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‘The important thing is not to stop questioning. Curiosity has its own reason for
existing. One cannot help but be in awe when he contemplates the mysteries of eternity,
of life, of the marvellous structure of reality. It is enough if one tries merely to

comprehend a little of this mystery every day.’

Albert Einstein, Life Magazine, May 2, 1955
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Chapter | General Introduction

1. Challenges during Manufacturing of Biopharmaceuticals

Biopharmaceuticals are leading amongst the drugs with the highest worldwide sales. Within
the biopharmaceuticals, the monoclonal antibody segment dominated the global
pharmaceutical market in 2017 and is expected to hold a leading position in the near future.'2
Quality standards are high to guarantee the protein drug product safety. Besides protein and
activity loss, protein aggregation is a major issue during manufacturing. Protein aggregates
are higher molecular weight species of the desired species formed by covalent bonds or
noncovalent interactions.® Protein aggregates have been indicated as potential cause for
immunogenic reactions in patients and reduced therapy efficiency.*® Their presence in the
drug product, can also serve as seed for further aggregation upon storage.’” Therefore, protein
aggregate levels must be well controlled.®® From a technical point of view, protein aggregates
can greatly impact process steps filtration.’® Consequently, strategies to avoid and remove

protein aggregates are essential.

2. Protein aggregation pathways

Reasons for protein aggregation are manifold and depend on physicochemical properties of
the protein molecules and on the environmental conditions. Protein aggregates are classified
based on bound type (covalent vs. noncovalent), reversibility (reversible vs. irreversible), size
and protein conformation (native vs. nonnative).® Specifically, size of protein aggregates can
range from soluble oligomers like dimers, trimers, etc. of around 20 nm to larger insoluble
submicron particles up to 1 ym, subvisible particles from 1 - 100 ym and larger visible
particles.” Various detection methods are available for each size range including size
exclusion chromatography, resonant mass measurement, nanoparticle tracking analysis, flow
imaging techniques and several new emerging techniques like imaging flow cytometry and

tunable resistive pulse sensing.

Protein aggregation can be based on a single or an interplay of different pathways. According

to Philo and Arakawa’, five pathways are seen as the most important ones (Figure 1).

Mechanism 1 and 2 are based on the assembly of native, partially, or completely unfolded
monomer. The aggregates are either formed based on a buildup of monomers driven by the

self-interaction of the native monomer or conformationally altered monomers. While the

1
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propensity of self-interaction of the protein depends on local charge and hydrophobicity
properties, conformational changes e. g. due to heat depend on the sensitive of the proteins’
higher order structure. Whereas the amino acid sequence is unaltered in case of mechanism 2,
chemical variants caused e. g. by oxidation of methionine or tryptophane serve as initiator for
aggregation in mechanism 3. Chemical changes can increase the potential for self-interaction
and conformational instability.'® Thus, mechanism 3 not only leads to covalent aggregates but

also non-covalent.

Mechanism 4 - ‘Nucleation-controlled aggregation’ - involves a critical nucleus which can be
an external contaminant or a product aggregate. Interaction of monomers with the critical
nucleus fosters the formation of much larger species. Examples for external contaminants
triggering the mechanism are steel particles shed from a piston pump'#'® or silicone oil used

for lubrication of syringes.'®

Finally, surface - induced aggregation is linked to the enrichment of protein on solid, liquid or
air interfaces (Mechanism 5). The adsorption to the interface can thereby be driven by
hydrophobic and/or electrostatic interactions. Upon adsorption, conformation might be altered,
and the partially unfolded monomer is released into the bulk. Altered monomer from the surface
might result in a pathway similar to mechanism 2. Mechanism 4 is related to mechanism 5 as
the nucleus surface may act in the sense of mechanism 5. Under dynamic conditions like
agitation, aggregates are released from the interface as the film of high local protein

concentration is ruptured.'’:18
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Mechanism 1: Mechanism 2:
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\
Aggregation of altered monomer
(Mechanism 2)

Film fragments enter
bulk solution

Figure 1 Schematic illustration of aggregation pathways. Inspired by Philo and Arakawa.”

3. Strategies to reduce protein aggregation during manufacturing

and storage

At nearly every stage of manufacturing protein aggregation has been reported. Exemplarily,

during purification, the protein is exposed to

drastic changes in pH, ionic strength, buffer

system, or protein concentrations, as well as mechanical stress and contact materials.™ Also

exposure to the liquid/air interface during homogenisation by shaking or stirring led to

aggregate formation.?°
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Depending on the underlying mechanism, aggregation can be tackled by avoiding triggers like
environmental stress and the formulation. First and foremost, the pH value is important as it
affects the protein charge which is key in self-interaction and chemical reactions like
deamidation, oxidation and fragmentation.?"??> Buffering agents like acetate, histidine, citrate
and phosphate ensure a stable pH during handling and storage. Specific ion effects of the
buffer ions impact the protein’s conformational and chemical stability. Zheng and Janis?'
observed that asparagine deamidation of a monoclonal antibody was dependent on buffer
type. Salts are also known to affect conformational stability, protein self-interaction, and
solubility. Franz Hofmeister?® discovered an ion specific relationship between salts and the
propensity to induce protein precipitation. lons were ranked based on their ability of preserving
(kosmotropic) to breaking (chaotropic) the structure of water. Kosmotropic salts tend to
stabilize intramolecular interaction within protein and decrease protein solubility (salting out),
while chaotropic salts lead to a decrease in protein stability and increase in protein solubility
(salting in).?* Strong charge shielding by salts has been shown to increase aggregation
propensity.?>?® Sugars such as sucrose and trehalose stabilize proteins by preferential
hydration in liquid state.?”?® But nanoparticulate impurities present in sugars may induce
aggregation by mechanism 4.2° Non-ionic surfactants like polysorbate 20, polysorbate 80 and
poloxamer 188 drastically reduce protein aggregation triggered by interfaces. The surfactants
enrich at surfaces and keep the protein away from adsorption.>® A drawback of polysorbates
is their potential to initiate protein oxidation via peroxides (mechanism 3)*' and free fatty acid
particle formation (mechanism 4).32 Antioxidants like methionine and n-acetyl-tryptophan
scavenger radicals and thereby reduce an oxidation driven aggregation by mechanism 3.3 For

a complete list of excipients with drawbacks and benefits please see Kamerzell et al.®*

Various screening techniques are available to probe formulation dependent protein stability.
Exemplary, characteristics of the thermal or chemical unfolding, the diffusion interaction
parameter and computational modelling are valuable methods for formulation
development.3+38 Typically, formulation development targets the identification of a ‘sweet spot’

balancing colloidal, conformational, chemical, and interfacial stability.

Protein particles may be removed by filtration later in the process.'® But smaller aggregates
will sustain as they could only be caught by chromatography. Furthermore, aggregates and
particles generated during final filling enter the drug product and the pumping involved in the

filling step has been identified as a contributor to protein aggregation.3”-3
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4. Pumping of Biopharmaceuticals

Pumps are frequently used for transferring proteins during downstream processing operations
like chromatography, filtration, tank transfer and filling.'® Pumps must have high reliability, low
risk of contamination and low maintenance. Pump types commonly used in pharmaceutical
industries are piston pumps, rotary lobe pumps, quaternary diaphragm pumps and peristaltic
pumps.®®4° These pumps are positive displacement pumps which means that the fluid is
moved by entrapment of a fixed amount and subsequent displacement into the discharge line.
Depending on process requirements, the pumps used are associated with benefits and

drawbacks based on their design (Table 1).

Table 1 Overview of characteristics of pumps used in biopharmaceutical manufacturing. Adapted from Hill.#'

Rotary Pump Reciprocating Pump

Peristaltic Lobe Quaternary Diaphragm Piston
Operating principle  Fluid is moved Fluid is moved Fluid is moved by Fluidis moved by
through a tube by counterrotation reciprocating movement  the reciprocating

which is repeatedly  of two lobes. of a flexible diaphragm movement of a
compressed and within the pump chamber. piston  causing
decompressed by suction of the
a moving rotor. fluid.
Scale up with
same equipment Yes Yes Yes No
Single-use options Yes No Yes No
Clean in place not applicable Yes Yes Yes
Sterilization in place not applicable Yes Yes No
Self-priming Yes No Yes Yes
Shear Low Low Low High
Particle shedding
High Unlikely Unlikely Low

from equipment

Scalability allows easy adaption to changing production conditions. Systems with single-use
equipment are less prone for cross-contamination, require less instrumentation and demand
less utility but come with the running costs for consumables and require waste
management.*>43 Like pumps with single-use options, easy to clean and sterilizable equipment
is beneficial for multi-purpose use. Specifically, self-priming pumps are favoured as they
evacuate air and thereby reduce the risk of overheating and pump failure and reduce
maintenance. High shear may negatively impact shear sensitive proteins like enzymes.**
Peristaltic pumps are known for rubber particle shedding from the tubing by abrasion during

roller movement. Shed silicone particles are expected to be below any detection limit during

5
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production conditions, and do not trigger protein aggregation during storage.*>*¢ In contrast,
stainless steel particles shed from the surface of a piston pump might interfere with protein
stability.’* Protein particles formed upon pumping impact product quality and safety as well as
processability. Exemplary, membrane fouling during tangential flow filtration is associated with
flux decrease, longer process times and potential process failure. One potential contributor for
membrane clogging are protein particles induced by pumping which block pores by deposition
on the membrane.'®4” While various studies focused on the aggregation pathways in piston*&4°
and lobe pumps,®° peristaltic pumps have not been analysed in detail.®"*? Due to the benefits
of single use equipment, high scalability, low shear and low maintenance, peristaltic pumps
are versatile components in manufacturing of biopharmaceuticals. An understanding of driving
forces of protein aggregation upon peristaltic pumping would support pump selection, tubing

selection and formulation development.
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Chapter Il Objectives and Outline of the Thesis

The aim of the thesis is to contribute to a deeper understanding of protein aggregation during
peristaltic pumping and provide options for reduction. Peristaltic pumping plays an important
role for transfer, filtration, and filling of biopharmaceuticals. Protein aggregates formed upon
pumping can impact process functionality as well as safety and quality of the final product. The
thesis consists of three main projects: Several studies focused on the pathways of protein
aggregation during peristaltic pumping (Chapter llI-VIl). Based on the outcome of these
mechanistic studies, a new approach for novel tubing modification to reduce protein
aggregation was developed (Chapter VIII). Finally, this novel tubing was employed in pump

studies including tangential flow filtration (Chapter 1X).

As a first step, the potential pathways for aggregate formation were investigated. The effect of
plastic particles shed from silicone tubing was analyzed in detail and new methods to identify
the nanometer sized silicone particles in protein aggregates were developed (Chapter lil).
Further potential causes for protein particle formation upon peristaltic pumping are cavitation,
heat, protein adsorption, and mechanical stretching of the tubing. By linking results from
pumping studies to findings in experiments simulating each single cause (Chapter IV), protein
film formation on the tubing surface and its rupture during roller movement was identified as
the key mechanism. To get a better understanding, adsorption kinetics and their effect on film
morphology were monitored using high-speed techniques (Chapter V) considering protein
characteristics, formulation composition, and surface characteristics. With this understanding
five different tubing materials were compared, and particle formation propensity could be linked
to surface hydrophobicity and hardness (Chapter VI). Finally, particle formation propensity of
six different monoclonal antibodies upon pumping with silicone tubing was linked to

characteristics like hydrophobicity, conformational stability, or surface activity (Chapter VII).

In Chapter VIII, tubings were modified by the incorporation of amphiphilic block copolymers.
The modified tubings were to be tested on reduction of protein adsorption, protein particle

formation propensity and sustainability of the effect compared to unmodified materials.

Finally, the modified tubing was employed in tangential flow filtration studies which come with
more intense pumping compared to filling (Chapter IX). Not only product quality is impacted
by protein particle formation, but also aggregate deposition on the membrane decreases flux,
prolongs process time and can even lead to process failure. The effect of protein particle
concentration on flux decrease was studied in low and high viscosity environment depending

on tubing choice.
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Objectives and Outline of the Thesis

Overall, this thesis highlights the complexity of protein aggregation during peristaltic pumping.
The outcome of the studies should resolve the underlying aggregation mechanism to give

guidance on optimization of tubing choice and formulation development.
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Finding the Needle in the Haystack

1. Abstract

During the manufacturing process of biopharmaceuticals, peristaltic pumps are employed at
different stages for transferring and dosing of the final product. Commonly used silicone
tubings are known for particle shedding from the inner tubing surface due to friction in the pump
head. These nanometer sized silicone rubber particles could interfere with proteins. Until now,
only mixed protein particles containing micrometer-sized contaminations such as silicone oil
have been characterized, detected, and quantified. To overcome the detection limits in particle
sizes of contaminants, this study aimed for the definite identification of protein particles
containing nanometer sized silicone particles in qualitative and quantitative manner. The mixed
particles consisted of silicone rubber particles either coated with a protein monolayer or
embedded into protein aggregates. Confocal Raman microscopy allows label free chemical
identification of components and 3D particle imaging. Labeling the tubing enables high-
resolution imaging via confocal laser scanning microscopy and counting of mixed particles via
Imaging Flow Cytometry. Overall, these methods allow the detection and identification of
particles of unknown origin and composition and could be a forensic tool for solving problems

with contaminations during processing of biopharmaceuticals.

Keywords: antibody, protein aggregation, mixed protein particles, pumping, silicone, tubing,

Raman microscopy, fluorescence, confocal microscopy, imaging flow cytometry

Abbreviations: 3D-LSM - 3D laser scanning microscope; BET - Brunauer-Emmet-Teller;
Bodipy - [[(3,5-dimethyl-1H-pyrrol-2-yl)(3,5-dimethyl-2H-pyrrol-2-ylidene)methyllmethane]
(difluoroborane); CLSM - confocal laser scanning microscopy; FNU - formazine nephelometric
units; IFC - Imaging Flow Cytometry; mAb - monoclonal antibody; PS20 - polysorbate 20; qLD
- quantitative laser diffraction; ROI - region of interest; Sa - arithmetical mean height of the
surface; SD — standard deviation; SEM - Scanning Electron Microscopy; Sz - maximum height

of the surface; VCA - vertex component analysis
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2. Introduction

Biopharmaceuticals are experiencing a rapid growth in pharmaceutical industry with a total of
316 active licenses in 2018. Currently, 40% of the 6 000 or more products in global clinical
development are biopharmaceuticals - mostly proteins - due to their high target specificity."
Because of their complex structure, proteins are sensitive to different kinds of stress like shear,
oxidation or interfacial adsorption. This may lead to aggregate formation, which can potentially
trigger immune responses.?™ In addition, regulatory guidelines for particle limitations from the
European Pharmacopeia® and the USP® need to be fulfilled for product approval. To ensure

product safety and quality, particle levels should be kept low.237

Particles in biopharmaceutical products can be of protein origin, may derive from excipients®
or from a foreign source during processing or storage such as rubber from stoppers, glass from
vials, fibers from filters, or silicone oil droplets from syringes.®'! Interactions between protein
molecules and external particles can lead to protein aggregation,’? e. g. shed stainless steel
particles from the piston pumps serve as aggregation nuclei via adsorption and structural

change of protein molecules at the surface.'™

Pumps are essential during the downstream and fill&finish processes. The generated protein
particles depend on the applied pumping parameters and the type of pump.'® By now, the most
used pumps are rotary piston pumps, time-pressure fillers, and peristaltic pumps. Particularly
rotary piston pumps can quickly generate high amounts of protein particles'®'” by disruption of
the protein film built on the stainless steel surface.' In comparison, peristaltic pumps generate
significantly less protein aggregates.'”:'920 Often peristaltic pumps are preferred for filling lines
because of their complete disposable flow path that helps to avoid cross contamination. Her
and Carpenter showed that protein aggregation in peristaltic pumps depends on tubing type
and formulation.?' It is assumed that the aggregation is more likely driven by interfacial
stress?%22 than by shear stress.?® Peristaltic pumps are mostly equipped with silicone tubings
due to cost and availability, but these tubings shed particles. If used in medical devices they
lead to inflammation and fibrosis due to accumulation in lysosomes of macrophages.?+2 Saller
et al.?” showed that different amounts of nanometer-sized silicone rubber particles abrade from
the inner tubing wall depending on surface roughness. These particles can enter the final

product and potentially interact with proteins leading to immune responses in patients.

While intensive studies have already focused on the silicone oil composite protein particles
and their immunogenicity?®=°, silicone rubber also has a potential for triggering immune
responses. An early study of Anderson et al., reports on protein adsorption to silicone rubber
followed by macrophage activation and leading to cytokine expression.3! For the differentiation

between protein particles and contaminations, a variety of methods have been established e.g.

16



Finding the Needle in the Haystack

silicone oil droplets can be distinguished from protein particles by flow imaging, resonant mass
measurements®?-3* or flow cytometry®>. However, contaminations in protein particles can be
detected only in the micrometer size range.®>% |dentifying the formation of heterogeneous
particles upon peristaltic pumping is associated with two main burdens. First, the nanometer
size of the contaminant makes its identification by light microscopy-based techniques such as
micro flow imaging impossible. Second, the rubber particles do not show spectral features like
auto fluorescence or deep color, which could enable identification. Methods combining optical
information with chemical identification at high resolution may enable to overcome this
problem. In the past, Raman microscopy®” and Imaging Flow Cytometry (IFC)% showed great
potential to resolve the mixed particles of micrometer sized silicone oil droplets and micrometer
sized protein particles. While Raman microscopy is able to analyze native particles in a label
free way through the spectral differences of the two species, fluorescence labelling of at least
one component after particle formation allows counting by IFC and high-resolution images by
confocal laser scanning microscopy (CLSM). CLSM can provide sharp images by collecting
the emitted photons from the sample’s fluorophore utilizing a spatial pinhole which reduces out
of focus light. Refining these methods could allow analysis of nanosized contaminants in larger

protein aggregates.

In this study, we demonstrate the detection and chemical resolution of heterogeneous particles
consisting of aggregated protein and nanometer sized silicone rubber particles. Protein
particles generated through peristaltic pumping through two silicone tubings of different surface
characteristics and shedding propensity were characterized by turbidity, flow imaging, and
quantitative laser diffraction (qLD). Raman microscopy, CLSM, and imaging flow cytometry
methods were developed to identify and classify mixed particles and to resolve the distribution
of the small non-proteinaceous contaminants within the larger protein particles. Adsorption of
mAD to silicone particles was evaluated to gain insight into the mixed protein particle formation.
The newly developed methods possess great potential for solving scientific problems on micro-
and nanometer-based contaminations of protein aggregates to ensure quality and safety of

biopharmaceuticals.
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3. Materials and Methods

3.1. Materials

33.4 mg/mL monoclonal IgG1 antibody (Isoelectric point: 8.0-8.3) in 20 mM histidine buffer
pH 5.4 served as model monoclonal antibody (mAb). Buffers were prepared using highly
purified water (HPW) from an Arium pro DI Ultrapure Water System (Sartorius Stedim Biotech
GmbH, Goettingen, Germany). Histidine (Applichem, Darmstadt, Germany) or potassium
dihydrogen phosphate (Grussing GmbH, Filsum, Germany) were dissolved, and pH was
adjusted either with hydrochloric acid (VWR, Darmstadt, Germany) or potassium hydroxide
(Bernd Kraft GmbH, Duisburg, Germany). Buffers were filtered through 0.2 ym cellulose
acetate filters (47 mm @, Sartorius Stedim Biotech GmbH) and mAb formulations through

0.2 um polyethersulfone membrane syringe filters (VWR).

The employed Pt-cured silicone tubings Accusil (Watson-Marlow, Falmouth, United Kingdom)
and Versilic (Saint-Gobain, Taunton, MA, USA) had an inner diameter of 6.0 mm and a wall
thickness of 2.1 mm. Tubing sets were assembled by connecting two 20 cm long pieces for
the area in the pump head to 35 cm long tubing pieces via polypropylene Y-connectors (Kartell,
VWR). To mimic production conditions tubing sets were rinsed with 5 L HPW at 80 °C and

steam sterilized (121 °C, 15 min, 2 bar).

Silicone rubber microparticles KMP-594 (average particle size of 4.6 um) were kindly donated
by Shin-Etsu Chemical Co. Ltd, Tokyo, Japan. Chemicals were obtained as follows: [[(3,5-
dimethyl-1H-pyrrol-2-yl)(3,5-dimethyl-2H-pyrrol-2-ylidene)methyllmethane]  (difluoroborane)
(Bodipy) from ABCR (Karlsruhe, Germany), chloroform and ethanol from VWR; polysorbate
20 (PS20) from Merck (Darmstadt, Germany), and sodium azide from Acros Organics (Geel,

Belgium).

3.2. Fluorescent labeling of tubing and silicone rubber particles

Autoclaved tubing was filled with either 1 mg/mL Bodipy in EtOH for IFC or 2 mg/mL Bodipy in
20:80 (v/v) chloroform:EtOH for CLSM. After 24 h incubation, solvent residues were removed
using a vacuum oven (Memmert, Blichenbach, Germany) for 3 h at 300 mbar and for 21 h at
10 mbar at 25 °C. For IFC measurements, 100 mg silicone rubber microparticles were
suspended in 1 mL of 1mg/mL Bodipy solution in EtOH and processed as described above.
After drying, the particles were resuspended in histidine buffer and centrifuged once at
12,800 g for 10 min for washing. The labeled silicone beads were collected and resuspended
in 20 mM histidine pH 5.4 with 0.1% PS20 at a concentration of 4 mg/mL.
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3.3. Sample preparation

All pumping experiments were conducted in a laminar flow hood to avoid external particle
contamination. Tubing sets were pre-rinsed by pumping 20 L HPW with a Flexicon PD12
peristaltic pump (Watson-Marlow Flexicon, Ringsted, Denmark) in continuous mode at
180 rpm. These settings resulted in a flow rate of 23 mL/s at an occlusion pressure of
approximately 1.3 bar upon operation in air (manometer from WIKA Alexander Wiegand SE &
Co. KG, Klingenberg, Germany, accuracy class 2.5). For sample preparation, 45 mL of
formulation buffer followed by 45 mL of 1 mg/mL antibody solution were circulated 20 times at
180 rpm. Protein concentration was verified by UV absorption at 280 nm using a Nanodrop
Micro-Volume UV-Vis spectrometer (Nano Drop 2000, Thermo Scientific, Wilmington, USA)
and an extinction coefficient of 1.51 cm?/mg. As a reference for silicone free protein particles,
1 mL of a 1 mg/mL antibody solution was shaken for 2 min in a CapMix device (3M Espe,
Neuss, Germany) or stirred for 1 h at 300 rpm with a Variomag Poly 15 (H + P
LABORTECHNIK, Oberschleilheim, Germany). As bacteriostatic agent, 0.01% sodium azide

was added to the samples for the IFC measurements.

3.4. 3D laser scanning microscopy

Surface roughness of the inner tubing walls was visualized using a 3D laser scanning
microscope (3D-LSM) Keyence VK-X200 equipped with a CF Plan ELWD 50x objective
(Keyence GmbH, Neu-Isenburg, Germany). Micrographs of small tubing pieces were captured
with the VK Viewer software in ‘Expert Mode’ at the standard settings. Two pictures were
stitched and three representative regions of 100 x 100 um? were used for surface roughness
calculations using the MultiFileAnalyzer version 1.3.1.120. Tubing curvature was corrected for
via the correct tilt — sec curved surface function and artefacts were eliminated by a medium

height cut level.

3.5. Scanning Electron Microscopy (SEM)

Silicone particles fixed on an aluminum sample grid were carbon sputtered under vacuum and
analyzed by a Helios NanoLab G3 UC scanning electron microscope (FEI, Hillsboro, Oregon,

USA) at 2.0 kV and a working distance of approximately 10.5 mm.
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3.6. Specific surface area

The specific surface area of the silicone particles was determined by an Autosorb 1
(Quantachrome, Odelzhausen, Germany) equipped with a liquid nitrogen bath at -196 °C using
krypton gas adsorption and Brunauer-Emmet-Teller (BET) isotherm analysis. Approximately
1.5 g were outgassed for at least 2 h at 150 °C. An 11-point gas adsorption curve was
measured (p/po ratio of approximately 0.05-0.3). A multipoint Brunauer-Emmet-Teller fit was

performed with the Autosorb 1 software.

3.7. Turbidity

A sample volume of 1.8 mL was analyzed using a Nephla turbidimeter (Dr. Lange, Duesseldorf,

Germany). Data is presented in formazine nephelometric units (FNU).

3.8. Detection of subvisible particles

For an estimation of the particle size distribution and the total particle amount, the samples
were analyzed by quantitative laser diffraction (qLD) using the Aggregates Sizer with
WingSALD bio software version 3.2.2 (Shimadzu Corporation, Kyoto, Japan) in a batch cell
with 5 mL sample volume. The calculations were based on a material specific refractive index
of 1.46, an imaginary index of 0.1, and a protein particle density of 1.32 g/cm3.3® The cut-off

level of noise was set to 500.

Samples were also analyzed with a FlowCAM® 8100 (Fluid Imaging Technologies, Inc.,
Scarborough, ME, USA) equipped with a 10x magnification cell (81 um x 700 ym). A sample
volume of 150 ul was used and images were collected at a flow rate of 0.15 mL/min, an auto
image frame rate of 28 frames/s and a sampling time of 60 s, which resulted in an efficiency
value higher than 70%. Particles were identified using the following settings: 3 um distance to
the nearest neighbor, particle segmentation thresholds of 13 and 10 for the dark and light
pixels, respectively. Particle size was reported as the equivalent spherical diameter using the

VisualSpreadsheet® 4.7.6 software.

3.9. Raman microscopy

3 ul samples were transferred to a self-constructed microfluidic channel with a width of 50 pm
and a depth of 160 pm. Vibrational spectra were collected by a WITec alpha 300R microscope
(WITec GmbH, Ulm, Germany), equipped with a 532 nm DPL laser (Cobolt AB, Solna,

Sweden). The laser was focused through a 63x oil immersion objective (Zeiss Plan-
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Apochromat SF25 63x/1.4; Carl Zeiss AG, Germany) into the static liquid. The true-power
module ensured stable laser output, which was set between 40 and 50 m\W. Large area map
configurations were performed by collecting single point Raman spectra with a pixel size of
0.25-0.5um (x/ y axis) and 1 um (x / z axis) using a high-performance CCD camera with a
spectral resolution of 4 cm™. Dependent on particle morphology and map configuration,

exposure times were set between 0.2 s and 4 s to minimize sample damage.

Raman spectral maps were processed by spike removal, baseline correction (penalized
spline), and normalized to the area under the curve. Hyperspectral data was unmixed via
vertex component analysis (VCA)* using the software package Imagelab (Epina GmbH,
Austria). A resampling factor of three was used and the spectral range above 3041 cm™ was
excluded to speed up calculation time. Concentration maps of the three main components

(endmembers) show the lateral distribution of each component within the investigated area.

3.10. Confocal laser scanning microscopy

Samples were fixed on glass slides by mixing 100 ul of sample with one drop of FluorSave ™
Reagent (Merck Millipore Calbiochem, Darmstadt, Germany). Confocal images and z-stacks
were acquired using a Leica TCS SP8 SMD microscope (Leica Microsystems, Wetzlar,
Germany) equipped with a Leica PL APO 63x/1.20 water immersion objective at the 496 nm
laser line for excitation. Images were analyzed using Imaged. Images of pumped protein

particles were composed z-stacks for better solution.

3.11. Imaging Flow Cytometry

Samples were run either in native form, stained with ProteoStat, or with ProteoStat and Bodipy
(Amnis® Protein Aggregate & Silicone Oil Detection Kit, Luminex Corp, Seattle, US).
Fluorescent labeling was performed by mixing 2 pl 50x dye cocktail containing ProteoStat or
ProteoStat and Bodipy in 1x Assay Buffer with 98 pyl sample. Final concentrations for
ProteoStat and Bodipy were 0.75 pmol/l and 94 nmol/l, respectively. After at least 10 minutes
incubation, samples were analyzed with an Amnis FlowSight® imaging flow cytometer
(Luminex, Austin, USA) equipped with a 20x magnification objective allowing 1 ym pixel
resolution and a 60 pm wide field-of-view. The assay was based on the method developed by
Probst.3® The 785 nm side scatter (SSC) excitation laser was set to 70 mW and the 488 nm
fluorescence excitation laser to 60 mW. BF in Ch01 (457/45, center wavelength/band width)
and Ch09 (582/25) intensity is set automatically by the instrument software to achieve

consistent background. Images were collected as followed: SSC in Ch06 (emission 762/35);
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Bodipy in Ch02 (528/65); ProteoStat in Ch04 (610/30); Bodipy precipitates in Ch05 (702/85).
All events detected were recorded in high sensitivity mode without user threshold for
120 seconds, equal to 2.52 yl sample volume. All data was analyzed using IDEAS® 6.2

(Luminex, Seattle, USA) image analysis software.

3.12. Adsorption of protein to silicone particles

Identification of interfacial induced protein aggregation and quantification of adsorbed protein
on silicone particles was evaluated by mixing 400 mg silicone particles with 1.5 mL protein
stock solution (c=0.5; 1.0; 5.0 mg/mL) and rotating up to 48 h (SU1100, Sunlab Sustainable
Lab Instruments, Mannheim, Germany) at 25 rpm at room temperature. Samples were
centrifuged at 12,800 g for 10 min and analyzed by SEC using a TSKgel G3000SWXL column
(Tosoh Bioscience GmbH, Stuttgart, Germany) and an Agilent 1100 series HPLC system
equipped with a UV/Vis detector operated at 210 nm (Agilent Technologies, Santa Clara, CA,
USA). The mobile phase consisted of 150 mM potassium phosphate buffer pH 6.5 at a flow

rate of 0.5 mL/min at room temperature.

3.13. Adsorption of silicone particles to protein aggregates

To detect spontaneous association of free silicone particles with protein aggregates, a
2 mg/mL silicone microparticle suspension in histidine buffer was sonicated for 10 minutes.
The suspension was mixed 1:1 with a stirred 2 mg/mL mAb solution diluted 1:50. This mixture
was analyzed by flow imaging. For CLSM, stirred protein samples were mixed 1:1 with Bodipy
stained silicone microparticles or silicone particles generated by buffer pumping through

Bodipy stained Versilic tubing for 7 h. Mixed samples were incubated for 1.5 h before analysis.

3.14. Statistics

Results are reported as mean values with standard deviation (SD) of three independent
experiments. Data was analyzed using GraphPad Prism (Version 5.02 for Microsoft Windows,
Graph Pad Software, San Diego, USA).
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4. Results

4.1. Surface characterization of tubing material

The inner silicone tubing surface was characterized using 3D-LSM (Figure 1), as the surface
roughness is an indicator for the degree of particle shedding during pumping.?” Surface
roughness is described by the arithmetical mean height of the surface (Sa) and the maximum
height (Sz). While fresh Accusil tubing features a smooth surface (Sa=0.25+ 0.03 pm;
Sz=2.93 £ 0.42 ym), Versilic exhibits a markedly higher surface roughness
(Sa=3.00 + 0.19 ym; Sz=23.08 £ 2.57 ym) with a wavelike surface structure.
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Figure 1 3D-LSM images (a) and surface roughness (b) of the inner wall of Accusil and Versilic tubing.

4.2. Particle formation upon pumping

Subsequently, protein solutions and buffer as control were pumped and analyzed for particle
formation with three different techniques. Turbidity served as a qualitative indicator for particle
formation, qLD to count in the nanometer to micrometer range and flow imaging to count and
study the morphology of micrometer size particles (Figure 2). All pumped solutions were
characterized by a substantial increase in particle numbers compared to the controls. Turbidity
and particle numbers after pumping buffer were comparable for both silicone tubings with
around 0.6 FNU and 4,000 particles 21 ym/mL. The signal intensity in LD was below the cut-
off level of noise for pumped buffer. The degree of particle formation was affected by the tubing
material. Pumped mAb samples contained significantly higher particle numbers than the
pumped buffer. Accusil tubing material resulted in lower particle levels than Versilic tubing
material, with 1.8 £ 0.2 vs. 5.6 + 0.1 FNU and 81,562 £ 5,441 vs. 450,709 + 8,301 particles
> 1 uym/mL and 8.5-10° £ 0.6-10° vs. 5.1:107 £ 0.2:107 particles = 0.3 ym/mL.
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Figure 2 Particle analysis by turbidity (a), flow imaging (b) and gLD (c) of pumped buffer and mAb after 20 cycles
through Accusil and Versilic tubing. Representative images from flow imaging of pumped mAb (d).

Morphological evaluation (Figure 2 d) was only possible for particles larger than 10 um, as
smaller particles appear blurry. The number concentration of the particles per mL larger than
10 um increased drastically from less than 20 per mL to 200 per mL in buffer for both tubing
materials, and 2,565 + 233 and 18,816 + 244 per mL in mAb solution for Accusil and Versilic,
respectively. Particles exhibit a structure like ripped off protein film fragments folded up in the
medium. Such type of particle was not present in the pumped buffer controls. In the following,
samples pumped in Versilic tubing were used for a detailed microscopy-based analysis due to
the higher particle concentration, whereas samples pumped in Accusil tubing were used for
IFC to quantify mixed particles in optimum industry settings.
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4.3. Component analysis using Raman microscopy

Figure 3 shows the chemical image of a representative protein particle with a size of
approximately 12 x 12 um?2. The surrounding of the particle within the region of interest (ROI)
appears clear without any visible contaminants. 1600 spectra were acquired in a ROI of
20 x 20 um?.
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Figure 3 Calculated Raman spectra (left) and concentration maps (right) of the three detected endmembers:
Raman spectral band intensities are allocated to the background (glass and water) (a), silicone nanoparticles (b)

and protein (c). Scale bar represents 5 um.

The different components glass, water, protein and silicone are called endmembers. The three

endmembers were extracted from the Raman data via vertex component analysis (Table 1).
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The concentration map of the first endmember represents the surrounding of the particle
(background). The estimated Raman spectra of the first endmember shows a strong Raman
band at 1100 cm™ which is attributed to glass. The Raman bands at 1640 cm™, and 3400 cm"'
are assigned to bending and stretching vibrations of water. The Raman spectrum of the second
endmember indicates an intense silicone signal besides of a weaker protein signal; hence, this
component represents a mixture of silicone rubber and protein. The Raman fingerprint of
silicone occurs at four distinct Raman wavenumbers which are all present in the extracted
spectrum of the second component: the distinct band at 490 cm™ evoked by v(Si-O-Si)
vibrations®, the Raman band at 710 cm™ attributed to (Si-CH3) symmetric stretch vibrations,
and the strong Raman bands at the wavenumbers at 2900 cm™"and 2970 cm representing C-
H stretching vibrations.*® The extracted Raman spectrum of the second endmember shows
also protein specific Raman bands such as the phenylalanine band at 1000 cm™ and the
protein intrinsic amide | band at 1670 cm™.#4*® The concentration map of the second
endmember shows that silicone-characteristic Raman bands occur at four different spots of
the scanned area. The concentration map of the third endmember represents the
microscopically visualized particle. The extracted Raman spectrum of the third endmember
shows exclusively protein specific Raman bands. The Raman band at 1000 cm™ is assigned
to phenylalanine.** The amide Ill band is apparent at 1240 cm™, whereas the tryptophan-
characteristic bands are visible at 760 cm™ and 1345 cm™.5'4¢ The C-H deformation and
stretching modes are represented at 1450 cm™ and 2940 cm™, respectively.*”*° The Raman

band at 1670 cm™ is assigned to the amide | vibration of the protein.*®

Table 1 Raman band assignment of each component. v stretching vibration; & bending vibration

Component Assignment Wavenumber [cm-"] Ref.
Background glass 1100 40
5(0O-H) water 1640 41
v(O-H) water 3400 42
Protein Tryptophan 760 43
Phenylalanine 1000 44
Amid Il 1240 45
Ca-H Tryptophan 1345 46
5(C-H) 1450 a7
Amid | 1670 48
v(C-H) 2940 49
Silicone rubber v(Si-O-Si) 490 %0
V(Si-CHa) 710 50
2900 49
e 2970 4
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The unmixing of the hyperspectral data through VCA extracts endmember spectra. The
according concentration maps visualize the spatial distribution of each component within the
ROI, e. g. the distribution of silicone nanoparticles. In this example, the silicone particles

appear to be located at the edge of the protein structure rather than within the protein particle.

