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General Introduction

Chapter 1 General Introduction

1.1 Freezing and Thawing of Monoclonal Antibody

Solutions

Therapeutic proteins, especially monoclonal antibodies (mAbs), are essential in the
treatment of severe diseases and part of a growing market (1-3). During production, mAb
bulk drug substance is commonly frozen and subsequently thawed (4—7). Thereby, physical
and chemical degradation reactions are inhibited or sufficiently slowed down, microbial
growth minimised, and ultimately shelf life increased (4,5). Additionally, flexibility is
gained during biopharmaceutical manufacturing by decoupling drug substance and drug
product processing (5,8,9). Frozen transportation, in comparison to liquid, reduces the risk
of agitation, foaming, and shaking (10). These numerous advantages over liquid storage
might be outbalanced by a variety of possible detrimental effects that are associated with

freezing and thawing of mAb solutions (Figure 1) as well as by economic considerations.

Advantages Drawbacks

Physical Stability 1 Cryoconcentration

Chemical Stability 1 Cold Denaturation

Microbial Growth | Ice-Liquid Interfaces

Flexibility Crystallisation and pH Shifts

Pressure

Foaming and Shaking |

Oxidation

Shelf Life 1

Figure 1 Possible positive and negative effects associated with freezing and thawing of mAb solutions.
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1.2 Stresses During Freezing and Thawing

1.2.1 Cryoconcentration Upon Freezing and Concentration Gradients

Upon Thawing

Changes in concentration upon freezing (7,11-13), referred to as cryoconcentration, and
concentration gradients upon thawing (3,10) can have a negative impact on mAb stability.
On a microscopic scale, growing ice crystals exclude proteins and excipients during
freezing (9,14-16). In between these ice crystals the solutes’ concentration increases and a
freeze-concentrated matrix (FCM) is formed. The composition of the FCM is characterised
by phase or state diagrams (17-19). Macroscopically, the mAb and excipients are
transported into unfrozen regions by natural convection and diffusion (5,6,16). This leads
to a spatial heterogeneity within the frozen bulk. Thus, some regions consist mostly of ice
crystals, while others contain large patches of cryoconcentrated mAb solution (19). Both,
the microscopic and macroscopic composition differ throughout the bulk and are influenced
by diffusivity (7,18,20). During thawing, the FCM melts out of the ice and a concentration
gradient develops (3,10,21). Ice that consists mainly of water dilutes the top region,
whereas the highly concentrated FCM sinks to the bottom due to its higher density (10).
Cryoconcentration upon freezing as well as concentration gradients after thawing are
associated with mAb aggregation (3,12,16). By increasing cooling and heating rates,

cryoconcentration and concentration gradients can be effectively reduced (5,9,18).
1.2.2 Cold Denaturation

Unfolding of proteins at high temperatures upon heating is a well-known phenomenon.
Intuitively, storage at low temperatures is associated with decelerated reaction kinetics and
an increase in storage stability. However, the impact of low temperatures on stability
behaves counter-intuitive (22). The Gibbs free energy of unfolding AG as a function of
temperature is an arched curve (9,22,23). Consequently, two unfolding transition points are
observed, the melting temperature T and the cold denaturation temperature Tc (22,23).
When these temperatures are passed, unfolding of proteins is thermodynamically favoured.
The phenomenon of protein unfolding due to low temperatures is referred to as cold
denaturation (1,2,6,22-24). Because of the inference with ice at temperatures below the
freezing temperature, cold denaturation is not easily experimentally accessible. Recently,
studies using proteins with a cold denaturation temperature above freezing temperature

proved to be a promising strategy (22). Another approach is to prevent the formation of ice
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through isochoric cooling using a special device (23,24). Thereby, the effect of storage
temperature as well as excipients on protein aggregation as a result of cold denaturation has
been evaluated. Molecular dynamic simulation demonstrated that the presence of ice
negatively affects cold denaturation (1,2). In the vicinity of ice, water molecules are slowed
down. Thus, hydrogen bonds with the protein, especially with the nonpolar patches in the

protein core, facilitate unfolding (1).
1.2.3 Denaturation at the Ice-Liquid Interface

An additional possibly detrimental effect is denaturation at the interface between ice and
the FCM (1,13,25). Although extensively studied, the mechanism of adsorption and
denaturation is not completely understood (1). Direct adsorption to the interface (26), a pH
shift and a lack of stabilisers in the vicinity of the ice surface (27), accumulation of air
bubbles (17), pressure-induced unfolding (17,27), as well as enhanced cold denaturation
(2) are discussed. While faster freezing reduces cryoconcentration, it leads to a higher
number of smaller ice crystals (1,6,12,25). Consequently, faster freezing correlates with a
larger interfacial area and the net effect on mAb stability cannot be generalised. In contrast,
faster thawing reduces the exposure time of mAbs to interfaces and inhibits Ostwald

ripening; thereby, additional interfaces during thawing can be prevented (6).
1.2.4 Crystallisation and pH Shifts

Due to cryoconcentration, excipients might exceed their solubility limit and salts or
stabilisers crystallise (6,9,28-31). Studies revealed that crystallisation of the cryoprotectant
trehalose during frozen storage significantly affects mAb stability (28,30). Crystallisation
deprives the mAb of the cryoprotectant, but at the same time trehalose crystals introduce
another denaturing surface (28,30). During thawing, crystallisable excipients in a

metastable state might recrystallise and cause additional stress (6,9).

However, not only the crystallisation of cryoprotectants directly impacts mAb stability.
Crystallisation of buffer salts can result in significant pH shifts potentially creating an
unfavourable environment that facilitates mAb aggregation (6,8,32). The most prominent
example is the shift in pH of sodium phosphate buffers. Eutectic crystallisation of disodium
phosphate during freezing can lead to a shift in pH from pH 7 to approximately pH 4
(6,8,32). Even without exceeding the solubility limit of a buffer salt, the temperature
dependence of the pKa can cause a pH shift but typically by less than 1 pH unit (8). Upon

thawing a slight hysteresis is observed, most likely due to cryoconcentration and increased
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buffer strength (8). It has been shown that the protein itself can effectively suppress
crystallisation and thereby sufficiently high mAb concentrations can have a self-stabilising
effect (31,33). In addition, highly concentrated mAb solutions possess a high self-buffering
capacity and thereby attenuate pH shifts (34).

1.2.5 Additional Stresses

In addition to these extensively studied stresses, recently mechanical stress, local pressure,
and oxidation have been proposed as additional possibly detrimental factors (17). The
volume expansion during ice formation leads to a significant increase in pressure. This
could result in pressure-induced mAb destabilisation (17). A theoretical pressure exceeding
2 kBar has been estimated (1,17). A high-pressure form of ice that was detected in frozen
protein solutions via high-resolution synchrotron X-ray diffraction underlines this theory
(27). When liquid regions in a container are enclosed by ice, the pressure in the container
can reach 10 bar leading to deformation or breakage of the container. This outcome is

influenced by the direction of ice growth during freezing (17).

Furthermore, oxidation could be relevant during frozen storage (17,35). The solubility of
oxygen increases during cooling. An increase of the oxygen concentration in aqueous
solution by a factor of three when lowering the temperature from 25 °C to -20 °C has been
stated (17). Additionally, dissolved gases cryoconcentrate upon freezing. When the
solubility limit of gases is reached, predominantly oxygen and nitrogen form gas bubbles.
This does not only introduce additional surfaces, but might facilitate mAb oxidation (17).
The cryoconcentration of excipients further reduces the solubility of gases and enhances

gas bubble formation.
1.3 Process Optimisation and Storage

All these stresses must be considered when optimising freezing and thawing processes. The
parameter that can be directly adapted is the rate. It should be noted that in literature no
general definition of the terms s/low and fast can be found and the rates that are mentioned
in that context vary tremendously (6). Often processing rates that are considered as slow in
small-scale studies cannot be achieved in large-scale setups. However, some general
assumptions apply to the processing rate. Faster cooling and heating reduces
cryoconcentration upon freezing and concentration gradients upon thawing, respectively
(5,9,18). Concurrently, the exposure time to critical effects is reduced (6). Thus, thawing

should generally be as fast as possible (6,9). However, the multiple effects during freezing
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are more complex and no general recommendation for ideal cooling rates can be
established. Although faster freezing prevents cryoconcentration, it also results in smaller
crystals and larger interfacial area. Hence, the ideal setup must be evaluated on a case-by-

case basis.

In respect of the ideal frozen storage temperature, the glass transition temperature of the
maximally freeze-concentrated solution (Tg’) is a key parameter (8,36). A glassy state,
described as a solid solution of cryoconcentrated solutes and unfrozen, amorphous water,
is formed below Ty’ (37). The viscosity of this vitrified FCM is in the order of 10'* Pas and
molecular mobility reduced to mm/year (38,39). During heating the viscosity drops when
Ty 1s passed (40). Above Tg’, the viscosity decreases exponentially with increasing
temperature (41). This reduction in viscosity allows increased molecular mobility and
eventually facilitates aggregation (39,40). In addition, crystallisation of excipients is much
more likely to occur upon storage above Ty’ (28,30). Crystallisation of trehalose was most
detrimental on mAb stability, when samples were stored only slightly above Ty (29).
Storage at a temperature significantly above Ty’ reduced the negative impact of trehalose
crystallisation, potentially due to a higher molecular mobility, which allows mAb refolding
and re-established interactions with amorphous trehalose (28,30). Storage below Ty’
effectively prevents aggregation and is therefore generally considered as the ideal storage

condition (18,28,29).
1.4 Scale-Down Devices

A variety of containers along with various freezer configurations are available for
processing mAb bulk solutions. The combination of plastic bottles with static air storage
rooms or freezers/thawers with forced air convection is widely applied (42). It is self-
evident that the use of disposable large-scale bottles comes with different challenges than
freezing and thawing in disposable plastic bags or reusable stainless-steel jacketed tanks.
Another level of complexity is added as bottles differ in geometry, size, and material.
Nonetheless, no device to scale down freezing and thawing in large-scale bottles is
currently commercially marketed. Ideally, such a scale-down device (SDD) preserves the
characteristics of large-scale freezing and thawing, displays the same level of the numerous

possible stresses, but requires only a fraction of the material.
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1.4.1 Approaches to Scale-Down Freezing and Thawing

Typically, small-scale studies in vials or tubes are used to optimise the freezing and the
thawing process as well as the mAb formulation or to unveil aggregation mechanisms
(5,8,28,30,32,33,43,44). Although such studies support a better understanding of freezing
and thawing, they do not reflect realistic large-scale scenarios. The exposure time of the
protein to numerous stresses, cryoconcentration, processing rates, and the interface
between ice and the FCM are not transferable (18,19,45,46). Other approaches manipulate
cooling and heating so that small containers match temperature-time profiles observed
during large-scale processing (46,47). However, by adapting cooling and heating rates,
critical phenomena, e.g. natural convection or nucleation, differ between both scales
(5,46,48). Computational Fluid Dynamics (CFD) simulations of freezing and thawing of
mADb solutions can help to overcome this limitation and to develop more rational SDDs

(46,48).
1.4.2 Computational Fluid Dynamic Simulations

Following this approach, SmartFreeZ developed two devices to mimic freezing and
thawing in large-scale 2 L PharmaTainer™ bottles — the SDD and the micro SDD (mSDD).
CFD simulations can be used to divide the large-scale bulk into control volumes of
approximately 1 mm?®. For each control volume the time to go from ice nucleation to glass
transition can be calculated and transferred into a cumulative thermal history of the bulk.
This period can be considered as most detrimental. After the formation of ice, proteins are
exposed to the interface between ice and the FCM, the high excipient concentrations in the
FCM, and cold denaturation. Below Tg’, the contribution of these stresses to protein
destabilisation are drastically reduced and therefore neglected (18,28,29). By adapting heat
exchange in 125 mL PharmaTainer™ bottles or 10 mL PharmaTainer™ stability vials, an
equivalent thermal history as in the large-scale 2 L bottle can be reached with significantly

less fill volume.

1.4.3 2 L Scale-Down Device

Length and width of a 125 mL bottle is roughly half the distance of the 2 L bottle. By
insulating two walls of the 125 mL bottle with a specially designed cover (Figure 2),
cooling and heating rates can effectively be manipulated. Thereby, matching thermal
histories between the SDD and the 2 L bottle are generated. This approach has the

advantage that the SDD can be processed simultaneously to the large-scale bottle. Thus,
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the SDD allows a generic application regardless of the freezing and thawing device that is

used.

B A
ol
B 7

Figure 2 SDD by SmartFreeZ.

1.4.4 Micro Scale-Down Device

The material that is needed to mimic large-scale freezing and thawing behaviour in a2 L
bottle was further reduced by SmartFreeZ in a novel mSDD (Figure 3). The mSDD operates
with vials instead of bottles. Nonetheless, the same CFD based approach that was realised
in the SDD was applied to generate matching thermal histories. The significantly lower
volume and different geometries do not allow to adapt cooling and heating rates by
insulating the vials. Instead, heat exchange is controlled from the bottom through a
stainless-steel plate. To assure comparability between different vials and runs, the vials are

controlled nucleated at the beginning of a run.

Figure 3 mSDD by SmartFreeZ.
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Aim and Outline of the Thesis

Monoclonal antibodies (mAbs) play an important role in the treatment of severe diseases.
During large-scale production, bulk drug substance is regularly frozen and subsequently
thawed to increase stability and shelf life. However, a variety of possible drawbacks, e.g.
cryoconcentration, interface effects between ice and the freeze-concentrated matrix (FCM),
and oxidation, need to be considered. Therefore, a deeper understanding of freezing and
thawing and possible limitations is essential to improve the process and to optimise storage.
Though small-scale experiments might help to gain a general understanding, they do not
reflect realistic large-scale conditions. Thus, ideally large-scale experiments would be
performed to rationally characterise mAb stability. Nevertheless, particularly during early-
stage development, material for process optimisation and stability studies is limited. Hence,
scale-down devices (SDD) that preserve the characteristics of large-scale freezing and
thawing but require only a fraction of the material are needed. Computational Fluid

Dynamics (CFD) simulations can be used to develop such SDDs.

This thesis shall give insights into the characterisation of a novel SDD that was designed
to mimic freezing and thawing in large-scale rectangular bottles. Therefore, the freezing
and the thawing process and associated stability affecting phenomena were analysed and
compared to large-scale bottles. To underline the impact of the SDD, results were compared
to a small-scale bottle. Furthermore, we evaluated the effect cryoconcentration, which
comes with a shift in mAb to buffer ratio, can have on long-term frozen storage stability
above and below the glass transition temperature of the maximally freeze-concentrated

solution (Tg’).

In Chapter 2, the SDD is characterised in respect of freezing. Therefore, 3D temperature
profiles and cryoconcentration of a mAb and the buffer histidine in the SDD are compared
to a large-scale 2 L bottle and a small-scale 125 mL bottle. Furthermore, the effect of the

initial mADb concentration on freeze-concentration is addressed.

In Chapter 3, the performance of the SDD during thawing is assessed. 3D temperature
profiles and concentration gradients of mAb, the buffer histidine, and the surfactant
polysorbate 80 after thawing are compared to the 125 mL and the 2 L bottle. The density
gradient that builds up during and after thawing is quantified.

Chapter 4 describes the impact cryoconcentration, associated with shifts in mAb to

histidine ratio, has on long-term frozen storage stability. Samples are stored up to

12



Aim and Outline of the Thesis

12 months at -80 °C, -20 °C, and -10 °C and soluble as well as insoluble aggregate levels
are analysed. An optimised sample preparation is established to determine T’ of protein

samples that do not contain glass formers via differential scanning calorimetry.

In Chapter 5, the aim is to generate a general understanding of the impact small changes
in mAb and buffer concentration due to cryoconcentration have on long-term frozen
storage. A second mAb is included in the study and aggregation as well as oxidation are
assessed after six-month storage at -10 °C. The impact of the ionic strength on protein-

protein interactions is evaluated via the interaction parameter kp.

In Chapter 6, mAb aggregation upon repeated freeze-thaw cycles in the SDD is compared
to the 2 L and the 125 mL bottle. Soluble and insoluble aggregation after up to five freezing
and thawing cycles of three different mAb formulations are determined. In addition, the
predictive power of a novel micro-scale down device for large-scale freezing and thawing

stress, which further reduces the material needs, is evaluated.

Chapter 7 compares the experimental findings to results obtained by optimised CFD

simulations.

Chapter 8 is the summary and conclusion of this thesis.
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Cryoconcentration and 3D Temperature Profiles during Freezing of mAb Solutions in
Large-Scale PET Bottles and a Novel Scale-Down Device

2.1 Abstract

Purpose: Small-scale models that simulate large-scale freezing of bulk drug substance of
biopharmaceuticals are highly needed to define freezing and formulation parameters based
on process understanding. We evaluated a novel scale-down device (SDD), which is based
on a specially designed insulation cover, with respect to changes in concentration after
freezing, referred to as cryoconcentration, and 3D temperature profiles. Furthermore, the
effect of the initial monoclonal antibody (mAb) concentration on cryoconcentration was

addressed.

Methods: 2 L and 125 mL bottles were utilised. Temperatures were mapped using type T
thermocouples. Frozen blocks were cut and mAb and histidine concentrations were
analysed by HPLC. In addition, concentration- and temperature-dependent viscosities were

measured.

Results: 3D freezing profiles in the SDD were comparable to large-scale bottles. The SDD
accurately predicted cryoconcentration of both mAb and histidine of large-scale freezing.
Concentric changes in concentration were evident as well as an unforeseen diluted core at
the last point to freeze. At low initial mAb concentration cryoconcentration was substantial,

while high initial mAb concentration suppressed cryoconcentration almost completely.

Conclusion: The novel SDD gives detailed insights into large-scale freezing of mAb
solutions using only a fraction of the simulated volume. It is a promising material- and cost-

saving tool to understand large-scale freezing processes.

Keywords: cryoconcentration, frozen storage, large-scale freezing, monoclonal antibody,

scale-down device

Abbreviations: CFD — Computational Fluid Dynamics, CF — Cryoconcentration factor,
mAb — Monoclonal antibody, PET — Polyethylene terephthalate, SDD — Scale-down
device, TC — Thermocouple, VOF — Volume of Fluid
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2.2 Introduction

Therapeutic proteins are highly important for the treatment of several severe diseases with
a constantly and rapidly growing market (1-4). In order to preserve the integrity and
enhance the stability of bulk drug substance in large-scale industrial production, the
biopharmaceuticals are often stored frozen (1,5-9). In comparison to liquid storage the
shelf life of bulk drug substances can be increased due to halted microbial growth, slower
reaction rates and prevention of foaming and agitation during transportation (1,5-8,10,11).
Nevertheless, freezing of protein formulations could be associated with the potential
drawbacks of cold denaturation caused by the low temperature itself, denaturation at the
ice surface, crystallisation of excipients and cryoconcentration (5,12—15). During freezing,
ice crystals grow and exclude excipients and proteins (10,11,16). Hereby, the concentration
increases in between the formed ice crystals and in between the ice dendrites, which is
referred to as cryoconcentration on a microscopic scale (4,11). Concurrently, excipients
and proteins are progressively transported away from the freezing front by diffusion and
natural convection (6,12). This leads to a macroscopic cryoconcentration within the entity
(4,11). Cryoconcentration in general may cause changes in ionic strength, osmolality and
pH (7,17). In our work, macroscopic cryoconcentration will be further referred to as
“cryoconcentration”. The extent of cryoconcentration within the sample is strongly
dependent on the sample size, the container dimensions and the freezing device.
Additionally, the freezing process itself influences the described phenomena (7). Whereas
slow cooling and freezing cause strong concentration gradients, fast cooling and freezing
can prevent macroscopic cryoconcentration (4,6,7,10,11,18). In order to understand and
optimise the freezing process, it is therefore recommended to perform freezing experiments
at the relevant scale (12,17-19). However, material for stability studies and freezing

experiments is often limited, particularly during early-stage development.

Currently, various freezers along with different containers are marketed. Reusable
stainless-steel jacketed tanks or large-scale disposable plastic bags attribute different
challenges and show different limitations compared to bottle freezing systems. Another
level of complexity is added, as the bottles used differ in size, material and geometry and
thereby significantly in freezing times and behaviour. Thus, different scale-down
approaches have been described, which ideally conserve the relevant dimensions and

process parameters (5).

16



Cryoconcentration and 3D Temperature Profiles during Freezing of mAb Solutions in
Large-Scale PET Bottles and a Novel Scale-Down Device

Especially the combination of disposable plastic bottles/carboys with blast freezers (forced
air convection) and passive (static air) walk-in storage freezers or deep freezing chambers
is widely spread. However, until now no scale-down device (SDD) is commercially
available. The challenge is to develop a SDD, which preserves the freezing characteristic
and behaviour of industrially used bottles/carboys and can be used regardless of the freezer
employed. Possible stresses, e.g. cryoconcentration, should be mapped in this SDD and
limitations of the formulation or the process itself unveiled. SmartFreeZ provided such a
device, following a novel and innovative scale-down approach to mimic large-scale

freezing behaviour.

This novel SDD was developed via Computational Fluid Dynamics (CFD) and
experimental optimisation. CFD simulations were used to calculate the time that it takes
each control volume (of approximately 1 mm?®) to go from ice nucleation to glass transition.
This period can be considered as stress-time. When ice crystals grow into a control volume,
protein molecules become exposed to ice interfaces, low temperature and high
concentrations. However, the contribution of these factors to protein destabilisation is
expected to be null below the glass transition temperature, because the solution reaches a
glassy state and mobility is arrested. Therefore, the distribution of local stress-times (at the
millimetre scale) characterises in greater detail the thermal history of a frozen solution than
classical approaches, as for example considering only the global freezing time or the
temperature profile at a single point. An alternative scale-down strategy is therefore to
impose an equivalent distribution of local freezing rates and thereby stress-time (20). In
this work, the overall simulated stress-time distribution within the 2 L bottle was imposed
to the 125 mL bottle by partially insulating this container. Thereby, the population fractions

that experience the same stress are matched between both entities.

In our study we evaluated the performance of this novel device. We compared 3D
temperature profiles in the SDD to a 125 mL and a 2 L bottle at distinct positions.
Furthermore, we challenged the SDD regarding changes in concentration after freezing and
its possibility to reveal unforeseen events. Because of this, we did not only quantify
cryoconcentration for the mAb, but also for the buffer component. Eventually, we analysed
the influence of the initial mAb concentration on the resulting cryoconcentration using the

novel SDD.
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2.3 Materials and Methods

2.3.1 Materials

125 mL and 2 L PharmaTainer™ polyethylene terephthalate (PET) bottles were purchased
from Cellon S.A. (Bascharage, Luxembourg). Polyethersulfone syringe filters (0.2 pm)
were acquired from VWR International GmbH (Darmstadt, Germany).

A 187.7 mg/mL IgG1 mAb stock solution in a 20 mM histidine buffer pH 5.5 was provided
by Novartis AG (Basel, Switzerland). L-histidine and L-histidine monohydrochloride
monohydrate both were purchased from Merck KGaA (Darmstadt, Germany).

Analytical grade potassium dihydrogen phosphate and dipotassium hydrogen phosphate for
the preparation of a mobile phase were purchased from VWR International GmbH

(Darmstadt, Germany).

2.3.2 Development of a Scale-Down Device Assisted by Computational

Fluid Dynamics

The 2 L bottle was frozen inside an aluminium wind tunnel (45 cm diameter and 50 cm
height) in a flow of gaseous CO; that was accelerated by a fan to an average velocity of
3 m/s. Velocity was measured using a testo 4051 hot-wire anemometer (Testo Inc., West
Chester, PA, USA). The wind tunnel was inside an insulated chamber containing dry ice to
maintain the gas temperature near -80 °C. This tunnel was placed on top of a grid 15 cm
above the bottom of the chamber to allow a directed vertical gas flow (Figure 1). The gas
temperature and the temperature of the solution inside the container were mapped using
type T thermocouples (TCs) and an interface NI USB-9162 from National Instruments
Corporation (Austin, Texas, USA).

During the adjustment of the SDD’s insulation alternative designs were tested. The SDD
performance was evaluated by comparing temperature profiles of devices that were frozen
simultaneously with a 2 L bottle to ensure that both containers would experience the same
gas flow temperature and global heat transfer coefficients. The analysis of the thermal

history was carried out using a CFD model further described below.

The freezing simulations were carried out using a solver program, developed specifically
for this system, using the CFD OpenFOAM 5.0 open source C++ library (21). The
mathematical model assumes that the biomixture is an aqueous solution of an osmolyte

(sucrose) and a protein (BSA). When the ice crystallises, the model assumes that the matrix
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of ice dendrites in equilibrium with interstitial concentrated liquid solution constitutes a
continuous slushy region of ice, with an average volumetric ice fraction. The liquid solution
can percolate through these slushy regions by gravity forces or by pressure gradients,
originating macroscopic cryoconcentration of solutes. The mathematical model consists on
the Navier-Stokes, energy, continuity and solute continuity equations, together with the
equations for thermo-physical properties (heat capacity, thermal conductivity, viscosity and
density). The volumetric expansion of the biomixture caused by the formation of ice was
simulated by introducing a compressible air phase on the top of the liquid mixture, using
the same Volume of Fluid (VOF) Method implemented in the standard solver
compressibleInterFoam available in the OpenFOAM package (21). A detailed description
of the mathematical model is described elsewhere (22). The CFD simulations were
performed using meshes with control volumes of about 1 mm?. After the simulation, a post-
processing program computed the stress-time of the protein in each control volume to
generate a histogram of the stress-time distributions and a cumulative curve of the total

mass fraction versus stress-time.

