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General Introduction

Chapter | General Introduction

1 Relevance of Combination Products for Injectables

With the growth of the biopharmaceutical market in the last decades the development of
ready-to use drug device combination products (DDCP) for parenterals became
increasingly important [1-3]. Especially the market for monoclonal antibodies (mAbs)
grew significantly making them the major class of biopharmaceuticals and a mainstream
molecular entity [4]. Given the upcoming of biosimilars and considering the pipeline of
pharmaceutical companies the sales and prescriptions of biopharmaceuticals are expected
to rise further [5,6]. Next to mADbs, various novel protein designs like bispecific antibodies,
antibody-drug conjugates or fusion proteins are developed [7]. Additionally, the successful
development of mMRNA-based vaccines against the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) can be expected to give a boost to the development of further
RNA therapeutics [8]. All those compounds rely on injection [9]. DDCPs are a preferred
packaging system as they ease the handling and administration of parenteral drugs [2,3,10—
12]. Compared to vials, they allow injection without further handling steps making the
administration easier, safer, and faster. The risk of contamination is significantly reduced,
many devices already include safety systems preventing from needle stick injuries, and
since the syringes do not need manual withdrawal dosing accuracy is in general higher. The
advantages are not only relevant for health care professionals. They eventually enable
patient for self-administration, which provides cost savings for the health care sector and
increases compliance which is particularly important in treatment of chronic
diseases [12,13]. Although the packaging system consists of more components leading to
high packaging material costs, this may be at least partially outweighed by the lower
overfill volume required in syringes or cartridges which is especially relevant for costly
biologics [2]. The first DDCPs were introduced for the delivery of insulin in the 1980s in
the form of multidose prefilled and reusable pen injectors [3]. Since then, the use of DDCPs

has significantly grown, and this is expected to continue [11,14].

2 DDCP Configurations

DDCPs consists of drug formulation that is packaged in a device so the product comes
ready-to use [3]. Strictly speaking, also devices for inhalation or nasal application of drugs

can be considered a DDCP. In the context of this work, we focused on devices for the
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administration of parenteral predominantly for subcutaneous, but also for intramuscular
and intravitreal injections application [10,15]. Devices are often hand-held, although the
development of on-body delivery systems becomes increasingly important which allow the
injection of large volumes up to 10 mL [2,3,16]. The core of every injection device is the
primary container which holds the drug product formulation and consists of a barrel filled
with drug product and sealed on two sides (Figure I-1). There is either a crimped cap with
a pierceable septum for cartridges or a staked-in needle respectively a luer-lock system for
syringes on the top of the container [17].

On the opposite site a rubber plunger is placed. In order to release the drug from the
container the plunger needs to be pushed towards the top while opening up the sealing by
penetrating through the septum with a needle, removing a rigid needle shield or attaching
a needle to the luer lock thread.

Staked-in
Needle (SIN)

Syringe @] . l
' Rigid Needle

Barrel Plunger Drug Shield (RNS)
l ___—=Cap
Cartrid m ' 0
artriage 4 Septum

Figure I-1: Schematic construction of the primary container for ready-to use injection devices.

The primary containers are often placed in devices like injection pens, autoinjectors and
other large volume on-body delivery injectors [3]. In addition, syringes can be directly
combined with accessories like a finger flange, a plunger rod or needle safety systems for
the final assembly. Cartridges can be predominantly found in injection pens or patch pumps
like for the administration of insulin, where the device can be reused by replacing the
primary container. Syringes are more and more utilized as primary containers as they can
be placed in autoinjectors but do not necessarily need a further device. The containers can
be either based on glass or plastic. In the US and EU, glass is still almost exclusively used
material for primary packaging as it shows superior gas barrier properties, higher scratch
resistance, and better transparency [12,18]. To ensure an easy and consistent gliding of the
plunger the inner surfaces of glass containers are typically coated with silicone oil (SO).

With the development of cyclic olefin polymer (COP) and copolymer-based containers the
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former issue of low transparency could be overcome for plastic containers [12,18]. Given
its inability to brake, the lighter weight and the good leachable and extractable profile the
plastic containers became more important in the Japanese market. The plastic containers
may be additionally coated with a combination of pure “glass like” silicon dioxide (SiOz)
and organosilicate layers by plasma-enhanced chemical vapor deposition to increase its gas

barrier properties to compensate for the low gas barrier properties of the polymer [19].

Although the majority of the DDCPs on the market are liquid formulations, a dual chamber
cartridge design allows the packaging of freeze-dried products as well [20,21]. The
lyophilizate and the reconstitution medium are separately stored in two chambers divided
by an additional plunger and are combined when the plunger is moved, and the liquid can

flow through as a bypass channel is opened.

3 Siliconization Methods of Primary Containers

The SO related challenges can be reduced or avoided by using less SO and fixation step
after the spray process [22-25]. SO is the most commonly used lubricant on glass barrels
to ensure proper functionality. Moreover, it is often applied to the rubber components for
better machinability or injection needles as this reduces the friction between needle and
skin tissue during penetration. SO can migrate into the drug product solution where it forms
microdroplets and potentially interacts with protein molecules. First SO incompatibilities
were reported in the 1980s, when clouding and visible particles were observed in
siliconized syringes containing insulin [26,27]. Proteins readily adsorb to SO interfaces
which can induce unfolding and protein aggregate formation [28-32]. Several studies
showed lower protein stability in siliconized syringes compared to vials or silicone oil
free (SOF) systems due to the presence of SO microdroplets [33-36]. The formation of
mixed SO and protein aggregates may increase the risk of immunogenicity of protein
therapeutics [37-40], depending on the protein characteristics [41,42]. SO spiking studies
can be performed to assess the tendency of a protein in a certain formulation to interact and
be destabilized by SO microdroplets [2,3]. In general, protein interaction with SO can be
inhibited by the addition of surfactants like polysorbate 20 and 80 or poloxamer 188 to the
formulation [30-32,43-46]. The standard configuration of the primary container in the EU
market is still a glass syringe which is siliconized by simply spraying 0.2 — 1 mg raw
silicone oil (spray-on siliconization) onto the inner glass barrel surface [47]. Lower SO

levels of less than 0.1 mg per barrel are achieved by bake-on siliconization, spraying as
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SO-in-water emulsion followed by heat treatment at 300 °C and above which results in
water evaporation and a thin, even distribution of the SO on the glass surface [48,49]. Upon
baking also low molecular siloxane chains are removed, cross-linking occurs, and the SO
is additionally fixed to the surface by covalent bindings [50]. The container systems exhibit
much lower tendencies for SO migration due to the fixation and the lower SO levels in the
barrels [22,23]. However, this method is not applicable for syringes with staked-in needles
as the glue to adhere the needle would at the high baking temperature. Alternatively, the
SO may be fixed by irradiation or plasma, which induces cross-linking of the upper regions
of the SO layer making it less prone for migration [25,51,52]. Still the SO amounts are
higher compared to baked-on siliconized containers as the spray-on process is conducted
with raw SO.

SOF container systems were initially COP based [1,35,36,53]. Meanwhile also a SOF glass
syringe system is available [54]. The reduction of the friction force is achieved by a
complete coating of the syringe plunger with either fluoropolymer or a silicone-based
resin [53,55]. The SOF container systems are of particular interest for drugs prone for SO
interaction and e.g. for intravitreal administration which requires very low particle
counts [2]. In addition, the extrusion force profile over storage is potentially more stable as

there is no SO that can be removed.

4 Development Challenges of DDCPs for Biopharmaceuticals

Therapeutic proteins are in general both chemically and physically instable molecules that
can degrade via numerous mechanisms [56,57]. They can easily form aggregates due to
protein-protein interactions [58]. A suitable formulation typically comprising buffer agents,
surfactants, sugars, salts, or antioxidants stabilizes the protein during long-term storage as
well as manufacturing, handling and administration [2,3,59-62]. SC administration
restricts the injection volume to approx. 2.0 mL, although higher volumes are discussed to
be practicable [63,64]. As mAbs require relatively high doses the development of high-
concentration protein formulations is essential for a successful therapy via SC
injection [65,66]. Higher protein concentrations can come with a higher risk of aggregate
formation and an increased viscosity, which could lead to inacceptable high injection
forces [2,67-69].
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The functionality of a DDCP is an essential requirement that needs to be fulfilled over the
complete shelf life [2,70,71]. First of all, the primary container needs to protect the drug
product from all external factors that can diminish the products quality and especially
prevent microbial contamination as required for parenterals [2]. At the same time the drug
product is supposed to be contained, thus the material needs to prevent any kind of
permeation, diffusion, or leakage of the product. For example, the plunger of ready-to use
primary containers can move during shipment which may compromise product
sterility [10]. A variety of different methods is performed to evaluate the requirement

summarized as container closure integrity tests [2,59].

In addition, container functionality includes that an appropriately low and consistent force
is required to eject the formulation. The extrusion force results from the hydrodynamic
resistance of fluid flow through the needle and the friction force between rubber plunger
and barrel [71]. The patients with less fine motor skills or strength need to be able to
complete a manual injection by themselves. Typically, upper limits for injection forces are
between 20 and 25 N guided by product specific human factor studies with the patient
population [2,49]. Also, the administration by autoinjectors typically driven by a constant
spring mechanism needs to be assured [71]. Injection time may be increased beyond an
acceptable level, or the device may completely fail, if forces become too high [2,3,59]. The
force required for initiating the plunger movement is defined as the break-loose force,
whereas the force needed to keep the plunger moving is referred to as gliding force [71]. It
is necessary to apply an SO layer to glass barrels to reduce the friction force between
plunger and glass. Upon storage the highly viscous SO can be squeezed out of the contact
area between plunger [72] and glass or detach into the drug product solution [23,73], which
can result in an increase of both, the break-loose and gliding force, with time. For systems
with a staked-in needle the injection forces can be additionally negatively impacted by
needle clogging due to the drying or precipitation of drug product that entered the needle
and was especially observed for highly concentrated drugs. Leachates from a needle shield
rubber were identified as one root cause [74], but also the water vapor transmission through
the needle shield plays a role [75,76]. Entering and movement of the formulation in the

needle depends on temperature or pressure fluctuations during storage.
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e.g. SO Detachment

|Manufacturing Process| /—\

Container | Ihteraction

System

e.g. Leachables

Drug
Product

Siliconization

DDCP

Figure 1-2: Interactions between drug product and container system in DDCPs.

Another important issue in the development of DDCPs is the compatibility of the drug
product (DP) and the container system (Figure 1-2) [2,77]. On the one hand, the DP is
confronted with a variety of contact surfaces, materials and leachables. On the other hand
the formulation affects the container system e.g. the SO layer which affects the DDCP
functionality [73,78]. The choice of the container system and its components needs to be
evaluated individually for each DP. One of the most prominent challenges is the presence
of SO microdroplets in the DDCP [2,12,22,70,77,79]. Overall, SO migration increases the
particle burden, and the SO microdroplets in solution may interact with the
biological [22,31,53]. In addition, the process of sloughing off the SO from the inner barrel
endangers proper functionality as the direct contact area between rubber plunger and glass
is extended. Recent studies suggest that the addition of surfactants to the formulation like
polysorbate 80 accelerates this detachment process as a result of the decreased interfacial
tension at the SO-formulation interface [73,78,80]. Furthermore, formulation factors like
the buffer system, pH and tonicity agents are discussed to affect the container
stability [81,82]. Next to SO the DP potentially faces additional leachates released from the
different components of the primary container system [77,79]. Residual tungsten
respectively tungsten oxide from the needle hole forming process was shown to induce

protein denaturation and aggregation leading to increased immunogenicity [83,84]. Other
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examples for incompatibilities are the leaching of the adhesive glue from the needles into
the drug product causing protein oxidation or leachables from uncoated rubber plungers

associated with an increased incidence of pure red cell aplasia [74,85-87].

Finally, the impact of manufacturing processes like washing, drying, siliconization or
sterilization of the different components must not be neglected. Certain procedures may
impact the physico-chemical properties and affect product stability and quality. For
instance, radiation or ethylene oxide (EtO) sterilization were shown to increase protein
degradation in polymer-based syringes due to radicals formed or EtO residues in the barrel
[88,89]. Besides, the functionality of the container could be affected by physical changes
of the stopper or the SO layer. Thus, any changes in the manufacturing processes need to

be evaluated for their impact on the product quality and safety [3].

Given the high variety of container systems and novel injectable drugs emerging, the
development of DDCPs for biopharmaceuticals will require more attention in the future.
Therefore, it is important to understand the differences of the container systems, their

interaction propensity with the drug product, and factors impacting functionality.
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Aim and Outline of the Thesis

Chapter Il Aim and Outline of the Thesis

The thesis compromises multiple topics in context of the development of primary
containers for drug device combination products (DDCPs) for biopharmaceuticals. This
included a variety of different alternative container systems discussed in the introduction.
In all chapters the quality and the performance of primary containers was to be investigated,

and the influence on the overall stability and safety of the DDCP was to be discussed.

The first two studies revolve around the development of container systems with baked-on
SO layers. In chapter 111 the impact of a change of the spray emulsion for the bake-on
siliconization was investigated. Such change may affect the handling properties of the
emulsion as well as the obtained SO layer which ultimately affects final product safety and
quality. The studies were conducted to scientifically support the transition from the current
gold standard emulsion to a new formulation which is in line with the implemented
regulation REACh (Regulation concerning the Registration, Evaluation, Authorisation and
Restriction of Chemicals) in the European Union. In a next step the impact of steam
sterilization on baked-on siliconized containers was evaluated in chapter IV. Steam
sterilization may be performed in the course of container preparation for filling. Containers
with different SO levels were produced and autoclaved at different process parameters.
Subsequently, a toolbox of methods was utilized to monitor changes of the SO layer due to
autoclavation. Besides, functionality and particle formation of non-autoclaved and
autoclaved container systems were compared in an accelerated stability study. Overall, the
study aimed to clarify the impact of steam sterilization on the safety and quality of baked-

on siliconized container systems for biopharmaceuticals.

To resolve the SO related problems silicone oil free (SOF) container systems were
introduced to the market. In chapter V, we examined a newly developed glass-based SOF
container system and compared it in a long-term stability study to bake-on and cross-linked
siliconized container systems to assess its quality and performance compared to novel
alternative packaging systems with improved SO migration properties. Functionality and
particle formation were monitored upon storage up to 2 years and the state of the SO layer
was assessed upon storage. Additionally, we characterized the stopper and evaluated the
influence of the surface properties on the container functionality. Friction forces were
correlated with contact angle of the fill medium and glass surface energy. The aim was to
identify factors that impact container functionality of a SOF container system.
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Next to the alternative container systems, we focused on the phenomenon of SO
detachment in spray-on siliconized container systems in chapter V1. The impact of the fill
medium on the container extrusion forces upon accelerated and long-term storage
conditions was examined. We tested different formulations factors in the presence of a
monoclonal antibody (mAb) as well three different mAbs in one formulation for the
purpose of further understanding the role of the formulations components as well as the
protein in the SO migration process. The change in gliding forces was linked to the state of
the SO layer monitored by SO quantification and layer thickness measurements as well as
3D-laser scanning microscopy (3D-LSM) measurements of the inner surface of the barrel.
An additional objective was to find a link between the outcome of the stability studies and
the properties of the interface between SO and formulation as analyzed by a profile analysis
tensiometer as well as the conformational stability and hydrophobicity of the mAbs.
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Abstract

Pre-filled syringes have simplified parenteral administration of protein drugs. To ensure an
easy and consistent movement of the plunger, the inner glass container surface is typically
siliconized. For bake-on siliconization, emulsions are sprayed on and heat treated. Due to
the European Union regulation REACh (Regulation concerning the Registration,
Evaluation, Authorisation and Restriction of Chemicals) the use of certain emulsion
components, partially constituting the gold standard Liveo™ 365 35 % Dimethicone NF
Emulsion (Liveo™ 365), becomes restricted and Liveo™ 366 35 % Dimethicone NF
Emulsion (Liveo™ 366) has been introduced as an alternative. This change may affect the
handling properties as well as the silicone layer formed. The purpose of these studies was
to identify any differences that may influence the stability and safety of the final
drug/device combination product to enable the use of the new emulsion. We compared
silicone emulsions Liveo™ 365 and Liveo™ 366 and dilutions focusing on 1) their general
physical stability, 2) the thermal degradation process of the emulsions and their
components, and 3) the resulting silicone layer concerning chemistry, morphology, and
functionality. The results were linked to the assessment of the final product regarding
particle formation and short-term stability. A comparison of the emulsions Liveo™ 365
and Liveo™ 366 for bake-on siliconization is presented to support the transition of the
latter as it becomes mandatory with REACh. Our studies show that the two emulsions do
not significantly differ with respect to handling and stability, the resultant silicone layer
characteristics as well as its functionality. We conclude that the transition to the new
emulsion will not significantly impact the final product or the layer performance upon

storage and with respect to particle formation.

Keywords

Bake-on siliconization — Protein formulation — Drug/device combination product — Primary

packaging — Biopharmaceuticals — Silicone interaction — Silicone layer characterization
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1 Introduction

Pre-filled syringes (PFSs), which are often combined with autoinjectors to drug/device
combination products, facilitate parenteral administration such as subcutaneous and
intravitreal injections of protein drug formulations by reducing handling steps, thereby
optimizing dosage accuracy, safety, and sterility assurance. They enable self-administration
by the patient or ease application by health care providers (HCPs), thus increase compliance
and reduce costs for the health care sector [1-4]. This makes these PFSs highly important

for the success of protein drugs that need to be administered parenterally.

Ensuring functionality of ready-to-use devices throughout the product shelf life is a big
challenge to the industry [5]. The primary packaging of those devices typically consists of
a glass or plastic barrel, a staked-in needle, a luer tip or a cap in combination with a piercing
needle sitting on top and a plunger at the bottom [1,3]. The friction forces between plunger
and barrel strongly impact the break-loose force to initiate gliding and the force during
gliding itself. Together these forces are termed the break-loose gliding forces (BLGF) and
used to describe an attribute of the performance from the primary packaging. In order to
reduce the friction, inner walls of the barrels are by default siliconized [2]. During storage,
silicone oil can migrate into the liquid formulation, resulting in an increase of the BLGF
over time [6]. The detached silicone oil may not only lead to higher subvisible particle
levels and visible droplets, but in some cases, it may interact with protein molecules with
a potential to reduce their overall stability and activity and in worst cases lead to
immunogenic reactions by the patient [5,7-14]. Hence, the silicone coating level on the
barrel must be optimized, balancing both device functionality and product stability over the
product shelf life [1,5]. The most common way to siliconize the primary container is to
spray pure silicone oil into the barrel. To reduce the migration of silicone oil droplets, the
silicone layer may be cured by heat (bake-on), with plasma or ultraviolet light. Much
thinner silicone layers compared with “spray-on” siliconized containers can be achieved by
bake-on siliconization, resulting in less particle formation while ensuring device
functionality [6,15]. Accordingly, the bake-on siliconization is particularly of interest for
the development of products for intravitreal injection to conform to USP <789> [5]. After
spraying 1.5 % to 3.5 % silicone oil emulsions onto the glass container, water is evaporated,
and the silicone oil spreads at high temperatures of 300 °C—320 °C [15-18]. Dow Corning
365 35 % Dimethicone NF Emulsion (DC 365) used to be the gold standard for bake-on
siliconization [16,17]. It contains 35 % polydimethylsiloxane (PDMS), methyl and propyl
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paraben as preservatives, and the surfactants polysorbate 20 and Triton X-100 as well as
propylene glycol to prevent the emulsion from braking [17,19-22]. However, Triton X-100
was recently added to the Authorisation List (Annex 1V) of the European Union regulation
REAChH (Regulation concerning the Registration, Evaluation, Authorisation and Restriction
of Chemicals). REACh is a European Union regulation concerned with the protection of
human health and the environment from harm caused by chemicals [19,23]. The European
Chemicals Agency has set the January 4, 2021, to be the sunset date for the surfactant.
Consequently, Dow Corning Corporation (renamed Dow Silicones Corporation in 2017)
introduced a similar product, Dow Corning 366 35 % Dimethicone NF Emulsion (DC 366),
to replace DC 365. Both DC 366 and DC 365 are now Liveo™-branded products owned
by DuPont subsidiaries by virtue of the DowDuPont merger in 2017, corporate
reorganizations, and subsequent separations in 2018—-2019. In Liveo™ 366, Triton X-100
is substituted by polyethylene glycol [5] undeceth ether also known as Undeceth-5 [20].
Additionally, the formulation contains phenoxyethanol instead of the formerly used
parabens as preservatives [20,23]. As the replacement of Liveo™ 365 by Liveo™ 366
becomes inevitable, a thorough assessment of the effect of the conversion for
pharmaceutical products intended for the European market is important. For this purpose,
we compared the physical stability and the thermal degradation behavior of the two
emulsions and studied the characteristics of the formed silicone oil layer as well as the
product performance in a small stability study. The stability of the diluted emulsion is
particularly important to observe as creaming and coalescence could alter the silicone oil
amount applied onto the glass wall, potentially affecting functionality. Creaming was
assessed and particle size and size distribution were monitored upon stress for both
emulsions. We assessed the bake-on process of the emulsion and the decomposition of the
substituted and newly added excipients as well as their thermal stability at different
temperatures. The excipient ought to be removed during the bake-on process to mitigate
the risk of interactions of residuals or decomposition products with the drug products [24].
During the bake-on process, the PDMS is partly volatilized, depolymerized, and binds
covalently to the glass surface to a certain extent [17,21,25-29]. The thermal degradation
is significantly affected by oxygen [30] and can be accelerated by the ingredients contained
in the emulsion formulation [17]. An altered thermal degradation behavior of the PDMS
could make different bake-on conditions necessary to achieve the desired film
characteristics along the length of the barrel. Therefore, glass cartridges as an example for
any siliconized glass barrel body were siliconized with both emulsions, and the appearance
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as well as the physical properties of the formed silicone layer were characterized by 3D-
laser scanning microscopy and contact angle measurements. Additionally, the cartridges
were filled with placebo formulations, and particle formation and functionality were tested

on a short-term stability study.
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2 Materials and Methods
The following material was used in this study.