More Raman images of protein structures were recorded to investigate the position of the
silicone nanoparticles relative to the protein (Figure 4 a). The overlay of protein and silicone
concentration maps reveals a random distribution of silicone particles (at the edge and in the
middle of the protein structure). However, the 2-dimensional image does not reveal whether
silicone particles are located on top, bottom or in the middle of the protein. Therefore, depth
scans (z-stacks) were performed visualizing the spatial distribution of silicone nanoparticles in

three dimensions (Figure 4 b).
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Figure 4 Microscopic images of particles in brightfield and calculated concentration maps (a) and z-scan (z-
difference: 1 um) through a single particle (b). Silicone majorities (red) were present around and inside the protein
core (green). The scale bar corresponds to 5 pm.

Chemical depth profiles are achieved by recording Raman images at different heights/sample

layers yielding a more comprehensive analysis of the silicone particle location. The depth
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profiles of the protein particles indicate that silicone was not only located on the protein surface

but also inside the particle.

4.4. Fluorescence-based particle identification using CLSM

Complementary to the observations by Raman microscopy, fluorescence-based methods were
employed to identify and quantify the mixed particle species. The tubing material was stained
before its use by incubation in an organic Bodipy solution. CLSM enables the analysis of the
particle morphology and the distribution of the silicone nanoparticles inside the mixed particle.
Only a single staining was possible in CLSM due to the quick photobleaching of ProteoStat
(Figure 5).

Stirred sample Pumped samples

Brightfield

BODIPY

Figure 5 Representative brightfield and fluorescence micrographs of protein particles generated by stirring stained

with 1 ymol Bodipy and generated during pumping through Bodipy stained Versilic tubing.

Protein particles independent of stress condition exhibited an irregular shape. Pure protein
particles did not feature any intrinsic fluorescence, while staining these particles with 1 umol
Bodipy resulted in a diffuse fluorescence of the whole particle. In contrast, the pumped samples
contain protein particles with several intense Bodipy positive signals attributed to silicone.

Silicone particles varied in size, ranging from a few nanometers up to 2 pm.
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4.5. Quantification of mixed species using IFC

While microscopic techniques are limited in the quantification of particles due to low sample
throughput, we employed IFC to overcome these limitations. For sample generation, protein
was pumped through Bodipy labeled tubing and aggregates were subsequently stained with
ProteoStat to detect protein particles (Table 2). Data was presented in bivariate plots of
BODIPY (Ch02) versus ProteoStat (Ch04) fluorescence intensity. Gates were drawn to classify
the particles as either protein aggregates or silicone particles. Addition of ProteoStat to the

buffer did not result in the formation of fluorescent particles e.g. by precipitation.

For the evaluation of the method, single particle type controls were run (Figure S 1) and
demonstrated sufficient resolution of both signals. Labelled and unlabeled silicone beads
showed a false positive signal in the protein aggregation gate. Such unspecific fluorescence is
known for surfactant concentrations higher than 0.01%°%2 due to interaction of ProteoStat with

hydrophobic regions of the PS20 micelles.>

Table 2 Method development for IFC measurements.

Bodipy Post-Staining Approach Bodipy Pre-Staining Approach

Labelling of components:

Silicone Post-Staining with Bodipy Pre-Staining Tubing with Bodipy
Protein Aggregates Post-Staining with ProteoStat Post-Staining with ProteoStat
Detection of mixed particles Not possible a) Silicone containing protein particles:

Sample without ProteoStat staining
b) Total amount of protein aggregates:
Sample labelled with ProteoStat

Post-staining with Bodipy results in a Bodipy positive population for micrometer sized silicone
beads and absence of Bodipy fluorescence in pure protein samples (Figure S 2). As free
Bodipy could bind to protein aggregates pure protein particles could be detected false positive
as mixed particles. Dye loading and thus fluorescence intensity of shed tubing particles could
be adapted by the choice of the organic solvent which affects swelling and diffusion of dye into
the tubing wall. Therefore, prestaining was considered as the more reliable preparation method

for nanoparticle identification.

No fluorescent particles were detected in pumped buffer samples, while pumped protein
samples showed signals in the protein aggregate population only after ProteoStat staining.
Analyzing the protein samples unstained, a silicone particle population could be uncovered.

ProteoStat seems to dominate the signals of silicone particles due to its high intensity
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(Figure 6). For the detection of the mixed species, it is therefore necessary to evaluate the

sample before and after staining with ProteoStat.
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Figure 6 Bivariate Plots for buffer (a), 1 mg/mL mAb pumped through untreated (b) and Bodipy pre-stained Accusil
tubing (c) before (left) and after staining with ProteoStat (right).

Samples were analyzed without additional silicone post staining for silicone nanoparticle
containing protein particles and with additional ProteoStat post- staining to analyze the total
number of protein particles (Figure 7). In mAb solutions pumped through naive and Bodipy
labelled tubing, 407,968 + 21,068 and 290,016 + 20,610 protein particles per mL were

detected, respectively. Due to instrument noise and spectral spillover the measurements of
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buffer and mAb solution pumped through unlabeled tubing the instrument falsely indicated the
presence of a few Bodipy stained particles. The mAb solution showed approximately 131,974 £
7,279 Bodipy positive particles per mL after pumping through Bodipy labelled tubing indicating
that 45% of the protein particles contained silicone particles.

E Total protein particles
6.0x105 - EEB Mixed protein-silicone particles detected

4.0x10%

2.0x105

particles > 2 pm [#/mL]

Buffer Unstained tubing  Bodipy tubing

Figure 7 Number of detected mixed particles in buffer and 1 mg/mL mAb pumped through unstained and Bodipy
stained Accusil tubing.

4.6. Protein adsorption to silicone particles

Shed silicone particles could not be produced in a sufficient large scale to allow reliable
statistical analysis. Therefore, spherical silicone model microparticles with a specific surface
area of 0.388 + 0.002 m?/g were utilized for adsorption studies (Figure 8 a). MAb molecules
adsorbed quickly to the silicone particles (Figure 8 b + c) reaching an equilibrium of
approximately 1.5 mg/m? after 24 h. Increasing mAb concentration only lead to a minor

increase to 1.8 mg/m?2. Induction of protein oligomers could not be found in the bulk solution.

In CLSM, no mixed particles were detected after incubation of preformed protein aggregates
with Bodipy labeled silicone model microparticles (Figure S 3 a). Furthermore, no decrease in
total particle number concentration, which would indicate assembly of both components, could
be found for incubated mixtures (Figure S 3 b).
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Figure 8 SEM images of model silicone particles (a). MAb adsorption to silicone particles over time (c = 0.5 mg/mL)
(b) and as function of protein concentration after 24 h (c).
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5. Discussion

Peristaltic pumps are routinely used in different stages of manufacturing and handling of
biopharmaceuticals. Most manufacturing stages contain filtration steps for particle removal
although there are some cases where filtration caused protein aggregation due to interfacial
adsorption to the filter membrane.®* % Fill & finish operations lack final purification steps except
filtration. Especially during filling, pumps could be the source of particle burden. Previous
studies highlighted that upon peristaltic pumping, tubing material sheds?’ and protein
aggregates can be formed.?! Hence, potential formation of particles and aggregates is critical,

as different size species may enter the final product in an unobstructed way.

We wanted to learn whether particles composed of both aggregated protein and shed silicone
can form. Such mixed structures are suspected to induce immune responses.?®30 At first,
methods are needed to detect mixed protein species which are suitable for process
development and root cause analysis. We therefore pumped a mAb solution using silicone
tubing. Two silicone tubings with different surface roughness were tested to have a look on the
effect of higher silicone particle spallation on protein aggregate formation. Independent of
tubing material, pump roller-induced generation of particles above 1 um were observed at a
particle density less than 200 particles/mL per pump cycle. According to Saller et al., the shed
silicone particles are typically around 180 nm in size. They found that the amount of shed
particles is linked to the surface roughness of the inner tubing wall, which accords to our
findings.?” The tubing with higher roughness rendered increased levels of protein particles
larger than 1 um per pump cycle with approximately 23,000 compared to 4,000 particles per
mL. This observation could be linked either to the difference in silicone shedding, or to the
increasing surface area with increasing roughness prone to interfacial effects. With higher
surface roughness on the nano- and micrometer scale, protein adsorption is enhanced beyond
the corresponding increase in specific surface area,*®-¢ which again may lead to increased
protein aggregation and particle formation. It is assumed that protein particle formation is
based on the detachment of the protein film from the tubing surface by roller movements?'
similar to effects known from piston pumps.'® We speculate that, based on their morphology,

the protein particles resemble fragmented protein film.

Multicomponent species can be discerned if components differ in specific properties such as
morphology or density. The standard application is microflow imaging to tell between silicone
oil droplets and protein particles, addressing a combination of different optical properties.
Micrometer particles with nanometer-size contaminations cannot be further analyzed by this
technique. Here, high resolution techniques with the ability for chemical identification are

needed. In this study, Raman microscopy and fluorescence microscopic imaging were

32



Finding the Needle in the Haystack

employed to close this gap. The mechanism of mixed silicone and protein particle formation is
still unclear. Mixed particles could form independently and attach to each other, or silicone
particles could be nuclei for the formation of protein aggregates. Questions on the formation
mechanism of the mixed protein particles cannot be answered with these methods but they
can provide fundamental information on the composition of each detected particle and insight

into contaminant distribution in protein particles.

Raman spectroscopy offers a variety of applications for pharmaceutical industry in early drug
development, characterization of drug delivery systems, in-process measurements, product
performance and quality control for the final product.®® In brightfield microscopy, all particles
resemble homogenous protein aggregates, without a hint of embedded or connected foreign
species. By scanning the protein particles with Raman microscopy, the chemical distribution
of the whole particle dimension was visualized. In a high number of particles, an additional
chemical component besides protein could be identified. Heterogeneous particles showed
spots of high Raman scattering at 490 cm™', 710 cm™, 2900 cm™ and 2970 cm', which is linked

to silicone rubber shed from the tubing material during pumping.®°

Heterogeneous particles were detected by Raman microscopy without sample staining. The
unmixing of the hyperspectral data set via VCA provided a fast and reliable evaluation tool,
which visualized the spatial distribution of silicone nanoparticles on the surface of a protein
particle. The presented Raman method is applicable for a vast majority of particles with minor
limitations for highly fluorescent or weakly Raman active species. Particles detected in
brightfield mode exhibited a sufficiently strong Raman signal at moderate laser power without
particle destruction, degradation or photobleaching. However, recording the Raman maps is a
time-consuming task (roughly 2 hours / particle), hence, the current method suffers from poor

sample throughput.

Complementary to Raman microscopy, mixed particles can be analyzed by fluorescence-
based methods. This study aimed to differentiate protein and silicone using two non-covalently
binding extrinsic fluorescence dyes that have selective affinity for each species with well-
separated signals and require no purification step. Based on a previous study the combination
of Bodipy and ProteoStat fits these requirements.® Silicone itself has no autofluorescence and
needs labelling for detection. Bodipy is a highly fluorescent hydrophobic dye in non-polar and
polar media with sharp and narrow emission peak at 503 nm. The tubing was stained by
incubation with Bodipy and the dye migration enhanced by swelling of the tubing through
organic solvents.®' The Bodipy loading of the silicone matrix can also be tuned by the swelling
properties of the organic solvent. This approach is limited to hydrophobic components, and it

must be assured that the pump properties of the tubing are not changed by residual solvent.
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Extrinsic labelling of the protein is necessary as the intrinsic fluorescence of proteins is not
strong enough for detection. Covalent labeling of the protein a priori may change polarity,
charge and ultimately surface binding, protein-protein interactions and protein aggregation.2:6
Furthermore, covalent dye binding is not relevant when it comes to screening of a drug product.
The protein staining dye ProteoStat was added to the samples prior to analysis. ProteoStat as
a proprietary fluorescent rotor dye exhibits increased fluorescence when interacting with
protein aggregate structures over a wide range of excipients including low to medium

surfactant concentrations.53

We could not find a reference to the use of CLSM for the characterization of protein aggregates
in biopharmaceuticals. Unfortunately, ProteoStat dye was quickly bleached whereas Bodipy
showed good photochemical stability. Protein particles from stirred samples containing no
silicone particles exhibited diffuse staining of the whole protein particle in presence of free
Bodipy due to interactions with the hydrophobic cavities of protein aggregates.54% In contrast,
particles generated by pumping showed finely distributed silicone rubber remains attached to
the protein particle. The sharp images taken in a few seconds with high resolution allowed

morphological analysis and identification of silicone.

CSLM and Raman microscopy do not allow a fast quantification of protein particle
concentration. Therefore, we set up an IFC method which could quantify both, protein-only and
mixed protein silicone particles. IFC allows simultaneous acquisition of multiple spectral
images in high quality and sensitivity for fast-moving objects by a charge-coupled device
detector with a time-delay integration technology. Although post-staining of silicone with
Bodipy was possible with micrometer-sized silicone beads, no mixed particles could be
detected in the pumped samples using the post-staining approach. Additionally, post-staining
with Bodipy comes with the risk of unspecific protein staining and interactions with the protein
formulation. For micrometer-sized contaminants like silicone oil, post-staining with Bodipy may
be less critical, as the fluorescence intensity would exceed any interferences from protein
signal.®® Consequently, silicone tubing was pre-labelled via incubation with organic solvents
containing a higher BODIPY concentration of 2 mg/mL. Even with pre-labelling, the low
fluorescence signal of the silicone nanoparticles was overwhelmed by the ProteoStat dye
staining the protein. To distinguish mixed species, the pumped samples were analysed with
and without ProteoStat staining, such that mixed particles were identified as BODIPY positive
in the ProteoStat-unlabeled samples, and protein-only particles were identified as ProteoStat-
positive events subtracted by the mixed particles. Free 180 nm?’ silicone rubber particles were
not detectable as their size is below the SSC detection limit of around 200 nm, however silicone
could be detected when attached to protein aggregates, presumably as multiple silicone

particles were attached to individual protein aggregates.*® Protein particles larger than 2 ym
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were shown to contain at least 45% mixed particles for the pumped protein sample. To resolve
smaller protein particles containing small amounts of silicone rubber particles, higher laser
power and magnification could be beneficial. This method can be used for a wide range of
formulations, but care should be taken when using surfactant concentrations > 0.01%.
Interactions between the ProteoStat dye and the surfactant micelles can lead to increased

background intensity resulting in a higher risk for false positive protein aggregates signal.

With the herein developed methods, it is now possible to distinguish and quantify protein
particles containing foreign micro- and nanometer-sized particles. Raman microscopy, CLSM,
and IFC together can provide important insights, as we demonstrate here for protein particles
formed upon peristaltic pumping in silicone tubes. Due to the limitations in microscopic
resolution and the low fluorescence intensity of the nanometer-sized particles, these

approaches are limited to micrometer-sized protein particles.

Most foreign micro - and nanoparticle contaminations are coated by a protein monolayer and
do not necessarily lead to protein particle formation.'? But there are also materials like stainless
steel particles, which induce conformational changes upon protein adsorption and lead to
aggregation.''* Spiking silicone particles did not induce an increase in protein aggregates in
the course of a stability study®®, but the presence of surfactants in the tested formulations could
have suppressed interfacial interactions. The chosen silicone rubber microparticles are formed
from crosslinked linear dimethylpolysiloxane and resemble high purity silicone rubber. Density
and surface charge should be very similar to the pt-cured tubing material, but the materials are
not completely identical in material properties. We showed that approximately 1.8 mg/m? mAb
adsorb to silicone particles, which is consistent with a monolayer formation.'? There were no
signs for formation or preferred adsorption of higher molecular weight species in SEC.
Furthermore, the experiments were conducted in the absence of interfacial shear. These
findings support the hypothesis that elevated protein particle formation in tubing with higher
surface roughness is linked to an increase in adsorption area rather than to increased silicone
rubber particle shedding. The adsorption is driven through an interplay of hydrophobic and
electrostatic interactions between the positively charge mAb and the negatively charged
silicone rubber?” leading to an irreversibly bound monolayer.®” Interactions between preformed
aggregates and foreign species may be protein dependent, e. g lysozyme aggregates strongly
attached on silicone oil droplets, mAb aggregates showed less interaction with silicone oil.*¢ In
case of our mAb, we did not find any evidence for subsequent adsorption of the silicone
particles to protein aggregates. Silicone rubber particles could therefore become part of the
aggregates if there is simultaneous disruption of protein film and detachment of underlying

silicone rubber during roller movement.
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6. Conclusion

Peristaltic pumping generates mAb particles containing nanometer sized silicone rubber
fragments, which can be identified by Raman microscopy, CLSM and IFC. The silicone rubber
particles do not serve as source of aggregation but are covered by protein and distributed in
the total large protein aggregates. Raman microscopy as label-free method and CLSM using
Bodipy stained tubing material could proof the presence of silicone fragments in protein
particles. IFC could reveal that nearly half of the protein particles contained silicone rubber.
The study indicated that mixed silicone rubber and protein particle are co-generated during
pumping instead of subsequent absorption of both species. The developed methods possess
great potential for chemical identification of protein aggregates contaminated with non-

proteinaceous material to support process development and forensic root cause analysis.
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Figure S 1 IFC method validation by bivariate plots for buffer (a), shaken protein (b), unlabelded (c) and Bodipy

labeled silicone beads (d) in presence of ProteoStat.
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Figure S 2 Bivariate Plots for model silicone particles (a), 1 mg/mL mAb shear stressed (b) and 1 mg/mL mAb

pumped through unlabeled Accusil tubing (c) stained with ProteoStat (left) and Bodipy (right).
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Figure S 3 Representative brightfield and fluorescence micrographs of protein particles incubated with shed silicone
particles generated by 7 h pumped buffer through Bodipy stained Versilic tubing (a) and particle numbers for protein
particles incubated with 1 mg/mL silicone microparticles for 1.5 h (b).
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Proteins on the Rack

1. Abstract

Peristaltic pumping can cause protein particle formation. The expected causes were unfolding
by heat in the pump head, oxidative stress by cavitation generated during roller movement,
interfacial adsorption to the tubing wall and mechanical stress by stretching of the tubing itself.
The pump head reached 28 °C during experiments stayed well below the onset of the melting
point of the proteins. Thus, heat may only be a relevant root cause for proteins containing
domains with very low unfolding temperature. Analysis by terephthalic acid dosimetry and
protein oxidation via RP-HPLC ruled out major induction of reactive hydroxyl radicals by
pumping, indicating that cavitation does not play a significant role in particle generation.
Addition of surfactants suppresses protein adsorption to the tubing wall and drastically reduced
protein particle formation. This indicates that interfacial protein adsorption is a key element.
Repeated stretching of tubing filled with protein solution led to the formation of protein particles,
demonstrating that expansion and compression of the protein film on the tubing surface is the
second key component for particle formation. Thus, protein particle generation during
peristaltic pumping originates from the formation of a protein film on the tubing surface which
gets stretched and compressed, leading to film fragments entering the bulk solution. This
interplay of protein film formation and its rupture has been also observed at liquid/liquid or

liquid/air interfaces.

Keywords: pumping, peristaltic pump, tubing, interface, protein(s), protein aggregation,

particle formation, cavitation, stretching

Abbreviations: FNU - formazine nephelometric units; HGH - human growth hormone; HP-
SEC - high-performance size-exclusion chromatography; HPW - highly purified water; H-TPA
- 2-Hydroxyterephthalic acid; ID - inner diameter; IEP - isoelectric point; IL-11 - Interleukin-11;
kp - interaction parameter; mAb - model monoclonal antibody; MW - Molecular weight; PS20 -
Polysorbate 20; gqLD - quantitative laser diffraction; SDS - Sodium dodecyl sulfate; TFA -

Trifluoroacetic acid; TFF - tangential flow filtration; Tn, - melting point; TPA - Terephthalic acid
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Chapter IV

2. Introduction

Pumps are extensively used for transfer and filling in manufacturing of biopharmaceutics.
Pumping of biopharmaceutics can lead to protein aggregation which impacts product quality."
Lobe pumping of albumin leads to aggregate formation due to the exposure to the pump
environment and affects long term stability.? In a process like tangential flow filtration (TFF)
where a protein formulation is circulated potentially for several hours, protein particle formation
might be detrimental and pumping contributes substantially to the overall particle buildup
during TFF.3# Increased particle burden can lead to membrane fouling®, increased viscosity®,
and reduced protein concentration and activity.”® Reducing the particle burden during pumping
is not only of interest from a technical point of view e.g. during TFF processes although
particles formed may be removed by filtration. Particles generated upon pumping during final
filling of drug product without an ultimate filtration reach the patient and may increase

immunogenic risk.%"

The aggregation mechanism depends on protein type and pump design. Exemplarily,
stainless steel piston pumps lead to the formation of subvisible particles via disruption of
protein film which adsorbs mainly by electrostatic interactions between protein and the
stainless-steel surface.'>'* Additionally, stainless-steel particles shed during pumping may
serve as aggregation nuclei.'®"'” Furthermore, the higher number of particles formed by piston
pumps may be triggered by the repeated exposure of protein to interfacial shear in the

recirculation zone inside the cylinder."38

In contrast to piston pumps, studies on the aggregation mechanism in peristaltic pumps are
limited. The particle formation propensity upon peristaltic pumping depends on formulation
conditions and tubing type.®?° As peristaltic pumping is a complex combination of different
mechanical stresses which potentially overlap with chemical stress the following factors are
seen as potential drivers: temperature, exposure to interfaces, shear, and contaminants as
nucleation sites.?! Silicone tubing sheds particles into the product during pumping due to
abrasion of the tubing piece in the pump head.?? We could find mixed particles of protein
containing nanometer sized silicone contaminants, but no evidence for the induction of protein
aggregation by shed silicone particles.?® Additionally, spiking silicone particles did not induce
aggregation in two different mAb formulations up to 6 months storage at 2-8, 25, and 40°C.*

In contrast, silicone oil droplets have been shown to trigger protein aggregation.?26

This study aimed not only to close this knowledge gap and elucidate the mechanism underlying
protein particle formation during peristaltic pumping but also to give advice for the reduction of
pump related protein particles. Therefore, we used a combination of different analytical

methods to isolate each potential contributor from the complex pumping mechanism. Protein
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particle concentration, dependent on formulation and operation parameters, was analyzed
using turbidity, flow imaging and quantitative laser diffraction (qLD) with different model
proteins. To get deeper insight into the key elements that drive the protein aggregation, results
from particle analysis were linked to the different physical and chemical parameters. Oxidative
stress caused by cavitation was examined using Terephthalic Acid Dosimetry and analysis of
protein oxidation. The temperature of the pump head was monitored by thermal imaging and
compared to the onset of protein thermal unfolding. Finally, protein adsorption was quantified

and interfacial shear was simulated by defined repeated stretching of filled tubing.
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3. Materials and Methods

3.1. Materials

33.4 mg/ml monoclonal IgG1 antibody (148 kDa) in 20 mM histidine buffer pH 5.4 served as
model monoclonal antibody (mAb). Interleukin-11 (IL-11, 15 mg/ml in 10 mM sodium
phosphate + 300 mM glycine pH 7.0) and human growth hormone (HGH, 10 mg/ml in 10 mM
sodium phosphate pH 7.0) served as model cytokines. Buffer ingredients were dissolved in
highly purified water (HPW) from an Arium pro DI Ultrapure Water System (Sartorius Stedim
Biotech GmbH, Goettingen, Germany) and pH was adjusted either with hydrochloric acid
(VWR, Darmstadt, Germany) or sodium hydroxide (Bernd Kraft GmbH, Duisburg, Germany).
Buffers were filtered through 0.2 ym cellulose acetate filters (47 mm @, Sartorius Stedim
Biotech GmbH). Protein and mAb formulations were filtered through 0.2 um polyethersulfone
membrane syringe filters (VWR) prior to experiments. Chemicals were obtained as follows:
Histidine and Potassium dihydrogen phosphate from Applichem (Darmstadt, Germany);
Glycine, Methionine, 2-Hydroxyterephthalic acid (H-TPA), Sodium dodecyl sulfate (SDS) and
Terephthalic acid (TPA) from Sigma Aldrich (Steinheim Germany); Acetonitrile from Carl Roth
(Karlsruhe, Germany); Sodium chloride from Bernd Kraft; Trifluoroacetic acid (TFA) from VWR;
Hydrogen peroxide (H20-), Polysorbate 20 (PS 20) and Sodium dihydrogen phosphate from
Merck (Darmstadt, Germany); Ammonium iron(ll) sulfate (Fe(l1)SO4(NH4)2) from Grissing

(Filsum, Germany).

3.2. Setup of Pumping Studies

Tubing sets made from Pt-cured silicone (Accusil Watson-Marlow, Falmouth, United Kingdom)
with an inner diameter of 1.6 mm and a wall thickness of 1.6 mm were rinsed with 1 L HPW at
80 °C and steam sterilized (121 °C, 15 min, 2 bar). Tubing sets consisted of two 20 cm long
pieces for the area in the pump head connected to 35 cm long tubing pieces via polypropylene
Y-connectors (Kartell, VWR). The tubing set was fixed in a Flexicon PD12 peristaltic pump
(Watson-Marlow Flexicon, Ringsted, Denmark) operated with a MC 12 control unit and flushed
with 5 L HPW to remove external contaminants at 180 rpm. After priming to remove air in the
tubing set, 6 mL of formulation buffer followed by 6 mL of 1 mg/ml protein solution was
circulated for 20 passages through the pump head. Experiments were conducted under a
laminar air flow cabinet with the exception of pumping at 8 °C where the pump assembly was
moved into a climatic cabinet (Tritec, Hannover, Germany) for precooling overnight and

experimental work. Samples were immediately analyzed after production.
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3.3. Turbidity

Samples of 1.8 mL were examined for turbidity according to Ph. Eur. 2.2.1 using a Nephla
turbidimeter (Dr. Lange, Duesseldorf, Germany). Data is presented in formazine nephelometric
units (FNU).

3.4. Subvisible Particle Analysis

To estimate total particle amount, 5 mL sample was transferred in a batch cell and was
analyzed by the Aggregates Sizer with the WingSALD bio software version 3.2.2 (Shimadzu
Corporation, Kyoto, Japan). Calculations were based on a material specific refractive index of
1.46, an imaginary index of 0.1%” and a protein particle density of 1.32 g/cm?®?8. The cut-off

level of noise was set to 500.

Particles in the micrometer size range were analysed with a FlowCAM® 8100 (Fluid Imaging
Technologies, Inc., Scarborough, ME, USA) equipped with a 10x magnification cell
(81 pum x 700 um). A total sample volume of 150 yl was analysed at a flow rate of 0.15 ml/min.
Images were collected with an auto image frame rate of 28 frames/s and a sampling time of
60 s leading to an efficiency value higher than 70%. Particle identification was based on the
following settings: 3 um distance to the nearest neighbour, particle segmentation thresholds of
13 and 10 for the dark and light pixels, respectively. Particle size is displayed as the equivalent

spherical diameter using VisualSpreadsheet® 4.7.6 software.

3.5. In silico comparison of IL-11 and HGH

For cytokine characterization respective PDB entries for IL11 (6040) and HGH (3HHR) were
used, and missing residues were inserted with Modeller version 9.23. The PDB files were
processed using the H++ webserver to adjust the protonation state of each titratable amino
acid at pH 7.0 and calculate the IEP and the total charge of the protein. Molecular weight (MW)

was determined from the FASTA sequence using the ExPASy proteomics Web server.

3.6. Fluorimetric Analysis of Thermal Protein Unfolding using nanoDSF

Standard nanoDSF capillaries were filled with 1 mg/ml protein solution and sealed using
sealing paste as recommended by the manufacturer. The capillaries were placed in a
Prometheus NT.48 (NanoTemper Technologies, Munich, Germany). The excitation power of
the device was adjusted that the samples have fluorescence intensity at 330 and 350 nm

between 1,000 and 10,000 counts after excitation at 280 nm (£ 10 nm). A temperature ramp
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of 1 °C/min was applied from 20 to 100 °C. The fluorescence intensity ratio (F350/F330) was
plotted versus the temperature to derive the thermal unfolding transitions from the maximum
of the first derivative of each measurement using the ThermControl software V2.1
(NanoTemper Technologies, Munich, Germany). Protein aggregation during heating was

monitored using the backscattering detector of the device.

3.7. Dynamic Light Scattering

MAb samples with concentrations between 1 and 8 mg/ml were centrifuged for 10 min at
10,000 g. 25 pl of protein solution were filled in a 384 microwell plate (Corning, New York,
United States) and centrifuged for 2 min at 2,000 rpm using a Heraeus Megafuge 40 centrifuge
equipped with an M-20 well plate rotor (Thermo Fisher Scientific). Cytokine samples needed
to be filtered through 0.02 pm Anotop 10 PVDF filters (Whatman, GE Healthcare,
Buckinghamshire, United Kingdom) instead of centrifugation to allow reliable detection of the
diffusion coefficient in 1536 well plates (Aurora Microplates, Scottsdale, Arizona, United
States). Wells were sealed with silicone oil to avoid evaporation. After centrifugation the
samples were measured at 25 °C with 20 acquisitions of 5 s using a DynaPro plate reader |l
(Wyatt Technology, Santa Babara,CA). The interaction parameter kp was determined from the

concentration dependence of the mutual diffusion coefficient D.

3.8. Thermal Imaging

To avoid a reflection induced impact on the infra-red signal the pump was covered in package
tape. The pump was operated at 180 rpm for transferring HPW through 1.6 mm ID Accusil
tubing for 6 h. To obtain the temperature profile thermal images were recorded with a Testo
880-1 thermal imaging camera (Titisee-Neustadt, Germany). Images were processed with an
emissivity of 0.7 with the IRSoft Software (Testo). Temperature was additionally checked with
an Infra Point Tastotherm MP 2000 (PEWA, Schwerte, Germany).

3.9. Terephthalic Acid Dosimetry

A 10 mM TPA solution in 12 mM phosphate buffer pH 7.4 was prepared as described in
Ebrahiminia et al. 2°. 6 mL TPA solution was circulated 1,000 times at 30 rpm, 180 rpm and
600 rpm. The fluorescence of the pumped solutions at Aex= 315 nm, Aem= 425 nm was
immediately measured (Cary Eclipse 50, Agilent, Santa Clara, CA). To quantify free OH

radicals originating from cavitation a calibration curve was recorded with H-TPA. Assay
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integrity was tested using Fenton’s reaction as positive control. Therefore a 10 mM TPA
solution containing 0.6 mM Fe(11)SO4(NH.)2 and 0.4% H202 was incubated for 60 min at room

temperature.

3.10. Detection of Oxidized Protein Species

HGH and IL-11 oxidized species were obtained by incubating 10 mg/ml protein with 0% to
0.2% H202for 24 h. The oxidation process was stopped by mixing the sample 1:1 (v/v) with
200 mM methionine in HPW. Pumped and oxidized HGH and IL-11 samples were analyzed
using an ACQUITY UPLC I-Class system (Waters, Milford, MA, US) equipped with an Acquity
UPLC Protein BEH C4 column (300A, 1.7 ym, 2.1 mm x 50 mm, Waters) at 214 nm. The
elution was carried out with a gradient solvent system with 0.4 mL/min flow rate at 40 °C. The
mobile phase consisted of HPW + 0.1% TFA (A) and acetonitrile + 0.1% TFA (B). Starting from
80% A, the gradient went linearly from 80% to 20% A for 1 — 18 min. The gradient went to

100% B and subsequently back to starting conditions from 18 — 20 min.

3.11. Quantification of Protein Adsorption

For quantification of adsorbed protein, a 4 cm tubing piece was filled with 1 mL of 2 mg/mL
protein formulation and incubated for 24 h at room temperature. After incubation, the tubing
piece was washed three times with formulation buffer and filled with 1 mL desorption buffer
(10 mM phosphate buffer pH 7.2 with 145 mM NaCl and 0.05 % SDS). After 24 h incubation,
samples were analyzed with an Agilent 1100 device (Agilent Technologies, Boeblingen,
Germany) equipped with a G1314A UV detector. Injection volume was increased to 400 ul by
insertion of a 500 ul seat capillary and flow rate was set to 0.7 mL/min with the desorption
medium as mobile phase. The desorbed protein amount was quantified via high-performance
size-exclusion chromatography (HP-SEC) using a 7.8 x 300 mm TSK Gel G3000 SWXL
column (Tosoh Bioscience, Stuttgart, Germany) at 210 nm. The total desorbed protein amount
was calculated based on a protein specific 8-point calibration curve between 0.0001 and
0.01 mg/ml. All chromatograms were integrated manually using ChemStation software (Agilent

Technologies).
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3.12. Stretching Studies

To simulate the disruption of the protein film by stretching 130 mm silicone tubing pieces (ID
6.0 mm) sealed with silicone stoppers were filled with approximately 2.5 mL 1 mg/mL mAb
20 mM histidine pH 5.4 solution. The tubing piece was fixed with clamps leaving 120 mm tubing
in the gap for stretching. Stretching by 10 mm was performed for 2,000 times at 4 mm/s by a
TA XTplus Texture Analyser (Stable Micro Systems, Surrey, UK). Protein solution was

removed and analyzed for particles.

3.13. Statistical Significance

A t-test was carried out with * for p < 0.05, ** for p < 0.01 and *** for p < 0.001.
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4. Results

4.1. Characterization of biophysical stability of model proteins

At first, we studied the particle formation propensity of one monoclonal antibody and two
cytokines during peristaltic pumping. The mAb and IL-11 are positively charged (calculated
total charge IL-11 at pH 7.0: +7) in their respective formulation, while HGH was negatively

charged (calculated total charge at pH 7.0: -4).

The thermal stability of the proteins in their respective bulk solutions was analyzed to determine
whether the heat exposure in the pump head could trigger unfolding and particle formation.
Both cytokines followed a two-state thermal unfolding mechanism while the mAb showed
three-state unfolding corresponding to its Fa, and Fc domains (Figure 1). Only IL-11 formed

larger aggregates in the unfolded state as scattering started at its melting point (Tn).
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Figure 1 Thermal unfolding and scattering intensity curves of 1 mg/mL mAb (a) and HGH and IL-11 (b) in their

respective bulk formulation. Corresponding light colors represent scattering intensity.

All three proteins were rather stable. The mAb showed the lowest onset temperature of
unfolding at approximately 60 °C followed by HGH with 76 °C and IL-11 with 82 °C (Table 1).

Table 1 Characterization and thermal unfolding data from nanoDSF of model proteins in bulk formulation.

Thermal unfolding [°C]
Isoelectric point MW [kDa]

Tonset Tm Tonset-scattering
mAb 8.0-83 156 60.4 £ 0.2 Tmi1: 65.6 £ 0.1 -
Tm2: 82.9 £ 0.1
HGH 5.4 22 75.8+0.3 77.8+01 -
IL-11 11.5 18 824+ 01 87.4+0.1 86.0+ 0.1
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The ko value was used as a simple estimator for colloidal stability. The addition of PS20 had
no substantial effect on the kp value. Only in presence of 140 mM NaCl did kp become negative
(Table 2; Figure S1). Both cytokines exhibited negative kp values. HGH had a lower kp value
than IL-11.