Insulator chamber

‘5'1, //13'1}}"" // //

LTSI IS I TITSS

Bry Ice Dry Ice

Figure 1 Schematic illustration of the freezing chamber used during the development of the SDD. The

containers were placed in a flow of CO; at approximately -80 °C and with a vertical velocity of 3 m/s.
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2.3.3 Design of the Scale-Down Device

Width and length of the 125 mL PharmaTainer™ bottles is roughly half the distance of the
2 L bottle. Hence, by insulating approximately two walls, the 125 mL bottle could be used
to mimic the freezing behaviour of one fourth of a 2 L bottle. The 2 L SDD (Figure 2),
provided by SmartFreeZ (Porto Salvo, Portugal), consists of a holder made out of hard
polylactic acid and a soft polymer insert. This insert prevents the circulation of air and heat
transfer between the bottle and the holder under high convection. The holder has a cavity
for a phase change liquid (1% ethanol) to insulate approximately two walls of the 125 mL
PharmaTainer™ bottle. A top cover protects the bottle from radiation. For lateral freezing
conditions two SDDs were used back-to-back, one for shielding and a second one for

analysis.

Figure 2 Final design of the 2 L SDD with a 125 mL PharmaTainer™ PET bottle.

2.3.4 Preparation of Protein Samples

Solutions containing 0.5 mg/mL, 5 mg/mL and 150 mg/mL mAb in a 20 mM histidine
buffer pH 5.5 were prepared from the stock solution. All formulations were filtered through

a 0.2 um filter and quantified via UV at 280 nm with a NanoDrop One from Thermo Fisher
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Scientific Inc. (Waltham, MA, USA). Bottles were filled with 100 mL and 1.6 L,

respectively.
2.3.5 Temperature Mapping During Freezing

3D temperature profiles were obtained using type T TCs connected to HH520 handheld
data logger thermometers by OMEGA Engineering GmbH (Deckenpfronn, Germany). For
the precise and reproducible placement of six TCs, a holder with stainless steel capillaries
(Acufirm Ernst Kratz GmbH, Berlin, Germany) was developed in-house for both bottle
sizes (Figure 3). TC 1 —TC 5 were placed at 50% liquid level to cover the full freezing path
in the 125 mL bottle. TC 6 was positioned at 75% liquid level above TC 1 to analyse the
effect caused by variations in height. The 2 L bottle was equipped at corresponding

positions in one fourth of the bottle.

125 mL Bottle SDD 2 L Bottle

Figure 3  Positioning of TCs with holder (top: schematic representation in cross-section, below: picture of

125 mL bottle unshielded, bottle as inserted into SDD and 2 L bottle).

21



Chapter 2

Bottles filled with solution containing 5 mg/mL mAb were frozen in an MKF 240 air-blast
climate chamber (Binder GmbH, Tuttlingen, Germany). After 1 hour of acclimatisation at
20 °C, the bottles were cooled to -40°C at maximum cooling rate. After 9 hours at a constant
temperature of -40 °C the set temperature was reached at all mapped positions. Each
experiment was executed in triplicates. For every TC the temperature was measured in

1 min time steps.
2.3.6 Analysis of Cryoconcentration

The 125 mL and 2 L bottles as well as the 2 L SDD were compared regarding
cryoconcentration after freezing. All three devices were filled with a 5 mg/mL mAb
solution. The applied freezing programme and setup for the temperature mapping were also
used for these experiments. The studies with the 125 mL bottle and the 2 L SDD were
executed in triplicates. The 2 L bottle results were obtained by cutting one bottle due to
material constraints. Additionally, cryoconcentration of 0.5 mg/mL and 150 mg/mL mAb

solutions in the 2 L SDD was studied.

Frozen samples were cut into equal segments of approximately 3 mL for the 125 mL bottles
and 7 mL for the 2 L bottle, respectively. The frozen test material was processed with a
PBS 171 ESC bench-top band saw by Berg & Schmid GmbH (Remseck, Germany). MAb
and histidine were quantified via size-exclusion chromatography on an Agilent 1200 HPLC
equipped with a diode array detector (Agilent Technologies, Santa Clara, California, USA)
at 280 nm and 210 nm after thawing. A TSKgel G3000 SWxI column by Tosoh Bioscience
GmbH (Griesheim, Germany) as stationary phase and a 150 mM potassium phosphate

buffer at pH 6.5 as mobile phase were used.
2.3.7 Viscosity Measurements

Dynamic viscosities were measured using a Physica MCR 100 rheometer by Anton Paar
(Graz, Austria) equipped with a plane plate with 25 mm in diameter and a gap of 0.25 mm.
Shear rate was kept constant at 1000 s'. Concentration-dependent viscosities (0.5 mg/mL
—200 mg/mL) were measured at 20 °C and results averaged over ten measurements with a
10 s interval. Temperature-dependent measurements were performed for a 20 mM histidine
buffer and protein solutions containing 0.5 mg/mL, 5 mg/mL and 150 mg/mL mAb.
Samples were measured every 10 s with a temperature ramp of 1 °C/min. The

measurements were stopped as soon as the formation of ice prevented further analysis.
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2.4 Results and Discussion

2.4.1 Matching Thermal History Between a 2 L Bottle and the Scale-

Down Container

The 2 L freezing experiment was simulated by implementing in the model’s boundary
conditions the heat transfer coefficient and temperature imposed by the gas-flow, measured
during the experiment. Figure 4a shows the calculated and the experimentally determined
temperature profiles of a 2 L bottle at the geometrical centre and at half of the centre’s
width at same height. The experimental and simulated temperatures were congruent for
most of the freezing period, showing that the model is correctly predicting the solution’s
thermal history. Therefore, the prediction of the stress-time, 1.e. the time that each control
volume stays in between freezing temperature and glass transition temperature, should have

equivalent accuracy.

Stress-time distributions were generated for the 2 L bottle and for several scale-down
variants, which consisted in different insulations for the 125 mL bottle with more or less
exposed areas (not shown). Figure 4b shows the stress-time distribution of the SDD

(illustrated in Figure 2) that was closest to the stress-time distribution of the 2 L bottle.
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Figure 4 (a) shows temperature profiles measured during the freezing of an aqueous solution containing
5% (w/w) sucrose and 19% (w/w) BSA at locations 1 and 2 (as identified by the colours in Figure 3). The
black line highlights the temperature in the chamber during the experiment. The dashed grey lines are
simulated temperature profiles for corresponding locations. The SDD was filled with 100 mL and had an
exposed area of 37 cm?. (b) shows the stress-time distributions for the frozen solutions calculated by CFD for

the 2 L bottle and the SDD.
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Matching the stress-time distribution is a different approach to scale down than matching
the total freezing time. For example, while the stress-time distributions between the two
scales matched almost perfectly, the freezing time at the last point to freeze, inferred from
Figure 4a, was slightly differing. If containers of different dimensions are frozen in the
same period of time, the ice front proceeds slower in the small SDD than in the large-scale
bottle. Conversely, if ice velocities are matched, the smaller container will be completely

frozen in a shorter time span.
2.4.2 Comparison of 3D Temperature Profiles During Freezing

The SDD was designed to match the thermal history and not the absolute freezing time of
the 2 L bottle. Nevertheless, width and length of a 125 mL bottle, which is used in the SDD,
is approximately half of the distance of a 2 L bottle. Thus, temperature measurements are
an important tool to evaluate the influence of the SDD on the freezing process and to
characterise its performance in comparison to large-scale freezing. Consequently, a 125 mL
PharmaTainer™ bottle, a 2 L PharmaTainer™ bottle and the 2 L SDD were equipped at
corresponding positions with TCs. Freezing time is generally considered as the time
between nucleation and completion of water crystallisation (3,12). This period is indicated
by a plateau in the temperature profile (3,6). After this plateau no latent heat of
crystallisation is released into the system and the temperature drops. In our experiments the
onset of nucleation could not be clearly identified and we therefore defined an effective
freezing time as the time span between the beginning of cooling and the end of the plateau.
Furthermore, the term process time is used as the time needed to reach -38 °C after

acclimatisation.

The temperature profiles obtained at six defined positions in the 125 mL bottle and the 2 L
SDD are shown in Figure 5. The TCs in the 125 mL bottle can be grouped into two different
regions. TC 1 and TC 3 to TC 6 recorded similar profiles. These TCs were positioned at
the edges. Freezing time at these positions was approximately 60 minutes, while the process
time was 2.5 hours. Data obtained for the geometrical centre (TC 2) showed a prolonged

freezing time (1.6 hours), but the same process time as for TC 1 and TC 3 to TC 6.

In the SDD freezing started at the exposed edge (TC 3) and proceeded over the geometrical
centre (TC 2) towards the insulated edge (TC 1 and TC 6). Freezing time for the exposed
TC 3 was 1.5 hours and thereby nearly reached the maximum observed in the 125 mL

bottle. Freezing time further increased for TC 2 with 2.8 hours and up to 4.2 hours for TC 1
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and TC 6. Thus, the freezing time at the last point to freeze was increased nearly threefold
by using the SDD. The positions that were only partially exposed (TC 4 and TC 5) needed
2.5 hours to freeze completely. Both showed a similar freezing profile to TC 2 in the centre.
Process times were equal for all six positions with nearly 7.5 hours. In comparison to the
125 mL bottle, the SDD changed the direction of freezing and prolonged freezing times as

well as process times significantly.
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Figure 5 Temperature profiles at different positions within the container during freezing in a 125 mL bottle

(dotted lines) and the 2 L SDD (solid lines).

One fourth of a 2 L bottle was equipped at corresponding positions. TC 1 to TC 5 covered
the full freezing path at 50% liquid level. TC 6 detected the temperature in the geometrical
centre at 75% filling level. Results are shown in comparison to the SDD in Figure 6.
Freezing started at the exposed edge (TC 3) and took 1.1 hours. Freezing times at the two
monitored walls (TC 4 and TC 5) were only slightly prolonged by 20 minutes and 34
minutes, respectively. Freezing at half height and half freezing path length (TC 2) was
completed after 3.6 hours. The last point to freeze was the geometrical centre of the 2 L
bottle (TC 1 and TC 6) with a freezing time of 4.6 hours. The height positioning of the TC
did not influence the outcome. After the whole content was frozen, temperature quickly
merged within the bottle. Thereby, process times were similar throughout the 2 L bottle

with approximately 7.5 hours.
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Figure 6 Temperature profiles at different positions within the container during freezing in a 2 L bottle

(dotted lines) and the 2 L SDD (solid lines).

In the 125 mL bottle freezing started at the exposed areas. These areas were in contact with
the surrounding chilled air through the wall and thereby experienced the highest heat
exchange. The freezing front proceeded towards the centre of the bottle, which was the last
point to freeze. As a consequence of the small volume, freezing and process times were

short in comparison to large-scale freezing.

The large-scale 2 L bottle started to freeze at the exposed edge. This region experienced
heat exchange from both surrounding walls. The TCs at the two walls also faced direct heat
exchange, nevertheless slightly less, because only one wall transported heat away. As a
consequence, freezing at the walls started slightly later and showed a decreased cooling
rate after the temperature dropped below 0 °C. The freezing front proceeded towards the
last point to freeze, which again was the geometrical centre of the bottle. As long as the
bottle was not fully frozen, the latent heat of crystallisation kept the surrounding
environment at the freezing temperature (6,23). Hence, a plateau was observable for the
different TCs. When fully frozen, the temperature merged within the entire container and
the further cooling proceeded similarly for all positions. The larger bulk volume prolonged

freezing and process time by a factor of three in comparison to the 125 mL bottle.

The use of the SDD did not only lead to a comparable outcome regarding freezing direction

as the 2 L bottle, but also to similar freezing times at the defined positions. Freezing started
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at the exposed edge and proceeded over the geometrical centre towards the insulated edge.
Thereby, the insulated edge and no longer the geometrical centre of the bottle was the last
point to freeze. Freezing time was slightly overestimated for the TCs at the exposed edge
and the simulated walls. In contrast, the freezing time was slightly less in the insulated
regions compared to the centre of the 2 L bottle. Nonetheless, the process time was the

same in the SDD and the 2 L bottle.

The SDD changed the direction of freezing and strongly increased freezing as well as
process times compared to the 125 mL bottle, though both were filled with 100 mL. The
SDD preserved the freezing path of the 2 L bottle filled with 1.6 L and accurately reflected
the 2 L bottle’s process time. Therefore, we consider the SDD as an appropriate and

material-saving model to simulate large-scale freezing processes.
2.4.3 Comparison of Cryoconcentration

Among others, cryoconcentration is an important stress factor during large-scale freezing
of drug bulk substance, potentially influencing protein stability (4,6,13,16,17,24-26). As
cryoconcentration is not only influenced by the volume used, but is additionally determined
by the freezing protocol, a SDD which accurately reflects cryoconcentration in larger

volumes but consumes far less material is highly needed.

In this study, changes in concentration of a mAb as well as histidine were quantified.

Changes were expressed as the “Cryoconcentration Factor” (CF), which is defined as

concentrationsgmple _ Cx

CF = €Y)

concentrationiyitial Co

CF values in the 125 mL bottle ranged between 0.72 and 1.13 for mAb and between 0.53
and 1.41 for histidine. Figure 7 shows the results in comparison to the cryoconcentration in
a 2 L PharmaTainer™ PET bottle and the SDD. The CF of the mound in the centre of the
125 mL bottle was close to 1. Throughout the bottle, concentration increased from top to
bottom and towards the geometrical centre. Thus, a cross-shaped distribution for both
components was evident. The ratio between the CF values for mAb and histidine

significantly varied throughout the bulk. The mAb to histidine ratio was shifted towards
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mAb at the walls and in the top layer. In contrast, the cryoconcentration of histidine

exceeded that of the mAb in the bottom layer and in the centre.

2 L Bottle
|
==
aas
mAb e
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|
e
Histidine

-
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Figure 7 Cryoconcentration of mAb and histidine as well as mAb to histidine ratio in a 2 L PharmaTainer™
PET bottle, the SDD and a 125 mL PharmaTainer™ PET bottle. Results for the SDD were symmetrically
quadruplicated to allow the comparison with the 2 L bottle.

In the 2 L bottle, the CF values ranged between 0.54 and 1.37 for mAb and between 0.48
and 2.27 for histidine. As for the 125 mL bottle, the concentration of the mound was close
to the initial concentration for both components. The top layer showed two rows of highly

concentrated cubes facing the fan and the door of the freezing chamber. The following
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layers emphasized concentric changes with a diluted outer circle and a concentrated inner
circle. The centre cube was concentrated at the bottom, but strongly diluted in the
geometrical centre and at the last point to freeze. In general, mAb and histidine
concentration increased from top to bottom. The mAb to histidine ratio was also markedly
shifted towards mAb at the walls. Histidine was favoured at the bottom and in the centre

and, contrary to the results for the 125 mL bottle, also slightly in the top layer.

The SDD rendered CF values between 0.54 and 1.32 for mAb and between 0.41 and 1.51
for histidine. The results obtained in the SDD were symmetrically quadruplicated to allow
for comparison with the 2 L bottle. Visual inspection of the bottle highlighted a mound no
longer on top of the geometrical centre, but in the insulated edge of the device. Its
concentration was close to the initial 5 mg/mL mAb and 20 mM histidine. Two concentric
layers followed an evenly distributed top layer. Similar to the results seen in the 2 L bottle,
a highly diluted core was obtained for the last point to freeze. The mAb to histidine ratios
were comparable to the outcome in the 2 L bottle. The only exception was the ratio in the
top layer. While histidine was slightly favoured in the top layer of the 2 L bottle, in the
SDD the mAb to histidine ratio was near 1 in the centre, but strongly shifted to mAb near
the wall.

The cooling rate and the related proceeding of the freezing front strongly influence the
range of cryoconcentration (4,6,7,10,11,18). In general, protein samples that are frozen
faster show less cryoconcentration (6,7,10). The 125 mL bottle froze significantly faster
than both the 2 L bottle and the SDD. Thus, cryoconcentration was suppressed in the small
bottle. Heat exchange was highest in the edges and therefore these areas were the first to
freeze. The ice excluded the solutes, leading to an increased mAb and histidine
concentration at the solid-liquid interface. At this interface both components will be
transported away by diffusion and natural convection, which is driven by changes in
density, temperature and concentration, and the freeze concentrate will only be partially
entrapped in the ice (6). This is why the solutes concentrated in the last point to freeze.
Additionally, a general increase from top to bottom was evident. Histidine was less
entrapped in the regions at the wall, but was strongly concentrated in the centre and at the
bottom. We hypothesize that the higher diffusion coefficient allowed the smaller histidine
molecules to diffuse further away from the freezing front as compared to the large mAb
molecules. Therefore, histidine was especially found at the last point the freeze and at the

bottom.
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As mentioned in the section above, the 2 L bottle required significantly more time to reach
a fully frozen state. Thus, cryoconcentration was enhanced in comparison to the 125 mL
bottle. Freezing started at the walls, where heat exchange was highest. Similar to the
freezing procedure described for the 125 mL bottle, solutes were partially excluded and
concentrated towards the last point to freeze and the bottom. Thereby, concentric changes
towards the liquid core were formed. Surprisingly, the geometrical centre and last point to
freeze showed a strongly diluted core. We assume that an ice crust forms on top of the
liquid during freezing. As freezing of the remaining solution proceeds, the expanding
volume of the ice continuously increases the pressure until the remaining liquid core is
pushed through this ice crust. Consequently, a mound is formed and highly concentrated
rows in the uppermost layer result. This theory is further supported by the mAb to histidine
ratio. While the mAD to histidine ratio was above 1 at the walls, it was below 1 in the centre.

Ratios similar to the one in the centre were observed in the mound and the top layer.

In general, the 3D distribution of mAb and histidine as well as the extent of
cryoconcentration in the 2 L bottle were preserved in the SDD. Unexpected events, such as
the diluted core, were evident as well as the concentric changes in concentration.
Differences in the degree of cryoconcentration between mAb and histidine could also be
highlighted using the SDD. Nevertheless, the maximum histidine concentration was
underestimated. In addition, the highly concentrated rows of cubes could not be shown in
the SDD. The fewer samples for the SDD possibly averaged the cryoconcentration in the
top layer.

In addition to the good agreement of the temperature and freezing profiles in the SDD and
the 2 L bottle, the SDD accurately predicted cryoconcentration. Unforeseen events were
detected as well as the 3D distribution of both protein and buffer. Thus, we conclude that
the SDD can be used to simulate the freezing behaviour and to predict the stability of mAb

solutions during large-scale freezing by using only 100 mL.
2.4.4 Influence of Initial mAb Concentration on Cryoconcentration

Natural convection within the entity and diffusion coefficients at the freezing front are two
important parameters that mainly determine the degree of cryoconcentration (6,12). Both
are influenced by the dynamic viscosity of the solution. Viscosity itself is formulation
dependent and increases upon cooling. Therefore, not only the initial mAb concentration

of the solution, but also the drop in temperature during cooling strongly changes the
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outcome. Hence, we performed concentration-dependent and temperature-dependent

dynamic viscosity measurements for the mAb used in this study.

2.4.4.1 Concentration-Dependent and Temperature-Dependent

Viscosity Measurements

The dynamic viscosity increased exponentially for a dilution series between 0.5 mg/mL —
200 mg/mL mAb from 1.8 mPas — 19.1 mPas (Figure 8). In addition, viscosity was
measured for pure histidine buffer and 0.5 mg/mL, 5 mg/mL and 150 mg/mL mAb
solutions in dependence of temperature. The viscosity of 0.5 mg/mL and 5 mg/mL mAb
solutions slightly increased during cooling and was comparable to that of the histidine
buffer. In contrast, the viscosity of a solution containing 150 mg/mL mAb was 7.7 mPas at

20 °C and increased up to approximately 30 mPas upon cooling to -7 °C.
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Figure 8 Concentration-dependent and temperature-dependent dynamic viscosity.

2.4.4.2 Effect of mAb Concentration on Cryoconcentration

To evaluate the effect of changes in viscosity on cryoconcentration, we characterised
cryoconcentration for solutions containing 0.5 mg/mL and 150 mg/mL mAb. Due to a
similar temperature-dependence of the viscosity of 0.5 mg/mL and 5 mg/mL mAb solutions
we assumed similar changes in concentration upon freezing. In contrast, cryoconcentration
effects should change at 150 mg/mL due to the higher viscosity. Figure 9 provides a
comparison between cryoconcentration of the mAb, histidine and the ratio between both

for the three mAb concentrations.
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Figure 9 Cryoconcentration of mAb and histidine as well as mAb to histidine ratio for solutions containing

0.5 mg/mL, 5 mg/mL and 150 mg/mL mAb.
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At 5 mg/mL mAb CF values were between 0.54 and 1.32 for mAb and between 0.41 and
1.51 for histidine. CF values for the bottles containing only 0.5 mg/mL mAb ranged
between 0.60 and 1.31 for mAb and between 0.45 and 1.60 for histidine. Similar to the
results discussed for 5 mg/mL, in the frozen 0.5 mg/mL mAb solution both components
were evenly distributed in the top layer, followed by two layers with concentric changes
towards the last point to freeze. In the insulated edge the samples were again highly diluted
in the middle layer, but significantly concentrated at the bottom. The ratio between both
components was in good agreement with the outcome at 5 mg/mL. The mAb
cryoconcentration exceeded the histidine cryoconcentration in the top region and near the

wall, while histidine was more cryoconcentrated in the centre and bottom regions.

For 150 mg/mL mAb CF values were only between 0.91 — 1.07 for mAb and between 0.90
and 1.06 for histidine. Both solutes were slightly diluted in the top layer and concentration
marginally increased towards the bottom. The highest and the lowest concentrations were
detected in the insulated edge in the bottom and top region, respectively. Nevertheless,
changes in concentration became negligible when compared to the outcome of solutions at

lower mAb concentrations. The mAb to histidine ratio was unchanged throughout the bulk.

The main driving forces for cryoconcentration are diffusion and free convection (6,12). The

diffusion can be described by the Stokes-Einstein equation,

KgT
D B

- é6mnr @

where D is the diffusion constant, kg is the Boltzmann’s constant, T the absolute
temperature, 1 is the dynamic viscosity and r the radius of a particle. The flow resulting

from natural convection near the bottle wall can be estimated by the Grashof number Gr

r= forcebuoyancy _ g,B(Ts B TOO)L3 (3)
forcem'scous (n)z

p
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where g is the acceleration due to Earth’s gravity, B is the coefficient of thermal expansion,
T; is the surface temperature, T, is the bulk temperature, L is the vertical length and p the

density.

Thus, the dynamic viscosity of the freezing solution directly influences both natural
convection and diffusion. At high protein concentration resulting in high viscosity, the
natural flow at the ice interface is strongly reduced and limiting freeze concentration. At
the same time the high viscosity limits the diffusional movement of molecules, which
reduces formation of a concentration difference between small and large solutes. We
already discussed that at low mAb concentrations of 0.5 or 5 mg/mL differences in
diffusion coefficients were relevant. The large mAb is partially entrapped in the ice, while
histidine diffuses away from the freezing front. Consequently, the ratio shifts towards
histidine in the regions that freeze the latest, namely the bottom and insulated edge. This is
in agreement with the results from Singh et al., who demonstrated that the protein’s
cryoconcentration is lagging behind (27). As the temperature-dependent viscosity was
similar at 0.5 mg/mL and 5 mg/mL mAb, natural convection proceeded similarly, resulting
in the same 3D changes in concentration. At 150 mg/mL mAb the initial viscosity was
markedly higher, which further substantially increased with cooling. This supressed the
natural convection within the bottle and thereby strongly reduced cryoconcentration for the
mADb and histidine. Additionally, mAb and histidine were similarly distributed within the
whole entity since the higher viscosity drastically slows down the diffusion of both mAb

and histidine, so that diffusion is not affecting cryoconcentration of the solutes.

In addition to freezing also thawing is a key aspect potentially effecting product stability
(17,28). Thus, a detailed description of the performance of the SDD during thawing is the

focus of current studies.

2.5 Conclusion

Cryoconcentration during large-scale freezing of biologics is highly process- and container-
related. It cannot be easily simulated by small-scale experiments (5,12). So far, no SDD is
marketed to predict freezing and cryoconcentration in industrially widely used disposable
bottles. In this study, we examined 3D freezing as well as the resulting cryoconcentration
of a mAb and histidine in 125 mL and 2 L PharmaTainer™ PET bottles in comparison to

an innovative SDD. This device mimics one fourth of a 2 L bottle by insulating two walls
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of a 125 mL bottle. In addition, we used the SDD to characterise the influence of dynamic

viscosity of a mAb solution on cryoconcentration.

