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Chapter |  General introduction

1.1 Introduction

The first largescale commercial implementatiof freezedrying in a pharmaceutical
environmentwas accomplishedvith freeze-drying of human blood plasm@uring World
War 11.12 Since then, a lot asearch into the biophysics of freezing and fredrging was
made. However, the emergence of widely ussmbmbinant protein pharmaceuticaist
freezedrying on the spot* This is particularly linked to the complexityin both the
production and the limited physicochemical stability of protéindost of the typical
proteinrelateddegradation pathways like chemical reactions (e.g., hydrolysis) or physical
mechanisms (e.g., aggregation) are generally slowed dowime solid state due tthe
reduction of moleculamobility and significant reduction of water contéfit The reader
interested iraspects oprotein stabilityin generaf 1% and protein stability in the solid state
in particular*'?13is referred to literature

In thefollowing section the process of freezirying will be describedt a glance
.2  The freezedrying process

Freezedrying, synonymously called lyophilization, isnaultistage operation which the

drying method of choice for protein pharmaceuticals uatlay The classic conventional
freezedrying is performed in a batanode and is described as a tiwwsuming, higly
energy consumptive, costly process raising additional challenges during drug product
manufacturing*>*Generally, the lyophilization process comprises three process steps, (i)
freezing, (ii) primary dryingvhich is characterized by the removal of crystallized water by
sublimationunder vacuum with gentle heatiagd (iii) secondary drying in which unfrozen
water is desorbednder vacuum by controlled heating to more elevated temperatdres

1.2.1 Freezing

After filling of the liquid in the container and placing it on the shelves of the freeze,
the temperaturef the ystem is lowered until the solvent separates from the solute by
crystallization'®” Searles et df divided the freezing of water (which normally is the main

component of pharmaceutical solutidnsbe freezalried) into four steps which comprised
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(1) the cooling of the solution below its equilibrium freezing temperature, i.e. supercooling,
(2) the formation of an ice nucleus, i.e. primary nucleation, (3) the instant subsequent growth
of an ice naleus to ice crystals, i.e. secondary nucleation, and (4) the final solidification by
thecompletion of the liquigo-solid phase transition by proceeding ice crystal growth. The
supercooled solution is metastable and is, therefore, prone to spontarystalbzation of

ice. The higher the degree of supercooling the more the number of ice nuclei increases and
thus the probability of ice crystallizatidfi?! Besides a higher degree of supercooling
corresponds with the formation of smaller ice crystals which in turn direffdgts the
average pore size within the generated cake structure leading to a patinetrying
performance during t subsequent sublimation phase, but an improved desorption
drying.#1822 However, pharmaceuticasolutions normally represen multi-component
systems which ultimately either leads to eutectic irepar vitrification upon lowering the
temperatureEutectic freezing refers to the solute crystallization from a cryoconcentrated
solution and is characterized by the eutectic melting temperatgije e formation of a
eutectic mixture can often be seler excipients that are known to crystallize upon freezing,

e.g. mannitol or glycindn contrast, the vitrification occurs in systems with excipients that
tend to form an amorphouslute phase, e.g. sugarg certan arginine salt$® and is
characterized by the glass transition temperature of the maximally -teezentrated
soluton(lg6) . Thi s occurs in the case of phase se
amorphous solute phase leading to an increase in solute concentration by further
crystallization of water. At the T®6 t he v i s cfreezacdangentraief chandgese
approximately four orders of magnitude over a small temperature readied to a rigid

glass systenbelow T4a1"?2 Another haracteristic parametés the collapse temperature

(T¢). Tcis the (total) loss of structuaused by viscous floand, therefore, represents the
maximum allowable produd¢emperature that must not be exceeded during the subsequent
drying proceduref the pharmaceutical elegant appearaaod porous structuref the
lyophilizate should be maintainéti?®> Generally T40 measured by differential scanning
calorimetry (DSC) represents an easy to acsssogate forTc, which is normally
determined byaborious and operatatependentireezedrying microscopy (FDM).For

pl acebos or | ow protein concentration amor pl
suggesiT40~ T.2® In general T is described to be 1 K to 5 K highas T,0 , but i n cer
systems like high protein concentration formulations, higher deviations are repcited

All in all, the freezing step may have a dental effect on the incorporated protein.

Especially when keeping in mirttatfreezing is associated with sever@esses like cold
2



denaturatiort*3932, freeze or cryoconcentratiori?2333} pH shifts due to crysllization of
buffer component®**and proteirinteraction with ice indirectly*® or viaadsorption to the
ice surface at thige-liquid interface®’.

The inerested reader is referredraviews by Kasper et al’ and Assegehegn et #lifor a

sound overview ofhe freezing step in pharmaceutical lyophilization.
.2.1.1 Annealing

One modification of the freezing step is the #&ddi of a thermal treatment after
solidification of the system called annealing. By raising the shelf temperature to a value
abovethe g6 o f t h e compldtecrysellizationhoécrystalline compounds is
promoted?. Also, annealing is reported to decrease iviat heterogeneity andtmprove
primary drying rateg?3°40

.2.1.2 Controlled ice nucleation

Another modification is the control of the ice nucleation temperatuge dontrolled ice
nucleation (CN) as such refers to the controlpbfall vials and thus control of the degree

of supercooling of the filled solution by introducing a stimulus to the supercooled solutions.
Normally, the ice nucleation among the batch is a stochastic event, leading to a distribution
of nucleation temperates and, hence, to an intgal heterogeneitgoncerningpore size
distribution and subsequent drying performariereover, especially when transferring a
process from laboratory scale to a production environment,-istmeffed frozen samples
tend to a lgher degree of supercooling due to less airbdragerogeneous nucleation sites

in a Class 100 environmetit By the employment of controlled ice nucleation, these
challenges during process transfer and sopleould be overcome or at least diminished.
Moreover, thelowering of the degree of supercooling by application of CN leads to the
formation of larger ice crystals and thus larger pores which typically result in lower
resistance to water vapor duritige sublimation phase, but leading @#reduced specific
surface ared®*?

Several techniquésr controlled ice nucleatioare reported itheliterature, some of them

with commercial implementation. The most common techniques are based on (1) the
introduction of ice seeds by ice f6§*4°, (2) the application of rapid pressure changes
48,5051 or (3) the application of vacuum to induce local surface fre€Zify Although the

benefits and advantages of controlled ice nucleation from a proces®1i#&52:5355whole

3
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batch and/or product quality perspectiV&*3>*>® have been shown widely, shefmp
freezingis still the gold standard in mosbmmercial processes.
Theinterestedreaderis referred toa review by Geidobler et 4t.for more backgrood on

controlled ice nucleation.
1.2.2 Primary drying

The primary drying is the sublimation drying in which the &ozolvent, i.e.in most of the
cases water, is removed from the product under vacUim®.kasis for thisis that the
chamber pressure ikept well belowthe vapor pressure of icat the target product
temperaturé®® As the phase transition from solid to gaseous consumes ertegyy
sublimation enthalpy needead provided by the heated shelves to keep the sublimation
ongoing.In conventionaprimary drying, the majority of ice is sublimed in a qustelady
statewhich can be expressed as coupled heat and mass trandfevhich needs to be
balanced during primary dryicfgrhat means, it should ballanced in a way that the product
temperature does not exceed the maximum allowable product temperature)(big.is’
kept as closesapossible to it! This necessity becomes obvionken tking into account
thatan increase in product temperature by Iis’@ported talecreas@rimary drying time

by around 13 %2 For a rational design of the primary drying step, the chamber pressure and
the shelf temperature have to be definedthe following, three important relans from
Tang and Pikat® explaining the interaction of the variablesncerninghe heat and ass

transferwill be discussed:

(1) The dependence of the ice sublimation dateédtof the chamber pressulRe in vials
isexpressed biquationl-1 (Pice equilibrium vapor pressure of ice at the sublimation
interface temperaturd®, resistance of the driggroduct layer above the frozen

product):

_ — (Equationl-1, modified fromTang and Pikai®)

The sublimation rate is proportional to the pressure difference. Consequently, the lower the
chamber pressure, the higher the ice sublimation rate. However, due to technical challenges
associated withiery low chamber pressur&sand reports on increased heteraggnin heat
transfer®®, Tang et af® recommend an operating space from 66 pbar to 266 jtbgeneral,

the driedproduct layerR, represats the main hinderindactor to water vapor flow,

4



wherefore the resistance to of the semistopperedrviahd the resistance tcansfer from
drying chamber to the condens$&rcould be neglectedHowever,care must be taken &

increasesvith progresig drying.%*

(2) Thegenerarelation between heat transfer rad€®(d)) and mass transfer raidn{/d)

is given by theexpression:

— Yoz — (Equationl-2, from Pikal et al®®)

The heat transfer rate is directly proporabto the mass transfer ratea the heat of ice

sublimation (p H) asaproportional factor.

(3) In vials, theheat transfer rat@Q/dj is defined as@ energy received by each vial
from the shelfA, outer area of vial bottoniy vial heat transfer coefficients shelf

temperatureJp producttemperature at the bottom center of the vial):

— 0 zZ0L zZ Y Y (Equationl-3, from Pikal et alt%)

Kv is the sum of the heat flow contutions from conduction (¥, thermal radiation (K,

and gas convection ¢K The main heat transfer mechanisms in conventional fréxwneg

are the conductive heat transfey b direct conduction from shelf to vial at the points of
contact and the convective heat transfgmniich represents the conduction through the gas
between shelf and vial bottom with the latter being proportionally related to the chamber
pressuré®®The corribution of radiative heat transfer, s normally minor due to the low
temperatures encounteredciassicafreezedrying operation§® However, the contribution

of K has to be consideregarticularly when (1) emerging modified freezdrying
technologies like microwavassisted freezdrying (sectionl.3.2, Chapter 1 & Chapter 1)

are used or (2 terms ofaltering edge vial effectgluring scaleup as nvestigated by
Rambhatla et &".

All in all, the time needed for completion of primary drying can be decreased by an
optimizedsublimation ratevhich carbeenhancedby an increaed product temperaturehe
latter being directhaffected byboth the pressure difference betwéleavapor pressure of
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ice at the sublimation interface temperature and chamber prégsrationl-1) and the
temperature difference between shelf tempeeadnd product temperatuiiequationl-3).
However, dependencies between the variables, maximum allowable temperatureg (e.g. T
Teu), and producspecific aspects (e.gpRhave to be taken into account.

1.2.3 Secondary drying

At the end of primary dryinghe frozenwateris removed by sublimation leavirgnly the
unfrozen watein the solutephase. In amorphous products, @0to 30 % (w/w) residual

water on a dried solids basis still containec®® The gplied desorption dryingluring
secondary drying should reduce the residual moisture content within the product in a way to
ensuresufficiently long shelf life, i.e. storage stability, at the desired stasagperatur&®
Usually, residual moisture levels < 1 % are aim&d® However, the optimal residual
moisture content for lonterm stability can vary for differeproteins andormulations’®"*

and ev e yfiaspaen discusséd’.

Due to the relatively high residual moisture content at the beginning of secondary drying
and, thus, low glass transition temperature, the risk for collapse during the initiehinga

is increasedTo prevent the cake from (partial) collapsing, a rather slovpéeature ramp
should be appdid. In general, the efficg of secondary drying ia function ofthe shelf
temperature antb alessr extenpf the duration and chamber press(¥Eranks®® suggests

that the secondary drying is based on diffusion rather than desorption shown by-the non
linear dryingkinetics seen for Ficoll glass films at different isothermal drying profiles.
Hence,the achievable water content at a given temperature is rate limited leading to the
general recommendation to run a high stehperature for a short time.

Besides the sliigemperature, the residual moisture content is only dependent on the specific
surface area which in turn is indirBcfproportionalto the pore size andcence can be

directly proportional to thdegree of supercoolirf§



.3 Emerging developments in the field ofreezedrying

An exhaustive and comprehensive overview of all emerging developments related to freeze
drying is out ofthe scopeof this introduction However, some selected innovations in the
field of pharmaceutical freezdrying that reached at least prototype statusepresent an
evolution in the authds viewshould be highlighted in the following.

1.3.1 Spray freezedrying

Spray freezalrying (SFD)represents the combination of spidrying and freezelrying.

The process comprises three stages which are (1) the atomization of a liquid to generate
droplets, (2) the fast freezing of the generated droplets under cryogenic conditions and, (3)
the removalof solvent fran the frozen bulk pelletemploying freezedrying®7® The
application of SFD may have several benefits over conventional fdegirey (CFD) like

the generation of a porous (sterile) bulk material, improved reconstitution beludioe
product, significantly reduced process times due to improved heat and mass transfer,
potential flexibility in dosing and easy to achieve combination products (e.g. for protein co
formulations with contradicting stability profiles different antigas within one vaccine

by dosing of different bulk powdeia one vialand the potential for a (sejpontinuous
process®787® However, potential downsides could be theneration of &igh specific
surface area of the bulk powdé@rhe degradation rate @ solid state of human growth
hormone was correlated to the protein quantity on theddid interfacdoy Xu et al 2. Other
potential pitfalls could be related to tlhmplementation in a GMP environmerng the
challenging process desigh’® additionalspace demand in height duethe length of the
freezing tower sufficiently freeflowing of the bulk powder,electrostatic charging and

accurate fillingof the pelletsn the final primarycontainer
1.3.2 Microwave-assisted freezedrying

Microwaveassisted freezdrying (MFD) refers to the use dfielectric heating, i.e. the
application of microwaves to the frozen good. Durance e alescribe the process
comprise of freezingit ambient pressurg@rimary and secondary dryinghder vacuum
therefore, identical to the CFD at first glan¢éowever, sublimation and desorption are
mainly a result of the heat supplied by microwave povmportant to note ishiat

microwavesas electromagnetic wavéself interact with the material, but do not inherently
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possess heat to be transfertedthe good More detailed information on the physics of
microwavess given inChapter llandChapter Il The application of MFD may have several
benefits over conventional freedeying like the significant reduction of drying tin¥é

lower operatg costs due to decreased energy consumption, higher throughputs
volumetric heating of the entire sampfethe potential for (semjcontinuous processing.
However, there arseveral challenges reported for MFD, dagger heterogeneity due to
nonuniformity of the electromagnetic fieléF'8, selective heating of single formulation
component$®, challenging equipment and process design for pharmaceutical applications

andoccurrence of arcing leading potentially to product 8§38
1.3.3 Continuous freezedrying

Bearing in mind that one major disadvantage of the conventional fdeging is the
limitation to the batch mode, continuous freelzging could potentiallypbe ahuge evolution

in the pharmaceutical manufacturing of solid dosage forms for parenteral administration.
The general advantages @& continuous mode overthe classicbatchmode comprise
operation flexibility, reduced or no scal@ challenges, redime quality assurance,
reductions in footprint, investmerand operative costé Pisano et al®® summarizedn
particular the adwantages a continuous freedg/ing process could hayecovering
operational aspects (e.g. downtimes, batebatch variability) and scalep aspects (e.g.
equipment change, differences in the process caused by equipment/environment).

Two approachethatwork with unitdosesshallbe presentetriefly:

(1) The spin freezingand subsequent infrared dryimgnceptwas first described by
Corver with a patent filing in 2012 Since then, several reportescribedthe
procedure in detaf® % The process compris@scontinuous spin freezing creating a
thin frozen product layer spread homogeneously over tiex vial surfacedllowed
by a subsequerttontinuougadiative drying by the employment of infrared radiation
to the vialon a moving belt under vacuurfhe nmain advantage of this approach is
the continuous processing of unit doses in a rather short time as freezing and
paticulary drying are faster compared to CFD. Moreover, a 100% process control
through process analytical tools like né@rared spectroscopy is feasible. However,

the development of mechanistic models to calculate maximum allowable energy



transfer to thdrozen product layer and to enable prediction of process behavior is
still needed® Moreover, the essentiallynew process and concomitamew
appearance of the final dried drug protneeds a change in thinkingdatig product
manufacturers, regulatory agenciasd health care professionals.

(2) The sispendedrial configurationconceptby Capozzi,Pisang and Troutwas first
introduced in 20195, In contrast to the spin freezing approach by Coetal., the
suspendedial configuration appears like a continuously thought conventional
freezedrying, meaning that continuation of the process should be achievix by
introduction of a track system along different separated (vacuum) chathheese
dedicated to a different operatioNeverthetss, the inclusion of a method to apply
controlled ice nucleation (vacuumduced surface freezing) during freezing as well
as the employment of radiative heating rather than conductive/convective heating
seensto be a promising approach ftre future. However, until now, theoncept is
only of theoretical naturand based on preliminary data from a batabde withno

proof of concept for the continuously operating pf&nt

The reader interested in more detailed information about continuous manufacturing in

lyophilization is referred to the raw by Pisano et af®.

.4  Aim and outline of the thesis

Over the last years, serious interest in enmgygiextgeneration freezdrying technologies
raised. One promising technology that stands out due to its proven benefits in food
technology is microwavassisted freezdrying (MFD). As briefly outlined in sectioin3.2,
MFD has the potential to overcome drawbacks like long driimgs due to its volumetric
heating of the entire sample.
However, little is known of its feasibility for pharmaceutical applications, particularly in the
field of sensitive biologicals. For this reason, the first part of this th€kigpter 11 and
Chapter 111, is dealing with the investigation of viehsed microwavassisted freeze
drying concerninghe applicability to standard lyophilization formulatioasd effects on
protein stability.
In Chapter II, the applicability and feasibility of this tegology to different monoclonal
antibody formulations and the influence on the resulting product properties are subject to
investigation. Moreover, the potential for drying time savings is examined.
9
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The product quality of four different pharmaceuticallevant monoclonal antibody
formulations over storage and the influence of the microwave generator on batch
homogeneity are studied @hapter Il .

The second part of this worlChapter IV 1 Chapter VI, is dedicated to detailed
investigations on open questions in controlled ice nucleation (CN) in the field of-freeze
drying of biologicals. Although there have been multiple publications, reports and case
studies about CN over the last two decades, exypetite freezedrying community are still
lacking essential information on aspects of comparability of different controlled ice
nucleation techniques, general good practice of process design and how to monitor the
nucleation success of a whole batch-destructively.

In Chapter IV, a case study of three relevant model formulations is presented which aims
to investigate if mechanistically different doolled ice nucleation techniques in freeze
drying are comparable to each other concerning drying process perforarahpeoduct
quality attributes.

A study analyzindactorsthat affectthe success of CN ampliestions of process design are
studied and discussed@hapter V.

In Chapter VI a new tehnological solution for control of the nucleation success using a
camerabased approach is presented in a proof of concept study.

Chapter VII summaizes and concludes the results of the present thesis and gives an

outlook
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Chapter lI

1.1 Abstract

Microwaveassisted freezdrying is a rapid drying process w&hown in food technology.
However, little is known about its application to biologicals. In #tigly, we investigated

the applicability and feasibility of this technology to different mdaoal antibody
formulations and the influence on the resulting product properties. Moreover, one of our
main objectives was to study if significant reductions in drying times could be achieved.
Additionally, the effect of the drying process on #Hueelerted stability of a sucroseased
antibody formulation at 40C and 25°C over 12 weeks was investigated. Microwave
assisted freezdrying resulted in drying time reduction > 75 %. For all mddehulations,

cake appearance and solid state properties ¥mnmed to be comparable to standard
lyophilized products. These formulations covered a wider range of lyophilization excipients
comprising sucrose and trehalose, sergstalline forming solids like mannitol:sucrese
mixtures and others like arginine phosghand a mixture of HB-CD with sucrose.
Moreover, comparable low changes in relative monomer contentelditd/e amount of
soluble aggregatea nd c umul at i vmernplLavere observed sver@2 wieéksof
storage, regardless of the drying tedbgg. This makes MFD a promising innovative
alternative for theapid production offreezedried biologicals while maintaining product

quality.

Keywords
Freezedrying/lyophilization Lyophilizatiory Drying; Proteins Stability; Excipients Solid
state Monoclonal antibody; Glass

Abbreviations

API Active pharmaceutical ingredient
BET Brunauer Emmet Teller Krypton gas adsorption
CFD Conventional freezdrying

HMW High molecular weight species
HPW Highly purified water

HP-b-CD 2-Hydroxypropytb-cyclodextrin
LMW Low molecular weight species
mAb Monoclonal antibody

MFD Microwaveassisted freezdrying
MW Microwave

MWCO Molecular weight cubff

PES Polyethersulfone

rM Residual moisture content

SEC Size exclusion chromatography
SSA SpecificSurface Area

XRD X-ray diffraction
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1.2 Introduction

Long process times are a typical shortcoming of conventional forgirey (CFD)%"-%8One
approach to reduce drying time is microwassisted freezdrying (MFD) which is a well
known process in food technology for higalue goods needing significantly shorter process
times while maintaininghe overall quality of the product, i.e. coldaste, texture, shagé
101 Especially in the fielabf food processing, microwave radiation has versatile applications
like cooking, dryingor preservation of food produc&$Due to its ability to allow for a rapid
heat transfer and because of the volumetric and selective heating cfrdieaterial, it has
major advantages over other conventional drying techniques. In contrast to heating via
convection or conduction, microwaves as electromagnetic waves directly interact with
dielectric materials such as permanent dipoles, e.g. watdisaccharides, or ions, e.g.
buffer salts? In particular, drying at the typical industrial frequency of 2.45 GHz is mainly
driven by the interaction of permartedipoles and microwave8? The capability of a
materid to absorb microwaves and thereby to convert electric field energy into thermal
energy by molecular interactions with the electromagnetic field is characterized by the
frequencydepending absolute complex permittivif} More detailed information othe
physical principles of microwave heating can be found elsewitéfe®31%* As typical
lyophilization formulations used for biologicals are based on aqueous systems containing
polar stabilizers, e.g. sucrose or trehalose, buffer, sai$ the AP, 7 suitability for a
microwaveassisted drying process is likely. Therefore, MFD also raised interest in
pharmaceutical applications recently. As reported by Robert Evans at the CPPR conference
in 2014, micrevaveassisted drying could be applied to both monoclonal antibody and
vaccine formulation$® In preliminary data, they found similar aggregation rate$tsed
by HR-SEC for two monoclonal antibodies and no severe loss in antigen potency for
different vaccine formulations. Based on that an international patent is pending, claiming the
formulation and production of thermostable dried vaccine formulatisimg unicrowave
vacuum drying° The inventors claim for shortened drying processes by MFD. However,
high sugar concentrations of 17.5(%/w) up to 60 %(w/w)in combination with vaccines
were investigated. Therefore, our aim is to have a closeraidbk applicability of MFD to
various pharmaceutically relevant formulations of a monoclonal antibody with a different
experimental setupnlthis article, we show the successful implementation of MFD for
excipient concentrations of 108&/v) or 1% (w/v). Additionally, the main focus will be on
maintenance of product quality while shortening the drying time significantly. Moreover,
13
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we studythe accelerated stability of a sucrdsesed IgG antibody formulation over three
months either produced by CFD or MFD.