Table 2 ko of mAb, HGH and IL-11 in different formulations.

Protein Formulation ko [mL/g]

mAb 20 mM histidine pH 5.4 1387 + 0.33
20 mM histidine + 140 mM NaCl pH 5.4 -6.28 + 048
20 mM histidine + 0.001% PS 20 pH 5.4 16.07 + 0.58
20 mM histidine + 0.01% PS 20 pH 5.4 1585 + 0.72
20 mM histidine + 0.1% PS 20 pH 5.4 1481 + 0.97

HGH 10 mM Naphosphate pH 7.0 -1186 = 1.72

IL-11 10 mM Naphosphate + 300 mM glycine pH 7.0 -3.77 + 1.22

4.2. Particle formation during pumping

1 mg/ml mAb in 20 mM histidine pH 5.4 circulated exactly 20 times through the pump head
and particle formation was analyzed via turbidity, flow imaging and qLD. Freshly filtered
samples and pumped buffer did not show signals above the noise level in qLD. In all cases
pumping buffer, as well as protein, led to the formation of particles (Figure 2). Overall, the
turbidity values were in line with the particle numbers. Particle levels in the buffer were
comparable for the different process parameters, apart from pumping at the highest speed of
600 rpm, which led to higher particle numbers. Pumping protein solutions resulted in markedly
higher particle concentrations as compared to pumping buffer. The particle levels decreased
with increasing rotation speed from 30 rpm (flow rate: 18 ml/min) to 180 rpm (flow rate:
109 ml/min). Increasing the rotation speed further to 600 rpm (flow rate: 332 ml/min) did not
impact protein particle concentration. There was no difference between operating the
instrument at 25 °C or completely refrigerated at 8 °C. When switching from continuous to
filling mode (60 fills a 2 ml), we observed the same increased particle levels in the micrometer

size range, irrespective of interval duration.
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Figure 2 Turbidity (left) and particles in the micrometer and nanometer size range (right) after peristaltic pumping

of 1 mg/mL mAb 20 mM histidine pH 5.4 at different rotation speeds (a), temperatures at 180 rpm (b) and filling

intervals at 180 rpm (c). Control refers to unpumped buffer and protein formulation.

To identify interfacial triggers for protein particle formation, the formulation was varied

(Figure 3). Addition of salt led to comparable total protein particle levels, but a higher number

of micrometer sized particles. Size distribution data from FlowCam measurements revealed

differences in the = 25 ym particle concentration. Particles numbers for = 25 ym increased
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from 292 + 42 particles per mL, without NaCl, to 832 + 275. The addition of PS20, irrespective

of the tested concentration, completely suppressed protein particle formation. Increased

particle concentrations in buffer or mAb were detected compared to unpumped controls,

despite the addition of PS20. A differentiation via particle image analysis is hardly possible

(Figure S2); however, particles most likely originate from shed silicone from the inner tubing

surface.

Both cytokine formulations showed a substantially higher particle number after pumping

compared to the mAb formulation. While concentrations of nanometer sized protein particles

were comparable in cytokine samples, protein particles = 1 ym were significantly increased for
IL-11. About 2,400 particles = 25 um per mL were detected both for HGH and IL-11. Already

the particle concentration of the freshly filtered, unpumped HGH was slightly elevated,

indicating higher sensitivity to interfacial stress.°
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Figure 3 Turbidity (left) and particle formation in the micrometer and nanometer size range (right) after peristaltic
pumping of 1 mg/mL mAb 20 mM histidine pH 5.4 with addition of 140 mM NaCl or 0.001, 0.01 or 0.1% PS20 (a).
Comparison of mAb, HGH and IL-11 in their respective bulk formulation after peristaltic pumping (b). Pumping

conditions are filling mode with 2 mL fill volume and 1 s filling interval at 180 rpm. Control refers to unpumped buffer

and protein formulation.
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4.3. Heat

To study the heat generation during the roller movement, HPW was pumped for 6 h at 180 rpm.
Pump head and housing temperature increased over 3 h of pumping. A local hotspot was

revealed at the driving unit which reached 36.8 + 0.3°C while the temperature on top of the

pump head increased only to 28.0 £ 0.4 °C (Figure 4; see complete temperature profile: Figure
S3).

e 250
) 25
\ \ 0
20.0°C

Figure 4 Temperature of the lateral (a) and front view of the pump (b) and the pump head (c) after 6 h pumping at
180 rpm.

4.4. Cavitation

By the conversion of TPA to fluorescent H-TPA it is possible to monitor hydroxyl radical
formation by cavitation. Our linear calibration curve covered the range from 1.8 to 0.022 uM
H-TPA. The assay reported no signals above the limit of detection for any of the pumped

samples. Fenton’s reaction yielded in 7.0 £ 1.0 yM H-TPA, proving assay functionality.

Forced oxidation of HGH and IL-11 with H.O» caused the formation of oxidized species in a
H202 concentration dependent manner. While only one peak forms for HGH, IL-11 formed
three subspecies as first Met®® is oxidized, followed with subsequent oxidation of Met'?2 3!
Pumped HGH and IL-11 samples did not show any oxidized species after pumping (Figure 5).

Thus, we did not find evidence for cavitation in our pump studies.
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Figure 5 Chromatograms of HGH (a) and IL-11 (b) incubated with H202 (left) and pumped samples (right).

4.5. Interfacial protein adsorption

Due to their amphiphilic character, proteins adsorb to interfaces. We quantified the amount of
protein irreversibly adsorbed to the the tubing surface (Figure 6) and found increasing ionic
strength led to an increase of mAb adsorbed, from 4.0 + 0.1 mg/m?at low and 5.3 + 0.2 mg/m?
at high ionic strength. Already, the lowest PS20 concentration of 0.001% [w/v] reduced protein
adsorption substantially to 0.8 + 0.4 mg/m?. Protein adsorption was even more suppressed at
0.1% PS20 [w/v]. HGH adsorbed to a similar extent and IL-11 slightly less. Thus, all proteins
form a film at the tubing surface.
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Figure 6 Amount of protein adsorbed to the tubing surface.
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4.6. Repeated elongation and relaxation of tubing filled with protein solution

Additionally, we filled the tubing with mAb solution and exposed the tubing to 2,000 elongation
and relaxations cycles (8.3% strain), stressing the adsorbed protein film (Figure 7).
Unstretched tubing containing protein solution did not exhibit protein particle formation
compared to the freshly filtrated protein formulation. Upon stretching the tubing, the particle
level = 1 ym per mL increased substantially to 24,000 £ 7,800. Particle concentration = 10 um
and = 25 ym per mL was increased to 285 + 31 and 27 + 12 compared to the unstretched

tubing 54 + 43 and 17 + 12, respectively.
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Figure 7 Subvisible particle formation in tubing filled with 1 mg/mL mAb 20 mM histidine pH 5.4 upon 2,000
elongation and relaxation cycles at 8.3% strain (a) and exemplary images of particles formed during stretching (b).
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5. Discussion

Protein aggregation is a major challenge in processing and formulation of biopharmaceutics.
During their production and purification, proteins are exposed to a variety of different
mechanical and interfacial stresses. Pumps which are widely used for transferring and dosing
the final product in manufacturing have turned out to contribute to the total particle burden.
Aggregates formed during drug product filling into the final container without an ultimate filter
downstream of the pump are critical for quality and safety. Until now, studies on the particle
formation in peristaltic pumps have been limited and the root cause for protein particle

formation has not been clearly identified.

In our current study we considered different peristaltic pumping parameters to identify relevant
factors. We also investigated the effect of formulation, protein size and net charge on the
particle formation propensity evaluating two cytokines, HGH and IL-11, and one mAb in
different formulations. Independent of the process parameters, pumping resulted in an
increase of the subvisible protein particle levels. Similar to previous studies, we did not find the
formation of soluble aggregates in SEC for the mAb formulation, even after extensive pumping
in preliminary tests.'?'® Despite our findings, less stable proteins could potentially form soluble
aggregates. In contrast to Her et al.’®, we found an increase in particle formation when
prolonging the contact time between the protein and tubing surface at low rotation speed. This
might be a hint towards an interface-mediated aggregation mechanism or increased exposure
to the warm pump head. During rotation, the rollers generate friction resulting in heat, which,
if the melting point is reached, could lead to protein unfolding followed by aggregation. To
evaluate heat generated during roller movement as cause for protein aggregation, a heat
temperature profile was recorded during pump operation. The pump head surface reached
28.0 £ 0.4 °C indicating a temperature of approximately 30 °C in the pump head. This is well
below the melting temperature of the tested proteins, indicating that heat denaturation is
unlikely in our models. For proteins which are more susceptible to temperature, the heat in the
pump head could trigger aggregation. Additionally, considering that at 180 rpm (flow rate:
109 mi/min) the contact time of a protein to the pump head is less than a second and that
cooling the device did not result in decreased protein aggregation, heat is not a key factor for

protein aggregation in peristaltic pumping.

Interestingly, increasing the pump speed to 600 rpm, which might trigger shear associated
aggregation or cavitation, only resulted in an increase in shed tubing particles in buffer due to
material wear and fatigue. Protein particle levels, however, were comparable to material
pumped at 180 rpm. Cavitation occurs in pumps if the static pressure of the liquid gets below

the liquid's vapor pressure. This leads to the formation of small vapor bubbles, which explode
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and release hydroxyl radicals, which could oxidize proteins. Duerkop et al.*? found that high
shear environment during cavitation experiments did not induce protein particle formation nor
structural perturbation. The exposure to interfacial stress at the liquid/vapor bubble interface
was seen as a driving force for aggregation and monomer loss. While Duerkop et al. did not
identify hydroxyl radicals as the cause of aggregation, Randolph et al. showed that cavitation
originating from vial dropping leads to HGH oxidation by hydroxyl radicals.*® The met oxidized
HGH form is less stable and more prone for aggregation.®* IL-11 served as a second candidate
for the detection of oxidation caused by pumping, as it gets quickly oxidized in presence of
hydroxyl radicals.?'* The formation of hydroxy! radicals was additionally probed based on the
conversion of non - fluorescent TPA to fluorescent H-TPA.3¢ Though the potential for cavitation
is positively correlated to pump speed, particle counts remained stable. Confirming theoretical
calculations'®, oxidized species that are the result of cavitation could not be detected in any
pumped samples. Therefore, despite the known propensity of oxidized species to form

particles, the particles detected in this study were not produced by cavitation.

Thus, the particle formation propensity cannot be explained by chemical factors. The link
between increased contact time and increased protein particle formation points towards solid-
liquid interfacial interactions. Interfacial adsorption is a complex process triggered by a variety
of factors including electrostatic and hydrophobic interactions, protein — protein interactions
and conformational stability.®*® In surfactant-free formulations protein particle formation was
observed irrespective of the protein type. A mAb formulation with reduced colloidal stability
due to charge shielding through the addition of 140 mM NaCI***!, showed a similar total
particle concentration with only a slightly higher number of particles =25 ym. Specifically,
charge shielding may foster the build-up of larger aggregates due to attractive forces.*?
Although kp values were comparable to the bulk formulation, adding PS20 to the formulation
completely supressed protein particle formation. This latter result is in perfect agreement with
the studies from Her et al.’®?° In this study, we used kp as a simplistic approach for colloidal
stability estimation. Although kp is used as a descriptor for interparticle interaction in protein
solutions*3, this parameter does not provide a full picture of colloidal stability. Currently,
computational and experimental approaches aim for a more accurate determination of colloidal
stability.*+*5 Polysorbate suppresses protein adsorption by preferential location at the interface
without forming complexes with the protein itself.*64” We could see similar effectiveness in
protein adsorption reduction for PS80 and Poloxamer 188 (Figure S4); the two surfactants
were already shown to be effective in protein particle reduction in pumping studies.?® These

findings verified that interfacial adsorption plays a key role in protein particle formation.

Protein films remain stable under flow conditions without protein particle formation.'?4® We

therefore elongated and relaxed tubing filled with protein solution outside the pump-head

63



Chapter IV

repeatedly. This simple stress resulted in substantial protein particle formation which indicates
that the rupture of the adsorbed protein film is a main factor in the particle formation upon
peristaltic pumping. Based on the evidence in this study; protein aggregates originate from a
protein film formed on the tubing surface and its subsequent rupture during roller movement;
followed by film fragments entering the bulk solution. This mechanism is similar to the
aggregation phenomena observed at the liquid-air*>®, liquid-silicone oil interface®' and in
stainless steel piston pumps'?>'. During pumping, the surface is continuously renewed due to
the rolling mechanisms and repeated film formation will be induced. Extrapolating the
adsorption speed of mADb to siliconized syringes®, protein film formation takes place in less
than a second at the chosen experimental conditions. The increased protein particle formation
at low rotation speed might therefore originate from a ‘self-healing’ of the protein film during
rotation due to the longer contact time similar to observations in piston pumps.™ The protein
adsorption rate can be influenced by electrostatic attraction and non — electrostatic
interactions.>® But despite repulsive electrostatic interactions between the negatively charged
HGH and the negatively charged tubing®, particle formation was comparable to the positively
charged IL-11. Additionally, particle levels for the cytokines were way higher than those for the
mADb, although adsorbed amounts of HGH and mAb were comparable. This might result from

the higher diffusion speed of the smaller molecules.
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6. Conclusion

Protein particle formation during peristaltic pumping was influenced by process parameters,
formulation and protein type. At the lowest rotation speed, the protein particle levels were
slightly higher. We therefore recommend the use of a rotation speed that balances between
short contact time between tubing surface and protein, on the one hand, and maintaining tubing
integrity on the other hand. Colloidal stability based on kp thereby negligibly influenced protein

particle concentration.

Heat generated during operation was way below the melting point of all tested proteins. There
were also no signs for cavitation or protein oxidation. By screening for interfacial protein
adsorption, we found that the reduced aggregation in surfactant-containing samples was linked
to the suppression of protein adsorption to the tubing. In combination with defined stretching
and relaxation of the tubing, protein adsorption led to particle formation. Protein particle
formation during peristaltic pumping is therefore triggered by protein film formation on the
tubing surface and its consecutive tearing during the roller movement, resulting in protein film

fragments entering the bulk solution.

Thus, protein particle formation can be suppressed by the addition of surfactants, but
techniques for surfactant-free samples are limited. To reduce particle burden upon pumping,
formulation development should focus on the replacement of the protein at the interface. Still
more work is needed to evaluate whether the tubing material itself, based on surface properties

and material characteristics, can be optimized.
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Figure S 1 Linear regression data for ko determination of (a) the different mAb formulations and (b) the cytokines.
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oSO SNjEiEEERDEDG
BOEEEEED D6 [ N

HEiEllENEEE=DEEmE
1 N ) e

ClNEREREERpENOEE
MRS EIEEaNSHED

L]

50 ym

Figure S 2 Exemplary images of particles generated upon pumping pure buffer (a, c) or 1mg/mL mAb (b, d) with
(c, d) or without (a, b) addition of 0.01% PS20 in filling mode at 180 rpm.
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Figure S 3 Temperature profile of the peristaltic pump over 6 h of pumping at 180 rpm.
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Figure S 4 Adsorbed equilibrium protein amount in presence of three surfactant types with concentrations ranging
from 0 to 0.1% (w/v).
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1. Abstract

Interfacial adsorption is a major concern in the processing of biopharmaceutics as it not only
leads to a loss of protein, but also to particle formation. Protein particle formation during
peristaltic pumping is linked to interfacial adsorption to the tubing and subsequent tearing of
the formed protein film. In the current study, driving forces and rate of the adsorption of a
monoclonal antibody to the silicone rubber surface during pumping, as well as particle
formation, were studied in different formulations. Particle concentration and size distribution
were influenced by the formulation parameters; specifically high ionic strength led to more
particles and the build-up of particles larger than 25 pm. Formulation pH and ionic strength
had an effect on the total amount of adsorbed protein. Adsorbed protein amounts increased
when the Debye length of the protein was decreased, leading to a higher packing density.
Atomic force microscopy and streaming potential determination revealed that the irreversible
protein film formation on the hydrophobic tubing surface occurs in less than a second.
Electrostatic interactions are the dominating factor for the initial adsorption speed. In intimate
contact to the silicone rubber surface, hydrophobic interactions govern the protein adsorption.
PS20 quickly coats the tubing surface which leads to an increase in hydrophilicity and shielding
of electrostatic interactions, thereby efficiently inhibiting protein adsorption. Overall, atomic
force microscopy and streaming potential determination possess great potential for the
characterization of adsorbed protein films and the adsorption kinetic evaluation in high-speed
mode. Protein adsorption to silicone tubing is driven by a combination of electrostatic and

hydrophobic interactions which is effectively shielded by PS20.

Keywords: monoclonal antibody, pumping, biopharmaceutics, streaming potential, atomic

force microscopy, silicone, protein adsorption, protein aggregation

Abbreviations: AFM - Atomic force microscopy; Gn-HCI - Guanidine hydrochloride; HP-SEC
- high-performance size-exclusion chromatography; HPW — highly purified water; HS — AFM -
high-speed AFM; ICD - Isothermal Chemical Denaturation; ko — interaction parameter; mAb -

monoclonal antibody; PDMS — Polydimethylsiloxane; PS20 - polysorbate 20
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2. Introduction

Protein particle formation is a major concern in the processing of biopharmaceutics. During
manufacturing and storage proteins are exposed to a variety of surfaces. As surface active
molecules, proteins tend to adsorb to interfaces reversibly or irreversibly which can be
triggered by structural perturbation. The adsorption process is governed by protein features
like hydrophobicity, conformational and colloidal stability, as well as material characteristics.'3
On the one hand, interfacial adsorption results in protein loss. On the other hand, protein
particles can form upon rupturing of the protein film at liquid-air and liquid-solid interfaces as
agitation®, stirring® or ejection from syringes leads to a substantial increase in subvisible and
visible particles.® We previously observed pronounced particle formation during peristaltic
pumping of protein solutions.” Various proteins adsorbed quickly to the silicone tubing used,
and the formed protein film was ruptured during roller movement. We assume that during
pumping a high protein adsorption rate plays a key role in the particle formation propensity.
Protein adsorption to hydrophobic surfaces is difficult to monitor as the adsorption rate and the
structural perturbation occur rather fast compared to hydrophilic surfaces. Electrostatic and
hydrophobic forces initiate protein adsorption via long-range and short-range interactions,
respectively. Exemplary, protein particle formation in piston pumps was favoured by
electrostatic interaction governing protein adsorption.8 Identification of the driving forces during
protein adsorption to tubing material could give hints on optimized formulations that reduce

adsorption and particle formation during peristaltic pumping.

Atomic force microscopy (AFM) has been established for the characterization of protein film
morphology and thickness on different materials.®'® Additionally, high-speed AFM (HS — AFM)
can provide insights into the steps and the rate of protein film formation.® Unfortunately, HS-
AFM is only an indicator for the protein film building process, but it does not enable a
quantification of the adsorption. In contrast, a variety of methods allow the quantitative
monitoring of protein adsorption kinetics to polymer surfaces like quartz crystal microbalance
with dissipation monitoring,’'? neutron reflectometry'® and surface plasmon resonance.’ But
these techniques typically require a model surface and tubings could not be investigated. To
this end we evaluated streaming potential measurements on the tubing itself. Streaming
potential measurements are based on the potential difference caused by the movement of
counter charges from a charged surface. The flow of the counter charges is induced by the
force exerted on the double layer due to a pressure gradient through a charged channel,
capillary or membrane.” Streaming potential measurements do not only track protein
adsorption label-free in high-speed mode, they also give evidence on the electrostatic charges

present on the substrate before and after incubation.6.17
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In our current study we evaluated the effect of formulation parameters on the protein particle
formation propensity and identified the driving forces and kinetics of protein adsorption to
silicone rubber tubings. Protein formulations were varied in ionic strength, pH and surfactant
concentration to find the main driving forces during the adsorption process and their potential
interplay. Protein stability and surface activity was measured by established biophysical
methods and interfacial drop profile analysis. The protein film on the silicone rubber surface
was visualized and characterized by AFM and streaming potential measurements. In order to
track the protein adsorption kinetics in real time both techniques were setup in a high-speed
mode. The findings from the adsorption kinetics and protein stability studies were linked to the

protein particle formation propensity during pumping.
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3. Materials and Methods

3.1. Materials

A 33.4 mg/mL monoclonal IgG1 antibody in 20 mM histidine buffer pH 5.4 was used as a model
monoclonal antibody (mAb). Formulations at different pH and ionic strength (Table 1) were
obtained from the 33.4 mg/mL stock by dilution in the respective buffer. Buffer ingredients were
dissolved in highly purified water (HPW) from an Arium pro DI Ultrapure Water System
(Sartorius Stedim Biotech GmbH, Goettingen, Germany) and pH was adjusted either with
hydrochloric acid (VWR, Darmstadt, Germany) or sodium hydroxide (Bernd Kraft GmbH,
Duisburg, Germany). Buffers were filtered through 0.2 ym cellulose acetate filters (47 mm g,
Sartorius Stedim Biotech GmbH). Protein and mAb formulations were filtered through 0.2 pm
polyethersulfone membrane syringe filters (VWR) prior to experiments. Chemicals for
experiments were purchased as follows: Guanidine hydrochloride (Gn-HCI), polysorbate 20
(PS20) and sodium dihydrogen phosphate from Merck (Darmstadt, Germany); Potassium
chloride (KCI) from VWR; Sodium chloride (NaCl) from Bernd Kraft; Sodium dodecyl sulfate
(SDS) from Sigma Aldrich (Steinheim Germany). The Sylgard 182 Silicone Elastomer Kit (The
Dow Chemical Company, Midland, MI, USA) was kindly gifted by Biesterfeld Spezialchemie
GmbH (Hamburg, Germany).

Table 1 lonic strength (IS) calculation is based on the amount of Histidine - HCI and NaCl.

Formulation IS [mM]
20 mM histidine pH 5.4 16.27
20 mM histidine pH 5.4 + 140 mM NaCl 156.27
20 mM histidine pH 7.4 0.84
20 mM histidine pH 7.4 + 140 mM NaCl 140.84

3.2. Preparation of silicone tubing sets

Accusil tubing sets (ID 1.6 mm, Watson-Marlow, Falmouth, United Kingdom) were assembled
and cleaned as described elsewhere.” Cleaned tubing sets were flushed with 5 | HPW at
180 rpm prior to experiments using a Flexicon PD12 peristaltic pump (Watson-Marlow
Flexicon, Ringsted, Denmark) operated with a MC 12 control unit. A total volume of 6 mL of a
corresponding placebo buffer followed by the 1 mg/mL mAb formulation was circulated
20 times in filling mode (60 x 2 mL fills, 1 s interval, acceleration of 60) at 180 rpm. All pumping
experiments were conducted under a laminar air flow cabinet. Experiments were performed as

three independent pumping studies using a new tubing set each.
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3.3. Particle analysis

Turbidity of samples from pumping studies were analyzed according to Ph. Eur. 2.2.1 using a
Nephla turbidimeter (Dr. Lange, Duesseldorf, Germany). Subvisible particles were measured
by the Aggregates Sizer with the WingSALD bio software version 3.2.2 (Shimadzu
Corporation, Kyoto, Japan) and the FlowCAM® 8100 (Fluid Imaging Technologies, Inc.,
Scarborough, ME, USA). The Aggregates Sizer calculated protein particle concentration in a
5 mL batch cell based on a material specific refractive index of 1.46, an imaginary index of
0.1"® and a protein particle density of 1.32 g/cm?®."® The cut-off level of noise was set to 500.
Scattering from unpumped samples and pumped buffer samples were below the cut level of
noise. A total sample volume of 150 pl was analysed using the FlowCam equipped with a 10x
magnification cell (81 ym x 700 ym) at a flow rate of 0.15 mL/min. Images were collected with
an auto image frame rate of 28 frames/s and a sampling time of 60 s (efficiency > 70%).
Particle identification was based on the following settings: 3 um distance to the nearest
neighbour, particle segmentation thresholds of 13 and 10 for the dark and light pixels,
respectively. Particle size as the equivalent spherical diameter is displayed using

VisualSpreadsheet® 4.7.6 software.

3.4. Determination of the interaction parameter(kpo)

Varying mAb concentrations between 1 and 8 mg/mL were centrifuged for 10 min at 10,000 g.
25 pl of protein sample were filled in a 384 microwell plate (Corning, Corning, NY, USA) and
centrifuged for 2 min at 2,000 rpm using a Heraeus Megafuge 40 centrifuge equipped with an
M-20 well plate rotor (Thermo Fisher Scientific, Wilmington, USA). Wells sealed with silicone
oil were measured at 25 °C with 20 acquisitions of 5 s using a DynaPro plate reader Il (Wyatt
Technology, Santa Babara, CA, USA). The interaction parameter kp was derived from the

concentration dependence of the mutual diffusion coefficient D:
D = Do(l + kDC)
With Do = diffusion coefficient at infinite dilution and c = protein concentration.

For an estimation of a net attractive or a net repulsive interaction the osmotic second virial

coefficient A% was calculated from the TIM equation?;

. kp+629
27 119m

With M representing the molar mass of the protein.
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3.5. Determination of molecular weight

For the determination of the molecular mass by static light scattering samples with a mAb
concentration of 4, 6, 8 and 10 mg/mL in histidine buffer pH 9 were analysed in a low volume
quartz cuvette by the Litesizer 500 (Anton Paar, Graz, Austria). Each measurement was

performed in duplicate at each mAb concentration.

3.6. Isothermal Chemical Denaturation (ICD)

Different denaturant concentrations were prepared by pipetting formulation buffer and
denaturant stock (formulation buffer containing 6 M Gn-HCI) into a non-binding surface 384
well plate (Greiner, Frickenhausen, Germany) using Viaflo Assist equipped with a 16-channel
125 uL Viaflo pipette (Integra Biosciences, Konstanz, Germany). We used Gdn HCI as
denaturant to avoid drawbacks from the weaker denaturant urea like partial unfolding,
accepting that we affect the ionic strength. The protein stock was added to a final concentration
of 1 mg/mL using a 16-channel 12.5 uL Viaflo pipette (Integra Biosciences). To avoid sample
evaporation during incubation the well plate was sealed with EASYseal™ sealing film (Sigma
Aldrich) after manual mixing. After 24 hours incubation at room temperature, the samples were
analyzed with a FLUOstar Omega microplate reader (BMG Labtech, Ortenberg, Germany) by
measuring intrinsic fluorescence intensity (Aex=280 nm; Aem1= 330 nm and Aem2= 350 nm). The
measurements for both wavelengths were performed in multichromatic mode using 50 flashes
per well with the same gain settings for each wavelength. The mean data of the triplicates was
fitted to a three-state model using the biphasic model from Prism 5 (GraphPad Software, San
Diego, CA, USA). The melting points (Cm1 and Cn2) were derived from the fit representing the

concentration leading to half-maximum unfolding of each unfolding transition.

3.7. Zeta potential and electrokinetic measurements

Streaming potential and streaming current measurements were performed with SurPASS 3
(Anton Paar GmbH, Graz, Austria) equipped with the measuring cell for flexible tubing (Figure
S 1). A 70 mm tube sample was fixed on both ends using caps with an appropriate size that
tighten the inlet and outlet of the tube sample by squeezing silicone gaskets. The cross-section
of the tube sample was adjusted to comply with the requirements of a reliable streaming
potential (streaming current) measurement on a capillary flow channel during 2.5 mM KCI
rinsing. The central part of the tube sample was compressed gently by pushing the tube on a
pedestal using a micrometre screw. After recording the pH dependence of the zeta potential

for the inner surface of the pristine silicone tubing, the tubing was rinsed with HPW. For mAb
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adsorption kinetic studies, the zeta potential of the pristine silicone tubing in 2.5 mM KCI at a
chosen pH was recorded at a constant pressure (200 mbar) and a constant volume flow rate
(73 + 16 mL/min) serving as a baseline. As a second step the KClI solution was replaced by a
0.025 mg/mL mAb solution at pre-adjusted pH. As a last step the mAb solution was replaced
with fresh 2.5 mM KCI pre-adjusted to the corresponding pH. For monitoring the effect of the
non-ionic surfactant PS20 an additional adsorption step with KCI buffer containing 0.004%
[w/v] PS20 was added before protein adsorption. After kinetic studies the pH dependence of
the zeta potential for the inner surface of the silicone tubing after adsorption and desorption of
mAb was recorded. Experiment durations were adapted until equilibrium conditions were
reached. Data from adsorption kinetics measurements was fitted via nonlinear regression to
the "plateau followed by one phase association” model from Prism 5 to obtain the adsorption

rate.

3.8. Quantification of protein adsorption

To quantify the adsorbed protein, a 4 cm tubing piece (ID 6.0 mm) was filled with 1 mL of
2 mg/mL protein formulation. After 24 h incubation at room temperature, the tubing piece was
washed three times with formulation buffer and refilled with 1 mL desorption buffer (10 mM
phosphate buffer pH 7.2 with 145 mM NaCl and 0.05 % [w/v] SDS). After 24 h incubation,
samples were analysed with an Agilent 1100 HPLC system (Agilent Technologies, Boeblingen,
Germany) at 210 nm with a G1314A UV detector. To quantify the small protein amounts the
injection volume was increased to 400 pl by insertion of a 500 pl seat capillary. The desorbed
protein amount was quantified via high-performance size-exclusion chromatography (HP-
SEC) using a 7.8 x 300 mm TSK Gel G3000 SWXL column (Tosoh Bioscience, Stuttgart,
Germany) at a flow rate of 0.7 mL/min with the desorption medium as mobile phase. Based on
an 8-point calibration curve (0.0001 to 0.01 mg/mL) the total desorbed protein amount could
be determined. All chromatograms were analyzed using ChemStation software (Agilent

Technologies).

3.9. Interfacial drop profile analysis

To study protein behaviour at the silicone oil interface, a 50 pl drop mAb solution (c =1 mg/mL)
was formed in a silicone oil (viscosity: 100 cSt; Optimal Products, Bad Oeynhausen, Germany)
filled in an optical glass cuvette (Hellma, Mullheim, Germany). The interfacial tension was
monitored over 30 minutes via a profile analysis tensiometer (PAT-1, Sinterface Technologies,

Ltd., Germany). The pendant drop on a stainless-steel capillary (@ 2.1 mm) was formed by the
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automated syringe. Drop images were captured by a CCD camera at 1 frame/s and processed
(PAT-1 software, Sinterface Technologies) to obtain drop volume, surface area, and interfacial
tension based on the Young-Laplace equation. Interfacial tension was calculated based on
solution densities of 1 g/cm?® and 0.972 g/cm? for the mAb and silicone oil phase, respectively.
Results are converted to surface pressure I1 by subtraction of the pure buffer signal. The initial

surface pressure I, was estimated by the ‘two phase association’ kinetic model from Prism 5.

3.10. Atomic force microscopy

AFM images were performed using NanoWizard® 4 (JPK, Berlin, Germany) with integrated
Axiovert 200 inverted microscope (Zeiss, Jena, Germany) and SPM software (JPK, Berlin,
Germany). The cantilever qp-BioAC-CB1 (NanoWorld, Neuenburg, Switzerland; resonance
frequency 90 kHz, spring constant 0.3 N/m) was used in the QI™ Mode (Advanced Imaging)

and calibrated with the contact free method at room temperature.

For imaging of the tubing surface, pieces of Accusil tubing (ID 6.0 mm) were glued on glass
slides. By gluing a ring serving as reservoir wall, the tubing surface could be covered with
buffer. A defined spot of the tubing was measured in buffer before and after incubation with
1 mg/mL mAb for 30 min. The following values have been set: setpoint 0.5 nN; z-length 4 pm;
speed 300 um/s; 20x20 um? area with 350x350 pixels.

For protein film thickness and high-speed AFM measurements, ultra-flat PDMS coated
surfaces were obtained by coating muscovite Mica V1-quality (Electron Microscopy Sciences,
Hatfield, PA, USA) with the silicone elastomer kit. Ten parts of elastomer base and one part of
curing agent [w/w] were mixed and after degassing 10 drops were applied on a mica sheet
mounted on a KLM spincoater 1.4 (Schaefer Technologie, Langen, Germany) equipped with a
KNF Laboport vacuum pump (Freiburg, Germany) operated at 200 rps for 30 s followed by
ramping to 15 rps in 30 s. The PDMS coating was cured at 150 °C for one hour at 11 mbar.
Successful coating was verified by water contact angle determination using drop shape
analysis (Figure S 2). Coated Mica sheets were accepted for measurements only if the water

contact angle was above 105°. Coated mica sheets were glued into petri dishes.

The PDMS surface was measured in air before incubation with the following values: setpoint
0.4 — 0.6 nN; z-length 0.4 um; speed 300 um/s; 10x10 ym? area with 256x256 pixels. The
PDMS surface was incubated with 2 mL 1 mg/mL mAb solution at pH values 5.4 or 7.4 for
10 min and subsequently washed three times with respective formulation buffer. First, the
protein surface was imaged. Afterwards an area of 1x1 ym? was scratched off by using the

AFM contact mode in one scan (512x512 pixel) with maximum force (=18 nN). Protein layer
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thickness was estimated from the measured height profile of the resulting hole. The following
values were set for imaging the protein surface and the scratched areas: setpoint 0.3 — 0.6 nN;

z-length 0.4 ym; speed 181.82 um/s; 5x5 um? area with 256x256 pixels.

For the high-speed imaging the USC-F0.3-k0.3 cantilever (NanoWorld; resonance frequency
300 kHz, spring constant 0.3 N/m) was used in the Fast Imaging Mode and calibrated with the
contact free method at room temperature. Petri dishes with coated mica sheets were filled with
buffer. During the measurement, the protein solution was injected into the buffer via a
microfluidic insert to observe the deposition of the protein in real time leading to a final protein
concentration of 0.1 mg/mL. An area of 500x500 nm? was scanned at 200x100 pixels with a

line rate of 100 Hz. The setpoint oscillation amplitude was between 3.44 nm and 5.51 nm.

All images were processed and optimized with Data Processing software version 6.0.50 (JPK,
Berlin, Germany). First, a polynomial fit was subtracted from each scan line independently. A
histogram is calculated for each scan line, and only the data between the lower (0%) and upper
(70%) limits is used for fitting the polynomial. The second step was to replace outlier pixel
values with the median value of neighbouring pixels. The last step was to use low-pass filter

(2-dimensional Savitzky—Golay smoothing; smoothing width: 5, order: 2).

3.11. Gold staining of mAb adsorbed to coated mica sheets

To verify protein adsorption during HS-AFM measurements coated mica sheets glued in petri
dishes were incubated with 0.1 mg/mL mAb in 20 mM His/HCI pH 5.4 buffer for 13 s and 300 s.
To remove residual salts on the surface that might interfere with the gold staining, incubated
mica dishes were washed three times with corresponding placebo buffer followed by three
times HPW. After washing, the petri dishes were filled with 2 mL gold staining solution
(Colloidal gold total protein stain, BioRad Laboratories, Munich, Germany) and incubated at
room temperature for 3 days. Stained samples were washed with deionized water and dried

by compressed air.
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4. Results

4.1. Protein particle formation upon pumping

At first, we studied the impact of pH and ionic strength on protein particle formation upon
pumping of a mAb solution (Table 2). For buffer formulations, turbidity and particle number
went up only marginally. In contrast, mAb formulations exhibited a marked increase in turbidity
from approximately 0.5 to 3-3.5 FNU, and correspondingly, the number of particles = 300 nm,
increased from below the detection limit to approximately 26 x 10° per mL after pumping. The
number of particles =21 ym per mL was substantially higher with approx. 150,000 for
formulations without NaCl and 250,000 with NaCl as compared to approx. 400 before pumping.
The formation of particles 2 10 ym and = 25 ym was similar for all formulations, except for
those with a buffer of low ionic strength and pH 5.4.