3D temperature profiles and cryoconcentration strongly differed between the 125 mL and
the 2 L bottle. Overall process time in the 125 mL bottle was short with 2.5 hours and
significantly reduced in comparison to the 2 L bottle (7.5 hours). Consequently, the degree
of cryoconcentration and the 3D distribution of the mAb and histidine were not preserved.
Thus, the 125 mL PharmaTainer™ bottle itself cannot be used to mimic large-scale freezing

processes.

In contrast, the 2 L SDD showed similar results for the overall freezing behaviour and
cryoconcentration effects. Concentric changes in concentration towards the last point to
freeze and the degree of cryoconcentration were mimicked. Unforeseen phenomena, such
as a diluted core in the centre of the 2 L bottle and differences in local distribution of the
mADb in comparison to histidine, were evident in the SDD. Therefore, we consider the SDD
to be a good device to simulate large-scale freezing processes and to unveil possible

limitations.

The SDD supported our theory that the dynamic viscosity influences cryoconcentration and
the ratio between the components by influencing natural convection and diffusion. A
similarly low viscosity of 0.5 mg/mL and 5 mg/mL mAb solutions led to similar
cryoconcentration and significant differences in 3D distribution of mAb and histidine. The
higher initial viscosity of a solution with 150 mg/mL mAb, which further increased upon

cooling, limited concentration changes.
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3.1 Abstract

Purpose: Scale-down devices (SDD) are designed to simulate large-scale thawing of
protein drug substance, but require only a fraction of the material. To evaluate the
performance of a new SDD that aims to predict thawing in large-scale 2 L bottles, we
characterised 3D temperature profiles and changes in concentration and density in
comparison to 125 mL and 2 L bottles. Differences in diffusion between a monoclonal

antibody (mAb) and histidine buffer after thawing were examined.

Methods: Temperature profiles at six distinct positions were recorded with type T
thermocouples. Size-exclusion chromatography allowed quantification of mAb and
histidine. Polysorbate 80 was quantified using a fluorescent dye assay. In addition, the

solution’s density at different locations in bottles and the SDD was identified.

Results: The temperature profiles in the SDD and the large-scale 2 L bottle during thawing
were similar. Significant concentration gradients were detected in the 2 L bottle leading to
marked density gradients. The SDD slightly overestimated the dilution in the top region
and the maximum concentrations at the bottom. Fast diffusion resulted in rapid

equilibration of histidine.

Conclusion: The innovative SDD allows a realistic characterisation and helps to
understand thawing processes of mAb solutions in large-scale 2 L bottles. Only a fraction
of material is needed to gain insights into the thawing behaviour that is associated with

several possible detrimental limitations.

Keywords: concentration gradient, freeze-thaw, large-scale thawing, monoclonal

antibody, scale-down device

Abbreviations: bis-ANS — 4,4'-dianilino-1,1'-binaphthyl-5,5'-disulfonic acid dipotassium
salt, CFD — Computational Fluid Dynamics, CF — Cryoconcentration factor, DPBS -
Dulbecco’s phosphate buffered saline, FCM - Freeze-concentrated matrix, FT — Freezing
and thawing, HPLC - High-performance liquid chromatography, LPTF - Last point to
freeze, LPTT — Last point to thaw, mAb — Monoclonal antibody, PET — Polyethylene
terephthalate, PS80 — Polysorbate 80, SDD — Scale-down device, SEC — Size-exclusion
chromatography, TC — Thermocouple, Ty’ - Glass transition temperature of the maximally

freeze-concentrated solution
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3.2 Introduction

Therapeutic proteins, especially monoclonal antibodies (mAbs), are of significant
importance in a constantly growing market and number of indications (1-3). During large-
scale production of biopharmaceuticals freezing is a commonly used processing step to
enhance physical and chemical stability and to increase shelf life (4,5). In comparison to
liquid storage, frozen storage and transport offers flexibility for the manufacturing process
by decoupling drug substance and drug product processing, decreased risk of microbial
growth and reduced foaming, shaking and agitation (4—6). While freezing and thawing (FT)
is intentional during production of bulk drug substances and drug products (7), commercial
products may also be frozen multiple times accidentally by mishandling. Despite its
apparent simplicity and undoubted advantages, freezing can be associated with a variety of
possible drawbacks. Cold denaturation (8), cryoconcentration on a microscopic and
macroscopic scale (2,3,9), crystallisation of cryoprotectants (10,11) or buffer salts,
associated with significant pH shifts (12), interactions at the ice interface (13), and
ultimately conformational and colloidal instability (14) are well known, although not fully
understood. In addition, Authelin et al. address enhanced oxidation, the formation of air
bubbles, local pressure, and mechanical stresses as further considerable occurrences that
are so far not well examined (15). The FT process becomes even more complex as the
described phenomena are not only relevant during freezing but also during thawing.
Especially crystallisation (7,16) during and concentration gradients (17,18) after thawing

can lead to denaturation, aggregation and precipitation of proteins (18,19).

During freezing, growing ice crystals exclude proteins and other excipients. Consequently,
the concentration of the remaining unfrozen solution increases. The microenvironment of
the protein between the ice crystals can be described as a freeze-concentrated matrix
(FCM). Under ideal equilibrium conditions its maximum concentration is characterised by
state diagrams (1,15). The glass transition temperature of the maximally freeze
concentrated solution (Tg’) is the temperature of complete solidification of the FCM.
Macroscopically, the cryoconcentrated solution near the freezing front is transported away
into unfrozen regions by diffusion and convection. This leads to a substantial heterogeneity
throughout the frozen bulk (1,20). During the thawing process the FCM melts out of the
frozen bulk leaving nearly pure ice behind. Due to the high density of the FCM and the low
density of the ice, ice floats on top and dilutes the top region as it melts (19). Several studies

report a tremendous concentration gradient in post-thawed large-scale bottles (17-19).
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These gradients can be associated with decreased protein stability. Protein precipitation can
occur in the top layer due to lack of stabilisers or at the bottom because of a salting out

effect (17,19).

The complex and interdependent processes have been studied using small-scale
experiments and specific scale-down devices (SDDs) (2,6,10,14,16,21,22). Such
experiments support finding of the optimal formulation, revealing limitations during
processing and storage, and unveiling aggregation mechanisms under the chosen FT setup.
However, the experiments do not reflect the large-scale FT rates, cryoconcentration,
surface area of ice, and exposure time of protein to the numerous stresses and therefore

cannot be straightly extrapolated to large-scale (1,20,23,24).

Using Computational Fluid Dynamics (CFD) the heat transfer can be adapted so that mass
fractions in small- and large-scale containers experience equivalent stress. Based on this
approach SmartFreeZ developed a SDD assisted by CFD following a novel and innovative
approach to representatively scale down FT behaviour in a 2 L bottle. The scale-down
strategy by CFD has been described previously (24). In contrast to matching FT profiles at
the last point to freeze (LPTF) or the last point to thaw (LPTT), simulations were used to
divide the bulk into control volumes of approximately 1 mm?. The time between the
beginning of freezing in the container and reaching Ty’ in the control volume can be
calculated. This time span is most detrimental for protein molecules as they become
exposed to the ice liquid interface and concentrated together with the other solutes. When
passing T;’, the viscosity of the FCM increases considerably and the decreased mobility
prevents aggregation (1,11,25). The thermal history of a protein solution during large-scale
FT was translated into the cumulative thermal history in the SDD. The SDD, which matches
the thermal history of a large-scale 2 L bottle, consists of a 125 mL bottle surrounded by a

unique holder that controls heat exchange.

Previously, we characterised the performance of this innovative SDD during freezing,
revealing a good agreement between the SDD and large-scale 2 L bottles (26). It still needs
to be evaluated whether this SDD also reflects thawing at large-scale. Large-scale thawing
can affect protein stability. Several studies highlighted significant concentration gradients
that evolve during thawing and its negative impact on mAb stability (17—19). The thawing
process is more time-consuming than freezing under similar conditions. Thus, the protein
is exposed to an unfavourable environment significantly longer. If the bottle is not

homogenised immediately after thawing, this time span extends even further. Until now no
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SDD is marketed that can adequately mimic the thawing process in widely used rectangular

bottles.

While our previous study focused on the validation of the SDD during freezing (26), this
study aims to validate the SDD in respect of thawing. Therefore, we compared temperature
profiles at several locations in the SDD to a 125 mL and a 2 L bottle. We found significant
changes in protein and excipient concentrations in the 2 L bottle that were predicted by the
SDD. Excipients play a critical role in ensuring protein stability during freezing and
subsequent thawing. Therefore, we did not only compare a model mAb but also the buffer
species histidine and the surfactant polysorbate 80 (PS80) at different locations in the SDD
to the commercially utilised 2 L bottle. We used these results to assess the density gradient
that evolves during thawing an, to our knowledge, has not been examined. Finally, we
underline the importance of diffusion, which leads to a rapid equilibration of histidine in

the SDD.

3.3 Materials and Methods

3.3.1 Materials

Polyethersulfone bottle top and syringe filters (0.2 um) were purchased from VWR
International GmbH (Darmstadt, Germany). Cellon S.A. (Bascharage, Luxembourg)
provided 2 L and 125 mL PharmaTainer™ polyethylene terephthalate (PET) bottles.

Dipotassium hydrogen phosphate and potassium dihydrogen phosphate needed for the
preparation of the mobile phase for the high-performance liquid chromatography (HPLC)
were obtained from Merck KGaA (Darmstadt, Germany).

Novartis AG (Basel, Switzerland) provided a 185 mg/mL IgG1 mAb stock solution in a
20 mM histidine buffer at pH 5.5. For the dilution L-histidine monochloride monohydrate
and L-histidine were purchased from Merck KGaA (Darmstadt, Germany). Super
Refined™ PS80 from Croda International plc (Snaith, UK) was used.

Dulbecco’s phosphate buffered saline 1X (DPBS) without calcium and magnesium
chloride, needed for the quantification of PS80, were obtained from Gibco™ (Thermo
Fisher Scientific Inc., Waltham, MA, USA). The fluorescence probe 4,4'-dianilino-1,1'-
binaphthyl-5,5'-disulfonic acid dipotassium salt (bis-ANS) was purchased from
Invitrogen™ (Thermo Fisher Scientific Inc., Waltham, MA, USA).
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3.3.2 Scale-Down Device

SmartFreeZ (Porto Salvo, Portugal) provided the SDDs used in this study. A detailed
description of the development assisted by CFD can be found elsewhere (26). The specific

SDD was designed to predict thawing in a rectangular 2 L. PharmaTainer™ bottle

The 3D printed SDD covers a 125 mL PharmaTainer™ bottle and uses 1% ethanol as a
phase change liquid to insulate approximately two walls (Figure 1). Thereby, a 125 mL
bottle shall be utilised to mimic FT processes in a large-scale 2 L bottle. A soft polymer
insert prevents circulation of air between the SDD and the bottle. To avoid radiation, a top
cover shields the bottle from above. Two SDDs were used simultaneously in back-to-back
orientation during measurements. One SDD, filled with highly purified water, was needed

for shielding. A second one containing the sample was used for experiments.
. @@

Figure 1 SDD by SmartFreeZ

3.3.3 Preparation of Protein Samples

The stock solution was diluted to a final concentration of 5 mg/mL mAb in 20 mM histidine
at pH 5.5. The concentration was determined via UV absorption at 280 nm with a
NanoDrop One by Thermo Fisher Scientific Inc. (Waltham, MA, USA). Samples
containing 0.4 mg/mL PS80 were prepared by spiking a 10 mg/mL PS80 stock solution.
All solutions were filtered through a 0.2 um bottle top or syringe filter. 2 L and 125 mL
bottles were 80% filled with 1.6 L and 100 mL, respectively.
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3.3.4 Temperature Mapping during Thawing

The temperature measurements were performed as previously described (26). Briefly, five
type T thermocouples (TCs) connected to an HH520 handheld data logger thermometer
(OMEGA Engineering GmbH, Deckenpfronn, Germany) were positioned at half liquid
height in the edges and the centre of the 125 mL bottle using stainless steel capillaries
(Acufirm Ernst Kratz GmbH, Berlin, Germany) for reproducible placement (Figure 2). A
sixth TC (TC 6) was placed at the exact position of TC 1 but at 75% liquid level. Six TCs
were arranged at equivalent positions in the 2 L bottle. After acclimatisation at 20 °C for
1 hour in an MKF 240 air-blast climate chamber (Binder GmbH, Tuttlingen, Germany), the
chamber was cooled at maximum rate to -40 °C and the temperature held for 10 hours.
Subsequently, the temperature was set to 20 °C with maximum heating rate and the solution
thawed until the set temperature was reached at all positions. All temperature measurements

were executed in triplicates in independent runs.
3.3.5 Analysis of Concentration Gradients after Thawing

Concentration gradients after FT were analysed, once in the 2 L bottle and in triplicates in
the SDD and the 125 mL bottle. Samples were taken from nine (2 L bottle) or five (SDD
and 125 mL bottle) layers. For each layer five 1 mL samples were taken, four in the edges
and a fifth from the centre. Samples were taken with a 1 mL serological glass pipette or
I mL syringes (B. Braun Melsungen AG, Melsungen, Germany) equipped with a Sterican®
0.80 x 120 mm needle (Braun Melsungen AG, Melsungen, Germany).

3.3.5.1 Quantification of mAb and Histidine

Size-exclusion chromatography (SEC) on an Agilent 1200 HPLC with a diode array
detector (Agilent Technologies, Santa Clara, CA, USA) allowed the separation and
simultaneous quantification of mAb and histidine. Therefore, samples were diluted 1:4 or
1:10 with mobile phase. After centrifugation for 2 min at 25700 x g with a Heracus™
Megafuge™ 16R (Thermo Fisher Scientific Inc., Waltham, MA, USA) 5 uL of each sample
were injected. As stationary phase a TSKgel G3000 SWxI column (Tosoh Bioscience
GmbH, Griesheim, Germany) and as mobile phase a 150 mM potassium phosphate buffer
pH 6.5 at a flow rate of 0.4 mL/min were used. Histidine was quantified at 210 nm and
mAb at 280 nm by comparing the areas under the curve to standard curves (R? = 0.9999
and R? = 0.9994).
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125 mL Bottle SDD 2 L Bottle

Figure 2 Positioning of TCs in the 125 mL bottle, the SDD and a 2 L PharmaTainer™ bottle (bottom:
representative pictures of the positions of the TCs; top: schematic drawing in cross-section from above).

Figure adapted from Bluemel et al. (26).

3.3.5.2 Quantification of PS80

The method for the PS80 quantification was adapted from Zheng et al. (27). Samples were
diluted 1:4 or 1:10 with DPBS and subsequently heated for 5 min at 99 °C. Afterwards,
samples were centrifuged for 5 min at 25700 x g. 190 puL supernatant were mixed with
10 uL of 1 mM bis-ANS and vortexed for 5s. 60 pL of each sample were analysed in a
Varian Cary Eclipse fluorescence spectrophotometer (Agilent Technologies, Santa Clara,
CA, USA) using a quartz cuvette at 380 nm excitation and 500 nm emission with both slits
set to 5 nm. A calibration curve of PS80 in DPBS allowed the quantification of PS80
between 0.005 mg/mL and 0.15 mg/mL (R? = 0.9988).
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3.3.6 Diffusion of Solution Components after Thawing

The diffusion of mAb and histidine after complete thawing of the solution in the SDD was
mapped. Samples were taken after complete thawing of the solution (16 hours at 20 °C) as
well as after additional 24 hours and 48 hours. To minimise any possible influence of the
removed volume on subsequent results, only 0.25 mL were taken per sample. Samples were
obtained from the edges in the top layer, the middle layer and at the bottom. Mixing was
avoided by tightly attaching the SDD to the grid in the air-blast climate chamber and taking

samples slowly with a I mL syringe equipped with a needle.

The DynaPro Plate Reader III (Wyatt Technology, Dernbach, Germany) was used to
determine diffusion coefficients of mAb and PS80 via dynamic light scattering. Samples
with 10 mg/mL mAb or PS80, respectively, were prepared and filtered. 100 pL of each
sample was pipetted in triplicates into a 96-well clear bottom plate (Corning Inc., Corning,
NY, USA) and ten acquisitions of 5 s at 25 °C taken. The Dynamics V7.8.2.18 software

was used for all calculations.
3.3.7 Analysis of Density Gradients

The changes in density after FT were assessed using a portable density meter DMA 35
Standard (Anton Paar Group AG, Graz, Austria). 15 mL samples were prepared according
to concentrations found for each layer during the analysis of the concentration gradients
after thawing (Table 1). After a pre-rinse, density was measured in triplicates at room

temperature. The density meter extrapolated results to 20 °C.
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Table 1 Mean concentrations for mAb, histidine and PS80 as determined after thawing in the 2 L bottle,

the SDD and the 125 mL bottle. Corresponding 15 mL samples were prepared to assess changes in density.

Device Liquid Level Indicator mAb Histidine PS80
[mL] [mg/mL] [mM] [mg/mL]

1600 2.72 12.02 0.24

1400 3.76 15.38 0.32

1200 4.19 16.85 0.35

1000 4.19 16.91 0.34

2 L Bottle 800 4.50 18.26 0.36

600 4.62 18.86 0.37

400 4.69 19.35 0.38

200 5.90 28.91 0.50

bottom 14.38 52.97 1.10

100 1.21 6.40 0.11

75 1.50 7.71 0.13

SDD 50 2.72 15.17 0.23

25 4.93 30.31 0.39

bottom 16.50 44.90 1.32

100 3.13 12.70 0.28

75 3.38 13.56 0.30

125 mL Bottle 50 4.20 17.57 0.36

25 541 26.35 0.44

bottom 9.66 38.76 0.86

3.4 Results and Discussion

3.4.1 Comparison of 3D Temperature Profiles during Thawing

The SDD represents the 2 L bottle by achieving an equivalent cumulative thermal history,
although the number of control volumes in the CFD simulations was different.
Consequently, temperature measurements at equivalent specific positions do not
necessarily match. Nonetheless, temperature measurements are important to understand the
influence of the SDD during thawing and to characterise the thawing behaviour in
comparison to the 2 L and the 125 mL PharmaTainer™ bottles. Within this work, the term
thawing time is used and defined as the time needed until a TC, placed inside the bottle,
reaches 1 °C after the beginning of heating. At this point in time, ice is completely melted
at this location and the intermediate plateau ends as no further heat of melting is needed.
The term process time is used to describe the time required to reach 17 °C after the

beginning of heating.
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Temperature profiles during thawing were recorded at six positions. In the 125 mL bottle
the TCs in the edges (TC 1 and TC 3 — 6) recorded similar profiles (Figure 3). The thawing
and process times at these positions were 1.4 hto 1.9 hand 4.1 h to 4.6 h, respectively. The
LPTT was the geometrical centre of the bottle (TC 2). Thawing time at this position was
3.4 h, process time was comparable to the TCs in the edges with 4.5 h.

20 —
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Figure 3 Temperature profiles during thawing in the SDD (solid lines) and the 125 mL bottle (dotted lines).

The time needed for thawing was significantly prolonged by the use of the SDD. In
addition, the direction of thawing was changed. Thawing started at the exposed edge (TC 3)
after 2.8 h and proceeded towards the geometrical centre (TC 2), where the material was
thawed after 6.7 h. Similar thawing profiles were recorded for TC 4 and TC 5 near the walls
of the SDD with slightly faster thawing within 5.4 h and 6.1 h, respectively. The LPTT was
no longer the geometrical centre of the bottle but instead the insulated region (TC 1 and
TC 6). After 8.7 h the ice completely melted at both positions. The difference in height
between TC 1 and TC 6 did not influence the outcome. The process time was similar for

all mapped positions with approximately 12 h.

The results for the 2 L bottle in comparison to the SDD are shown in Figure 4. Thawing
started at the exposed edge (TC 3) and took 1.6 h. At the walls thawing needed 2.3 h (TC 4)
and 4.0 h (TC 5) and thereby already exceeded the maximum thawing time at the LPTT in
the 125 mL bottle. At half height and half distance thawing was completed after 7.2 h
(TC 2). The LPTT was the centre of the 2 L bottle, where complete thawing took 9.3 h
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(TC 6) and 10.0 h (TC 1). In contrast to the SDD, the difference in height between TC 1
and TC 6 changed thawing time by about 40 min. In agreement with the 125 mL bottle and
the SDD, temperature profiles at the various locations merged after complete thawing.

Therefore, process times were similar for all position with approximately 13 h.

20 —
1D e daa]
- s AT
peeertttll
-
- 787’
et o
oot
o
oo

.......

2 L bottle
------- TC 1 (centre)

scale-down device
TC 1 (insulated)

temperature [°C]
=
I

TC 2 (half distance) TC 2 (half distance)
4 W e TC 3 (exposed) —TC 3 (exposed)
504 W 0 TC 4 (wall) —TC 4 (wall)
- ] TC 5 (wall) TC 5 (wall)
- TC 6 (centre) TC 6 (insulated)
40 - . chamber chamber
1 I ] I ] I ] I 1 I 1 I 1 I ] |
0 120 240 360 480 600 720 840 960
time [min]

Figure 4 Temperature profiles during thawing in the SDD (solid lines) and the 2 L bottle (dotted lines).

In the 125 mL bottle, thawing started simultaneously at the exposed edges. The walls were
heated by the air in the chamber and consequently the edges experienced heat exchange
from both adjacent walls. The LPTT was the geometrical centre, the region furthest away
from the walls. The latent heat of melting led to a plateau in the observed profiles. As long
as the ice was not completely melted, energy was removed from the system to thaw the
remaining ice. As soon as no ice was left, the different profiles started to merge. In
comparison to the 2 L bottle, thawing time was significantly shorter due to the smaller

volume.

The 2 L bottle also started to thaw in the region with highest heat exchange, the exposed
edge, followed by the walls. Thawing proceeded towards the geometrical centre. The
significantly higher volume increased the time for complete thawing at the LPTT by a
factor of three in comparison to the smaller bottle. While the absolute difference in height
between TC 1 und TC 6 is small in the SDD and the 125 mL bottle, the higher positioning

of TC 6 led to a reduced thawing time in the 2 L bottle. Though more or less stagnant air
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in the bottle’s headspace provides insulation, heat exchange was still high enough to thaw

the bottle also from top towards the centre.

Thawing the same volume in the SDD took significantly longer than in the 125 mL bottle.
The SDD provided sufficient insulation to reach adiabatic conditions at two walls. The
thawing direction and the heat exchange could be controlled through the exposed window.
Consequently, the LPTT was no longer the geometric centre but instead the insulated edge.
The temperature profiles were overall similar to those of the 2 L bottle. It took more time
to thaw in the exposed regions in the edges and near the walls in the SDD compared to
large-scale, whereas there was no difference at half distance. Only slightly less time was
needed to completely thaw and fully process the mAb solution in the SDD despite the
enormous difference in fill volume by a factor of 16. As the SDD is designed to match the
overall thermal history, we expected some regions to thaw slightly faster and others more

slowly.

In the SDD thawing was strongly delayed as compared to the 125 mL bottle. Furthermore,
the SDD changed the thawing direction so that the LPTT was found in the insulated region
and no longer in the geometrical centre. Although thawing and process time were
marginally reduced in the SDD, we consider the SDD as representative for the thawing
process in large-scale 2 L bottles. In contrast to material consuming large-scale

experiments, the SDD needs only a fraction of the volume.
3.4.2 Comparison of Concentration Gradients after Thawing

Significant changes in concentration throughout the container can be expected after large-
scale FT of mAb solutions, potentially affecting mAb stability (17-19). A screening study
revealed marginal relative concentration gradients upon thawing highly concentrated mAb
solution. Thus, higher mAb concentrations would level off changes in concentration upon
thawing and impede the validation of the SDD. Consequently, we used a diluted solution
to validate the SDD under maximally challenging conditions. We quantified the mAb, the
buffering agent histidine, and the surfactant PS80 to picture the distribution of the protein
versus its stabilisers. Changes in concentration were expressed as the concentration factor

(CF), which is the ratio of the concentration of the sample to the initial concentration.

For the mAb CF values between 0.53 and 3.17 were found in the 2 L bottle (Figure 5).
These results are in good agreement with previous studies, showing a highly diluted top

region and a strongly increased protein concentration at the bottom (18,19). The CF steadily
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decreased with increasing height. In contrast to the three-dimensional cryoconcentration
after freezing (26), changes in concentration after thawing can be reduced to a two-
dimensional behaviour. CF values were reproducible within each layer. The only exception
was the bottom layer with CF values up to 3.17 in the edges, while the centre was
significantly less concentrated (CF 2.15). This deviation in the centre is due to the shape of
the bottle’s bottom. The bottom is slightly elevated in the centre and reflects a region

between the bottom layer and the layer directly above. Because of this deviation, centre

samples were excluded from further data evaluation.
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Figure 5 Concentration gradients of the mAb in a 2 L bottle after FT. CF values indicate the change in

concentration relatively to the initial mAb concentration of 5 mg/mL.

