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PREFACE

PREFACE

"Next to clean water, no single intervention bas had so
profound effect on reducing mortality from childhood diseases
as has the widespread introduction of vaccines.”

- Institute of Medicine Report

Vaccination is widely considered as one of the ggaachievements of the medical research. Since
the first Edward Jenner’s development of the vaedar the smallpox, vaccination was responsible
for controlling and greatly reducing the spreadseVeral deathly diseases, such as poliomyelitis,
tetanus, pertussis, diphtheria. Nowadays, existiagcines can be classified in seven groups in
function of their active ingredient (named antigeliye attenuated vaccines, subunit vaccines,
inactivated vaccines, DNA vaccines, recombinanttoregaccines, toxoid vaccines and conjugate
vaccines. The live attenuated vaccines are knowretthe most successful and effective class and
are made by reducing the virulence of viruses oglyaof bacteria. A schematic representation of
their production process is presentedrigure 0.1 As live attenuated vaccines are usually more
stable in dried form (1 - 3 % of water content)rtha aqueous solutions, their production process
involves a drying step. However, vaccines are Jeegt labile products and can be damaged if
processed at high drying temperatures, e.g., c#lap the product "cake" can occur, or the vaccine
can lose its potency. Thus, due to the combinedtisacuum and low temperatures, freeze-drying
is usually the method of choice employed for vaeqgmoduction. This process is carried in three
successive steps: (the freezingof the vaccines formulation, previously filled small glass
containers (vials), with the consequent formatibiice crystals and a cryo-concentrated matrix; (ii)
the primary dyingin which the ice crystals are removed by subliomat(iii) the secondary drying

in which desorption of the water bound to the isiéal matrix is carried out long enough to acleev
the target residual moisture content in the pradDcie to the combined use of vacuum and low
temperatures, this process is recognized to bentkegmethod of drying, suitable for heat sensitive
products such as vaccines. However, freeze-drgnmims a time-consuming and expensive process,
difficult to design and scale-up, which often résaolproduct batches of non-homogeneous quality
when operating variables are not adequately selecte

Nowadays, vaccines safety and vaccination effecége gets understandably more and more public

attention. The need of assurance of product quagylted in more comprehensive regulatory
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Figure 0.1: Schematic flowchart of the production procesbvef attenuated vaccines
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procedures throughout all the steps of vaccinegldpment and production. One of the newest
approach to enhance quality of pharmaceutical prtsdarhile reducing the regulatory burden is the
implementation of the Quality by Design initiatiyeroposed in the early 2000 by the US Food and
Drug Administration. The Quality by Design philosgpstates thathe quality of the product should
not be tested on the final product but built-in idgrthe proces®y means of the determination of
quality targets and of a deep understanding of pmduct and process interacts. One of the critical
steps of the implementation of the Quality by Dasilg the production process of vaccines is the
definition of the critical quality attributes (CQAsf the product, that are for example in a freeze-
dried vaccine the stability of the antigen, theafiroisture content of the product and the
pharmaceutical "elegance” of the cake. These C@pent on freeze-drying step, during which the
product temperature has to be maintained belowamoan allowed value to avoid the loss of the
porous structure of the product, i.e., product amsk. Collapse generally causes a higher final
moisture content of the product, longer producbnstitution time and especially the loss of the
pharmaceutical "elegance" of the cake requiregpfoduct acceptance by the authorities. However, a
product temperature too far from the optimum leeda significant increase of the operating time
and thus to a decrease of process efficiency.

Optimum operating variables in freeze-drying cardbéned by constructing thgesign spaceThe
design space is a key concept of the Quality byddeslefined as theultidimensional combination

of the input variable and process parameter thatvde assurance of product qualitgonstruction

of the design space can be performed by an exemsiperimental campaign or by using classical
equations of heat and mass transfer in freeze-ginttrat can predict an average value of product
temperature, sublimation rate and moisture conietiie vial batch.

Unfortunately, heat and mass transfer in freezéadrgdepend not only on the operating variables of
the process (i.e., chamber pressure, shelf tempejadbut also on several factors, such as product
properties, container geometry, equipment charatits. Understanding the impact that additional
factors can have on the heat and mass transfeppteera on vials differently located on the shelf is
of paramount importance for predicting the prodylity variability, and thus allowing to perform

a reliable risk assessment of the process duregelsign and the scale-up steps.

In this context, the present project was realizéti the financial contribution of the pharmaceuitica
company GlaxoSmithKline Vaccines (Belgium).
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In line with the Quality by Design initiative, thraain objectives of this work
were to (i) investigate and quantify the sourcespoasible for heat and mass
transfer variability, and consequently for prodgaglity heterogeneity, within
the same vial batch or between batches at diffeseates in primary and
secondary drying and to (ii) implement the previpistudied phenomena in a
dynamic mathematical model of freeze-drying. Theetlped model was then
used to define an original approach for the préaticdf the risk of failure of the
process (expressed in terms of percentage of paabmntially rejected) and thus
for the selection of process operating conditiosading to desired product

quality at acceptable risk.

Outline of the thesis
This manuscript presents in four main parts thekvibat was performed during the three years of
this Ph.D. project.
In thefirst part, a literature review summarizes the state of &the mathematical modelling of
freeze-drying process. Firstly, this review focuswms the fundamentals of freeze-drying, and
describes the main heat and mass transfer phencdoeing the different steps of the process. Then,
attention is focused on the integration of thesenpimena in mathematical models of freeze-drying
and on how these models were previously used &$aiotihe design, scale-up and risk assessment of
the process.
The second partpresents the scientific approach applied during tésearch for the identification
and quantification of the main mechanisms respéaditr the product quality variability in the
process.
The third part is divided in six papers which report the diffdre@sults obtained. In first paper,
the importance of the vial bottom dimensions on teat transfer variability is analysed. The
mechanisms responsible for the difference in hieat fates between vials located at the periphery
and in the centre of the shelf are investigatealsacond papeby using an original 3D mechanistic
mathematical model of heat transfer during subliomateveloped in COMSOL Multiphysics. This
model is then used inthird paperto explore the effect of the loading configuratiamsl of different
design elements of the equipment on the heat fédesrreceived by the vials during the process.
In afourth paper our attention focuses on mechanisms responsibléhéointer-vial mass transfer
variability during primary drying related to produstructure. Successively, the importance of the

desorption rate variability on the distributiontb& moisture content in the final product is exgtbr
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in afifth paper.

Then, in asixth and last papera dynamic mathematical model of freeze-dryingdéveloped
including the previously explored mechanisms respme for heat and mass transfer variability
between vials. This model is then used to pretlietalue and distribution of product temperature,
ice fraction and moisture content. Finally, it wasposed an original approach for the development
of the primary and secondary drying steps of tleeZe-drying process at known risk of failure,
expressed as percentage of vials potentially ejlect

Finally, thelV part presents the general conclusion of the obtaingdteethrough a global analysis
of the observed phenomena, and highlights the fé&ine perspectives.

At the end of this manuscript, a smaglbssary of specialized terms in freeze-drying is provideada

tool of reference for the reader.
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NOMENCLATURE
Ay Water activity
a. Accommodation coefficient
A Cross sectional argan?)
(o) Parameter (contact conduction and radiation cantigh toKy)
of Equation 1.2.11 (W m™—2K~1)
C, Parameter (gas conduction contributiork}Q
of Equation 1.2.11 (W m™2K~! Pa™?1)
Cs Parameter (gas conduction contributiork}Q
of Equation 1.2.11(Pa™1)
E, Activation energy(J kg~ 1K™1)
AH Latent heat of sublimatiofy kg~1)
F Visualization factor (-)
fi Fraction of ice in the product
K Heat transfer coefficier@ m=2K 1)
l Thickness(m)
m Water vapour flow ratékg s—1)
P Pressur€Pa)
0 Heat flow ratg(W)
R Mass transfer resistan¢Ba s kg™1)
Ry Ideal gas constarff K~ *kmol™1)
R, Product resistanagPa m2s kg™1)
Ry, Parameter (initial product resistance at drieeddhickness equal to 0) of
Equation 1.2.20 (Pam?2s kg™1)
Py Parameters dEquation 1.2.20 (Pam s kg™1)
Ry, Parameters dEquation 1.2.20 (m™1)
t Time (s)
T Temperatur€k)
Ty Glass transition temperatufg)
Tg' Glass transition temperature for maximally freeaaeentrated solution@()
X Fraction of moisture conteljt-)
Greek
A Thermal conductivity W m~! K~1)
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A, Free molecular flow heat transfer coeffici¢iit m=2 K= Pa™1)
o Stefan-Boltzmann consta(ity m=2 K=*%)
T Characteristic desorption timéduation 1.2.21) (s)

Subscripts and Superscript

0 Initial
amb Ambient
B Bottom
Contact
c Chamber
CN Condenser
coll Collapse
d Dried
des Desorption
eq Equilibrium
f Frozen
gas Gas
i Interface
I Ice
n Nucleation
r Radiation
ref Reference
s Stopper
S Shelf
sub Sublimation
T Top
Vapour
|4 Vial
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ABBREVIATIONS

CQA Critical Quality Attribute

CQP Critical Quality Parameter

DSC Differential Scanning Calorimetry

FDM Freeze-Dry Microscopy

ICH International Council for Harmonisation of TechniB&quirements for
Pharmaceuticals for Human Use

NIR Near Infrared Reflectance

PRT Pressure Rise Test

QbD Quality by Design

QbT Quality by Testing

QTPP Quality Target Product Profile

TDLAS Tunable Diode Laser Absorption Spectroscopy
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LITERATURE REVIEW 1.1 Fundamentals of freeze-drying

I.1 Fundamentals of freeze-drying

I.1.1 A process as old as time

The world "freeze-drying" or "lyophilization" geradly refers to a drying operation mainly
performed by sublimation, which is the direct titina from frozen to gaseous state. The term
lyophilization has origin from three ancient Greelord roots,A0® meaning “to break up, to
dissolve”, piAé® meaning “to love, to kiss”, andlev meaning “to make”. Lyophilisation thus
literally means “to make solvent loving”, referred the rapidly reabsorption of the solvent in the
dried product (Varshney and Singh, 2015).

