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Chapter I

Chapter I Current efforts in optimizing lyophilization

I.1 General Introduction

Since Muromonab was introduced to the market nearly four decades ago, significant
efforts have been made towards the development of efficient and safe biopharmaceuticals,
with over 160 commercial antibody formulations approved in the US and EU [1]. One of the
key challenges in developing such drugs is selecting a formulation composition that
stabilizes the protein throughout its intended shelf life upon administration to patients. As
the route of application for all approved antibody drugs is via injection, they are
preferentially formulated as a liquid or lyophilized if protein stability is insufficient in liquid
[1,2]. However, even if freezing and drying stresses during the lyophilization process can be
minimized by employing suitable stabilizers [3.,4], long-term protein stability may still be
limited in the solid [5]. It has been shown that for long-term storage in the dried state the
retention of the proteins’ native structure is crucial [6,7]. Therefore, rational choice of
excipients fitting the characteristics of the specific active pharmaceutical ingredient (API) is
of utmost importance. Due to the amorphous nature of freeze-dried biopharmaceuticals,
there is still notable molecular mobility in the solid state, depending on the glass transition
temperature (Tg) of the formulation [8]. Residual moisture is a critical quality attribute
(CQA) that is directly linked to the global mobility in the cake, as it acts as a plasticizer [3].
Low amounts of residual moisture after freeze-drying, i.e., typically < 1%, reduce the
susceptibility of the protein towards physical and chemical degradation such as aggregation,
deamidation, browning reaction, and oxidation [5]. Nevertheless, even if optimum residual
moisture content is achieved after lyophilization, degradation still occurs on a relevant time
scale [9,10]. Several reviews are available, focusing on the various degradation pathways
and possible influencing factors [5,8,9,11].

One major chemical degradation pathway is protein oxidation, both in liquid and
lyophilized formulations [11]. It not only leads to changes in the primary structure of proteins
but can also trigger aggregation by changing the higher-order structure. Consequently,
immunogenicity may increase, and pharmacokinetics or binding and effector function can
be altered up to complete loss of therapeutic function [11,12]. Proteins consist of multiple
reactive amino acids that can undergo oxidation: methionine, cysteine, histidine, tyrosine,
and tryptophan [11-14]. Several effects have been identified that foster oxidation of
therapeutic proteins and detection of all potential oxidation promotive factors during drug

product development remains a challenging task. Already during the production of
1
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biopharmaceuticals in cell culture, the concentration of dissolved oxygen needs to be closely
monitored to control oxidative modification [15-17]. Later, formulation and storage
conditions also have a significant impact on the oxidation of protein pharmaceuticals.
Generally, an increase in pH correlates with oxidation potential [13]. Besides the importance
of the solid-state effective pH [18], several excipients contain sufficient levels of trace metal
and peroxide impurities that foster oxidation [12,18]. The latter can be frequently found in
polysorbate 20 and 80 [12,18], which are the most used surfactants [19]. The presence of
metal ions is a common threat, as those impurities catalyze oxidation in various ways [13].
It must be mentioned that care must be taken with the freezing step during lyophilization,
which is most critical regarding protein oxidation during the process, as A) in partially frozen
systems, oxygen concentration is increased 1000 fold compared to the liquid at 0°C
[11,13,20], and B) local formulation environment of the protein drastically changes due to
cryoconcentration and potential pH changes, leading to adsorption at the ice-liquid interface
and conformational changes [11,18,20]. Additionally, another factor when it comes to
oxidation in lyophilizates is that oxygen solubility and permeability is increased in
amorphous systems due to the higher mobility in those matrices compared to crystalline ones
[18]. To minimize the presence of oxygen, vials are sealed in a nitrogen atmosphere at the
end of the lyophilization process. However, stoichiometrically even 1% headspace oxygen
may be sufficient to trigger complete oxidation of the drug product [8]. Depending on the
extend of molecular mobility in the freeze-dried cake, another important oxidation route in
the solid state can be photo-oxidation [18,21-24]. Photostability studies are carried out to
understand susceptibility to light [25], and secondary packaging strategies (e.g., foil
pouches) help to protect the drug product from light during long term storage [26,27].
Another possibility to protect the drug product from light would be the use of amber glass
vials [28], but this in turn complicates visual inspection and oxidative reactions can be
fostered due to leaching of incorporated heavy metals [29].

Due to the materials’ transparency, inertness, durability and outstanding barrier
properties, vials made of type I borosilicate glass are the most used primary packaging
material [29,30]. Moreover, for use in lyophilization, high mechanical stability is required
[31]. However, glass is a brittle material and already small flaws can lead to spalling or
breakage, which is a severe failure during the drug product lifecycle [31-35]. Other pitfalls
are posed by interaction of drug product with the glass material, causing contamination of
the pharmaceutical with leachables and extractables, as well as surface delamination [29].

Those interactions may have negative effects on the quality of the protein drug and

2
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immunogenicity [36]. The risk for leachables increases strongly at pH > 9, and silicon,
sodium, and boron are the major extractables. While for lyophilized products the likelihood
of interaction of the solid drug product with the packaging material is deemed low and thus
also the risk for extractables and leachables, care has to be taken as the route of parenteral
administration generally falls into the highest degree of concern categories of the USP [37].

Large volume, flexible plastic containers are commonly used for parenteral
administration of i.v. medications. More recently, plastic vials and syringes for small volume
injectables made from cyclic olefin polymer (COP) and cyclic olefin copolymer (COC) have
been introduced to the market [29,38]. Those containers show glass-like transparency, good
chemical resistance, and very low levels of inorganic extractables and metal ions, while
being highly break resistant [38—40]. Sterilization can be conducted via radiation, ethylene
oxide or autoclavation. Thus, cyclic olefin-based plastics are deemed ideal for vial systems,
also when considering the inherent resistance to breakage when it comes to storage of new
therapeutic modalities at subzero temperatures [38,41—44]. Production costs of high-quality
polymer vials exceed the costs to produce glass vials; however, environmental impact is
lower for the polymer vials [29,45]. The surface of containers made from polymers is only
marginally charged due to the organically based plastic surface, which contrasts with the
negatively charged surface of glass [39]. Several investigations found lower absorption
propensity of proteins to COP material compared to glass [46,47], and adsorption of an IgG1
was mediated mainly by electrostatic interactions and therefore highly depended on pH and
ionic strength of the formulation [48].

Nevertheless, even if moisture and gas barriers are significantly improved for COP and
COC compared to other plastics (e.g., polypropylene, polystyrene), they cannot match those
of glass [39]. This is particularly important with regard to lyophilizates, which are inherently
moisture and oxygen sensitive. To obtain the necessary barrier function, secondary
packaging such as an aluminum pouch can provide a remedy. By this, the major
disadvantage for the use of polymeric vials for lyophilization can be overcome. The idea to
face the inferior barrier properties of plastic containers by proper secondary packaging has
already reached the market, e.g., in Japan, for prefilled polymer syringes a few years ago. It
has been shown that protein oxidation can be impeded successfully when the syringes were
stored in a blister containing an oxygen absorber [49,50]. Similarly, when pouches were
filled with gaseous nitrogen, oxidation of therapeutic proteins was prevented [51].
Additionally, heat transfer in cyclic olefin polymer vials was shown to be very homogeneous

[52], and uniform cake appearance was found after freeze-drying [39]. The aim of heat
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transfer being homogeneous throughout the batch in the lyophilizer is difficult to achieve
with traditional vial arrangement due to the so-called edge vial effect [53]. To offset
differences in heat transfer, glass vials were nested in rack systems [54]. Likewise, the use
of polymeric vials could counterbalance the edge vial effect since lower thermal conductivity
(~0.2 Wm™ K! for COP versus ~1.05 W m! K! for glass [55]) and reduced sensitivity to

radiative heat transfer has been reported [52].

Maximizing heat and mass transfer during freeze-drying to speed up the typically lengthy
process is a topic of ongoing interest. Thus, improvements are not only focusing on novel
packaging materials and container designs [56], but also on machine, process, and
formulation-related advances. Generally, the lyophilization process is a batch-process,
posing additional challenges during drug product development and manufacturing [57-59].
It is highly time and energy consuming, and therefore optimization of the process in terms
of time requirements and scale-up procedures is worthwhile [60—62]. Numerous new drying
technologies and approaches are being developed [63—67]. Various attempts focus on
formulation strategies, to enable fast and therefore aggressive drying without impairing cake
appearance and particularly protein stability [68—71]. The use of organic solvents offers
several advantages (e.g., increased sublimation rate, improved reconstitution characteristics,
etc.), but also comes with a multitude of difficulties like safety concerns [72—76].

Shifting lyophilization processes from batch-mode to continuous manufacturing would
drastically increase efficiency and operation flexibility [77]. Strong interest among large
pharmaceutical companies [78] already led to progress, e.g., in solid oral dosage forms
[79,80]. Plenty of machinery and approaches for bulk as well as unit-dose freeze-drying have
been proposed and were reviewed recently [77]. Although continuous freeze-drying is
already well-established in food industry, none of the proposed concepts has been applied
successfully in the pharmaceutical industry due to deficits in control of indispensable
parameters (i.e., sterility, dosage accuracy, product quality) [77].

Another technology that is already well-known from food industry is microwave-assisted
freeze-drying (MFD) [81-83]. It has the potential to drastically shorten drying times of
conventional freeze-drying (CFD) due to the (additional) application of microwave
irradiation during the drying phase. The high-frequency electromagnetic waves specifically
excite dielectric material and hereby enable instantaneous, volumetric, and selective heating,
as well as rapid heat transfer [84,85]. Since freeze-drying is conducted under vacuum to

drive the sublimation process, care must be taken about voltage breakdown stress when
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microwave radiation is applied. Breakdown stress reaches a minimum at 1 mbar, and to the
advantage of lyophilization, rises at lower pressures [86]. Over the past years, MFD gained
more and more attention in the field of pharmaceuticals: After general applicability to
monoclonal antibodies (mAbs) and a model vaccine was shown [87], comparable stability
profiles were found for two IgG1l-type mAbs following MFD and CFD [88,89]. Further
studies on vaccines and proteins [90,91], and bacterial cells [92,93] were conducted. As
indicated earlier, by interaction of the electromagnetic field with formulation components,
energy is transferred during the process. Therefore, the efficiency of MFD is heavily
material-dependent and changes within the process, as drying progresses [92,94,95]. Due to
the inherent dielectric properties of water in comparison to ice (¢’/e’” = 77/13 for water and
€’/e’> =3.2/0.003 for ice at 2.5 GHz) [86], microwaves interact with other formulations
components than ice, i.e., the API, excipients and stabilizers, and the unfrozen water. The
uniformity of the electromagnetic field, therefore, poses additional challenges as field
homogeneity directly correlates with uniformity of drying [94]. Thus, the statistical
electromagnetics theory was used to create an efficient and uniform field [91]. In [90], a
first-principle model was proposed to study the mechanisms of microwave heating.
Recently, mechanistic models were proposed that account for the different sources of heat
transfer and may simulate microwave irradiation [96-98]. With this, further insights into the
MEFD technology and its optimization may be possible and move the technology forward

towards commercial application.

1.2 Aim of the thesis

Lyophilization, a technique used for over a century in the medical field, is well-known
for producing stable pharmaceuticals. Despite its long history, interest in understanding and
optimizing the process from various angles remains strong. This thesis focuses on two
different aspects regarding optimization of lyophilization.

In the first part, Chapters II and 11, a secondary packaging for lyophilizates in polymer
vials is developed and evaluated. While the stabilizing effect of secondary packaging for
liquid formulations in plastic syringes has been demonstrated and oxidation was suppressed
[49,50], no information on lyophilized powders in the novel containers was available.
Chapter Il investigates a secondary packaging combination, consisting of an aluminum
pouch containing the vial, along with a combined oxygen and moisture absorber. Oxygen

concentration in the pouch and in the headspace of the lyophilizates, residual moisture of the
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freeze-dried cakes, and the chemical and physical stability of two monoclonal antibodies
were determined over 12 months. The results were compared to polymeric vials without
further packaging and commonly used glass vials. The packaging combination proved to be
effective in minimizing antibody oxidation, with the amount of oxidized mAb being similar
to that in glass vials. Chapter III presents further studies on the permeability of polymeric
vials. Different packaging configurations were assessed that differed in headspace pressure
as well as gas composition, and gaseous oxygen scavengers were compared with liquid ones.
Oxygen concentration in the aluminum pouches and the headspaces of the vials was
investigated for up to 10 months. The reduced pressure in the headspace typically applied
for lyophilizates, proved to decelerate gas exchange, and hereby protects the drug product.
The capability of the absorbers in actively removing significant amounts of oxygen from the
headspaces of the vials was shown, and proved to be as efficient as a liquid oxygen
scavenger.

One major disadvantage of the lyophilization process is its time and energy consumption.
The overall aim is to shorten the drying time while maintaining drug product quality. In the
second part, Chapters IV and V, studies on microwave-assisted freeze drying (MFD) are
presented. Microwave radiation is applied to accelerate the conventional freeze drying
(CFD) process. Chapter IV introduces a new MFD setup based on a common GMP
lyophilizer. The machine is retrofitted with semiconductor microwave modules, allowing
radiation to be added flexibly to the process. Solid-state properties, physical, and chemical
stability of a mAb at a low concentration in various formulations were assessed following
MFD. Stability studies were performed at 4°C, 25°C, and 40°C over 6 months, and protein
stability was found to be comparable to CFD. Chapter V examines the effect of protein
concentration in MFD. While protein stability for low-concentration protein formulations
was the same following MFD and CFD, microwave radiation led to aggregate formation
when protein concentration was increased. The chapter concludes with investigations into
protein damage caused by microwave irradiation during drying.

Finally, Chapter VI summarizes the results and provides an outlook for the efficient and

valuable use of polymeric vials and microwave-assisted freeze-drying.
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I1.1 Abstract

Primary containers made of cyclic olefin polymer (COP) have recently gained attention
since they may overcome several risks and shortcomings of glass containers as they exhibit
a high break resistance, biocompatibility, and homogeneous heat transfer during
lyophilization. On the downside, COP is more permeable for gases, which can lead to an
ingress of oxygen into the container over time. Since oxidation is an important degradation
pathway for monoclonal antibodies (mAbs), the continuous migration of oxygen into drug
product containers should be avoided overall. To date, no long-term stability studies
regarding lyophilizates in polymer vials have been published, potentially because of the

unbearable gas permeability. In this study, we demonstrate that after lyophilization in COP
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vials and storage of these vials in aluminum pouches together with combined oxygen and
moisture absorbers (“smart packaging”), oxidation of two lyophilized therapeutic antibodies
was as low as in glass vials due to the deoxygenated environment in the pouch. Nevertheless,
active removal of oxygen from the primary container below the initial level over time during
storage in such “smart” secondary packaging was not achieved. Furthermore, residual
moisture was controlled. Overall, the smart packaging reveals a promising approach for
long-term stability of biopharmaceuticals; in addition to COP’s known benefits, stable, low
oxygen and moisture levels as well as the protection from light and cushioning against

mechanical shock by the secondary packaging preserve the sensitive products very well.

Keywords: COP; polymer; absorber; freeze-drying; lyophilization; oxidation; oxygen

permeation; monoclonal antibody; stability

I1.2 Introduction

Monoclonal antibodies (mAbs) are therapeutically highly relevant drugs [1]. Due to the
complex structure of these molecules, chemical and physical degradation is frequently
observed and therefore formulation of stable liquid dosage forms may be challenging [2—4].
Freeze-drying is a frequently employed technique to provide sufficient shelf life and
improved stability during shipping for labile protein drugs [5,6]. Vials made of glass are the
most common primary packaging for freeze-dried pharmaceuticals [7] due to the materials’
inertness, transparency and excellent barrier properties against moisture and gases [8,9].
Nevertheless, concerns with glass like ion leaching, delamination and its susceptibility
regarding breakage can affect safety and efficacy [7,10] and thus may lead to recalls [11].
More recently, vials made of cyclic olefin polymers and copolymers (COP and COC) have
attracted attention as they have overcome the major drawbacks of glass by showing excellent
chemical resistance [9] and low adsorption [7,12,13], while likewise providing a translucent
and inert surface [7]. Moreover, an obvious benefit over glass is the great break resistance
of the polymers, which therefore makes them favorable for recent cell and gene therapies as
well [10,14-16]. Moreover, an environmental benefit using polymer over glass vials was
found [17]. For more detailed information on plastic packaging, the reader is referred
elsewhere [9].

It has been shown previously that lyophilization in cyclic olefins results in homogeneous

heat transfer [18] and increased uniformity within the cakes [9]. The major disadvantage of
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these polymeric materials is their permeability to gases, e.g., oxygen and water vapor [10],
and therefore shelf life might be jeopardized. Particularly when it comes to
biopharmaceuticals, which are prone to oxidation, contact with oxygen needs to be
eliminated during storage. Since oxygen is constantly available in the ambient air, it can
either damage biopharmaceuticals by directly oxidizing susceptible amino acids (e.g.,
methionine, cysteine) or by generating reactive oxygen species (ROS) [9]. Protein oxidation
is one of the major degradation pathways and can lead to detrimental biological
consequences, i.e., loss of potency, altered pharmacokinetics as well as unwanted
immunogenicity [19-21]. Thus, vials are sealed under nitrogen atmosphere at the end of a
lyophilization cycle. Moreover, residual moisture content of the lyophilizates throughout
storage has to be taken into account, as it may directly deteriorate long-term stability of
proteins as a potential reactant or by increasing molecular mobility as a plasticizer [22,23].
Hence, penetration of water vapor through the container walls of COP vials would increase
the residual moisture of the lyophilized product and consequently result in reduced glass
transition temperatures, eventually leading to a collapse of the cake [24].

To provide the necessary barrier function for cyclic olefin polymers, secondary packaging
such as aluminum pouches may be utilized. This concept has already been introduced for
packaging of biotech products in prefilled polymer syringes and has reached the market, e.g.,
in Japan, several years ago. Previous studies showed for liquid formulations that protein
oxidation in COP syringes can be successfully suppressed when the syringes were stored in
a blister pack containing an oxygen absorber [25,26]. Similarly, another approach
investigated by Werner et al. prevented oxidation of therapeutic proteins by storage of COP
syringes in nitrogen-filled aluminum pouches [27]. So far, lyophilizates in COP vials have
not really been thought of as a relevant configuration, and the use of absorbers as enabling
tools has not been considered in this context.

For the first time, in this study we evaluated the suitability of smart secondary packaging,
including combined oxygen and moisture absorbers in aluminum pouches for lyophilizates
of two relevant therapeutic monoclonal antibodies in COP vials. Oxygen levels in the
headspaces, residual moisture of the lyophilizates as well as the chemical and physical
stability of the mAbs were investigated at three different storage temperatures over the

course of up to 12 months.
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I1.3 Materials and Methods

I1.3.1 Monoclonal Antibodies and Chemicals

Two monoclonal IgG type 1 antibodies (mAbs) named LMU1 and LMU?2 in the following
were used in this study. The investigated model mAbs were selected because of their
potential susceptibility to oxidation. L-histidine monohydrochloride monohydrate (99%
purity) and L-histidine (cell culture reagent) were purchased from Alfa Aesar (Ward Hill,
MA, USA). D(+)-trehalose dihydrate (97.0-102.0% purity) Ph. Eur., NF certified was
purchased from VWR International (Radnor, PA, USA). EMPROVE® exp sucrose,
EMPROVE® bio sodium chloride, EMSURE® sodium dihydrogen phosphate monohydrate,
EMSURE® potassium dihydrogen phosphate, and EMSURE® sodium hydroxide solution
50% were purchased from Merck KGaA (Darmstadt, Germany). TWEEN® 20 Ph. Eur.
certified, ammonium sulfate of BioXtra grade and acetic acid (>99.8% purity) Ph. Eur.
certified were purchased from Sigma-Aldrich (Steinheim, Germany). Super Refined™
Polysorbate 80-LQ-(MH) was purchased from Croda (Edison, NJ, USA). Di-sodium
hydrogen phosphate dihydrate and potassium chloride were purchased from AppliChem
GmbH (Darmstadt, Germany). For the preparation of all solutions, ultrapure water from an

Arium® system of Sartorius Lab Instruments GmbH (Goettingen, Germany) was used.