Figure 6 shows mean and standard deviation of the CF values detected in the edges of the
2 L bottle. The CF values ranged between 0.54 and 2.86 for mAb, 0.61 and 2.79 for PS80
and 0.58 and 2.54 for histidine. All three components behaved similarly in the top and

middle region. Near the bottom, maximum mAb and PS80 concentrations were identical.
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The histidine CF was slightly higher at the 200 mL liquid level and slightly lower at the
bottom compared to the mAb and PS80 CF values.

In the 125 mL bottle, CF values between 0.62 and 1.93 for mAb, 0.65 and 1.99 for PS80
and 0.61 and 1.86 for histidine were found (Figure 6b). For all three components dilution
in the top region was only slightly less in comparison to the 2 L bottle. In contrast, the
maximum concentrations at the bottom were significantly underestimated. In the second
last layer deviations in histidine concentration compared to mAb and PS80 were still

noticeable but less pronounced.

CF values between 0.24 and 3.22 for mAb, 0.26 and 3.23 for PS80 and 0.30 and 2.26 for
histidine were detected in the SDD (Figure 6¢). As previously shown, mAb and PS80
concentrations changed identically throughout the entity. Near the top, similar CF values
for mAb, histidine and PS80 were detected. In contrast, histidine concentration was lower
at the bottom and higher at 25 mL liquid level. In comparison to the 125 mL bottle, the
SDD had a significant impact on concentration changes. The SDD increased the
concentration gradient for all three components. Compared to the 2 L bottle, the dilution in
the SDD was enhanced. The maximum mAb and PS80 concentrations at the bottom were
insignificantly higher, revealing a good predictive power for this critical region. Deviations

between the buffer and the remaining components were emphasized in the SDD.

Maity et al. studied the mechanism of gradient formation during thawing and concluded
that the FCM, containing proteins and excipients, melts out of the ice, leaving more or less
pure ice behind (19). Due to its lower density, this ice floats on top and dilutes the top
region during melting. At the same time, fractions with higher solute concentrations exhibit
increased densities and sink to the bottom of the bottle. The supplementary information
illustrates this draining of the FCM out of the ice during thawing of a dyed sucrose solution

in a video.
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and 0.4 mg/mL PS80 in the 2 L bottle, 125 mL bottle and the SDD.
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The difference between histidine CF and both the PS80 and the mAb CF in the second last
and the bottom layer may be related to the difference in diffusion between the small
histidine molecules and the larger mAb and PS80 micelles during and after thawing. The
diffusion coefficients of mAb and PS80 micelles with 4.7-10"!'! m*s and 5.0-10"'! m*/s are
significantly lower compared to that of histidine with 7.3-1071° m?/s (28). In order to
substantiate this effect, we compared the mAb and histidine concentration in the SDD
directly after a thawing period of 16 h and an additional 24 h and 48 h storage period at
20 °C (Figure 7).

After 16 h of thawing a strong concentration gradient was evident for the mAb with CF
values between 0.36 and 3.32. This outcome is in good agreement with the results described
previously. After additional 24 h and 48 h at 20 °C, the gradient only minimally diminished
and showed CF values between 0.39 and 3.00 (+24 h) and between 0.41 and 2.49 (+48 h),
indicating that the significant changes of mAb concentration compared to the initial CF
value of 1 (representing 5 mg/mL mAb) sustain for more than two days. The dilution of
histidine in the top region was similar after 16 h of thawing (CF 0.40), but, as described,
the maximum CF was lower (CF 2.26). CF values between 0.60 and 1.58 as well as 0.78
and 1.24 after 24 h and 48 h, respectively, emphasized that the concentration gradient of

histidine constantly declined.

The results demonstrate that the larger mAb diffuses much slower into the top region of the
SDD than the smaller histidine. This is substantiated by the mAb to histidine ratio.
Immediately after thawing, slight differences were already detectable and the ratio
progressively shifted towards histidine near the top and towards mAb near the bottom
(Figure 7). In the 125 mL bottle similar diffusion as in the SDD can be assumed. In the
larger 2 L bottle, histidine diffusion, as described previously, only became noticeable in the

two layers near the bottom due to significantly larger height.

Strong changes in concentration of mAb, histidine and PS80 were detected in the 2 L bottle
after thawing with a diluted top region and a concentrated bottom region. Faster diffusion
of histidine during and after thawing was the driving force for the different behaviour of
mAb and PS80 in comparison to the buffering agent. The 125 mL bottle matched
concentrations in the top region, but it significantly underestimated the maximum
concentrations at the bottom. This outcome can be deduced from a faster thawing in the
smaller bottle. Faster thawing allows less time for the FCM to melt out of the ice. Thus, the

ice floating on top incorporates a larger fraction of solutes, resulting in a less diluted top
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and consequently a less concentrated bottom region. In contrast, the thawing behaviour in
the SDD is very similar to the 2 L bottle, enabling the release of the solutes from the ice.
The slightly stronger gradient that developed in the SDD reflects a worst-case scenario in

respect of changes in concentration after FT in the 2 L bottle.
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Figure 7 Diffusion of mAb and histidine in the SDD after thawing (16 hours) and additional 24 h and 48 h.
Colours of the contour plots indicate changes in CF values of mAb and histidine and the mAb to histidine

ratio.
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3.4.3 Comparison of Density Gradients after Thawing

During thawing the solutes melt out of the ice, leaving ice behind that floats on top (19).
At the same time, fractions with higher solute concentrations and increased density sink to
the bottom. Although changes in density are often mentioned as an important factor for
cryoconcentration after freezing (9,18), to our knowledge density gradients after thawing
in large-scale bottles have not been analysed yet. Therefore, we assessed density gradients
in the 2 L bottle, the SDD and the 125 mL bottle. The large volume that is needed for
density measurements would inevitably entail interference and mixing of the different
layers in the containers. Consequently, we did not take samples directly from the bottle, but

prepared samples according to the concentrations found after thawing in the different

devices (Table 1).

In the 2 L bottle the density steadily increased with each layer from 1.0003 g/cm™ at the
top to 1.0066 g/cm™ at the bottom (Figure 8). In the 125 mL bottle the density was
1.0005 g/cm™ at the top and 1.0042 g/cm™ at the bottom. The density values in the SDD
ranged between 0.9995 g/cm™ and 1.0066 g/cm™. The slight density differences between
the three systems reflect the differences in the concentrations of the different components.
The minimum density in the 2 L bottle was mimicked by the 125 mL bottle, which had a
similarly diluted top region. Density near the bottom was markedly underestimated in the
125 mL bottle, reflecting the lower CF values. The SDD showed a more diluted top layer
of lower density. Although mAb and PS80 concentrations in the SDD were slightly higher
at the bottom, the densities of the bottom layers were identical in the 2 L bottle and the
SDD. We assume that the lower histidine concentration balanced the impact of the

increased protein and surfactant concentrations in respect of the density.
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Figure 8 Density gradients in the 2 L bottle, the 125 mL bottle and the SDD. Samples were prepared
according to concentrations found in the respective layer indicated by the liquid level indicator. The reference

line highlights the initial density of a solution with 5 mg/mL mAb, 20 mM histidine and 0.4 mg/mL PS80.
3.4.4 Perspective

The SDD used in this study was designed to be universally utilised, regardless of the
applied FT process. While our previous study validated the performance of the SDD in
respect of freezing (26), the presented study proved the reliability of the SDD during
thawing in an air-blast chamber. However, further studies are needed to validate that the

SDD can be used regardless of the thawing method.

The design of the specific SDD led to a match of the thermal history compared to a large-
scale 2 L bottle. The heat exchange can be adapted by a manipulation of the insulation via
adaption of the window of the SDD. SmartFreeZ used this to generate SDDs for rectangular
5L, 10L, and 20 L bottles. Studies similar to ours with the 2 L bottle are necessary to proof
the reliability of the CFD based concept for the larger bottles.
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3.5 Conclusion

In a previous study, we characterised the performance of an innovate SDD during freezing,
which requires only a fraction of material in order to mimic and understand the large-scale
freezing behaviour of mAb solutions in widely used disposable bottles (26). In this work,
we focused on the validation of the SDD in respect of the subsequently following thawing
process of mAb solutions. We compared thawing and process times and quantified
concentration gradients of mAb, histidine and PS80 in the SDD to 2 L and 125 mL

PharmaTainer™ PET bottles. Furthermore, we assessed changes in density.

Temperature profiles in the 2 L bottle revealed a directed thawing towards the centre of the
bottle. LPTT was determined in the geometrical centre with 10.0 h for complete thawing.
The 125 mL bottle showed significantly reduced thawing times due to the smaller volume,
also progressing towards the centre. The SDD changed the direction of thawing so that no
longer the centre, but the insulated edge was the LPTT. Hereby, the overall thawing time
was strongly increased to 8.7 h. Thus, we consider the SDD as representative for thawing

profiles in large-scale 2 L bottles.

Strong changes in concentration built up during thawing of the large-scale 2 L bottle. The
top layer displayed a dilution of approximately 50% compared to the initial mAb, PS80 and
histidine concentrations, whereas the concentrations near the bottom increased by a factor
of 2.8. The concentration gradients in the 125 mL bottle were significantly smaller for all
three components. In contrast, the SDD showed a slightly more pronounced concentration
gradient. For mAb and PS80, this gradient persisted for days after thawing due to their slow
diffusion. In contrast, the gradient significantly levelled off for the smaller histidine, which
can rapidly diffuse into the top region. The density gradients reflected the concentration
gradients. The SDD showed an identical density at the bottom and an only slightly lower
density near the top compared to the large-scale 2 L bottle. Thus, the SDD can predict

thawing processes in large-scale 2 L bottles using only a fraction of the material.
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4.1 Abstract

Purpose: Cryoconcentration upon large-scale freezing of monoclonal antibody (mAb)
solutions leads to regions of different ratios of low molecular weight excipients, like buffer
species or sugars, to protein. This study focused on the impact of the buffer species to mAb
ratio on aggregate formation after frozen storage at -80 °C, -20 °C, and -10 °C after 6 weeks,

6 months, and 12 months.

Methods: An optimised sample preparation was established to measure Ty’ of samples
with different mAb to histidine ratios via differential scanning calorimetry (DSC). After
storage higher molecular weight species (HMWS) and subvisible particles (SVPs) were

detected using size-exclusion chromatography (SEC) and FlowCam, respectively.

Results: For all samples, sigmoidal curves in DSC thermograms allowed to precisely
determine Ty’ in formulations without glass forming sugars. Storage below T’ did not lead
to mAb aggregation. Above T, at -20 °C and -10 °C, small changes in mAb and buffer
concentration markedly impacted stability. Samples with lower mAb concentration showed
increased formation of HMWS. In contrast, higher concentrated samples led to more SVPs.

A shift in the mAb to histidine ratio towards mAb significantly increased overall stability.

Conclusion: Cryoconcentration upon large-scale freezing affects mAb stability, although
relative changes compared to the initial concentration are small. Storage below Ty’

completely prevents mAb aggregation and particle formation.

Keywords: cryoconcentration, frozen storage, large-scale freezing, monoclonal antibody,

stability

Abbreviations: DSC — Differential scanning calorimetry, FCM - Freeze-concentrated
matrix, HMWS — Higher molecular weight species, HPLC - High-performance liquid
chromatography, mAb — Monoclonal antibody, PES — Polyethersulfone, SEC — Size-
exclusion chromatography, SVP — Subvisible particle, T, — Glass transition temperature

of the maximally freeze-concentrated solution
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4.2 Introduction

Therapeutic monoclonal antibodies (mAbs) are essential in the treatment of numerous
diseases and part of a rapidly growing market (1-3). A common processing step to enhance
chemical and physical stability and to minimise the risk of microbial growth is to freeze
bulk drug substance (4-6). Frozen storage and transportation offer flexibility during
manufacturing and eliminates the risk of shaking and foaming (4—7). Besides sustainability
concerns, mechanical stress, local pressure, the formation of air bubbles, and oxidation are
considerable drawbacks as recently highlighted (8). Others, such as the destabilising effect
of the cold temperature itself (9), crystallisation of buffer components or cryoprotectants
(10-12), interfaces (2,13), and cryoconcentration on a microscopic and macroscopic scale
(3,14,15) are well known but still not completely understood. Thereby, freezing, which
seems to be a simple and easily controllable process, becomes complex and the contribution

of each stress on the overall stability nearly impossible to assess.

Often small-scale studies, typically performed in vials or tubes, are used to find the optimal
formulation and ideal freezing and thawing conditions or to unveil unforeseen events
(11,16—18). Connolly et al. highlighted the effects of formulation composition, cooling rate
and storage temperature on mAb stability (11). They found that trehalose crystallisation is
a considerable event during storage above the glass transition temperature of the maximally
freeze concentrated solution (Tg’) at -8 °C, -14 °C and -20 °C. Storage below T,  at -40 °C
prevented crystallisation and consequently protein aggregation. These outcomes can be
associated with the negligible molecular mobility below Tg’. Hauptmann et al. examined
the particle formation caused by multiple freeze-thaw cycles with the focus on processing
rates, mAb concentration and buffer formulation, but did not investigate the effect on

storage stability (17).

In a previous study, we examined cryoconcentration in a rectangular 2 L bottle after
freezing of mAb in pure histidine buffer (19). Microscopically, ice crystals grow into
unfrozen regions and exclude other formulation components. The mAb and excipients form
a freeze-concentrated matrix (FCM) in between these ice crystals. Macroscopically, at the
freezing front the solutes are transported away by natural convection and diffusion. This
creates a heterogeneous distribution of solutes. In contrast to the previous scientific
consensus that proteins and excipients freeze-concentrate to the same extent (20), recent

studies show that large proteins are entrapped in the ice to a larger extent than small
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excipients (15,21). This is in accordance with our study, where significant shifts in the mAb
to histidine ratio were observed (19). As the ion concentration respectively the mAb to low
molecular weight excipient ratio in the FCM vary throughout the container, also self-
interaction of the mAb and colloidal stability vary. In addition, T’ as the temperature at
which the highly viscous FCM forms a glass will differ with solution composition

(8,11,22,23). Ultimately, the mAbD stability at different spots of large containers can vary.

To our knowledge, no study has connected the cryoconcentration associated with a change
in mAb to excipient ratio after freezing in large-scale containers to long-term frozen
storage. To assess the impact of this cryoconcentration and the shifted ratios of mAb and
histidine, we prepared samples according to the concentrations found previously (Figure
1). In the current study, we focused on the areas with minimum and maximum mAb and
histidine concentrations. We stored these formulations small-scale at -80 °C, -20 °C,
or -10 °C for up to 12 months and analysed mAb aggregation. Storage below T, at -80 °C
completely prevented any formation of higher molecular weight species (HMWS) and
subvisible particles (SVPs). Storage above T’ at -20 °C led to significant aggregation and
SVP levels after 6 months and 12 months. This effect was boosted at -10 °C. Long-term
storage stability above Ty was affected by AT between T’ and the storage temperature,
the ionic strength in the non-solidified FCM, and mAb concentration. Significant
differences in mAb stability resulted in the samples reflecting the solute concentration
variants as a consequence of cryoconcentration. Transferred to regions in a 2 L bottle the
small-scale experiments indicate that highly concentrated areas in the centre and the top
region in a 2 L bottle can be associated with significant formation of SVPs. In contrast, the
diluted core in the geometrical centre is more prone to formation of soluble mAb
aggregates. The samples containing minimum histidine, representative for the areas at the

wall, showed the highest stability.
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Ratio
mADb/His

Initial 1.61

Max mAb 1.50

1.40
1.30
1.20
1.10
1.00
0.90
0.80
0.70
0.60
0.50
CF mAb

Figure 1 Changes in mAb concentration after freezing a mAb solution in histidine in a 2 L bottle. Details
were published and discussed previously (19). The legend highlights the cryoconcentration factor, which is
the ratio of the mAb concentration of the sample to the initial mAb concentration. The mAb to histidine ratios

for selected samples are given in the table. Corresponding areas are highlighted for visualisation.

4.3 Materials and Methods

4.3.1 Materials

An IgG1 mAb stock solution in histidine buffer at pH 5.5 was provided by Novartis AG
(Basel, Switzerland). L-histidine and L-histidine monochloride monohydrate were obtained

from Merck KGaA (Darmstadt, Germany).

Potassium dihydrogen phosphate and dipotassium hydrogen phosphate were purchased
from Merck KGaA (Darmstadt, Germany).

Sucrose was obtained from Sigma-Aldrich (Steinheim am Albuch, Germany).

VWR International GmbH (Darmstadt, Germany) provided 0.2 um polyethersulfone (PES)
membrane syringe filters. 2R glass vials were purchased from SCHOTT AG (Mainz,
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Germany). FluroTec® lyophilisation stoppers from West Pharmaceuticals (Eschweiler,

Germany) were used.
4.3.2 Sample Preparation

The mAb stock solution was diluted to mAb to histidine ratios given in Figure 1. Different
histidine buffers at pH 5.5 were prepared to reach the final histidine concentrations. Due to
confidentiality, the exact composition of the samples may not be revealed. The mAb
concentration was controlled with a NanoDrop One (Thermo Fisher Scientific Inc.,
Waltham, Massachusetts, USA) via UV absorption at 280 nm. Samples were filtered
through 0.2 pum PES membrane filters. Three 2R glass vials for each formulation and each

time point were filled with 1 mL and semi-stoppered.

All vials were frozen in a Christ Epsilon 2-6D LSCplus (Martin Christ
Gefriertrocknungsanlagen GmbH, Osterode am Harz, Germany). Samples were arranged
in the centre of lyophilisation trays surrounded by two rows of vials filled with 10% (w/V)
sucrose. Vials were cooled with 1 K/min to -5 °C and this temperature held for 60 min.
During this temperature plateau, controlled nucleation was induced using the LyoCoN ice
fog technology (Martin Christ Gefriertrocknungsanlagen GmbH, Osterode am Harz,
Germany). This technique introduces ice crystals for seeding of vials by aeration through
the condenser. Subsequently, samples were cooled to -40 °C with 1 K/min. Thereby similar
ice morphology should be achieved in all samples. Afterwards, the vials were transferred
to precooled -10 °C (Koéttermann GmbH, Uetze, Germany), -20 °C (Liebherr, Bulle,
Switzerland) and -80 °C freezers (LAUDA-GFL GmbH, Burgwedel, Germany).

4.3.3 Stability Analysis

After 12 h of acclimatisation triplicates of each formulation were thawed at room
temperature on the laboratory bench and analysed as t0. After 6 weeks, 6 months and

12 months further samples (n = 3) were thawed and analysed.
4.3.3.1 Flow Imaging Microscopy

SVPs were characterised with a FlowCam 8100 (Fluid Imaging Technologies, Inc.,
Scarborough, Maine, USA) equipped with a 10x magnification cell. Particles were counted
using 160 uL sample volume, a flow rate of 0.15 mL/min, an auto image frame rate of
28 frames/s and a sampling time of 60 s. Distance to the nearest neighbour for particle

identification was set to 3 um. Particle segmentation thresholds of 10 for light and 13 for
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dark pixels were defined. Particle size was reported as the equivalent spherical diameter.

The VisualSpreadsheet® 4.7.6 software was used for measuring and processing.
4.3.3.2 Size-Exclusion Chromatography

Size-exclusion chromatography (SEC) on an Agilent 1200 high-performance liquid
chromatography (HPLC) system equipped with a diode array detector (Agilent
Technologies, Santa Clara, California, USA) set to 220 nm was used to quantify HMWS.
A TSKgel G3000 SWxI column (Tosoh Bioscience GmbH, Griesheim, Germany) as
stationary phase, a 150 mM potassium phosphate buffer pH 6.5 at a flow rate of 0.4 mL/min
as mobile phase, and 5 pl injection volume were used. Prior to injection all samples were
centrifuged 2 min at 25.700 x g with a Heraeus™ Megafuge™ 16R (Thermo Fisher
Scientific Inc., Waltham, Massachusetts, USA). Agilent OpenLAB Data Analysis Software

2.1 was used to analyse the chromatograms.
4.3.4 Determination of Ty’

Samples of different mAb to histidine ratios were prepared as described in 4.3.2. 2 mL of
each solution was filled into 2R glass vials and arranged in the centre of a lyophilisation
tray surrounded by vials filled with 10% (w/V) sucrose. Lyophilisation was carried out with
the Christ Epsilon 2-6D LSCplus (Martin Christ Gefriertrocknungsanlagen GmbH,
Osterode am Harz, Germany). Samples were frozen to -40 °C with a ramp of 1 K/min.
Temperature was increased to -20 °C with 1 K/min and primary drying carried out for 35 h
at a pressure of 0.09 mbar. For secondary drying a 0.3 K/min ramp to 30 °C was applied
and shelf temperature held for 4 h at 0.09 mbar. Afterwards, samples were stoppered at
600 mbar in a nitrogen atmosphere. Lyophilisates were reconstituted with highly purified
water to 100 mg/mL mAb and after 24 h, to ensure complete dissolution, differential

scanning calorimetry (DSC) measurements were carried out.

DSC thermograms were acquired with the DSC821® (METTLER TOLEDO, Columbus,
Ohio, USA). Aluminium crucibles (METTLER TOLEDO, Columbus, Ohio, USA) were
filled with 20 uL. An empty crucible of the same type was used as reference. Samples were
cooled from 25 °C to -60 °C with a rate of 10 K/min. After isothermal hold for 1 min,
samples were analysed while heated to 25 °C at 3 K/min. T, was determined as the

inflection point of the sigmoidal glass transition. Data analysis was carried out with the

STARe-Software (METTLER TOLEDO, Columbus, Ohio, USA).
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4.4 Results

4.4.1 Long-Term Storage at -80 °C

The formation of HMWS as well as SVPs was analysed at the start and after storage for
6 weeks, 6 months, and 12 months. The results for storage at -80 °C are displayed in Figure
2. All samples contained approximately 1.5% HMWS at the start of the experiment. This

level did not increase during storage, regardless of the sample composition.
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Figure 2 HMWS and SVPs after storage at -80 °C up to 12 months.
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The histidine buffer control sample showed 500 SVPs > 1 um per mL at the start and only
a minor increase to 1900 after 12 months. All mAb containing samples displayed
approximately 4 000 SVPs at t0. These t0 samples had been frozen, stored at the intended
temperature for 12 h, and thawed. No significant increase in SVP level could be detected

during long-term storage at -80 °C.
4.4.2 Long-Term Storage at -20 °C

All samples stored at -20 °C again started with approximately 1.5% HMWS (Figure 3).
After 6 weeks, the soluble aggregate levels did not increase in any of the samples. In
general, the increase after 6 months was still moderate, considering the following
12 months point and the changes observed afters storage at -10 °C (see 4.4.3). After
6 months, the HMWS reached 2.2% in samples with the initial composition (mAb to
histidine ratio 1.61), while samples representing maximum (ratio 1.50) and minimum mAb
(ratio 1.16) concentration regions in the 2 L bottle displayed 1.5% and 2.0%, respectively.
The highest aggregation level of 2.7% was observed in maximum histidine samples
(ratio 1.00), whereas minimum histidine samples (ratio 2.58) did not show an increase in
HMWS. After 12 months at -20 °C, samples with the initial concentrations contained 2.8%
HMWS. Maximum mAb (2.1%), minimum histidine (1.8%), and maximum histidine
(2.4%) showed less increase. The highest HMWS levels were found for minimum mAb
samples (3.4%).

After 6 months, SVP levels did not increase significantly and remained below
10 000 particles per mL in all cases. The buffer control stored at -20 °C displayed
1 700 SVPs per mL after 12 months compared to 900 at t0. Also, after 12 months the total
particle count stayed low for the initial concentrations (12 700), the minimum mAb (7 000),
and the minimum histidine samples (9 800). In contrast, approximately 230 000 SVPs were
counted in maximum mAb and 570 000 in maximum histidine samples, both containing

the highest absolute mAb concentration.
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Figure3 HMWS and SVPs after storage at -20 °C up to 12 months.

4.4.3 Long-Term Storage at -10 °C

Figure 4 shows that HMWS did not form over 6 weeks storage at -10 °C. After 6 months
and 12 months, the HMWS increase for the different formulations was similar to the change
at -20 °C, but aggregation was much more pronounced. After 6 months storage, samples
with the initial concentrations displayed 3.5% HMWS. The numbers were lower in
maximum mAb (2.7%), maximum histidine (2.3%), and minimum histidine (1.6%), but

higher in the minimum mAb (4.1%) sample. Similar trends were seen after 12 months.
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Samples being representative for the initial formulation conditions displayed 4.0% HMWS.
Maximum mAb (3.6%), maximum histidine (2.7%), and minimum histidine (1.8%) again

contained less soluble aggregates, whereas minimum mAb (5.1%) samples were least

stable.
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Figure 4 HMWS and SVPs after storage at -10 °C up to 12 months.