2.1  Materials

Liveo™ 365 and Liveo™ 366 were purchased, and Undeceth-5 was kindly provided by
Dow Silicones Corporation (Midland, MI, USA). Dilutions were prepared using highly
purified water (HPW). Non-siliconized 1 mL long cartridges were provided by Nuova
Ompi S.r.I. (Piombino Dese, Italy). Additional chemicals used were polysorbate 20 (Merck
KGaA, Darmstadt, Germany), Triton X-100, propylene glycol, methyl and propyl paraben,
L-histidine monohydrochloride, L-histidine, sucrose and polysorbate 80 (Sigma-Aldrich
Chemie GmbH, Steinheim, Germany), phenoxyethanol (Roth GmbH & Co KG, Karlsruhe,
Germany), and ethylene glycol (Grussing GmbH, Filsum, Germany). Diiodomethane and
the microscope slides were purchased from VWR International GmbH (Darmstadt,

Germany).
2.2  Physical Stability of Diluted Emulsion
Creaming Effect

4.5 mL of emulsion diluted with HPW to 1.75 % (w/w) were filled into 15 mL Falcon tubes
and stored at 25 °C protected from light for 60 days. To identify a creaming effect, visual
inspection was performed. Additionally, 850 uL samples were taken from the bottom as
well as the middle of a redispersed sample and transferred to 2 R vials to evaporate the
water at 70 °C in an incubator. Samples were redispersed by shaking 10 times. The residual
silicone oil was dissolved in 1 mL n-heptane and quantified using a FTIR Tensor 27 (Bruker
Corp., Billerica, MA, USA) equipped with a 250 um path length transmission liquid cell.
Absorption spectra based on 100 scans with a resolution of 4 cm™ between 3000 and
900 cm™ were used. The area under the curve (AUC) of the symmetrical Si-CHs
deformation vibration at 1261 cm™ was used for quantification [31]. Silicone oil 1000 ¢St
(Sigma-Aldrich Chemie GmbH, Steinheim, Germany) solutions in n-heptane between
0.5mg/mL and 16.67 mg/mL were used for calibration (Supplementary data,
Figure S 11I-1). (n=3)

Coalescence

Emulsions diluted to 1.75 % and 3.5 % (w/w) were stored in the same container type and
with the same fill volume at 60 °C for 5 and 20 days or stressed by five freeze-thaw cycles
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between 25 °C and -20 °C. For the latter, samples were stored in a deep freezer overnight
and thawed during the day. The droplet size was determined with Zetasizer Nano ZS
(Malvern Panalytical Ltd, Malvern, UK) in backscattering mode after redispersion of the
samples as stated previously. Samples were redispersed by heavily shaking the container

manually 10 times. (n = 3)
Creaming Velocity

Diluted emulsions of 1.75 % and 3.5 % (w/w) were analyzed using a LUMiSizer® 651
(LUM GmbH, Berlin, Germany). Based on transmission, the movement of the phase
boundary upon centrifugation is monitored. The slope of the linear fit from the start to the
end of the creaming process is defined as the creaming velocity. Samples were measured
at 25 °C and 4000 rpm for 125 min and at 1500 rpm for 875 min. Particle size distribution
was assessed following 1SO 13,318 at 7 °C at “constant position”. The intensity of
transmitted light is hereby measured along the whole length of the sample container while
being centrifuged. The particle size distribution can be calculated based on the
concentration, density, and refractive index of the dispersed phase using the STEP™
Technology (Space- and time resolved extinction profiles) [32,33]. (n = 2)

Particle Size Distribution via Analytical Centrifugation

To determine the cumulative volume weighted particle size distribution (Q3[x]), the
extinction of diluted emulsions of 0.35 % (w/w) alongside the complete sample length was
measured at A = 870 nm at increasing rotational speed between 300 and 4000 rpm (rpm
increment every 10 s followed with measurement at 4000 rpm for 1500 s) using a
LUMIiSizer® 651. Particle size density was based on a density of 0.972 g/cm® and a

refractive index of 1.404 for silicone oil. (n = 2)
2.3  Thermal Degradation of Emulsions and Their Components

The thermal degradation of the emulsions and their components was analyzed with

thermogravimetric analysis and *H-nuclear magnetic resonance spectroscopy (*H-NMR).
Thermogravimetric Analysis

The thermal degradation of the two undiluted emulsions as well as ingredients of
Liveo™ 365 and Liveo™ 366 were assessed with a Hi-Res TGA 2950 (TA Instruments,
Eschborn, Germany). Samples of approximately 10 mg were heated at 2 °K/min from room

temperature to 400 °C, respectively, until they were decomposed completely. In a second
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setup, polysorbate 20, Triton X-100, and Undeceth-5 were heated in isothermal mode at
285 °C, 300 °C, and 315 °C for 360 min after a 30 °C/min ramp with an intermediate hold
at 105 °C for 30 min to allow complete water evaporation. Analysis was performed in dry
air at a flow rate of 100 mL/min to reflect the industrial bake-on process.

'H-Nuclear Magnetic Resonance Spectroscopy

Residuals of surfactant in the baked-on silicone oil were assessed with *H-nuclear magnetic
resonance (*H-NMR) spectroscopy. Silicone oil was baked-on at 105 °C for 2 h or at
standard parameters (see 2.4.1. Siliconization Process) and extracted with toluol for further
analysis after the bake-on process. For the extraction, the cartridges were closed on one
side with West Novapure syringe plungers (West Pharmaceutical Services, Inc., Exton, PA,
USA) and filled with toluol (HPLC Grade, VWR International GmbH, Darmstadt,
Germany). After 20 min, the extracts of three cartridges were pooled in a 2 R vial, and
toluol was evaporated with a flowtherm evaporator from Barkey GmbH & Co. KG
(Leopoldshohe, Germany) at 100 °C and a constant nitrogen flow of 100 mL/min. The
extraction procedure followed by the evaporation step was repeated for another two times
to enhance the extraction efficiency. The residue was dissolved in 0.6 mL CDCIz and
1H-NMR spectroscopy was performed with a Bruker Avance 400 (Bruker Corp., Billerica,
MA, USA) at 400 MHz.

2.4  Silicone Layer Characterization

To evaluate the impact of the change of the emulsions on the final product glass cartridges
as well as microscopic slides were siliconized, and the resulting silicone layer was

characterized.
Siliconization Process

Cartridges were siliconized with 10 mg of 1.75 % (w/w) Liveo™ 365 or Liveo™ 366
emulsion using a diving nozzle on a Siliconization Stand SVS9061 (Bausch+Strobel
Maschinenfabrik llshofen GmbH+Co. KG, lIshofen, Germany). Bake-on was performed in
a heating oven (Binder APT.line FED 115, Binder GmbH, Tuttlingen, Germany) at 315 °C
for 15 min.

Imaging of the Silicone Layer

Images of the silicone layer were taken from outside the glass barrel with a Keyence
VKX250 3D-Laser Scanning Microscope (Keyence International NV/SA, Mechelen,
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Belgium) equipped with a CF Plan 10x/0.30 Nikon OFN WD 16.5 objective and stitching

4 images together.
Surface Roughness

For surface roughness measurements, the cartridges wrapped in adhesive tape were broken
and individual fragments of approximately 0.5 cm size were removed from the tape. The
inner surface was scanned using the microscope stated previously equipped with a CF Plan
100x/0.80 EWLD «/0 Epi OFN 25 WD 2.0 Nikon objective. Cartridges were analyzed at
the top, middle, and the bottom. Arithmetic mean height (Sa) and maximum height (Sz) of
the surface for an area of 150 x 50 um were determined with the MultiFileAnalyzer
software version 1.3.1.120 from Keyence. In total, nine of those areas per cartridge were
analyzed. For evaluation, the reference surface was set, and the surface shape was corrected
using the integrated surface shape correction tool (Sec curved surf.). Image artefacts were
reduced with a height cut level filter at medium cut level. Additionally, the surface

roughness of a non-siliconized glass cartridge was determined. (n = 3)
Surface Free Energy

The surface free energy (SFE) of the siliconized cartridges as well as of microscope glass
slides siliconized by manually spraying on 1.75 % (w/w) emulsions followed by bake-on
at 315 °C for 15 min was determined. Therefore, contact angles of HPW, ethylene glycol,
and diiodomethane were measured using a Drop Shape Analyzer 25 (Kriiss GmbH,
Hamburg, Germany). The liquids (2 pL) were pipetted onto the surfaces. Images were taken
20 s after deposition of the droplet, and contact angles were determined using the fitting
mode Ellipse (Tangent-1). SFE was calculated following the method of Owens-Wendt-
Rabel-Kaelble [34]. (n = 3)

2.5  Short-Term Stability Studies

The siliconized cartridges were filled and stored to evaluate the impact of the change of the
emulsion on the final product quality in regards of particle formation and container

functionality.
Sample Preparation

For the stability study, cartridges were capped with Weststar® 8 mm lined seal metal caps
(West Pharmaceutical Services, Inc., Exton, PA, USA) and filled with 0.95 mL WFI or

placebo formulation consisting of 20 mM histidine-buffer pH 5.5, 240 mM sucrose, and
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0.04 % (v/w) polysorbate 80 into 1 mL long glass cartridges following ISO 11040-4
standard dimensions [2]. After insertion of 1 mL long West Novapure syringe plungers
(West Pharmaceutical Services, Inc., Exton, PA, USA), the cartridges were stored at 40 °C
for 12 weeks. Plungers were set with a plunger setting device at a constant height resulting
in a constant head space (“entrapped air”). The distance between the liquid surface and the

syringe plunger was 5.9 mm.
Container Functionality

BLGFs were determined using a Texture Analyzer TA.XT Plus (Stable Micro Systems
Ltd., Surrey, UK). The septum of the caps was pierced with needles provided by Cambridge
Consultant Ltd (Cambridge, UK) and connected through a male-luer-lock-to-thread
adapter (%4 - 28 UNF) from Cole Parmer GmbH (Wertheim, Germany) with a BD
Microlance 3 27G x %" (0.4 x 13mm) cannula. The cartridges were expelled at
190.2 mm/min until a trigger force of 30 N. Break-Loose Force was defined as the
maximum force required for the plunger over the first 2 mm. Gliding Force was determined
by averaging the force needed to move the plunger in the distance from 2 mm to 33 mm.
(n=5)

Subvisible Particle Analysis

Samples were collected in prewashed Eppendorf tubes by extrusion at the previously stated
speed but without the cannula. To reduce contamination with silicone oil through the
piercing needle, the needles were incubated in n-heptane and HPW before sample
collection. Particle formation was determined with a FlowCam 8100 (Fluid Imaging
Technologies, Inc., Scarborough, ME, USA) using a 10 x magnification objective. Sample
Volume was set to 150 pL with a flow rate of 150 pL/min and an efficiency of 72 %.
Additionally, light obscuration (PAMAS SVSS, Partikel- und Analysensysteme GmbH,
Rutesheim, Germany) was used as an orthogonal method. Four times 0.2 mL per sample
with a prerinse of 0.3 mL and 5 mL rinse with HPW in between measurements were

assessed. (n = 3)
Turbidity

The turbidity of the samples was determined using a Nephla LPG239 turbidimeter (Hach
Lange GmbH, Dusseldorf, Germany); 2 mL were filled into prewashed glass tubes and
analyzed according to the DIN EN 27,027 at a wavelength of 860 nm and temperature of
25°C.(n=3)
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3 Results and Discussion

The physical stability of both emulsions was evaluated monitoring particle size, particle

size distribution as well as the creaming effect.
3.1 Physical Stability of Liveo™ 365 and Liveo™ 366 Dilutions

In general, emulsions are thermodynamically unstable and prone to phase separation as the
reduction of the interfacial area minimizes the free energy of the system [35-39]. Creaming,
coalescence, and flocculation can be observed as intermediate steps [36,38,40]. For silicone
oil-in-water emulsions, creaming emanates from the density difference between the two
phases (Density silicone oil: 0.97 g/mL) [20,22,38]. A higher silicone oil concentration at
the top of a container can enhance the tendency for the silicone oil droplets to flocculate
and coalesce thus eventually resulting in emulsion breakdown [41]. Inconsistencies in
silicone oil concentrations could result in variations regarding the sprayed-on silicone oil
amount per container. A sufficient amount of silicone oil is critical to prevent functionality
failure [42]. Creaming was studied upon static storage conditions as well as with an
analytical centrifuge. Particle size and particle size distribution were assessed with DLS
(Dynamic Light Scattering) to monitor coalescence. We compared the physical stability of
emulsions Liveo™ 365 and Liveo™ 366 diluted to 1.75 % or 3.5 % as concentrations

typically utilized in the siliconization of primary packaging material [42].

Figure I11-1: Falcon tubes filled with 1.75 % Liveo™ 365 and 366 at TO [A] and stored at 25 °C for 20 [B]
and 60 days [C].

Upon storage, a creaming for both diluted emulsions became evident. This observation was
assessed at room temperature, mimicking actual conditions during the spray process. When
emulsions were filled in 15 mL Falcon tubes, the creaming effect was first visible after

20 days and became distinctly apparent after 60 days (Figure 111-1).

Besides a visual inspection, silicone oil concentration was monitored at the bottom of the

storage container over time (Figure 111-2). For both emulsions, the silicone oil concentration
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decreased already after 3 days from approximately 15 mg/mL to 11.7 mg/mL and
10.4 mg/mL, respectively, for Liveo™ 365 and Liveo™ 366. After 60 days, the silicone
oil concentrations at the bottom of the container were reduced to 3 mg/mL and 2.3 mg/mL,
respectively, for Liveo™ 365 and Liveo™ 366 (Figure 111-2A). Both emulsions could be
easily redispersed over the 60 days, rendering a homogenous silicone oil concentration
(Figure 111-2B).
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Figure 111-2: Silicone oil concentration of 1.75 % dilutions of Liveo™ 365 and 366 at the bottom after storage

in Falcon tubes for up to 60 days at 25 °C [A] and after manual homogenization by shaking [B].

For DLS measurements, samples were stored at 60 °C for 20 days and freeze-thaw cycles
were applied to accelerate possible instabilities. The previously mentioned creaming effect

was also observed at higher temperatures and already visible after 5 days.
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Figure 111-3: Z-Average [A] and PDI [B] of 1.75 % and 3.5 % dilutions of Liveo™ 365 and 366 after 5 and
20 days at 60 °C as well as after freeze-thaw stress. PDI = Polydispersity Index.
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The particle measurements were consequently measured after redispersion of the samples.
At TO, particle size and particle size distribution of both emulsions, Liveo™ 365 and 366,
were considered the same. Z-Average ranged from 455 nm to 468 nm independent of the
emulsion and concentration. The PDI (Polydispersity Index) of 0.15 and 0.18 in average
indicated monodispersity in all samples. This did not change upon storage at 60 °C for

20 days after redispersion nor freeze-thaw stress (Figure 111-3).
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Figure 111-4: Movement of the phase boundary of 1.75 % dilutions of Liveo™ 365 and 366 upon
centrifugation at rotational speeds 1500 rpm [A] and 4000 rpm [B].

Creaming Velocity [um/min]

Dilution 1500 rpm 4000 rpm
365 366 365 366
1.75 % (w/w) 82.8/83.7 87.1/87.0 619.7 / 620.0 635.3/641.1
3.50 % (w/w) 54.1/54.4 56.8 /56.1 385.1/388.0 407.1/403.4

Table 111-1: Creaming Velocity of 1.75 and 3.5 % Liveo™ 365 and 366 at Rotational Speeds of 1500 rpm
and 4000 rpm.

In contrast, there was a small decrease toward less variability and lower PDI values
observable after 20 days. Thus, DLS measurements indicated high emulsion stability and
the absence of large droplets resulting from coalescence after redispersion [37,38,41].
The stability of diluted emulsions was further assessed by analyzing the creaming velocities
via analytical photocentrifuge. In the case of silicone oil-in-water emulsions, the
transmission drastically increases in the regions without the dispersed lipophilic phase
(Figure 111-4). The phase boundary consistently moves until the creaming layer becomes
so dense that silicone droplet movement is hindered and comes to a hold [32]. The
transmission profiles for 1.75 % and 3.5 % were independent of whether formed from
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Liveo™ 365 or 366. A 3 % — 5 % faster creaming was observed for Liveo™ 366 (Table
I11-1). Because the velocity of the flow is dependent on the density difference between the
two phases and the particle size distribution, the results underline the outcome of the

previously mentioned DLS measurements.

In a second setup of the analytical photocentrifuge, particle size distribution was evaluated
as well. Liveo™ 365 and Liveo™ 366 showed the same cumulative volume weighted
particle size distribution with size medians of 425.8 and 443.8 nm, respectively
(Figure 111-5). The observations supported the previously mentioned DLS measurements.

In general, both emulsions showed high stability. Although creaming may occur, it is easy
to cope with through redispersion by shaking. Coalescence could not be observed for both
diluted emulsions despite the increase in concentration at the top of the storage containers.
Thus, we conclude that the handling of the silicone emulsion during the spray process will

not be affected by changing from Liveo™ 365 to Liveo™ 366.
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Figure I11-5: Cumulative volume weighted particle size distribution of Liveo™ 365 and 366.

A Kkinetically stable emulsion is achieved by a high-energy barrier for the droplets to
flocculate and coalescence through steric or electrostatic repulsion [36,38,41]. Stability can
be enhanced by using mixtures of surfactants [38,43-45]. Given the use of two surfactants
for Liveo™ 365 [17,21], the results indicate Liveo™ 366 may also contain a surfactant
mixture. For the following studies, we assumed the presence of polysorbate 20 also in
Liveo™ 366, because Dow Corning Corporation stated the replacement only for
Triton X-100 [23].
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3.2  Thermal Degradation Process of the Emulsions and Its Component

The emulsions and their different components were further compared in their thermal

degradation behavior using thermogravimetric analysis and *H-NMR spectroscopy.

3.21  Thermogravimetric Analysis

The thermal degradation of the undiluted emulsions as well as its individual ingredients
was assessed with thermogravimetric analysis (TGA) (Figure I11-6). We first evaluated
thermal degradation in a ramp mode setting at 2 °C/min, comparing the degradation
behavior of the two undiluted emulsions and the ingredients. Subsequently, the more

critical ingredients were monitored at different isothermal holds mimicking the actual

bake-on process.
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Figure I11-6: Thermal degradation of silicone emulsions Liveo™ 365 and 366 [A], preservatives and propylene

glycol [B] and the contained surfactants [C] in air — Ramp 2 °C/min.
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In the ramp mode setting, the two emulsions rapidly lost approximately 55 % mass at 50 °C
due to the evaporation of the water (Figure I11-6A) followed by 13 % mass loss between
50 °C and 300 °C. The second weight loss is partly due to the removal of residual
preservatives, co-solvents, as well as surfactants. Besides the removal of individual
ingredients, also small chain and cyclic PDMS fractions start to volatilize between 150 °C
and 250 °C [17,28]. At 300 °C, degradation of PDMS in the presence of oxygen sets in.
Depolymerization of siloxane chains takes place by formation of cyclic oligomers that
eventually volatilize as well as the occurrence of thermal oxidation, resulting in cross-
linking of the siloxane- chains and the formation of SiO; [21,25-27,29]. Approximately
2.1 % (Liveo™ 365) and 2.3 % (Liveo™ 366) mass was left, and a white powder could be
found in the aluminum pan. The curve progressions indicate a high similarity of the thermal
degradation behavior of PDMS of both emulsions. According to Mundry et al. [17],
ingredients play a significant role as catalysts, decreasing the activation energy of the
thermo-oxidative and depolymerization reactions taking place. Overall, the decomposition

temperatures are lower for the emulsion system than for pure PDMS [17].

The least critical ingredient to be removed by the bake-on process with a degradation onset
temperature of 60 °C and complete removal at 108 °C was propylene glycol, which is
present in both emulsions (Figure 111-6B). Also, the preservatives used in both emulsions
are removed well below the bake-on temperature. Phenoxyethanol started to evaporate at
90 °C and was already removed at 130 °C. The parabens contained in Liveo™ 365 showed
a complete removal at 180 °C and 190 °C, respectively. All the aforementioned substances
showed a fast degradation in one step. The chronology of degradation can be derived from
their boiling points [46-49] with propylene glycol having the lowest and propyl paraben
the highest, which indicates an evaporation of the substances as already known from
parabens [21,50]. In comparison, the surfactants appeared to be the most thermally stable
emulsion excipients and thus most critical for potential interaction later in the filled primary
container (Figure 111-6C). For the new surfactant Undeceth-5, mass loss started at 160 °C
and was completed at 305 °C. Two steps can be discerned. A faster mass loss of
approximately 80 % until 225 °C is associated with an oxidation and degradation process
of the polyoxyethylene (POE) chains as described for other nonionic surfactants like
polysorbate 20 and 80 [24,51-54]. Above 225 °C, the removal rate slows down and
Santacesaria et al. [55] postulated a slow oxidative pyrolysis of the alkyl chains. Given the

similarity in the molecular structures of Triton X-100 and Undeceth-5, it can be assumed
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that the thermal degradation mechanism is similar. A thermal degradation in two steps was
observed for Triton X-100, too, as reported before [56], with a later onset temperature for
weight loss of around 190 °C and a complete removal at 330 °C. Both surfactants consist
of a small POE chain linked through an ether group to lipophilic hydrocarbon chains. In
contrast, polysorbate 20 are esters of fatty acids and POE sorbitan. The products on the
market are in general mixtures of POE sorbitans esterified with different fatty acids.
According to the specifications of the European Pharmacopoeia, at least 40 % — 60 % of
them need to be lauric acid, but also unsaturated acids, which are prone to autooxidation
via radical mechanism [52,57], are accepted to some extent. This can be a reason for the
different thermal degradation behavior of polysorbate 20, because a fatty acid chain
difference can delay the onset of the POE chain degradation reaction [51]. Polysorbate 20
started to decompose earlier than Triton X-100 at 180 °C but was not completely removed
until 440 °C. The thermal degradation of the surfactants Triton X-100, Undeceth-5, and
polysorbate 20 was assessed additionally by isotherms at 285 °C, 300 °C, and 315 °C over
6 h to reflect the actual bake-on process. In this setup, Undeceth-5 was removed the fastest
at all temperatures and did not form any kind of residue (Figure I11-7A, Supplementary
data, Figure S 111-2). In ramp mode, Undeceth-5 started to degrade at approximately
160 °C. After heating to standard bake-on temperatures of 300 °C and 315 °C, within
approximately 7 min at 30 °C/min only 9.4 % and 3.6 %, mass respectively, were left. After
15 min, Undeceth-5 was completely removed at these two target temperatures (Figure I11-
7B). At 285 °C, the weight loss was significantly reduced; 41.3 % mass was left when
reaching this target temperature after the 30 °C/min ramp, and the surfactant was not
completely removed after 15 min (3.4 % remainder) but fully degraded after 30 min.
Triton X-100 showed similar degradation behavior to Undeceth-5 but at a lower rate. It was
also removed completely after 15 min at 315 °C, but in contrast to Undeceth-5 at a target
temperature of 285 °C, 63.4 % of Triton X-100 remained after the ramp and after 15 min,
6.9 % was left. Polysorbate 20 showed the slowest thermal degradation. 71.1 % remained
after the ramp to 285 °C, and it also formed a residue at all temperatures stable for 360 min.
After 15 min at 315 °C, 12.3 % mass was left.
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Figure I11-7: Thermal degradation of Undeceth-5, Triton X-100, and PS20 at 315 °C [A] and time-dependent
degradation at 285 °C, 300 °C, and 315 °C [B] in air.

