novel analytical approaches to characterize particles in

biopharmaceuticals
Grabarek, A.D.

Citation

Grabarek, A. D. (2021, October 21). novel analytical approaches to
characterize particles in biopharmaceuticals. Retrieved from
https://hdl.handle.net/1887/3217865

Version: Publisher's Version
Licence agreement concerning inclusion of doctoral
License: thesis in the Institutional Repository of the University
of Leiden

Downloaded from: https://hdl.handle.net/1887/3217865

Note: To cite this publication please use the final published version (if
applicable).


https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/3217865

Novel analytical
approaches to characterize
particles in
biopharmaceuticals

Adam Grabarek



The research described in this thesis was performed at and financially

supported by Coriolis Pharma Research GmbH, Munich Germany

PhD thesis with summary in Dutch

Cover design: Adam Grabarek

Printing: Sowa Sp. z 0.0., Warsaw, Poland
© Copyright, Adam Grabarek, 2021

ISBN: 978-83-962476-0-5

All rights reserved. No part of this book may be reproduced in any form or
by any means without permission of the author.



Novel analytical
approaches to characterize
particles in
biopharmaceuticals

Proefschrift
ter verkrijging van
de graad van doctor aan de Universiteit Leiden,
op gezag van rector magnificus prof.dr.ir. H. Bijl,
volgens besluit van het college voor promoties
te verdedigen op donderdag 21 oktober
klokke 15:00 uur

door

Adam Dariusz Grabarek
geboren te Warschau, Polen

in 1990



Promotor: Prof. dr. Wim Jiskoot

Co-promotor: dr. Andrea Hawe

Promotiecommissie:

Prof. dr. Hubertus Irth, Leiden University, LACDR, chair

Prof. dr. Joke A. Bouwstra, Leiden University, LACDR, secretary
Prof. dr. Henderik Frijlink, Groningen University

Prof. dr. Anne Juppo, University of Helsinki

Prof. dr. Olivia Merkel, Ludwig Maximilian University of Munich
Prof. dr. Gerard van Westen, Leiden University, LACDR

Prof. dr. David Volkin, University of Kansas



To Louise






Table of contents

Chapter 1 General introduction and thesis outline 9

Chapter 2 Critical evaluation of microfluidic resistive pulse 31
sensing for quantification and sizing of nanometer-
and micrometer-sized particles in
biopharmaceutical products

Chapter 3 Electrolyte induced formation of submicron 67
particles in heat stressed monoclonal antibody and
implications for analytical strategies

Chapter 4 Immunological evaluation in vitro of 93
nanoparticulate impurities isolated from
pharmaceutical-grade sucrose

Chapter 5 What makes polysorbate functional? Impact of 113
polysorbate 80 grade and quality on IgG stability
during mechanical stress

Chapter 6 Particulate impurities in cell-based medicinal 143
products traced by flow imaging microscopy
combined with deep learning for image analysis

Chapter 7 Forced degradation of cell-based medicinal 173
products guided by flow imaging microscopy:
explorative studies with Jurkat cells

Chapter 8 Summary, conclusions and perspectives 205

Appendix Nederlandse samenvatting 220
Abbreviations 224
List of publications 228

Curriculum vitae

229







Chapter 1

General introduction and thesis outline



General introduction and thesis outline

Biopharmaceuticals as a quickly developing and expanding class of medicines

Biopharmaceuticals are a still emerging class of therapeutics, with insulin being the first
recombinant human protein product approved in 19821, Their origin dates back to 1890
when Emil Behring and Shibasaburo Kitasato demonstrated on guinea pigs the curing
effects of sera from mammals previously exposed to sub-lethal doses of Clostridium tetani
or diphtheria toxin®. Despite this early research on serum therapies, translation into
successful human trials was difficult to achieve because of the inconsistencies between
produced therapeutic sera. The breakthrough came in the mid-1890s, when Paul Ehrlich
developed standardized methods for the production of high-quality anti-diphtheria serum
in larger animals, which became the first international standard reference preparation?.
Since then, the advancement in our understanding and technological progress within the
fields of medicine and pharmaceutics has allowed for optimization of the purity of protein
drug products and for a more detailed characterization of the active pharmaceutical

ingredients (APIs).

With the advent of recombinant DNA technologies and emergence of other new
technologies, the portfolio of biopharmaceuticals has expanded rapidly during the past
few decades. Today the class encompasses a range of therapeutic modalities, such as
hormones, cytokines, fusion proteins, monoclonal antibodies (mAbs), antibody-drug
conjugates, viral vectors and living cells. Currently, mAbs are the dominant class within
biopharmaceuticals with a market value of approximately $115 billion as of 20184,
However, the elaborate manufacturing process, high susceptibility to degradation and
difficult analytical characterization of biopharmaceuticals result in ongoing concerns with
respect to quality, safety and efficacy of these drug products>®. These concerns escalate
for advanced therapy medicinal products (ATMPs), which include gene therapy products,
cell-based products and tissue-engineered products. The intrinsic complexity of viruses,
cells and tissues pose even greater technical challenges in delivering safe and effective

medicinal products’.
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Protein-based biopharmaceuticals and their formulation aspects

Therapeutic proteins are usually formulated in a liquid or lyophilized state, most
commonly designed for parenteral administration®. The therapeutic efficacy of proteins is
mostly dependent on their native three-dimensional structure. However, the inherent
conformational instability of proteins poses a threat to their therapeutic activity®. Protein
(partial) unfolding and decline in colloidal stability leads inevitably to aggegation®°.
Aggregation of proteins may follow different types of pathways and lead to the formation
of a variety of aggregates, which may differ in several aspects, such as size, morphology
and reversibility'®!3, Formation of protein aggregates can occur during protein expression
and purification, formulation and filling, storage, transportation and upon administration

to patients'.

In order to achieve sufficient stability of native protein structures, formulation
development is essential during the development of these drug products. The goal of
designing a formulation for a drug candidate is to prevent instability, achieve a sufficient
shelf-life and make the drug product convenient for administration, e.g., formulating as a
subcutaneous instead of an intravenous injeciton®®. The conformational integrity of
protein molecules is maintained by three main stabilizing forces: hydrophobic
interactions, electrostatic interactions and hydrogen bonding®*’. Each of these factors
can be weakened or strengthened by altering the formulation variables, such as pH, ionic
strength and inclusion of specific excipients in protein formulations®!°. The substances
used for stabilization of proteins include, among others, surfactants, buffering agents,
amino acids, salts, polyols and sugars. Despite the availability of a large number of
chemical compounds from each category, only a few dozens of different substances are
usually considered during formulation development?°. Four groups of excipients

frequently used in drug products formulations are briefly described below.

» To successfully control the pH of protein formulations, and other pH dependent
physical properties of the solution (e.g., solubility, viscosity and phase
separation?23), buffering agents are typically used. The excellent buffering

capacity of some amino acids (e.g., histidine) or multivalent salts (e.g., phosphate
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General introduction and thesis outline

salts) make them popular excipients used in mAb-based formulations.
Optimization of solution pH according to the specific mAbs formulation increases
the stability of the liquid drug product. The highest conformational and colloidal
stability of protein is achieved within a narrow range of pH at which the overall
surface charges guarantee favorable electrostatic interactions?*?’. Furthermore,
in low pH solutions proteins are more susceptible to cleavage or isomerization,
whereas at higher pH values deamidation and oxidation rates of proteins increase
and lead to formation of chemical degradants>?2°,

Salts are also frequently included in formulations, e.g., to achieve tonicity, to
increase protein stability, and/or as viscosity-reducing agent3®3. One of the types
of interactions of salts with proteins are long-range protein-protein electrostatic
interactions. In a solution where the pH is close to the isoelectric point (pl value)
of a protein, the overall surface charge is close to neutral, reducing the
electrostatic interactions between molecules. This may be favorable for reducing
the viscosity of a protein solution, but also promotes short-range hydrophobic
interactions leading to protein unfolding and non-native aggregation32. A charged
protein state exhibits greater colloidal stability due to the protein-protein
electrostatic repulsion. However, addition of salt leads to charge-screening
effects upon which hydrophobic intermolecular interactions become
enhanced3*3,

Nonreducing sugars, such as sucrose and trehalose, are another class of
commonly used excipients in protein formulations. The commonality of using
these excipients relates to their excellent stabilizing properties in liquid and
lyophilized products. Preferential exclusion of sucrose from protein surfaces via
hydrogen bonding increases the hydration shell of protein molecules, which in
turn promotes a more compact native state and thereby increases their
molecular conformational stability3*3>. However, the quality of sugars must be
also considered, as even pharmaceutical-grade sucrose may contain

nanoparticulate impurities which have been shown to destabilize mAbs36-32,
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» Surfactants are often included in protein formulations to minimize the damage
induced by interfacial stress3°3. The most commonly used surfactants in protein
formulations are polysorbate 20 (Tween 20) and polysorbate 80 (Tween 80), and
to a lesser extent poloxamer 188 (Pluronic F-68). Their relatively low toxicity
profile and excellent stabilizing properties at low concentrations contribute to
their popularity**#, Polysorbates (PS) are non-ionic amphiphilic molecules
comprising a sorbitan (hydrophilic) head group linked to four polyethylene glycol
(PEG) chains. Each of these chains is esterified with a fatty acid side chain which
vary among different types of polysorbates*®. However, the complex
manufacturing process, challenges associated with purification, and chemical
instability of PS result in products of a highly heterogeneous chemical mixture®®.
Surfactants are believed to have a dual stabilizing effect on protein molecules*®46,
Competitive adsorption to hydrophobic interfaces is believed to be the prevalent
stabilization mechanism3>41, The other stabilization mechanism is the direct
binding of PS to protein molecules®®*47 |t has been suggested that PS acts as a
chaperone, which can catalyze the correct folding of proteins and shield their
hydrophobic patches*’#. Despite the excellent stabilizing properties of PS,
numerous studies have also reported destabilizing effects of PS degradants?*34%:°C,

The main degradation pathways for PS are oxidation and (enzymatic) hydrolysis®Z.

The latter yields free fatty acids that can form insoluble hydrophobic particles.

Improved characterization methods are currently being developed to achieve

greater selectivity for impurities in PS, which would allow for better evaluation of

their stability and batch-to-batch variability.

13



General introduction and thesis outline

Advancing analytical tools for characterization of particles in
biopharmaceuticals

Monitoring the stability of protein-based therapeutics can be performed by a plethora of
analytical techniques intended for particle characterization. The hydrodynamic diameter
of a mAb monomer is ca. 5 — 12 nm, depending on the hydration shell®2. However, protein
instability leads to physical and chemical changes of the native monomers, resulting in
their self-association and the formation of proteinaceous particles®. The risks associated
with the formation of protein aggregates in therapeutic drug products is not limited to the
loss of clinical efficacy. Unwanted immunogenicity is an additional concern, as perturbed
protein structures have been shown to be more immunogenic compared to native protein
monomers>3°®, Nano-meter and micro-meter sized protein aggregates are also potentially
more immunogenic than the native monomer. However, in vitro and in vivo
immunogenicity studies have so far delivered conflicting results®’-%. Nevertheless, the
presence of aggregated interferon and human growth factor in drug products has been
linked with adverse immunological responses in human patients®?%°. In addition to
proteinaceous particles, nonproteinaceous particles originating from excipients, primary
packaging material, manufacturing processes and production environment can also pose
threats to the integrity of drug products®. Silicone oil droplets deriving from the coatings
of internal surfaces of pre-filled syringes or rubber particles shed from vial stoppers may
increase the kinetics of protein aggregation®”®8, or lead to blockage of small (micro-) blood

vessels within the lungs®®7°.

The heterogeneity of particulate impurities in protein-based formulations prompt for their
classification in several different ways, e.g., based on size (nano-, micro-meter or larger
than 100 um sized particles) or origin (extrinsic, intrinsic or inherent particles according to
USP <1790> and extrinsic or intrinsic according to Ph. Eur.5.17.2)'%%¢71 Specifications set
by pharmacopeial monographs for parenteral biopharmaceuticals are primarily focused on
particle sizes and provide acceptable limits of particulates sized above 10 and 25 um
within a specified unit of drug product’?’4. The commentary from Carpenter et al. in 2009
was one of the first to address the safety concerns arising from sub-visible (1 — 100 um in

size) particles in biopharmaceutical formulations, as well as the challenges associated with
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characterization of these impurities!*. One year later, Demeule et al. published a critical
evaluation of three characterization techniques for micro-meter sized particles for
characterization of protein aggregates: light obscuration (LO), flow imaging microscopy
(FIM) and electric sensing zone (ESZ)”. The authors addressed several challenges
associated with these techniques, and other research groups further explored limitations
of these techniques with respect to protein formulations® 7682, For example, the small
difference between the refractive index (RI) of proteinaceous particles and (protein-
containing) formulation buffers results in underestimation of recorded particle
concentrations when using optical-based techniques. The underestimation is augmented
in case of formulations with high protein concentration or presence of sugars, where the
refractive index differences between protein aggregates and the matrix are particularly
small’®. Furthermore, the evaluation of statistical significance of measured particle
concentrations in samples with low particle load should be performed. Even when
considering a well homogenized sample and high precision measurements, experimental
data of particle concentrations within single digits determined by using LO comprise high
statistical variances®. One must also note the variability of determined particle
concentration and size between different techniques (or even between different
instruments of the same technique®?) for a single sample’>%, Such discrepancies are to be
expected due to the different measuring principles of each technique for detection and
characterization of particles as well as differences in the size range covered. For instance,
LO is known for underestimation of particle concentrations compared to FIM due to
different sensitivities of the two techniques®®; and samples with translucent particles
will have higher particle counts and sizes reported by ESZ compared to optical-based

techniques®..

Currently, the content of particles within the lower micro-meter and nano-meter size
range present in drug products is not regulated. However, regulatory authorities
recommend the assessment of these particles within drug products®’. In comparison to
the characterization of micro-meter sized particles, quantification and sizing of particles
within the nanometer-size range is associated with many more challenges. Nonetheless,

substantial advancements in the fields of microscopy, nanotechnology and microfluidics
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have delivered promising techniques for characterization of nano-meter sized particles.
Transmission electron microscopy, scanning electron microscopy and atomic force
microscopy are powerful techniques for visualization and sizing of particles over a broad
size range. However, the low throughput of these methods, their high costs and laborious
sample preparation requirements limit their usage for formulation screening and protein
aggregate characterization®®, Light-scattering based techniques are currently the methods
of choice for evaluating the formation of nanoparticles in protein-based formulations.
Dynamic light scattering (DLS), static light scattering (SLS), laser diffraction (LD) and
nanoparticle tracking analysis (NTA) are techniques which utilize the events of particle-
light interactions (i.e., Mie scattering, Rayleigh scattering, diffraction) for measurements
of particle size and counts. DLS and NTA measure the scattered light of particles under
Brownian motion in a low-Reynold number liquid and determine their diffusion
coefficients®¥°!, The hydrodynamic diameter of particles can then be calculated from the
Stokes-Einstein equation, assuming that the measured particles are of spherical shape and
the viscosity, Rl and temperature are known®2. Orthogonal to light scattering-based
techniques are resonant mass measurement (RMM) and resistive pulse sensing (RPS).
RMM measures the size and concentration of particles passing near a resonating
cantilever suspended within a microfluidic system®3%, If the density of particles is known,
the volumetric diameter can be obtained. Instruments measuring particles by using RPS,
operate on the basis of the Coulter principle that was originally employed in cell counters
for sizing and quantifying cells using impedance measurements®%’. In microfluidic RPS
(MRPS), sample material is loaded into chips with microfluidic passages and particles are
directed through the orifice of a nanoconstriction. Each passage of particle induces a
change in the electric current and its magnitude is directly related to the volumetric

diameter of the particle®®.

Robust and accurate characterization of protein drug products requires development and
qualification of the applied analytical methods®. For example, the particle
characterization methods must be proven to reliably detect and/or quantify protein
degradants. Thus, forced degradation studies to induce the formation of degradants in

protein formulations are essential in the development of biotherapeutics'®%, These
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studies mimic (exaggerated) real-life conditions to which drug products can be exposed to
and usually involve freezing, thawing, thermal stress, mechanical stress, light exposure,
oxidative stress or interaction with specific components present in the primary packaging.
Evaluation of mechanical stress, such as stirring, pumping or shaking, on protein stability is
necessary, as this type of stress is the most common one to which biopharmaceutical
products are exposed to during processing and handling!®. In solution under quiescent
storage, monomeric proteins exist in an equilibrium between native folded and unfolded
structures!®®, However, the balance can be disrupted upon exposure to interfaces, such as
liquid-liquid, air-liquid and solid-liquid*®*1%>, Manufacturing and transportation induce a
plethora of interfacial stresses, which may cause perturbation of the native protein
structure, leading to protein aggregation!®®1%’ The main degradants formed in protein
formulations exposed to mechanical stress have been shown to be proteinaceous
particles!®1%8-110 consequently, methods for reliable detection of particulate impurities in
drug products are required for selection of the most optimal surfactant (concentrations)

and evaluation of the stability of protein formulations against these stress conditions.

The increasing number of available characterization techniques and the exponential
growth of collected data requires improved data processing and analysis approaches to
gain a better understanding of the outcome of performed analytics. Artificial intelligence
and its subfield machine learning are becoming integrated in the biopharmaceutical field
for evaluation of the large quantities of generated data'!!. The main objective of machine
learning is to discover patterns and trends in collected data in order to obtain
relationships between variables and set predictions. Depending on the needs and
available data, machine learning models can be based on linear regression algorithms or
utilize deep convolutional neural networks (CNNs). Logistic regression and decision tree
models require modest processing power to perform predictions or weighed selections. In
contrast, application of high-performance processor cores (i.e., graphics processing units
[GPUs]) becomes necessary when parsing data with CNNs. These models consist of
sophisticated architectures with multiple numbers of hidden layers and interconnected
nodes for extraction of features from highly structured data. The teaching of machine

learning algorithms can be done via two different approaches: unsupervised or supervised
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learning. In unsupervised machine learning, principal component analysis (PCA) is
commonly used for data clustering and segregation of different patterns!2. Simplification
of high-dimensional data by feature elimination and extraction, while retaining trends and
patterns, allows for projection of correlations between certain variables, such as particle
morphology, Raman spectrum and polymorphic states of a compound!*3. On the contrary,
the supervised learning approach requires knowledge on the input fed into the model for
learning. Labelled datasets must be provided to the model for training during which
specific relationships between the input and output data are being recognized. For the
testing of the model, new (i.e., not used during training) unlabeled data is inputted and
the predictions (results) are made based on the previous learning process. Models based
on artificial neural networks (ANNs) are particularly favored for the supervised learning
approach. These networks consist of a group of interconnected nodes in which algorithms
apply non-linear transformations to learn specific features or patterns in the received
data®*. To further improve model performance, ANNs were developed into CNNs in which
the input and output layers are connected to multiple locally linked hidden layers!l. The
connectivity and distribution of units within each layer allows for generating simple local
features and hierarchically combining them into complex high dimensional objects. The
intricacy of CNNs makes them extremely useful for image classification where extraction
of complex patterns allows for, e.g., identification of proteinaceous particles formed by
different types of stress factors'>*®, Similarly, CNNs were used for discrimination

between types of particles, such as silicone oil droplets and protein aggregates'?’.

Cell-based medicinal products and new challenges in formulation and analytical
characterization

Cell-based medicinal products (CBMPs) are therapeutics that are rapidly gaining importance
in the treatment of chronic and life-threatening diseases, for which often no other
treatment options are available. Several CBMPs have reached the market and a few
thousand CBMPs are currently in clinical development!!®, Cell therapy products involve
somatic cells of autologous (patient) or of allogenic (healthy donors) origin. The APIs of

these products are (mainly) living cells which have been submitted to substantial
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manipulation to achieve the desired therapeutic effect!’®. Irrespective of the class of
therapeutics cells, manufacturing and administration of these products are associated with
multiple processing steps that may include the addition/removal of various raw materials,
several handling steps, cryopreservation and transportation. Cells as living units respond to
their local environment and interact with each other'?°. The sensitivity of cells to external
stimuli (stress factors) makes them uniquely fragile and susceptible to abrupt death
(necrosis), resulting in a release of intracellular components and formation of debris
particles. Formulation development for CBMPs may help to achieve maximal stability and
efficacy of these therapeutics. Several of the current common additives used for
stabilization of cells, such as dimethylsufoxide (DMSO) and human serum albumin (HSA),
have multiple drawbacks and examining alternative excipients is required!?l. The
complexity of CBMPs combined with the intricate features of living and dead cells pose
greater challenges for analytical characterization compared to protein-based products.
Therefore, gaining better understanding of the critical quality attributes of CBMPs, and the
development of robust, low-volume and high-throughput analytical methods is essential in

order to achieve safe, effective and high-quality formulations.

Subvisible particle analysis of CBMPs is very challenging because of the presence of cells in
the size range of interest. Nonetheless, particulate impurities, whether process- or cell-
derived, remain a concern and should be accurately characterized'®!?2, The concern is
amplified by the fact that only large-pore filters (> 70 um pore size) can be used during
manufacturing to remove particles (if present). Process and product particle impurities and
contaminants within the micro-meter size range, cannot be removed by filtration without
compromising quality and potentially efficacy of the product. Consequently, control
measures must be in place to prevent or minimize particulate contamination from sources
like instruments, raw materials, processes, environment and people!?. Verification of the
particle load in CBMPs from a quality (e.g., to demonstrate batch-to-batch consistency and
stability), safety and potentially efficacy perspective is prudent!*®, This involves micrometer-
size particle characterization not only with respect to the cell concentration and cell

viability, but also potential particulate impurities. FIM is emerging as an attractive tool for
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General introduction and thesis outline

characterization of particles in cell suspensions, owing to its capability of generating high-

resolution images and processing samples with a high particle load*?*.

Aims and outline of the thesis

The objective of this thesis is to investigate novel analytical approaches for the
characterization of particulates in biopharmaceutical products, in particular therapeutic
proteins and CBMPs. Chapter 2 focuses on the comparison of the novel MRPS against the
three other more established nanoparticle characterization techniques for
biopharmaceutical product characterization, namely RMM, NTA and DLS. It includes an
assessment of the applicability of each of these techniques and describes their advantages
and limitations. Chapter 3 continues to focus on nanoparticle characterization techniques,
specifically tunable RPS and MRPS, which require a minimum electrical conductivity of the
samples. The colloidal stability of a mAb formulation is assessed upon spiking histidine and
sodium chloride. Chapter 4 explores the in vitro immunogenicity of nanoparticulate
impurities found in pharmaceutical-grade sucrose. Chapter 5 describes the
implementation of shaking, free-fall and syringe pump stress methods for the evaluation
of mAbs stability and particle formation. Moreover, the performance of two grades of
polysorbate 80 is compared with respect to their stabilizing properties towards a model
mAb upon mechanical stress. Chapter 6 and 7 describe the characterization of particulate
impurities in CBMPs. In Chapter 6 a novel method, based on FIM and machine learning,
was introduced to detect and quantify antibody-coated magnetic beads (Dynabeads)
within cell suspensions. In Chapter 7 the developed FIM method was used alongside other
cell characterization techniques for the assessment of cell stability after exposure to
different thawing temperatures, freeze-thawing and shaking stress. Chapter 8 summarizes
the work performed in this thesis and gives an outlook on further potential developments

in the field of particle analysis within protein- and cell-based medicinal products.
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Abstract

The objective was to evaluate performance, strengths and limitations of the microfluidic
resistive pulse sensing (MRPS) technique for the characterization of particles in the size
range from about 50 to 2000 nm. MRPS, resonant mass measurement (RMM), nanoparticle
tracking analysis (NTA) and dynamic light scattering (DLS) were compared for the analysis
of nanometer-sized polystyrene (PS) beads, liposomes, bacteria and protein aggregates. An
electrical conductivity of at least 3 mS/cm (equivalent to 25 mM NaCl) was determined as a
key requirement for reliable analysis with MRPS. Particle size distributions of PS beads
determined by MRPS, NTA and RMM correlated well. However, counting precision varied
significantly among the techniques, and was best for RMM followed by MRPS and NTA. As
determined by measuring single and mixed PS bead populations, MRPS showed the highest
peak resolution for sizing. RMM and MRPS were superior over DLS and NTA for the
characterization of stressed protein samples. Finally, MRPS proved to be the only analytical
technique able to characterize both bacteria and liposomes. In conclusion, MRPS is an
orthogonal technique alongside other established techniques for a comprehensive analysis

of a sample’s particle size distribution and particle concentration.



Critical evaluation of nanoparticle characterization techniques

Introduction

Particles ranging from a few nanometers up to several hundred micrometers receive
substantial attention in the biopharmaceutical industry, for example, as unwanted
particulate impurities in drug products, as drug delivery systems (e.g., liposomes) and as
active pharmaceutical ingredients (APls, e.g., virus-like particles, viruses, exosomes,

bacteria, cells)2.

Particulate impurities found in therapeutic protein drug products can have various sources
and may include environmental contaminants, impurities related to excipients or
degradants of excipients, and proteinaceous particles formed due to instability of the API3.
Particulate impurities can impair product stability, quality and safety, and may cause serious
adverse effects in patients, such as capillary occlusion, hypersensitivity reactions and
neutralizing antibody formation*®. The wide size range and heterogeneous distribution of
protein aggregates and other impurities pose a great challenge in protein drug development
and quality control. Since no current analytical technique is able to comprehensively
characterize the entire protein aggregate population, several complementary methods
must be utilized’®. Even though regulatory authorities increasingly demand the
characterization of protein therapeutics within the nanometer size range!?, technical
limitations of currently available instruments with respect to robustness and low
throughput make the development and validation of methods to size and quantify particles

within this range extremely challenging**2.

Drug delivery systems within the nanometer size range (e.g., liposomes, polymer-based
nanoparticles) are often applied to control the biodistribution profile of small and large
molecules, to promote their selective and specific targeted release, or to protect the API
from proteolytic degradation upon administration’!3. The efficacy and safety of
nanoparticulate formulations depend to a significant extent on their size, quantity and
heterogeneity!*. In addition, utilization of genetically engineered microbes and viruses has
become a promising tool for therapies against life-threatening diseases, such as cancer®.
For all of these therapeutic agents, adequate particle characterization methods are required

for the determination of product quality.
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Currently, common techniques used for particle characterization in the nanometer and low
micrometer size ranges include transmission electron microscopy®!®, flow cytometry'?,
dynamic light scattering (DLS)'"*8, asymmetrical flow field-flow fractionation'®, resonant
mass measurement (RMM)*#2%21 and nanoparticle tracking analysis (NTA)?%2%. Each of these
techniques has its own strengths and limitations, based on a distinct measurement
principle, and covers a specific size range®?>2%, Despite the availability of several methods,
our ability to characterize particle populations within the nanometer and low micrometer

size ranges is limited and analytical gaps remain?’.

Resistive pulse sensing has been widely reported as a technique for characterization of
single molecules as well as particles sizing up to several micrometers®. It is based on the
electrical sensing zone technique, or Coulter principle, where the size of a particle is
measured based on the resistance change it induces upon passage through a small orifice.
The technique was primarily developed for counting and sizing of human cells. With the
advancement of microfluidics, microfluidic resistive pulse sensing (MRPS) based methods
have been developed. The MRPS technology is employed in nCS1, which utilizes disposable
polydimethylsiloxane (PDMS) cartridges for particle sizing and counting. The covered size
range is cartridge dependent and ranges from about 50 to 2000 nm. In order to characterize
particles within this range, four types of cartridges are available, namely TS-300 (50-300
nm), TS-400 (65-400 nm), TS-900 (130-900 nm) and TS-2000 (250- 2000 nm). The principal
component of the cartridge is the sensing electrode, which is fixed between a fluidic resistor
and a nanoconstriction. The motion of the analyte with suspended particles is controlled
within the microfluidic channels with pressurized air. Particles are directed through the
orifice of the nanoconstriction where a single passage induces a change in the electric
current. This event is characterized by an induced nanoconstriction resistance (AR) which
changes the fluid potential (AV) in contact with the sensing electrode. Its magnitude then
depends, accordingly to the Maxwell’s equation?®, on the occupied volume by the particle

at the constriction, and thus particle size, as described in more detail elsewhere.

Recently, Barnett et al. performed a comparison of nCS1 to light scattering-based

techniques, such as DLS and size exclusion chromatography with multi-angle static light
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scattering, for the characterization of silicone oil droplets and protein particles in
formulations exposed to various stress conditions3l. In our study, we extended the
investigation of MRPS by exploring the potential and limitations of nCS1 for the
characterization of various types of nanometer-sized particles with special focus on
biological applications. In addition, a direct comparison of MRPS with other submicron
particle characterization techniques, i.e., DLS, NTA and RMM, which are commonly applied
during biopharmaceutical drug product development, was performed to assess each

method’s strengths and weaknesses.

Materials and Methods
Materials

Polysorbate 20, sodium chloride and ten-fold concentrated phosphate buffer saline (PBS)
were obtained from Sigma-Aldrich (Steinheim, Germany). Dibasic and monobasic sodium
phosphate was purchased from VWR (Bruchsal, Germany). In-house Milli-Q water
(resistivity 18.2 MQ cm) was dispensed from an Advantage A10 purification system
(Millipore, Newark, New Jersey). All diluents used in the study were freshly filtered using a
0.1 um Millex-VV syringe filter unit (Millipore, Schwalback, Germany) and dilutions were

performed under laminar air flow conditions.

Polystyrene (PS) nanometer standard beads with diameters of 203 £ 5 nm (PS203nm), 297
+ 7 nm (PS297nm), 495 + 8 nm (PS495nm), 799 + 9 nm (PS799nm) and 1030 + 9 nm
(PS1030nm) were purchased from Fisher Scientific (Ulm, Germany). Dilutions of the PS
beads were performed in formulation buffer containing 0.1% w/v polysorbate 20, unless

otherwise stated.
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Preparation of proteinaceous particles

Bovine serum albumin (BSA) (Sigma-Aldrich, Steinheim, Germany; LOT 193829) was used to
generate proteinaceous particles. A 10 mg/mL protein solution was prepared by dissolving
lyophilized BSA in single strength PBS (pH adjusted to 4.75 with 1 M HCI). The solution was
filtered by using a 0.1-um polyethersulfone syringe filter and 1-mL aliquots were artificially
stressed in 2-mL Eppendorf tubes by using a Thermomixer (Eppendorf, Hamburg, Germany)
at 67 °C/1400 rpm for 5 min. In order to homogenize the sample, aliquots were pooled into
a Falcon tube and subsequently aliquoted into 1.5-mL Eppendorf tubes for long term
storage at -80 °C. Thawed aliquots were measured with Micro-Flow Imaging and DLS to
demonstrate vial-to-vial consistency (n=3) as well particle stability at room temperature
over 8 hours (data not shown). To obtain optimal proteinaceous particle concentrations for

each analytical technique, the thawed samples were diluted with PBS (pH 7.4).
Preparation of liposomes

Negatively charged liposomes (-21 mV, determined with Zetasiser nano ZS), composed of
distearoyl phophatidylcholine, distearoyl phosphatidylglycerol and cholesterol, were kindly
provided by Naomi Benne (Leiden Academic Centre for Drug Research) and were prepared

as described elsewhere3?,
Preparation of probiotic bacterial samples

Pharmaceutical-grade probiotic bacteria containing two strains of Lactobacillus (L.
helveticus R-52 and L. rhamnosus R-11) were purchased as Lacidofil from Institut Rosell Inc.,
Montreal, CA. About 40 mg of the capsule’s dry powder blend was dissolved in 10 mL of 150
mM NaCl in a 15-mL Falcon tube (VWR, Bruchsal, Germany) and mixed at 10 rpm for 15 min
by using a rotating mixer. Volume-based dilutions in 150 mM NaCl were performed and

samples were measured within 2 hours post preparation.
Dynamic light scattering (DLS)

DLS was performed by using a Zetasizer Nano ZS (Malvern Instruments, Worcestershire, UK)

equipped with a 633-nm He-Ne laser set at an angle of 173°. Single-use PS semi-micro
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cuvettes with a 10-mm path length (Brand, Wertheim, Germany) were filled with 0.5 ml of
sample for each measurement. The attenuator was set automatically depending on the
particle concentration. Samples were equilibrated to a working temperature of 25 °C for 60
seconds prior to each analysis. The Z-average diameter (Z-ave), polydispersity index (PDI)
and intensity-weighted size distribution were derived from the autocorrelation function by
using the Dispersion Technology Software version 6.01 with CONTIN smoothing algorithm.