1.3 Materials and methods

[1.3.1 Materials

A monoclonal IgG type 1 antibody (mAb) was kindly provided by Boehringer Ingelheim
Pharma GmbH & Co. KGAifgelheim am Rhein, Germany).

p(+)-Sucrose and-Arginine were purchased from SigrAddrich (Steinheim, Germany).
p(+)-Trehalose dihydrate ard-)-Mannitol were obtained from VWR International BVBA
(Leuven, Belgium). 2Hydroxypropytb-cyclodextrin (HRb-CD) (Cavasol® W7 HP,
Wacker Chemie AG, Burghausen, Germany) was a kind gift of PARI GmbH (Starnberg,
Germany)._-Histidine monohydrochloride monohydrate andfistidine were purchased
from Alfa Aesar (Karlsruhe, Germany). Sodium hydrogen phosphate dihgtd and
sodium dihydrogen phosphate dihydrate were obtained from AppliChem (Darmstadt,
Germany). Sodium chloride was purchased from Bernd Kraft (Duisburg, Germany). Tween
80®, orthePhosphoric acidand sodium hydroxide were obtained from Merck KGaA
(Darmgadt, Germany). For thpreparatiorof buffers and stock solutions, highly purified
water (HPW; Purelab Plus, USF Elga, Germany) was used.

All excipients had at least analytical grade and were used without further purification.
11.3.2 Preparation of formulations

The mAb was concentrated prior to dialysis by using Vivaspin 20 with PES membrane
(MWCO 30,000 Da; Sartorius AG, Goettingen, Germany) and then subsequently dialyzed

for 24h using dialysis membranes Spectra/Por® (MWCO G60@DO00 Da; Spectrum
Laboratories ric., Compton, CA, USA). Aftethe dialysis concentration of mAb was
measured with a NanoDropE 2000 UV photomet
Delaware)at28@ m usi ng an ext i°%sit4ogloome’ boenf. Fartleei e nt o f
preparation of théinal formulations, excipient stock solutions ranging from 1 % to 25 %

(w/v) prepared in 10 mM Histidine buffer (pH 6.0) were mixed with the dialyzed mAb

solution in 10 mM Histidine buffer (pH 6.0) in a way that final formulations contained either

3 or 5g/L mAb, 0.02 %(w/v)tween 80® and either 10 %/v) sucrose or trehalose or HP
b-CD:sucrosel:1 or mannitakucrosed:1. For the low stabilizer containing formulation the

same procedure was applied but ending up with a lower final sucrose concenfrafion o
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(w/v), 3g/L mAb, and 0.02 %(w/v) tween 80®. The arginine phosphate formulation
contained 10 %w/v) of arginine phosphate to whichddL of mAb dialyzed in 10 mM
arginine phosphate (pH 6.0) and 0%2(w/v) tween 80® prepared in 10 mM arginine
phosphate (pH 6.0) were added. A tabular overview of the used formulations could be found
in the supplementary dataddble SI-1). Theformulation for the accelerated stability study
contained 5/L mAb and 10% (w/v) sucrose as mentioned above. All formulations were
filtered using 0.2 pum Cellulose Acetate Membrane syringe filters (VWR International,
Radnor, PA, USA) por to filling of the vials. 2.3 mL of each formulatiovasfilled in 10R

tubing vials (MGlas AG, Muennerstadt, Germany) and s&oppered with lyophilization
stoppers (FluroTec® rubber stopper, West Pharmaceuticals, Eschweiler, Germany). The vial
populdaion for conventionalfreezedrying was arranged on a lyophilization tray and

surrounded with one row of 10 d&/v) sucrose shielding vials.
11.3.3 Freezedrying process

Al l samples were frozen i n t-bClabsraaryscald r ee z i
freez-dryer (Martin Christ, Osterode am Harz, Germany) with equilibratich &C for 1
h followed by ramping down the shelf with 1 K/min-&D °C set point. The frozen samples

were subjected to one of the following drying protocols:
11.3.3.1 Conventional freezedrying (CFD)

Primary Drying was carried out at a pressure oindbarand a shelf temperature @0 °C.

T-type thermocouples were used to determine primary drying time. Secondary drying was
carried out at 0.0Bnbarapplying a 0.05 K/min ramp to 0 °C asdbsguently,a ramp of

0.2 K/min to 20 °C which was held for 6h. After completion of the drying, samples were
stoppered at approximately 66tbarin a nitrogenatmosphere and kept refrigerated until

analysis.
11.3.3.2 Microwave-assisted freezalrying (MFD)

Drying was onducted on a modified laboratesgale Plischner pWaveVac 0250fd vacuum

dryer (Pischner GmbH + Co KG, Schwanewede, Germafyf® equipped with a

2 kW/2450MHz magnetron, a condense8@ °C) and a vacuum system comprising a root

pumpand a rotary vane pump. The tuner, which was located betweenatijreetrorand

water load, was adjusted that way that approximately 1/10 of the generated microwaves went
15
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into the product chamber. Frozen samples, which were frozen as described abovieland wh

were transported on dry ice, were loaded on thepoded rotating sample tray. Drying was

carried out at a pressure of 0.008 to Grliaras measured by Pirani gauge and at a radiated

mi crowave power between 20 W t odahck@nalWWeras me a:
(S TEAM Lab, Bratislava, Slovak Republic) undiconstant mass was reached. For process
monitoring a glass fiber temperature measurement probe (TS2, Weidmann Technologies
Deutschland GmbH, Dresden, Germany) and a balance to determingetigfat loss were

used. Samples were stoppered externally in a glove bag flushed with dry nitrogen and kept

refrigerated until analysis.
11.3.4 Residual moisture content

Karl Fischer titration was used to determine residual water content after-fhg@azg.
Between 10 and 30 mg &famplealiquots were prepared in a glove box filled with
pressurized air with a relative humidity of less than 10%, filled into 2R Vials apdestied.

The samples were then placed in an oven with 100 °C to ethalfést extraction of water.

The headspace moisture is transported into a coulometric Karl Fischer titrator (Aqua 40.00,
Elektrochemie Halle, Halle (Saale), Germany). Results are latdduin relative water

content(w/w).
11.3.5 Specific surface area

The pecific surface area of dried samples was determined using Brukaumet Teller

(BET) krypton gas adsorption in a liquid nitrogen bath at 77.3 K (Autosorb 1;
Quantachrome, Odelzhausen, Germany). Approximatelyld0 mg of a sampleasgently
crushed wi a spatula and weighed into glass tubes. Prior to measurement, an outgassing
step was performed for at least 6 h at room temperaturgad® gas adsorption curve was
measured, covering a p/atio of approximately 0.050.25. Data evaluation was pemfieed

according to thenultipoint BET method fit of the Autosorb software.
11.3.6 X-ray powder diffraction

To determine the solid state of tly@philizatesan XRD 3000 TT diffractometer (Seifert,
Ahrensburg, Germany) was used. The device is equipped with arcappde (40 kV, 30

mA) and has a wavelength of 0.154178 nm. The scintillation detector voltage was 1000 V.
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The samples were placed on the copper sample holder and analyzed in the raage€ of 5
2-theta with steps of 0.05%theta.

11.3.7 Reconstitution of lyophilizates

The lyophilized cakes were reconstitutedtbg addition of HPW. The HPW volume for
each formulation was calculated to match the volume of the water removed during freeze

drying.
11.3.8 High-performance size exclusion chromatography (HFSEC)

To determir relative monomer content and the relative amount of soluble aggregates HP
SEC was used'he £paration was performed on a Waters 2695 Separation module (Waters
GmbH, Eschborn, Germany) with a Tosoh TSKgel G3000 SWxI column (Tosoh Bioscience,

Griesheim, @ r ma ny) using a Waters 2487 Dual > Al

Eschborn, Germany) at 214 and 280 nm. 10 pL of reconstituted formulation with a final
concentration of either 3 ordL was injected and separated using a 50 mM PBS running
buffer contaning 300 mM sodium chloride (pH 7.0) with a flow rate of 0.7 mL/min. Samples
were measured as triplicates with three individual injections. Data integration of relative

areas was performed using Chromeleon 6.80 (Thermo Scientific, Wilmington, USA).
[1.3.9 Light Obscuration

Subvisible particles were determined using a PAMAS S85®article counter (PAMAS
Partikelmessund Analysesysteme GmbH, Rutesheim, Germany) equipped with an HCB

LD- 25/25 sensor which has a detection limit of approximately 120,000 padiicles Om per
mL. The rinsing volume was 0.5 mL and was followed by three measurements of 0.3 mL.
Before and between samples the system was rinsed with HPW until less than 30 particles/mL

2 1 um and no particles larger than 10 um were present. Data callecéis done using
PAMAS PMA software and particle diameters

determined. All results are given in cumulative particles per milliliter.
11.3.10 Turbidity

The turbidityof sampl es was measur ed a dJettedaataner ed
angle of 90 ° using a Hach Lange Nephla nephelometer (Hach Lange GmbH, Disseldorf,
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Germany). 2.0 mL sampleasgently pipetted in turbidity glass cuvettes free of particles
with a flat bottom and placed into the devidée resultis givenin FNU (Formazine

nephelometric units).
1.4 Results and discussion
11.4.1 Applicability to different formulations

11.4.1.1 Cake appearance

With both microwaveassisted and conventional freehging elegant and loe&like cakes
could beproduced Figurell-1). Only for the low concentration stabilizer formulation with
1% (w/v) sucrose Kigure 11-1, b) and the ionic arginine phosph&bemulation Figure

I1-1, f) shrinkage of the cak@as observable in both processes.

Figure Il -1 Representative photographs of differently dried formulations. Small letters represent the

excipient useda 10% sucrosd) 1% sucroses 10% trehalose] 10% mannitol:sucrose 4:&,10% HRb-

CD:sucrose 1:1f, arginine phosphat&.op picture: CFD-productsBottom picture: MFD-samples. The

asterisk indicates that these formulations contained 5 g/L mAb and were dried in a separate but similar run to
the one kown inFigurell -2.
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1.4.1.2 Process time reduction

Microwaveassisted freezdrying resulted in a significantly shorter drying process as shown
in Figurell-2. The conventional procesBigurell-2, A) wasfinished after approximately

77h. Since primary drying was kept longer to allow for complete sublimation in all
investigated formulations, the actual drying time in CFD could, therefore, be reduced by
about 18h. Additionally, the 16h for the freezing ssépuld be kept out of consideration
since both CFD and MFD samples underwent the same freezing procedure. Consequently,
the adjusted total drying time, i.e. primary and secondary drying time, for the conventional
drying is estimated to be approximately 4Bigurell-2, A curly brackets b+c). In contrast,

the drying procedure using MFPBifurell-2, B) yielded in a total drying time of nearly 10h,
which is a reductiorof 77 % in overall drying time. Even though a standardized non
optimized conventiondireezedrying cycle was used, still differencas a large order of

magnitude were achieved for the process time reduction using micrassistedreeze

drying.
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Figure 1l -2 A Thermocouple and pressure readouts of the conventional {ilegng cycle. Shelf temperature
setpoint is represented by the dotted line, thermocouple readout is depicted with a solid line. The coarse dotted
line represents the chamber pressure setginty bracketa tags the freezing step which is the same for both
batches, whereas curly brackbtandc represent the actual drying time of primary and secondary drging.

Glass fiber (solid line), chamber pressure (dasHide}, microwave power (dotteline), and balance readings
(dashed line) of the MFRycle. Product temperature measurement was performed in either case in the 10 %
sucrose formulation.
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11.4.1.3 Residual moisture and specific surface area

For both dryingechnologieslow residual moisture coant was found independent of the
excipient systemHKigurell-3, A, bars). Only the arginine phosphate formulation showed
higher residual moisture of 2% (w/w) after MFD. This could be related to the smaller
specific surface area which indicates a micotlapse compared to the conventionally dried
product Figurell-3, A, symbols). Overall, MFD products exhibited low residual moisture
contents while the lyophilizatiespecific porous cake structure represented by the specific
surface area was maintained. For some of the MFD samples, a higher vadalitbe
determined, especially in the low concentration sucrose formulation, erebaloseand
arginine phosphate formulation. This was also observable in @ Xitalysis for solid state
properties of a full batch of a sucresased formulation pauced by MFD (Supplementary
Data,Figure 3I-1). It is assumed that this is on the one hand caused by the indirect setup of
the magnetron to the prodwttamber via a water load which could favor an inhomogeneous
field distribution. On the other hand, the sample handling iniskee MFD laboratory setup

was not yet optimal. This is due to the fact, thatfirst samples were frozen externally and
kept dee-frozen until processing and second that dried samples were stoppered externally

in a dry nitrogerflushed glovebag.
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Figure 11 -3 A Residual moisture content (bars) and specific surface area (symbols) for all six formulations and
the two respective drying protocols (black: conventional freklying; light grey/white triangles: microwave
assisted freezdrying). B X-ray diffractogram®f exemplary formulations. Abbreviations stand for: $ud

% sucrose, Man:Sut 10 % mannitol:sucrose 4rhixture, HRb-CD:Suci 10 % HRb-CD:sucrose 1+
mixture, ArgPhd’ 10 % arginine phosphatér e p r e -$annitolpeaks at 9.7° and 20.2jndicaes the
overlapping peak of mannitol hemihydrate at 9.6°. Characteridfieta values have been taken from the
literature®. The asterisk indicates that these formulations contained 5 g/L mAb and were dried in a separate
but similar run to the one shaowvin Figurell-2. The shown values represent the mean of measurements from
three different vials. Error bars indicate the standard deviation of the mean.
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11.4.1.4 XRD

Regardless of the drying approach, the same solid state was found for all formulations as
determined by XRDHKigurell-3, B) and confirmed by DSC (Supplementary Dé&igure
SlI-2). Only mannitol:sucrose 4:1 fimulations showed a seroiystalline structure

i ndicating mai niMannitoltbg chdracteristia peaks at 9.6°f 20 difd
24.6° Figurell-3, B, arrow 1). A detailed comparison of XRD diffractograms for this
formulation is shown ithesupplementary dat#&igure 3l-3). Indications for tk formation

of mannitol hemihydrateFHigurell-3, B, arrow 2) were found. The crystal modification of
mannitol hemihydrate is unfavored due to its dekzaty effect on the dried produét®110
However, it was found to be present in conventionallyraimlowaveassisted FD samples.
The gplication of a thermal treatment will be taken into consideration to crystallize mannitol
in its favored anhydrous crystalline modificatioAdl. other formulations, independent of

the drying approach were found to be fully amorphous.
11.4.2 Accelerated stability study

In orderto see the influence of the respective drying method on protein stability, a 10%
sucrose formulation with §/L mAb produced igher by CFD or MFD was stored at 25 °C

and 40 °C for 12 weeks. The drying processes which were adjusted to the formulation took
41h 5min and 10h 15min for CFD and MFD, respectively. Although the micreassisted

drying procedure decreased drying timgs/b %, residual moisture contents afieeze

drying were determined to be similar as 1.1 £ 0.13 % for CFD and 1.0 £ 0.5 % for MFD
samples. Over 12 weeks of storage no changes in solid state properties as specific surface
area, residual moisture contegiass transition temperatyend solidstate were observable
(datanot showr). Concerning relative monomer conterigure ll-4, A) and the relative
amount of soluble specie&ifurell-4, B, C) no changes were observed over 12 weeks of
storage for both CFD and MFD even at 40 °C. This is confirmed by cumulative subvisible
particle countsKigurell-4, D symbols) and turbidityHigurell-4, D bars) which show no

clear trend andtay at comparably low levels over storage time.
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Figure 11-4 A Relative monomer content of a sucrdmesed mAb formulation stored for 12 weeks as
determined by HFSEC; B and C represent the soluble high molecular weight and low molecular weight
species, respectivel Devel opment of cumul ative particles O 1
12 weeks. The shown values represent the mean of measurements from 3 difiéseRtror bars indicate

the standard deviation of the mean.

1.5 Conclusion and outlook

With this study, we can confirm that microwaassisted freezdrying is able to shorten the
freezedrying process by more than 75 %. Moreover, it is applicable to wanielevant
antibody formulations while obtaining elegant lealike cakes and similar solid state
properties. The ionic stabilizer system arginine phosphate showed a higher variance in solid
state properties and therefore needs to be studied furtheouy egsults show that after 12
weeks of accelerated stability study no differences between conventionally and mierowave
assistedreezedriedproducts were observable. Neither in solid state properties nor protein
related properties like soluble aggregad@d subvisible particles differences occurred for a
sucrosebased antibody formulation at two different accelerated storage temperatures. It
should be noted, that alternative setups are currently under development since MFD
processes are more difficuti tontrol compared to conventiorfeéezedrying processes.

Additionally, typical challenges related to the application of microwavdsearzedrying
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processes should be taken into account likgottentialemergence of cold plasma and the
potential indation of batch inhomogeneity due to cold and hot spots.

However, microwavassisted freezdrying has the potential to become a highly promising
alternative to the conventional approach. We were able to confirm its potential to
significantly shorten dryig times while maintaining product quality, which would be also
the mainrequirement for continuous processing. This, in fact, makes MFD a promising

concept for continuous pharmaceutitekezedryingin thefuture.
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1.6 Supplementary material
[1.6.1 Materials and methods

11.6.1.1 Modulated dynamic scanning calorimetry (Glass transition
temperature)
The glass transition temperature of the lyophilizates was measured using a Mettler Toledo
DSC 821e (Giel3en, Germany) dynamic swag calorimeter. Aliquots of 2 to 15 mg of
dried lyophilized cake were compacted in an aluminum crucible and crimped in a glove box
filled with pressurized air with a relative humidity of less than 10 %. A modulated DSC
method heating from either 25 °C160°C for sucrose or from 25 °C to 180 °C for all other
formulations with a heating rate olkZmin, anamplitudeof 1 °C and a period of 2 min was
used in order to differentiate between reversed andren@rsed transitions. The glass
transition tempetare was evaluated from the reversed curve after a 100-gomdthing
operation as the inflection point of the glass transition using the Mettler StarE Software.

11.6.1.2 Preparation of formulations

Table S1 -1 Overview of the different investigated formulations.

Formula- MAb  Sucrose Trehalose Mannitol HP-b-CD ;t\:gsl;lr?aete PS80
tion [oL] [% (W] [% (WA)] - [% (WA)] 1% (WAL oy (%0 WA
10% Suc 3 10 - - - - 0.02
1% Suc 3 1 - - - - 0.02
10%

Tre* 5 - 10 - - - 0.02
10%

Man:Suc 3 2 ) 8 ) i 0.02
10%

HP-b-CD 3 5 - - 5 - 0.02
:Suc

10%

Arg-Pho* 5 - - - - 10 0.02
10% Suc

Stability 5 10 - - - - 0.02
Study

All stock solutions used were prepared in 10 mM histidine buffer (pH 6.0) despitadimne phosphate
formulation. For this, all stock formulations were prepared in 10 mM arginine phosphate (pH 6.0). The same
is valid for the respective mAb stock solution which was either dialyzed in the respective histidine oe arginin
phosphate solutioat pH 6.0.
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11.6.2 Results
11.6.2.1 Full Batch Homogeneity

One hundred percent of a sucrimesed formulation with 3 g/L mAb dried by MFD was
analyzed for its solid state properties in order to assess batch homogeneityvibts, kv
residual moisture content could be achieved, although a higher scattering of individual
values was foun@Figure 3I-1, A). One reason may be theder range of specific surface
areas observedrigure 3Sl-1, B). Another reason could be a potential inhomogeneous
microwave field distribution with theetup used which may cause hot and cold spots during

thedrying procedure.
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2540.86107 SD=024%
— 201
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Figure SlI -1 A Grouped distribution of residual moisture content of a full batch of a subssssl formulation

with 3 g/L mAb as described in materials and methods produced by MFD, fitted to Gaussian distribution.
B Grouped distribution of thepecificsurface area dhe same batch as in A with a Gaussian fit. The drying
process was similar to the one shawirigurell-2.
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[1.6.2.2 DSC and solid state

DSC analysis confirmedhé results obtained by XRIh Figure 3I-2, exampleéhermograms
of formulations containing either sucrose or trehalose or arginine phosphate which were

produced by MFD are shown. No indication for crystalline proportions was found.
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,,,,, ArgPho
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Temperature (°C)

Figure Sl -2 Example I5C thermograms that are complementaryiturell-3B showing the reversed
curves of microwawvassisted freezdried sucrose (Suc), trehalose* (Tre), amginine phosphate’AtgPhg
formulations. The asterisk indicates that these formulations contained 5 g/L mAb and were dried in a separate

but similar run to the one shovimFigurell-2.
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Chapter lll

1.1 Abstract

In order to overcome the downside of long conventional frdegiag (CFD) process times

for monoclonal antibody formulations, microwaassisted freezdrying (MFD) was
introduced. Recently, the general applicability and potential shortendrging times were
shown. However, little is known about the storage stability of MFD products compared to
CFD references. Additionally, batch homogeneity issues were seen within MFD in the past.
In this study, we examined four different formulations ofo taifferent monoclonal
antibodies using three different gléssming excipients: sucrose, trehalose, and arginine
phosphate. These formulations were fregzed with two different drying protocols (CFD

and MFD), stored for 24 weeks, and analyzed fordssifite and proteirelated quality
attributes. Moreover, a new microwave generator setup was investigated for its potential to
improve batch homogeneity. In all investigated formulations, comparable stability profiles
were found, although the classical gnatron generator led to inferior batch homogeneity
with respect to residual moisture distribution. In contrast, the new MFD setup indicated the
potential to approximate batch homogeneity to the level of CFD. However, for future
applications, there is annabated need for new machine designs to comply with

pharmaceutical manufacturing requirements.