The residue after 360 min is unlikely to consist of the surfactant itself but rather nonvolatile
decomposition products like fatty acids. A variety of different fatty acids like myristic,
palmitic, stearic and oleic acid, that have been identified as degradation products of
polysorbate 20 [24], show higher boiling points than the bake-on temperature [58-61].
Additionally, olefinic sites present in polysorbate 20 are prone to oxidation via a radical
mechanism [51,52]. Consequently, carboxylic acids with even longer aliphatic chains as
well as long alkyl chains are potential degradation products with higher thermal stability as
the result of a radical termination reaction [55]. Finally, little is known about the thermal
degradation behavior of sorbitan. The high boiling point of 442.5 °C stated by some of the

suppliers [62] indicates that some of the residue originates from the molecule’s backbone.
3.22 H-NMR Measurements

The presence of Undeceth-5 or residues formed via degradation in the baked-on silicone
layers was assessed by *H-NMR. Mundry et al. [17] were able to detect traces of surfactant
in an emulsion mixture down to 1 pg. The total amount of Undeceth-5 per barrel can be
estimated as roughly 13 ug given a concentration of 2.5 % in the undiluted emulsion [20].
The amount was sufficient to find distinct signals at 3.64 ppm and 3.44 ppm in a sample
dried at 105 °C (Figure 111-8) [63,64]. Those signals are characteristic of protons of the
POE group of alcohol ethoxylates and were detectable for the Undeceth-5 reference. After
the heat treatment at 315 °C for 15 min, those signals were not detectable anymore. The
lack of distinct signals for POE chains indicates the removal of the second surfactant
possibly contained in Liveo™ 366, polysorbate 20, as well. The Undeceth-5 aliphatic chain
signals could not be used for evaluation as they overlapped with signals derived from the

non-siliconized glass barrel itself (0.88 ppm, 1.25 ppm, and 1.57 ppm) [17,63,64]. Thus, a
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complete removal also of decompositions products cannot be concluded from these

observations.

In summary, polysorbate 20 is the ingredient for both emulsions with the highest risk of
interaction in the final drug/device combination product by remaining in the baked-on
silicone layer. As pointed out by Funke et al. [21], this risk is mitigated by the dilution of
the sprayed-on emulsion and removal by the bake-on process to a minimum. Undeceth-5
as well as the other newly added component, phenoxyethanol, showed a faster removal
upon the bake-on process. Given the same degradation behavior of the two emulsions as
well as the results regarding the thermal stability of the contained components, an impact
on the bake-on process and the resulting silicone layer is implausible. However, the slower
removal at lower temperatures implies control of the bake-on conditions to ensure the

complete removal of the ingredients.
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Figure 111-8: 'H-NMR spectra of Undeceth-5 reference (1), non-siliconized cartridge extract (2), bake-on
siliconized cartridge extract at 315 °C for 15min (3), and siliconized cartridge extract dried at 105 °C for
2 h (4) [B] and superimposed spectra of (1, 3) and (4) [A].

3.3 Characterization of Baked-on Silicone Layers

In the next step, the silicone coatings from Liveo™ 365 and Liveo™ 366 were baked-on

at 315 °C, 15 min and were characterized by 3-D-LSM and contact angle measurements.
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3.3.1  Silicone Layer Morphology

3D-LSM has been recently established as a tool for the characterization of the silicone oil
distribution and its quality in terms of thickness and morphology [16,65]. Measurements
were taken from outside the barrel as a quick and nondestructive method to evaluate the
silicone distribution along the whole length of the barrel. For both emulsions, an evenly
spread film was observed with a few circular spots of accumulations. Samples dried at only

105 °C showed a discontinuous surface (Supplementary data, Figure S 111-3).

Surface roughness influences the adsorption behavior of proteins [66,67]. Analysis of the
inside of the cartridges after breaking demonstrated that the surface roughness of the
silicone layer formed was independent of the silicone emulsion used (Figure 111-9). The
mean Sa values were the same with 0.022 + 0.004 pm for Liveo™ 365 and
0.021 + 0.004 um for Liveo™ 366. Given the mean Sa of the non-siliconized glass barrels
as 0.012 = 0.002 um, the mean surface height (Sa) of around 10 nm was comparable with
the standard deviation for measurements of the layer thickness of approximately 9 nm to
15 nm [16].
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Figure 111-9: Surface roughness Sa [A] and Sz [B] of silicone oil layers baked-on to 1mL long glass

cartridges using Liveo™ 365 and 366. Sa: mean height; Sz: maximum height.

For Liveo™ 365 and Liveo™ 366, the average maximum height difference (Sz) was not
significantly different and was 0.372 + 0.054 um and 0.426 + 0.057 um, respectively. The

overall appearance of the silicone layer when looking from the inside reflected the
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visualization from the outside (Figure I111-10). Although most of the silicone oil was

distributed evenly, some areas showed irregularities.

& -

1000pm

Figure 111-10: 3D-LSM images of the silicone oil layer baked-on 1mL long glass cartridges using
Liveo™ 365 [A] and Liveo™ 366 [B].

3.3.2  SFE of the Silicone Oil Layer

Contact angles for water, diiodomethane, and ethylene glycol were determined for
cartridges and microscope slides siliconized with Liveo™ 365 and Liveo™ 366 by a Drop
Shape Analyzer (Supplementary data, Figure S I11-4). The SFE was determined following
the method of Owens-Wendt-Rabel-Kaelble [34] divided into the polar and the dispersive
component. The contact angles of the different liquids were independent of the silicone oil
emulsion used (Table 111-2). The SFE was approximately 19.8 mN/m for both emulsions
and both substrates. The results demonstrate the desired hydrophobization effect

independent of the emulsion used [17,68].

H20 Ethylene Glycol Diiodomethane  ys ¥p yd
[°] [°] [°] [MN/m] [mMN/m] [mN/m]
365 MS 1085+2.2 88.1+1.7 751116 19.9 0.3 19.6
366 MS 107.8+1.8 85.4+42 76.3+2.0 19.9 0.4 19.4
365C 107.3+0.7 89.2+25 75.0+1.7 19.7 0.4 19.3
366 C 106.6 £0.5 88.1+0.7 752112 19.7 0.5 19.2

Table 111-2: Contact angles of water, ethylene glycol, and diiodomethane on siliconized samples as well as
corresponding surface free energy. ys = Surface tension of the solid, y, = Polar component; y4 = Dispersive
component; MS = Microscopic Slide; C = Cartridge. Samples were siliconized with Liveo™ 365 or 366.
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3.4  Short-Term Stability

Subvisible particle (SvP) formation originating from silicone oil detachment and device
functionality with respect to BLGF were analyzed.

3.4.1  Subvisible Particle Formation in Siliconized Cartridges

In order to compare the performance upon exchange of Liveo™ 365 against Liveo™ 366,
siliconized cartridges were filled with placebo and stored at 40 °C for up to 12 weeks. The
SvP numbers of expelled cartridges filled with WFI and 20 mM His-Buffer containing
0.04 % PS80 were analyzed with flow imaging (FI) and light obscuration (LO) as an
indication of silicone oil detachment. The samples were generated through extrusion of the
cartridges at controlled speed. The expelling of a solution through a siliconized container
induces higher particle count in comparison with simply pouring it out, and the count is
affected by the extrusion speed [5,6,69]. Migrated silicone oil particles originating from the
siliconized primary container can potentially trigger the formation of protein aggregates by
adsorption and change of conformation [8,12]. Furthermore, a high and rising number of
silicone oil particles can indicate a decreasing performance for the PFS product over its
shelf life [5].
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Figure 111-11: Particle concentration > Imm/mL of expelled cartridges siliconized with Liveo™ 365 or 366
and filled with water for injection (WFI) or 20 mM histidine buffer containing 0.04 % PS80 (His) after storage
at 40 °C measured with flow imaging [FI] and light obscuration [LO].

For both samples, the number of particles > 1 pum per milliliter was low with numbers
ranging from 3000 to 6000 particles/mL in FI and 1500 to 5000 particles/mL in LO
(Figure 111-11). The numbers of particles > 10 um and > 25 um, which are relevant from

compendial perspective of actual products on the market (Table 111-3), were exceptionally

40



Replacing the Emulsion for Bake-on Siliconization of Containers

low as well [5,70,71]. Turbidity measurements supported the results by low values of

< 1 FNU for all time points (data not shown).

The samples originating from different emulsions did not show a difference at TO regarding
particles > 1 um per milliliter. Furthermore, the silicone layer formed by both emulsions
appeared to be stable, displayed by steady particle count numbers over the storage time for
12 weeks. Images of the particles in the FI analysis derived from both silicone layers were
considered silicone oil-like and did not differ in image morphology parameters like aspect
ratio, circularity, or sigma intensity (data not shown).

Emulsion Type Fill Medium Particle Size TO 2Ww. 6 w. 12 w.
WEI > 10 pm/mL 5+1 1038 10+8 8+6

>25 pm/mL 1+1 00 <lx<l 0+0

3 His > 10 pm/mL 171 24+3 13+7 14+7

>25 pm/mL 2+1 2+1 1+1 1+1

> 10 um/mL 5+6 5+1 10+13 21+3

WH >25 pm/mL 2%4 <1+<1 <1+<1 <1+<1

300 ) > 10 pm/mL 29+ 14 17 +5 31+10 35+5

s >25 pm/mL 8+6 2+4 3+1 5+1

Table 111-3: SvP Concentration (Mean) > 10 pm and > 25 um/mL by light obscuration of expelled cartridges
after storage at 40 °C for 12 Weeks. Siliconized with Liveo™ 365 or 366 and filled with Water for
Injection (WFI) or 20 mM Histidine Buffer Containing 0.04 % PS80 (His).

3.4.2  Functionality of Siliconized Cartridges

In addition to SvP formation, functionality of the previously mentioned samples was
assessed over the same storage time and at the same time points. One part of the usability
of a drug/device combination product is that they consistently meet their acceptance criteria
for functionality over their shelf life. Patients and HCPs rely on a smooth and easy injection,
and the use of autoinjectors limits the forces that can be applied. Typical target forces are
well below 25 N [5].

For both emulsions, the BLGFs were well below critical limits. The mean break-loose force
at TO was approximately 3 N. This increased over time to 4.5 N for both emulsions, which
can be related to a gradual dewetting of the surface by the pressure of the plunger being
pressed to the glass [72]. The gliding force stayed between 1.5 and 2 N (Figure 111-12). The
forces required were similar with regards to the mean values and progression for both

surrogate solutions independent of the emulsion used.
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Figure I11-12: Impact of storage at 40 °C on break-loose [BL] and gliding forces [G] of bake-on siliconized
cartridges with Liveo™ 365 and 366 and filled with water for injection (WFI) or 20mM histidine buffer
containing 0.04 % PS80 (His).

The constant gliding forces imply an evenly distributed silicone oil film for both emulsions
along the whole length of the barrel [42,73,74]. It can be assumed that irregularities
regarding the functionality are more likely to appear through changes in the spray
parameters like air pressure, spray amount, or kinetics of the nozzle movement rather than

the choice of the emulsion [42].
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4 Conclusion

The bake-on siliconization process is established in the pharmaceutical industry to achieve
functionality of ready-to-use devices. It is vital for a drug/device combination product to
be safe and for the drug product not to interact with the primary packaging material. One
of the surfactants used in Liveo™ 365, Triton X-100, has been replaced with Undeceth-5,
because it has been indexed on the REACh Authorisation List. Beside the surfactant, the
preservatives methyl- and propylparaben were substituted with phenoxyethanol. In this
study, we wanted to find out whether there are differences between the two emulsions,
Liveo™ 365 and Liveo™ 366, that could influence the quality and safety of the final
product. We compared physical stability, thermal degradation behavior of the emulsions,
as well as their ingredients, the silicone layer formed upon the bake-on process, and product

performance of cartridges siliconized with both emulsions.

The stability of the diluted emulsions used for siliconization was not influenced by the
change in formulation for the concentrates Liveo™ 365 and Liveo™ 366. The diluted
emulsions showed the same silicone droplet size and equivalently high stability. Droplet
size was not affected by storage at 60 °C nor freeze-thaw cycles. Creaming occurred over
20 days at room temperature, but slight shaking was sufficient for easy rehomogenization.
Thermal degradation demonstrated that Undeceth-5, the surfactant newly added in
Liveo™ 366 to replace Triton X-100, is completely removed by the bake-on process.
Undeceth-5 showed a faster thermal degradation than the previously used surfactants.
Phenoxyethanol evaporated at even lower temperature than the temperatures at which the
substituted parabens evaporated and decomposed. Surface morphology and roughness as
well as SFE of the baked-on silicone layer were identical for Liveo™ 365 and Liveo™ 366.
This reflects the fact that all components but the silicone oil itself are removed upon heat
treatment [19,20].

Finally, a short-term stability study of siliconized cartridges filled with WFI and
polysorbate containing histidine buffer underlined that Liveo™ 365 and Liveo™ 366 do
not differ in performance. SvP formation was exceptionally low and not affected upon
storage at elevated temperatures for both emulsions. Additionally, the BLGF values were
remarkably low and consistent for cartridges siliconized using the two different emulsions
over the 12 weeks storage at 40 °C. The comparability in functionality corresponds to the
overall identical characteristics of the silicon oil film [42]. In summary, we conclude that
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the change from Liveo™ 365 to Liveo™ 366 for the bake-on siliconization process of
primary containers is not critical with respect to handling of the sprayed-on diluted
emulsions, the bake-on process parameters, as well as the performance of the baked-on

silicone coating.
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Supplementary Data
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Figure S 111-1: Silicone oil quantification of silicone oil in heptane by FTIR. Concentration dependent infrared
absorbance spectra of silicone oil in heptane solutions (0.5 — 16.6 mg/mL) [A] and silicone oil concentration
calibration curve (R?=0.992 —0.999) [B].
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Figure S 111-2: Thermal degradation of Undeceth-5, Triton X-100, and PS20 at 285 °C [A] and 300 °C [B] in
air.

Figure S 111-3: 3D-LSM image of the silicone oil layer dried onto glass cartridge at 105 °C for 2 h using
1.75 % Liveo™ 366.
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Ethylene Glycol Diidomethane
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Figure S 111-4: Exemplary contact angles of water, ethylene glycol, and diiodomethane on microscopic glass
slides bake-on siliconized with 1.75 % Liveo™ 365 and 366.
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Abbreviations

BLGF

DC 365

DC 366
DLS

FI

HCP

HPW
Liveo™ 365
Liveo™ 366
LO

PDI

PDMS

PFS

POE

REAChH

SFE
Sa
SvP
Sz
TGA

WFI

Break-Loose Gliding Force

Dow Corning 365 35 % Dimethicone NF Emulsion
Dow Corning 365 35 % Dimethicone NF Emulsion
Dynamic Light Scattering

Flow Imaging

Health Care Provider

Highly Purified Water

Liveo™ 365 35 % Dimethicone NF Emulsion
Liveo™ 366 35 % Dimethicone NF Emulsion
Light Obscuration

Polydispersity Index

Polydimethylsiloxane

Pre-filled Syringe

Polyoxyethylene

Regulation concerning the Registration, Evaluation, Authorisation and

Restriction of Chemicals
Surface Free Energy

Surface Arithmetic Mean Height
Subvisible Particle

Surface Maximum Height
Thermogravimetric Analysis

Water for Injection
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Abstract

Many pharmaceutical manufacturing units utilize pre-sterilized ready-to fill primary
containers for parenterals. The containers may have been sterilized by the supplier via
autoclavation. This process can change the physicochemical properties of the material and
the subsequent product stability. We studied the impact of autoclavation on baked on
siliconized containers for biopharmaceuticals. We characterized the container layers of
different thickness before and after autoclavation for 15 min at 121 °C and 130 °C.
Furthermore, we analyzed the adsorption of a mADb to the silicone layer and subjected filled
containers to 12 weeks storage at 40 °C monitoring functionality and subvisible particle
formation of the product. Autoclavation turned the initially homogenous silicone coating
into an incoherent surface with uneven microstructure, changed surface roughness and
energy, and increased protein adsorption. The effect was more pronounced at higher
sterilization temperatures. We did not observe an effect of autoclavation on stability. Our
results did not indicate any concerns for autoclavation at 121 °C for safety and stability of

drug/device combination products using baked-on siliconized containers.

Keywords

Primary Packaging — Biopharmaceuticals — Sterilization — Bake-on Siliconization —

Drug/Device Combination Product — Silicone Layer Characterization — Autoclavation
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1 Introduction

It is common practice in pharmaceutical industry to use the primary packaging material for
parenterals ready-to-fill [1]. The containers come already sterilized from the supplier in
nests/tubs or in trays that are compatible with the fill and finish line of the pharmaceutical
manufacturer. In general, the assignment of process development related tasks to the
supplier of primary packaging material reduces the validation effort for the pharmaceutical
manufacturer. The use of nest formats hereby increase flexibility regarding the fill and
finish manufacturing as the refitting for different products is not necessarily needed or more
easily achieved. Typically, the packaging supplier sterilizes the containers in the sealed
tubs or trays at the end of the production cycle after washing, optional siliconization,

depyrogenation, and nesting/traying [1,2].

The most common methods for sterilization of glass containers are steam and ethylene
oxide treatment (EtO). In contrast, radiation is widely used for containers made out of a
polymer like cyclic olefin polymer or cyclic olefin copolymer [1-4]. The sterilization
methods have their advantages and drawbacks. The use of EtO requires higher safety
measures for personnel and environment [5]. Additionally, EtO residues can remain in the
packaging material, which may form adducts with therapeutic proteins [6-8]. Radiation can
lead to discoloration of glass [9,10] and, radicals persisting after sterilization can lead to
protein oxidation, aggregation, and particle formation [4]. Autoclavation of glass
containers does not come with these risks for biopharmaceuticals [4,8], but the impact of
steam sterilization on the silicone layer of ready-to-fill siliconized packaging material has
not been published in detail yet.

In the following work we report on the impact of autoclavation on baked-on silicone layers
in glass cartridges for the first time. Baked-on siliconized primary packaging containers are
a valuable alternative to the standard sprayed-on containers for biopharmaceuticals
providing several advantages. Utilizing the bake-on process, the silicone oil amount
required for plunger movement is significantly reduced [11-13]. Due to the reduced amount
of silicone oil needed as well as the heat fixation to the glass surface migration of silicone
oil microdroplets into the aqueous product is diminished [1,12-15]. Hence, the risk of a
functionality failure due to a lack of lubricant is mitigated. In addition, the risk of critical

interactions between free silicone microdroplets and protein drugs is reduced. Furthermore,
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products with stricter acceptance criteria regarding particulate matter like ocular products

will less likely be out of specifications [16-21].

Silicone oil on the container surface forms a highly viscous layer that could be altered by
autoclavation [13]. Heat, steam, and pressure may result in a redistribution or even removal
of the silicone layer. This may lead to an inacceptable increase of the break-loose gliding
forces (BLGF) [11]. Additionally, a change in surface roughness and hydrophobicity may
affect the interaction of the protein drug with the silicone surface and could cause enhanced
silicone and protein particle formation during storage. Surface roughness and
hydrophobicity are known to influence protein adsorption behavior [22,23]. As adsorption
often comes with a conformational change and aggregation of the protein a reduced protein
stability could result [24-26].

The purpose of this study was to assess the impact of autoclavation on the quality of
baked-on siliconized container systems for biopharmaceuticals. Next to baked-on
siliconized cartridges from a supplier (SC) we assessed packaging material siliconized in
house (IHC) enabling us to vary silicone levels and sterilization process parameters. We
characterized the silicone layer after the autoclavation process and conducted a short-term
stability study comparing non-autoclaved and autoclaved material. The silicone layer
morphology was evaluated utilizing 3D-laser scanning (3D-LSM) as well as Raman
microscopy. Additionally, the silicone distribution and amount per barrel were monitored
with combined white light and laser interferometry and Fourier-transform infrared
spectroscopy (FTIR). Siliconized microscopic slides served as model to investigate the
impact of autoclavation on the surface energy. Furthermore, the adsorption behavior of a
monoclonal antibody (mAb) towards the different container surfaces was investigated. For
the stability study, container systems from the supplier were filled with surrogate solutions,
stored at elevated temperatures for 12 weeks at 40 °C, and compared in terms of particle

formation and functionality.

We could show that autoclavation induced obvious changes in the appearance of baked-on
silicone layers, but no severe differences were observed in the stability study. In the
following, we describe the extent of the change and clarify the consequences for baked-on

siliconized container systems used for biopharmaceuticals.
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2 Materials and Methods

2.1  Materials

Liveo™ 366 35 % Dimethicone NF Emulsion (Liveo™ 366) for siliconization was
obtained by Dow Corning Inc. (Midland, MI, USA). Dilutions of this emulsion were
prepared with highly purified water (HPW). 1 mL long non-siliconized and baked-on
siliconized cartridges either autoclaved or non-autoclaved were provided by Nuova Ompi
S.r.l. (Piombino Dese, Italy) as technical batches from the same production line. 1 mL long
West Novapure® syringe plungers (West Pharmaceutical Services, Exton, PA, USA) were
inserted for the stability study and functionality tests. Additional chemicals used were
L-histidine monohydrochloride, L-histidine, sucrose, sodium dodecyl sulfate (SDS),
polysorbate 80 (PS80) all from Sigma-Aldrich, Taufkirchen, Germany, ethylene glycol
from Grissing, Filsum, Germany, diiodomethane and NaHPO4 from VWR, Darmstadt,
Germany and NaH:PO4 and NaCl from Merck, Darmstadt, Germany. A monoclonal

antibody (1gG, pl=8.3) was kindly provided by Novartis AG, Basel, Switzerland.

2.2  Silicone Layer Characterization
Siliconization Process

For the in-house bake-on siliconization process of glass cartridges 4, 8, 10 or 16 mg
emulsion (1.75 % (w/w)) was sprayed onto the inner surface of non-siliconized containers
with a Siliconization Stand SVS9061 (Bausch+Strdbel, IIshofen, Germany) equipped with
a diving nozzle. The following bake-on process was performed in an APT.line FED 115
Binder at 315 °C for 15 min. For contact angle measurements silicone emulsion was
sprayed onto the surface of microscopic slides (SuperFrost™, Fisher Scientific, Schwerte,
Germany) and afterwards baked-on at 315 °C for 15 min. Prior to siliconization the
microscopic slides were washed with soap, highly purified water (HPW) and acetone to
remove impurities from the glass surface. Autoclavation was performed at 121 °C for
15 min (Standard) as well as at a 130 °C (130 - 135 °C/High Temp.) for 15 min using a
Varioklav 65T (H+P Labortechnik, OberschleiBheim, Germany).