Each measurement was performed in triplicate.
Nanoparticle tracking analysis (NTA)

NTA data was obtained with a NanoSight (Model LM20, Malvern Instrument, Malvern, UK)
instrument with a 405-nm laser (blue), a sample chamber and a Viton fluoroelastomer O-
ring. Samples were injected into the chamber by using a 1-mL silicone-free syringe and the
purging volume was 0.3 mL. A video capture was initiated immediately after injection and
a triplicate measurement of 60-second replicates was performed. All measurements were
collected at room temperature with camera levels set to optimal values and 200 valid tracks
must have been recorded for a valid measurements. Data collection and evaluation was

done with the NanoSight software version 3.2, unless otherwise stated.
Resonant mass measurement (RMM)

Particles were analyzed with a Archimedes system (Malvern Instrument, Malvern, UK)
equipped with a Hi-Q Micro Sensor (Malvern Instrument) operated by a ParticleLab
software version 2.01. Prior to each set of measurements, the instrument was calibrated
with PS1030nm followed by a measurement of Milli-Q water to confirm cleanliness of the
system. Between sample measurements two “sneeze” operations were performed and the
system was flushed for 5 minutes with Milli-Q water to avoid carry-over. Samples were
loaded for 40 seconds and the limit of detection (LOD) was determined automatically by the
software. A density value of 1.05 g/cm? was used for PS beads, 1.34 g/cm3 for protein
particles and 1.16 g/cm? for bacteria®, and solely negatively buoyant particles were
considered. Measurements were performed in triplicate and for each replicate 150 nL was

analyzed, where a minimum of 50 particle counts were recorded.
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Microfluidic resistive pulse sensing (MRPS)

Microfluidics-based resistive pulse sensing measurements were performed by using an
nCS1 instrument (Spectradyne, Torrence, USA) equipped with disposable PDMS cartridges:
TS-400 (size range 65-400 nm), TS-900 (size range 125-900 nm) and TS-2000 (size range 250-
2000 nm). A running buffer of PBS (pH 7.4) with 1% w/v polysorbate 20 was used to
generate an appropriate ionic electrical current in the analyte and ensure an appropriate
flow of particles leaving the cartridge to the waste reservoirs. The running buffer does not
have contact with the analyte prior to the nano-constriction, thereby avoiding cross-
contamination. Approximately 3 pL of sample was used for each measurement and not less
than 500 particles were counted per analysis. To achieve appropriate sizing of the analyzed
particles, a calibration step for each cartridge was required. Calibration was performed by
using PS beads (495 + 8 nm) diluted in analyte’s diluent consisting of 0.1% polysorbate 20.
Collected data was analyzed by using nCS1 Data Analyzer (Spectradyne, Torrence, USA).
Filters were applied for data analysis in order to exclude false-positive signals. The used
filters excluded detected particle events characterized by user defined transit time, signal-

to-noise ratio, peak symmetry and/or diameter.
Conductivity measurements

Electric conductivities of samples were measured in triplicate at 25 °C by using a
SevenCompact S230 basic conductivity meter (Mettler Toledo, Columbus, USA), calibrated
with a 1.413 pS/cm standard

Results
Impact of conductivity on sample analysis by MRPS

At first, the impact of conductivity on the MRPS technique’s performance for particle sizing
and counting was investigated. A consistent precision of measurement of the mean
diameter and concentration of PS1030nm beads suspended in solutions with a conductivity
ranging from ~3 mS/cm (equivalent to 25 mM NaCl) up to ~17 mS/cm (150 mM NaCl) could

be achieved, independent of pH and ionic species (Figure 1). Below ~3 mS/cm, however,
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there is a notable decrease in the measured mean diameter as well as an increase in particle
count. The higher baseline noise (Figure 2 A, 2 B and Supplementary figure S1) increases the
limit of detection. The overestimated particle concentration at low electrical conductivity is
related to the measuring principle of MRPS. Media with low ionic strength lead to an
increased detected transit time of a particle passing through the nanoconstriction, as shown

in Figure 2 C (see also discussion section).
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Figure 1: Sizing and quantification of PS1030 beads suspended in solutions with increasing ionic strength using
cartridge TS-2000. The top x-axis shows the molar concentration of NaCl corresponding to the electrical conductivity
values at the bottom x-axis. Each data point represents a single measurement. Horizontal solid and dashed lines
indicate the reference particle size and concentration, respectively, specified by the manufacturer.
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Figure 2: Particle size distribution characterized with MRPS (nCS1 equipped with a TS-2000 cartridge) for PS1030nm
beads suspended in Na2HPO4 solution with low Na2HPO4 concentration (5 mM) (a) and high Na2HPO4
concentration (150 mM) (b). Scatter plot of measured diameter versus transit time for PS1030nm at high (blue) and
low (green) Na2HPO4 concentration (c).

Repeatability of sizing and counting of monodisperse nanoparticles by MRPS

Repeatability was assessed by comparing the detected particle concentration, mean and
mode diameter size in nm, as well as peak centroid of five replicate measurements of
PS495nm and PS1030nm suspended in single strength PBS with 0.1% polysorbate 20
(conductivity ~14 mS/cm) by using TS-900 and TS-2000 cartridges, respectively. The results
obtained from measurements performed with one single cartridge (intra-cartridge
variability) and with multiple cartridges (inter-cartridge variability) from a single batch were
used to calculate the CV% of replicate measurements (Table 1). For each of the measured
parameters, the variance of the replicate intra- and inter-cartridge measurements was

statistically equal (one-sided ANOVA, *p< 0.05 confidence level) for both cartridge types.

40



Critical evaluation of nanoparticle characterization techniques

Table 1. Comparison of MRPS repeatability in sizing and counting of PS495nm and PS1030nm in five replicate
measurements using single (intra) and multiple (inter) cartridges for two types of cartridges (TS-2000 and TS-
900). PS beads were suspended in PBS (pH 7.4) with 0.1% w/v polysorbate 20.

Particle Mean Mode
Cartridge Bead size  concentration diameter diameter  centroid
Measurement type (nm) (p/ml) (nm) (nm) (nm)
Coefficient of variation (%)
Inter 6.45 5.18 7.27 4.71
TS-2000 1030+9
Intra 7.11 3.42 5.53 6.34
Inter 13.98 5.11 5.14 5.06
TS-900 495+8
Intra 19.42 4.10 4.20 4.48

Accuracy and precision of MRPS compared to DLS, NTA and RMM using monodisperse
nanopatrticles

Accuracy and precision for sizing and counting of triplicate measurements of monodisperse
PS beads were compared for DLS, NTA, RMM and MRPS. Because of the differences in the
working size ranges of each technique, two distinct PS bead sizes were selected to perform

a cross comparison between all four techniques.

Size accuracy was determined based on comparing the mean size diameter, peak maximum,
and particle size distribution defined as span, calculated as ((Dso-D10)/Dso), and percentile
values at 10%, 50% and 90% (D10, Dso, Doo). Sizing precision of each technique was evaluated
based on the standard deviation of the above mentioned values over the replicate
measurements. The estimated particle concentration of the PS standard sizing beads was
calculated based on the size-, density- and mass-concentration values specified by the
manufacturer. This approach was chosen because, to the best of our knowledge, there are

no certified counting standard beads available in the required size range.

As the concentration of the PS sizing beads is not traceable, and the concentration is based
on an estimation, absolute counting accuracy could not be tested. Therefore, a relative
comparison between the techniques in particle counting and examination of the precision
in determination of particle concentration was done instead. The stated particle
concentration limits for TS-900 and TS-2000 are estimates based on the PS bead

specifications from the manufacturer.
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For both PS bead populations, a good agreement in the determined mean diameter and
maximum peak position was found among all evaluated techniques (Table 2). DLS
measurements of both PS bead standards resulted in ca. 10% greater size values compared
to the single particle counting techniques. RMM provided lowest span value for a single
population of PS beads and with it the highest accuracy in characterization of the particle
size distribution. All techniques showed similar particle size distribution percentile values,
indicating similar accuracy in sizing of PS beads in the presented setting. Percentiles of
obtained distributions are not presented for DLS as it is not recommended calculating these
value because of the inherent errors present in the deconvolution of the correlation

function used for particle measurements 34,

Table 2. Descriptors of particle size distributions obtained from measuring single populations of PS203nm and
PS799nm beads with DLS, NTA, RMM and MRPS. Values are presented as mean values of replicate measurements
and errors are standard deviations of the triplicate measurements. Span represents width of the size distribution
((Dao-D10)/Dso). *Parameters of main peak reported

Bead Mean Peak
Technique diameter  diameter max D10 (nm) Dso (hm)  Dgg (Nm) Span
size (nm) (nm) (nm)
DLS* 2345 2200 - - - -
0.25+
NTA 203 193+1 198 +2 166+1 194+1 213+3 0.06
0.33 ¢
MRPS 1877 178+ 6 162+2 182+1 222 t2 001
DLS* 879+5 8250 - - - -
0.10t
RMM 799 805+1 792t4 747 £ 4 780t1 822 +2 001
0.19+
MRPS 799 £ 15 758 £3 737 £ 12 792 £12 88610 001

PS495nm beads were measured with the three techniques within the estimated
concentration range from 1*10°p/ml up to 1*10%° p/ml (Figure 3 A). All techniques showed
strong linearity (>0.98) for measured bead concentrations within their working counting

range.
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For MRPS a concentration range of approximately 5*107-1*10%° p/ml could be covered with
cartridge TS-900 and of 5*106-5*10° p/ml with cartridge TS-2000. Consequently, MRPS was
the only technique able to cover the entire concentration spectrum, showing a superior
dynamic range compared to RMM and NTA. Although it was possible to carry out
measurements at lower tested concentrations, the required number of measured particles
stated in Materials and Methods section could not be reached within a practical timeframe

(Figure 3 A, empty symbols).
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Figure 3: (A) Relation between theoretically estimated and measured concentration of PS495nm obtained by NTA,
RMM and MRPS. Empty symbols represent measured samples with a particle concentration below the
recommended concentration range for the given technique

Because of the limitations of RMM and NTA to detect PS495nm beads (see discussion
section), we further investigated PS799nm and PS203nm beads to compare the relative
accuracy and precision in quantification of nm-sized particles between MRPS, NTA and
RMM. The PS beads were analyzed at three dilutions. For PS799nm, RMM reported higher
measured particle concentrations compared to MRPS by 50% for the two lowest and by 25%
for the one highest estimated concentrations (Figure 3 B). NTA determined a much higher

particle concentration of PS203nm for all three dilutions compared to MRPS and showed
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particle concentrations up to 8 fold higher compared to the estimated concentrations

calculated based on manufacturer specifications (Figure 3 C).

The technique with the highest repeatability in determining particle concentration was
RMM, which showed an average deviation of 3+2% for replicate measurements among the
three concentrations. Precision in particle count for MRPS was dependent on the used
cartridge and an average 5+3% and 10+3% deviation was found for TS-2000 and TS-900,
respectively. NTA was the technique with the lowest precision in particle counting for which
the deviation varied from 8% to 30% for the highest and lowest estimated PS bead

concentration, respectively.

Size resolution of MRPS in comparison with DLS, NTA and RMM

In order to compare the size resolution and the ability to discriminate multimodal particle
size distributions, PS297nm, PS495nm and PS799nm beads were analyzed individually and
as mixtures (Figure 4). Gaussian curves were plotted for each distribution and the peak max,
peak start and peak end was obtained. In addition, full width at half maximum (FWHM),
which refers to the width of the peak at 50% of the peak height, was considered
(Supplementary table S1). Furthermore, the impact of the polydispersity on the measured
size distribution was investigated. The particle size distributions for the single particle
counting techniques (NTA, RMM and MRPS) are presented in 10 nm bins, whereas DLS
results are presented as a series of logarithmically spaced size bin values derived by the

used software.
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Figure 4 A presents the particle size distributions of triplicate measurements of three
monomodal bead populations (beads measured individually) performed by DLS, NTA, RMM
and MRPS. For the characterization of nanometer-sized PS beads, DLS and MRPS proved to
be superior to RMM or NTA with respect to the covered sizing range. Although DLS could
cover the full size range presented in Figure 4 A, the technique showed the broadest peaks
for monodisperse beads with FWHM values 5- to 15-fold greater compared to MRPS. It must
be noted that DLS does not count individual particles but provides an intensity-weighted
distribution of the overall population, which is naturally weighted according to the light
scattering intensity of each particle fraction. Therefore, the obtained size distributions
obtained with DLS will vary significantly to the other single particle analysis techniques and
a direct comparison should not be performed. For NTA, RMM and MRPS the determined
mean size diameter and FWHM values correlated well. Of note, RMM showed the highest

precision in determination of particle size distribution.

Figure 4 B presents particle size distribution of multimodal PS bead suspensions (beads
analyzed as mixture). Measurements with DLS showed only one single peak with a Z-
average diameter of 785 nm. So, resolving different size populations at equal molar ratio
was not possible, as shown before3®, and the strong bias towards larger particles in the
intensity-weighted distribution provided by DLS displays the technique’s inaccuracy in
characterization of polydisperse samples. For the remaining techniques, the difference in
mean size between each PS bead population was enough to resolve the different bead sizes
present in the mixture. For NTA and RMM mean size diameter and peak max for each
population group agreed well between both the measurements of individual and mixed
beads with values falling within 5% of each other. For MRPS measurements of multimodal
populations the determined mean size diameter of PS799nm beads was used to calibrate
the cartridge. The variation in mean size diameter of PS297nm and PS495nm between

monomodal and multimodal populations was 7% and 14%, respectively.

For quantitative determination of each technique’s size resolution we used equation 1,

which is commonly applied in chromatography to determine the degree of separation of
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two solutes®® and was used in a recent study on validation of the nanoparticle tracking

analysis method?*:
_ tR2-tR1

Rs = (1)
2

Where, tR1 and tR2 are local maxima of peak 1 and peak 2, and W1 and W2 are peak width
at baseline of these peaks. MRPS showed the highest Rsvalues compared to NTA and RMM,

indicating high resolution capabilities in characterization of polydisperse samples.

Applications of MRPS for analysis of pharmaceutically relevant particulate formulations in
comparison to RMM, DLS and NTA

Protein aggregates

The stressed BSA formulation was diluted by a factor of 25-, 50-, 100-, 250- and 500-fold in
PBS and the dilutions were studied with DLS, NTA, RMM and MRPS within the suitable
working range with respect to particle concentration for each technique (Figure 5). At each
dilution level DLS showed multiple peaks, including a peak at ca. 10 nm deriving from BSA
monomer and smaller aggregates. Subpopulations of particles above 20 nm were not

resolved and the PDI value was above 0.9.
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Figure 5: Particle size distribution of stressed BSA. A1-A3 show PSD determined with DLS, MRPS (TS-900) and NTA
at 100-, 250- and 500-fold dilutions. B1-B3 show PSD determined with DLS, MRPS (TS-2000) and RMM at 25-, 50-
and 100-fold dilutions. Middle Y-axes relate to determined intensity with DLS, whereas Y-axes on the left and right
side represent the measured concentration for each bin size and their scale is adjusted to each graph. Error bars
represent the standard deviation of triplicate measurements.

Figure 5 A1-A3 presents the particle size distributions of stressed BSA samples at 100-, 250-
and 500-fold dilution, each measured with DLS, MRPS and NTA. The shape of the
distribution determined with NTA shifted towards smaller sized particles for each
subsequent dilution, whereas MRPS produced a consistent asymmetrical particle size
distribution with a cut-off at a fixed lower limit of size detection. MRPS and RMM showed
highly similar particle size distributions above 300 nm for protein aggregates at all three

different dilutions (Figure 5 B1-B3).

The decrease in sensitivity of NTA for smaller particles within samples that also contain a
higher number of larger particles, led to an underestimation in the concentration of
particles below 200 nm. Nonetheless, compared to MRPS, NTA reported an approximately

10-fold higher determined particle concentration within the same measured size range for
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each dilution. MRPS measured higher concentrations of particles above 300 nm compared

to RMM, however the difference was below 18%.
Liposomes

Measurement of liposomes diluted 5000-fold in PBS was performed by using DLS, NTA and
MRPS (Figure 6 A). DLS showed a Z-average diameter of 165 nm with a PDI of 0.09, indicating
a homogenous particle size distribution. NTA showed a similar mean size diameter (159 nm)
as DLS, with a relatively low average polydispersity of the size distribution (span-0.69) for
each replicate. The mean size diameter determined with MRPS was 97 nm, which is
significantly lower compared to the values obtained with the two light scattering-based
techniques. Furthermore, MRPS produced a wider size distribution (span-1.23), suggesting

a higher sensitivity towards the smallest and largest particles within the population.
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Figure 6: A) Particle size distribution of liposomes from NTA, DLS and MRPS (TS-400). For MRPS and
NTA the determined particle concentration is reported on the left y-axis and the measured intensity
with DLS is reported on the right y-axis. The diameter is shown in a logarithmic scale (x-axis). B) Particle
size distribution of Lactobacilli determined by MRPS (TS-2000) and RMM. Error bars represent the
standard deviation of the triplicate measurements.

Quantification of the number of liposomes was carried out with NTA and MRPS. The
reported mean particle concentration with NTA was 5.5-fold greater when compared to

MRPS, which confirms the data obtained from measurement of PS beads (Table 2 and Figure

3).
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Lactobacilli

A commercially available product, containing a mixture of Lactobacilli helveticus and
Lactobacillirhamnosus, was used to examine the suitability of MRPS for counting and sizing
microorganisms, and the performance of MRPS was compared to that of RMM (Figure 6 B).
The mean size for the bacteria population was 1037 nm according to MRPS, which correlates

well with the mean diameter of 1075 nm obtained with RMM.

Both techniques showed a similar concentration of Lactobacilli. The particle concentration
within the size range 800-1600 nm, the expected size of the bacteria, was 3.52*10° and
3.48*10° p/ml for MRPS and RMM, respectively. Particles detected below ca. 800 nm are
most likely cell debris or particulate matter originating from the stock material and were

not included in the calculation.

Discussion

We evaluated the MRPS technique for particle characterization to provide insights into its
limitations and advantages. The electrical conductivity of the analyzed sample showed to
be one of the most important factors for correct analysis with MRPS. An underestimation
of the particle diameter and an overestimation of particle counts at low ionic strength
(below 3 mS/cm) of the analyte suspension were observed. Lower reported diameter sizes
for PS beads in samples with low electrical conductivity relate to the relatively lower
induced AR at the nanoconstriction upon particle passage at the orifice. This translates to
a weaker output signal due to the decreased double-layer capacitance of the sensing
electrode®. In addition, the thermal noise is increased at low ionic strength due to the
reduced measurement bandwidth, leading to a higher baseline noise and increased number
of false-positives (Supplementary figure S1) as well as a loss of particle detection at the
lower end of the sizing range (Figure 2 A and 2 B). It must be noted that the conductivity
threshold of 3 mS/cm applies solely to the TS-2000 cartridge and will increase in smaller

cartridges which are equipped with a nanoconstriction of smaller orifice dimensions.
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The apparent particle concentration increased in samples with a conductivity below 3
mS/cm. MRPS determines particle concentration based on the mean transit time of single
particle passages via a high current density surrounding the nanoconstriction. This high
current density is significantly reduced at a low concentration of ionic species, and therefore
the magnitude of this electric field is reduced for a prolonged time and a higher transit time

is detected by the software (Figure 2 C).

The cartridges are fabricated by using a micro-molding technique, where each batch is
produced with a single mold with defined microfluidic channels. For accurate size
determination it is recommended by the manufacture to spike in a reference standard (e.g.,
NIST PS beads) into the sample for a required size calibration. However, biological material,
such as proteins, tend to irreversibly adsorb to PS beads, which may alter the size
distribution of the PS particles as well as that of the analyte3®. Moreover, the bead size may
overlap with the size of particles in the sample. Because of the high intra-cartridge sizing
precision shown within our study (Table 1), the size calibration measurement of each

cartridge was performed after the sample measurement.

Furthermore, the accuracy and precision of the four particle characterization techniques
was evaluated using PS203nm and PS799nm. The mean diameter size values obtained with
NTA, RMM and MRPS are slightly lower compared to DLS and in better agreement to the
reference value. This trend was expected, as the dispersed particles scatter incident light
proportional to at least the 2"¢ power of their radii (depending on the particle size,
wavelength of the used laser and type of scattering) leading to a bias towards larger
particles size in DLS®. A similar trend was observed by other authors who performed sizing
comparisons between DLS and NTA?? or DLS and tunable resistive pulse sensing technique*C.
Furthermore, for both bead populations, MRPS, NTA and RMM showed a highly similar span
values, indicating a similar accuracy in determination of the size distribution for
monodisperse populations. The variation coefficient of the mean size determined with
MRPS for PS beads was ca. 3-5%, which is superior to the repeability of NTA measurements

stated in the literature (6.3% and 10% with software version 3.0 and 2.3, respectively)?*.
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However, values above 3% are inferior to that of RMM (0.3%) and DLS (1.1%)%, and to the

results presented in Table 2.

DLS does not quantify particles, but is a qualitative technique for assessing particle size
distributions with a high sensitivity, or bias, to larger aggregates/particles within an
analyzed sample. Therefore, DLS was not considered for the comparison of the techniques
with respect to particle quantification. The particle concentration determined by MRSP,
NTA and RMM varied for each sample to a significant degree. Such deviations in determined
particle concentrations from different methods have been previously reported and a

number of factors could contribute to these?®*

. Firstly, in all current techniques for
submicron particle measurements, a notably small sample volume is analyzed and therefore
the extrapolation factor of particle counts to particles/mL is relatively high. For example, in
our setup, NTA analyzes up to 0.08 nL per replicate — generating an extrapolation factor of
about 1*10°. The analyzed volume with MRPS is cartridge dependent. The TS-900 cartridge
samples approximately 10 nL per replicate, yielding an extrapolation factor of about 1*10°.
With the TS-2000 cartridge and also with RMM, 150 nL were analyzed, resulting in an
extrapolation of particle count of approximately 1.5*10%. For comparison, methods used for
characterization of micron sized particles, e.g., flow imaging microscopy, measure from 0.15

up to 0.8 mL of sample and particle counts are corrected to particles/mL by a factor of 6.5 -

1.25.

Secondly, an additional source of discrepancies in particle count between each technique
could be the different measuring principle used to determine the absolute particle
concentration. NTA takes the average count of particles per frame and then divides it by the
interrogated volume determined by the cell dimensions. RMM and MRPS measure the
particle concentration based on the single transit time of a particle through a microfluidic
channel and a high current density, respectively. The different algorithms and models used
in each method can introduce errors that may lead to imprecision in the obtained particle

concentrations.

For the evaluation of size resolution, a mixture of three differently sized PS beads at a

number ratio of 2:1:1 was considered as a suitable polydisperse model sample with no
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overlap between particle size distributions of the three sets. The difference in mean size
diameter between the PS297nm and PS799nm is above 2.5-fold, thus allowing to compare
how well each instrument will be able to handle samples consisting of a broad range of
particle sizes. Hence, for techniques with high resolution, the distinction of each population
should be evident. In this study, we did not study other ratios of PS beads or the impact of
concentration of distinct bead populations on the overall particle size distribution. Apart
from DLS, all evaluated techniques showed good separation of peaks, with MRPS having the
highest Rs value (Supplementary table S1). The incapability of resolving PS bead populations
with DLS was expected, as discussed above. In the literature, NTA has been used to
characterize PS particles from 30 nm up to 1000 nm in diameter?>?>%2, However, the short
wavelength laser used in our study limited the technique’s measurement capability of
PS799nm due to the multiple scattering points present on a single particle, resulting in an
interference that impedes correct particle tracking. Consequently, samples containing large
particles may require additional sample preparation, e.g., filtration or centrifugation, prior
to measurement with NTA for reliable characterization of the particle size distribution in
the nanometer size range, as shown before for polydisperse protein aggregates®>. RMM
detects particles entering a microfluidic channel where they alter the resonance frequency
of the suspended resonating cantilever?®. The low density of PS beads (1.05 g/cm3)
suspended in PBS affects the lower limit of size detection and increases it automatically to
460 nm. This shows a critical limitation of RMM for the characterization of heterogeneous
samples with particulate matter of low or unknown density where a significant error in the

observed particle size distribution and particle concentration may be introduced.

Artificially stressed BSA samples were submitted to dilution and the proteinaceous particles
were characterized by the four evaluated techniques. As different dilution factors may alter
the protein particle concentration and/or size distribution?®, in our study comparative
characterization was performed by measuring samples submitted to identical dilutions.
MRPS showed to be capable of analyzing polydisperse proteinaceous samples on particle-
by-particle basis to which sample dilution had not effect on the determined particle size
distributions, as opposed to NTA or DLS. The bell shape distribution towards particles of

larger sizes (clearly visible in Figure 5 A and 5 B) for protein aggregates seen with NTA has
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been observed in the past by other authors?22>43, Factors contributing to an inaccurate
determination of particle size distribution by NTA for polydisperse samples include: 1) the
relatively low particle counts obtained from a single measurement, as well as 2) the loss in
sensitivity for smaller, weakly scattering particles, therefore showing bias towards a limited
particle population. The derived Z-average diameter from DLS is an intensity-based overall
average size based on a specific fit to the raw correlation function data. Therefore, the
obtained data did not provide accurate information on particle populations within the
sample, as this technique is not suitable for such polydisperse samples®. RMM and MRPS
presented highly similar results for the proteinaceous samples with respect to particle size

distribution and particle concentration.

For liposomes, DLS and NTA determined a higher mean size diameter of the population
compared to MRPS, due to the above discussed bias of these techniques. Similar to protein
aggregates, the difference in refractive index between buffer and liposomes is relatively
small, resulting in a low light scattering intensity. Thus, the smallest particles within the
population will not be detected with the two light scattering-based techniques and the
reported distribution will be shifted to higher particle sizes. Additionally, the loss of
sensitivity with NTA towards the smallest and largest particles within a polydisperse sample
is indicated by the 2-fold smaller span value for liposome samples compared to MRPS
(Supplementary table S2). Furthermore, the liposome concentration determined by NTA
was significantly higher as compared to MRPS, which is in agreement with the results for PS
beads (Figure 3). Previously reported comparative analysis between NTA and the resistive
pulse sensing (RPS) technique, also showed an approximate 10-fold overestimation in
concentration by NTA and the heavy influence of the operator settings on the quantitative

assessment %4,

Characterization of bacterial cells using RMM and RPS was previously reported in the
literature 34546, The two instruments determine the mean particle diameter via two distinct
measuring principles using particle mass or volume, respectively. The obtained mean
diameter values with RMM and MRPS vary from the cell dimensions of rod-shaped

Lactobacilli stated in literature determined by using electron microscopy (L. helveticus — 6.0
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x 0.7-0.9 um and L. rhamnosus 2.0-4.0 x 0.8-1.0 um)*’. The measured diameters acquired
with both used techniques refer to the volume-equivalent spherical diameter, which is

characterized by:

1

)
(2)

Where dv is the diameter of a sphere with the same volume (V) as the particle. Using
equation 2 and the reference bacteria dimensions to calculate dv, we would expect the
volumetric mean diameter to be in the range between 1.2 and 1.9 um. Therefore, both
MRPS and RMM may underestimate the mean size of elongated particles. These results
align with the work carried out by Cavicchi et al., who showed a significant underestimation
of dv with the electrical sensing zone instrument for rod-shaped micrometer-sized
particles*®. The shape of particles would also have an impact on the reported mean
diameter with DLS or NTA. Further investigation of the influence of particle shape and
morphology on reported mean particle size and concentration with nanoparticle

characterization techniques is therefore recommended.

Each of the evaluated technique in this study operates on a distinct principle. The suitability
of each technique depends on the intended application, i.e., type of sample, required read-
out and purpose of the analysis. In Table 3 we compare the four techniques to assist the
reader in selecting the most appropriate technique for a given experimental setup. For
instance, for a rapid and qualitative determination of the presence of particles, DLS can be
recommended. However, for quantitative characterization of particle size distribution and
particle concentration, single particle counting techniques (NTA, RMM, MRPS) are
preferred. The other main factors to consider are the physical properties of the analyzed
particles (e.g., size, refractive index, density, shape) and sample (e.g., viscosity, conductivity,
particle concentration). As an example, highly concentrated protein solutions come along
with a high viscosity and a high refractive index. In this case, the performance of light

scattering-based techniques, such as NTA and DLS, is compromised, and RMM and MRPS
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may be superior. With respect to highly viscous samples, software operating DLS, NTA and
RMM allows the user to input the analyzed sample’s viscosity. So far, such an option does
not exist for the software operating MRPS and therefore, calibration beads of known size

and concentration must be spiked into the sample to perform the required calibration.
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Conclusions

MRPS showed to be a useful orthogonal technique for particle sizing and counting alongside
DLS, NTA and RMM, which are frequently used in the (bio-)pharmaceutical field.. For
measurements with nCS1 the sample of interest must have electrical conductivity above ~3
mS/cm for proper sizing and counting. Sizing of PS standard beads with each of the four
techniques showed comparable results. Particle concentrations obtained by MRPS and
RMM were similar, whereas NTA showed 5- to 10-fold higher particle counts. Apart from
DLS, all techniques were able to resolve different size populations in polydisperse samples.
The applicability of MRPS was further illustrated by the successful characterization of
relevant samples, including protein aggregates, liposomes and bacteria. In conclusion, we
have shown that MRPS is a valuable technique for analyzing particles in the nanometer- and

low micrometer-size range.
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Supplementary figure S1: Output signal versus time for PS1030nm suspended in Na:HPO4 solution with low
Na:HPO4 concentration (5mM) (A) and high Na:HPO4 concentration (150mM) (B). Events marked with red circle
represent particle detection. Selected events in the dashed black rectangle represent detected false-positive
events.
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Supplementary table S2: Span of particle size distribution of PS beads and liposomes measured with MRPS and NTA.
Mean values and standard deviations of triplicate measurements (n=3)

PS297nm beads Liposomes
Technique
Span
MRPS 0.33+0.01 1.12 £0.04
NTA 0.25+0.06 0.67+£0.01
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Abstract

Within this study, the performance and limitations of tunable resistive pulse sensing (TRPS)
was evaluated to characterize submicron particles in unstressed and heat stressed
monoclonal antibody (mAb) solutions. These were compared with microfluidic resistive
pulse sensing (MRPS), resonant mass measurement (RMM), and nanoparticle tracking
analysis (NTA). For TRPS and MRPS measurements, adjustment of ionic strength was
required but seen critical for protein formulations. Influences of sodium chloride
concentration and pH on colloidal stability with respect to submicron particle levels were

investigated.

Heat stress caused a sharp increase in particle levels between 250-900 nm, observable in all
four techniques. Due to reduced colloidal stability, indicated by increased attractive forces
and reduced aggregation onset temperatures in the presence of sodium chloride, protein
aggregation was observed in heat stressed mAb only after the addition of sodium chloride.
Achieving adequate ionic strength by replacing sodium chloride with other electrolytes
similarly resulted in reduced colloidal stability and protein aggregation. It is recommended
that protein samples prone for aggregation in the presence of high ionic strength should
not be analyzed by RPS measurements after the addition of electrolytes. However, protein
samples containing already required ionic strength can be analyzed by any of the four

techniques.
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Introduction

Biopharmaceuticals, such as monoclonal antibodies, can undergo several routes of
degradation due to the complexity of the molecules’?. Among other degradation pathways,
the formation of protein aggregates can be detrimental for product quality3. Submicron
aggregates, despite being often overlooked, are an important category of aggregates due
to their potential role in protein immunogenicity*>. However, submicron particle analysis in
biopharmaceutical products in the size range of 0.1 —1 um is increasingly expected by
regulatory agencies®. Resonant mass measurement (RMM) and nanoparticle tracking
analysis (NTA) are two commonly used methods to quantify the particle level in the
submicron size range, but both come with certain drawbacks’. NTA is able to detect
particles between 50 — 1000 nm based on the scattering of light and is therefore biased
towards larger particles if heterogeneous particle populations are measured’. Depending
on the used sensor, RMM is able to detect particles between 100 — 4000 nm based on their
mass, which is then converted it into particle size based on the density of the particle and
the density of the fluid’. Due to differences in particle detection and subsequent differences
in particle characterization, the comparison of results obtained by RMM or NTA can be
difficult. For example, a difference of 1-2 orders of magnitude in particle concentration was
observed for the same sample when analyzed with both techniques®. Additionally, a low
reproducibility in particle sizing and quantification compared to established micrometer-

sized particle analysis techniques is reported?.