In the histidine buffer control SVP levels increased to 7 500 SVPs > 1 um per mL after
12 months. For all samples, SVPs remained low after 6 weeks storage at -10 °C. In contrast,

particle levels were increased in mAb containing samples after 6 months. Samples with the
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initial concentration showed approximately 450 000 SVPs. Minimum mAb and minimum
histidine samples displayed only 79 300 and 20 700 SVPs, respectively. Maximum
histidine (207 400) and maximum mAb (777 200), both containing the highest absolute
mAb concentration, led to similar particle levels as the formulation representing the initial
mADb concentration. Substantial SVP formation was seen after twelve-month storage at -10
°C. The trends were the same as after 6 months. In samples representing the initial
concentrations 1 150 800 SVPs > 1 pm per mL were detected. Maximum mAb (1 316 000)
and maximum histidine (1 092 200) gave similar counts. In contrast, samples with
minimum mAb and minimum histidine showed tremendously less SVPs > 1 um per mL

with only 330 100 and 60 400, respectively.
4.4.4 Determination of Ty’

After lyophilisation and subsequent reconstitution with less water, inflection points could
automatically be detected by the DSC software in all DSC thermograms (Figure 5). The
highest Ty’ (-30.9 °C) was measured for samples containing minimum histidine and
consequently the highest mAb to histidine ratio of 2.58. T,  shifted towards lower
temperatures the more the ratio shifted towards histidine. At the initial ratio of 1.61 a Ty’
at -35.3°C resulted and the maximum mAb (ratio 1.50) sample value was only minimally
lower at -35.6 °C. Minimum mAb (ratio 1.16) and maximum histidine (ratio 1.00) samples

showed the lowest Ty’ values of -36.3 °C and -37.1 °C, respectively.
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Figure 5 DSC thermograms of samples with different mAb to histidine ratios. The ratio of the samples was:
Min His (2.58), Initial (1.61), Max mAb (1.50), Min mAb (1.16), Max His (1.00).
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4.5 Discussion

Our aim was to close a gap in knowledge about the stability of biologics, specifically
proteins exemplarily studied using a mAb, as frozen bulk material. During industrial
production of mAb solutions, bulk drug substance that is not fully formulated is regularly
frozen. Hence, we characterised cryoconcentration after large-scale freezing of a mAb in
pure histidine buffer without further excipients (19). In the recent study, we connected the
cryoconcentration, which comes with a change in protein to solute ratio after freezing, to
the Ty’ and long-term frozen storage stability. At first, we developed a method to analyse
the Ty of pure mAb/histidine mixtures at different concentrations found previously upon
freezing in large-scale containers (Figure 1). The focus was on minimum and maximum
mADb and histidine concentrations. DSC thermograms of protein samples that do not contain
glass formers such as sugars often do not show a sharp sigmoidal change in heat flow signal
(24). In such cases, the onset of Ty” can be determined using the first derivative plot.
However, this inevitably leads to a deviation between the obtained T’ and the commonly
reported midpoint Tg’ (24). Therefore, we optimised the sample preparation in order to
directly measure the midpoint T, ’, based on the inflection point, of samples that only
consist of a mAb and the buffer component. Increasing the sample concentration via
lyophilisation and subsequent reconstitution with less water resulted in distinct glass
transition signals. This enabled us to determine Ty’ as the inflection point. By keeping the
mAb to histidine ratio, the T’ of the solutions was not influenced (22,24). The T’ of a
solution depends on the sample composition, but is independent of the initial concentration
(22,23). Additionally, higher histidine concentrations than expected from its solubility
product could be reached via this method. Histidine is known to form an amorphous phase
upon freezing of aqueous solutions and to keep its glassy state throughout lyophilisation
(25). In combination with the high mAb concentration, which is preventing buffer
crystallisation (26), this may support to reach such high histidine concentrations by
lyophilisation and reconstitution with less volume (27). By reducing the heating rate to
3 K/min we could avoid an interference of the ice melting endotherm with the glass
transition endotherm. The samples significantly differed in Tg  between
approximately -31 °C (minimum histidine) for the highest and -37 °C (maximum histidine)
for the lowest mAb to histidine ratio. In comparison, the pure mAb shows a Ty’ of -18 °C.
It has been shown that higher salt concentrations lower the overall T’ of the formulation

matrix (16,24).
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None of the samples showed aggregate formation when stored well below T’ at -80 °C.
After storage at -20 °C, both HMWS and SVPs levels were increased. This effect, already
discernible after 6 months, was boosted after 12 months. Similar trends, but even more
pronounced, were detected at -10 °C. Relative aggregation, assessed via SEC, was highest
in samples with the lowest mAb concentration. Maximum mAb but also maximum histidine
samples displayed considerably lower HMWS levels. In contrast, when focusing on the
absolute aggregation level assessed via SVPs, increasing mAb concentration negatively
affected colloidal stability. At -20 °C, maximum mAb and maximum histidine samples in
particular formed insoluble aggregates. At -10 °C, SVPs counts were still highest for
samples with the highest absolute mAb concentration (maximum mAb and maximum
histidine), but also in mAb samples representing the initial composition significant SVP
formation occurred. At the lowest absolute mAb concentration significantly less SVPs were
found. It appears that the mAb concentration affects the stability, however the mAb to
histidine ratio was not kept constant. The change in mAb concentration comes with a shift
of the mAb to excipient ratio and consequently of Tg’ as well as ionic strength in the FCM.
This might explain why minimum histidine samples with a moderate mAb concentration

showed highest stability in all cases.

The solution T’ is a key parameter for frozen storage stability (10,28). Below Tg’, the
unfrozen FCM forms a glassy state, a solid solution of cryoconcentrated solutes and
unfrozen, amorphous water (29). The viscosity of this glass is in the order of 10'* Pas, so
that motion is in the range of mm/year (22,24). Ultimately, molecular mobility is greatly
reduced and mAb aggregation prevented (21). Consequently, neither soluble nor insoluble
aggregates were detected, when samples were stored at -80 °C, more than 40 °C below Ty’ .
It has been shown for lyophilisates that storage at temperatures slightly below the glass
transition Tg does not necessarily result in complete prevention of aggregation (30).
Assuming that these finding can be transferred to T,’, we propose that a safety margin
should be considered when choosing the appropriate storage temperature for frozen protein
solutions. Alhalaweh et al. highlighted that AT of 20 °C between T, and storage
temperature of lyophilisates is sufficient to essentially reduce mobility to a level that
aggregation becomes minimal (28). In contrast, when samples are stored above Tg’, the
viscosity drops, facilitating irreversible denaturation and aggregation (23). Above Ty’, the
viscosity of the FCM decreases exponentially with increasing temperature (31). The lower

viscosity is associated with increased molecular mobility and consequently accelerated
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physical and chemical instability (24). Correspondingly, we saw marked mAb aggregation
upon storage at temperatures above Tg’, which was much more pronounced at -10 °C
compared to -20 °C. Nevertheless, it took several months until the stability was markedly
impacted. Lim et al. investigated the influence of glass transition and storage temperature
of frozen peas on quality attributes (29). They found that the loss of quality is relative to
AT between Ty’ and storage temperature. Transferring these findings to the mAb samples,
reflecting different regions within a frozen large bottle, the sample stability would decrease
according to their Ty’, which is defined by their mAb to histidine ratio (Figure 5): minimum
histidine >> initial > maximum mAb > minimum mAb > maximum histidine. This can
explain why samples containing minimum histidine showed the highest stability during
storage above Tg’, whereas maximum histidine displayed significantly less colloidal
stability at both temperatures. These differences in Ty’, driven by the composition of the

FCM but not by the initial concentration (8,11,22,23), clearly affected stability.

In addition, not only T’ but also the ionic strength in the FCM is impacted by the mAb to
histidine ratio. The ionic strength of a solution affects mAb aggregation (32). Though the
net effect of ionic strength on aggregation is dependent on the specific mAb, its protein-
protein interactions, and the salt type, the ionic strength is undeniably a key parameter. Ions
interact electrostatically with mAbs and thereby influence protein-protein interactions and
the conformational state. In addition, electrostatic interactions between the FCM and the
ice surface were hypothesized (2). In the recent study, lower ionic strength in the non-
solidified FCM increased stability. Most likely protein-protein interactions and electrostatic
interactions with the ice surface were enhanced by higher salt concentrations. Not
necessarily all results can be explained by T’ and ionic strength effects alone. While the
colloidal stability for samples with the lowest mAb to histidine ratio was reduced, the
formation of soluble aggregates was decreased. Maximum mAb samples displayed
equivalent low HMWS levels. Both samples contain the highest absolute mAb
concentration. In contrast, minimum mAb concentration led to the highest relative HMWS
fraction. Several studies highlighted that surface-induced local enrichment and
denaturation play an important role in mAb aggregation (13,20,33). Possible mechanisms
of ice-induced denaturation at the interface are discussed, such as adsorption, pH shifts,
accumulation of air bubbles, increased pressure, and enhanced cold denaturation (2). To
reduce dissimilarity in ice morphology in the samples, we used controlled nucleation during

sample preparation. Thereby, we aimed to focus on the influence of the sample composition
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on storage stability and eliminate any interface related influence. But Ostwald ripening may
occur upon storage at -20 °C as well as -10 °C. It has been highlighted before, that the
number of protein molecules that adsorb to the interface is limited by the total interface
area. (2,34). Consequently, the relative adsorbed fraction decreases with increasing
absolute mAb concentration (2,35). Our results suggest that the formation of HMWS is also
driven by the enrichment of protein molecules and their aggregation at the FCM/ice
interface. In respect of SVPs, levels remained low in the histidine buffer control. A
miniscule increase upon storage at -10 °C up to 12 months might be due to the laboratory
environment and potential oxidation processes (36). For mAb containing samples,
increasing absolute mAb concentration had a negative impact on the formation of insoluble
aggregates. While surface-induced denaturation is limited, the SVPs levels, which are not
measured relatively, increased with mAb concentration. The formation of SVPs detected
via flow imaging microscopy might result from hundredth of a percent of the total protein
in solution (37). Thus, samples that showed low relative aggregation because of their high
mADb concentration, displayed highest absolute SVPs levels. Protein-protein interactions in
the unfrozen FCM might facilitate the formation of SVPs at higher mAb concentration. It
should be noted that insoluble particles are not covered by SEC measurement and flow
imaging microscopy via Flowcam® detects insoluble particles >1 um. Insoluble
aggregates in the nanometre range were not tracked by these methods. Dynamic light
scattering measurements could have closed that gap and should be considered for future

studies that examine long-term frozen storage stability of proteins as a qualitative method.

When these small-scale results are transferred to the cryoconcentration that we found in a
2 L bottle after large-scale freezing (19), marked differences in stability can be associated
with the apparently small changes in concentration. The highly concentrated top region of
the bottle with maximum mAb concentration and the highly concentrated area with
maximum histidine tend to form less HMWS compared to samples with the initial
concentration, but significantly contribute to the formation of SVPs. In contrast, the diluted
core of the bottle with minimum mAb can be associated with moderate SVPs formation but
increased HMWS. The minimum histidine region at the bottle wall is characterised by

highest stability.

Thus, the study highlights that a shift in the ratio of protein to small excipient molecules in
different regions of large-scale frozen containers of bulk drug substance can substantially

impact the quality of the product. Storage at -80°C can level off the effect. We studied the
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effect over one-year storage at temperatures 10 °C to 20 °C above T’ to enhance the effect.
Frequently drug substance is stored for much longer times. Future studies have to focus on
temperatures slightly below Ty’ as it would be an enormous contribution to sustainability
if storage of frozen drug substance would not require -80 °C but e.g. -40 °C would be

sufficiently low.

Overall, many other effects have to be considered before generalising the conclusion of our
study. The regions in a large-scale freezing container significantly differ in freezing time
and therefore ice morphology, which could affect local mAb stability. Furthermore, local
pressure or air bubbles and consequently oxidation could be affected by the position.
Cryoconcentration can be reduced by faster freezing rates, which would additionally reduce
the exposure time of the protein to a non-solidified FCM above Ty’ (20), but would also
result in smaller ice crystals and consequently larger interfaces. Another way to reduce
cryoconcentration is directed freezing from bottom to top. Thereby, natural convection, the
main driving force for cryoconcentration, can be prevented (38). In addition, optimisation
of the formulation can decrease the risk of aggregation. In that respect, we highlight in our
study that the interplay of the mAb to histidine ratio, determining T, and the ionic strength
in the FCM, and the absolute mAb concentration has to be considered. AT between T, and
the storage temperature can be optimised by avoiding excipients forming cryoconcentrates
with low Tg’. The ionic strength can be reduced by using minimal salt and buffer
concentrations. By increasing the initial mAb concentration, the relative fractions that

aggregate upon long-term frozen storage can be decreased.

4.6 Conclusion

In a previous study, we characterised the cryoconcentration in a 2 L bottle after large-scale
freezing of mAb in pure histidine buffer (19). We found significant changes in mAb
concentration that were associated with shifts in mAb to histidine ratio. In this work, we
characterised long-term frozen storage stability of respective samples with focus on mAb

aggregation.

We analysed the T’ of samples, which do not contain a glass forming sugar and which
reflect the different regions in the bottle, via an optimised DSC method. Samples were
lyophilised and subsequently reconstituted in less volume to increase signal strength in
DSC thermograms. T’ of samples ranged between -31 °C and -37 °C and was defined by

the mAb to histidine ratio. MAb stability was not affected when samples were stored below
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T at -80 °C. Long-term mAb stability upon storage above T;’, at -20 °C or -10 °C, was
found to be an interplay of Tg’, the ionic strength in the non-solidified FCM, and the mAb
concentration. AT between T,’ and the storage temperature had a marked impact on
stability. Consequently, stability was higher at -20 °C than at -10 °C. Samples with the
highest mAb to histidine ratio and thus highest Ty’ and lowest ionic strength in the FCM
displayed least formation of soluble and insoluble aggregates. In addition, the absolute
mAb concentration affected storage stability. The relative aggregated fraction, assessed via
SEC, decreased with increasing mAb concentration. In contrast, absolute aggregation in
respect of SVPs was negatively affected, pointing to an additional protein-protein

interaction effect.

Transferred to cryoconcentration in a 2 L bottle, apparently small changes in mAb and
excipient concentration and shifts in mAb to histidine ratio have a marked impact on long-
term frozen storage stability. Regions with increased mAb concentration, in case of a2 L
bottle the centre near the bottom and the top region, tend to form SVPs, while a lower mAb
concentration, in case of a 2 L bottle in the core, leads to enhanced formation of HMWS.
The highest stability can be expected for the areas with lowest histidine concentration at

the wall.

Further studies will focus on possible correlations between mAb and buffer concentration
that are systematically varied and long-term stability during frozen storage. In addition,
storage at intermediate temperatures below Tg’, e.g. -40 °C, could contribute to the
sustainability of long-term frozen storage, but requires detailed studies of the
cryoconcentration effects and formulation impacts. Frozen storage stability will be
impacted if a cryoprotectant is added, which increases viscosity and provides spacing

between mAb molecules in the freeze concentrate decreasing mAb aggregation.
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5.1 Abstract

Purpose: We examined the impact of monoclonal antibody (mAb) and buffer
concentration, mimicking the cryoconcentration found upon freezing in a 2 L bottle, on
mADb stability during frozen storage. Upon cryoconcentration, larger protein molecules and
small excipient molecules freeze-concentrate differently, resulting in different protein to
stabiliser ratios within a container. Understanding the impact of these shifted ratios on

protein stability is essential.

Methods: For two mAbs a set of samples with constant mAb (5 mg/mL) or buffer
concentration (medium histidine/adipic acid) was prepared and stored for 6 months
at -10 °C. Stability was evaluated via size-exclusion chromatography, flow imaging
microscopy, UV/Vis spectroscopy at 350 nm, and protein A chromatography. Dynamic

light scattering was used to determine kp values.

Results: Soluble aggregate levels were unaffected by mAb concentration, but increased
with histidine concentration. No trend in optical density could be identified. In contrast,
increasing mAb or buffer concentration facilitated the formation of subvisible particles. A
trend towards attractive protein-protein interactions was seen with higher ionic strength.
MAD oxidation levels were negatively affected by increasing histidine concentration, but

became less with higher mAb concentration.

Conclusion: Small changes in mAb and buffer composition had a significant impact on
stability during six-month frozen storage. Thus, preventing cryoconcentration effects in

larger freezing containers may improve long-term stability.

Keywords: cryoconcentration, frozen storage, large-scale freezing, monoclonal antibody,

stability

Abbreviations: DLS — Dynamic light scattering, FCM - Freeze-concentrated matrix,
HMWS - Higher molecular weight species, HPLC - High-performance liquid
chromatography, HPW — Highly purified water, mAb — Monoclonal antibody, OD350 —
Optical density at 350 nm, PES — Polyethersulfone, SEC — Size-exclusion chromatography,
SVP — Subvisible particle, Ty’ — Glass transition temperature of the maximally freeze-

concentrated solution
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5.2 Introduction

Therapeutic proteins, especially monoclonal antibodies (mAbs), are high-value
biotechnological products and gained importance in the treatment of a variety of diseases
(1-4). Numerous technical challenges have to be considered during production, storage,
and transportation (5). Freezing of bulk protein solution is commonly used to increase
chemical and physical stability (6). By decoupling drug substance and drug product
processing, frozen storage and transportation offers manufacturing flexibility (7,8).
Additionally, freezing eliminates the risk of shaking and foaming and minimises microbial
growth (6,7). While controlled freezing and thawing are intentionally performed during
production, mishandling may lead to unintentional uncontrolled freezing of drug product.
Although freezing is associated with numerous advantages, it also comes with several
drawbacks. Detrimental effects from cold denaturation (9), denaturation at the ice-liquid
interface (4,10), crystallisation of excipients and buffers (11,12), potentially coming with
marked pH shifts (8,13), and especially cryoconcentration (5,14,15) are well described.
Growing ice only partially includes solutes (3). Most of the solutes are excluded by growing
ice crystals and consequently form a freeze-concentrated matrix (FCM), which
composition is described by phase or state diagrams (3,16). The glass transition temperature
of the maximally freeze-concentrated solution (T,’) determines the vitrification of this
FCM. In practical terms not only this microscopic cryoconcentration is of interest, but also
macroscopic freeze-concentration plays an important role. During freezing, natural
convection and diffusion transport proteins and excipients away from the freezing front (3).
Recent studies outline differences in cryoconcentration of large proteins and small
excipients, mainly attributed to differences in diffusivity (3,15,17). Consequently, a spatial
heterogeneity builds up that is mainly driven by the processing conditions. Beside colloidal
and conformation instability, the importance of protein oxidation has recently been
highlighted (16). Often small-scale studies in tubes, vials or vessels are used to optimise
processing conditions, formulation composition, unveil aggregation mechanisms, and
examine long-term storage stability (3,11,18-20). Miller et al. examined the frozen-state
storage stability of a mAb in 50 mL stainless steel cylindrical vessels (3). They found that
changes in concentration persist over time, regardless of the storage temperature.
Furthermore, long-term storage stability is mainly impacted by the solution’s T,’. Storage
below Tg’ completely inhibits aggregation, whereas storage above Ty’ may results in

marked aggregation.
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Previously, we highlighted significant changes in concentration upon large-scale freezing
of mAb solutions and different ratios of mAb to histidine buffer in larger containers due to
differences in diffusivity (17). Miller et al. connected cryoconcentration and long-term
stability of frozen mAb solutions (3). However, they focused on the freezing conditions

rather than the impact of freeze-concentration and shifted protein to excipient ratio.

In the current study, we examine the influence of changes in mAb and buffer concentration
on higher molecular weight species (HMWS) levels, subvisible particles (SVPs), optical
density at 350 nm (OD350) as well as mAb oxidation. MAD to buffer concentrations and
ratios were adjusted in the similar range that evolves during large-scale freezing (17). All
samples were frozen identically to minimise the effect of processing conditions and stored
for 6 months at -10 °C. A temperature above T,” was selected to generate a stress model.
Thereby, we directly connect cryoconcentration and long-term storage stability. For two
human IgGl mAbs two sets of samples were prepared; one set with fixed mAb
concentration (5 mg/mL) and varying buffer concentration (zero to maximum
histidine/adipic acid) and a second set that covered variations in mAb concentration

(0 mg/mL to 10 mg/mL) at a given buffer concentration (medium histidine/adipic acid).

Increasing mAb concentration did not alter HMWS levels after six-month storage, but led
to a higher SVP count. Higher buffer concentrations weakened repulsive protein-protein
interactions and decreased mAD storage stability. Both mAbs formulated in highly purified
water (HPW) showed highest levels of soluble aggregates, but lowest levels of SVPs.
Higher levels of partially oxidised mAb fractions were detected in samples with lower mAb
concentration. Oxidation of proteins is most likely induced at the surface of air bubbles that

form during freezing (16). In addition, histidine facilitated mAb1 oxidation.

Our study reveals that the little changes in mAb and buffer concentration at the different
positions in a large container with frozen drug substance can affect long-term storage
stability. Therefore, cryoconcentration should be avoided and the initial formulation
composition optimised. In addition to the formation of soluble and insoluble aggregates,
mAb oxidation is an important parameter during frozen storage, which should receive more

attention in future stability studies.
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5.3 Materials and Methods

5.3.1 Materials

Novartis AG (Basel, Switzerland) provided IgG1 mAbl in medium histidine buffer at
pH 5.5 and IgGl mAb2 in medium adipic acid at pH 5.2 stock solutions. L-histidine
monochloride and L-histidine monohydrate were both purchased from Merck KGaA
(Darmstadt, Germany). Adipic acid 99% was obtained from Sigma-Aldrich Produktions
GmbH (Steinheim am Albuch, Germany).

Dipotassium phosphate, monopotassium phosphate, and disodium phosphate dihydrate
were acquired from Merck KGaA (Darmstadt, Germany). Acetic acid and potassium
chloride were purchased from VWR International GmbH (Darmstadt, Germany), sodium

chloride from Bernd Kraft GmbH (Duisburg, Germany).

Uncoated 2R glass vials from SCHOTT AG (Mainz, Germany) were used. West
Pharmaceuticals (Eschweiler, Germany) provided FluroTec® lyophilisation stoppers.
Sucrose was obtained from Sigma-Aldrich Produktions GmbH (Steinheim am Albuch,

Germany).

Colourless 1.5 mL Eppendorf Tubes® 3810X (Eppendorf AG, Hamburg, Germany) were

used for centrifugation.

0.2 um Polyethersulfone (PES) membrane syringe filters were purchased from VWR

International GmbH (Darmstadt, Germany).

Either Slide-A-Lyzer® 12 mL - 30 mL dialysis cassettes (Thermo Fisher Scientific Inc.,
Waltham, Massachusetts, USA) or Vivaspin® 6 centrifugal concentrators (Sartorius AG,
Gottingen, Germany) with a 10K MWCO were used for dialysis.

5.3.2 Sample Preparation

Samples were adjusted as given in Table 1. For the set of samples with constant buffer
concentration, mAbl and mADb2 stock solutions were diluted with a medium histidine
buffer pH 5.5 and a medium adipic acid buffer pH 5.2, respectively. Samples with varying
buffer concentrations but constant mAb concentration were prepared by diluting stock
solutions with differently concentrated buffer solutions. The contribution of the stock
solution to the final buffer concentration was considered. For samples with zero buffer,
30 mL of each stock solution was dialysed against HPW using Slide-A-Lyzer® dialysis

cassettes. 6 L HPW for each dialysis step were needed to assure complete buffer exchange.
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Subsequently, these solutions were diluted to 5 mg/mL mAb with HPW. The pH of these
samples was measured but not adjusted. The final mAb concentration of all samples was
controlled via UV absorption at 280 nm using a NanoDrop™ One (Thermo Fisher
Scientific Inc., Waltham, Massachusetts, USA) prior to filtration through 0.2 um PES
syringe filters. For each formulation six 2R glass vials were filled with 1 mL aliquots and
semi-stoppered with FluroTec® lyophilisation stoppers. Samples were arranged in the
centre of lyophilisation trays surrounded by two rows of vials filled with 10% (w/V)
sucrose. These rows were added to minimise variations in heat transfer in the samples due
to radiation, known as the edge effect during lyophilisation. Subsequently, all vials were
frozen in a Christ Epsilon 2-6D LSCplus (Martin Christ Gefriertrocknungsanlagen GmbH,
Osterode am Harz, Germany). Samples were cooled to -5 °C with a rate of 1 K/min. During
a 60 min plateau at -5 °C the ice fog technology induced controlled nucleation. After
nucleation a 1 K/min ramp was applied to -40 °C. Immediately after the freezing run all
samples were transferred to a precooled -10 °C tritec® TC 231 freezer (tritec® Gesellschaft
fiir Labortechnik und Umweltsimualtion mbH, Hannover, Germany). To compensate any
temperature fluctuations in the freezer, samples were placed inside a polystyrene
thermobox. The t0 samples were kept for 12 h at -10 °C.