Table 2 Particle size distribution after pumping 1 mg/mL mAb in buffer pH 5.4 and 7.4 with and without addition of
NaCl. Data at pH 5.4 from Deiringer et al.”

Particle concentration [#/mL]
Formulation Turbidity [FNU]

=300 nm =1 um =10 ym 225 um
pH 5.4 33+03 302x105+3.7x10% 161,284+ 10,920 2,513+ 480 292+ 42
+ 140 mM NaCl 33+06 287x106+9.6x10% 287,475+71,884 4,510+1,448 832+275
pH 7.4 36+01 26.3x106+25x10% 148,036+ 9,290 4,707 +1,038 743 +239
+ 140 mM NaCl 28+0.2 20.3x10%°+1.6x10° 235,156 +43,433 2,999+ 398 546+ 104

4.2. Effect of formulation on protein interfacial behavior, conformational and

colloidal stability

As protein particle formation upon pumping occurred in all formulations, but to a slightly
different extent, the interfacial behaviour, the conformational as well as the colloidal stability of
the mAb were tested as a function of the formulation. Conformational stability was monitored
via chemical denaturation, as thermal denaturation would be substantially impacted by the pH
shift of the histidine buffer upon heating.?’ The ICD data fitted well to a complex unfolding
behaviour following a three-state model?' (Figure 1). According to literature, the first transition
can be assigned to the unfolding of the CH2 domain, while the second transition is linked to
the unfolding of the Fab or the CH3 domain.??
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Figure 1 Isothermal chemical denaturation of 1 mg/mL mAb in different formulations.

Cm values only showed slight differences in unfolding propensity (Table 3). The formulation at

pH 7.4 showed a higher resistance to unfolding induced by Gn-HCI compared to formulations

at pH 5.4. These findings are in line with previously published literature.?32*

Table 3 Melting points (Cm1 and Cm2) calculated from the biphasic fit model (R? > 0.998) of ICD, ko and A% of mAb
formulations. The 95 % lower and 95 % upper confidence intervals for Cm values are reported in brackets.

Formulation Cm1 [M] Cm2 [M] ko [mL/g] A5 [mL-mol/g?]- 10~*
pH 5.4 24(22-25)  32(32-33) 13.9 + 0.37 1.1+<0.05
pH 5.4 + 140 mM NaCl - - -6.3+0.57 0.0+<0.05
pH 7.4 2.7(2.6-2.8) 35(3.5-35) 28.0+1.6 1.9+<0.05
pH 7.4 + 140 mM NacCl - - -71+04 0.0+<0.05

The colloidal stability was characterized via ko which can be transferred into an A’ value with
the obtained molecular mass of My, = 156 + 6 kDa of the mAb (Table 3). Without NaCl,

increasing repulsive forces were observed with increasing pH. The addition of NaCl shielded

the charge effect, leading to net balanced repulsion and attraction irrespective of pH.

Additionally, we studied the mAb adsorption behaviour at the interface between formulation

and silicone oil, simulating the silicone rubber surface. We did not observe a lag phase, but a

slow consistent increase in surface pressure (Figure 2). In the two buffers without NaCl, the

increase was more substantial at pH 7.4. At high ionic strength in presence of NaCl, initial

adsorption was very fast reaching higher surface pressure levels as compared to the salt-free

low ionic strength buffers (Table 4).
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Figure 2 Surface activity measurements of 1 mg/mL mAb in different formulations (mean of n = 3).

Table 4. Initial surface pressure I, obtained from extrapolation of the exponential model fit and surface pressure
after 30 min (I150).

Formulation [To[mN/m] 30[mN/m]
pH 5.4 1.0+0.2 3.7+04
pH 5.4 + 140 mM NaCl 44+01 79+03
pH 7.4 1.5+0.3 51+02
pH 7.4 + 140 mM NaCl 44+01 9.1+0.5

4.3. Characterization of the mAb film on silicone rubber

The amount of adsorbed mAb was only slightly impacted by pH and ionic strength. At pH 5.4,
4.0 £ 0.17 and 5.3 = 0.27 mg/m? respectively adsorbed compared to 4.6 + 0.1 and 5.2
0.2 mg/m? respectively at pH 7.4 in absence and presence of NaCl. At pH 9.0, an additional
pH studied in the streaming potential measurements, adsorption was more pronounced with
6.8 + 0.4 mg/m>.

AFM showed that the tubing surface was irregular with deep holes resulting in height
differences up to 1.6 um (Figure 3). The protein filled the cavities and led to a smooth surface

with height differences of less than 50 nm.
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1.6 um

Figure 3 AFM images of tubing surface (a) before and (b) after incubation with 1 mg/mL mAb in 20 mM histidine
buffer pH 5.4. Note that the height bars are of different scale and the image after incubation is zoomed in for proper

morphology evaluation.

The protein film thickness could not be analysed directly on the silicone rubber tubing via AFM.
Instead, PDMS coated mica sheets were used as model substrates with a strongly hydrophobic
surface (similar water contact angle as silicone rubber?®, Figure S 2) and a smooth surface
with less than 15 nm differences in height (Figure S 3). While the mAb formed clusters on top
of the initial protein film at pH 5.4 with approximately 8 nm in height, a smooth and flat film of

3 to 4 nm was observed at pH 7.4 (Figure 4).
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Figure 4 AFM images of mAb film on PDMS coated mica sheets in 20 mM histidine at pH 5.4 and pH 7.4. The white
line represents the section for determination of the height profile. Additional measurements are presented in
Figure S 3.
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4.4. Electrochemical characterization of the mAb film on silicone rubber

The contribution of electrokinetic forces of either the tubing, the mAb or PS20 to adsorption
was characterized by monitoring the zeta potential on the tubing itself in the presence of mAb
and PS20. The high buffer capacity of the histidine buffer and different electric conductivities
at different pH levels (pH 5.4: 400-500 mS/m; pH 7.4: 40-50 mS/m) impeded automated pH
scans of the zeta potential after adsorption and desorption of mAb. Reference measurements
supported the use of 2.5 mM KCI (conductivity: 35 mS/m) as background electrolyte for this
study (Figure S 5a).
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Figure 5 pH dependence of zeta potential after adsorption of mAb on silicone tubing using different experimental
conditions. (a) Effect of mAb adsorption at different pH values. (b) Effect of surfactant concentration and PS20 pre-
adsorption to the tubing at pH 5.4. PS20, mAb represents the mAb adsorption after priming the tubing with PS20
while PS20 + mAb means the adsorption of a mixture of mAb and PS20.

Zeta potential titrations revealed an IEP of 4.1 for the silicone tubing and 8.1 for the mAb
(Figure 5a). After adsorption of mAb on the inner surface of the silicone tubing, the zeta
potential and IEP changed significantly from the single components indicating protein
attachment. Independent of the buffer pH employed, the adsorbed mAb layer on the tubing
showed the same charging behaviour.

Furthermore, we examined the effect of the concentration and time dependent addition of PS20
on mAb adsorption (Figure 5b). Incubating the pristine silicone tubing with 0.004% [w/v] PS20
led to attachment of PS20, indicated by a substantial increase in zeta potential, and caused a
shift of the IEP to pH 3.2 compared to the pristine tubing (IEP of pH 4.1). Priming the tubing
with 0.001% [w/v] PS20 reduced the affinity of the protein towards the surface of the tubing. At
the adsorption equilibrium of 0.004% [w/v], PS20 (Figure S 5b) adsorption of the mAb is further
decreased. Compared to PS20 priming, when pumping a mixture of mAb and PS20, the
surfactant decreased mAb adsorption even more effectively.
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4.5. Adsorption kinetics on silicone tubing

We characterized the adsorption kinetics by employing HS-AFM and streaming potential
measurements. Real-time monitoring by HS-AFM (Figure 6) revealed that protein film
formation occurred in less than 13 s. Morphology of the formed film did not significantly differ
from the pristine PDMS sheet. To verify the presence of a protein film on the PDMS surface,
coated mica sheets were incubated with the mAb at the same conditions as during HS-AFM
measurements. We successfully proved the presence of a protein film during our
measurements via protein sensitive gold staining®® (Figure 6). With increasing protein
incubation time, stain intensity increased. Unfortunately, the first HS-AFM images could only

be captured 13 s after mAb addition due to the adjustment of the cantilever.

PDMS-Sufface

y

Figure 6 HS-AFM images (top) and corresponding gold staining (bottom) of PDMS coated mica sheets upon
incubation with 0.1 mg/mL mAb in 20 mM histidine buffer pH 5.4 over 300 s.

To overcome the resolution gap of the HS-AFM and to detect electrostatic effects on mAb
adsorption kinetics, streaming potential measurements were conducted at pH 5.4, 7.4 and 9.0
(Figure 7). The temporal changes in the streaming potential were measured during the
adsorption of 0.025 mg/mL mAb and the subsequent rinse cycle with the aqueous 2.5 mM KCI

solution adjusted to the respective pH.
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Figure 7 Streaming potential of inner tubing surface in 2.5 mM KCI after addition of mAb, 0.004% PS20 followed
by a rinse with 2.5 mM KCI at the respective pH.

All conditions led to mAb adsorption in less than 10 seconds until equilibrium was reached. A
charge reversal upon adsorption of the net positively charged mAb at pH 5.4 and 7.4 was
observed. In comparison, at pH 9.0 adsorption of the net negatively charged mAb reaching the
plateau took noticeably longer. Initial adsorption rates (Figure S 6, R? > 0.994) decreased from
0.53 s to 0.41 s and 0.29 s with increasing pH and the initial adsorption phase took about
3, 5and 6 s with increasing pH. The subsequent rinse cycle with 2.5 mM KCI and the respective

pH had no effect on the streaming potential, indicating an irreversible mAb adsorption.

Priming the tubing surface with PS20 strongly reduced mAb adsorption as the streaming
potential remained negative after incubation with mAb. The initial PS20 adsorption rate
reached 1.4 s and took only 1 s. Flushing the primed tubing with mAb resulted in only a

minimal streaming potential increase, which was reversible with the subsequent rinse cycle.
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5. Discussion

Adsorption of proteins to material surfaces during manufacturing has been widely
investigated.?’-2° Protein adsorption is a serious issue in peristaltic pumping if the protein film
is ruptured during the tubing strain, which results in film fragments entering the bulk solution.”
We designed a study to analyse the effect of formulation on mAb particle formation propensity
during peristaltic pumping and to link the results to the outcome of mechanistic protein
adsorption studies. The addition of salt should reduce the electrostatic potential and inhibit
electrostatic interfacial interactions, and variation of pH should impact conformational stability
and protein charge. Her and Carpenter found an influence of the formulation on the protein
particle formation propensity during peristaltic pumping; specifically, an increase in particle
numbers in PBS due to a lower colloidal stability of the antibody tested.®® In contrast, the
formulation only slightly influenced the total particle concentration in our study. An increase in
ionic strength (irrespective of pH) led to a substantial shielding of the electrostatic interactions
between the mAb molecules, as supported by A’ values, and allowed the formation of more
micrometre-sized aggregates.?'*> Therefore, shielding protein-protein interactions
counteracted the potentially reduced aggregation resulting from the shielding of electrostatic
interactions with the surface. At low ionic strength the repulsive protein-protein interactions
become predominant.®>-¢ Furthermore, at low ionic strength the pH value did not impact
protein particle formation propensity, although formation of large particles might be facilitated
at pH 7.4 compared to pH 5.4 due to a lower net repulsive charge close to the isoelectric

point.3?

Adsorption of the mAb can be linked to the aggregation propensity upon pumping. Irrespective
of the formulation, the adsorbed protein amounts indicate the formation of multiple protein
layers.3” AFM revealed a rough surface of the tubing with height differences of approximately
1.2 ym, which is in good agreement with 3D laser scanning microscopy results from a previous
study.®® After incubation with the mAb, a rather flat film with superficial protein clusters of
around 40 nm in height was obtained. The dimensions of the clusters, around 100 nm, indicate
that these clusters are formed by multiple antibody entities.*® These large, irregularly shaped
agglomerate structures of the protein film have already been observed on various materials
like glass,®*° graphite*' and mica*. It is argued that these protein clusters originate either from
sedimentation and adherence of larger protein particles from the bulk*, or from nucleation
promoting the adsorption of further molecules.*'42 Interestingly, the clusters were only present

at pH 5.4, whereas we obtained a smooth film at pH 7.4.

Interestingly, film thickness at pH 5.4 increased as compared to pH 7.4, despite contradictory

findings with regards to the amount of adsorbed protein. A rapid increase in surface pressure
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at pH 7.4, which is near the isoelectric point of the mAb, indicates more pronounced protein-
protein and protein-surface interactions compared to pH 5.4.#*5 Debye length is a parameter
for the packing density of the proteins, which is linked to the damping distance of the electric
potential of a fixed charge in an electrolyte.*® Generally speaking, a strong interfacial protein
network has its maximum amount of protein at the isoelectric point and high ionic strength due
to attractive forces between the proteins or shielding of the inner protein charges, which result
from a decrease of the effective Debye length.#” At pH 7.4 which is close to the IEP,
electrostatic protein-protein repulsions are low due to a minimum of the Debye length*® and
allow higher packing densities, leading to a maximized mass load.*-5! Different heights of the
films might indicate a more compact layer due to a denser packing of the mAb and less
solvation at pH 7.4. The factors influencing layer solvation are a result of the size, shape and
structure of the protein, as well as their packing arrangement upon adsorption. Similarly, a-
chymotrypsin tends to form more continuous layers resulting in a flat surface at the isoelectric
point.®® Additionally, increased conformational stability at pH 7.4 might slightly impact the film
properties. For instance, the soft a-synuclein layer is diffuse and soft with a high percentage
of solvation, whereas the rigid lysozyme forms a layer which was densely packed, rigid and
has low water content although both proteins have a similar molecular weight.%2 The presented
data does not allow any conclusions on the denaturation of the mAb at the interface. While
denaturation was not observed at the liquid-air interface,*® studies on hydrophobic substrates

confirmed conformational changes of lysozyme upon adsorption.>*

The addition of NaCl increased adsorbed mAb amounts at both pH levels due to the decrease
in Debye length by efficiently reducing the electric potential of the protein molecules for lateral
interactions, leading to a smaller effective size.>® Additionally, the electrostatic screening also
decreases the interactions between protein and water which leads to more excluded volume.%®
This in turn may contribute to an increase in packing density.>’-5° Additionally, adsorption rate

might also be impacted by hampering attractive interactions.®°

During pumping the surface is quickly recreated. Protein adsorption is a fast process and
difficult to monitor. HS-AFM demonstrated that a PDMS surface was covered with protein in
less than 13 s at a protein concentration 10-fold lower than the one utilized in the pumping
experiments. Interestingly, the protein film was flat without the clusters seen after static
incubation for 10 min. Also, Maruno et al.”® found the formation of wobbling protein clusters
long after the initial superficial film adsorption on glass syringes by HS-AFM.8" Thus, the protein

clusters form at a later stage.

Adsorption is typically driven by a combination of electrostatic interactions and hydrophobic

interactions with different contribution. For example, aggregation in stainless steel piston
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pumps is electrostatically controlled.® In contrast, electrostatic interactions contribute only to a
minor extent to the adsorption of lysozyme and other various proteins on indium tin oxide.®?
Time-resolved streaming potential measurements were conducted to gain further insights.
Interestingly, we observed fast adsorption irrespective of charge-based net repulsive or
attractive electrostatic interactions between mAb and tubing. Thus, the net electric potential
seems to play a minor role in adsorption. Adsorbed protein could be removed by a buffer rinse,
which is commonly observed on hydrophobic surfaces. At different pH levels, initial adsorption
speed increased with increasing electrostatic attraction. This leads to the conclusion that the
adsorption speed seems to be governed by overcoming an electrostatic barrier which is
favoured at strong attractive forces between oppositely charged species. Adsorption speed is
hampered by both net negatively charged species, but local positively charged patches at the
protein surface might allow electrostatically driven adsorption. Increasing ionic strength might
shield the repulsive electrostatic interactions, increasing adsorption speed.®® The isoelectric
point can be used as an indicator for the overall charge to estimate the potential for electrostatic
interactions. Factors that also influence the adsorption to the charged surface are charge
regulation within the protein and the presence of charged patches.®*®The electrostatic
interactions are important for initial adsorption speed, but adsorption at intimate contact to the
surface is driven by short term hydrophobic or van der Waals interactions.®® Overall, our
findings can be transferred to other proteins with alike characteristics in hydrophobicity, excess
surface charge or local charge patches. These factors, in turn impact the adsorption rate,

amount of adsorbed protein and aggregate formation.

To further elucidate the relevance of hydrophobic interactions for the protein adsorption to the
tubing, the non-ionic surfactant PS20 was used to shield hydrophobic interactions. Priming the
tubing with PS20 led to a reduction of the absolute value of the tubing’s zeta potential. This
indicates shielding of the superficial charges together with an increase in surface
hydrophilicity.®® Only small amounts of protein loosely attached to the surfactant-primed tubing.
Priming the tubing with PS20 close to its critical micelle concentration of 0.006% [w/v]®” could
decrease mAb attachment even more effectively. The adsorption rate of the surfactant was
even higher than that of the mAb, indicating the smaller PS20 molecules race to the tubing
surface and coat it before mAb can adsorb.%® These results are in line with our previous study
where mAb adsorption was effectively reduced and particle formation during pumping
substantially decreased in the presence of PS20.” The experiments with PS20 substantiate
the hypothesis that mAb adsorption on silicone tubing is an interplay of an electrostatically
dominated fast initial adsorption phase and hydrophobic interactions driving the final
adsorption phase. Extrapolating our results from AFM and streaming potential measurements

to the pumping conditions, full surface coverage occurs in less than a second irrespective of
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pH and might explain similar total particle concentrations. The results suggest that the
difference in size distribution originates from a subsequent build-up of aggregates depending

on its colloidal stability after protein film detachment.

94



Catching Speedy Gonzalez

6. Conclusion

Our work gives insights into the mechanism of protein adsorption to hydrophobic surfaces and
its impact on particle formation during pumping. The adsorption of a monoclonal antibody and
its film characterization were performed by AFM and streaming potential measurements. Both
methods proved themselves as powerful techniques to monitor the adsorption and
morphologic features of the protein film in a high-speed manner. Streaming potential
measurements showed that the initial fast adsorption phase is governed by electrostatic
interactions between protein molecules and the tubing surface. Protein adsorption also takes
place if both components exhibit the same charge, which emphasizes the importance of
remaining positively charged patches on the protein surface. In intimate contact with the tubing
surface, the short-range hydrophobic interactions control the final attachment. The packing
density and the adsorbed amount are influenced by the Debye length, which affects lateral
protein-protein interaction, as well as the solvation and conformational stability of the protein.
These hydrophobic and electrostatic interactions can successfully be shielded by the use of
surfactants, which coat the surface and increase its hydrophilicity. In summary, the adsorption
to silicone tubing is a complex interplay between protein-protein and protein-surface
interactions of electrostatic and hydrophobic nature. The formulation composition could
influence the protein particle concentration especially in the micrometre size range. High ionic
strength and a pH close to the isoelectric point foster the formation of aggregates = 25 pm.
Overall, the results from the current study emphasize the importance of a mature formulation
development to reduce the particle formation upon pumping and all other applications where

proteins come into contact with a variety of surfaces in a high shear environment.

7. Acknowledgements

Coriolis Pharma (Munich, Germany) is kindly acknowledged for the accessibility to the

Aggregate Sizer.

95



Chapter V

8. References

1. Marsh RJ, Jones RAL, Sferrazza M. Adsorption and displacement of a globular protein
on hydrophilic and hydrophobic surfaces. Colloids Surf B Biointerfaces. 2002;23(1):31-42.
doi:10.1016/S0927-7765(01)00204-1

2. Bergfreund J, Bertsch P, Fischer P. Adsorption of proteins to fluid interfaces: Role of
the hydrophobic  subphase. J Colloid Interface Sci. 2021;584:411-417.
doi:10.1016/j.jcis.2020.09.118

3. Bergfreund J, Bertsch P, Kuster S, Fischer P. Effect of Oil Hydrophobicity on the
Adsorption and Rheology of pB-Lactoglobulin at Oil-Water Interfaces. Langmuir.
2018;34(16):4929-4936. doi:10.1021/acs.langmuir.8b00458

4. Koepf E, Eisele S, Schroeder R, Brezesinski G, Friess W. Notorious but not understood:
How liquid-air interfacial stress triggers protein aggregation. Int J Pharm. 2018;537(1-2):202-
212. doi:10.1016/j.ijpharm.2017.12.043

5. Sediq AS, van Duijvenvoorde RB, Jiskoot W, Nejadnik MR. No Touching! Abrasion of
Adsorbed Protein Is the Root Cause of Subvisible Particle Formation During Stirring. J Pharm
Sci. 2016;105(2):519-529. doi:10.1016/j.xphs.2015.10.003

6. Maruno T, Watanabe H, Yoneda S, et al. Sweeping of Adsorbed Therapeutic Protein
on Prefillable Syringes Promotes Micron Aggregate Generation. J Pharm Sci.
2018;107(6):1521-1529. doi:10.1016/j.xphs.2018.01.021

7. Deiringer N, Friess W. Proteins on the Rack: Mechanistic Studies on Protein Particle
Formation During Peristaltic Pumping. J Pharm Sci. 2022;111(5):1370-1378.
doi:10.1016/j.xphs.2022.01.035

8. Wu H, Randolph TW. Aggregation and Particle Formation During Pumping of an
Antibody Formulation Are Controlled by Electrostatic Interactions Between Pump Surfaces and
Protein Molecules. J Pharm Sci. 2020;109(4):1473-1482. doi:10.1016/j.xphs.2020.01.023

9. Mathes JM. Protein Adsorption to Vial Surfaces — Quantification, Structural and

Mechanistic Studies. Ludwig-Maximilians-University Munich; 2010.

10. Denis FA, Hanarp P, Sutherland DS, et al. Protein Adsorption on Model Surfaces with
Controlled Nanotopography  and Chemistry. Langmuir. 2002;18(3):819-828.
doi:10.1021/1a0110110

11. Cordeiro AL, Riickel M, Bartels F, Maitz MF, Renner LD, Werner C. Protein adsorption
dynamics to polymer surfaces revisited-A multisystems approach. Biointerphases.
2019;14(5):051005. doi:10.1116/1.5121249

96



Catching Speedy Gonzalez

12. Saller V. Interactions of Formulation as Disposables in Biopharmaceutical Drug Product

Manufacturing. Ludwig-Maximilians-University Munich; 2015.

13. Zhang Z, Orski S, Woys AM, et al. Adsorption of polysorbate 20 and proteins on
hydrophobic polystyrene surfaces studied by neutron reflectometry. Colloids Surf B
Biointerfaces. 2018;168:94-102. doi:10.1016/j.colsurfb.2018.04.036

14. Green RJ, Davies J, Davies MC, Roberts CJ, Tendler SJB. Surface plasmon resonance
for real time in situ analysis of Protein adsorption to polymer surfaces. Biomoterials.
1997;18(5):405-413. doi:10.1016/S0142-9612(96)00141-X

15. Peeters JMM, Mulder MH v, Strathmann H. Streaming potential measurements as a
characterization method for nandfiltration membranes. Colloids Surf A Physicochem Eng Asp.
1999;150(1-3):247-259. doi:10.1016/S0927-7757(98)00828-0

16. Norde W, Rouwendal E. Streaming potential measurements as a tool to study protein
adsorption kinetics. J Colloid Interface Sci. 1990;139(1):169-176. doi:10.1016/0021-
9797(90)90454-V

17. Payerl C, Braci¢ M, Zankel A, et al. Nonspecific protein adsorption on cationically
modified Lyocell fibers monitored by zeta potential measurements. Carbohydr Polym.
2017;164:49-56. doi:10.1016/j.carbpol.2017.01.088

18. Totoki S, Yamamoto G, Tsumoto K, Uchiyama S, Fukui K. Quantitative laser diffraction
method for the assessment of protein subvisible particles. J Pharm Sci. 2015;104(2):618-626.
doi:10.1002/jps.24288

19. Folzer E, Khan TA, Schmidt R, et al. Determination of the Density of Protein Particles
Using a Suspended Microchannel Resonator. J Pharm Sci. 2015;104(12):4034-4040.
doi:10.1002/jps.24635

20. Menzen T, Friess W. Temperature-ramped studies on the aggregation, unfolding, and
interaction of a therapeutic monoclonal antibody. J Pharm Sci. 2014;103(2):445-455.
doi:10.1002/jps.23827

21. Svilenov H, Markoja U, Winter G. Isothermal chemical denaturation as a
complementary tool to overcome limitations of thermal differential scanning fluorimetry in
predicting physical stability of protein formulations. European Journal of Pharmaceutics and
Biopharmaceutics. 2018;125:106-113. doi:10.1016/j.ejpb.2018.01.004

22. Liu H, Chumsae C, Gaza-Bulseco G, Goedken ER. Domain-level stability of an
antibody monitored by reduction, differential alkylation, and mass spectrometry analysis. Anal
Biochem. 2010;400(2):244-250. doi:10.1016/j.ab.2010.02.004

97



Chapter V

23. Sahin E, Grillo AO, Perkins MD, Roberts CJ. Comparative Effects of pH and lonic
Strength on Protein-Protein Interactions, Unfolding, and Aggregation for IgG1 Antibodies. J
Pharm Sci. 2010;99(12):4830-4848. doi:10.1002/jps.22198

24. Xu J, Namanja A, Chan SL, et al. Insights into the Conformation and Self-Association
of a Concentrated Monoclonal Antibody using Isothermal Chemical Denaturation and Nuclear
Magnetic Resonance. J Pharm Sci. 2021;110(12):3819-3828. doi:10.1016/j.xphs.2021.09.005

25. Zhou X, Zhang Y, Shi X, Fan D. Preparation, Characterization, and Preliminary
Biocompatibility Evaluation of Carbon lon-Implanted Silicone Rubber. In: Elastomers. InTech;
2017. doi:10.5772/intechopen.69251

26. Eu B, Cairns A, Ding G, Cao X, Wen ZQ. Direct visualization of protein adsorption to
primary containers by gold nanoparticles. J Pharm Sci. 2011;100(5):1663-1670.
doi:10.1002/jps.22410

27. Hollowell P, Li Z, Hu X, et al. Recent Advances in Studying Interfacial Adsorption of
Bioengineered Monoclonal Antibodies. Molecules. 2020;25(9):2047.
doi:10.3390/molecules25092047

28. Vazquez-Rey M, Lang DA. Aggregates in monoclonal antibody manufacturing
processes. Biotechnol Bioeng. 2011;108(7):1494-1508. doi:10.1002/bit.23155

29. Cromwell MEM, Hilario E, Jacobson F. Protein aggregation and bioprocessing. AAPS
J. 2006;8(3):E572-E579. doi:10.1208/aapsj080366

30. Her C, Carpenter JF. Effects of Tubing Type, Formulation, and Postpumping Agitation
on Nanoparticle and Microparticle Formation in Intravenous Immunoglobulin Solutions
Processed With a Peristaltic Filing Pump. J Pharm Sci. 2020;109(1):739-749.
doi:10.1016/j.xphs.2019.05.013

31. Koepf E, Schroeder R, Brezesinski G, Friess W. The missing piece in the puzzle:
Prediction of aggregation via the protein-protein interaction parameter A+2. European Journal
of Pharmaceutics and Biopharmaceutics. 2018;128:200-209. doi:10.1016/j.ejpb.2018.04.024

32. Majhi PR, Ganta RR, Vanam RP, Seyrek E, Giger K, Dubin PL. Electrostatically Driven
Protein Aggregation:  -Lactoglobulin at Low lonic Strength. Langmuir. 2006;22(22):9150-
9159. doi:10.1021/1a053528w

33. Roberts D, Keeling R, Tracka M, et al. Specific lon and Buffer Effects on
Protein—Protein Interactions of a Monoclonal Antibody. Mol Pharmaceutics. 2015;12(1):179-
193. doi:10.1021/mp500533c

98



Catching Speedy Gonzalez

34. Pindrus MA, Shire SJ, Yadav S, Kalonia DS. The Effect of Low lonic Strength on
Diffusion and Viscosity of Monoclonal Antibodies. Mol Pharm. 2018;15(8):3133-3142.
doi:10.1021/acs.molpharmaceut.8b00210

35. Lehermayr C, Mahler HC, Mader K, Fischer S. Assessment of net charge and protein-
protein interactions of different monoclonal antibodies. J Pharm Sci. 2011;100(7):2551-2562.
doi:10.1002/jps.22506

36. Sorret LL, Dewinter MA, Schwartz DK, Randolph TW. Challenges in Predicting Protein-
Protein Interactions from Measurements of Molecular Diffusivity. Biophys J. 2016;111(9):1831-
1842. doi:10.1016/j.bpj.2016.09.018

37. Bee JS, Chiu D, Sawicki S, et al. Monoclonal antibody interactions with micro- and
nanoparticles: Adsorption, aggregation, and accelerated stress studies. J Pharm Sci.
2009;98(9):3218-3238. doi:10.1002/jps.21768

38. Deiringer N, Haase C, Wieland K, Zahler S, Haisch C, Friess W. Finding the Needle in
the Haystack: High-Resolution Techniques for Characterization of Mixed Protein Particles
Containing Shed Silicone Rubber Particles Generated During Pumping. J Pharm Sci.
2021;110(5):2093-2104. doi:10.1016/j.xphs.2020.12.002

39. Harris LJ, Skaletsky E, Mcpherson A. Crystallographic Structure of an Intact IgG1
Monoclonal Antibody. J Mol Biol. 1998;275(5):861-872. doi:10.1006/jmbi.1997.1508

40. Zidar M, Posnjak G, MusSevi¢ |, Ravnik M, Kuzman D. Surfaces Affect Screening
Reliability in Formulation Development of Biologics. Pharm Res. 2020;37(2):1-11.
doi:10.1007/s11095-019-2733-1

41. Cullen DC, Lowe CR. AFM Studies of Protein Adsorption: 1. Time-Resolved Protein
Adsorption to Highly Oriented Pyrolytic Graphite. J Colloid Interface Sci. 1994;166(1):102-108.
doi:10.1006/jcis.1994.1276

42. Kim DT, Blanch HW, Radke CJ. Direct Imaging of Lysozyme Adsorption onto Mica by
Atomic Force Microscopy. Langmuir. 2002;18(15):5841-5850. doi:10.1021/1a0256331

43. Kim SH, Kinsella JE. Surface Activity of Food Proteins: Relationships Between Surface
Pressure Development, Viscoelasticity of Interfacial Films and Foam Stability of Bovine Serum
Albumin. J Food Sci. 1985;50(6):1526-1530.

44, Shieh IC, Patel AR. Predicting the Agitation-Induced Aggregation of Monoclonal
Antibodies  Using  Surface  Tensiometry. Mol Pharm. 2015;12(9):3184-3193.
doi:10.1021/acs.molpharmaceut.5b00089

99



Chapter V

45. Rao CS, Damodaran S. Is Surface Pressure a Measure of Interfacial Water Activity?
Evidence from Protein Adsorption Behavior at Interfaces. Langmuir. 2000;16(24):9468-9477.
doi:10.1021/1a0007168

46. Israelachvili J. Intermolecular and Surface Forces. 2nd ed. Academic Press; 1992.

47. Rihs PA, Scheuble N, Windhab EJ, Mezzenga R, Fischer P. Simultaneous Control of
pH and lonic Strength during Interfacial Rheology of B-Lactoglobulin Fibrils Adsorbed at
Liquid/Liquid Interfaces. Langmuir. 2012;28(34):12536-12543. doi:10.1021/1a3026705

48. Dong Y, Laaksonen A, Cao W, Ji X, Lu X. AFM Study of pH-Dependent Adhesion of
Single Protein to TiO2 Surface. Adv Mater Interfaces. 2019;6(14):1900411.
doi:10.1002/admi.201900411

49, Bremer MGEG, Duval J, Norde W, Lyklema J. Electrostatic interactions between
immunoglobulin (IgG) molecules and a charged sorbent. Colloids Surf A Physicochem Eng
Asp. 2004;250(1-3):29-42. doi:10.1016/j.colsurfa.2004.05.026

50. Demanéche S, Chapel JP, Monrozier LJ, Quiquampoix H. Dissimilar pH-dependent
adsorption features of bovine serum albumin and a-chymotrypsin on mica probed by AFM.
Colloids Surf B Biointerfaces. 2009;70(2):226-231. doi:10.1016/j.colsurfb.2008.12.036

51. H60k F, Rodahl M, Kasemo B, Brzezinski P. Structural changes in hemoglobin during
adsorption to solid surfaces: Effects of pH, ionic strength, and ligand binding. Proc Natl Acad
Sci U S A. 1998;95(21):12271-12276. doi:10.1073/pnas.95.21.12271

52. Ouberai MM, Xu K, Welland ME. Effect of the interplay between protein and surface on
the properties of adsorbed protein layers. Biomaterials. 2014;35(24):6157-6163.
doi:10.1016/j.biomaterials.2014.04.012

53. Koepf E, Schroeder R, Brezesinski G, Friess W. The film tells the story: Physical-
chemical characteristics of IgG at the liquid-air interface. European Journal of Pharmaceutics
and Biopharmaceutics. 2017;119:396-407. doi:10.1016/j.ejpb.2017.07.006

54. Sethuraman A, Vedantham G, Imoto T, Przybycien T, Belfort G. Protein unfolding at
interfaces: Slow dynamics of a-helix to B-sheet transition. Proteins: Structure, Function and
Genetics. 2004;56(4):669-678. doi:10.1002/prot.20183

55. Jia Y, Liu XY. Self-assembly of protein at aqueous solution surface in correlation to
protein crystallization. Appl Phys Lett. 2005;86(2):023903. doi:10.1063/1.1846153

56. Li Y, Shrestha M, Luo M, et al. Salting Up of Proteins at the Air/Water Interface.
Langmuir. 2019;35(43):13815-13820. doi:10.1021/acs.langmuir.9b01901

100



Catching Speedy Gonzalez

57. Rabe M, Verdes D, Zimmermann J, Seeger S. Surface Organization and Cooperativity
during Nonspecific Protein Adsorption Events. J Phys Chem B. 2008;112(44):13971-13980.
doi:10.1021/jp804532v

58. Fang F, Szleifer I. Competitive adsorption in model charged protein mixtures:
Equilibrium isotherms and kinetics behavior. J Chem Phys. 2003;119(2):1053-1065.
doi:10.1063/1.1578992

59. Maldonado-Valderrama J, Miller R, Fainerman VB, Wilde PJ, Morris VJ. Effect of
Gastric Conditions on B-Lactoglobulin Interfacial Networks: Influence of the Oil Phase on
Protein Structure. Langmuir. 2010;26(20):15901-15908. doi:10.1021/I1a102294u

60. Jones KL, O’Melia CR. Protein and humic acid adsorption onto hydrophilic membrane
surfaces: effects of pH and ionic strength. J Memb Sci. 2000;165(1):31-46. doi:10.1016/S0376-
7388(99)00218-5

61. Maruno T, Watanabe H, Yoneda S, et al. Sweeping of Adsorbed Therapeutic Protein
on Prefillable Syringes Promotes Micron Aggregate Generation. J Pharm Sci.
2018;107(6):1521-1529. doi:10.1016/j.xphs.2018.01.021

62. Bos MA, Shervani Z, Anusiem ACI, Giesbers M, Norde W, Kleijn JM. Influence of the
electric potential of the interface on the adsorption of proteins. Colloids Surf B Biointerfaces.
1994;3(1-2):91-100. doi:10.1016/0927-7765(93)01109-5

63. McUmber AC, Randolph TW, Schwartz DK. Electrostatic Interactions Influence Protein
Adsorption (but Not Desorption) at the Silica—Aqueous Interface. J Phys Chem Lett.
2015;6(13):2583-2587. doi:10.1021/acs.jpclett.5b00933

64. Boubeta FM, Soler-llia GJAA, Tagliazucchi M. Electrostatically Driven Protein
Adsorption: Charge Patches versus Charge Regulation. Langmuir. 2018;34(51):15727-15738.
doi:10.1021/acs.langmuir.8b03411

65. Cloutier TK, Sudrik C, Mody N, Hasige SA, Trout BL. Molecular computations of
preferential interactions of proline, arginine.HCI, and NaCl with IgG1 antibodies and their
impact on aggregation and viscosity. MADbs. 2020;12(1):1816312.
doi:10.1080/19420862.2020.1816312

66. Zimmermann R, Freudenberg U, Schweill R, Kittner D, Werner C. Hydroxide and
hydronium ion adsorption — A survey. Current Opinion in Colliod & Interface Science.
2010;15(3):196-202. doi:10.1016/j.cocis.2010.01.002

67. Wan LSC, Lee PFS. CMC of Polysorbates. J Pharm Sci. 1974;63(1):136-137.
doi:10.1002/jps.2600630136

101



Chapter V

68. Kanthe AD, Krause M, Zheng S, et al. Armoring the Interface with Surfactants to
Prevent the Adsorption of Monoclonal Antibodies. ACS Appl Mater Interfaces.
2020;12(8):9977-9988. doi:10.1021/acsami.9b21979

102



Catching Speedy Gonzalez

9. Supplementary data

Figure S 1 Measuring Cell for Flexible Tubing for SurPASS 3. The tube sample (1) is fixed on both ends using caps
(2) that tighten the inlet and outlet of the tube sample by squeezing silicone gaskets (3). The cross-section of the
tube sample is adjusted to comply with the requirements of a reliable streaming potential measurement on a
capillary flow channel. The central part of the tube sample is compressed gently by pushing the tube on a pedestal
(4) using a micrometer screw (5).

s @ || == (b)

Figure S 2 Contact angle of water on (a) pristine and (b) PDMS coated mica sheets.
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Figure S 3 AFM image of pristine PDMS coated mica sheet. The white line represents the section of the

determination of the corresponding height profile.