Combined White Light and Laser Interferometry (WLI)

Silicone oil distribution was assessed with combined white light and laser
interferometry (WLI) using the RapID Layer Explorer UT (rap.ID Particle Systems, Berlin,

Germany) in UT Mode (limit of detection: 20 nm). Silicone layer thickness was determined
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at least along 8 lines of 40 mm length with a resolution of 0.4 mm/step. The baseline was
recorded prior to measurements with a non-siliconized cartridge from the same batch.
Datapoints below LOD or without signal detectable (n.d.) were counted as 20 nm for data
evaluation. Based on the average silicone oil layer thicknesses, the container interior
surface (1077 mm?) and the silicone oil density (0.972 g/cm?®) [27] a silicone oil amount

per cartridge was calculated. (n = 3)
Fourier Transform Infrared Spectroscopy (FTIR)

The amount of silicone oil per barrel was determined via Fourier Transform Infrared
Spectroscopy (FTIR) with a Bruker FTIR Tensor 27 (Bruker, Billerica, MA, USA) after
solvent extraction with n-heptane. Extraction was carried out 3 times with 1.6 mL n-heptane
per capped cartridge. The solvent extracts were pooled, and the solvent was evaporated
using a Flowtherm Evaporator (Barkey GmbH & Co.KG, Leopoldshthe, Germany) at
100 °C and nitrogen flow of 100 mL/min. The dried extract was redissolved in
500 ul n-heptane and filled into a 250 um path length transmission liquid cell. 100 scans
with a resolution of 4 cm™ were performed between 3000 and 900 cm™. After baseline
correction the area under the curve (AUC) of the absorption spectrum of the symmetrical
Si-CHj3 deformation vibration at 1261 cm™ was determined with Brukers OPUS software
(Version 7.5.18). For the calibration silicone oil solutions with ranging concentration from
0.05 mg/mL to 3.33 mg/mL were assessed (R?=0.9999). (n = 3)

3D-Laser Scanning Microscopy (3D-LSM)

The silicone layer was examined with a Keyence VK-X250 3D-Laser Scanning Microscope
(Keyence, Mechelen, Belgium). Images were taken with 10x magnification from outside
the barrel or with 100x magnification for surface roughness measurements of the silicone
layer from the glass inside after breakage of the glass. Images from outside were stitched
together with the VK Image Stitching software. Surface roughness was determined with
the MultiFileAnalyzer software as recently reported [28] at 9 spots evenly distributed over
the container for the in-house cartridges (IHC) and 3 spots for the supplier’s
cartridges (SC). (n = 3)
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Confocal Raman Imaging

The silicone layer of baked-on siliconized cartridges from the supplier were examined with
a Raman microscope alpha300 R (WITec, Ulm, Germany). A depth scan (x,z) of
45 um (length) x 10 um (depth) was performed using a 50x objective. The laser was set to
35 ms beam time at 532 nm and 20 mW resulting in a resolution of 30 x 135 pts. The
resulting scan was further evaluated by clustering the 2D-image into areas with similar
spectra using the Project Five software (WITec, Ulm, Germany). The spectra obtained were
further compared to the KnowlItAll Raman Spectral Database Collection (John Wiley &
Sons, NJ, USA).

Drop-Shape Analyzer

Surface energy of siliconized microscopic slides was determined with a Drop Shape
Analyzer (Kruss, Hamburg, Germany). 2 pl of HPW, ethylene glycol and diiodomethane
were pipetted onto the surface and contact angles were determined 20 s after deposition in
ellipse mode (tangent-1) using the Kriiss Advance 1.1.02 software. Following the method
of Owens-Wendt-Rabel-Kaelble the surface free energy (SFE) was determined
(R?=0.92 - 0.93). Prior to contact angle measurements images of the microscopic slides
were taken with a Keyence BZ-8100E microscope (Keyence, Mechelen, Belgium) at 10x

magnification. (n = 3)
Texture Analyzer

Container functionality (BLGF) of empty cartridges was assessed with a Texture Analyzer
TA.XT Plus (Stable Micro Systems, Surrey, UK) at a speed of 3.17 mm/s. Break-loose
force (BLF) was considered the maximum of the force required in the distance between 0
and 2 mm. Gliding force (GF) was defined as the average force required from 2 to 33.5 mm.
Cartridges were measured empty and uncapped in order to access the actual friction force

of the plunger without the influence of a fill medium. (n = 5)
2.3  mAb Adsorption

Adsorption studies followed a method developed by Saller et al. [23]. Cartridges siliconized
with a spray amount of 10 mg were incubated with a 2 mg/mL mADb in 20 mM His-buffer
pH 5.4 solution for 24 h without surfactant as well as including 0.04 % (w/v) PS80. After
3 washing steps with the same buffer the protein adsorbed to the surface was desorbed for
24 h using a 10 mM phosphate buffer pH 7.4 with 145 mM NaCl and containing
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0.05 % (w/w) SDS. The protein concentration in the desorption medium was determined
by HP-SEC using a TSKgel G3000 SWXL column (Tosoh Bioscience, Griesheim,
Deutschland) at a flowrate of 0.7 mL/min with detection via UV at 210 nm. 400 pl sample
were injected on the column. The mobile phase was identical to the desorption buffer.
(n>3)

2.4 Short-Term Stability Study
Sample Preparation

Supplier’s cartridges both autoclaved and non-autoclaved were filled with 0.95 mL of water
for injection (WFI) or 20 mM histidine-buffer pH 5.5, 240 mM sucrose, and 0.04 % (w/v)
polysorbate 80 (His-Buffer). After plunger insertion the cartridges were stored at 40 °C for
12 weeks.

Container Functionality

The functionality was evaluated with piercing needles (Cambridge Consultant, Cambridge,
UK) connected through a male luer integral lock ring to %-28 UNF thread adapter (Cole
Parmer GmbH, Wertheim, Germany) to a BD Microlance 3 27G x 1/2 " (0.4 x 13 mm)

cannula (see 4.3.2 Texture Analyzer). (n =5)
Particle Analysis

For subvisible particle (SvP) count and turbidity additional samples were expelled at
3.17 mm/s into a 2 mL pre-washed Eppendorf tube only using the piercing needle prerinsed
and cleaned with n-heptane. Particle count was monitored by flow imaging (FI) with a
FlowCam 8100 (Fluid Imaging Technologies, Scarborough, ME, USA) and light
obscuration (LO) using a PAMAS SVSS system (Partikel- und Analysensysteme,
Rutesheim, Germany) as describe before [28]. Prior to particle measurements the turbidity
of the samples was monitored at a wavelength of 860 nm following DIN EN 27027 with a
Nephla LPG239 turbidimeter (Hach Lange, Disseldorf, Germany). (n = 3)

62



Impact of Autoclavation on Baked-on Siliconized Containers for Biologics

3 Results

The baked-on silicone layers of the IHC and the SC samples were assessed in terms of
silicone layer thickness, silicone oil amount, and morphology of the surface to investigate
the impact of autoclavation on the quality of the primary container systems. For the IHC

samples additional friction force measurements were performed.

3.1  Silicone Layer Thickness
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Figure IV-1: Silicone oil (SO) layer thickness of siliconized IHCs and SCs non-autoclaved (NAC) and after
autoclavation (AC) at 121 °C 15 min (Standard) or 130 °C 15 min (High Temp.).

The silicone layer thickness was determined with combined white light and laser
interferometry (WLI). IHC samples did not show consistent results after autoclavation
(Figure IV-1). With increasing spray amount? the average silicone layer thickness of the
non-autoclaved samples increased steadily from 90 + 14 nm for the 4 mg spray amount to
108 = 16 nm and 126 + 13 nm for the 8 mg respectively 16 mg spray amount. A clear trend
towards lower silicone layer thickness was not observable after autoclavation with the
thickness ranging roughly between 60 nm and 100 nm. Only for the samples with the high
spray amount of 16 mg and autoclaved at the high temperature of 130 °C the layer thickness
obviously decreased to 80 £ 12 nm. In comparison, the 4 mg and 8 mg IHC samples did
not decrease in the average values, but we observed higher variances after autoclavation at

the high temperature. SC samples showed silicone a layer thickness in the same range, but

aAmount of 1.75 % (w/w) SO emulsion sprayed on to glass barrel (see 2.2.1.)
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a lower layer thickness was detected for the autoclaved samples of 65 + 5 nm compared to

non-autoclaved samples with 100 £ 7 nm.
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Figure 1V-2: Silicone oil (SO) layer thickness data of siliconized IHCs and SCs non-autoclaved (NAC) and
after autoclavation (AC) at 121 °C, 15 min or 130 °C 15 min (High Temp.) displayed by boxplots (2.5 —
97.5 percentile) [A] and percentage of data points below and above LOD (20 nm) [B].

We noticed a higher variability for the high temperature samples (Figure V-2, A). For the
lower spray amounts the samples autoclaved at 130 °C showed distinct changes in the
median from 63 to 40 nm (4 mg) and from 53 to 23 nm (8 mg). Additionally, the 1st quartile
was equal or below LOD (20 nm) for all spray amounts at this high temperature. For the
highest spray amount of 16 mg the layer thickness median decreased at the standard process

of 121 °C, 15 min from 84 to 53 nm and even more to 36 nm for the high temperature
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samples. Autoclavation conditions induced a shift of the box towards smaller values
respectively lower 1st quartiles for this spray amount. A clear trend for the median or data
distribution displayed by the box plots could not be observed for the other IHC samples,
which showed silicone layer median values ranging from 53 nm to 84 nm. Noticeably, the
number of datapoints below LOD increased distinctly upon autoclavation, dependent on
the process parameters (Figure 1V-2, B). For non-autoclaved samples, between 1 % and

3 % were below LOD compared to 4 % to 11 % after autoclavation at 121 °C.
3.2  Silicone Oil Amount per Cartridge

The silicone oil amount per cartridge was calculated based on the results of the layer
thickness measurements. In addition, for the IHC samples the values were verified by FTIR
measurements. In general, the results obtained by FTIR confirmed the WLI results
(Figure 1V-3).
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Figure IV-3: Silicone Oil (SO) amount per barrel of siliconized IHCs and SCs non-autoclaved (NAC) and
after autoclavation (AC) at 121 °C 15 min (Standard) or 130 °C 15 min (High Temp.) according to WLI and

FTIR as well as based on silicone oil emulsion sprayed-on the barrel (Sprayed-on).

Both methods showed no distinct decrease of the silicone oil amount upon autoclavation.
According to WLI the silicone amount per barrel for non-autoclaved samples increased
with higher spray amounts from 94 + 14 ug for the 4 mg spray amount to 113 + 16 pg and
132 £ 13 pg for the 8 mg and 16 mg spray amount. FTIR measurements showed values in
the same range with 81 + 7 ug, 104 = 8 ug, and 124 + 8 g per barrel. These silicone oil
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levels were in line with the sprayed-on amounts of silicone oil emulsions monitored with a

microbalance during siliconization.

A slightly a greater loss of silicone oil resulted for the highest spray amount for which,
based on weighing, a silicone oil amount of 166 + 42 ug was expected. After standard
autoclavation at 121 °C for 15 min, the silicone oil amount per cartridge did not change
systematically. Only for the higher autoclavation temperature of 130 °C FTIR analysis
showed a tendency towards slightly lower average silicone oil amounts of 66 = 9 ug,
82 £ 9 g, and 102 £ 13 pg according to the different spray amounts. The results obtained
by WLI did not clearly differ but with values of 96 + 47 g and 62 + 50 g at the 4 mg and
8 mg spray amount a substantial increase in the variance was observable. Silicone oil level
for the 16 mg spray amount matched the FTIR results with 84 + 12 pg per barrel. Based on
silicone oil layer thickness measurements the silicone amount of the non-autoclaved SC
samples was in the range of the 8 mg IHC samples with 100 + 7 pg per barrel and less

silicone oil after autoclavation with 65 £ 5 ug.
3.3  Silicone Oil Layer Characterization

3.3.1  Silicone Oil Layer Morphology
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Figure IV-4: 3D-LSM images of IHC (Spray Amount: 4 mg), non-autoclaved and autoclaved, from outside.

The morphology of the silicone layer before and after autoclavation was evaluated by 3D-
LSM without breakage from outside the barrel. Non-autoclaved cartridges showed a
smooth, coherent silicone oil layer on the glass surface (Figure IV-4/Figure I\V-5/
Supplementary Data - Figure S 1V-1). After autoclavation islands like silicone
accumulations could be detected along the complete length of the container. The change in
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structure occurred regardless of the spray amount and the autoclavation process parameters.
The higher autoclavation temperatures resulted in fewer but larger spots with sizes up to
100 pm.

Non-Autoclaved Autoclaved
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Figure 1V-5: 3D-LSM images of SC, non-autoclaved and autoclaved, from outside.

3.3.2  Silicone Oil Layer Analysis

The chemical composition of the silicone oil layer of SC samples was evaluated by Raman
microscopy as silicone oil and glass can be distinguished well by their Raman spectra. The
arrow in Figure 1V-6 A represents the scanned area of the silicone surface. The depth scan
was clustered in 5 subareas of similar spectra which showed an uneven distribution of
silicone oil on the surface (Figure 1V-6, B). At the bottom, the large area (area 5) was
attributed to the glass material of the primary container since the spectra showed high
similarity to aluminum silicate based on the KnowlItAll spectral library. For area 3 and 4
the intensity for signals between 2800 and 3000 cm significantly increased which can be
attributed to the stretching vibration bands of the C-H groups of silicone oil [29].
Additionally, the typical fingerprint of silicone oil between 490 and 1000 cm™ induced by
Si-O-Si and Si-CHjs stretching vibrations [29] was observable (Figure 1V-6, C). A high
similarity with a polydimethylsiloxane reference spectrum of the KnowltAll spectral
library was detected. Area 1 and 2 showed spectra resembling the glass spectra without the
Si-O-Si and Si-CHs stretching vibrations and lower signal intensities between 2800 and
3000 cm™™. The results indicate an uneven distribution of silicone oil on the glass surface
with higher silicone oil levels at the beginning of the scan displayed as hill like structure in
the 2D optical image.
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Figure IV-6: Image of SC silicone surface scanned with Raman microscope [A] and corresponding clustered

2D heat map [B] and Raman signals of the depth scan [C].
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3.3.3  Surface Roughness

The silicone layer was furthermore examined with 3D-laser scanning microscopy after
breakage of the container to obtain surface roughness data. The general appearance of the
silicone layer was in line with the images from the outside of the container (Figure IV-7).
The autoclavation process led to an increased roughness of the silicone oil layer. Non-
autoclaved containers (IHC) showed initial Sa medians between 0.017 um and 0.022 pm
independent of the spray amount but higher Sz values results with higher spray amounts
(Sz medians of 1.08 pm and 1.36 pm for the 8 mg and 16 mg resp. compared to 0.34 um
for the 4 mg spray amount). With autoclavation the roughness increased as indicated by the
median values and the interquartile ranges (IQR) of the roughness parameters. The effect
was more pronounced with higher autoclavation temperature. Also, for the SC containers
the roughness increased with autoclavation, from median Sa 0.018 um (IQR: 0.02 um) to
0.128 um (IQR: 0.09 pum) and median Sz 0.39 um (IQR: 0.6 um) to 1.5 um (IQR: 0.7 um).
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Figure 1V-7: Surface arithmetic mean height (Sa) [A] and surface maximum height (Sz) [B] of siliconized
IHCs and SCs non-autoclaved (NAC) and after autoclavation (AC) at 121 °C 15 min (Standard) or 130 °C
15 min (High Temp.). Box-whisker plots are displayed following Tukey.

3.34 Frictional Force

Additionally, impact of the silicone oil layer treatment on the performance of IHC samples
was analyzed. The force required to push a plunger through an empty, uncapped container
was measured which is predominantly dependent on the friction coefficient of the rubber
plunger on the surface [30,31]. The BLF of empty cartridges ranged between 3.2 N and
4.3 N on average independent of the spray amount and was unchanged upon autoclavation
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(Figure 1V-8, A). In contrast the GF was increased for all spray amounts after standard
autoclavation (Figure 1V-8, B) from approximately 0.6 to 0.8 N before to 1.6 + 0.1 N,
1.2+ 0.2Nand 1.8 + 0.2 N for 4 mg, 8 mg and 16 mg spray amount. Higher autoclavation
temperatures did not enhance the effect, instead the values were less increased.
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Figure 1V-8: Break-Loose [A] and Gliding [B] forces of empty IHCs non-autoclaved (NAC) and after
autoclavation at 121 °C 15 min (Standard) or 130 °C 15 min (High Temp.).

3.4  Further Characteristics of the Silicone Layer

Additionally, we analyzed the SFE of the silicone oil layer surfaces were determined before
and after autoclavation via contact angle (CA) measurements. The silicone oil was baked-
on to flat microscopic slides for analysis. After autoclavation it showed a microstructure
with spots indicating silicone oil accumulation similar to the one observed with the
cartridges (Figure V-9 —1). The CA for water decreased from 110.2 £ 0.7° to 102.8 + 3.3°
and 66.7 + 36.9° resp. upon autoclavation at 121 °C and 130 °C (Figure V-9 — |1, A). For
ethylene glycol the CA values also decreased from 87.9 £+ 2.0° bevor to 84.8 £ 5.7° and
63.8 + 26.4° respectively after autoclavation, whereas the CA of diiodomethane was
consistent between 72° and 77°. The data showed a higher variability after autoclavation
especially after 130 °C treatment for the more polar solvents. The SFE values obtained by
Owens-Wendt-Rabel-Kaelble (OWRK) analysis based on the CA data (R?>=0.92 and 0.93)
[32] demonstrated an increase in the polar component for the autoclaved surfaces
(Figure IV-9-11, B).

3.5  Adsorption to the Silicone Oil Layer

Surface characteristics like surface roughness and SFE are known to influence protein
interactions with solid surfaces [33]. Therefore, protein adsorption to the inner container
surface was quantified for a mAb. A protein concentration of 2 mg/mL was used for the

incubation as it showed a saturation of the surface (Supplementary Data, Figure S 1V-2)
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Figure 1V-9: Optical images of baked-on silicone oil layers on microscopic slides before (NAC) and after
autoclavation at 121 °C, 15 min (Standard) and 130 °C, 15 min (High Temp.) [I] as well as CAs of different
liquids on the slides (floating bars display min to max values with the line at mean) [1I, A] and corresponding
SFE [II, B].
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Figure 1VV-10: MAD adsorption at 2 mg/mL onto baked-on silicone oil layers before and after autoclavation
at 121 °C, 15 min (Standard) or 130 °C, 15 min (High Temp.). Whiskers represent Min to Max, median and

mean displayed by line and “+”.

in line with previous results [23,33,34]. The amount of mAb adsorbed was higher for
autoclaved containers with 1.5 + 0.4 mg/m? (121 °C, 15 min) and 1.7 + 0.2 mg/m? (130 °C,
15 min) compared to 1.0 + 0.3 mg/m? before autoclavation (Figure 1V-10). The addition of
0.04 % (w/v) PS80 to the initial solution massively reduced adsorption to 0.2 + 0.1 mg/m?.

3.6  Short-Term Stability Testing of Filled Cartridges

The stability of cartridges, pre-siliconized by the supplier and filled with WFI and His-
Buffer, was monitored in regards of container functionality and particle formation upon

storage for 12 weeks at 40 °C.
3.6.1  Functionality

Overall, both non-autoclaved and autoclaved cartridges showed low BLGF with BLFs of
around 2 N and a GF between 1.5 N and 2 N (Figure IV-11) at TO, well suited for the

development of a drug/device combination product [21]. The BLF values increased to
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roughly 4 N upon storage independent of autoclavation for both surrogate solutions. The

GF did not change upon storage.
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Figure IV-11: Break-loose and gliding forces of siliconized SCs not autoclaved (NAC) and autoclaved (AC)
filled with WFI and 20mM His-Buffer containing 0.04 % PS80 upon storage at 40 °C.

3.6.2 Particle Formation

The number of SvPs as indicator for free silicone oil droplets in the filled solutions was
overall very low in expelled samples (Figure 12) with 1600 - 8100 > 1um per mL in Fl und
500 - 2700 particles > 1um per mL in LO without a trend with autoclavation. The number
of particles > 10 pm and > 25 um were well below the requirements for the approval of
parenteral drugs and did not show any effect of autoclavation (Supplementary Data,
Table S IV-1) [14,21,35]. Furthermore, turbidity was below 1 FNU for all samples over

storage regardless of the autoclavation post siliconization.
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Figure 1V-12: Number of SvPs > 1um/mL of siliconized SCs not autoclaved (NA) and autoclaved (A) filled
with WFI and 20mM His-Buffer containing 0.04 % PS80 upon storage at 40 °C and expelling analyzed by
Fl and LO.
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4 Discussion

Functionality and silicone oil transfer into drug product are key aspects in the development
of syringes and cartridges as primary packaging material for biopharmaceuticals. The
silicone oil on the inner surface of the barrel acts as a lubricant to reduce the friction force
between plunger and glass surface ensuring consistent and easy movement of the plunger
during administration [1,3,30,36]. A change or depletion of this lubricant layer upon
storage may lead to an increase of the BLGF to the point that the functionality is at
stake [20,21]. Furthermore, a change of the structure or the surface chemistry of the silicone
oil layer may result in a more pronounced formation of silicone oil droplets in the drug
product. Silicone oil microdroplets are known to interact with protein molecules forming
mixed aggregates which are considered critical [20,37,38]. Autoclavation is a potential step
in the manufacturing of ready-to-fill containers. In this study we aimed to thoroughly
investigate the impact autoclavation has on the silicone oil layer and its consequences for
functionality and silicone oil droplet formation in the drug product. The silicone layer
characterization protocol was extended for IHC samples due to limited availability of SC
material. For the subsequent short-term stability study (see section 4.5.2) SC samples were

filled and stored.
4.1  Silicone Layer Characterization

The silicone oil layer thickness of baked-on siliconized IHC samples was not affected by
autoclavation according to WLI and quantification of the silicone oil amount per barrel by
FTIR. WLI hereby proved to be a valuable, non-destructive, and fast method matching the
FTIR results. After autoclavation at the high temperature of 130 °C the silicone oil layer
was more affected with a higher percentage of datapoints below LOD and the variance of
WLI was increased. WLI only covers a small area of the silicone oil surface and remains
an approximation based on the silicone oil layer thickness data, which can be biased
especially for a container with an uneven silicone oil distribution, a low silicone oil amount,
and a high number of datapoints below LOD. Whereas the silicone oil distribution across
the container was not affected by autoclavation, a substantial change of the silicone oil
layer morphology on a microscale level could be noticed, especially for samples autoclaved
at 130 °C. Silicone oil was accumulated at certain spots as indicated by 3D-LSM and
Raman microscopy resulting in a higher surface roughness. The increase in surface

roughness was more pronounced for thicker silicone oil layers. The impact of autoclavation
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on the lubricant layer was reflected in a small increase of the GF by approximately 1 N
analyzing empty cartridges. The forces recorded are the result of the frictional forces
between freshly emerged contact areas of glass and the rubber of the plunger during plunger
movement [30,39]. Overall, the increase in GFs was negligibly small compared to reported
upper force limits between 15 and 30 N [12,21,40]. In comparison, the SC samples used
for the stability study showed the same change in the surface characteristics for autoclaved
samples. The silicone oil layer morphology of autoclaved samples was reminiscent to IHC
samples autoclaved at 121 °C, 15 min. The number of datapoints below LOD and the
surface roughness were in the same range as well as similarly increased for autoclaved
samples. The average silicone layer thickness of non-autoclaved samples resembled the
8 mg spray amount. Autoclaved SC samples showed slightly lower silicone layer
thicknesses, but the overall range was comparable to the IHC samples.

