient runs using the combined isotherm, Eq. (6), 
are shown in Fig. 6A. The simulations exhibit a strong peak tailing for all 
gradient slopes which represents the tailing of the reference data. In
dividual population signals are shown in Fig. 6B for the 40 CV gradient 
run: the second population is mainly responsible for the tailing though 
the first population slightly tails as well. The start of elution for the 
second population is delayed by approx. 60 s, which can be explained by 
the retention effect due to convective entrapment after eluting at the 
same time as the first population. For the steeper gradients, the simu
lated tailing is observed as a distinct shoulder which differs from the 
rapidly decreasing tailing in the reference data. The elution of popula
tion 2 is simulated as strongly retained which is not the case in the 
reference data.

The predicted simulations of the fraction collection and reap
plication of collected pools are shown in Fig. 7. The simulations of the 
fraction collection are well aligned to the reference data (Fig. 7A). Based 
on the simulation, a virtual pooling of eluted material was conducted at 
the marked volume points. The concentrations of both populations (P1, 
P2) were determined and the purity in the collected fractions derived by 
Eq. (10): purityP1(Main peak) = 0.89, purityP2(Tailing) = 0.69. 

purityPi = cPi/(cP1 + cP2), i ∈ (1,2) (10) 

The results were used as feed properties for the subsequent simula
tions of the reapplied runs (Fig. 7B). The dilution factors to reduce the 
salt concentration and re-establish initial feed conditions were consid
ered. The consecutive simulations show a good representation of the 
reference data, even though the tailing of pool 1 is overrepresented 
compared to the reference.

4.6. Model simplifications

The entrapment model based on the Langmuir-approximation and 
the presumption of 2 populations distinguished by different entrapment 
behavior is a simplified approach. There are likely some unaccounted 
properties or entrapment effects leading to the observed deviations from 
the reference data and are discussed in the following.

A steep gradient leads to a fast desorption of particles and a locally 
high concentration of particles in the mobile phase. These concentration 
differences between the gradients could induce a changed entrapment 
behavior, especially for population 2, which is not considered in the 
model. The contrary is observed for the fraction collection run (Fig. 7). 
The loading density is much higher compared to the LGE runs (approx. 
1400-fold) and thus the number of particles desorbing at the same time. 
Nevertheless, no concentration related fast elution of population 2 is 
observed. The separation from population 2 is sufficient enough to 

Table 3 
Resulting parameters from model calibration of the two particle populations.

Parameter Symbol and unit Population 1 Population 2

Population share [− ] 0.65 0.35
SMA specific parameters
Equilibriums constant Keq [− ] 1.0 × 103 1.0 × 103

Kinetic kkin [s] 5.0 × 10–6 5.0 × 10–6

Characteristic charge ν [− ] 12.0 12.0
Steric factor σ [− ] 1.0 × 106 1.0 × 106

CE specific parameters
Entrapment factor ktrap [m3

MP/mol s] 2.150 × 104 2.168 × 105

Release factor krelease [1/s] 3.587 × 10–2 1.613 × 10–1
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reduce the tailing of the reapplied pool 1 drastically.
Further simplifications originated from the use of the Langmuir 

approximation for the convective entrapment effect might result in 
additional errors. The classic Langmuir model has three preconditions: 
monolayer adsorption, no particle-particle interaction and homogenous 
binding sites. Applied to the convective entrapment effect, these pre
conditions are transformed to: Single particle convective entrapment per 

constriction site and homogenous constriction sites. Constriction sites 
are convective channels which taper off to a narrow passage blocking 
particles from passing through. This funnel-shaped structure depends on 
the polymerization conditions and cannot be evaluated in detail. Look
ing at the structure of polymethacrylate monoliths in scanning electron 
microscopy (SEM) pictures [62], homogeneous constriction sites cannot 
be assumed. In regard to multiple particle entrapment in one 

Fig. 6. CE + SMA isotherm simulations of low load gradient elution runs. (A) Simulations of Yamamoto LGE runs, conducted at 20, 40, 60 and 80 CV gradient lengths 
and low loading densities. Simulations use the combined isotherm (SMA + CE) and two assumed populations. (B) Deconvoluted view of the 40 CVs Yamamoto LGE 
run displayed in A, showing the individual population signals.

Fig. 7. CE + SMA isotherm simulation of fraction collection and reapplication run. (A) Simulation and experimental reference data of the fraction collection run 
shown in Fig. 5. Marked fractions were used for pooling of main and tailing peak regions. (B) Simulation and experimental reference data of reapplied pools. Virtual 
pooling of marked fractions in A yielded in feed properties for the subsequent simulation of reapplication. Simulations in A and B use the combined isotherm (SMA +
CE) and two assumed populations.
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constriction site, Trilisky et al. presumed a low probability [30]. They 
argued that an entrapped particle would reduce the convective flow and 
reduce the characteristic distance for diffusive release, thus reducing the 
likelihood of other particles being entrapped after the initial one.