The method of freeze-drying can be traced backrébigtoric times, when the Eskimos preserved
their fishes in the cold temperatures of arcticdghydration. Around 1250 BC, the ancient Incas
used a rudimental version of the process by stotfeyy crops on the mountains above Machu
Picchu. Their food stores were frozen by the cotlintain temperatures during night, and the water
inside slowly sublimed under the low air pressufethe high altitudes with the first sun rays
(Varshney and Singh, 2015).

During the different centuries, and especially dgrthe Il World War, freeze-drying was largely
applied in pharmaceutical and medical practiceresgrve blood and biological tissues. One of the
very first applications of the freeze-drying proe@s vaccine production was documented in the XX
century, with the publication of the freeze-driedmiulation of the small pox vaccine in 1909.
However, the first commercialization of a steriky dbrmulation for parenteral, the "DryVax” small
pox vaccine, took place only in the 1940s (Varshenay Singh, 2015; Riedel, 2005).

Nowadays, freeze-drying is the method of choicetlie biotechnology, pharmaceuticals, and
biomedical industries for preserving a long listhefat sensitive products such as vaccines, bacteria
nanoparticles, hormones, peptides and proteins nadd 991; Franks, 1998; Pikat al, 1991;
Fonsecet al, 2015; Hansemt al, 2015; Abdelwaheét al, 2006). The process involves three main
steps: (i) the freezing of the product, (ii) theblgmation of the ice crystals formed and (iii) the

desorption of the residual unfrozen water. Eacthe$e steps is presented in detail thereafter.
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Figure 1.1.1: Schematic representation of a freeze-dryer.
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Figure 1.1.2: An example of the product temperature profile dyrthe freezing step of the

process. Point A represents the initial point (picidat 4

°C); point B represents the nucleation

temperaturdl’,; point C represents the equilibrium freezing terapeeT; the segment C-D
represents the freezing plateau at the equilibfie®zing temperature; point E corresponds to the

end of the freezing step (Béal and Fonseca, 2015).
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I.1.2 The freeze-dryer system

The freeze-dryer, schematically presentedrigure 1.1.1, is composed by several elements: the
drying chamber, the condenser, the vacuum pumph#aging and refrigeration system, and the
supervision and control system. The drying chansbetains usually one or more shelves, on which
the vials are directly placed during the three stepthe process. The temperature of the shelves is
controlled by means of a heat transfer fluid pumibhedugh built-in channels, which is cooled down
or heated up by the heating-refrigeration systetre $helves act as a heat exchanger, removing
energy from the product during the freezing andpbtpg heat during the primary and secondary
drying steps. The drying chamber is connected Uil a mushroom or butterfly valve to the
condenser, cooled by a refrigeration system. Furtbee, a vacuum pump is connected to the
condenser and used to create the vacuum into stensyusually at the beginning of the primary
drying step. Finally, one or more temperature angsgure sensors help the control system to
maintain the selected set point values of the dgravariables during the different steps of the

cycle.

I.1.3 The process

I1.1.3.1 The freezing step

In pharmaceutical freeze-drying, the product foraed as aqueous solution is first filled into small
glass containers (named vials) and then loadedtljiren the pre-cooled shelves at 4 °C of the
drying chamber before the beginning of the proce&hs. protocol of the cycle is then implemented
into the freeze-dryer software and the processusdhed. The first step of the process idtbezing

An example of the product temperature profile dyrireezing is shown ifrigure 1.1.2 (Béal and
Fonseca, 2015). First, the product temperaturesdses until nucleation takes place at the nucleatio
temperaturd;, with the first ice crystals formation (point Bjgure 1.1.2). Ice crystallization is an
exothermic phenomenon, thus the product temperatngptly increases to the equilibrium freezing
point T (point C,Figure 1.1.2) (Béal and Fonseca, 2015). The difference betviBemucleation
temperaturd;, and the equilibrium freezing poirfl; is known asdegree of supercoolin(segment
BC, Figure 1.1.2) (Kasper and Friess, 2011; Rambhatlal, 2004; Searlest al, 2001b). Then, the
product presents a constant temperature at thdibegqun freezing point, due to the equilibrium
between the ice formation exothermic phenomenonthaceat removed from the product by the
shelf (point CDFigure 1.1.2). As ice forms, the concentration of the unfropéiase in contact with
ice increases. Consequently, following shelf's terafure decrease, the freezing temperature

progressively drops off according to Raoult’s laggment DEFigure 1.1.2).
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The concomitant decrease in temperature and irergasolute concentration induces a rapid

increase in viscosity. This process continues uhtl freeze concentrated solution solidifies as a
crystalline matrix or a glass (Béal and Fonseca520

The ice nucleation temperature and the degreepefrsaoling dictate the size and morphology of ice
crystals and thus the final porosity of the driedduct (i.e., the fraction of the volume of voidseo

the total volume). Due to the stochastic naturéhefnucleation, a variable degree of supercooling
can be observed. A low nucleation temperature (agkl degree of supercooling) generates smaller
and numerous ice crystals and small pores. Smadisp@ill result in high mass transfer resistance
during primary drying and long sublimation time.r@ersely, they will lead to short desorption time

due to high specific surface area of the dried pcad

Once completion of the freezing step, the primayynd starts.

I.1.3.2 'The primary drying step

Primary dryingis the most critical step of the process and oesufhe longest portion of the total
cycle time. It consists in the dehydration of theduct by means of sublimation under vacuum of the
previously formed ice crystals.

At the beginning of primary drying, the condensecooled down to temperature lower than -50 °C
and the pressure in the drying chamber is lowesecréate the vacuum. When pressure reaches a
value below the saturated vapour pressure of ictheatfrozen product temperature, sublimation
begins. Since sublimation is an endothermic procéiss latent energy necessary for water
sublimation is provided to the product by rising temperature of the shelf. Thus, chamber pressure,
shelf temperature and time are the main operatmiglles controlled during the primary drying.

The water vapour generated during the sublimatimtgss flows from the drying chamber to the
condenser. As the temperature of the condenses isoihuch lower than the ice temperature in the
product, water removal from the sample is achidwedrapping water by condensation on the cold
condenser coils.

Primary drying is finished when all ice has beemaged from the frozen product, and the process
moves to the third and last step of the processsélcondary drying.

I.1.3.3 'The secondary drying step

After completion of primary drying, unfrozen waisrstill present in the product bound to the dried
matrix. The product appears dry, but the residualstare content may be as high as 10- 20 %
depending on the product (Roos, 1997). Furtherndngtep is necessary to reduce the residual
moisture content up to the target final value, catipe with storage stability of freeze-dried

products.
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Liquid Phase

Solid (ice)/liquid

Temperature

Glassy
Phase

0 80 100
Concentration (%)

Figure 1.1.3: Solid-liquid state diagram for the sucrose-watgstem. Abbreviationd,,, eutectic
temperatureTg', glass transition temperature for the maximum Zeeeoncentrated solutioff;,
glass transition temperature. Point A: initial staf the product; Point B: nucleationTgt Point C:
equilibrium freezing pointT); Point D: end of the freezing step, product mxaiin glassy state;
Point E: primary drying; Point E": primary drying & temperature higher tha@’; Segment E-F:
secondary drying. The % of sucrose is expressedwsThe blue line represents the equilibrium
freezing curve, the red line represents the glemssition, the black solid line represents the
eutectic curve (Abdelwahest al, 2006).
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This last phase of freeze-drying is nansesgtondary dryingand is performed by desorption of the
unfrozen water from the remaining concentratedtsahatrix.

Desorption actually begins in a local region of pheduct once all the ice sublimes from that region
meaning that some secondary drying can occur duyiirgary drying in different regions of the
same sample (Pikal and Shah, 1990).

Secondary drying is normally carried out by risitige temperature of the shelf. The chamber
pressure is generally keep unmodified, becausestks of the process was found to be pressure
independent for pressure values below 27 Pa (Btiall, 1990).

The product is maintained at this temperature éweral hours to reach specified residual moisture
content at the end of freeze drying, typically betw 1 and 3 %. The final residual moisture content
of the lyophilized product needs to be preciselptadled: high values of residual water content
impact on the product potency and shelf life, whereverdrying promotes the protein activity loss
upon storage (Pikal, 1994).

The final product, the freeze-dried product, isoldsstructure with many very small pores. These
pores create a large surface area of the lyoptasand promote fast reconstitution of the product

upon addition of water.

I.1.4 The importance of amorphous formulation in freeze-drying

Pharmaceutical freeze-dried products usually eaistthe market as amorphous glassy solids
(glasses). The use of excipients forming amorplsnligls can protect the active ingredients (in
particular proteins) against freezing and dryinghdges by means of two main mechanismshg)
vitrification, meaning the immobilization and isolation of théical substances in a rigid glass, to
reduce potential for protein aggregation and diffasof small molecules required to initiate
hydrolysis or oxidation; (ii)the direct interaction between protein and excipidoy means of
hydrogen bonds between stabilizing excipients &eddrug, can avoid conformation changes during
freeze-drying (Yu, 2001). Crystalline solutes uBuébok more pharmaceutically elegant and are
faster to dry, bucan lead to a phase separation and loss of siagiljmwer, as well as to the
formation of slow dissolving particles, causingvsloeconstitution of parenteral product
(Akers, 2016; Yu, 2001).

During the freeze-drying process, the formulatioluon exists under various states as function of
the temperature and solute concentration. The neatldn of the solution state can be illustrated by
a state diagram, as shownRigure 1.1.3 for the water-sucrose system. The liquid/solidildzpium
freezing temperature (or ice melting point, bluédbmne), and the glass transition temperafye
(red bold line) are presented.