I1.3.2 Preparation of the Formulations

The bulk solutions of both mAbs were buffer exchanged to 20 mM (LMU1) or 10 mM
(LMU?2) histidine/histidine hydrochloride with pH 5.5 at 20 °C to 25 °C using Slide-A-
Lyzer™ 10000 molecular weight cut-off dialysis cassettes (Thermo Fisher Scientific,
Waltham, MA, USA). After extensive dialysis as described by Svilenov et al. [28], the final
buffers contained either 20 mM histidine and 0.04% (w/v) polysorbate 20 for LMU1 or
10 mM histidine and 0.05% (w/v) polysorbate 80 for LMU2. The concentration of both
antibodies was measured with a Nanodrop 2000 UV spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA). Stock solutions of the excipients were prepared in the
respective histidine buffer and mixed with the dialyzed protein solution in a way that the
final formulation contained 10 g/L mAb and either 7.2% trehalose and 0.04% (w/v)
polysorbate 20 (LMU1) or 10% sucrose and 0.05% (w/v) polysorbate 80 (LMU?2). Both
formulations were sterile filtered using a 0.22 um Sartolab® RF polyethersulfone vacuum
filtration unit (Sartorius AG, Goettingen, Germany) prior to filling into the vials. Then, for
each formulation, 2.5 mL were filled in 6R tubing vials either made from cyclic olefin

polymer (COP Monolayer, Gerresheimer AG, Duesseldorf, Germany) or glass (Schott AG,
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Mainz, Germany) and semi-stoppered with lyophilization stoppers (Flurotec® laminated
rubber stoppers, West Pharmaceutical Services, Inc, Exton, PA, USA). The vials were
arranged on a tray and surrounded by one row of shielding vials containing the respective

placebo.

I1.3.3 Freeze-Drying Process

Lyophilization was conducted using an FTS LyoStar™ 3 freeze-dryer (SP Scientific,
Stone Ridge, NY, USA) following the same protocol for both formulations. Freezing was
carried out as suggested by Tang et al. [5] with a few changes; once the shelf temperature
(Ts) reached 5 °C and —5 °C subsequently, the respective temperatures were held for 45 min.
The final freezing shelf temperature of —50 °C was held for 3 h. All cooling rates were 1
K/min. Primary drying was conducted at a shelf temperature of —20 °C (ramp 1 K/min) and
a pressure of 90 pbar. The end of primary drying was determined by comparative pressure
measurement between the thermal conductivity pressure gauge (Pirani) and the capacitance
pressure gauge (MKS). Ts was then increased to 5 °C (ramp 0.15 K/min) and further to 30
°C (ramp 0.21 K/min) for secondary drying and held for 7 h at the aforementioned chamber
pressure. After completion of the lyophilization cycle, the vials were stoppered under
nitrogen atmosphere at 600 mbar and crimped with Flip-Off® seals (West Pharmaceutical
Services, Inc, Exton, PA, USA).

I1.3.4 Study Design

Subsequent to lyophilization, the vials were stored in three configurations as follows:
configuration 1 (COP —A —P), COP vials stored without further secondary packaging;
configuration 2 (COP +A +P), according to Figure II.1 each COP vial was single packed in
an aluminum pouch (Floeter Verpackungsservice, Eberdingen, Germany) with one
combined oxygen and moisture absorber (Pharmakeep®, Mitsubishi Gas Chemicals, Tokyo,
Japan), where “A” stands for the absorber and the aluminum pouches are abbreviated “P”
for more convenient reading, respectively. Sealing of the aluminum pouches was done at
ambient conditions using a Polystar 245 (Rische + Herfurth GmbH, Hamburg, Germany).
Furthermore, configuration 3 (glass) consisted of glass vials stored without secondary
packaging. Samples from each configuration were stored under the exclusion of light at 4 °C,

25 °C and 40 °C for the desired time without controlling the relative humidity.
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Combined oxygen
and moisture

absorber

Lyophilizate

Figure IL.1 Illustration of the smart packaging system with combined oxygen and moisture absorber. Each
pouch was equipped with one absorber and one vial containing the lyophilizate and heat sealed under ambient
conditions.

I1.3.5 Oxygen Quantification

The oxygen concentration in the aluminum pouches and in the headspaces of the
lyophilizates was measured by using a Microx 4 fiber optic oxygen meter (PreSens Precision
Sensing GmbH, Regensburg, Germany). For the lyophilizates, the cap of the Flip-Off® seal
was removed, and the needle-shielded sensor was introduced into the headspace by piercing

the rubber stopper.

I1.3.6 Karl-Fischer Titration

To determine the residual moisture content of the lyophilizates, coulometric Karl Fischer
titration was used. The cakes were gently crushed under controlled humidity conditions in a
glove box filled with pressurized air (relative humidity < 10%), and 30-50 mg of each cake
was transferred into 2R vials and stoppered. Subsequently, the samples were placed in an
oven (temperature 100 °C), and the extracted water was transferred to the coulometric
titration cell with a dry carrier gas flow (Aqua 40.00 Vario plus, ECH Elektrochemie Halle
GmbH, Halle (Saale), Germany). Knowing the weight of the sample, relative moisture
content was calculated (w/w). Prior to analysis of the samples, equipment performance was
verified by measuring the Apura® water standard oven 1% (Merck KGaA, Darmstadt,

Germany) in triplicate.

I1.3.7 Reconstitution of the Lyophilizates
Reconstitution of the lyophilized cakes was done by the addition of ultrapure water. For
both formulations, the required volume was calculated to correspond to the volume of water

removed during freeze-drying.
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I1.3.8 Hydrophobic Interaction Chromatography

The separation of oxidized species of LMU1 was performed on a Thermo Scientific™
Dionex™ UltiMate™ 3000 UHPLC system equipped with a VWD-3400RS UV/Vis
absorbance detector using a MabPac HIC-20 column (4.6 x 250 mm), all from Thermo
Fisher Scientific (Waltham, MA, USA). According to Baek et al. [29] the mobile phase A
contained 2 M ammonium sulfate and 100 mM sodium phosphate, pH 7.0, whereas mobile
phase B solely consisted of 100 mM sodium phosphate, pH 7.0. Prior to analysis, the samples
were diluted to a mADb concentration of 5 g/L with mobile phase A, and 5 pLL were injected.
Starting with 60% B at a flow rate of 0.5 mL/min for 2 min, a linear gradient from 60% to
100% B in 28 min was then performed to separate the oxidation variants of LMU1. The
elution of the samples was detected by absorption at 280 nm. The chromatograms were
integrated using Chromeleon™ 7.2.7 (Thermo Fisher Scientific, Waltham, MA, USA).
Because of the different extinction coefficients of the oxidized species, we used Equation 1

for the determination of the amount of fully oxidized mAb, adapted from Reference [30]:

Areaoxidized

Area;, i 1
(Areaoxidized + RF;I/I;Ual> 1)

% Fully oxidized mAb = 100 X

RFyo UV 280 nm: 1.49. For the calibration data see Figure I1.S1 in the supplementary

materials.

I1.3.9 Protein A Chromatography

For the separation of oxidized species of LMU2, we used a Thermo Scientific™
Dionex™ UltiMate™ 3000 UHPLC system equipped with a VWD-3400RS UV/Vis
absorbance detector and a POROS® A column (20 um, 4.6 x 50 mm), all from Thermo Fisher
Scientific (Waltham, MA, USA). The suitability of analytical protein A chromatography for
the quantitative detection of oxidation was demonstrated by Loew et al. [31] more recently.
Mobile phase A consisted of 10 mM phosphate-buffered saline with 2.7 mM potassium
chloride and 134 mM sodium chloride, pH 7.4, whereas mobile phase B contained 100 mM
acetic acid and 150 mM sodium chloride at pH 2.8. After an adsorption period of 5 min with
0% B at a flow rate of 2 mL/min, elution was performed in a linear gradient mode from 0%
B to 36% B in 24 min. The injection volume was 10 pL. The elution of the samples was
detected at 280 nm, and subsequently, the chromatograms were integrated using
Chromeleon™ 7.2.7 (Thermo Fisher Scientific, Waltham, MA, USA). As for LMUI, the

amount of fully oxidized mAb was determined with Equation (1), however using the main
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peak heights instead of the peak areas (RFyo UV 280 nm: 0.68). For the calibration data see

Figure I1.S2 in the supplementary materials.

11.3.10 Flow Imaging Microscopy

The formation of subvisible particles during storage in the different packaging
configurations was analyzed with a FlowCam 8100 (Fluid Imaging Technologies, Inc.,
Scarborough, ME, USA) for both mAbs. The system was equipped with a 10x magnification
flow cell (80 pm x 700 pm) and controlled by the VisualSpreadsheet® 4.7.6 software. At a
flow rate of 0.15 mL/min, 150 pL sample was analyzed, and particle images were obtained
at an auto image frame rate of 28 frames/s. The settings for particle identifications were 3 pm
distance to the nearest neighbor and particle thresholds of 13 and 10 for dark and light pixels,

respectively. The particle size was evaluated as the equivalent spherical diameter.

I1.4 Results

11.4.1 Effect of the Absorber on the Oxygen Levels in the Pouches

We sealed the pouches for the smart packaging at ambient conditions to investigate the
performance of the absorbers in a worst-case scenario. Within four weeks of storage, the
oxygen levels in the pouches were strongly reduced from 20.1% right after sealing to less
than 0.3% oxygen for both mAb formulations irrespective of the storage temperature (Figure
I1.2). Moreover, longer observations over the course of 3 months at elevated temperatures,
1.e., 25 °C and 40 °C and over 12 months at 4 °C storage temperature revealed that the

aforementioned reduction was long-lasting, since the oxygen levels remained below 0.3%.
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Figure I1.2 Oxygen levels in the aluminum pouches stored at different temperatures for the respective time.
Sealing was done at ambient conditions with a mean oxygen concentration of 20.1% (blue). The bars are means
of six individual pouches; the error bars represent the standard deviation. A, ambient.

I1.4.2 Effect of the Absorber on the Oxygen Levels in the Headspaces of the
Lyophilizates

After lyophilization, oxygen levels in the headspaces were 6.73% =+ 0.05% (COP) and
6.43% + 0.08% (glass). If not depleted by an absorber, oxygen permeated into the COP vials
from the oxygen-rich surrounding air (Figure 11.3, COP —A —P). The longer the time a COP
vial was exposed to ambient air and the higher the storage temperature, the more oxygen
was found in the headspace. After 12 months at 4 °C, the oxygen level in the headspace of
COP —A —P almost evened the atmospheric concentration with 17.3% + 0.31% oxygen
(Figure I1.3A). Under accelerated storage conditions at elevated temperatures (Figure 11.3B),
we determined a quick increase in headspace oxygen within 1 month, which further ramped
up to 13.80% £ 0.50% for LMUI and 13.43% + 0.93% for LMU?2 at 25 °C. For the samples
stored at 40 °C (Figure I1.3C), the initial increase of oxygen in the headspace of COP —A —P
was somewhat more pronounced (10.94% =+ 0.43% for LMUI1, 10.13% =+ 0.28% for LMU2)
over the course of 1 month. For LMUI, it then further increased to 15.80% =+ 0.34%, while
permeation was a little slower for LMU2, resulting in 11.53% + 0.06% oxygen after 3
months.

For COP in the smart packaging (COP +A +P), headspace oxygen levels remained low
comparable to those seen in glass, irrespective of the formulation. We even saw a slight

decrease in headspace oxygen over time according to the storage temperature. After 3
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months, the headspace oxygen level for LMUI in COP +A +P at 4 °C was 6.87% =+ 0.06%
(Figure I1.3A); at 25 °C, we found 6.35% = 0.33% (Figure I1.3B), and 5.70% + 0.11%
oxygen at 40 °C (Figure I1.3C), respectively. Moreover, we observed a time-dependent effect
on headspace oxygen in the smart packaging as well. When we stored LMU?2 in COP +A +P
at 4 °C (Figure 11.3A), the headspace oxygen level was significantly reduced to 3.07% =+
1.93% after 12 months.

In the glass vials, headspace oxygen levels remained low for both formulations.
Nevertheless, with increasing storage temperature, i.e., 25 °C and 40 °C, we even saw a
slight increase in headspace oxygen for LMU1 over time. At 25 °C we found 6.75% £ 0.14%
(Figure 11.3B) and 7.02% =+ 0.13% (Figure I1.3C) oxygen in the respective headspaces of
LMUI1 after 3 months.
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Figure I1.3 Oxygen levels in the headspaces of the lyophilizates containing LMU1 and LMU2 measured
directly after freeze-drying and after storage up to 6 months (LMUT1) and up to 12 months (LMU?2) at 4 °C (A),
25 °C (B), and 40 °C (C). Asterisks (*) represent repeated experiment for LMU2 because occasionally
implausible initial data were obtained. The values are means (n = 6 for LMU1; n = 3 for LMU2) =+ standard
deviation. COP, cyclic olefin polymer; A, absorber; P, pouch.

11.4.3 Effect of the Absorber on Residual Moisture Content of the Lyophilizates

After lyophilization, we observed slightly higher residual moisture contents in COP
(0.50% £ 0.04% for LMU1, 1.17% % 0.05% for LMU2) compared to glass (0.38% = 0.08%
for LMUI, 1.03% = 0.07% for LMU2), as shown in Table II.1.

With regard to the polymer vials stored without any further packaging (COP —A —P), we
determined an increase in residual moisture for both formulations dependent on the storage
temperature and time of observation. Within 12 months at 4 °C, residual moisture content of
LMU?2 samples increased to 1.71% =+ 0.11%. At elevated temperatures, i.e., 25 °C and 40
°C, residual moisture was 1.74% = 0.07% and 1.68% = 0.01% after 3 months for LMU2,
respectively.

The smart packaging led to comparable changes in residual moisture over time as
observed for the glass vials (Figure I1.4). At refrigerated temperatures (4 °C) residual
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moisture content of COP +A +P was 1.30% + 0.03% for LMU2 after 12 months (Figure
I1.4A). Within 3 months at 25 °C, residual moisture increased equally in COP +A +P and
glass for LMUI (0.81% + 0.02% and 0.68% =+ 0.02%, respectively), whereas we observed
constant moisture levels in the smart packaging for LMU?2 (1.21% + 0.03%) (Figure 11.4B).
The same holds true for the samples stored at 40 °C over the course of 3 months; residual
moisture content slightly increased to 0.84% + 0.01% in COP +A +P for LMUI1, whereas it
remained constant at 1.23% + 0.07% for LMU2 (Figure 11.4C).

Similarly, we observed an increase in residual moisture for the glass vials depending on
the storage temperature and time (Figure 11.4). After 12 months at 4 °C, residual moisture
content for LMU2 was 1.19% + 0.15% (Figure I1.4A) and at elevated temperatures, i.e., 25
°C and 40 °C, 1.28% £ 0.08% and 1.37% = 0.03%, respectively (Figure 11.4B,C).

Table I1.1 Residual moisture results of the lyophilizates stored at different temperatures for the respective
time.

Configuration Residual Moisture, %
4°C 25°C 40 °C
Om 3m 6m 1 m 3m I m 3m
COP—-A -P 0.50+0.04 0.88+0.04 0.92+0.03 0.68+0.00 1.13+0.01 0.68 £0.02 1.02+0.03
LMU1 COP+A+P 0.50£0.04 0.78 +0.04 0.61 £0.02 0.57+0.02 0.81+0.02 0.66+0.01 0.84+0.01
Glass 0.38 £ 0.08 0.65+0.08 0.47+0.03 0.48+0.03 0.68 +0.02 0.54=+0.02 0.60 £ 0.06

0m 12m Im 3m I m 3m
COP—-A-P 1.17+0.05 1.71+£0.11 1.24+£0.11 1.74+0.07 1.17+0.04 1.68 £0.01
LMU2 COP+A +P 1.17+0.05 1.30+0.03 1.26 £0.09 1.21+0.03 1.20+0.06 1.23 £0.07
Glass 1.03+£0.07 1.19+0.15 1.06£0.12 1.28+0.08 1.20+0.09 1.37 +0.03

The values are mean of three individual vials. The error represents the standard deviation of the
mean. COP, cyclic olefin polymer; A, absorber; P, pouch; m, month.
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Figure I1.4 Relative changes in the residual moisture content of the lyophilizates in the smart packaging
(COP +A +P) and glass stored at (A) 4 °C, (B) 25 °C and (C) 40 °C up to 6 months (LMU1) and 12 months
(LMU2). Residual moisture content directly after lyophilization was set to 0% p for all configurations. The

values are means (n = 3) =+ standard deviation. COP, cyclic olefin polymer; A, absorber; P, pouch, % p,
percentage point.
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11.4.4 Effect of the Smart Packaging on Protein Oxidation

After lyophilization, we determined 6.25% =+ 0.08% (LMU1) and 5.60% + 0.03%
(LMU?2) of fully oxidized mAb. When the COP vials were then stored at elevated storage
temperatures without an absorber (COP —A —P), an increase in oxidation by 0.59% + 0.11%
for LMUI and 0.14% =+ 0.12% for LMU2 was observed at 25 °C after 3 months (Figure
I1.5A). Furthermore, after 3 months at 40 °C, the percentage of fully oxidized mAb increased
by 1.27% + 0.17% for LMUI1 and 0.44% + 0.07% for LMU?2, respectively (Figure I1.5B).

The smart packaging achieved similar amounts of oxidation in COP compared to glass.
After storage at 25 °C for 3 months, no significant change in the amount of fully oxidized
LMU2 was found in COP +A +P (—0.03% + 0.04%). Only a slight increase in oxidation was
observed after 3 months of storage at 40 °C for the respective antibody in the smart
packaging (0.16% =+ 0.12%). These overall changes within 3 months are comparable to the
oxidation rates observed in glass (—0.01% £ 0.05% at 25 °C and 0.10% = 0.04% at 40 °C).
For LMUI, comparable changes in oxidation for the smart packaging and glass were found
as well, even though the overall oxidation rate was increased for this antibody (0.99% =+

0.16% in COP +A +P and 0.88% + 0.21% in glass after 3 months storage at 40 °C,

respectively).
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Figure 11.5 Relative change in fully oxidized mAb determined by hydrophobic interaction chromatography
(HIC) for LMU1 and analytical protein A chromatography (PA) for LMU2 after 3 months of storage at 25 °C

(A) and 40 °C (B). The bars are means (n = 3) + standard deviation. COP, cyclic olefin polymer; A, absorber;
P, pouch.

11.4.5 Effect of the Vial Material on Particle Formation
For both formulations subvisible particle counts (SvP) were detected with flow imaging

microscopy (data not shown). All particle concentrations (given in #/mL) are indicated
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cumulatively. Directly after lyophilization, particle counts for LMUI of 24 + 14, 221 + 123
and 3014 £ 748 for >25 pm, >10 um and >1 um were found for COP, respectively. For the
samples in glass vials, we determined 4 £ 9, 53 = 27, and 2148 + 829 for >25 um, >10 um,
and >1 um, respectively. After 6 months of storage at refrigerated temperatures counts for
particles >25 pm, >10 pum and >1 um were close to the initial amounts with 6 £ 5, 168 + 73,
and 2997 + 242 for the smart packaging and 5 + 11, 31 + 14, and 990 + 103 for glass,
respectively. The same is true if the samples of LMU1 were stored at 40 °C for 3 months;
flow imaging microscopy revealed 31 + 20, 396 + 199, and 4656 + 2172 particles >25 um,
>10 um, and >1 um for the smart packaging, and 4 £ 6, 60 = 39, and 771 + 457 for glass.
We observed no significant difference regarding subvisible particles in the smart packaging
versus COP —A —P for LMUI (53 + 51, 422 + 243, and 4137 £+ 1831 for particles > 25 pum,
>10 um, and >1 pm) as well as for LMU?2 after storage at 40 °C for 3 months.

Initially, particle counts for LMU2 after lyophilization were 31 £ 18, 2941 + 911, and
20172 £+ 4225 for particles >25 um, >10 pm, and >1 pum for the smart packaging. In the glass
vials we found 1 + 3, 30 = 18, and 465 + 252 particles >25 pm, > 10um, and >1 um,
respectively. After storage at 4 °C for 12 months, subvisible particle counts in COP +A +P
decreased to 28 = 11, 279 + 33, and 4598 + 824 for the aforementioned particle sizes.
Similarly, particle numbers in the smart packaging decreased after 3 months of storage at 40
°C (32+17, 291 £ 100, and 7376 + 2324 for particles >25 um, >10 um, and >1 pm). No
pronounced change in SVP was seen in glass vials after 3 months at 40 °C (15 + 14, 48 = 14,

456 + 107, respectively).