15
E
£ 1wf
=3
]
5 5
3 I
3
g 0f o
£ 5 v
T 51
x
. -10 . . .
0.0 05 1.0 15
Offset (um)
<
[Ep]
I
[=% 5
£ 4
£ 2!
§ 0F \ A
2 -2F }
@ |
: 1
= -6 -
5 s
T 0| 3
12 L " s L L
0.0 02 04 06 08 10
Offset (um)
3
E  2f
£
b=y 1}
b
< 1]
R
@
E 2}
£ 4
i " L L
< 00 05 1.0 15
l‘-l Offset (um)
I
[+ %
4
E 3t
1=
2|
s 2
5 L
@ of
2
E A X
£ ol \
5 -2
2 -3 s
4 L L L
0.0 05 1.0 15
Offset (um)

Figure S 4 AFM images of mAb film on PDMS coated mica sheets in 20 mM histidine at pH 5.4 and pH 7.4. The
white line represents the section for determination of the height profile.
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1. Abstract

Peristaltic pumping has been identified as a cause for protein particle formation during
manufacturing of biopharmaceuticals. To give advice on tubing selection, we evaluated the
physicochemical parameters and the propensity for tubing and protein particle formation using
a monoclonal antibody (mADb) for five different tubings. After pumping, particle levels originating
from tubing and protein differed substantially between the tubing types. An overall low
shedding of tubing particles by wear was linked to low surface roughness and high abrasion
resistance. The formation of mAb particles upon pumping was dependent on the tubing
hardness and surface chemistry. Defined stretching of tubing filled with mAb solution revealed
that aggregation increased with higher strain beyond the breaking point of the protein film
adsorbed to the tubing wall. This is in line with the decrease in protein particle concentration
with increasing tubing hardness. Furthermore, material composition influenced particle
formation propensity. Faster adsorption to materials with higher hydrophobicity is suspected
to lead to a higher protein film renewal rate resulting in higher protein particle counts. Overall,
silicone tubing with high hardness led to least protein particles during peristaltic pumping.
Results from this study emphasize the need of proper tubing selection to minimize protein

particle generation upon pumping.

Keywords: protein aggregation, pumping, tubing, protein particles, hydrophobicity, protein

adsorption, interface

Abbreviations: 3D-LSM - 3D laser scanning microscopy; DLS - Dynamic light scattering; FNU
- formazine nephelometric units; HPW — highly purified water; ID — inner diameter; IFP -
interfacial pressure; IFT - interfacial tension; mAb - monoclonal antibody; OD — outer diameter;
gLD - quantitative laser diffraction; Sa - mean arithmetic height; SDS - sodium dodecyl sulfate;

Sz - maximum height
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2. Introduction

Protein aggregates, in particular larger particles, are a quality and safety concern of
biopharmaceuticals.' Protein aggregation is a complex process involving different pathways
including but not limited to unfolding, self-association, interfacial effects and chemical
degradation.>” Consequently, risks have to be assessed and measures have to be taken in
order to reduce the particle formation during manufacturing. Pumping is an essential unit
operation for transfer and filling. In various studies pumping has been identified as a source
for protein particle formation.®-'* For rotary piston and peristaltic pumps it is proposed that
aggregation is based on protein adsorption to the pump or tubing surface followed by protein
film disruption when in operation.8%1215 Additionally, stainless steel or rubber particles shed
from the equipment are suspected to be nuclei for protein aggregation.'®'” Silicone particles
shed from the tubing can be associated with protein in larger aggregates formed upon
peristaltic pumping'®, but did not lead to enhanced protein aggregation during storage at up to
40 °C for up to 6 months.®

Nayak et al.?’ found the least protein particle formation by peristaltic pumping comparing
different pump setups. The main advantage of peristaltic pumps is the single use of the inserted
tubing to avoid extensive cleaning and cross contamination. A limited selection of polymers is
available for tubings for peristaltic pumping due to the need for high abrasion resistance and
elasticity. Additionally, chemical and migration resistance are required for product safety.
Exemplarily, leachables from polyvinyl chloride disposables possess the potential for causing
protein aggregation?' and for adverse effects in patients.?'-2* Another problem associated with
tubings is particle shedding from the inner tubing wall due to friction in the pump head. Shed
plastic particles may be transferred into the product and impact its quality.?® Her et al.’®*
highlighted that the tubing type can affect protein particle formation upon pumping, but the
underlying mechanism could not be fully resolved. Knowledge about tubing material properties
related to protein aggregation upon pumping would be highly valuable for selection and

optimization of tubing for pumping in general and specifically of biologics.

In the current study we want to link tubing properties to the extent of material shedding and
protein particle formation upon peristaltic pumping. We studied five chemically and
mechanically different types of tubing. The tubings were characterized with respect to surface
free energy, surface roughness, indentation force, and tensile strength. In a next step particle
formation upon pumping pure buffer and a monoclonal antibody (mAb) solution was analysed
via turbidity, flow imaging, and quantitative laser diffraction. These results were flanked by
studies of the protein film formed on the inner tubing wall considering both amount and rate of

protein adsorption. Finally, the effect of defined stretching of the tubing on protein particle
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concentration was evaluated. The combination of the results from the current study should give
new insights into the mode of protein particle formation during peristaltic pumping. Thus, we
enable advice for the selection of tubing material for handling and manufacturing of protein

drugs minimizing the risk of protein particle formation.
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3. Materials and Methods

3.1. Materials

For pumping studies, a mAb in 20 mM histidine buffer pH 5.4 was used. Buffer ingredients were
dissolved in highly purified (HPW) from an arium® pro DI Ultrapure Water System (Sartorius
Stedim Biotech GmbH, Goettingen, Germany) and pH was adjusted either with hydrochloric
acid (VWR, Darmstadt, Germany) or sodium hydroxide (Bernd Kraft GmbH, Duisburg,
Germany). Finally, the buffer was filtered using pressurized nitrogen and 0.2 um cellulose
acetate filters (47 mm @, Sartorius Stedim Biotech GmbH). Protein concentration was verified
by UV absorption at 280 nm using a Nanodrop Micro-Volume UV-Vis spectrometer (Nano Drop
2000, Thermo Scientific, Wilmington, USA) at the protein specific extinction coefficient of
1.51 m?/mg. Prior to experiments, the protein sample was filtered with 0.2 um polyethersulfone

membrane syringe filters (VWR International GmbH, Ismaning, Germany).

Tubing materials used are stated in Table 1. Each tubing material was available with an inner
diameter (ID)/outer diameter (OD) ratio of 1.6 mm/ 4.8 mm and approximately 6.0 mm/
10.0 mm. Chemicals were obtained as follows: histidine from Applichem (Darmstadt, Germany);
ethylene glycol, hexadecane and sodium dihydrogen phosphate from Merck (Darmstadt,
Germany); hexane (puriss, 299) and sodium dodecyl sulfate (SDS) from Sigma Aldrich
(Steinheim Germany); perfluorohexane from Thermofisher (Kandel, Germany); silicone oil

100 cst from Optimal Products (Bad Oeynhausen, Germany).

Table 1 Specifications of tubings used in pumping studies.

Abbreviation Material Shore A hardness
SiR Silicone rubber, pt-cured, post-cured 55 - 65

FKM Fluoroelastomer (Viton®) ~60

TPV vulcanized alloy consisting of ethylene propylene diene monomer rubberin 65+ 5

a thermoplastic matrix of polypropylene (Santoprene®)
ePTFE-SIR  composite of expanded PTFE and pt-cured silicone 85+10
ePTFE-FKM composite of expanded PTFE and pt-cured perfluoro-elastomer 85+10

3.2. Sample preparation

Pumping experiments were conducted under a laminar air flow cabinet to avoid external
particle contamination. Occlusion pressure of the Flexicon PD12 peristaltic pump (Watson-
Marlow Flexicon, Ringsted, Denmark) was adjusted with the 6.0 mm ID/ 10.2 mm OD silicone
tubing to approximately 1.3 bar upon operation in air (accuracy class 2.5 manometer from

WIKA Alexander Wiegand SE & Co. KG, Klingenberg, Germany). The setting led to a gap
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width of 3 mm. Tubing sets were cleaned and assembled as previously described.® For
experiments the 1.6 mm ID/ 4.8 mm OD tubing set was inserted in the pump head. First 6 ml
of buffer followed by 6 ml of 1 mg/mL mAb solution were circulated 20 times in continuous
mode at 180 rpm with an acceleration of 60. Experiments were performed in triplicates with

new tubing sets.

3.3. Detection of particles

Samples of 1.8 mL were examined for turbidity using a Nephla turbidimeter (Dr. Lange,

Duesseldorf, Germany). Data is presented in formazine nephelometric units (FNU).

For estimation of particle size distribution and total particle amount, the samples were analysed
with quantitative laser diffraction (qLD). Protein particles were analyzed in a batch cell with a
total sample volume of 5 mL using the Aggregates Sizer with WingSALD bio software version
3.2.2 (Shimadzu Corporation, Kyoto, Japan). Particles were calculated based on a material
specific refractive index of 1.46, an imaginary index of 0.1% and a protein particle density of
1.32 g/cm3?” with a cut-off level of noise of 500. Pumped buffer and freshly filtrated samples

did not show any detectable signal.

Samples were additionally analyzed with a FlowCAM® 8100 (Fluid Imaging Technologies, Inc.,
Scarborough, ME, USA) equipped with a 10x magnification cell (81 ym x 700 pm) with the
following settings: sample volume of 150 pl; flow rate of 0.15 ml/min; auto image frame rate of
28 frames/s and a sampling time of 60 s. Settings resulted in an efficiency value higher than
70%. Particle identification was based on a 3 ym distance to the nearest neighbour, particle
segmentation thresholds of 13 and 10 for the dark and light pixels respectively. Particle sizes

are presented as the equivalent spherical diameter from VisualSpreadsheet® 4.7.6 software.

3.4. Dynamic light scattering

Dynamic light scattering (DLS) measurements were performed in 384-well plates (Corning,
New York, US) using a DynaPro plate reader (Wyatt Technologies, Santa Barbara, US). Each
well was measured with 5 acquisitions of 5 seconds at 25 °C. Resulting data was analysed

with the DYNAMICS software using a viscosity of 0.891 mPa-s and a refractive index of 1.333.
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3.5. Contact angle measurements

To evaluate surface free energy of the tubing material (~ 6.0 mm ID), 5 pl of each test liquid
was placed on the inner surface of a tubing. The contact angle was measured using a Kruess
Drop Shape Analyzer DSA25 (Kruess GmbH, Hamburg, Germany) via sessile drop method.
The curved baseline was manually adjusted and the drop was fitted by the circle method. Each
drop was measured 20 s after the drop formation with 1 s delay between measurements over
3 s. To obtain the surface free energy, the Owens-Wendt-Rabel-Kaelble analysis was
performed by the ADVANCE software v1.1.0.2 based on the test liquids surface tension

parameters of water, ethylene glycol and hexadecane.

3.6. 3D laser scanning microscopy

Surface roughness of the inner tubing walls (1.6 mm ID/ 4.8 mm OD) was determined using a
Keyence VK-X200 (3D-LSM) equipped with a CF Plan ELWD 50x objective (Keyence GmbH,
Neu-Isenburg, Germany). Two micrographs of small tubing pieces which were captured with
the VK Viewer software in ‘Expert Mode’ at the standard settings were stitched. Three
representative regions of 100 x 100 um? were used for surface roughness calculations by the
MultiFileAnalyzer version 1.3.1.120. Before evaluation tubing curvature was corrected via the
correct tilt — sec curved surface function and artefacts were eliminated by a medium height cut

level. Data for 6.0 mm ID tubings can be found in the supplementary information.

3.7. Texture analysis experiments

The indentation force of the tubing material (1.6 mm ID/ 4.8 mm OD) was determined with a
Texture Analyser (TA.XT plus, Stable Micro Systems, Godalming, UK) equipped with a
cylindrical test probe with a diameter of 12.7 mm. The indentation force was measured at an
indentation depth of 1 mm at a pre-test speed of 1.0 mm/s and test speed of 2.0 mm/s. Tubing

pieces which were within and outside of the pump head were evaluated after pumping studies.

The tensile strength of tubing material was analyzed similar to DIN:EN ISO 527-3 guideline. A
70 mm long tubing piece (1.6 mm ID/ 4.8 mm OD) was fixed to the Texture Analyser leading
to 50 mm tubing length in the gap for stretching. The tubing was stretched with a speed of
1.2 mm/min. Stress is calculated based on the cross-sectional area of the tubing. A prestress
of 0.05 N/mm? was used to guarantee sufficient stretching and reproducibility between

measurements.
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Disruption of the protein film by shear was simulated with a 130 mm tubing piece (~ 6.0 mm
ID) filled with 1 mg/mL mAb in 20 mM histidine pH 5.4, sealed with silicone stoppers and fixed
with clamps on the Texture Analyser (120 mm tubing in the gap for stretching). Tubing was
stretched for 2,000 times at different speed and distance parameters. Protein solution was

recovered and analysed for particles.

3.8. Interfacial drop profile analysis

To study protein adsorption behaviour at hydrophobic liquid interfaces, the interfacial tension
(IFT) of a hanging drop on a stainless-steel capillary (& 2.1 mm) was monitored over
30 minutes with a profile analysis tensiometer (PAT-1, Sinterface Technologies, Ltd.,
Germany). For experiments involving silicone oil (density: 0.972 g/cm?®) and hexane (density:
0.659 g/cm?®) the optical glass cuvette (Hellma, Millheim, Germany) was filled with the oil
phase. A 50 pl or 20 ul drop mAb solution (¢ = 1 mg/ml; density: 1.000 g/cm?3) in silicone oil or
hexane was formed by the automated syringe. Due to the density difference for the
perfluorohexane (density: 1.699 g/cm?®) the setup needed to be inverted. The IFT of a 20 pl
drop of perfluorohexane was detected against the 1 mg/mL mAb solution as surrounding
medium. Drop images were captured by CCD camera at 1 frame/s. Drop volume, surface area,
and IFT were calculated based on the Young-Laplace equation. Results were converted to
interfacial pressure (IFP) IT by subtraction of the surface tension against HPW. The initial IFP
I1, was estimated by the ‘two phase association’ kinetic model from GraphPad Prism (Version
5.02 for Microsoft Windows, Graph Pad Software, San Diego, USA).

3.9. Adsorbed amount

For the quantification of the protein amount adsorbed to tubing at equilibrium, tubing pieces (~
6.0 mm ID) were incubated with 1 mL of 2 mg/mL mAb solution for 24 h at room temperature.®
After removing the incubation solution, inner was rinsed three times with 1 mL of formulation
buffer to remove unbound mAb. Subsequently, the adsorbed protein was detached by
incubation in desorption buffer (10 mM phosphate buffer pH 7.2 with 145 mM NaCl and
0.05% SDS) for 24 h. The detached protein was subsequently quantified using SEC-HPLC at

210 nm with the desorption buffer as running buffer.
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3.10. Statistical analysis

Data is presented as mean with standard deviation of three independent experiments. Data

was evaluated using GraphPad Prism.
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4. Results

4.1. Characterization of material properties

We evaluated five different tubing types: a thermoplastic vulcanizate (TPV), silicone rubber
(SiR) and fluorine rubber (FKM) without and with an expanded PTFE layer (ePTFE-SIiR and
ePTFE-FKM). The inner surface structure and roughness which has been shown to be related
to tubing particle formation?® was determined via 3D-LSM (Figure 1a, b). Apart from TPV, all
tubings had a smooth surface without any indentations substantiated by low mean arithmetic
height (Sa) and the maximum height (Sz) values. While the inner surface of SiR and FKM
showed a rather wave like appearance, ePTFE-SIR and ePTFE-FKM had a honeycomb
structure. In contrary, TPV had an irregular and rough surface with deep indentations
represented by high Sa and Sz values. All tubings had nearly no polar contribution (< 0.5 mN/m)
to their surface free energy (Figure 1¢) emphasizing their hydrophobic character. The surface
free energy was lower for FKM based tubing with approximately 15 mN/m compared to

approximately 20 mN/m for the other tubing materials.
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Figure 1 Images from 3D-LSM (a), surface roughness (b) and the dispersive contribution of the surface free energy

(polar contributions < 0.5 mN/m) (c) of the different tubing materials.
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To test for material fatigue after pumping the indentation force was evaluated for pieces inside
and outside of the pump head (Figure 2a). Sections outside the pump head are expected to
have the same behaviour as the untreated tubing. Apart from the FKM tubing, all tubings
exhibited a decreased indentation force after pumping. The fatigue was most pronounced for
TPV with a decrease of indentation force by roughly one third compared to approximately 10%
for the remaining tubing types. Additionally, we characterized the mechanical properties of the
tubings via the tensile strength (Figure 2b). All tubings ranged in a comparable stress range
until approximately 15% strain. Upon further increase in strain, the ePTFE composite materials

drastically increased in stress while the remaining materials reached a plateau.
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Figure 2 Analysis of tubing resistance during mechanical stress by indentation force (a) and tensile strength (b).
Corresponding dashed lines represent standard deviation.

4.2. Particle formation upon pumping

At first, we compared the particle shedding propensity of the tubings pumping buffer (Figure 3;
Table S1). Particle levels were low with less than 10,000 particles =2 1 ym per mL after
20 passages through the pump head; only with TPV approx. 40,000 were reached.

Interestingly, FKM based tubings exhibited a lower particle spallation compared to the silicone-
based ones.
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Figure 3 Turbidity (a) and subvisible particle concentration (b) after pumping buffer and 1 mg/mL mAb solution.

Control represents freshly filtrated solutions before pumping. *Data from Deiringer and Friess.® ** not detectable.

Pumping mAb solution resulted in higher particle concentrations compared to buffer samples.
Turbidity measurements, apart from FKM samples, were in line with observations from flow
imaging microscopy (FIM) and gLD measurements. The high turbidity value from FKM tubing
indicated formation of high amounts of small particles below the detection range of gLD. For
particles = 1 ym per mL, we observed a trend following ePTFE-SIiR < SiR < ePTFE-FKM <
FKM < TPV. Composite materials yielded in a lower total protein particle concentration
compared to their equivalents. QLD measurements followed the trend depicted by flow imaging
microscopy in the non-composite tubings. Particle levels for the composite tubings were below
the detection limit of gLD. The presence of small protein aggregates in the samples pumped
through the composite materials could be observed with DLS. Protein particle size distribution
from FIM after pumping mAb (Table 2) revealed that composite materials trend to formation of

fewer but bigger aggregates.

Table 2 Particle size distribution from FIM mAb solution pumped through different tubings. *Data from Deiringer

and Friess.®
Particle concentration [#/mL]
1-5um 5-10 ym 10 =25 uym > 25 um
SiR* 67,328 + 11,809 3,223 1,429 505 =+ 229 34 50
FKM 185,852 + 7,553 11,684 1,855 2,269 535 236 + 104
TPV 707,566 + 52,082 58,870 + 10,507 11,531 + 2,851 876 294
ePTFE-SiR 21,458 + 6,035 3,606 + 1,287 2,072 814 869 =+ 313
ePTFE-FKM 71,596 + 6,659 9,011 # 1,870 4834 + 1,522 1,136 + 432

4.3. Characterization of protein film formation

Additionally, the amount of protein adsorbed to the different tubing material was analysed
(Figure 4). Significantly more mAb adsorbed to TPV with 5.3 + 0.3 mg/m? compared to

approximately 4.0 mg/m? for the remaining materials.
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Figure 4 mAb amount adsorbed to different tubing materials. *SiR data from Deiringer and Friess.®
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We simulated the formation of the mAb film on the different tubing surfaces utilizing silicone

oil, hexane, and perfluorohexane as artificial models (Figure 5). The IFT against water

increased from 33.0 mN/m for silicone oil, to 54.1 mN/m for hexane and 59.5 mN/m for

perfluorohexane corresponding to an increase in hydrophobicity. The difference in subphase

polarity makes a direct comparison difficult as the extent of decrease in IFP would be

disproportional between polar and apolar oils.?® The IFP normalized by the initial IFP of the

water/oil interface revealed a steep increase from I1, by 0.17 £ 0.01 and 0.11 + 0.02 for hexane

and its fluorinated analogue, respectively. In presence of mAb the IFP increased without lag

phase. Normalized IFP values at 30 min (Il13,) for hexane even increased to 0.43 £ 0.01

compared to 0.33 + 0.02 for perfluorohexane. The mAb/silicone oil interface had the lowest
normalized IFP II, of 0.03 £ 0.01 which increased to 15, of 0.11 + 0.01.
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Figure 5 Interfacial pressure profiles (a) and its normalized presentation (b) for 1 mg/mL mAb in 20 mM histidine

pH 5.4 in presence of different subphases. Data was normalized against the water baseline for each oil. Silicone oil

data from Deiringer et al.?° Mean from n = 3.
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4.4. Protein particle formation during stretching and compression

Repeated stretching of tubings filled with mAb solution outside the pump head led to the
formation of protein particles depending on speed, strain, and tubing material (Figure 6).
Surface roughness were comparable to the 1.6 mm tubings used during pumping studies
(Figure S1). Increasing the speed from 1 (experiment duration t: 70 min) to 4 cm/s (t: 24 min)
led to less particle formation (190,378 £ 24,902 vs. 113,165 £ 4,085 = 1 uym per mL). At a strain
of 4% (t: 16 min) particle levels did not differ from the unstretched control sample whereas with
further increase of the strain to 8% and 13% (t: 32 min) particle levels increased markedly.
Particle formation was tubing material dependent. Particle levels were increased to 113,164 +
4,084 particles 2 1 ym per mL for TPV compared to 23,930 = 7,778 and 41,215 %
14,112 particles = 1 um per mL for SiR and FKM, respectively. Composite materials exhibited

higher particle levels compared to their equivalents.
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Figure 6 Particle concentration after stretching tubing filled with 1 mg/mL mAb for 2,000 times depending on speed
at 8% strain in TPV (a), strain at 4 cm/s in TPV (b) and tubing material at 8% strain and 4 cm/s (c). *SiR data from

Deiringer and Friess.®
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5. Discussion

Peristaltic pumps have been associated with a low risk of protein particle formation.'-'>2° Qur
results show that this view must be put into perspective as the type of tubing strongly impacts

the formation of protein particles.

We evaluated five different tubings based on three different materials, SiR, FKM, and TPV and
ePTFE-SiR and ePTFE-FKM as composite materials with PTFE. All tubings shed plastic
particles due to the stress in the pump head. Saller et al.?® found that the number of shed
particles in silicone tubing is related to the surface roughness of the tubing. Although these
particles do not necessarily impact mAb stability’®'°® the particle burden is of general concern
in for biologics products. Apart from TPV, plastic particle shedding was extremely low with less
than 10,000 particles = 1 ym/mL upon 20 pump cycles. The increased particle levels from TPV
might be related to its high surface roughness. The very low particle levels of FKM based
tubings correspond to its high abrasion resistance.**' Overall, the particle burden from tubing

abrasion is negligible compared to the increase in particle levels upon pumping protein.

We previously showed that protein particle formation upon pumping can be linked to protein
enrichment at the tubing surface and subsequent rupture of the protein film upon roller
movement. Shed film fragments enter the bulk solution.® The adsorption process is influenced
by the protein characteristics on one hand and the surface properties on the other hand. In a
previous study, we found that the adsorption process to silicone tubing was governed by both
electrostatic and hydrophobic interactions.?® Surface properties of the tubing that impact the
adsorption are surface hydrophobicity, surface energy, charge and morphology.®? Tubings
have a low surface free energy, with hardly any polar contribution and mainly hydrophobic
interactions are expected. The fluorinated carbon structures show a lower surface free energy
and higher hydrophobicity compared to hydrocarbon structures due to the greater molecular
cross-sectional area of fluorine compared to hydrogen increasing energy penalty for
hydration.®3-3% Surface free energy values obtained in this study are in a comparable range to
literature values.®®*” Smaller differences to surface free energy values in literature can
originate from differences in surface roughness, chemical heterogeneity, number and type of
standard liquids as well as calculation method.®-*? Despite comparable surface free energy,
protein adsorption to TPV was higher compared to SiR based tubing. This effect is most likely
linked to the higher surface roughness and thus accessible surface area for TPV.*3#4 However,
the amount of adsorbed protein did not correlate with protein particle formation upon pumping.
Despite high amounts of protein particles formed, it has been shown that monomer and high

molecular species content are typically not significantly affected by pumping.®1214.15.20
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As hydrodynamic shear does not substantially contribute to protein particle formation,*
mechanical disruption of the protein film plays a key role in protein particle formation.®
Computational fluid dynamics analyses indicate that the tubing in front and after the moving
roller is extensively stretched with the highest shear within the gap of the roller and the pump
head."¢ Mechanical shear which resembles the stretching and compression of the tubing
within the pump head is a complex overlay of three main actions (Figure 7). Firstly, insertion
in the pump head leads to a stretching of the outer tubing wall and a compression of the inner
wall. Upon motion of the rollers, the tubing is squeezed and thereby transversally and
longitudinally stretched. The stretch of the tubing upon insertion and transversal squeezing is
fixed by the dimensions of the pump head and the gap width. In contrast, the longitudinal

stretching is dependent on the material properties. Manopoulos et al.*” estimated a maximum

Stretching of the outer wall and
compression of the inner wall by
insertion in the pump head

@“’(E) Transversal  stretching  during

squeezing of the tubing

deformation of 30% for a silicone tubing in their setup.

Independent of material

Longitudinal stretching and
compression during roller movement

Dependent on material

w: Rotational speed V: Volumetric flow rate

Figure 7 Simplified presentation of the contributors of shear stress on the tubing walls. Figure is inspired by Berg
and Dallas.*®

The isolated longitudinal stretching of the tubing served as simplistic approach for further
analysis of the particle formation by film rupture. Increasing the strain beyond 4% resulted in
substantial particle formation beyond a level that would be expected from varying the stretching
speed. The observations made with tubing are in line with compression studies at the liquid/air
interface. Particle formation at the liquid/air interface increased from a certain compression
factor on reaching a plateau at higher compression factors.*®*° The viscoelastic film withstands
a certain strain depending on rigidity until reaching the yielding point, breaking up and releasing
particles into the bulk. Mechanical properties of the protein film depend on one hand on the

protein and one the other hand on the subphase. To the protein end packing density, self-
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interaction and intrinsic stability of the individual molecules in the interfacial network play a
role.5™%* To the material end, hardness translates into the strain on the protein film impacting
the degree of protein film fragmentation. Thus, tubings with higher tensile strength caused
substantially less but bigger particles compared to more flexible tubings. Hardness information
provided by the manufacturers fitted well to the observed trend in our tensile strength
measurements. Thus, hardness can give an orientation for tubing selection as it may also

reflect the tubing wear and potential plastic particle formation upon operation.

Nonetheless, tubing hardness does not explain the higher particle levels for TPV compared to
SiR. In literature, the effect of the composition of the surface on particle formation has been
striking. Shaking unlubricated prefiled glass and polymer-based syringes yielded in
comparable protein particle levels.%® In contrast, in hydrodynamic flow or friction experiments
surface material influenced residual monomer and subvisible particle levels.'2%:57 Adsorption
to the polymer surface is mainly governed by hydrophobicity and surface charge.® In the case
of silicone tubing, we showed the importance of electrostatic interaction for the initial adsorption
speed and of hydrophobic interactions for final attachment and film morphology.?®* We now
show by stretching different tubing material at the same strain level that the base polymer
affects protein particle concentration. Differences between protein particle formation upon
pumping with different tubing materials might be linked to initial protein adsorption speed,
network complexity, and adhesion tendency to the surface. These factors increase with
subphase hydrophobicity and interfacial energy. Bergfreund et. al.?® evaluated the influence of
different subphase chemistry and hydrophobicity of oils on protein adsorption kinetics and
protein film rheology. More apolar oils lead to higher normalized surface pressure values and
faster adsorption through structural rearrangement and an increase of network complexity.?
Protein adsorption speed and normalized surface pressure values for hexane and
perfluorohexane were substantially higher compared to the more polar silicone oil.
Surprisingly, perflourohexane led to a lower normalized interfacial pressure in presence of
protein than hexane despite highest hydrophobicity. This might be attributed to lower interfacial
energy of perfluorohexane. These simplistic model oils indicate a dependency of the protein
film formation on the chemical composition of the subphase. But one has to be careful
transferring the findings for oils 1:1 to tubings due to the substantial differences in polymer
chain length, surface heterogeneity, and complexity. Apart from FKM, protein particle formation
in stretching experiments followed the trend in adsorption speed depicted by PAT results in
both the composite and the non-composite group. Surprisingly, upon defined stretching FKM
tubing led to particle levels comparable to SiR tubing despite its higher hydrophobicity. This
could result from its fluorine content of 65-67%. The amount of flourine is a poor indicator for

hydrophobicity as energy levels depend non-linearly on fluorine content.®® While fully
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fluorinated surfaces exhibit high hydrophobicity, surfaces containing hydrogen and fluorine can
increase the surface polarity even beyond the fully hydrogenated surface due to a longer range
near-surface electric field.>® The presence of the ePTFE matrix in the composite group seems
to foster protein particle formation even further upon defined stretching. The results from
stretching experiments demonstrate that also material composition affects the protein
adsorption kinetics in terms of initial adsorption speed as well as the renewal of the protein film
after rupture. Interestingly, tubing stretching results suggest that hydrophobic interactions are
key for protein particle formation. The results and conclusions from this study can in principle
be transferred to linear peristaltic pumps which also cause protein particle formation.'" Protein
particle formation dependent on contact material was as well observed for rotary piston
pumps.®1520 |rrespective of pump design which leads to differences in shear stress, flow
behaviour and deformation of the contact material, the properties of the contact material itself

influence protein particle formation.

Overall, the results indicate that the ePFTE-SIR tubing performed best due to high material
stiffness and low interfacial adsorption speed. Nevertheless, a general recommendation on
tubing base material is difficult as material features depend on melt composition including base
components, polymer additives like stabilizers or processing agents as well as the
manufacturing process all defined by manufacturers. Furthermore, at the biotech
manufacturing site the tubing choice is also dependent on factors including process

requirements, availability, and cost.
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6. Conclusion

The choice of tubing for peristaltic pumps is important for controlling protein particle formation
during pumping of biopharmaceutics. Overall, the present study identified factors which need
to be considered. Plastic particle shedding from the tubing surface depends on surface
roughness and abrasion resistance of the material and the levels are negligible compared to
protein particles. Protein particle formation is substantially influence by the tubing type and is
a combination of material composition and hardness. Tubing hardness impacts the longitudinal
stretch during roller movement. Rupture of the protein film adsorbed to the tubing depends on
the fracture point of the protein network and the hardness of the tubing. Once the fracture point
is reached upon stretching the tubing, total protein particle concentration is negatively
correlated to tubing hardness. At the same time high tubing hardness shifts protein particle
formation towards bigger particle sizes. Higher hydrophobicity of the tubing material increases
protein adsorption speed leading to faster film formation and renewal which correlate with more
pronounced protein particle formation. In summary, we recommend choosing the tubing piece
within the pump head based on its base material and hardness. In the range of the tested
tubings, a composite of expanded PTFE and Pt-cured silicone rubber served as the optimal
candidate for pumping biopharmaceuticals. However, tubing choice is a case-to-case decision
which has to take many other factors into consideration including costs, process requirements,

and leachables.
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9. Supplementary data

Table S 1 Particle size distribution of pumped buffer depending on tubing type. *Data originates from Deiringer and

Friess.?
Particle concentration [#/mL]
1-5um 5-10 ym 10-25um > 25 um
SiR* 6,403 *+ 2,552 556 + 508 135 = 163 3 6
FKM 1,648 + 1,009 181 ¢ 41 97 ¢ 48 37 % 41
TPV 39,642 + 3,122 1,867 + 481 246 + 62 82 =+ 37
ePTFE-SiR 4,743 + 1,433 571 340 177 101 54 + 86
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Figure S 1 Determination of surface roughness of the inner wall of 6.0 mm ID tubings.
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1. Abstract

Protein aggregation is of major concern in manufacturing of biopharmaceutics. Protein
aggregation upon peristaltic pumping for filtration, transfer or filling is triggered by protein
adsorption to the tubing surface and subsequent film rupture during roller movement. While
the impact of tubing type and formulation has been studied in more detail, the contribution of
the protein characteristics is not fully resolved. We studied the aggregation propensity of six
monoclonal antibodies during peristaltic pumping and characterized their colloidal and
conformational stability, hydrophobicity, and surface activity. A high affinity to the surface
resulting in faster adsorption and film renewal was key for the formation of protein particles =
1 um. Film formation and renewal were influenced by the antibody hydrophobicity, potential for
electrostatic self-interaction and conformational stability. The initial interfacial pressure
increase within the first minute can serve as a good predictor for antibody adsorption and
particle formation propensity. Our results highlight the complexity of protein adsorption and
emphasize the importance of formulation development to reduce protein particle formation by

avoidance of adsorption to interfaces.

Keywords: protein aggregation, pumping, protein adsorption, IgG antibody(s), tubing,

subvisible particles, protein formulation, bioprocess development

Abbreviations: FNU - formazine nephelometric unit; HIC — hydrophobic interaction
chromatography; HPW — highly purified water; ICD — isothermal chemical denaturation; IEF —

isoelectric focusing; qLD — quantitative laser diffraction

134



Afraid of the Wall of Death?