They respectively indicate the freezing/melting penature and the reversible transition of a sofutio
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from a rubbery into a glassy state, as a functiothe® matrix solute concentration. The equilibrium
freezing point decreases when the solute concenmrancreases, whereas the glass transition
temperaturd, decreases when the water content in the prodo@ases.

Before the freezing step, the aqueous solution Iguid state and contains a fixed concentratibn o
sucrose (point A ifrigure 1.1.3). Then, the temperature is decreased and iceirareléormed at the
ice nucleation temperatuf® (point B inFigure 1.1.3).

As nucleation is an exothermic process, the prothroperature rises until the equilibrium freezing
temperatureT; at which ice crystals formation starts (point C figure 1.1.3). Then, the
concentration of the solute components of the fdatan is progressively increased in the interastiti
region between the growing ice crystals and thelibgqum freezing point decreases following the
equilibrium freezing curve (Roos and Karel, 200GoR, 2010; Abdelwahedt al, 2006). This
phenomenon is referred to asyoconcentratioh

As the concentration increases, the solution besamme and more viscous, thus slowing down ice
crystallization until reaching a characteristic parature after which no further freezing occurs.

This temperature corresponds to the intersectiothefequilibrium freezing curve and the glass
transition curve and is called tigéass transition temperature of the maximally feeemncentrated
solution(known asTy) (Abdelwaheckt al, 2006; Roos, 2010).

At the end of the freezing step during freeze-dyyprocess, the product reaches the point D in
Figure 1.1.3 and the cryoconcentrated matrix is in glassy state

During primary drying, the ice crystals are remowydsublimation but the concentration of
the interstitial matrix remains constantCgt(point E inFigure 1.1.3). However, if during
primary drying the temperature of the product reach critical temperature higher tHgn
(point E' inFigure 1.1.3), loss of the pore structure is observed in theddregion adjacent
to the ice-vapour interface is due to a decreasasgbsity of the amorphous solute phase
(Pikal and Shah, 1990; Roos, 2010). This dynamenpmenon, known as collapse, takes
place at a temperature known edllapse temperaturd’,,; and will normally be at the
origin of vial rejection due to the high residuater, the prolonged reconstitution times or
simply to the lack of “elegance” of the dried cdke., an “elegant” freeze-dried cake should
have the same size and shape as the solutionalhgiilled into the container and should be
uniform in color and texture) (Johnson and Lewi31 2, Pikal and Shah, 1990; Pagtlal,
2017). TheT," andT,,, do not represent the same parameter. Therepresents the

temperaturat which the maximally cryoconcentrated matriXdals the reversible transformation

from a solid glassy state to a viscous liquid veithincrease of temperature. It is generally medsure
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using the Differential Scanning Calorimetry (DS@®)afrozen sample in closed system, thus the ice
crystals are in close contact with the glassy pldaseng the analysis. In contrat,;; is measured
by direct observation using the Freeze-Dry Micrggc-DM), which simulates (at very small scale)
the sublimation step of freeze-drying process (Eoast al, 2008; Pikal and Shah, 1990).

The collapse temperature thus corresponds to themmin temperature at which the sublimation of
ice is accompanied by a generalized loss of thestsire of the lyophilized product. As result, the
collapse temperaturg,,; is usually slightly higher thafy," of about 1 - 5 °C. In the industrial
practice, the product temperature has to be makrdabelow 2 - 5 °C the maximum allowed
temperature (Tang and Pikal, 2004), to preserveptbduct from any damage. Thg can thus be
considered a critical threshold and safety valudtie product temperature during primary drying to
be used for the process design.

Once ice crystals are completely sublimed and skmyndrying startsT; will increase as the
moisture content will decreased in the product @udesorption (as shown by the red arrows and
point F in Figure 1.1.3). The critical temperature value will evolve dwirsecondary drying

according to thé, curve.

I.1.5 Importance of heat and mass transfer in freeze-drying

As evidenced from this analysis, the main constraiposed to the freeze-
drying process is given by the product temperatwhech has to be maintained
below a maximum allowed value during the primaryl &econdary drying

steps to guarantee an acceptable final producitgublowever, the product

temperature profile cannot be controlled directly depends on the values of
the operating variables and on several heat and trassfer phenomena taking
place during the process. The understanding ofeth@echanisms is of

paramount importance for a rational selection & tiperating variables, i.e.,
shelf temperature and chamber pressure, and thtisefaesign and scale-up of
the process.

In this regard, the most relevant heat and masssfea mechanisms taking

place during freeze-drying process will be descrilpethe next section.
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I.2 Mechanisms of heat and mass transfer in freeze-
drying

I.2.1 Pseudo-steady state in primary drying

In the freeze-drying of pharmaceuticals, primaryimyy is usually considered to be carried out under
pseudo-steady state condition, i.e., the heat fateQ (W) received by the vials is completely used
for the sublimation of ice crystals (Pisasal, 2011; Pikal, 1985, 2000; Velardi and Barresi,200
Schoeret al, 1995; Pikakt al, 1984). Thus, heat and mass transfer are coupled a

Q = AH gy, Equation 1.2.1

with AH (W kg~1) being the latent heat of sublimation.

I.2.2 Heat transfer in freeze-drying: the vial heat transfer coefficient

The heat flow rate received by the product bottenprioportional to the difference between the
average temperature of the fluid circulating irtte shelfTs (K) and the product temperature at the
vial bottomTgy, (K):

0 = KyAgy (Ts — Tgy) Equation 1.2.2
whereAg, (m?) is the vial bottom area arfj, (W m~2K~1) is the vial heat transfer coefficient.
Due to the concavity characteristics of the viattdmm, the vial heat transfer coefficient can be
defined as the sum of three contributions (Pik&Q® Pisanaet al, 2011; Pikalet al, 1984; Pikal,

1985):

Ky =K.+ K.+ K, Equation 1.2.3
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Figure 1.2.1: Schematic representation of the heat transfevds the shelf and the vial. A zoom on
the vial bottom is shown in the inset. The orange Irepresents the heat transfer by contact
conduction K.), the wavy red arrow the heat transfer by radm{i,), the blue arrow the heat

transfer by conduction through the g&§)(
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Each of those terms represents a different headfeamechanisms, as showrFigure 1.2.1:
« K, (Wm 2K™1) represents the thermal contact conduction thrahghcontact area between
the shelf and the vial,
+ K, (Wm 2K™1) represents the thermal radiation, between thearid the top and bottom
shelves;
* K, (Wm™2K~1) represents thermal conduction through the gasagmed in vial bottom
concavity.

Each of those heat transfer contributions will bsalibed in the next section.

I1.2.2.1 Heat transfer by contact conduction

The termK, represents the heat transfer by contact conduttion the shelf to the vial bottom. Its
contribution is independent on pressure, but infeienced by the dimension of the contact area
(Cannon and Shemeley, 2004; Keiual, 2009), which is usually very small due to thesprece of
the vial bottom concavity. Thus, the valuekgfcan be significantly different in function of th&l
type (Kuuet al, 2009).

1.2.2.2  Heat transfer by radiation

The radiation contribution to the heat flow rateviials is classically described by the Stefan-
Boltzmann equation (Birdt al, 2002; Pikal, 2000; Pikalt al., 1984; Gangulet al, 2013):

Q,=A.Fo (T} -T} Equation 1.2.4

In Equation 1.2.4, T, (K) andT, (K) are the temperatures of the surfaces involved énrdldiation
heat exchangel, (m?) is the area exposed to the radiatiofsis the visualization factor and
Wm?K _4) is the Stefan-Boltzmann constant.

As presented ifrigure 1.2.1, all the vials on the shelf are affected by twtiedent radiation heat
transfer contributions during the process: betw@ethe bottom shelf and the bottom of the vial and
(ii) the top shelf and the top of the vial (Piledlal, 1984; Pikal, 2000; Pisaret al, 2011). Thus, the

visualization factoF can be expressed as:
F =Fg+Fr Equation 1.2.5

The emissivity factor at the bottom of the vigl can be evaluated considering the definition
proposed by Bird et al. (Birett al, 2002), and Pikal (Pikal, 2000). For the two scefinvolved in
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the exchange, shelf and vial, it is necessary turas that: (i) the two surfaces are opaque and
parallel; (i) the area of the two surfaces invalie the exchange is equal; (iii) the absorptiactda

is equal to the emissivity factor for both surfades all the radiations leaving the shelf stritkke

vial bottom (Birdet al,, 2002; Pikal, 2000). Hencé; can be expressed asHquation 1.2.6:

FB = W Equation 1.2.6

whereey, is the emissivity of the vial angl the emissivity of the shelf. Typical valuesrf may be
around 0.1 - 0.3. In contrast, the area of théexposed to the top shelf is much smaller than the
area of the shelf itself, and the visualizatiortdaé¢’ can be estimated as equal to the emissivity of
the viale, (Pikal, 2000; Pikaét al, 1984):

Fr =ey Equation 1.2.7

The value of visualization factor at the vial ispusually higher than at the vial bottom, beinguad
0.84 (Pikalet al, 1984).

1.2.2.3 Heat transfer by conduction through the gas

The vials used in freeze-drying process have abotioncavity in which some gas is contained. For
the typical range of pressure used in pharmaceditezze-drying (<10 Pa), the density of the gas i
very low and the gas molecules collide more fretjyemith the solid surface as they do with other
molecules. In this condition, the heat transferetalplace under the free-molecular or Knudsen
regime (Pikakt al, 1984; Pikal, 2000; Brtills and Rasmuson, 2002).