I1.5 Discussion

The aim of our study was to demonstrate that an appropriate secondary packaging for
lyophilizates in COP vials provides constantly low oxygen and residual moisture levels.
Consequently, protein oxidation in the primary container is comparable to glass vials due to

the oxygen and moisture removing capability of an absorber in the package.

After sealing of the aluminum pouches, oxygen from the enclosed air was rapidly
removed by the absorber (Figure I1.2). With a concentration of less than 0.3% remaining
oxygen, the cavity in the secondary packaging was practically deoxygenated. Moreover, we
found unchangingly low oxygen levels in the pouch stored at 4 °C for one year, proving

sealed aluminum pouches hold perfectly tight as well as the absorber’s long-lasting
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capability in removing oxygen. Hence, we think that there is no need for sealing the pouches

under inert gases, which in turn increases production costs.

The amount of oxygen in the headspaces of the lyophilizates stored in COP vials without
any further secondary packaging increased rapidly, as expected (Figure I1.3). Due to the
permeability of plastics to gases, Qadry et al. found a half-life duration of 15 days for oxygen
to increase to 9.4% in CZ-resin COP vials [32]. Thus, less barrier properties to gases
compared to glass as one of the major drawbacks of polymer vials was confirmed [10].
However, this supposed detriment was already successfully employed to advantage for
liquid protein formulations, since dissolved oxygen was removed from polymer-based
syringes by a deoxygenated packaging system and therefore oxidation could be prevented
[25,26]. However, in the present study, we were not able to rapidly remove oxygen from the
vials containing lyophilizates. Since the surrounding air in the pouch was successfully
deoxygenated for the smart packaging, no further oxygen permeated into the vials and we
observed constantly low oxygen amounts in the headspaces of COP +A +P, similar to glass.
Compared to Nakamura et al., who observed no dissolved oxygen remaining in their liquid
formulation in a COP syringe after 56 days in the deoxygenated packaging system [25],
removal of oxygen seems to be less effective when it comes to lyophilized, i.e., solid
formulations, enclosed in a vial. Of course, storage time and temperature have an effect on
the diffusive exchange of gaseous oxygen from the lyophilizates, and we determined slightly
lower oxygen amounts in the headspaces after storage for one year at 4 °C (Figure 11.3A)
and at elevated temperatures compared to glass (Figure I1.3B,C). Nevertheless, an actual
strong, practically relevant removal of oxygen from COP was not possible, and we are

further evaluating the situation.

Remarkably homogeneous heat transfer was reported for polymeric vials during
lyophilization, although the thermal conductivity is lower for COP (~0.2 W m™' K1)
compared to glass (~1.05 W m™! K™!) [18,33]. This leads to slightly higher initial residual
moisture contents in COP compared to glass because less energy is transferred into the COP
vial (Table I1.1). As with oxygen, COP is permeable to water vapor [9,34]. Consequently,
residual moisture significantly increased over time in COP —A —P due to the lack of a
sufficient barrier. In contrast to that, residual moisture levels in the smart packaging
(COP +A +P) only slightly increased over the course of 6 (LMUT1) and 12 months (LMU?2)
of storage at 4 °C, very similarly to glass (Figure I11.4A). Such a slight increase is frequently

observed in lyophilizates, and equilibrium moisture level depends on product characteristics
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according to Pikal et al. [35]. Moreover, regarding the residual moisture content at elevated
storage temperatures, i.e., 25 °C and 40 °C, we again found very similar levels in the smart
packaging compared to glass due to the dry air in the pouch (Figure 11.4B,C). Accordingly,
the moisture-absorbing capability is a useful synergistic effect when it comes to
lyophilizates, since long-term protein stability generally decreases with increasing moisture
content [23]. For LMU2, we even observed constant residual moisture levels in COP +A +P
over storage and no increase over time at all. The possibility to remove moisture from
lyophilizates in COP vials remains an option and needs to be studied with regard to different

container stoppers (i.e., different brands, polymers, pretreatments, etc.).

Although chemical reactions are decelerated in lyophilizates because of the low water
content, proteins undergo oxidation in the dried state as well [20,36]. In our study, we
examined two clinically relevant antibodies to evaluate the actual profit of our smart
packaging. One strategy to reduce oxidation is to reduce or exclude oxygen [37]. Hence, as
a consequence of the consistently low and comparable headspace oxygen levels in
COP +A +P and glass we found similar amounts of oxidation in both packaging
configurations irrespective of the storage temperature (Figure I1.5). Furthermore, with
increasing levels of oxygen in the headspace (COP —A —P) the amount of fully oxidized
mAb increases for both antibodies. Although the absolute changes in oxidation may appear
low to moderate at first glance, more pronounced effects may be achieved in other,
oxidation-sensitive systems. Note that the examined mAbs were already oxidized to a certain
extend right from the start. Since protein oxidation is one of the major degradation pathways
leading to altered conformation and biological activity [19,21], suppression of this
degradation pathway is of utmost interest. Nevertheless, there is no superiority of COP +A
+P over glass for the lyophilizates. With regard to the comparable headspace oxygen levels

of the two configurations, similar degrees of oxidation are expectable.

Apart from chemical degradation, physical instabilities are also of relevance. As proteins
are naturally interacting with surfaces, container materials have to be carefully selected
[9,38,39]. We found low particle amounts for LMU1 throughout the study irrespective of
the configuration, although subvisible particles >10 um and >1 pm were slightly higher in
COP compared to glass. Unexpectedly, subvisible particles of the order of >10 um and >1
um were found to be increased in COP directly after freeze-drying for LMU2. Particle counts
then decreased over the course of 12 months at 4 °C to one fourth as well as within 3 months

at 40 °C to one third of the starting value for particles >1 pum, respectively. Nevertheless, in
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general we observe low cumulative particle amounts for both mAbs after storage for 3
months even at elevated temperatures (i.e., 25 °C and 40 °C). More recently, it has been
reported that protein adsorption to cyclic olefin polymer is scarcely observed [12,13,40,41]
and if so, it is mainly caused by the hydrophobic effect [42]. We assume that interaction of
LMU2 with the hydrophobic surface of COP is the driving force for the increased subvisible
particle counts after lyophilization since the mAb exhibits high hydrophobicity.

I1.6 Conclusions

In conclusion, we presented a packaging approach for lyophilizates in COP vials (i.e.,
“smart packaging”), which disposes of permeability issues and renders stable, low headspace
oxygen and residual moisture levels due to a combined oxygen and moisture absorber.
Consequently, oxidation of two therapeutic monoclonal antibodies was found to be
comparable to glass vials. Thus, the major drawback of cyclic olefin polymers regarding the
use in the field of freeze-drying has been overcome. Possible concerns with respect to the
suitability of cyclic olefin materials for lyophilization (e.g., conductivity issues) can be
dispelled. Moreover, a low particle burden was observed after storage at elevated
temperatures. The exceptional advantages of the smart packaging, such as the durable and
inert polymer material, the tamper-evident closure of the pouch, as well as protection from
light and cushioning against mechanical shock in the package optimally preserve sensitive
biotech drugs. The numerous benefits of the packaging outweigh potential additional costs
by far, particularly since to date secondary packaging of costly biopharmaceuticals is widely
disregarded. Nevertheless, a drastic reduction of oxygen in the COP vials as seen for
prefilled syringes [25,26] was not achieved. Further studies are needed to understand why
the capability in removing oxygen from lyophilizates differs from liquid formulations in

deoxygenated packaging concepts.
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I1.7 Supplementary Materials
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chromatography (HIC) chromatograms of the initial material and artificially oxidized mAb as well as the
respective mixtures. (B) Percentage of fully oxidized mAb was determined experimentally and plotted against
the theoretical amount of fully oxidized species. Calibration was performed in a linear range between 5% and
50% oxidized mAb residues. 75% and 100% were excluded.
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Chapter III

Chapter III  Further Studies on Gas Permeability of Polymer
Vials for Lyophilizates

II1.1 Introduction

In chapter II, a packaging approach for lyophilizates in polymer vials was presented,
which reduced oxidation of two monoclonal IgG1 antibodies to a minimum, similar to the
level in glass vials. Nevertheless, the barrier properties and associated capability of absorbers
in actually removing oxygen from the headspaces of the lyophilizates are not fully
understood. Hence, this chapter focuses on the technical details of removing oxygen from
the vials.

It has been shown before that by selecting a suitable secondary packaging for primary
containers made of polymeric materials, oxidation can be successfully suppressed [1—4]. The
studies examined liquid formulations in COP syringes and were either stored in aluminum
pouches filled with nitrogen [1,4] or comprised of an oxygen absorber in a blister pack [2,3].
However, container closure and other characteristics of prefilled syringes (PFS) differ in
several aspects from vials containing a lyophilizate, irrespective of the material they are
composed of. While the vial is typically closed with a rubber stopper and sealed with a crimp
cap, PFS comprise of multiple sealing areas, i.e., the injection needle and the syringe barrel
[5]. The potential for escape of gases from the needle lumen [6] and through rubber materials
in needle shields [7,8], as well as due to inappropriate plunger selection or movement [5,9]
has been described. Thus, the vial configuration is typically considered less vulnerable to
gas permeation compared to syringes, when comparing containers made of the same
material.

Apart from that, vials are typically stoppered in a nitrogen atmosphere in the freeze dryer
at the end of the lyophilization process. Consequently, oxygen concentration is already
minimized right from the start of shelf life. In contrast, PFS are typically filled and sealed at
atmospheric conditions, and filling in a nitrogen atmosphere [10] is rather an exceptional
case. Besides, dissolved oxygen has been identified as one of the main root causes for protein
oxidation in liquid formulations, next to radical generation by sterilization using irradiation
[2,3,11,12]. On the contrary, the levels of dissolved oxygen in lyophilized drug products are
expected to be extremely low due to the low residual moisture levels in the lyophilized drug
product. As a result, product properties differ significantly when comparing PFS and vials
containing a lyophilizate, even if the primary containers are composed of the same material,

and therefore transfer of study results from one format to the other has to be done carefully.
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Moreover, limited literature is available on permeability of primary containers for
pharmaceuticals made of cyclic olefin polymers (COP) and copolymers (COC). It has been
shown for cyclic olefin copolymer (COC) that permeability coefficients are strongly
dependent on the chemical structure of the polymer, i.e., backbone constituents [13]. In [14],
a model was developed for CZ® resin vials made of a high-quality COP, which describes
the permeation of oxygen and nitrogen, assuming the vials contain a liquid fill. The authors
found that the permeability of oxygen through the CZ® resin material is significantly higher
compared to nitrogen. However, permeation behavior might differ when comparing a liquid
formulation and a lyophilizate in a vial, as the liquid system shows three interfaces in total,
i.e., the liquid-gas interface, the gas-solid interface at the inner wall of the vial, and the
liquid-solid interface. In comparison, the lyophilizate system consists of only the gas-solid
interface, assuming that residual moisture is very low [15], and the gap between the cake
and the vial wall is also accessible for gases through the porous structure of the lyophilizate,
and even more if the cake detached from the inner vial wall [16].

In this study, the permeability of COP vials containing a lyophilizate was investigated.
The effect of headspace pressure was assessed, and the capability of the Pharmakeep®
absorbers in controlling oxygen in the smart packaging was reaffirmed. Moreover, it was
shown that oxygen can be actively removed from the headspace of the vial, as previously
described for liquid formulations [1,2,4]. Additionally, the gas exchange from inside the vial
to the exterior was found to be efficient for the smart packaging with an absorber, and
permeability was not improved when an oxygen scavenging liquid was surrounding the vial

in the pouch.

I11.2 Materials and Methods

I11.2.1 Chemicals

L-histidine monohydrochloride monohydrate (99% purity) and L-histidine (cell culture
reagent) were purchased from Alfa Aesar (Ward Hill, MA, USA). D(+)-trehalose dihydrate
(97.0-102.0% purity) Ph. Eur.,, NF certified was purchased from VWR International
(Radnor, PA, USA). TWEEN® 20 Ph. Eur. certified, sodium sulfite BioUltra grade, and
Cobalt standard for ASS were purchased from Sigma-Aldrich (Steinheim, Germany).
Ultrapure water was collected from an Arium® system of Sartorius Lab Instruments GmbH

(Goettingen, Germany).
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I11.2.2 Preparation of the Formulations

The experiments were carried out with a placebo formulation. Stock solutions of the
excipients were prepared in 20 mM histidine buffer and mixed so that the final formulation
contained 210 mM trehalose and 0.04% polysorbate 20 (w/FV) at pH 5.5. Prior to filling the
vials, the formulation was sterile filtered using a 0.22 pm Sartolab® RF polyethersulfone
vacuum filtration unit (Sartorius AG, Goettingen, Germany). 6R tubing vials made from
cyclic olefin polymer (COP Monolayer, Gerresheimer AG, Duesseldorf, Germany) were
filled with 2.5 mL of the formulation, resulting in circa 188 mg of dried cake following the
drying process. Subsequently, the vials were semi-stoppered with lyophilization stoppers

(Flurotec® laminated rubber stoppers, West Pharmaceutical Services, Inc, Exton, PA, USA).

I11.2.3 Lyophilization Process

The lyophilization process was performed four times to generate different starting
conditions regarding the gas composition and pressure in the vial headspaces. It was either
conducted on an FTS LyoStar™ 3 freeze-dryer (SP Scientific, Stone Ridge, NY, USA) or
on a Christ €2-6D (Martin Christ, Osterode am Harz, Germany) laboratory-scale freeze-
dryer. The freezing step was carried out as suggested in [15], with prolonged time intervals
for the shelf cooling steps at 5°C and -5°C, i.e., 45 minutes. The final freezing temperature
of -50°C was held for 3 hours to ensure complete freezing. Set points for primary drying
were a shelf temperature of -20°C at 67 mTorr. Comparative pressure measurement was
applied to determine the end of the primary drying step (Pirani/capacitance difference of
5%). Next, the shelf temperature was increased to 5°C (ramp 0.15 K/min) and subsequently
30°C (ramp 0.21 K/min) for secondary drying. After 7 hours at this setpoint, the
lyophilization process was completed and the vials were stoppered inside the chamber. For
this, different protocols were applied: A) vials were stoppered in a nitrogen atmosphere at
600 mbar or 1000 mbar, and B) the chamber was vented with compressed air and vials were
stoppered at 800 mbar or 1000 mbar. Following this, the vials were crimped with Flip-Off®
seals (West Pharmaceutical Services, Inc, Exton, PA, USA).

I11.2.4 Study Design

The study was carried out in three parts. In part I, vials that were stoppered under nitrogen
at 600 mbar and 1000 mbar were processed as follows: COP vials were either stored without
secondary packaging (COP-A-P), or sealed in aluminum pouches (Floeter
Verpackungsservice, Eberdingen, Germany) with one (COP+A+P) or four (COP+4A+P)
absorbers (Pharmakeep®, Mitsubishi Gas Chemicals, Tokyo, Japan) enclosed. The pouches
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were heat sealed and contained a volume of approximately 80 mL of ambient air. The
absorbers used were combined oxygen and moisture absorbers, so that the air within the
smart packaging was also dehumidified for the storage of the moisture-sensitive cakes.

In part IT of the study, the samples that were stoppered at 800 mbar in a compressed air
environment were stored either without secondary packaging (COP-A-P) or with one
(COP+A+P) or four (COP+4A+P) absorbers. Additionally, the vials stoppered at 1000 mbar
under compressed air were sealed in aluminum pouches with one absorber (COP+A+P). For
more convenient reading, the above-mentioned abbreviations are used in the following text,
where “A” stands for absorber, and “P” is a shortcut for aluminum pouch.

In part III, the vials stoppered at 600 mbar in a nitrogen atmosphere were sealed in
aluminum pouches containing either “oxygen-rich” or “oxygen-free” ultrapure water. The
former was produced by blowing air into the water while it was simultaneously stirred. The
deoxygenated water was prepared by dissolving sodium sulfite and cobalt nitrate in highly
purified water, followed by shaking according to [17]. Prior to filling the water into the
pouches, oxygen concentrations were controlled.

For all studies, the samples were stored at 4°C, 25°C, and 40°C for the desired time without

controlling relative humidity.

I11.2.5 Oxygen Quantification

The oxygen concentration in the air enclosed in the aluminum pouches, in the water sealed
within the pouches, and in the headspaces of the lyophilizates was assessed using a Microx
4 fiber optic oxygen meter (PreSens Precision Sensing GmbH, Regensburg, Germany).
Firstly, measurements were conducted in the pouches, and after removal of the vial from the
secondary packaging, oxygen levels within the headspaces were immediately measured. For
this, the plastic cap of the Flip-Off® seal was removed, and the needle-shielded oxygen

sensor was introduced into the headspace through the rubber stopper.

I11.2.6 Karl-Fischer Titration

The residual moisture content of the lyophilizates was determined by using coulometric
Karl-Fischer titration. In a glove box filled with pressurized air (relative humidity < 10%),
the cakes were gently crushed and approximately 70 mg of each cake was transferred into
2R vials. The water was extracted by heating up the sample in the device’s oven (temperature
setpoint 100°C) and transferred to the coulometric titration cell with a dry carrier gas flow
(Aqua 40.00 Vario plus, ECH Elektrochemie Halle GmbH, Halle (Saale), Germany).

Relative moisture content was calculated (m/m). Prior to sample analysis, the Apura® water
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standard oven 1% (Merck KGaA, Darmstadt, Germany) was measured in duplicate to ensure

the correct performance of the device.

II1.3 Results & Discussion

I11.3.1 Effect of the Pressure Inside the Vial (part I)

Vials are typically sealed under nitrogen at reduced pressure following the lyophilization
process to optimize protein stability and ensure container closure integrity by better holding
the stopper in place. To investigate whether the vacuum inside the vial has a regressive effect
on gas permeation through the vial wall, vials were stoppered under nitrogen at atmospheric
pressure. Additionally, to study the role of absorbers’ capacity for the smart packaging, it

was equipped with one and four absorbers, respectively.

The aluminum pouches were sealed at ambient conditions, to test the absorbers’ ability in
capturing oxygen in a worst-case scenario. Starting from 20.8% in the pouches right after
sealing, oxygen was quickly reduced to less than 0.5% within one week at all storage
temperatures (Figure I11.1). Moreover, four absorbers did not perform better compared to
one absorber in the respective pouches. Keeping in mind the intended volume of enclosed
air is very important when it comes to the choice of an absorber type and number. In this
study, around 80 mL of air were enclosed in each aluminum pouch. Thus, with a specified
capacity of 20 mL oxygen for a Pharmakeep® absorber, circa 20% of the absorbers’ capacity
remained unused in the tightly sealed aluminum pouches, serving as a safety margin
throughout the study. Increasing the number of absorbers did not improve the oxygen
removal from the pouches, at least within a time frame of one week. However, if the volume
of air would be increased in other configurations, the limit of capacity of the used absorbers

has to be carefully evaluated.
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Figure I11.1 Oxygen levels in the aluminum pouches. After sealing at room air (dark blue, t0), pouches with
one absorber (COP+A+P) and four absorbers enclosed (COP+4A+P) were stored at 4 °C, 25 °C, and 40 °C.
The bars are means of three individual pouches; the error bars represent the standard deviation. COP, cyclic
olefin polymer; A, absorber; P, pouch.

The oxygen level in the headspaces of COP vials was 0.56% = 0.01% after stoppering in
a nitrogen atmosphere following the freeze-drying cycle (t0, Figure II1.2). When stored
without a secondary packaging (COP-A-P), oxygen quickly permeated into the vial (COP-
A-P, Figure II1.2). Oxygen levels in the headspaces correlated well with storage time and
temperature: After 10 months, 12.93% £ 0.15% oxygen were found in samples stored at
4°C, and almost equaled atmospheric concentration after storage at 40 °C
(18.83% + 0.06%). Based on the data it appears that oxygen ingress is almost linear in the
first weeks (e.g., 0.56% per week at 40 °C) and then decelerates towards equilibrium. This
is consistent with the findings in [14], as the driving force for permeation is the difference
in partial pressure on both sides of the membrane. When oxygen permeates into the vial, the
driving force is reduced until oxygen partial pressure inside the vial equals the outside.
According to [11] oxygen concentration increases exponentially inside the vial headspace

and can be expressed as a function of time using Eq. 1.
Ci=Co(1—e™™) (1

where: C; is the oxygen concentration in the vial headspace, C, is the concentration of

oxygen outside the vial (atmospheric), and K represents the rate constant.
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In the smart packaging, headspace oxygen is well controlled throughout the study
(COP+A+P and COP+4A+P, Figure I11.2). Looking at the data from the first week, it appears
that a small amount of oxygen permeates into the vial in the configuration with one absorber
at 25 °C and 40 °C (COP+A+P, light blue bar). This effect is not seen in the configuration
with four absorbers (COP+4A+P). However, after four weeks, headspace oxygen is
stabilized and low in all configurations, i.e., < 1.2%, and was further reduced within 10

months (yellow and red bars, COP+A+P and COP+4A+P).
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Figure I11.2 Oxygen concentrations in the headspaces of the vials throughout the stability study. Vials were
stoppered in a nitrogen atmosphere at 1000 mbar and subsequently stored at 4 °C, 25 °C, and 40 °C for 10
months. The bars are means of three individual vials; the error bars represent the standard deviation. COP,
cyclic olefin polymer; A, absorber; P, pouch.