Keywords

freezedrying; lyophilization; drying; microwave; protein; monoclonal antibody; stability

Abbreviations

G Relaxation time (global mobility)

BET Brunauetr Emmet Teller Krypton gas adsorption
CEX Weak cation exchange chromatography

CFD Conventional freezdrying

ESD Equivalent spherical diameter

FD Freezedrying/Freezedryer

FT-IR Fouriertransform nfraredspectroscopy

HMW High molecular weibt species

HP High performance

LC-MS Liquid chromatography coupled with mass spectrometry
LO Light obscuration

mAb Monoclonal antibody

MFD Microwaveassisted freezdrying

MW Microwave

MW Power Microwave power input

MWCO Molecular weight cubff

Pchamber Chamber pressure setpoint

PES Polyethersulfone

30



PS80 Polysorbate 80

RM Residual moisture content
SEC Size exclusion chromatography
SSA Specific Surface Area

SvP Subvisible particles

Te Product temperature

Tshelf Shelf temperature setpoint

WFI Water for injection

XRD X-ray diffraction

[11.2 Introduction

Conventional freezdrying (CFD), also referred to as lyophilization, is a gentle drying
method to improve the lorgrm stability of pharmaceuticals, specifically of protein dfifgs

The method is used for pharmaceutical industrial purposes since World War Il for the
preparation of human blood plasrhand the demand for freezieying remains high. By

2018, onehird of all parenteral protein formulations approved by the European Medicines
Agency were freezdried products!! During lyophilization, the protein drug is
immobilized in tlke solid state, by that slowing down chemical and physical degradation
reactions” 8112 Additionally, freezedried solids may have other benefits with respect to
shipping and storag

In general, freezdrying comprises three steps: freezing, primary drying (= sublimation
drying), and secondary drying (= desorption drying). iCglly, the sublimation step is
widely described to be the most timmensuming and conventional freezdrying is
associated with lengthy process tinié§*¢1131190ne alternativedrying method utilizing
microwaves is known from the food industry: microwassisted freezdrying.!® Here, it

is specifically used for highialue goods like dry fruits'® Similar to the conventional freeze

drying process, the material to be dried first needs to be frozen. In a second step, the drying
itself takes place. In contrast to CFD, the main heat transfer mechanism is radiation rather
than convection and conduction. Espé#lgipolar substances, e.g. water, sugars, amino acids
show good absorption of electromagnetic waves of wavelengths of 12.2 cm and frequencies
of 2.45 GHZ21%4|n brief, the heating mechanism in pharmaceutics occurs due to dipolar
and ionic mechanisms. When such a polar good is placed in an oscillating field, dipoles or
ions try to realign in the direction of the electric field. Due to the uéipad change ithe
direction of the electric field internal friction of the molecules is caused leading to heating
within the material, i.e. volumetric heating. In the case of ions, a claairgen migration is
discussed?841” MFD has clear advantages over conventional drying processes, like

significantly shorter process tim&s'®and in the field of food processing, maintenance of
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shape, color, taste, odor, and texté#é®:'1® In the transition area between food and
pharmaceutical technology, MFD was used for the gentle drying of bacteria soggensi
Ambros et all!®investigated the survival rate and viability of different bacteria cultures.
They found comparable survival rates of the investigated cultures produced by MFD
compared to conventional freedeying but were able to shorten process §iing up to 80%.

The first usage in pharmaceutical fregizging was presented by Evans et&at the CPPR
conference in 2014 showing the general appliitatto monoclonal antibody and vaccine
formulations. On this basisa handful of international patents were filed claiming

119 or formulation/procesfocused!®®1?%intellectual property. In a previously

engineering
published work from our groufd the geneal applicability to various pharmaceutical freeze
drying excipient systems containing a monoclonal antibody was underlined. Moreover, the
potential for process drying time reductions was discussed. However, two major questions
have been raised and haved heen answered yet: (1) how do different microwassisted
freezedried antibody formulations perform in accelerated stability studies with respect to
solid state and protein stability compared to a conventionally fidxeeé reference? (2) Is

the infefor batch homogeneity found for MFD samples a general issue associated with
microwave drying or are there ways to improve it?

The current study examines four different formulations of two different monoclonal
antibodies in the presence of three differdasgforming excipients: sucrose, trehalpared

arginine phosphate. These formulations were frekmel with two different drying
protocols, i.e. using conventional freeding and microwavassisted freezdrying.
Moreover, a hew microwave setup eqed with a semiconductor solgdate microwave
generator was used for one of the formulations. Samples were stored for 24 weeks at different
temperatures (28°C and 40°C) and analyzed at fixed times for their solid state and protein
related quality attbutes. We hypothesize that on the one hand irrespective of the
monoclonal antibody formulation comparable stability profiles can be found for CFD and
MFD. On the other hand, we anticipate the new microwave machineppdet have a

positive effect on batthomogeneity in microwavassisted freezdried products.
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1.3 Materials and methods

[11.3.1 Materials

Two different IgG type 1 monoclonal antibodies (mAb) were investigated. mAb1 was kindly
provided by Boehringer Ingelheim Pharma GmbH & Co. KG (Ingelheim am Rhein,
Germany). mAb2 was an on stock at Ludwigximilians-Universitat Minchen (LMU).

For mAbZXformulations, the following excipients were used: ACS certifiee) Sucrose,
which was purchased from Sigmddrich (Steinheim, Germanyy(+) Trehalose dihydrate
(min. 99% purity) was obtained from VWR International BVBA (Leuven, Belgium).
EMPROVE® exp (-Arginine (Ph. Eur. certified), EMSUREortho-Phosphoric acid 85%
and Ph. Eur. certified Tween 8Were obtained from Merck KGaA (Darmstadt, Germany).
For mAb2formulation, EMPROVE exp sucrose (Ph.Eucertified) purchased from Merck
KGaA (Darmstadt, Germany) was used.

L-Histidine monohydrochloride monohydrate (min. 99% purity) ahtistidine (Cell alture
reagent) were purchased from Alfa Aesar (Karlsruhe, Germany3odum hydrogen
phosphate dihydrate and sodium dihydrogen phosphate dihydrate were obtained from
AppliChem (Darmstadt, Germany). Trizfhabase BioXtra (>99.9%) and Trizma®
hydrochloride BioXtra (>99.0%) were purchased from Sigdlarich (St. Louis, MO,
USA). Sodium chloride was obtained from Bernd Kraft (Duisburg, Germany). Sodium
hydroxide was purchased from Merck KGaA (Darmstadt, Germany).

For the preparation of buffers and stock sohs, water for injection (WFI; Purelab Plus,

USF Elga, Celle, Germany) was used.
111.3.2 Study design

The four different formulations, FE4, which were dried either by microwaassisted
freezedrying (MFD) or by conventional freezilrying (CFD), were stored f®4 weeks at
refrigerator temperaturei@ °C, at 25 °C (F1), and 40 °CTdble IlI-1). The low
concentration mAb formulations (FE3) were produced usirggpreviously described MFD
setup with a 2 kW/2450 MHz magnetré¥, whereas the high concentrationAb
formulation (F4) was processed using a novel semiconductor-gtatel microwave
radiation source tunable from 5 W to 450 W/2450 MHz.
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111.3.3 Preparation of formulations

mADb1 was dialyzed against 10 mM histidine buffer (F1, F2) or 10 mM arginine phosphate

(F3) at pH 6.0 for 24 h using dialysis membranes Spectf®RENVCO 600G 8000 Da;

Spectrum Laboratories Inc., Compton, CA, USA) with two buffer exchanges. After dialysis,

the concentration of mAbl was measured with
Scientific, Wilmington, Delaware) at 280 nm using an extinction coefficient of

(b.106= 1.499/100mL" t cmi .

mADb2 (F4) was dialyzed and concentrated usingadrdssow f i | trati on unit N
capsule with omega polyethersulfone (PES) membrane (MWCOOB@O0Da; Pall

Corporation, New York, NY, USA) by adding a-1dld excess of 10 mM histidine buffer

(pH 5.5). After reaching the desired volume, the concentration of the mAb was measured
with a NanoDropE 2000 UV phot ometceirenat oX800 r
225,000 M* cm'tand a molecular weight of MW = 145.5 kDa.

Formulations were prepared according to the composition showatielll -1.

Table lll -1 Formulations used in this study.

Ingredient F1 F2 F3 F4
mADb1 [g/L] 5 5 5 /
mADb2 [g/L] / / 50
Sucrose [% WiV 10 / / 5
Trehalose [% (W/V)] / 10 /

Arginine phosphate
[% (WA)] / / 10 /
Polysorbate 80 0.02 0.02 0.02 /

[% (W]

Formulations F1 and F2 were formulated in 10 mM histidine buffer (pH 6.0), whereas F3 contained no
additional buffer salt but was formulated and adjusted to pH 6.0. F4 was formulated in 10 mM histidine buffer
(pH 5.5). MAB = monoclonal antibody.

F1i F3 were filtered using 0.2 um PES membrane syringe filters (VWR International,
Radnor, PA, USA), whereas F4 was filtered using a 0.22 uym PES S&rRfalacuum
filter unit (Sartorius AG, Goettingen, Germany). For efsemulation, 2.3 mL was filled in
10R tubing vials (MGlas AG, Muennerstadt, Germany) and -s¢éoppered with
lyophilization stoppers (FluroT&crubber stopper, West Pharmaceuticals, Eschweiler,
Germany). The vial population for conventional fredeging was arranged on a
lyophilization tray and surrounded with at least one row ofd (w/v) sucrose shielding

vials.
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111.3.4 Freezedrying process

All samples of a corresponding formulation were frozen in the same freezing step. The
formulations F1F3 were frozen irm  C h r-6DslaboratbBscale freezalryer (Martin
Christ, Osterode am Har z, Ger many) with ec
ramping down the shelf with 1 K/min to a 16
Formul ation F4 was frozen iedryea(8P SEidnfific, S st e ms
Scientific, Stone Ridge, NY, USA) with equilibration at 5 °C for 1 h, followed by ramping
down the shelf with 1 K/min to a 150 AC set

The frozen samples were subjected to one of the following drying protocols:
111.3.4.1  Conventional FreezeDrying (CFD)

The conventional freezarying cycles are summarizedTablelll -2. The freezalryer used

for cycle F1 and F2/F3 was not equippedthwprocess analytical technologies for
sublimation endpoint determination like comparative pressure measurement. Several
different formulations were dried in one run at the same time. The holding time for primary

drying, therefore, was chosen to allow émmpleted sublimation.
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Table Ill -2 Overview of the conventional freezieying (CFD) processes for the respective formulations.

FD Process Setpoint Freezing PDrirr)r/}irgy SeDcrc))/inndgary
CFD cycle F1 Tshert[°C] 20 15 160 120 0 20
Ramp [K/min] [ 1 1 0.2 0.05 0.2

Hold time [min] 5 60 25802 2700 (1120% T 360

Pchamber pbar] T T T 100 50 50

CFD cycle F2/3 Tsheit[°C] 20 15 160 125 0 20
Ramp [K/min] [ 1 1 0.2 0.05 0.2

Hold time [min] 5 60 3610% 5760 (1400¥ - 360

Pchamber{Mbar] T - T 100 50 50

CFD cycle F4 Tsheit[°C] 20 5 T50 120 5 35
Ramp [K/min] T 1 1 1 0.15 0.3

Hold time [min] 5 60 1006 1868 (1058f T 420

Pchamber/Mbar] T T T 100 100 100

a Freezing times were held longer than usual due to logistical reasons caused by the need to split up the batch
before proceeding with the drying proces&stimated time needed for complete sublimation based on the
time the last thermocouple in the respecformulation needed to reach the shelf temperature setpoint.

111.3.4.2  Microwave-assisted freezalrying (MFD)

Microwaveassisted freezdrying was conducted on a modified laboratecale Puschner
MWaveVac 0250fd vacuum dryer prototype (Puschner GmbH + Co KG, Schwanewede,
Germany).

For the formulations FiL F3 the setup described previou$lyas used. Briefly, it contained

a 2kW/2450 MHz magnetron, a condens&0CC), and a vacuum system comprising a root
pump and a rotary vane pump. The tuner, which was located between the magnetron and
water load, was adjusted that way that approximately 1/10 of the generated microwaves went
into the product chamber. For a schematierview of the general setup, the reader is
referred to referenc¥® In the setup used for F1F3, water load and product cavity were
interchanged. Drying was carried out at a pressure of 8 pubar to 30 pbar measBnethby
gauge and at a microwave power bet ween 23
impedance analyzer {BEAM Lab, Bratislava, Slovak Republic) until a constant mass was
reached. The drying process used for F1 and F2/F3 is presentédure Ill-1a,b,
respectively.
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Figure Il -1 Graphical overview of the microwaaassisted freezdrying (MFD) processes fak F1,B
F2/F3, andC F4. Microwave power input (MW Power) is the actual measured radiated microwave power,

the chamber pressure is the Pirani gauge readewfe), and T represents the readout of the glass fiber
temperature probe.

In contrast, FAvas processed with a partially modified setup comprising a semiconductor
solid-state 500 W/2450 MHz microwave radiation source tunable from 5 W to 450 W which
directly emitted its radiation into the product chami3Moreover, the vacuum system was
complementetdy the addition of a turbopump to allow for lower chamber pressures. Drying,

as it is shown irFigurelll -1c, wascarried out at a pressure of 5 pbar to 20 pbar measured

by Pirani gauge and at a microwave power be
impedance analyzer {BEAM Lab, Bratislava, Slovak Republic).

For process monitoring, two glass fiber temperatneasurement probes (TS2, Weidmann
Technologies Deutschland GmbH, Dresden, Germany) were used. Stoppering of the samples
was carried out externally in a glove bag flushed with dry nitrogen. The dried crimped

samples were kept refrigerated until analysis.

37



Chapter lll

[11.3.5 Karl Fischer titration

Karl Fischer titration, equipped with a headspace module, was used to determine residual
water content after freezlrying. Between samples, aliquots of 9 mg and 28 mg were
prepared in a glove box filled with pressurized air withlatiree humidity of less than 1%,

placed into 2R vials, and stoppered. The samples were then placed in an oven with 100 °C
to enable the fast extraction of water. The headspace moisture is transported into a
coulometric Karl Fischer titrator (Aqua 40.0&lektrochemie Halle, Halle (Saale),
Germany). Results were calculated in relative water contef).( For verification of
equipment performance, three aliquots of Afumater standard oven% by Merck KGaA

(Darmstadt, Germany) were measured within aisege.
[11.3.6 Brunauer-Emmet-Teller krypton gasadsorption

The specific surface area of dried samples was determined using BilEraoezt Teller

(BET) krypton gas adsorption in a liquid nitrogen bath at 77.3 K (Autosorb 1;
Quantachrome, Odelzhausen, Germany). @asnof 90200 mg were gently crushed with

a spatula and weighed into glass tubes. Prior to measurement, an outgassing step was
performed for at least 6 h at room temperature. Aspdihit gas adsorption curve was
measured, covering a p/ratio of approxinately 0.050.30. Data evaluation was performed
according to the muHlpoint BET method fit of the Autosorb 1 software.

[11.3.7 X-ray powder diffraction

To determine the solidtate of the Iyophilizates, an XRD 3000 TT diffractometer (Seifert,
Ahrensburg, Germanyyas used. The device was equipped with a copper anode (40 kV, 30
mA) and had a wavelength of 0.154178 nm. The scintillation detector voltage was 1000 V.
The samples were placed on the copper sample holder and analyzed in the raAge &f 5
theta, with seps of 0.05°.

111.3.8 Reconstitution of lyophilizates

The lyophilized cakes were reconstituted by the addition of WFI. The WFI volume for each
formulation was calculated to match the volume of the water removed during @iryezg
Reconstitution time was detemmed by recording the time between adding the respective

formulationspecific volume of water for injection and obtaining a clear solution without
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visible matter. This observation was performed by manual visual inspection. Reconstitution

was performed apping gentle swirling for 5 s directly after the addition of water.
111.3.9 High-performance size exclusion chromatography (HP-SEC)

A Waters 2695 Separation module (Waters GmbH, Eschborn, Germany) equipped with a
Waters 2487 Dual & ADb s or BsehboneGelnany)at214cand ( Wa't
280 nm was used. Isocratic elution with a 25 mM sodium phosphate running buffer
containing 200 mM sodium chloride (pH 7.0) was performed.

For mAbZXformulations (F1LF3), 10 pL of a reconstituted solution corresponding to a

loadi ng of 50 Og protein were |loaded on a To
column (Tosoh Bioscience, Griesheim, Germany) and separated with a flow rate of 0.7
mL/min.

For mADb2 (F4), samples were diluted with 10 mM histidine buffer (pH 5.5) tb firgtein
concentration, and 25 pL was injected, corresponding to a load of 25 ug protein. A YMC

Pack Diot300, 300 x 8.0 mm, 5 um column (YMC Europe GmbH, Dinslaken, Germany)

with a flow rate of 0.8 mL/min was used for separation. Samples were measui@dates

with three individual injections. Data integration of relative areas at 280 nm was performed
using Chromeleon 6.80 (Thermo Scientific, Wilmington, DE, USA), provided that every

peak eluting before the monomer corresponded to high moleculghtweiMW) species.

No peaks could be detected after the monomer. For verification of equipment performance,

an internal standard of thawed mAb formulation was injected at the beginning and end of a

sequence.
[11.3.10 High-performance cation exchangechromatography (HP-CEX)

A Waters 2695 Separation module (Waters GmbH, Eschborn, Germany) equipped with a
Waters 2487 Dual & Absorbance Detector ( Wat
280 nm was used for weak cation exchange chromatography. A linear sodium chloride
gradient of 0% to 20% solvent B in solvent A over 30 min was used for elution at a flow rate

of 1 mL/ min. For al | cation ext@&n@®eé ol CEX)
Analytical column 4 T 250 mhOéqBi ph€&E wunl
column 4 x50 mm (ThermoFisher Scientific, Waltham, MA, USA) was used.
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For mAbZXformulations (F1F3), the solvents were composed of A: 20 mM TRIS (pH 7.1)
and B: 20 mM TRIS (pH 7.1) plus 300 mM sodium chloride. Reconstituted sample aliquots
of 10 uL, correspondingpta loading of 50 g protein, were loaded on the column.

For mAb2 (F4), the solvents were composed of A: 20 mM TRIS (pH 7.5) and B: 20 mM
TRIS (pH7.5) plus 300 mM sodium chloride. Before analysis, samples were diluted with
solvent A to 1 g/L protein coeatration, and 50 pL was injected, corresponding to a load of
50 ug protein.

Samples were measured as triplicates with two individual injections. Data integration of
relative areas was performed using the Chromeleon 6.80 software (Thermo Scientific,
Wilmington, DE, USA), provided that every peak eluting before the main peak corresponded
to acidic species and peaks eluting raftee main peak correspondediasic species. For
verification of equipment performance, an internal standard of thawed mAb faionwes

injected at the beginning and end of a sequence.
11.3.11 Light obscuration

One method used to determine subvisible particles of the formulation F1 was light
obscuration. Therefore, a PAMAS SV8S patrticle counter (PAMAS Partikelmessund
Analysesystem&mbH, Rutesheim, Germany) equipped with an HIB25/25 sensor,

which had a detection | imit of approxi matel.y
The prerinsing volume was 0.4 mL and was followed by three measurements of 0.2 mL.

The fill rate, empting rate, and rinse rate of the syringe were set to 10 mL/min. Before and

bet ween samples, the system was rinsed with
and no particles larger than 10 um were present. Data collection was done using PAMAS

PMA softwa r e, and particle diameters in the rang

All results are given in cumulative particles per milliliter.
111.3.12 Flow-imaging microscopy

Due to the high transparency of protein particles, an orthogonal method for subvisible
partide determination was introduced for formulations F2. Flowimaging microscopy

was performed on a FlowCARB100 (Fluid Imaging Technologies, Inc., Scarborough, ME,
USA) equipped with a 10x magnification cell (81 um x 700 um). Prior to a measurement
set, he cell was cleaned with a 1% Hellmanex IIl solution and WFI. For adjustment of the

focus, the default autofocus procedure using 20 um calibration beads was performed. Sample
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solution volumes of 150 uL were measured with a flow rate of 0.10 mL/min, atagei

rate of 29 frames per second, and an estimated run time of 1.5 min. After each measurement,
the flow cell was flushed with WFI. For particle identification, the following settings were
used: 3 um distance to the nearest neighbor, particle segmemhagisinolds for dark pixels

and light pixels of 13 and 10, respectively. The particle size was reported as the equivalent
spherical diameter (ESD). Frames were collected with VisualSpreatishéd software

and were evaluated for total particle countsuwhulative particles greater or equal to 1 pm,

10 pm and, 25 pm per mL.