A relatively simply way of calculating the gas cotion contribution in the vial bottom is a formula
derived by Pikal et al. (Pikadt al, 1984), from a work of Dushman and Lafferty (Dusimrand
Lafferty (eds.), 1962):

_ GP¢
Kg

= Equation 1.2.8
1+C3 P¢

where P, (Pa) is the pressure in the drying chamber whe@asW m=2K~! Pa~1) and C;

(Pa~1) are respectively equal to:
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Table 1.2.1: Most used experimental methods for the deternunadf the vial heat transfer coefficieki.
Local methods allow the determination if in single vials, global methods lead to the deieation of a
mean value oK, among all the vials on the shelf.

Method Local/Global Measurement References
method
Average mass (Pikalet al, 1984; Hottot
Gravimetric method Local flow rate during et al, 2005; Pisanet al,
sublimation in  2011; Hibleret al, 2012)
single vials
Pressure Rise Test (Hottotet al, 2005; Tang
(PRT) Global mass et al, 2006a; Fissoret
flow rate profile al., 2010)
Global during
Tunable Diode sublimation
Laser Absorption among all the (Kuu et al, 2009)
Spectroscopy vials on the
(TSLAS) shelf
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Co=Noe (2;5—;5)0'5 Equation 1.2.9
C;=0C, Al:;h Equation 1.2.10

whereA, (W m™2 K1 Pa™1) is the free molecular flow heat transfer coeffitiehthe gas at 0 °C,
Tyas (K) the temperature of the gas participating in heatdootion, calculated as the average
between the product temperature at the sublimatiterface and the shelf temperature values
(Pisanoet al, 2011),a. the accommodation coefficierf,, (m) is the depth of bottom curvature,
damy (Wm 1K) is the conductivity of the gas at atmospheric press(l atm). The
accommodation coefficient. will be 1 if the exchange of energy between thelfsand the gas is
complete, O if there will be no exchange. The valfie, can be particularly difficult to calculate, so
often it is estimated by regression using experialatata.

The presence of the concavity in the vial bottorooaats for most of the resistance to conductive
heat transfer, by reducing the points of directtacinbetween the vials and the shelf and thus the
contact conduction contribution (Nail, 1980; Canraord Shemeley, 2004; Kuet al, 2009; Ybema

et al, 1995). Furthermore, the value K has to be characterized for different chamberspires
due to the dependence of the gas conduction catitiik, on this parameter.

The dependence of thig on the chamber pressure is usually describedeénature byEquation
1.2.11 (Pikal et al, 1984; Hibleret al, 2012; Pisanet al, 2011):

C; Pc

KV:Cl-l_TgPC

Equation .2.11

whereC; (W m™2K~1) is the sum oK, andK,..

1.2.2.4 Experimental determination of Ky

The vial heat transfer coefficieR}, is usually calculated from experimental data byhg&quation
1.2.1 and .2.2. The data needed for thi& determination are: (i) the difference between the
temperatures of the shelf and the producfy,, which are commonly determined by using
thermocouples or other temperature sensors, @iptiter cross sectional area of the dig}, which
can be determined from the dimensions of the coetaind (iii) the mass flow ratgg,,;.

An overview of the experimental methods typicalsed for the evaluation of thieg,,;, (kg s~1)in

the K, determination is presented ifiaple 1.2.1) (Kuu et al, 2009; Tanget al, 2006a; Hibleret al,
2012; Pisanet al, 2011; Pikakt al, 1984; Fissoret al, 2010; Hottokt al, 2005).
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Figure 1.2.2: Dependence of the vial heat transfer coeffici§nion the chamber pressure for
central vials. Symbols of empty triangles represeatded vials with a depth of bottom curvature
of 0.22 mm, empty and filled squares representnhiials with a maximum depth of bottom
curvature respectively of 0.11 mm and 0.04 mm (Rekal, 1984).

metal or plastic band
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Figure 1.2.3: Scheme of a batch in which the vials are cleegifiepending on tir position anc
on the additional heat transfer mechanisms invo{fshancet al, 2011).
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Among these, the gravimetric method appeared tihdenost used one (Pikal al, 1984; Hibleret

al., 2012; Pisanet al, 2011; Hottotet al, 2005). Commonly, the following procedure is used
determine the average mass flow rate using thergeanic method. Firstly, the vials are filled wigh
fixed amount of pure water, weighed and loadechendrying chamber directly in contact with the
shelf. The water is turned into ice crystals durinfreezing step. Then, the pressure in the freeze
drying chamber is reduced and the shelf temperatuiacreased to the selected values, so that
sublimation of the ice can take place. Productsiredf temperature data are collected throughost thi
step.

When approximately 30 % of the ice has sublimed,ghblimation step is stopped to avoid loss of
contact between the ice and the vial bottom. Thasvare unloaded from the equipment and
reweighed. Finally, the loss of mass divided bydheation of the sublimation phase gives the mass
flow rate.

The vial heat transfer coefficient can be thuswdated fromEquation 1.2.1 by using the collected
data. This procedure is repeated at different clearpbessure to characterize the dependené&g of
on this operating variable. An example of the \aria of K, with the pressure is shown kigure
1.2.2. Vials presenting different values of maximum depf bottom curvatures were used in this
study. In agreement with other works (Hib&tral, 2012; Pisanet al, 2011; Kuuet al, 2009), the
Ky values increase with the pressure. However, #gieddence is strictly influenced by the vial type,
as the container determines the contact conductortributionK, through contact ared. and the
gas conduction contribution through the depth dfdm curvaturdg,,.

Furthermore, other two experimental methods ard usditerature for the determination &f;,: the
Pressure Rise Test (PRT) and the Tunable Dioder lAdssorption Spectroscopy (TDLASY#&ble
1.2.1). Both these methods allow to get a global mass flate profile among all the vials on the
shelf during sublimation and thus to estimate dglwalue of K, from Equations 1.2.1-2 Details

on the use of the PRT and TDLAS for the determamatf the m,;, will be given in81.2.3.4 In this
case, the curve oKy, vs.P. can be determined in only one run, by varying thantber pressure
during the test (Hottatt al, 2005; Kuuet al, 2009; Velardet al,, 2008).

However, it must be observed that the gravimet@@asorement is the only method that allows the
determination oK, for vials differently located on the shelf and &vhk a global picture of the vial-
to-vial heat transfer variability. During freezeyiirg, the vials located at the periphery of thelfshe
(edge vialy present higher heat flow rates than the vialated in the centre of the shelf and
surrounded by other vials in the same conditiaentfal vialy (Pikal et al, 1984; Rambhatla and
Pikal, 2003; Velardi and Barresi, 2008; Pisaa@l, 2011; Zhaiet al, 2005; Garet al, 2005). This
position-dependent heat transfer is knowneaigeé vial effe€t(Rambhatla and Pikal, 2003), and it is

usually ascribed in literature to the additionaliations received by edge vials from the warmer
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Figure 1.2.4: Example of vial heat transfer coefficient expegital data (histogram) and norn
distributions (solid line) evaluated for (B) edgals in contact with the rail, (C) edge vials not i
contact with the rail and (E) central vials (Pisagtoal, 2011). SeeFigure 1.2.3 for vials
classification.
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Figure 1.2.5: Comparison between experimental valuekpofor edge vials in contact with the rail
(B), edge vials not in contact with the rail (C)dacentral vials (E) , measured in two pieces of
equipment of different sizeoj laboratory and/(/) industrial scale freeze-dryer (Pisaebal,
2011). Seé-igure 1.2.3for vials classification.
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surface of the drying chamber to which the edgks\dee exposed (e.g., walls and door) (Péadl,
1984; Rambhatla and Pikal, 2003; Velardi and Bar2808; Pisanet al, 2011; Zhaiet al, 2005;
Ganet al, 2005). Pisano et al. (Pisaabal, 2011), classified the vials in five main grougs,shown

in Figure 1.2.3, in function of their position on the shelf ane theat transfer contributions received:
(A) edge vials located in the corner of the sh@@), edge vials in contact with the rail, (C) edgaly
not in contact with the rail, (D) vials in contagith hot vials, (E) central vials. Due to the diat
heat transfer conditions, each of those grouppoasent a differerk, value. In this regardsigure
1.2.4 shows theK;, distributions determined gravimetrically for edgels B and C in contact and not
in contact with the rail and central vials E. Thidge vials show higher values K§, due to the
additional radiation contributions received by &xposition to the drying chamber walls and the rail
(Pisancet al, 2011).

As the radiation heat transfer is strictly relatedhe emissivity of the components involved in the
exchange and the geometry of the syst&muétion 1.2.4-7), the K, values of edge vials may
depend on the freeze-dryer used. In this redagiire 1.2.5 shows that theK;, values for edge vials
located in contact and not in contact with the magly be significantly different between a laborgtor
and a manufacturing scale freeze-dryer, whereasatefials show almost the same value (Pisano
al., 2011). As the characteristics of the drying chaméan vary from one equipment to another,
differences inK, should be evaluated between different freeze-dri@ran effective cycle transfer
or the scale-up (Pisarad al, 2011).

It is a common practice in literature to descrileathtransfer differences between vials at the edge
and in the centre of the shelf by variationg(jnvalues . However, this approach does not take into
account that the heat flux between the shelf amdvilals (described by the vial heat transfer
coefficientK,, Equation 1.2.2) and the additional heat fluxes received by edgés\are not due to
the same temperature differences. For exampleathation contribution from the wall to edge vials
is due to the temperature difference between thembler wall and the vial, which may be

significantly different from the temperature di#eice between the shelf and vial.