2. Introduction

Protein particle formation during manufacturing and storage is critical for quality, safety and
efficacy as well as functionality of manufacturing processes.!? Protein aggregates can be
associated with an increased potential for immune response and antidrug antibody formation
interfering with therapy success.® Aggregation mechanisms are manifold and can be triggered
by factors like interfacial interactions, temperature or external particles shed from equipment.*
Specifically, particles that are generated in the very last final filling of drug product may reach
the patient and can additionally be seeds for further aggregation.>® A mechanistic
understanding of factors triggering aggregation during filling can help to improve the process

and ultimately the drug product.

Nayak et al.” ranked different pump types based on their protein particle formation propensity.
In this context, the piston pump was linked to tremendous protein particle formation while the
other pump types were less critical. Peristaltic pumping has also been reported as an origin of
protein particle formation of biopharmaceutics in recent publications.®'® According to our
previous study, peristaltic pumps lead to protein particle formation by rupture of the protein film
formed on the tubing surface.’ We found that protein adsorption to the tubing is driven by
electrostatic and hydrophobic interactions resulting in a film formation rate of less than a
second.'” The extent of protein particle formation depends on the tubing material.®%'2 We
identified material hardness and chemical composition as key factors.’? These pump studies
focused on the aggregation mechanism and the tubing material. The effect of the protein was
not investigated in detail, although interfacially triggered aggregation is known to be affected
by the protein characteristics as well, specifically shown for the liquid/air interface.'-1°
Exemplary, Shieh and Patel' concluded that protein rearrangement and conformational
change at the liquid/air interface substantially impact the extent of aggregation. Koepf et al.
linked enhanced protein aggregation at the liquid/air interface with more attractive protein-
protein interactions. Kumar et al.'” observed higher levels of insoluble aggregates upon
agitation for protein molecules that show stronger hydrophobic interactions. Thus, the
identification of protein characteristics that influence protein particle formation upon peristaltic
pumping could give additional insights into the aggregation mechanism which supports

formulation development and ultimately product quality.

In the current study six monoclonal antibodies (mAbs) were analyzed for their protein particle
formation propensity upon peristaltic pumping through silicone tubing. Protein particles in the
micrometer and nanometer size range were characterized by turbidity, quantitative laser
diffraction (gLD) and flow imaging. We characterized the colloidal and conformational stability,

hydrophobicity, interfacial activity by the interaction parameter A3, thermal and isothermal
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chemical denaturation using guanidine hydrochloride, hydrophobic interaction
chromatography and interfacial drop profile analysis. In addition, the amount of mAb adsorbed
on the tubing surface was quantified via an adsorption-desorption assay. We then tried to link

the mAb properties with the adsorbed amount and the particle formation propensity.
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3. Materials and Methods

3.1. Materials

All reagents and buffer excipients were obtained in analytical grade. Acetic acid was purchased
from VWR (Darmstadt, Germany). Ammonium sulphate ((NH4)2S04) was obtained from
Bernd Kraft. Guanidine hydrochloride (Gn-HCI) and sodium chloride (NaCl) were supplied by
Merck (Darmstadt, Germany). Methanol and trichloroacetic acid originated from Fluka (Buchs,
Switzerland) and Applichem (Darmstadt, Germany), respectively. Sodium dodecyl sulphate

(SDS) was obtained from Sigma Aldrich (Darmstadt, Germany).

Protein concentrations were verified via UV absorption at 280 nm using a Nanodrop Micro-
Volume UV-Vis spectrometer (Nano Drop 2000, Thermo Scientific, Wilmington, USA) with the
protein specific extinction coefficient ranging from 1.49 — 1.70 mL-g-1-cm-1. Formulation buffer
was prepared by dissolving histidine (Applichem) in highly purified water (HPW) from an
arium® pro DI Ultrapure Water System (Sartorius Stedim Biotech, Goettingen, Germany). After
pH adjustment by hydrochloric acid (HCI, VWR), formulation buffer was filtered using
pressurized nitrogen and 0.2 ym cellulose acetate filters (47 mm @, Sartorius Stedim Biotech).
Protein formulations were filtered with 0.2 um polyethersulfone membrane syringe filters (VWR

International, Ismaning, Germany).

3.2. Sample preparation

Pt-cured silicone Accusil tubing sets (ID: 1.6 mm, wall thickness: 1.6 mm, Watson-Marlow,
Falmouth, United Kingdom) were assembled by connecting two 20 cm long pieces placed in
the pump head to 35cm long pieces via polypropylene Y-connectors (Kartell, VWR
International, Darmstadt). Sets were rinsed with 500 ml HPW at 80 °C and steam sterilized
(121 °C, 15 min, 2 bar).

All pumping experiments were conducted using a Flexicon PD12 peristaltic pump (Watson-
Marlow Flexicon, Ringsted, Denmark) under laminar air flow to avoid external particle
contamination. Tubing sets were prerinsed by pumping 5 L HPW in continuous mode at
180 rpm. For sample preparation, 6 mL formulation buffer followed by 6 ml of 1 mg/mL protein
solution were circulated for 20 times at 180 rpm at an acceleration of 60 in filling mode (60 x
2 mL; 1 s interval). Pumping experiments were performed three times per mAb with a new

tubing set each.
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3.3. Turbidity

Sample turbidity was analyzed according to Ph. Eur. 2.2.1 using a Nephla turbidimeter (Dr.
Lange, Duesseldorf, Germany) and 1.8 mL sample. Data is presented in formazine

nephelometric units (FNU).

3.4. Detection of subvisible particles

Particle size distribution and total particle amount were analyzed using the Aggregates Sizer
with WingSALD bio software version 3.2.2 (Shimadzu Corporation, Kyoto, Japan) in a batch
cell with 5 mL sample volume. Calculations were based on a a protein particle refractive index
of 1.46, an imaginary index of 0.1'® and density of 1.32 g/cm?®'® with a cut-off level of noise of

500. Freshly filtrated samples and pumped buffer exhibited signals below the cut-off level.

Additionally, samples were analysed with a FlowCAM® 8100 (Fluid Imaging Technologies,
Inc., Scarborough, ME, USA) with a 10x magnification cell (81 ym x 700 uym) using 150 ul. The
settings for image collection (flow rate: 0.15 mL/min, auto image frame rate: 28 frames/s,
sampling time: 60 s) resulted in an efficiency value higher than 70%. Particle identification was
based on 3 um distance to the nearest neighbour, particle segmentation thresholds of 13 and
10 for the dark and light pixels respectively. Particle size was reported as the equivalent

spherical diameter using VisualSpreadsheet® 4.7.6 software for data collection and analysis.

3.5. Quantification of mAb adsorption

Adsorption of mAb to silicone tubing was determined based on a desorption assay as
described previously.'® Briefly summarized, silicone tubing was filled with 2 mg/mL mAb in
20 mM histidine pH 5.4. After 24 h incubation and washing with formulation buffer, adsorbed
mAb was desorbed with desorption buffer (10 mM phosphate buffer pH 7.2 with 145 mM NaCl
and 0.05% SDS) for 24 h. Recovered desorbed protein was quantified via high-performance
size-exclusion chromatography (HP-SEC) using a 7.8 x 300 mm TSK Gel G3000 SWXL
column (Tosoh Bioscience, Stuttgart, Germany) at 210 nm (Agilent 1100 device (Agilent
Technologies, Boeblingen, Germany) equipped with a G1314A UV detector at 400 pl injection
volume eluting with desorption buffer at 0.7 mL/min. The mAb concentration was calculated

based on a mAb specific 8-point calibration curve between 0.0001 and 0.01 mg/mL.
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3.6. Hydrophobic interaction chromatography

Hydrophobic interaction chromatography (HIC) analysis was performed on an Agilent 1200
device (Agilent Technologies) with a G1314B UV detector at 280 nm eluting with a gradient
elution (buffer A: 20 mM histidine/HCI pH 6 containing 1.5 M (NH4)2.SO4; buffer B: 20 mM
histidine/HCI, pH 6) using a 35 x 4.6 mm TSKgel Butyl-NR column (Tosoh Bioscience) at 25 °C
at 1 mL/min. The column was equilibrated for 2 min in 100% buffer A, followed by a linear
gradient from 0-100% buffer B until 68 min and 100% buffer A until 74 min. Prior to analysis
mAb samples (c = 1 mg/mL) were diluted with buffer A to 0.33 mg/mL, and 20 uyg mAb were

injected.

3.7. Fluorimetric Analysis of Thermal Protein Unfolding

Standard capillaries filled with 1 mg/mL mAb solution were sealed with sealing paste. The
capillaries were analyzed with a Prometheus NT.48 (NanoTemper Technologies, Munich,
Germany). Fluorescence intensity at 330 and 350 nm with excitation at 280 nm (x 10 nm) was
monitored from 20 to 100 °C at 1 °C/min. Unfolding transitions were derived from the
temperature dependent fluorescence intensity ratio (F350/F330) by the maximum of the first
derivative using the ThermControl software V2.1 (NanoTemper Technologies, Munich,

Germany).

3.8. Isothermal Chemical Denaturation (ICD)

Formulation buffer and denaturant stock (formulation buffer containing 6 M Gn-HCI) were
pipetted into a non-binding surface 384 well plate (Greiner) using Viaflo Assist equipped with
a 16-channel 125 uL Viaflo pipette (Integra Biosciences, Konstanz, Germany) to prepare the
desired denaturant concentrations. Protein sample was added to a final concentration of
1 mg/mL. After manual mixing the well plate was sealed with EASYseal™ sealing film
(Steinheim, Germany), incubated for 24 h at room temperature and analyzed with a FLUOstar
Omega microplate reader (BMG Labtech, Ortenberg, Germany) (Aex=280 nm; Aem1= 330 nm
and Aem2= 350 nm) in multichromatic mode using 50 flashes per well. The mean of triplicates

was autofitted to the biphasic model from Prism (Figure S 1) to derive melting points (Cnm).

3.9. Isoelectric Focusing

The isoelectric point (IEP) of the mAbs was determined by isoelectric focusing (IEF) on a

Multiphor II™ electrophoresis system with an EPS 3501 XL power supply and a Multitemp Il
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thermostatic circulator (GE Healthcare, Freiburg, Germany). Protein samples were diluted to
1 mg/mL in 20 mM histidine buffer pH 5.4. A volume of 5 pL of protein samples and protein
standard Serva Liquid Mix IEF Marker 3-10 were loaded on the Precast Servalyt® Blank
Precotes® electrophoresis gels (125x125x0.3 mm) with a pH gradient from 3 to 10 (Serva
Electrophoresis, Heidelberg, Germany). After electrophoresis, the gel was fixed with 20% (w/v)
trichloroacetic acid and stained with Serva Violett 17 according to the manufacturer’s protocol.
Background was destained 4 x 15 min in acetic acid:methanol:HPW (10:40:50 (v/v/v)) and 3 x
5 min in HPW. The gel was scanned in wet state using a ChemiDoc Imaging System (Bio-Rad
Laboratories, Feldkirchen, Germany). The IEP values of the mAbs were evaluated based on

the position of the marker bands (n = 1).

3.10. Theoretical charge states of mAbs

Homology models of the different mAbs were generated with BioLuminate (Schrédinger
Release 2022-4, Schrodinger LLC, NY) using the antibody prediction module. The protein
preparation wizard was used to fill gaps and set the protonation states according to pH 5.4. In
addition, a restrained minimization using the OPLS3e force field was performed. Overall

charges were calculated with the Protein Surface Analysis module. Debye length A, at 298 K

&o&rkgT
Ap = 3N o2
2x10°Nye-l,

With g, representing the permittivity of free space, ¢, the dielectric constant of water, kz the

was estimated by

Boltzmann constant, T the absolute temperature, N, the Avogadro constant, e the elementary

charge and I, the ionic strength of the histidine buffer.

3.11. Interfacial drop profile analysis

To study the rate of protein adsorption to a silicone oil interface, the volume of an initially 50 uL
drop of mAb solution (¢ = 1 mg/mL) was monitored over 30 minutes via a profile analysis
tensiometer (PAT-1, Sinterface Technologies, Ltd., Germany). The drop was formed by the
automated syringe with a stainless-steel capillary (& 2.1 mm) immersed in silicone oil 100 cst
(Optimal Products, Bad Oeynhausen, Germany) filled in a glass cuvette (Hellma, Mullheim,
Germany). Drop images were captured by a CCD camera at 1 frame/s and processed (PAT-1

software, Sinterface Technologies) to obtain drop volume, surface area, and interfacial tension
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based on the Young-Laplace equation. The density of the mAb solutions was 1.000 g/cm?
measured by a portable density meter (Anton Paar, Graz, Austria). The density for silicone oil
was set to 0.972 g/cm?3. Results were converted to interfacial pressure I1 by subtraction of the
pure buffer signal. As slight fluctuations impacted the fitting quality and the results were
impacted by drop volume adjustment in the first 10 s, the initial rate of interfacial pressure
increase was determined from a second order polynomial fit of the LOWESS curve of the mean

using 10 points in smoothing window for the timeframe from 11 to 90 s.

3.12. Dynamic Light Scattering

The interaction parameter kp was derived by dynamic light scattering. To remove aggregates,
mADb solutions in the concentration range between 1 and 8 mg/mL were centrifuged for 10 min
at 10,000 G, 25 pl per sample was filled in a 384 microwell plate (Corning) and the plate
centrifuged for 2 min at 3,400 G using a Heraeus Megafuge 40 centrifuge equipped with an M-
20 well plate rotor (Thermo Fisher Scientific). After centrifugation, silicone oil was used for
sealing of the wells to avoid evaporation. After a second centrifugation step, samples were
measured using a DynaPro plate reader Il (Wyatt Technology, Santa Babara, CA) with
20 acquisitions of 5 s at 25 °C. The interaction parameter kp was derived from the
concentration dependence of the mutual diffusion coefficient D. In a next step, ko was

converted to osmotic second virial coefficient A% using the TIM equation.?

3.13. Statistical analysis

Results are reported as mean values with standard deviation of three samples from three
different experiments if not indicated otherwise. Data from interfacial drop profile analysis (n =
2) is presented as mean % range. Correlation of data sets was evaluated by Pearson’s
correlation coefficient r,, or Spearman’s rank correlation coefficient rg and respective p-values
from a two-tailed test with ns for not significant (p > 0.05), * for p <0.05, ** for p < 0.01 and
***for p < 0.001. Data was analyzed using GraphPad Prism (Version 5.02 for Microsoft
Windows, Graph Pad Software, San Diego, USA).
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4. Results

4.1. Biophysical characterization of the mAbs

Six IgG1 mAbs produced by CHO cells with a molecular weight ranging from 148 to 156 kDa
served as models. To get a comprehensive picture of the biophysical characteristics of the
mAbs hydrophobicity, IEP, theoretical charge and colloidal stability were determined (Table 1).
Hydrophobicity increased from mAb1 to mAbs, ranking mAb1 and mAb- as the most hydrophilic
ones, mAbs as moderate hydrophilic, mAbs and mAbs as moderate hydrophobic and mAbs as
hydrophobic. The peaks were asymmetric, had shoulders, mAbs peak was rather broad and
mAbs revealed 4 distinct peaks of different hydrophobicity (Figure S 2). The IEF gel (Figure
S 3) showed several bands corresponding to isoforms for each mAb. The IEP values for
mAb1 .5 were above 7.4 with mAb, being more basic while mAbe had an IEP around 6.5. All
mAbs were positively charged at pH 5.4 with theoretical charges ranging from +31 to +15. The

Debye length is approximately 2.4 nm in the given buffer conditions.

Table 1 Biophysical parameters of mAb1.6.

HIC retention time [min] IEP [pH] Theoretical charge A% [mL-mol/g?]- 10~*
mAbj+ 14.6 £ 0.1 8.0-8.3 +31 1.1+£<0.1*
mAbz 15.7+0.1 8.3-95 +28 1.5+£<0.1
mAbs3 19.5+0.1 74-8.0 +27 -1.3+<0.1
mAb4 29.7+01 7.8-8.0 +22 09+<01
mAbs 295+0.0 74-78 +25 0.3+<0.1
mAbe 36.2+0.0* 6.0-6.9 +15 -1.7+<01

* Hydrophobic variants at 31.7, 35.2, 38.7 and 42.2 min were averaged based on peak area.
** Data from Deiringer and Friess.'®

A5 derived from the interaction parameter kp via the TIM equation reflects protein self-
interaction which is an important factor of the colloidal stability of the mAbs (Figure 1a). Net
repulsive intermolecular interactions were detected for mAb1, mAb, and mAb,. In contrast,
mAbsz and mAbs exhibited significant net attractive interactions. Only marginally net repulsive
intermolecular interactions were detected for mAbs. To rank conformational stability of the
mAbs their unfolding behavior in presence of a denaturant and upon temperature increase
were monitored. Chemical unfolding with Gn-HCI showed a three-state unfolding behavior for
all mAbs (Figure 1b). Specifically, mAb4 showed a pronounced plateau between both melting
points. Resistance to Gn-HCI induced unfolding based on Cn. increased in the order
MAbs<mAbs<mAbs;<mAb,<mAbi<mAb, (Table 2). Thermal unfolding curves (Figure 1c) for
each mAb were described by the onset temperature of signal increase (Tonset) and two melting

points Tm1 and Tm2 (Table 2). Apart from mAbs, the mAbs exhibited three-state unfolding
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behavior. Unfolding of mAbs led to a signal overshooting before reaching a plateau.
Interestingly, mAbs; started to unfold already around 55 °C compared to a Tonset Of
approximately 60 °C for the other mAbs. Trm1 ranged from approximately 64 to 69 °C and Tm2
from 79 to 83 °C. No scattering was observed during heating for all mAbs indicating minimal

formation of large aggregates.
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Figure 1 Concentration dependence of the diffusion coefficient for ko determination (a) and isothermal (b) and

thermal (c) unfolding curves of mAb1..

Table 2 Thermal and isothermal unfolding of mAb1.6. The 95% lower and 95% upper confidence intervals for Cm

values are reported in brackets.

Temperature [°C] Concentration Gn-HCI [M]

Tonset Tmi Tm2 Cm1 Cm2
mAb1  60.4 £0.2* 65.6 +0.1* 82.9+0.1* 24(22-25)* 32(3.2-3.3)*
mAbz  58.7 £ 0.1 64.6 +0.0 80.3+0.1 1.8(1.6-2.2) 3.1(29-3.2)
mAbs 554 +0.1 63.5+0.2 80.1+£0.0 2.0(1.9-2.0) 2.7(27-27)
mAbs  60.7+0.3 65.7 £ 0.0 79.0+0.0 22(22-22) 3.9(3.9-39)
mAbs  59.8 +0.1 69.0 £ 0.0 80.8+0.2 19(14-2.1) 23(22-23)
mAbs  59.1+0.1 66.3 £ 0.0 79.3+0.1 1.7 (undefined) 1.9(1.9-2.0)

* Data from Deiringer and Friess.'0

** Data from Deiringer et al.
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4.2. Interfacial adsorption behavior of the mAbs

Silicone oil was used to mimic the silicone tubing surface in kinetic studies of mAb adsorption

due to the chemical and structural similarity. For all mAbs the interfacial pressure increased

rapidly without a lag phase followed by a flattening of the curve after approximately 5 to 10 min

(Figure 2). Mabs and mAb, showed a low adsorption tendency with a comparably low initial

interfacial pressure increase dIl/dtinia Of less than 0.4 mN/m/min reaching approximately

4 mN/m after 30 min (I13,) (Table 3). In contrast, mAb4 showed a high interfacial pressure jump

within a few seconds followed by a similar dIl/dtiita reaching a I1;, of approximately 7 mN/m.

Although starting from approximately 2 mN/m, interfacial pressure increased rapidly for mAbs

reaching a Il3, of approximately 10 mN/m. In comparison, interfacial pressure of mAbs and

mADbs started from approximately 4 mN/m and reached the same 113, as mAbs.
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Figure 2 Mean interfacial pressure profiles of the protein solution — silicone oil interface for mAb+.s. *Data from

Deiringer et al."!

Adsorption was additionally characterized by the amount of protein adsorbed per tubing

surface area. In equilibrium between approx. 3.5 and 8.0 mg/m? were reached. mAbs showed

by far the highest affinity to silicone tubing.

Table 3 Interfacial adsorption behavior of mAb1.s.

Surface activity

mAb adsorbed [mg/m?]

dI1/dtinitial [MN/m/min] 30 [MN/m]
mADb1 0.25 3.7+0.4* 4.0+01*
mADb: 0.40 46+0.3 35+0.1
mADbs 0.55 10.3+0.3 52+0.0
mADbs 0.50 74104 46+0.3
mADbs 1.10 10.1 £ 0.1 57+03
mADbs 1.25 10.0+0.2 7907

* Data from Deiringer et al."!

** Data from Deiringer and Friess
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4.3. Protein particle formation upon pumping

Protein particle formation was monitored by turbidity, flow imaging and qLD. Upon pumping
buffer, particle concentrations and turbidity increased from approximately 300 particles to
7,000 =2 1 ym per mL and 0.3 to 0.8 FNU (Figure 3). The mAb starting solution showed
approximately 0.7 FNU, less than 700 particles = 1 ym per mL and were below the LOD in
gLD. For all protein formulations we found substantial particle formation by pumping but to a
different extent. After pumping the turbidity values ranged between 3.0 and 7.2 FNU, particles
= 1 ym per mL between 130,000 and 560,000 and particles = 300 nm per mL between
23,300,000 and 53,000,000 per mL.
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Figure 3 Turbidity (a) and particles = 1 ym per mL and = 300 nm per mL (b) after peristaltic pumping of 1 mg/mL
mAb1.6. *Data from Deiringer and Friess'°

4.4. Relationship between protein characteristics, adsorbed amount, and protein

particle formation

Based on Pearson’s correlation coefficient r, and p-value we tried to identify mAb
characteristics which are key factors for mAb adsorption and particle formation (Figure 4).
Adsorption and protein particle formation propensity were ranked against single protein
properties (proximity to IEP, hydrophobicity, A5 and melting points) and complex descriptors
for the adsorption process (dIl/dtintia and Tlz). The adsorbed amount correlated with the
proximity of the formulation pH to the IEP. A weaker correlation was detected for theoretical
charge, hydrophobicity and A3. While turbidity and particles = 300 nm correlated significantly
(rp = 0.88, p = 0.05), no significant correlation between particles =2 1 um and the other particle
descriptors was detected. Only with Tm1 a weak significant correlation with particles = 300 nm
or turbidity was observable in our study. In contrast, the concentration of particles = 1 ym
strongly correlated to adsorbed amount and proximity to IEP. Also, hydrophobicity, theoretical
charge and conformational stability described by Cn2 correlated to the concentration of

particles = 1 ym but to a lesser degree. While we did not find a significant correlation for I3,
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to particle formation, dIl/dtiniial appeared to be a good predictor for adsorbed amount, turbidity,
as well as concentration of particles = 1 ym. To uncover possible nonlinear relationships a rank
correlation method was performed. Spearman’s rank correlation coefficient rg (Figure S 4)
confirmed a strong significant monotonic relationship for adsorbed amount and concentration
of particles = 1 ym to proximity to IEP (rg = - 1.00, p < 0.01). As well, dIl/dtintia could be
significantly linked to adsorbed amount and concentration of particles = 1 um. Interestingly,
also a weak monotonic correlation between turbidity and adsorbed amount (rs = 0.89, p < 0.05)
as well as proximity to IEP (rs = - 0.89, p < 0.05) was identified. Furthermore, a weak monotonic
correlation between A5 and adsorbed amount or concentration of particles = 1 ym was found
(rg =-0.94, p < 0.05).

Adsorbed amount Turbidity Particles = 300 nm| Particles=1 um

Adsorbed amount

1.00
Proximity to IEP*

Theoretical
charge

Hydrophobicity

=
o

Cr — 0.00

Chemical
unfolding

CmZ

TOI'ISE'

Tm1

Thermal unfolding

T
: -1.00

dl/dtinitial

Surface activity

Figure 4 Pearson correlation of mAb properties with adsorbed amount, turbidity, and particle concentration. Color
scale reflects trends in Pearson coefficient. *Proximity of formulation pH to IEP was calculated based on the
dominant band of IEF gel.
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5. Discussion

Aggregation and particle formation during manufacturing and storage of protein
pharmaceuticals is a major concern for product quality, safety, and efficacy. Peristaltic
pumping has been shown to lead to protein particle formation. Protein molecules adsorb to the
tubing surface, forming a film within less than a second'!, which gets ruptured upon roller
motion resulting in protein film fragments entering the bulk.'® A continuous renewal of the film
takes place during operation which is impacted by characteristics of the tubing'?, the protein

as well as the formulation.™

We pumped six mAbs to get a better mechanistic understanding of protein characteristics that
influence the film and particle formation. MAb differ in their conformational stability and their
potential for self- and interfacial interactions and the behaviour depends on the surrounding
environment. This study used mAb concentrations of 1 mg/mL leading to viscosity and flow
characteristics close to pure buffer. Higher protein concentrations resulting in increased
viscosity and less distance between protein molecules may impact the protein aggregation
propensity. The protein particle formation upon peristaltic pumping might on one hand depend
on the adsorption process and on the other hand on the fate of the fragments formed upon
rupture affected by the bulk formulation properties. Silicone tubing is based on crosslinked
polysiloxane associated with surface free energy around 20 mN/m with nearly no polar
contribution.’? Above the IEP around 4.1"" the tubing surface carries negative charge due to
preferential adsorption of hydroxide ions.?' The adsorption process to silicone tubing is
governed by electrostatic and hydrophobic interactions.' The total amount adsorbed, and the
film formation rate are influenced by different factors like protein-protein interactions,
conformational stability, and hydrophobicity.?2?> The relationship between two variables
described by Pearson’s or Spearman’s correlation coefficients confirmed a marked number of
strong correlations. We observed a strong correlation between adsorbed amount and proximity
of formulation pH to IEP which reflects the Debye length. The Debye length of a protein is
important for the protein-protein interactions.2627 Near the IEP the Debye length and thus the
protein’s effective diameter is minimal. This allows denser packing of the individual protein
molecules leading to an increase in the adsorbed protein amount.?” Specifically for mAbg with
an |IEP close to the formulation pH, reflected by the lowest theoretical charge, showed high
adsorption. The calculated theoretical charge correlated less with the adsorbed amount
compared to the more general parameter proximity of formulation pH to IEP. In line with
observations that protein hydrophobicity is linked to a higher susceptibility of hydrophobic

interaction with the surface, hydrophobicity correlated with the adsorbed mAbs amount, but
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only slightly.2® Additionally, attractive protein-protein interactions depicted by a negative A}

seem to favour a more compact protein layer.

Upon pumping, the formed film is ruptured and subsequently renewed. During operation, a
high potential for interfacial interactions is expected to speed up the renewal and is
consequently linked to the particle formation propensity. We studied and quantified different
particle size ranges via turbidity, gLD and flow imaging. A high correspondence between
turbidity and gLD data is not surprising as both methods quantify signals based on light
scattering of the sample. Turbidity and gLD estimate particle concentration by direct
measurement of incident scattered light or converting light scattering pattern based on an
algorithm to particle concentrations, respectively. The result is impacted by particle size
distribution, morphology and in case of qLD the quality of estimators for calculation. In contrast,
flow imaging counts the particles and is therefore more precise with respect to the analysis of
aggregation propensity. This may explain why we could only find a weak correlation with T+
while the number of particles = 1 um correlated with several estimators. The flow imaging data
strongly correlated with the adsorbed amount emphasizing that the affinity of the mAb to the
tubing is a key element for protein particle formation. We described the adsorption rate by
dI1/dtinitial, the slope during initial adsorption and 115, the interfacial pressure after 30 min. The
interfacial pressure is a complex descriptor which depends on several protein characteristics
like self-interaction, hydrophobicity, and structural stability, and which is not necessarily linked
to the adsorbed amount.™ This explains why the magnitude of I15, did not correlate with particle
formation or adsorbed amount. Shieh and Patel' identified the dIl/dtitial @S @ Semiquantitative
predictor for the aggregation propensity of an antibody at the air-liquid interface. This also
holds true for the the amount of mAb adsorbed to the tubing as well as turbidity and particle
= 1 um concentration of the mAb solutions after upon pumping. Thus, a higher affinity of the
protein to the surface results in the formation of more particles. High levels of adsorption and
attractive protein-protein interactions have been linked to more pronounced aggregate
formation in presence of silicone oil.?% In line, Spearman’s rank correlation indicated that A%
could serve as an estimator for protein particle formation, but not necessarily in a linear

manner.

Thus, protein particle formation propensity = 1 ym is linked to the Debye length, the protein
hydrophobicity and conformational stability. Low electrostatic hinderance and high
hydrophobicity increase the affinity to the tubing. Structurally stable proteins are less prone for
surface-induced conformational changes and adsorption to the surface is weaker?, whereas
less structurally stable proteins rearrange more quickly at the interface leading to increased
affinity to the surface and interactions with neighboring protein molecules.?2 Low structural
stability might explain the high I15, of the rather hydrophilic mAbs compared to mAbs and mAb..
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Overall, it is difficult, maybe even impossible, to predict the aggregation tendency of proteins
based on only one feature described by a simple estimator. The IEP for example is only a
measure of the electrical charge neutrality of the whole structure while ignoring any
aggregation prone patches or the distribution of charges on the protein surface. Computational
models may help to better understand protein aggregation propensity in the bulk and at
interfaces, but these models can still not cover the full complexity of the phenomena.?*-33
Although our sample set was limited to six mAbs, we could get a better understanding of the
mechanisms driving protein adsorption and aggregation during peristaltic pumping. Increasing
the number of mAbs in various formulation conditions may allow to establish a complex model
that combines different estimators to predict protein aggregation at the solid/liquid interface. In
addition, we provide some guidance on how to reduce protein particle formation. Key element
is avoidance of protein adsorption which can be achieved by addition of surfactants to cover
the tubing surface."” Additionally, a formulation pH remarkably lower than the IEP increases
the Debye length, reduces adsorption and ultimately particle formation; but the pH benefit

needs to be balanced with the conformational and the chemical protein stability.
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6. Conclusion

This study aimed to link mAb characteristics with protein particle formation propensity in protein
solutions upon peristaltic pumping. More attractive protein-protein interactions and higher
protein hydrophobicity were found to lead to a higher amount of adsorbed mAb which in return
correlated with the number of particles = 1 ym formed. During the pumping process, the
renewal rate of the protein film, driven by electrostatic and hydrophobic interactions, plays a
dominant role. Additionally, a smaller Debye length reflecting reduced electrostatic protein-
protein repulsions could increase the adsorption rate. Furthermore, stronger hydrophobic
interactions either of the native protein form or as a result of partial unfolding related to a low
conformational stability increases the affinity of the protein to the hydrophobic surface. The
initial interfacial pressure increase can serve as a good predictor for surface activity and
particle formation propensity. Thus, this study with six different mAbs gives substantial insights
into driving forces contributing to protein particle formation upon pumping, and it provides some
guidance to avoid this phenomenon and with that improve the quality, safety and efficacy of

protein drug products.
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9. Supplementary data
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Figure S 1 Fitted raw data from ICD measurements for all mAbs (Rz2 > 0.998). Note: For mAba4 the value for

2.85 M was excluded to allow proper fitting of the plateau.
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Modification of Tubings for Peristaltic Pumping of Biopharmaceutics

1. Abstract

Protein particle formation during peristaltic pumping of biopharmaceuticals is due to protein
film formation on the inner tubing surface followed by rupture of the film by the roller movement.
Protein adsorption can be prevented by addition of surfactants as well as by increasing the
hydrophilicity of the inner surface. Attempts based on covalent surface coating were
mechanically not stable against the stress of roller movement. We successfully incorporated
surface segregating smart polymers based on a polydimethylsiloxane (PDMS) backbone and
polyethylene glycol (PEG) side blocks in the tubing wall matrix. For this we applied an easy,
reproducible, and cost-effective process based on soaking of tubing in toluene containing the
PDMS-PEG copolymer. With this tubing modification we could drastically reduce protein
particle formation during peristaltic pumping of a monoclonal antibody and human growth
hormone (HGH) formulation in silicone and thermoplastic elastomer-based tubing. The
modification did not impact the tubing integrity during pumping while hydrophilicity was
increased, and protein adsorption was prevented. Free PDMS-PEG copolymer might have an
additional stabilizing effect, but less than 50 ppm of the PDMS-PEG copolymer leached from
the modified tubing during 1 h of pumping in the experimental setup. In summary, we present
a new method for the modification of tubings which reduces protein adsorption and particle
formation during any operation involving peristaltic pumping, e.g. transfer, filling, or tangential

flow filtration.

Keywords: pumping, tubing, protein aggregation, protein adsorption, surface segregating

smart polymers

Abbreviations: CMC - critical micelle concentration; HGH - human growth hormone; HPW —
highly purified water; HS-GC-MS - headspace-gas chromatography-mass spectrometry; mAb
- monoclonal antibody; PDMS — Polydimethylsiloxane; PEG — polyethylene glycol; PVC -

polyvinyl chloride; TFF — tangential flow filtration
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2. Introduction

Protein particle formation during manufacturing and storage is a serious concern. The product
may fail to meet the pharmacopoeial requirement of being essentially free of visible particles
as well as the subvisible particle limits."? Additionally, these large protein aggregates are
suspected to cause an enhanced response in patients or a loss in therapeutic efficacy.® This
implies that the formation of protein particles during the whole manufacturing process is

understood and minimized in order to assure product safety and efficacy.

An important unit operation during manufacturing of biopharmaceuticals is peristaltic pumping.
This procedure is applied for ultra- or diafiltration, transfer or filling. But peristaltic pumping
leads to a substantial increase in protein particles dependent on tubing material, protein, and
formulation.*” Proteins adsorb to the tubing wall, driven by electrostatic and hydrophobic
interactions, and the formed protein film is compressed, decompressed and ultimately torn off
by the roller movement.®” The need for resistance to high mechanical shear in combination
with sufficient flexibility and the strict limitations on leachables restricts the polymers used as
base material for tubings in pharmaceutical manufacturing to a small group including silicone,
some thermoplastic elastomers and fluorinated polymers. Exemplarily polyvinyl chloride (PVC)
may leach the plasticizer di(2-ethylhexyl) phthalate which can lead to protein aggregation and
might trigger complement activation and the potentially genotoxic 4-hydroxynonenal.®® The
polymers used render tubings with a hydrophobic surface. This enhances protein adsorption
and thus particle formation as compared to a hydrophilic surface. Addition of surfactants can
effectively prevent the formation of protein particle.® But this approach is not applicable in
case of operations in which surfactants are hindering like in tangential flow filtration (TFF) or

in early down scale.

Silicone tubing made of polydimethylsiloxane (PDMS) is one of the commonly used tubings in
the context of peristaltic pumping of protein pharmaceuticals. But proteins have a strong
tendency to adsorb to the hydrophobic PDMS surface.’®'! In contrast, protein adsorption to
very hydrophilic surfaces is reduced due to higher energetic cost of surface dehydration.'>3
Hydrophilization of polymeric surfaces in order to avoid protein adsorption is established e.g.
in microfluidic applications or cell culture.''® A wide range of techniques like plasma treatment,
physisorption, grafting to or grafting from approaches’® or coating with surfactants'” showed
extensive reduction in protein adsorption by increasing the hydrophilicity of PDMS. These
techniques mostly modify the PDMS surface. In preliminary tests we modified the inner tubing
surface by an established silanization approach'®'® which results in a few nm thin surface layer
of polyethylene glycol (PEG).?° Surface hydrophilicity was strongly increased until full wetting
(Figure S1). But the PEG coating became abraded mechanically by the rollers in the pump
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head already within 4 h pumping at 180 rpm (Figure 1). Thus, this surface coating which may
additionally suffer from low scalability, limited shelf life or a labour-intensive multistep
modification process'® is not a viable approach to achieve the goal of a reduction of protein

particle formation.
outlet

inlet within pump head

Figure 1 PEG staining of PDMS tubing silanized with 55 mg/mL PEG-silane in toluene after 4 h of pumping 6 mL
20 mM histidine pH 5.4 buffer. Yellow staining indicates the presence of bound PEG.