Next, to investigate the effect of the pressure within the vial on gas diffusion, oxygen
levels in the headspaces after stoppering at two different pressures were compared. Data
from samples stoppered at 600 mbar and 1000 mbar and stored at 25 °C, and 40 °C for four
weeks were collected (Table I11.1). While the oxygen levels directly after stoppering were
comparable (t0, Table III.1), a trend towards slightly higher headspace oxygen levels in vials
stoppered at atmospheric pressure was observable after four weeks for both, the positive
control (COP-A-P) and the smart packaging (COP+A+P). However, the net increase in
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oxygen concentration was by far higher when COP vials were stored without a secondary
packaging. Consequently, gas exchange appears to be easier when vials are stoppered at
atmospheric pressure. Given that gas permeability through the vial/stopper/flip-off cap
system is almost zero, permeation of gases in COP vials is mainly through the polymer
matrix. The diffusion through polymers resembles diffusion through a liquid solution and is
therefore directed from the side of higher partial pressure to the low-pressure side [18]. If
the vials were sealed under vacuum at 600 mbar in the experiment, gas exchange of nitrogen
from the region of higher partial pressure inside the vial to the outside is impeded by the
overall vacuum within the vial, and by this the nitrogen permeation to the vial outside and
exchange with oxygen is slowed down. When the vials were stoppered at atmospheric
pressure, permeation is not impeded by a vacuum and thus gas exchange is without
hindrance. Oxygen that is not captured by an absorber diffuses into the vial. As a
consequence, stoppering under vacuum seems to pose an additional safety attribute for
maintaining drug product quality after lyophilization in COP vials.

Table III.1 Oxygen concentrations in the headspaces following lyophilization (t0) and after four weeks at the
respective storage temperatures. Vials were stoppered in a nitrogen atmosphere at either 600 mbar or 1000

mbar. The values are the mean of three individual vials. The error represents the standard deviation of the
mean. COP, cyclic olefin polymer; A, absorber; P, pouch.

Headspace oxygen %
t0 COP-A-P COP+A+P
25°C 40 °C 25 °C 40 °C
600 mbar 0.64+0.03 334+0.15 485+043 0.66+0.05 0.36+0.05
1000 mbar  0.56+0.01 4.10+0.00 5.40+0.00 1.1 £0.00 0.93 £0.02

In [19] COP vials were likewise stoppered in a nitrogen atmosphere and subsequently
stored in an oxygen rich environment (> 75% oxygen) to evaluate permeability of the
material. The oxygen level was many times higher after storage for four weeks at 40°C
(40.68% = 0.17%) compared to this study. However, such high oxygen concentrations
surrounding the vial represent an artificial environment, while the above-mentioned data

from this study can give guidance on permeation behavior in a more realistic storage setup.

I11.3.2 Removal of Oxygen from the Headspaces (Part II)

In a further experiment, the ability to remove oxygen from the vial headspace within the
smart packaging was evaluated. For this, the lyophilizer was flushed with compressed air
instead of nitrogen following the lyophilization process. The advantage of using compressed

air over ambient air is its low moisture content (i.e., circa 5% relative humidity). By using
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the former, one can avoid collapse of the lyophilizates during storage due to increased
residual moisture levels. The vials were then either stoppered at 800 mbar or at atmospheric
pressure (1000 mbar) and sealed in aluminum pouches with one or four absorbers (800 mbar
headspace pressure) or one absorber (1000 mbar headspace pressure), respectively

(Figure II1.3).

800 mbar 1000 mbar
. - - _—
800 800 800 1000
mbar mbar mbar mbar
COP-A-P COP +A +P COP +4A +P COP +A +P

Figure I11.3 Schematic overview of the configurations investigated in the study. Vials were sealed at either
800 mbar or 1000 mbar in pressurized air. In case of the smart packaging the aluminum pouches were equipped
with one or four combined oxygen and moisture absorbers. The grey rectangle represents the aluminum pouch.
COP, cyclic olefin polymer; A, absorber; P, pouch.

The aluminum pouches were again sealed at ambient conditions to test the packaging
configurations in a worst-case scenario. Oxygen level of ambient air in the pouches was
20.7% right after sealing (t0, Figure I11.4). Irrespective of the vial configuration and absorber
amount, oxygen was reduced to < 0.4% within four weeks at all storage temperatures
(Figure I11.4). Already after one week of storage the absorber captured almost all the oxygen
enclosed in the pouch, only for the vials stoppered at atmospheric pressure and stored at 4°C

slightly higher values were found after one week (1.4% + 0.3%, Figure I11.4B).
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Figure II1.4 Oxygen levels in the aluminum pouches. The pouches contained one (COP+A+P) or four
(COP+4A+P) Pharmakeep® absorbers and a vial that was stoppered in a compressed air environment at (A)
800 mbar and (B) 1000 mbar. After sealing of the pouches at room air conditions (dark blue, t0), pouches were
stored at 4 °C, 25 °C, and 40 °C. The bars are means of three individual pouches; the error bars represent the
standard deviation. COP, cyclic olefin polymer; A, absorber; P, pouch.

The oxygen levels in the headspaces of the vials equaled atmospheric concentration after
stoppering under compressed air (t0, Figure I11.5). If the vials were stored without secondary
packaging (COP-A-P), oxygen concentration was constantly high at room air level

throughout the study due to the gas exchange with surrounding ambient air.

When the vials were stoppered at 800 mbar and stored within the aluminum pouch with
one (COP+A+P) and four absorbers (COP+4A+P), respectively, oxygen was quickly
removed from the headspaces. Reduction in headspace oxygen correlated with storage
temperature and significantly reduced levels were found after four weeks at all storage
temperatures. The configuration with four absorbers did not perform better compared to the
pouches equipped with one absorber, and similar, strongly reduced oxygen levels were found
after 3 months at 40°C (8.45% +0.15% for COP+A+P and 8.73% +0.01% for
COP+4A+P). When vials were stoppered at 1000 mbar, the reduction in headspace oxygen
was even more pronounced, as only approximately 20% of the initial oxygen concentration

1s found in the headspace after 3 months at 40°C (4.63% + 0.1%).
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Figure II1.5 Oxygen concentrations in the headspaces after stoppering in a compressed air environment and
subsequent storage at 4 °C, 25 °C, and 40 °C for up to 12 weeks. Vials were stoppered either at 800 mbar or at
1000 mbar. The bars are means of three individual vials; the error bars represent the standard deviation. COP,
cyclic olefin polymer; A, absorber; P, pouch.

Considering the results of the study three implications can be made: Firstly, oxygen can
be actively removed from the vial headspace by using oxygen absorbers, as shown for liquid
formulations in prefilled syringes [2]. Secondly, if the absorbers’ capacity is chosen properly
with regard to the intended volume of the pouch, permeation rate is solely affected by the
storage temperature. With increasing temperature, permeability increases presumably due to
the increased mobility of the gas. And thirdly, as likewise observed in the aforementioned
study (Table III.1), vacuum inside the headspace decelerates gas permeation from inside the

vial to the outside and by that gas exchange.

Next, in Table 1I1.2, data for the COP vials were compared to previously published results
from studies with prefilled COP syringes stored in different secondary packaging
configurations [1,2,4]. The studies investigated the concentration of dissolved oxygen within
the solution in the prefilled syringes. In [2] a quite similar approach to this study was taken:
a blister package was equipped with an oxygen sensor, while in [1,4] aluminum pouches

were flushed with nitrogen prior to sealing. In all studies, oxygen concentration equaled

43



Further Studies on Gas Permeability of Polymer Vials for Lyophilizates

atmospheric concentration at the start of the study. After 12 weeks of storage at 25°C oxygen

levels in the primary packaging differed across the studies.

However, direct comparison of gaseous oxygen concentrations in the headspace with
dissolved oxygen in solution is difficult, as dissolved oxygen in the liquid is in balance with
the oxygen concentration in the entrapped air between the liquid and the rubber plunger
stopper, dependent on the surrounding temperature. In [1] all trapped air was removed during
the stoppering process, while in [2,4] a specific air headspace remained between the liquid
and the stopper. Qadry et al. [14] assumed that gas permeation from inside the vial to the
outside occurs only at the solid—gas interface in a vial containing a liquid. Consequently, as
headspace volumes differed in the studies with COP syringes, different oxygen
concentrations were found after a certain time interval, with the lowest reduction in [1] where
no headspace was present. If a certain air volume was kept between the liquid and the
plunger, oxygen presumably permeated from the syringe headspace into the secondary
packaging and by this, oxygen from the liquid is shuttling into the gaseous phase and a new
intermediate equilibrium is established. In lyophilizates almost no dissolved oxygen is
present, as residual moisture is very low (i.e., typically < 0.5% [15]). In this study, residual
moisture after lyophilization was 0.68% # 0.01% (m/m). Each vial contained roughly
200 mg of lyophilized powder. Considering an oxygen solubility of 9.1 mg/L in pure water
at 20°C [20], approximately 0.06 ppm oxygen were present in the residual moisture of the
cake. Consequently, solubilized oxygen can be neglected in lyophilizates with low moisture
levels and gas exchange may occur through the whole vial body except for the stopper area,

provided that there is no gas permeation through the stopper.

Thus, the surface area available for gas exchange also plays an important role when
comparing different packaging materials. When increasing available surface area of a
container made of a certain material, gas exchange may increase. In this study, the surface
area of the COP vial was calculated using its body and neck height and diameter,
respectively. The inner surface area of the vials used was 2.14 x 10°> mm?. For the prefilled
syringes in [4] an inner surface area of 0.90 x 10° mm? was calculated, while according to
the given fill volume the available headspace area was approximately 0.11 x 10° mm?.
Calculations for [1,2] were not possible considering the published data. However, although
the inner surface area of the vial is more than twice the surface area of the prefilled syringe,
stronger reduction of oxygen was observed for the prefilled syringes (Table II1.2, [4]).

Another reason for this observation was considered to be the wall thickness of the containers,
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but this parameter was quite comparable for both container types (1.8 mm for the prefilled
syringe and 1.5 mm for the vial). Lastly, the observed differences in oxygen removal across
the studies may be attributable to the container closure integrity of the primary packaging
formats. For the container closure combination investigated in this study, the dye ingress test
was passed according to the European Pharmacopoeia [21]. Given that there is no gas
diffusion through the stopper in the vial, quite substantial oxygen amounts were removed
from the vial compared to the different syringe configurations, which are typically more

prone to gas exchange due to multiple sealing areas.

Table I11.2 Comparison of published data on COP syringes in secondary packaging systems with the COP vial
data from this study. Oxygen data from [2] and [4] were derived from figures and converted from mg/L to %
oxygen assuming the measurement was carried out at 20°C at atmospheric pressure. In [1] all entrapped air
was removed during the stoppering.

Nakamura et Stelzl  Werner et

al. [2] [4] al. [1] This study
Primary container COP syringe COP vial
Blister . Aluminum pouch
. Aluminum pouch . .
Secondary package with . with combined
. with gaseous
packaging oxygen nitrogen oxygen and
absorber g moisture absorber
. . . Gaseous oxygen in
Oxygen measured Dissolved oxygen in solution the headspace
Atthestart 0y 9.0 8.2 8.3*
of the
bilit N/A
Mean oxygen stability % 20.8* 19.1* 19.2
concentration in study
solution (%) After 12 mg/L 0.0 1.2 6.8*
weeks at N/A
25°C % 0.0* 2.8% 15.7
Approximate
reduction (%) 20.8 16.3 3.5
At the start
of the
Mean oxygen stability N/A 201
concentration in the study
headspace (%) After 12
weeks at N/A 8.5
25°C
Approximate 11.6

reduction (%)
* Calculated values.
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I11.3.3 Effect of Different Forms of Matter on Diffusion (Part III)

In a third experiment it was investigated, whether there is a difference in gas permeability
of the COP material when a liquid phase is adjacent to the vial (i.e., a vial in an aluminum
pouch filled with a liquid), compared to a gaseous phase (i.e., a vial in the pouch with
enclosed air and an oxygen absorber). The configuration was studied, as it is analogous to
prefilled syringes containing a liquid formulation and stored in pouches with nitrogen gas
enclosed. For this purpose, the vials were sealed in pouches that were filled with

deoxygenated water and oxygen rich water, respectively.

The oxygen-rich water contained 21.3% oxygen directly after sealing of the pouches and
was slightly reduced within storage (17.7% + 0.7% after 10 months at 40°C), as oxygen from
the water permeated into the headspace of the vial (Figure I11.6). Corresponding increase in
headspace oxygen correlated with storage temperature and time, and almost equaled the
oxygen concentration in the liquid after 10 months at 40°C (15.4% =+ 0.7%). This is slightly
lower compared to vials stoppered at 1000 mbar and stored at ambient air without a
secondary packaging (18.8% + 0.05% after 10 months at 40°C, see Figure II1.2.) However,
as oxygen concentration in the water reduces as equilibration with the vial headspace takes
place, the partial pressure of oxygen decreases and with it the driving force for gas
permeation. Besides, no distinct difference in gas permeability was observed within the first
week of storage when a liquid phase was adjacent to the polymer matrix compared to a
gaseous phase (1.3% + 0.2% when the vials were stored at 40°C in oxygen rich water,
1.9% +0.0% when stored at 40°C without secondary packaging). Consequently,
permeability of the polymer material is not depending on the phase of matter adjacent to it

(i.e., liquid or gaseous).

The deoxygenated water was almost oxygen free at the start of the stability study and
oxygen levels remained low within 10 months of storage, due to the low permeability and
tight sealing of the aluminum pouches (Figure I11.6). Similar to the storage of the lyophilizate
in the smart packaging with an oxygen absorber, oxygen levels in the headspace were low

and well controlled.
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Figure I11.6 Oxygen levels in the headspaces of the vials and in the water the pouches were filled with. Samples
were stoppered in a nitrogen atmosphere at 600 mbar following the lyophilization process and stored in
oxygen-rich or oxygen-free water, respectively. The values are means of three individual samples. The error
represents the standard deviation of the mean.

I11.4 Conclusion

The aim of this study was to investigate permeability of COP vials in the context of
lyophilization. It was found that gas permeation is not only depended on the partial pressure
of the gas on both sides of the vial wall (i.e., interior and exterior), the absolute pressure
inside the headspace also impacted permeability. With lower pressure in the vial headspace,
gas exchange was slowed down. Since vials are typically stoppered under vacuum in a
nitrogen atmosphere following the lyophilization process, this helps to protect the final
product from oxygen ingress. Comparable to other studies [1,2,4] with liquid formulations
in COP syringes, it was possible to remove oxygen from the vial headspace by an absorber.
Thus, if oxygen would accidentally get into the headspace following the freeze-drying
process, it can be removed by the absorber. This poses a safety aspect when the smart
packaging is used for drug products in COP vials. However, reduction of headspace oxygen

was slower compared to some studies with prefilled syringes, which may be attributable to
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the tightness of the vial-stopper system compared to syringes with multiple sealing areas.

Besides, there was no difference in the gas exchange through the COP vial if a liquid is

adjacent to the material compared to a gaseous phase. Consequently, the use of absorbers is

a suitable and convenient approach for overcoming permeability issues that hamper the use

of polymer vials in lyophilization, and helps to protect drug product quality, as shown for

liquid formulations in COP syringes [2,3].
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IV.1 Abstract

Recently, attention has been drawn to microwave-assisted freeze-drying (MFD), as it
drastically reduces the typically long drying times of biopharmaceuticals in conventional
freeze-drying (CFD). Nevertheless, previously described prototype machines lack important
attributes such as in-chamber freezing and stoppering, not allowing for the performance of
representative vial freeze-drying processes. In this study, we present a new technical MFD
setup, designed with GMP processes in mind. It is based on a standard lyophilizer equipped
with flat semiconductor microwave modules. The idea was to enable the retrofitting of
standard freeze-dryers with a microwave option, which would reduce the hurdles of
implementation. We aimed to collect process data with respect to the speed, settings, and
controllability of the MFD processes. Moreover, we studied the performance of six

monoclonal antibody (mAb) formulations in terms of quality after drying and stability after
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storage for 6 months. We found drying processes to be drastically shortened and well
controllable and observed no signs of plasma discharge. The characterization of the
lyophilizates revealed an elegant cake appearance and remarkably good stability in the mAb
after MFD. Furthermore, overall storage stability was good, even when residual moisture
was increased due to high concentrations of glass-forming excipients. A direct comparison
of stability data following MFD and CFD demonstrated similar stability profiles. We
conclude that the new machine design is highly advantageous, enabling the fast-drying of
excipient-dominated, low-concentrated mAb formulations in compliance with modern

manufacturing technology.

Keywords: microwave; freeze-drying; lyophilization; monoclonal antibody; excipients;

stability

IV.2 Introduction

To date, almost half of biopharmaceutical products are marketed in the form of dry, solid
formulations [1], as they are not sufficiently stable in aqueous formulations over the intended
shelf life [2,3]. Conventional freeze-drying (CFD), also known as lyophilization, is a well-
established method of preserving sensitive protein drugs but comes with long process times
and high energy consumption [3,4]. With emerging patient-centered drug manufacturing in
the biopharmaceutical industry [5], small batch sizes create an increasing need for
time-saving technologies and flexibility. Hence, numerous new drying technologies and
approaches are being developed to speed up the lengthy process [1,6-9].

In this paper, we are neither focused on a particular formulation attempt to enable
aggressive freeze drying [10—12], nor on the use of organic solvents [13—15] or continuous
processes [16,17] but rather on a new solution to introduce sublimation energy faster and
more effectively using microwaves. Due to the nature of microwave radiation, energy is
directly transferred to the lyophilizates, resulting in volumetric heating [18]. This contrasts
with CFD, where energy is delivered mainly through convection [19] and only partly through
conduction and radiation. For more information on the basic principles of
microwave-assisted freeze-drying (MFD), the reader is referred to [20]. While MFD is
already widely used for quality foods [21,22], only a few studies have been published
addressing its applications in bacterial cells [20,23]; vaccines and proteins [24,25]; and,

specifically, monoclonal antibodies (mAbs) [26,27]. A few years back, Evans et al. first
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introduced the technology in the field of pharmaceuticals and demonstrated its applicability
to mAbs and a model vaccine [28]. Following this, Gitter et al. evaluated the stability of two
monoclonal IgG1-type antibodies and found comparable stability profiles following MFD
and CFD [26,27]. More recently, Bhambhani et al. proposed a first-principle model
investigating the principles of microwave-assisted freeze-drying of proteins and a vaccine
[24]. Furthermore, a mechanistic model was proposed by Park et al. [29]. In [25], the
statistical electromagnetics theory was used to create efficient and uniform heating for
myoglobin samples. Nevertheless, these previously described machines come with several
drawbacks: (1) Samples have to be frozen externally and subsequently transferred to the
microwave dryer because shelf-freezing within the cabinet is not feasible. (2) In-chamber
stoppering after lyophilization is not possible with prototypes, meaning that vials have to be
stoppered by hand at atmospheric pressure. In [25], an auxiliary chamber was inserted into
a lab-scale freeze-dryer, and it remains an open question whether the vials are in direct shelf
contact during freezing and if machine-stoppering the vials inside this chamber is possible.
However, these features are indispensable for implementation in a GMP environment. There
is a definite need for much better-controlled processes (i.e., the loading of the vials using
proven systems or freezing and stoppering within the chamber) to avoid external side effects
such as particulate entry, temperature variations, water absorption until container closure,
and associated increased residual moisture contents.