11.4 Results
[11.4.1 Solid gate

[11.4.1.1  Residualmoisture content and specific surface area

The results for residual moisture (RM) and specific surface area (SSA) determination are
presented ifrigurelll -2. For the low concentrated mAb formulation with sucrose (F1), three
different storage temperatures are showigyre Il -2a). Directly after freezérying, the

SSA results revealed identical values for CFD, 0.63 m#/g + 0.02 m2/g, and MFD, 0.66 m?/g
+ 0.05 m?/g. Irrespective of the storage pemature and time point, neither differences nor
relevant changes in specific surface areas were observed. With regard to residual moisture
content, analysis showed low values for both CFD and MFD%l#0.1% and 1.0% *

0.5 %, respectively). These vads changed only slightly over 24 weeks at all investigated
storage temperatures. However, within the microwaeeessed products, some samples
exhibited higher variances represented by higher standard deviations, which were not found
within the convationally freezedried samples.
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Figure Il -2 Specific surface area (bars) and residual moisture content (squares) results over the course of 24
weeks of storage at the respective storage temperatukd=bB F2,C F3, andD F4. Values shown represent
the mean value (n = 3) + standard deviation.

Similar results were found for the low concentrated mAb formulation stabilized with
trehalose Kigurelll -2b). No relevant differences or changes were observed for the specific
surface area over the course of 24 weeks storage at refrigerator temperature or 40 °C. Mean
values almost remained at initial values of In#7g + 0.01 m2/g and 1.22 m?/g + 0.06 m?/g

for CFD and MFD, respectively. In regards to residual moisture, MFD samples appeared to
be moister than CFD samples (%2t 0.8% vs. 0.3%6 + 0.0%). These differences remained
over six months of storage irrespige of the storage temperature. Yet, the moisture content

in CFD cakes doubled at 4Q (0.7% £ 0.0%), unlike MFD cakes. However, high variances
within MFD samples may have masked such effects.

Unlike the sucrose (F1) and trehalose (F2) formulationgy tmncentration mAb
formulations with arginine phosphate (F3) exhibited differences with respect to specific
surface areaHigurelll -2c). Initial meastements directly after freezdrying revealed values

of 1.33 m?/g £ 0.09 m?/g and 0.95 m?/g = 0.04 m?/g for CFD and MFD, respectively. Slight,
but nonsignificant changes over storage were observed. The initially different SSA values
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correlated inversely ith the observed residual moisture mean values (CFD%100.1%

and MFD: 2.8% + 0.4%). A micro-collapse within MFD samples was assumed.

F4, which was comprised of a Imdixture (weightwise) of sucrose and mAb2, was dried
with a differentmicrowavesetup. By this, high variances in residual moisture, which
occasionally occurred before within MFD samples, were not observed anyRigoee(
[I1-2d). For conventional freezdried samples, mean values changed fron?d (@ 0.0 %)

to 1.2% (+ 0.0 %) over 24 weeks of storage at 40 °C. Within MFD samples, a similar
increase from 0.4 (x 0.0%), initially to 0.6% (+0.0%), was observed after snonths at

40 °C. In contrast, specific surface areas were found to remain unaffected by accelerated
storage conditions at values of 0.85 m?/g £ 0.15 m#/g and 0.89 m?/g + 0.04 m?/g for CFD and
MFD, respectively.

111.4.1.2  X-ray powder diffraction (XRD)

In order toconfirm the amorphicity of all formulations, XRD was used. The results for the
two sucrosebased formulations, F1 and F4, are present&ure 3Il-1 and were directly
compared to the pure excipient sucrose. No indicationsrystallization were found.
Amorphous halos and the absence of typical pé&ak<?were found for trehaloseased
formulations(Figure 3l1-2). An overall XRD-amorphicity, represented by an amorphous
halo, was also found for the significantly moister arginine phosphate formulafigusg
SlI-3). A reference diffractogram for recrystallized arginine phosphate derived by

intentionally exposing one MFD vial to a moist atmosphere overnight.

[11.4.2 Protein-relatedquality attributes

[1.4.2.1  Reconstitution and sibvisible particles (SvP)

Before liquid analysis, lyophilized products needed to be reconstituted. Within one
formulation, no significant difference between the distinct drying protocols was seen.
However, small differences with regaalother formulation were observetaplelll -3).

Table Il -3 Reconstitution times of the differefarmulations.
Formulation Reconstitution Time (S)

Fi1 030
F2 030
F3 050
F4 0120
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The subvisible particle counts (SvP) obtained by light obscuration for F1 are presented in
Figurelll -3a,b. All vials analyzed originated from the same filtered bulk formulation, which

is why initial particle counts were the same before a certain drying or storage scheme was
applied. Light obsaation measurements revealed relatively low particle tsoper mL of

2212 +565,26+t2and 4 N 3 for O1 Om, 010 Om, and, O
of +94% (4300 £+ 546) and +4% ( 3303 N 651) for cumul ati ve
observed directly after freezlrying. InFigurelll -3a the results after storage over 24 weeks

at4 °C and 25 °C are shown. After six months at refrigerator temperature, particle counts
were stabilized close to values prior to freerging of 2678 + 307 (CFD) and 2227 + 225

for particl e sCgotageQemparature, sdbvisibR particle towere only

slightly elevated for CFD (2953 + 295), but not for MFD (1937 + 247). No increase in bigger
particles, 010 Om, and 025 Om, Figarslll-3been at
shows that storage over 24 weeks at 40 °C caused an increase by factor 2.3 (5106r+ 237)
conventionally FD, and an increase of%63003 + 1058) for microwavassisted FD, in

01 Om particl es iancésoverefouadfor MEDisgmplest v ar

F1:4°Cand 25 °C B F1.40°C
8000 CGFD Iv!F[l ! 8000 oFD
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Figure Ill -3 Subvisible particle (SvP) counts for formulation F1 measured by light obscuration and size
exclusion chromatography results. The bar charts represent the subvisible particle counts for the respective
storage temperaturés4 °C, 25 °C, an® 40 °C. Bars rpresent the mean value * standard deviation for

three individual vials.

Figurelll -4 represents the SvP counts analyzed by 4lmaging microscopy foF2. The

same filtered bulk formulation was used for all vials analyzed. Initially, relatively low
particle counts per mL of 1867 N 1784, 90 N
um, respectively, were found. A slight increase by 24% (2320 £ 599 &%d 2549 + 677)

for cumul ative particles O1QGdingAtdCasteragebser ve
temperatur e, particle numbers O1 Om/ mL sett|
the cumulative count of bigger particles increadaduyrelll -4a). However, no significant
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changes were observed. A dramatic increase
of six months at 40°C for both ©®H37909 + 4337) and MFD (18947 + 6753), as shown in
Figurelll-4b . The mean SvP count values for 010 O
even thaigh high standard deviations lowered the significance. However, an upward trend

could be assumed for subvisible particles O
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Figure 11l -4 Subvisible particl§SvP) counts for trehalodmased formulation F2 measured byflimaging
microscopy. Bar charh represents the SvP cdarat refrigerator storage aidat 40 °C. Bars represent the
mean value + standard deviation for three individual vials.

The SvP coumstfor the low concentration mAb formulation stabilized by arginine phosphate,

F3, are shown ifrigurelll -5. Prior to freezalrying, relatively low partle counts per mL

of 1991 N 1490, 68 N 42 and 20 N 21 for
respectively. At 4 °CHKigurelll-5a) storage temperagjra small increase in mean values

for cumulative particles 01 Om was found o
category settled around the initial val ues
stronger increase in mean values was ofeskralthough vast standard deviations lowered

the significance.

At accelerated storage conditiof#sgurelll -5b), a moderate increase in all size categories

was seen. Especially after six months storage, the conventionally -ttreedesample
showed a significant increase for 01 Om, O1
of 5913 = 1584 (3% higher), 394 + 9@« higher), and 78 + 21 (4% higher), respectively. In

contrast, the microwavassisted freezdried sample at the same conditions showed no
increase for 01 Om, and only a modest incre
counts O10 mDrespextivaly. 025 O
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Figure lll -5 Subvisible particle (SvP) counts for the arginine phosphate formulation F3 measured-by flow
imaging microscopy. Bar cha” represents the SvP cdamat refrigerator storagend B at 40 °C. Bars
represent the mean value * standard deviation for three individual vials.

For the formulation with 50 g/L of mAb2 and only?6 (w/v), sucrosestabilizer neither at

refrigerator Figurelll -6a) nor at 40 °C storage temperatkigurelll -6b), was a significant

change in subvisible particles observed. The initial formulation before FD revealed low
particle counts per mL of 2051 N 11pBm, 40 K
respectively. The results obtained showed a larger increase%y 3479 + 2243) for CFD

and25% (2555 N 97) for MFD, in regards to cum
celsius storage over six months, compared to storage at 40 °C.

A F4. 4°C B F4: 40 °C
7000 T 7000 I
6000 cFD 6000 cFD
_EI 5000 :l- 21 pm [ 210 pm [ 225 pm TEI 5000 /I >1 i [ =10 pro [ 225 wm
= MFD E MFD
@ 4000 /I 21 um [ >10 pm [E00) 225 pm) o 4000 —| I =1y [ =10 pm B 225 pm
2 2
S 3000 5 3000
3 S
2000 2000
; I & 1 i T
.2 1000 = .8 1000 o
= =
@ a
o 400 @ 400
= 2
D 3004 T 300
= S
E E
3 200 3 200
[&] (@]
100 + 100
0 0
Initial (LIQ) 0 Weeks 12 Weeks 24 Weeks Initial (LIQ) 0 Weeks 12 Weeks 24 Weeks

Figure Ill -6 Subvisible particle (SvP) counts for the high concentration mAb formulation with 50 g/L
stabilized by sucrose, measured by flomaging microscopy. Bar chaA represents the SvP cdanat
refrigerator torage and at 40 °C. Bars represent the mean value + standard deviation for three individual
vials.

Yet, at all conditions observed, | arger part
an increased number of particle counts. However, dbgtostandard deviations within a

sample, no significant changes were detectable.
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111.4.2.2  Weak cation exchangechromatography (CEX)

In order to generically quantify different protein degradation pathways, e.g., deamidation, a
saltgradient weak cation exchange @matography was used. The CEX data for F1 was not
collected. But for the trehalodmsed low concentration mAb formulation (F2), data from
CEX measurements is shown kigure Ill-7a,b for the respective storage temperatures.
Directly after freezalrying, irrespective of the applied drying protocol (CFD or MFD),
relative amounts of the different species were found to be alike. For storage at refrigerator
temperature, Kigurelll -7a) acidic species dropped by roughly one percent for both drying
protocols, whereas basic species slightly increased b 1%mmewhat more pronounced
changes were observed for storage at 40Fi@ufelll -7b). While acidic species increased

by three percent, basic species rogd 7 % and 3.9% for CFD and MFD, respectively.

A F2:4°C B F2:40°C
40 70 4
CFD
65 +—=— Acidic Sp.—— Basis Sp
35 50 |MFD
\’?,‘ e - \’? —— Acidic Sp.— — Basis Sp.
< - = £ 55
= 30 =
2 S 50
= =
5] CFD 4
E 25 1—=— Acidic Sp.—e— Basis Sp E 45
s MFD 5 40 4
— [—— Acidic Sp—_— Basis Sp — - =
E 20+ £ 35 1 T
[=] < 30
E 151 £
<< " <{ 25
@ = [
= = 204
w 104 =
@ @©
= - 4 S—— e W]
& & 15 =
5 10 H
54
0 T T T 0 T T T
0 Weeks 12 Weeks 24 Weeks 0 Weeks 12 Weeks 24 Weeks

F2: 4 °C and 40 °C
100.0 4

99.5 4

99.0 4
e —— ——
£ 96.04
» 97.54
o g703 Monomer
8 96.5 —&— CFD (4°C)
[=% 96.0 ] —&— CFD (40°C)
@ 9o s ] —&— MFD (4°C)
S ;! —— MFD (40°C)
= 95.0% HMW
3 a5 —— CFD (4°C)
E 4.0 —O— CFD (40°C)
< 35] —— MFD (4°C)
2 30 —— MFD (40°C)
T 25
@ 2.0+
T 5] E’f:ﬁ{:f—%

1.04

0.5

0.0 T T T T

Initial (LIQ) 0 Weeks 12 Weeks 24 Weeks

Figure Il -7 Relative amount of acidic and basic species obtained bypgdghrmance (HRjveak cation
exchange chromatography forhedosebased formulation F2 & 4 °C andB 40 °C stoage temperature. In

C, the relative percentages of monomer and high molecular weight species (HMW) at the respective storage
temperature over storage time gained bydifé exclusion chromatography (SE&alysis are presented.
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For the arginine phosphatermulation (F3), CEX data is shownigurelll -8ab. A small
difference of 1.7% in the initial relative amount of acidic species was found, which
equalized for the two drying protocols over 24 weeks storage time atBig@€lll -8a).

At the sane conditions, basic species slightly increased for both CFD @) #hd MFD
(+1.3%), revealing a small deviation. Acidic species showed a noticeable change by 15.9
(CFD) and 26.6% (MFD) at 40 °C storage temperatuf@gure I11-8b), whereas basic
species remained almost the same with changes 8$2.5 CF D) % (M&D).1 0. 5
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Figure 1l -8 Relative amount of acidic and basic species obtained bywéHk cation exchange
chromatography for arginine psphatebased formulation F3 & 4 °C andB 40 °C storage temperature. In
C, the relative percentages of monomer and high codde weight species (HMW) at the respective storage
temperature over storage time gained by$HC analysis are presented.

In the case of the high concentration mAb formulation stabilized with sucrose (F4), almost
no differences were found between cortimmal and microwavassisted freezdried
products with regard to CEX resultSigure I11-9a,b). At refrigerator temperatur&igure
[l1-9a), changes in both species and both dryirgocols ranged within less than O

While similar observations were made for the acidic species at 40 °C, basic species slightly
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rose by 2.6 and 3% for CFD and MFD samples, respectively. However, no difference

between the drying procedures waserled.
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Figure 11l -9 Relative amount of acidic and basic species obtained bywédk cation exchange
chromatography for thieigh concentration mAb fornbation with 50 g/L stabilized witsucros€F4) atA 4 °C

andB 40 °C storage temperature.dnthe relative percentages of monomer and high molecular weight species
(HMW) at the respective storage temperature over storage time gained By ElBnalysis are presented.

[11.4.2.3  Size exclusion bromatography (SEC)

Therelative amount of monomeric and high molecular weight (HMW) species was assessed
by high-performance sizexclusion chromatography. The results of the $H#C analysis

for the low concentration mAb formulation with 20 (w/v) sucrose (Fllare displayed in
Figure 3l1-4. Irrespective of the storage temperature, no changes in monomer content
occurred. In other words, the relative amount of monomeric spaciged between 99%

to 99.1% at all analyzed time points, and all investigated storage temperatures.

Only a slightly different picture was seen for the trehalose formulation FRyumelll -7c.

After six months at 4 °C, the loss of monomer and the complementary rise in HMW was
negligibly low, basically within the range of SEC sample standard deviation. A small
decr ease¥% B82%ixM.1%) for CFD and 9% (98.4000+. 04 %) for
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microwaveassisted freezdried lyophilizates was observed in accelerated storage
conditions of 40 °C for 24 weeks.

In arginine phosphatkased monoclonal antibody formulation (F3), more changes were
observed Kigure ll1-8c). At refrigerator temperature, a small decrease by less than one
percent in monomer content, and thus, an increase in HMW aggregates to le3®4han
overall HMW species, occurred. However, a significant loss in monomeric content down to
95.7% + 0.4% and 96.8% £ 0.3% for CFD and MFD, respectively, was seen. This was
counterbalanced by an increase in high molecular weight species%®#(34% and 3.2

% + 0.3% for conventionally and microwazassisted freezdried samples.

The formulation with 50 g/L of mAb2 (F4) showed a higher monomeric-ga@y of 99.9

% + 0.0%, compared to mAbl formulations prior to freelrging (Figure I11-9c). At
refrigerator storage temperatures, only a small loss dfr@lative monomer content was
observable regardless of the initially used drying procedwen Er 24 weeks at 40 °C, the
monomer content for CFD and MFD samples decreased only slightly t&08®&0% and
98.2% + 0.0%, respectively. This loss was compensated by an increase in HMW%o 1.5
+0.0% and 1.86 + 0.0% for conventionally and microwasassisted freezdried samples,

respectively.

1.5 Discussion

[11.5.1 Stability with regard to solid state properties

In the case of freezéried products, attributes like residual moisture content, solid state, and
specific surfacarea are critical to assess and to monitor over storage andifehefwith

respect to the specific sade area, the low mAb concentration formulations with sucrose
and trehalose, F1 and FRaplelll -1), showed identical values for each formulation far t

two distinct drying protocols directly after freedeying and no change over the duration of
storage. This strongly indicated the absence of a microscopic collapse, which means that the
initially determined ice and successive pore structure remaineagdine two different

drying protocols for the respective formulatifrRegarding the residual moisture content
similar mean values were found for the sisgbased formulation F1 with 1% + 0.1%

and 1.0% + 0.5% for CFD and MFD, respectivelyigurelll -2a). This moisture level was

kept over storage, even at elevated temperatures. However, high variances in some MFD
samples were observed. Such high variances among samples of one midvatghvaay

have been caused by naniform temperature distributionThis noruniformity in
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microwave heating was reported in the literature to be one major challenge associated with
that drying techniqu&®*841%The resulting appearance of cold and hot spots was described
as multifactorial and may be dependent on the chosen moétan{oue, singlemode)!?4124
oven desigrf3, composition and geometry of the frozen gottt2312’, the occurrence of
standing wave effedt® and drying duratiof®.
In contras, in trehalose samples (F2) residual moisture levels differ already after the freeze
drying step, i.e. 0.836 + 0.0% for conventionally dried and 1% + 0.8% for microwave
assisted dried sampldsigurelll -2b). The CFD samples stored at®4Dshowed an increase
to 0.7% + 0.0%. This was most likely due to moisture uptake of the cake from the rubber
stopper as it was described by Pikal and SAAfhe equilibration of stoppenoisture and
cake moisture was found to be kinetically dependent on storage temperature in the first place.
Because of the high variances in MFD samples, such an effect may have happened but could
not be detected.
An arginine phosphatkased formulatiofF3) was expected to be different. Firstly, because
of the permanently charged character of arginine which causes high dielectric loss, i.e. the
ability of a material to absorb electromagnetic enéffjyas eported by Meng et at?L. Of
course, the dielectric properties of a material may vary dependiting eract composition,
densty, temperaturgand frequency® Nevertheless, different behavior of such formulation
within the electromagnetic microwave field was expected. Secondly, because of the reported
complex molecular structurd arginine phosphat&? Although the reported structure was
described for the crystalline statemdar intense interactions in the glassy state were
assumed®**For formulation F3 specific surface area values were reduced¥t89.95
m2/g + 0.04 m2/g for MFD compared to 1.33 m?/g = 0.09 m2/g for CFD initiallyr afte
application of the different drying protocolBigurelll-2c). It is assumed that this shift in
the SSA is associated with a microscopic collapseinvitite amorphous matrix which may
have been favored by the permanently charged matrix leading to enhanced absorption of
microwave energy’L As the desorption step of the unfrozen water is highly-8&gendent
S the micrecollapse seems likely to be the cause for higher mean residual moisture in MFD
(2.8% + 0.4%) compared to CFD (1% + 0.1%). Over the course ofaage, no significant
change in glassy state properties was observed.
The 50 g/L mAb2 formulation stabilized with sucrose (F4) appeared to be different with
respect to residual moisture contelRig(relll -2d). Occasionally emerging high variances
within one sample (n = 3) produced by MFD was not observed anymore. Two possible
reasons are: (1) the formulation which consisted roughly to an extent @ B0the
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monoclonal antibody by this changing the matrix properties and (2) the newly implemented
microwave technical setup as described innfaegials and methodsection The authors
assume that the increase in batch homogeneity within MFD samples was mainly due to the
change in machinery setup. This is believed because: Firstly, similar formulations with the
same mADb have been dried with the previously described MFIP $etind they revealed

the same high deviations that have been observed with the low concemrated
formulations F1F3 in this studyTable SI1-1).

Secondly, with typical sample sizes of n = 3 potential batch inhomogeneities were
observable. Thirg, the semiconductor solistate setup led to a more stable and better
tuneable power input during the course of drying. Supportively, Bianchi’€? simulated

the physical behavior of apple slices under microwasasted vacuum drying processing
comparing magnetron and sebthte technology. They concluded that with the latter an
improved heating pattern uniformity can be achieved.

With regard to Xray diffraction analysis, all formulations revealed an XR@orphous

solid state exhibiting an amorphduslo Figure 3ll-171 Figure 311 -3). By that, the authors
suppose no adverse effect of microwaves on the crystallization tendency of the investigated

matrices. Even moister samples have not reveaigdndication of recrystallization.
111.5.2 Stability with regard to the protein

The sucrosdased formulation with 5 g/L of mAb1 (F1) showed no clear trend in subvisible

particles (LO) at 4°C and 26 storage temperaturd-igure lll-3a) and no difference

between CFD and MFD either. Only directly after the fredzéng procedure an increase

0f 94% (4300 +546)and 4% (3303 N 651) f orpumémLfoudFRt i ve pa
and MFD, respectively, was observe&turelll -3b shows that storage over 24 week 40

°C caused an increase by factor 2.3 (5106 + &B87¢onventionally FD and an increase of

36% (3003 + 1058) for microwave s si st ed FD in O1 Om particles
slight change in SvP at accelerated storage conditions may correlate with an increase in the
relative amount of high moletar weight species assessed by-&EC. However, no such

effect on SEC data waeen Figure 3l1-4). Across all storage temperatures and regardless

of the used drying protocol no change in neither soluble aggregates nor loss of monomer was
observed.