Owing to improvements in micro- and nano-fabrication®*?, resistive pulse sensing (RPS) was
introduced as new technique for submicron particle analysis. Hereby, the detection of
particles in solutions relies on the Coulter counter principle (electrical sensing zone), which
detects particles based on changes in the electric field between two electrodes upon
particle passage through a sensing orifice!!, thereby overcoming technical limitations of
RMM and NTA as discussed above. Studies have shown great accuracy of RPS in
characterizing concentration and size of polystyrene bead mixtures or exosomal vesicles,

giving RPS a potential advantage over other techniques®?*3,

69



With tunable resistive pulse sensing (TRPS, IZON Ltd., Christchurch, New Zealand) and
microfluidic resistive pulse sensing (MRPS, Spectradyne LLC., Torrance, CA, USA) two RPS-
based instruments are currently available for submicron particle characterization. TRPS uses
a stretchable nanopore and MRPS a microfluidic channel to create a nano-constriction,
which separates both electrodes and can therefore be used as sensing zone. Despite their
structural differences, both techniques rely on sufficient ionic strength present in the
sample solution¥'* in order to establish a stable electric current between both electrodes.
Thus, particles are detected as drop in electrical resistance by crossing the nano-constriction
between both electrodes. For samples with low conductivity, it is recommended to add
electrolytes during sample preparation by i.e., dilution in phosphate buffered saline (PBS)**

6 or by spiking-in electrolytes from a stock solution.

Applicability of RPS for different biopharmaceutical samples including protein formulations
was previously presented?’. In the present study, we investigated the comparability of TRPS
to other submicron particle measurement techniques, namely RMM, NTA and MRPS, for
the analysis of biopharmaceuticals. Therefore, particle concentrations in the size ranges
between 250-900 nm and 600—-900 nm present in an unstressed and heat stressed
monoclonal antibody (mAb) formulation were evaluated by using the four instruments and
the results were compared. Additionally, the effect of adding electrolytes to (un-)stressed
protein formulations prior to particle analysis on the formation of sub-micron
proteinaceous particles was critically investigated. A guide to choose a suitable submicron
particle characterization technique for biopharmaceuticals based on the conductivity of the

samples concludes the paper.
Materials and Methods
Materials

Calcium chloride, glacial acetic acid, L-arginine hydrochloride, L-lysine monohydrochloride,
L-methionine, polysorbate 80, sodium acetate, sodium chloride (NaCl), sodium sulfate, and
sucrose were purchased from Merck KGaA (Darmstadt, Germany). L-histidine, L-histidine

monohydrochloride monohydrate and sodium succinate hexahydrate were purchased from
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Alfa Aesar (Kandel, Germany). Magnesium chloride hexahydrate, monosodium phosphate
dihydrate, and potassium chloride were obtained from Applichem (Darmstadt, Germany).
Citric acid was obtained from USBiological Life Sciences (Hamburg, Germany), disodium
phosphate dihydrate from Bernd Kraft (Duisburg, Germany), and sodium citrate from
Caesar&Lorentz GmbH (Hilden, Germany). In-house highly purified water (conductivity
0.055 ps/cm) was dispensed from an Arium®Pro purification system (Sartorius, Géttingen,
Germany). All diluents used in the study were freshly filtered through a 0.02-um Anotop 25

syringe filter (Anopore membrane, Whatman, Maidstone, UK).

A mAb (Bayer AG, Leverkusen, Germany), belonging to the 1gG1 subclass in 10 mM histidine
buffer at pH 5.5 with 130 mM glycine, 5% sucrose, 20 mM methionine, and 0.05%
polysorbate 80 was used as model protein. The identical formulation not containing the
mAb was used as placebo throughout the study. Different formulations of mAb at pH 4.5
and pH 6.5 were prepared via dialysis at room temperature by using a Spectra/Por® 8000
MWCO dialysis tubing (Spectrum laboratories Inc., Rancho Dominguez, USA). A 100-fold
excess of the respective histidine/glycine based formulation was used and media exchanges
were performed 2 h and 4 h after the start of the dialysis. Dialysis was performed for a total

duration of 24 h.

Coating solution and calibration beads (350 nm, polystyrene) for TRPS measurements were
purchased from IZON Ltd. (Oxford, UK) and calibration beads for MRPS (496 nm,
polystyrene) and RMM (994 nm, polystyrene) were obtained from Fisher Scientific (Ulm,

Germany).
Preparation of proteinaceous particles

All mAb solutions were filtered through a 0.22-um polyethersulfone (PES) syringe filter prior
to use. To generate heat stressed samples, the mAb solution was incubated at 50 °C for 72 h
(Eppendorf Thermomix, Hamburg, Germany). Prior to analysis, heat stressed and
unstressed samples were diluted to 5 mg/mL mAb concentration by using 0.02-um filtered
placebo solution. The diluted samples were subsequently filtered through a 5-um PES

membrane filter in order to remove large aggregates, if any, which may cause blockages
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during submicron particle analysis. Furthermore, the samples were aliquoted for particle
analysis and individually spiked with 1 M sodium chloride (0.02-um filtered) stock solution
to a target concentration of 50 mM sodium chloride (e.g., 190 pL sample + 10 ulL electrolyte)
prior to analysis. Analysis on all four submicron particle characterization techniques as well
as micrometer-sized particle analysis were performed within a single working day, but
particle analysis was performed not later than 2 min after the addition of sodium chloride

to each individual aliquot.
Evaluation of electrolytes to increase conductivity in low-ionic-strength samples for RPS

Stock solutions of eight different electrolytes, CaCl,, KCI, MgCl2, NaCl, Na2S0s, histidine
buffer pH 6.0, citrate buffer pH 6.0, and phosphate buffer pH 6.0 were prepared as spiking
solutions. Concentrations were chosen to reach a conductivity of 4.5 mS/cm after 20-fold
dilution and the respective values are given in Table 2. Ten microliter electrolyte stock
solution or placebo were added to 190 puL 0.22-um filtered (PES-membrane) mAb at
5 mg/mL. Because of solubility limits of histidine, required at a relatively high concentration
due to low conductivity of histidine solutions, the histidine stock solution was prepared at
450 mM and 20 puL were spiked into 40 puL 5 mg/mL mAb, accounting for a 3-fold dilution of
histidine solution. Aggregation onset temperatures were analyzed by using a Prometheus

NT.48.

Additionally, submicron particles were characterized by using RMM and NTA after spiking
200 pL placebo, 150 mM sodium chloride, or 450 mM histidine to 400 pL unstressed or heat
stressed mAb to investigate the aggregation behavior of the heat stressed mAb in the

presence of a high histidine concentration instead of sodium chloride.
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Table 2: Conductivity and solute concentration at 4.5mS/cm for various excipients.

Measured conductivity at | Calculated concentration
Substance
Electrolyte 50 mm at 4.5 mS/cm
class
[mS/cm] [mM]
CaCl, 2.1 109.2
KCl 6.2 36.1
Inorganic
MgCl, 2.2 104.2
salt
NacCl 4.5 50.0
Na;S04 8.5 26.6
Citrate buffer, pH 6.0 8.6 26.2
Buffer
Histidine buffer, pH 6.0 15 150.0
component
Phosphate buffer, pH 6.0 2.4 93.4

Tunable resistive pulse sensing (TRPS)

Submicron particles were analyzed by tunable resistive pulse sensing (TRPS) on a gNano
Gold system (IZON, Oxford, UK). A nanopore NP300 with an analysis range of 150 - 900 nm
was fitted to the gqNano Gold system and submicron particle counts were recorded and
evaluated in a similar manner as in our previous study (manuscript in preparation). Three

technical replicates per sample were measured.
Microfluidic resistive pulse sensing (MRPS)

A nCS1 system equipped with disposable TS-900 (125—-900 nm) polydimethylsiloxane
cartridges (Spectradyne, Torrance, CA, USA) was used for MRPS measurements. Phosphate
buffered saline at pH 7.4 containing 1% polysorbate 20 was used as running buffer to
generate an appropriate electrical current. For each sample, the loading volume was 3 puL
and at least 500 particles were recorded per measurement. Three technical replicates per
sample were analyzed. Size calibration with polystyrene beads (496 nm) was performed for
each cartridge after a sample measurement to ensure appropriate sizing. False-positive

signals were excluded in data analysis (Data Analysis software V2.4.0.202, Spectradyne) by
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applying filters based on transit time, signal-to-noise ratio, peak symmetry, and/or

diameter, following the manufacturer’s recommendation.
Resonant mass measurement (RMM)

An Archimedes system equipped with a Hi-Q Micro sensor (Malvern Instrument, Malvern,
UK) was used for RMM. The system was calibrated with polystyrene beads (994 nm) prior
to each set of measurements. Between each sample measurement, 2 sneeze operations
were performed, and the system was flushed with highly purified water to ensure system
cleanliness. The lower limit of detection (LOD) was determined automatically by ParticleLab
software version 2.01. Density was set to 1.05 g/cm?® for polystyrene beads and to
1.34 g/cm? for protein particles. Only negatively buoyant particles and measurements with
at least 50 particle counts were used for data evaluation. Three sub-runs were performed
per measurement. Three technical replicates were measured of each sample, yielding nine

replicates in total.
Nanoparticle tracking analysis (NTA)

A NanoSight (Model LM20, Malvern Instrument, Malvern, UK) was used to obtain NTA data
at a wavelength of 405 nm (blue laser). Purging volume of the sample chamber was 0.3 mL.
By using a video capture, three sub-runs of 60 s each were performed per measurement
immediately after injection at room temperature. Three technical replicates were measured
of each sample, yielding nine replicates in total. The camera levels were set to optimal
values and 200 valid tracks were defined as lower limit for valid measurements. NanoSight

software version 3.2 was used for data evaluation.
Dynamic light scattering (DLS)

Aggregation onset temperature (Taggonset) and diffusion interaction parameter (ko)
measurements were performed by using a DynaPro plate reader Il (Wyatt, Santa Barbara,
CA, USA) with a sample volume of 20 uL in 384-well plates (Corning Inc., Corning, NY, USA).
Prior to analysis, samples were centrifuged at 2000 g for 2 min and sealed with 5 pL silicone

oil to prevent evaporation and centrifuged again for 2 min at 2000 g.
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ko was determined in duplicate with 3-10 mg/mL mAb and different sodium chloride
concentrations ranging from 0-150 mM. The diffusion coefficient was obtained from 20
acquisitions at 5 s/acquisition with the attenuation level set to Auto at 25 °C. ko was

evaluated by using Dynamic V7.8.2 software.

Taggonset Of the mAb was determined in formulations containing 5 mg/mL mAb (0.22-um PES
membrane filtered) at pH 4.5, 5.5, or 6.5 after adding 0, 50, and 150 mM sodium chloride.
Samples were equilibrated at 25 °C and temperature was increased linearly to 85 °C at a
rate of 0.1 °C/min. DLS was measured and each data point was recorded with 3 acquisitions
of 3 s per acquisition with the attenuation level set to Auto. Taggonset Was determined in

Dynamics V7.8.2 software.
Temperature of aggregation

A Prometheus® NT.48 (NanoTemper Technologies, Munich, Germany) was used to study
thermal unfolding and aggregation of mAb formulations. Standard glass capillaries
(NanoTemper) were filled with the respective formulation and placed in the Prometheus
NT.48 in duplicates. Temperature was ramped from 20-95 °C at 1 °C/min. Protein
aggregation was detected by measuring the back-reflection intensity of a light beam passing
twice through the capillary'®. The aggregation onset temperature, Taggonset, Was calculated
with PR.ThermControl V2.1 software (NanoTemper) from the increase in scattering signal

detected with the back-reflection optics.
Micrometer-sized particle (SVP) analysis

mAb samples were analyzed for the presence of micrometer-sized particles (sized within
the range of 1 — 80 um) with a FlowCam 8100 (Fluid Imaging Technologies, Inc.,
Scarborough, ME, USA). The system was equipped with a 10x magnification and a FOV80
flow-cell (80 um x 700 um). A sample volume of 150 pL was used for the analysis and the
images were collected with a flow rate of 0.15 mL/min with an auto image frame rate of 28
frames/second. A distance of 3 um to the nearest neighbor and thresholds of 10 and 13 for

light and dark pixels, respectively, were used for particle detection. Particle size was
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reported as equivalent spherical diameter (ESD) by using VisualSpreadsheet® 4.7.6 software

for data collection and evaluation.
Size exclusion chromatography (SEC)

A Dionex Ultimate 3000 system (Thermo Scientific, Dreieich, Germany) was used for SEC.
Ten microgram of mAb were injected on a Waters Acquity UPLC® Protein BEH SEC column,
200A, 1.7 pm, 4.6 x 150 mm column (Waters Corporation, Milford, MA, USA) and the
elution of the protein was detected at 280 nm with a VWD-3400RS UV detector (Thermo
Fisher, Dreieich, Germany). The running buffer consisted of 50 mM sodium phosphate (pH
6.5) with 300 mM sodium chloride at a flowrate of 0.3 mL/min. The chromatograms were
integrated with Chromeleon V7.2 (Thermo Fisher) and the relative area of the high-

molecular-weight species (i.e., small soluble aggregates) was calculated in percentage.
Viscosity

The viscosity of the prepared samples was measured by a mVROC viscometer (Rheosense
Inc., San Ramon, CA, USA) using a RA05-100-087 flow cell with a 50 um flow channel at
20 °C. Prepared samples were filled into a 250-uL Hamilton syringe, without introducing any
air bubbles. All measurements were performed at a flow rate of 250 mL/min and a

corresponding shear rate of 3160 s. Control software V2.6 was used for data recording.
Protein concentration

Protein concentration was determined on a NanoDrop One (Thermo Scientific) by
measuring the absorbance at 280 nm with a baseline subtraction at 340 nm. Protein
concentrations were calculated using a mass extinction coefficient of 13.7 at 280 nm for a

1% w/v 1gG solution.
Conductivity measurements

Electric conductivity of samples was measured in triplicate at 20 °C by using an Inolab Cond
Level 2 P conductivity meter equipped with a TetraCon 325 electrode (WTW, Weilheim,
Germany) calibrated with a 100 uS/cm standard.
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Results and discussion
Comparison of submicron particle characterization techniques

Submicron particle concentrations in placebo, unstressed and heat stressed protein (5
mg/mL mAb) samples were determined by using four different submicron particle
characterization techniques. Particle size distributions were compared as obtained and
particle concentrations were compared in the ranges between 250 - 900 nm and 600 -

900 nm.
Particle size distribution

The average particle size distributions of three replicates measured for unstressed and heat
stressed mAb with any of the four particle characterization methods are shown in Figure 1.
A bin size of 10 nm was applied to the obtained data for all four methods, however, the
scale of the y-axis was varied in order to compare the observed particle size distributions
due to differences in the observed particle concentration between the four analytical
methods as discussed in section 0. Quantitative descriptors of the particle size distributions
of unstressed and heat stressed mAb as such as mean diameter, mode of the peak and
D10/D50/D90 values, corresponding to the diameters below which 10%, 50% and 90% of

the particles are measured, are provided in

Table 31%2°, TRPS and MRPS measurements revealed a narrow particle size distribution with
the vast majority of particles detected below 400 nm. RMM revealed substantial particle
concentrations for particles above 600 nm, which were hardly detected with both RPS
techniques. However, the high LOD values determined with heat stressed mAb samples
resulted in no detected particles below 500 nm. Placebo and unstressed samples resulted
in much lower LOD values in RMM measurements compared to heat stressed mAb
formulations, however no particles below 250 nm were detected. NTA showed the broadest
size distribution ranging from 150 nm to 900 nm with a large fraction of particles being

larger than 400 nm.

77



1.0x107 4
1.2¢10%+A.) TRPS I unstressed Y TBIvRPS [I Unstressed

heat stressed Heat stressed

1.0x10% 4 8.0x10° 4

4.0x10%
8.0x107 A |

3.0010° 6.0x10° ’
|

|
6.0x107 - 2.0x10%
4.0x10° \
1 i

4.0¢107 4 1.0x10%

2.0x10° 4

particle concentration [P/ml]
Particle concentration [P/ml]

2.0x107 A

B
Py W o . PPN =i

0 200 400 600 800 1000 1200 1400

particle size [nm] Particle size [nm]
1.2x10° 4.0x10"
C) RMM [0 Unstressed "

| Heat stressed

CINTA I Unstressed
=3.5x10" Heat stressed

P/mi]
g
<

£
A, 3.001074
8.0x10°

ion

~
o
oy
A

S ]
1 0
2.0x10" H L
AL )
o bl \

6.0x10°

1.5x10" 4

A
g
3,

; N \ S 1.0¢10' 1 b
2.0x10° J S

Particle concentrati
Particle concentrati

! 5.0x10° < N [
00 i 14 I

T T T T T T 0 T T T T T T
0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400
Particle size [nm)] Particle size [nm]

Figure 1: Particle size distribution of unstressed and heat stressed mAb formulation determined by A.) TRPS, B.)
MRPS, C.) RMM, and D.) NTA. Error bars represent mean #* standard deviation (10 nm bin size) of three technical
replicates. Samples were analyzed at 5 mg/mL protein concentration, except for RMM analysis of heat stressed

mAb (2.5 mg/mL). All samples were spiked with 50 mM sodium chloride prior to particle analysis.

Table 3: Quantitative descriptors of the particle size distributions of unstressed and heat stressed mAb
formulation

Mean diameter Mode D10" D50° D90"
[nm] [nm] [nm] [nm] [nm]
TRPS 232 170 150 195 305
MRPS 358 165 170 305 625
Unstressed

RMM 369 290 280 350 470
NTA 258 165 125 225 410
TRPS 226 200 175 210 280
MRPS 250 165 165 225 355

Heat stressed
RMM 733 690 590 710 890
NTA 441 405 225 430 655

* D10/D50/D90 correspond to the diameters below which 10%, 50% and 90% of the particles are measured
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Particle concentration in the size ranges 250-900 nm and 600-900 nm

The comparison of particle concentrations for placebo, unstressed and heat stressed mAb
formulations obtained by the four different techniques is shown in Figure 2 and Figure S1
(supplementary data). In contrast to Hubert et al.?, particle concentrations were compared
in the limited size ranges from 250 nm to 900 nm and 600 nm to 900 nm, to eliminate biases

due to different size ranges inherent to the four methods.

All submicron particle characterization techniques detected an increase in particle
concentration after three days of heat stress at 50 °C compared to an unstressed protein
control (Figure 2 and Supplementary figure S1). A narrow standard deviation of the analyzed
replicates indicated a high precision in concentration determination for all four methods.
However, absolute particle concentrations differed between the four measurement
techniques. Between 250 —900 nm, MRPS and TRPS detected particle concentrations of
6.5x107 and 2.0x10® particles/mL in heat stressed mAb samples, respectively, whereas no
increase in particle concentration was observed in the size range from 600 — 900 nm. In the
250 - 900 nm size range, particle concentration in heat stressed mAb samples was highest
in NTA with 9.6x108 particles/mL and lowest in RMM with 2x107 particles/mL. Both
methods also detected a significant increase in particle levels in the size range above
600 nm. Overall, particle levels in heat stressed mAb samples detected by NTA were found
to be 7.5- to 30-fold higher than particle levels obtained by RMM in the size ranges from
600 nm to 900 nm and 250 nm to 900 nm, respectively. An increase in particle
concentration after heat stress in the 250—-900 nm size range was observed with a
minimum of 3-fold in RMM and up to 35-fold in NTA compared to the unstressed mAb
samples. In the size range from 600-900 nm, the difference in particle concentration

between unstressed and heat stressed mAb was up to three orders of magnitude.

In general, placebo formulations showed the lowest particle concentrations with up to two
orders of magnitude lower concentrations measured than in unstressed protein samples.
However, especially for clean samples, particle concentrations and particle size distributions
relied on less than 50 detected particles for TRPS and RMM. In placebo samples, for

example, less than 10 particles were typically detected within a measurement time of

79



10 min (TRPS) or in a measurement volume of 150 nL (RMM). After heat stress, all results
derived from any of the four instruments relied on at least 500 particles per measurement

for evaluation of the particle size distribution and the particle concentration.

The substantial differences in the submicron particle levels in stressed formulations
detected by the four techniques was not only influenced by a high LOD value in RMM, as
described in the previous section, but also by differences in particle detection between the
methods’. For example, differences in particle concentration between RMM and NTA have
been reported previously for various protein formulations with higher particle
concentrations being detected in NTA, whereas RMM and MRPS showed only minor
differences in particle concentration in stressed BSA samples®172224 Comparability of the
particle concentrations obtained by either of the four methods is restricted by the
underlying physical parameters that are used to detect particles in solution. Additionally,
an adjustment of the ionic strength was required for TRPS and MRPS measurements, but is
seen critical for protein formulations. Influences of sodium chloride concentration and pH
on colloidal stability with respect to submicron particle formation was therefore

investigated.
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Figure 2: Comparison of particle concentrations in the size range from 250-900 nm measured by four submicron
particle characterization techniques for placebo, unstressed and heat stressed mAb formulations. Error bars
represent mean *+ standard deviation of three technical replicates. * Particle concentration was analyzed at 5
mg/mL protein concentration, except for RMM analysis of heat stressed mAb (2-fold diluted sample was analyzed
and particle concentration was corrected for dilution afterwards). All samples were spiked with 50 mM sodium

chloride prior to particle analysis.

Dimers, oligomers and micrometer-sized particles

Particle concentrations in a size range above 1 um were measured with flow imaging
microscopy (Supplementary figure S2). Total particle concentrations in placebo and
unstressed mAb samples were below 400 particles/mL above 1 um. A slight increase to

1200 particles/mL was detected after heat stress.

The content of dimers and oligomers (Supplementary figure S2) as well as viscosity

(1.4 £ 0.1 mPas) and protein concentration remained unchanged after heat stress.
Sodium chloride-induced aggregation through spiking to heat stressed mAb

The addition of electrolytes can be necessary to provide sufficient ionic strength for both

RPS methods to achieve reliable results'’. To investigate the effect of adding electrolytes,
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RMM and NTA were used to analyze the submicron particle concentration in samples with
and without electrolyte addition (Figure3). Increasing ionic strength in unstressed mAb
samples resulted in no change in submicron particle concentration in NTA measurements
and only in a minor increase in particle concentration in RMM measurements. The addition
of sodium chloride to heat stressed samples led to immediate particle formation, resulting
in a 25-fold increase in particle concentration in RMM measurements for the entire size
range measured. In NTA, the particle concentration in heat stressed mAb without sodium
chloride spiking was already close to the upper limit of the measurement range of 10
particles/mL?3, but an increase was still observed upon addition of sodium chloride prior to

particle analysis.

In order to understand the aggregation phenomenon in heat stressed mAb solutions after
adding sodium chloride, protein interactions and thermal stability of the mAb was
investigated. At pH 5.5, the mAb is positively charged (isoelectric point (IEP): 8.2) and thus
net repulsive electrostatic forces inhibit attractive interactions and thus stabilize the
molecules from forming aggregates. Shielding positive charges by ions has been found as a
cause of protein aggregation?®. We found that the ko was only slightly negative with -
7.5 mL/g at pH 5.5 (without sodium chloride), indicating weak attractive forces between
antibody molecules (Figure 4)?°. However, kp rapidly dropped to more negative values upon
addition of small amounts of sodium chloride. At 50 mM sodium chloride, the concentration
needed for RPS measurements, ko was reduced to -29 mL/g. The decrease in ko in the
presence of sodium chloride indicates an increase in net attractive protein interactions,
probably because of a decrease in repulsive electrostatic interactions. The increase in
attractive protein interactions is a likely cause for aggregation of the heat stressed mAb as

discussed in the previous sections.

To further assess aggregation behavior of the mAb, Taggonset was determined for antibody
formulations at different pH values (pH 4.5, 5.5, and 6.5) and at different sodium chloride
levels (0, 50, and 150 mM sodium chloride) by temperature-ramped DLS and Prometheus
measurements. An increase in pH towards the IEP of the protein reduces the net-charge of

the protein whereas decreasing pH results in higher net-charge?®. Increased net-charge was
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reported to show the highest degree of repulsion and the addition of sodium chloride was
furthermore found to decrease repulsive forces (via charge shielding) for various
antibodies?®. We therefore hypothesize that at lower pH (i.e., higher net charge and
therewith stronger repulsive forces between protein molecules), protein aggregation
should occur at higher temperatures or at higher sodium chloride concentrations compared

to mAb solutions at higher pH.

Without sodium chloride, aggregation was found only in pH 6.5 samples (Figure 5A),
whereas aggregate formation was not observed at pH 4.5 and 5.5. Increasing the ionic
strength by adding 50 mM sodium chloride led to aggregation in pH 5.5 and 6.5 samples
(Figure 5B) with a Taggonset reduced from >95°C and 76.5°C to 76.3°C and 72.6 °C,
respectively. At pH 4.5 only a weak scattering signal was detected at 50 mM sodium
chloride, suggesting that less aggregation occurred compared to the formulations at higher
pH value. At a concentration of 150 mM sodium chloride (Figure 5C), the charge shielding
effects of sodium chloride supposedly overpowered electrostatic repulsion between mAb
molecules, resulting in aggregation in all samples to a comparable extent. Similar trends

were found in Taggonset determined by using DLS (supplementary data, Figure S3).
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Figure 3: Submicron particle concentration with and without sodium chloride spiking, as determined by A.) RMM

and B.) NTA. Mean # standard deviation of triplicate measurements for the entire size range measured.
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Figure 5: Scattering signal in Prometheus measurements at different formulation pHs and sodium chloride

concentrations: A.) 0 mM sodium chloride, B.) 50 mM sodium chloride, C.) 150 mM sodium chloride.

Evaluation of other electrolytes as alternative to sodium chloride

Addition of alternative electrolytes, which provide sufficient conductivity to allow
submicron particle analysis by using RPS without inducing so strong mAb aggregation, was

evaluated. Tested electrolytes include inorganic salts and buffer components (Table 1).
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All tested electrolytes showed a similar scattering signal compared to sodium chloride with
aggregation onset temperatures ranging from 69.9 °C to 74.4 °C (Figure 6). None of the

tested electrolytes revealed a significantly different result compared to sodium chloride.

The spiking of histidine, replacing sodium chloride as spiking solution, was investigated since
histidine was already present in the formulation at a lower concentration. RMM and NTA
measurements were conducted after spiking placebo, 150 mM sodium chloride, or 450 mM
histidine into unstressed or heat stressed mAb formulation. Thereby, the conductivity was
either unchanged when placebo was added to the sample or the conductivity was increased
to a level suitable for both RPS techniques with an addition of 150 mM histidine or 50 mM
sodium chloride to the sample after spiking with either of the electrolytes. Both, RMM and
NTA, showed an increase in submicron particle concentration in heat stressed mAb samples
in the presence of additional histidine (Figure 7). The behavior was similar to sodium
chloride spiking: Particle formation was not observed when the conductivity was not
changed by spiking in placebo solution, and particle formation was not observed in

unstressed mAb upon addition of placebo, sodium chloride or histidine.
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Figure 6: Aggregation of the mAb at pH 5.5 with different electrolytes at a conductivity of 4.5 mS/cm or placebo as
control in Prometheus measurements. A.) Averaged light scattering signal in the temperature range from 90 °C to

95 °C, B.) Aggregation onset temperature.
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Conclusion and selection guide for submicron particle characterization methods

Four submicron particle characterization techniques were compared with regards
to their capabilities of quantifying and characterizing submicron particles in
proteinaceous samples. Based on previously published work, an electrical
conductivity exceeding 3 mS/cm or 4.5 mS/cm is required for MRPS or TRPS
measurements, respectively, and by spiking-in electrolytes from a stock solution,
suitable measurement conditions could be achieved for samples of low ionic
strength. A sharp increase in SMPs after three days of heat stress at 50°C compared
to unstressed mAb samples was observed by each submicron particle
characterization technique and replicates yielded in a narrow standard deviation
indicating a high precision in concentration determination for all four methods.
Predominantly smaller particles below 400 nm were detected by both RPS

techniques, whereas a larger fraction of particles above 500 nm were detected in
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RMM and NTA. A pronounced increase in submicron particle levels up to 2x107 to
1x10° particles per milliliter in the size range from 250 — 900 nm was observed after
heat stress, depending on the characterization technique. However, only a minor
increase micrometer-sized particles and unchanged dimer and oligomer content
were observed. SMP quantification during formulation development is therefore
an important parameter to assess aggregation behavior of protein formulations

without eventually waiting until aggregates have grown larger.

However, as a conductivity level of larger than 4.5 mS/cm is required for both RPS
techniques, electrolyte addition was needed to meet this requirement. The
addition of sodium chloride caused protein aggregation in heat stressed mAb
samples due to reduced colloidal stability indicated by increased protein-protein
interactions and decreased aggregation onset temperatures. The formation of
submicron particles in heat stressed mAb samples was observed in RMM and NTA
analysis after ionic strength adjustment compared to samples without addition of
sodium chloride. The use of other inorganic salt or buffer components, such as
histidine, for increasing ionic strength resulted in similar Tagg, onset temperatures and
submicron particle formation after spiking to heat stressed mAb samples.
Therefore, the addition of electrolytes in order to increase conductivity of the

sample for RPS measurement is not recommended.

Since RPS methods require a certain conductivity for particle detection, we
recommend to first determine the conductivity of the sample and in case this
complies with the mandatory requirements for RPS analysis, any of the four
methods is suitable for submicron particle analysis'’. If the requirements are not
met, only RMM and NTA can be recommended for the quantification of submicron
particles since the measurement principle is independent of the ionic strength,

giving those two methods an advantage over RPS methods.
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Supplementary figure S1: Comparison of particle concentrations in the size range from 600-900 nm measured by
four different submicron particle characterization techniques for placebo, unstressed and heat stressed mAb
formulations. Error bars represent mean + standard deviation of three technical replicates. * Particle
concentration was analyzed at 5 mg/mL protein concentration, except for RMM analysis of heat stressed mAb (2-
fold diluted sample was analyzed and particle concentration was corrected for dilution afterwards). All samples
were spiked with 50 mM sodium chloride prior to particle analysis.
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Abstract

Sucrose is a commonly used stabilizing excipient in protein formulations. However, recent
studies have indicated the presence of nanoparticulate impurities (NPIs) in the size range of
100 — 200 nm in pharmaceutical-grade sucrose. Furthermore, isolated NPIs have been
shown to induce protein aggregation when added to monoclonal antibody formulations.
Moreover, nanoparticles are popular vaccine delivery systems used to increase the
immunogenicity of antigens. Therefore, we hypothesized that NPIs may have
immunostimulatory properties. In this study, we evaluated the immunomodulatory effects
of NPIs in presence and absence of trastuzumab in vitro with monocyte-derived dendritic
cells (moDCs). Exposure of trastuzumab, the model I1gG used in this study, to NPIs led to an
increase in concentration of proteinaceous particles in the sub-micron range. When added
to moDCs, the NPIs alone or in presence of trastuzumab did not affect cell viability or
cytotoxicity. Moreover, no significant effect on the expression of surface markers, and
cytokine and chemokine production was observed. Our findings showed, surprisingly, no
evidence of any immunomodulatory activity of NPIs. As this study was limited to a single
IgG formulation and to in vitro immunological read-outs, further work is required to fully

understand the immunogenic potential of NPIs.
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Introduction

Protein pharmaceuticals are prone to physical and chemical instability.! This may result in
deterioration of protein drug product quality and pose potential safety concerns, such as
unwanted immunogenicity.? To inhibit protein degradation, protein pharmaceuticals
typically contain a combination of stabilizing excipients.® Sucrose is a commonly used
excipient in both liquid and lyophilized protein formulations because of its excellent

stabilizing properties.*>

Recently, it has been found that pharmaceutical-grade sucrose contains nanoparticulate
impurities (NPIs) in the size range of 100 — 200 nm.® Based on analytical characterization,
the nanoparticles were suggested to be agglomerates of various compounds, including
dextran (with presence of B-glucans), inorganic metal salts and fluorescent compounds,
potentially originating from raw materials and production processes.® Furthermore, NPIs
have been shown to destablize several marketed monoclonal antibodies (mAbs).”
Introduction of NPIs isolated from pharmaceutical-grade sucrose to the mAbs resulted in
immediate or delayed formation of protein aggregates and particles. Therefore, it is
recommended to use sucrose low in NPl content to reduce instability risks for

biopharmaceutical drug products.