Lastly, the additive setup of SMA and convective entrapment equa
tions in the isotherm considers both effects distinctly without in
terdependencies. Therefore, particle-ligand-interaction is not 
considered for particles being entrapped in the constriction sites. 
However, ligands within constrictions sites can contribute to the binding 
of particles. Considering the limitation in suitable analytical methods, it 
is not feasible to determine if the misalignment observed in the simu
lation compared to reference data is due to insufficient characterization 
of the feed material or lack of representation of the model of the actual 
effects.

5. Conclusion

Downstream process development of enveloped virus particles is 
complex due to the structure of the virus particles and new technologies. 
This can lead to unforeseen effects that are not well understood. 
Mechanistic modeling can help identify knowledge gaps and improve 
our understanding of the process.

In this study, a fluid-dynamic effect was observed during the chro
matographic purification of an enveloped virus using a CEX monolith 
resin. This effect was found to be independent of virus batch, column 
scale and LC equipment. Standard mechanistic modeling approaches 
were used to understand the effect, but the models could not accurately 
represent the observed effect, leading to misalignment. Potential 
contributing factors were examined and discussed.

The convective entrapment effect was identified as plausible factor. 
This fluid-dynamic effect results in a retention of large biomolecules 
dependent on the convective flow and the biomolecules diffusional pa
rameters. To the best of our knowledge, the entrapment was not yet 
simulated in a chromatographic model. Thus, we extended the SMA 
isotherm by a Langmuir term to include the retention of bioparticles 
resulted from convective entrapment. It was shown that the introduced 
approach with the combined isotherm was capable of representing 
tailing effects and consequently separation of population due to 
different convective entrapment behaviors. This allowed to investigate 
the effect in silico without an analytical panel which is not yet available. 
However, the presented isotherm approximates the entrapment and 
neglects dependencies e.g. flow rate, particle diffusion rate, resin 
channel geometries and concentration dependencies. Together with the 
simplification inherent in the Langmuir equation, some misalignments 
are still observed. The model application must be considered limited.

The observed convective entrapment effect has implications for both, 
preparative runs and analytical methods using resins with convective 
channels and large biomolecules. Polymerization processes of monoliths 
are intended to keep channel sizes constant across scales [63]. It is ex
pected that scaled-up columns should behave like the scaled-down col
umns, and this was shown for lab scale columns. Tailing effects are to be 
expected across all scales at characteristic flow rates. Recovery losses 
due to entrapment should be evaluated, and CIP steps adjusted 
accordingly (e.g. low flow rate steps or flow rate pauses during CIP 
phases can be incorporated). For analytical applications, the impact of 
entrapment may be more significant due to shifted retention times and 
tailings. Flow rate effects should be investigated and considered during 
method development. The separation of populations which was shown 
might be exploited for analytical purposes. More orthogonal analytical 
methods are necessary to understand the biophysical correlates leading 
to this separation.

In this study, the relevance to consider the entrapment effect was 
demonstrated. Although the proposed modeling approach was able to 
describe this effect, further studies and suitable analytical methods are 
necessary to gain more knowledge about this effect and its 
consequences.

Data availability

All data used to evaluate the conclusions of the article are present in 
the paper and/or supplementary material. ViraTherapeutics GmbH is 
unable to provide raw data, protocols or additional datasets.

Funding

This research did not receive any specific grant from funding 
agencies in the public, commercial, or not-for-profit sectors.

CRediT authorship contribution statement

Adrian Schimek: Writing – original draft, Methodology, Investiga
tion, Data curation, Conceptualization. Judy Ng: Writing – review & 
editing, Conceptualization. Federico Will: Writing – review & editing, 
Data curation. Jürgen Hubbuch: Writing – review & editing, 
Supervision.

Declaration of competing interest

The authors declare the following financial interests/personal re
lationships which may be considered as potential competing interests:

Adrian Schimek reports equipment, drugs, or supplies was provided 
by Sartorius BIA Separations doo. Adrian Schimek reports equipment, 
drugs, or supplies was provided by Cytiva Europe GmbH. Adrian Schi
mek and Judy Ng report a relationship with ViraTherapeutics GmbH 
that includes: employment. Federico Will reports a relationship with 
Boehringer Ingelheim Pharma GmbH & Co KG that includes: employ
ment. Judy Ng has patent #US20220010286A1 pending to Boehringer 
Ingelheim International GmbH. If there are other authors, they declare 
that they have no known competing financial interests or personal re
lationships that could have appeared to influence the work reported in 
this paper.