Table1 Samples overview; for both mAbs a set of samples with constant buffer and constant mAb

concentration was prepared.

mAb1l
Histidine medium zero low medium high max
mAb [mg/mL] 0 25 5 75 10 5

mAb2
Adipic Acid medium zero low medium high max
mAb [mg/mL] 0 2.5 5 7.5 10 5

5.3.3 Stability Analysis

Triplicates were thawed at room temperature on the laboratory bench prior to

characterisation.
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5.3.3.1 Flow Imaging Microscopy

SVPs were analysed using a FlowCam® 8100 (Fluid Imaging Technologies, Inc.,
Scarborough, Maine, USA) equipped with a 10x magnification cell with 160 pL sample
volume and a 0.15 mL/min flow rate. Distance to the nearest neighbour for particle
identification was 3 um. Particle segmentation thresholds were 10 for light and 13 for dark
pixels. The auto image frame rate was set to 28 frames/s and sampling time to 60 s. Particle
size was reported as the equivalent spherical diameter. For measurements and analysis, the

VisualSpreadsheet® 4.7.6 software was used.
5.3.3.2 Size-Exclusion Chromatography

An Agilent 1200 high performance liquid chromatography (HPLC) system equipped with
a diode array detector (Agilent Technologies, Santa Clara, California, USA) was used to
quantify HMWS via size-exclusion chromatography (SEC). A TSKgel G3000 SWxl
column (Tosoh Bioscience GmbH, Griesheim, Germany) at 30 °C served as stationary
phase, 150 mM potassium phosphate buffer pH 6.5 as mobile phase at a flow rate of
0.4 mL/min. All samples were diluted to 0.75 mg/mL with mobile phase and 100 uL diluted
sample were centrifuged 2 min in 1.5 mL tubes at 25 700 x g with a Heraeus™ Megafuge™
16R (Thermo Fisher Scientific Inc., Waltham, Massachusetts, USA). 10 uL of the
supernatant were analysed at 210 nm. Chromatograms were evaluated with the Agilent

OpenLAB Data Analysis Software version 2.1.
5.3.3.3 Optical Density at 350 nm

The OD350 of 200 pl sample was measured using a FLUOstar® Omega microplate reader
(BMG LABTECH GmbH, Ortenberg, Germany) in a quartz 96 microwell plate (Hellma
Holding GmbH, Miillheim, Germany).

5.3.3.4 Protein A Analytical Chromatography

MAD oxidation was evaluated via Protein A chromatography with an Agilent 1200 HPLC
system (Agilent Technologies, Santa Clara, California, USA) detecting at 280 nm. The
method was adapted from Loew et al. (21). Briefly, the stationary phase, an Applied
Biosystems™ POROS™ A (4.6 mmD x 50 mmL) column (Thermo Fisher Scientific Inc.,
Waltham, Massachusetts, USA), was kept at 23 °C and 250 ug mAb were injected. Elution
was performed at 2.0 mL/min in a gradient mode with buffer A (Dulbecco’s phosphate

buffered saline 1X in HPW at pH 7.4) and buffer B (100 mM acetic acid with 150 mM
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sodium chloride in HPW at pH 2.8) at 0:0, 40:60, 41:100, 51:100, 52:0, 62:0
(time [minutes]:buffer B [percentage]). 200 uL samples were centrifuged with a Heraeus™
Megafuge™ 16R (Thermo Fisher Scientific Inc., Waltham, MA, USA) at 25 700 x g in
1.5 mL tubes.

5.3.4 Determination of the Interaction Parameter kp

MADI and mAb2 stock solutions were dialysed against histidine and adipic acid buffers
(low — maximum), respectively. Therefore, 1 mL stock solution was diluted 1:5 with the
respective buffer and spun in a Vivaspin® 6 at 4 000 x g until approximately 1 mL diluted
sample was left. This process was repeated three times to assure sufficient buffer exchange.
Finally, samples were diluted to concentrations between 1 mg/mL and 8 mg/mL and

filtered through 0.2 pm PES syringe filters.

Dynamic light scattering (DLS) measurements were performed on a DynaPro Plate
Reader III (Wyatt Technology, Dernbach, Germany) with 25 pL sample in a 384-well plate
(Corning Inc., Corning, New York, USA), centrifuged at 2 000 rpm for 2 min using the
Heraeus™ Megafuge™ 16R (Thermo Fisher Scientific Inc., Waltham, Massachusetts,
USA) with an M-20 microplate swinging-bucket rotor (Thermo Fisher Scientific Inc.,
Waltham, Massachusetts, USA). Each well was sealed with 5 pL silicon oil and the plate
was centrifuged again. All samples were analysed in triplicates with 20 acquisitions of 5 s
at 25 °C. The Dynamics V7.8.2.18 software was used to analyse recorded autocorrelation
functions and to calculate diffusion coefficients. The linear fit of diffusion coefficient

versus protein concentration allows to calculate the interaction parameter kp (22-24).

5.4 Results

The formation of HMWS and SVPs, changes in OD350, and mAb oxidation upon six-
month storage at -10 °C were analysed to evaluate the long-term stability of two mAbs in
either histidine or adipic acid buffer. Our main objective was to highlight the contribution
of mAb as well as buffer concentration on stability during frozen storage. Two sets of
samples were prepared for each mAb (Table 1) reflecting the concentration range found
upon large-scale freezing of drug substance in 2 L bottles (17). Additionally, protein-

protein interactions in the formulations were assessed via the interaction parameter kp.
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5.4.1 Formation of HMWS

The formation of HMWS for both set of samples and both mAbs are shown in Figure 1.
The mAbl samples showed 1.6% HMWS at the start of the experiment except for samples
in HPW with 2.0%. It is important to note that also the t0 samples were subject to freezing
and thawing. After 6 months storage, samples with varying mAbl concentration displayed
only marginally increased aggregate levels between 1.7% and 1.9%, independent of the
mAb concentration. Overall, the aggregate formation indicates a general mobility in the
given formulations at -10 °C as expected upon storage above Ty’ (25); differential scanning
calorimetry showed Ty’ values between -38 °C and -30 °C and between -59 °C and -45 °C
for formulations with histidine and adipic acid, respectively. With increasing histidine
concentration aggregation levels after 6 months at -10 °C increased from 1.9% (low
histidine) to 6.4% (maximum histidine). The highest HMWS level of 7.6% was detected
for mAbl samples without any histidine, which had a slightly higher pH value of 5.9
compared to the histidine samples buffered to pH 5.5.
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Figure 1 HMWS levels at the start and after six-month storage at -10 °C.

The mADb2 samples showed 0.2% soluble aggregates at the start of the experiment, except
for the buffer-free sample with 0.6% HMWS. After 6 months frozen storage, HMWS levels
were only slightly increased to 0.3%, regardless of the mAb or adipic acid concentration.
Marked aggregation was detected for the buffer-free formulation with 6.4% HMWS. These
samples had a pH of 5.7 compared to the formulations buffered with adipic acid at 5.2.
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5.4.2 Formation of Subvisible Particles

In the medium histidine buffer control less than 1 200 SVPs > 1 um at the start and after
6 months at -10 °C were detected (Figure 2). At the start, up to 10 200 SVPs > 1 um were
detected in mAbl samples without a trend with increasing histidine concentration.
However, an increase in protein concentration from 2.5 mg/mL to 10 mg/mL mAbl
resulted in an increase in SVPs from 2 400 to 8 300. After six months storage at -10 °C,
clear trends in SVPs were seen. With increasing mAbl concentration from 2.5 mg/mL to
10 mg/mL the SVP count rose from 40300 to 101 300 SVPs. Higher histidine
concentrations decreased the colloidal stability. Samples without histidine displayed only
13 800 insoluble aggregates, but particle levels steadily increased to 22 000 (low histidine),
45 200 (medium histidine), 83 600 (high histidine), and 166 100 (maximum histidine). In
both sample sets, samples with 5 mg/mL mAb] in medium histidine buffer did not differ

significantly in respect of SVP count.

The medium adipic acid buffer control sample showed less than 1 000 SVPs > 1 um at the
start and after 6 months. At t0, SVPs were low and independent of the adipic acid
concentration, but increasing with mAb2 concentration from 2 300 to 6 300. The negative
impact of mAb and buffer concentration on colloidal stability during long-term storage seen
for mADI in histidine buffer was confirmed by the results for mAb2 in adipic acid buffer.
SVP formation was more pronounced at higher mAb concentration increasing from 52 300
at 2.5mg/mL mAb2 to 166700 at 10 mg/mL mAb2. Similarly, the adipic acid
concentration had a negative impact with 45 800 SVPs at low adipic acid to 95 200 at
maximum adipic acid concentration. Samples without adipic acid showed 24 300 SVPs at

the start without further SVP formation upon storage.
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Figure 2 SVPs>1 pm at the start and after six-month storage at -10 °C.

5.4.3 Optical Density at 350 nm

Aggregate formation affecting turbidity was covered by analysis of OD350. At t0 the

OD350 was between 0.039 and 0.054, increasing slightly with mAb concentration (Figure

3). There was no clear trend in the change in OD350 after six-month frozen storage and in

many samples no change was detectable.
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Figure 3 Optical density at 350 nm at the start and after six-month storage at -10 °C.

5.4.4 MADb Oxidation

Additionally, mAb oxidation was analysed by protein A chromatography. Three peaks for

different degrees of methionine oxidation in the Fc part can occur (21). We did not observe

the peak reflecting full oxidation of Met252 and strongly oxidised Met428, but detected

partially oxidised species. Oxidation of mAbl was between 3.3% and 4.5% at t0 (Figure

4). Upon six-month storage, samples with lowest mAbl concentration showed 7.7%

oxidised species. With increasing mAb] concentration the oxidised fraction became less

and at 10 mg/mL mAbl only 5.0% oxidised species were detected. Mab oxidation

increased with higher histidine concentration respectively mAb storage stability slightly
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decreased, as only 4.9% partially oxidised mAbl were detected in the histidine free

formulation, while 7.4% were observed at maximum histidine.
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Figure 4 mAD oxidation levels at the start and after six-month storage at -10 °C.

Initially, mAb2 samples in adipic acid showed between 1.4% and 2.5% oxidation. During
frozen storage, the partially oxidised fraction increased but less than for mAbl1 in histidine.
The mAb concentration again had a positive impact with 3.8% oxidised species at 2.5
mg/mL mAb2 compared to 2.5% at 10 mg/mL. The increase in oxidised species by
approximately 1.2% upon storage was independent of the adipic acid concentrations
(samples with high adipic acid concentration displayed the highest oxidised fraction after

6 months with 4.4%, but also had the highest level at t0).
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5.4.5 Interaction Parameter kp

The linear fit of mutual diffusion coefficients versus mAb concentration allows to calculate
the interaction parameter kp (22-24). While it was possible to evaluate the effect of
histidine and adipic acid on mAb self-interaction, kp analysis at low ionic strength has to
be carefully interpreted because of nonlinearity of the experimental data (23,24). We
therefore excluded buffer-free formulations. Increasing histidine concentration reduced
mAbl kp values from 24.6 mL/g to 1.8 mL/g (Figure 5). The kp value of mAb2 decreased

from 3.0 mL/g in low adipic acid to a negative value of -4.2 mL/g in maximum adipic acid.
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Figure 5 Linear regression fit of diffusion coefficient versus protein concentration (left) and calculated kp
(right).

5.5 Discussion

Our aim was to close the knowledge gap about the stability of frozen bulk drug substance,
which is regularly utilised in production of protein pharmaceuticals. Due to differences in
diffusivity, large-scale freezing is not only associated with cryoconcentration (5,14,15), but
can come with spatial shifts in the mAb to excipient ratio (3,15,17). In the present study,
we connected freeze-concentration with frozen storage stability of mAbs. We examined
aggregation and oxidation of two mAbs formulated in histidine (mAbl) or adipic acid
(mADb2). Samples were adjusted in the similar concentration range that evolves during
cryoconcentration upon large-scale freezing (17). Two sets of samples were prepared for

each mAb, one at a given mAb concentration and varying the buffer concentration and a
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second one with fixed buffer concentration but variation of the mAb concentration.

Samples were stored at -10 °C, significantly above Tg’, to generate a stress model.

Formation of small soluble aggregates was analysed via SEC. Upon frozen storage, samples
with varying mAb concentration showed only a marginal increase in HMWS levels of
approximately 0.2%. Several studies emphasize a positive effect of protein concentration
on stability (4,26,27). During freezing, mAbs adsorb at the ice/FCM interface. This
interface area is finite and the relative adsorbed fraction decreases when mAb concentration
is increased (4,26). However, the sensitivity for denaturation and aggregation during
freezing/thawing or freeze-drying is protein dependent (26,27). Furthermore, these studies
focussed on the process conditions, whereas the recent study examines the storage stability
of mAbs. While the mAb concentration did not affect HMWS levels upon frozen storage,
an increase in histidine concentration increased the HMWS level by up to 4.8%. Protein-
protein interactions highly depend on ionic strength (28) and can be correlated to the protein
interaction parameter kp. Positive kD values are associated with net repulsive interactions
(22-24). We found less repulsive interactions with higher buffer concentration, which can
increase aggregation tendency in solution but also at the interface, where the adsorbed layer
reflects a phase of high protein concentration with molecules fixed in close vicinity. Soluble
aggregates in buffer-free samples increased by 5.6% and 5.8% upon six-month frozen
storage of mAb1 and mAb2, respectively. This may be due to the pH of these samples that
was not adjusted and differed from the histidine or adipic acid buffered solutions. This pH
difference might also explain the higher HMWS levels at t0. Due to the nonlinearity of the
data under buffer-free conditions, kp values cannot be reliably assessed to evaluate protein-

protein interactions at the given pH and ionic strength (23,24).

Larger aggregates were analysed via OD350 (3,29,30). No clear trends upon storage could
be identified and no effects of mAb or buffer concentration. The negative impact of higher
histidine concentrations on mAb]1 stability, which was seen in SEC, was not reflected on
this nanometre-size level, but was additionally pronounced at the micrometre level (see
discussion on SVPs below). An influence of adipic acid concentration on mAb2 stability
could not be detected via OD350. It has been shown previously that an increase in HMWS

is not necessarily connected to an increase in turbidity (12).

Particles in the micrometre range were evaluated via flow imaging microscopy. Increasing
mAb concentration led to higher SVPs counts up to approximately 100 000 SVPs for mAbl
and 170 000 SVPs for mAb2 upon six-month frozen storage. SVP formation steadily
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increased with mAb concentration for both mAbs, already seen at t0, which included
freeze-thaw stress. The significant increase in SVPs with mAb concentration presumably
resulted from hundredth of a percent of the total protein in solution and is therefore not
reflected in the HMWS levels (30). Increasing the buffer concentration and consequently
the ionic strength resulted in more pronounced formation of SVPs. Highest counts were
detected for the maximum histidine (for mAbl formulations) and maximum adipic acid
concentration (for mAb2 formulations) with approximately 170 000 SVPs and
100 000 SVPs, respectively. During storage, protein-protein interactions contribute
substantially to the overall stability, while especially surface-induced denaturation drives
aggregation during the freezing and the thawing process (10,27,31). The decrease in kp
values with increasing histidine concentration showed a trend towards more attractive
protein-protein interactions that was similarly observed for higher adipic acid
concentration. While in buffer-free samples highest levels of soluble aggregates were
detected, OD350 and SVPs remained on the initial level. Repulsive interactions between
mADb aggregates presumably prevented the formation of large particles. Additionally
performed dynamic light scattering measurements of buffer-free samples proved the

general absence of particles in the micrometre range.

To our knowledge, no study examined the possible oxidation during frozen storage of
proteins or mAbs. Authelin et al. emphasized the possible importance of mAb oxidation
upon freezing (16). Samples at lower temperatures per se contain high concentrations of
oxygen due to an increase in oxygen solubility with decreasing temperature. In addition,
dissolved gases freeze-concentrate as other solutes. As soon as the solubility limit is
reached, gases, predominantly oxygen and nitrogen, can form air bubbles. This process is
facilitated by cryoconcentration of other solutes, such as sugars or salts, which further
reduce the solubility of gases. The practical relevance of freeze-concentration of oxygen
has been shown by Takenaka et al. (32). In our study, we saw marked mAb oxidation as
well as a significant impact of mAb concentration on oxidation. In particular, at the lowest
concentration of 2.5 mg/mL mAbl or mAb2 the oxidation level after storage was
substantially increased, whereas the different samples with a protein concentration between
5 mg/mL and 10 mg/mL showed a rather similar increase. At this point we could only
speculate on rate limiting effects setting in at high protein concentration or enhancing
effects at low protein concentration. No clear trend was observed for increasing adipic acid

concentration, whereas higher histidine concentrations promoted mAb1 oxidation. Mason
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et al. have demonstrated that histidine oxidises, accompanied by multiple byproducts, and
that even pure histidine contains catalytic amounts of metal cations (33). The rapid
oxidation of polysorbate 80 has been connected to the use of histidine buffer (34); addition
of a mAb completely prevented surfactant oxidation with the mAb potentially acting like a
scavenger, which itself might get oxidised. Our experiment highlighted the need for a

routine check of mAb oxidation during long-term frozen storage.

Transferred to cryoconcentration that we found upon large-scale freezing in a 2 L bottle
(17), our small-scale experiments suggest a marked impact of little changes in mAb and
buffer concentration on mAb aggregation and oxidation. Depending on the position in the
bottle, the stability significantly differs in comparison to the solution’s initial nominal
composition. Areas with the highest mAb concentration, found in the top region of the
bottle, significantly contribute to the formation of SVPs. However, mAb oxidation is
reduced in these regions. Due to differences in diffusivity, the mAb to buffer ratio is shifted
towards the buffer component in the centre region near the bottom (17). This region can be
associated with substantial formation of SVPs and, in case of the mAbl formulation
containing histidine, with higher HMWS levels and an increased partially oxidised mAb
fraction. In contrast, the areas near the wall of the bottle, containing minimum buffer
concentration, are characterised by highest stability. Overall, cryoconcentration should be
avoided. One option is faster freezing, which could in addition reduce the exposure time of
proteins to detrimental factors but may render smaller ice crystals and thus larger critical
ice/FCM interface (3,7). Alternatively, natural convection, which is thought to be the main
driving force for freeze-concentration, could be reduced e.g. by freezing from bottom to
top if the liquid level is low (35). However, this would inevitably imply a new bottle and
freezer design. Freezing solutions with lower mAb concentration may help to reduce SVP
formation, but at the same time may increases the risk of mAb oxidation. The buffer
concentration should be sufficient to stabilise the pH, but unnecessarily high concentrations

coming with reduced repulsive mAb self-interaction should be avoided.

5.6 Conclusion

In this work, we examined the effects that changes in mAb and buffer concentration due to
cryoconcentration have on long-term frozen storage stability. Two set of samples were
prepared, one with constant mAb concentration (5 mg/mL mAbl and mAb2, respectively)

and a second one with constant buffer concentration (medium histidine/adipic acid).
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Concentrations were adjusted similarly to the position-dependent cryoconcentration that
was found after large-scale freezing in a 2 L bottle (17). All samples were processed equally

and subsequently stored for 6 months at -10 °C, significantly above Ty’.

Increasing mAb concentration did not affect the formation of HMWS upon long-term
frozen storage, while higher histidine concentration facilitated the formation of HMWS.
No effects of mAb or buffer species and concentrations on larger aggregates assessed via
OD350 could be identified. The SVP count steadily increased for both mAbs with protein
as well as buffer concentration. The protein-protein interaction parameter kp revealed a
trend towards more attractive interactions with higher ionic strength, i.e. buffer
concentration. MAD oxidation upon frozen storage was found to be an important parameter,
which was negatively affected by increasing histidine concentration, but became less with
increasing mAb concentration. Transferred to spatial cryoconcentration in a large-scale 2 L
bottle upon freezing (17), apparently small position-dependent changes in mAb and buffer
concentration have a substantial impact on storage stability. Areas with higher mAb
concentration, found in the top region, are prone to form SVPs, but show reduced levels of
oxidised species. Regions with increased buffer concentration, in case of a 2 L bottle in the
centre near the bottom, are associated with marked SVP levels. In case of mAbl formulated
in histidine, these areas additionally tend to form HMWS and oxidised mAb species. The
highest stability is expected in regions near the wall that represent lowest buffer

concentrations.

These finding suggest that reducing cryoconcentration, e.g. by accelerating freezing or
directed freezing from bottom to top, can improve the long-term frozen storage stability of
mADb solutions. Additionally, reducing the initial mAb concentration may help to decrease
the formation of SVPs. However, this might increase the risk mAb oxidation. High buffer
concentrations that reduce repulsive protein-protein interactions should be avoided, but

sufficiently high concentration assured to stabilise the formulation pH.
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6.1 Abstract

Purpose: Monoclonal antibody (mAb) aggregation during freezing and thawing of drug
substance in large volumes cannot be scaled down simply by reducing the volume
drastically. Thus, there is a need for representative scale-down devices (SDDs) that reflect
the stress in large containers, but require only a fraction of the material. To this end we

studied two novel SDDs.

Methods: We characterised mAb aggregation upon repeated freezing and thawing in two
SDDs that aim to mimic the stress in a rectangular 2 L bottle. One SDD consists of a 3D
printed cover that surrounds a 125 mL bottle and thereby manipulates heat exchange,
whereas the micro SDD (mSDD) adapts cooling and heating of 10 mL vials to extend stress
time. MADb aggregation was evaluated in respect of the formation of higher molecular
weight species (HMWS), subvisible particles > 1 um per mL (SVPs), and the increase in
hydrodynamic radius, polydispersity index (PDI), and optical density at 350 nm. Three

different mAb solutions were processed.

Results: The SDD as well as the unshielded 125 mL bottle mimicked mAb aggregation in
a 2 L bottle upon repeated freezing and thawing of a 5 mg/mL mAbl or an 85 mg/mL
mAD?2 solution. Upon processing a I mg/mL mAb2 solution in a 2 L bottle, the increase in
HMWS to 1.25%, in SVPs to 108 100 > 1 um per mL, in average hydrodynamic radius to
5.7 nm, and in PDI to 0.38 indicated significant aggregation. Both the SDD and the
unshielded 125 mL bottle showed similar SVP levels, hydrodynamic radius, and PDI.
However, in the SDD up to 1.55% soluble aggregates were detected, while the 125 mL
bottle showed only 0.95%.

Aggregation in 10 mL vials was negligible. The utilisation of the mSDD led to 0.63%
HMWS, 31 700 SVPs > 1 um per mL, and an average hydrodynamic radius and PDI of
5.2 nm and 0.14, respectively.

Conclusion: In general, both the unshielded 125 mL bottle and the SDD can be used to
predict aggregation upon freezing and thawing in large-scale 2 L bottles. In specific cases
the unshielded 125 mL bottle might underestimate soluble aggregates, whereas the SDD
slightly overestimates HMWS levels. The mSDD significantly increases aggregation in

comparison to 10 mL vials. Nevertheless, the results of the 2 L bottle were not matched.
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Keywords: aggregation, freezing, monoclonal antibody, scale-down device, thawing

Abbreviations: CFD — Computational Fluid Dynamics, DLS — Dynamic light scattering,
FCM - Freeze-concentrated matrix, FT — Freezing and Thawing, HMWS — Higher
molecular weight species, HPLC - High-performance liquid chromatography, mAb —
Monoclonal antibody, mSDD — Micro scale-down device, PDI— Polydispersity index, SDD
Scale-down device, OD350 — Optical density at 350 nm, PES — Polyethersulfone,
SEC - Size-exclusion chromatography, SVP — Subvisible particle, T, — Glass transition

temperature of the maximally freeze-concentrated solution
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6.2 Introduction

Therapeutic proteins, such as monoclonal antibodies (mAbs), are generally stored frozen
during industrial production to increase shelf life (1-5). Freezing minimises the risk of
microbial growth and slows down physical and chemical reactions (3,4,6). By decoupling
drug substance and drug product processing, freezing offers flexibility during
manufacturing while maintaining stability for an extended period of time (3,6,7). Frozen
transportation reduces the risk of foaming, shaking, and agitation compared to liquid (5).
In addition to intentional freezing and subsequent thawing operations during production,
mishandling by operators or patients might lead to unintended freezing and thawing (FT)
of drug substance or drug product (8). These benefits might be outbalanced by several
undesirable effects. Microscopic and macroscopic cryoconcentration after freezing (9—12)
and concentration gradients after thawing (5,13) are well examined. During freezing,
solutes are mostly excluded from the growing ice phase, form a freeze-concentrated matrix
(FCM) in between ice crystals, and define the protein microenvironment. The macroscopic
spatial composition is determined by natural convection and diffusivity of solutes during
freezing (2). This results in substantial heterogeneity in the frozen bulk (14). During
thawing, the FCM melts out of the ice (1). Because of its significantly increased
concentration and consequently higher density, nearly pure ice is left which starts to float
and dilutes the top region (1). Thus, not only after freezing but also after thawing a
substantial heterogeneity evolves (1,5,13). Additionally, conformational and colloidal
stability during FT might be impacted by cold denaturation (15-17), (re)crystallisation
(6,18-20), significant pH shifts (7,21), and degradation at the ice interface (12,22).
Recently, the formation of air bubbles, local pressure, and mechanical stresses have been

proposed (23) and add to the various possible stresses.