Immunogenicity of protein biopharmaceuticals is an ongoing concern and may be linked to
multiple sources related to the medicinal product, the patient and the treatment regimen.?
Impurities in drug products, such as proteinaceous particles, have been shown to evoke
immune responses in in vitro and in vivo models.’ The presence of metal ions can result in
the formation of immunogenic protein-metal complexes or metal ion-catalyzed oxidized
protein species, including aggregates.'®*? Furthermore, polysaccharides such as glucans
have been explored as adjuvants to improve vaccine immunogenicity.'® Various types of R-
glucans have been shown to increase the immunogenicity of antigens.»* 1> Although glucan-
related contaminants can been found in therapeutic mAb products at a much lower

concentrations compared to concentrations tested in vaccine formulations with glucan-
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based adjuvants (100-1000 pug/mL), immune-related adverse reactions upon administration

might still occur.1® 17

Based on the above, we hypothesized that NPIs in absence or presence of protein, or protein
aggregates generated from the presence of NPIs, may act as a danger signal and induce the
activation of innate immune cells such as dendritic cells. To test this hypothesis, we
evaluated the effect of NPIs in presence and absence of trastuzumab (humanized mAb,
isotype IgG1) on human dendritic cells, which are pivotal in the establishment of a CD4* T-
cell dependent immune response leading to the production of high affinity anti-drug

antibodies detected in patients’ sera.’®
Materials and methods
Materials

The humanized mAb, isotype IgG1, trastuzumab (Herzuma®) was purchased from Leiden
University Medical Centre (Leiden, The Netherlands). Pharmaceutical-grade surcose was
purchased from VWR (Bruchsal, Germany) and RPMI 1640 medium was supplied by
ThermoFisher Scientific (Waltham, USA). Polyvinylidene fluoride (PDVF) syringe filters with
a pore size of 0.22 um were purchased from Merck (Darmstadt, Germany). Labeled
monoclonal antibodies used for flow cytometry were purchased from BD Biosciences (New
Jersey, USA). A cytokine and chemokine multiplex assay (U-PLEX) was purchased from MSD
(Rockville, USA). Highly purified water (conductivity: 18.2 mUQ*cm) obtained from a Milli-
Q® Advantage A10 system (Merck, Newark, USA) was used throughout the study.

Preparation of NPIs

Preparation of NPIs was performed as described before.” Briefly, a 50% w/v of sucrose
solution in water was prepared and submitted to an ultra-/dia-filtration process by using a
Minimate Il Tangential Flow Filtration (TFF) system (Pall, Crailsheim, Germany) equipped
with a 30-kDa TFF capsule (Pall). Diafiltration of the sucrose solution was performed against
20 volumes of water. Further, the sucrose-free retentate (confirmed by DLS, data not

shown) was upconcentrated 1000-fold and filtered by using a 0.22-um PDVF filter.
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Upconcentrated stock retentate containing NPIs at a concentration 1x10*! particles/mL (as

determined by NTA) was stored at -80 °C until needed.

Water without addition of sucrose was submitted to the same process described above and

served as a control sample (Ctl) throughout the study.
Sample preparation

Stock suspensions of NPIs (two-fold higher in concentration compared to the target
concentration) were prepared in RPMI medium and spiked into trastuzumab samples to
target concentrations stated in the results section. Trastuzumab was diluted with RPMI
medium to 2 mg/mL. Further addition of NPIs and RPMI medium was performed to reach a
final protein concentration of 1 mg/mL. Trastuzumab was incubated in presence of NPIs or
control (water) for 1 hour at room temperature. The formulations were added to moDC

suspensions to reach a target IgG concentration of 0.1 mg/mL.%°
Nanoparticle tracking analysis (NTA)

NanoSight (Model LM20, Malvern Instrument, Malvern, UK) instrument equipped with a
405-nm laser (blue) was used to quantify and determine the size of nanometer sized
particles (size range~50 — 1000 nm). Samples were injected into the chamber by using a 1-
mL silicone-free syringe and the purging volume was 0.3 mL. A video capture was initiated
immediately after injection and a triplicate measurement of 60-second replicates was
performed. All measurements were collected at room temperature with camera levels set

to optimal values until at least 100 valid tracks were recorded.
Flow imaging microscopy (FIM)

MFI 5200 (ProteinSimple, USA) was used for characterization and quantification of particles
> 1 um in equivalent circular diameter. The system was equipped with a silane-coated high-
resolution 100-um flow cell. RPMI medium was used to perform optimization of
illumination after a 0.17-mL purge volume and 0.28 mL of sample was analyzed within each
measurement, resulting in a ca. 2.89 min measurement time. The number of image frames

stored per measurement was between 138 and 1133, dependent on the particle
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concentration within each sample. Data were processed by using MVAS V2.3 software and

each sample was measured once.
Generation of human monocyte-derived dendritic cells (moDCs)

Human peripheral blood mononuclear cells were purified from buffy coats obtained from
Etablissement Francais du Sang (EFS Rennes, France) by density centrifugation on a Ficoll
gradient (lymphocyte separation medium; GE Healthcare, Buc, France). Healthy donors
gave their written consent for the use of blood donation for research purposes. MoDC
preparation was performed as described before.?° Briefly, monocytes were isolated from
the mononuclear fraction by magnetic positive selection with MidiMacs separation columns
and anti-CD14 antibodies coated on magnetic beads (Miltenyi Biotec, Bergish Gladbach,
Germany). Monocytes were cultured at 1 x 10° cells/mL in the presence of GM-CSF (550
U/mL) and IL-4 (550 U/mL) (Miltenyi Biotec) in RPMI-1640 25 mM HEPES GlutaMAX™
supplemented with 10% fetal calf serum, antibiotics and 1% pyruvate at 37 °C in humidified
air containing 5% CO2. Within 4 days, monocytes had differentiated into moDCs with an

immature phenotype.
Treatment of moDCs

After differentiation, immature moDCs were treated with water (negative control, water
treated the same way as NPIs) or NPIs (103 10° or 10'° NPIs/mL) in 12-well plates.
Additionally, moDCs were treated with trastuzumab (100 ug/mL) alone or in presence of
NPIs (10'° NPIs/mL). Lipopolysaccharide (LPS from Escherichia coli 055:B5 strain, at a final
concentration of 25 ng/mL; Sigma-Aldrich, St. Louis, USA) served as a positive maturation
control. All treated moDC samples were incubated at a final concentration of 10° cells/mL

in 1 mL at 37°C in humidified air containing 5% CO: for 24 hours prior to analysis.
Flow cytometric analysis of moDC maturation

MoDC viability and phenotype were analyzed by using flow cytometry. Cell viability was
assessed in preliminary experiments by staining with propidium iodide (PI) (Invitrogen,

California, USA), used at a final concentration of 625 ng.mL?, on a small fraction of moDC
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cultures. For the phenotypic analysis, the surface labeling procedure was as follows: 2 x 10°
cells/mL were washed in cold phosphate-buffered saline (PBS) supplemented with 0.5%
bovine serum albumin (BSA) and stained with monoclonal antibodies (mAbs) in the dark, on
ice for 20 min. The following mAbs were used: allophycocyanin (APC)-labeled mouse anti-
human CD86 (555660, BD Biosciences, New Jersey, USA) and anti-human CXCR4 (555976,
12G5, BD Biosciences); fluorescein isothiocyanate (FITC)-labeled mouse anti-human CD80
(5557226, L307.4, BD Biosciences) and anti-human PD-L1 (558065, MIH1 BD Biosciences);
phycoerythrin (PE)-labeled mouse anti-human CD83 (556855, HB15e, BD Biosciences).
Appropriate isotype controls (mouse IgG1k or IgG2ak, BD Biosciences) were used at the
same concentration to determine non-specific staining. Cells were analyzed on an Attune
Nxt (Invitrogen) by using FlowJo software (version 10; FlowJo LLC, Oregon, USA), and we
used a gating strategy to exclude dead cells, based on the FSC/SSC criteria. The data
acquisitions were performed on a minimum of 10,000 living cells. Results are expressed as
the relative fluorescence intensity (RFI), by using the corrected mean fluorescence intensity
(cMFI), as follows: cMFI=MFI-MFI of isotype control; RFl = cMFI of treated cells/cMFI of

untreated cells.
Quantification of cytokines and chemokines in cell culture supernatants

Culture supernatants were analyzed by using Meso Scale Discovery (MSD, Rockville, MA,
USA) multiplex assay, according to the manufacturer’s instructions, to assess the
concentrations of the following cytokines and chemokines: IL-1B, IL-6, IL-8, IL-10, IL-
12/23p40, CCL2 (MCP-1), CCL3 (MIP-1a), CCL4 (MIP-1B), IFN-B, TNFa. The quantification
ranges were: IL-1B: 0.91-3,730 pg/mL, IL-6: 0.51-2,080 pg/mL, IL-8: 0.50-2,050 pg/mL, IL-10:
0.90-3,700 pg/mL, IL-12/23p40: 5.57-22,800 pg/mL, CCL2: 1.45-5,920 pg/mL, CCL3: 1.46-
6,000 pg/mL, CCL4: 0.45-1,860 pg/mL, IFN-B: 21.97-90,000 pg/mL, TNFa: 0.89-3,650 pg/mL.
Each plate was imaged on a Meso Quickplex SQ120 (MSD) according to manufacturer’s
instructions. The analysis software (Discovery Workbench, MSD) provided with the platform
contains the quantification, detection ranges and quality criteria for the standard curve,

which were applied automatically during analysis.
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Statistical analysis

ANOVA with post hoc Tukey’s analysis was used to assess statistical significance, with P <
0.05 considered significant. Data were analyzed on Graphpad Prism software (La Jolla, CA,

USA).

Results and discussion
Particle characterization

Isolated NPIs from sucrose were added to trastuzumab to a target concentration of 1x10%°
NPIs/mL (based on dilution). This concentration was chosen as a worst-case scenario, as it
is slightly above the maximum concentration of NPIs that might be present in an isosmotic
sucrose formulation.® The resulting mixture was incubated for 1 hour at room temperature
prior to analysis. A noticeable higher concentration of nanometer sized particles was
detected by NTA for the trastuzumab formulation spiked with NPIs as compared to NPIs
alone and the non-treated IgG sample (Figure 1), indicating the formation of nanometer
sized trastuzumab aggregates. Nanometer sized IgG aggregates previously were shown to
be highly immunogenic in vivo?! and an assessment of risks imposed by such particles with
respect to the clinical performance of drug products is recommended by regulatory
agencies.?? On the other hand, no increase in micron sized particles in MFI was measured
upon addition of NPIs to the trastuzumab formulation. These results vary from the results
of a previous study, where the originator drug product (Herceptin®) was used, and the
addition of NPIs induced the formation of micron sized particles.” Even though the
concentration of NPIs was adjusted based on a NTA method used in both studies, the
composition of NPIs used in our study could have differed from the NPIs used in the study
of Weinbuch et al., because we used a different batch. Additionally, the different IgG
behavior in presence of NPIs could be explained by the different formulation composition
used in this study and/or the slightly different glycosylation profiles between Herceptin®

and Herzuma®.2>24
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Figure 1: Nanometer sized and micron sized particle concentrations determined by using a) NTA and b) FIM,
respectively. Samples measured with NTA were diluted 100-fold in RPMI medium prior to measurement and stated
concentrations are not corrected for dilution. Error bars represent standard deviation of triplicate measurements.
FIM analysis was performed as single measurements of undiluted samples. NPIs: nanoparticulate impurities, 1gG:
trastuzumab.

Previously performed Glucatell assays with the isolated NPIs indicated a prominent
presence of (1->3)-B-D-glucans (10 ng/mL per 1x10%° NPIs/mL),% which are well-known
immunomodulatory agents.?® B-glucans are believed to trigger the innate immunity via
dectin-1, Toll-like receptors 2 and 6, and complement receptor 3, which are transmembrane
receptors abundantly found on myeloid cells, such as dendritic cells.?” However, opposed
to endotoxin levels, glucans are not regulated in terms of maximum permitted
concentrations in pharmaceutical products and their levels in IgG formulations is rarely
tested.?®2° Whereas the immunostimulatory effect of B-glucans is considered relatively low,
they can act as adjuvants in presence of other immunogenic species, such as proteinaceous

particles.30 3!
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Effect of NPIs alone on moDC phenotype

To investigate the effect of NPIs on moDC maturation, we analyzed the expression of moDC
surface markers after 24 hours of stimulation with different concentrations of NPIs (108, 10°
and 10'° NPIs/mL). The toxicity of NPIs was first analyzed by using Pl staining and we
observed that cell viability was unaffected at all tested concentrations and remained above
75% (data not shown). Surface markers CD83 and CD86 were highly up-regulated after
incubation with LPS for 24 hours, indicating that moDCs could undergo maturation.
However, the NPIs at the three tested concentrations did not modulate CD83 and CD86
expression compared to water, processed as NPIs and used as control, and untreated cells
(Figure 2). On the basis of these observations, the following experiments were carried out

with 10%° NPIs/mL (maximal concentration which could be prepared).
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Figure 2: Effect of NPIs on the expression of moDC surface markers. Immature moDCs were treated for 24 hours
with NPIs (108, 10° and 10%° particles/mL), water or LPS (25 ng/mL). Cells were then collected, washed and analyzed
by flow cytometry for expression of surface maturation markers a) CD83 and b) CD86. Results are expressed as
relative fluorescence intensity (RFI) compared to non-stimulated cells and represent the mean + SEM of 4
independent experiments. ***p<0.001, ****p<0.0001 ; one-way ANOVA followed by Tukey’s analysis. NS: non-
stimulated cells; LPS: lipopolysaccharide; Ctl: control water treated as NPIs; NPIs: nanoparticulate impurities.

Effect of NPIs and trastuzumab aggregates on moDC maturation

To evaluate if nanometer sized particles generated after adding NPIs to a trastuzumab
solution modulate the phenotype of moDCs, we first analyzed the expression of surface

markers. NPIs and trastuzumab aggregates had no significant effect on the expression of
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CD80, CD83, CD86, PD-L1 and CXCR4 compared to the corresponding controls: control
water alone, NPIs alone, trastuzumab alone and trastuzumab mixed with water after 24
hours of incubation (Figure 3 and Supplementary figure S1). NPIs in absence and presence
of trastuzumab did not increase inflammatory cytokine and chemokine production (Figure
4). These results indicate that NPI-induced aggregates of trastuzumab have little impact on

antigen-presenting cells.
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Figure 3: Effect of NPIs and trastuzumab on the expression of moDC surface markers. Inmature moDC were
treated for 24 hours with a mixture of NPIs (10*° NPIs/mL) and trastuzumab (100 ug/mL) or corresponding controls
or LPS (25 ng/mL). Cells were then collected, washed and analyzed by flow cytometry for expression of surface
maturation markers. Results are expressed as relative fluorescence intensity (RFI) compared to non-stimulated cells
and represent the mean + SEM of 6 or 7 independent experiments with values for each donor represented by one
given symbol. ***p<0.001, ****p<0.0001 ; one-way ANOVA followed by Tukey’s analysis. NS: non-stimulated cells;
LPS: lipopolysaccharide; Ctl: control water treated as NPIs; NPIs: nanoparticulate impurities, I1gG: trastuzumab.
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Figure 4: Effect of NPIs and trastuzumab on moDC cytokine and chemokine secretion. Inmature moDC were
treated for 24 hours with a mixture of NPIs (10*° NPIs/mL) and trastuzumab (100 pg/mL) or corresponding
controls or LPS (25 ng/mL). Cytokine and chemokine concentrations in culture supernatants were analyzed
induplicate by using an electroluminescent multiplex assay. Detection limits are indicated in the Methods section.
Results of 6 independent experiments are presented with values for each donor represented by one given symbol.
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 ; one-way ANOVA followed by Tukey’s analysis. NS: non-
stimulated cells; LPS: lipopolysaccharide; Ctl: control water treated as NPIs; NPIs: nanoparticulate impurities, IgG:

trastuzumab.
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The immunomodulatory properties of aggregated antibodies have often been studied
following application of extreme stress conditions to protein formulations, such as heat- or
stir-stress, resulting in formation of very high numbers of proteinaceous particles.?% 3234 |n
one of the studies, the high abundance of particles was determined to be a dominant factor
in evoking an immune response in vitro.3? Furthermore, forced degradation studies result
in a mixture of variable aggregate sizes, which induced a strong moDC maturation. In fact,
results from various studies comparing different size range-aggregates are controversial.
Oligomeric, nanometer or micron sized antibody aggregates were found to have variable

32734 and in vivo.® 2% %> |n our case, a relatively low

immunogenic potency in vitro
concentration of proteinaceous particles in the nanometer size range was formed within
trastuzumab formulations in presence of NPIs, which were insufficient to activate moDCs in

the experimental setting used in the current study.

The inherent immunogenicity of the monomeric protein and the physicochemical
properties of protein aggregates are other important influencing factors in unwanted
immunogenicity.3* 3 Generation of immunogenicity via moDCs depends on the interactions
of 1gG aggregates and innate receptors such as immunoglobulin receptors (FcyRs), danger
signal receptors (e.g., TLRs) or complement receptors.’® Morgan et al. showed infliximab
aggregates formed upon heat stress to induce full moDC maturation, as opposed to
infliximab aggregates induced by mechanical stress.'® Other protocols attempted to refine
aggregate formation in order to expose moDCs to more homogeneous preparations and to
induce low levels of aggregation of the total protein. For instance, applying stir stress to a
trastuzumab preparation induced the formation of aggregates within the sub-micron and
micron size range, while heat stress mainly induced the formation of oligomers. Both
preparations induced moDC maturation, but aggregates generated via stir stress induced
an increased maturation state.3 Therefore, both the protein and the stress applied to
induce aggregates will have a considerable effect on the immunogenic potential of protein

therapeutics.

The weak immunostimulatory effect of NPIs in presence of trastuzumab aggregates could

be rationalized by the minimal impact of NPIs on the monomeric I1gG three-dimensional
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structure.” Harsh artificial stress, such as heat or stir stress, generates aggregates consisting
of altered protein structures which may increase the presentation of peptide sequences on
the aggregate’s surface that are recognized by moDC receptors. For instance, heat-stressed
infliximab activated moDCs by cross-linking of FcyRlla receptors.3® Overall, the studies cited
above focused on the direct impact of the pure protein aggregates on immune cells, while
in our work the potential effect of NPIs in presence of monoclonal antibodies was

investigated.

Another explanation for the lack of moDC maturation seen in our study could be the
relatively small size of the NPIs (100-200 nm). For example, for particulate vaccines an
increase in mean particle diameter resulted in a stronger immune response.3” 38 Similarly,
many investigational applications of R-glucans involve preparations consisting of
particulates in the lower micron-size range. However, further studies are required to
evaluate the impact of particle size and other physico-chemical attributes of protein

aggregates on their immunogenicity.°
Conclusions

Surprisingly, NPIs derived from pharmaceutical-grade sucrose, when added to moDCs in
vitro at a level of 1x10° NPIs/mL, did not show immunomodulatory effects in absence or in
presence of trastuzumab, even though the NPIs induced the formation of nanometer sized
protein aggregates. It is worth noting, however, that the observations made in this study
relate solely to in vitro models using one dendritic cell type, and are unlikely to fully predict
the immunological potential of NPIs in vivo. Examination of the immunogenicity of the NPIs
with other IgGs and protein formulations in both in vitro and in vivo models would be
required to obtain a broader picture of the immunogenic risk of NPIs. However, with respect
to pharmaceutical quality and stability the induction of aggregation and particles by NPIs

remains critical and should be considered during drug product development.
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Supplementary figure S1: Effect of NPIs and trastuzumab on the expression of moDC surface markers. Immature

moDC were treated for 24 hours with a mixture of NPIs (10*° NPIs/mL) and trastuzumab (100 ug/mL) or

corresponding controls or LPS (25 ng/mL). Cells were then collected, washed and analyzed by flow cytometry for
expression of surface maturation markers. (a) Representative histograms of CD80, CD83, CD86, PD-L1, and CXCR4
expression. (b) Results are expressed as mean fluorescence intensity and represent the mean + SEM of 6 or 7
independent experiments. ****p<0.0001 ; one-way ANOVA followed by Tukey’s analysis. NS: non-stimulated
cells; LPS: lipopolysaccharide; NPIs: nanoparticulate impurities, IgG: trastuzumab; Ctl: control water treated as

NPIs.
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Abstract

Polysorbate 80 (PS80) is a commonly used surfactant in therapeutic protein formulations to
mitigate adsorption and interface-induced protein aggregation. Several PS80 grades and
qualities are available on the market for parenteral application. The role of PS80 grade on
protein stability remains debatable, and the impact of (partially) degraded PS on protein
aggregation is not yet well understood. In our study, a monoclonal antibody (IgG) was
subjected to three different mechanical stress conditions in the presence of
multicompendial (MC) and Chinese pharmacopeia (ChP) grade PS80. Furthermore, IgG
formulations were spiked with (partly) hydrolyzed PS80 to investigate the effect of PS80
degradants on protein stability. PS80 functionality was assessed by measuring the extent of
protein aggregation and particle formation induced during mechanical stress by using size-
exclusion chromatography, dynamic light scattering, backgrounded membrane imaging and
flow imaging microscopy. No distinguishable differences in PS80 functionality between MC
and ChP grade were observed in the three stress tests. However, with increasing degree of
PS80 hydrolysis, higher counts of sub-visible particles were measured after stress.
Furthermore, higher levels of PS80 degradants at a constant PS80 concentration may
destabilize the 1gG. In conclusion, MC and ChP grade PS80 are equally protective, but PS80

degradants compromise IgG stability.
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Introduction

Manufacturing, handling and administration of biopharmaceutical products generates
mechanical stress which can induce aggregation of proteinsl. Protein aggregation
deteriorates product quality and may compromise safety, e.g., by causing unwanted
immune responses?. Aggregation is often driven by weak interactions between exposed
hydrophobic patches of (partially) unfolded proteins®. A range of conditions, including pH
shift, elevated temperature and mechanical stress, may induce protein unfolding and
enhance the formation of protein aggregates. Therefore, the development of robust
formulations consisting of excipients mitigating protein unfolding and aggregation is

required to ensure the quality of protein drug products.

Proteins are amphiphilic molecules which have a high propensity to adsorb to interfaces
and are susceptible to surface-mediated unfolding®. Surface active molecules, such as
polysorbates (PS), are common excipients in drug product formulations to increase colloidal
stability and minimize adsorption of proteins to interfaces™®. PS are non-ionic surfactants
containing mainly sorbitan polyoxyethylene (POE) fatty acid esters. The protective role of
PS in protein formulations has been thoroughly investigated” and two main mechanisms
have been elucidated: (1) PS acting as a chaperone for aggregation-prone hydrophobic sites
on the protein surfaces (promoting the folded structure)®® and (2) PS competing with
proteins at interfaces (reducing interface exposure)!®!, Currently, polysorbate 20 (POE
sorbitan monolaurate, PS20) and polysorbate 80 (POE sorbitan monooleate, PS80) are the
most frequently used surfactants in marketed biopharmaceutical formulations. Both types
are highly effective in preventing protein adsorption and aggregation and they have a well-
known toxicity profile!>13, The longer monounsaturated chain in PS80, compared to PS20,
makes PS80 more surface active with a lower critical micelle concentration (CMC). The
binding properties of the two types of surfactants to proteins is highly dependent on the
protein type!*®, The different physico-chemical properties of PS80 and PS20 translate to

distinguishable properties in their functionality® as well as chemical stability?’.

The chemical properties are key towards the notable functionality of PS. Nonetheless,

commercial PS products consist of a mixture of mono- and poly-esters of POE sorbitans
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alongside substantial amounts of POE, sorbitan POE and isosorbide POE fatty acid esters,
originating from the synthesis®. Significant variations in the chemical composition of PS can
be present, not only between suppliers’® but also between different lots of a single
supplier®. In addition, PS is known to be susceptible to oxidative and hydrolytic (mainly
enzymatic under pharmaceutical relevant conditions?!) degradation, resulting in the
formation of aldehydes, epoxides, free fatty acids (FFA) and other impurities, which adds

on to their heterogeneity?°.

The European, United States, and Japanese Pharmacopeias have harmonized requirements
for PS80 (multicompendial, MC-PS80), where a fraction of above 58% of esterified fatty
acids must be oleic acid. Other fractions are specified to a much lower percentage and
consist of palmitic, myristic, stearic, linoleic, and linolenic acid esters. In 2015, the Chinese
Pharmacopeia (ChP) introduced much more stringent purity requirements for the fatty acid
distribution with a minimum oleic acid content of 98% (ChP-PS80). However, there is
currently little known on the impact of PS80 grade and quality on its protective role towards
proteins exposed to mechanical stress. The highly distinctive compositions of the two PS80

grades led us to focus our study on the functionality of PS80.

In our study, we applied three different mechanical stress methods which allowed us to
comprehensively understand the functionality of two different PS80 grades — MC-PS80 and
ChP-PS80. In addition to shaking stress, which is commonly used in biopharmaceutical
formulation development in forced degradation studies??, we developed a free-fall test and
a syringe pump test as alternative stress methods to assess protein stability in presence of
MC-PS80 and ChP-PS80. Unintentional dropping of vials or syringes during transportation
and handling may have detrimental effects on protein stability?>%°. Here, we designed an
apparatus with specifications according to the international organization for
standardization (ISO) requirements for needle-based injection systems?® to induce
mechanical shock to vials filled with IgG formulations. Furthermore, to mimic the stress
conditions during manufacturing, we developed a low-volume flow device equipped with
two glass syringes connected via a capillary. Continuous flow of the protein solution from

one syringe to another through a narrow constriction has been shown to produce shear and
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extensional forces leading to protein aggregation and particle formation?’. The flow device
apparatus was also used to investigate the role of hydrolyzed PS80 on the protein’s
propensity for aggregation during mechanical stress. We analytically characterized the
stressed samples for protein aggregation and particle formation, as these are the key

parameters affected by mechanical stress.
Materials and methods
Materials

A monoclonal antibody (humanized IgG1) at a concentration 50 mg/mlin 12 mM L-histidine
(pH 6.0) and 250 mM sucrose was donated by Janssen. For each experiment in this study
the 1gG was diluted with formulation buffer to 5 mg/ml. PS80 of multicompendial grade
(MC-PS80) was purchased from J.T. Baker (Avantor, USA) and PS80 compliant the with
Chinese pharmacopeia (ChP-PS80) was obtained from Croda International Plc (Snatih,
United Kingdom). Sucrose and acetonitrile were purchased from VWR Chemicals (Radnor,
USA) and L-histidine from Sigma Aldrich (Taufkirchen, Germany). All other excipients used
in the study were purchased from Merck (Darmstadt, Germany) unless otherwise stated.
Highly purified water (conductivity: 18.2 mQ-cm) obtained from a Milli-Q® Advantage A10

system (Merck, Germany) was used throughout the study.
Chemical degradation of PS80

Hydrolytic degradation of PS80 was performed by incubating 2% (w/v) PS80 (MC-PS80 and
ChP-PS80) in methanol with 1 M NaOH at 40 °C for 21 hours. After incubation, the solution
was neutralized with 10% (w/v) formic acid. Methanol was removed by using a RCV 2-18 CD
plus SpeedVac (Marin Christ) operating at 37 °C over 2 hours with 1,400 rounds per minute
(rpm). The obtained fully hydrolyzed dry material was stored at -80 °C and resuspended in

500 pl of formulation buffer prior to use.

Different levels of hydrolyzed PS80 were prepared by mixing solutions of neat PS80 with
solutions of fully hydrolyzed PS80. Levels of degradants described throughout the paper

correspond to % (w/v) of neat PS submitted to complete hydrolysis. PS solutions containing
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fully hydrolyzed PS80 were not filtered prior to usage, to enable the assessment of the

impact of both insoluble and soluble PS80 degradants on protein stability.
Sample preparation

The IgG was thawed at room temperature and further diluted to approximately 7 mg/ml
with PS80-free formulation buffer. The intermediate IgG formulations were filtered by using
a 0.2-um Millex-VV syringe filter unit (Millipore, Germany). PS80-MC and PS80-ChP stock
solutions were prepared at 2% (w/v) by weighing 1 g of neat PS80 in a 50-ml volumetric
flask, followed by the addition of the required amount of highly purified water. PS80 stock
solutions were filtered by using a 0.2-um Millex-VV syringe filter unit and stored at -80 °C.
Intermediate PS80 stock solutions, at 1% and 0.01%, were prepared freshly from PS80 stock
solution and an appropriate amount was added to the IgG formulation to reach the desired
PS80 concentrations described in the results section. Finally, formulation buffer was added

to the IgG formulations in order to reach a target protein concentration of 5 mg/ml.
Mechanical stress methods

Shaking stress was performed by constant agitation of vertically placed 2R glass vials at 500
rpm at 25 °C by using an IC 4000 shaker (IKA, Germany). Vials were filled with sample to
50% of their maximum volumetric capacity, closed with 13-mm rubber stoppers
(bromobutyl, FluoroTec B2-40 coating) and standard aluminum crimp camps, and protected
from light during stress. Analysis of the formulations was performed after 0 h, 72 h and 360

h of shaking.

Free-fall stress was carried out by using an in-house designed apparatus which meets the
ISO specifications?®. 2R glass vials filled with sample to 50% of their total volume and
crimped with 13-mm rubber stoppers (bromobutyl, FluoroTec B2-40 coating) and standard
aluminum crimp camps, were subjected to repetitive free falls from a height of 1 m. The vial
lands on a smooth surface made of hard, 3-mm thick rigid steel, backed by a wooden board
of 20 mm in thickness. A custom 3D printed vial holder ensures a constant angle of the vial
(45°) during and at the end of the fall. The fixed vial travels through a tube to ensure a non-

turbulent fall. Formulations were analyzed after 0, 1, 2, 5, 10 and 20 free falls.
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Pumping conditions, present during protein manufacturing, were mimicked by using a
neMESYS apparatus®® equipped with glass Hamilton-Gastight syringes and
polytetrafluoroethylene (PTFE) plungers (Hamilton, Switzerland) placed in custom 3D
printed holders. Formulations were stressed for a defined number of passes through a 20-
cm PEEK capillary (inner diameter: 1 mm; Thermo Scientific, USA) at a fixed velocity of 8.84
ml/min. Prior to submitting each sample to stress, a control sample consisting of only
formulation buffer (with or without PS80) was passed 20 times and analyzed for particle
content to ensure cleanliness of the system. Each sample was passed 100 times through the
capillary, corresponding to ca. 50 min of pumping of the sample solution, at room
temperature. Each sample tested with the syringe pump method was prepared and stressed

in triplicate, unless otherwise stated.
Analytical methods
Ultra performance size-exclusion chromatography (SEC)

An Acquity UPLC I-Class (Waters Corporation, USA) system equipped with a titanium cell UV
detector was employed for analysis. Ten pg of protein was injected into a TSK gel UP-
SW3000, 4.6 x 150 mm column (Tosoh Bioscience, Japan). Separation was achieved by using
isocratic conditions with a mobile phase consisting of 150 mM sodium sulfate and 100 mM
sodium phosphate dihydrate at pH 6.8 with a flow rate of 0.22 ml/min. UV detection was
performed at a wavelength of 215 nm. Monomer content and total recovery (based on the
area under the curve (AUC) of stressed sample relative to that of non-stressed (reference)

sample) were determined.
High performance liquid chromatography coupled with a charged aerosol detector (LC-CAD)

Characterization and quantification of PS80 and its degradation products was performed by
using the method developed by Kranz et a/*’. A Dionex Ultimate 3000 HPLC system
hyphenated with a Corona Veo CAD (Thermo Scientific, USA) was used. Separation was
achieved by using a BEH C18 column, 50 x 2.1 mm (Waters, USA) at 60 °C. A 6-point
calibration curve was generated for quantification of PS80 supplemented to the IgG

formulations that were investigated in this study. Data integration and processing was
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performed with Chromeleon V6.8, where composition of PS80 was grouped into POE,

monoesters and polyesters.

UV spectroscopy

A Tecan Safire? plate reader (Tecan, Austria) was used for the determination of the protein
content at 280 nm (A280nm) and assessment of turbidity/optical density at 350 nm
(OD350nm). Triplicate measurement of 200 ul sample in a 96-well plate was performed.
The absorbance of the respective formulation buffer was subtracted from each sample
measurement. A280nm values were corrected for light scattering by subtracting
absorbance at 320 nm. Undiluted protein concentration was acquired after correction with
the dilution factor. Optical density of undiluted samples was determined at 350 nm to
assess turbidity. Presented turbidity values were determined from the difference between

0OD350nm of stressed samples and that of identical unstressed samples.

Dynamic light scattering (DLS)

DLS was performed by using a Zetasizer APS 2000 plate reader (Malvern Instruments, UK)
equipped with a 633-nm He-Ne laser set at an angle of 90°. Individual wells within a 96-well
plate (Corning Costar, United States) were filled with 150 ul of sample. The attenuator was
set automatically. Samples were equilibrated to a working temperature of 25 °C for 60 s
prior to each analysis. The Z-average diameter (Z-ave), polydispersity index (PDI) and
intensity-weighted size distribution were derived from the autocorrelation function using
the default settings for protein solutions in sucrose solution (10% w/v). Each measurement

was performed in triplicate.