For the trehalosbased formulation (F2) the more sensitive fiomaging microscopy

technigue was used for subvisible particle determindEaurelll -4). Initially, low particle
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counts per mL of 1867 N 1784, 90 N 20 and
respectively, were found, but ybearing unusual high variances. Directly after freeze
drying, most likely due to freezdrying associated stresgea slight increase by 24 (2320
+599)and 37 (2549 N 677) for cumulative part.
significant changes were observed for SvP &C4storage temperatur&igure lll-4a).
Taking chromatographic results into account, nor inRGEX (Figurelll -7a+b) neither HP
SEC Figure Ill-7c) changes were observed emphasizing sufficient and comparable
stabilization in both drying populations at°€. In contrary, a dramatic increaser
subvisible particles O1 Om/ mL waxXfoftmthnd oV«
CFD (37909 + 4337) and MFD (18947 = 6753) as showRigure lll-4b. A similarly
pronounced increase was also for bigger particles observable, although high standard
deviations lowered significance. Yet, an upward trend was assumed for subvisible particles
010 Om/ mL in conventi onal I|tyo cpemicat degradatidn s a mp
(Figure lll-7b), a linear increase with shallow slope was found for both acidic and basic
species irrespective of the dryingppedure, although basic species increased slightly more
in CFD samples. An increase in the different species can be related to several different
changes within the protein molecule depending on primary structure, cell line, formulation
conditions and soforth 134138 Reviewedby Du et al.**®in 2012, a major contribution to
acidic species was assigned to the deamidation reaction of aspaesithees. For basic
species, depending on primary structure, they were discussing different causes covering
C-terminal basic amino residues, incomplete cyclization of theriinal but also the
formation of aggregates. It could be suspected that thegstirancrease in high molecular
weight aggregateg-{gurelll -7c) at 40°C in CFD samples is related to the stronger rise of
basic species in HEEX data. However, no followp investigation by (partial) protein
digestion or by L&MS was conducted. Nonelbss, as differences between conventionally
dried and microwawvassisted freezdried samples were rather marginal, comparable
stability in the trehalose formulation is deduced.
Arginine phosphate as discussed in seclid®.1 was expected to be an exceptional
formulation, especially challenging when drying with electromagnetic waves. In a recently
published review by Startz&l® several examples of successful stabilization of proteins by
arginine salts in the glassy state were shown. Within our study, we found only tiny€hange
at refrigerator temperature with regard to subvisible parti€lggifelll -5a). Primarily the
mean values for bigger iscreasedaftep2d weeks oftaage, ( O1 0
yet not significantly due to higher variances.-BEX data Figurelll -8a) and HPSEC data
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(Figurelll -8c) supported this. Only slight degradation shown by ixeanonomer loss of

less than 26 in both CFD and MFD and a small increase in basic species of less%an 2

were found at 4C. At accelerated storage conditiofgg{relll -5b) a moderate increase in

all size categories was seen. Especially the conventionally fdeezk sample showed a
significant increase for cumulative particle
of 3x to 6x higher countsft@r six months of storage. In contrast, the microwassisted

freezedried sample at the same conditions showed only a moderate increase by bigger
particles 010 Om and O25-CExXndata Figorali-8b),tai ng t ha
contrary picture is drawn. One the one hand, a noticeable change in acidic species by 15.9

% (CFD) and 26.86 (MFD) at 40°C storage temperature was found, whereas basic species
remained almost the same for both drying procedures. On the other ha&iG1iBata

(Figurelll -8c) revealed a loss in monomeric content down to 96£70.4% and 96.8%6 +

0.3% for CFD and MFD, respectively. Taking all of that into account it appeared that the
conventionally dried sample showed a higher degree of degradation exhibiting a higher
increase in high molecular weight aggregates accompaniad imgreased particle count in
flow-imaging microscopy. However, HBEX results indicated that a moderate portion of

the main charge variant underwent chemical reactions leading to significantly increased

acidic species, being more pronounced in MFD sampStartzel et aft** investigated

different arginine salts on their stabilizing potentrathe glassy state. For that, they also
calcul ated t h°iwheélcdx ataiyorbet irmeggal ded as prop.
mol ecul ar mobi | i t(ApdulfFattah egal., @@0@fP. Subseduenty ntey

related physical aggregation rate constants &A@ wi t h t h e?. Bheytfaundat ed | n
that an argiine phosphate formulation (64 g/l-Arg, 16 g/L sucrose and 50LgmADb)

revealed longer taxation times than other arginine formulations. These relaxation times
unexpectedly had an inversely proportional correlation to the observed aggregation constants

by that, suggesting that increased molecular mobility had a positive effect on protein

stalility .3 This may be one explanation for the stability differences observed between CFD

and MFD. Microwaveassisted freezdried samples on average revealed higher residual

moisture contentHigurelll -2c) compared to CFD. Residual water is kmaas a plasticizer

of amorphous matrices which consequently also leads to increased molecular rHdbility

and by this potdrally to reduced aggregation in an argininesed system as reported by

Startzel et at®* However, increased molecular mobility may be associated with increased
chemical degradatiotf?!*3giving a potential explanation to the more distinct increase in

acidic species MFD samplesnother explanation could be based on an advantageous effect
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of the partial collapse in MFD samples as it was observed by ScherscH Hoalpartially
collapsed manniteducrose formulation. All in all, microwas&ssisted lyophilizates with
arginine phosphate, on the one hand, revealed araiiwh for more pronounced chemical
degradation but on the other hand, showed a less severe increase in subvisible particles and
aggregates. The authors, therefore, conclude a comparable stability profile for CFD and
MFD with reservations.

For the high cocentration mAb2 formulation (F4) no clear trend can be derived from
subvisible particle analysis. Unexpectedly, particle counts at refrigerator temperature
appeared to be higher or at a similar level compared t€ 4fter six monthsHigurelll -6).

With regard to HRCEX results, no difference between conventionally and microwave
assisted freezdried samples was observedrigure IlI-9a+b). In sizeexclusion
chromatography, samples stored &CAexhibited a negligibly small loss of monomer for
both drying protocols. At accelerated conditions stilither low loss in monomeric species

of 1.4% and 1.6 for CFD and MFD, respectively, was seen after six months of storage.
For this reason, the authors conclude that both sample populations derived from the two
respective drying protocols were comparakith respect to protein stability.

In the future, an improved prototype dryer with a sophisticated technical setup which
provides the operator with standard pharmaceutical frégaeg features such as freezing

and stoppering within the same machinegeded. A combination of current pharmaceutical
freezedrying equipment with modern semiconductor salidte microwave generators is

i maginable in the authorsodé opinion. For fut
and potential differences betere conventionally freezdried and microwavassisted
freezedried solids could be of interest. Thermal history is expected to be different.
Moreover, a deeper look into potential chemical changes that may occur during MFD should
be taken. For those anabal techniques focusing on structural changes like FFRand

circular dichroism, but also methods like (peptide mappingM%should be considered.
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[11.6 Conclusion

Microwaveassisted freezdrying is an emerging technique recently introduced to the field

of pharmaceutical freezdrying of biological$'1% Despite potentially huge time savings

for vial-based drying achievable by MF) we were able to elucidate comparable stability
profiles for different monoclonal antibody formulations over storage times of 24 weeks.
Although residual moisture contents were found to be different between CFD and MFD, no
adverse effect on prain stability or crystallization tendency in matrices with higher residual
moisture was found. Even the occurrence of a microscopic collapse in the microwave
processed arginine phosphate mAb formulation (F3) did not lead to decreased stability with
respet to the solid stateand proteirrelated properties. Moreover, our data indicate that
with modern semiconductor solglate microwave generators batch homogeneities of
microwave batches could be approximated to those of conventionalthe@ag. Howevey

the authors see a definite need for new machines complying with the requirements of
pharmaceutical manufacturing. The new generator setup presented may open up space for

engineering creativity to merge pharmaceutical needs with innovative heating techniq
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l1l.7 Supplementary material

X-ray diffractogram after FD X-ray diffractogram after 4W @ 40 °C
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Figure Sl -1 Representative Xay diffractograms of sucroseased formulation F1 and F4 compared to
unprocessed pure crystalline sucrose (EMPROVE® exp sucrose) from the shelf. Top graphs represent
conventionally freezelried samples directly after FD (left) and after 24 weeks of storatfe & (right). The

same applies to the bottom graphs but with microvassisted freezdried samples
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X-ray diffractogram after FD X-ray diffractogram after 2dW @ 40 °C
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Figure Sl -2 Representative Xay diffractograms of trehalodsased formulation F2 marked with tgpl
peaks related to tr e h-anhydreustretaloseyhdsh)abtanedfransthediterdtizek )
Top graphs represent conventionally fredried samples directly after FD (left) and after 24 weeks of storage
at 40 °C (right). The sanmapplies to the bottom graphs but with microwassisted freezdried samples.
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X-ray diffractogram after FD X-ray diffractogram after 24W @ 40 °C
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Figure Sl -3 Representative Xay diffractograms of low concentration mAb formulation with arginine
phosphate (F3). The dieictogram of a MFD recrystallized sample of identical composition (gray line) was
used for the identification of reference peaks. Top graphs represent conventionallydfiedzgeamples
directly after FD left) and after 24 weeks of storage at 40 °C Jrighe same applies to the bottom graphs but
with microwaveassisted freezdried samples.

59



Chapter lll

100 ~

- . e

[{e}
o]
1

©
Co

|Monomer

—m— CFD (4°C) —— CFD (25°C) —@— CFD (40°C)
“|-e— MFD (4°C)—8— MFD (25°C)—*— MFD (40°C)
THMW
—— CFD (4°C) —C— CFD (25°C) —-— CFD (40°C)
1—0— MFD (4°C)—C— MFD (25°C) —+#— MFD (40°C)

=

[{e]
~

[(e}
[e)]
1

Relative Amount of Species (%)
[(e]
(8]

1 4 — s &

. : . : .
Initial (LIQ) 0 Weeks 12 Weeks 24 Weeks
Figure Sl -4 Relative percentages of monomer and high molecular weight species (HMW) at the respective

storage temperature over storage time gained b$HE@ analysis are presented.

Table SII -1 Residual moisture contéfrom two similar mAb2 formulations produced with the previous
microwave setuf* compared to F4

Formulation Residual moisture content + standard deviation
(n=3) [%]

F4.1:40 g/L mAb2 + 1.2+0.7

6% (W/V) sucrosé

F4.2:60 g/L mAb2 + 1.2+11

4% (W/V) sucrosé

F4 0.4+£0.0

a2The formulation was buffered with a 10 mM histidine buffer pH 6.0

Relative standard deviations of ¥8and 92 were found for F4.1 and F4.2, respectively.
In strong contrast to that, F4 revealed variances and derived standard deviations which were
in the same order of magude as those for CFD samples.
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Chapter IV

V.1 Abstract

The aim of this study was to investigate if mechanistically different controlled ice nucleation
techniques irfreezedrying are comparable to each other with respect to drying process
performance and product quality attributes. Therefore, we studied three different model
formulations including amorphous (sucrose, trehalose) and -@gstalline
(mannitolsucrose4:1) solids containing a monoclonal antibody 1g@ g/L) processed
either by application of ice fog or depressurization technique setting an ice nucleation
temperature of5 °C. Subsequently, the sarfteezedrying protocol on identical machinery

was appked. The results showed that the techniques are comparable with respect to the
thermal history of product temperature sensors and primary drying time, solidastdte
proteinrelated product quality attributes. All analytics comprising Karl Fischerititrat
XRD, and BET as well as HBEC, turbidity and subvisible particle counting using flow
imaging microscopy exhibited similarity and comparability among the controlled nucleation

protocols.
Keywords
FreezeDrying; Lyophilization; Protein; monoclonahaibody; Excipients; Drying; Solid

state; Amorphism; Xay powder diffraction (XRD)

Abbreviations

CN Controlled ice nucleation

FD Freeze Drying

FNU Formazine nephelometric units
HP-SEC High-performance sizexclusion chromatography
HPW Highly purified water

MWCO molecular weight cutoff

Pchamber Chamber pressure

PES polyethersulfone

SSA Specific surface area

TN Ice nucleation temperature
TShelf Shelf Temperature

XRD X-ray diffraction
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V.2 Introduction

FreezeDrying (FD) is a weHestablished drying process fibre stabilization of biologics.
However, long drying time&"'4°and challenges in transéhility from thelaboratoryto

pilot or production scal&"®"113are typical shortcomings of FD that increase the production
costs. Controlling the ice nucleation temperatukg (Liring freezing is a potential approach

to overcome these downsid€@43°>14€Currently, there are three mechanistically different
controlled ice nucleation (CN) techniques on the mavihich either (1) utilize ice seeds
from a generated ice fog as primary nucleation $ité$*”, or (2) apply an overpressure
which is rapidly released, leading presumably to cooling of liquid product surfaite by
expansion of gas, and inducing hereby ice nucle&titt§ or (3) techniques which utilize
vacuuminduced surface freezing by forming an ice layer due to local supercdéiing
Recently, he application of controlled nucleation is getting consistent attention due to its
benefits in terms of improving lyophilization process performdfé&>>14éand enhancing
product quality attributes ahe protein drug product®435%%8 Today there are already
several commercially available devices for CN, and such processes are on the way to be
submitted to the authorities for new biological entities. One major reason magy/|lbeklof
knowledge about the comparability of mechanistically different CN techniques in regards to
process performance and quality of the resulting product. In fact, this puts transferability into
qguestion whendifferent controlled ice nucleation technigs are used in different
development stages.

With our study, we aim to reduce this knowledge gap. We apply either ice fog or
depressurization at the samg during freezing of pharmaceutically relevant formulations
that contain a model monoclonal antibodgubsequently, we investigate process
performance and product quality attributes of the resulting lyophilizates. Moreover, we
compare the results obtained for the controlled nucleation protocols to a random nucleation
reference batch.

V.3 Materials and methods
IV.3.1 Materials

A monoclonal IgG type 1 antibody (mAb) was kindly provided by Boehringer Ingelheim
Pharma GmbH & Co. KG (Ingelheim am Rhein, Germany).
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ACS certified p(+)-Sucrose was purchased from SigAddrich (Steinheim, Germany).
p(+)-Trehalose dihydratémin. 99 % purity) and Ph. Eur. certified(-)-Mannitol were
obtained from VWR International BVBA (Leuven, Belgium)..-Histidine
monohydrochloride monohydrate (min. 99 purity) and_-Histidine (Cell culture reagent)
were purchased from Alfa Aesar (Karlegy Germany). Dsodium hydrogen phosphate
dihydrate and sodium dihydrogen phosphate dihydrate were obtained from AppliChem
(Darmstadt, Germany). Sodium chloride was purchased from Bernd Kraft (Duisburg,
Germany). Ph. Eur. certified Tween 80® and sodiumrtryide wasobtained from Merck
KGaA (Darmstadt, Germany). For tipeeparationof buffers and stock solutions, highly
purified water (HPW; Purelab Plus, USF Elga, Celle, Germany) was used.

All excipients had analytical or higher grade and were used withdgber purification.

I\VV.3.2 Preparation of formulations

The mAb was dialyzed and concentrated using a dlossfiltration cassette Vivaflow 50

with polyethersulfone (PEShembrane (MWCO 30,000 Da; Sartorius AG, Goettingen,
Germany) by adding &0-time excess of 10nM histidine buffer (pH 6.0). After reaching

the desired volume, theoncentratiooo f t he mAb was measured with
UV photometer (Thermo Scientific, Wilmington, Delaware) at BB0Dusing an extinction

coef fi @1%e 1.49g/100 mlY cmi®. To ensure reproducible starting conditions,

identical aliquots of dialyzed mAb and excipient stock solutions were froz89 4C and

thawed overnight at refrigerator prior to the respective freegi@ag run. Formulations were
preparedaccording to the composition shown in supplementary dedal€ SIV-1). All

formulations were filtered using 0.2 um PES membrane syringe filters (V\téRational,

Radnor, PA, USA) prior to filling of the vials. 2.3 mL of each formulat@sfilled in 10R

tubing vials (MGlas AG, Muennerstadt, Germany) and ssoppered with lyophilization

stoppers (FluroTec® rubber stopper, West Pharmaceuticals, BeshvWermany). Vials

were arranged in the center of a lyophilization tray and surrounded with two rows of 10 %

(wh) sucrose shielding vials. CorrespondingdT val ues f or the sucr os

formulation can be found in the supplementary dasble 3V -2).
IV.3.3 Freeze drying process

All samples were freezé r i e d u s i FLPD pdotsCate fréeze dryet)(Rlartin Christ,

Osterode am Harz, Germany) which is capable of applying both ice fog and depressurization
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ice nucleation technique. For the respective sampjmilation,one of tle freezedrying
protocols listed infablelV-1 was applied. Product temperature was measured by wireless
product temperature measurement probes (WTMpUestin Christ, Osterode am Harz,
Germany). Secondary drying hold time was kept longer for controlled nucleation protocols
in order to achieve acceptable low final residual moisture contents comparable to random
nucleation processes.

By reaching the endfsecondary drying, the product chamber was backfilled with nitrogen

to approximately 600 mbar. Vials were fully stoppered by the hydraulic press. Samples were

crimped and kept refrigerated until analysis.
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Table IV -1 Overview of the applied freezing and drying protocols.

Protocol Setpoint Freezing Primary Secondary
Drying Drying
Random Tsherr[°C] 20 5 50  -20 5 35
Ramp [K/min] - 1 1 1 0.15 0.3
Hold time [min] 10 60 120 2700 - 420
PchamberMbar] - - - 0.1 0.05 0.05
Ice Fog* Tsher[°C] 20 5 5 50 20 5 35
Ramp [K/min] - 1 - 1 1 0.15 0.3
Hold time [min] 10 55 60 120 1380 - 540
Stabilization time [min] - 5* - - - - -
pchamber[mbar] - 15* - - Ol 005 005
Depressurizatior? Tener[°C] 20 5 5 .50 20 5 35
Ramp [K/min] - 1 - 1 1 0.15 0.3
Hold time [min] 10 55 60 120 1380 - 540
Stabilization time [min] - 5* - - - - -
PchamberMbar] - 2200* - - 0.1 0.05 0.05

The stabilization time and pressure setpoint marked with an asterisk were applied after the hold time stated in
the same section. Settings for the respective ice nucleation technique were as folé®nsog: chamber
pressure was set to 15 mbar + 1.5 mbar with a stabilization time of 5 minutes and a subsequent introduction of
ice crystals in the chamber by aeration through the ice condenser utilizing the external volume of the LyoCoN
(Martin Christ, Gterode am Harz, Germany)Depressurization: chamber was pressurized to 2.2 bar + 0.15

bar absolute pressure with pressurized air and nitrogen with a stabilization time of 5 minutes and a subsequent
rapid pressure release to introduce controlled nuoleati

IV.3.4 Residual moisture content

Karl Fischer titration was used to determine residual water content after-thg@zg.
Between 15 and 50 mg afamplealiquots were prepared in a glove box filled with
pressurized air with a relative humidity of less th@l84, filled into 2R vials and stoppered.
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The samples were then placed in an caeh00 °C to enabléhe fast extraction of water.

The headspace moisture is transported into a coulometric Karl Fischer titrator (Aqua 40.00,
Elektrochemie Halle, Halle (Sa3JeGermany). Results are calculated in relative water
content Ww/w).

IV.3.5 Specific surface area

The pecific surface area of dried samples was determined using Brukauaet Teller

(BET) krypton gas adsorption in a liquid nitrogen bath at 77.3 K (Autosorb 1;
Quantachrome, Odelzhausen, Germany). 80 mg of a sampleasgently crushed with

a spatula amh weighed into glass tubes. Prior to measurement, an outgassing step was
performed for at least 6 h at room temperature. Aspdihit gas adsorption curve was
measured, covering a p/@tio of approximately 0.050.30. Data evaluation was performed

accordng to the multipoint BET method fit of the Autosorb 1 software.
IV.3.6 X-ray powder diffraction

To determine the solid state of the lyophilizates an XRD 3000 TT diffractometer (Seifert,
Ahrensburg, Germany) was used. The device is equipped with a copper 4bdde 80

mA) and has a wavelength of 0.154178 nm. The scintillation detector voltage was 1000 V.
The samples were placed on the copper sample holder and analyzed in the radfsfef 5
theta with steps of 0.05%tReta.

IV.3.7 Reconstitution of lyophilizates

The lyophilized cakes were reconstituted thg addition of HPW. The HPW volume for
each formulation was calculated to match the volume of the water removed during freeze
drying. Reconstitution time was determined by recording the time between adding the
regective formulatiorspecific volume of HPW and obtaining a clear solution without
visible matter. This observation was performed by visual inspection. Reconstitution was

performed byapplying gentle swirling for S directly after thedditionof water.
I\VV.3.8 High-performance size exclusion chromatography (HFSEC)

To determine relative monomer content and the relative amount of soluble aggregates HP

SEC was used.he ®paration was performed on a Waters 2695 Separation module (Waters
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GmbH, Eschborn, Germany) wighTosoh TSKgel G3000 SWxI column (Tosoh Bioscience,

Gri eshei m, Ger many) using a Waters 2487 Dua
Eschborn, Germany) at 214 and 280 nm. 10 pL of reconstituted formulation with a final
concentration of 5 g/L was injectexhd separated using a 50 mM PBS running buffer
containing 300 mM sodium chloride (pH 7.0) with a flow rate of 0.7 mL/min. Samples were
measured as triplicates with three individual injections. Data integration of relative areas was
performed using Chromeda 6.80 (Thermo Scientific, Wilmington, USA). An example
chromatogram is shown in supplementdaya Figure 3V-1).