I.2.3 Mass transfer in primary drying (sublimation)

The mass transfer in primary drying is usually d&sed in terms of resistance offered by a given
barrier. Figure 1.2.6 illustrates a typical profile of the partial press of water vapour in primary
drying and a correspondirgraph showing the relative magnitude of each rastst present in the
system (Pikakt al, 1984; Pikal, 2000).Considering semi-stoppered or not stoppered wiaésiotal
driving force of the process can be consideredldquhe difference between the equilibrium vapour
pressureP; (Pa)of ice at the sublimation front and the partial g3tge of water vapour in the

condenser chambédi.y (Pa).
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Thus, the mass flow rati,,,;, can be defined as:

Msup = @ Equation 1.2.12

As shown inFigure 1.2.6, the total mass transfer resistance can be desceb the sum of each
component resistance in series, which are (i) theglgroduct, (ii) the stopper and (ii) the chamber
to-condenser pathway. Thus, (Pa s kg~!) can be expressed as (Pikakl, 1984; Pikal, 2000):

R=Rp+Rs+ Rey Equation 1.2.13

whereR, (Pa s kg™1) is the stopper resistand®;y (Pa s kg™1) is the chamber-to-condenser

resistance anft,, (Pa s kg~") is the product resistance equal to (Pial, 1984; Pikal, 2000):

)
213

R, = Equation 1.2.14

whereA; (m?) is the ice-product interface aré?ap (Pa s m2kg~1) is the area “normalized” product

resistance.

1.2.3.1 Product Resistance

The growing dried layer exhibits the major resistato the sublimation flow, accounting for more
than 80 % of the total resistance, unless thedjlirolume or concentration of the solute is vemy lo
and thus there is essentially no dried layer (PR@D0). The resistance due to the product drigek]a
known as product resistanég, is classically defined as (Piketl al, 1984; Pikal, 2000):

R — Ai(Pi_PvV)

p Equation 1.2.15

Msyp

with P, (Pa) equal to the partial pressure of the vapour ineovial headspace. If the stopper is not

presentp,, (Pa) is assumed equal to the partial pressure of thewranto the drying chamber.
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1.2.3.2 Stopper Resistance

Elastomeric stoppers are usually partially insenigid the vial necks before the process. They
usually present one or several openings dependirntbeostopper design, which allow the outgassing
of water vapour during the drying step (Akhileshl &abu, 2010).

After the process, the stoppers are fully inseitethe vial neck directly into the freeze-dryer by
moving the shelves, to guarantee the safety amilitgtef the product (Akhilesh and Babu, 2010).
The presence of the stopper impose another resistarthe mass flow rate (hnamdly), which can
be defined as (Pikal, 2000; Piletlal, 1984):

_ (PvV_PvC)

Msyp

Ry Equation 1.2.16

with P,. (Pa) equal to the partial pressure of the vapour inéodrying chamber, usually considered

to be equal to the chamber pressure during prirdgring as mostly water vapour is supposed to be

present in the drying chamber.

The stopper resistance has a small contributiorthentotal heat transfer resistance, which also
depends on the dimension of the vent. In a worlPdal et al. (Pikakt al, 1984), R, was found to
account to the total mass transfer resistance fatB% in function of the dimension of the opening
(0.2t0 0.4 cm).

1.2.3.3 Mass transfer from chamber-to-condenser

The resistance due the chamber-to-condenser patRyyays classically defined as (Pikal, 2000;
Pikal et al, 1984):

Ry = LrePoew) Equation 1.2.17

Msyub

whereP,

ey (Pa) the partial vapour pressure in the condenser,llysietermined by the condenser

temperature. In a work of Pikal et al. (Pilatl al, 1984), the resistance due to the chamber to
condenser pathway was found to be in the same ofdeagnitude of the stopper resistance, and to
account for 3 - 6 % to the total mass transfeistaace.

In Equation 1.2.17, R-y is defined as a constant parameter. However, erpetal evidences
showed the value dt-y may strongly vary in function of the total pressand of the sublimation
flux, which should be obviously impossible (Trektaal, 2015). Recently, Trelea et al. (Trekdtaal,
2015) developed a 1D mathematical model of the rmassfer between the chamber and the
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condenser based on the mass transfer theory inylgaa mixtures (water vapour and inert gas). This
model explained the apparent variationRgf, with the sublimation rate as due to the mutual
diffusion of vapour and inert gas. Thus, a moreitled description of the vapour transfer between
the freeze-drying chamber and the condenser shmeilgreferred to the mass transfer resistance
approach proposed Bquation 1.2.17 to predict the partial vapour pressure and thdireakion flux

during the process.

1.2.3.4 Experimental determination of R,

Mass transfer resistance can be evaluated Equoation 1.2.12 knowing (i) the equilibrium vapour
pressure at the ice-vapour interface and (ii) theigd vapour pressure in the condenser, usually
determined by Clausius Clapeyron equation fromdaend the condenser temperatures, and (iii) the
mass flow rate.

However, the resistance due to the chamber to osedepathway is usually neglected, and the

product resistance together with the stopper eesist can be determined as:

Rg + ARy = CizPo) Equation 1.2.18

Msyp

Furthermore, as the stopper offers only a smaistassce if compared with the product dried layer,
this contribution is often neglected or includetbiR,, (Oddoneet al, 2014; Overcashiest al, 1999;
Konstantinidiset al, 2011). ThusEquation |.2.18 becomes:

5 _ Ai(Pi—Pyp)

R, Equation 1.2.19

Msub

The following experimental procedure is used far tletermination of the mass transfer resistance.
The vials are first filled with the selected amoohsolution and loaded on the shelf. Then, fregzin
is carried following the selected protocol. Aftengpletion of the freezing step, the sublimatiomtsta
The equilibrium vapour pressure at the ice-vapotierfacepP; is usually determined by Clausius
Clapeyron equation from product temperatures, rogit by using sensors such as thermocouples.
Furthermore, the mass flow rate profile during Bubtion is usually measured by using online
methods.
The most common are:

* The microbalanceFirstly used by Pikal et al. (Pikat al, 1983), the microbalance is a small

balance provided of a holding arm on which one idbaded. The balance is placed on the

shelf and the holding arm lifts the vial for weigbiat fixed time intervals (e.g., about 10
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min) during the process. Then, the vial is lowebadk on the shelf and released from the
holding arm. The difference of vial mass between wonsecutive weightings gives the
water loss due to sublimation. Finally, the masesvftate profile can be calculated from the
mass losses divided by the time intervals.

* The pressure rise test (PRThe pressure rise test is carried out by clogiregvalve in the
duct connecting the drying chamber to the condefmsea short time interval (e.g., 30 sec)
during sublimation. The pressure in the chamberesses due to the accumulation of the
water vapour. Then, the pressure rise data camdlgsed by one of the several algorithms
developed in literature for the determination cf thass flow rate rate (Miltoet al, 1997;
Tanget al, 2006a; Velardet al, 2008; Hottoet al, 2005).

* The Tunable Diode Laser Absorption SpectroscopyLAE) TDLAS is a non-invasive
spectroscopic method which mainly consists in theegation of a laser beam by a NIR-
Laser launched through the chamber-condenser pgthiMae absorption spectrum is
recorded and allows accurate measurement of theuvagpncentration and of the vapour
mass flow rate in the duct connecting the freeg@ndrchamber with the condenser (Keu
al., 2006; Gieseleet al, 2007).

The described methods are effective in measuriagrthss flow rate evolution in time, and then the
product resistance froequation 1.2.19. However, it has to be remarked that the measorass
flow rate will be either a local value (e.g., whitie microbalance is used) or an average value over
all the vials on shelf (e.g., for PRT or TDLAS),dawill not give information on the mass transfer
variability between the vials. These methods alecome unreliable towards the end of the
sublimation step where mass flow rate variatiordige to other causes than product resistance
variation, such as curved sublimation interfacéoss of thermal contact between the frozen part of
the product and the vial.
The product resistance calculated fré&quation 1.2.19, is usually presented in function of the
product dried layer thickness and often describethb following empirical formula (Overcashier
al., 1999; Fissore and Pisano, 2015; Pikal, 2000;| Rikal, 1983; Kuuet al, 2006; Boscat al,
2013).

R, = }?po + % Equation 1.2.20
whereRr, (Pam?skg='), R, (Pamskg™) and }?pz (m~1)are empirical coefficients to be

determined from experimental data. The non-zereréefpt Rpo) accounts for a non-null resistance

of the top layer, the exact origin of which remasii§ unclear.
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Figure 1.2.7: Comparison for the area normalized resistait¢ ih kPa m? s # for 5 % sucrose
(SU in the legend) and 3 % mannitol/2 % sucrose KMBU in the legend) processed with
controlled and uncontrolled nucleation (Konstamtigéet al., 2011).
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In some works (Pikakt al, 1984; Pikal and Shah, 1990), the evolution‘?pﬁn function ofl,
(m) was expressed as a linear relati&gz(:O). The characteristic evolution E{, with the dried

layer thickness strongly depends on the produatstre (i.e., solid solution and voids left afteet
ice crystals have sublimed), which is dictated hg freezing step. A higher value of nucleation
temperature and degree of supercooling duringréezing led to bigger ice crystals and dried pores,
and can affect the mass transfer resistance dinegrimary drying step (Searle$ al, 2001b;
Kasper and Friess, 2011).

Dimensions of the ice crystals can be increasedy(ijntroducing an annealing step during the
freezing, which consists in maintaining the samplesubfreezing temperature for a period of time
(Searlest al, 2001a; Lu and Pikal, 2004; Hotteital, 2005), or (ii) by controlling the ice nucleation
(e.g., by inducing nucleation at the desiderateptmature using ultrasounds, vacuum, nucleation
agents) (Passet al, 2009; Oddonet al, 2014; Konstantinidist al,, 2011).

As exampleFigure 1.2.7 shows the evolution of the product resistance tiéhdried layer thickness
for two products, a sucrose solution and a mannitelicrose solution, processed with and without
controlled nucleation (Konstantinidiet al, 2011). In this work (Konstantinidist al, 2011), ice
nucleation was simultaneously induced in all thesvat the desired temperature by manipulating the
chamber pressure of the freeze dryer during treziing step. Both tested products processed under
controlled nucleation showed a higher nucleationpierature, bigger radius of dried pores and a
lower value of product resistance than productscgssed with uncontrolled nucleation
(Konstantinidiset al, 2011). In agreement with previous works (Seastesl, 2001b; Oddonet al,
2014), this study confirmed that the ice crystalrphology exerts considerable control over the
vapour transfer from the ice interface to the tbthe dried product layer (Koclet al, 1991; Searles

et al, 2001b).