Flow imaging microscopy (FIM)

MFI 5200 (ProteinSimple, USA) was used for characterization and quantification of
particles 22 um in equivalent circular diameter. The system was equipped with a silane-
coated high-resolution 100-um flow cell. Formulation buffer was used to perform
optimization of illumination and 0.28 ml of IgG formulation was analyzed within each

measurement. Data was processed by using MVAS V2.3 software and the concentrations
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of particles 2 2, 5, 10, and 25 um as well as exemplary particle images of particles > 25 um

were reported. Each sample was measured once.
Backgrounded membrane imaging (BMl)

BMI for micrometer-sized particle characterization and quantification was performed by
using Horizon (Halolabs, USA). Under laminar air flow conditions 30 pl of sample was
transferred on a polycarbonate 96-well membrane filter plate (Halolabs, USA) with a 0.4-
pm pore size. Vacuum of 350 mbar was applied after filling 6 wells to allow a flow of liquid
through the membrane and entrapment of particles. Subsequently, 90 pl of highly purified
water was used to wash each well after sample transfer to remove any soluble material.

Each sample was measured in triplicate.
Results
Shaking stress

The 1gG formulations without PS80 and with three different concentrations of MC-PS80 or
ChP-PS80 (0.04%, 0.004% and 0.0004% (w/v)) were subjected to vertical shaking for 72 h
and 360 h at 25°C (Figure 1). The formulation without PS80 showed a significant increase in
turbidity (UV), Z-average diameter (DLS), and micrometer-sized particle concentration (FIM)
after 72 h of shaking, at which point the stress was discontinued. On the contrary, no
substantial changes occurred even after 360 h of shaking when formulating the 1gG with
0.04% and 0.004% w/v PS80, independent of the PS80 grade. However, at lower
concentrations of PS80 a small increase in particle concentration was observed at TO.
Interestingly, stressed IgG formulations with the lowest MC-PS80 or ChP-PS80
concentration of 0.0004% (w/v) showed a larger decrease in monomer content than the
PS80-free formulation. In addition, an increase in high-molecular-weight species occurred

to a greater extent than in the PS80-free formulation (data not shown).
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Figure 1: Aggregation over time of 5 mg/ml IgG formulated with different amounts of MC-PS80 or ChP-PS80,
stressed by shaking in 2R glass vials at RT, as analyzed by SEC, UV (OD350nm), DLS and FIM.

Free-fall stress

2R glass vials filled with 1.5 ml of 1gG formulation were dropped (0 to 20 falls) on a rigid
surface to induce stress. With an increasing number of falls, a consecutive increase in the Z-
average diameter (DLS) and concentration of micrometer-sized particles (FIM) was
observed in 1gG formulations without PS80 (Figure 2). 1gG in presence of MC-PS80 or ChP-
PS80 was well protected, and even after 20 falls no clear increase in micrometer-sized
particle content was observed. 1gG formulations with 0.0004% (w/v) PS80 of either grade
did show a slight increase in Z-average diameter. No changes after stress were observed in
SEC and turbidity analyses (data not shown). Similarly as in shaking stress, no difference

between the functionality of the two grades of PS80 was observed.

122



What makes polysorbate functional?

—Hl—0.04% w/iv MC-PS80 —[1- 0.04% w/v ChP-PS80

- 4 - 0.0004% wiv MC-PS80 0.0004% w/v ChP-PS80
—X—0% wiv

Qo —
>
5 E
X =

34

0 T 1 T T Y
c
S 25000{B
o= s i e = = X
£ E 20,000- o=
q’ % - -
& £ 15,000 -
o]
8 5 10,000- -
O N X s
SN 5000 el N— N
= g o AT, o D o e e b e o e
© 0 T T T T T T
= 01 2 5 10 20

Number of falls

Figure 2: (A) Z-average diameter (DLS) and (B) micrometer-sized particle concentration (FIM) in 5 mg/ml IgG
formulations (PS80-free and supplemented with MC-PS80 or ChP-PS80 at target concentrations 0.04% and
0.0004% (w/v)) exposed to free-fall stress as function of number of falls.

Syringe pump stress

Syringe pump stress induced a high concentration of micrometer-sized particles, which
made DLS analysis unfeasible. Therefore, we focused on the characterization of soluble

aggregates (SEC), sample turbidity (OD350nm) and particles sized = 2 um (FIM and BMI).

The formation of high-molecular-weight species and fragments after stress was negligible
(<0.5%). Therefore, the protein recovery by SEC practically equaled the monomer recovery.
A slight decrease in protein recovery was observed with the two lowest PS80
concentrations, whereas the lowest recovery was obtained for IgG formulations without
PS80 (Figure 3 A). At each tested PS80 concentration, the protein recovery for ChP-PS80
compared to formulations with MC-PS80 was statistically similar (T-test, two-sided, p>0.41),
indicating a comparable protective effect of the two PS80 grades. After stress, the OD350
nm taken as measure for turbidity was slightly increased (OD350 values for all unstressed

formulations were 0.011 + 0.003), which was more pronounced with decreasing amount of
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PS80 (Figure 3 B). Nevertheless, based on turbidity data no significant difference between

the protective effect of the two PS80 grades could be observed (T-test, two-sided, p>0.07).
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Figure 3: (A) Protein recovery (SEC) and (B) turbidity (OD 350nm UV spectroscopy) in IgG formulations after
exposure to syringe pump stress in absence (no PS80) and presence of 0.1%, 0.01% and 0.001% (w/v) of MIC-PS80
and ChP-PS80. Turbidity values present the difference between OD350nm of stressed samples and that of
identical unstressed samples. Error bars represent standard deviation of mean values from triplicate stressed IgG
formulations.

Figure 4 A-D presents the micrometer-sized particle concentration determined by FIM and
BMI in stressed formulations of I1gG in absence and presence of PS80 over a range from 0 to
0.1% (w/v). For each stressed sample, most of the measured particles were in the size range
2-25 um (FIM and BMI). Both, MC-PS80 and ChP-PS80 at concentrations 0.1% and 0.01%
(w/v) suppressed the formation of particles in IgG formulations during syringe pump stress.
No significant difference was found between the number of particles measured in stressed
formulations with MC-PS80 and ChP-PS80 for all three concentrations (T-test, two-sided,
p>0.23). However, the cumulative number of particles (sized 22 um) per ml in stressed
formulations at the two higher PS80 concentrations (0.01% and 0.1%) was at least 2-fold
lower compared to formulations without PS80. Formulations with the highest
concentration of PS80 had less particles > 10 um in size compared to all other tested
formulations. Interestingly, the lowest concentration of both PS80 grades (0.001% (w/v))
showed modestly higher particle counts, in the size range 2-25 um compared to the
formulations without PS80. Nonetheless, highly similar particle size distributions were

detected in the stressed formulations for both PS80 grades at the three tested
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concentrations. A high proportion of particles formed during syringe pump stress were 210
um in size, whereas the vast majority of particles found in IgG formulations after shaking
and free-fall stress were 2-10 pm in size. Overall, the measured particle concentrations
within each size range by FIM and BMI were highly similar for the two techniques. Lower
numbers of particles in samples with PS80 at 0.001% (w/v) were detected by BMI compared
to FIM, which could be explained by exceeding the recommended higher limit of
quantification for BMI?, Particle levels measured by FIM in control samples (corresponding
PS80 formulation without protein subjected to the same type of stress) did not exceed a

concentration of 6,000 particles =2 um/ml throughout the study.
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Figure 4: Micrometer-sized particle concentrations > 2 um (A), 25 um (B), 2 10 um (C) and > 25 um (D) in syringe
pump stressed IgG formulations with MC-PS80 (MC), ChP-PS80 (ChP) and without PS80 (no PS80) determined by
using FIM and BMI. Error bars represent standard deviation of mean values from triplicate stressed IgG
formulations.

Characterization of syringe pump stress induced particles

Morphologies of exemplary particles formed after the three stress methods are presented
in Figure 5. Clear differences between particle morphologies can be observed, depending
on the type of mechanical stress used and on the presence of PS80. Differences in particle

intensity depending on the presence of PS80 were especially apparent in formulations
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submitted to syringe pump stress (Figure 5). Within the stressed PS80-containing IgG
formulations, particles were dark and compact — independent of the PS80 grade. However,
in stressed IgG formulations without PS80 a noticeable subpopulation of transparent,
fibrous-like particles was observed. Light-microscopic imaging of the particles isolated by
membrane filtration confirmed the presence of two distinct particle morphologies in
syringe pump stressed IgG formulations without PS80: white ‘flakes’ and thin transparent
“foils” (data not shown). The flake-like particles showed relatively high thickness (several
microns) in images obtained by using scanning electron microscope (SEM), whereas the

transparent foil-like particles could not be imaged because of the lack of reflectance.
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Figure 5: Representative FIM images of particles in stressed IgG formulations with the three mechanical stress
methods. Particles are grouped into IgG formulation without PS80 and in presence of PS80 (no morphological
differences were observed in particles formed in presence of MC-PS80 and ChP-PS80).

Attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR) was
performed on isolated particles from stressed IgG formulations to determine the nature of
the particles formed during syringe pump stress. The obtained spectra of particles formed
in presence (Figure 6 A) and absence (Figure 6 B) of PS80 showed typical protein bands
(amide | between 1600 and 1700 cm%; amide Il between 1510 and 1580 cm?). Additionally,
SEM with energy dispersive X-ray spectroscopy showed that isolated particles consisted of
solely carbon, oxygen, nitrogen and sulfur - an elemental composition consistent with
protein. Therefore, we conclude that most of the formed particles are proteinaceous, most

likely 1gG, rather than contaminants from the syringe pump device.
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Figure 6: Average ATR-FTIR spectra performed on particles found within an area of 100 um in the radius of

filtration spot. Particles were generated during syringe pump stress in IgG formulation (A) with 0.01% w/v MC-
PS80 and (B) without PS80.

Degradation of PS80 and impact of PS80 degradation products on IgG stability

Chemical hydrolysis of MC-PS80 and ChP-PS80 was performed, and the effect of different
levels of surfactant degradation on the stability of the 1gG during mechanical stress was

examined.

LC-CAD analysis of intact PS80 showed three broad peaks eluting at 8.1, 8.9 and 9.4 min,
which represent the majority of the monoester fraction (Figure 7 A). The polyester fraction
eluted mainly between 11.5 and 12.5 min. The POE fraction was nearly absent in the intact
PS. However, after hydrolysis the peak area of the free POE fraction (between 1 and 5 min)
increased significantly, whereas the mono- and poly-ester peaks were practically absent.

Therefore, we can conclude that the chemical degradation yielded fully hydrolyzed PS80.
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Figure 7 B presents the concentration of particles > 2 um (FIM and BMI) in size present in
samples with degraded PS80 (of different degree of hydrolysis; no IgG present) prior to
stress. Especially high numbers of particles were measured in samples with a high degree
of PS80 hydrolysis (90% and 100%). For samples with 50% or less degradants, the number
of particles per ml was below 15,000. From the FIM particle images, it was obvious that
mainly droplet-like particles were formed (Figure 7 C). Indeed, BMI measurements showed
very low particle counts: it is expected that the droplets, being most likely composed of

liquid oleic acids, were not retained on the membrane during sample preparation.
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Figure 7: (A) RP-HPLC chromatograms of intact PS80 (black line) and fully hydrolyzed PS80 (light blue line). (B)
Particle concentration in hydrolyzed PS80 samples measured by using FIM and BMI. Percentages indicate degree
of PS80 hydrolysis. (C) Exemplary FIM images (2 5 um) of a fully hydrolyzed MC-PS80 sample.

Samples of fully degraded MC-PS80 contained more particles compared to fully degraded
ChP-PS80. Moreover, quantification of myristic, palmitic, stearic, oleic, and linoleic acids by
using HPLC coupled with fluorescence detection supported the particle data and showed
higher amounts of FFA in fully hydrolyzed MC-PS80 compared to ChP-PS80 (data not

shown).
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We utilized the syringe pump device to evaluate the impact of PS80 degradation on protein
stability during mechanical stress. The stability of the IgG formulated with intact PS80 and
hydrolyzed PS80 (10-100% hydrolysis) was examined (Figure 8 A-C). The PS80 concentration
in stressed formulations was equal to 0.01% w/v and the degree of hydrolysis is described
by the percentage of fully hydrolyzed PS80 mixed with neat PS80 (see Materials and
Methods). For this part of the study, a single preparation and measurement was performed
for each sample. Quantification of particles > 2 pum showed an increasing particle
concentration with increased extent of PS degradation for both PS80 grades. It must be
noted that unstressed 1gG formulations (controls), with PS80 hydrolyzed at 90% and 100%,
contained a high background level of particles determined by FIM. Therefore, in IgG
formulations with 90% and 100% degraded PS80 the particle levels in the controls were 11-
15% (ChP-PS80) and 21-24% (MC-PS80) of the total particle concentration found in stressed
formulations. However, most of the particles in unstressed IgG formulations were identified
as droplets, originating from FFA present in the hydrolyzed material. For both PS80 grades
the extent of surfactant hydrolysis on stressed IgG in terms of formed micron-sized particles
was similar. An exception was the sample with 50% hydrolyzed PS80, where a clear
difference in particle concentration was observed between MC-PS80 and ChP-PS80. Both
unstressed 1gG formulations containing partially (50%) degraded PS80 had low
concentrations of particles sized > 2 um (below 10,000 #/ml). Therefore, the high number
of measured particles in stressed formulations originates solely from the applied stress and
reflects the functionality of PS80 (see discussion). The recovery in SEC was similar for all
stressed IgG formulations with hydrolyzed PS80. A slight increase in turbidity was detected
for formulations with a higher degree of hydrolyzed PS80, but no difference between

formulations with different PS80 grades was observed.
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Figure 8: Syringe pump stressed IgG formulations with PS80. X-axes present extent of 0.01% (w/v) MC-PS80 and
ChP-PS80 degradation (A-C) and amount of fully hydrolyzed MC-PS80 added to IgG formulations with 0.01% (w/v)
(D-F). Extent of IgG aggregation was assessed by measuring micrometer-sized particle concentration (FIM and BMI,
A and D), protein recovery (SEC, B and E) and turbidity (UV, C and F). Error bars represent standard deviation of
mean values from triplicate stressed formulations. *p < 0.05 was considered statistically significant and **p < 0.01
highly significant.

Next, we investigated the impact of PS80 degradants on protein stability during mechanical
stress. For this purpose, the 1gG formulation with 0.01% (w/v) MC-PS80 was spiked with
degradants from fully hydrolyzed MC-PS80. The amounts of MC-PS80 degradants spiked
into the IgG formulation were equivalent to fully hydrolyzed MC-PS80 at 0.001%, 0.002%
and 0.003% (w/v). Therefore, IgG formulations contained degradants at three different
concentrations on top of the 0.01% (w/v) intact PS80. Micrometer-sized particle
concentration, protein recovery and turbidity data of stressed formulations is presented in
Figure 8 D-F. A significant difference (T-test, two-sided, p<0.05) in concentration of particles
>2 um in size after stress was observed for formulations with additional 0.002% and 0.003%
(w/v) of degradants compared to formulations with no or 0.001% (w/v) of spiked-in
hydrolyzed PS80 degradants. The latter two formulations showed a highly similar particle

content after stress. No apparent loss of protein after stress had occurred according to the
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SEC data. However, optical density at 350 nm was significantly higher (T-test, two-sided,
p<0.05) for stressed IgG formulations containing 0.02% and 0.03% (w/v) spiked-in
degradants compared to formulations with 0% or 0.01% (w/v) of degradants. The increase
in particle concentration and optical density in stressed IgG formulations with degradation
products originating from MC-PS80 hydrolysis show the apparent destabilizing properties
of PS80 degradants.

Discussion

Choosing the optimum PS type and concentration to be used in protein-based
pharmaceuticals is an integral part of formulation development programs. Up until now,
there has been only one published study evaluating the functional properties of different
PS80 grades in IgG formulations, where the focus was placed on chemical degradation of
the 1gG%®. In our study we report for the first time the effectiveness of both PS80 grades
(multicompendial vs Chinese Pharmacopoeia) in inhibiting protein aggregation in

formulations exposed to various types of mechanical stress.

We characterized IgG formulations with MC-PS80 or ChP-PS80 at three different
concentrations, as well as without PS80, exposed to shaking stress up to two weeks. Shaking
increases the contact area of proteins with air-liquid interfaces. Furthermore, it causes
mechanical perturbation of the interface, thereby increasing the probability of
intermolecular protein-protein interactions as well as desorption of aggregated species into
bulk solution332, The propensity of protein molecules to accumulate at phase boundaries
makes the air-liquid interfacial stress the predominant stress factor during shaking.
Nevertheless, cavitation and solid-liquid interfaces are also detrimental to the physical
stability of proteins®. The IgG formulation without PS80 was highly unstable during shaking
stress: it was visibly turbid and presented high numbers of nano- and micrometer-sized
particles after three days of shaking. Thus, our model IgG was highly sensitive to mechanical
stress if formulated without any surfactants. On the contrary, even after 14 days of shaking,
IgG formulations supplemented with either PS80 grade showed modest to no changes in
terms of turbidity and particulate content. However, a concentration dependent effect for

MC-PS80 and ChP-PS80 was observed. Elevated number of particles > 2 um and > 5%
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monomer loss after 14 days of shaking stress was observed in IgG formulations with PS80
of both grades at the lowest concentration (0.0004% w/v), which is below PS80’s CMC of
0.0017% (w/v). A PS concentration dependent destabilization was also observed by Kiese
et al., who observed an increase in high molecular weight species (HMWS) in stressed
formulations consisting of 0.0025% (w/v) PS 20 (CMC of 0.011% w/v33) compared to
formulations with 2-fold or 4-fold higher concentrations34. Nonetheless, we found MC-PS80
and ChP-PS80 to have a highly similar protective effect at equal surfactant:protein molar

ratio and surfactant:interface area ratio®.

Mechanical shock can result from inappropriate handling of biopharmaceutical products
where a vial or syringe is dropped in its primary or secondary package. It was reported that
mechanical shock treatment results in cavitation leading to formation and collapse of short-
lived bubbles?»?>3¢_ Consequences of these events are free radicals, local high temperatures
and high-pressure shock waves, which may lead to localized oxidative and/or
conformational changes of proteins. Furthermore, formation of bubbles increases the
transiently available air-liquid interfaces®. In agreement with the cited studies, we
observed an increase in concentration of nano- and micrometer-sized particles present in
IgG formulations without PS80 after free fall stress and the formed mechanical shock. PS80
of both grades inhibited the formation of particles after mechanical drops, which became
more apparent when the IgG formulations were dropped > 5 times. PS80 was reported
neither to have an effect on the thermostability of 1gGs3’” nor to inhibit oxidation in IgG
formulations®®. Therefore, the inhibition of particle formation seen in formulations
containing PS80 suggests interface-mediated aggregation as the predominant factor
causing aggregation in dropped vials. Particle formation in formulations exposed to free-fall
stress was suppressed in presence of PS80; and even at low PS80 concentrations (below
CMC) solely a very small increase of micron-sized particles could be observed. Similarly, as
observed after shaking stress, no difference in functionality of PS80 was determined

between the two grades.

By using our customized syringe pump device, with multiple cycles we observed significant

particle formation in IgG formulations with and with no PS80. The extensive protein
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aggregation could have been the result of multiple stress factors, such as shear in the
capillary, extensional flow at the exit of the capillary and interfacial stresses within the
syringe barrels (PTFE and glass surfaces). Previously, it was reported that exposure of
globular proteins to a “pure” shear stress of 107 s should not cause unfolding or
aggregation®. However, a combination of shear and solid-liquid or air-liquid interfaces had
a detrimental effect on the structural integrity of investigated globular proteins3%4,
Furthermore, adsorption and desorption of (un-)folded protein and nanometer-sized
proteinaceous particles to syringe surfaces may result in remarkably higher counts in
protein particles after stress, as demonstrated by Torisue et al.?*. Therefore, the
concomitant stresses during syringe pumping could allow for assessment of the
functionality of PS80 grades with respect to adsorption of surfactant molecules onto the

protein via hydrophobic interactions as well as competitive adsorption to interfaces.

Similarly, as with the two previous stress methods, in syringe pump stress both PS80 grades
at 0.1% and 0.01% (w/v) reduced the number of micron-sized particles to a similar degree.
The PS80 concentration effect on particle formation for both grades is clearer for particles
>10 um in size where an increase in particle concentration is correlated with a decreasing
PS80 content (Figure 4 C and D). The relative size distributions for protein particles in IgG
formulations with MC-PS80 and ChP-PS80 are highly similar. Independent of the grade, the
highest tested PS80 concentration resulted in the lowest number of particles sized > 25 um,

indicating the best properties in inhibiting formation of large particles.

At the lowest tested PS80 concentration (0.001% (w/v)), stressed formulations after syringe
pump stress contained slightly higher micron-sized particle concentrations compared to IgG
formulations without PS80. The destabilizing effect at low PS concentrations was also
observed in our shaking stress study and previously by Kiese et al.3*. The mechanism of the
PS concentration dependent destabilization effect is currently unclear. However, the effect
was observed only with PS concentrations below the CMC, suggesting specific

protein:surfactant ratios to show this behavior.

The FIM images revealed a heterogeneous mixture of particles in each stressed formulation

(Figure 5). The presence of PS80 in the IgG formulations and the type of mechanical stress
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applied had a substantial impact of the morphology of the particles. The formation of
distinct particle appearances may result from one or more predominant aggregation
pathways leading to specific assembly of IgG molecules into non-native aggregates®'. Our
results correlate with the existing literature, i.e., the type of stress applied to a protein
formulation has a clear impact on the morphology of formed particles*?¢. Furthermore,
particles formed in our stressed IgG formulations (independent of the type of mechanical
stress) presented irregular and elongated structures, which are associated with disruption
of interfacial protein gel layers formed at interfaces****. Even though PS80 at 0.001% (w/v)
did not exhibit any protective role with respect to particle concentrations in IgG
formulations submitted to syringe pump stress, all formulations with PS80 contained one
predominant particle population regarding the morphology. In contrast, particle
populations of two distinct morphologies were present in stressed IgG formulations without
PS80. Therefore, even minute amounts of surfactant may inhibit certain aggregation
pathways. Nonetheless, no direct connection has been found between molecular
interactions and the resulting particle morphology on the micrometer scale*?; and studying

this further was beyond the scope of this study.

The two main degradation pathways for PS80 include oxidation and hydrolysis. Hydrolytic
cleavage of the ester bond in PS80 can be enzymatically or chemically (low or high pH)
catalyzed. Whereas chemically driven hydrolysis is generally not a concern for products
stored at 5 °C or 25 °C, residual host cell proteins (HCPs) may enhance the rate of PS
hydrolysis during a product’s shelf life3®3°. The presence of these enzymatic proteins is a
result of insufficient downstream purification processes and can result in issues during
formulation development. For both chemical and enzymatic hydrolysis, POE and FFA are
the main degradation products. To avoid complexity by introducing an enzyme to the IgG
formulations, the PS degradants used in our study were obtained from a base catalyzed

hydrolysis reaction.

Several authors have reported the potential impact of PS 80 degradation products on the
stability of therapeutic proteins during stress and storage!?2%47:48 |1gG formulations

containing FFA originating from PS20 showed particle formation upon long-term storage at
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2-8°C; PS20 with fatty acid esters of variable lengths showed higher destabilizing properties
compared to PS20 with only lauric acid*. Furthermore, Kishore et al. observed an increase
in opalescence and soluble aggregate content in shake stressed IgG formulations with free

lauric acid and PS20 in contrast to statically stored samples®.

In our study, fully hydrolyzed PS80 samples, of both grades, contained high numbers of
spherical, oil-drop like particles in the size range 2-5 pm (FIM). Oleic acid—the main product
of PS80 hydrolysis — is liquid at room temperature and therefore the droplets can be
attributed to oleic acid droplets. The presence of oil droplets could explain the significant
difference in concentration of micrometer-sized particles between PS80 samples with 50%
and 90% degradation products (Figure 7). For samples with the amount of PS80 degraded
below 50%, the free oleic acid is most likely incorporated into micelles composed of neat
PS80 and droplets are not expected to form. For particle characterization of the stressed
IgG formulations used in this study, FIM and BMI were used as orthogonal methods to allow
for the differentiation between proteinaceous particles induced by stress and fatty acid
droplets originating from PS80 degradation. A hydrolytic 10% loss of MC-PS80 and ChP-PS80
resulted in no change in PS80 functionality, when comparing the formation of
proteinaceous particles during syringe pump stress to formulations with 0.01% PS80 (Figure
8 A). Aslight increase in proteinaceous particle concentration after stress was observed for
formulations with 25% hydrolyzed PS80. At 50% PS80 hydrolysis, ChP-PS80 partially
retained its functionally, whereas MC-PS80 showed minimal protective role in mechanical
stress. This difference could be the result of different amount of FFA in the nominal 50%
degraded MC-PS80 compared to ChP-PS80. In fact, the total (soluble and particulate form)
free fatty acids concentration in fully hydrolyzed MC-PS80 was approximately 2-fold higher
compared to the ChP-PS80 (data not shown), which could result in an overall higher
concentration of FFA in the preparations at 50% nominal PS80 hydrolysis. Although FIM and
BMI showed comparable results for both PS80 grades at 50% hydrolysis in absence of
protein (Figure 7), it is possible that more FFA particles of different nature (e.g., stearic or
palmitic acid derived particles) were present in MC-PS80 and promoted aggregation of the

IgG during syringe pump stress.
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Furthermore, we showed that the loss of PS80 functionality may not be related solely to the
lower amount of available intact PS80 but also to the presence of PS80 degradants. When
spiking a small amount of degraded MC-PS80 (0.002% and 0.003% w/v) to an IgG
formulation consisting of MC-PS80 at 0.01% (w/v), we observed an increase in particle
concentration and turbidity after stress. No loss of protein or formation of HMWS was
observed, which is in agreement with previous results where an addition of 0.03% (w/v) of
PS80 degradants did not induce HMWS in shaked IgG formulations containing 0.01% w/v of
PS802%°. No significant effect on protein stability was observed for IgG formulations spiked
with 0.001% (w/v) of degraded MC-PS80. This suggests a certain threshold for the amount
of degradants which must be reached in the IgG formulation to see pronounced

destabilizing effects of hydrolyzed PS80.
Conclusions and outlook

The presented work shows that MC-PS80 and ChP-PS80 similarly inhibit the formation of
aggregates and micrometer-sized particles in 1gG formulations upon mechanical stress,
pointing towards a similar functionality of the two grades. A comparable PS80
concentration dependent effect for both PS80 grades was observed, irrespective of the
mechanical stress method applied: shaking, free-fall or syringe pump stress. Furthermore,
very low PS80 concentrations (below the CMC values) showed minimal protection or even
had destabilizing properties to the IgG during mechanical stress. The syringe pump stress
had stronger destabilizing effects on the IgG than the other two stress methods; therefore,
it was used to evaluate the impact of PS80 degradants on IgG stability. We found that PS80
exposed to hydrolytic degradation is no longer capable of sufficiently stabilizing the IgG
during syringe pump stress. Additionally, hydrolytic degradants (of MC-PS80) may
destabilize the IgG and promote particle formation. Functionality of both PS80 grades after
long-term storage was not investigated, but should be considered given the recently
described differences in stability of MC-PS80 and ChP-PS80%°. Further studies would also be
necessary to evaluate if the “harsh” syringe pump stress conditions correlate with current

Fill&Finish manufacturing conditions. Our study points out that it is important to monitor
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PS during drug product formulation development and stability testing of therapeutic

proteins.
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Abstract

Cell-based medicinal products (CBMPs) are rapidly gaining importance in the treatment of
life-threatening diseases. However, the analytical toolbox for characterization of CBMPs is
limited. The aim of our study was to develop a method based on flow imaging microscopy
(FIM) for the detection, quantification and characterization of subvisible particulate
impurities in CBMPs. Image analysis was performed by using an image classification
approach based on a convolutional neural network (CNN). Jurkat cells and Dynabeads were
used in our study as a representation of cellular material and non-cellular particulate
impurities, respectively. We demonstrate that FIM assisted with CNN is a powerful method
for the detection and quantification of Dynabeads and cells with other process related
impurities, such as cell agglomerates, cell-bead adducts and debris. By using CNN we
achieved an over 50-fold lower misclassification rate compared to the utilization of output
parameters from the FIM software. The limit of detection was ca. 15,000 beads/ml in the
presence of ca. 500,000 cells/ml, making this approach suitable for the detection of these
particulate impurities in CBMPs. In conclusion, CNN-assisted FIM is a powerful method for
the detection and quantification of cells, Dynabeads as well as other subvisible process

impurities potentially present in CBMPs.
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Introduction

Technological advancements in the past decades have profoundly revolutionized the area
of biotherapeutics®. Cell-based medicinal products (CBMPs), an important category of
medicinal products based on cells or tissues, are rapidly gaining significance as they can
serve as an effective cure for patients where no other treatment option is available.
Examples of CBMPs include stem cells, (genetically modified) T-cells and (antigen loaded)
dendritic cells?. More than a thousand of clinical trials with CBMPs are completed or
underway (as of January 2020, www.clinicaltrials.gov) and regulatory agencies are
expecting an increasing number of market approvals in the coming years3. A recent
breakthrough in this field was the approval of two genetically engineered T-cells (chimeric
antigen receptor [CAR] T-cells) in the USA in 2017 and Europe in 2018. Despite their
clinical success, challenges with respect to manufacturing and quality control (QC) must be

faced in order to make CBMPs commercially viable*.

Manufacturing of CBMPs, such as the current generation of CAR T-cells, is a much more
complex and labor intensive process compared to the production of classical protein-based
biologics®>. For instance, the production of CAR T-cells involves collection of cells from the
patient via leukapheresis, ex vivo transduction with a viral vector, encoding the CAR
transgene, T-cell activation and expansion, formulation, fill & finish, storage and QC prior to
intravenous infusion. Moreover, the manufacturing processes involve the addition of raw
materials, such as media, vector, cytokines or antibody-coated magnetic beads. Some of the
raw materials can diminish the safety of the final drug product and are considered as
impurities. An example are monoclonal antibody-coupled magnetic beads, which must be
removed from the process to acceptable levels and need to be measured as part of product

QC testing®.

Most CBMPs consist of a suspension of living cells with a size between typically 10-30 um.
Lymphocytes, including T-cells, are generally smaller in diameter and can range from 7 up
to 18 um in diameter’. Therefore, only large-pore filters (> 70 um pore size) can be used

during manufacture. Such filtration is not capable of removing particulate impurities within
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the micron and submicron size range. Ineffective removal of these particulates, derived
either from raw materials or from manufacturing processes, may potentially lead to adverse
reactions in patients®. Micrometer sized extrinsic particles (e.g., glass particles, metal
particles, fibers) may result in occlusion of small capillaries of the circulatory system®.
Moreover, proteins can adsorb to such non-proteinaceous particles, which may result in
unwanted immunogenicity'®. Furthermore, micro- and submicron-sized proteinaceous
particles, which may originate from cells or cell culture medium, have been shown to
increase the risk of unwanted immunogenicity!!. In addition, necrotic cells and cell debris
tend to have a smaller diameter compared to healthy cells*2. Therefore, monitoring the size
of cells and other particulate matter may aid in assessing the quality of CBMPs.

For CBMPs, because of their particulate nature, it is very challenging to fulfil specific
pharmacopeial testing requirements. The compedial specifications set limits for the number
of visible and subvisible (micrometer-sized) particles (USP <790> and <788>, respectively)

in injectable drug products>*

. The current pharmacopeial methods include visual
inspection and light obscuration or microscopic particle count test for visible and subvisible
particles, respectively. Visual inspection may not consistently and reliably detect visible
particles in CBMPs, as these products may be highly opalescent and viscous because of the
high cell concentration (e.g., 10°-107 cells/ml). Furthermore, CBMPs are often supplied as a
single-dose, low-volume (uL-ml range) sterile suspension in a (cryo)vial, which has a
relatively thick wall making visual inspection difficult. In addition, subvisible particle analysis
by light obscuration is very challenging because light obscuration cannot differentiate cells
from foreign and particulate impurities. Despite the above considerations, from a quality,
safety and potentially efficacy perspective it is prudent that subvisible particles in CBMPs
are adequately tested?®.