This work addresses the challenges identified and presents a new setup for
microwave-assisted freeze-drying (MFD), which combines the advantages of a regular GMP
lyophilizer with flat and scalable microwave radiation sources. The results of our
investigation display the new setup and its performance in two aspects: (A) Process data
were collected with respect to microwave settings, drying speed, and controllability. (B) The
quality of the dried products after drying and their stability after storage were assessed.
Accordingly, we examined six different formulations of a monoclonal antibody (mAb) in
the new drying setup. The antibody was formulated in a generic and low concentration in
the presence of a typical histidine buffer and a commonly used surfactant (i.e., polysorbate
20). To study the effect of the solid content, we added different sugar types, namely, sucrose
and trehalose, in two concentrations. Moreover, we investigated the dryability of non-
standard matrices in MFD using 2-hydroxypropyl-beta-cyclodextrin (HP-B-CD) and
arginine phosphate. Finally, we compared the stability profiles of the samples following the

two drying protocols, i.e., MFD and CFD. The solid-state properties of the lyophilizates, as
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well as the physical and chemical stability of the mAb, were investigated at 4 °C, 25 °C, and
40 °C over the course of 6 months.

The new microwave-assisted freeze-drying (MFD) setup meets the requirements of
modern manufacturing technology and is based on a typical laboratory-scale freeze-dryer
with stainless steel shelves allowing for temperature control via silicon oil circulation.
Chamber geometry, condenser, and cooling and vacuum systems represent the regular state
of the art. Therefore, freezing, drying with and without microwave radiation, and stoppering
under a partial vacuum can be conducted easily. Furthermore, neither the microwave source
nor the product is rotated in this MFD setup: a phase shift is applied repeatedly to avoid the
formation of cold and hot spots. With this work, we aim to provide a proof of concept for

this new technology setup, but further process optimization is beyond the scope of the study.

IV.3 Materials and Methods
IV.3.1 Monoclonal Antibody and Chemicals

A monoclonal IgG type 1 antibody (mAb) was used in the study. L-histidine
monohydrochloride monohydrate (99% purity) and L-histidine (cell culture reagent) were
purchased from Alfa Aesar (Ward Hill, MA, USA). D(+)-trehalose dihydrate (97.0-102.0%
purity) Ph. Eur., NF certified, was purchased from VWR International (Radnor, PA, USA).
EMPROVE® exp sucrose, EMPROVE® exp di-sodium hydrogen phosphate dihydrate,
EMPROVE® bio sodium chloride, and EMSURE® ortho-phosphoric acid (85%) were
purchased from Merck KGaA (Darmstadt, Germany). Trizma® base and Trizma®
hydrochloride (both in BioXtra grade), (2-Hydroxypropyl)-B-cyclodextrin produced by
Wacker Chemie AG, L-arginine BioUltra (=99.5%), and sodium azide (=99.5%) were
purchased from Sigma Aldrich (Burlington, MA, USA). Sodium dihydrogen phosphate
dihydrate (99%) was purchased from Griissing GmbH (Filsum, Germany). Super Refined™
Polysorbate 20-LQ-(MH) was purchased from Croda (Edison, NJ, USA). For the preparation
of all solutions, ultrapure water from an Arium® system from Sartorius Lab Instruments

GmbH (Goettingen, Germany) was used.

IV.3.2 Preparation of the Formulations

The first experiments were carried out with 8% (w/v) and 10% (w/v) sucrose placebo
formulations. Next, we continued with six verum formulations (Table IV.1). The bulk
solution of the mAb was dialyzed and concentrated using a Minimate™ Tangential Flow

Filtration (TFF) capsule (MWCO 30 kDa; Pall Corporation, New York, NY, USA). After
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extensive dialysis using a 7-fold excess of 10 mM of histidine buffer (pH 5.5), the final
buffer consisted of 10 mM of histidine and 0.04% (w/v) polysorbate 20. The concentration
of the mAb was determined with a Nanodrop 2000 UV spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA) at 280 nm, using the molar extinction coefficient. Stock
solutions of the excipients were prepared with 10 mM of histidine buffer and mixed with the
protein solution according to the intended composition (Table IV.1). Then, all formulations
were sterile-filtered using 0.22 pm Sartolab® RF polyethersulfone vacuum filtration units
(Sartorius AG, Goettingen, Germany). For each formulation, 63 10R FIOLAX vials (MGlas
AG, Muennerstadt, Germany) were filled with 5 mL of the respective solutions and
semi-stoppered with lyophilization stoppers (Flurotec® laminated rubber stoppers, West

Pharmaceutical Services, Inc, Exton, PA, USA).

Table IV.1 Investigated formulations with the corresponding drying times as well as the relative monomer
yield (RMY) and relative amount of high-molecular-weight species (HMWS) after the storage of the respective
mAb formulations.

Protein Arginine Drying RMY after6 HMWS after 6 HMWS after 6
Formulation SucroseTrehaloseHP-B-CD PS 20
Conc. Phosphate Time Months at40 °C Months at 4 °C  Months at 40 °C
Number (%) (%) (%) (%)

(g/L) (%) (b (%) (%) (%)
Fl1 10 8.0 0.04 285 102.4+0.5 0.40 +£0.03 0.51+0.01
F2 10 16.0 0.04 264 75.5+0.2 0.37+0.01 21.07+0.08
F3 10 8.0 0.04 29.1 1029+038 0.52 +0.00 0.73 +0.01
F4 10 16.0 0.04 26.9 104.7+£0.2 0.58 +0.01 0.64 +0.01
F5 10 24 5.6 0.04 299 103.2+£0.3 0.70 £0.07 1.09+0.02
F6 10 8.0 0.04 315 101.1 £0.9 1.56 +£0.11 3.34 £ 0.06

The values are means (n = 3) + standard deviation. HP-B-CD, (2-Hydroxypropyl)-B-cyclodextrin; PS 20,
polysorbate 20.

IV.3.3 Freeze-Drying Process

A laboratory-scale freeze-dryer by OPTIMA Pharma GmbH (Schwiébisch Hall,
Germany) equipped with flat, emitting semiconductor microwave modules was used for all
lyophilization runs. Due to the experimental nature of the new technical setup, the
experiments had to be carried out in the technical workshop of the machine manufacturer.
The vials were arranged in a hexagonal array (180 mm x 190 mm) in the middle of a shelf
(486 mm x 440 mm) of the freeze-dryer. The microwave modules were mounted below the
shelf above the vials (antenna area approximately 26 cm x 26 cm) and showed high
mechanical stability to enable the stoppering of the vials after drying. Freezing to a final

shelf temperature of —50 °C was carried out as suggested by Tang et al. [4]. Primary drying
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was conducted at a shelf temperature of —15 °C and then increased to 30 °C for secondary
drying and held for 6 h (chamber pressure, 50 pbar; all ramps, 1 K/min). For MFD, 2 x 90
W (2.43-2.48 GHz) was applied during drying. For this purpose, microwave radiation was
started as soon as the intended vacuum for primary drying was established (to decrease the
risk of local plasma emergence [30]) and ran continuously until the shelf temperature
reached 0 °C to not overheat the samples. The most commonly used temperature sensors,
1.e., thermocouples and resistance temperature detectors [31], malfunction in
electromagnetic environments. For this reason, fiber-optic temperature sensors (Weidmann
Technologies Deutschland GmbH, Dresden, Germany) were employed for product
temperature recording for both MFD and CFD. To monitor the drying process, a mass
spectrometer (Pfeiffer Vacuum GmbH, Asslar, Germany) was used in addition to
comparative pressure measurement via a Pirani and MKS Baratron gauge. After the
completion of the drying process, vials were stoppered under a partial vacuum in a nitrogen
atmosphere and crimped with Flip-Off® seals (West Pharmaceutical Services, Inc., Exton,

PA, USA).

IV.3.4 Karl-Fischer Titration

Coulometric Karl-Fischer titration was used to determine the residual moisture content
(rM) of the lyophilizates of F1-F6. Under controlled humidity conditions (relative humidity
< 10%), the cakes were gently crushed, and 40—70 mg of each cake was transferred into 2R
vials. Afterward, the samples were placed in an oven (temperature 100 °C), and the extracted
water was transferred to the coulometric titration cell with a dry carrier gas flow (Aqua 40.00
Vario Plus, ECH Elektrochemie Halle GmbH, Halle (Saale), Germany). Relative moisture
content was calculated (%, w/w). Prior to sample analysis, equipment performance was
verified by measuring the Apura® water standard oven 1% (Merck KGaA, Darmstadt,

Germany) in triplicate.

IV.3.5 Frequency Modulated Spectroscopy (FMS)
A Lighthouse FMS-1400T (Lighthouse Instruments, Charlottesville, VA, USA) was used

to perform a 100% headspace moisture analysis after lyophilization. Samples were kept
refrigerated and subsequently equilibrated at room temperature for at least 3 h before
analysis. Headspace moisture data are provided as partial pressures in mbar. Nitrogen was
used as a buffer gas to remove background noise due to ambient air moisture, and samples

were equilibrated in the device for 15 s before the measurements were started. Before sample

55



Accelerated Production of Biopharmaceuticals via Microwave-Assisted Freeze-Drying
(MFD)

analysis, a system suitability test was conducted using five standards covering an appropriate

moisture range.

IV.3.6 Brunauer—-Emmet-Teller (BET) Krypton Gas Adsorption

The specific surface area was determined according to Brunauer—Emmet—Teller (BET)
using krypton gas adsorption in a liquid nitrogen bath at 77 K (Autosorb 1, Quantachrome,
Boynton Beach, FL, USA). At least 100 mg of the gently crushed samples was used to fill
the 9 mm sample cells under controlled humidity conditions (relative humidity < 10%). An
outgassing step was performed for at least 2 h at room temperature prior to analysis. Gas
adsorption was determined for 11 measuring points, covering a relative pressure ratio of
0.05-0.30. The specific surface area was determined using the multipoint BET method fit in
the Autosorb 1.55 software.

IV.3.7 Scanning Electron Microscopy (SEM)

The morphology of the freeze-dried cakes was analyzed via scanning electron microscopy
(SEM) using a Helios NanoLab G3 UC (FEI, Hillsboro, OR, USA) at an acceleration voltage
of 2 kV. Fragments of the top and bottom layers of the lyophilizates were extracted in a
glove box (relative humidity < 10%). Subsequently, the samples were sputtered with carbon
(10 nm layer thickness) using a CCU-010 HV sputterer (Safematic GmbH, Zizers,

Switzerland). Images were taken at 175-fold magnification.

IV.3.8 Micro-Computed Tomography (n-CT)

Noninvasive 3-dimensional micro-computed tomography (uCT) using a Skyscan 1273
X-ray microtomograph (Bruker, Billerica, MA, USA) was used to obtain global information
on the cake structure. The lyophilizates were measured without further processing at an
acceleration voltage of 70 kV and a beam current of 114 pA. The image pixel size is 6.5
um/voxel. To reduce beam hardening effects related to the vial geometry, a flat field
acquisition in the headspace of the vials was carried out prior to each measurement. An
exposure time of 345 ms with 6 averages per projection was applied. The samples were
rotated over 360° with a step size of 0.15°. Image reconstruction and analysis were carried

out using the NRecon 1.7.5.1 and CTAnalyzer 1.20.8.0 software, respectively.

1V.3.9 X-ray Powder Diffractometry (XRPD)

An ARL EQUINOX X-ray diffractometer (Thermo Fisher Scientific, Waltham, MA,
USA) was used to determine the solid state of the lyophilized samples. The device operated
with Cu-Ka; and Cu-Koap radiation (A = 0.15417 nm) at 40 kV and 0.5 mA. Detection was
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carried out with a curved counting wire detector with flowing counting gas (angular range,
110° 2-0); the radiation source was a microfocus X-ray tube with mirror optics. Prior to
analysis, the lyophilized cakes were gently ground into powder and placed on brass sample
holders. Adhesive tape was used to seal the sample holders immediately after sample
mounting to protect the moisture-sensitive powders from the surrounding air. Powder

diffraction scans were conducted in a 2-0 range of 5° to 45° (0.03° steps).

IV.3.10 Reconstitution of the Lyophilizates
Reconstitution of the lyophilizates was performed by adding ultrapure water. The required
volume was calculated individually for all formulations to match the volume of water

removed during freeze-drying.

IV.3.11 Size Exclusion Chromatography (SEC)

For the quantification of monomer yield and protein aggregates, we used a Thermo
Scientific™ Dionex™ UltiMate™ 3000 UHPLC system equipped with a VWD-3400RS
UV/Vis absorbance detector, all from Thermo Fisher Scientific (Waltham, MA, USA), and
a TSKgel G3000SWxl, 7.8 x 300 mm, 5 um column (Tosoh Bioscience, Tokyo, Japan). The
running buffer was composed of 100 mM of sodium phosphate, 300 mM of sodium chloride,
and 0.05% (w/v) sodium azide, pH 7.0. Separation was performed at a flow rate of 1 mL/min,
and 10 pL was injected. The elution of the reconstituted lyophilizates was detected by
absorption at 280 nm, and, subsequently, the chromatograms were integrated using
Chromeleon™ 7.2.7 (Thermo Fisher Scientific, Waltham, MA, USA). The relative
monomer yield was calculated in relation to the amount of monomer prior to freeze-drying
the respective formulations. The relative amount of high-molecular-weight species (HMWS)

was calculated according to Svilenov et al. [32].

IV.3.12 Cation Exchange Chromatography (CEX)

The chemical stability of the mAb was analyzed using a Thermo Scientific™ Dionex™
UltiMate™ 3000 UHPLC system equipped with a VWD-3400RS UV/Vis absorbance
detector and a ProPac™ WCX-10G BioLC™ analytical column (4 x 250 mm) equipped
with a ProPac™ WCX-10G BioLC™ guard column (4 x 50 mm), all from Thermo Fisher
Scientific (Waltham, MA, USA). Mobile phase A consisted of 20 mM TRIS (pH 8.0),
whereas mobile phase B contained 20 mM of TRIS and 300 mM of sodium chloride (pH
8.0). Elution was performed in a linear salt gradient mode from 0% B to 20% B in 30 min

with a flow rate of 1 mL/min. Before analysis, the samples were diluted to a mAb
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concentration of 0.1 g/L with mobile phase A, and the injection volume was 100 pL. Elution
was detected at 280 nm, and the integration of the chromatograms was performed with
Chromeleon™ 7.2.7 (Thermo Fisher Scientific, Waltham, MA, USA). The peak areas were
divided into three components: the main peak, acidic variants corresponding to every peak
eluting before the main peak, and basic variants corresponding to every peak eluting after

the main peak.

1V.3.13 Flow Imaging Microscopy

The formation of subvisible particles was analyzed with a FlowCam 8100 (Fluid Imaging
Technologies, Inc., Scarborough, ME, USA). The device was equipped with a 10 X
magnification flow cell (80 um x 700 um) and operated using the VisualSpreadsheet® 4.7.6
software. A 150 pL sample was analyzed at a flow rate of 0.15 mL/min, and particle images
were taken at an auto image frame rate of 28 frames/s. Settings specified for particle
identifications were at a 3 um distance to the nearest neighbor and particle thresholds of 13
and 10 for dark and light pixels, respectively. The size of the particles was reported as the

equivalent spherical diameter.

IV.4 Results and Discussion

1V.4.1 Effects of Microwave Assistance on the Freeze-Drying Process

The first and most obvious effect of MFD is its potential to drastically reduce drying
times. With microwave assistance, a 10% (m/V) sucrose formulation was dried within
approximately 27 h, while it took about 44 h to dry it in a conventional manner. For both

MFD and CFD, the vials were arranged in a similar setup on the shelf (Figure IV.1).
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Figure IV.1 Readouts of the drying processes of a 10% (m/V) sucrose formulation. Ts represents the shelf
temperature; the chamber pressure is monitored via a Pirani gauge (Pirani) and an MKS Baratron gauge
(Capacitance); T}, is the readout of the fiber optic temperature sensors; and the water vapor concentration (Cr20)
during drying is recorded with a mass spectrometer. (A) Microwave-assisted freeze-drying was conducted at
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A second interesting effect is the distribution of heat in MFD. When comparing the
temperature profiles of MFD and CFD, a drastic difference can be found: the typically
observed edge effect is reversed in MFD, and center vials temporarily run equal to or warmer
than edge vials (Figure IV.1A,B). After MFD, the residual moisture of the center vials was
significantly lower (headspace moisture, 1.72 mbar + 0.29 mbar) than in the edge vials
(headspace moisture, 2.23 mbar + 0.29 mbar), p <0.05 (Figure IV.S1). For more information
on non-destructive headspace moisture analysis, allowing for other subsequent analytics on
the very same sample vial, the reader is referred to [33]. Furthermore, a distinct spread
between the product temperature readings toward the end of primary drying, as observed for
CFD, is not found in MFD. Likewise, we observed slightly lower residual moisture levels in
the center vials (1.41% + 0.12%) compared with the edge vials (1.57% = 0.13%) following
CFD due to cooling radiation effects from the chamber walls, when the shelf temperature is
increased during secondary drying (n = 7, [34]. The edge vial effect caused by differences
in heat transfer during primary drying in CFD is an important issue that needs to be taken
into account during cycle development as well as in scale-up, and this often leads to long,
conservative drying cycles [34,35]. As our data indicated, this limitation can be overcome
due to better energy distribution in MFD. It is in accordance with findings from Bhambhani
et al., who found no constraint in energy input due to vial heat transfer, Ky, when MFD is
used [24]. The equalization of heat transfer in the center and corner vials is a promising

effect and needs to be evaluated further to identify optimal frequencies and phase settings.

Thirdly, another peculiarity of MFD can be observed when looking at the process phases.
When the shelf temperature is increased for secondary drying, the increased pressure reading
from the Pirani gauge and water vapor concentration detected by mass spectrometry indicate
a fair amount of residual water in the vials at that point in CFD (Figure IV.1B). These high
levels cannot be found in MFD (Figure IV.1A). We, therefore, assume that separated primary
and secondary drying does not exist in MFD. Moreover, the dielectric properties of frozen
and liquid water are very different [36—38]. While ice shows a low dielectric loss factor [20],
microwaves probably excite the highly polarizable unfrozen water [29]. This allows for
faster and more robust drying processes since the glass transition temperature of the freeze
concentrate thereby increases as the drying process progresses. The strength of MFD
technology is often described as having the potential to increase heat transfer via volumetric
heating and, therefore, overcome the bottleneck of CFD in heat transfer [20,24]. Apart from

that, efforts toward robust formulations enabling fast and aggressive CFD have been made
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[10,12,39,40]. However, the aggressive drying of low-concentration protein formulations
lacking crystalline bulking agents results in a poor macroscopic appearance [12,39,41].
Therefore, we particularly see the strength of MFD technology, among other things, in the
fact that the processing of “difficult-to-dry” formulations, i.e., low Ty’ and T., combined

with high filling volumes, can be conducted very fast as a result of increasing Ty’ during

drying.

1V.4.2 Effects of the Excipients and Solute Concentration

To better understand how MFD processes work, we next aimed to examine the effect of
solute concentration using two sugars, namely, sucrose and trehalose (Table IV.1, F1-F4),
which are two of the most prominent stabilizers in the field of lyophilization [42]. While F1
and F3 with 8% (m/V) sugar represent commonly used concentrations for protein
stabilization, 16% (m/V) sugar containing the formulations F2 and F4 are considered to be
particularly difficult to dry using CFD. The reason for this is that high solute concentrations
lead to increased mass transfer resistance, especially when combined with high filling
volumes, which constitute a worst-case scenario, resulting in long drying times in CFD.
Here, we observed that this relationship is different in MFD: despite the fact that higher dry-
layer resistances in the cakes must be overcome, an increased solute content enhances
dielectric heating. With MFD, F1 was dried within 28.5 h, while it took 55.7 h without
microwaves (CFD) when the same protocol was applied. An increase in sugar concentration
by factor two resulted in even shorter microwave-assisted drying times (26.4 h for F2) due
to the lower amount of water that needed to be removed. The same is true for trehalose-based
formulations F3 and F4 (29.1 h and 26.9 h drying time with MFD, respectively). The ability
to enhance microwave absorption efficiency due to a higher solute concentration is in
accordance with recently published work [24]. Furthermore, the amount of unfrozen water
depends strongly on the composition of the formulation and correlates with the concentration
of amorphous solutes [43,44]. Accordingly, MFD efficacy further increases with an
increasing quantity of highly polarizable unfrozen water being excitable in F2 and F4
compared with F1 and F3.