Contact angle measurements indicated a change in surface properties towards a more polar
surface as consequence of the autoclavation process. Since polydimethylsiloxane creates a
predominantly hydrophobic surface [12,13,33,41] the results may point to a removal of
silicone oil at certain microspots. The glass surface is hydrophilic [33,42,43] and able to
bind water molecules during the autoclavation process [44]. We observed a higher variance
in the contact angle measurements of autoclaved material which could be due to a higher
surface roughness, known to interfere with contact angle measurements [45,46]. Given the
non-uniformity of the surface morphology observed by 3D-LSM it seems likely that there
is a less consistent energy level present at the surface. Overall, changes were more distinct

for samples autoclaved at the higher temperature.

Protein adsorption to surfaces is rather complex and depends on many different factors
including formulation and surface properties which impact the hydrophobic and
electrostatic interactions [24,47-50]. Overall, the amount of mAb adsorbed was low
compared to previously reported amounts for siliconized primary packaging material.
Protein adsorption is in general considered to be more pronounced towards hydrophobic
surfaces compared to hydrophilic ones [51]. Specifically, the adsorption of mAbs to
siliconized primary packaging materials is higher compared to non-siliconized [33,34,52].
We could show that more protein was adsorbed to autoclaved silicone layers. On the one
hand the hydrophilicity of the silicone layer increased with autoclavation, which may lead
to less protein adsorption. On the other hand, the morphology was changed and the surface

roughness increased upon autoclavation, which can enhance protein adsorption,
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specifically for large “soft” proteins [22,23]. As expected, the samples containing PS 80
showed a distinct decrease in the adsorption tendency [21,53,54]. The changed adsorption
behavior with autoclavation could be relevant for proteins with higher binding tendency, at
lower protein concentrations, for formulations without surfactant, and if containers with a

higher surface to volume ratio are used [55].
4.2  Short-Term Stability Study

We also evaluated whether an effect of autoclavation on the lubricant layer can be seen
upon storage. Therefore, we stressed SCs filled with surrogate solution at 40 °C for 12
weeks and analyzed functionality and particle formation. Despite the obvious impact of
autoclavation on the silicone layer the performance and stability of the primary container
was not diminished. Stability data did not imply higher silicone oil detachment tendencies
for the autoclaved samples. The increase in BL-Forces over time was detectable for both,
non-autoclaved and autoclaved, samples and can be explained through a constant de-
wetting of the surface of silicone oil [36,56]. No significant increase in number of SvPs
was observed over storage. The samples not only fulfilled the requirements for parenteral
products (< 6000 particles/container > 10 pm and < 600 particles/container > 25 um [35]),
but even met the tighter limits of ocular products according to USP <789>
(<50 particles/mL > 10 um, < 5 particles/mL > 25 pum and < 2 particles/mL > 50 pum
[21,57,58]). In comparison to sprayed-on packaging material [59-62] particle
concentrations were very low and consistent. The stability in terms of functionality and
SvP formation indicates a high integrity of the silicone layer which is not impacted by

autoclavation [63,64].
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5 Conclusion

In this work the impact of autoclavation on baked-on silicone oil layers in primary
packaging containers for biopharmaceuticals was investigated for the first time.
Autoclavation changed the surface morphology on a microscale level from a homogenous
silicone coating into a structured surface with spots of silicone oil enrichment at the expense
of the local silicone oil layer thickness. Interferometry indicates redistribution at a larger
scale. These changes come along with an increase in the surface roughness, hydrophilicity,
protein adsorption and frictional force. But all effects were minor and were less pronounced
after autoclavation at 121 °C compared to 130 °C. It is important to note that the total
silicone oil amount was not reduced by the autoclavation process, and that the silicone oil
was still distributed evenly along the complete length of the barrel. Thus, functionality of
the container system was fully preserved. Additionally, autoclavation did not affect
container stability in terms of functionality and particle formation in a 12 week stress study
at 40 °C. Accordingly, we conclude that an autoclavation of baked-on siliconized
containers at 121 °C for 15 min will not impact the functionality, stability and safety of

biopharmaceutical products in drug/device combinations.
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Supplementary Data
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Figure S 1V-1: 3D-LSM images from outside of siliconized IHCs non-autoclaved and after autoclavation at

121 °C,15 min (Standard) and 130 °C, 15 min (High Temp.) siliconized with 8 mg and 16 mg spray amount.
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Figure S IV-2: Adsorption isotherm (R?=0.83) of mAb at 2 mg/mL at a bake-on siliconized non-autoclaved

container surface. Line represents fit for one site specific binding model.
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Material Fill Medium Particle Size TO 6 w. 12 w.
> 10 um/mL 5+2 13+11 26 +11
WFI >25 um/mL 0+0 3+2 <l*<1
> 50 pm/mL 0+0 <l+<1 0+0
NAC
> 10 pm/mL 33+16 32+1 33+11
His >25 um/mL 4+4 3+3 1+1
> 50 pm/mL 0+0 <l+<1 0+0
> 10 pm/mL 6+5 8+1 5+1
WFI >25 uym/mL 0+0 1+1 1+1
> 50 um/mL 00 <1<l <1#<1
AC
> 10 pm/mL 22+10 42 +16 40+ 15
His >25 um/mL 3+3 2+1 4+5
> 50 um/mL <l+<1 <lx<1 <lx<1

Table S IV-1: Subvisible Particle Concentration > 10 um, > 25 pm and > 50 pm per mL obtained by LO

of expelled cartridges non-autoclaved (NAC) and after autoclavation (AC) stored at 40 °C for 12 weeks.
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Abbreviations

3D-LSM
AC
BLF
BLGF
FTIR
GF
HPW
IHC
IQR
LOD
NAC
n.d.
OWRK
Sa

SC
SFE
SvP

Sz

WFI

3D — Laser Scanning Microscope
Autoclaved
Break-Loose Force

Break-Loose Gliding Force

Fourier Transform Infrared (Spectroscopy)

Gliding Force

Highly Purified Water
In-house Cartridges
Interquartile Range

Limit of Detection
Non-Autoclaved

Not Detectable
Owens-Wendt-Rabel-Kaelble
Surface Arithmetic Mean Height
Supplier’s Cartridges

Surface Free Energy
Subvisible Particle

Surface Maximum Height

Water for Injection
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Chapter V

Abstract

In order to overcome silicone oil related problems for biopharmaceuticals, novel container
systems are of interest with a focus on the reduction, fixation or complete avoidance of
silicone oil in the primary container. Ultimately, silicone oil free (SOF) container systems
made from cyclic olefin (co-)polymer or glass combined with the respective silicone-oil
free plungers were developed. In the following study we evaluated the potential of a SOF
container system based on a glass barrel in combination with a fluoropolymer coated
syringe plunger. In a long-term stability study, the system was compared to other alternative
container systems in terms of functionality and particle formation when filled with placebo
buffers. The system proved to be a valuable alternative to marketed siliconized container
systems with acceptable and consistent break-loose gliding forces and it was clearly
superior in terms of particle formation over storage time. Additionally, we evaluated the
importance of the glass barrel surface for functionality. The interaction of the fill medium
with the glass surface significantly impacted friction forces. Consequently, storage
conditions and production processes like washing and sterilization, which can easily alter
the surface properties, should be carefully evaluated and controlled. The novel combination
of non-lubricated glass barrel and fluoropolymer coated plunger provides a highly valuable
SOF packaging alternative for biopharmaceuticals.

Keywords

Pre-Filled Syringe — Silicone oil free container systems — Silicone oil — Biopharmaceuticals
— PTFE stopper — Container functionality — DDCP
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1 Introduction

With the growing importance of biopharmaceuticals in therapy various new primary
packaging challenges were identified including leachables and extractables [1,2], tungsten
[3,4], needle clogging [5], and silicone oil (SO) interaction [6-8]. With respect to the
siliconization of containers, the functionality of the device as well as the stability of the
drug product in the primary container have to be assured [9-14]. The most common setup
is a sprayed-on siliconized pre-filled glass syringe [9,13]. SO on the inner barrel acts as a
lubricant to ensure an easy and consistent gliding of the plunger during administration. As
the SO is not fixed entirely to the glass, it tends to migrate into solution, which can lead to
a reduced or even failing functionality of the container system [15,16]. The silicone in
solution forms microdroplets [17,18], which potentially interact with the API [6,19-21].
Furthermore, SO microdroplets contribute to the overall subvisible particulate burden,
which is undesirable for parenterals, and specifically for intravitreal injections [22,23]. In
addition, the SO between the plunger and glass barrel is known to be gradually
squeezed-out of the contact area causing a steady increase of the break-loose forces over
storage [24,25].

Consequently, substantial efforts were made in recent years to develop novel robust
packaging materials with fixation, reduction, or even complete abandonment of SO which
are less prone for drug product interactions. SO can be either baked-on or cross-linked after
the siliconization process leading to packaging material with thinner and more stable SO
layers, less prone for detachment [17,18,26,27]. In the following study we compare
baked-on and cross-linked siliconized pre-filled glass syringes to a newly developed SOF
system still based on glass. A special fluoropolymer (polytetrafluoroethylene (PTFE))
coating of the plunger allows the use of non-siliconized/lubricated barrels. Moving
completely away from glass barrels, SO free (SOF) containers were introduced to the
market consisting of plastic syringes based on cyclic olefin (co-)polymer (COP or COC) in
combination with specially coated plungers [28,29]. However, glass is still the almost
exclusive material used for pre-filled syringes both in the European and in the US market
[9,30]. Compared to plastic it is more transparent, less scratch sensitive and it shows
stronger gas/water vapour barrier properties which is relevant for oxygen sensitive and low
volume (e.g. 0.2 mL) pharmaceuticals [31]. In addition, switching from a vial to an SOF
glass based syringe in the course of product development would come without a change in

the contact material giving less raise for compatibility concerns. Hence, an SOF glass
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syringe without any extra barrel coating displays a highly interesting novel container

concept to overcome the SO related challenges.

The purpose of this study was to evaluate the quality and performance of the newly
introduced SOF glass packaging system. To this end we compared the SOF glass container
in a 24-month stability study to baked-on siliconized containers with two different SO
levels and two cross-linked siliconized syringes from different suppliers as currently
marketed. The SOF plunger was tested in a co-marketed non-siliconized syringe as well as
in a non-siliconized glass cartridge to investigate robustness. All container systems were
stored at 40 °C and 2-8 °C, and subvisible particle (SvP) formation and break-loose gliding
forces (BLGF) were monitored over storage time. In addition, baked-on and cross-linked
silicone layers were monitored for silicone oil migration by 3D-laser scanning microscopy
(3D-LSM). A previous report compared SOF glass containers in combination with PTFE
coated plungers to standard sprayed-on syringes in terms of particle generation during
agitation [32]. The SOF system would show significantly less particle formation. However,
a long-term stability study under static storage conditions including functionality data is
still lacking and it remains unclear how the container system performs compared to novel

alternative packaging systems with reduced SO migration risk.

Next to stability we investigated the factors influencing the extrusion force of an SOF glass
container system. Scanning electron microscopy (SEM) allowed us to understand the
general setup of the new PTFE coated plunger. For siliconized containers, the friction
between plunger and barrel is a function of the silicone oil amount and distribution on the
barrel [33,34]. Yet, little is known about factors influencing the friction forces in SOF
container systems. Our stability study revealed a decline in gliding forces (GF) for one fill
medium and different extrusion force profiles dependent on the container used. We found
that surface polarity of the glass and the resulting contact angles of the fill media towards
the container impacted the extrusion forces of a SOF glass container system. In the
following, we tested the importance of the glass surface free energy (SFE) as it is affected
by treatments like steam and heat sterilization on container functionality. The SFE was
determined with a Tensiometer via dynamic contact angle measurements and the SFE was
monitored during a short-term stability study for empty as well as for containers filled with

different fill media.
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2 Materials and Methods

2.1  Materials
Chemicals

Chemicals used were L-histidine monohydrochloride, L-histidine, sucrose, polysorbate 80
(Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany), ethylene glycol (Griissing GmbH,
Filsum, Germany), diiodomethane, ethanol absolute > 99.5 % (VWR International GmbH,

Darmstadt, Germany).
Packaging Materials

Packaging included baked-on siliconized 1mL long glass cartridges with two different SO
levels (BOSC I and Il) as well non-siliconized 1 mL long glass cartridges (SOFC) from the
same glass cartridge batch provided by Nuova Ompi S.r.I. (Piombino Dese, Italy). This
material is referred to as “standard material” throughout the publication. In a second
short-term stability study two cross-linked silicone coated syringe systems (XS I and 1) as
well as non-siliconized 1 mL long glass syringes (SOFS) from Schott AG (Mainz,

Germany) were compared.

Container Container Container o
. Inner Surface Plunger Storage Group Abbreviation
System Material type
1 mL long Baked-On SO -6m.@40 °C
Baked-On . Standard BOSC
cartridge (2 SO Levels) West -2y.@2-8°C
. 1mLlong | Cross-Linked SO NovaPure® - 12w.@40 °C
Cross-Linked . . Exploratory XS
syringe (2 Suppliers) -ly.@2-8°C
Glass Type |
1 mL long -6m.@40 °C
o ) . Standard SOFC
Silicone Qil cartridge GORE® -2y.@2-8 °C
Glass Type |
Free 1 mL long IMPROJECT® | - 12w.@40 °C
. Exploratory SOFS
syringe -ly.@2-8°C

Table V-1 Overview of the packaging material included in the stability studies.

The packaging material included in the short-term stability study is referred to as
“exploratory material” (Table V-1). All syringes in use came with 27G 2" staked-in
needles. NovaPure® Syringe Plungers (West Pharmaceutical Services, Inc., Exton, PA,
USA) were inserted in siliconized container systems after filling. The SOF container
systems were closed with GORE® IMPROJECT® Plunger (W. L. Gore & Associates, Inc.,
Newark, DE, USA). Glass cartridges were closed with Weststar® 8 mm lined seal metal

caps (West Pharmaceutical Services, Inc. Exton, PA USA). Both plunger types were
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inserted with a bench top insertion jig resulting with the same headspace for all packaging

material of 5.9 mm.
2.2  Stability Study
Sample Preparation

After manual filling with sterile filtrated 0.95 mL of water for injection (WFI) or 20 mM
histidine-buffer (His) containing 240 mM sucrose and 0.04 % polysorbate 80 (w/v), pH
5.5, the plunger was inserted, and the samples were stored at 40 °C and 2-8 °C. Filling and
plunger insertion were executed under laminar air flow. Samples included in the long-term
stability study (standard material) were stored up to 6 months at 40 °C as well as 2 years at
2-8 °C. The short-term stability study (exploratory material) was completed after 12 weeks
at 40 °C and 1-year at 2-8 °C, respectively. Functionality and particle formation were
monitored over the storage time at different timepoints. BOSC | data for TO, 6 weeks, and
12 weeks at 40 °C were already reported previously but included here for comparison (see
chapter V).

Container Functionality

A Texture Analyzer TA.XT Plus (Stable Micro Systems Ltd., Surrey, UK) was used to
determine container functionality (n = 5). Containers were expelled at 190.2 mm/min and
the resulting force distance diagrams were used to determine break-loose (BLF) and gliding
force (GF). The BLF was hereby defined as the maximum value between 0 and 2 mm,
whereas the GF represents the average force required between 5 and 32.5 mm. For
cartridges, piercing needles (Cambridge Consultant Ltd, Cambridge, UK) were connected
via a male luer integral lock ring to ¥-28 UNF thread adapter (Cole Parmer GmbH,
Wertheim, Germany) to BD Microlance 327G x 1/2 " (0.4 x 13 mm) cannulas as previously
reported [35].

To investigate the impact of the surface energy on functionality, the BLGFs were
determined as stated above either with empty, wet, or filled containers. In the case of wet
conditions, the fill medium was manually poured out of the cartridges through the uncapped
top immediately prior to the measurement. Filled containers in this case were capped and
connected to NovoFine 8 - 0,30 x 8 mm (30G) pen piercing needles (Novo Nordisk A/S,
Bagsveerd, Denmark) attached with a holding clamp for the expelling.
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Subvisible Particle Analysis (SvP-Analysis)

The subvisible particles (SvPs) in expelled samples were analyzed using a FlowCam 8100
(Fluid Imaging Technologies, Inc., Scarborough, ME, USA) and a PAMAS SVSS
(Partikel- und Analysensysteme GmbH, Rutesheim, Germany) as describe before [35]. The
samples were expelled at a constant extrusion speed of 190.2 mm/min into pre-cleaned
Eppendorf tubes. (n > 3)

Silicone Layer Analysis (3D-Laser Scanning Microscope)

The silicone layer of the packaging material was monitored with a Keyence VK-X250 3D-
Laser Scanning Microscope (Keyence International NV/SA, Mechelen, Belgium). Prior to
3D-LSM scans filled containers were emptied by removing the stopper with pincers and
pouring out the content through the bottom followed by 3 times rinsing with 1 mL highly
purified water (HPW) and final drying at 80 °C for at least 1h. A Nikon CF Plan 10x/0.30
OFN WD 16.5 objective was used for large area measurements from outside the barrel. The
silicone layer thickness measurements as well as surface roughness measurements of the
plunger surfaces were conducted with a Nikon CF Plan 100x/0.80 EWLD «/0 Epi OFN 25
WD 2.0 objective. Silicone layer thickness measurements were performed by scanning the
inner container surface after breakage of the glass barrel based on a method developed by
Funke et al. (n = 3) [36]. Scratches were made with Sterican® 20G x 1%" cannulas vertically
to the barrel length and the surface height differences between the uncovered glass surface
and the surrounding silicone surface was determined with the MultiFileAnalyzer software
from Keyence (Version 1.3.1.120) using the average step height tool. For thickness
measurements at least 2 images were stitched together using the VK Image Stitching
software (version 2.1.1.0) provided by Keyence International NV/SA (Mechelen,
Belgium).

2.3 Plunger Characterization
Scanning Electron Microscope (SEM)

Surface and coating of syringe plungers was examined with an FEI Helios G3 UC
(Hillsboro, Oregon, USA) scanning electron microscope (SEM). The plungers were cut
into thin pieces and sputtered with carbon. SEM micrographs of the plunger cross sections
were taken at 5.0 kV and at 71x, 200x, 650x and 1000x magnifications.
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2.4 Impact Glass Surface Energy
Glass Surface Treatment

After washing with HPW, SOFCs were either autoclaved, heat sterilized, or heat treated to
alter the glass surface properties. Autoclavation was performed with a Varioklav 65T (H+P
Labortechnik AG, Oberschleilheim, Germany) at 121 °C for 15 min, followed by drying
at 80 °C for 1 h. Heat sterilization was performed at 250 °C for 1 hand 3 h in a FED 53
oven (BINDER GmbH, Tuttlingen, Germany), heat treatment at 400 °C and 600 °C for 1 h
in a Carbolite ELF 11/6B oven (Carbolite GmbH, Ubstadt-Weiher, Germany).
Alternatively, SOFCs were stored in HPW in a beaker at 40 °C for 4 weeks. 24 h after the
glass treatment the containers were capped, filled with 0.95 mL HPW and the plungers
were inserted. The functionality was evaluated after another 24 h. To investigate the
persistence of changes induced by autoclavation, cartridges were wrapped in sterilization

foil and stored empty at 25 °C for 6 weeks before filling and analysis.
Contact Angle and Surface Free Energy Analysis

Contact angles (CA) of HPW and diiodomethane on the inner glass surface of SOFC and
SOFS containers were obtained with a Drop Shape Analyzer (DSA) (Kriss GmbH,
Hamburg, Germany). 2 pl of the liquid were pipetted manually onto the inner container
surface at the bottom of the container and images were taken 20 s after the deposition of
the droplet. A curved baseline was set manually, and CA values were obtained in the ellipse
(tangent-1) mode using the Kriiss Advance software (version 1.6.2.0.). Staked-in syringe
needles were removed prior to measurements with pincers to enable the light to pass the
inner barrel. The CA values were used to calculate the inner surface free energies (SFE)
following the method of Owens-Wendt-Raebel and Kaelble (OWRK). (n = 3)

The dynamic CA values of HPW, ethylene glycol and diodomethane, as well as different
ethanol-water and ethylene glycol-water mixtures on the glass container were obtained
using a K100MK2 tensiometer (Kriiss GmbH, Hamburg, Germany) controlled at 25 °C.
The container bottoms were cut off and the containers cleaned. Containers stored filled
were emptied and dried at 80 °C prior to analysis. The wetted length was set according to
the inner and outer perimeter of the glass barrel following the ISO 11040-4 standard
dimensions with immersion depth between 2 and 10 mm [12]. The SFE was calculated
following OWRK. The surface tension of the ethanol-water and the ethylene glycol-water

mixtures was determined with a Wilhelmy Plate using the same tensiometer. (n = 3)
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Statistical Evaluation

Data is presented as average values and with standard deviation (n > 3) unless otherwise
described. Two-sided unpaired t-tests were conducted using the Graphpad Prism (Version
9.0.2) with a confidence level of 95 %.
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3 Results

3.1 Long-Term Stability Study of Different Container Systems
3.1.1 Container Functionality of Standard Material

At first a head-to-head comparison of the baked-on siliconized cartridges with two silicone
levels (BOSC | and BOSC II) and silicone oil free glass cartridges (SOFC) filled with WFI
and a His-Buffer containing 0.04 % (w/v) polysorbate 80 was performed. Focus was on
functionality, which may potentially be at risk especially for the new configuration, and on
particle formation, which may be less critical with the new container system. The containers
were stored at 40 °C and 2-8 °C for up to 6 months respectively 2 years. Both container
systems, the BOSC and the SOFC, were stable with respect to functionality (Figure V-1).
Overall, the functionality of the SOF system showed a higher variability compared to

BOSC container systems.
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Figure V-1: Break-loose [A] and gliding forces [B] of bake-on siliconized cartridges (BOSC I/11) and SOF
cartridges (SOFC) after storage at 40 °C and 2-8 °C filled with WFI or His buffer.

Only a trend towards an increase from approximately 2.3 N to 5.3 N in BLF for the BOSC
cartridges could be observed upon storage at elevated temperature for both fill media.
Overall, the silicone level did not influence the BLF. BLF of the SOFCs was markedly
higher already at TO with 10.5 + 0.5 N in average and varied more over storage time with
average values up to 13.8 N (6 months, 40 °C). Maximum values for individual system of
15.2 N were observed. Whereas the fill medium did not impact the BLGF of the BOSCs,
the SOFCs showed significantly higher BLF values with water compared to His-Buffer.

The GF values of BOSCs were very low with 1-2 N and did not change over storage time
(max. 2.4 N after 24 months at 2-8 °C). The GF with His buffer was marginally but
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significantly higher than with water. The SOF cartridges showed higher but still well
acceptable GF values between 2.5 N and 4 N; the GF values did not increase over storage
time (maximum at TO with WFI of 4.3 £ 0.6 N).