Acknowledgements

Special thanks go to Dr. Knut Elbers, ViraTherapeutics GmbH, Rum, 
Austria for facilitating and supporting this work. The authors would like 
to thank David Saleh (formerly employed at Boehringer Ingelheim 
Pharma GmbH & Co.KG) for insights into his expertise and valuable 
discussions. The authors wish to acknowledge the IBG-1 Modeling and 
Simulation group, especially Johannes Schmölder (Forschungszentrum 
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6 Discussion

6.1 A Comprehensive View on Viral Integrity in Virus Particle Bioprocessing

The inherent fragility of enveloped VPs, due to their labile lipid envelope, makes them susceptible to damage

from various environmental factors and processing conditions. This fragility mandates the development of mild

production processes with short processing times and minimal number of unit operations to ensure infectivity,

safety, and efficacy of the final therapeutic product. The majority of conventional bioprocessing methods are

unsuitable for VPs due to the fundamental differences to conventional protein-based biopharmaceuticals. New

methods have been specifically developed for these large and labile particles. E.g., convective-driven approaches

are often applied, being suitable for high flow rates and advantageous for low particle concentrations and high

processing volumes. However, many methods have only recently found application in industry while others

are novel or still in development. The review presented in chapter 3 delves into bioprocessing purification

methods for enveloped VPs and provides guidance for researchers tasked with the process development

of enveloped VP. A sequential evaluation of purification steps based on published study results (and patent

descriptions) is performed, covering all bioprocessing steps, from cell culture to formulation and storage. Special

focus is set on viral integrity which is required for effective and safe therapeutic application of replication-

competent VPs. A general purification scheme is drawn, however it contains some variability showcasing

the need for process adaptations depending on the virus strain processed. Different initial purification steps

might be required, depending on cell culture parameters, such as cell disruption, nuclease treatment and

viral release from cell debris. In further process steps various technical possibilities are available: filtration,

centrifugation and chromatography. While centrifugation is only suitable for small scale productions, filtration

and chromatography methods are generally scalable.

Experience and knowledge in bioprocessing accumulate over time through testing and application of methods

which improves the bioprocess. However, for VP purification methods, generating knowledge is cumbersome

due to the heterogeneity of applied virus strains resulting in different processing requirements and parameters.

Hence, transferability of methods between strains is not always possible. E.g., perfusion cell cultures enable

continuous or repeated harvesting strategies which shows increased productivity [1, 2], however not for all

virus species [3, 4]. The IEP of VPs is not predictable, nonetheless it is generally negative and therefore AEX

application is the first choice. While AEX works well for some strains [5, 6], other strains show a very strong

surface charge leading to a non-recoverable binding of particles [7, 8].

In terms of chromatographic stationary phases, convective-driven media such as membrane adsorbers and

monoliths show beneficial properties and outcomes compared to conventional purification technologies. Due

to their convection-based approach, these methods offer high mass transfer rates and low back pressure, ideal

for processing large particles exhibiting a low diffusive mobility and high volumetric feeds. The size of viruses,

particularly enveloped VPs influences binding strength on the stationary phase depending on ligand and spacer

design. Multipoint binding of particles increases binding strength of particles, making the process robust against

salt concentrations, however can also negatively impact recoveries through irreversible binding [9]. Further,

conformational changes are assumed to occur e.g. for lentiviruses, further strengthening irreversible binding

to ligands [10]. Another effect of particle size is the entrapment of particles due to advection in constriction

sites of monoliths [11]. This flow-rate dependent entrapment is influenced by monolith channel sizes. While

smaller channels increase theoretical column capacity, it may also lead to convective entrapment and increased

shear stress. Other stationary phases like monolith-like particles (MLPs), cryogels, and (nano-) fibers are being

explored, aiming to combine the benefits of convective flow with other unique properties. RAM are specifically
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designed for polishing in flow-through mode, effectively binding small impurities while allowing VPs to pass

through due to steric differences.

The importance of maintaining viral integrity throughout the bioprocess is emphasized as key element to achieve

a safe and functional therapeutical product. A relevant factor impeding viral integrity during bioprocessing

is mechanical stress, typically encountered during agitation in bioreactors, (peristaltic) pumps of filtration

systems, as well as sonication and centrifugation processes. The induced shear stress on particles can degrade

whole particles or the envelope leading to loss of infectivity. Other integrity impeding factors are environmental

conditions such as pH, elevated temperatures (e.g, in bioreactors), osmolarity and ionic strength (e.g., in high

salt chromatographic conditions) and other physical stressors encountered e.g., during freeze thaw cycles

(FT-cycles), vortexing and overcompaction in centrifugation. Besides particle degradation through these factors,

the loss or degradation of virus glycoproteins can also occur, leading to inactivation.

A detailed understanding of the bioprocess impact on particle quality can often not be assessed due to analytical

challenges. To gain the full analytical view of particle quality, a high laborious effort is required. Also, a high

amount of samples needs to be analyzed to reach detailed process characterizations. This is typically not feasible

due to low throughput of available methods. Analytical methods focus on specific particle properties, which

can often not be correlated with the infectious property, the key quality attribute of interest. Flow virometry

utilizing a multiplexing approach analyzing multiple properties at once, while being able of generating rapid

results, holds the potential of a useful process development analytical method. However, specialized equipment

and highly skilled personnel is required for its establishment. Process development necessitates fast and

reliable analysis of sample attributes, such as particle count to facilitate mass balances. This enables yield

calculations and same-day decisions required for rapid development iterations. It can support the identification