To further study the effects of excipients, we investigated stabilizers that are less
frequently used than disaccharides in the new MFD setup. More recently, the addition of
cyclic oligosaccharide 2-hydroxypropyl-beta-cyclodextrin (HP-B-CD) was shown to provide
stable formulations of monoclonal antibodies following aggressive CFD protocols [10,11].

Due to the high T’ and T of such formulations [45,46], elegant cakes were obtained while
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HP-B-CD remained fully amorphous [47]. The first results from our group in a different
MEFD setup also indicated the applicability of HP-B-CD for MFD [26]. In this study, a binary
mixture of HP-B-CD and sucrose was used (Table IV.1, F5), as proposed by Haeuser et al.
[10]. The drying time with MFD was 29.9 h, and we believe that this can be even further
reduced by applying higher shelf temperatures.

Since dipole rotation/vibration is a major mechanism in most biological materials
resulting in heating due to microwave radiation [20], we were interested in studying an
arginine-based formulation (Table IV.1, F6). Due to its pKa. of 13.8 [48], arginine is
positively charged in acidic, neutral, and most basic formulation conditions [49]. The drying
time of arginine-based formulation F6 (Table IV.1) was 31.5 h and thus did not differ much

from the disaccharide-based formulations.

IV.4.3 Solid State Properties of the Lyophilizates

The obtained cakes looked elegant on a macroscopic scale. Only for F2 was shrinkage in
the cakes observed. On a microscopic scale, a cellular pore structure was found with
scanning electron microscopy (SEM) for F3-F6, whereas F1 and F2 appeared to be
microcollapsed (Figures IV.2 and IV.S2). However, due to the low T, values of the sucrose
formulations, microcollapse may not be avoided with fast and aggressive drying [11]. This
phenomenon is not related to the application of microwaves, and we likewise observed a
microcollapsed structure for F1 after CFD [34]. Apart from that, the top and bottom showed
a similar structure in SEM, even when sugar-rich formulations were dried. These findings
align well with a micro-computed tomography (uCT) analysis of F1-F4, which revealed
very similar pore size distribution for the respective pairs, i.e., 8% and 16% sugar (Figure
IV.S3). For the sucrose containing formulations F1 and F2, pore size was found to be shifted
toward larger pores due to the aforementioned microcollapse. Furthermore, the specific
surface area (SSA) indicated that the porous cake structures were retained throughout the
stability study, except for F2 after 6 months at 40°C, where further shrinkage appeared
(Figure IV.3, bars). This is in good agreement with the residual moisture, which was low in
all formulations after MFD (Figure IV.3, symbols) and remained constant over the course of
6 months except for fluctuations in the sucrose-rich formulation (F2). We, therefore, assume
that, with F2, even the MFD technology is stretched to its limits, whereas the trehalose-rich
formulation F4 showed no limitations. Furthermore, we used X-ray powder diffractometry
(XRPD) to study the structural patterns of the lyophilizates. All formulations were fully
amorphous after MFD (Figure IV.S4) and storage at 40 °C for 6 months (exc. F2; [51].
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Figure IV.2 Representative SEM pictures from the top and bottom of the cakes after MFD at 175-fold
magnification.
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Figure IV.3 Solid-state properties of lyophilized formulations. Specific surface area (bars) and the respective
residual moisture data (symbols) were obtained directly after lyophilization and during the stability study
over the course of 6 months. The values are means (n =2 for SSA; n = 3 for rM) =+ standard deviation.
Storage temperatures: 4, 25, and 40 °C.

1V.4.4 Storage Stability of the Formulations

Physical and chemical protein stability was determined after MFD and after storage at 4
°C, 25 °C, and 40 °C over the course of 6 months, respectively. It is important to emphasize
that all formulations demonstrated remarkably good stability directly after MFD, which is

not self-evident with regard to the aggressive drying conditions. The relative monomer yield
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remained constant within 6 months of storage for all formulations (Tables IV.1 and IV.S1-
S3), except for F2, which was stored at 40 °C (75.5 % = 0.2% after 6 months). This can be
explained by the low glass transition temperature (Tg) of the sugar-rich formulation (51.4 °C
+ 2.1 °C). The excipients also had an impact on the formation of high-molecular-weight
species (HMWS), i.e., soluble protein aggregates, during storage. The relative number of
soluble aggregates was low for all formulations stored at 4 °C and 25 °C (Tables IV.1,IV.S1,
and IV.S2). With 21.07% + 0.08%, the highest number of aggregates was detected for F2
after storage for 6 months at 40 °C, while the mAb was preserved very well in F1, F3, and
F4 at this temperature (Tables IV.1 and IV.S3). A slight increase in HMWS was observed
for F5 (1.09% =+ 0.02%) and F6 (3.34% + 0.06%) after 6 months at 40 °C (Table IV.1).

The formation of larger, insoluble aggregates (>25 pm and >10 um) was low for F1-F5
after MFD and storage (Figure IV.S5). In F6, the formation of aggregates was induced during
drying, resulting in higher particle counts right from the start of the stability study (Figure
IV.S5). Although the ability of arginine salts to prevent protein aggregation has been
published before and was confirmed in recent studies [49,50], we observed that, in the
presence of microwave irradiation, its protective effect seems to be diminished, probably
due to strong ion—dipole interactions between the microwave field and arginine salts,
resulting in increased local heating. Further studies are needed to investigate whether this
effect is also observed in other proteins and what effect other charged molecules or amino
acids in MFD have. The number of subvisible particles (=1 pm) was found to be at a
relatively high level throughout the study but within the range of placebo formulations.

The chemical stability of the mAb was assessed with weak cation exchange (CEX)
chromatography (Table 1V.2). Directly after MFD, the relative number of acidic, i.e.,
deamidated, and basic species was found to be within the standard deviation of the liquid
bulk [51]. Although a microcollapsed structure was observed for F1 and F2, only slight
chemical changes were detected after storage for 6 months at 4 °C and 25 °C, respectively.
After 6 months at 40 °C, acidic variants did not change significantly, and basic variants
increased slightly from 13.7% + 0.3% after lyophilization to 15.5% + 0.3% for F1. For F2,
acidic variants increased from 25.8% + 0.1% to 30.5% = 1.6%, and basic variants changed
from 13.1% = 0.3% to 20.9% £ 0.7% at 40 °C storage temperature. For the trehalose-based
formulations, F3 and F4, the relative number of acidic species differs little from the amount
directly after MFD, even when stored at 40 °C (F3, 26.0% =+ 0.1% after MFD and 28.3% =+
1.0% after 6 months; F4, 24.3% + 0.6% and 28.1% + 2.4%), indicating very robust chemical

stability over time. We observed somewhat more pronounced changes in the basic species
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of F3 (14.5% =+ 0.3% after MFD, 20.5% =+ 0.6% after storage at 40 °C) and F4 (11.0% =+
0.6% after MFD, 18.2% + 1.4% after storage at 40 °C). However, chemical changes are in
the same range for F3 and F4, suggesting that the mAb is equally well stabilized, and high
trehalose concentrations do not limit MFD. Formulations F5 and F6 appeared less stabilizing
at higher storage temperatures, i.e., at 25 °C and 40 °C. The relative number of acidic variants
of F5 increased from 27.8% + 0.1% to 32.9% =+ 0.8% at 40 °C, and basic variants increased
from 11.6% % 0.6% to 25.7% =+ 1.8%. The arginine phosphate that contained formulation F6
showed a noticeable increase in both acidic (27.2% + 1.0% after MFD and 43.7% =+ 0.2%
after storage at 40 °C) and basic species (11.8% = 1.9% and 21.4% + 0.3%).

Table IV.2 Relative number of acidic and basic variants after MFD and storage at the respective
temperatures over the course of 6 months for all formulations.

Formulation Number Acidic Variants (%) Basic Variants (%)
0 m 6m 0 m 6 m
4°C 25°C 40 °C 4°C 25°C 40 °C
F1 245+06 269+15 249+1.6 257+14 137+£03 14.6+02 137+1.0 155+03
F2 258+0.1 27.1+14 261+26 305+1.6 13.1+£03 13.0+0.6 134+05 209+0.7
F3 260+0.1 255+1.0 266+0.6 283+1.0 145+03 132+02 151+£05 205+0.6
F4 243+£06 266+22 263+£29 28.1+24 11.0£06 13.5+04 142+04 182+14
F5 27.8+0.1 29.8+0.3 31.0+£05 329+0.8 11.6£06 13.5+12 163+£05 257+1.8
F6 272+1.0 29.0+1.1 312+04 43.7+02 11.8+19 12.1+04 164+05 214+03

The values are means (n = 3) £ standard deviation. m, month.

Since sugar-rich formulations are typically difficult to dry in CFD, we directed particular
attention to the storage stability of these formulations following MFD and compared it with
lower amounts of the same disaccharide. We, therefore, deliberately refrained from
simultaneously increasing the mAb concentration, as the robustness of the lyophilization
process correlates with the protein concentration [39]. Accordingly, we tested the most
prominent used disaccharides, sucrose and trehalose, in two concentrations. The results of
this study showed good storage stability for F1-F4, with the sucrose-rich formulation, F2,
reaching its limits at the highest storage temperature, i.e., 40 °C. In comparison with sucrose,
trehalose exhibits higher glass transition temperatures (Tg) [51]. In the present study,
trehalose-based formulation F3, and even trehalose-rich formulation F4, showed good
overall mAb stability and appeared to be a promising approach for the fast and efficient
drying of proteins with MFD. The high Ty value is also an attribute making cyclodextrins a
valuable alternative, with HP-B-CD already being approved in parenteral products [47].

Although the mAb was preserved slightly better in “disaccharide-only” formulations, the
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authors conclude that the use of an HP-B-CD/sucrose mixture in the described MFD setup is
technically possible. Further investigations to find the best excipient ratios are beyond the
scope of this study. With regard to the aggressive drying conditions, phosphate was chosen
as an arginine counter ion for F6, as it exhibits higher glass transition temperatures compared
with others [52]. However, Stértzel et al. found an increased propensity for the aggregation
of an IgG1 mAb in sucrose/arginine phosphate mixtures [53]. After MFD and subsequent
storage, we likewise observed protein aggregation and less chemical stability in the protein
in F6 compared with other formulations in this study. Consequently, the investigated

formulation F6 needs to be optimized further to stabilize the mAb used in this study.

IV.4.5 Comparison of the Protein Storage Stability following MFD and CFD

To investigate the impact of microwave radiation on degradation, we lyophilized
formulation F1 conventionally. The formulation was chosen because it represents a generic
composition of a low-concentrated mAb formulation. After freeze-drying, we observed
slightly lower residual moisture contents after MFD (0.89% + 0.05%) compared with CFD
(1.10% =+ 0.23%), as shown in Figure IV.4A. Only a slight increase in rM was observed over
the course of 6 months at 4 °C, 25 °C, and 40 °C (Figure IV .4A, circles). Although the drying
time was reduced by approximately half for MFD, the specific surface area was found to be
comparable for the two technologies after lyophilization and subsequent storage (Figure

IV.4A, rectangles), indicating the comparable pore structure of the cakes.
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Figure IV .4 Direct comparison of MFD and CFD: solid-state properties and protein stability for F1 after
lyophilization and storage at the respective temperatures over the course of 6 months. In (A), the specific
surface area (rectangles) and residual moisture (circles) are shown. Relative monomer yield and relative
number of high-molecular-weight species (HMWS) are depicted in (B). In (C), the relative number of acidic
and basic variants is shown. All values are means (n = 3) + standard deviation.

We then compared protein stability following MFD and CFD. The mAb was well
preserved, irrespective of the drying procedure. The relative monomer yield remained
constant at all storage temperatures (Figure IV.4B, bars). With an increasing storage
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temperature, the formation of HMWS increased slightly for MFD (0.36% + 0.06% after
lyophilization and 0.51% + 0.01% after 6 months at 40 °C), as well as for CFD (0.67% +
0.01% after lyophilization and 0.76% =+ 0.02% after 6 months at 40 °C); see Figure IV.4B
(symbols).

The quantity of both acidic and basic species was similar following MFD and CFD,
respectively (Figure 1V.4C). After MFD, the relative number of acidic species was
24.5% + 0.6% and 13.7% =+ 0.3% for basic species. Following CFD, 26.1% =+ 1.4% acidic
and 11.4% + 1.3% basic species were found. After storage for 6 months at 40 °C, the relative
number of basic species changed slightly for MFD (15.5% = 0.3%) and did not vary
significantly for CFD (10.9% =+ 0.1%). The formation of acidic variants during storage at 40
°C was not observed for the MFD sample population (25.7% =+ 1.4% after 6 months), while
an increase was observed for conventionally dried samples (37.4% =+ 0.5% after 6 months at
40 °C). We assume that the overall slightly higher number of HMWS and increased number
of acidic variants following CFD compared with MFD is attributable to slightly higher
residual moisture levels in CFD samples [54—56]. Therefore, we conclude comparable mAb

storage stability, which is in good accordance with previous work [26,27].

IV.S Conclusion

In this study, we explored the application of a novel microwave-assisted freeze-drying
setup for the lyophilization of biopharmaceutical formulations. Our work is valuable and
relevant, as up to now, a machine setup that is in line with GMP requirements has been
missing. Besides drastically reducing drying times, we found that the edge vial effect was
inversed. Consequently, energy input is mainly driven by microwave radiation, and the
technology has the potential to offset conventionally observed disparities in heat transfer.
Moreover, we propose simultaneous primary and secondary drying in MFD, which allows
for rather aggressive but still robust drying conditions due to the increase in the glass
transition temperature as drying progresses. We studied various representative antibody
formulations and showed their applicability in the new MFD setup. The charged amino acid
system showed inferior capability in stabilizing the antibody, and it needs to be investigated
further. Similar stability profiles were found with MFD vs. CFD for a generic antibody
formulation over the course of 6 months, despite drastically shortened drying times for MFD.
To underline the operationality of the setup, a representative mAb used worldwide was

chosen for the study. By virtue of its unique technical setup, utilizing a GMP lyophilizer
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with small, flat, and even microwave modules, microwave radiation can be added to the

process flexibly and on demand. We believe that the presented setup and data offer a

significant advance in the time- and cost-saving manufacturing of essential medicines and

represent a crucial step toward the application of the MFD technology to the pharmaceutical

industries.

IV.6 Supplementary Materials
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Figure IV.S1 Headspace moisture data of MFD samples determined with frequency modulated spectroscopy.
The formulation contained 8% (m/V) sucrose, 0.04% polysorbate 20 in 10 mM histidine buffer. Values are
means (n= 27 for edge vials, n = 32 for center vials) &+ standard deviation. Asterisk (*) indicates statistical

significance, p <0.05.

Table I'V.S1 Storage stability of the mAb following MFD. Relative monomer yield (RMY) and relative amount
of high molecular weight species (HMWS) after storage at 4°C of the respective mAb formulations.

Formulation 0 m 3m 6 m
number

RMY,% HMWS,% RMY,% HMWS,% RMY,% HMWS, %
F1 101.9+0.5 0.40+0.02 101.8+04 0.40+0.03 1029+0.8 0.40+0.03
F2 105.5+0.1 0.38+0.00 1056+0.3 038+0.00 105.8+03 0.37+0.01
F3 102.6+03 046+0.02 102.2+0.1 045+0.06 102.6+0.1 0.52+0.00
F4 104.7+£0.6 0.57+0.01 1049+0.1 0.63+0.00 104.6+0.2 0.58+0.01
F5 103.7+0.6 0.51+0.03 102.0+0.2 0.62+0.02 103.0+0.2 0.70+0.07
F6 99.3+0.6 1.54+0.11 101.2+0.8 1.52+0.17 1024+19 1.56+0.11

The values are means (n = 3) + standard deviation.
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Table IV.S2 Storage stability of the mAb following MFD. Relative monomer yield (RMY) and relative amount
of high molecular weight species (HMWS) after storage at 25°C of the respective mAb formulations.

Formulation number 0m 3m 6m

RMY, % HMWS, RMY, % HMWS, RMY, % HMWS,

Y% % %
F1 101.9+0.5 0.40+0.02 102.2+04 044+0.01 1022+03 0.43+0.02
F2 105.5+0.1 0.38+0.00 105.5+0.7 0.39+£0.01 1059+0.8 0.50+0.21
F3 102.6+0.3 0.46+0.02 102.3+0.3 0.54+0.01 1029+0.2 0.62+0.01
F4 104.7+0.6 0.57+0.01 1049+0.2 0.63+0.01 104.7+0.1 0.61+0.01
F5 103.7+£0.6 0.51+0.03 102.6+1.4 0.73+0.01 103.1+0.2 0.88+0.02
F6 99.3+0.6 1.54+0.11 101.0+1.4 2.09+0.05 101.5+0.6 2.21+0.08

The values are means (n = 3) + standard deviation.

Table I'V.S3 Storage stability of the mAb following MFD. Relative monomer yield (RMY) and relative amount
of high molecular weight species (HMWS) after storage at 40°C of the respective mAb formulations.

Formulation 0m 3m 6m
number

RMY, % HMWS, RMY, % HMWS,% RMY,% HMWS, %
%

F1 101.9+0.5 0.40+0.02 102.0+04 0.48+0.02 102.4+£0.5 0.51+0.01
F2 105.5+0.1 0.38+0.00 82.1+1.0 2327+1.63 755+0.2 21.07+0.08
F3 102.6+03 046+0.02 102.8+0.2 0.62+0.01 102.9+0.8 0.73+0.01
F4 104.7+0.6 0.57+0.01 104.7+0.1 0.67+0.02 104.7+0.2 0.64+0.01
F5 103.7+0.6 0.51+0.03 1023+03 0.93+0.01 103.3+0.3 1.09+0.02
F6 993+0.6 1.54+0.11 999+02 293+0.10 101.1£0.9 3.34+0.06

The values are means (n = 3) + standard deviation.

Figure IV.S2 Scanning electron microscopy images from top and bottom of the cakes of F5 and F6 at 175-fold
magnification.
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Figure IV.S3 Characterization of the cake structure with micro-computed tomography (uCT). (A) Average
pore size is indicated by the structure separation. (B) Representative uCT pictures of F1 and F3. The rectangular
box indicates the analyzed volume of interest (VOI) and the color scale represents the respective pore sizes
(dark blue to green, 6 pm to 170 pm % 6 um, respectively).
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Figure 1V.S4 Representative X-ray powder diffractograms of the investigated formulations after MFD.
Adhesive tape was used to seal the sample holders immediately after sample mounting in order to protect the
moisture sensitive powders from surrounding air. AU, arbitrary units.
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Figure IV.SS Subvisible particle counts for the investigated formulations after MFD and storage at 4 °C (A),

(B), (C) and 25 °C (D), (E), (F) as well as 40 °C (G), (H), (I). The values are means (n=3 and technical
duplicates per vial) = standard deviation.
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V.1 Abstract

Microwave-assisted freeze-drying (MFD) offers significant time savings compared to
conventional freeze-drying (CFD). While a few studies have investigated the stability of
biopharmaceuticals with low protein concentrations after MFD and storage, the impact of
MEFD on high-concentration monoclonal antibody (mAb) formulations remains unclear. In
this study, we systematically examined the effect of protein concentration in MFD and
assessed protein stability following MFD, CFD, and subsequent storage using seven protein
formulations with various stabilizers and concentrations. We demonstrated that microwaves
directly interact with the active pharmaceutical ingredient (API), leading to decreased
physical stability, specifically aggregation, in high-concentration antibody formulations.
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Furthermore, typically used sugar:protein ratios from CFD were insufficient for stabilizing
mAbs when applying microwaves. We identified the intermediate drying phase as the most
critical for particle formation, and cooling the samples provided some protection for the
mAb. Our findings suggest that MFD technology may not be universally applicable to
formulations well tested in CFD and could be particularly beneficial for formulations with
low API concentrations requiring substantial amounts of glass-forming excipients, such as

vaccines and RNA-based products.