IVV.3.9 Flow-imaging microscopy

Subvisible particles were analyzed using a FlowCAM® 8100 (Fluid Imaging Technologies,
Inc., Scarborough, ME, USA) equipped with a 10x magnification cell (81 pm x 700 pm).
Prior to a measuremeset,the cell was cleaned withl % Hellmanex Il solution ashHPW.

For adjustment of thiocus,the default autofocus procedure using 20 um calibration beads
was performed. 150 pL sample solutasmeasured with a flow rate of 0.10 mL/min, an
image rate of 29 frames per secpadd an estimated run time of 1.5nuies. After each
measurementhe flow cell was flushed with HPW. For partiatkentification,the following
settings have been usedu® distance to thaearesheighbor, segmentation thresholds for
dark pixels and light pixels of 13.0 and 10.0, respesly. Frames were collected with
VisualSpreadsheet® 4.7.6 software and were evaluated for total particle counts of

cumulative particles greater or equal to 1 um, 1Q @na 25 pum per mL.
IvV.3.10 Turbidity

The turbidityof samples was measured as scatteredlaseg ht (& = 860 nm) dc¢
angle of 90 ° using a Hach Lange Nephla nephelometer (Hach Lange GmbH, Disseldorf,
Germany). 2.0 mL sample@asgently pipetted in turbidity glass cuvettes free of particles

with a flat bottom and placed into the devidée resultis given in FNU (Formazine

nephelometric units).
1vV.3.11 Statistical tests

To determine variance homogeneity a Leveneods

between the means of the different applied freezing protocols were analyzed using either a
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oneway ANOVA-t e st or atest déetwednetwa rmeans. tin all statistical tests,

differences were considered statistically significanpf@r 0. 05 .

V.4 Results and discussion
IV.4.1 Process performance

IV.4.1.1 Nucleation and drying process

Based on observations by thgoCam#8 it could be seen that with both controlled ice

nucleation techniques, i.e. ice fog (Vided anhd depressurization (Video!2)ucleation

starts at the surface and slowly propagates bettown.

The actual freezdrying cycles for random nucleation and both CN methods are shown in
FigurelV-1A and C, respectively. In order to produce pharmaceutically elegant cakes, an
established standardized cycle applicable to various formulations mmowas performed.

This cycle was adjusted to the sucrose formulation which is most prone to collapse due to
itslowT®®. The Random nucl e ahtota drying ttme,avkichsould e s u | t
be shortened to approximately @®y reducing primary drying time by 19(FigurelV-1A,

bracket a) to overall 26 time needed for sufficient sublimation as determined by wireless
product temperature probes and differential pressongparison. The processes in which
depressurization and ice fog have been applied ended up with total drying timek,of 43
whereof 22h were primary drying time. As secondary drying was kept longer in controlled
nucleation samples and as settings fompriy drying were kept the same among all
processes, only a reduction of roughly?adkf primary drying time was found compared to

the reference process. However, process time optimization was not the main focus of this
work, the reader interested in dryipgrformance improvement by controlled ice nucleation

is referredto the literature*%435557.146 Nonetheless, independent of the applied controlled
ice nucleation technique, the thermal history of the produntt the temperature profile of

the respective formulations as well as the time to reach a preséererdie of O pbar (Pirani

vs. capacitance gauge) were found to be similar. The same was true for the nucleation
behavior which is shown iRigurelV-1B and D for random nucleation and the controlled

ice nucleation techniques, respectively.

1 The videos can be accessedhigs://www.sciencedirect.com/science/article/pii/S0022354918304544+#ec2
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Figure 1IV-1 Freezedrying process graphs ofA random shelfamp freezing andC ice fog and
depressurization. The thermocouples were placed in the formulations (Suc: sucrose, Tre: trehalose, Man:Suc:
mannitol:sucrose) for the respective freezing protocol (Rnd: random nucleation; IF: ice fog; DP:
depressurization). Bracket is descibed in the main text. Product temperature profiles representing the
nucleation behavior during freezing fBrrandom shelfamp freezing andd the controlled ice nucleation
protocols are shown. A small time shift between ice fog (red lines) and depratisar{blue lines) protocol

is observable which is caused by the slightly different times needed for reaching the desired chamber pressure
for the respective nucleation approach.

A small time lag between the two controlled nucleation approacheshsgasvable which

was due to technical conditions related to the time needed to evacuate or pressurize the
chamber to the desired value. However, regardless of the CN approach, all vials were found
to nucleate at the same time within one batch, wheredsmanucleated vials show different

degrees of superooling during freezing.

IV.4.2 Solid state properties

IV.4.2.1  Residual moisture content and specific surface area

We found identical values for SSA in the two amorphous model formulations with either
sucrose or trehase Figure IV-2A). The same is true for residual moisture which was
identical for sucrose and only marginally different for trehalose (1.1 % vs. 100 izeffog

vs. depressurization, respectively). Due totitgherspecific surface area which facilitates
desorption during secondary dryirfigy random nucleated samples ended up with lower
70



residual moisture (0.6% and 0.33 % for sucrose and trehalose, respectively). In contrast,
mannitolcontaining formulations only differ slightly in residual moisture content (0.43 %
vs. 0.52 % or 0.50 % for random vs. ice fog or depressurization, reshgctbut show
different specific surface areas. Contrary to the expectations the application of controlled ice
nucleation to mannitol:sucrose formulations resulteth@formation of larger SSA (38 %

and 45 % increase for ice fog and depressurizatiaonmparison to random, respectively),
which was seen for this formulation in previous FD experiments applying controlled ice
nucleation (Supplementary datkigure 3V-2). This indicates a certain formulation
dependence for the seiystalline model system of the effect of CN on residual moisture
and SSA.
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Figure IV-2 A Specific surface area (bars) andideal moisture content (circles) for the three different
formulations and the applied freezing protocols (Rnd: random nucleation; IF: ice fog; DP: depressurization).
B X-ray diffractograms of sengrystalline mannitol:sucrose formulations for the respediigezing protocol

with characteristic markers taken from the literattfe o fmaln n i -manhitol or mannitol hemihydrate at

9.7°, 20.4° and 24.6° (blue) or 18.8° (green) or 18.0° and 25.7° (EW@ta, respectively. The shown values
represent the mean of measurements from three different vials. Error bars indicaaadhedstleviation of

the mean.

IV.4.3 XRD

Over the range of all appliefleezedrying protocols sucrose and trehalose formulations

resulted in fully amorphous solids represented by an amorphous halo (Supplementary data,
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Figure SV-3) . Mo del systems with manni-manditol cont ai

(Figurelv-2B,b | ue | i nes) , anamitolnfFmurel\M-2Bageeenilimeyandaf b
minor fraction of mannitol hemihydratEigurelV-2B, red lines) independent of the freezing
protocol. It is of particular interest, that exactly the same diffraction pattern and consequently
the same crystalline modifications among the difiefesezing protocols were found. Due

to a missing thermal treatmeninetastablecrystalline modifications like mannitol
hemihydrate formed. Although this is not desired, annealing was not considered as an option
for our approach. It potentially changeystalline modifications. Moreover, annealing
would have masked the generation and preservatigpadicularly thermodynamically
unstablemannitol modification$>® As annealing also allows at the same time for further
Ostwald ice ripening, it consequentlyould have distorted our results. In fact, potential
differences which would be obtained by the application of ice fog and depressurization

would have been leveled out by annealing.

I\V.4.4 Protein analysis

IV.4.4.1 Reconstitution time

One reason to apply controlled icacteation is the potential reduction of reconstitution
times>>°’ For the investigated formulations a time reduction was fountiehalose and
mannitotsucrosdormulations, but not for sucrogmmsed lyophilizates (Supplementary data,
Figure SV-4). For trehalosethe effect was rather small with a reduction froms3tbr
random nucleated samples tosl@8nd 21s after ice fog and depressurization, respectively.
Semicrystalline systems containing an excess of manit&l mannitolsucrosg showed a

more pronounced reduction from B2for random nucleated samples to stand 52s
compared to ice fog and depressurization, respectively. In contrast, no beneficial effect on
reconstitution time was seen in sucrose samfiless noteworthy that even at the low mAb
concentrations in relation to stabilizer used for the present work, this time reducing effect

was observable.
IV.4.5 Turbidity

Overall, low turbid samples wefeund (FigurelV-3, A-C, squares). A slight increase in
turbidity due to stresses durirfiggezedrying was found, but no clear difference between

different nucleation approaches was observable.
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IV.4.6 Soluble aggregats

In general, a small propensity ftire formation of soluble aggregates was found over the

range of all formulations directly aftéreezedrying (TablelV-2).

Table IV -2 Relative amount of monomer content and high molecular weight (HMW) species obtained by

= SEIC::.ormuIation Freezing Protocol Monomer (%) HMW species (%)
Sucrose
Initial (prior to 99.2 £ 0.02 0.8 +0.02
FD)
Random 99.2 + 0.08 0.8 +0.08
Ice Fog 99.2 £ 0.06 0.8 £ 0.06
Depressurization 99.2 £ 0.07 0.8 +0.07
Trehalose
Initial (prior to 99.1 +£0.02 0.9+ 0.02
FD)
Random 99.0 + 0.02 1.0+0.02
Ice Fog 99.2 +0.07 0.8 £0.07
Depressurization 99.2 £ 0.07 0.8 +0.07
Mannitol:Sucrose
Initial (prior to 99.1 +£0.02 0.9+ 0.02
FD)
Random 99.1 +0.09 0.9+0.09
Ice Fog 99.1 £0.03 0.9+0.03
Depressurization 99.0 £ 0.02 1.0 £0.02

Values are expressed thg mean of triple injections out of three individual vials (n=3) + standard deviation.

Only a tiny amount of HMW formation was seen irrespective of formulation and freezing

protocol. For this reason and due to the low mAb:stabilizgo, no significant lsanges

were observable directly after freediying. This finding is supported by a recent systematic

investigation by Vollrath et &f! which showed no adverse effect of controlled nucleation

(ice fog) on protein stability in comparison to randomly nucleated samples even after

accelerated stability studies. Similar findings related to protein stability in-t&nort

stability were repori for depressurization technique by Awot@éo and cevorkers®®,

A more pronounced decrease in protein stability by either of the investigated CN techniques,

therefore, seems unlikely.
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IV.4.7 Subvisibleparticles

For the mannitetontaining formulation @ significant difference between the investigated
nucleation approaches was observabigure IV-3C, bars). In trehalose sampldsgure
IV-3B, bars), a small shift towards higher cumulative particle ccudtgim was found for
controlled nucleation protocols (6192 vs. 7068 and 9151 for random vsogcani
depressurization, respectively). However, differences were not found to be statistically
significant. Moreover, higher counts for 10 um and 25 pm were found in random nucleated
trehalose samples compared to CN samples whereby this difference visticaita
significant for 10 um comparing random nucleation with ice fog. In sucasplesa clear

and statistically significant difference in cumulative particles greater or equal to 1 um was

observable for random nucleation compared to ice fog amebsiurizationKigurelV-3A,
bars).
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Figure IV -3 A-C Bars represent the cumulative subvisible particle counts per mL for sizes greater or equal 1
pm, 10 um, and 25 pum as a function of the nucleation approach used compared to the finally filtered initial
formulation before freezdrying. Turbidity is represged by squares. Values for sucro@g), trehalose(B),

and mannitol:sucrose 4fbrmulation C) are shown in the respective graph. The shown values represent the
mean of measurements from three different vials. Error bars indicate the standard def/thgamean.
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The controlled ice nucleation techniqgues among each other showed no significant difference
here. With the exception that for cumulative partiée25 um interestingly a significant
difference between ice fog (16 £ 5) and depressurizatiant(48) was found. From our
results, we assume formulation dependence for subvisible particle generation if CN is

applied. This potential effect needs to be studied further in future experiments.
V.5 Conclusion

In the presentwork, we compared ice fog and depgsurization which are two
mechanistically different and markébminating controlled ice nucleation methods. With
our study, we can confirm that regarding nucleation behavior and process length both
techniques are well comparable. We conclude that theataf ice nucleation as such,
compared to random nucleation, is more relevant than the applied mechanism for CN. In
both, ice fog and depressurization, nucleation starts at the surface and slowly propagates
bottomdown based on observations by the LyoCé&trThereforevials nucleated by either

of these CN techniques behave practically the same. In contrast, inashpffeezing,the
nucleation typically starts at the bottom due to higher supercooling.

In conclusion, we could show that the resulting produciiih respect to solid state
properties practically identical over the range of investigated pharmaceutically relevant
formulations. From our results, this is also true for soluble aggregateshbidityuneasured
directly after freezelrying. We, therefore, assume that a process transfer from one to another
controlled ice nucleation technique will be applicable without major challenges caused by
the nucleation mechanism which may be different itmea Based on our results, both ice

fog and depressurization lead to similar process performance and similar critical product
quality attributes. A change of the applied CN technique during process transfer and scale

up is therefore assumed to be of gaftgdow risk, irrespectie of usual scatep challenges.
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IV.6 Supplementary material

IV.6.1 Materials and methods

Table SIV-1 Overview of the different investigated formulations.

] mADb Sucrose  Trehalose  Mannitol Polysorbate 80
Formulation
[g/L] [% (Wwi)]  [% (Ww)]  [% (W] [% (wiv)]
Sucrose 5 10 - - 0.02
Trehalose 5 - 10 - 0.02
Mannitol:Sucrose 5 2 - 8 0.02

All stock solutions used were prepared in 10 mM histidine buffer (pH 6.0) The mAb stock solution was
dialyzed in 10 mM histidine buffer (pH 6.0), too.

IV.6.1.1  Dynamic scanning calorimetry (Tq0 )

The glass transition temperature of the liquids prior to frelegg was measured using a
Mettler Toledo DSC 821e (Giel3en, Germany) dynamic scanning calorimeter. 25 L of the
formulationwaspipetted in an aluminum crucible and crimped. A DSC methodrapfsfbm

20 °C to-50°C with a cooling rate of 1K/min, followed by an isothermal step for 5
minutes and a subsequent ramping to 20 °C with 10 K/min was used. The glass transition
temperature of the maximally freezencentrated solution was evaluateahi the heating

step as the inflection point of the glass transition using the Mettler StarE Software.

Table SV -2 Glass transition temperatures of the maximally freemgcentrated solutions of the amorpfou
formulations used.

Formulaton T onseTd® i nflecti
Sucrose -34.6+0.2 -33.1+0.3
Trehalose -31.7+£0.1 -30.4+£0.2

Values are expressed as theanof three individual measuremsn(n=3) + standard deviation.
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themonomerpeak. There was no peak eluting later than the mononagyianalyzed sample.
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IV.6.2 Results

IV.6.2.1  Specific surface area (previous experiment)

As shownin Figure 3V-2 the samainexpected enlarged SSA was observed for the two
controlled ice nucleation techniques in a previous experirkggre V-2, Experiment 1).

Despite holding times during the FD process, all other settingseiact formulation,
freezing/drying protocol) were the same.
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Figure SIV -2 The specificsurface area data for manniglcrosed:1-formulation from a previous experiment

(left) and the one described in the main body (right). The shown values represent the mean of measurements
from three differentials. Error bars indicate the standard deviation of the mean.
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IV.6.2.2  X-ray diffraction of sucrose and trehalose formulations

Independent of the applied freezing protocol sucrose and trehalose formulations ended up as
fully amorphous solids represented byanorphoushalo in xray diffractogram [igure
SIV-3).
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Figure SIV -3 Representative-ray diffractograns for the respective formulations and freezing protocols.
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Figure SIV -4 Reconstitution times obtained for the respective formulation and the corresponding freezing
protocol. The shown values representrtiean of measurements from three different vials. Error bars indicate
the standard deviation of the mean.
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Chapter V  Study on key variables that can influence

controlled ice nucleation in a pilotscale

freezedryer
Abbreviations
API Active pharmaceutical ingredient
CN Controlled ice nucleation
HES Hydroxyethyl starch
PES Polyethersulfone
SV-ratio Liquid surface area to fill volumgatio
TN Nucleation temperature
Ts Shelf temperature setpoint
WEFI Water for injection

V.1 Introduction

Freezedrying is an established unit operation used in the production of parenteral products,
e.g. biologics.The current commercial freezigying processes rely on random ice
nucleation events during the freezing step. Such stochastic nucleation isddpdrear a
potential for batch Herogeneity with respect to product characteristics and moisture content
within the same batct#:>* Controlled ice nucleation holds a great promise to reduce those
inter-vial variations that arise frothe freezing step. That is whye control of the nucleation
temperature (N) during the freezing step of pharosatical freezalrying constantly gained
interest over the last two decades. Controlled ice nucleation (CN) as such refers to the control
of Tn of all vials and thus control of the degree of supercoatihthe filled solution by
introducinga stimulus to the supercooled solutioSsveral techniques are reportedhe
literature, some of them with commercial implementation. The most common techniques are
based on (1) the introduction of ice seeds by ice*td§*°, (2) the aplication of rapid
pressure changé®°’>! or (3) the application of vacuum to induce local surface fre€Zing
54 Although the benefits and advantagescofitrolled ice nucleation frora process time
404350525355 hatch and/or product quality perspectif®*3°4>° have been shown widely,
sheltramp freezing is still the gold standard nmost (commercial) processeé better
understanding of the factors important for a successful CN process and their effects on the
product quality will be vital for the implementation of controlled ice nucleation technique in
commercial manufacturing.

81



Chapter V

Therisk of failure of the CN step is likely if the critical variables are not well controlled and
within a certain range as it was reported by a process scientist (personal communication).
During process characterization studies, they observed a floatingmbaean occurring
aftertheinduction of controlled ice nucleatio@bserved wathe literal floating of a frozen

layer on top of a liquidike layer and in some cases even a complete meltitigeahitially

frozen solutiorwas seenSimilar observations ith regard to floating were also reported by
Oddone et al®. At this point it is important to lookinto the physis of freezing and
supercooling. Searles et &f.divided the freezing of water (which in general is the main
component of pharmaceutical solutions to beZealried) into four steps whicltomprise

(1) the cooling of the solution below its equilibrium freezing temperature, i.e. supercooling,
(2) the formation of an ice nucleus, i.e. primary nucleation, (3) the instant subsequent growth
of an ice nucleus to éccrystals, i.e. secondary nucleation, and (4) the final solidification by
thecompletion of the liquigo-solid phase transition by proceeding ice crystal growth. The
supercooled solution is metastable and is therefore prosgotdaneousrystallizationof

ice. The higher the degree of supercooling the more the number of ice nuclei inarehses
thus the probability of ice crystallization'®2%, In the case of CN, the (secondary)
nucleation/crystallization is induced by the introduction of a stimulus. When the nucleation
event occurs, the temperature of the ligsidid mixture increases close to the equilibrium
freezing point and the crystallizatiatops due to the lack of sufficient removal of heat of
crystallization. Because of this, only a portion of the crystallizable water instantly freezes
during secondary nucleatioBearles et até calculated that only around 7 % of the freezable
water could have crystallized at a nucleation temperatu® @ in an aqueous solutiarf

10% (w/v) HES Thebiggest amont of watercrystallizationfollows with continuous heat
removal?t1°2Consequentlythe degree of supercooling and the subsequent continuous heat
removal, e.g. during an isothermal p@3t hold steps critical toa controlled ice nucleation
processWhereas the nucleation temperature mainly determines the ice morphology and
thereby theprocess performance during the subsequent drying Sethe postCN hold
stepmay have implications on both ice crystal properties (ice crystal size, exitypf the

ice network) and API integrity’he impact on ice crystal propertiesnainlydue to Ostwald
ripening which leads to a decreased interfacial free energy due to a melting of smaller ice
crystals in favor oflarger ice crystalé?>'53|n the cae of the incorporated API, the
isothermal posCN hold step maplay a role with regard to damages resulting from freeze
concentratiorandbr cold denaturation of protein AP¥520:31:154
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Two recent studies elucidated the interplay of nucleation temperature and t@Nplosid

step on product morphology and procesiated parameters. Oddone ePabn the one hand
investigated the influence of different &ind postCN shelf temperatuson a 5% mannitol
placebo with different fillingvolumes using vacuumnduced surface freezingrhey
described a floating of an ice layer on a liglike¢ phase when applyingnT= - 5 °C and
observed signs for a meltback if the pE# shelf temperature was kept at this temperature.

In contrast, they found tifermation of ice filaments (dendritic structures) whena with

a high filling volume (corresponding to a filling height of 1.7 cm) was nucleatefl ‘@

with a subsequentWering of the Ts td 10 °C,by this leading to an inhomogeneous middle
section of the lyophilized cak&enzel et all*® on the other hand investigated a buffered
system containing 100 g/L of -&denosyiL-methionine disulfate tosylate with
approximately 1.5 cm filling height in 10R als. They applied different controlled
nucleation protocols using depressurization with a special focus oiCpokold time. At

this, they found a general trend towards lower product resistance values for higher Ts, but
also indications for local microdlapse with an unfavorable morphology for the highest Ts

of -3°C followed by an isothermal hold step at the same shelf temperature setpoint.
Considering the issues with controlled ice nucleation that were reported in literature, it
appears important toudy the vaiables affecting the CN process) the one hand, to better
understand the process and interplay of factors, on the other hand to pave the way for the
implementation of this technique for the production of drug products. That iswrisyunly

aimsto providefurther insightin the factors for the process characterization of controlled
ice nucleation. Significant factors influencing the successful performance of CN &eould
identified. Moreover, the occurrence of unfavorable events like floatimd) therewith
(some)error limitsshouldbe reproduced and studied

We hypothesize that the appearance of failures during the controlled ice nucleation process
is related to an unfavorable combination of different factors. Theseeesatileand may

include, but are not limited to:

A the vial (vial type, size, stopper type),

A the formulation (filling volume and filling height, composition, total solute
concentration, solution viscosity, solution density, class of API)

A the nucleation process (cooling ramp aathermal hold time before CN, features
associated with the used technology, nucleation temperature;Ndsbld time and

temperature, cooling ramp down to final freezing temperature)
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In our study, we investigategolacebo sucrose solutions feome of he aforementioned
factorswhich we considered to be the most critical for the occurrence of failure during

controlled ice nucleation.