Furthermore, the glass transition temperature ef ghoduct formulation T;) and the collapse
temperatureT(.,;) can play a role in the definition cﬁp. Dried product resistance data had shown
a significant temperature dependence as the prodwcperature becomes higher thgnand

approache§,,; in primary drying.Figure 1.2.8 well illustrates this phenomenon for a 5 % sucrose

solution (Fissore and Pisano, 2015). At producteratures lower or very close to the (-34.8 °C),
}?p increases with the dried layer thicknégs¢Figure 1.2.8A, D and 1.2.8B, E). In contrast, for a
product temperature higher thgfy the magnitude of the product resistance is redldcamatically,

as well as its dependence on th€Figure 1.2.8C and|.2.8F) (Fissore and Pisano, 2015).
This dependence of the product resistance on tbdupt temperature is due to the so-called
"microcollapsé, that is the development of larger pores holethan dried material at temperature
higher tharf;}, as shown ifrigures 1.2.8G, 1.2.8Handl.2.8I (Fissore and Pisano, 2015).

- 45 -



LITERATURE REVIEW

1.2 Heat and mass transfer in freeze-drying

-30°C,5Pa 5 -20°C,5Pa & -25°C, 20 Pa
-30 T T T T -l T L} T L} : T T T T
collapse
temperatire ~a ( /
o 35 ’ s
[=]
b glass / 3
- transition 1
-40 temperature | 1 |E ]
45 L | 1 I 1 I 1 L | i I 1 I 1 L ]
0 5 10 15 20 25 30/0 5 10 15 20 25 300 5 10 15 20 25 3
time, h time, h time, h
D. E. F.
].A‘_? T T T T T T T T T T T T T T T T T T T T T
s 10 LLLLLLL ANt 11|t
] e
= » @ 0%
E oosft 11t .'-‘d' 11r
= 06tm 1Es 1 1F
w 04 41 Le 1L
g 02 :
o
o d 2 3 456 7 8

Spum

SODpny
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I.2.4 Mass transfer in secondary drying

The third and last step of the freeze-drying predsghe secondary drying, which governs the final
moisture content of the product and thus its stgbih time. During this step, the product moisture
content is further decreased through desorptionthef non-frozen water. In case of most
pharmaceutical products, the target moisture consevery low (e.g., 1 - 3 %), and thus secondary
drying step may occupy a significant fractiortloé process duration (Pikal, 1994). However, despit
its importance, only an handful of publicationsifeed on the understandingsgfcondary drying and
on its optimization (Sadikoglat al, 1998; Pisanet al, 2012; Fissoret al, 2011b; Schneiét al,
2011; Pikalet al,, 1990; Sheehan and Liapis, 1998; Lopez-Quirtga, 2012; Pikakt al, 2005).

The removal of bound water from the dried matrixtie vial headspace during secondary drying
involved two main steps: (i) the mass transfer fittin solid matrix surface to the pore channel and
(ii) the vapour phase transport through the pofésendried cake (Pikadt al,, 1990).

Contrary to primary drying, the vapour transporthia dried cake was verified to be not rate-lingjtin
because drying rate resulted to be insensitivdéonber pressure variations for pressures lower than
27 Pa and to cake thickness at constant speciffacaiarea (Pikaét al, 1990). Thus, the rate-
determining step is considered to be the desormfomwater from the pore surface in most of the
works on secondary drying (Pikal al, 1990; Velardi and Barresi, 2008; Lopez-Quiregal, 2012;
Pisancet al, 2012; Schnei@t al, 2011; Fissoret al, 2011b).

Figure 1.2.9 shows a typical example of the moisture conteriugion during secondary drying
(Schneidet al,, 2011). The decrease of the moisture contefitg kg~ wb ) proceeds usually along
two different kinetics: a first fast desorption,thvia sharply decreasing &f and a slower one for
lower value ofX approaching a plateau (Piket al, 1990). The evolution of the product moisture
contentX in time during secondary drying is typically déked as a single desorption kinetics
(Lopez-Quirogeet al, 2012; Pisanet al, 2012; Pikakt al, 2005; Fissoret al, 2015):

% = %(Xeq -X) Equation 1.2.21
whereX is the fraction of water per total produkt? (kg kg=—* wb ) is the equilibrium moisture
content at a given water activitg,f), which can be calculated from the sorption isoth¢Lopez-
Quirogaet al, 2012; Passoet al, 2012), and (s) is the characteristic desorption time which

depends on the product temperature through an Airbéype equation (J.H. de Boer, 1953):

)
T = Tpefe Ro T8V TBVres Equation 1.2.22
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Figure 1.2.8: Residual moisture content evolution of a BSA/suerseution duringa secondar
drying step performed at 0 °C (Schneidal, 2011).
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where T, (K)is the product temperaturd, (Jkg='K~!) is the activation energyR,
(J K 'kmol™1) is the ideal gas constant and, (s) is the characteristic desorption time at a
reference temperatufgy, ., . (K).

Furthermore, Trelea et al. (Treled al, 2016) recently developed a multilayer desorptioodel
based on the idea that that moisture fractionsifferdnt physical states can present different
desorption kinetics and thus different characteridesorption times. This model (Treleat al,
2016) accurately describes the evolution of thestnoé content during secondary drying by two
distinct desorption kinetics, which were assimiate®® moisture present as monolayer and as
multilayer. Results showed that the desorptionhef tnultilayer was significantly faster than the

multilayer, being the ratio of characteristic dggmm times (monolayer/multilayer) almost 30.

I.2.5 Limits in the use of the classical equations of freeze-drying process

In this section, the classical heat and mass eamsfuations used to physically
describe the primary and secondary drying steptheffreeze-drying process
were presented. The two main physical parameterdeaddentified: (i) the vial
heat transfer coefficienky,, used to describe the heat transfer from the sbelf
the vial, and (ii) the product resistankg, imposed from the dried product
layer to the mass flow rate. A correct determimatiaf these parameters
together with the use of the presented equatioms pradict more or less
accurately the critical process parameters (eagdymt temperature, sublimation
rate). However, this approach has some limitatiohgannot represent the
dynamic aspects of the process, and it does nouatiely describe the physical
mechanisms responsible for heat and mass traraf@tbility among the vials.
In the past years, research in freeze-drying fatuse the development of
several mathematical models to provide new insightthe understanding of
process as well as useful tools for the cycle deaigl scale-up.

In this regard, a review of the main mathematicablels of freeze-drying will

be outlined in the next session.
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I.3 Mathematical modelling of freeze-drying

A number of more or less sophisticated freeze-dryitodels have been developed in literature to
predict the process parameters (e.g., product teryve, sublimation rate, desorption rate) and to
describe therogress of the primary and secondary drying stepal and Shah, 1990; Pikal, 1985;
Velardi and Barresi, 2008; Zhat al, 2005; Garet al, 2005; Brills and Rasmuson, 2002; Ybesha
al., 1995; Pisan@t al, 2012; Sheehan and Liapis, 1998; Lopez-Quiregal, 2012; Pikalet al,
2005; Liapis and Litchfield, 1979; Liapis and Bimit 1994; Millmanet al, 1985; Sadikoglu and
Liapis, 1997; Mascarenhas al, 1997; Treleat al, 2007; Hottotet al, 2006).Table 1.3.1 resumes
the characteristics of the main mathematical modefseeze-drying process published in literature.
In Table 1.3.1, D represents the spatial dimensions of the m@de) only balances along the axial
direction are considered; 2D, balances along tli@l axd radial directions are considered; no 3D
model were developed at the present state for rémezd-drying process). Usually, two different
approaches were used to describe the processsduelo-steady statand thedynamic state.

(Text continues on page 61)
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Table 1.3.1: Summary of the main mathematical models desaitiie freeze-drying process. D: dimensi@ontinued)

Model Steps Heat transfer Additional Inclusion Scope of the
Condition | D Geometry Product P between the shelf | heat transfer | of Rg and P
(Reference) described : L model
and the vial contributions Rcy
_ The product was
Dynamic Siab of insulated at the
(Liapis and state bottom and at latera| _
o product : Definition of
Litchfield, Primary walls from the , Not .
1D | placed ona - . Not described| . optimal control
1979) drying sample holder. Heal included .
Pseudo- sample flux was fixed, policy.
steady state holder received at the top of
the product.
Hea_lt t_ransfer by Study
. : Primary and rad|at|o_n or gas operational
(Millman et | Dynamic Slab of . . conduction at the , Not e
1D Skim milk secondary Not described| . policies that can
al., 1985) state product . product bottom, included
drying o reduce the
and/or by radiation at drving imes
the product top. ying '
Process control
and
- KCl solution T%pglmlozc?glovr\)és
- Povidone Heat transfer to the Rsand | — .~ -
X ; widely used in
. Pseudo- ' solutlc_)n Primary vial b_y contact , .RCN a'® | |iterature for the
(Pikal, 1985) 1D Vial - Mannitol . conduction, radiation Not described| included T
steady state : drying : . definition of the
solution and conduction in the rolassical”
- DOBUTREX through the gas. model —
. design space of
solution : ;
primary drying.
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Table 1.3.1: Summary of the main mathematical models desdaitiie freeze-drying process. D: dimensi@ontinued)