Flow imaging microscopy (FIM) techniques have been widely used for the characterization
of subvisible particles in protein-based drugs'®. Using these techniques, one can derive
concentration, size and morphological parameters of particles within the micrometer size
range from microscopic images. Different particle populations can be discriminated based
on particle structure and appearance!”!®, Recently, FIM has been applied to study cell

viability and confluency in cell culture as well as quality of CBMPs!2121 However,
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comprehensive particle characterization reaches a limit when using the morphological
parameters derived from the instruments” operating software because of the complexity of
CBMPs, which may consist of multiple particulate populations of highly heterogeneous

morphologies.

Deep learning for image analysis is an alternative approach, offering more insight into the
collected data and potentially allowing for a better discrimination of particle populations.
The increasing computing power and advancements in algorithms for pattern recognition
have made the deep learning methods, such as convolutional neural networks (CNN), useful
tools in many fields, including the biopharmaceutical industry??. Deep learning refers to a
multi-layered neural network consisting of hidden layers as well as an input and output
layer. It can be exceptionally effective in extracting intricate structures in raw (pre-
processed) data and recognition of representative features that allow categorization of
images with minimum error?®. For example, protein aggregates formed upon different
stress methods were imaged by using FIM and successfully discriminated with the aid of
CNN, based on the distinct particle morphology resulting from each stress method?*. In the
area of cell biology, CNN have brought microscopy to a new level, where features such as
the type of intracellular structures or the cell cycle and type of cells, previously requiring

immunohistochemistry, can now be recognized without fluorescent labeling?>.

In our study, we utilized a flow imaging microscope, FlowCam, to collect images of subvisible
particulate matter in T-cell samples and developed an automated image classification
method based on CNN for the analysis of the raw images (further referred to as FlowCam-
CNN). As a model system, we used suspensions of Jurkat cells (8-16 um in diameter) and
CD3/CD28 Dynabeads (4.5 um in diameter); the latter are commonly used for T-cell
activation and purification. We show that the developed FlowCam-CNN method enables the
detection, quantification and characterization of process-related particulate impurities
(e.g., Dynabeads, cell-bead adducts) as well as product-related particulates (e.g., cells, cell

agglomerates and debris).
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Materials and Methods
Materials

T-cell leukemia cells (Jurkat, Clone E6-1, ATCC® TIB152™) were provided by Leiden
University Medical Centre (LUMC) as frozen 1-ml aliquots at a total cell concentration of
107 cells/ml, and were stored at -140 °C in the freezer prior to usage. The Jurkat cells were
formulated in high-glucose RPMI 1640 (RPMI medium; ThermoFisher, Waltham, USA)
supplemented with 10% fetal bovine serum (Life Technologies, USA) and 10% dimethyl
sulfoxide (DMSO) (Life Technologies, USA). Dynabeads Human T-Activator CD3/CD28 for T
Cell Expansion and Activation and low-protein binding collection tubes were purchased
from ThermoFisher (Waltham, USA). Sterile 5-ml Eppendorf tubes were purchased from

VWR (Ismaning, Germany).
Sample preparation

Jurkat cells used in this study as model T- cells were thawed and freshly prepared in RPMI
medium prior to analysis. Frozen cell aliquots were thawed at 36°C and resuspended in ca.
40 ml of RPMI medium. To remove residual fetal bovine serum and DMSO, the cell
suspension was centrifuged at 300 rcf for 10 minutes at 20°C. The supernatant was
removed and the pellet was resuspended in 10 ml of RPMI medium, unless otherwise
stated. The mean concentration of (live and dead) cells was 477,188 + 85,914 per ml with
a mean viability of 81% + 9% (n=8) as determined by hemocytometry (described below),
unless otherwise stated. Cell containing samples were measured up to 4 hours post

thawing, a time window during which the cell viability was not affected (data not shown).

Dynabeads were diluted to an intermediate stock concentration of 10° beads/ml (based
on the dilution factor of the nominal Dynabead concentration) in RPMI medium and
stored at 2-8 °C for up to 1 month. The required volume of the intermediate stock was
added to cell samples to reach the desired Dynabead concentrations. Reference
concentration of Dynabeads stated in the results section is the expected concentration of
Dynabeads in the sample derived from dilution calculations and the original bead

concentration stated by the manufacturer. It must be noted that the manufacturer does
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not use FlowCam for quantification of Dynabeads; therefore, a systematic deviation

between reference concentrations and measured concentrations should be anticipated.
Hemocytometry

Cell viability and total cell concentration were determined by using a Bright-Line
hemocytometer glass (Merck, Darmstadt, Germany) and an Axiostar Plus microscope
(Zeiss, Jena, Germany) with 10x magnification (Zeiss, Jena, Germany). The washed cell
suspension was diluted 2-fold with a sterile-filtered 0.4% trypan blue solution (Merck,
Darmstadt, Germany). Next, 10 ul of the mixture was placed in the hemocytometer and at
least 100 cells were counted (both viable — not stained, and non-viable — stained cells),

following the manufacturer’s recommendations.
Flow imaging microscopy (FIM)

For characterization of micron-sized particles, a FlowCam 8100 (Fluid Imaging
Technologies, Scarborough, USA) equipped with an 80-um flow cell and a 10x objective
was used. The instrument was operated by using a VisualSpreadsheet software (v4.10.8).
Analysis was performed by using a flowrate of 0.18 ml/min and the detection thresholds
were set to 17 for dark pixels and 15 for light pixels. Images were taken with a high-
resolution CMOS camera (1920x1200 pixels) at 27 frames per second. In total, a sample
volume of 0.5 ml was analyzed with an efficiency of approximately 70% (i.e., the measured
sample volume was ca. 0.35 ml). Cleaning steps between sample measurements involved
thorough flushing of the flow cell with 2% Hellmanex 1l and highly purified water.
Diameters are reported as equivalent spherical diameter (ESD) and filters were not
applied for imaging pre-processing. Samples were measured in triplicate or sextuplicate,

unless otherwise stated.

Samples measured within this study contained particles of five distinct populations, which
are: “single cells”, “doublet cells”, “Dynabeads”, “adducts” (defined as a combination of at
least one bead with at least one cell) and “debris” (any other cellular and non-cellular
types of particles). For reporting the total determined concentration of cells, we summed

the counts of single cells, adducts and 2x doublet cells. The determined concentration of
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Dynabeads in measured samples was derived from the summed counts of Dynabeads and

adducts.
Generation of particle images for population discrimination

Establishment of threshold values and training of the CNN was performed on manually
selected images (4,000-4,500) of each population class, which was shown to be sufficient
for training our model to a reach high classification accuracy (>0.99). In order to facilitate
the selection process for debris and adducts, samples with elevated numbers of the
respective particles were generated prior to FlowCam analysis. Samples enriched in
particles representing debris were obtained by submitting freshly resuspended
(cryoprotectant free) cell suspensions to two freeze-thaw cycles (-140 °C — 36 °C). Samples
with high numbers of adducts were generated by incubation of cells (ca. 500,000 cells/ml)

in presence of Dynabeads in a number ratio of 1:1 for 1.5 hours at 37 °C and 5% COa.
Development of morphological filters for FlowCam

The VisualSpreadsheet software of the FlowCam system outputs 30 morphological
parameters for each detected particle within the measured sample. Five of these available
parameters, i.e., intensity, sigma intensity, convexity, compactness and aspect ratio, were
found to have the highest resolving power for particle populations. Values of particle
properties for each population class were further clustered into 1-um sized bins and are
presented in box plots (Figure 1). For the development of threshold values used to assign
each particle to its class, a similar approach as previously reported for the discrimination
of silicone oil and protein aggregate particles was used'’. Briefly, a step-wise approach

was followed, as described below.

Firstly, Dynabeads and adducts were separated from cells (singlets and doublets) and
debris, based on mean particle intensity values. For each size bin of 1 um, average values
of the 10*" quartile of “low transparent” particles (Dynabeads and adducts) and of the 90"
quartile of “highly transparent” particles (cells and debris) were calculated as a function of
size. For size regions where only one population was present, the cutoff threshold was

adjusted manually below or above of the 95 quartile parameter value. Furthermore, a 4-
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degree polynomial function was fitted to these points from 3 to 35 um and tested
particles of a certain diameter falling above or below the threshold value set were
assigned to either group. Secondly, threshold values for compactness, convexity and sigma
intensity were derived in a similar manner, which allowed for separation of adducts from
Dynabeads and cells from debris. For separation of single cells and doublet cells, the
aspect ratio parameter was applied. Therefore, each tested particle must have fulfilled at
least three criteria to be assigned to a specific population class. All particles with a

diameter below 3 um were assigned to the debris population.
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Figure 1: Clustered morphological parameters utilized to discriminate the five particle populations (see text) by
using the output data from the FlowCam software. Arrows with accompanying numbers show the order in which
the separation of particle populations was carried out.
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Deep convolutional neural networks (CNN)

The VGG-19 architecture was used as the foundation for our CNN?®. This architecture
includes 19 convolutional (weight) layers and it can capture a large range of visual object
features. The network weights are optimized by reformulating convolutional layers as
learning residual functions, taking the input to layers as reference. The VGG-19 network
used in our studies has been pre-trained on the open source ImageNet dataset found in?’.
By fine-tuning only the last two fully-connected layers, the feature complexity of the pre-
trained model can be optimized for the particle classification task. For fine-tuning the
image dataset was split into test, validation and training sets at a 0.1, 0.1 and 0.8 ratio,
respectively. Such division of the dataset was aimed to maintain the classes balanced and
so the fine-tuning would not be biased towards a specific class. The deep learning model
was fine-tuned with 30 epochs with the Adam optimization algorithm. The machine
learning model was implemented in the Keras (2.2.4)-Tensorflow (1.13.1) Python (3.7.3)
library and ran on a Nvidia Turing GPU with 11 GB of VRAM. A simplistic workflow for

image analysis by using CNN is presented in Figure 2.
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Training

Feature extraction + training classifier

Training data input Classification model

Fe\l Dynabeads
(single) =

Feature extraction + classification of images

Testing data input

Figure 2: Illustration of the CNN work flow. Firstly, a collection of 4,000-4,500 images from each particle class is
manually selected for training with the VGG-19 network. During training, kernels of weights in the two last layers
of our network are updating weight parameters and extracting representative image descriptors based on the
input data. Once training is completed, the network can be used to predict particle classes of new (not used
during training) images. Output is given as a probability of an image assigned to the stated class. A detailed
description of the VGG-19 network can be found in?®.

Data analysis

Statistical analysis of data was performed in Origin 2016 (OriginLab Corporation,
Northampton, USA). Box plots represent the distribution of data where central rectangles
span from the first to the third quartile and whiskers range from the 5" up to the 95t
percentile values. For comparison of mean values, a 2-sided student T-test with a= 0.05

(95% confidence interval) was used.

The limit of detection (LOD) and limit of quantification (LOQ) were determined by using
values of the entire tested range for Dynabeads, where six measurement replicates were
performed for each bead concentration. LOD and LOQ were calculated by using Eq. 1 and

Eq. 2%:
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LOD=(3.3*0)/S (Eq. 1)
LoQ=(10*0)/S (Eq.2)

where o is the standard error of the y-intercept and S is the slope of the linear regression

line.
Results
Identification of particle populations in cell suspensions

Analysis of cell suspensions supplemented with Dynabeads was performed by using
FlowCam and representative examples of generated images of the five distinct particle
populations are shown in Figure 3. Besides single cells, debris and Dynabeads, we
observed a noticeable number of images with two captured cells (doublet cells) as well as
cells with one or more adjacent Dynabeads (adducts). Particle size distributions of samples
containing cells (without beads), Dynabeads (without cells) and a mixture of cells and
Dynabeads are shown in Figure 3. Samples containing cells showed a broad peak between
10 and 16 um, representing the Jurkat cells (Figure 3 A). Furthermore, a sharp peak at the
lower size limit of detection was observed and assigned to debris. Dynabeads showed a
bimodal peak with maxima at 3.5 and 6.0 um (Figure 3 B). These values represent the
measured size of beads from in-focus (sharp) and out-of-focus (blurred) images, and are
close to the mean bead diameter of 4.5 um stated by the manufacturer. Particle size
distributions of mixtures of Dynabeads and cells looked like a summation of the cells and
the beads (Figure 3 C). Although these samples were found to contain adducts (see Figure
3, top panel), which obviously were not present in the other samples, the number of

adducts was relatively small and did not substantially affect the overall size distribution.
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Figure 3: Representative images of each population class obtained by using FlowCam (top). All images were
enlarged for presentation and actual size is not represented. Particle size distributions of samples containing (A)
Jurkat cells (375,000 cells/ml), (B) Dynabeads (68,000 beads/ml) and (C) Jurkat cells + Dynabeads (bottom).

Morphological parameters for particle classification

For beads suspended in the RPMI medium, a linear relation was found between the
measured Dynabead concentration and the expected Dynabead concentration derived
from the dilution factor, with a linearity of r?= 0.95 (Supplementary figure S1 A), based on
the selected morphological parameters with the FlowCam software (cf. Figure 1).
Measurements of beads in the presence of cells (ca. 500,000 total cells/ml by using a
hemocytometer) resulted in a similar linear correlation (r2= 0.98). However, unexpectedly
high numbers of unclassified particles (i.e., particles with morphological parameters not
falling into any of the 5 classes) were found. The coefficient of variation for measured
concentrations of Dynabeads in presence of cells was noticeably higher as compared to
the control samples. Additionally, the recovery of Dynabeads in cell suspensions at the
lowest three reference concentrations was above 100%, suggesting a number of debris

and other particles were misclassified as Dynabeads (or adducts) when using this
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approach. Dynabeads suspended in RPMI medium showed recovery rates from 25%
(lowest Dynabead concentration) up to 85% (highest Dynabead concentration) (data not
shown). Altogether, using the morphological particle parameters output from the
FlowCam software resulted in a good correlation between detected concentrations and
reference concentrations of Dynabeads. However, the high numbers of unclassified
particles and the noticeable variation in determined particle concentrations illustrate the

friability of this classification approach.
CNN for particle classification

Since accurate discrimination of particle populations, present in cell suspensions, was not
satisfactory with conventional morphological filters, we applied CNN for analysis of raw
FlowCam images. The fine-tuned FlowCam-CNN model with the pre-selected datasets (see
methods section above and Figure 2) was used to classify on average 140,000 images per

sample into individual particle classes.
Detection and quantification of Dynabeads

In contrast to the results based on the morphological particle parameters output
described above, FlowCam-CNN analysis resulted in classification of all particles present
cell suspensions (500,000 cell/ml counted by using a hemocytometer) with or without
Dynabeads (Figure 4). Linearity over the entire tested Dynabead concentration range was
> 0.95 for both sample sets and slope values were about 0.8. Samples containing cells and
>50,000 beads/ml had recovery values above 80% and a coefficient of variation below
15%. The relative error of the determined bead concentration was apparently random and
showed a uniform distribution around 0 for samples with cells, except for the lowest bead
concentrations measured (data not shown). Dynabeads suspended in cell-free RPMI
medium at reference concentrations below 60,000 beads/ml showed lower recoveries
compared to samples containing cells, which exceeded a recovery rate of 75% within the
tested range. The coefficient of variation of determined Dynabead concentrations was
>10% for samples with less than 50,000 beads/ml and below 10% for the higher tested

bead concentrations. Therefore, the optimal Dynabead concentration for quantification of
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beads by using FlowCam-CNN was determined to be from ca. 45,000 beads/ml to at least
200,000 beads/ml.
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Figure 4. Presented data on classified Dynabeads (DB) by using CNN. (A) Determined concentration of Dynabeads
in a concentration series of Dynabeads suspended in RPMI medium (DB ctrl, gray) and in Jurkat cell suspensions
(DB + cells, black). (B) Recovery (left y-axis, black) and corresponding coefficient of variation (CV; right y-axis, red)
of Dynabeads in RPMI medium (open squares) and Jurkat cell suspensions (closed squares). Error bars represent
the standard deviation of mean values of six replicates. The coefficient of variation values (%) were calculated
from the six replicate measurements.

The FlowCam method assisted with automated image classification (FlowCam-CNN) was
examined in alignment with the ICH Q2 (R1) guideline for validation of analytical
procedures. Accuracy, precision, LOD, LOQ and linear relationship for Dynabeads
detection in absence and presence of cells were evaluated and the results are presented

in Table 1.

The LOD and LOQ were about 15,000 and 45,000 beads/ml, respectively, where slightly

higher values were found for Dynabead suspensions in absence of cells.
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Accuracy and precision (repeatability) were calculated for Dynabead concentrations above
the LOQ and the values present averages of two intra-day sets of triplicate measurements.
Accuracy was determined as the recovery of spiked in Dynabeads with respect to the
reference concentrations (Recovery%). Accuracy was found to be substantially lower for
beads in absence of cells at reference concentrations below 50,000 beads/ml. Above this
concentration, the presence of cells did not have an impact on the accuracy of
quantification. Furthermore, precision of Dynabeads concentration determination was

evaluated as the coefficient of variation (CV%) and overall values were <10%.

Table 4. Parameters determined by FlowCam-CNN based on mean values of two inter-day triplicate
measurements. The LOD and LOQ were deteremined for Dynabead concentrations tested in the study and
presented in Figure 4. Accuracy and precision were determined for Dynabead concentrations above the LOQ. Cell

concentration was ca. 375,000 cells per ml.

Dynabeads Dynabeads

Parameter
(in cell suspension) (in RPMI 1640 medium)

Accuracy (Recovery%) 86.9+5.4 80.5+12.6
Precision (CV%) 4.7+0.9 8.0+3.2
LOD (beads/ml) 15,229 13,661
LOQ (beads/ml) 46,149 41,396
Linearity (R?) 0.988 0.959

Characterization of cellular particulate matter

In addition to developing a method for characterization of non-cellular particles, we aimed

to quantify debris (a potential impurity) as well as cells and adducts.

The tested concentrations of Dynabeads in Jurkat cell suspensions, presented in Figure 4,
were studied at a constant cell concentration (385,711 + 59,337 cells per ml as
determined with FlowCam). The presence of Dynabeads did not have a significant impact
on the number of quantified total number of cells (T-test, 2-sided, p > 0.17;
Supplementary figure S2 A). Moreover, the numbers of detected particles classified as

debris in cell samples without and with Dynabeads were highly comparable. Furthermore,
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as expected, the number of detected adducts increased with higher concentrations of

beads present in cell samples (Supplementary figure S2 B and S2 C).
Misclassifications

The misclassification rate was calculated in an indirect manner because of the large
number of acquired images per measurement (>100,000 per measurement). Debris
particles were present in all measured samples (Dynabeads and cell suspensions);
therefore, we did not consider the misclassification rate for this population. Figure 5 A
represents the rates of erroneously detected cells (singlets, doublets and adducts) and of
unclassified particles within Dynabead suspensions of different reference concentrations.
Figure 5 B presents the error rates of detected Dynabeads and adducts as well as
unclassified particles within cell only suspensions at a cell concentration of approximately
375,000 cells/ml (as measured by FlowCam). In both cases, the misclassification rates
were very low (< 2%) when the data was processed by using CNN. Furthermore, the error
rate was independent of the spiked-in amount of Dynabeads, as the fraction of
misclassified particles was similar for each of the tested concentration of beads in cell
suspensions. Particles analyzed by using morphological parameters showed a much higher
inaccuracy and unclassified fraction, which is reflected by the relatively high error rates

(up to 50-fold higher compared to CNN).
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Figure 5. Error rates of particles classified as (A) cells or adducts in Dynabead suspensions with different
Dynabead target concentrations (x-axis) and (B) Dynabeads and adducts in cell suspensions at 375,000 cells/ml|
(as determined by using FlowCam). Error rates are based on misclassified particles by using CNN (filled bars), and
on mis- and unclassified particles by using particle morphological parameters (empty bars). Error bars are
standard deviations of mean values of six replicates.

Figure 6 presents the probability distribution, as determined by deep learning
classification, of particle images classified as Dynabeads. Particle images were collected
during FlowCam measurements of Dynabeads (80,000 beads/ml) in presence and absence
of cells. In our classification network the Softmax regression function was integrated,
which is an activation function converting calculated weights into probability distributions
and rejecting all cases with probabilities below 0.2. For the sample with suspended
Dynabeads in RPMI medium, the vast majority of images classified to the bead class had a
probability equal to 1, which confirmed that the network made the assignment with very
high confidence. Moreover, this high confidence was not impacted by the presence of
cellular material in the sample, as similar counts of beads with a probability of 1 were
found in samples containing Jurkat cells. In conclusion, these data demonstrate that image

classification by using FlowCam-CNN is highly accurate.
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Figure 6. Probability distribution (binned in units of 0.01) of classified particle images determined by FlowCam-
CNN for Dynabead suspension (filled) and cell suspension suplemented with Dynabeads (empty) at a
concentration of 80,000 beads per ml. Representative images are shown with their asssgned probability of
belonging to the Dynabead class.

Effect of cell concentration on measurement

The impact of the Jurkat cell concentration on the quantification of Dynabeads in cell
suspensions by FlowCam-CNN was investigated and the results are presented in Figure 7.
Dynabeads spiked into samples with cell concentrations up to ca. 500,000 cells/ml (as
determined by using a hemocytometer) resulted in similar measured bead concentrations
in presence of cells. At the highest tested cell concentration (900,000 cells/ml), we
observed an underestimation of detected beads at reference Dynabead concentrations of
50,000 and 100,000 beads/ml. Such an underestimation was not observed for the lowest
tested Dynabead concentration (20,000 beads/ml). Furthermore, control samples showed

lower Dynabead recoveries compared to samples with cell suspensions.
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Figure 7. Determined concentration of Dynabeads in RPMI medium (control, filled bars) and cell suspensions
(empty bars). Three different cell concentrations (x- axis; determined by using hemocytometry) were tested with
reference concentrations of Dynabeads of A) 20,000, B) 50,000 and C) 100,000 Dynabeads/ml. Error bars
represent standard deviations of triplicate measurements of Dynabeads in cell suspensions and of nonuplet
measurements of Dynabeads in RPMI medium.

Discussion

Characterization of cellular and non-cellular (i.e., foreign) particulate matter in CBMPs is
important to guarantee a good quality and safe product®. Additionally, with the limited
time available for analytical testing of some cell products, straightforward, rapid and

comprehensive methods are urgently needed?.

In this study we used a model system containing Jurkat cells, serving as a surrogate for T-
cells, such as CAR-T cells?®, and Dynabeads CD3/CD28, serving as a representative
potential process-related particulate impurity in CAR-T cell products®. These super-
paramagnetic beads coupled to CD3 and CD28 monoclonal antibodies are used in the
production of CBMPs3!. However, their removal prior to the final formulation step remains
difficult®2. More importantly, taking into consideration reports on the potential toxicity of
Dynabeads3?, methods showing effective and consistent removal of these impurities in the
manufacturing process are required. Therefore, in our study, we assessed the feasibility of

FIM for the discrimination of Dynabeads and cells, and for the assessment of the
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Dynabead concentration. We hypothesized this should be possible, because Dynabeads
differ in size and morphological properties from T cells. It must be noted that the full
production protocol, where beads are present in cell medium for days/weeks, was not
mimicked here and Dynabeads were spiked into cell suspensions shortly before analysis.
Therefore, monitoring the stability of beads in the suspension and their interactions with

cells over time was beyond the scope of this study.

The FIM-based method may offer advantages for characterizing CBMPs, as it is a high-
throughput technique capable of rapid measurements of high sample numbers without
laborious preparative steps. The two most commonly used FIM systems are FlowCam and
Micro-Flow Imaging (MFI). Previously, it has been shown that FIM techniques have the
potential in determination of cell concentration and viability*?. For our study FlowCam was
chosen because of its capability of recording images of high quality and its high accuracy
and precision in particle concentration determination33. A downside of the FlowCam
technique can be the relatively inaccurate particle sizing, resulting from a narrow depth of
focus within the field of the imaging system. As a result, particles of a homogenous
diameter may show a bimodal distribution3*, which was also observed in the present study
(Figure 3). Accurate sizing was not of key importance in our study. However, blurry and
non-blurry images should both be assigned to the same particle class, implying an increase

in complexity of the classification process.

The verification of viability and total concentration of cells used in our study was

1221 ce||

performed by using a hemocytometer. As shown in previous studies
concentrations determined by using FlowCam were lower compared to manual counting
and in our case the difference was ca. 20%. Furthermore, the concentration of Dynabeads
detected by FlowCam deviated from the reference concentrations stated by the
manufacturer, i.e., the recovery was always below 100% especially for Dynabeads at lower
concentrations. This, however, can be most likely ascribed to a loss of beads during
sample preparation, as measurements with a Multisizer 4e Coulter-Counter analyzer

(method used by the manufacturer for quantification) showed similar results (data not

shown). Moreover, preliminary studies showed a significant impact of used lab
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disposables (e.g., low-protein binding materials, volume-to-surface ratios) on the
determined concentration of Dynabeads. The high affinity of the antibody coated beads to
surfaces resulted most probably to adherence of Dynabeads to polypropylene tubes and
tips used for sample handling. Interestingly, a more consistent and higher recovery rate
was observed for Dynabeads in presence of cells compared to Dynabeads in cell-free RPMI
buffer (control) over the measured concentration range. In particular, a pronounced loss
of beads at low concentrations (< 60,000 beads/ml) was observed in our cell-free control
samples, resulting in a recovery below 50%. Such high losses of Dynabeads were not
observed in the cell-containing samples, in which most likely debris and other cell-related
materials occupied free surfaces and competitively decreased bead adsorption. Because
the bead-to-T-cell ratio is critical for T cell activation or T-cell purificiation3, bead-
preparative steps where dilutions in cell-free media are involved should be carefully
considered to reach the desired bead concentration and assure a consistent

manufacturing process.

When using FIM, a capable demarcation approach is required for accurate quantification
of specific particle populations found within highly heterogeneous samples. Output
parameters by the instruments’ operating software can be helpful in discriminating
particles based on morphology, but may be prone to high error rates?8. The uniformity of
Dynabead images resulted in similar values of each particle parameter and developed
filters had close to no misclassifications and 5% of unclassified particles for Dynabead-only
samples. However, the morphological nature of cells, cell aggregates and debris is highly
heterogeneous and the distribution of each of these particle parameters was highly
disperse (Figure 1). Furthermore, adducts and cells had in many cases interchangeable
values for most particle parameters. The error rates (misclassifications and unclassified
particles) for images containing only cells were approximately 20% with datasets used for
developing morphological filters. Error rates for cell and Dynabead suspensions were ca.
10% with testing datasets. The lack of a high capability in discrimination of different
particle population groups by using morphological parameters prompted us to use an

automated image classification method based on CNN.
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In comparison with other machine learning techniques, deep learning is straightforward in
usage and achieves high accuracies with minimal refinements to the network layers?2. The
high performance of neural networks is in most cases based on large data sets to train the
networks. For successful training of an entire CNN, such as VGG-19, several million of
labeled images per class are required. Although FIM techniques are well suited for
applications where comparably large numbers of images can be collected within a
relatively short period of time and with low sample consumption, cleaning and labeling a
high-quality training dataset remains a challenge. Because the pre-trained VGG-19 was
able to differentiate features on the ImageNet dataset very efficiently, fine-tuning of the
last two fully-connected layers by using a relatively small number of labeled FlowCam
images resulted in a powerful CNN for differentiation and quantification of Dynabeads.
The misclassification rate was significantly reduced with the CNN and was only 0.2% for
cell samples spiked with Dynabeads. FlowCam-CNN was capable of quantifying a wide
concentration range of Dynabeads in cell suspensions, demonstrating a large dynamic
range. Furthermore, the high precision (CV% < 5%) in determination of Dynabead
concentration in cell suspensions above the LOQ presents this method as a robust

approach for quantification of process-related particulates.

The determined total cell and debris concentration was not impacted by the number of
Dynabeads spiked into the suspension (Supplementary figure S2). As expected, the
number of detected adducts increased with increasing concentration of Dynabeads in the
sample because of the higher probability of beads interacting with cells. Furthermore, a
concentration of 500,000 cells/ml showed to have no impact on the quantification of
Dynabeads in cell suspensions. However, at the highest cell concentration tested, we
observed a clear decrease in recovery of Dynabeads which were spiked to a target
concentration 50,000 and 100,000 beads/ml. This loss in recovery was not observed for
the lowest Dynabead concentration of 20,000 beads/ml. A possible explanation could be
the approach for counting Dynabead(s) attached to a single cell. Cases in which a particle
was classified as “adduct” were considered to consist of a single cell and a single
Dynabead, which was true in the majority of cases. However, with increasing number of

cells or Dynabeads, the probability of capturing a cell with two or more adhering
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Dynabeads per image becomes higher. Therefore, the underestimation of Dynabeads

could have been related to the inaccurate counting of beads in dense cell populations.
Conclusions and Outlook

In our study we developed a reliable method based on FIM coupled with CNN for
detection, characterization and quantification of relevant particulate impurities,
specifically Dynabeads. We showed that small amounts of Dynabeads can be detected in
cell suspensions and a high precision in counting is achieved if the bead concentration is
above the determined LOQ. Moreover, cells and cellular impurities, such as cell aggregates
and adducts, can be easily classified by using CNN. Quantification of these particles can
assist in monitoring manufacturing processes of CBMPs and assist in process and product

characterization, such as stability testing.

Further work is being carried out to enhance the capabilities of the method for other cell
lines, the identification of multiple beads adhering to cells, as well as to characterize other
populations of particulates potentially present in CBMPs, such as leachables, extractables
and beads used as carriers for the ex vivo expansion of adherent cells. In addition, further
evaluation of the presented method by using orthogonal methods could endorse the
results obtained from the currently opaque processing algorithm, such as CNN3¢, This
would increase confidence and understanding of FlowCam-CNN, presumably supporting
in-process and quality control analyses at first, and potentially becoming a critical release
test. Currently, we are not aware of other methods with similar performance and we

believe that CBMP development can benefit from FlowCam-CNN in its current state.
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Supplementary materials
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Supplementary figure S1: Presented data on classified Dynabeads by using morphological parameters output
from the FlowCam software. (A) Determined concentration of Dynabeads in a concentration series of Dynabeads
suspended in RPMI buffer (DB ctrl, gray) and in cell suspensions (DB + cells, black). (B) Recovery (left y-axis) and
coefficient of variation (right y-axis) of Dynabeads in RPMI buffer (gray) and cell suspensions (black). Error bars
represent the standard deviation of mean values of six replicates. Coefficients of variation (%) were calculated
from six replicate measurements.
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Abstract

Cell-based medicinal products (CBMPs) offer ground-breaking opportunities to treat
diseases with limited or no therapeutic options. However, the intrinsic complexity of
CBMPs results in great challenges with respect to analytical characterization and stability
assessment. In our study, we submitted Jurkat cell suspensions to forced degradation
studies mimicking conditions to which CBMPs might be exposed from procurement of cells
to administration of the product. Flow imaging microscopy assisted by machine learning
was applied for determination of cell viability and concentration, and quantification of
debris particles. Additionally, orthogonal cell characterization techniques were used.
Thawing of cells at 5 °C was detrimental to cell viability and resulted in high numbers of
debris particles, in contrast to thawing at 37 °C or 20 °C which resulted in better stability.
After freezing of cell suspensions at -18 °C in presence of dimethyl sulfoxide (DMSO), a
DMSO concentration of 2.5% (v/v) showed low stabilizing properties, whereas 5% or 10%
was protective. Horizontal shaking of cell suspensions did not affect cell viability, but led
to a reduction in cell concentration. Fetal bovine serum (10% [v/v]) protected the cells
during shaking. In conclusion, forced degradation studies with application of orthogonal
analytical characterization methods allow for CBMP stability assessment and formulation

screening.
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Introduction

The number of cell-based medicinal products (CBMPs) entering clinical trials and being
approved by major regulatory bodies for commercial use is consistently increasing each
yearl. Despite the promising clinical data emerging from the use of these innovative
therapeutic products, many challenges remain in the areas of manufacturing, formulation

development and analytical characterization?3.