Typically, effects of solution conditions or processing parameters on the protein,
specifically its physical stability as reflected by aggregate formation, are not performed at
the production scale spending several litres of highly valuable material, but in small-scale
studies (3,7,8,18,20,21,24,25). Such experiments support optimisation of the formulation
or to unveil stability issues during storage. Nonetheless, processing and freezing rates,
exposure times to critical effects, freeze-concentration, as well as the ice/FCM interface
area are not preserved (2,14,26,27). Thus, the freeze-thaw stress at small scale does not
reflect large-scale stress and the results have to be interpreted with care. SmartFreeZ

developed a scale-down device (SDD) that tries to overcome this limitation (Figure 1). It
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enables to mimic FT of 2 L bottles utilising 125 mL bottles. In short, Computational Fluid
Dynamics (CFD) modelling was used to assess the stress time of each control volume,
defined as the time after the beginning of freezing until the glass transition temperature of
the maximally freeze-concentrated solution (Tg’) is reached. The 3D printed SDD
surrounds a 125 mL bottle, which footprint is one fourth of the 2 L bottle. By insulating
two walls, heat exchange is controlled to match the cumulative stress time of a 2 L bottle.
Thereby, the SDD significantly prolongs process time in comparison to an unshielded
125 mL bottle and mimics the cryoconcentration during freezing and the concentration
gradients after thawing of a 2 L bottle (28). With this approach the material need can be
reduced 16-fold from 1.6 L to 100 mL. The same CFD based approach of matching stress
time was realised in a micro SDD (mSDD) to scale the volume further down (Figure 1).
The mSDD operates with vials filled with 5.5 mL and thus minimises the volume nearly
300-fold. The significantly lower volume and different geometries do not allow to adapt
cooling and heating rates by insulating the vials. Instead, heat exchange is controlled from

the bottom through a stainless-steel plate.

Neither the 125 mL bottle nor the 10 mL vial based SDD have been evaluated concerning
the question whether they can reflect the overall stress and physical instability of proteins
in a 2 L bottle. To answer this question, we assessed aggregation of two mAbs during
multiple freeze-thaw cycles comparing the 2 L bottle, the unshielded 125 mL bottle, the
SDD, 10 mL vials, and the mSDD setup. We analysed the formation of higher molecular
weight species (HMWS), subvisible particles > 1 um per mL (SVPs), the development of
the average hydrodynamic radius Ry and the polydispersity index (PDI), as well as the
optical density at 350 nm.

Upon five freeze-thaw cycles of 5 mg/mL mAbl and 85 mg/mL mAb2 in the 2 L bottle
with 1.6 L fill we observed only little changes. Both the unshielded 125 mL bottle and the
SDD matched this outcome requiring only 100 mL. A 1 mg/mL mADb2 solution was much
more sensitive and HMWS, SVPs, Ry, and PDI significantly increased with each freeze-
thaw cycle in the 2 L bottle. The 125 mL bottle matched the development of insoluble
aggregates, but markedly underestimated the formation of soluble aggregates. In contrast,
the SDD led to more HMWS. 10 mL vials filled with 5.5 mL that were handled in the same
freezer as the 2 L bottle significantly underestimated both soluble and insoluble aggregate
formation. In contrast, the mSDD demonstrated more stress for the mAb, but still slightly

less aggregation compared to the 2 L bottle was observed.
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Figure 1 Top: SDD by SmartFreeZ that consists of a surrounding cover filled with 1% ethanol and a top
cover. Bottom: The mSDD (left) controls heat exchange from the bottom via a plate filled with ethanol

(centre). A 3D printed holder controls the positioning of six vials (right).

6.3 Materials and Methods

6.3.1 Materials

Novartis AG (Basel, Switzerland) provided two mAb stock solutions, a 185 mg/mL IgG1
mADblI stock solution in 20 mM histidine buffer at pH 5.5 and an 85 mg/mL IgG1 mAb2
stock solution in 25 mM adipic acid buffer at pH 5.2. Adipic acid 99% was purchased from
Sigma-Aldrich Produktions GmbH (Steinheim am Albuch, Germany). L-histidine
monohydrate and L-histidine monochloride were both acquired from Merck KGaA
(Darmstadt, Germany). Dipotassium phosphate and monopotassium phosphate were

obtained from Merck KGaA (Darmstadt, Germany).
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Cellon S.A. (Bascharage, Luxembourg) delivered 125 mL and 2 L PharmaTainer™ bottles
as well as 10 mL PharmaTainer™ stability vials all made of polyethylene terephthalate.
0.2 pm polyethersulfone membrane syringe and bottle top filters were acquired from VWR
International GmbH (Darmstadt, Germany). Colourless 1.5 mL Eppendorf Tubes® 3810X
were obtained from Eppendorf AG (Hamburg, Germany).

6.3.2 Preparation of Protein Samples

The mAbI stock solution was diluted to a final concentration of 5 mg/mL in 20 mM
histidine buffer at pH 5.5. MAb2 stock solution was used as delivered at 85 mg/mL or
diluted to 1 mg/mL mAb2 in 25 mM adipic acid buffer at pH 5.2. The final mAb
concentrations were controlled using a NanoDrop™ One (Thermo Fisher Scientific Inc.,
Waltham, Massachusetts, USA) via UV absorption at 280 nm with baseline correction.
Subsequently, samples were filtered through 0.2 um bottle top or syringe filters. 2 L bottles
were filled with 1.6 L, the 125 mL bottles and the SDD with 100 mL and the 10 mL vials
as well as the mSDD with 5.5 mL mAb solution.

6.3.3 SDD and mSDD

The SDD and the mSDD were provided by SmartFreeZ (Porto Salvo, Portugal). A 125 mL
PharmaTainer™ bottle is covered by the SDD (Figure 1). The SDD is filled with 1%
ethanol to reach adiabatic conditions at two walls and thereby control heat exchange. Two
SDDs were used in back-to-back orientation. One filled with 100 mL mAb solution was
used for the experiment, a second one containing 100 mL highly purified water for

shielding.

The mSDD (Figure 1) defines cooling and heating rates to control heat exchange during FT
in the vial and thereby mimic the thermal history of a 2 L bottle that is frozen and thawed
at constant external temperatures, namely -80 °C for freezing and 25 °C for thawing. The
mSDD can generate temperature profiles to mimic FT under a user-selected average heat
transfer coefficient. In this work, the average heat transfer coefficient during FT was set to
27 W/(m?K) and the calculated temperature profile is shown in Figure 5. To control the
heat exchange from the bottom, a stainless steel plate was filled with high-performance
liquid chromatography (HPLC) grade ethanol. Six vials at room temperature were manually
transferred to the plate that was precooled to -80 °C. After 120 s the vials were placed in
the 3D printed holder. To assure correct assembly of the holder, the cover was tightly
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pressed on and the position fixed with 3M™ 5413 polyimide tape (3M Deutschland GmbH,
Neuss, Germany). Finally, the holder was placed inside the mSDD to start the FT run.

6.3.4 Freezing and Thawing

The 2 L PharmaTainer™ bottle, the SDD and the 125 mL PharmaTainer™ bottle were
processed simultaneously in an MKF 240 air-blast chamber (Binder GmbH, Tuttlingen,
Germany). After 1 h acclimatisation at 20 °C in the air-blast chamber, the chamber was
cooled at maximum rate to -40 °C and held for 10 h to assure complete freezing of all
devices, followed by maximum heating of the air-blast chamber to 20 °C. This temperature
was held for 16 h to assure complete thawing. The devices were gently homogenised by
inverting the bottles five times and 1 mL triplicates collected. This process was repeated

until five FT cycles were completed.

Additionally, aggregation in 10 mL PharmaTainer™ stability vials, which were equally
processed in the MKF 240 air-blast chamber, was analysed. After acclimatisation at 20 °C
for 1 h in the air-blast chamber, the chamber was cooled at maximum rate to -40 °C and
held at this temperature for 1.5 h until the set temperature was reached in the vials.
Afterwards, the chamber was heated to 20 °C with maximum speed and the temperature
held for 2 h. Triplicates for each time point were prepared and homogenised before

subsequent FT.

Six PharmaTainer™ stability vials were frozen and thawed in the mSDD. After each FT
run, samples were gently homogenised and moved to the right to the next of the six
positions to compensate possible inhomogeneities on the plate. Aggregation was evaluated
at the start and after one, three, and five freeze-thaw cycles. The fill volume of 5.5 mL is
mandatory for reproducible runs. Thus, for each time point six vials were processed

separately until the intended number of freeze-thaw cycles was completed.
6.3.5 Stability Analysis
6.3.5.1 Flow Imaging Microscopy

SVPs > 1 um per mL were analysed using a FlowCam® 8100 (Fluid Imaging Technologies,
Inc., Scarborough, Maine, USA) equipped with a 10x magnification cell. The sample
volume was 160 pL. Sampling time and flow rate were set to 60 s and 0.15 mL/min,
respectively. Particle segmentation thresholds were 10 for light and 13 for dark pixels and

distance to the nearest neighbour 3 pm. An auto image frame rate of 28 frames/s was used.
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The equivalent spherical diameter was reported with the VisualSpreadsheet® 4.7.6

software.
6.3.5.2 Size-Exclusion Chromatography

HMWS were detected via size-exclusion chromatography (SEC) on an Agilent 1200 series
HPLC system equipped with a diode array detector (Agilent Technologies, Santa Clara,
California, USA) detecting at 210 nm. As stationary phase a TSKgel G3000 SWxI column
(Tosoh Bioscience GmbH, Griesheim, Germany) and as mobile phase 150 mM potassium
phosphate buffer at pH 6.5 were used. The column temperature was kept at 30 °C and the
flow rate set to 0.4 mL/min. Prior to analysis, samples were diluted to 1 mg/mL with mobile
phase and centrifuged at 25 700 x g in a Heracus™ Megafuge™ 16R (Thermo Fisher
Scientific Inc., Waltham, Massachusetts, USA). 10 uL sample were injected. The Agilent
OpenLAB Data Analysis Software version 2.1 was used to evaluate the relative percentage

of HMWS based on the area under the curve.
6.3.5.3 Dynamic Light Scattering

Dynamic light scattering (DLS) measurements were performed on a DynaPro Plate
Reader III (Wyatt Technology, Dernbach, Germany). 100 uL undiluted sample were filled
in a 96-well clear bottom plate (Corning Inc., Corning, NY, USA). For each well five
acquisitions of 5 s at 25 °C were taken. Data were processed via the Dynamics V7.8.2.18
software. The cumulant fit analysis was performed to derive the mutual diffusion
coefficient and the PDI. The apparent hydrodynamic radius was calculated via the Stokes-

Einstein equation.
6.3.5.4 Optical Density at 350 nm

The optical density of undiluted samples at 350 nm was determined using the FLUOstar®
Omega microplate reader (BMG LABTECH GmbH, Ortenberg, Germany). 200 uL were
pipetted into a 96 well quartz microplate (Hellma Holding GmbH, Miillheim, Germany).

6.3.6 Temperature Mapping in the mSDD

To compare the vial and the set temperature during FT in the mSDD, six 10 mL
PharmaTainer™ vials were equipped with type T thermocouples fed through holes drilled
into the vial caps and fixed with polyimide tape to be in direct contact with the bottom.
HHS520 handheld data logger thermometers (OMEGA Engineering GmbH, Deckenpfronn,

Germany) recorded the temperature in 15 s intervals. Vials were filled with 5.5 mL freshly
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filtered 1 mg/mL mAb2 solution in 25 mM adipic acid at pH 5.2. The experiment was

performed in triplicate.

6.4 Results and Discussion

6.4.1 MADb Aggregation in the 2 L Bottle, 125 mL Bottle, and the SDD

Three different mAb solutions were frozen and thawed repeatedly to compare stress in the
SDD to the large-scale 2 L bottle and an unshielded 125 mL bottle. A 5 mg/mL mAbl
solution in 20 mM histidine buffer as well as an 85 mg/mL and a 1 mg/mL mAb2 solution
in 25 mM adipic acid buffer were studied. To evaluate protein aggregation, the formation
of HMWS and SVPs > 1 um per mL, the increase in average hydrodynamic radius and PDI,

and the optical density at 350 nm were determined.

Overall, the mAbl solution at a moderate concentration of 5 mg/mL showed a high
resistance against FT induced aggregation (Figure 2). The initial HMWS level of 1.7% did
not increase in the 2 L bottle after five freeze-thaw cycles. The SDD as well as the 125 mL
bottle matched this outcome. Flow imaging microscopy is a very sensitive method to detect
protein aggregation as often only hundredths of a percent of the total protein content
forming aggregates > 1 um result in clearly distinguishable differences in total SVP count
(29). The initial SVP levels below 1000 particles per mL increased by approximately
10 000 particles per mL each FT cycle in the 2 L bottle (53 100 SVPs > 1 um per mL after
five freeze-thaw cycles). The total count in the SDD was marginally higher after the third
cycle, but similar after the fifth (59 600 SVPs >1 um per mL). SVP formation in the
unshielded 125 mL bottle was less after the first, similar after the second, and slightly
higher after the third to fifth FT cycle reaching 71 000 particles > 1 um per mL. During FT
surface-induced denaturation plays a critical role (12,30,31). We previously demonstrated
much faster freezing in the 125 mL bottle compared to the 2 L bottle and the SDD (28),
which can result in more but smaller ice crystals (30). This may explain the higher SVP
count in the 125 mL bottle assuming that mAb1 adsorption to the ice surface induces the
formation of aggregates. However, considering the sensitivity of the method, these

differences are not expected to have a practical relevance.
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Figure 2 Comparison of mAb aggregation in the large-scale 2 L bottle, the SDD, and the unshielded

125 mL bottle upon repeated FT of a 5 mg/mL mAbl1 solution in 20 mM histidine buffer at pH 5.5.
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Several studies highlighted that DLS measurements can facilitate and accelerate the
tracking of mAb aggregation (32—-34). Even small quantities of aggregates, especially larger
particles, can be detected with high sensitivity, because the intensity of the scattered light
is proportional to the sixth power of the hydrodynamic radius (34). Therefore, we reported
the average hydrodynamic radius and the PDI. An increase in hydrodynamic radius can be
associated with the formation of aggregated particles (32,33). The PDI allows to estimate
the heterogeneity of this sample. For monodisperse samples a PDI<0.1 is expected (32,35).
Consequently, a PDI larger than 0.1 indicates that more than a single species is present
(32). At the beginning of the experiment, we observed an average hydrodynamic radius of
4.7 nm and a PDI of 0.04. The impact of FT was little, but hydrodynamic radius and PDI
increased to 5.0 nm and 0.14 in the 2 L bottle, respectively, indicating aggregation. Both
the SDD and the 125 mL bottles displayed the same extent of change. Finally, we measured
optical density at 350 nm. The turbidity of initially 0.045 remained low in all devices even

after the fifth FT cycle as it is a less sensitive measure for aggregate formation.

We additionally studied an 85 mg/mL mAb2 solution, which was expected to be more
sensitive to FT stress, especially at high concentration. During FT in the 2 L bottle the
soluble aggregate level indeed increased from 0.24% to 0.33% (Figure 3). The SDD as well
as the 125 mL bottle generated similar HMWS levels upon repeated FT. The HMWS levels
were marginally higher after four compared to five FT cycles pointing towards further
aggregation of the HMWS forming larger insoluble aggregates with the last FT cycle. The
mADb2 solution initially showed less than 1 000 SVPs > 1 um per mL. With each FT the
levels increased up to 54 000, 63 600, and 112 200 SVPs > 1 pum per mL in the 2 L bottle,
the 125 mL bottle, and the SDD, respectively. DLS analysis of initial mAb2 samples
revealed an average hydrodynamic radius of 5.2 nm and a PDI of 0.02. Even after the fifth
FT cycle neither the hydrodynamic radius nor the PDI significantly increased in any of the
three devices. Similarly, the initial optical density of 0.08 remained unaffected. The
detection of insoluble aggregate formation by DLS and UV may be hampered by the high

protein concentration of 85 mg/mL masking little changes.
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Figure 3 Comparison of mAb aggregation in the large-scale 2 L bottle, the SDD, and the unshielded
125 mL bottle upon repeated FT of an 85 mg/mL mAb2 solution in 25 mM adipic acid buffer at pH 5.2.
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Several studies have highlighted that protein adsorption to the ice interface is limited
(22,36) and consequently the relative adsorbed fraction increases, when mAb concentration
is decreased (22,37). We therefore also investigated a 1 mg/mL mAb2 solution. As
displayed in Figure 4 this solution showed enhanced sensitivity to FT. Initially displayed
0.24% HMWS steadily increased with FT cycles in all three devices up to 1.25%, 1.55%
and 0.96% in the 2 L bottle, the SDD, and the unshielded 125 mL bottle. The insoluble
particle levels increased as well with FT in the 2 L bottle up to 108 100 SVPs > 1 pm per
mL after the fifth cycle, which was overall well reflected in both the SDD and the
unshielded 125 mL bottle. DLS analysis recorded a hydrodynamic radius of 4.9 nm and a
PDI of 0.01 at the start. In comparison to the 85 mg/mL solution, dilution to 1 mg/mL
diminished the hydrodynamic radius of the mAb2 monomer. This deviation can be
explained by reversible self-association of mAbs at high concentrations (34). With FT in
the 2 L bottle the average hydrodynamic radius as well as PDI drastically increased after
the five cycles to 5.7 nm and 0.38, respectively, indicating substantial aggregate formation.
Again, both SDD and unshielded 125 mL bottle showed a highly similar outcome. As with
the 85 mg/mL solution, the optical density at 350 nm did not change with FT in any of the

setups.

In summary, the SDD but also the unshielded 125 mL bottle showed mAb aggregation
similar to the large-scale 2 L bottle upon repeated FT of a 5 mg/mL mAb]1 or an 85 mg/mL
mADb2 solution. Thus, both might be used to predict FT related aggregation in most of the
cases. For a highly aggregation sensitive formulation such as the diluted mAb2, the
formation of HMWS might be underrepresented in the unshielded 125 mL bottle, but the
SDD might represent a worst-case scenario as it marginally overpredicts aggregation.
Thereby, the material need is significantly reduced by the utilisation of the SDD.
Additionally, the SDD can be used to assess long-term frozen storage stability. While the
unshielded 125 mL bottle significantly underpredicts cryoconcentration in a 2 L bottle, the
SDD mimics changes in mAb as well as buffer concentration (28). Thus, bottles frozen in
the SDD could be used to examine the effect of cryoconcentration on frozen storage
stability. Alternatively, small-scale studies in vials that represent the mAb and buffer
concentrations found in the SDD could be prepared. However, further studies are necessary

to proof the validity of this concept.

119



Chapter 6

SVPs > 1 um [#/mL]

Figure 4 Comparison of mAb aggregation in the large-scale 2 L bottle, the SDD, and the unshielded

start | 1xFT | 2xFT | 3xFT | 4xFT] 5xF T

start | 1xFT | 2xFT | 3xFT | 4xFT | 5xFT

start | 1xFT | 2xFT | 3xFT | 4xFT | 5xFT

2 L Bottle

SDD

125 mL Bottle

120 000 —

90 000—

60 000

30 000—

start | 1xFT | 2xFT| 3xFT | 4xFT] 5xF T

star1|1xFT 2xFT | 3xFT | 4xFT | 5xFT

start | 1xFT | 2xFT | 3xFT | 4xFT | 5xFT

2 L Bottle

SDD

125 mL Bottle

A o o o o
aa o O O O

Hydrodynamic Radius [nm]

»
o

Il

T start [ ixeT [ 25T [3xET [ 4xET [ 5T

[ Hydrodynamic Radius

start | 1xFT | 2xFT | 3xFT | 4xFT | 5xFT

PDI

start | 1xFT | 2xFT | 3xFT | 4xFT | 5xFT

—0.80

—0.60

2 L Bottle

SDD

125 mL Bottle

©
o
®

©
o
>

Optical Density at 350 nm

i

start | 1xFT | 2xFT| 3xFT | 4xFT] 5xF T

start | 1xFT | 2xFT | 3xFT | 4xFT | 5xFT

start | 1xFT | 2xFT | 3xFT | 4xFT | 5xFT

2 L Bottle

SDD

125 mL Bottle

125 mL bottle upon repeated FT of a 1 mg/mL mAb2 solution in 25 mM adipic acid buffer at pH 5.2.

120



Evaluation of Two Novel Scale-Down Devices for Testing mAb Aggregation during
Large-Scale Freezing

6.4.2 MAb Aggregation in 10 mL Vials and the mSDD

The 1 mg/mL mADb2 solution, that was sensitive to FT induced aggregation, was further
used to characterise the performance of a newly developed mSDD. The mSDD reduces the
volume required for stability testing from 100 mL in the SDD to 5.5 mL. To generate a
general understanding of the processes in the mSDD, firstly temperature profiles in 10 mL
PharmaTainer™ stability vials were recorded and compared to the set temperature (Figure
5). Secondly, mAb aggregation in the mSDD was characterised in comparison to the 2 L
bottle (Figure 6). To evaluate the impact of the adapted FT in the mSDD, results were
additionally compared to 10 mL PharmaTainer™ stability vials upon FT in the blast freezer

and thawer used for the 2 L bottle.

freezing thawing storage

==

Temperature [°C]

vial temperature
= = = set temperature
% nucleation
| ' | ' | ' | ' | ' | ' |
0 120 240 360 480 600 720 840 960
Time [min]

Figure 5 Comparison of set and vial temperature in the mSDD. The temperature in the vials was measured

at the lowest possible position in direct contact to the bottom. The grey cloud indicates the standard deviation.

As for the SDD, the cumulative thermal history of a 2 L bottle calculated via CFD
simulations was to be matched. In case of the SDD, the thermal history is manipulated by
controlling the heat exchange of the small bottle with a 3D printed cover. Thereby, the SDD
can be processed next to the bottle of interest. In case of the mSDD, the temperature in
10 mL stability vials is accurately controlled by cooling and heating from the bottom on a
plate filled with ethanol. The time the sample spends between the freezing temperature and
Tg’, during which molecular mobility is high (38), was extended. To this end, as shown in

Figure 5, several ramps and plateaus are applied after controlled nucleation. The exact
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profiles are adapted according to the bottle size that should be mimicked and the average
heat exchange coefficient on the bottle wall during large-scale freezing. The heat exchange
coefficient depends on the freezer and thawer and is estimated based on simulations. The
temperature profiles at the vial bottom deviated from the set temperature. This was due to
the 4 mm high ethanol layer, an air bubble underneath the bottom, and the lower heat
transfer of the container material. The impact of these factors was considered during the
development of the mSDD. Small standard deviation underlined the overall good
homogeneity during FT, regardless of the position of the vial in the holder. The sudden
drop in temperature after approximately 90 min indicated that freezing in the whole vial
was completed. From this point in time on no more latent heat of crystallisation was
released into the system. During thawing temperatures above 0 °C were reached after 480
min. Because of the negative thermal expansion of aqueous solutions, the thermocouple at
the bottom of the vial quickly approached temperatures around 4 °C. Although the mAb2
solutions completely thawed near the bottom, visual inspection at this point in time revealed
a large frozen fraction in the top region. This fraction experienced further stress until the

vials were completely thawed.

As discussed above, a 1 mg/mL mADb2 solution showed a substantial increase in HMWS,
SVPs, hydrodynamic radius, and PDI during FT in a 2 L bottle. In contrast, protein
aggregation in 10 mL PharmaTainer™ vials treated in a blast freezer and thawer was by
far less pronounced (Figure 6). HMWS levels remained on the initial 0.24%, SVP count
only minimally increased from 2 600 SVPs > 1 um per mL at t0 to 11 500 after five freeze-
thaw cycles, hydrodynamic radius and PDI only changed from 4.9 nm to 5.1 nm and 0.01
to 0.15, respectively, and similar to the 2 L bottle no change in optical density at 350 nm
was observed. By manipulating the temperature vs. time profile of the FT, the mSDD
significantly enhanced FT induced mAb aggregation. In detail, 0.63% HMWS and 31 700
SVPs > 1 um per mL were detected after five freeze-thaw cycles. The marked increase of
average hydrodynamic radius and PDI after five freeze-thaw cycles in the 2 L bottle was
not well mimicked by the mSDD with 5.2 nm and 0.14, respectively. The optical density
was not affected by repeated FT as seen for the 2 L bottle. Nevertheless, the mSDD
equipped with 10 mL vials clearly better reflects FT stress of a 2 L bottle as compared to

simply placing the 10 mL vials in the blast freezer and thawer.
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FT of a 1 mg/mL mADb2 solution in 25 mM adipic acid buffer at pH 5.2.
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Vials freeze faster than larger bottles, resulting in smaller ice crystals (30). This larger
surface might lead to the formation of SVPs. On the other hand, the exposure time of the
protein to possible detrimental effects is shortened. In addition, the smaller volume and the
reduced FT times mitigate cryoconcentration upon freezing and concentration gradients
upon thawing (2,3). Eventually, less stress is observed during FT in vials. Though vials are
regularly used for small-scale studies, our results emphasize that such experiments are not
necessarily representative. Increasing the time period in between T’ and the freezing
temperature is a good approach to manipulate the total stress. Nevertheless, the mSDD did
not perfectly match the large-scale FT stress of a 2 L bottle. Several hypotheses might
explain this discrepancy. The CFD simulations that calculated the cumulative thermal
history in the 2 L bottle considered FT from room temperature to -80 °C. However, our
large-scale experiments were practically limited to -40 °C, which can generate an
approximately two times larger stress time than set in the mSDD. Additionally, only one
average heat transfer coefficient is used to calculate the set temperature in the mSDD. This
might be realistic for high-capacity blast freezers, which freeze and thaw bottles
homogeneously. In case of the blast freezer and thawer used in this study, the circulating
air in the chamber is directed from the walls towards a fan in the back, which might result
in slightly inhomogeneous FT. Therefore, one heat transfer coefficient cannot accurately
describe the realistic process. In the mSDD vials are held at temperatures above 0 °C for
an extended period of time. As long as ice is present in the top region, this adds to the
cumulative stress. According to the mSDD program ice should disappear 30 min before
reaching the storage temperature. Visual inspection revealed ice in all vials after
approximately 540 min, only in the two centre vials after 600 min, and after 780 min the
ice had completely vanished in all vials as supposed. The observed deviations can be
explained by variations in natural convection inside the vials or small differences in
insulation that become relevant when the temperature difference (thermodynamic
equilibrium and heat transfer surface) is small. In general, the mSDD aims to run a generic
process suitable for all formulations, but solutes, which decrease the freezing temperature,

could impact the outcome simply based on the freezing point depression.
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6.5 Conclusion

The aim of this study was to evaluate mAb aggregation in two novel SDDs upon repeated
FT in comparison to a large-scale 2 L bottle. Therefore, three different mAb solutions were
subjected to five freeze-thaw cycles and the formation of HMWS and SVPs > 1 pm per mL,

the increase in hydrodynamic radius and PDI, and optical density at 350 nm determined.