Model Steps Heat transfer Additional Inclusion Scope of the
Condition | D Geometry Product P between the shelf | heat transfer | of R and P
(Reference) described : S model
and the vial contributions Rcy
- Mannitol
i Msgi:}g)cr;am Secondary Study of the
(Pikal et al, Dynamic . L . drying Not drying kinetics
1D Vial disodium/manni - - . :
1990) state : (mass included in secondary
tol solution transfer) dryin
- Povidone ying.
solution
Describe
Heat transfer by primary and
- Cloxacillin radiation, gas secondary
Slab of Monosodium Primarv and conduction or drying stages of
(Liapis and Dynamic 1D product Salt secon){jar convection at the Not described Not the freeze-
Bruttini, 1994) state placed ona - Skim milk drvin y product top, by gas included drying of
tray ying conduction and pharmaceutical
radiation at the crystalline and
product bottom. amorphous
products
Calculation of
Primary the sublimation
i Pure water Drying Heat transfer by gag rate at any
(Ybemaet al, Pseudo 1D Vial Mannitol (mass conduction at the vial Not described| . Not pressure or shelf
1995) steady state . ) included
solution transfer is bottom temperature
neglected)

- 54 -



LITERATURE REVIEW

1.3 Mathematical modelling of freeze-drying

Describe the

dynamic
behaviour of the
Heat transfer by gag .
. Slab of . . primary and
(Sadikoglu , Primary and conduction and
2 Dynamic product . . L : Not secondary
and Liapis, 1D Skim milk secondary radiation to the Not described| . X
state placed on & . included | drying stages of
1997) drying product bottom, by
tray - the freeze-
radiation, gas drving of
conduction or harmyageutical<
convection to the P in travs A
product top. ys.
Used to
calculate the
Slab of - Skim milk variation of the
(Mascarenhag Dynamic product - Bovine Primary and Specific heat fluxes . Not partial pressure
2D . secondary . Considered | . of water vapour,
et al, 1997) state placed on @ Somatotropin . were imposed. included
) drying the temperature}
tray BST protein
and the
concentration of
sorbed water.
Describe the
primary and
Radiation heat s_,econdary
flux from the drying stages of
. Heat transfer by gag the
. Primary and ; 1 walls of the e
(Sheehan and Dynamic . . . conduction at the vial . Not lyophilisation of
o 2D Vial Skim milk secondary L drying .
Liapis, 1998) state . bottom, by radiation included a
drying : chamber and .
at the vial top. the bottom pharmaceutical

heating plate

product in vials
for different
operational
policies
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Table 1.3.1: Summary of the main mathematical models desaitiie freeze-drying process. D: dimensi@ontinued)

Model Steps Heat transfer Additional Inclusion Scope of the
Condition | D Geometry Product P between the shelf | heat transfer | of Rg and P
(Reference) described model
and the vial contributions Rcn
Heat transfer by
(Schoeret Pseudo- ' oo Primary contact and gas . Not Process design
al., 1995) | steady state 1D Vial Glycine in water drying conduction at the vial Not described included and scale-up.
bottom.
Predict the
impact on the
Heat transfer by Additional heatthtéa\:;:{er of
radiation and gas | heat transfer characteristics
(Briills and Heat transfer conduction at the vial from the walls (glass
Rasmuson Dynamic 2D Vial Pure water during the bottom. The top of | of the freeze- Not eorr%etr ) the
2002) ' state rocgess the vial was dryer was included gt]otal chgrr;ber
P considered to be | considered and ressure. the
insulated by the | experimentally fﬁling heiéht
stopper. determined. and the position
of the vial of the
shelf.
Heat transfer
by radiation .
(Zhaiet al Dynamic Primar Heat transfer by gag from the Not ﬁggf ;Sr‘:gnrggjs%
K y 2D Vial Pure water nary conduction at the vial drying . ;
2005) state drying included | transfer during
bottom. chamber walls : drvi
to the vial side primary drying.
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Heat transfer
(Ganet al, by radiation itundgngrce
2005) from the behgviour of a
(Based on . . . chamber and e
the work of Dynamic 2D Vial Not specified F’”"?"’“y As in (S_heehan and (if present) the| . Not freeze c_irymg
state drying Liapis, 1998) ; .| included | system in case
(Sheehan tray side. This of travs with and
and Liapis, contribution ray
1998)) was evaluated wﬂhgilételgteral
in function of '
the position of
the vial on the
shelf
Heat transfer by
contact conduction,
gas conduction and -
Primarv and radiation at the vial | Radiation heat RRCSNag(rje Pregcl)%thocr: of
(Pikalet al, | Dynamic . . y bottom, and radiation transfer from | . P
2D Vial Sucrose solution secondary . ' . included | temperature ang
2005) state drvin at the vial top (if the drying in the moisture
ying stopper is present,| chamber walls model content
then the top of the '
vial is considered as
insulated)
Bovine serum Heat transfer Describe the
. albumin BSA | Freezing and Heat transfer by by radlatlon product
(Hottot et Dynamic . : contact and gas | and convection Not
2D Vial aqueous primary . . . temperature anc
al., 2006) state formulation drvin conduction at the vial  from the included sublimation
ying bottom. drying f lociti
chamber ront velocities.
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Table 1.3.1: Summary of the main mathematical models desaitiie freeze-drying process. D: dimensi¢8ontinued)

Additional ‘
Model Condition | D | Geomet Product Steps Heat transfer between | heat transfer g}CII{US;?]Z Scope of the
(Reference) Yy described the shelf and the vial | contribution Rs model
s CN
- Sucrose and
) . Heat transfer by contact
(Treleaet Dvnamic Tc,gfuﬂg Pr;nr:gry conduction, radiation and Not RRCSNaQ?e Optimization of
y 1D Vial conduction through the . . . freeze-drying
al., 2007) state -PVP, Sucrose| secondary gas at the vial bottom described | included in cycles
and Trl_s-HCI drying radiation at the vial top the model
solution
Heat transfer by
convection and radiatior Radiation
Dynamic Primary atdt_he_ vial bor':tom, Iand bl‘f heat transfer Description of
state and radiation at the vial top. from the Not the primary and
(Detailed secondar the stopper is present, the dryin included secondar
model) dryin Y| vl top is considered as cha)l/mt?er dryin stey
ying thermally insulated. Heat walls ying step.
transfer along the vial
Bovine serum walls was also described.
(Velardiand| Pseudo- . albumin BSA To design
: 1D Vial . . Heat exchanged by
Bzagg;sh ste'ady. state b_uffered with Prln_1ary convection and radiation Nof[ _ Not modgl—based
) (S|mgl|:‘|e)d tris-HCI 0.1M drying at the vial bottom described included algorithms foroI
model | ) optimization an
control of the
process. The
Pseudo model was
steady state Primary , Not Not widely used in
(Simplified drying | As for thedetalled modell  yogcrineq | included | literature for the
model II) definition of the

design space of
primary drying.
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Heat transfer by contact To develop a
. : conduction, radiation and -0 JEVelop.
(Pisancet Dynamic 1D Vial Sucrose solution Secondary conduction through the Not Not design space fo
al., 2012) state drying : 9 described included secondary
gas at the vial bottom, drvin
radiation at the vial top. aryng.
Define
. Heat transfer by oper f_monal
Primary . . conditions for
(Lopez- , convection at the vial S
) Dynamic | 1D | Slab of . . and . Not Not minimizing
Quirogaet Skim milk bottom, and radiation at . . ;
state product secondary . described included freeze-drying
al., 2012) . the vial top. ) >
drying cycle time while
preserving
product quality.
Perform
Heat transfer by contact Impact of the uncertainty
. - " . analysis for the
conduction, radiation and "Edge vial o
. . . conduction through the effect” determlnanop of
(Mortier et Dynamic | 1D . Model Primary . . . Not the dynamic
Vial . . gas at the vial bottom, | included in . . .
al., 2016) state formulation drying L : included primary drying
radiation at the vial top. the Desian Space
Described as in (Fissost | uncertainty —g_p_for
al., 2011a) analysis —
pharmaceutical
freeze-drying
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I.3.1 Pseudo steady state mathematical modelling

The pseudo-steady state is often employed in fitexao describe the primary drying step (Pikal,
1985; Schoeret al, 1995; Liapis and Litchfield, 1979; Velardi andrBssi, 2008; Ybemat al,
1995). Under this condition, the amount of heageng into the product is assumed to be completely
devoted for the sublimation of the ice crystals anérgy used for changes in product temperature
can be considered as negligible. Pseudo-steadymsiadels are described using algebraic equations,
not very time-consuming to be solved, and thusabieét for the process control. A pioneering
mathematical model of freeze-drying in pseudo-stesidte was developed by Liapis and Litchfield
(Liapis and Litchfield, 1979) starting from a maremplex dynamic model, in order to define the
optimal control polices of the freeze-drying cycle®wever, the model described a system which is
not normally encountered in pharmaceutical freez@d, constituted by a slab of product located in
an insulating sample holder and heated in the yopibfrared lamp. Successively, Pikal (Pikal, 1985
developed a model to describe the primary dryieg sif freeze-drying, which considered a moving
planar interface between the dried and frozen priothyers. This theoretical model assumed the
pseudo-steady state for heat and mass transfergdsublimation, except for a time dependence of
the thickness of dried product layer formed abdneite-vapour interface. Pikal (Pikal, 1985) stated
that, based on experimental findings, the pseueladst state is usually achieved after 30 min of a
change in the shelf temperature, and thus it caapipéed to the primary drying step which usually
takes many hours to complete. The heat exchangedede the shelf and the vial bottom was
described in terms of vial heat transfer coeffitign, depending on the contact conduction between
the vial bottom and the shelf, the radiation fréma bottom and top shelf, and the conduction through
the gas entrapped in the vial bottom curvature. Sii@imation rate was assumed to be limited by a
resistancek given by the sum of three contributions given lioy diried product layer, the stopper and
the pathway between the chamber and the condenser.

The two model parameteks andR can be determined by laboratory experiments, hagtecision

of their estimation is of paramount importance tfee prediction of the critical process parameters
given by the model. The model can be thus usedh®rcycle development and optimization by
knowing some additional information, such as thiéicat temperature of the product. The model
proposed in the work of Pikal (Pikal, 1985) wag#y applied in successive works for the process
design and control and it is nowadays classicatipleyed to describe the heat and mass transfer in
primary drying (e.g., in (Overcashiet al, 1999; Gangulyet al, 2013; Hibleret al, 2012;
Rambhatla and Pikal, 2003; Rambhatial, 2004; Tsinontidest al, 2004; Tang and Pikal, 2004)).