particle losses in the process, e.g., due to non-specific interactions. Quantification methods such as quantitative

polymerase chain reaction (qPCR) and tissue culture infectious dose 50 (TCID50) are typically not suitable

due to their high variability, sample preparation bias or slow turn over times. Analytical separation methods

such SEC or field flow fractionation (FFF), coupled with online detector (e.g., UV, FLR or MALS) have proven

to be applicable for fast mass balances. However, methods might not always be established for the VP of

interest and transferability of methods is not straightforward. Methods must be sufficiently precise, of high and

robust particle recovery for quantification by the online detector and validated for in-process controls (IPCs)

differing in sample matrices. Such method was not available for VSV particles, hindering efficient process

development. Also, advanced technological methods for process optimization such as mechanistic modeling

could not be applied due to the lack of suitable process characterization methods. To address this analytical

gap and enable the application of mechanistic models, a quantification method was developed, as discussed in

the next section.

6.2 Advancing Analytical Quantification for Efficient Process Development

Optimized bioprocesses are essential for the economic production of high quality therapeutical biomolecules.

Especially the purification process has a high impact on overall process yield and product quality. The

absence of reliable and rapid analytical methods for quantification and VP characterization impedes efficient

process development and optimization. Property variations between virus strains hinders quick method

transferability, necessitating characterization and validation of analytical methods regardless if newly developed

or transferred.

For quantification purposes of a specific analyte, the measurement principle must be either specific to the

analyte of interest or the analyte must be separated prior to the measurement from potential interfering

sample components. Specificity for viral particles is typically reached through distinct labeling techniques or

visual single particle analysis such as EM. Even though EM provides pictures of countable particles, sample

preparation might alter the particle concentrations and thus a known standard as comparison is added. This

renders it to a relative quantification method [12, 13].
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Labeling techniques include nucleic acid stains which require a membrane permeabilization step introducing

additional dependencies such as incubation time and temperature, as well as the amount of permeabilization

compound and staining dye [14]. In case of enveloped VPs, lipid dyes and antibodies which are targeting

accessible surface antigens can be used for targeted labeling. Methods are often realized in a ELISA approach,

however viral antigens can also be incorporated in cell debris impeding an accurate measurement [15]. Flow

virometry employs a multiplexing staining approach on a single particle level and thus acquires additional

information and theoretically enables detection of subpopulations [16]. However, specialized equipment and

experienced operators are required. While labeling techniques might offer increased specificity, at the same time

method complexity is increased through additional steps and longer sample preparation. Although automation

approaches can help reduce required hands-on time, the complexity of labeling methods also increases the

possibility for errors which needs be evaluated and validated.

The separation of the analyte from impeding impurities is generally the same task as for the preparative

purification process, however with increased requirements regarding purity and recovery to establish a precise

method. HPLC devices are ubiquitously available as an analytical method platform in biopharmaceutical

laboratories and offer flexibility in the chromatographic separation principles applied and detectors used. While

bind-and-elute chromatographic principles such as IEX offer specificity, the interaction with the stationary

phase can result in lowered recoveries [14].

SEC operates on a straightforward size-based separation principle, but its applicability is limited for large VPs

due the exclusion of large particles. The diffusional pores used for separation are generally inaccessible to

large particles, resulting in a single eluting exclusion peak including all particles larger than the exclusion limit.

Nevertheless, SEC is a gentle separation technique that allows for the characterization of intact particles using

MALS following chromatographic separation [17]. High recovery rates are anticipated due to the absence of

analyte-resin interactions, however secondary interactions must be minimized through buffer optimization [18].

The simplicity of SEC, along with its high recovery rates and potential for whole VP characterization, were

relevant factors for the decision to use SEC as separation principle before quantification. Smaller impurities

were successfully separated and no impeding particles were observed in the VP exclusion peak. During

development, emphasis was placed on achieving high recoveries and ensuring sample stability, resulting in

reliable quantification and enabling overnight measurements. Further validation confirmed its applicability to

process samples from various matrices.

The modular HPLC approach enables the use of different detectors for particle quantification and characteriza-

tion such as FLR, UV, RI, and MALS. RI and MALS detectors are both very sensitive detectors, however require

knowledge of the specific refractive index increment for accurate quantification [19]. MALS theoretically allows

for absolute quantification of particles, but obtaining refractive index increment values (𝑑𝑛/𝑑𝑐) particularly
for enveloped VPs is challenging if not unfeasible with current methods. Nonetheless, the MALS detector has

proven effective for particle detection during CIP steps in method development and particle characterization,

e.g., for particle sizing.

Fluorescence is emitted by fluorophores as present in aromatic amino acids of proteins. Quantification

application of FLR signal is shown for VPs [20], however fluorescence intensity depends on local environment

of fluorophores [21]. Even though the influence of the local environment on fluorescence intensity in peptide

is modest [22], it was decided against FLR for quantification due to the methods intended use for varying

sample matrices and method robustness. UV-based quantification is widely applied for the qualification of

nucleic acids [23] and peptides [24]. It is a straightforward method, demonstrating a linear correlation when

properly calibrated, even for large VPs [25, 26, 27]. For calibration, an orthogonally quantified reference

material is required. Non-linear light scattering interferences were not observed, potentially due to general

low concentration ranges of VP suspensions.