V.2 Materials and methods

V.2.1 Materials

For the representative placebo formulations, the following excipients were used:
EMPROVE® expp(+)-sucrose (Ph.Eucertified) and sodium hydroxide purchased from
Merck KGaA (Darmstadt, Germany);Histidine monohydrochloride monohydrate (min.
99% purity) and -Histidine (Cell culture reagent) supplied by Alfa Aesar (Karlsruhe,
Germany). Methyl blue microbiology stain BHD prolabo (C.I. 42780) was purchased from
VWR International BVBA (Leuven, Belgium). Fdhe preparation of buffers and stock
solutions, wagr for injection (WFI; Purelab Plus, USF Elga, Celle, Germany) was used.

V.2.2 Formulations

The stock solutions af-histidine buffer, methyl blue and sucrose were mixed in a way to
obtain the final placebo formulations covering a range of 5.4 o 15.2 %(w/v) total
solute concentration as summarizedTiable V-1 Formulations used in the studyhe
respective filling volume was filled in 10R tubing viajMGlas AG, Muennerstadt,
Germany) and senstoppered with lyophilization stoppers (FluroTec® rubber stopper, West
Pharmaceuticals, Eschweiler, Germany).

Table V-1 Formulations used in the study.

Formulation L-Histidine buffer [mM] Sucrose[% (WV)] Methyl blue [ppm]

5 % Sucrose 10 5 5
10 % Sucrose 10 10 5
15 % Sucrose 10 15 5

The-histidine buffer was adjusted to pH 5.5.

V.2.3 Experimental setup

All experiments were conducted om &TS Lyostar Il pilotscale freezalryer (SP
Scientific, Stone Ridge, NY, USA) using the upper and the middle shelf. The product
temperature was monitored in one vial of efadtor combinatiomplaced on the outer edges

of all loaded vials using wired thmocouples (Type T, Newport Electronics, Deckenpfronn,
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Germany). Fothe induction of controlled ice nucleatipthe ice fog method described by
Geidobler et al*® was used. Briefly, thehelves loaded at room temperature were ramped
down to the respective shelf temperature setpoint with 1 K/min and held for 1h to allow for
equilibration and supercooling. Subsequently, the freleyer was evacuated to roughly 4

mbar and held depressuriZed another 5 min to allow for product temperature equilibration

and to ensure 100 % nucleation success among the investigatetieraiafter, the system

was rapidly raised to atmospheric pressure by opening the release valve which derdilate

the cdd condenser resulting in almost instant nucleation of the supercooled vials. Nucleation
success was determined visually.

For each shelf temperature setpoint and for each response, a separate run was performed, i.e.

six runs in total.
V.2.3.1 Residual accessibladuid volume

The vials were placed in the first third of the upper and middlesiel a cental position

from theacryl glassdoor. In order to reducthe radiation effects of the chamber wall, a
dummy vial row was placed around the investigated vials. At a desired sampling time point
after induction of ice nucleation, one vial per shelf was taken out and immediately analyzed.
For that, the liquid portion d@he vial content was gently poured either into a 2 mL Eppendorf
tube with 0.1 mL marks (Eppendorf AG, Hamburg, Germany) or into a 10 mL measuring

cylinder with 0.2 mL marks assuring that no ice or slush was poured into the cylinder.
V.2.3.2 The thickness of thefrozen layer

Ten vials, of which the outer were equipped with thermocouples, were prattesifront
center of each shettose to thecryl glass doarA white background was placed behind the
vials. Two rulers were attached to the shelves on the lgftight side of the vials. In front

of theacrylglass door of the product chamber, a Nikon digital camera D5300 (Nikon GmbH,
Dusseldorf, Germany) equipped with a Nikkon DX-SFNikkor 18105 objective was
mounted on a tripod. The camera settings wer&éosd&0O 640, aperture 7.1, exposure time
1/80, and manual focus. To assure for uniform illumination of the photograph, two led
spotlights were attached to theryl glass door. Withthe induction of ice nucleation, an
interval photo series was started wahpicture taken every minute. Each picture was
processed using ImageJ (Version 1.8.0_112, NIH, UBAg.raw file was split into the RGB

channels, of which the green channel was used for scfhimgl/cm). For improved
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differentiation between transpardiguid and blurry frozen layer, the contrast was increased.
Eventually, the height of the frozen layer was determined on an individual vial basis. The

two values per process condition of one shelf were averaged and taken as one replicate.
V.2.4 Design of expemments

To systematically investigate the impact of different factors and semraied interactions,
an experiment plan using general multistage full factorial design was created. The
software Minitab 19 Statistical Software (Minitab, LLC., State Collége,USA) was used.

V.24.1 Factors

Fromthe factors idetified in the introduction, thosessumed to be most critical are summed

up inTableV-2 andwere considered in the study design.

Table V-2 Factors included in the general midtage full factorial design

Factor Unit Type Levels
Shelf temperature °C guantitative -3,-74,-10
setpoint

Liguid surface
area to fill 1l/cm quantitative 0.5,0.8,1.0
volume-ratio?

Total solute % (Wiv) quantitative 5.2,10.2, 15.2
concentration

PostCN hold . . 10, 20, 30, 60, 75, 9C
] min multilevel

time 120

1 In the following text referred to as Surfavel liquid ratio or S\Vfratio.ad € nt e r wihpich was adaed
manually to the study design.

The shelf temperature setpoint was used as a fdrgee buildindependent and
reproducible surrogate fahe product temperature and therewith as a surrogate for the
nucleation temperaturenT

The term liquid surface area to fill volurnatio (S\+ratio) was introduced as a generic vial
sizeindependent term covering aspects of vial format and filling heidnthmn turn is
dependent on the filling volume of the vial. For the determination of the respective value,

the area of the circle of the inner cylinder &fGR vial was calculated using:

o “zi (EquationV-1)
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with A representing the surface area and r reflecting the inner radius of the cylindric part of
the glass tube, i.e. r = 2.2 cm in the case of 10R as statd lgyass vial manufacturer
SCHOTT™Y®, Furthermore, the complementary filling volumes of filling heights 1.0 cm, 1.4
cm (center point)and 2.0 cm were empirically determined to be 3.8 mL, 5.32and 7.6

mL, respectively. Herewith, the Shatio could be calculated using:

Yo i 0o e (EquationV-2)

resulting in SVratios of 0.5, 0.71and 1.0 for filling heights of 2 cm, 1.4 ¢mand 1 cm,
respectively.

The total solute concentration representee overall amount of solutes included in the
formulation, which comprised buffer components, sucrose and methyl blue.

The postCN hold time reflected the time duration starting from the nucleation stimulus. For
the stated duration, the shelf temperat@tpaint was kept at the same setting usedhfer
initiation of ice nucleationn order to separate effects \wh may have been caused &y

temperature ramp after initialization of the nucleation.
V.2.4.2 Responses

The occurrence of the floating phenomenon gnadnvestigation of thesrror limits of the
controlled ice nucleatioprocesswas rarely reported inthe literature and wasmainly
concerningnucleation success in genetalThereforethe best fit responses are not known
yet.To be able to prioritize impacting factors, quantitative and easy to assess responses were
needed. In this experiment, we investigated two responggacebo solutions/hich will

be described in the following:

A Relative residual accessible liquid volume

A Rdative thickness of the frozen layer

The occurrence of floating of a solid ice layer on top of a liquid layer implies a portion of
the filling volume to be in a liqudike physical state. For the data set underlying the
response relative residual acceksimuid volume, the measured volume of a vial was set
in relation to the filling volume of the respective vial leading to a value between 0.0 and 1.0.

Two replicates of each condition were included in the investigation.
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The relative thickness of the frez layer was determined bye evaluation of photographs
taken in a standardized setup (32.3.2. The number of pixels was transformed into a
height allowing to measure the thickness of the frozen layer. This value was set in relation
to theknown filling height of the respective vial. Two replicates of each condition were

included in the investigation.

V.2.5 Regression model

All obtained data was fit ta regression model using Minitab statistical software.
V.25.1 Relative residual accessible liquid volume

In order to obtain normally distributed datag@stant of ¢ = 0.0heeded to badded to
allow foraboxc o x power transf or mat theosquareioat bftha o =
original values was calculated leading to a normally distributed data set. All factors and
factor combinations up to secceondder interactions were included. A twaled 95 %
confidence interval was used. The model generation wésrped by stepwise regression,
i.e. that the software automatically added and removed terms to thetmiodeitifya useful
subset of the terms. The specified algharvalues to enter or to remove a term from the
model based on a comparison to Hgghue were set to 0.15 each. This model was analyzed
for unusual observations, which are single value comioimsthatdo not followwell the
proposed regression equation and which are characterized by absolute standardized residuals
greater than 2. The odel was adjusted by excluding seven observations based on the
standardized residuals. Eventually, the model terms were checladtisticalsignificance
based on U = 0.05 which | edsetondordecegressioann ge i n
model forthe response relative residual accessible liquid volume was represented by the
following equation:
(Relative residual accessible liquid volume + ¢)®.5 1.178- 0.530 Surfacé/ol
liquid-ratio + 0.0721 Shelf Temperature Setpgift01054 PosCN hold timet+ 0.03068
Total solute concentration + 0.000042 P&3\ hold time*PosCN hold time 0.0383
SurfaceVol liquid-ratio*Shelf Temperature Setpoin0.000314 Shelf Temperature
Setpoint*PosCN hold time + 0.002847 Shelf Temperature Setpoint*Total solute

corncentration

(EquationV-3)
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The final model showed a corrected R2 ofl@6. and a prognostic R2 of 75.1 %.
V.25.2 The relative thickness of the frozen layer

The obtained dataaveevaluated fothe reponseas desribedabove It turned out that the

factor combination ofhe highest shelf temperature setpoifis(= -3 °C),thebiggest filling

volume represented by the S&tio 0.5 and highest total solute concentration (15.2 %)
showed a decrease in the respan& timeregarding the thickness of the frozen layer. That
resulted in a clear liquid solution after approximately 50 minutes of observasiaohis was

an artificial effectcaused bythe 5 minutes holding step at vacuum conditions before
induction of thenucleation the dataset based tirat factor combinatiowas extuded from

the model generation

All factors and factor combinations up to secamder interactions were included. A two

sided 95 % confidence interval was used. The model generation was performed by a stepwise
regression with alpha values of 0.15. This generated model was adjustediiolyngxseven
observations based on the standardized residuals. Eventually, the model terms were checked
for statisticals i gni fi cance based on U = 0.05 which
regression model for the response relative thicknedsedrdzen layer was represented by

the following equation:

Relative thickness of the frozen layer  0.6426 + 0.2564 Surfae¥ol liquid-ratio -
0.01955 Shelf Temperature Setpoint + 0.000732-Bdshold time + 0.02138 Total solute
concentration 0.002451Total solute concentration*Total solute concentration + 0.02564

SurfaceVol liquid-ratio*Shelf Temperature Setpoint + 0.000128 Shelf Temperature
Setpoint*PostCN hold time 0.002598 Shelf Temperature Setpoint*Total solute

concentration + 0.000046 Pe§&IN hold time*Total solute concentration

(EquationVv-4)

The final model showed a corrected R? o#4/&. and a prognostic R2 of 71.1 %.
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V.3 Results and discussion

V.3.1 Occurrence of floating

During all experimentuns no clearfloating phenomenon as described in the introduction
could be reproducetiowever, an iceberg formation was seen at one condigtiimg which

is speculatetb becaused byloating (see sectioN.3.3).
V.3.2 Effect of the investigated factorson the responses

To increase thguality of thefit of the model, secondrder interactions were taken into
account within the model. However, in the followioigly thestatistically significansingle
factors are taken into consideratidine extent and direction of the factors onrdspective
response are shown figureV-1 andFigureV-2.

Factor diagrams for relative residual accessible liquid volume
| Surface-Vol liquid-ratio | Shelf Temperature Setpoint Post-CN hold time

:i\/k

T
0.50 Q.75 1.00-10.0 -1.5 -5.0 ] 50 100 5 10 15

Total solute concentration

o
W

<
[

Avg. of rel. res. accessible lig. vol. + ¢

Figure V-1 Factor diagrams for the response relative residoeéssible liquid volume.

For mitigation ofa failureduring controlled ice nucleatipthe relative residual accessible
liquid volumeis ought tobe minimizedwith a certain settingi.e. a value close to 0 was
desirable for this responsk is importar to note that the curvature of the p&j\ hold
time-line is likely to be caused by the not normally distributed data or by artefacts in the data
set. Therefore, only the sign of the slope is taken into considerddienved fromFigure
V-1 lowering the shelf temperature setpoint and keeping thenpa$tation hold time
between 50 minutes and 100 minutes seemed to have the strongest effect atianretu
the response. Reducing the filling heigteépresented by the Shatio) and decreasing the
total solute concentration also appeared to lead to a redatztve residual accessible
liquid volume, although the impact seemed to becletigan for kelf temperature setpoint
and posiCN hold time.

90



Concerninghe optically measured response, partietijcordantesults were founfFigure
V-2).

Factor diagrams for relative thickness of the frozen layer
Surface-Vol liquid-ratio Shelf Temperature Setpoint Post-CN hold time Total solute concentration

095

Avg. of rel. thickness of the frozen layer

T T
0.50 0.75 1.00-10.0 -75 -5.0 0o 50 100 5 10 15

Figure V-2 Factor diagrams for the response relative thickness of the frozen layer.

In that case, a valusf the responselose to 1.0 was desirable. Like with the residual liquid

volume, the impact of a logved shelf temperature setpoint appe&wdthve a strong impact.

However, the influence of the peSN hold time was not found to be as strong as for residual
volume. Yet, a longer hold time appeared to lead to increased frozen layer thickness. The
SV-ratio showed the same trend as for the residual volume, i.e. that a lower filling height
increased the thickness of the frozen layer. An artificial finding caused by the fessthts
manually added ficenter poi nt 0oncemtsatiosHere,n wi t h
it appeared that a solute concentration close to 10 % would maximize the thickness of the
frozen layer(Figure V-2, right graph) This supposed correlation should be taken with

caution due to a possible artefact in the model caused by the manually added center point.
V.3.3 Implications for controlled ice nucleation process design

Based on thenclearsuitability andreproducibility of thenvestigated responses and other
potential blind spots of the experimental se(gpe sectior/.3.5), all results should be
interpreted carefully. However, br the factor combination with the loste solute
concentration of 5.2 %,tane-dependent growth of an icebdike spike on top of the frozen

good was seeffFigureV-3).
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1 min 30 min 60 min 90 min 120 min

Figure V-3 Photographs showing the tirgependent formation of an icebdrgd arrows)pn top of the
frozen goodor the factor combination: SV.8.5, Ts = -3 °C, total solute concentration = 5.2 Phe black
arrows point to the area which becomes clearer over holding time.

Thiscouldonly beobservedor that factor combinatioassumed to be unfavorable regarding
filling height (SV-ratio) and insufficient removal of heat of crystallization represented by
the high shelf temperaturk is speculated that this icebdrige formation FigureV-3, red
arrows) may have been causedfloating of alargefrozen portion on a small liquid residue
(FigureV-3, black arrows)The spike formation already started between 30 min and 60 min.
Looking at the raw images, a change in the surface appearance of the top layer of the frozen
good was first seen after approximately 45 min. The oenug of such an optical defect is
undesirable and should, therefdoe avoided during controlled igeucleationeither by
reduction of the filling height or by decreasing the shelf temperature setpoint.

Based on thatan acceptable rander the response®r the generation of overlaid contour
plots was defined. The overlaid contour plots help to visually identify an area where the
predicted means of the two response variablekkatg to bein an acceptable rangEigure

V-4). Bearingin mind, that the modelbased assumptions should be considered rather
qualitative than quantitativesome implications for the controlled ice nucleation process
designcould be assumed.he graphs A to CHigureV-4) all represent the case of 2 cm fill
height (SVratio 0.5) and an increasing solute concentration from 5.209%5.2 %,
respectively. For thatigh filling height, rather low shelf temperature setpoints should be
chosen, decreasing with an increasing total solute concentr@bocerninghe holdtime

after the CN stimulus, a longer time would appear to befiogale However, theceberg
observations made above should be considered, too. Consequently, a longer holding time
(i.e. approximately > 30min) in combination with the highest technically possible shelf
temperature setpointgardinghesuccessful induction of ice nucleation, should be avoided.
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Figure V-4 Overlaid contour plotfor both responsethey-axis represents the shelf temperature setpoint
andthex-axis representsie postCN hold time. All other factors are fixed at different levels from A to F.
The red line refers to the response relative residual accessible liquid volume with its set lower limit (solid
line) and upper limit (dashed line). The blue lawerespondso the response relative thickness of the frozen
layer with its set lower limit (solid line) and upper limit (dashed line). The meeéed in whitén a graph
represents theperationabrea where the predicted means of the two response vaidablegthin that
acceptable range.

The more likely use case of 1 cm filling height (&tio 1), is represented in the graphs D

to F (FigureV-4) for anincreasing solute concentration from 5.2 % to 15.2 %, respectively.

It could be assumed that with lower filling heights, higher shelf temperature setpoints are
feasible. Interestingly, the model suggests that with increasinge concentration the shelf

temperature setpoint should be lowered, too, to ensure a successful nucleation process.
V.3.4 Recommendations for controlled ice nucleation process design

Mainly based omelevantrecentiterature reportdy Oddone et al* and by Wenzel et ap°
and partly supported by theur data discussed in sectiov.3.3, the following

recommendations can be made:

A filling heights of significantly more than 1 cm (i.e. 1.5 cm and more) should be
avoided to decrease intvéal heterogeneity and miciollapse independent of the

vial size>155157

93



Chapter V

A high shelf temperature setpoints close to the equilibrium freezing point3€g)
during postCN hold time should be avoided to prevent the system significant
viscous flow and meltbacK©ddone et al., 201% and the presented results)

A (too) low shelf tempeture setpoints during peéiN hold time (e.g-20 °C) should
be avoided as they could be linkedte unfavorable occurrence of micro collapse
and intervial heterogeneity due to faster removal of heat of crystallization during

secondary nucleatiott1°°

And, although not investigated in this study, but of importgraicularly in relation to
process transfer and scalp and thus worth mentioning as a gensrabmmendation:

A controlled ice nucleation process transfer from depressurization to an ice fog method
seems to be feasibl®, whereas depressurization and vactinduced surface

freezing does not seem to be interchangeable without major challéhges
V.3.5 Limitations and blind spots of thestudy

With the presentedapproach we studied one path in the direction af systematic
investigation of theerror limits of CN. The phenomenorof floating only ocaured in one
factor combinationThis may be due tsome limitations and blind spdtse presented work
implies. Ambient factordlike radiation from the chamber walls aadryl glass dootthat

could not be controlled should have been mitigated, e.g. by standardiaatsoifficient
knowledge from preliminary experimentss far as possibl&he general multistage full
factorial design could have been replaced by a first screening desigmtifyidegnificant
factors withsuitablelimits and levels.These factors could have included different vial
formats and filling volumes to overcome the generier&b which may be oversimplified.
Additionally, formulation aspects not only limited to ttaal soluteconcentration but also

to include polymer content (representing a monoclonal antibody) and viscositycould have
been of interestConcerningthe responses, there is a high need for a suitable, directly
quantitatively measurablend accurately eterminablevarialde as the used responses may
not be per se suitable to identify correlatiaared to investigate all suitable operational
spacesEspecially the provisionaharacter of the introduced response variables lacking a
high level of objectificion and standardizatiomay adversely impact the quality of the
regression model. The regression model itself was chosen as simple as possible only

incorporating terms to secowwder.
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V.4 Conclusion and outlook

In this preliminarywork, westudied differenfactors that potentially affe¢he success of

the controlled ice nucleation staporderto broaderthe knowledge abouthe CN process

We introduced two newnd highly experimentaésponse variables to determtheeffects

of several factors on theeezing behavior of selected sucrdmesedplaceboformulations.

The generated regression model suggesteddrong influence of the shelf temperature
setpoint which in turn correlates with the nucleation temperature, on the success of a
controlled ice nuleation process. Moreover, it was found that all other investigated factors,
namely the filling height represented by the viamatindependent S¥atio, the total
solute concentratigrand also the hold time after the nucleation event are key factoas fo
successful CN proces®ased on these results and recent literature findings, general
recommendations for controlled ice nucleation process design were Hadever, this
investigationcould only bea piece in the jigsaw puzzle of characterizing thetdrs and
variables for a stable controlled ice nucleation process.