Keywords: freeze-drying; lyophilization; microwave; protein; monoclonal antibody;

stability; aggregation

V.2 Introduction

Although antibody therapeutics are now preferably formulated as liquid formulations,
offering greater flexibility for patients, such as self-administration through pen devices [1,2],
lyophilization remains the standard method when a particular molecule is facing stability
issues [3]. Numerous reviews have been provided on the rational design of robust and
optimized freeze-drying processes [4—7], as well as ideas for speeding up the typically
lengthy process [8—11]. More recently, microwave-assisted freeze-drying (MFD) has gained
attention due to its potential for significant time savings while maintaining the product
quality of probiotics [12], vaccines, and proteins [13,14] and, more specifically, monoclonal
antibodies (mAbs) [15-17]. While heat transfer in conventional freeze-drying (CFD) is
primarily limited to convection, with some conduction and radiation, microwaves directly
interact with the dipolar molecules of the formulation [18]. Energy is mainly transferred due
to dipole rotation for permanent dipoles, i.e., in most biological materials [18]. The dielectric
properties of a pharmaceutical formulation strongly depend on the concentration of buffer
salts and disaccharides, typically used for cryo- and lyoprotection, as well as the amount of
unfrozen water. Residual water great affects heat transfer because of the much higher
effective loss factor of water compared to ice [19]. We hypothesized that microwaves excite
the unfrozen water, and this causes the glass transition temperature T’ to increase during
drying [17]. As a result, drying processes become more robust and can be conducted very
fast without impairing cake appearance. Interested readers should refer to works [19-21] for

more information on microwave heating.
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We recently introduced a new MFD setup that overcomes the drawbacks of previous
machines, as it enables in-chamber freezing and stoppering [17]. This setup combines the
advantages of a conventional lyophilizer, which was designed with good manufacturing
practice (GMP) processes in mind, with microwave radiation. It employs flat, solid
microwave modules that can be flexibly incorporated into the process. For details on the new
setup, readers are referred to [17]. Additionally, we assessed mAbD stability following MFD
and found it to be comparable to mAb stability following CFD. Recent studies have focused
on low-concentration protein formulations [13—15], with 50 mg/mL being the highest mAb
concentration investigated [16]. However, in recent years, high-concentration antibody
formulations have become immensely popular and successful [22], with 46 approved
products >100 mg/mL in the US [1]. One of the major challenges in developing these

formulations is protein aggregation, as it can increase at higher concentrations [23].

This work aims to explore the microwave-assisted freeze-drying of such high-
concentration antibody formulations. We sequentially replaced sugar with antibodies to
study their effect on the MFD process and protein stability. While drying times varied
slightly, we observed reduced stability in the mAb when less stabilizing sugar was present
in the formulation. These results prompted us to compare the stability profiles of high-
concentration formulations directly after production with MFD and CFD, and after storage
for up to six months at4 °C, 25 °C, and 40 °C. When we found increased aggregate formation
following MFD, we tried to identify the critical timeframe for degradation during the MFD
process. Further studies using a microwave oven were then carried out to investigate whether
microwave radiation directly interacts with the mAb, and how different levels of molecular

mobility in the cake may affect this.

V.3 Materials and Methods

V.3.1 Proteins and Chemicals

In this study, two monoclonal IgG type-1 antibodies (mAbs) were used: one sourced from
the laboratory’s stock (LMUI1, Munich, Germany), and the other (LMU2) generously
provided by Boehringer Ingelheim Pharma GmbH & Co. KG (Ingelheim am Rhein,
Germany). Further, G-CSF (filgrastim) was used as a model protein. L-histidine (cell culture
reagent) and L-histidine monohydrochloride monohydrate (99% purity) were purchased

from Alfa Aesar (Ward Hill, MA, USA). EMPROVE® exp sucrose, EMPROVE® exp

71



Microwave-Assisted Freeze-Drying: Impact of Microwave Radiation on the Quality of
High-Concentration Antibody Formulations

di-sodium hydrogen phosphate dihydrate, EMPROVE® bio sodium chloride, sodium citrate
dihydrate (>99.0%), and L-methionine were purchased from Merck KGaA (Darmstadt,
Germany). D(+)-trehalose dihydrate (97.0-102.0% purity) Ph. Eur., NF certified, and
D(—)-mannitol (97.0-102.0% purity) Ph. Eur., USP certified were purchased from VWR

International (Radnor, PA, USA). Sodium dihydrogen phosphate dihydrate (99%) was

® ®

purchased from Griissing GmbH (Filsum, Germany). Trizma® base and Trizma
hydrochloride (both in BioXtra grade), anhydrous citric acid BioUltra grade (=99.5%), and
sodium azide (>99.5%) were purchased from Sigma Aldrich (Burlington, MA, USA). Super
Refined™ Polysorbate 20-LQ-(MH) was purchased from Croda (Edison, NJ, USA). All
solutions were prepared using ultrapure water from a Sartorius Lab Instruments GmbH

Arium® system (Goettingen, Germany).

V.3.2 Preparation of the Formulations

We used seven different verum formulations (Table 1). For F1-F5, we dialyzed and
concentrated the mAb bulk solution using a Minimate™ Tangential Flow Filtration (TFF)
capsule (MWCO 30 kDa; Pall Corporation, New York, NY, USA). A sevenfold excess of
10 mM histidine buffer (pH 5.5) was used for thorough dialysis, resulting in a final buffer
mixture that contained 10 mM histidine and 0.04% (w/v) polysorbate 20. We determined the
mAb concentration using a Nanodrop 2000 UV spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA) at 280 nm, based on the molar extinction coefficient.
Excipient stock solutions were prepared in 10 mM histidine buffer and combined with the
protein solution according to the target composition (Table 1). Formulation F6 was already
provided in the final composition. For F7, the protein bulk solution underwent buffer
exchange at 2—8 °C using Slide-A-Lyzer™ 2000 molecular weight cut-off dialysis cassettes
(Thermo Fisher Scientific, Waltham, MA, USA). The sample-to-buffer ratio was 1:100, and
buffer exchange was performed after 3 and 6 h, following dialysis overnight. All excipients
were already added to the dialysis buffer, except for the surfactant, which was introduced
after dialysis as a stock solution in 20 mM sodium citrate buffer. Following this, protein
concentration was determined with a Nanodrop 2000 UV spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA) at 280 nm, and the formulation buffer was combined with
the dialyzed protein solution. All formulations were sterile-filtered prior to lyophilization
using 0.22 um Sartolab® RF polyether sulfone vacuum filtration units (Sartorius AG,

Goettingen, Germany).
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Table V.1 Formulations investigated in the study.

Formulation Protein Conc. (g/L) Sucrose Trehalose Mannitol Methionine PS20 pH
Number (%) (%) (%) (mM) (%)
LMU1l LMU2 G-CSF

F1 10 8 0.040 5.5
F2 30 6 0.040 5.5
F3 50 4 0.040 5.5
F4 70 2 0.040 5.5
F5 100 8 0.040 5.5
F6 21 1.9 0.009 6.0
F7 0.5 1 4 20 0.010 4.0

Conc., concentration; PS 20, polysorbate 20.

V.3.3 Freeze-Drying Process

Four distinct lyophilization cycle protocols were used (Table 2), with references to the
respective processes provided in the text. For all processes, formulations were poured into
63 10R FIOLAX vials (MGlas AG, Muennerstadt, Germany) and placed on the middle of
the shelf in a hexagonal array. Shelves were then cooled to —50 °C and held at the respective
temperature until the product was completely frozen. For formulation F7, an additional

annealing step was performed at —20 °C for 4 h, to enable the crystallization of mannitol.

Processes P1, P3, and P4 were conducted using a laboratory-scale freeze-dryer from
OPTIMA Pharma GmbH (Schwébisch Hall, Germany), which was equipped with flat,
emitting semiconductor microwave modules. The vials were organized in a hexagonal
pattern (180 mm x 190 mm) at the center of a shelf (486 mm x 440 mm). The microwave
modules were attached to the underside of the shelf above the vials, covering an antenna area
of approximately 26 cm % 26 cm. The modules were operated at 2.43—2.48 Ghz and exhibited
exceptional mechanical stability, which enabled the stoppering of the vials following the
drying process. Experiments were conducted in the machine manufacturer’s technical
workshop. As thermocouples and resistance temperature detectors would not work in the
given electromagnetic environment, fiberoptic temperature sensors (Weidmann
Technologies Deutschland GmbH, Dresden, Germany) were utilized for product
temperature recording. A mass spectrometer (Pfeiffer Vacuum GmbH, Asslar, Germany)
was employed, in conjunction with comparative pressure measurement via a Pirani and
capacitance gauge, to monitor the drying process. Process P1 was designed to adhere to the
typical format of primary and secondary drying steps, enabling a detailed study of protein

concentration effects on MFD processes. Processes P3 and P4 aimed to compete with
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aggressive CFD processes and were used to investigate the impact of the duration of

microwave radiation on highly concentrated mAb formulations.

Process P2 was used to apply a comparable thermal history to CFD samples, as for those
dried with microwave assistance. It was performed either on an FTS LyoStar™ 3 (SP
Scientific, Stone Ridge, NY, USA) or a Christ €2-6D (Martin Christ, Osterode am Harz,

Germany) laboratory-scale freeze-dryer.

Once the drying processes were completed, the vials were stoppered under vacuum within
the chamber of the lyophilizers in a nitrogen atmosphere, followed by capping with Flip-
Off® seals (West Pharmaceutical Services, Inc., Exton, PA, USA). Subsequently, they were
stored at 2—8 °C upon further processing.

Table V.2 Applied drying protocols in the study.

Drying Step Ts P. Hold Time Ramp Toward Step MW Application
Process (°O) (mbar) (h) (K/min) (W)
P1 1 =15 0.05 * 1.0 2 x 90**
2 30 0.05 6 1.0 2 X 90**/¥
P2 1 30 0.05 * 0.2
P3 1 30 0.05 * 0.2 2 x90%
P4 1 10 0.05 * 0.2 2 x 90§
2 30 0.05 4 1.0 -

* Maintained until Pirani signal equaled capacitance, and mass spectrometer revealed water vapor
concentration cmo < 10%. ** In case of MFD. 1 Applied continuously until the shelf temperature reached 0°C
to not overheat the samples. { Microwave module was stopped after Sh, 6h, and 8h respectively. In case of
MFD of F7, 2 x 90W were applied until Pirani signal equaled capacitance sensor output, and mass spectrometer
revealed water vapor concentration cmo < 10%. § Microwave module was stopped after 10h and 13h,
respectively. MW, microwave.

V.3.4 Karl-Fischer Titration

The lyophilizates’ residual moisture content was measured using coulometric Karl—
Fischer titration. In a controlled-humidity environment (relative humidity (rH) <10%), the
lyophilized cakes were carefully crushed, and portions weighing 40-90 mg were transferred
into 2R vials. These samples were then heated at 100 °C in an oven, and the extracted water
was carried to the coulometric titration cell using a dry gas flow (Aqua 40.00 Vario Plus,
ECH Elektrochemie Halle GmbH, Halle (Saale), Germany). The Apura® water standard
oven 1% (Merck KGaA, Darmstadt, Germany) was used in triplicate to confirm the
equipment’s performance before analyzing the samples. The relative residual moisture

content was calculated considering the cake mass (w/w).
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V.3.5 Brunauer—-Emmet-Teller (BET) Krypton Gas Adsorption

The Brunauer—-Emmet—Teller (BET) method was employed to measure the specific
surface area of the lyophilizates. Under controlled-humidity conditions (relative humidity <
10%), at least 100 mg of gently crushed samples was placed into 9 mm sample cells. The
sample cells were cooled in a liquid nitrogen bath (77 K), and quantity of absorbed krypton
gas was measured with an Autosorb 1 (Quantachrome, Boynton Beach, FL, USA). Krypton
adsorption was determined over a p/po ratio of 0.05-0.30 (11-point BET). An outgassing
procedure was carried out at ambient temperature for a minimum of 2 h prior to the analysis.
The Autosorb 1.55 software was used to calculate the specific surface area, applying the

multipoint BET method fit.

V.3.6 Scanning Electron Microscopy (SEM)

The morphology of the lyophilizates was investigated using a Helios NanoLab G3 UC
(FEL Hillsboro, OR, USA) scanning electron microscope (SEM) at an acceleration voltage
of 2 kV. Fragments from the top and bottom layers of the cakes were extracted in a glove
box with a relative humidity of less than 10%. The samples were then sputtered with a 10 nm
carbon layer using a CCU-010 HV sputterer (Safematic GmbH, Zizers, Switzerland). Images

were captured at 175-fold magnification.

V.3.7 Experiments with the Microwave Oven

A Bosch HMT84M421 microwave oven (Robert Bosch Hausgerdte GmbH, Miinchen,
Germany) was used to study the effect of microwave radiation on mAb stability. Prior to the
experiments, flip-off seals were removed, and a single vial was positioned at the center of
the rotating plate. A stainless steel cylinder, measuring approximately 5 cm x 3 cm, was
pre-chilled at -70°C for one hour and subsequently used intermittently to cool the samples
during irradiation. Microwave power levels of 180 W, 360 W, and 600 W were applied for
specific time intervals. Afterward, the samples were reconstituted and subjected to analysis.
To monitor the sample temperature, an Ebro TLC 7501 thermometer (Xylem Analytics
Germany GmbH, Weilheim, Germany) was used. To discern the effects of microwave
radiation on the mAb from mere sample heating, the samples were placed in a Heraeus

UT 20P drying cabinet (Thermo Fisher Scientific, Waltham, MA, USA).

V.3.8 Reconstitution of the Lyophilizates
The lyophilizates were reconstituted via the addition of ultrapure water. The necessary
volume was individually determined for each formulation to correspond with the volume of

water removed during the lyophilization process.
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V.3.9 Size-Exclusion Chromatography (SEC)

A Thermo Scientific™ Dionex™ UltiMate™ 3000 UHPLC system was used in
conjunction with a VWD-3400RS UV/Vis absorbance detection unit from Thermo Fisher
Scientific (Waltham, MA, USA) to measure monomer yield and protein aggregates. First,
100 pg of LMU1 and LMU2 was injected onto a TSKgel G3000SWxI, 7.8 x 300 mm, 5 um
column (Tosoh Bioscience, Tokyo, Japan). The running buffer consisted of 100 mM sodium
phosphate, 300 mM sodium chloride, and 0.05% (w/v) sodium azide at pH 7.0. For F7, 15 pg
of G-CSF were injected onto a Superdex™ 75 Increase 10/300 GL, 10 x 300 mm column
(GE Healthcare Bio-Sciences AB, Uppsala, Sweden). The mobile phase was composed of
100 mM sodium phosphate and 0.05% (w/v) sodium azide at pH 7.0. Both columns were
operated at a flow rate of | mL/min. Absorption at 280 nm was used to detect elution, and
the resulting chromatograms were integrated using Chromeleon™ 7.2.7 software (Thermo
Fisher Scientific, Waltham, MA, USA). The monomer yield relative to the amount of
monomer before freeze-drying the specific formulations was calculated. The method
described in [25] was used to determine the relative number of high-molecular-weight

species (HMWS).

V.3.10 Cation-Exchange Chromatography (IEX)

A Thermo Scientific™ Dionex™ UltiMate™ 3000 UHPLC system, featuring a VWD-
3400RS UV/Vis absorbance detector and equipped with a ProPac™ WCX-10G BioLC™
analytical column (4 x 250 mm) together with a ProPac™ WCX-10G BioLC™ guard
column (4 x 50 mm), all from Thermo Fisher Scientific (Waltham, MA, USA), was utilized
to examine the chemical stability of LMUI1. Mobile phase A was composed of 20 mM TRIS
(pH 8.0), while mobile phase B consisted of 20 mM TRIS and 300 mM sodium chloride (pH
8.0). A linear salt gradient mode was used for elution, ranging from 0% B to 20% B over 30
minutes at a flow rate of 1 mL/min. Prior to analysis, samples were diluted 1:100 using
mobile phase A, and the injection volume was 10 pL or 100 pL depending on the mAb
concentration. Detection of elution occurred at 280 nm, and chromatogram integration was
carried out using Chromeleon™ 7.2.7 software (Thermo Fisher Scientific, Waltham, MA,
USA). The integrated chromatograms were categorized into three components: the main
peak, acidic variants associated with each peak that eluted prior to the main peak, and basic

variants linked to each peak that eluted after the main peak.
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V.3.11 Flow imaging microscopy

The analysis of subvisible particle formation was conducted using a FlowCam 8100
(Fluid Imaging Technologies, Inc., Scarborough, ME, USA). The instrument was outfitted
with a 10x magnification flow cell (80 pum x 700 pm) and was operated via
VisualSpreadsheet® 4.7.6 software. A sample of 150 uL was analyzed at a flow rate of 0.15
mL/min, with particle images captured at an automatic frame rate of 28 frames/second.
Parameters for particle identification were 3 um distance to the nearest neighbor and particle
thresholds of 13 and 10 for dark and light pixels, respectively. Particle sizes were presented

as equivalent spherical diameters.

V.4 Results and Discussion

V.4.1 Substitution of Sugar by an Antibody

From CFD, it is well established that increasing protein concentrations lead to more
robust drying processes due to a rise in the difference between the glass transition
temperature (T;’) and collapse temperature (Tc) [26]. Consequently, the occurrence of
collapse becomes less likely; however, it i1s important to consider the substantial dry-layer
resistances to mass flow associated with high protein concentrations. However, the
relationship between microwave-assisted freeze-drying processes and protein concentrations
remains unclear. Recent studies have demonstrated that increasing the solute concentrations
of stabilizers, such as sucrose and trehalose, results in enhanced dielectric heating [13,17].
To further investigate the effect of protein concentration in microwave-assisted drying
processes, we gradually substituted sucrose with mAb (F1-F4, Table 1) and applied drying
process P1 (Table 2). The overall solid content in all these samples was kept constant at ca.
9.0% (w/v) = 90 mg/mL. We observed that the drying time increased only slightly with
higher mAb concentrations. With microwave assistance, F1 was dried within 28.5 h, while

F2, F3, and F4 took 28.8 h, 29.5 h, and 30.3 h, respectively.

The lyophilizates appeared elegant on a macroscopic scale and scanning electron
microscopy revealed a cellular pore structure for F2—F4 on a microscopic scale, whereas F1
exhibited microcollapse (Figure S1). Due to the low Tz’ of low-concentrated mAb
formulations in combination with sucrose, microcollapse may not be avoided with harsh
drying conditions regardless of the application of microwaves [27], and we likewise

observed microcollapse for F1 following CFD (data not shown). For low-concentration
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protein formulations, Ty’ and T¢ are interchangeable [26]. Therefore, when the product
temperature during drying exceeds the glass transition temperature for such formulations,
the microstructure of the cake undergoes viscous flow and eventually collapses. The cake
morphology corresponded with the observed specific surface areas after lyophilization, and
stability study data suggest that it was maintained throughout the study (Figure 1A).
Moreover, the residual moisture in the lyophilizates correlated with the sucrose
concentration, i.e., samples became drier when the protein content was increased at the cost

of the sugar (Figure 1A).

Regarding the physical stability of the mAb, aggregate formation increased with
decreasing sucrose concentrations, both immediately after lyophilization and after six
months of storage (Figure 1B). The same trend was observed for the chemical stability of
LMUI (Figure 1C-D), with F4 showing the highest number of basic variants after storage
at 40 °C. An increase in basic species could be attributed to various modifications, including
oxidation, succinimide formation, or disulfide-mediated changes [35]. Moreover, when the
formulation contained less stabilizing sugar, the water replacement during the drying process
was inadequate. Consequently, the protein was not stabilized in its native state, leading to
the formation of aggregates. Past research has shown that aggregates of an IgG1 have a high
affinity for cation-exchange columns and, as a result, they elute in the basic variant region
in [EX [35]. Therefore, it can be inferred that aggregate formation in formulations with less
stabilizing sugar and a concurrent increase in basic species are related to each other. Previous
research has indicated that the sugar:protein ratio is crucial for protein stabilization during
drying and storage [24]. Consequently, it appears that the reduced protein stability with a
decreasing sugar:protein ratio is not due to microwave application but is generally related to
less protection against stresses during the lyophilization process. For F1, the molar ratio of
disaccharide to protein was significantly above the proposed proportion [24], at

approximately 3500:1, while it was 125:1 for F4.
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Figure V.1 The solid-state properties of the lyophilizates and storage stability of LMU1 when sugar was
subsequently replaced with mAb. Samples were analyzed after MFD (t0) and storage at 4 °C, 25 °C, and 40
°C over 6 months. (A) Specific surface area (bars) and residual moisture (symbols). The relative monomer
yields (bars) and percentages of soluble aggregates (HMWS, symbols) from SEC are shown in (B). (C) The
relative number of acidic and (D) basic variants from IEX. All values are means (n = 3) + standard deviation.