Virus variants of different lengths showed a slight size separation of particles within the exclusion peak. Vajda

et al. presumed the intra- and inter-particle volume would be relevant for size-based separation of influenza

VPs, although the theory is not further detailed [17]. Xin et al. observed a separation of different VSV particle

morphologies in an analytical SEC column and suggested a size and shape-based separation principle [28]. The

exact origin of the slight size separation within the exclusion peak remained unclear.
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In the characterization of the SEC exclusion peak, presence of viral proteins and absence of other proteins

were verified through SDS-page. Also, the UV ratio of 260 nm to 280 nm remained constant over the whole

peak, indicating a constant ratio of present nucleic acids to proteins. EVs are empty or nucleic-acid filled lipid

vesicles of various sizes, generally overlapping with the VP size range. EVs are expressed by cells, especially by

infected cells and are of concern as same-sized impurities potentially impacting quantification. However, with

current technologies, the assessment of EV content in a VP sample is very difficult to impossible [29]. Thus,

drawn conclusions regarding EVs content are pre-dominantly based on presumptions. A size and protein/

nucleic-acid composition difference to the VSV particles is assumed, resulting in different signals from UV and

MALS. However, the UV ratio remained constant throughout the peak suggesting an absence or non-relevant

influence of same sized impurities such as EVs.

Greater particle sizes were measured by MALS in the beginning of the exclusion peak which might point

to aggregated VSVs. In theory, larger particles scatter more light, resulting in an increased UV absorption.

However, the UV peak area from detected potential aggregates was limited, and most samples were taken

from filtered material. The influence on quantification by potential particle aggregates was regarded minimal.

VPs were successfully separated from smaller impurities and no interfering components were detected in the

virus containing exclusion peak. Method validation was conducted to ensure reliable performance utilizing an

independent validation reference material as recommended in current guidelines [30]. Further, applicability to

the intended range of process samples was validated using IPCs samples. The assessment of recovery efficiency

showed already reliable results during buffer optimization and evaluation of column housing materials. The

performance validation showed sufficient repeatability and reproducibility according to guidelines [31]. The

comparison of quantification results to orthogonal measurements, however also relative, showed sufficient

accuracies according to guidelines [31]. The absence of absolute quantification methods precludes a definitive

assessment of accuracy.

The applicability to different batches and variants necessitates a new calibration curve for each variant, primarily

due to size differences affecting scattering behavior and slight variations in retention time. Variations in surface

proteins on the viral envelope, which can be features of virus variants, may require re-evaluation of particle

recovery. However, incorporating arginine and dimethyl sulfoxide (DMSO) in the buffer matrix is expected to

robustly suppress secondary interactions [32, 33].

The linear concentration range for quantification spans over 2.5 orders of magnitude, from 7.08 × 10
8
to

1.44 × 10
11 VPs

mL
. While at the upper linearity limit the accuracy was reduced, the lower concentration range

showed low precision. As indicated in the HPLC based quantification method overview (Table 1.2 on page 10),

the upper limits of approximately same sized VPs are within the same magnitude of 1 × 10
11 VPs

mL
. For smaller

VPs, higher linearity limits are exhibited. Non-linearities exist for high analyte concentrations in UV [34] and

in light scattering [35], both due to inter-particle interactions. Similar effects could impact the quantification of

VPs at high concentrations, however non-linearities have not been addressed in similar studies. The maximum

linearity threshold typically corresponds to the highest available concentration for characterized VP material.

In the future, due to further optimized bioprocesses, higher particle titers might be reached for which UV

absorption quantification might not be applicable anymore. However, sample dilution is a simple solution. At

very low concentrations, performance quality criteria were not met when the LLOQ was calculated based on

the signal-to-noise ratio. LLOQ had to be defined at 4.2 × 10
8 VPs

mL
which is still lower than the calibration range,

thus denoting the start of the working range.

A quantification method was developed with sufficient throughput, reliability and robustness for application

within process development. The at-line characterization is independent of co-eluting impurities which impede

online detectors and thus enables process understanding related to VPs. The utilization of the HPLC device

allows for automated analysis with low hands-on efforts. Analyte losses in the HPLC system, in specific

in the sample containers and in the SEC column were addressed and sufficiently minimized to ensure high

recoveries. The automated sample handling and validated robust recoveries enabled overnight measurements

and sufficiently increased sample throughput to achieve detailed characterizations of fractionated processes.