To overcome these limitations and to reach a stable hydrophilic surface Gokaltun et al.?’
included a surface segregating smart copolymers built from PDMS as basic structure with
pegylated sections. By mixing the polymer with a PDMS base followed by polymerization via
heat curing, they obtained PDMS sheets with increased hydrophilicity and strongly reduced
protein adsorption. In theory, the copolymers segregate to the surface when exposed to water
which leads to rearrangement of the PEG chains towards the interface rendering surface
hydrophilicity.?? Beyond increasing hydrophilicity, PEG protruding from the surface might
further reduce protein adsorption by the large excluded volume and the unique conformational
adaptability of PEG chains.?® Benefits of this approach are high scalability, long storage life,
easiness of manufacturing and low costs.?’?* These benefits make the use of surface
segregating smart (PDMS-PEG) copolymers a highly interesting approach for modifying PDMS
tubing.

In our study, we aimed to overcome protein particle formation during peristaltic pumping by
developing a new modification of tubing material. The modification method was to be easy,
quick and cost effective while preserving product quality and safety. Furthermore, the
beneficial effect must be sustainable during long time pumping. We modified silicone tubings
by embedding different PDMS-PEG copolymers. We first characterized the surface-active
behaviour of the segregating polymers. Embedding into the tubing bulk was achieved via
incubation and swelling of the tubing in a toluene solution containing the PDMS-PEG

copolymer followed by drying and deswelling. The effectiveness of the tubing modification was
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evaluated in pump studies using a model monoclonal antibody formulation with a focus on
protein particle concentration evaluation via flow imaging and turbidity and confirmed with
human growth hormone (HGH) as smaller protein of different secondary and tertiary structure.
To broaden the scope of application we embedded the PDMS-PEG copolymers also in a tubing
made from thermoplastic vulcanizate. To evaluate persistence of PDMS-PEG incorporation

during pumping, turbidity and protein particle concentration were monitored over 24 h.
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3. Materials and Methods

3.1. Materials

1 mg/mL monoclonal antibody (mAb) in 20 mM histidine buffer pH 5.4 and 1 mg/mL HGH in
10 mM sodium phosphate buffer pH 7.0 were used. Concentrations of mAb (¢= 1.51; 156 kDa)
and HGH (e= 0.72; 22 kDa) were verified via A280 with a Nanodrop 2000 (Thermo Fisher
Scientific, Wilmington, NC, USA) prior to experiments. All buffer and protein samples were
filtered through a 0.2 um polyethersulfone (PES) sterile syringe filter (VWR, Radnor, PA, USA).

Reagents were obtained as follows: 3-[Methoxy-(polyethyleneoxy)-propyl]-trimethoxysilane
(PEG-silane) 90%, 6-9 polyethylene oxide units from Abcr (Karlsruhe, Germany); Barium
chloride dihydrate from Grussing (Filsum, Germany); Dimethylsiloxane-ethylene oxide
block/graft copolymers (DBE 224, DBE 311, DBE 712, DBE 814) from Gelest (Morrisville, NC,
USA); Disodium hydrogen phosphate dihydrate, ethanol and toluene from VWR;
Dimethylsulfoxide (DMSO) and hydrochloric acid from Bernd Kraft (Duisburg, Germany);
lodine sublime, potassium iodide, polysorbate 20 (PS 20), and sodium chloride from Merck
(Darmstadt, Germany); L-histidine from AppliChem (Darmstadt, Germany); Pluronics from
BASF (Ludwigshafen, Germany); Sodium dihydrogen phosphate from Glatt (Binzen,
Germany); Sodium dodecyl sulfate (SDS) and toluene D8 from Sigma Aldrich (St. Louis, MO,
USA). Highly purified water (HPW) produced with an Arium water purification system
(Sartorius, Aubagne, France) was used for buffer preparation. The heat-cure Sylgard 182
Silicone Elastomer Kit (Dow, Midland, MI, USA) was kindly gifted by Biesterfeld Spezialchemie
(Hamburg, Germany).

Silicone tubing with 1.6 mm and 6.0 mm bore (Accusil, Watson Marlow, Falmouth, UK) and a
thermoplastic vulcanizate (TPV) tubing with 1.6 mm bore (AET Lezaud, St. Wendel, Germany)

were used.

3.2. Covalent coating with PEG-silane

Silicone tubing pieces of 200 mm were treated in a Zepto plasma oven (Diener electronic,
Ebhausen, Germany) to activate the tubing surface by oxidation which allows anchoring of
PEG-silane. Vacuum was built up for 10 min, then the chamber was filled with oxygen for 2 min
and plasma cleaning was performed at 0.3 mbar for 3 min with a power of 40 W. Immediately
after treatment, tubings were filled with 55 mg/mL PEG-silane solution in toluene and incubated
for 1.5 h at room temperature. Subsequently, tubings were washed with 100 mL ethanol

followed by 100 mL HPW to remove unbound PEG-silane. The tubing was vacuum dried in a
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VO 200 oven (Memmert, Schwabach, Germany) at 120 °C and 11 mbar for 45 min to remove

residual solvents.

3.3. Incorporation of PDMS-PEG copolymers

The 200 mm tubing piece was filled with 2%, 5% and 10% (m/v) PDMS-PEG copolymers or
5% (m/v) poloxamers in toluene. The ends were connected to 2 mL glass syringes filled with
the polymer solution to avoid evaporation. After incubation up to 5 h, the tubing was flushed
with 100 mL ethanol followed by 100 mL HPW to remove residual polymers. To remove toluene
the tubing was vacuum dried in a VO 200 oven (Memmert, Schwabach, Germany) at 120 °C

and 11 mbar for 45 min.

3.4. Pumping studies

Tubing sets were cleaned as described previously.® Only the 200 mm piece which is placed in
the pump head was modified. Tubing sets were assembled by connecting 350 mm long tubing
pieces to each end of a 200 mm long tubing piece. Tubings were flushed with 200 mL HPW to
remove any external particles. At first, 6 mL formulation buffer and subsequently 6 mL of
1 mg/mL protein solution was circulated using a Flexicon PD 12 peristaltic pump (Watson-
Marlow Flexicon, Ringsted, Denmark) operated with a MC 12 control unit. The pump was
operated at 180 rpm (2 109 mL/min) for 1 h at room temperature which results in 500 passages
of the sample through the 1.6 mm bore tubing. For 24 h pumping studies tubings with 6.0 mm

bore and 45 mL sample volume were used with the same setup.

3.5. Subvisible particle analysis

Subvisible particles were analysed with a FlowCAM® 8100 (Fluid Imaging Technologies, Inc.,
Scarborough, ME, USA) equipped with a 10x magnification cell (81 ym x 700 ym). The
following parameters were set for particle detection: sample volume of 150 pL, flow rate of
0.15 mL/min, auto image frame rate of 28 frames/s and a sampling time of 60 s. These settings
lead to an efficiency value higher than 70%. Particles were identified using
VisualSpreadsheet® 4.7.6 software (settings: 3 ym distance to the nearest neighbour; particle
segmentation thresholds of 13 and 10 for the dark and light pixels) and results were displayed
as the equivalent spherical diameter. Additionally, samples of 1.8 mL were examined for

turbidity using a Nephla turbidimeter (Dr. Lange, Dusseldorf, Germany).
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3.6. Detection of pegylated species

The presence of pegylated species in the tubing was visualized by incubation of the tubing for
15 min in an iodine solution prepared from 2 g iodine sublime and 4 g potassium iodide in

100 mL HPW followed by rinsing with 100 mL HPW to remove residual staining solution.25

PDMS-PEG copolymers leaching into pumped samples was quantified by mixing 1.5 mL of
pumped formulation buffer with 375 pL of iodine solution and 187 pL of 5% (m/v) aqueous
barium chloride solution and turbidity detection using a Nephla turbidimeter (Dr. Lange,
Dusseldorf, Germany).26 Polymer concentration in solution could be determined based on a 7-

point calibration curve of the PDMS-PEG copolymer (Figure S2).

3.7. Tensiometry

Surface tension measurements were performed using a K100 MK2 tensiometer (Krlss,
Hamburg, Germany) equipped with a F12 thermostat (Julabo, Ostfildern, Germany) and a 765
Dosimat (Metrohm, Leinfelden-Echterdingen, Germany). To check for equipment cleanliness
the surface tension of HPW was determined before every measurement (requirement: 72.0 £
0.1 mN/m). A total of 35 concentrations per DBE polymer was measured using a platinum
iridium plate in a custom-made glass vessel?’” by automated dilution of the copolymer stock
(0.1% (m/v) for DBE 712 and 814; 0.03% (m/v) for DBE 311) in HPW using the Dosimat.
Experiments (n=3) were performed at 25 °C. The critical micelle concentration (CMC) was
determined from the sharp break in surface tension vs. logarithm of surfactant concentration

plots using LabDesk 3.1 software (Kruss, Hamburg, Germany).

3.8. Solubility

Water solubility of the copolymers DBE 224 and 311 was evaluated by adding 100 mg of
copolymer to 15 mL of water and incubating for 72 h at room temperature under shaking. The
saturated solution was centrifuged at 17,000 g with a Heraeus Megafuge 16R (Thermofisher
Scientific, Waltham, MA, USA) for 10 min, 5 mL of the supernatant were transferred into 10 R
vials (Schott, Mainz, Germany), water was evaporated at 80 °C for 24 h with an oven (Binder,
Tuttlingen, Germany) and the amount of dissolved copolymer was determined via differential

weighing.
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3.9. Protein adsorption

Protein adsorbed on the tubing before and after 24 h of pumping was quantified as previously
described® based on the detachment of adsorbed protein by incubation with SDS followed by

size-exclusion-chromatography.

3.10. Stress strain curves

Elasticity and stress strain behaviour of the modified and non-modified tubing were evaluated
using a Ta.XT plus Texture Analyzer (Stable Micro Systems, Godalming, UK). Tubing pieces
of 70 mm length were clamped into the apparatus resulting in 50 mm of tubing within the gap
for stretching. Samples were pulled at 5 mm/min for 70 mm. Strain rate was set 0% at a
prestress of 0.05 N/mm? to guarantee sufficient stretching. The elastic modulus was calculated

from the slope of the stress-strain curve in the linear region between 0 and 10% strain.

3.11. Contact angle measurements

Water contact angle measurements on tubing or coated glass slides were performed using a
Drop Shape Analyzer DSA25E (Kriss, Hamburg, Germany). A water drop of 3.0 yL was placed
on the surface and the contact angle was evaluated based on a circle fit. Coated glass slides
were prepared by mixing PDMS-PEG copolymer with the silicone elastomer kit followed by

heat curing of the mixture on microscope slides at 120 °C for 45 min at 11 mbar.

3.12. Detection of copolymer incorporated in tubing

Silicone or TPV tubing was filled with 5% (m/v) DBE 712 in toluene and incubated for 5 h. After
flushing with 100 mL ethanol and 100 mL HPW, toluene was slowly removed under vacuum
for 12 h at 40 °C and 24 h at 60°C using a VO 200 oven (Memmert, Schwabach, Germany).
The amount of incorporated copolymer was determined via differential weighing. Weight

differences for TPV after drying were corrected for a dried TPV incubated with toluene only.

3.13. Determination of residual toluene content

Residual toluene content was analysed by static headspace-gas chromatography-mass
spectrometry (HS-GC-MS). An Agilent Technologies 7890B gas chromatograph (Waldbronn,
Germany), equipped with an Agilent J&W DB-624 Ul ultra-inert capillary column (6%
cyanopropyl phenyl and 94% polydimethylsiloxane) 30 m x 0.25 mm x 1.4 ym and an Agilent
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Technologies 7010B triple quadrupole detector with high efficiency source was used for
analysis. A tubing sample of 40 mm was placed into a 20 mL headspace vial, 20 pL of toluene
d8 (1 mg/mL in DMSO) as internal standard was added, and the vial was closed tightly. After
sealing, the sample was analysed by HS-GC-MS. Conditions of static HS-GC-MS are included
in the supplementary information (Table S1). The MS was operated in scan mode (m/z 45-
120; EI 70 eV). The retention times and the molecule peaks of toluene (9.33 min, m/z 92) and
toluene d8 (9.29 min, m/z 100) were used as qualifier ions and the base peaks m/z 91 and 98

as quantifier ions.

3.14. Statistical significance

If not indicated otherwise, experiments were repeated three times with a new tubing set each.
Data is then represented as mean * standard deviation. Statistical significance was evaluated

based on an unpaired two-tailed t-test.
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4. Results

4.1. Characterization of PDMS-PEG polymers

We evaluated different surface segregating smart copolymers with different PEG content and
molecular weight (Table 1). While the copolymers DBE 224 and 311 were poorly soluble in
water, DBE 712 and 814 were freely soluble. For all copolymers except for DBE 224 the CMC
was below 0.02% (m/v). Although a CMC could not be detected for DBE 224 due to immediate
suspension formation in water, a saturated DBE 224 solution reached a surface tension
(Osaturation) Of 26.7 + 2.9 mN/m indicating high surface activity. The saturated aqueous solutions
of the other polymers showed an even lower surface tension with the lowest value of 20.7 +
0.1 mN/m for DBE 712.

Table 1 Characterization of chemical structure, solubility, and surface activity of PDMS-PEG copolymers (n=3).

Copolymer PEG [%]*® Molecular Weight [Da]®  Solubility [g/100g] CMC [% (m/V)] Osaturation [MN/m]

DBE 224 25 10,000 <041 not detectable 26.7+29
DBE 311 30-35 800 - 1,200 <01 0.0161 +£0.0015 22.9+0.1
DBE 712 60-70 600 Freely soluble 0.0082 +0.0002 20.7 +0.1
DBE 814 80 1,000 Freely soluble 0.0127 £0.0002 21.9%0.2

Exemplarily for DBE 712 its surfactant effect on reduction of particle formulation during
peristaltic pumping was evaluated by pumping a 1 mg/mL mAb solution containing 0.01%
DBE 712 (Figure 2). Upon pumping of pure buffer with unmodified and modified tubing the
particle level increased to the same extent. This most likely results from rubber particles shed
from the inner tubing wall.?® The protein particle levels as effectively reduced by the

modification as by addition of 0.01% PS 20 to the formulation.
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Figure 2 Particles 2 1 ym per mL after pumping formulation buffer and 1 mg/mL mAb in 20 mM histidine pH 5.4
with and without the addition of 0.01% PS 20 or DBE 712 through silicone tubing (n=3). Turbidity data is presented
in Figure S3.
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PDMS-PEG copolymers tend to self-assemble at the interface in contact with water to create
a hydrophilic PEG-layer. Water contact angles decreased over time with increasing copolymer
concentrations (Figure 3). Incorporation of 0.5% (m/v) DBE 712 decreased the water contact
angle effectively below 10° within 10 min, whereas 0.1% and 0.25% DBE 712 was less
effective. Both the more hydrophobic DBE 311 and the more hydrophilic DBE 814 showed a
slower and less effective water contact angles reduction than DBE 712. At 2.5% DBE 311 or
DBE 814 full wetting was achieved within 50 min. Lower concentrations led to a slower
decrease in water contact angle reaching values above 20° after 50 min. In contrast to the
other copolymers, PDMS sheets containing DBE 224 exhibited a 5 min lag phase followed by
a rather slow less pronounced decrease of the water contact angle compared to the more
hydrophilic PDMS-PEG copolymers.
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Figure 3 Water contact angle on PDMS-PEG copolymers PDMS sheets as a function of polymer type, concentration

and waiting time (n=3). Standard deviations of measurements are small and sometimes superimposed by symbols.

4.2. Development of tubing modification

To incorporate the copolymer in the tubing we developed a swelling/ deswelling approach. The
choice of solvent for the copolymer was essentially based on its PDMS tubing swelling ability

to reach high levels of incorporated copolymer amounts. In preliminary experiments with
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ethanol and toluene we observed the highest swelling efficacy with toluene. The swelling was
gone after drying. Toluene could be removed at 120 °C under vacuum for 45 min leading to a
residual concentration of 4.6 £ 0.6 pg/cm (2 24.9 + 3.1 ppm (m/m)) toluene in the PDMS tubing.
Prolonging the drying time to 24 h did not further reduce the residual toluene amount (5.4 +
0.5 ug/cm £ 29.6 £ 2.5 ppm (m/m)).

To find the optimum combination of copolymer concentration, incubation time and tubing
polymer type parameters we varied the incubation parameters and pumped formulation buffer
and mAb for 1 h (Figure 4). Modification of the tubing at all tested combinations did not impact

elasticity (Table S2), shape, transparency or shedding of particles from the tubing itself.

(-],
(a) 3.010 [ Buffer
E 3 Protein
# 2.0x10°
£
=
—  1.0%10°
Al
- g
S 20x104L = h
‘g 2.0x107
LAl gl [
0- |-—LII 'l|l T I_—IV_II '::ll
untreated 224 311 712 814
(b) 3.0x108
[ Buffer
E [ Protein
T 2.0x10%
£
=
~—  1.0x10%4
Al
") 4
Q
S 20x104L ﬁ rl
g 2.0x10%1
=] =
o] ﬁ M = =
untreated 2 5 10
concentration [%]
6 4
(c) 3.0x10 3 Buffer
E 3 Protein
E, 2.0x10%+
£
=
—  1.0x105
Al
g B
E 2‘0,(104__ |l| 'l‘ I—T_l
§ 20<10°7
LAl =]
1mll =1l Ol &
untreated 15 3.0 5.0

incubation time [h]

Figure 4 Particles = 1 ym per mL after pumping 6 mL formulation buffer and 6 mL 1 mg/mL mAb in 20 mM histidine
pH 5.4 through untreated or modified silicone tubing for 1 h. Tubing (n=3) was either incubated with different PDMS-
PEG copolymers at 5% (m/v) for 5 h (a), different concentrations of DBE 712 for 1.5 h (b) or different duration with
5% (m/v) DBE 712 (c). Turbidity data is presented in Figure S4.
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Upon pumping mAb through the PDMS-PEG modified tubings, turbidity and protein particle
concentration increase were markedly less compared to untreated tubing. Incorporation of
DBE 224 reduced turbidity from 35.3 £ 8.3 to 13.0 £ 1.4 FNU compared to the untreated tubing
while protein particle concentration = 1 ym per mL remained unaffected. The other PDMS-
PEG polymers were even more effective and reduced both turbidity and particle concentration
to approximately 3 FNU and 150,000 particles = 1 um per mL, respectively. To identify the
optimal parameters for modification, PDMS-PEG concentration in the incubation solution and
incubation time were varied using DBE 712. Incubation with 2% (m/v) DBE 712 for 1.5 h
reduced turbidity only to 15.5 + 5.0 FNU while particle formation = 1 ym per mL were
unaffected. Incubation with 5% (m/v) DBE 712 decreased the turbidity and protein particle
levels to 5.1 + 1.3 FNU and approx. 350,000 + 125,000 particles = 1 ym per mL, respectively.
Increasing the DBE 712 concentration further to 10% (m/v) did not additionally decrease
protein particle formation and turbidity. Prolonging the incubation time from 1.5to 3and 5 h
significantly reduced turbidity (p < 0.05) to 2.5 £ 0.5 FNU but had no effect on protein particle

concentration.

Overall, the amount of copolymer detected in formulation buffer was low with a maximum of
approximately 50 ppm after pumping for 1 h (Table 2). Only 4 ppm were detected for the most
hydrophobic copolymer DBE 224 higher levels resulted for the more hydrophilic DBE 712 and
DBE 814. Additionally, the amount of copolymers detected in pumped formulation buffer after
1 h increased for tubings incubated in copolymer solution of higher concentration (2% vs. 10%;
p < 0.05) or for longer time (1.5 h vs. 5 h; p < 0.01).

Table 2 PDMS-PEG copolymer detected in 20 mM histidine pH 5.4 buffer after pumping 6 mL for 1 h through
modified silicone tubing (n=3). * Estimated based on the DBE 712 calibration considering the PEG fraction since

calibration curves for DBE 224 and 311 could not be obtained due to suspension formation upon contact with water

and iodine solution.

Copolymer Concentration [%] Incubation time [h] Copolymer detected [ppm]
DBE 712 2 1.5 51+0.7
5 1.5 129+26

10 1.5 243+79

5 3 36.7+£22.2

5 5 448 +8.2

DBE 224 5 5 4.0+1.0
DBE 311 5 5 124 £+ 7.5*
DBE 814 5 5 341+17.6
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Staining the tubings with iodine solution confirmed the successful incorporation of the
copolymers (Figure 5). All modified tubings revealed strong yellow to brownish colouring before
and after pumping compared to the untreated tubing. The brownish colour originates from high
concentrations of iodine - PEG complexes within the tubing and small traces of entrapped
substrate. Additionally, all modified tubings exhibited a homogenous distribution of the

copolymer throughout the entire tubing wall which was stable during pumping.

Before pumping After pumping

. | /
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D O
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Figure 5 Copolymer visualization in modified tubings before and after pumping by iodine staining for tubings
modified with different copolymer at different conditions. Segment between the arrows was mounted in the pump
head.

Tubings were modified at 5% (m/Vv) for 5 h with DBE 712 which is already well characterized
for biocompatibility.?' This setup led to an embedded mass of DBE 712 of 0.88 + 0.01% (m/m).
The modification with PDMS-PEG copolymers completely suppressed mAb adsorption to the
silicone tubing. Even after 24 h of pumping, mAb adsorption was not detectable on the PDMS-
PEG modified silicone tubing compared to 5.2 + 0.4 mg/m? mAb adsorbed to the untreated
tubing. Additionally, water contact angles decreased to 76.5 + 0.8° before and 73.9 £ 0.4° after
24 h pumping compared to 111.2 £ 0.6° of the untreated tubing (Figure 6).
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Figure 6 Water contact angle of the inner tubing surface of the untreated silicone tubing (a) and the DBE 712

modified silicone tubing before (b) and after 24 h of pumping formulation buffer (c).

To learn more about the impact of the segregating property of the copolymers, additionally
tubings were modified with poloxamer (P) 182, 184 and 188. lodine staining demonstrated a
less marked penetration of the poloxamers. After pumping, poloxamer could not be detected
in formulation buffer. Modification with P 182 and P 184 did not show a significant (p > 0.05)
effect on turbidity and protein particle levels. In contrast, P 188 incorporation into the tubing
did result in a significant reduction (p < 0.01) in particle concentration = 1 um by approximately
65% but turbidity was also not significantly different from untreated tubing (p > 0.05). In
summary, the positive effect of P 188 is by far less compared to that when of tubing
modification with PDMS-PEG copolymers (Figure 7).
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Figure 7 Particles = 1 um in 6 mL formulation buffer or 6 mL 1 mg/mL mAb samples pumped for 1 h in silicone
tubing modified with different poloxamers. Modification conditions were 5% (m/v) poloxamer in toluene incubated

for 5 h (n=3). Control represents an unpumped sample. Turbidity data is presented in Figure S5.

In the next step, the positive effect of tubing modification was to be studied with a different type
of protein, HGH which is known to be sensitive to pumping stress.® We used tubing modified
with 5% (m/v) DBE 712 for 5 h and detected 34.7 + 4.4 ppm in formulation buffer after 1 h
pumping. Pumping HGH for 1 h through unmodified silicone tubing resulted in a massive
increase in turbidity from 1.4 + 0.3 to 57.4 £ 15.8 FNU and formation of almost
3.5 x10° particles = 1 um/mL (Figure 8). Modification of the tubing with DBE 712 drastically
reduced HGH particle formation with a turbidity after pumping of only approx. 3 FNU and
0.2 x10° particles 2 1 ym/mL.
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Figure 8 Particles = 1 ym per mL after pumping formulation buffer and 1 mg/mL HGH in 10 mM sodium phosphate
pH 7.0 through DBE 712 modified silicone tubing for 1 h (n=3). Control refers to unpumped sample. Turbidity data
is presented in Figure S6.

4.3. Stability of tubing modification upon extended pumping

Especially in TFF operations pumping duration last several hours. Therefore, we stressed the
sustainability of the tubing modified tubing by pumping for 24 h (n = 1). Particle = 1 um burden
in formulation buffer was comparable for modified and untreated tubing over 7 h and slightly
higher in the modified tubing after 24 h (Figure 9). Whereas pumping of mAb over 24 h with
untreated tubing resulted in a drastic linear increase of turbidity up to approx. 2,000 FNU and
particle = 1 um level to almost 200%10° per mL. Modifying the tubing drastically reduced protein
particle formation in a sustained manner over 24 h (100 FNU and 7.5 x 108 particles = 1 um/mL
after 24 h). The amount of copolymer detected in formulation buffer increased over time
reaching 135.4 ppm after 24 h (Table 3).
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Figure 9 Particles = 1 ym per mL after pumping formulation buffer and 1 mg/mL mAb in 20 mM histidine pH 5.4
through DBE 712 modified silicone tubing for 24 h (n=1). Particles = 1 ym are presented as mean of three replicate

measurements. Turbidity data is presented in Figure S7.
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Table 3 Copolymer detected after pumping 45 mL 20 mM histidine buffer pH 5.4 through DBE 712 modified 6.0 mm
silicone tubing over 24 h (n=1).

Time [h] Total detected copolymer [ppm]
1 17.4
4 48.0
66.7
24 135.4

4.4. Application of tubing modification method for TPV tubing

The tubing method may also be applicable to tubings made of other base materials. We
therefore modified TPV tubing by incubation in 5% DBE 712 in toluene for 5 h followed by
washing and toluene removal. Modification of the tubing led to the incorporation of 0.93 +
0.01% (m/m) DBE 712. After pumping of formulation buffer, turbidity was only slightly higher
for the modified tubing compared to the untreated tubing (4.2 £ 1.1 FNU vs. 0.9 + 0.4 FNU)
whereas particle concentrations 2 1 ym per mL were not significantly different (p > 0.05). In
pumped formulation buffer 10.2 + 5.9 ppm of DBE 712 was detected after 1 h. After pumping
mADb, turbidity and particle concentration could be reduced by approximately 90% by modifying
the TPV tubing with DBE 712 (Figure 10). Overall, turbidity and protein particle
concentration = 1 ym per mL in untreated TPV tubing were significantly higher compared to
untreated silicone tubing.
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Figure 10 Particles = 1 ym per mL after pumping 6 mL formulation buffer and 6 mL 1 mg/mL mAb in 20 mM histidine
pH 5.4 through unmodified and DBE 712 modified TPV tubing for 1 h (n=3). Control refers to unpumped sample.
Turbidity data is presented in Figure S8.
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5. Discussion

Peristaltic pumping can lead to formation of protein particles which might impact product quality
and safety of biologics. Protein particles originate from the rupture of the protein film formed
on the tubing surface during roller movement.® A common method to reduce protein adsorption
is by hydrophilic coating of the material surface. But in case of tubings, the high mechanical
stress in the pump head leads to abrasion of the coating. We went a different route by

incorporating PDMS-PEG copolymers into the tubing wall.

PDMS-PEG copolymers consist of a hydrophobic PDMS anchor and hydrophilic modifications
with PEG. The four tested PDMS-PEG copolymers were of different molecular weight (600 -
10,000 Da) and hydrophilicity (PEG content 25 - 80%). One of the most important parameters
for amphiphilic molecules is their CMC. The CMC depends on the molecules and the solvent
properties. Solvent properties influencing CMC are e.g. addition of electrolytes, ionic strength
and the presence of protein.?®-32 At the CMC full surface coverage by the surfactant at the
interface is expected. A relatively low CMC is therefore favourable in order to reach high
surfactant efficacy. All tested PDMS-PEG copolymers are surface active and lower the surface
tension of water to less than 27 mN/m at surface saturation. Copolymer characteristics
influencing CMC are the hydrophobic block content and molecular weight.®3-3® The detectable
PDMS-PEG CMCs were below 0.02% (m/Vv) in water. As expected, CMC for DBE 712 was
lower than that of DBE 814 due to a higher hydrophobicity. Surprisingly, the CMC for DBE 311
was higher than DBE 712 despite a higher hydrophobicity. In comparison, PS 20 leads to a
surface tension in between 33 and 35 mN/m at saturation®-3¢ with a CMC of 0.006% (m/v).383°
During pumping experiments the addition of DBE 712 to the protein solution reduced protein
particle concentration as effective as PS 20. In summary, the tested PDMS-PEG copolymers

have surface-active potential in solution.

To estimate the increase in hydrophilicity of surfaces, PDMS-PEG copolymers were
incorporated in PDMS sheets. All copolymers led to a time dependent substantial decrease in
the water contact angle, reflecting a surface hydrophilicity increase, which is in theory
associated with the reorganization of the copolymers exposing the PEG chains to the
hydrophilic phase.?? Within the tested PDMS-PEG copolymers, DBE 712 (Molecular Weight
(MW) 600 Da; PEG 60 - 70%) increased the surface hydrophilicity most drastically which can
be explained by a rapid reorganization of the rather short chain polymer at the surface. In
contrast, the bigger and more hydrophobic DBE 224 (MW 10,000 Da; PEG 25%) showed a
lag time before increasing surface hydrophilicity and was less effective in increasing surface
hydrophilicity. DBE 814 (MW 1,000 Da; PEG 80%) also induced a fast increase in surface
hydrophilicity whereas the small but more hydrophobic DBE 311 (MW 800 — 1,200 Da; PEG
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30 — 35%) was less efficient. Thus, smaller and more hydrophilic PDMS-PEG copolymers were

more suitable for the purpose of increasing surface hydrophilicity.

The four different PDMS-PEG copolymers were incorporated into PDMS tubing via swelling
the tubing in a toluene solution containing the copolymer followed by evaporation of the
solvent. In preliminary studies toluene had turned out to be the most promising solvent as it
penetrates into the tubing and allows copolymer ingress into the tubing. Its swelling capacity
for PDMS is substantially higher compared to ethanol and other protic solvents.*? Due to health
risks of toluene upon frequent exposure, the permitted daily exposure of 8.9 mg toluene per
day and the concentration limit of 890 ppm are stated by the Pharmacopeia.*' After vacuum
drying, the residual toluene within a 20 cm long tubing piece which could be used in the pump
head could at maximum release 0.1 mg, an amount that can be considered as non-critical.
Drawbacks of toluene are the extraction of unpolymerized components*°, incompatibility with
a wide range of rubbers*? and potential impact on mechanical properties. We did not observe
any effect of toluene on tubing appearance, shedding propensity as demonstrated by pumping
formulation buffer, and stretching behaviour. Thus, this setup is an easy method to modify
tubings in lab scale. For commercial manufacturing of the modified tubing melt extrusion of a
polymer mixture is expected to be the method of choice since that swelling and deswelling in

toluene comes with the drawback of residual toluene potentially leaching into the product.

We varied polymer type, concentration of copolymer in the incubation solution as well as
incubation time. At all test conditions we observed migration of copolymer throughout the whole
tubing wall. Tubing modification with DBE 311, 712 and 814 resulted in significant reduction of
protein particle formation upon pumping whereas the large and more hydrophobic DBE 224
was less effective. The effect of the process parameters was evaluated for DBE 712, the small
hydrophilic copolymer, for which toxicity data is available. A higher concentration of PDMS-
PEG copolymer in the incubation solution of 5 or 10% turned out to be superior to a lower
concentration of 2% (m/v) DBE 712 in toluene. The incubation time was of less importance

and 1.5 h of incubation was sufficient.

PDMS-PEG copolymer in the pumped solution may results from leaching or abrasion. We
found up to 50 ppm of DBE 712 and 814 after recirculating pumping of 6 mL for 1 h and lower
concentrations for the more hydrophobic copolymers. This leads to a maximum leaching of
approximately 0.1 ppm per pump cycle. The PDMS-PEG copolymer concentration in
formulation buffer after pumping was below the CMC in all cases. At larger scale, by direct

mixing of the copolymer into the melt leaching of PDMS-PEG copolymer might be reduced.

For comparison we employed poloxamers as alternative PEG based copolymers. In contrast
to the PDMS-PEG copolymers with their PEG side blocks attached to a PDMS backbone,
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poloxamers are of a triblock nature. Wu et al.** embedded P 407 in PDMS and observed a
reduction in protein adsorption at the modified surface. In our studies incorporation of P 182
and P 184 into PDMS tubing did not have a beneficial effect on protein particle formation upon
pumping. P 188, the most hydrophilic of the poloxamers tested, reduced protein particle
formation but turbidity of the pumped sample was improved over untreated tubing. Overall,
modification with poloxamers was by far less effective than modification with PDMS-PEG
copolymers. A possible cause might be a low solubility of poloxamers in silicone as assumed
by Wu and Hjort 3. Furthermore, poloxamers have a higher molecular weight ranging from
2,500 to 8,400 g/mol compared to the effective PDMS-PEG copolymers DBE 311, 712, and
814.

After successful modification of PDM tubing with DBE 712, water contact angles decreased to
approximately 75° and protein adsorption was prevented. Gokulthan et al.?" found that upon
storage the hydrophilic character is stable for at least 20 months. We could show that even
under the intense mechanical stress of 24 h pumping, the hydrophilicity and protein repelling
properties were preserved. Particle concentration and turbidity increased linearly for both the
untreated and modified tubing which indicated a constant particle formation per interval.
Modification of the tubing drastically reduced the particle concentration by approximately 95%
upon 24 h of operation. Thus, tubing modification is also applicable for processes lasting for

several hours like TFF.

HGH is even more sensitive to stress induced by pumping compared to mAb.® Modifying the
tubing with DBE 712 decreased turbidity and protein particle concentration = 1 pm by
approximately 95%. Her et al.*® observed that protein particle formation is tubing material
dependent. In fact, we detected a higher protein aggregation propensity in untreated TPV
compared to silicone tubing. Modification of TPV tubing with DBE 712 successfully reduced
protein aggregation to a level comparable to modified silicone tubing. Despite the chemical
dissimilarity embedding of DBE 712 in TPV was successful most likely because of the
hydrophobic interactions between the tubing and the hydrophobic anchor of the copolymer.
While our lab scale approach is limited by the swelling capacity of the tubing, extrusion of a
polymer mixture expands the applicability of the developed hydrophilization by smart

segregating block copolymers to materials which swell only poorly in organic solvents.
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6. Conclusion

Protein particle formation is a concern during the manufacturing of biopharmaceutics. In this
context, peristaltic pumps had been identified as contributor to the overall protein particle
burden. In the current manuscript we developed a promising method to modify tubings to
reduce protein particle formation drastically. The approach is based on the incorporation of
PDMS-PEG copolymers into the tubing material. On lab scale we successfully achieved this
by swelling of the tubing material in a toluene solution of the copolymer and removal of residual
toluene via vacuum drying after washing. The modification process did not alter tubing
appearance, material shedding, and elasticity. Four PDMS-PEG copolymers DBE 224, 311,
712 and 814 with different molecular weight and hydrophilicity were incorporated through the
complete tubing wall. Upon pumping mAb with the modified silicone tubing, the PDMS-PEG
copolymers reduced protein particle formation by approximately 90%, only the hydrophobic
DBE 224 was less effective. Less protein particles are formed due to a reduced protein
adsorption caused by an increased tubing surface hydrophilicity through migration of the
PDMS-PEG copolymers to the surface. This approach was also effective in case of the more
sensitive HGH. The modification can withstand at least 24 h of pumping which makes long-
term use during e.g. TFF possible. Incorporation of PDMS-PEG copolymer reduced protein
particle formation also in case of TPV tubing. This supports the use of the presented tubing
modification approach for different scenarios and tubing materials involved in processing of
biologics. Our simple and cost-effective solvent-based method can be easily applied in a
research lab environment. For a broader application, the copolymer can be admixed to melt

which is extruded when manufacturing tubings.
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9. Supplementary data

Figure S 1 Water contact angle of the inner tubing surface of the untreated silicone tubing (a) and after silanization
(b). Silanization led to full wetting compared to a water contact angle of approximately 105° of the untreated silicone

tubing.
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Figure S 2 Calibration curves for DBE 712 (Limit of detection (LOD): 1.2 ppm; Limit of quantification (LOQ):
3.8 ppm) and DBE 814 (LOD: 0.8 ppm; LOQ: 2.4 ppm). Both parameters were calculated based on standard
deviation of the response (Sy) of the curve and the slope of the calibration curve (S). LOD and LOQ were

approximated by 3.3 (Sy/S) and 10(Sy/S), respectively.