In the future, the need for a broad systematic investigation on the factors influencing the
controlled ice nucleation process the most is consistently high. Especially formulation
aspects as well as the inclusion of critical quality attributes of a drug prodiegm
important.Moreovwer, it should be taken into accouhat vacuurrinduced surface freezing
was reported to behave both proeesse and produetvise differently than depresseation

and most likely also ice foGN methodslf sucha futurestudy is meticulously planned and
performed, eventually the generation of a predictive mathematical ntodgain an
operational design spaseems feasible.
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VI.1 Abstract

Freezedrying is the drying technolggof choice for sensitive biological drugs. On the one
side, it is admired for its suitability for the stabilization of sensitive molecules. On the other
side, it is a timeconsuming production step posing challenges in process development and
technology tansfer. The application of controlled ice nucleation is one elegant approach to
shorten freezelrying times significantly and at the same time increasing batch homogeneity.
However, a reliable 10% control of the controlled nucleation step in each wassential
consideringthe impact of the nucleation temperature on product quality attributes. In this
study, we introduce a camesapported optical inspection method which utilizes the
different superficial cake structures seen in controlled and ramdcieated lyophilizates.
Derived from the grayscale analysis the
brightnesso is introduced. Four di,fafdlerr ent
BSA were freezalried with random or controlled nucleat and analyzed with the new
technology. A proof of concept is provided by the analysis of a shtaHararket lyophilized
monoclonal antibody formulation freedeied with three different freezing protocols
covering different nucleation profiles. For alivestigated formulations and process
conditionstheclear discrimination of controlled and randomly nucleated vials was possible.
By this, the technology allowed for reliable, miowasive and automatable 1006

monitoring of controlled nucleationuscess after freezdrying.

Keywords
Lyophilization; Freezalrying; Cake structure; Controlled nucleation; Inspection;

Morphology; Visualization; Protein

Abbreviations

ANOVA Analysis of variance

BET Brunauet Emmet Teller krypton gas adsorption
BSA Bovine serum albumin

Cl Confidence interval of the mean

CN Controlled ice nucleation

FD Freezedrying

FMS Frequencymodulated spectroscopy

ICH International conference on harmonization
IQR Interquartile range

M Mean

mAb Monoclonal antibody

Pchamber Chanber pressure

PES Polyethersulfone
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RN Random sheffamped nucleation

RM Residual moisture content
SD Standard deviation

SSA Specific surface area

TN Ice rucleation temperature
Tshelf Shelf temperatureetpoint
WFI Water for injection

V1.2 Introduction

In the field of biologicals, freezdrying is still the method of choice to improve letggm
stability compared to liquid formulatioff$1°8By 2018, freezealried products represented a

33 % share of all parenteral protefarmulations approved by the European Medicines
Agency!!! This is an impressive percentage keeping in mind the disadvantages of an
additional production step resulting in often long processes and complexupcale
challengeg!¢76%113.140ne approach intensively discussedia freezedrying community

to alleviate such downsides is the application of controlled ice nucleation (CN) during
freezing?®041-50:586 |n prief, it refers to the control of the nucleation temperatukg ¢T all

vials and thus control dhe degree of supercooling by setting a stimulus to the supercooled
solutions. Depending on the technology, the most common stimuli types can be (1) the
introduction of ice seeds by ice f6§*44°, (2) the application of rapid pressure change
4850511 (3) the appliation of vacuum to induce local surface freezii§*. In general,
controlled ice nucleation was reported to improve both prdaizass*?4350525353nd batch

or product quality attribute®-435459 of the lyophilizates. To our knowledge, first companies
already started to implement commercial controlled ice atiole processes into their
production facilities. By this, the question of nucleation success and how to monitor it raises.
Geidobler et aP! reviewed different published CN methods and found no technology which
could reliably prove to succeed in 190of the vials. Therefore, a full batch control of the
nucleation success seems essential to overcome this uncertainty for quality assurance and
regulatory reasons, e.g. ifie application of controlled ice nucleation is performed to
improve reconstitutiotimes or other product quality attributédso, reliable discrimination

of nucleated vs. nenucleated samples care lused for process validatioithe only
published method for nucleation success control was recently described by Vollrath et al.
159 They discriminated CN failure vials by the calculated parameter water actiwty (a
derived from frequencynodulated spectroscopy (FMS). They confirmed the FMS results
by visual assessment of macroscopic cake appearance and found thedd8 to be

suitable for the determination of nucleation success. FMS is determining the partial pressure
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of water in the headspace of the primary container as a surrogate for residual moisture
content which in turn is highly dependent on the specifitasararea of the cake. The latter

is directly affected by the ice nucleation temperature/ice morphofdgs* Additionally,

the determined padi pressure values are strongly tiaependent, resulting in a minimum
equilibration time of days needed before a meaningful measurement can takéhee

is why we alternatively focused on macroscopic differences in the superficial cake structure.
We developed a new technique that is assessing these structural differences with-a camera
supported optical inspection. It mainly determines differences in gtaysgaes which are
dependent on the porosity, granularity, and looseness (density) of the cake. The main
advantage of this technology would be the potential to be fully implemented in automated
visual inspection to ensure a 100 control of the batch afteFD. It would allow
discriminating vials that failed during the controlled ice nucleation step and consequently
nucleated at a later point in freezing. These vials would resemble randomly nucleated vials.
The current study examines the feasibility of cemseipported optical inspection for the
discrimination between random shedimped (RN) and controlled ice nucleated (CN)
samples. A sample that has not undergone controlled nucleation during a respective freeze
drying protocol is assumed to be similar dorandomly nucleated sample which is in
accordance with a report by Vollrath et’&P. In the first part of this study, we investigated

the glassorming excipients Sucrose and Trehalose as placebos and with bovine serum
albumin adeéd. These formulations were freediged with three different drying protocols,

i.e. with controlled ice nucleation applied-&t°C or random shelfamped nucleation with

or without a secondary drying step. The latter was varied to investigate the eslsusitthe
method over a broad range of residual moisture contents. In the second part, we studied the
effect of three different freezing protocols covering random nucleation and controlled ice
nucleation at5 °C and-10 °C on a similatto-market highly oncentrated mAb formulation

containing 120 g/LmAband® Tr ehal ose. The parameter dave

introduced and examined for its feasibility as a distinction criterion under different
conditions. We hypothesize that on the one hand theaNys assessable superficial
differences between random shielmped and controlled nucleated samples can be assessed

byacamera upported inspection system. On the

ot

edge brightnesso t o ikeeonfarallireésiigatddicanditidns.st i ngui s
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V1.3 Materials and methods

VI.3.1 Materials

Bovine serum albumin (BSA) which contained the heat shock fraction and was protease,
fattyacidand essenti al |l y 4) wds purchased fromeSgriddriphH 7 , o
(Steinheim, Germany). A formulation with a monoclonal antibody IgG type 1 (mAb)
containing 120 g/L mADb, 86 (w/v) Trehalose, histidine buffeand polysorbate 80 was on

stock at LMU and stored at65 °C beforeusage.

For the placebo and BSA formulationise following excipients were usegl+)-Sucrose,

Extra Pure, SLR was obtained from Fisher Chemical (Leicestershire,pTrehalose

dihydrate, 99%, Acros OrganicsE was purchased fro
Belgium). EMPROVE® exp sodium dihydrogg@mosphate dihydrate was obtained from

Merck KGaA (Darmstadt, Germany).Biodi um hydrogen pho®)phate
was purchased from Honeywell FlukaE % Morr i :
chem. (BP) was obtained from Brenntag GmbH (Esserm@ny).

For the preparation of buffers and stock solutions, water for injection (WFI;-Q#li

Advantage A10, Merck KGaA, Darmstadt, Germany) was used. For reconstitution of the

lyophilizates WFI (Purelab Plus, USF Elgzelle, Germany) was used, too.
VI1.3.2 Preparation of formulations

50 g/L of BSA were dissolved in the respective placebo formulation in a 25 mM sodium
phosphate buffer at pH 7.#dble VI-1).
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Table VI-1 Formulations used in the study.

Formulation mAb BSA Sucrose Trehalose Methionine Polysorbate
[g/L] [g/L] [% (W] dihydrate [% (W] 20 [% (WV)]
[% (wiV)]

Sucrose / / 5 / / /
Sucrose + BSA / 50 5 / / /
Trehalose / / / 5 / /
Trehalose +
BSA / 50 / 5 / /
mAb 120 / / 8 0.15 0.04
formulation

All placebo and BSA formulations were formulated in a 25 mM sodium phosphate buffer at pH 7.4. The mAb
formulation was formulated in 20 mM histidine bufferpat 5.5.

The mAb formulation was stored asdeepfrozen bulk drug substance. An aliquot was

thawed in a water bath at room temperature and homogenized by gentle swaying. All

formulations were filtered using a 0.22 um PES Sartolab® RF vacuum filtelQantbfius

AG, Goettingen, Germany). Subsequently, their concentration was measured with a

NanoDropkE

using an

o

2000

uv

phot ometer (Thermo Scient.
e X t i nout=i0.66@ g/kO@nel¥cii t and ae extinctionfeffidient
of U = 2 en!widthGonoledular weight of MW = 145.5 kDa for BSA and mAb,

respectively. 3 mL of each formulation was filled in 10R tubing vials (MGlas AG,

Muennerstadt, Germany) and sestoppered with lyophilization stoppers (FluroTec®

rubber stopper, West Pharmaceuticals, Eschweiler, Germany).

VI1.3.3 Freezedrying processes

All placebo and BSA formulationsTéble VI-1) were freezalried with three different

protocols: two with random shalamped nucleation with (RN w SD) or without secondary

drying (RN w/o SD) and one with controlled ice nucleationstC shelf temperature

setpoint

(CN)

us.i

ng

d e pr edZyilotszale freezelryert e c hni ¢

(Martin Christ Gefriertrocknungsanlagen GmbH, Osterode am Harz, Germany) as

summarized iMableVI-2. Norroptimized conservative cycles were used.
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Table VI-2 Overview of the applied freezing and drying protocols for the placebo and BSA formulations.

FD Primary Secondary

Setpoint Freezing

process Drying Drying
RN w SD TShelf [°C] 20 5 -50 -20 30
Ramp [K/min] - 1 1 1 0.25
Hold time [min] 10 60 120 3060 540
pChamber [ubar] - - - 90 90
RN w/o SD TShelf [°C] 20 5 -50 -20 -
Ramp[K/min] - 1 1 1 -
Hold time [min] 10 60 120 3060 -
pChamber [ubar] - - - 90 -
CN TShelf [°C] 20 -5 -5 -50 -15 35
Ramp [K/min] - 1 - 1 1 0.22
Hold time [min] 10 30 60 120 1644 540
Stabilizqtion time i 30* i i i i
[min]
pChamber [ubar] - 2.7 x 106* - - 90 90

* Settings for the depressurization ice nucleation technique were as follows: chamber was pressurized to 2.7
bar + 0.15 bar absolute pressure with pressurized air and nitrogen with a stabilization time of 30 minutes and
a subsequentapid pressure release to introduce controlled nucleation. The stabilization time and pressure
setpoint were applied after the hoiché stated in the same section.

The mAb formulation Table VI-1) was freezalried using three different processes which
mainly differed in the applied freezing protocol. These protocols comprised random shelf
ramped nucleation (RN) and controlled ice natilen at both:5 °C (CN @-5°C) and-10

°C (CN @-10°C) using an ice fog technique on a CHiisBD laboratoryscale freezelryer

(Martin Christ Gefriertrocknungsanlagen GmbH, Osterode am Harz, Germany) as

summarized iMableVI-3. Nonoptimized cycles were used.
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Table VI-3 Overview of the applied freezing and drying protocols for the mAb formulation.

Freezedrying s _ . Primary Secondary
etpoint Freezing Drying Drying
process
RN TShelf [°C] 20 5 -50 30 30
Ramp [K/min] - 1 1 1 -
Hold time [min] 10 60 180 540 420
pChamber [pbar] - - - 90 90
CN @-5°C TShelf [°C] 20 -5 -5 -50 30 40
Ramp[K/min] - 1 - 1 1 1
Hold time [min] 10 60 60 180 71F 480
pChamber [ubar] - -/2 - - 90 90
CN @-10°C TShelf [°C] 20 -10 -10 -50 30 40
Ramp [K/min] - 1 - 1 1 1
Hold time [min] 10 60 60 180 457 480
pChamber [ubar] - -/2 - - 90 90

a Settings for the ice fog ice nucleation technique were as follows: chamber pressure was reduced to 15 mbar
+ 10 mbar with a subsequent introduction of ice crystals in the chamber by aeration through the ice condenser
utilizing the external volume of theybCoN (Martin Christ Gefriertrocknungsanlagen GmbH, Osterode am
Harz, Germany)Beforethe evacuation of the chamber, the designated hold time was held at atmospheric
pressure.

b Primary drying endpoint was determined automatically by comparative pressaseirement using a relative

qp = 15%.

¢ Primary drying endpoint was determined automatically by comparative pressure measurement using a relative
ap = 15% anayl = 1 °C between the lowest thermocouple and the shelf temperature.

4 Primary drying endpoinvas determined automatically by comparative pressure measurement using a relative
ap = 15% anayl = 8 °C between the lowest thermocouple and the shelf temperature.

VI1.3.4 Karl Fischer titration

Karl Fischer titration equipped with a headspace module was usisteionine residual
water content after freezlrying. Due to huge expected differences in residual moisture
content, sample aliquots between 6 mg and 59 mg were prepared in a glove box filled with
pressurized air with a relative humidity of less thadd @lled into 2R vials and stoppered.

The samples were then placed in an oven with°@t enable the fast extraction of water.
The headspace moisture is transported into a coulometric Karl Fischer titrator (Aqua 40.00,
Elektrochemie Halle, Halle (Saalegermany). Results are calculated in relative water

content y/w). For verification of equipment performance, three aliquots of Apura® water
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standard oven 2o by Merck KGaA (Darmstadt, Germany) were measured within a

sequence. Results are given as meaanrdsrd deviation (n=3).
V1.3.5 Brunauer-Emmet-Teller krypton gas adsorption

The specific surface area of dried samples was determined using Biltraoezi Teller

(BET) krypton gas adsorption in a liquid nitrogen bath at 77.3 K (Autosorb 1;
QuantachromeQdelzhausen, Germany). Approximately 100 to 400 mg of a sample was
gently crushed with a spatula and weighed into glass tubes. Prior to measurement, an
outgassing step was performed for at least 6 h at room temperature.-gaoinL jas
adsorption curve wameasured, covering a p/patio of approximately 0.050.30. Data
evaluation was performed according to the rudint BET method fit of the Autosorb 1

software. Results are given as mean * standard deviation (n=3).
VI1.3.6 Reconstitution of lyophilizates

The lyophilized cakes were reconstituted by the addition of WFI. The WFI volume for each
formulation was calculated to match the volume of the water removed during diryazng
Reconstitution time was determined by recording the time between adding theivespect
formulationspecific volume of water for injection and obtaining a clear solution without
visible matter. This observation was performed by manual visual inspection. Reconstitution
was performed applying gentle swirling fosSlirectly after the adddn of water and then

letting the vial stand without further swirling.
VI1.3.7 Camera-supported optical inspection

The vials were placed centrally on top of a laboratory manual camera build with a centric
white ring light above it as illustrated Figure VI-1 (Seidenader Maschinenbau GmbH,
Markt Schwaben, Germany). The camera in use was a monochromic 1.2 megapixet TXG12
type (Baumer Holding AG, Frauenfeld, Switizand).
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Figure VI-1 Schematic illustration of the laboratory camera setup with the vial containing the lyophilizate
placed centrally above a camera equipped with a ring light centric above the vial.

Thering light illuminated the lyophilized cake from above so that the camera was taking an
image of the scattered light. Dependent on the looseness (density), porosity, and granularity
of the cake a grayscale image of the bottom cake structure waskakeeY|-2 andFigure

VI-3A).

Figure VI-2 Raw example pictures &f the mAb formulation dried with protocol RN frofrable VI-3 and
B the samdormulation processed with protocol CN &°C fromTable VI -3.
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The underlying algorithm is described briefly in the following: the differentiation was
realized by the comparison of grayseabsociated parameters. Cracks within a cake would
have caused artificially high grayscale values. In order to exclude these cracks from further
investigation, an average grayscale value of the image was calculatgelr aseas of the

picture exceeding a certain average grayscale range threshold were excluded. The resulting

image is shown ifrigureVI-3B and represented the mask image.

D

Figure VI-3 Image processing by the algorithm at the example of Sucrose+BSA formulation dried with

protocol CN fromTable VI-2. A raw image B mask image represeéng areas exceeding the average

grayscale range threshaliffirst derivative of the raw picture revealing ed@edifference image of the first
derivative (C) and the mask image (B) for the deter |

The first derivave of the raw image was calculated to amplify ligharktransitions
revealing edgesHgure VI-3C). These are smatdlized pixel areas with strong grayscale

differences inside the investigated pixels. Eventually, the difference image of the first
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derivative of the raw pictureF{gure VI-3C) and the mask imagéd-ifure VI-3B) was

generated. By that, the absolute grayscale value became negligibtestihieg difference

i mage was used for cal cul ation of the nHaver
distinguishing criterion based on grayscale and edgesife VI1-3D).The technical seatp

and algorithm can be implemented on all machine platforms of the provider and is therefore

integrable in an automated inspection station.
V1.3.8 Statistical analysis

For statistical analysis and regression analysis, Binit9 Statistical Software (Minitab,

LLC., State College, PA, USA) and OriginPro 2017 (OriginLab Corporation, Northampton,

MA, USA) were used. Aonay ANOVA with Tukeyds method w
testing at a signif i %damaamaldstitetion othe datasets 5% or
was tested using the Andersbarling test. Due to the small sample size for specific surface

area and reconstitution time (n=3), all tests for normal distribution (And&admg,

RyanJoiner, Kolmogoros&mirmov) of the samples resulted in a normally distributed

popul ati on. This was in agreement with the
investigated data (specific surface area, reconstitution times). Hence, a normal distribution

of these parametevgas assumed.

108



V1.4 Results

VI1.4.1 Residual moisture content and specific surface area

The results for residual moisture (RM) and specific surface area (SSA) analysis are presented
in FigureVI1-4. Due to the different freezgdrying protocols usedl@bleVI-2), a range of
lyophilizates with different RM was produced. For the Sucrose placebo formuld&igns(

VI-4A) residual moisture values between 22+ 0.1% and 1.6% + 0.2% for CN and RN

w SD, respectively, were obtained. As expected, the application of controlled nucleation
reduced the specific surface area. The drying protocol with ramdciaation and without

a secondary drying steddble VI-2, RN w/o SD) resulted in partially liquid collapsed
samples for Sucrose placebos which hastebeen used for further analysis.

A 5 % Sucrose and 5 % Sucrose + 50 g/L BSA B 5 % Trehalose and 5 % Trehalose + 50 g/L BSA
18 18
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Figure VI-4 Residual moisture content (bars) and specific surface area (symbols) results for the different
formulations.A Sucrose and Sucrose+BSB\ Trehalose and Trehalose+BSA, abdgG; mAb formulation.
Values shown represent the mean value (n = 3) + standard deviation.

In contrast, Sucrose + BSA samples resulted in-Gk&estructures for all applied freeze
drying protocols revealing moisturerdents in a range of 1.2 % = 0.1 %, 0.3 % = 0.1 %,
and 9.6 % + 1.2 % for CN, RN w SD and RN w/o SD, respectively. The corresponding

specific surface areas indicate a microscopic collapse for the randomeshpéd nucleated
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samples which did not undergec®ndary drying by a 40 % reduced SSA of 0.56 m?/g +
0.05 m?/g. In contrast to that, CN samples revealed an even smaller specific surface area of
0.33 m?/g £ 0.00 m?/g which was determined by the freezing step and by elevated residual
moisture.

Similar olservations were made for Trehalose placebo and Trehalose + BSA samples
(FigureV1-4B). The former covered a range of residual moisture contents froga 2.0.1

%, 0.9% + 0.1% and 8.9% * 0.3% for CN, RN w SD and RN w/o SD, respectively. A
smaller extent of microscopic collapse by &@2%eduction in SSA was observed for the RN

w/o SD samples compared to the corresponding samples with secondaryRNwgSD).
Controlled nucleated samples again showed a strongly decreased specific surface area of
0.58 m?/g £ 0.03 m?/g in comparison to 1.58 m?/g £ 0.16 m?/g obtained for RN w SD solids.
Trehalose + BSA lyophilizates revealed lower residual moistureentmtand specific
surface areas compared to placebo except for the moisture content of RN w/o SD. The BSA
containing Trehalose samples showed moisture levels b6 %D.1%, 0.3% + 0.1% and

11.0% £ 1.4% for CN, RN w SD and RN w/o SD, respectively.edall, as mentioned,
specific surface areas were found to be smaller with 0.35 m2/g + 0.01 m?/g for CN, 1.02 m?/g
+ 0.11 m2/gand 0.65 m2/g £ 0.04 m2/g for RN w SD and RN w/o SD, respectively, than for
the pure placebd.he investigated IgGmADb formulaton underwent three different freezing
procedures whereas drying conditions were kept similableV1-3). Samples were found

to be dry with only slightt higher moisture levels of 0% (CN @-5°C) and 0.3%6 (CN @

-10°C) compared to 0% residual moisture within random shedimped nucleated samples
(RN). However, specific surface areas differed statistically significant as indicated by non

overlapping 9 % confidence intervals of the medfiqureVI-5).
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Figure VI -5 Specific surface area of the mAb formulation dependent on the nucleation temperature. Symbols
represent the mean value with9s % confidence interval.

VI1.4.2 Average edge brightness

The faverage edge brightnesso values derive
formulations and freezdrying protocols are presented inFigure VI-6.
Sucrose placebos revealed a significant d
brightnesso 0% CIEQQ.42,40.58) cédnmpares to 41915 + 3.20%4961 =

39.95, 42.34) for RNrad CN, respectivelyHigureVI-6A).
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