The information could thus being used to generate process knowledge and develop a mechanistic model as

described in the next section.
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6.3 Unravelling Purification Complexities through Mechanistic Modeling

The development of preparative purification processes for enveloped VPs is challenging due to their complex

and labile structures and the novelty of purification methods while lacking analytical methods for process

characterization. The previously described quantification method was utilized to characterize a CEX purification

on a monolith for an enveloped VP. The goal was to establish a mechanistic model for process optimization,

however an unexpected phenomenon occurred that highlighted the lack of process understanding. The effect

leading to peak tailing and separation of subpopulation was identified as convective entrapment. Other causes

were experimentally falsified or excluded by extensive discussion. For example, axial dispersion potentially

leading to peak tailing was shown to be minimal for small monolithic columns [36] and dispersion effects of

the system and column were assessed and considered. Convective entrapment was identified as phenomenon

in monoliths influencing the elution of large particles such as enveloped VPs. For VSV particles, the effect was

observed independent of virus batches, monolith scale and LC equipment. In order to understand the effect, it

was characterized and described in a mechanistic model, however within limitations.

Mechanistic modeling approaches for VPs on IEX adsorbers have been explored in limited settings and mainly

for process understanding. For non-enveloped rotaviruses VLPs, the SMA formalism was applied in 2008 by

Vicente et al. This first proof-of-principle showed the successful application of SMA for large particles and was

used to gain process knowledge for an AEX membrane process step [37]. Pamenter et al. developed a kinetic

model for lentivirus particles, representing the time-dependent sorption behavior of these enveloped VPs on an

AEX membrane. Observed conformational changes after sorption lead to irreversible binding which reduced

recoveries [10]. In a study by Vicente et al. in 2011, the SMA formalism was employed to evaluate the elution

conditions for baculovirus separation [9]. The study focused on the influence of ligand density on impurity

reduction using AEX membranes. However, the model did not account for variations in spacer length, which

affects the number of VP inaccessible ligands. Recently, a pore blocking extension for the SMA formalism was

published which considers VP inaccessible ligands due to VP blocked pores [38]. In recent years, mechanistic

models for non-enveloped VPs have been established also for process optimization such as full/empty particle

separation in AAV purification processes. Both, the Langmuir isotherm and the SMA formalism have been

used to evaluate the influence of process parameters such as salt concentration and pH to optimize full AAV

product yield at specified purities [39, 40].

The mechanistic model presented in this thesis incorporates electrostatic interactions using the SMA formalism

and accounts for convective entrapment through an additive Langmuir isotherm. It thereby describes both

retention effects individually and was used to gain process knowledge. The span of application is limited due to

the simplified system which does not consider relevant system parameters. E.g., the calibrated chromatography

column is an axial flow column which shows low dispersion, but the geometry cannot be used at larger scales

due to manufacturability limitations. Scale up columns utilize an inward radial flow which results in flow

velocity variations. Radial flow column models have been applied which considered the flow rate increase in

radial direction [41]. For the convective entrapment, the flow rate has a direct influence which is not accounted

for in the presented model due to the applied constant flow in the axial column. The implementation of a radial

column model would prerequisite the evaluation and representation of the flow rate parameter.

Further model limitations of the convective entrapment implementation include the particle size, fluid tem-

perature and viscosity, all influencing diffusive mobility. Evaluating these factors and finding correlations to

the entrapment phenomena could result in detailed models for the convective entrapment parameters 𝑘trap
and 𝑘release, which are currently lumped parameters for the calibrated system. The Langmuir isotherm also

assumes homogeneous constriction sites and single particle entrapment, neglecting structural parameters of

the stationary phase geometry and varied pore geometries.

Within prevailing limitations the model reproduced retention effects occurring during elution in the monolith

chromatography column and aided in process understanding. Through the identification and separated

mechanistic description the individual effects could be better understood. The utilization of the Langmuir

isotherm for the convective entrapment allowed for a description of the additional retention effect and peak

tailing through entrapment. Combined with the SMA formalism, gradient elution runs were successfully
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reproduced. It demonstrated the model’s capability to investigate the effect in silico even when suitable

analytical panels are not yet available.

Two distinct VP populations were identified, with fractions from the main peak and the tailing part of the elution

peak demonstrating different elution behaviors upon re-application. Model simulations showed differences

in entrapment behavior resulting in a subpopulation being responsible for the peak tailing, separating itself

partially from the other subpopulation. A measurable difference in hydrodynamic diameter was observed

between the two populations, with the main peak at 156 nm and the tailing at 170 nm. However, the biophysical

correlate for this separation remains unclear. Practical implications for bioprocess development and analytical

methods include evaluating recovery losses during preparative runs and adjusting CIP phases for low flow

rates to enhance efficiency. The impact of flow rates should be considered especially in analytical applications.

Additionally, the separation and analysis of particle subpopulations should be explored to identify their

origins.