184



Modification of Tubings for Peristaltic Pumping of Biopharmaceutics

Table S 1 Conditions set for static HS-GC-MS.

Headspace sampler parameters

GC-MS parameters

Agitator cycle

Agitator speed

Agitator temperature

Sample incubation time
Syringe size
Syringe temperature

Injection volume

5 sec on, 2 sec off

500 rpm

80 °C

15 min
2.5mL
120 °C

0.25 mL

Carrier flow rate

Split ratio

Oven profile

Transfer line temperature
Inlet temperature
lon source temperature

Quadrupole temperature

1.2 mL/min
100 : 1

40 °C for 6 min

40 to 200 °C at 50
°C/min

200 to 240 °C at 80
°C/min

(hold time 1 min)
250 °C

250 °C

230 °C

150 °C

50
] Buffer unpumped
404 l Protein unpumped
= 1 1 Buffer pumped
= 30 3 Protein pumped
L J
2> 204
g 10—+
~ 67
47
2]
0 j I . | —
control +0.01% PS 20 +0.01% DBE 712

Figure S 3 Turbidity after pumping formulation buffer and 1 mg/mL mAb in 20 mM histidine pH 5.4 with and without
the addition of 0.01% PS 20 or DBE 712 through silicone tubing (n=3).

185



Chapter VIII

(a)so
| [ Buffer
[ Protein
404 l
5 |
=
W 30+
>
3 204
5
}_
10+
0-l==; = .=.||:_L| .—.Ilil F"—nll_-_LI
untreated 224 311 712 814
(b)50
] 3 Buffer
3 Protein
404 l
5 |
=
L 304
>
3 201
5 |
'_
104
I AU I Y
untreated 2 5 10
concentration [%]
(c) 50
[ Buffer
3 Protein
401 I
=)
pd
L 304
>
3 20-
5
|_
104
0 l_ll ;-||I| r—_'_—|llg| -—-II_-I-_|
untreated 1.5 3.0 5.0

incubation time [h]

Figure S 4 Turbidity after pumping 6 mL formulation buffer and 6 mL 1 mg/mL mAb in 20 mM histidine pH 5.4
through untreated or modified silicone tubing for 1 h. Tubing (n=3) was either incubated with different PDMS-PEG
copolymers at 5% (m/v) for 5 h (a), different concentrations of DBE 712 for 1.5 h (b) or different duration with 5%
(m/v) DBE 712 (c).
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Table S 2 Elastic modulus of PDMS-PEG untreated and modified silicone tubings (n= 3).

Copolymer Concentration [%] Incubation time [h] Elastic Modulus [N/mm?]
Untreated 0 0 4.09+0.21
DBE 712 2 1.5 4.17 £0.08
5 1.5 4.06 +0.62
10 15 3.95+0.77
5 3 3.87 £ 0.63
5 5 4.10+0.21
DBE 224 5 5 442 +0.29
DBE 311 5 5 3.67 £0.47
DBE 814 5 5 3.96 £ 0.40
50
1 3 Buffer
[ Protein
40
5 il
pd
L 30
>
g 20-
E |
104
0 T = =7 T =
control untreated P 182 P 184 P 188

Figure S 5 Turbidity of 6 mL formulation buffer or 6 mL 1 mg/mL mAb samples pumped for 1 h in silicone tubing

modified with different poloxamers. Modification conditions were 5% (m/v) poloxamer in toluene incubated for 5 h

(n=3). Control represents an unpumped sample.
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Figure S 6 Turbidity after pumping formulation buffer and 1 mg/mL HGH in 10 mM sodium phosphate pH 7.0

through DBE 712 modified silicone tubing for 1 h (n=3). Control refers to unpumped sample.

187



Chapter VIII

2,000

—s— Buffer

--s-- Buffer DBE 712 modified
—+— Protein

--e-- Protein DBE 712 modified

—
™
o
o
1
.

1,000+

Turbidity [FNU]

500+

Figure S 7 Turbidity after pumping formulation buffer and 1 mg/mL mAb in 20 mM histidine pH 5.4 through DBE 712
modified silicone tubing for 24 h (n=1).
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Figure S 8 Turbidity after pumping 6 mL formulation buffer and 6 mL 1 mg/mL mAb in 20 mM histidine pH 5.4
through unmodified and DBE 712 modified TPV tubing for 1 h (n=3). Control refers to unpumped sample.
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1. Abstract

Tangential flow filtration (TFF) is a central step in manufacturing of biopharmaceutics.
Membrane clogging leads to decreased permeate flux, longer process time and potentially
complete failure of the process. The effect of peristaltic pumping with tubings made of three
different materials on protein particle formation during TFF was monitored via micro flow
imaging, turbidity and photo documentation. At low protein concentrations, pumping with a
membrane pump resulted in a stable flux with low protein particle concentration. Using a
peristaltic pump led to markedly higher protein particle formation dependent on tubing type.
With increasing protein particle formation propensity of the tubing, the permeate flux rate
became lower and the process took longer. The protein particles formed in the pump were
captured in the cassette and accumulated on the membrane leading to blocking. Using tubing
with a hydrophilic copolymer modification counteracted membrane clogging and flux decrease
by reducing protein particle formation. In ultrafiltration mode the permeate flux decrease was
governed by the viscosity increase rather than by the protein aggregation; but using modified
tubing is still beneficial due to a lower particle burden of the product. In summary, using tubing
material for peristaltic pumping in TFF processes which leads a less protein particle formation,
especially tubing material with hydrophilic modification, is highly beneficial for membrane flux

and particle burden of the product.

Keywords: protein aggregation, pumping, tubing, protein particles, tangential flow filtration,

ultrafiltration, diafiltration, protein adsorption, interface, membrane fouling

Abbreviations: HPW - highly purified water; mAb — monoclonal antibody; NTU -

nephelometric turbidity units; TFF — tangential flow filtration
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2. Introduction

Tangential flow filtration (TFF) is an essential step in downstream processing of
biopharmaceutics. This versatile process allows concentration and/or diafiltration of a few
millilitres to several litres. In contrast to traditional dead-end filtration the fluid is circulated in
parallel to the filter membrane and liquid as well as solutes smaller than the pore diameter are
forced through the membrane into the permeate due to a transmembrane pressure. The
crossflow reduces the build-up of particles and material on the membrane coming with the risk
of clogging and enables a higher permeate flux. Still, since TFF is a time-consuming process,
it is important to achieve a high flux for a short process to reduce operational costs. Reasons
for a flux decrease include formation of a protein gel layer on the membrane surface via
adsorption and concentration polarization, viscosity increase of the retentate and blocking of

membrane pores by larger protein aggregates; often these effects are combined.

During operation proteins adsorb to the membrane and form a gel layer with concentration
polarization." Depending on the hydraulic resistance of the gel layer the permeate flux is
decreased.! Hydraulic resistance of the protein gel layer is linked to its structure and
compactness.? The structure of the gel layer depends on membrane material, biophysical
protein characteristics, and formulation.?=® High cross flow rates reduce the protein convection

to the membrane thereby reducing gel resistance and increasing flux.®’

In the context of subcutaneous administration, high protein concentrations are desired to reach
small injection volumes. During concentration via TFF, the flux decreases with increasing
retentate viscosity due to permeation resistance.? By mature formulation development focusing
on formulation components, pH and ionic strength, viscosity can be reduced.*"" It has to be
kept in mind that an additional final compounding step makes it necessary that the
concentration of the retentate after the TFF process is substantially higher than the

concentration of the final drug product.

Finally, large aggregates in the retentate are deposited on the membrane in the course of the
process which also reduces permeate flux ultimately clogging the pores.'? Aggregates already
present in the initial bulk have a negative impact.' Furthermore, aggregates may form due to
pumping or stirring stress''®, due to the formulation change coming along with the
diafiltration'”, and with the formation of the extremely concentrated gel layer phase at the
membrane. The aggregate formation is affected by operation parameters like temperature,
process duration, cross flow, and pressure conditions.>'819 Aggregate formation the resulting
decrease in flux are protein and formulation specific.’>2%2?" In addition, high particle levels in
the retentate after TFF negatively impact subsequent processing, especially a following

filtration step.'6:19
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Chandavarkar™ identified peristaltic pumping as an initiator of membrane clogging due to
protein aggregates formed and deposited on the membrane. A protein film is formed on the
tubing surface, this film is ruptured with roller movement as the tubing gets stretched and
relaxes, and protein film fragments enter the bulk.?? Protein particle formation upon pumping
can be efficiently reduced using surfactants.??-?* However, TFF processes are commonly
operated without surfactants as their concentration behaviour is unclear and protein surfactant
interactions might lead to an unpredictable concentration of the surfactant in the retentate In
this context, also the tubing material itself plays a major role.?>-?° Previous studies on tubing
selection 2>2* mainly focused on the detection of protein particle concentrations in a single run
to estimate the impact on product quality during a filling or transfer process. TFF is associated
with several passages through the pump head which is linked to a higher protein particle
burden. Thus, not only product quality but also membrane flux and further processability might
be impacted. Consequently, a risk assessment of the peristaltic pumping and the tubing

material on the membrane fouling propensity during TFF is critical.

This study aimed to understand the impact of the tubing material on protein aggregate
formation caused by peristaltic pumping during TFF processes and ultimately on permeate
flux. To this end three different tubing materials were used to circulate monoclonal antibody
solution via a peristaltic pump. Additionally, a membrane pump was evaluated for comparison.
Aggregation was monitored via turbidity, microflow imaging and photo documentation. The
aggregation propensity was linked to permeate flux decrease during diafiltration operation with
low viscosity. To investigate the effect of viscosity on permeate flux decrease the sample was
upconcentrated from 2 mg/mL to 110 mg/mL with two tubing materials. We additionally
employed tubings which were modified with DBE 712 to strongly reduce protein adsorption

and film formation.
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3. Materials and Methods

3.1. Materials

A model monoclonal antibody (mAb) at 30 mg/mL in 10 mM histidine pH 7.2 + 140 mM NaCl
was used. The mAb had an isoelectric point of 8.2. Buffer ingredients were dissolved in highly
purified (HPW) from an arium® pro DI Ultrapure Water System (Sartorius Stedim Biotech,
Goettingen, Germany). The buffer was subsequently filtered using pressurized nitrogen and
0.2 um cellulose acetate filters (47 mm @, Sartorius Stedim Biotech). Prior to experiments, the
protein sample was filtered with 0.2 um polyethersulfone membrane syringe filters (VWR
International, Ismaning, Germany). Reagents were obtained as follows: DBE-712 from Gelest
(Morrisville, Pennsylvania, United States); ethanol and toluene from VWR; histidine and
histidine HCI from J.T. Baker (Phillipsburg, New Jersey, United States) and NaCl from Sigma
— Aldrich (Steinheim, Germany).

Tubing materials used in this study are pharmapure (Masterflex, Gelsenkirchen, Germany),
silicone (Accusil, Watson-Marlow, Falmouth, United Kingdom) and santoprene (AET Lezaud,

St. Wendel, Germany). All tubings had an inner diameter of approximately 3.2 mm.

3.2. Preparation of modified tubing

Surface modified silicone and santoprene tubings were manufactured as previously reported:2®
Briefly, tubing pieces were filled with 5% (w/v) DBE-712 in toluene, after 5 h of incubation the
tubing was flushed with 100 mL of ethanol followed by an equal volume of HPW to remove

residual free polymer. Cleaned tubings were vacuum dried at 11 mbar and 120 °C for 45 min.

3.3. Determination of protein concentration

Protein concentration was measured by UV absorption at 280 nm using a Nanodrop Micro-
Volume UV-Vis spectrometer (Nano Drop 2000, Thermo Scientific, Wilmington, North Carolina,
USA) based on an extinction coefficient of 1.70 mL-g"-cm™. The concentrations were not

affected by turbidity as the same results were obtained when correcting samples for A350.

3.4. Sample preparation

For TFF experiments a Repligen KR2i system (Marlborough, Massachusetts, USA) equipped
with a permeate and retentate scale and an auxiliary pump for buffer exchange was used. All

experiments were conducted with a flat sheet cassette membrane Hystream (Low Fouling
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mPES) with an area of 0.02 m? and a cut off 30 kDa (Repligen). Membrane functionality was
checked with a water permeability test before each sample run. The system was operated at
a constant transmembrane pressure (TMP) of 1.5 bar which was automatically regulated with
a pressure valve based on the signals from the pressure transducers at retentate, permeate
and feed outlets of the cassette holder. Feed flow rate was set constant to 100 mL/min. For
the dialysis setup, 100 mL of 2 mg/mL mAb were buffer exchanged by 40x volume against
formulation buffer. For ultrafiltration experiments, 2.1 | of 2 mg/ml mAb were concentrated 55x
to approximately 110 mg/ml. For the different tubing setups only the 340 mm tubing piece
within the pump head which had been identified as the origin of protein aggregation was
exchanged. The remaining connecting was kept in pharmapure quality to minimize other
potential effects of the setup. For experiments with the Simdos 10 membrane pump (KNF,
Freiburg, Germany) the membrane pump was clipped into the setup for the peristaltic pump
replacing the peristaltic pump as well as the inserted 340 mm tubing piece keeping the
pharmapure connecting lines. For pumping experiments, the cassette was replaced by a
pharmapure tubing piece resembling the holdup volume of the cassette. Depending on tubing
material the duration was adapted from runs with the cassette. After runs the system was
cleaned with 0.2 N NaOH followed by HPW. Each experimental setup was performed in
duplicate. Flux is described as the volume passed through one m? membrane per hour as
L/m?/h (LMH). The starting value represents the flux after reaching a desired TMP of 1.5 bar if

not stated otherwise. Formulation pH was measured after each experiment.

3.5. Photo documentation

Samples were filled in 10 R vials (Schott AG, Muhlheim, Germany) and placed in a light box
with a black background. Photos were captured with a Sony alpha 6400 (Tokyo, Japan) at

135x zoom and manual focusing at fixed parameters (ISO 200, F 8.0, exposure time: 1/8).

3.6. Turbidity

Samples turbidity was analyzed in 25 mL standard vials using a Hach TL2360 Turbidimeter

(Dusseldorf, Germany). Results are presented in nephelometric turbidity units (NTU).

3.7. Detection of subvisible particles

Particle size distribution and number were determined using a micro-flow imaging (MFI)

system DPA4100 (Brightwell Technologies, Ottawa, Canada) equipped with a high-resolution
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100 pl flow cell and the MFI View Application Software. Pre-run volume and sample volume
were set to 250 yl and 650 ul, respectively. With a peristaltic pump the sample was drawn
through the flow cell at a flow rate of 0.1 mL/min. To optimize illumination and provide optimal
cell cleanliness the system was rinsed with HPW before and after the measurements. Highly
concentrated samples were diluted in the respective formulation at least 1:5 to capture
translucent particles.?” Samples containing > 1,000,000 particles were as well diluted in the

respective formulation.

3.8. Determination of apparent viscosity

The viscosity of mAb in 10 mM histidine +140 mM NaCl pH 7.2 at concentrations between 2
and 120 mg/mL were measured using an m-VROC viscosimeter (RheoSense Inc., San
Ramon, California, USA) equipped with an A05 chip with 50 um flow channel with temperature
controlled at 20 °C. After equilibration of the sample filled in a 100 yl Hamilton syringe, the
measurement was performed at a fixed shear rate of 1,000 s (n=3). Data was fitted to the

Ross-Minton equation:?8

with n = solution viscosity, n, = solvent viscosity, c = mAb concentration, [n] = intrinsic viscosity,

k = crowding factor and v = Simha shape factor.

3.9. Statistical analysis

Data is presented as two independent individual experiments and their mean * range. A higher
number of experiments was not possible due to material constraints. Although a statistical test
for significance is not possible the differences seen in the study are substantial enough at low
variability to allow for the conclusions on the effects associated with protein particle deposition

on membranes during TFF.
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4. Results

4.1. Effect of pump type on permeate flux during diafiltration

At first the effect of peristaltic pumping with pharmapure tubing vs. membrane pumping on TFF
performance was evaluated in diafiltration mode against formulation buffer. The buffer system
was kept in order to avoid aggregation induced by changes in pH, ionic strength, and ion
environment.' In addition a pure formulation buffer run was performed. After approximately
5 min the TMP reached 1.5 bar in mAb runs, whereas only 1.1 bar were be reached with buffer.
Peristaltic pumping of buffer resulted in a process duration of only 40 £ 1 min with a stable flux
of approximately 325 LMH (Figure 1). In comparison, diafiltration took 92 + 4 min with 2 mg/mL
mADb solution with a lower initial flux of 151 £ 3 min which decreased to 114 + 6 LMH during
the experiment. Switching to a membrane pump led a comparable process duration of 91 %
2 min at an initial flux of 138 + 0 LMH which remained consistent at 135 + 2 LMH. While the
buffer sample appeared clear and were nearly free of particles compared to controls, the mAb
solutions yielded in a substantial increase in turbidity and particle concentration after the
diafiltration process. The use of the peristaltic pump resulted in more pronounced protein
aggregation compared to using the membrane pump as the samples were more turbid upon
visual inspection and showed higher turbidity of 7.4 vs. 4.0 NTU and concentration of particles
= 1 ym/mL of 340,000 vs. 65,000.
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Figure 1 Diafiltration runs with buffer and 2 mg/mL mAb formulation using a peristaltic pump equipped with a
pharmapure tubing and a membrane pump monitored by flux profiles (a). Final samples were characterized via
photo documentation (b), turbidity (c) and particle concentration (d). Each flux profile is presented separately. A
buffer sample for the membrane pump was not determined (n.d.). Control refers to an unpumped formulation.

Turbidity and particle concentration is presented as mean + range of n = 2.

4.2. Effect of tubing material on permeate flux during diafiltration

The same peristaltic pumping setup was used to evaluate the impact of silicone and
santoprene tubing as alternative tubing materials as protein aggregate formation is known to
be influenced by the tubing material.?*-2®> Compared to diafiltration with pharmapure tubing,
silicone tubing resulted in a faster process which took 81 + 2 min at a stable flux (158 £ 3 LMH
at start vs. 153 £ 1 LMH at end) (Figure 2, left column). In contrast, with santoprene tubing 126
+ 3 min process time were required and the flux strongly decreased from 134 + 1 LMH at start
to 68 £ 2 LMH at end. Turbidity and protein particle concentration were increased from silicone
to pharmapure to santoprene tubing in the TFF process. Interestingly, turbidity and protein
particle formation was much more drastic without the cassette, performing pumping only; this

effect was least pronounced for silicone tubing.
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Figure 2 Diafiltration and pumping only runs with 2 mg/mL mAb formulation using a peristaltic pump equipped with
untreated silicone, pharmapure and santoprene tubing (left column). Untreated silicone and santoprene tubings
were compared to their DBE 712 modified analogue (right column). TFF performance was monitored by flux profiles.
Each flux profile is presented separately. Final samples were characterized via turbidity and particle concentration.

Turbidity and particle concentration is presented as mean + range of n = 2.

Tubing modification with DBE 712 has been shown to reduce the protein particle formation
propensity upon peristaltic pumping using silicone and santoprene tubing (Figure 2, right
column).?® The modification of silicone did not affect process duration (78 + 1 min) and flux
(start vs. end; 159 £ 1 LMH vs. 159 + 2 LMH) compared to the untreated tubing. Nevertheless,
we observed a reduction in turbidity and protein particle concentration to approximately
1.7 NTU and 61,000 particles = 1 um/mL. Modification of santoprene not only reduced turbidity
and protein particle formation drastically to approximately 3.6 NTU and 116,000 particles

=1 uym/mL but also led to faster and stable process of 97 + 2 min at a stable flux 128 + 0 LMH
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at start vs. 127 + 7 LMH at end. The protein aggregation is well reflected by the visual
appearance of the samples (Figure 3). After TFF all mAb samples were markedly turbid in the
rank order silicone < pharmapure < santoprene compared to the clear TFF buffer control. If
only pumped without diafiltration the formulations were much cloudier. Modification of the
tubing substantially reduced the visually noticeable turbidity. After pumping and diafiltration
experiments, protein concentration deviated at maximum by 11% from the starting
concentration. Protein loss is probably attributed to adsorption to membrane and tubing as well

as the limited accuracy of dosing via the auxiliary pump.

TFF Pumping only

Buffer mAb mAb mAb
Unmodified tubing Unmodified tubing  Modified tubing  Unmodified tubing

Santoprene Pharmapure

Silicone

Figure 3 Photo documentation of buffer and mAb samples after diafiltration runs and peristaltic pumping only using

different tubings.

4.3. Effect of tubing material on permeate flux during concentration

The viscosity of the retentate which is influenced by protein concentration and formulation is
known to impact the flux during ultrafiltration.® This reduction in flux can become critical to
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achieve high target concentrations and particle formulation may further slow down or stop the
process. Shear rate within the pump system is difficult to estimate due to complex flow
behaviour. Dreckmann et al.?® calculated shear rates starting from approx. 1,000 s near the
tubing wall reaching up to approx. 4,000 s in the compressed tubing during peristaltic pumping
within their setup. As an estimation of viscosity increase during ultrafiltration, protein
concentrations were measured at a fixed shear rate of 1,000 s™'. Concentration dependent
viscosity measurements (Figure 4a) revealed a strong increase in viscosity of our mAb in the
buffer formulation above 80 mg/mL reaching 13 mPa-s at 120 mg/mL. During concentration,
the flux decreased with both silicone and santoprene, both unmodified and modified tubing

material, to approximately 10 LMH (Figure 4b).
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Figure 4 Viscosity of mAb in 10 mM histidine pH 7.2 + 140 mM NaCl at 2 to 120 mg/mL (a). Permeate flux in
dependence of concentration factor and tubing material (b). Concentration factor is calculated based on the

permeate weight. Each flux profile is presented separately.

Final concentration and total process duration were comparable between all runs (Table 1).
As observed in the didfiltration setup santoprene tubing led to higher turbidity compared to the
silicone tubing whereas particle concentration = 1 ym was comparable. Modification with DBE

712 lowered turbidity and protein particle burden for both tubings.

Table 1 Characterization of samples processed with different tubing materials after concentration via TFF from

2 mg/mL to approx. 110 mg/mL. Data is presented as mean * range of n =2.

Tubing Concentration [mg/mL]  Duration [min]  Turbidity [NTU] Particles 2 1 pm [#/mL]
Silicone 114 +7 97+8 87 +21 2,527,856 + 504,883
Silicone modified 103+ 6 87+6 37+2 931,704 + 737,867
Santoprene 108 + 4 105 + 14 200 + 26 3,403,619 + 595,939
Santoprene modified 104 + 4 105+2 55+5 612,030 + 56,413
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5. Discussion

TFF of protein pharmaceuticals is prone to failure if formulation and process parameters are
not well thought out.’®'®'° Peristaltic pumping over longer time in absence of surfactant is
typically performed. We studied the effect of the tubing material on protein aggregate formation
and permeate flux. Formation of both insoluble and soluble aggregates during TFF has been
observed.'®'® As we did only see the formation of insoluble aggregates upon solely peristaltic
pumping in our setup,??30-32 this study focused on insoluble protein aggregates. This study
used a formulation pH close to the isoelectric point of the mAb and high ionic strength to
simulate a worst-case scenario for protein particle formation. This choice of buffer is potentially
impacted by the Donnan effect leading to high pH shifts triggering protein aggregation during
TFF.333* However, pH variations were below 0.1 after dia- and ultrafiltration. It seems that the
high NaCl concentration counteracted the Donnan effect.*® Cloudiness of the samples is
therefore rather related to protein particle concentration induced by the TFF process and

Rayleigh scattering at high concentrations.3¢-"

In a diafiltration setup without changing the formulation buffer peristaltic pumping of 2 mg/mL
mADb took longer at lower initial flux compared to pure buffer. Lower initial flux in presence of
mAb indicates protein layer formation on the membrane increasing its resistance. In the course
of the process the flux decreased further, and protein aggregate formed already at this low
mADb concentration. In previous studies, the choice of tubing material significantly affected the
degree of protein particle formation.?>?® Pharmapure and santoprene tubing led to
substantially higher turbidity and protein particle concentrations after pumping only compared
to silicone. Upon insertion of the cassette turbidity and protein particle concentration were
lower compared to pumping only. This indicates that protein particles get caught within the
cassette, deposit on the membrane and reduce the permeate flux by pore blocking.'6:20-38
Silicone tubing was associated with least protein aggregation and correspondingly the flux was
not impacted. In contrast, the high protein aggregation propensity upon pumping with
pharmapure and santoprene led to a decrease of the flux and the process slowed down
significantly over the run time. Several studies pointed out that the type of pump influences
protein particle formation during filling and TFF.”'82932 Exchanging the peristaltic pump against
a membrane pump reduced the protein particle formation substantially and the flux remained
stable. However, in a GMP environment single — use options for membrane pumps are limited

or considerably more expensive than single — use tubings.

The protein aggregates originate from the rupture and the tear-off of the protein film formed on
the tubing surface during roller movement.?? Adsorption and therefore protein particle

formation can be prevented by addition of surfactants to the formulation.?2-243° Callahan et al."®
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showed that the addition of different surfactants reduced particle formation during TFF
operation and led to increased filterability. Despite this highly beneficial effect of surfactants in
TFF, ultra- and diafiltration runs are typically run in absence of surfactants as their retention
and ultrafiltration behaviour is unclear and they are typically spiked in after the process. To
overcome these limitations the tubing itself may be hydrophilized making it protein repellent.
To this end we incorporated a hydrophilic co-block-polymer consisting of pure and pegylated
polydimethylsiloxane blocks (DBE 712) into the tubing wall via a swelling-deswelling
approach.?® Upon contact with water DBE 712 migrates to the surface and exposes its
hydrophilic blocks which increases surface hydrophilicity and inhibits protein adsorption.*°
Protein particles were successfully reduced with these modified santoprene and silicone
tubings during diafiltration which was also reflected by visual appearance and turbidity. By
modification of santoprene the problem of flux decrease, and extended process time could be
resolved. Unmodified silicone tubing did not show this challenge and modification did not
further impact its process performance. Besides beneficial effects on flux stability, lower protein
particle concentration in modified tubings increase product quality and processability for e.g.

sterile filtration.

When concentrating protein solutions via TFF the increasing viscosity and protein
concentration lead to a flux decay.® In our study, the choice of tubing did not markedly affect
flux and process duration. Lower turbidity and protein particle concentration for protein material
processed using the modified tubings indicated a reduction in the overall protein particle
formation propensity. This observation is in line with the outcome of the diafiltration studies.
The lower protein particle concentrations may be of higher relevance in other ultrafiltration
cases potentially being the element which keeps the TFF user from achieving the maximal
concentration, extends the process time beyond what is acceptable or of brings the
ultrafiltration process completely to a hold. In addition, the higher particle burden can be
challenge for a subsequent filtration process and the overall bulk quality.'® Another option to
increase flux during ultrafiltration might be maximizing the pump speed. But this comes with
the risk of affecting protein stability. Protein solutions show shear thinning behaviour up to a
shear rate of 10,000 s™.#' Increasing pump speed might therefore increase flux of highly

concentrated protein formulations.
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6. Conclusion

During manufacturing of biopharmaceutics buffer exchange and concentration by TFF is a
standard unit operation. Flux reduction and potentially membrane fouling can be a results of
gel layer formation on the membrane, high viscosity and protein aggregates blocking
membrane pores. In the current study, we investigated the effect of tubing material and its
modification on protein particle formation propensity, flux, process time and product quality. In
the low viscosity TFF diafiltration process the flux decreased due to blocking of membrane
pores by protein aggregates formed during pumping. The protein aggregates were caught
within the cassette and subsequently deposited on the membrane. The extent of flux decrease
was linked to the extent of protein particles formed with the different tubing materials. In the
present setup, silicone tubing had the lowest protein particle formation propensity and did not
show a decrease in flux. In contrast, santoprene and pharmapure tubing led to a decrease in
flux and prolonged process duration due to high protein formation propensity. The flux
decrease could be avoided by replacing the peristaltic pump against a membrane pump due
to lower protein particle formation. The protein particle formation propensity of tubing material
not only negatively impacts processability but also product quality. In general, protein particles
should be minimal as particles smaller than 0.2 ym may not be removed via sterile filtration.
Tubings can be efficiently hydrophilized by incorporation smart segregating PEG-PDMS-
copolymers. This modification reduces protein particle formation by keeping the protein off the
tubing surface. Thus, flux decline was prevented due by the hydrophilization due to less protein
aggregation. During ultrafiltration, viscosity increase led to a comparable decrease in flux
irrespective of the tubing material used. However, hydrophilized tubing reduced turbidity and
protein particle formation which improves processability and product quality. Overall, protein
particle formation caused by peristaltic pumping in surfactant free TFF processes has to be
understood and controlled as it impacts flux, process time, and product quality. This includes

investigation and selection of the optimal tubing material.
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Chapter X Final Summary

The fill and finish process of biopharmaceutics is complex, costly and requires intensive risk
mitigation to guarantee product quality and safety. Chapter | describes some of the major
challenges with a focus on protein aggregation during manufacturing. The extensive use of
pumps for transferring and filling has been identified as potential source of protein aggregates.
In particular, these aggregates may reach the final drug product if formed during the final filling
step. While the aggregation process in piston pumps is well described, the more versatile
peristaltic pump has not been the focus of intensive research. Therefore, this thesis aims to
elucidate and understand the mechanism of protein aggregation upon peristaltic pumping and

to develop strategies for minimizing protein particles. This is outlined in Chapter II.

Potential factors that might lead to protein aggregation during peristaltic pumping are shedding
of rubber particles from the tubing serving as aggregation nuclei, protein unfolding by heat
generated during operation, oxidative stress by cavitation, interfacial adsorption of the protein
to the tubing wall as well as the mechanical stress by deformation and stretching of the tubing.
Upon operation, friction in the pump head leads to shedding of nanometre sized rubber
particles from the inner tubing surface. The shed rubber particles might serve as aggregation
nuclei. Due to their small size and missing marked spectral features, these particles are difficult
to detect and to distinguish from and within protein particles. In Chapter Ill mixed micrometre
sized protein particles containing nanometre sized silicone particles were identified and
quantified using high resolution techniques. Confocal Raman microscopy allowed label free
chemical component identification. Fluorescent labelling of the tubing enabled visualization
and counting of the mixed particles via confocal laser scanning microscopy and via Imaging
Flow Cytometry, respectively. These methods can serve as a forensic tool for identifying
contaminations during processing of biopharmaceuticals. Nevertheless, silicone particles shed

from tubing did not further trigger to protein aggregate formation.

The other potential key drivers for protein aggregation were thoroughly studied in Chapter IV.
As the temperature of the pump head during operation stayed well below the melting point
onset of the tested proteins, thermal unfolding is unlikely to be the root cause for protein
aggregation. Neither formation of reactive hydroxyl radicals nor protein oxidation were
detected ruling out cavitation as a substantial contributor to aggregation. The interfacial driven
aggregation pathway was highlighted by the fact that protein aggregation was suppressed by
addition of polysorbate 20 as surfactant to the formulation. The protein particles generated

upon pumping result from the protein film formed on the tubing surface which gets ruptured
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upon stretching during roller movement and renewed. The film fragments are released into the
bulk.

Diving deeper into the driving forces for protein film formation on the tubing wall (Chapter V),
an interplay between electrostatic and hydrophobic interactions was observed. While long-
range electrostatic interaction influenced the initial adsorption speed, hydrophobic interactions
became predominant upon intimate contact of the protein molecules with the tubing surface.
Atomic force microscopy and streaming potential determination revealed that the process of
film formation by irreversible adsorption takes place in less than a second. Adsorbed protein
amount as well as particle concentration and size distribution were influenced by formulation
parameters. A determining factor for adsorbed protein amount and film morphology was the
Debye length which was influenced by the formulation pH and ionic strength. The adsorbed
protein amount increased with decreasing Debye length which led to a higher packing density.
At high ionic strength, the total number of protein particles increased and a build-up of particles
larger than 25 ym was detected. The addition of polysorbate 20 inhibited protein particle
formation by quickly covering up the tubing surface increasing its hydrophilicity and shielding

electrostatic interactions.

The interfacial adsorption behaviour is influenced by the tubing (Chapter IV) as well as the
protein characteristics (Chapter V). Higher protein particle burden of product was linked on
one hand side to high surface hydrophobicity of the tubing associated with a higher protein film
renewal rate and on the other hand side to low material hardness facilitating rupture of the
protein film. This emphasizes the need of proper tubing selection to increase product quality.
Considering the protein properties, high affinity to the tubing surface and consequently the film
renewal rate was linked to high hydrophobicity, low Debye length, and low conformational
stability. In this context, the initial interfacial pressure increase served as a good predictor for

turbidity, protein particle concentration = 1 ym, and adsorbed protein amount.

As protein film formation is reduced on more hydrophilic tubing, we modified silicone tubing
using a surface segregating smart copolymer based on a polydimethylsiloxane backbone and
polyethylene glycol side blocks (Chapter VIII). The copolymer distributes throughout the whole
tubing bulk upon swelling-deswelling in polymer containing toluene. Upon contact with water,
the copolymer rearranges, and the hydrophilic polyethylene glycol side blocks are exposed on
to the inner tubing wall. This hydrophilization approach of the tubing led to a substantial
reduction of protein particle formation as demonstrated exemplarily for two proteins and
thermoplastic-based tubing. This modification is an easy and cost-effective approach to

improve processability and product quality upon peristaltic pumping of protein solutions.
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Admixing of the copolymer into the melt before extrusion would be the way forward to produce

such smarter tubing material on larger scale.

In contrast to filling with only a single contact of a potentially surfactant containing final
formulation for very short time, protein solutions without surfactant are circulated for several
hours through the pump head during tangential flow filtration (TFF). The severe pumping stress
triggers aggregation which can lead to decreased permeate flux and longer process time
(Chapter IX). In low viscosity environment protein particles formed by peristaltic pumping
blocked membrane pores impacting flux and process time. This effect was pronounced with
tubing of high protein particle formation propensity. Using the developed smart modified
tubings, the particle formation was drastically reduced, the flux remained stable, and the
process was faster. Not only the TFF process itself was positively affected but also final product
quality was enhanced. In ultrafiltration mode, the flux decrease was governed by the viscosity
increase and not substantially impacted by the protein particle formation. But the choice of
tubing material and modification greatly influenced protein particle burden which impacts

product processability and quality.

In conclusion, this work contributed to the mechanistic understanding of interfacially driven
aggregation during peristaltic pumping. Protein adsorption and subsequent film rupture upon
stretching and relaxation of the tubing are key. The study outcomes highlight the importance
of both tubing and formulation choice to minimize the risk of protein aggregation upon
peristaltic pumping. New tubing materials obtained e.g. by tubing modification with surface
segregating smart copolymers provide a future path to biopharmaceutics products of higher

quality.
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