V.4.2 Comparison of Critical Quality Attributes of a Highly Concentrated mAb
Formulation Following MFD and CFD

Based on the previous results, we aimed to directly compare the stability profiles of
high-concentration mAb formulations following MFD and CFD. Consequently, we selected
formulation F4, representing a worst-case scenario in terms of stabilizer concentration, and
F5, which comprises a typically used sugar:protein ratio (350:1) sufficient for stabilizing
monoclonal antibodies [24]. Furthermore, F5 comprises the same proportion of lyoprotectant
to mAb as F3, but with twice the overall solute content. With microwave assistance, F5 was
dried within 29.9 hours, while it took 59.6 hours with CFD. Moreover, it took 56.3 hours to
lyophilize F4 without microwaves, compared to 30.3 hours using MFD. Samples were
analyzed immediately after lyophilization (Process P1, Table V.2) and following storage at
4°C, 25°C, and 40°C over 6 months. The results are shown in Figure V.2.
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The solid-state properties of the lyophilizates were very similar, irrespective of whether
MFD or CFD was applied (Figure V.2A). However, given that the same drying protocol
(Process P1, Table V.2) was used for both MFD and CFD, and the formulations consisted
of high protein concentrations, the drying process was anticipated to be highly robust (i.e.,
with a high Tc). When comparing the relative number of acidic and basic variants, we
observed no relevant differences between the two drying protocols (Figure V.2B). The
monomer yields and aggregate formations exhibited the same trends during the stability
study (Figure V.2C), with F4 demonstrating a lower capability in stabilizing the mAb
compared to F5. However, this observation was independent of the application of microwave

radiation.

Notably, subvisible particle analysis revealed increased particle formation following
MFD compared to CFD across all size ranges (Figure V.2D, V.2E, and V.2F). Previous
studies did not report this phenomenon, but most cases involved low concentrations [13—
15,17] up to 50 mg/mL mAb [16]. To further investigate this observation, we sought to

identify the root cause for the formation of subvisible particles following MFD.
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Figure V.2 The effect of the drying mechanism on critical quality attributes of highly concentrated LMUI
formulations. Following MFD and CFD (t0), the lyophilizates were stored at 4 °C, 25 °C, and 40 °C for 6
months. (A) The specific surface area (bars) and residual moisture (symbols) of the cakes. (B) The relative
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V.4.3 Effect of Thermal History and Investigation of Two Other Proteins in MFD
Considering these findings, we aimed to determine if the particle formation for LMUT is

a consequence of higher product temperatures during the MFD process compared to CFD.
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To investigate this, we conducted a single-step CFD cycle (Process P2, Table 2) using
formulation F5 to simulate the thermal history during the corresponding MFD process. The
respective readouts are presented in Figure S2. The residual moisture was found to be
comparable following both drying processes (0.34% + 0.02% after CFD and 0.23% + 0.06%
following MFD). Subvisible particle counts (given in #/mL cumulatively) were detected
using flow imaging microscopy. We observed low subvisible particle counts after the
aggressive CFD cycle with 10 + 11, 110 £ 55, and 3444 £+ 1017 for particles >25 um, >10
um, and >1 pum in size, respectively. After 7 months of storage at 40 °C, the subvisible
particle counts were close to the initial amounts with 13 + 13, 64 £ 35, and 4658 + 428 for
the respective sizes. Consequently, we concluded that high product temperatures during
drying are not responsible for particle formation following MFD.

Next, we examined another mAb (Formulation F6, Table 1) to assess whether particle
formation is specific to LMU1. To compare stability profiles, LMU2 was dried with and
without microwaves using process P1. For F6, the molar sugar:protein ratio was
approximately 360:1. Samples were analyzed immediately after lyophilization and after
storage. Again, the residual moisture was found to be comparable following the drying
processes (0.18% =+ 0.01% after CFD and 0.20% =+ 0.15% following MFD). No differences
were detected in the monomer yield and the formation of high-molecular-weight species in
SEC (Figure 3A). However, as with LMUI, the subvisible particle counts revealed a
significant increase in protein aggregation following MFD compared to CFD (Figure 3B).
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Figure V.3 Physical stability of LMU2 (formulation F6) following MFD and CFD. Samples were analyzed
after lyophilization (t0) and storage at 4 °C, 25 °C, and 40 °C (MFD samples) and 40 °C (CFD samples). (A)
The relative monomer yield and the relative number of high-molecular-weight species (HMWS). (B)
Subvisible protein aggregates. All values are means (n=3) +standard deviation. Subvisible particle
measurements were conducted in technical duplicates.
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In a published study, we had investigated the stability of an IgG1 at low concentration in
different formulations after MFD and storage. We had observed similar stability profiles
following MFD and CFD [17]. These findings contrast with the results from this study on
high-concentration antibody formulations, prompting us to examine the quality of another
low-concentration protein, G-CSF (formulation F7) after MFD. Following the MFD process
(Process P3, Table V.2), the monomer yield was 96.70% + 0.70%. Protein aggregates
detected with SEC (0.27% + 0.30% high-molecular-weight species) and flow imaging
microscopy (0 £ 0 >25 um, 45 £33 >10 um, and 1128 £ 498 >1 um) were low. Based on
these data, we consider that aggregation triggered by microwave radiation is directly related
to protein concentration. Since microwaves directly interact with dipolar structures [21], we
conclude that electromagnetic radiation excites not only the excipients but also the protein.
As aresult, the higher the protein concentration in the formulation, the greater the likelihood

of inducing damage.

V.4.4 The Critical Timeframe that Leads to Protein Aggregation During MFD

To investigate the mechanism of particle formation in MFD processes, we used
formulations F1 and F5 and the corresponding placebo. We temporarily activated the
microwave modules during drying to determine: (A) whether the mAb is initially damaged
when microwave radiation is started, or (B) if particle formation inversely correlates with
residual water content. We concentrated on analyzing subvisible particles, as they proved to
be a reliable degradation indicator in our previous experiments. First, using lyophilization
cycle P3 (Table 2), microwaves were applied either in the first 5 h of the drying phase (Figure
4A) or toward the end of the drying process (Figure 4B). When microwave radiation was
applied initially, subvisible particle counts were at the placebo level regardless of the mAb
concentration (Figure 4C). However, we observed a significant increase in protein
aggregates in F5 compared to F1 and the placebo formulation when microwaves were
applied late in the drying process. The reason why the number of small subvisible particles,
between 1pm and 10um, increased in the placebo formulation as well, when microwaves

were applied later in the process, merits further study.

Based on these findings, we conducted four additional runs and subsequently extended
the microwave radiation time. The microwave modules were activated at the beginning of
the drying process and ran continuously for 6 h, 8 h, 10 h, and 13 h (Figure S3A-D). To
prevent sample overheating during MFD, cycles with 10 and 13 h microwave runtime were

conducted using process P4 (Table 2), while runs with 6 and 8 h of microwave radiation
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used process P3. This resulted in differences in product temperature across different runs
(Figure 4D); however, the residual moisture and associated glass transition temperature of
the cakes was similar for F5 (Figure S4). Due to the aggressive drying conditions, scanning
electron microscopy revealed a microcollapsed morphology in F1 for all processes, while
cellular pore structures were observed for F5 (Figure S5). Moreover, the point of termination

of microwave radiation is clearly visible in all curves (Figure 4D).

Although product temperature during drying did not increase with longer microwave
runtime due to the chosen settings (Figure 4D), aggregate formation clearly correlated with
radiation time for F5 (Figure 4E). While the low-concentration formulation F1 equaled the
placebo irrespective of runtime, we observed a gradual increase in subvisible particle counts

in the high-concentration mAb formulation F5.

Since ice exhibits a low dielectric loss factor [21], microwaves most likely excite highly
polarizable unfrozen water [28] and other excitable formulation components. We therefore
hypothesize that protein preservation occurs as long as heat may be dissipated throughout
the matrix; otherwise, damage takes place. As the dielectric properties of formulations
change during drying [29], the very late stage of the drying process is considered particularly
problematic concerning the physicochemical stability of active compounds [21]. However,
our studies uncovered that high-concentration mAb formulations are susceptible to
degradation much earlier; this occurs after just a few hours of drying when sublimation is

still high.
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Figure V.4 The impact of the microwave run time on protein aggregation during MFD. (A) Graphical overview

of the lyophilization process readouts for P3. Microwave radiation was started immediately after the desired

vacuum for primary drying was established and ran for 5 hours. T denotes the shelf temperature; the chamber
pressure is monitored via a Pirani gauge (Pirani) and capacitance gauge (Capacitance); T} is the reading from
the fiber-optic temperature sensors. (B) Process readouts for P3 when microwave radiation was applied for
5 hours toward the end of the process. (C) Comparison of subvisible particle formation in the F1, F5, and
placebo formulations, as detected via flow imaging microscopy, when microwave radiation was applied during
the initial 5 hours of drying (init) and for 5 hours later in the process (late), using process P3. (D) Product

temperature profiles recorded for P3 and P4 with the different microwave module run times. The arrows
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represent the switch off of microwave radiation. All temperature sensors shown in the process graphs (V.4A,
V.4B, and V.4D) were placed in formulation F5. (E) Subvisible particle formation in the F1, F5, and placebo
formulations when subjected to increasing microwave run times. The reported numbers of subvisible particles
are means (n = 3 and technical duplicates per vial) + standard deviation. MW, microwave irradiation.

V.4.5 Effect of Residual Moisture, Cooling, and the Source of Energy

The previous experiments raised the question of whether there is a potential tipping point
during the MFD of highly concentrated protein formulations that leads to aggregation. To
explore this, we conventionally lyophilized F5 (Process P2) and used the dried cakes to

conduct experiments in a microwave oven.

Initially, we applied 360 W to the lyophilizates without cooling the vials during the
experiment, using a polymeric vial for the insulation of the samples from the glass plate
(Figure 5A). No relevant increase in subvisible particle counts was detected even after 180
min of irradiation. These results led us to conclude that the dried cake does not represent a
worst-case scenario for aggregate formation during MFD, as the antibody is immobilized in

a rigid matrix.

We then increased the residual moisture in the cakes to examine whether the moisture
content and associated mobility comprise a dominant factor affecting aggregation. Different
moisture levels were adapted according to the technique from [30], and we observed a
significant increase in subvisible particle counts at an intermediate moisture level of 15%
(m/m) (Figure 5B), which corresponds to the typical moisture content at the end of primary
drying in a CFD process [31]. This confirmed our hypothesis that a certain degree of residual

water and anti-plasticization is a prerequisite for aggregate formation.

Considering these findings, we adjusted the residual moisture to 15% (m/m) for all
subsequent samples (except t0) and compared subvisible particle counts following different
treatments (Figure 5C). Samples exposed to convective heat transfer at 80 °C in a drying
cabinet showed low particle counts (light-blue bars). To mimic freeze-dryer shelf conditions,
we placed a sample on a precooled stainless steel cylinder during microwave irradiation.
Interestingly, cooling the sample protected the mAb from degradation, as no increase in
protein aggregates was detected after 25 min in the microwave oven (red bars), contrasting
with the uncooled sample that exhibited significant particle counts (hatched red bars). In

another treatment, the sample was placed in the microwave oven for 5 min, followed by 20
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min in the drying cabinet, resulting in slightly increased particle counts compared to

convective heat application alone (orange bars).

To investigate differences in heating with microwaves versus other heat transfer methods,
we exposed samples to microwaves, infrared radiation, and convective heat in a drying
cabinet, aligning the temperature profiles for comparability (Figure 5D). We observed a
significant increase in subvisible particle counts following microwave irradiation compared
to other heating methods (Figure 5E), concluding that microwave radiation directly excites

polar groups in the antibody structure, leading to protein aggregate formation.

It has been demonstrated that the intermediate, rubbery state during drying processes,
characterized by considerable moisture content and low glass transition temperatures (Tg’),
is the most detrimental phase for protein stability [32]. Increased concentrations of the
protein in the viscous glassy matrix still allowing for notable mobility, as water is not
sufficiently removed, make protein degradation more likely. This is consistent with our
findings in MFD. We found that cooling the sample can provide some protection for the
mADb (Figure 5C). However, this presents a deadlock in the drying process, as complete
drying while maintaining cold temperatures is unattainable. Moreover, the need for cooling
to preserve protein stability prevents the full exploitation of MFD technology. Our findings
show that high product temperatures are only problematic for the stability of the mAb when

microwave radiation is applied.

The preservation of a protein’s native structure during lyophilization via adding an
adequate ratio of lyoprotectant has been well documented [4,24]. With growing interest in
high-concentration mAb formulations [33], e.g., for subcutaneous injections, high
disaccharide concentrations are often required, and the reconstitution time is directly
influenced by the sugar:protein ratio [34]. Our studies revealed the importance of
sugar:protein ratios regarding stabilization in MFD technology. MFD is a competitive
technology for low-concentration protein formulations; however, for high-concentration
mAb formulations, water replacement via the classical approach [4,24] was insufficient.
Additional research is required to determine whether an optimized sugar:protein ratio or
other formulation compositions could provide enhanced protection for high-concentration

protein formulations during microwave-assisted freeze-drying.
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V.5 Conclusions

These studies are connected to previous work on a novel microwave-assisted
freeze-drying setup [17] and provide a first design space for the use of this technology. While
the applicability of MFD for low-concentration protein formulations is reaffirmed, we
observed particle formation with high-concentration antibody formulations, which were not
observed for conventional freeze-drying controls. We demonstrated that microwaves
directly interact with the active pharmaceutical ingredient (API), and the higher the API
concentration, the more protein could be excited by the microwaves. This interaction
resulted in decreased physical stability in the investigated high-concentration antibody
formulations, manifesting as the formation of subvisible protein aggregates. Additionally,
we showed that particle formation does not occur immediately after starting MFD, but during
the intermediate drying phase. However, since the collapse temperature significantly
increases with higher protein concentrations, reduced drying times for high-concentration
protein formulations can be also achieved using aggressive CFD conditions [26]. In this
configuration, the potential benefit of MFD regarding reduced process times is anyway
limited. Based on our findings, we believe that MFD technology is particularly beneficial
for low-concentration formulations requiring substantial amounts of glass-forming
excipients, which normally limit time savings in CFD. Here, one could, of course, envision
the fast, mass production of, e.g., vaccines that typically contain a relatively low-to-very-
low amount of protein or another antigen. Furthermore, modern RNA-based products and
vaccines, as well as virus and virus-like particle (VLP) formulations, etc., also containing a
rather-low-to-very-low total amount of active ingredient in the matrix and can potentially

benefit from MFD.
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V.6 Supplementary materials

Figure V.S1 Representative SEM pictures of the top and bottom of the lyophilizates of F1-F7 after MFD,
captured at 175-fold magnification.
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Figure V.S2 Readouts from drying processes of F5. T represents the shelf temperature; the chamber pressure
is monitored via a Pirani gauge (Pirani) and capacitance gauge (Capacitance); T, refers to the readouts of the
temperature sensors. (A) Formulation F5 underwent MFD according to process P1. (B) To mimic the
temperature profiles of (A), process P2 was applied to F5 (i.e., without microwave radiation).
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Figure V.S3 Readouts from the MFD processes with varying microwave run times. Ts represents the shelf
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MW, microwave irradiation.
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500 pm by 500 pm

Figure V.S5 Representative SEM pictures of the top and bottom of the lyophilizates of (A) F1 and (B) F5 after
different microwave runtimes. Images were captured at 175-fold magnification.
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Chapter VI

Chapter VI Summary of the thesis

The thesis focused on two main topics in the field of lyophilization. The first objective
was to develop a secondary packaging configuration for lyophilizates in polymer vials,
designed to overcome permeability issues associated with the material and to protect protein
pharmaceuticals. The second objective was to investigate a new microwave-assisted
freeze-drying (MFD) setup and gain insights into the drying behavior and effects of
formulation parameters.

Chapter I provides a brief overview of the topics assessed, highlighting the motivation
behind the thesis. Typical degradation pathways, particularly oxidation, and the
opportunities and challenges associated with different packaging materials are discussed.
Moreover, emerging technologies advancing the lyophilization process are shortly presented
and MFD is introduced.

In Chapter II, a secondary packaging approach for lyophilizates in vials made of cyclic
olefin polymer (COP) was investigated. Each vial was heat-sealed in an aluminum pouch
together with a combined oxygen and moisture absorber. This configuration was compared
to polymer vials without secondary packaging (serving as a positive control) and glass vials,
which are the current gold standard for primary packaging of lyophilizates. The stability of
two monoclonal IgG1 type antibodies was assessed over 12 months. The amount of fully
oxidized mAb for the lyophilizates stored in the COP vials within the secondary packaging
was comparable to that in the glass vials. This was attributed to the presence of the absorber,
which played a crucial role in maintaining low levels of oxygen in the headspace and
ensuring stable moisture levels within the lyophilized cakes.

Based on the previous results, in Chapter III, further studies on the permeability of
polymer vials were conducted. Limited literature is available on that topic, bridging the
intersection between packaging material manufacturers and pharmaceutical development.
Various configurations were investigated aiming to assess the effect of pressure in the vial,
the capability of the absorbers, and diffusion behavior. The findings revealed that the
typically applied reduced pressure within the vial, intended to ensure proper stopper location
and container closure integrity (CCI), leads to slower nitrogen permeation from inside to
outside the vial and less oxygen ingress compared to atmospheric headspace pressure. This
is beneficial for maintaining drug product quality during storage in COP. Moreover, the
absorbers’ capability in actively removing oxygen from the vial headspaces was
demonstrated. Additionally, the solid absorber sachets were found to be as effective as liquid

scavengers.
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Chapter IV introduces the first part of the studies on microwave-assisted freeze-drying
using a new machinery setup. Unlike previously described machines, the investigated setup
is based on a rectangular, standard lyophilizer that may be used for GMP processes, and the
microwave modules can be retrofitted and added to the process on demand. The impact of
several excipients commonly used as cryo- and lyoprotectants at different concentrations on
drying behavior and monoclonal antibody (mAb) stability was tested, including sugars and
amino acids. A key finding was the unique drying mechanism in MFD, as separated primary
and secondary drying do not exist. By this, aggressive drying of formulations that are
typically deemed difficult to dry can be lyophilized fast and without impairing cake
appearance. The chapter concludes with a stability study that reveals comparable mAb
stability of a low-concentration mAb formulation (10 g/L) following MFD and CFD.

Chapter V describes the second part of the studies on MFD and the effect of microwave
radiation on high-concentration protein formulations. Data on such formulations were
lacking, and the effect of protein concentration in the MFD process and concurrent
information on protein stability needed clarification. To study this, sugar was subsequently
replaced by a mAb and protein stability was assessed. While the drying time differed only
slightly, inferior stability was found with less stabilizing sugar following MFD, resulting in
further studies on high-concentration protein formulations (i.e., 100 g/L and 70 g/LL mAb
and 80 g/L and 20 g/L sucrose, respectively). Protein stability was found to be inferior
following MFD compared to conventional freeze-drying (CFD), manifesting in the
formation of subvisible particles. Moreover, the intermediate, rubber phase of drying was
identified as the phase where damage to the mAb occurs (i.e., aggregation), while cooling
provided some protection. However, the suitability of MFD for low-concentration
formulations was reaffirmed.

In conclusion, this thesis provides guidance for appropriate secondary packaging for
lyophilizates in COP vials, leveraging the use of polymer vials in freeze-drying by
overcoming the material’s drawbacks. Moreover, studies on the permeability of the COP
vials and capability of the oxygen absorbers were presented. It is important to note that if
different pouch/blister volumes, or absorbers are used, slight adjustments might be necessary
to ensure complete removal of oxygen from the surrounding air in the pouch. However, if
the capability is chosen appropriately, the presented approach can be universally applied to
prevent protein oxidation in polymer vials, utilizing the permeability of the material.

Furthermore, a new, advanced setup for MFD was presented and understanding of the

underlying drying mechanism was broadened. Additionally, a first design space for the use
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Chapter VI

of the technology was provided, which can support scientists in future application of MFD
in the pharmaceutical field. While MFD appears particularly beneficial for low-
concentration formulations (i.e., proteins, vaccines, virus-like-particle formulations, etc.),
requiring substantial amounts of excipients for water replacement, high protein API
concentrations limit the application of the technology, as protein stability is impeded.
Lastly, several aspects need to be evaluated further regarding the application of MFD in
a GMP environment. From a technical point of few, the resistance of the microwave modules
to clean in place (CIP) and sterilize in place (SIP) procedures needs to be proven. Moreover,
the homogeneity of the microwave field, scalability, and the associated impact of running
microwave modules simultaneously on various shelves in a freeze-dryer needs to be studied.
If applicable, computational simulations may assist in investigating and visualizing the

electromagnetic field and drying behavior.
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