6.4 Conclusion and Outlook

The therapeutic application of replication-competent VPs is a cutting-edge area in modern medicine with

high potential in cancer treatment. However, an obstacle to market readiness is the development of safe

and cost-efficient bioprocesses for these therapeutic particles. Especially in the case of enveloped VPs, the

manufacturability faces numerous challenges. These particles are highly sensitive if subjected to environmental

and mechanical stressors such as pH, ionic strength, temperature, and shear forces. Their complex and non-rigid

lipid envelope, derived from the host cell, makes them vulnerable to degradation, leading to a loss of infectivity

and therapeutic effect. The particle variability and heterogeneity complicate purification, often necessitating

virus-specific process development rather than universal platform approaches. Their inherent lability, complex

structures and size necessitates meticulous control and deep understanding of all manufacturing stages, from

initial cell culture harvest to final product formulation. Precise and rapid analytical methods are indispensable

for assessing VP quality and integrity and thus evaluation of process performance to iteratively optimize

processes. Conventional virology methods like TCID50 and plaque assays are time-consuming and prone to

variability, while PCR-based methods can overestimate total VPs due to non-incorporated genetic material.

The development of HPLC-SEC-based quantification methods offers a label-free approach for total VP count

with same-day results and low laborious effort. This method, which uses UV for quantification and a MALS

detector for particle characterization, has proven robust across various sample matrices and significantly

reduces hands-on time. It enables in-depth process characterizations and fast process iterations based on

knowledge generated from same-day analytical results. Process understanding can be generated, ultimately

achieving improvements in titer and quality of processed VPs. The facilitation of mass balances supports the

development and application of advanced tools such as mechanistic modeling of chromatographic steps.

Chromatography is a cornerstone of VP purification, with IEX, HIC, and SEC commonly used. The choice

of chromatographic modality and stationary phase is critical. Convective-driven stationary phases, such as

monoliths and membrane adsorbers, are favored due to their low mass transfer resistances and thus suitability

for processing large volumes at high flow rates. Despite these benefits, their application for enveloped VPs

encompasses challenges. Multipoint binding of large VPs to chromatography ligands increase binding strength

and process robustness, however can also lead to conformational changes and irreversible strong binding.

Properties of grafted polymer layers have a direct influence on binding strength and thus impact recovery

and infectivity, and also purity. Empirical studies suggest that the low ligand densities, e.g. due to a shallow

polymer graft, yield the highest recovered infectious titers and help reduce co-purification of smaller impurities.

Membrane adsorbers face additional challenges in device design and flow distribution, where the low bed

height to frontal area ratio can lead to dispersion, local particle concentration, early breakthrough, and low

resolution, with flow velocity heterogeneities also inducing shear stress. The intrinsic binding kinetics of some

VPs might also become flow rate limiting, independent of the resin type. Monoliths exhibit heterogeneity of

channel sizes, leading to flow variances and reduced resolution, while smaller channels, despite offering higher

binding capacity, might induce increased shear stress. Another concern is the phenomenon of convective
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entrapment so far only reported occurring in monolithic stationary phases. VP are temporarily retained in the

resin’s constriction sites due to advection. It is the current understanding of research that this occurs due to

VPs being pushed into narrow constriction sites, with their release relying on chance of diffusional movement.

This phenomenon depends on characteristic Peclet number of the system and leads to undesirable outcomes

such as peak tailing, peak delay, and peak area reduction and the separation of subpopulations.

Faced with such complexities, mechanistic modeling has emerged as a tool to deepen understanding and

potentially predict VP elution behavior. The developedmodel presented in this thesis extends the SMA formalism

to include a Langmuir approximation for particle retention due to convective entrapment. The individual

description of retention phenomena, separated from other system effects such as dispersion, enabled detailed

process understanding. A key outcome of this study is the identification of two distinct VP populations with

varying convective entrapment behaviors, accounting for the complex elution profiles observed. The differences

in hydrodynamic diameter between fractions show the inherent heterogeneity of the VPs. Morphological

variations or alterations introduced during upstream production or downstream processing, such as the timing

of viral budding, significantly affect elution.

The characteristic Peclet number can be used for an estimation of entrapment impact, however also at low

Peclet numbers entrapment has been observed. Assessment of recovery losses and flow rate influence should

be conducted experimentally, in particular in analytical applications of monoliths in which the entrapment can

skew results. CIP steps may be adjusted to lower flow rates or flow rate pauses included to enhance diffusional

movement and release entrapped particles. Conversely, the demonstrated separation of VP populations due

to differing entrapment behaviors may even be exploited for analytical purposes. However, the influence

of additional process parameters, such as flow rate and viscosity, need to be evaluated. The utilization of

standardized beads to explore the behavior of individual size categories might be useful, although typical bead

materials such as polystyrene might exhibit secondary interactions with chromatographic resin material.

This PhD thesis addresses challenges in preparative and analytical methods of enveloped VP processing

and consolidates research efforts to overcome them. Specific obstacles are associated with the size and

fragile envelope structure of these VPs, which integrity is essential for maintaining infectivity and replication

competency, both needed to ensure a safe and effective medicinal application. The overview of current process

knowledge and analytical methods reveals impeding factors on viral integrity throughout the bioprocess and

identifies an analytical gap hindering efficient process development. The development of a straight-forward,

fast and robust quantification method addressed the gap and provides a tool for informed same-day process

decisions as well as in-depth process characterizations. The latter is used to gain process knowledge of the

CEX capture step for VSV which revealed the fluid dynamic CE effect leading to peak retention and tailing.