3.1.2 Particle Formation in Standard Material

Particle shedding from the container systems was monitored by SvP analysis of expelled
samples utilizing flow imaging (FI) and light obscuration (LO) (Figure V-2). All samples
showed low particle numbers independent of the fill medium which did not change upon
storage. A significantly lower number of a few hundred particles > 1um could be observed
for the SOF system compared to both BOSCs with a few thousand particles > 1um/mL.
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Figure V-2: Particle concentration > 1pum/mL measured with flow imaging [FI] and light obscuration [LO]
of expelled bake-on siliconized cartridges (BOSC I/11) and SOF cartridges (SOFC) after storage at 40 °C and
2-8 °C filled with WFI and His buffer.

99



Chapter V

showed the same overall picture, with lower absolute particle numbers compared to flow
imaging, which is in line with literature [37]. The vast majority of particles detected were
smaller than 5 pm making it difficult to differentiate them based on their form or
morphology. Thus, we did not observe obvious difference in particle images between

samples from different container systems.
3.1.3  Functionality of Exploratory Material

An additional 1-year study was performed with cross-linked siliconized containers from
two suppliers (XS I and Il) to benchmark the container performance. Furthermore, a
fluoropolymer coated plunger was inserted in the non-siliconized glass syringe (SOFS) to

test the robustness of the packaging system.
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Figure V-3: Break-loose [A] and gliding forces [B] of bake-on siliconized cartridges (BOSC I/I1) and SOF
cartridges (SOFC) as well as cross-linked siliconized (XS I/1) and SOF syringes (SOFS) after storage at
40 °C and 2-8 °C filled with WFI or His buffer.
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The container stability in terms of functionality and particle formation was monitored over
a shorter time of 1-year at 2-8 °C as well as 12 weeks at 40 °C. Both cross-linked container
systems showed slightly higher BLF compared to the BOSCs. A steady increase from 4 N
to values of approx. 6 N was observable as well (Figure VV-3). The BLF of SOF container
systems ranged between 4 N and 8.5 N without a distinctive trend upon storage. Noticeably,
the BLF values were higher for the SOF cartridges. Overall, the BLF values were
independent of the fill medium for the exploratory material unlike the difference observable
for SOFCs.

The GF of the exploratory material did not change upon storage, whereas the SOF systems
slightly varied between the timepoints. Overall, the values were low with approx. 1.5-2 N

for the siliconized materials and approx. 3- 4 N for the SOF containers.
3.1.4  Particle Formation of Exploratory Material

The expelled fill media were analyzed for SvPs (Figure 4). Overall, the particle counts were
low without an impact of the fill medium, as seen in the first study. Particle numbers of
XSs and BOSCs were overall similar with a few thousand > 1um/mL. Sporadically XS Il
showed higher numbers e.g. 57.000 particles > 1um/mL for a syringe filled with His buffer
stored for 6 weeks. Particle numbers of the SOF container systems were significantly lower

ranging from 220 to 1310 particles > 1um/mL. LO measurements underlined the FI results.

Regardless of fill medium and storage timepoint the container systems were well within the
limits of 600 particles per container for particles > 25 um and 6000 particles per container
> 10 um (Ph. Eur 2.9.19) (Figure 5) for injectables. The USP <789> monograph regarding
particulate matter of products for intravitreal injection is more challenging with not more
than 50, 5, and 2 particles per mL of 10, 25, and 50 um respectively [9,23]. Essentially no
particles larger than 50 pm were observed. Overall, WFI showed less particles >10 um and
> 25 um compared to the surfactant containing His buffer. Whereas the WFI filled systems
matched the criteria initially and upon storage in all containers, His buffer filled non-SOF
containers slightly exceeded the numbers of particles > 10um and > 25um limits. In
contrast, His buffer filled SOF container systems met the specifications even for intravitreal

application at all time points.
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Figure V-4: Particle concentration > 1um/mL measured with flow imaging and light obscuration of bake-on
siliconized cartridges (BOSC I/11) and SOF cartridges (SOFC) as well as cross-linked siliconized (XS I/11)
and SOF syringes (SOFS) after storage at 40 °C and 2-8 °C filled with WFI and His buffer.
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Figure V-5: SvP concentration > 10 pm/mL [A] and > 25 pm/mL [B] measured with light obscuration of
expelled bake-on siliconized cartridges (BOSC I/11) and SOF cartridges (SOFC) as well as cross-linked
siliconized (XS I/I1) and SOF syringes (SOFS) after storage at 40 °C for 12 weeks filled with WFI and His
buffer.

3.1.5 Silicone Surface Characterization

Thickness and morphology of the silicone oil layers were characterized before and after
long-term storage. The XS I and Il showed a layer thickness of 159 + 49 nm and 291 + 94
nm resp. and the baked-on containers of 104 £ 25 nm and 125 + 27 nm respectively. As the
baked-on siliconized containers were autoclaved prior filling, the surface was rather
incoherent at start with spots of silicone oil (see chapter 1V). After storage a trend for
removal of the silicone oil in the middle of the container was observed for the His buffer,

which was more pronounced at 40 °C compared to 2-8 °C (Figure V-6). No changes were
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obvious for the WFI filled baked-on siliconized containers (Supplementary Data -
Figure S V-1).
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Figure V-6: 3D-LSM images of BOSC | surface before [A] and after storage at 2-8 °C [B] and 40 °C [C] for
10 montbhs filled with His buffer.

1000pum

1000um

41000m

1000pm

Figure V-7: 3D-LSM images of XS I and XS II surface before [A] and after storage at 2-8 °C [B] for 7 months
filled with His buffer.
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The XS 1l showed an uneven but coherent surface with a multitude of colored fringes
whereas XS | had a rather smooth surface (Figure V-7). Interestingly, the morphology
changed for both container systems after long-term storage at 2-8 °C. For XS I, with both
fill media, parts of the top silicone layer surface were shoved to the side without being
dissolved, revealing the glass surface underneath (Supplementary Data - Figure S V-2), and
the silicone layer showed less irregularities and colored fringes. The silicone layer became

partially removed and less coherent for the XS I filled with His Buffer, but not with WFI.
3.2 Plunger Characterization

Cross-sections of both syringe plungers were characterized with SEM to understand their
setup. Both plungers show a thin film coating on top of the rubber basis (Figure V-8). The
coating of the West NovaPure® plunger is thicker and only detectable at the top of the

plunger, the area of contact with drug product. At the transition between top and side the
coating ends with a small edge (Figure V-8 e). The GORE® IMPROJECT® plunger coating
also covers the sides including the ribs (Figure V-8 b/c).

Figure V-8: Slices of the GORE® IMPROJECT® Plunger [a] and West NovaPure® plunger [d] fixed to a
bracket prior to SEM measurements. SEM images of the cross-sections were taken at the top [b] and at the
ribs of the Gore™ plunger [c] as well as at the side [e; f] of the West plunger as indicated by blue marks in
[a] and [b].

3.3 Impact of Surface Free Energy on Functionality

The functionality of the SOF container systems, despite basically the same container setup,
differed significantly with BLF of 10.5+ 0.5 N and 5.6 £ 0.5 N and GF of 4.3 + 0.6 N and

105



Chapter V

1.1+ 0.1 N for SOFC and SOFS respectively (Supplementary Data - Figure S V-3) for WFI
fill. The difference in BLF was consistent over storage whereas the GF of SOFC would
eventually level out upon storage. The His filled containers showed less pronounced
differences and both BLF and GF were eventually in the same range. To understand this
difference, we further characterized the systems. Micro-computed tomography did not
reveal any differences in the container dimensions including the cannula inner diameter.
Furthermore, surface roughness did not differ. However, contact angle measurements on
the inner barrel demonstrated a higher polar component of 23.5 mN/m and total SFE of
54.5 mN/m for the SOFS compared to 12.3 mN/m and 47.2 mN/m resp. for the SOFC
(Figure V-9).
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Figure VV-9: Surface free energy (SFE) divided into dispersive (DC) and polar component (PC) of the inner
glass container surface prior filling as well as corresponding contact angles of highly purified water (HPW)
and diiodomethane (DM) determined with DSA.

Consequently, we investigated the impact of SFE on functionality further. In a first setup
we altered the surface characteristics of the glass by steam sterilization, which is widely
used for glass container preprocessing in parenterals fill and finish and known to alter the
glass surface properties [38]. Autoclavation increased the wettability of the glass surface
with water drastically and a contact angle could not be determined anymore by DSA
(Figure V-10). Dynamic CA measurements showed a surface energy increase from
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40.7 mN/m to 58.9 mN/m and an enhanced surface polarity from 11.5 mN/m to 26.6 mN/m
(Figure V-12). Correspondingly, the gliding force of the plunger in the glass barrel was
increased from 7.2+ 1.1 N to 11.5 + 1.4 N in autoclaved dry and unfilled container systems
(Figure V-11, A).

Figure V-10: Contact angles of HPW on the glass container surface before [A] and after [B] steam sterilization
of the container at 121 °C for 15 min.

Also, the BLF was enhanced with 15.6 + 1.7 N compared to 11.9 + 0.8 N for the untreated
container. However, this turned around when the container system was filled (Figure V-11,
B/C); BLF and GF were drastically reduced by autoclavation. The autoclavation effect was

pronounced for systems both with and without cannula.

Additionally, we heat treated the glass barrels at 250 °C for 1 h and 3 h as well as at 400 °C
and 600 °C for 1 h. In contrast to autoclavation, heat sterilization at 250 °C and 400 °C
caused a significant decrease of the polar component (Figure V-12). Heating the container

system to 600 °C for 1 h resulted in surface characteristics similar to autoclavation. The
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dispersive component was mostly unchanged and only after 3 h at 250 °C an increase to
38.0 mN/m was observed. Also, this dry heat induced changes of the surface polarity
affected the functionality of the container system. A higher polar component led to a
reduction of both, the BLF and GF, of the filled container. Cartridges heat-treated cartridges
at 600 °C showed similar BLF values as autoclaved systems. On the contrary, glass
containers treated at 250 °C and 400 °C with lower polar component showed a slight
increase in BLF and GF by up to 2 N as compared to untreated containers. The polarity
could be also enhanced by incubation of the glass containers in water at 40 °C for 4 weeks
with the same impact on BLGFs.
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Figure V-11: Impact of autoclavation on extrusion force profiles of silicone oil free cartridges (SOFC) in the
dry [A] and wet [B] state or with HPW filled containers [C].
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Figure V-12: Surface free energy (SFE) divided into dispersive (DC) and polar component (PC) of glass
container surface after different treatments based on dynamic contact angle measurements and break-loose
(BLF) and gliding forces (GF) of the HPW filled containers.
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Additionally, we filled different water-ethanol and water-ethylene glycol mixtures to
gradually change wettability and contact angle with the fill medium (Figure V-13).
Interestingly, the contact angle correlated with both the BLF and the GF values. For pure
ethanol, which showed the lowest dynamic contact angle of 0°, a BLF of 5.3 + 1.1 N and a
GF of 2.7 £ 0.5 N were determined which steadily increased with higher water fraction to
13.3 £ 09 N and 7.1 + 0.4 N respectively for HPW. Also, for water - ethylene glycol

mixtures the BLGF values increased with higher contact angle.
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Figure V-13: Correlation between advancing contact angles and break-loose (BLF) and gliding (GF) forces
of wet containers using different water-ethanol [A] and water-ethylene glycol mixtures [B]. Numbers

represent the mass fraction of ethanol and ethylene glycol.

3.4  Impact of Storage on Surface Free Energy
3.4.1  Storage of Empty Containers

The change in functionality after autoclavation of the glass containers did not persist for a
long time (Figure VV-14) and the contact angle for HPW correspondingly increased. After 6
weeks in air the contact angle of water was back at 43.8 £ 3.2° and the BLG values at
approximately 10 N. The contact angle did not differ along the barrel length indicating a

homogenous surface energy in the container.
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Figure VV-14: Contact angles (CA) of HPW determined by DSA and break-loose (BLF) and gliding forces
(GF) of HPW filled containers before and after autoclavation as well as after empty storage at 25 °C in air

atmosphere. * = no CA data available

3.4.2  Storage of Filled Containers

Functionality and surface characteristics over storage were further evaluated with HPW
filled containers (Figure V-15). The contact of the glass surface with water induced an
increase in polarity and the container functionality changed correspondingly. As seen in the
long-term stability study the GF dropped from 12.0+0.7Nto7.1£1.7Nand 52+ 05N
after storage at 40 °C for 2 and 4 weeks respectively. On the other hand, the BLF was
consistent at approx. 13.5 N over the 4 weeks. A similar change of the functionality could
be induced by pretreating empty containers in water at 40 °C prior to filling; however not

only the GF was decreased but also the BLF.

Dynamic contact angle measurements demonstrated an increase of the polar component of
the containers filled with HPW from approx. 11 mN/m to 17 mN/m after storage. For
containers bathed in HPW the increase was even more pronounced with 23.4 mN/m. We
specifically analyzed the cartridge area where the plunger is positioned. At this spot, the
wettability significantly increased compared to samples with a plunger in position as well

as the initial material.
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Figure V-15: Surface free energy divided in polar (PC) and dispersive component (DC) after filled storage
as well as bathing based on dynamic contact angle measurements and break-loose (BLF) and gliding forces
(GF) of the HPW filled containers.
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4 Discussion

4.1  Long-Term Stability Study of SOF and SO Container Systems

We compared a novel SOF glass container/PTFE coated plunger system to siliconized
container/FluroTec® coated plunger systems either with a baked-on or cross-linked silicone
layers. The system is the first ready-to use SOF product based on a glass barrel on the
market and the long-term stability of such a system regarding container functionality and
particle formation was not reported so far. Advantages and disadvantages of the SOF
approach became evident. After filling higher BLGF values as well as less smooth
extrusion force profiles were observed. However, this was still in an acceptable range
regarding typical target extrusion forces of < 25 N in the development of ready-to use
combination products [9]. Apart from that, samples expelled from SOFs showed drastically
lower particle numbers. SOF containers are a more static and less prone to changes over
storage. We did not observe an increase in BLGF values or particle numbers even after
2 years of storage. The GF values decreased for WFI filled systems upon storage. In
contrast, both baked-on and cross-linked silicone oil lubrification on the inner glass surface
remains a highly viscous liquid with the ability to move. The silicone oil layer is prone to
move under gravity, to migrate into solution [9,17,18] or to be squeezed-out of the area
between the stopper and the glass [25]. We observed the latter, as all siliconized container
systems showed a small but consistent increase of the BLF. Only for the baked-on container
systems after 1- or 2-years long-term storage we noticed an increase of the GF values. Both
changes were not critical for application but underline the differences between the SOF and
the siliconized container systems. Given a different fill medium, longer storage times,
different storage conditions or different container dimensions, those changes could be
enhanced and under worst case conditions create an inappropriate container system lacking
long-term stability. A fundamental difference between SOF and siliconized container
systems lies in the number of subvisible particles formed in the filled medium. The SOF
containers show a 10 times lower number of particles > 1 um. It should be noted that the
extent of silicone detachment into solution for all packaging material was rather low so that
all the container systems would meet the requirements for particulate matter of the Ph. Eur.
and USP for parenterals (> 10um 6000 particles per container/> 25 pum 600 particles per
container). Considering the more challenging specifications of the USP <789> for
intravitreal administration, the SOF container systems were superior. Hence, the system

may overcome SO related issues for biopharmaceuticals. As the barrel is based on glass, it
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constitutes an important SOF alternative for oxygen sensitive pharmaceuticals and could
be beneficial compared to plastic-based SOF systems [31]. 3D-LSM images of the silicone
layer revealed a change in microstructure of the silicone oil layer upon storage, indicating
silicone oil detachment even at low temperatures for all SO container systems and reflecting
the slight changes upon long-term stability [39,40]. In our case, the morphological change
was more obvious for baked-on siliconized containers filled with His buffer containing
0.04 % polysorbate 80 as compared to WFI. This change is not reflected in SvP numbers,
but the GF significantly increased. An enhanced migration into the product due to the
presence of surfactant was previously reported for spray-on siliconized container systems
and linked to a lower interfacial tension of the formulation [15,16,41]. To the best of our

knowledge, this has not been reported for baked-on siliconized container systems so far.

The study did not only clarify the differences between a SOF and a SO containing container
system but also revealed differences within the SO group. Despite the high consistency of
functionality, XS Il occasionally showed rather high particle counts. Microscopy suggests
that the thicker silicone layer of the systems is rather uneven and that after storage, the top
silicone oil layer folds aside uncovering potentially less or non-cross-linked silicone oil
prone for detachment into solution. The finding underlines the differences among cross-
linked siliconized container systems reported before [40]. Potentially, the overall degree of
cross-linking is higher for a thinner silicone layer which could explain the higher stability
of the silicone layer of XS I. In general, cross-linked SO container systems contain a rather
high amount of 0.2 — 1 mg of pure silicone oil similar to the standard spray-on configuration
[9,40,42-44]. In contrast, the bake-on siliconization process allows a homogenous
distribution for SO amounts of less than 0.1 mg per barrel. The heat treatment increases the
molecular weight distribution of the siloxane chains potentially also promoting
cross-linking [18,44-46].

4.2  Plunger Characterization

The characterization of the PTFE based plunger used for SOF revealed its different
conception compared to the standard ethylene tetrafluoroethylene (ETFE) FluroTec®
coated plunger for siliconized containers [47,48]. Both stoppers show a fluoropolymer
based coating [49,50]. The ETFE coating is only present on the top of the stopper as it
serves as an inert barrier to prevent interactions with the drug product [9,51]. The coating
decreases the risk of leachates which e.g. may be associated with higher protein instabilities

and higher immunogenicity [2,52,53]. Since silicone oil on the inside of the barrels acts as
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highly viscous lubricant reducing the friction coefficient, the plunger side wall does not
require a coating [28]. In contrast, the stopper needs to glide without an extra lubricant in
the SOF syringes and therefore shows a coating, which covers the sides as well and which
is composed of polytetrafluoroethylene (PTFE) [49]. It not only acts as a barrier but reduces
the friction between the elastomeric rubber and the glass. This allows to avoid silicone oil
on the barrel without compromising functionality [54]. PTFE is a well-known for its
exceptionally low friction coefficient compared to other polymers, specifically on glass
surfaces [55-57]. It is considered a solid lubricant forming a rodlike structure, which allows
the molecules to slip among each other forming kind of a thin, coherent transfer film
[55,56]. According to Persson [58], a PTFE coating on elastic rubber material creates a stiff

layer that hinders the rubber to fully adapt to the surface roughness of a rigid solid.
4.3  Impact of Surface Properties on Functionality

The stability study revealed differences in force-distance diagrams depending on the glass
container. Furthermore, the GF of WFI filled SOF cartridges decreased with storage time.
Changes in functionality over storage time or differences due to the glass containers were
not reported before for SOF systems. Neither the roughness of the inner glass surface nor
the component dimensions differed between the two SOF container systems. These would
be factors known to influence extrusion forces respectively friction force in general [59,60].
Instead, we could link the phenomenon to the surface free energy and the interaction of the
fill medium with the glass surface. A higher polarity of the glass surface reflected in lower
contact angle with the fill medium water results in lower extrusion forces. The glasses
surface characteristic may easily change with the handling steps involved in the preparation
of primary packaging material like washing, depyrogenation, and sterilization. Each
treatment of the glass can be considered as a potential cause for a change of the surface
properties. For instance, the autoclavation process most likely increases the amount of
physically bound water thereby enhancing the glass container polarity. Water molecules
are well known to adsorb to silicate glass predominantly at the hydroxyl groups altering the
surface wetting properties [61-64]. After autoclavation the BLGF values of SOF containers
were significantly reduced when filled with water. Dry heat treatment induces different
processes at the glass surface including evaporation of physisorbed water, dehydroxylation
and formation of siloxane bonds, which in general increases the hydrophobicity of the glass
surface [64—67]. At temperatures above 600 °C the polarity of the glass surface can increase

again which could be explained by pyrolytic removal of organic residues from the surface
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[39, 68]. The induced increase in hydrophobicity did not markedly impair the performance
of the container but higher surface polarities led to significantly lower BLGF values. Hence,
a container surface with high interaction propensities with the fill medium i.e. lower contact
angle results in lower extrusion forces. This explains the lower BLGF values of SOF
cartridges after filling with His buffer as compared to WFI. Potentially, the fill medium can
act as liquid lubricant as the plunger moves along the glass wall reducing the glide force
and potentially also the break-loose force. As compared to siliconized container systems,
the fill medium, and its interaction with the SOF container material influences the friction
force from the beginning. Thus, both excipients and API can impact the friction forces of
SOF glass containers; an effect that also holds true for siliconized containers upon storage
as excipients and API impact silicone oil detachment upon storage [16,39,41]. Further
studies will have to clarify this impact, especially of surface-active molecules, like
surfactants or proteins which decrease surface tension, increase wettability and interact

with the primary packaging material through adsorption processes [52,69-71].

We also found the physico-chemical properties of the glass container surface changed
during storage, depending on the storage environment. The increased surface polarity of
samples induced by autoclavation was already declined after 2 weeks storage in air
atmosphere resulting in BLGFs comparable to untreated glass containers. The increased
surface hydrophobicity upon storage of empty containers is in general attributed to the
contamination of the surface with organic impurities present in the surrounding air
atmosphere [68,72,73]. A change was also substantiated for glass in contact with water.
Untreated glass containers showed increased glass surface polarity and lower GFs after
filling and storage. In line with the long-term stability data the BLF values did not change,
because the plunger at its very position prevented the contact of the glass surface with water
and there the surface polarity did not change. In contrast, container systems pretreated in a
water bath for the same storage time showed a higher polarity also at the plunger area and

corresponding lower BLF values.
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5 Conclusion

SOF glass container systems are a valuable alternative packaging system for
biopharmaceuticals. With the introduction of a fluoropolymer coating as a solid lubricant
on the plunger stopper’s sides, the friction force between stopper and barrel is strongly
reduced. This allows to waive the use of silicone oil as lubricant. Although the extrusion
forces at TO are significantly higher they are still in an acceptable range. In the following,
the container system showed high stability upon long-term storage of 24 months with
exceptionally low particle formation. The SOF container systems are more potent than
other novel siliconization approaches like bake-on and cross-linked siliconization
compared to spray-on in reducing the SvP burden of the product. The system is especially
interesting for products sensitive to silicone oil interactions as well as for products with
strict requirements regarding the particle burden e.g for ophthalmic use. The use of a glass
barrel would be beneficial to avoid protein oxidation as compared to plastic-based SOF

systems.