Most CBMPs consist of living cells, which are intrinsically fragile and much more
susceptible to unfavourable conditions compared to other biotherapeutics, such as
protein-based products. Nonetheless, irrespective of the type of the CBMP (e.g.,
autologous or allogenic, genetically modified or not), they often undergo multiple and
complex manufacturing steps before being administered to the patient. The main
processing steps CBMPs undergo during their production include isolation of cells from a
healthy donor or patient, ex-vivo cell manipulation, formulation, storage, and quality
control prior to release and administration*. Furthermore, between each of the above
listed steps, transportation, freeze-thawing or manual handling of CBMPs occurs. With
clinical site-specific handling procedures, differences in processing and administration of
the product will also occur®. Such diverse and multistep production and handling
processes expose cells to a range of intended and/or accidental environmental stress
factors, such as freeze-thawing, surface related stress (i.e., mechanical stress), thermal
and oxidative stress. Each of these kinds of stresses may result in accidental cell death or
alterations in cell activity. Therefore, examination of the impact of formulation
parameters on cell stability under these stress conditions should be considered to better
understand the sensitivity of the product to the stress factors involved. This will likely
contribute to new insights that can be employed to mitigate the potential risk of
therapeutic failure and the occurrence of serious adverse effects due to poor product

quality®’.

Introduction or formation of particulate impurities in CBMPs is one of the potential risks
associated with manufacturing and handling of these drug products®2°. Particles found in

CBMPs can originate from either the process or the cell product itself. Process-related
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particulate impurities may include ineffectively removed antibody coated magnetic beads
used for activation and expansion of cells, viral vectors utilized in a cell transduction step,
extrinsic particles (glass, cellulose, rubber), or leachables derived from primary
containers'®13, Sterile filtration of cell suspensions is not possible because of the inherent
size of cells; therefore, unwanted micrometer-sized particles will remain in the product if
their removal is not complete!. Cell-based impurities, on the other hand, comprise
materials originating from cells. These may be non-viable or non-therapeutic cells®, as
well as cell agglomerates and cellular debris®®. For example, necrosis induced in cells
exposed to extreme physiological conditions (pyroptosis) leads to plasma membrane
rupture, release of intracellular contents and formation of debris particles’. In contrast to
apoptotic (programmed) cell death, where cellular components are packaged into vesicles
and digested by appropriate caspases for facilitated removal by the immune system??,
necrosis produces debris with potent inflammatory properties. One of the results from
these debris particles may be an adverse immune response upon administration?®,
Furthermore, if larger micrometer-sized particles are introduced into the smaller blood

vessels, they may result in tissue damage from thromboembolism?°.

Forced degradation studies are commonly included in the development of any
pharmaceutical product as part of establishment of analytical methods and formulation
screenings?t?2. Alongside real time stability studies at the intended storage conditions,
forced degradation studies are applied to estimate the shelf-life of products as well as
define suitable storage and handling conditions?3. Moreover, this type of studies can
simulate accidental exposure of drug products to deleterious conditions and assist in the
evaluation of potential risks occurring to drug products throughout their product life-
cycle. These studies also assist in selecting appropriate excipients during formulation
development where the aim is to determine a component mixture achieving maximum
stability for the active pharmaceutical ingredient. Even though the manufacturability,
critical quality attributes (CQAs), degradation pathways and product degradants in CBMPs
will vary substantially from, e.g., protein-based therapeutics, the same concept of forced

degradation studies can be highly relevant in process and product development of CBMPs.
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Extensive testing of a CBMP prior to administration to a patient is a regulatory obligation
to assure the product is safe, efficacious and of good quality. The testing parameters
include identity, purity, activity and potency of cells. However, also cellular and non-
cellular materials must be identified and qualified'>?. For this purpose, reliable analytical
methods for characterization of product quality and stability testing are necessary®. In
this study we utilized flow imaging microscopy coupled with convolutional neural
networks (FIM-CNN) to establish a high-throughput and label free method for
quantification of viable and necrotic cells as well as debris particles in the size range from
1 to 50 um. We submitted Jurkat cells to external stress factors, which allowed us to
define the impact of thawing temperature, freeze-thaw stress and shaking stress on the
stability of Jurkat cells. In addition to FIM-CNN, we measured cell quality attributes,
including cell membrane integrity and cell metabolism, after exposure of the cells to the

same stress stimuli.
Materials and methods
Materials

T-cell leukemia cells (Jurkat, Clone E6-1, ATCC® TIB152™) were donated by Leiden
University Medical Centre (LUMC) as frozen 1-ml aliquots at a total cell concentration of
1x107 cells/ml (cells counted using NucleoCounter3000 [Chemometec]), and were stored
at -145 °C prior to usage. Jurkat cells were formulated in high-glucose RPMI 1640 (RPMI
medium; ThermoFisher, Waltham, USA) supplemented with 10% (v/v) fetal bovine serum
(FBS; Life Technologies, USA) and 10% (v/v) dimethyl sulfoxide (DMSO) (Life Technologies,
Carlsbad, USA). For washing and dilution steps RPMI medium, 1x phosphate buffered
saline (Gibco™, pH, 7.4; ThermoFisher, Waltham, USA) or fetal bovine serum stain buffer
(FisherScientific, New Hampshire, USA) was used. FBS (heat inactivated, sterile-filtered)
and DMSO (suitable for hybridoma, > 99.7%) were purchased from Sigma-Aldrich (St.
Louis, USA). Dead Cell Apoptosis Kit (annexin V, fluorescein isothiocyanate [FITC] and
propidium iodide [PI]), calcein AM dye and CyQUANT™ LDH kit were purchased from
(ThermoFisher, Waltham, USA).
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Forced degradation studies

Jurkat cells were exposed to three types of forced degradation studies, as described
below. Each of the three types of stress conditions were carried out in duplicate on

different days.
Thawing as stress factor

Single 1-ml frozen cell aliquots were transferred from storage at -145 °C on dry ice to a
water bath (GFL, Burgwedel, Germany) for thawing at 37 °C for 1 min 30 sec (the default
thawing condition). For investigation of other thawing temperatures, cells were also
thawed in a water bath at 25 °C for 2 min 40 sec and at 5 °C for 4 min 25 sec. Thawing in
the water bath was performed to solely dissolve the ice adhering to the walls of the
cryovials. Further, the 1-ml aliquot of the partially frozen cell suspension was transferred
into 40 ml of RPMI medium equilibrated to the thawing temperature, where the
remaining of the ice nucleus dissolved within seconds. The cell suspension was centrifuged
at 350 x g for 10 minutes at 20 °C, after which the supernatant was discarded and the
pellet was resuspended in 5 ml of RPMI medium. Total cell concentration and viability
were assessed by using a CASY counter (Bremen, Germany) and dilution to 1x108 cells/ml
was performed by addition of the required volume of RPMI medium (containing DMSO or

FBS where stated).
Freeze-thaw stress

DMSO, cooled on wet ice, was slowly added to cell suspensions (placed on wet ice) to
reach a target concentration 1%, 2.5%, 5% and 10% (v/v) at a cell concentration of 1x10°
cells/ml. Further, five 1-ml aliquots were prepared in 1.8-ml Nalgene cryovials, which were
submitted to freezing at -18 °C for 3 hours. This period of time was sufficient for complete
freezing of the aliquots. Prior to analysis, the samples were thawed for 2 min at 37 °C,
pooled and washed with fresh RPMI medium. Control samples were stored at 20 °C for 3

hours and were otherwise treated identically as the freeze-thawed samples.
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Shaking stress

Cells at a concentration of 1x10° cells/ml (without or with FBS at 10% [v/v]) were filled (1
ml) into five Nalgene cryovials (ThermoScientific, Waltham, USA) with a 1.8 ml volume
capacity. The cryovials were submitted to shaking by constant horizontal agitation at 185
rpm at 25 °C by using an IC 4000 shaker (IKA, Germany). Analysis of cell suspensions of
pooled cell aliquots was performed following 3 hours of shaking. Control samples were

stored statically and protected from light at 25 °C in cryovials, and subsequently pooled.
Flow imaging microscopy (FIM)

Cells (viable and necrotic) and debris particles were quantified by using a FlowCam 8100
(Fluid Imaging Technologies, Scarborough, USA) equipped with a 50-um flow cell. The
objective used resulted in a 20x magnification and sample imaging was performed by a
high-resolution CMOS camera (1920x1200 pixels) at 27 frames per second. In total, a
sample volume of 140 pl was measured with an efficiency of approximately 63% (i.e., the
imaged sample volume was ca. 87 pl). Particles imaged within the flow cell were detected
with intensity thresholds of 12 for light and dark pixels. Cleaning steps between sample
measurements involved thorough flushing of the flow cell with Terg-a-zyme® enzyme
detergent (1% [w/v]) and highly purified water. Collected images were not sorted by using
any morphological filters and samples were measured in triplicate, unless otherwise

stated.
Image analysis using convolutional neural networks

Particle images captured with a FlowCam were analyzed by using convolutional neural
networks (CNN). The CNN was based on the VGG-19 architecture described in our
previous study?®. Briefly, the VGG-19 network using rectified linear unit activation
functions, punctuated with max-pooling and dropout layers, was pre-trained on a
ImageNet dataset discussed in detail elsewhere?’. The re-training of the network was
performed with the first ten layers frozen in order to save computation time and improve
accuracy of the model by preserving its pre-learned feature recognition capabilities. For

fine-tuning we split our dataset into an 8:1:1 ratio for training, validation and testing,
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respectively. The model was optimized by running 19 epochs with a stochastic gradient
descent optimization algorithm and a 0.001 learning rate. The machine learning model
was performed by using Keras (2.2.4), Tensorflow (1.13.1) and Python (3.7.3) libraries, and
ran on a Nvidia Turing GPU with 11 GB of VRAM.

Generation of particle images for population discrimination

The CNN was fine-tuned on manually labeled images (4,000-4,500) of each of the three

populations: viable cells, necrotic cells and debris particles.

Images of viable cells were manually selected from measured samples consisting of Jurkat
cells with a viability of 86.8% (based on Pl assay). For selection of necrotic cells, two
separate methods were used to induce cell necrosis. Firstly, FlowCam images of cell
suspensions treated by heat (55 °C for 90 min) were collected, which showed a viability of
7.6% (based on Pl assay). Secondly, cells were imaged after incubation with ethanol (10%
(v/v)) for 90 min at 37 °C and had a determined viability of 12.8% (based on Pl assay). In
order to further define image populations of viable and necrotic cells for the network fine-
tuning, morphological parameters, such as aspect ratio, circle fit, convexity, sigma
intensity and symmetry, of the two populations were used. Only particles (cells) of
morphological parameter values falling between the 10*" and 90 percentile of the
manually selected population as viable and necrotic cells were taken for input to the
training of the model. Images of debris particles were manually selected from measured
suspensions of cells submitted to vortexing for approximately 2 min or two freeze-thaw

cycles (-140 °C - 37 °C).
Automated cell counting

A CASY TTC 150 (Omni Life Science, Bremen, Germany) cell counter equipped with a 150-

pum capillary was used for automated cell counting. Cells were diluted 100-fold in CASYton
(Omni Life Science, Bremen, Germany) shortly before analysis. Samples were measured in
duplicate and each measurement consisted of 5 sub-runs of 400 pl, resulting in more than

5,000 events counted per analysis.
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Imaging flow cytometry

To assess cell viability based on cell metabolism, imaging flow cytometry was used in
combination with the membrane-permeable dye calcein-AM (calcein-AM assay), at a final
concentration of 6.3 nM in the sample to be analyzed. After dye addition, cells were
incubated at room temperature for 30 minutes (in the dark) and further washed with 200
ul of stain buffer (with FBS; BD Bioscience, New Jersey, USA). Subsequently, samples were
analyzed by using an Amnis FlowSight imaging flow cytometer (Luminex, Seattle, USA) and
data were analyzed by using IDEAS 6.2.183 (Luminex, Seattle, USA) image analysis
software. Sample measurements were carried out by using a 20x magnification objective
in medium-sensitivity mode (132 mm/sec). The side scatter laser was set to 10 mW and
the 488-nm fluorescence excitation laser was set to 12 mW. Images of the calcein-AM
stained cells were recorded in channel 02 (532/55 nm). Brightfield acquisition was set to
channel 9 (582/25 nm) with automatically set intensities. Only particles with a Gradient
RMS >30 were collected as true events. Appropriate morphological filters were applied to
discriminate between cells and debris particles, in order to assess cell viability/necrosis on
the cell population only. Cell viability was calculated based on the proportion of viable
cells from the total population shown in Figure S1. Each measurement was performed in

duplicate.

Cell apoptosis and necrosis were determined by imaging flow cytometry after labelling of
the cells with annexin V-FITC and Pl assays. Sample preparation was carried out according
to the Dead Cell Apoptosis Kit instructions. After incubation for 15 min in the dark at room
temperature samples were kept on wet ice until analysis. After adjusting the excitation
power of the FlowSight imaging flow cytometer to 4 mW, the same instrument settings as
described in for the calcein-AM assay above was used. Brightfield as well as fluorescence
images in channels 02 (532/55 nm) for annexin V-FITC and channel 04 (610/30 nm) for PI
were recorded. Appropriate morphological filters based on mean intensity, area, aspect
ratio and modulation from channel 09 were applied to discriminate between single cells
and cell aggregates or debris particles. Once single cells were selected based on brightfield

images, mean intensity values from channel 02 (fluorescence) were plotted against the
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particle area (erode mask) where the positively stained cells were classified as viable. Cell
viability was calculated based on the proportion of viable cells from the total population

shown in Figure S1.
Lactate dehydrogenase release assay

Cell membrane integrity was assessed by using a lactate dehydrogenase (LDH) release
assay (CyQUANT; ThermoFisher, Waltham, USA). Loss of cell integrity was measured based
on the level of LDH released upon damage to the plasma membrane. The assay is based
on the conversion of lactate to pyruvate, which is catalyzed by LDH and results in
formation of NADH*. The tetrazolium salt included in the kit is reduced to formazan in
presence of NADH* and can be quantified by absorbance measurements at 490 nm with a
reference absorbance of 680 nm. Measurements were performed by using a Tecan Spark
plate reader (Tecan, Madnnedorf, Switzerland). The total cell concentration was adjusted to
ca. 150,000 cells/ml with RPMI medium (cell concentration to be within the linear range
for this assay (data not shown)). Cells were incubated at 37 °C and 5% CO2 for 45 min (with
spiked water or Triton X-100) before the assay was carried out according to the
manufacturer’s protocol. Release of the amount of LDH in the medium was calculated

according to Eq. 1:

Spontanous LDH activity

LDH release (%) = ( ) * 100 (Eqg. 1)

Maximum LDH activity

Spontaneous LDH activity was based on measurements of cell suspensions spiked with
water and maximum LDH activity values were derived from cell suspensions spiked with
Triton X-100 to a target concentration of 10% (v/v). The results for each sample are based

on measurements of four replicate wells.
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Results

Jurkat cell suspensions were submitted to thawing at three defined temperatures, freeze-
thawing in the presence of different DMSO concentrations and shaking in absence and
presence of FBS. The stressed samples were characterized by using orthogonal methods

for evaluation of the quality of cell suspensions.
FIM-CNN for measurement of cell counts, cell viability and debris particle concentration

We used FlowCam images of viable and necrotic cells as well as debris particles (Figure 1
A) to train a CNN for image classification. The recall value (proportion of positive
identifications of all true positives present in the population) for classification of debris
particles with our model was 99.5%, proving a high confidence of this classification
approach (Figure 1 B). Similar recall values were achieved for the viable and necrotic cell
populations (94.0% and 96.6%, respectively). For evaluation of the classification model
performance, the F1 score is an additional metric used to assess the weighted average of
the precision and recall. Here, the F1 score for debris, viable cells and necrotic cells was
determined to be 0.991, 0.933 and 0.919, respectively. Such high values confirm the low
number of incorrectly classified images during the testing phase of the network’s fine-
tuning. Therefore, FIM-CNN is presented in this study as a novel method for determination
of the concentration of viable and necrotic cells, as well as for quantification of debris

particles with a heterogeneous size distribution (Figure 1C).
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Figure 1: (A) Examplery FlowCam images selected for training of the CNN model, (B) confusion matrix obtained
from cross-validation analysis on image datasets not used during model training, (C) particle size distribution of

cell suspensions vortexed (enriched in debris particles), heat treated (enriched in necrotic cells) and freshly
thawed (viable cells) determined by using FlowCam.

Effect of thawing temperature

Frozen Jurkat cell suspensions were thawed at 5 °C, 25 °C and 37 °C to evaluate the impact
of thawing temperature on cell quality (Figure 2 A). FIM-CNN and automated cell counting
showed an increase in recovery of viable cells with increasing thawing temperatures.
Comparable concentrations of viable cells were obtained from both methods; however,
the counts for necrotic cells and debris particles differed substantially. FIM-CNN measured
a higher number of necrotic cells in samples thawed at 5 °C, as well as an increasing
concentration of debris particles with decreasing thawing temperature. At the lowest
tested thawing temperature of 5 °C, cell suspensions contained over 4x10° debris
particles/ml (i.e., 4-fold higher than the initial cell concentration), including dark and
dense particles which were not observed in cell suspensions thawed at 37°C and 20 °C

(Supplementary figure S2).
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High cell viability was recorded for aliquots thawed at 37 °C and 20°C (Figure 2 B). The two
fluorescence-based methods showed a viability between 86% and 91%, whereas with FIM-
CNN values were between 63% and 71%. However, a clear decrease in cell viability to 43%,
50% and 22% was observed for aliquots thawed at 5 °C according to the calcein-AM, Pl and
FIM-CNN assays, respectively. For all three thawing temperatures, there was a discrepancy
in the absolute values of determined cell viability, when comparing the two fluorescence-

based assays and FIM-CNN.

The annexin V-FITC assay suggests that cells are more likely to undergo apoptosis when
thawed at lower temperatures (Figure 2 C). In particular, a marked increase in apoptotic
cells can be observed in cell suspensions thawed at 5 °C. A similar trend was observed with

the LDH release assay, albeit less pronounced (Figure 2 FigureD).
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Figure 2: Measurements of cell aliquots after thawing at 5 °C, 25 °C and 37 °C. (A) Determination of concentration

of cellular debris, viable and necrotic cells measured by using FIM-CNN (FIM) and automated cell counting (ACC).
(B) Measurement of cell viability by performing calcein-AM (CA), propiodium iodide (Pl) and FIM-CNN assays.
Assessment of (C) cell apoptosis with annexin V-FITC assay and (D) LDH release. Error bars represent standard
deviations of mean values.

Effect of freeze-thawing

Jurkat cells formulated in RPMI medium and DMSO (0%, 1%, 2.5%, 5% and 10% [v/v]) were
submitted to one freeze-thaw cycle, which included storage of the cell suspensions at -18
°C for three hours and 2 min of thawing at 37 °C. Freeze-thawing of cell suspensions with
0% and 1% (v/v) DMSO led to a reduction of cell counts by >98%, indicating that under

these conditions practically all cells lose their viability (data not shown).

Concentrations of cells (viable and necrotic) and debris particles were determined by using
FIM-CNN (Figure 3 A and B). With higher DMSO concentrations, higher total cell

concentrations were observed after one freeze-thaw cycle, compared to lower tested
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cryoprotectant concentrations. Furthermore, cell suspensions with 10% (v/v) DMSO
contained the lowest number of debris particles after freeze-thawing. Total cell
concentrations prior to freezing (TO) and after three hours of storage at room temperature
(Ctrl) were comparable for each tested DMSO concentration. However, control cell
suspensions with 10% (v/v) DMSO showed slightly elevated debris contents compared to

TO and cell suspensions with lower DMSO content.

Interestingly, cell viability determined after freeze-thawing was heavily dependent on the
assay used (Figure 3 C). The calcein-AM assay suggested the smallest changes of cell
viability, with 85-90% cell viability, irrespective of DMSO content and time point. In
contrast, Pl and FIM-CNN assays showed noticeable (ca. 20%) losses in viability for cell
suspensions frozen with 2.5% (v/v) DMSO, indicating that this concentration of
cryoprotectant is insufficient for cell stabilization upon freezing. The Pl assay also showed
a smaller drop of ca. 10% in cell viability for cell suspensions with 5% and 10% (v/v) DMSO
for freeze-thawed and control samples compared to TO, whereas FIM showed such a
decrease in cell viability only for cell formulations containing 10% (v/v) DMSO. The toxic
effects of DMSO was demonstrated by loss of cell viability after an exposure of 3 hours at
RT for each tested concentration according to the Pl assay, and at 10% (v/v) based on FIM.
Based on the results from Pl and FIM, the best cell-stabilizing effect of DMSO was

achieved at 5% (v/v).
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Figure 3: Cell suspensions supplemented with DMSO at three different concentrations before (T0) and after a
single freeze-thaw step following a storage for 3 hours at either -18 °C (T1) or storage for 3 hours at RT (Ctrl). FIM
was used to measure the concentration of (A) total (viable + necrotic) cells and (B) debris particles. (C) Cell
viability was deteremined by using calcein-AM (CA), propiodium iodide (Pl) and FIM-CNN (FIM) assays. Error bars
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An increase in LDH release in the medium was observed in cell suspensions which
underwent freeze-thawing or were stored at room temperature in presence of DMSO
(Figure 4 A). Only small differences in LDH concentration were observed in cell
formulations with different DMSO concentrations. However, cells frozen with 5% (v/v)
DMSO showed less LDH release compared to suspensions with 2.5% and 10% (v/v).
Similarly, the fraction of apoptotic cells was smallest for cell suspensions with 5% (v/v)

upon freeze-thawing (Figure 4 B).
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of mean values.
Effect of shaking stress

Jurkat cell suspensions were submitted to horizontal shaking in presence and absence of
10% (v/v) FBS. Figure 5 A presents the total concentration of viable and necrotic cells, as
well as debris particles measured by FIM-CNN in the two cell formulations at given time
points. Following shaking stress, a substantial decrease in the total number of cells was
observed in formulations without FBS compared to cell suspensions containing FBS. A
remarkable increase in concentration of debris particles was observed for both
formulations. Notably, debris present in stressed cell suspensions supplemented with FBS
originated not only from ruptured cells but also from aggregated proteins present in FBS
(observed in stressed RPMI medium with 10% [v/v] FBS, data not shown). Cell viability
after shaking stress and quiescent storage was very similar to the viability of cells at TO

according to all three methods used (Supplementary figure S3).
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The LDH release in stressed cell suspensions was higher compared to TO or control cell
suspensions, irrespective of FBS content. The increase in LDH release in the formulation
with FBS was unexpected, given the observation that cell viability and cell concentration
remained unchanged at all sampling points. A slight increase in the apoptotic cell fraction
was observed after shaking in formulations with and without FBS, but a similar increase

was observed in the unshaken control. Thus, shaking stress did not have a detectable

impact on cell apoptosis in our study.
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Figure 5: Cell suspensions without or with FBS (10% (v/v)) before (T0) and after shaking (T1) or quiescent storage
(Ctrl) at room temperature. (A) Total concentration of cells (viable and necrotic) and debris particles by using FIM.
(B) LDH release and (C) apoptotic cell fraction quantified by using imaging flow cytometry (annexin V-FITC assay)
at given time points. Error bars represent standard deviation of mean values.
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Discussion

Currently approved CBMPs are either stored in a cryopreserved (frozen liquid) or a non-
frozen (liquid) state®. In both cases, cells may be exposed to all kind of stress factors, e.g.,
resulting from freeze-thawing or handling in the clinic prior to administration. This may
cause cell damage, loss in quality and potential clinical implications, such as serious
adverse effects or lack of drug efficacy. Cells have developed mechanisms to handle
certain stress stimuli by activating signalling pathways and stress response proteins®.
However, when the threshold of deleterious factors is surpassed, cells can abruptly lose
membrane integrity or undergo programmed death?®. Within human bodies, macrophages
and dendritic cells of the innate immune system are equipped with appropriate
mechanisms for removal of dying cells’?3. However, in CBMPs any cell degradants that
may be formed, such as dead cells and cell debris, will remain within the product and
might accelerate further cell degradation?. Furthermore, debris particles originating from
abruptly ruptured cells are deficient in “eat-me” signals of apoptotic cells?. After
administration, such necrotic cells and debris particles may trigger the immune system

potentially resulting in inflammatory responses®’.

Viable cell concentration is considered as one of the most important quality attributes of
CBMPs. A manifold of viability assays, based on the integrity of cell membrane or cellular
metabolism, is available®. However, common viability assays involve fluorescent staining
which encompass expensive fluorescent dyes and multistep preparation procedures with
incubation times. Additionally, manual gating in flow cytometers is heavily biased and
difficult to reproduce between different operators3%32, Thus, the drawbacks of these
assays limit their capabilities to be robust and high-throughput methods for quantification
of necrotic cells. Furthermore, classic trypan blue exclusion exhibits cytotoxic effects to
cells®3, whereas other colorimetric assays can be affected by the pH of the culture medium

or particular enzymes®°. These drawbacks may compromise assay accuracy and precision.

In our study we applied FIM-CNN to accurately determine the number of viable and
necrotic cells in suspensions of up to 200,000 cells/ml based on morphological appearance

of cells. Necrosis is manifested by several morphological changes to the cell appearance,
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including rounding of the cell and cytoplasmic swelling*. These are not obvious in the
FlowCam images to a human eye and are difficult to discriminate with the use of
morphological parameters output by the FlowCam software. However, pattern
recognition algorithms implemented in CNN models have been shown to successfully
discriminate between complex fingerprints, i.e., protein aggregate structures formed upon
different stress conditions3®, and proved to be successful in classification of cell-related

particles in our study.

The characterization of particulate matter in parenterals is described in pharmacopeial
monographs and products should meet the acceptance limits for subvisible particle
impurities sized above 10 um and 25 um?°. However, given the particulate nature of cells,
it is challenging to fulfil specific particle testing requirements applicable to injectable
products, as human cells fall within the subvisible size range (typically 7-30 um)3’. One of
the standard pharmacopeial methods for quantification of subvisible particle impurities,
light obscuration, will not discriminate between cells and other particulates. Hence, high-
throughput microscopy methods providing morphological data on particles within several
hundred pl are promising tools for evaluation of particulates in cell-based products.
Previously, the FIM approach was utilized to identify and quantify Dynabeads, which are
commonly used during cell activation, in cell suspensions?®. Moreover, FIM has also found
its use in detection of other particulates, such as process impurities in CBMPs*3. Here, by
using FIM-CNN, reliable numbers on the concentration of debris particles sized 1-50 um
could be obtained (Figure 1). Debris particles consist of a mixture of lipids, proteins,
nucleic acids and potentially other extrinsic particles, and thus are particulate impurities in
CBMPs. Nevertheless, the commonly applied cell characterization methods do not report
on the debris content within cell suspensions, likely omitting relevant information on the
potential implications for product quality (consistency and stability) and safety of these
drug products (see discussion above). In addition, debris content imaged by using a bright-
field microscope in cell suspensions was previously used to assess the level of late-stage
apoptotic primary human hepatocytes and MDCK cells32, Similarly, we observed that
exposure of cells to stress conditions led to an increase in cellular debris which correlated

well with loss in cell viability and total cell count.
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The unique supply chain of some CBMPs, where at least one freeze-thaw cycle is included,
makes cryopreservation crucial in conserving the integrity of the product.
Cryopreservation of human cells has been widely studied and multiple factors have been
found critical in this process3°#2. The freezing and thawing rates are two of the most
critical parameters to be optimized to achieve high recovery of functional cells post-
thawing. However, the optimal conditions are different for each cell suspension, and the
impact of the thawing rate is less understood compared to the effect of freezing rate on
cells*. Jurkat cells used in our study were submitted to controlled freezing with 10% (v/v)
DMSO at a rate of 1 °C min*. Subsequent thawing at 5 °C in a water bath had deleterious
effect on the viability and apoptotic rate of cells (Figure 2). The negative impact of slow
thawing on cells may result from recrystallization of ice. Metastable ice crystals formed
during freezing may have formed larger crystals upon thawing at 5 °C, leading to
denaturation of cellular proteins and disruption of membranes®:. Similar observations
were made by Thorpe et al., who reported that decreasing the thawing temperature led to
a lower survival of mouse lymphocytes*. On the other hand, our results are in
disagreement with another study in which the thawing temperature had minimal effects
on the survival of T cells®. In addition to reduced viability, we observed an increase in
concentration of debris particles at lower thawing temperatures with dense and irregular
particles formed at the lowest thawing temperature (Supplementary figure S2). Such

debris particles were not observed in cell suspensions thawed at 20 °C or 37 °C.

The presence of cryoprotectants is important for the cryopreservation of cells stored at
ultra-low temperatures (vapour phase of liquid nitrogen [< 120 °C]). DMSO is currently the
most widely used cryoprotectant in cryobiology“C. Its amphiphilic and water-binding
properties allow for a ready pass through cell membranes, thereby avoiding the efflux of
water from the cytoplasm and thus preventing cellular dehydration upon freezing. At
commonly used DMSO concentrations, such as 5-10% (v/v), formation of large
intracellular and extracellular crystalline lattices is prevented by interfering with water
molecules®. Formation of ice crystals and preservation of cell viability will also depend on
the cooling rate, where the preferred very slow cooling rates (0.1 °C min') produce fine

dendritic ice structures and fast cooling rates (10 °C min') generate large ice crystals *. In
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our study, Jurkat cells were subjected to passive (uncontrolled) freezing at -18 °C in
presence of DMSO at a concentration ranging from 0% to 10% to mimic unintentional
freezing. In agreement with previously reported data®, the lowest tested DMSO
concentrations (i.e., 0% and 1%) did not show any cryoprotection towards cells upon
freeze-thawing as nearly a complete loss in cell viability was observed (data not shown). In
contrast, the highest tested DMSO concentration of 10% (v/v) showed the highest cell
recovery after one freeze-thaw cycle with the lowest number of debris particles present in
cell suspensions (Figure 3). Although, control samples (stored at RT) with the highest
tested DMSO concentration showed an increase in debris particle over time, most likely

due to its cytotoxic effect on cells.