Both the SDD and the mSDD were designed by SmartFreeZ via CFD simulations to
preserve the overall stress upon FT of' a2 L bottle. In case of the 3D printed SDD, a 125 mL
bottle is surrounded by the device and heat exchange at the walls manipulated by insulating
two walls. Thereby, the material need is reduced 16-fold. MAb aggregation upon repeated
FT of a 5 mg/mL mADbI solution or an 85 mg/mL mAb2 solution in a 2 L bottle could be
predicted by the SDD, but was equally mimicked by the unshielded 125 mL bottle. In
contrast, aggregation of a much more sensitive 1 mg/mL mAb2 solution was
underpredicted by the 125 mL bottle; the SDD overpredicted the formation of soluble
aggregates, indicating that it could be used as a worst-case scenario in formulation or FT

process development.

The mSDD follows the same CFD based approach of equivalent cumulative stress, but
reduces the sample volume nearly 300-fold to 5.5 mL in vials. Instead of insulating areas
of the container, the significant differences in size and geometry require a different
approach to increase stress time in the mSDD. A defined cooling and heating program,
which is adapted in respect of the bottle size and the freezer and thawer used, expands the
time the sample spends at a temperature between the freezing temperature and Tg’. Vials
that were equally frozen and thawed as the 2 L bottle in a blast freezer and thawer
significantly underestimated soluble as well as insoluble mAb aggregate formation. The
adapted cooling and heating by the mSDD significantly increased stress and mAb
aggregation. Thus, the presented mSDD offers a novel approach to representatively scale-
down FT in large-scale 2 L bottles, that requires only a fraction of the material.

Nevertheless, optimisation is needed to close the gap between the mSDD and the 2 L bottle.
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7.1 Abstract

Purpose: Large-scale freezing and thawing experiments of monoclonal antibody (mAb)
solutions are time and material consuming. Computational Fluid Dynamic (CFD) modeling
of temperature, solute composition as well as the local stress, defined as the time between
start of freezing and reaching T’ at any point in the container, could be a promising

approach to ease and speed up process development.

Methods: Temperature profiles at six positions were recorded during freezing and thawing
of a 2L rectangular bottle and compared to CFD simulations via OpenFOAM.
Furthermore, cryoconcentration upon freezing and concentration gradients upon thawing

of a mAb solution were predicted and the local stress calculated.

Results: Temperature profiles during freezing were accurately matched by the CFD
simulation. Thawing time was only 45 min to 60 min longer in the model. The macroscopic
cryoconcentration of the mAb was also matched by the simulation; only a highly
concentrated region in the top and a diluted core in the geometrical centre of the 2 L bottle
were not well reflected in the simulation. The concentration gradient after thawing obtained
by simulation as well agreed with the experimental result. In addition, CFD simulations
allowed to extract the global temperature distribution, the formation of ice, and thus the

distribution of stress in the freezing liquid.

Conclusion: CFD simulations via OpenFOAM are a promising tool to describe large-scale
freezing and thawing of mAb solutions and can help to generate a deeper understanding

and to improve testing of the robustness of the processes.

Keywords: CFD, cryoconcentration, freeze-concentration, freezing and thawing, freeze-

thaw, large-scale, monoclonal antibody, OpenFOAM, simulation

Abbreviations: CF — Concentration factor, CFD — Computational Fluid Dynamics,
HTC — Heat transfer coefficient, mAb — Monoclonal antibody, TC — Thermocouple, VOF
— Volume of Fluid
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7.2 Introduction

During large-scale production of monoclonal antibody (mAb) solutions, freezing is
commonly applied to increase stability and shelf life (1). Frozen storage reduces the risk of
microbial growth, halts shaking and foaming during transportation, and provides flexibility
in manufacturing processes (1,2). Although offering a variety of advantages, freezing and
inevitable subsequent thawing are connected to several possible adverse effects.
Microscopic and macroscopic changes in concentration, surface-induced aggregation at the
ice interface, and cold denaturation can potentially outbalance the benefits of freezing (2).
It has been shown that Computational Fluid Dynamics (CFD) modeling can be used to
assess stresses potentially affecting mAb stability (3). Thereby, CFD can help to gain a
better understanding of the process, accelerate robustness evaluation of a process, and
enable to define optimal process parameters. In this communication, we explore if CFD
simulations can depict large-scale freezing and thawing processes. Therefore, we compared
CFD simulations to previously published experimental results including the temperature
profiles during freezing and thawing at several positions and macroscopic
cryoconcentration upon freezing and concentration gradients upon thawing in a rectangular
2 L bottle. In addition, we used the CFD simulations to gain insights into critical attributes
that are not accessible via experiments, namely the global temperature distribution, the

formation of ice, and an estimation of stress in different regions of the bottle.

7.3 Materials and Methods

All materials and methods for the practical part of this study were described previously (2).

In this section, only the essential information will be given.

7.3.1 Materials

A 5 mg/mL IgGl mADbD solution in a 20 mM histidine buffer at pH 5.5 with 0.4 mg/mL
polysorbate 80 was used. 2 L PharmaTainer™ polyethylene terephthalate bottles
(Cellon S.A., Bascharage, Luxembourg) were filled with 1.6 L mAb solution.

7.3.2 Temperature Mapping during Freezing and Thawing

Six type T thermocouples (TCs) connected to an HH520 handheld data logger thermometer
(OMEGA Engineering GmbH, Deckenpfronn, Germany) were positioned as shown in
Figure 1. Five TCs were evenly distributed in one fourth of the 2 L bottle at half liquid
height; a sixth TC was positioned in the centre but at 75% liquid level. The bottles were
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cooled for 10 h at -40 °C and heated for 15 h at 20 °C in an MKF 240 air-blast climate
chamber (Binder GmbH, Tuttlingen, Germany). The measurement was performed in

triplicate.

4 )

Figure 1 Positioning of TCs in the 2 L PharmaTainer™ bottle. On top a schematic drawing in cross-section

is provided, below a representative picture of the bottle. The figure is adapted from Bluemel et al. (2).

7.3.3 Analysis of Changes in Concentration

Cryoconcentration and concentration gradients were analysed after freezing by cutting the
frozen block into 234 equal segments of approximately 7 mL for subsequent analysis. In a

separate experiment changes in concentration upon thawing were examined by taking
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samples out of nine layers for analysis. For each layer five samples were taken in the edges
and the centre of the 2 L bottle. For the contour plot the mean per layer was calculated and
plotted without considering the centre samples. MAb concentration was quantified via size-

exclusion chromatography.
7.3.4 Computational Fluid Dynamics Modeling

The detailed mathematical description of freeze-thaw systems is difficult due to the
complex structure of the ice dendrites in the slushy layer. We used the enthalpy-porosity
technique, which was implemented in an in-house developed solver using the OpenFOAM
software. A more detailed description can be found elsewhere (3). With aid of the volume
of fluid (VOF) technique the fluid/solid system of heat and mass transfer was modelled as
depicted in Table 1. Single momentum and energy equation (eq. 4 and eq. 5) for overall
mixture with density p, velocity U, and effective thermal conductivity k£ was shared for all
phases and the volume fraction of each phase was tracked throughout the domain.
Following the enthalpy-porosity method, the momentum equation (eq. 4) has a drag force
source, Sq, which expresses the force that the ice matrix exerts on the fluid, due to the fluid
percolation (correlation of Sg is captured in eq. 10). Biomixture/gas interface was solved
by advection of biomixture fraction (y). Solute mass transport (with mass fraction w,) was
calculated as depicted in eq. 6. Ice fraction (o) was tracked by eq. 7 which is related with
the ice mass source (Sic.) empirical crystallisation kinetics (eq. 9). The liquidus temperature
was predicted by the classical equation (eq. 8) for estimation of the freezing point
depression (K = 2.60 K mol kg'!) for an aqueous solution of sucrose. Geraldes et al.

described the thermophysical properties used in the model (3).

Table 1  Equations used for the modeling of heat and mass transfer in the CFD simulations.

Advection of liquid oy
. —+V-(yU)=0 (1)

volume fraction y ot
Mixture density p=Y (picea + prig(1 — a)) + (1 = ¥)Pair (2)

o . dap
Continuity equation Fn +V-(pU) =0 3)
Momentum dpU

, —+p(U-VU=-Vp+Vu-(VU+VU) +pg+S,; | 4
equation Jt
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a[y(aﬁice + (1 - a)ﬁliq) + (1 - Y)Bair]

equation

(1-a)?

V- (pUh
Energy equation at + (p U ) ®))
— V- (kVT) =0
Bice = ep,ice (T - Tref) - AI:'I\solidfication
Flliq = Cp,liq (T — Trer )
ﬁair = ep,air(T - Tref)
ﬁf = Vﬁliq +(1- V)Bair
k = V(akice +(1- a)kliq) + (1 —y)kair
L. apWWA _
Solute continuity ot + V- (pUwy) — V- [pyDapVw,u] = 0 ©)
equation
where p,, = y(1 — a)pliq + (1 = V)Pair
Ice continuity 0a  Sice )
equation Ot Pice
Liquidus Kew
T, =Tp—— T2 (8)
temperature My(1—wy)
Ice mass source Sice = 1T(1 — a)?a(T — TL)(WAg — WA) 9)
Momentum source a’
Sq=Pu—"—=3U (10)

7.4 Results and Discussion

7.4.1 Comparison of Temperature Profiles during Freezing

Temperature profiles at six positions were mapped and compared to the experimental

outcome to verify the CFD simulations. The heat transfer at the bottle surface defines the

temperature distribution and the freezing time. Therefore, it is crucial to use realistic heat

transfer coefficients (HTCs). Based on own preliminary measurements in comparable blast

freezers and thawers, the HTC was initially set to 25 W/(m?K). The temperature profiles
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for a freezing simulation with 25 W/(m?K) at all six surfaces, the four walls, the top, and

bottom, are given in Figure 2.

2 L bottle - simulation
2N M IS Vel 4 \
FAY Sy tU T Cente;
_/\\ TC 2 (half distance)
------- TC 3 (exposed) —— TC 3 (exposed)
- \ - -
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|-
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Figure 2 Temperature profiles as determined during the CFD simulation (dotted lines) and large-scale
experiments (solid lines) during freezing. On top freezing was simulated with an HTC of 25 W/(m?K) at all
surfaces. Below the HTC was set to 24 W/(m?K) at the walls and to 15 W/(m?K) at the top and the bottom

surface.

Overall, freezing time was shorter in the simulation compared to the experiment. Freezing

time is defined as the time span between nucleation and the completion of ice formation
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(2,4), indicated by a plateau in the temperature profiles. As soon as ice crystallisation is
finished, no latent heat of crystallisation is released into the system and the temperature
drops. Differences between simulation and experiment were more distinct at the later
freezing points (TC 1 and TC 2), while the last point to freeze at TC 6 was again very close.
This indicated that in the CFD simulation the HTC was set slightly too high and heat
transfer from the bottom and the top should be reduced. Consequently, we set up a second
simulation with an HTC of 24 W/(m?K) at the walls and 15 W/(m?K) at the bottom and the
top surface. Thereby, the simulated temperature profiles matched the experimental outcome

(Figure 2); only a small difference of 15 min was observed when comparing TC 2. With
this setup further modeling was performed.

7.4.2 Comparison of Cryoconcentration

With the optimised simulation parameters, we characterised the mAb cryoconcentration
upon freezing. Changes in concentration were expressed as the concentration factor (CF),
which is the ratio of the sample concentration to the initial concentration. Experimentally,

a CF between 0.54 and 1.37 was determined (Figure 3).

-
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Figure 3 Experimentally determined mAb cryoconcentration (left) in comparison to simulated

cryoconcentration (right) upon freezing.
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The simulation displayed a CF between 0.12 and 4.89 (limited to 99% of the total mass;
the highest simulated CF reflects a negligible fraction that is not of practical relevance).
The cryoconcentration apparently appears to be increased in the simulation. However, since
the sample size influences the experimental outcome (5), a deviation between experiment
and simulation was expected. The simulation well predicted diluted areas at the walls and
a highly concentrated centre near the bottom. Nevertheless, three results from the
experiments were not covered by the simulations: 1) the diluted core in the geometrical
centre, i1) a highly concentrated region on top resulting from an eruption because of an
upward volume expansion (2,6), and iii) the significant shift of the ratio between mAb and

the buffer species histidine as the simulation only considers cryoconcentration of the mAb.
7.4.3 Comparison of Temperature Profiles during Thawing

Similar to the approach during freezing, temperature profiles were used to optimise the
thawing simulation. The best agreement was found for an HTC of 26 W/(m?K) at the walls
and 20 W/(m?K) at bottom and top (Figure 4). Overall, the TC profiles were matched.
Optimisation could not completely eliminate the deviation towards the bottle centre (TC 1,
TC 2, and TC 6). During thawing ice detaches and starts to float on top, driven by
coincidence. This process cannot be implemented in the simulation which assumes ice as
stationary. Consequently, thawing takes longer in the simulation. Additionally, only two
HTC values can momentarily be set; different HTC values for the four walls depending on
the positioning towards fans and blast freezer/thawer wall may allow even better
adjustment. Nevertheless, differences between TC 1 and TC 6, which were experimentally
seen upon thawing, were also detected by the simulation. The oscillation after complete

thawing of ice is due to natural convection that was implemented in the solver.
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Figure 4 Temperature profiles as determined during the CFD simulation (dotted lines) and large-scale
experiments (solid lines) during thawing. The HTC was set to 26 W/(m?K) at the walls and to 20 W/(m?K) at

the top and the bottom surface.

7.4.4 Comparison of Concentration Gradients upon Thawing

Upon thawing, CF values between 0.54 and 2.86 were quantified experimentally (Figure
5). This indicates a strongly diluted top region and highly concentrated region at the bottom
of the 2 L bottle. This gradient was predicted by the CFD simulations with CFs between
0.002 and 2.93 (limited to 99% total mass). Again, the extremely low CF towards the top
is limited to a very small defined region and more of theoretical nature. Different diffusion
coefficients for different solutes are not implemented in the solver and therefore additional
relative changes in the composition depending on the position in the bottle cannot be

predicted by the simulation.
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Figure 5 Experimentally determined mAb concentration gradient (left) in comparison to simulated

concentration gradient (right) after thawing.

7.4.5 Additional Parameters Derived from the CFD Simulations

Temperature profiles and changes in concentration at any position in the bottle through
freezing and thawing can be derived from CFD simulations. Additionally, the simulations
calculate several parameters that can be of interest during large-scale freezing and thawing
and that are not easily accessible via experiments. As displayed in Figure 6, the global
temperature distribution during freezing as well as thawing can be extracted. This could be
used to determine when set temperatures are reached throughout the entity. Furthermore,
the proceeding of the freezing front and the formation of ice is pictured, which correctly
displayed a volume expansion towards the top. It should be again noted that the ice is
assumed stationary during thawing and thus does not start to float. In addition, the spatial
stress upon freezing and thawing was simulated. Stress is defined in the solver as the time
span a control volume stays below the freezing temperature and above the glass transition
temperature of the maximally freeze-concentrated solution (T,’). Upon freezing, this stress
was highest at the walls of the bottle and lowest in the centre according to the simulations.
Upon thawing, the latest thawing region in the centre experienced highest stress. It should
be noted that the formation and the thawing of ice, indicated by time consuming plateaus

in the temperature profiles, are not considered as stress.

139



Chapter 7

Concentration Temperature
4.89 20.0

20

1.00

100 min cooling

0.500

300 min cooling

0.500

0.250

500 min cooling

0.500

0.250

200 min heating

{®)]
=
&=

(]

()
=
=

S
(=]
o
©

0.250

1000 min heating

-40.0

Figure 6 Simulated development of mAb concentration (CF), temperature (°C), local stress, and the

formation of ice during cooling and heating.
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7.5 Conclusion

CFD simulations accurately described temperature distribution at six distinct positions
during freezing and thawing in a rectangular 2 L bottle. Temperature profiles during
thawing were slightly less accurate, probably because in the experiments ice detaches
during thawing and starts to float. The experimentally determined cryoconcentration upon
freezing as well as concentration gradients after thawing were well reflected in detail in the
simulation. Only a small diluted core region and a small highly concentrated region in the
top region upon freezing were not reflected in the simulation. Effects of differences in the
diffusion coefficient of solutes due their size on cryoconcentration are not yet implemented
in the simulation, but can be added in the future. An enormous asset of the CFD simulations
is that they enable to calculate parameters that cannot be directly assessed experimentally
including the global temperature distribution, the formation of ice, and the distribution of

stress.

CFD modeling helps to gain a better understanding of large-scale freezing and thawing
processes and associated phenomena. Thus, simulations can be used to define optimal
process parameters and to evaluate the robustness of processes, i.e. the effect variations in
fill volume, bottle size, and cooling and heating ramps have on the outcome. Furthermore,

the information about the distribution of stress is used to develop novel scale-down devices.
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Chapter8 Summary

Due to material limitations, particularly during early-stage development, scale-down
devices (SDDs) are needed that preserve the characteristics of large-scale freezing and
thawing, but require only a fraction of the material. So far, no SDD is marketed to predict
freezing and thawing and possible detrimental effects in industrially widely used disposable

bottles.

Chapter 1 highlighted advantages and possible drawbacks that are associated with freezing
and thawing of monoclonal antibody (mAb) solutions. Additionally, the current scientific
knowledge in respect of ideal process and storage conditions was summarised. Several
approaches to scale-down large-scale freezing and thawing were discussed and two SDDs,

which development was assisted by Computation Fluid Dynamics (CFD), were introduced.

At first, freezing in a novel SDD was compared to a large-scale 2 L bottle and a 125 mL
bottle (Chapter 2). The 3D printed SDD is a cover that surrounds a 125 mL bottle and
controls the heat exchange via insulation of critical regions. Thereby, matching cumulative
thermal histories between the SDD and the 2 L bottle are generated. The SDD accurately
predicted 3D temperature profiles and cryoconcentration of a mAb and the buffer histidine
compared to the 2 L bottle. Unforeseen events, such as a diluted core at the last point to
freeze as well as shifts in the mAb to histidine ratio, were preserved. In contrast, freezing
was markedly shorter and cryoconcentration reduced in the 125 mL bottle. High initial
mADb concentration suppressed cryoconcentration, while low initial mAb concentrations
led to substantial freeze-concentration. The higher dynamic viscosity, which further

increased upon cooling, was found to limit cryoconcentration.

Furthermore, the SDD mimicked temperature profiles that were observed during large-
scale thawing in a 2 L bottle (Chapter 3). Substantial concentration gradients of mAb, the
buffer histidine, and the surfactant polysorbate 80 (PS80), leading to marked density
gradients, were detected in the SDD and the large-scale 2 L bottle. Concentration gradients
were considerably smaller in the 125 mL bottle, because of the significantly reduced
thawing time. Differences in diffusivity between mAb, histidine, and PS80 resulted in a

rapid equilibration of histidine during and after thawing of the mAb solution.

Eventually, mAb aggregation upon repeated freezing and thawing in the SDD was
compared to the 2 L bottle and the 125 mL bottle (Chapter 6). Three different mAb

solutions were subjected to five freeze-thaw cycles. In comparison to the 2 L bottle, the
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125 mL bottle underestimated aggregation in mAb solutions that are sensitive to freezing
and thawing induced denaturation. In contrast, the use of the SDD had a marked effect on
mAb stability. While mAb aggregation upon large-scale freezing and thawing of highly
stable mAb solutions was matched in the SDD, the formation of soluble aggregates was
overpredicted in instable solutions. Thus, the SDD can mimic the worst-case scenario
during development and formulation optimisation. A novel micro SDD (mSDD) that
utilises vials reduces the material needed to characterise large-scale freezing and thawing
nearly 300-fold. Whereas the SDD matched the thermal history of a 2 L bottle via insulation
of critical regions, the significant differences in size and geometry required a different
approach in the mSDD. Defined cooling and heating rates expand the time the sample
spends between the freezing temperature and the glass transition temperature of the
maximally freeze-concentrated solutions (T,’) and thereby increase stress time. MADb
aggregation was significantly underestimated in 10 mL vials that were frozen identical to
the 2 L bottle. In contrast, the use of the mSDD markedly increased soluble and insoluble

aggregate levels.

In summary, the novel 2 SDD can be used to mimic freezing and thawing and associated
phenomena, e.g. cryoconcentration, in a 2 L bottle by using only a fraction of the material.
During early-stage development, it can be utilised for process and formulation
optimisation. The novel mSDD further reduces the material need and proves that the
manipulation of cooling and heating profiles is an effective method to increase stress upon

freezing and thawing.

Chapter 4 examined the effect of cryoconcentration, which comes with a change in mAb
to histidine ratio, on long-term frozen storage stability below and above T, . To determine
Tg’ of protein samples that do not contain glass formers via differential scanning
calorimetry, an optimised sample preparation was established. Increasing the sample
concentration via lyophilisation and subsequent reconstitution with less water resulted in
distinct glass transition signals. Ty of the samples was defined by the mAb to histidine
ratio. Storage at -80 °C, significantly below Tg’, did not lead to mAb aggregation, whereas
storage above Tg’, at -20 °C or -10 °C, markedly affected stability. Long-term storage
stability above T’ was an interplay of AT between T,  and the storage temperature, the
ionic strength in the non-solidified freeze-concentrated matrix, and mAb concentration.

Transferred to cryoconcentration in a 2 L bottle, apparently small changes in mAb and
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histidine concentration, associated with a shift in the mAb to excipient ratio, have a

considerable effect on long-term frozen storage stability.

In Chapter 5 a more systematic study was presented that addressed the effects variations
in mAb and buffer concentration have on long-term frozen storage stability. Increasing
mADb concentration negatively impacted insoluble aggregation, but decreased the oxidised
fraction that was found after six-month storage at -10°C. An increase in buffer
concentration decreased mAb stability. This effect could be correlated to weaker repulsive
protein-protein interactions with increasing ionic strength. Buffer-free samples displayed

overall highest levels of soluble aggregates.

During the development of the SDDs, CFD simulations were used to calculate the thermal
history and thereby stress during large-scale freezing and thawing. Chapter 7 compared
optimised CFD simulations to experimental temperature profiles and cryoconcentration
and concentration gradients upon freezing (Chapter 2) and thawing (Chapter 3),
respectively. After adapting heat transfer coefficients, the simulations precisely described
the experimental temperature distribution. While the concentration gradient upon thawing
was accurately predicted, macroscopic cryoconcentration upon freezing was slightly
increased. However, the samples size influences the experimental outcome. In addition,
CFD modeling allowed to extract the distribution of stress, the global temperature, and the
formation of ice. Thus, the simulations are a promising tool to characterise freezing and

thawing of mAb solutions and to generate a holistic understanding of the process.

This thesis focused on the characterisation of novel SDDs to predict freezing and thawing
behaviour of mAb solutions in large-scale bottles. To this end, we evaluated 1) temperature
profiles at distinct positions, ii) changes in concentration upon freezing and thawing, and
ii1) mAb aggregation. Overall, the SDD proved great predictive power. In contrast, an
unshielded 125 mL bottle significantly underestimated process time and changes in
concentration and should not be used to scale down large-scale freezing and thawing
processes. The material need was further reduced in a mSDD which controls the freezing
and thawing process in 10 mL vials. Compared to regularly frozen 10 mL vials, the mSDD
was much closer to the increased soluble and insoluble aggregate levels of the large-scale
bottles. Long-term frozen storage stability studies underlined the marked effect apparently

small changes in mAb and excipient concentration due to cryoconcentration might have
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when the storage temperature is above T,’. The SDD can be stored to study these effects or
used to determine cryoconcentration and shifts in mAb to excipient ratio to prepare samples

accordingly.
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