The BLGF values of the SOF glass containers correlate with the contact angle of the fill
medium which could be influenced by a change of the glass surface polarity or the fill
medium itself. The surface properties of glass are easily altered by production processes
like washing and steam or heat sterilization. In contact with water the surface polarity of
the glass increased as well, which induced a decrease in gliding forces for WFI filled SOF
containers upon storage. In consequence, the impact of storage conditions and production
processes on the glass surface energy should be carefully evaluated during the development

of a ready-to use combination product with an integrated SOF glass container.
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Figure S V-1: 3D-LSM images of BOSC | before [A] and after storage at 2-8 °C [B] and 40 °C [C] for
10 months filled WFI.
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Figure S V-2: 3D-LSM images of XS | after storage at 2-8 °C for 7 months filled with WFI.
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Figure S V-3: Extrusion force profiles of SOF cartridge (SOFC) and syringe (SOFS) filled with WFI at TO of
the stability study [A] as well as gliding forces displayed as boxplots including BOSC | and XS I
(Min-Max) [B].
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Abbreviations

3D-LSM
BLF
BLGF
BOSC
CA
COP/COC
DSA
ETFE
Fl

GF
His
HPW
LO
PTFE
SEM
SFE
SO
SOF
SOFC
SOFS
SvP
WFI
XS
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Baked-on Siliconized Cartridge
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Measurements for the formulation dependent stability study as well as interfacial tension
measurements were partly performed by Omaima Missaoui during her Master thesis project
(“Formulation Dependent Silicone Depletion From Sprayed-On Siliconized Pre-Filled Syringes”,
2020).
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Abstract

Silicone oil (SO) migration into the drug product of combination products for
biopharmaceuticals during storage is a common challenge. As the inner barrel surface is
depleted of SO the extrusion forces can increase compromising the container functionality.
In this context we investigated the impact of different formulations on the increase in
gliding forces in a spray-on siliconized pre-filled syringe upon storage at 2-8 °C, 25 °C and
40 °C for up to 6 months. We tested the formulation factors such as surfactant type, pH,
and ionic strength in the presence of one monoclonal antibody (mAb) as well as compared
three mADbs in one formulation. After 1 month at 40 °C, the extrusion forces were
significantly increased due to SO detachment dependent on the fill medium. The storage at
40 °C enhanced the SO migration process but it could also be observed at lower storage
temperatures. Regarding the formulation factors the tendency for SO migration was
predominantly dependent on the presence and type of surfactant. Interestingly, when
varying the mAb molecules, one of the proteins showed a rather stabilizing effect on the
SO layer resulting into higher container stability. In contrast to the formulation factors,
those different stability outcomes could not be explained by interfacial tension (IFT)
measurements at the SO interface. Further characterization of the mAb molecules regarding
interfacial rheology and conformational stability were not adequately able to explain the
observed difference. Solely a hydrophobicity ranking of the molecules correlated to the
stability outcome. Further investigations are needed to clarify the role of the protein in the
SO detachment process and to understand the cause for the stabilization. However, the
study clearly demonstrated that the protein itself plays a critical role in the SO detachment

process and underlined the importance to include verum for container stability.

Keywords: Syringe Functionality — Silicone Oil — Protein Formulations
— Biopharmaceuticals — Pre-filled Syringes — Surface Rheology — Silicone Oil Detachment
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1 Introduction

Ready-to use primary packaging systems like pre-filled syringes are of particular
importance for biopharmaceuticals as they enable the patient to administer the drug by
himself, ease application for health care professionals and improve drug safety. A critical
aspect in this context is the presence of silicone oil (SO) in the drug product [1-3]. SO is
sprayed-on the inner barrel of glass containers to reduce the friction force between the
rubber plunger and the glass barrel thereby enabling an easy and consistent administration
of the drug [4,5]. However, SO is known to migrate into solution where it forms
microdroplets that add up to the overall particle count and potentially interact with the API
[6,7]. SO is discussed to increase the immunogenicity of injectables [8,9] and there have
been numerous reports about SO microdroplets found in the vitreous after injections into
the eye potentially causing adverse effects [10]. Hence, trends in the development of novel
packaging materials are to fix the applied SO by baking-on, cross-linking, or to reduce the
sprayed-on amount of SO [11-14]. Unfortunately, lower SO levels in the barrel potentially
result in higher extrusion forces already after filling or during storage, thus it is important
to better understand the process of SO detachment to define packaging materials that ensure

functionality and safety of the combination product over the complete storage time.

The functionality of combination products over storage is impacted by the fill medium
[15,16]. The increase in friction force caused by SO depletion from the container surface
is triggered by surface active ingredients. The presence and a higher concentration of
polysorbate 80 (PS 80) negatively impact the container stability and induce higher particle
formation [17]. Furthermore, formulations containing poloxamer 188 (Px188) exhibit a
lower tendency to detach SO compared to PS 80 [16,18]. This effect is linked to the
interfacial properties of the fill medium. With increasing PS 80 concentrations the
interfacial tension (IFT) between the formulation and SO decrease. In addition, PS80
decreases the IFT more effectively than Px188 [16,19-21]. Besides the surfactant, Fang et
al. reported that the buffer system, pH and tonicity agents impact syringe functionality upon
storage [18]. However, this was demonstrated predominantly for placebo and without
monitoring the state of the SO layer or IFT. Therapeutic proteins constitute surface active
molecules which adsorb to interfaces, decrease the IFT as well as form viscoelastic films
and are known to interact with the SO layer [6,22—28]. Correspondingly, a monoclonal
antibody (mADb) verum shows higher SO particle concentrations in the drug product as

compared to a placebo and a mAb concentration dependent increase in gliding forces has
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been reported [6,16,29]. Although protein adsorption can be inhibited in formulations by
surfactants, co-adsorption of mAbs at the interface occurs [19,26,30-32]. The interfacial
storage modulus of the mAb film formed the SO interface correlates with the mAb
adsorption and aggregation propensity at the SO interface [25,33]. But further thorough
investigation of the formulation variables including the protein properties are still

necessary.

The purpose of this study was to further identify formulation related factors which lead to
a reduced stability in siliconized syringes due to SO migration. Compared to previous
reports, we systematically tested different formulation variables a mAb and compared 3
different mAbs in the same formulation. We hypothesized that the IFT between formulation
and SO to correlate with the increase in extrusion forces upon storage, also in the presence
of the proteins. Formulation factors included protein concentration, pH, surfactant type
(polysorbate 20 (PS20) and Px188) and concentration as well as ionic strength. A change
of the pH and ionic strength are known to influence adsorption behavior of proteins to
accessible surfaces and thus the container stability in terms of functionality could be
influenced indirectly [34-37]. We monitored the extrusion forces upon storage at 2-8 °C,
25 °C and 40 °C for up to 6 months. The residual SO amount and the SO layer thickness in
the barrels were determined by Fourier-transform infrared spectroscopy (FTIR) and
interferometry measurements. 3D-laser scanning microscopy (3D-LSM) was utilized to
take images of the silicone layer from outside the barrel at all the study timepoints. The IFT
between the formulations and SO were obtained with a profile analysis tensiometer (PAT).
We further characterized the formulations and mAbs in terms of interfacial rheology
properties. As an impact of the mAb on the SO detachment became obvious, the proteins
were further characterized in terms of hydrophobicity and conformational stability with the
aim to find protein characteristics which explain and potentially predict the protein induced
SO detachment. Both parameters are considered important in the adsorption process of
mADs to surfaces [35,38-40].
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2 Materials and Methods

2.1  Materials and Methods
Chemicals

Following chemicals were used: L-histidine, L-histidine monohydrochloride monohydrate,
polysorbate 20 (PS20), NaCl (Merck KGaA, Darmstadt, Germany), trehalose (Ferro
Pfanstiehl, Waukegan, IL, USA), sucrose (Sigma-Aldrich Chemie GmbH, Steinheim,
Germany) and Poloxamer 188 (BASF, Ludwigshafen, Germany).

Sample Preparation

Four different IgG1 monoclonal antibodies were kindly provided by Novartis AG (Basel,
Switzerland). mAb 2, 3 and 4 were obtained in histidine-buffers without further excipients.
mADb 1 was obtained already finally formulated at 120 mg/mL in histidine buffer (His)
containing trehalose and 0.02 % (w/v) PS20. Vivaflow® 50 cross flow cassettes with a 50
kDa MWCO PES membrane (Sartorius AG, Goettingen, Germany) were used to
concentrate the other protein solutions or exchange the buffer system. Buffer solutions were
prepared with highly purified water and pH was checked with a Mettler Toledo MP220 pH
meter (Mettler Toledo, Greifensee, Switzerland). After final formulation, concentration
was checked using UV-Vis spectrophotometer NanoDrop™ (Thermo Scientific,
Wilmington, Delaware, USA). To investigate the impact of formulation variables, mAb 4
was formulated varying protein concentration, pH, ionic strength, and surfactant type and
concentration (Table VI-1). mAb 2 and 3 were formulated according to the formulation of
mAb 1 including 0.02 % (w/v) PS 20. For all protein formulation, an accordingly
formulated placebo was prepared. The protein solutions were filled into 1 mL long BD
Neopak™ syringes with 27G '4” staked-in needles (BD Medical — Pharmaceutical Systems,
Le Pont-de-Claix, France) and containers were closed with NovaPure® Syringe Plungers
(West Pharmaceutical Services, Inc., Exton, PA, USA) under laminar air flow. The
plungers were all set to the same height using an insertion jig. Prior filling all solutions
were sterile filtrated using vacuum filtration units with a 0.2 pum PES filter membrane
(VWR International GmbH, Darmstadt, Germany).
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Abbreviation Protein Concentration pH lonic Strength Surfactant
Standard 75 mg/mL 6 - 0.06 % (w/v) PS20
Low mADb 5 mg/mL 6 - 0.06 % (w/v) PS20

Middle mAb 40 mg/mL 6 - 0.06 % (w/v) PS20
High mAb 120 mg/mL 6 - 0.06 % (w/v) PS20
Low pH 75 mg/mL 5 - 0.06 % (w/v) PS20
High lon 75 mg/mL 6 140 mM 0.06 % (w/v) PS20
High Surfactant 75 mg/mL 6 - 0.12 % (wiv) PS20

W/o Surfactant 75 mg/mL 6 - -

Px188 75 mg/mL 6 - 0.06 % (w/v) Px188

High Px188* 75 mg/mL 6 - 0.40 % (w/v) Px188

Table VI-1: Overview of verum and placebo formulations of mAb 4 tested (30 mM His, 270 mM sucrose).
*Only tested as placebo.

2.2  Stability Study

Syringes filled with mAb 1 — 3 were stored without agitation at 40 °C and 2-8 °C for up to
6 months as well as at 25 °C for up to 3 months, mAb 4 formulations were stored for up to
3 months at 40 °C. At designated timepoints functionality, particle formation, silicone

distribution and content per barrel as well as silicone layer morphology were investigated.
Functionality

Functionality was investigated using a Texture Analyzer TA.XT Plus (Stable Micro
Systems Ltd., Surrey, UK). The containers were expelled with a velocity of 190.2 mm/min
until a trigger force of 30 N. The maximum force required for the distance 0 — 35 mm was
set as the maximum extrusion force (Fmax). Extrusion was automatically stopped, when

the upper limit of 30 N was reached and such container systems were declared as “failed*.
(n>5)

Subvisible Particle Analysis (SvP-Analysis)

Particles in the product were monitored using a using FlowCam 8100 (Fluid Imaging
Technologies, Inc., Scarborough, ME, USA) equipped with a 10x magnification lens.
Samples were collected during the functionality measurements in pre-rinsed Eppendorf®

tubes and particle > 1um concentration was evaluated using 150 pl at a flowrate of
100 pl/min. (n > 4)
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Silicone Oil Distribution

A RaplD Layer Explorer UT (rap.ID Particle Systems GmbH, Berlin, Germany) was used
to evaluate the silicone oil distribution in the barrel. Prior to measurements, the syringes
were emptied after carefully removing the plunger with tweezers. The barrels were
subsequently rinsed with 1 mL highly purified water (HPW) at least 3 times and firmLy
dried. After baseline recording of a non-siliconized syringe 8 lines of 40 mm per barrel
with a resolution of 0.4 mm/step were recorded to determine the silicone layer thickness
along the barrel. In the study evaluating the mAb effect combined white light and laser
interferometry (WLI) was used (UT Mode/LOD = 20 nm), whereas in the formulation
effect study syringes were evaluated using white light interferometry (WI) (Bl Mode/
LOD =80 nm). Calculating the silicone layer thickness silicone depletion was evaluated
based on the datapoints 35 — 100. Datapoints below limit of detection were counted as
20 nm respectively 80 nm depending on the method used. Samples declared as TO display

syringes not filled. (n = 3)
Silicone Layer Morphology

The silicone layer of syringes emptied and cleaned as described above was assessed with a
Keyence VK-X250 3D-Laser Scanning Microscope (Keyence International NV/SA,
Mechelen, Belgium). After focusing on the silicone layer from outside images were taken
alongside the barrel with a CF Plan 10x/0.30 Nikon OFN WD 16.5 objective. Seven images
in the middle of the barrel were stitched together with the VK Image Stitching software
(version 2.1.1.0).

Silicone Oil Quantification

The silicone oil amount per barrel was quantified using a FTIR Tensor 27 (Bruker Corp.,
Billerica, MA, USA) after emptying and cleaning the syringes as described above and
following a method developed by Funke et al. [41]. Briefly, the silicone oil was extracted
twice per barrel with 700 pl n-heptane. Therefore, plungers were inserted with the same jig
used for the stability study and the syringes were rotated overhead for 20 min at 18 rpm.
The solvent extracts were pooled in 2R vials and heptane was removed with a Flowtherm
Evaporator (Barkey GmbH & Co.KG, Leopoldshdhe, Germany) at 100 °C and nitrogen
flow of 100 mL/min. The dried extract was redissolved with 500 ul n-heptane and filled
into a 250 um path length transmission liquid cell. To obtain transmittance spectrum 100

scans with a resolution of 4 cm™ were recorded between the wavelengths 3000 to 900 cm™.
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After calibration (R? = 0.9999), silicone oil was quantified based on the area under the
curve of the symmetrical Si-CHs deformation between 1280 and 1240 cm™ obtained by the
Brukers OPUS software (Version 7.5.18). Samples declared as TO display syringes not
filled. (n=3)

2.3 Interfacial Behavior at Silicone Oil Interface

The interfacial tension (IFT) at the silicone interface of the various fill mediums was
determined with a PAT1M profile analysis tensiometer (SINTERFACE Technologies e.K.,
Berlin, Germany). A droplet was formed with a single capillary (2.1 mm) immersed in
silicone oil (Dow Corning® 360 Medical Fluid 100 cSt, Dow Corning GmbH, Wiesbaden,
Germany). Dynamic interfacial tension was recorded based on the captures of a video
camera for at least 5000 s. For the samples mAb 1 — 3 the droplet volume was oscillated
after 5000s (Amplitude 10 %) at 0.01 Hz, 0.02 Hz, 0.05 Hz, 0.1 Hz and 0.2 Hz. Fourier
Transformation enabled the calculation of viscoelastic properties of the adsorbed surfactant
and protein layers (storage modulus E’ and imaginary modulus E’’). Protein concentration

was adjusted to 5 mg/mL for all PAT measurements. (n = 3)
2.4  Conformational Stability

The mAb unfolding was studied by nano differential scanning fluorimetry (nanoDSF) at
1 mg/mL using a Prometheus® NT.48 (nanoTemper Technologies, Munich, Germany) at
1 °C/min from 20 °C to 100 °C. Fluorescence intensity at 350 nm was plotted against
temperature and the apparent melting temperature of the protein was obtained from the
maximum of the first derivative using the PR.ThermControl V2.1 software (hanoTemper

Technologies, Munich, Germany). (n = 3)

Additionally, isothermal chemical denaturation (ICD) was used to characterize the protein
physical stability following a method developed by Svilenov et al. [42]. Protein stock
solutions (10 mg/mL in His-Buffer) were pipetted into a non-binding surface 384 well plate
(Corning, USA) and mixed with the buffer and a denaturant stock solution (6 M guanidine
hydrochloride) resulting in different denaturant concentration and a constant protein
concentration of 1 mg/mL. Pipetting and mixing were performed with a 12.5 pL and 125
ML Viaflo pipette and the Viaflo Assist (Integra Biosciences, Konstanz, Germany). After
sealing the microplate, the samples were incubated at room temperature for 27 h and
intrinsic fluorescence was determined at 350 nm with a Fluostar Omega microplate reader

(BMG Labtech, Ortenberg, Germany). The data was plotted against denaturant
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concentration with the CDpal software (Version 2.15) [43] and the autofit function was

used to evaluate the approximate Cm values of the curves. (n = 3)
2.5 Hydrophobicity

Hydrophobic interaction chromatography (HIC) was used to evaluate protein
hydrophobicity. Protein samples were analyzed on an Agilent 1200 device (Agilent
Technologies GmbH, Bdblingen, Germany). MAb samples were diluted with ammonium
sulphate buffer to a final concentration of 0.33 mg/mL prior analysis. A total mAb amount
of 20 pug was injected onto a 35 x 4.6 mm TSKgel Butyl-NR column from Tosoh Bioscience
GmbH (Darmstadt, Germany) and eluted at a flow rate of 1 mL/min at 25 °C. After the
equilibration of the column for 2 min with buffer A (20 mM His/HCI, pH 5.4 containing
1.5 M (NH4)2SOg4, concentration of buffer B (20 mM His/HCI, pH 5.4) was increased
linearly from O — 100 % in the following 66 min (tgradient). MAbs were detected with a
G1314B UV detector at 280 nm. The results are presented as the quotient of retention time

and tgradient.
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3 Results

3.1  Stability Study — Variation of Formulation

After filling spray-on siliconized syringes with mAb 4 formulations differing in protein
concentration, pH, surfactant type, concentration as well as ionic strength (Table VI-1),
containers were stored at 40 °C for 3 months. Next to the progress in gliding forces, SvP
count of expelled samples was evaluated. SO migration was monitored by quantifying
residual SO amount per barrel after extraction and SO layer thickness measurements. Both

results were supported by 3D-LSM of the inner SO surface.
3.1.1  Functionality

The Fmax of the protein and placebo samples increased over storage dependent study. This
included the functionality failure of a broad number of syringes at the end of the stability
study after 3 months at 40 °C (Figure VI-1). The increase in extrusion force was dependent
on the formulation filled in. At TO all samples showed similar Fmax values between 2.1 N
and 2.5 N, which increased to 6 N and 10 N for most of the samples after 1 month at 40 °C.
The samples without surfactant and with Px188 showed a smaller increase towards values
of 3.2 £ 0.2 N and 4.0 £ 0.8 N respectively. Interestingly, also the syringes containing a
formulation with higher ionic strength were still easier to expel with Fmax values of
3.1+ 0.2 N. After 3 months, the extrusion force was massively increased to 25 N to 30 N
for the syringes except for the ones containing either no surfactant or Px188, which staged

at approximately 3 N, and the high ionic strength formulation with 15.6 £ 2.1 N.

These results agree with the Fmax results of the corresponding placebos. In some cases, the
placebos solution showed higher extrusion force values after storage. For instance, the
lower pH placebo formulation showed an increase from 2.0 £ 0.1 N to 28.6 + 2.5 N already
after 1 month at 40 °C and for the Px188 placebo sample a higher Fmax of 7.6 + 7.0 N was
detected after 3 months. An additional formulation with a higher Px188 concentration
(0.4 % (w/v)) resulted in Fmax of 17.1 + 10.8 N, which was higher than with 0.06 % (w/v)

Px188, but still lower compared to the PS20 containing samples.
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Figure VI-1: Maximum extrusion forces (Fmax) of syringes after storage at 40 °C of different mAb 4 [A] and

placebo [B] formulations.

3.1.2  SvP-Analysis

The particle count of the expelled samples was assessed with flow imaging and served as
indicator for silicone oil migration into the product (Figure VI-2). Formulations without
PS20 or containing Px188 did not show an increase in particle concentration upon storage
at all. At maximum 66.000 + 19.000 particles > 1um/mL were detected in verum and
36.000 + 25.000 particles > 1um/mL in placebo. All PS20 containing samples showed
enhanced particle concentrations after expelling. In general, placebo solutions for this

group showed lower particle counts compared to protein containing solutions as they did
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not exceed values > 3.5 x 10° particles > 1um/mL. In comparison, 5 out of the 7 protein
samples showed values of > 1x10° particles > 1pum/mL. Particularly high particle
concentrations were detected for the protein formulation with a higher PS20 concentration
(High Surfactant/ 0.12 % (w/v)), which reached values up to 4.8 x 10° particles > 1um/mL

after 3 months storage. Lower particle concentrations were found for the solution

containing higher mAb concentration (120 mg/mL) and the lower pH 5.

Figure VI-2: Number of particles> 1um/mL after storage at 40 °C for different mAb 4 [A] and placebo [B]
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3.1.3 Silicone Layer Characterization
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Silicone layer detachment upon storage could be demonstrated by silicone oil quantification

with FTIR as well as by interferometry measurements at the silicone layer to determine its
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thickness. The solutions without PS20 or containing Px188 also at higher concentration
showed a reduction of the silicone oil from approximately 200 pg SO per barrel to
120 — 160 pg after storage for 1 or 3 months (Figure VI-3). For PS20 containing
formulations the amount decreased to 50 — 80 pg after 1 month and approximately 30 pg

after 3 months. Overall, the effect was similar for the verum and the placebo.
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Figure VI-3: SO amount per barrel after storage at 40 °C of different mAb 4 [A] and placebo [B] formulations.

The results were reflected by silicone layer thickness measurements (Figure VI-4). Silicone
oil was hardly detectable in the samples except for the surfactant free and the Px188

containing formulations with most of the datapoints < LOD already after 1 month at 40 °C.
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As all datapoints < LOD were calculated as 80 nm, the boxes of samples with obvious
depletion appear as a flat line. The Px188 concentration did not impact the change in
silicone layer thickness. After 3 months the silicone layer height was further decreased for
both the protein and placebo. In general, the presence of protein enhanced the decline of
the layer thickness. Furthermore, silicone layer thickness for the Px188 containing as well
as the standard formulation stored for 3 months was examined in UT mode (Supplementary
Data - Figure S VI-1); the majority of the datapoints detected for the standard formulation
was < LOD as well indicating no silicone at all at the inner barrel surface. The Px188

showed more silicone oil left and less depletion occurred with placebo.
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Figure VI-4: SO layer thickness after storage at 40 °C of different mAb 4 [A] and placebo [B] formulations

displayed as box plots (Box: 25th — 75th percentile; Whiskers: 1th — 99th percentile/LOD: 80 nm).
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3D-LSM confirmed the findings. At start, the SO formed blurred structures (Figure VI1-5),
which were still partially present after 1 month (Supplementary Data - Figure S VI-2) and
vanished for PS20 containing samples after 3 months storage. Remainders of SO were still
visible for the surfactant free and Px188 containing formulations.

mAb Placebo

10000m] . g 1,000um

1000pm

P 1000pm

Figure VI-5: 3D-LSM images of the inner surface of syringes after storage at 40 °C for 3 months of different

mADb 4 and placebo formulations compared to TO and non-siliconized syringes.
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3.2  Stability Study — Variation of the mAb Molecule

After filling spray-on siliconized syringes with one formulation (Formulation mAb 1) but
3 different mAbs (mADb 1 — 3), containers were stored for up to 6 months at 40 °C, 25 °C
and 2-8 °C. Container stability as well as SO migration upon storage was monitored as

abovementioned.
3.2.1  Functionality

Extrusion forces at TO were low for all syringes with Fmax between 2.3 N and 4.7 N. Fmax
of the mADb 1 - 3 solution and placebo filled syringes increased with storage (Figure VI-6).
Overall, the syringes filled with mAb 1 showed the most pronounced increase of Fmax
followed by placebo and mADb 2. Fmax of syringes filled with mAb 3 increased least and

was still acceptable even after 6 months storage at 40 °C.
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Figure VI-6: Maximum extrusion forces (Fmax) of syringes after storage at 40 °C, 25 °C or 2-8 °C of

mAb 1, 2 and 3 as well as placebo formulations.