Interestingly, the three viability assays used in our study did not provide conclusive results
on the degree of protection against freeze-thawing at each tested DMSO concentration.
The calcein-AM assay showed to be least sensitive in detecting changes in cell viability
after freeze-thaw, whereas the Pl and FIM assays detected a substantial drop in viability in
suspensions with 2.5% (v/v) DMSO. However, for cell suspensions with 5% and 10% (v/v)
DMSO, a reduced viability was observed with the Pl assay for freeze-thawed and control
samples, whereas FIM suggested minimal impact of freeze-thawing on cell viability with
5% (v/v) DMSO. It should be noted that each of the viability assays used may result in
different outcomes given the different assay principles. For example, when using the
calcein-AM assay, some apoptotic cells would be metabolically active and show positive
staining, whereas others may be classified as necrotic. In the Pl assay, only Pl positive cells
were classified as necrotic and cells undergoing early apoptosis did not show fluorescence,
thus were regarded as viable. However, it is not currently possible to discriminate
apoptotic cells by using FIM-CNN, therefore these cells may be classified to either the
viable or necrotic population. In addition, post-thawed cell suspensions with 5% (v/v)
DMSO showed the smallest fraction of apoptotic cells (based on annexin V-FITC assay) and
the lowest LDH release, compared to the two other tested DMSO concentrations (Figure
4). Similar observations were made for peripheral blood stem cells*”*8. After
cryopreservation with 5% DMSO, less apoptotic and necrotic peripheral blood stem cells

compared to suspensions with 10% DMSO were measured*®. The apoptosis-inducing
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effect of DMSO, via interaction with the PD-1 receptor and their ligands*®, was observed in
our control group where a nearly 2-fold increase in apoptotic cell content was recorded.
Taking into consideration the toxicity of DMSO and its potential to cause adverse effects
upon administration®’, optimization of the DMSO concentration, or its replacement by a
less cytotoxic alternative, should be an important focus during formulation development
of cryopreserved CBMPs. Furthermore, effects of freeze-thawing on the functionality of
cells and cellular biochemical pathways was beyond the scope of this study, but should

also be tested during the development of CBMPs2>%,

Mechanical stress is potentially the most frequent stress factor to which
biopharmaceutical products are exposed to during processing, transportation and
handling®. Solid-liquid and air-liquid interfaces play a crucial role in the formation of
particles in protein-based formulations during agitation®’. Thereby, amphiphilic, non-ionic
surfactants (e.g., polysorbate 20 or 80) are commonly used in order to reduce protein
aggregation upon interfacial stress and mechanical shock®?. Unfortunately, such an
approach may not be successful for CBMPs, as polysorbates have lytic effects on cells even
at low concentrations®. Up to date, mild shaking conditions were applied to cell
suspensions mainly for the purpose of cell expansion or to induce formation of cell
aggregates for creation ex vivo tissue models>*>°, In our study, we instigated harsher
stress conditions to mimic potential “real-life” mechanical stress which has been shown to
have detrimental effects on protein-based therapeutics®>>!, Cell suspensions filled into
cryovials and positioned vertically were unaffected by shaking speeds up to 500 rpm.
However, positioning of the cryovials horizontally led to a dramatic loss (ca. 50%) of total
cell concentration after relatively short shaking stress at 185 rpm (Figure 5). Although the
cell viability was unaffected by the mechanical stress according to the two fluorescence-
based methods and FIM-CNN, LDH release and apoptosis were markedly increased
compared to control samples. The increase in free LDH content suggests compromised cell
quality and illustrates the value of using orthogonal cell characterization techniques.
Furthermore, FBS demonstrated a protective effect towards cells upon shaking. While FBS
is a commonly used supplement in cell culture and may be protective towards cells against

mechanical stress, it is considered as a process-related impurity that is difficult to remove
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in the downstream processing steps?. Additionally, FBS is of non-human origin, which is
associated with safety and immunogenicity concerns. Moreover, bovine serum proteins
are also susceptible to aggregation and may form particulate species, which add another
unwanted complexity with respect to particulate impurities in CBMPs*°. Ultimately, a
wider array of formulation excipients should be tested in cell suspensions submitted to
forced degradation studies in order to allow for a decision-based formulation strategy of

CBMPs.
Conclusions

To the best of our knowledge, this study is the first to demonstrate the application of
systematic forced degradation studies in the evaluation of cell stability and formulation,
using Jurkat cells as model. The uniform cell line of immortalized cells may not fully reflect
the behaviour of cell samples used in clinics. The aging of primary human cells will introduce
a much greater heterogeneity on morphological cell features and pose greater challenges
for acquisition of quality parameters. However, application of CNN for image classification
allowed us to utilize FIM as a robust and fast analytical tool for characterization of cell
suspensions, which has the potential for translation into assessment of “real-life” samples.
Cell viability was assessed by using FIM-CNN in addition to other established approaches
and a good correlation between the methods was observed. In addition, quantification of
debris particles in CBMPs was only possible with FIM-CNN, highlighting the method’s ability
to monitor particulate impurities in cell suspensions. Overall, our study shows that thermal,
freeze-thaw and shaking stresses are relevant tools for CBMP formulation studies.
Moreover, it illustrates the importance of choosing a broad range of analytical methods to

better understand the impact of each stress factor on CBMP quality.
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Supplementary figure S1: Manual gating of (a) freshly thawed cells, (b) heat treated cells, (c) camptothecin
treated cells measured by using annexin V-FITC and Pl assay. Viable cells consist of healthy and apoptotic cells.
Manual gating of (d) freshly thawed cells and (e) digitonin treated cells measured by using calcein-AM assay.
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Supplementary figure S2: (A) Size distribution of Jurkat cells measured by using FIM after thawing at 5 °C and 37
°C. (B) Exemplary images of particles detected in Jurkat cell suspensions after thawing at 5 °C. Particles
highlighted in the red boxes were not present in thawed suspensions at 20 °C and 37 °C
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Supplementary figure S3: Measurements of cell viability by performing calcein-AM (CA), propiodium iodide (Pl)
and FIM-CNN (FIM) assays after horizontal shaking in absence and presence of 10% (v/v) FBS. (A). Error bars
represent standard deviation of mean values.
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Summary and conclusions

The establishment of analytical methods for characterization of particles in
biopharmaceutical products is of critical importance during drug product development.
Early assessment of particulate impurities and degradation pathways in protein-based
formulations during (accelerated) storage and forced degradation conditions can decrease
the chances of clinical failures at later stages of development and support the quality
assessment of drug products. Furthermore, cell-based medicinal products (CBMPs), an
emerging class of therapeutics, are comprised of heterogeneous mixtures of particulates
and require analytical methods with advanced data processing approaches for

comprehensive product characterization.

In Chapter 2, we investigated the advantages and limitations of a recently developed
nanoparticle characterization technique — microfluidic resistive pulse sensing (MRPS). The
single particle analysis technique was compared to other more established particle
characterization techniques, including dynamic light scattering (DLS), nanoparticle tracking
analysis (NTA) and resonant mass measurement (RMM), with respect to particle sizing and
counting. To this end, samples comprising polystyrene beads, liposomes, bacteria and
protein aggregates were measured. MRPS was shown to have the widest measurable
concentration range amongst all tested techniques. This would make MRPS superior in
quantification of drug products with high particle loads, such as virus- or liposomal-based
products, as no dilution of the sample is required. MRPS, RMM and NTA are single particle
counting techniques, thus their sizing resolution of samples with heterogeneous particle
populations is superior to that of DLS. More in-depth examination of size resolution
revealed that MRPS slightly outperforms RMM, whereas NTA demonstrated the poorest
capabilities in resolving two distinct particle populations. However, the requirement of a
relatively high electrical conductivity for samples measured by using MRPS can be a

limitation of the technique, as shown in the next chapter.

Chapter 3 describes a follow-up study on nanoparticle characterization techniques for the
analysis of proteinaceous particles within a mAb formulation. In particular, the impact of

spiking electrolytes into mAb formulations was investigated. Measurements with tunable
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Summary, conclusions and perspectives

resistive pulse sensing (TRPS) and MRPS require samples to have sufficient electrical
conductivity. For commonly used protein formulations with low electrical conductivity,
samples must be spiked with electrolytes prior to analysis. However, by using RMM and
NTA we found a substantial increase in nano-meter sized particles in heat stressed
monoclonal antibody (mAb) formulations that were spiked with sodium chloride or
histidine. Such a change upon spiking was not observed for unstressed protein samples.
Therefore, the impact of adding electrolytes to protein formulations for resistive pulse
sensing measurements requires prior assessment with respect to the stability of protein

monomers and aggregates.

In Chapter 4, we investigated the immunogenicity of previously discovered nanoparticle
impurities (NPIs) present in sugars of pharmaceutical grade2. NPIs isolated from
pharmaceutical-grade sucrose, a commonly used formulation excipient, were found to
contain B-glucans that can act as adjuvants in the presence of immunogenic agents (e.g.,
protein aggregates). In contrast to previous studies, trastuzumab formulations incubated
for several hours in presence of NPIs showed only a minor increase in the concentration of
nano-meter sized particles and no substantial increase in the levels of micro-meter sized
particles. NPIs alone at a high concentration (10° p/ml) or in the presence of trastuzumab
at 1 mg/ml did not activate monocyte-derived dendritic cells (moDC). These results
suggest that, in contrast to our expectations, NPIs in the presence or absence of protein

are not immunogenic in the tested in vitro model.

Chapter 5 focused on the role of the grade polysorbate 80 (PS80), another important
excipient, on its protein-stabilizing effect during mechanical stress. Exposure of protein
formulations to mechanical stress is known to lead to particle formation®*. Two grades of
PS80, i.e., specified by the United States Pharmacopeia (USP) and the Chinese
Pharmacopeia (ChP), were tested for their stabilizing properties towards a model mAb
under three mechanical stress conditions: shaking, free-fall and pumping. UV
spectroscopy, DLS, backgrounded membrane imaging (BMI) and flow imaging microscopy
(FIM) were used for assessing the stability of the mAb under these conditions. Despite the

higher purity of ChP PS80 (content of oleic acids >98%) compared to USP PS80 (content of
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oleic acids 50-60%), no clear differences in terms of functionality were observed between
the two grades. Taking into consideration the lower chemical stability of ChP PS80
compared to USP PS80°, high purity grade polysorbate may not provide greater stability

towards mAbs upon long-term storage.

The focus of the studies described in chapters 6 and 7 was the analytical characterization
of CBMPs. The research aimed to expand the currently limited analytical toolbox for the
characterization of cell suspensions. In chapter 6, we developed a method based on FIM
assisted with convolutional neural networks (FIM-CNN) for image analysis to detect and
quantify particulate impurities in CBMPs. The focus was set on the identification of
Dynabeads, antibody coated magnetic beads used for cell activation, in the presence of
Jurkat cells at a concentration up to 500,000 cells per ml. The standard morphological
parameters obtained from the instrument’s software were not sufficient for
discrimination between Dynabeads, cells, cellular debris and adducts (Dynabeads attached
to cells). Thus, machine learning for image classification was implemented in this study. By
using FIM-CNN, the error rate in classification of Dynabeads dropped by 50-fold compared
to using the standard morphological parameter approach. Furthermore, a limit of
quantification (LOQ) was determined at 50,000 beads/ml with a high recovery and low
variability in concentration determination above the LOQ. The work performed in chapter
6 paved the way to study the stability of Jurkat cell suspensions submitted to forced
degradation conditions. Chapter 7 described the characterization of cell suspensions
submitted to different stress conditions: thawing at various temperatures, freeze-thawing
and shaking. Analysis of cells was performed by using the newly developed FIM-CNN
alongside more established fluorescence-based cell characterization techniques. FIM-CNN
was applied to determine the concentration of cells (viable and necrotic) and debris
particles. The viability results obtained from FIM-CNN compared well to the read-outs of
calcein-AM and propidium iodide assays. Thawing of frozen cell aliquots at low
temperature (5 °C) showed to be detrimental to cell viability and count, compared to
thawing at 20 and 37 °C. Furthermore, cells were formulated with different DMSO
concentrations (0 - 10% [v/v]) and submitted to one freeze-thaw cycle (-20 °C — 37 °C). The

lowest DMSO concentration tested (1% [v/v]) showed no protective effects upon freeze-
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thawing, whereas the best cell-stabilizing properties of DMSO were achieved at 5% (v/v).
Horizontal shaking of cell suspensions did not affect the cell viability at the tested
conditions, but rather led to a substantial decrease in total cell counts. The drop in cell
concentration after shaking stress was mitigated by addition of FBS (10% [v/v]) to the cell
suspension. Our findings show the usefulness of the three types of forced degradation
studies for CBMP formulation studies, as well as the importance of including orthogonal

analytical techniques for cell characterization.
Perspectives

Characterization of particles within the nano- and micro-meter size range is an important
aspect in the development of novel biopharmaceutical drug products. The work in this
thesis aimed to strengthen the knowledge on current analytical techniques and methods
used for the assessment of particle populations in protein- and cell-based formulations.
New approaches utilizing artificial intelligence were introduced, which in future studies
should be further developed in order to maximize the information obtained from data
produced by particle characterization methods. Other objectives of upcoming research
should attempt to further increase the fundamental understanding of the quality of

current and prospective excipients in relation to their functionality in drug products.
Particulates in drug products

One of the main concerns with respect to the quality and stability of biopharmaceuticals is
the presence of particulate impurities in drug products. The industry is currently showing
great interest in the identification and characterization of impurities in raw materials in
order to improve their quality through better manufacturing and purification processes.
For example, Merck has recently released an improved multi-compendial grade of sucrose
(Emprove Expert) that is low in nanoparticle content. The eliminated nanoparticulate
impurities from sucrose have been shown to destabilize mAbs'2. However, for excipients
of a more complex chemical nature than sucrose, higher purity may not always translate
into better performance and stability. Manufacturers of surfactants are keen to improve

the quality of their products by producing polysorbate 20 (PS20) and polysorbate 80
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(PS80) of higher purity grades. Unexpectedly, the increased content of lauric acid and oleic
acid in PS20 and PS80, respectively, has shown to considerably exacerbate the risk of
oxidative degradation®. The instability of polysorbates in protein formulations may result
in the formation of insoluble fatty acid particles which pose a threat to protein stability®.
Furthermore, as demonstrated in this thesis, the functionality of PS80 in mAbs

formulations did not improve with increased content of oleic acid.

In recent years, a manifold of new structural formats of therapeutic antibodies, as well as
other proteins, nucleic acids, viruses and cells have been designed to exhibit potential
therapeutic effects” . In contrast, the list of excipients used to maintain the stability and
efficacy of drug products remained relatively constant. Out of the vast number of chemical
entities available, only 57 are used as excipients in marketed biopharmaceutical
products'!. With the support from academia, industry and regulatory authorities, further
research should look for novel excipients that are able to better stabilize
biopharmaceuticals and/or are more stable themselves. In any case, the quality and
stability of excipients should be carefully evaluated in future work where new and/or

commonly used stabilizing agents are incorporated into formulations.

Particles in drug products can also serve a positive role and act as the active
pharmaceutical ingredient (API), a drug delivery vehicle or a (viral) vector for gene
therapies. For example, the recently approved mRNA-based COVID-19 vaccines use lipid
nanoparticles (LNPs) to deliver the nucleic acids into the cells where the expression of the
encoded virus spike protein can take place!?. The efficacy of mRNA-LNP vaccines is heavily
dependent on the composition, size distribution and quantity of the nanoparticle
population®3. The same holds true for gene therapy products utilizing recombinant viral
vectors for achieving the desired therapeutic effect. For instance, unwanted
immunotoxicity and altered biodistribution resulting in inconsistent in vivo functionality
can result from instability of virus particles and formation of aggregates!®. Furthermore,
the cells in CBMPs are micro-meter sized API particles. Demonstrating the integrity and
concentration of these particles requires robust and accurate particle (cell)

characterization techniques.
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Particle characterization techniques

Characterization of particles in biopharmaceutical products has been an active field of
research in the past decade®>!°. Despite the significant advancements made in
technologies used for the detection, sizing, counting and characterization of particles in

the nano- and micro-meter size range, several challenges remain.

Techniques based on particle-light interactions play a major role in the detection and
analysis of nanoparticles. Examples include dynamic and static light scattering (DLS and
SLS, respectively), and nanoparticle tracking analysis (NTA). These techniques can be used
for early detection of the onset of protein aggregation and particle formation?%?2, NTA has
additionally been validated by several research groups for the sizing of polydisperse
nanoparticles, showing high accuracy and precision in the determination of the mean size
for distinct particle populations?*2>, However, not all samples may be suitable for these
techniques; high background noise arising from formulation components can disturb the
analysis and the presence of larger particles scattering more light will overshadow
particles of smaller size. Alternative techniques have been developed to cover the “sub-
micron gap” and overcome some of the challenges encountered with light scattering-
based techniques. Examples include resonant mass measurement (RMM) and resistive
pulse sensing (RPS), both of which provide some advantages with respect to sizing
resolution and elimination of artefacts arising from light scattering events. Nonetheless,
the microfluidic systems employed within these techniques require laborious cleaning
procedures or can result in blockages, which compromises sample throughput.
Furthermore, the precision with respect to quantification of nanoparticles remains low,
especially for inter-laboratory experiments (Benkstein et al., in preparation). The reason
for the imprecise quantification is related to the minuscule volume analyzed per
measurement. For example, a single measurement performed by NTA processes ca. 0.08
nl of sample, and RMM or RPS can process up to several hundred nanolitres. Given the
absolute concentration is provided in particles per millilitre, the extremely high
extrapolation factors lead to high deviations in cases where small differences in particle

counts are measured. Technical improvements in design to increase the volume of analyte
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measured would increase the reliability and robustness of nanoparticle characterization

techniques.

Several orthogonal techniques for characterization of micro-sized particles were
developed within the past few years and include holographic video microscopy (HVM)?6,
backgrounded membrane imaging (BMI)?” and imaging flow cytometry (IFC)?® . One
advantage of HVYM and BMI, compared to light-based techniques, is that results are
unaffected by the differences in refractive indices between measured particles and
formulation buffer. Both techniques can therefore be considered for measurements of
formulations with high protein or sugar concentrations. In addition, BMI results should not
be affected by air bubbles or silicone oil droplets, because these will pass through the
porous membrane. BMI and IFC techniques include fluorescence detection systems
offering chemical identification of particles based on the selectivity of fluorescent probes
used for staining particles of interest. The currently established light obscuration and flow
imaging microscopy (FIM) techniques have been compared and critically evaluated with
respect to size and concentration determination by several research groups?°3¢. More
recently, advanced computational methods, such as machine learning (ML), have been
utilized in processing images derived from FIM*37-3°_|n this way, the limitations of
standard particle classification approaches, which are based on morphological particle
parameters derived from the instrument’s software, were overcome*®*, The intrinsic
morphological features extracted from bright-field images by using machine learning
allowed for recognition of minute differences in particle morphologies. Thereby,
discrimination of particles highly similar in appearance, but of different origins, was
possible to achieve. Integration of machine learning for image segmentation in a newly
developed FIM instrument was also suggested by Krause et al.2. An oil-immersed
objective embodied into the FIM device allows for detection of particles in the sub-micron
and low micron range (0.3 — 10 um). The current limitations of this method include low
image contrast of particles and light-scattering, both of which can be potentially resolved
by application of more sophisticated thresholding algorithms. Advancements in computer
vision and image processing algorithms should be applied in future work on

characterization of particles in the nano- and micro-meter size range in order to derive
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more information from captured images as well as from other parameters (e.g.,

fluorescence data).
Development of cell-based medicinal products (CBMPs)

The current preliminary stage of cell therapy approaches as well as the limited number of
analytical techniques applied for the characterization of CBMPs makes this field highly
attractive for future research. Application of new analytical techniques, such as FIM, for
the characterization of cells and particulate impurities in cell suspensions is necessary to
help ensuring the quality of CBMPs*. Some of the analytical methods being examined for
cell characterization have been originally developed for small molecules or protein-based
therapeutics. Therefore, applying them to cells may not be straightforward and multi-
analytical based approaches may be required for accurate product characterization!%44-4¢,
In contrast to mAbs and other therapeutic proteins, therapeutic cells exhibit high levels of
heterogeneity originating from patient/donor, harvesting and processing methods and
storage/transportation conditions*”*°. Therefore, repeatable and robust analytical
methods are essential for defining quality attributes and decision making at all stages of a
CBMP’s life cycle. On the one hand, especially for autologous products, for which the
amount of material usually is very limited and the time available for testing is short, it is
crucial to develop analytical methods that are fast and require very low sample volumes.
On the other hand, comprehensive analysis of CBMPs requires the assessment of
numerous attributes such as sterility, cellular or process impurities, cell viability, cell
concentration, potency, and functionality. For this reason, the applicability of statistical
methods should be explored in experiment design and data interpretation, where the
impact of multiple parameters can be individually assessed and correlated with the

product’s CQAs>°.

Present formulations of CBMPs are at an early stage of development and are usually
limited to several isotonic multi-electrolyte solutions with few types of cryoprotectant
agents (CPAs)>L. Currently the most widely used CPA with best cell stabilizing properties
upon freezing is dimethyl sulfoxide (DMSO). However, alternative plausible CPAs are

needed, as DMSO at the used concentrations is toxic to cells in a non-frozen state and has
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the potential to cause adverse effects in patients®2. Thus, further research is required in
this arena in order to understand cell-excipient interactions, demonstrate cell-stabilizing
properties of novel (preferably not of human or animal origin) excipients and recognize
degradation pathways occurring at different stress conditions. An important consideration
is that the active ingredients in CBMPs are living cells that secrete various cytokines,
metabolites or growth factors into the media, adding an additional layer of complexity.
Selection of primary packaging materials is another consideration for CBMPs due to the
potential interactions of cells with the primary packing material®3. Some CBMPs are
submitted to extreme environmental conditions (i.e., freezing at ultra-low temperatures)
during product processing, transportation and storage. Such conditions not only may
affect the cells but also can alter the properties of primary packaging materials, such as
vials, stoppers and (cryo)bags, consequently compromising container closure integrity>*.
Taking advantage of the lessons learned and experiences gained during development of
protein-based products, further research should focus on establishing comprehensive

analytical techniques and formulation strategies for CBMPs.
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Samenvatting en conclusies

Het ontwikkelen van analytische methoden voor de karakterisering van deeltjes is van
groot belang tijdens de ontwikkeling van biofarmaca. Vroegtijdige bepaling van
deeltjesonzuiverheden en degradatieprocessen in therapeutische eiwitformuleringen
tijdens (versnelde) opslag en geforceerde degradatieomstandigheden kan de kans op
klinische mislukkingen in latere ontwikkelingsstadia verkleinen en de stabiliteits- en
kwaliteitsbeoordeling van deze geneesmiddelen ondersteunen. Daarnaast zijn op cellen
gebaseerde geneesmiddelen (cell-based medicinal products; CBMPs) in opkomst, welke
gebaseerd zijn op heterogene suspensies van verschillende deeltjes. Hiervoor zijn
analytische methodes nodig in combinatie met geavanceerde dataverwerking om een

uitgebreide productkarakterisering mogelijk te maken.

In hoofdstuk 2 onderzochten we de voordelen en beperkingen van een recentelijk
ontwikkelde techniek om nanodeeltjes te karakteriseren: microfluidic resistive pulse
sensing (MRPS). Deze analysetechniek die in staat is individuele deeltjes in een oplossing
te analyseren was vergeleken met bestaande deeltjesanalysetechnieken, waaronder
dynamic light scattering (DLS), nanoparticle tracking analysis (NTA) en resonant mass
measurement (RMM), met betrekking tot het bepalen van de deeltjesgrootte en het
deeltjesaantal. Hiervoor werden monsters gemeten met polystyreennanodeeltjes,
liposomen, bacterién en eiwitaggregaten. MRPS bleek van alle geteste technieken het
breedste meetbare concentratiebereik te hebben. Dit zou MRSP superieur maken voor
het kwantificeren van medicamenten met hoge deeltjesaantallen, zoals formuleringen op
basis van virussen en liposomen, aangezien er geen verdunning van het monster nodig is.
MRPS, RMM en NTA zijn technieken voor het tellen van individuele deeltjes, waardoor de
resolutie bij het bepalen van de deeltjesgrootte in monsters met heterogene
deeltjespopulaties superieur is aan die van DLS. Uit verder onderzoek naar de resolutie
voor de deeltjesgrootte bleek dat MRPS ietwat beter presteerde dan RMM, terwijl NTA
het slechtst in staat was om onderscheid te maken tussen twee groepen deeltjes met elk

een andere grootte. Het feit dat metingen via MRPS een relatief hoge elektrische geleiding
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van monsters vereisen kan echter een beperkende factor zijn van deze techniek, zoals in

het volgende hoofdstuk is beschreven.

Hoofdstuk 3 beschrijft een vervolgstudie over nanodeeltjesanalysetechnieken voor het
analyseren van eiwitdeeltjes in een oplossing van een monoclonaal antilichaam
(monoclonal antibody; mAb). In het bijzonder werd het effect van de toevoeging van
elektrolyten op de stabiliteit van de mAb onderzocht. Metingen met tunable resistive
pulse sensing (TRPS) en MRPS vereisen dat de monsters genoeg elektrische geleiding
hebben. Voor algemeen gebruikte eiwitformuleringen met een lage geleiding moeten
elektrolyten worden toegevoegd voordat een monster gemeten kan worden. Door gebruik
te maken van RMM en NTA werd echter een substantiéle verhoging van het aantal
nanometerdeeltjes gevonden in aan hitte blootgestelde mAb-formuleringen waaraan
natriumchloride of histidine was toegevoegd. Een dergelijke verandering werd niet
vastgesteld in verhitte eiwitmonsters zonder zulke toevoegingen. Daarom dient
voorafgaand aan metingen met resistive pulse sensing het effect van de toevoeging van
elektrolyten aan eiwitformuleringen op de eiwitstabilitieit, met name aggregatie, vooraf

bepaald te worden.

In hoofdstuk 4 onderzochten wij de immunogeniciteit van eerder vastgestelde
nanodeeltjesonzuiverheden (nanoparticulate impurities; NPIs) in suikers van
farmaceutische kwaliteit. NPIs geisoleerd uit sucrose van farmaceutische kwaliteit, een
veelgebruikte hulpstof in eiwitformuleringen, bleken B-glucanen te bevatten die als
adjuvantia kunnen fungeren in de aanwezigheid van immunogene stoffen (zoals
eiwitaggregaten). In tegenstelling tot eerder onderzoek werd in
trastuzumabformuleringen die gedurende enkele uren waren geincubeerd met NPIs
slechts een geringe toename in de concentratie van nanodeeltjes en geen substantiéle
toename in microdeeltjes vastgesteld. NPIs in een hoge concentratie (10 p/ml), al dan
niet in combinatie met 1 mg/ml trastuzumab, zorgde niet voor de activatie van monocyte-

derived dendritic cells. Deze resultaten suggereren dat, in tegenstelling tot onze
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verwachting, NPIs in zowel de aan- als afwezigheid van eiwitten niet immunogeen zijn in

het gebruikte in vitro model.

Hoofdstuk 5 richtte zich op de rol van de zuiverheid van polysorbaat 80 (PS80), een ander
belangrijke hulpstof, op het eiwit-stabiliserend effect tijdens blootstelling aan
mechanische stress, waarvan bekend is dat dit kan leiden tot de vorming van
eiwitaggregaten in de vorm van deeltjes. Twee soorten PS80, gespecificeerd door de
United States Pharmacopeia (USP) en de Chinese Farmacopee (ChP), werden getest op
hun stabiliserende werking op een model mAb onder drie mechanische-
stressomstandigheden: schudden, vrije val en pompen. UV-spectroscopie, DLS,
backgrounded membrane imaging (BMI) en flow imaging microscopy (FIM) werden
gebruikt ter bepaling van de stabiliteit van de mAb onder deze omstandigheden. Ondanks
de hogere zuiverheid van ChP PS80 (gehalte aan oliezuur >98%) in vergelijking met USP
PS80 (gehalte aan oliezuur 50-60%), werden geen duidelijke verschillen in functionaliteit
waargenomen. Rekening houdend met de lagere chemische stabiliteit van ChP PS80 in
vergelijking met USP PS80, biedt ChP PS80 ondanks de hogere zuiverheid wellicht geen

voordelen voor de stabilisatie van mAbs.

De nadruk van de in de hoofdstukken 6 en 7 beschreven studies lag op de analytische
karakterisering van een innovatieve, op cellen gebaseerde geneesmiddelencategorie,
CBMPs. Het onderzoek was gericht op het uitbreiden van de momenteel beperkte

analytische gereedschapskist voor de karakterisering van celsuspensies.

In hoofdstuk 6 ontwikkelden we een op FIM gebaseerde methode, in combinatie met
convolutionele neurale netwerken (FIM-CNN) voor beeldanalyse, voor het detecteren en
kwantificeren van de deeltjesonzuiverheden in CBMPs. De focus werd gelegd op de
identificatie van Dynabeads, met antilichamen gecoate magnetische microdeeltjes die
worden gebruikt voor celactivering, in aanwezigheid van Jurkat-cellen in een concentratie
tot 500,000 cellen per ml. De morfologische standaardparameters afkomstig van de
software van het gebruikte instrument (FlowCam) waren onvoldoende om onderscheid te
maken tussen Dynabeads, cellen, celresten en adducten (aan cellen gehechte Dynabeads).

Daarom werd in deze studie gebruik gemaakt van machine learning voor beeldclassificatie.
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Samenvatting en conclusies

Door gebruik te maken van FIM-CNN daalde het foutenpercentage bij de classificatie van
Dynabeads met het 50-voudige in vergelijking met de standaard morfologische
parameterbenadering. Bovendien werd een limit of quantification (LOQ) vastgesteld bij
50,000 Dynabeads/ml met een hoge nauwkeurigheid en een lage variabiliteit in de

concentratiebepaling boven de LOQ.

Het in hoofdstuk 6 verrichte werk legde de basis voor het bestuderen van de stabiliteit
van Jurkat-celsuspensies die worden onderworpen aan geforceerde
degradatieomstandigheden in hoofdstuk 7: ontdooien bij verschillende temperaturen,
vriezen-dooien en schudden. De analyse van cellen werd uitgevoerd door gebruik te
maken van de nieuw ontwikkelde FIM-CNN, naast meer conventionele op fluorescentie
gebaseerde celkarakteriseringstechnieken. FIM-CNN werd toegepast om de concentratie
van cellen (levensvatbare en necrotische) en overige deeltjes (waaronder celdebris) te
bepalen. De met FIM-CNN verkregen resultaten inzake levensvatbaarheid waren goed te
vergelijken met die van calceine-AM- en propidiumjodide-assays. Het ontdooien bij lage
temperatuur (5 °C) van bevroren cellen bleek nadelig te zijn voor de levensvatbaarheid en
het aantal cellen, vergeleken met ontdooien bij 20 en 37 °C. Bovendien werden cellen
geformuleerd met verschillende dimethylsulfoxide (DMSO)-concentraties (0 - 10% [v/v])
en onderworpen aan één vries-dooicyclus (van -20 °C naar 37 °C). De laagste geteste
DMSO-concentratie (1% [v/v]) vertoonde geen beschermende effecten, terwijl de beste
celstabiliserende eigenschappen van DMSO werden bereikt bij 5% (v/v). Horizontaal
schudden van celsuspensies had geen invloed op de levensvatbaarheid van de cellen
onder de onderzochte omstandigheden, maar leidde wel tot een aanzienlijke daling van
het totale aantal cellen. De daling van de celconcentratie na schudden werd verminderd
door toevoeging van foetaal kalfsserum (10%[v/v]) aan de celsuspensie. Onze bevindingen
tonen het nut aan van de drie types van geforceerde-degradatiestudies voor CBMP-
formuleringsontwikkeling, alsook het belang van orthogonale analysetechnieken voor

celkarakteriserin
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Abbreviations

Abbreviations
% Percent
°C Degree Celsius
Ug Microgram
ul Microliter
pm Micrometer
ABD Area based diameter
AM Acetoxymethyl
ANN Artificial neuronal networks
APC Antigen-presenting cell
API Active pharmaceutical ingredient
ATR Attenuated total reflection
AU Absorbance unit
AUC Area under the curve
BMI Backgrounded membrane imaging
BSA Bovine serum albumin
CAR-T Chimeric antigen receptor T cells
CBMP Cell-based medicinal product
CD3 Cluster of differentiation 3
Cb4 Cluster of differentiation
ChP Chinese Pharmacopeia
cMFI Corrected mean fluorescence intensity
CNN Convolutional neural network
CPA Cryoprotectant agent
CQA Critical quality attribute
DLS Dynamic light scattering
DNA Deoxyribonucleic acid
DMSO Dimethylsulfoxide
DP Drug product
DS Drug substance
ECD Equivalent circular diameter
ESD Equivalent spherical diameter
ESZ Electric sensing zone
Exp. Expiration date
FBS Fetal bovine serum
FDA Food and Drug Administration
FFA Free fatty acid
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FIM

Flow imaging microscopy

FITC Fluorescein isothiocyanate

FSC Forward scatter

FTIR Fourier transform infrared spectroscopy
g Gram

h Hour

HCI Hydrogen chloride

His Histidine

HVM Holographic video microscopy
HSA Human serum albumin

HMW High molecular weight

HPLC High performance liquid chromatography
ICH International Council for Harmonisation
IEP Isoelectric point

IgG Immunoglobulin G

1gG1 Immunoglobulin G1

IgM Immunoglobulin M

IL Interleukin

INF Interferon

kDa Kilodalton

LNP Lipid nanoparticle

LO Light obscuration

LOD Limit of detection

LoQ Limit of quantification

LPS Lipopolysaccharide

mAb Monoclonal antibody

MC Multicompendial

MFI Micro-Flow Imaging

mg Milligram

MHC Major histocompatibility complex
min Minute

ml Milliliter

ML Machine learning

mM Millimolar

mm Millimeter

moDC Monocyte-derived dendritic cell
MRPS Microfluid resistive pulse sensing
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NaCl Sodium chloride

ng Nanogram

nl Nanoliter

NIST National Institute of Standards and Technology
NK Natural killer

nm Nanometer

NPI Nanoparticulate impurity

NTA Nanoparticle tracking analysis
p/mi Particles per milliliter

PBMC Peripheral blood mononuclear cell
PBS Phosphate buffered saline

PDI Polydispersity index

PDMS Polydimethylsulfoxane

Ph.Eur. European Pharmacopeia

Pl Propidium iodide

POE Polyoxyethylene

PS Polystyrene

PS20 Polysorbate 20

PS80 Polysorbate 80

PTFE Polytetrafluoroethylene

PVDF Polyvinylidene fluoride

QcC Quality control

R Resistance

R? Coefficient of determination

RFI Relative fluorescence intensity
RI Refractive index

RMM Resonant mass measurement
RNA Ribonucleic acid

RPS Resistive pulse sensing

rpm Rounds per minute

RPMI Roswell Park Memorial Institute
RT Room temperature

s Second

SEC Size-exclusion chromatography
SEM Scanning electron microscopy
SLS Static light scattering

SMR Suspended microchannel resonator
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SSC Side scatter

SVP Subvisible (micro-meter sized) particle
Tage Aggregation temperature

TCR T cell receptor

TFF Tangential flow filtration

Tg Glass transition temperature of the frozen state
TNF Tumor necrosis factor

TRPS Tunable resistive pulse sensing

UPLC Ultra performance liquid chromatography
usp United States Pharmacopeia

uv Ultraviolet

\Y Voltage

v/v Volume per volume

w/v Weight per volume

w/w Weight per weight

A Wavelength
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