Through mechanistic modeling the effect was better understood and the impact of the effect evaluated, however

further model extension is required for model based optimizations. This thesis contributes through presented

advancements to the overarching goal of producing replication-competent enveloped VPs at a high quality

suitable for medicinal application.
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Table S1: Buffer compositions for mobile phase optimization. 

Buffer 1 50 mM Tris, 50 mM NaCl, 150 mM Arg, pH 7.5 

Buffer 2 50 mM Tris, 100 mM NaCl, 150 mM Arg, pH 7.5 

Buffer 3 50 mM Tris, 200 mM NaCl, 150 mM Arg, pH 7.5 

Buffer 4 50 mM Tris, 300 mM NaCl, 150 mM Arg, pH 7.5 

Buffer 5 50 mM Tris, 200 mM NaCl, 300 mM Arg, pH 7.5 

Buffer 6 50 mM Tris, 200 mM NaCl, 300 mM Arg, pH 8.0 

Buffer 7 50 mM Tris, 200 mM NaCl, 150 mM Arg, pH 8.0 

Buffer 8 50 mM Tris, 50 mM NaCl, 50 mM Arg, 100 mM Citrate, pH 8.0 

Buffer 9 25 mM Phosphate, 250 mM NaCl, 150 mM Arg, pH 8.0 

Buffer 10 25 mM Phosphate, 250 mM NaCl, 300 mM Arg, pH 8.0 

Buffer 11 50 mM Tris, 200 mM NaCl, 400 mM Arg, pH 7.5 

Buffer 12 50 mM Tris, 250 mM NaCl, 300 mM Arg, pH 7.5 

Buffer 13 50 mM Tris, 200 mM NaCl, 150 mM Arg, pH 8.0, 100 mM Sorbitol 

Buffer 14 50 mM Tris, 200 mM NaCl, 150 mM Arg, pH 8.0, 100 mM Sucrose 

Buffer 15 50 mM Tris, 200 mM NaCl, 150 mM Arg, pH 8.0, 1% DMSO 

Buffer 16 50 mM Tris, 200 mM NaCl, 150 mM Arg, pH 8.0, 1% DMSO 

Buffer 17 50 mM Tris, 200 mM NaCl, 1% DMSO, pH 8.0 

Buffer 18 50 mM Tris, 250 mM NaCl, 1% DMSO, pH 8.0 

Buffer 19 50 mM Tris, 200 mM NaCl, 0.1% DMSO, pH 8.0 

Buffer 20 50 mM Tris, 200 mM NaCl, 150 mM Arg, pH 8.0 

Buffer 21 50 mM Tris, 200 mM NaCl, 150 mM Arg, pH 8.0, 0.1% DMSO 
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Figure S1: SDS-PAGE of the exclusion peak 
BSA-spiked and non-spiked VSV-GP reference material was injected on the TSKgel 
G4000PW column and the exclusion peak collected. The peak was then applied on a SDS-
PAGE gel and silver-stained for the identification of viral proteins. Irrelevant lanes were 
removed from the picture at the dashed line. L – large subunit of polymerase, N – nucleocapsid, 
P – phosphoprotein, M – matrix protein. 
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Figure S1: Dispersion analysis using acetone pulses 
Acetone pulses (10 %) were injected to determine flow rate induced dispersion effects. 
Flow rates of 0.5 to 1.0 mL/min are overlapping. 
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Figure S2: Fraction collection and reapplication on 1 mL column scale 
A 1 mL (axial) CEX monolith column was used for repetition of fraction collection and 
reapplication. This run was conducted on an Äkta avant150 (cytiva, Munich, Germany)  
using a different virus batch. (A) Fraction collection. Marked peak regions were used to 
pool main and tailing fractions. (B) Reapplication of main and tailing pools column using 
the same bind and elute parameters as in A. NaCl concentrations of the pool loads were 
adjusted by dilution to meet sample loading conditions. 
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Figure S3: Estimated Peclet numbers. 
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Figure S4: Non-binding flowthrough peaks indicate convective entrapment effect 
Non-binding conditions were established using 950 mM NaCl in the running buffer. (A) Flowthrough 
peak and 5 min flow pauses; subsequent peaks after flow rate pauses sum up to 7.5 % peak area. (B) 
Flowthrough peak and stepwise flow rate reduction; subsequent peaks after flow rate reductions sum up 
to 2.5 % peak area. A detailed view of the y-axis is provided below corresponding graphs. 
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Figure S5: Monolith mercury porosimetry 
The used 6 µm monolith resin was analyzed for pore sizes using monolith mercury 
porosimetry. The logarithmic x-axis was chosen for improved visualization of the size 
distribution over the whole size range. In this presentation, smaller pore diameters are 
overrepresented compared to larger pore sizes. The pore population between 10 and 100 
nm is about 1 % of the total measured pore volume (up to 100 µm). For the differential 
pore volume distribution, a Savitzky-Golay filter of the order 1 and window size 30 was 
applied. 
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