After one month storage at 40 °C, already two placebo solution samples failed respectively
they showed a Fmax > 30N (average Fmax of 26.8 £ 5.2 N/ Figure VI-6). After 3 months
at 40 °C, 4 out of 6 syringes filled with mAb 1 failed reaching an Fmax average of
29.8 £ 0.3 N; placebo solutions completely failed at that timepoint. An increase became
also evident for mAb 2 (Fmax 15.3 £ 1.9 N) and mAb 3 (Fmax 11.1 £ 0.9 N). The results
after 6 months at 40 °C were similar to the 3-month timepoint except for a further increase
of Fmax for the mAb 2 formulation to 22.4 £ 1.6 N. Also, at lower storage temperatures
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Fmax increased but no syringe failed after 6 months. The trend of the mAb effect observed
at 40 °C could also be noticed at 2-8 and 25 °C. In general, mAb 1 and 2 showed markedly
higher Fmax values compared to TO than mAb 3. For the placebo only a small increase

could be noticed.
3.2.2  SvP-Analysis

The concentration of particles > 1um increased after storage at all temperatures
(Figure VI-7). After filling mAb 2, mAb 3, and placebo samples showed 18.000 to 25.000
particles > 1um/mL and mAb 1 70.000 + 29.000 particles > 1lum/mL on average. After
1 month at 40 °C, mAb 1 and placebo samples contained around 200.000 particles
> 1um/mL and mAb 2 samples 380.000 *+ 95.000 particles > 1um/mL, whereas mAb 3
samples stayed much lower with 40.500 + 10.000 particles > 1um/mL. The particle
concentrations did increase further at the 3- and 6-month timepoint for the mAb 2 and 3
samples. As the extrusion was not conducted completely for the mAb 1 and placebo at
those timepoints, the results cannot be further compared (marked as x in Figure 8). The
failing of the syringes obviously decreased the particle count in the collected samples. After
3 months storage at 25 °C mAb 1, 2 and placebo showed increased particles levels and
mADb 3 no change. At 2-8 °C after 6 months, the particle count was marginally increased in

all samples at a similar level.
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Figure VI-7: Number of particles > 1um/mL after storage at 40 °C, 25 °C or 2-8 °C of mAb 1, 2 and 3 as well
as placebo formulations. x: Samples with incomplete extrusion due to functionality failure; y: all syringes
failed.
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3.2.3  Silicone Layer Characterization

As shown for the variation of the formulation the increase in extrusion forces for syringes
filled with different mAbs was linked to a steady decrease of the SO layer height on the
inner barrel surface. Syringes filled with mAb 1, mAb 2 and placebo showed a rather
similar decline of the SO amount over storage (Figure VI-8) reaching values around 30 pg
per barrel after 6 months at 40 °C. In contrast, the lowest values obtained for mAb 3 samples
were around 90 pg per barrel. Results for the samples stored for 3 months at 25 °C were
comparable to the 1-month timepoint at 40 °C. After 6 months at 2-8 °C the SO level for

all samples was only half of the TO value without obvious differences between the samples.
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Figure VI-8: SO amount per barrel after storage at 40 °C, 25 °C or 2-8 °C of mAb 1, 2 and 3 as well as

placebo formulations.

Corresponding results were obtained with interferometry. For mAb 1, mAb 2 and placebo
solutions SO was hardly detectable after storage at 40 °C and 25 °C (Figure VI-9). Starting
at a median of approximately 160 nm for unfilled syringed the thickness dropped to 20 nm
representing the LOD of the method. In contrast, the medians of syringes filled with mAb 3
ranged roughly between 58 and 73 nm throughout the stability study. Silicone oil
detachment was less pronounced at 2-8 °C; still the decrease was less distinct for mAb 3.
Furthermore, the inner barrel of syringes filled with mAb 1, mAb 2 or placebo showed the
appearance of the surface of a silicone oil free glass syringe in 3D-LSM already after
1 month storage at 40 °C (Figure VI1-10/ Supplementary Data - Figure S VI-3). In contrast,
the images of syringes filled with mAb 3 indicated presence of a SO layer although the
inner surface appeared less smooth and congruent. After 3 months at 25 °C, SO still was
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visible for mAb 3 and placebo solution; after 6 months at 2-8 °C SO was still clearly visible

for all samples.
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Figure VI-9: SO layer thickness after storage at 40 °C, 25 °C or 2-8 °C of mAb 1, 2 and 3 as well as placebo
formulations displayed as box plots (Box: 25th — 75th percentile; Whiskers: 2.5th — 97.5th percentile/LOD:
20 nm).
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Figure VI-10: 3D-LSM images of the inner surface of syringes after storage at 40 °C, 25 °C or 2-8 °C of

mAD 1, 2 and 3 as well as placebo formulations.
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3.3 Interfacial Behavior Silicone Oil Interface

Interfacial tension and rheological measurements between the formulations and SO were
performed looking for explanations of the difference in the outcome of the stability study

with respect to both the formulation and the mAb effect.
3.3.1  Variation of the Formulation

All polysorbate containing samples showed the same progression of the IFT at the SO
interface over time with a fast decline in the first 100s to values of around 9 mN/m, which
continued to decrease to 7 mN/m after 5000 s (Figure VI-11). The corresponding placebo
solution showed the same progression with slightly but consistently higher values. In
contrast, Px188 containing samples induced IFT to decrease instantly to higher values of
20 mN/m without further change after the first 100 s and lower IFT values for the placebo
solution. The formulations without surfactant showed a rather slow decline to values of
22.9 + 0.7 mN/m after 5000 s, whereas the IFT was stable for the surfactant free placebo at

a value of 34 mN/m.
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Figure VI-11: IFT of different mAb 4 [A] and placebo [B] formulations at the SO interface.

3.3.2 Variation of the mAb Molecule

As seen for the formulation study, the presence of the surfactant predominantly determined
the progression of the IFT at the SO interface over time thus resulting in a decline to
8 mN/m after 5000 s for all samples including the placebo compared to 37 mN/m of the
surfactant free buffer (Figure VI-12). Furthermore, no significant difference was
observable in between the surfactant free mAb solutions (mAb 1 — 3) as they all decreased
the IFT to approximately 26 mN/m after 5000 s. Dilational rheology measurements
indicated the same viscoelastic properties of the films formed at the silicone interface for
the actual formulations (Figure VI-13, A) as there was no distinct difference in the storage
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(E’) and loss modulus (E’’) at different frequencies observable. Without the surfactant the

elasticity of the different mAb films was similarly increased (Figure VI-13, B).
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Figure VI-12: IFT of formulations containing mAb 1, 2 and 3 and placebo with (+) and without (-)
0.02 % (wi/v) PS20.
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Figure VI-13: Dilatational storage (E’) and loss modulus (E’’) of the interfacial film between SO and
formulations containing mAb 1, 2 and 3 and placebo with [A] and without [B] 0.02 % (w/v) PS20 at different

oscillation frequencies.

3.4  Further mAb Properties

The three different mAbs were further characterized and ranked in terms of solution
viscosity, hydrophobicity, and conformational stability. The viscosity of the mAb 1
formulation was significantly higher with 14.2 + 0.0 mPa*s compared to 5.8 + 0.2 mPa*s
and 5.0 £ 0.0 mPa*s for mAb 2 and 3. In addition, mAb 1 showed the highest
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hydrophobicity with a retention time quotient in HIC of 0.57 followed by mAb 2 and mAb 3
with 0.49 and 0.44 respectively.

The ranking in terms of conformational stability obtained by isothermal chemical
denaturation matched the results by thermal unfolding of the proteins with nDSF
(Supplementary Data - Figure S VI-4). mAb 1 was least stable with the earliest unfolding
with a Tm of 71.6 £ 0.0 °C and a Cm of 2.1 £ 0.1 M, followed by mAb 3 with a Tm of
76.8 £ 0.1 °C and Cm of 2.3 £ 0.0 M, and mAb 2 showing a Tm of 79.0 £ 0.0 °C and Cm
of 27+ 0.1 M.
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4 Discussion

The aim of the present study was to identify mAb formulation factors, which contribute to
reduced storage stability by enhancing SO detachment from the container surface. To this
end, we investigated the impact of different fill media upon long-term storage of spray-on
siliconized pre-filled syringes.

At first, we varied the mAb formulations in terms of excipient type and concentration. Two
formulations, the one lacking a surfactant and the one containing Px188, showed clearly
less tendency for SO detachment. Subsequently, higher container stability was obtained
with these formulations without a significant increase of extrusion forces or even failure of
the syringe. The trend was observed with verum and placebo. The extrusion force results
were well in line with the residual SO amount analyzed by FTIR, and the layer thickness
analyzed by interferometry and 3D-LSM. 3D-LSM turned out to be a quick, non-
destructive, and reliable method to identify SO removal from the inner barrel surface.
Additionally, SvP analysis showed less particles for those two formulations compared to
all other formulations after expelling. Hence as reported for PS80 [16-18], also PS20 shows
higher tendency to remove SO from the container surface and to increase gliding forces in
siliconized syringes compared to Px188. In comparison, a higher mAb concentration,
different pH or higher ionic strength did not markedly affect the syringe stability as all
PS20 containing formulations showed the same SO depletion and a distinct increase in
gliding forces at the 3 months timepoint. However, for the verum the SO removal was
slightly enhanced compared to placebo. The stability correlated with the IFT between
formulation and SO. All PS20 containing samples displayed a lower IFT compared to the
surfactant free and Px188 formulation. As the IFT decreases the energy necessary to
overcome the interfacial tension is lowered and hence a SO migration is more likely to
occur [17]. The formulation with highest IFT, in our case the placebo solution without
surfactant, showed least silicone oil removal followed by the protein formulation without
surfactant and the formulations containing Px188. The fact that a higher PS20 concentration
in the formulation did not accelerate the increase in gliding forces was also reflected in the
IFT as a minimum value was already reached by the lowest PS20 concentration. The PS20
concentration of 0.06 % (w/v) is well above the critical micelle concentration (CMC)
[44,45]. Px188 is less hydrophobic than PS20 with an HLB value of around 29 [30]
compared to 16.7 [46], making it less surface active. Furthermore, the Px188 adsorption

rate is less compared to PS20 due to its higher a molecular size around 8 kDa compared to
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1.2 kDa for PS20 [16,19,21,30,47-51]. A higher amount of protein co-adsorbed to the
interface was observed for Px188 compared to polysorbates [19,25,34,50-52]. According
to our results Px188 is advantageous for protein formulations in combination products. Not
only did it show higher container stability but by decreasing SO migration into solution the
interfacial area for mAbs to adsorb to is lower. Hence, protein stability is potentially less
diminished in this case [25]. Nevertheless, the choice of surfactant needs to be evaluated
based on the product itself. Recently, visible protein-SO particles were detected after long
term storage specifically in mAb formulations containing Px188.[48] After all, the
occurrence of SO depletion can be also overcome by the appropriate choice of the primary

packaging material [3,11,53].

In the second setup, only the mAb was varied instead of the formulation factors
(Formulation mAb 1). The stability was found to depend on the mAb molecule. mAb 3
formulations were more stable compared to mAb 1 and 2 formulations as well as placebo
at 40 °C, 25 °C and 2-8 °C. In general, SO migration was less pronounced after storage at
lower temperature. But an increase in extrusion forces and a reduction of the SO layer
thickness were observed, following the 40 °C results except for placebo solutions. In
contrast to the formulation factor study, the outcome of the stability did not correlate to the
IFT results. We assume a decreased IFT between the formulation and SO as one of the
basic requirements for SO detachment. Nonetheless the protein effect on SO detachment
was not reflected in IF. Additional dilational surface rheology measurements did not show
any differences in the behavior of the mAb molecules at the SO interface. mAbs are known
to form viscoelastic films upon adsorption at hydrophobic interfaces as a result of unfolding
and increasing intermolecular interactions [22,24,25,54]. The presence of surfactant
equally decreased elasticity regardless of the mAb type. A lower elasticity for protein-
surfactant mixtures was expected as PS20 prevents the adsorption of the protein and thereby
the formation of a protein network at the interface [27,28,50,52,55]. As the values matched
the placebo, we assume the SO interface to be predominantly occupied by PS20 for all
formulations. Further characterization of the protein molecules failed to identify clear
predictive parameters related to SO detachment. Conformational stability, as tested via
thermal unfolding, did not correlate with the stability of the syringes. Upon adsorption
conformational changes of proteins can occur and an increased conformational stability
tested both by thermal and chemical means is in general associated with a lower adsorption

tendency [35,38]. Only the relative hydrophobicity ranking was in line with the stability
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data. Hydrophobic interactions play a substantial role for protein adsorption to solid
surfaces and thus an increased surface hydrophobicity could potentially enhance the
interaction between the mADb and the SO interface respectively SO microdroplets in
solution [34,40,56,57].

However, a different adsorption behavior of the mAb molecules was not indicated by the
dynamic IFT measurements. Thus, the mechanism behind the stabilization respectively
destabilization remains unclear at this point. A broad variety of different methods can be
applied to further investigate the adsorption behavior of the protein and surfactant at the
SO interface as well as the reversibility of the adsorption process [35,58,59]. Especially
quartz crystal microbalance with dissipation monitoring (QCM-D) has been utilized to
study the absorption of proteins and surfactants to siliconized surfaces and it also offers to
determine a viscoelasticity of the adsorbed film [19,30,40]. In general, the monitoring of
adsorption and desorption kinetics of the proteins to hydrophobic surfaces by methods like
ellipsometry [60], optical waveguide lightmode spectroscopy [21], surface plasmon
resonance [61] or biolayer interferometry [62] could help identify key differences for the
molecules. Also, neutron reflectometry has been used to study the adsorption behavior to
hydrophobic surfaces as it can provide detailed information about the molecule orientation
and composition of the adsorbed film by determining layer thickness in the sub nanometer
range [50,51,63,64]. The inclusion of more proteins with a broader variety of physico-
chemical and surface-active properties is needed to identify the key factors influencing the
SO detachment from the inner barrel surface. As all mAbs included in this study belonged
to the 1gG1 subclass we expect no significant difference of the Fc fragment between the
molecules [65]. A focus on the characterization of the Fab fragments could potentially
facilitate the identification of predictive molecule properties. Finally, we suggest studies
that focus on the interaction of the surfactants, SO and the protein beyond the interfacial
properties of the formulations as the surface rheology measurements indicated the absence
of the mADb molecule at the interface. Potentially, the ability to emulsify SO microdroplets
plays a role in the SO migration enhancing tendency of certain formulations and mAb
molecules. This could explain the lower stabilities of placebo formulations at higher storage
temperature as the CMC of PS decreases and the micelle size increases at elevated
temperatures [66,67]. In addition, mAbs were shown to increase the CMC of PS20 and
PS80 due to interaction between protein and surfactant [68,69]. The fact that Px188 exhibits
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a significantly higher CMC then PS may also be in line with a higher SO layer stability due

to less microdroplet formation [16,34,70].
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5 Conclusion

In the course of this study the dependency of the container stability on the fill medium
systems became evident for standard spray-on siliconized container. In general, extrusion
forces increased due to SO migration into the drug product at all storage temperatures
including samples stored at 2-8 °C. Differences between formulations were already
detectable after one month storage at 40 °C, which was predictive for storage at 25 °C and
2-8 °C. The silicone layer characterization revealed a complete SO removal from the inner
barrel surface for specific formulations. Not only surfactant type but interestingly also the
mADb present in formulation were found to impact container stability. Px188 containing
formulations showed less SO detachment compared to PS20 containing formulations. mAb
3 samples were significantly more stable compared to syringes filled with mAb 1 and 2 and
compared to placebo. In the case of formulation variables, a lower container stability could
be correlated with a lower IFT, but the IFT did not differ with the mAb utilized. Also,
interfacial rheology measurements as well as protein characterization in terms of
conformational stability could not explain the difference between the mAbs in the very
same formulation. Although the hydrophobicity ranking indicates that the observed SO
depletion can be linked to intrinsic molecule properties, further studies are necessary to
better understand the role of the protein in the SO detachment process and identify key
factors for the occurrence of SO depletion. Overall, the studies underline the importance of

testing container stability with verum.
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Figure S VI-1: SO layer thickness after storage at 40 °C for 3 months of different mAb 4 [A] and placebo [B]
formulations displayed as box plots (Box: 25th — 75th percentile; Whiskers: 2.5th — 97.5th percentile/LOD:
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Figure S VI-2: 3D-LSM images of the inner surface of syringes after storage at 40 °C for 1 month of different

mADb 4 and placebo formulations.
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Figure S VI-4: Thermal unfolding [A] and chemical denaturation [B] of mAb 1, 2 and 3 detected by intrinsic

fluorescence at 350 nm.
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Abbreviations

3D-LSM  3D-Laser Scanning Microscope

CMC
B’
B
Fmax
FTIR
HIC
HPW
IFT
mAD
PAT
PS
Px
SO
WI

WLI

Critical Micelle Concentration

Storage Modulus

Loss Modulus

Maximum Extrusion Force

Fourier Transform Infrared Spectroscopy
Hydrophobic Interaction Chromatography
Highly Purified Water

Interfacial Tension

Monoclonal Antibody

Profile Analysis Tensiometer
Polysorbate

Poloxamer

Silicone Qil

White Light Interferometry

Combined White Light and Laser Interferometry
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Chapter VII Summary and Outlook

With the success of biopharmaceuticals as well as novel injectable API formats like gene
therapy and RNA based drugs the development of drug device combination products
(DDCPs) became increasingly important in the last years. As the drug product and device
interact in the primary container the choice of the adequate container system is to be
considered individually. In this context, several new container systems have been
developed to overcome the issues originating from silicone oil (SO) applied in the standard
spray-on siliconized container systems. Despite the obvious superiority for SO particle
burden and interaction potential, long hands-on experience for most of the alternative
container system in marketed product is still lacking. The thesis aimed to analyze and
understand different challenges in the context of the development of DDCPs for

biopharmaceuticals.

At first, the impact of a change of the emulsion used for bake-on siliconization due to
REACh regulations was evaluated in chapter I1l. The change of the formulation did not
negatively impact the stability of the newly introduced emulsion Liveo™ 366 as well as
the dilution used for spraying compared to the current gold standard emulsion Liveo™ 365.
Particle size and distribution were identical and did not significantly change upon storage
or freezing and thawing of the dilutions. The emulsions showed comparable creaming
behavior and redistribution could easily be achieved by slight shaking. By
thermogravimetric analysis and 1H-NMR measurements we could show that both the
newly added surfactant Undeceth-5 and the preservative Phenoxyethanol were completely
removed by the bake-on process. Surface morphology and roughness as well as surface free
energy of the different baked-on SO layers did not differ. Container systems siliconized
with either of one of the emulsions showed exceptionally low subvisible particle formation
and break-loose gliding forces (BLGF) upon storage at 40 °C for 12 weeks. Consequently,
the change of the emulsion does not to significantly affect the quality and safety of a final
DDCP.

In addition, we studied the effect of autoclavation on baked-on SO, as it is used in the
context of preparation of ready to use containers for biopharmaceuticals in chapter 1V.
Autoclavation significantly impacted the SO layer morphology as it turned from a
homogenous coating to a structured surface with spots of SO enrichment leading to local
increase in SO layer thickness. Interferometry measurements showed a SO redistribution
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along the complete length of the barrel. The change was more pronounced at higher
autoclavation temperatures of 130 °C. We additionally found an increase in surface
roughness, hydrophilicity, frictional force, and protein adsorption with autoclavation.
Nevertheless, the total SO amount per barrel was not significantly reduced upon
autoclavation and SO was still distributed evenly along the barrel as assessed with
interferometry and 3D-laser scanning microscopy (3D-LSM) measurements. A stability
study comparing autoclaved and non-autoclaved containers showed no difference in SvP
formation and BLGF upon storage at 40 °C for 12 weeks. Hence, autoclavation at standard
process parameters does not negatively impact the stability and safety of DDCP for

biopharmaceuticals.

A recently marketed new silicone oil free (SOF) container system was evaluated in
chapter V. The SOF system proofed to be a valuable alternative to the existing container
systems. It exhibited significantly lower particle formation as well as constant and
acceptable BLGFs upon storage at accelerated (40 °C) and long-term storage conditions
(24 months). Although the siliconized systems showed reliable container stability, the SO
layer morphology changed upon storage. SEM images of cross sections of the SOF plunger
compared to standard plungers for siliconized systems showed that the PTFE coating of the
plungers for the SOF container system was applied on the complete plunger. This includes
the sides in contact with the glass thereby reducing the friction force. The SOF container
functionality correlated with contact angle measurements of the fill medium. A change in
surface polarity of the glass or the filled medium significantly affected the friction force.
Thus, storage conditions or manufacturing processes like washing and sterilization need to
be carefully evaluated regarding their impact on the glass surface properties during the
development of a DDCP.

Not only does the container mitigate the drug product stability but also the formulation
itself has an impact on the container stability as described in Chapter VI. Open storage of
spray-on siliconized containers we observed an increase in the extrusion forces which was
dependent on the formulation of a mAb. We also found an effect of the protein itself when
comparing three mAbs in the very same formulation. Based on SO layer thickness
measurements, 3D-LSM images of the silicone layer and quantification of residual SO
amounts the in some cases massive increase in gliding force after 1 month could be
explained by a removal of SO from the inner surface of the glass barrel during storage.

Results obtained at 40 °C correlated with changes upon storage at 25 °C and 2-8 °C.
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Polysorbate 20 containing formulations showed significantly higher gliding forces
compared to samples without surfactant or Poloxamer 188. This correlated with the lower
interfacial tension (IFT) between formulation and SO. Further formulation factors like the
pH, ionic strength or the protein concentration did not clearly affect the container stability.
However, the stability of the container system varied depending on the mAb present in the
formulation. Whereas in two cases performance was worse compared to placebo, one mAb
stabilized the container system compared to placebo. We could not correlate this different
container stability with either a difference in IFT or with the mAb hydrophobicity and
conformational stability. The studies underlined the importance to include the verum for

container stability studies as well as the complexity of the SO detachment process.

Overall, this work focused on different aspects in the development of DDCPs. As the
variety of primary container types increased over the last years the challenges involved in
the development will be more versatile in the future. It remains unclear if the cost-efficient
standard spray-on siliconized container system already served its time given that a variety
of drug products show low SO sensitivity. The studies showed the superiority SOF
container systems and those with fixed SO layers in terms of subvisible particle formation

and container stability.
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