In contrast with the results proposed by Pikal éRik985), who stated the importance of the growing
dried layer thickness during sublimation, Ybemadiriaet al, 1995) found that the mass transfer

was not limiting during this step.
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A model was proposed, describing the heat trartgieng primary drying as a series of resistance
between the shelf and the interface (vial bottomvature, glass vial, and frozen product).
Furthermore, Ybema (Yben®t al, 1995) identified in the vial bottom curvature thajor resistance

to the heat transfer during the process, at itdifie direct contact between the shelf and the via
Later on, Velardi and Barresi (Velardi and Barrezd08) developed two simplified models of
primary drying in pseudo-steady state conditioaking as starting point a detailed dynamic model
of the process. The so-called "simplified modetdpresented the heat and mass transfer during the
sublimation step considering only a mass balant® time dried layer and a heat balance into the
frozen product layer. The heat transfer in theddt&yer and along the vial walls was considered as
negligible, thus this model is not suitable to dimcthe additional heat by radiation from the wail
the chamber walls received by edge vials.

The "simplified model II" was developed consideringth the heat transfer in the dried and frozen
layer as well as in the vial walls.

However, the radiation heat transfer from the dyyshamber walls to the lateral walls of the vials
was not taken into account. The mass transfer waglated as in the simplified model I, without
taking into account the impact of the stopper ahdntber resistances. The "simplified model 1",
simpler than the "simplified model II", was fouralie sufficient to monitor, control and optimize of
freeze-drying process. Conversely, the "simplifireddel 11" allowed to take the advantage of the
temperature measurements on the vial wall and weg for development of soft sensors to monitor

sublimation during the process (Barresal, 2009b).

I.3.2 Dynamic mathematical modelling

In literature, several mono and bi-dimensional reathtical models of freeze-drying in dynamic
state have been developed to describe transienbptemna during the process (Liapis and Litchfield,
1979; Millmanet al, 1985; Pikakt al, 1990; Liapis and Bruttini, 1994; Sadikoglu andgis, 1997;
Mascarenhast al, 1997; Sheehan and Liapis, 1998; Brills and Rasmu&002; Zhakt al, 2005;
Pikal et al, 2005; Hottotet al., 2006; Treleaet al, 2007; Velardi and Barresi, 2008; Lopez-Quiroga
et al, 2012; Pisanet al, 2012), e.g., the shape and velocity of the moitegvapour interface and
the moisture content evolution during the secondaying step.

Most of the first models developed in dynamic si@tiepis and Litchfield, 1979; Millmaret al,
1985; Liapis and Bruttini, 1994; Sadikogéi al, 1998; Mascarenhaat al, 1997) described the
freeze-drying of a slab of a product containedray,toften skim milk, heated either by an infrared
source or by the bottom shelf. Then, Sheehan ¢id {heehan and Liapis, 1998) developed a bi-
dimensional dynamic mathematical model to desdtieeprogress of primary and secondary drying
performed in an individual vial.
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The model included over 30 parameters, most of whid to be determined anew as related to the
product formulated, which complicate its use farqass design and control.

However, the model of Sheehan et Liapis (SheehdrLepis, 1998) took into account the radiation
contribution of the drying chamber walls to theetat side of the vial located at the peripheryhef t
shelf, which was often neglected in previous workisis model (Sheehan and Liapis, 1998) was
successfully used by Gan et al. (Garal, 2005) to study the effect of the presence oftthyg sides

on the drying time and moisture content in viaféedéently located on the shelf.

The study of Gan et al. (Gat al, 2005) is remarkable as it precisely investigakedadditional heat
transfer received by the lateral walls of edgesvidlhis heat transfer contribution was included in
some other works by using different approachesi(2hal, 2005; Hottotet al, 2006; Pikalet al,
2005; Brills and Rasmuson, 2002). For example |8&ild Rasmudson (Brills and Rasmuson, 2002)
developed a bidimensional model taking into consitien the heat transfer from the environment to
the lateral vial walls, but the responsible phenamevere not theoretically described and this
contribution was experimentally evaluated. In thdirbensional model developed by Zhai et al.
(zhai et al, 2005), the effect of radiation heat transfer waslied, but the model was used to
simulated only pure ice and the presence of trexldayer of the product was not considered. Finally
Hottot et al. (Hottotet al, 2006) included the heat transfer by radiation eadvection from the
drying chamber environment to the vial walls, bl importance of this contribution was not
estimated.

The multi-dimensional models developed (SheehanLsaquls, 1998; Pikakt al, 2005; Zhaiet al,
2005; Ganet al, 2005; Hottotet al, 2006) can precisely describe the heat and massféar
phenomena, but are often not suitable for processa and real time applications, as they areequit
complex and time-consuming to solve. More recerilipations focused on the development of
simplified and control-oriented models.

In particular, Trelea et al. (Trelest al, 2007) proposed a monodimensional model, which was
successfully used for the optimization of the feedrying cycles based on the monitoring of process
parameters relevant for product quality, such as phoduct temperature and glass transition
temperature at critical points to assess prodadiilgly, and the residual moisture content. Velardi
and Barresi (Velardi and Barresi, 2008) develoded a dynamic mono-dimensional model, which
introduced the transient energy balance to desthibdeat transfer in the vial glass. However, this
detailed dynamic model was not directly used farcpss control purposes, but was simplified in the
two pseudo-steady state models which were prewialistussed8l.3.1). The models of Trelea et al.
(Treleaet al, 2007) and Velardi and Barresi (Velardi and Bayr2308) were based on a systematic

separation of slow and fast dynamics of the process
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In the work of Lopez-Quiroga et al. (Lopez-Quirogfaal, 2012), characteristic times of freeze-
drying dynamics were determined and a monodimeakisimplified mathematical model was
defined (Millmanet al, 1985; Liapis and Bruttini, 1994; Mascarenkesal, 1997; Sadikoglu and
Liapis, 1997; Liapis and Litchfield, 1979). Simpidition of the model equations was based on a
time-scale reduction approach, which allowed tau$opist on the phenomenon of interest, i.e., the
time dependent product temperature distributiorthi@ dried layer, and to neglect mechanisms
occurring at faster scales (e.g., heat and massférain the water vapour). The model was then used
for the optimization of the process by definingioptm operating variables profiles (i.e., chamber

pressure and shelf temperature).

I.3.3 Mathematical modelling for process control and product quality
assurance

Mathematical models of the freeze-drying process ba developed for
different purposes. Firstly, they can provide nesights on heat and mass
transfer phenomena taking place during the sublimadind desorption steps.
Multi-dimensional dynamic models usually describegsely the physical
mechanisms, although they are more complex to lvedoln contrast, mono-
dimensional dynamic or pseudo-steady state modelsigually employed for
process control purpose, as less time-consumibg &olved. These models can
predict key process parameters, such as the pradugperature and the
sublimation rate, and can be then used to selemtatpg variables (i.e. shelf
temperature, chamber pressure, operating time)utragtee an acceptable
product quality (e.g. avoid collapse of the cakeimianing the product
temperature below the critical value; reach thgdbwalue of final moisture
content in the product). In this regard, mathenaatinodelling is an integral
part of the "Quality by Design" approach, which ante the understanding of
the process and product relationship for assuringdyct quality in
pharmaceutical industry. The "Quality by Design"ilgsophy and its
implementation in the freeze-drying process willdigcussed in the following

section.
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I.4 Quality-by-Design in freeze-drying process

I.41 What is the ""Quality-by-Design''?

Traditionally, the quality of pharmaceutical drugsested on the final product followingegulatory
frameworkknown as Quality-by-Testing (QbTh this system, product quality and performanee ar
ensured by performing extensive tests on the ratenafand on the final product, and by using a
fixed formulation and manufacturing process fulsdribed in the marketing authorization dossier.
However, this framework has several drawbackstlir@bT gives no attention on how the design
of the product formulation and of the manufacturnprgcess can ensure product quality; the causes
responsible for product quality variability and/ failure are not well investigated; finally, the
regulatory burden imposed on manufacturers for @ieg even minor modifications to the
manufacturing process inhibits continuous improvenaad optimizatiorfYu, 2008)

The concept of pharmaceutical Quality by Designifas firstly introduced in the 8 Guidance on
Quality of the International Council for Harmonisation of Technic®equirements for
Pharmaceuticals for Human Use (ICH @8bh the following idea: the quality cannot be tested into
the product, but it should be built intd (Food and Drug Administration, 2009). The Food &rug
Administration defined the Quality by Design asyatematic approach to pharmaceutical product
development that begins with predefined objectiveesd emphasizes product and process
understanding and process control, based on samedce and quality risk management (Nail and
Searles, 2008; Mockuet al, 2011; Yu, 2008; Food and Drug Administration, 200n contrast with

the Quality by Testing approach, the Quality by ibesnhances the assurance of safe, effective
drug supply to the consumer, and it promises toifstgintly improve the manufacturing quality
performance (Yu, 2008).

The use of this new approach should offer a redutaclufacturing costs, a greater speed to market,
a better allocation of the resources and reducgdlatory burdenFigure 1.4.1 shows a schematic
overview of the implementation of the Quality bydiyn initiative in a pharmaceutical process. A
preliminary step for a successful implementatiorthef QbD in pharmaceutical freeze-drying is the

definition of thequality target product profildQTPP), which describes the design criteria of the
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“Quality by Design”

Figure 1.4.1: Roadmap for the implementation of the Qualityfbgsign approach in
pharmaceutical processes.
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product for quality, safety and efficacy and forthe basis for its development (Food and Drug
Administration, 2009). The QTPP could include faample the dosage, the container system, the
drug quality criteria (e.g., potency). Once QTPR baen defined, the next step is to identify the
relevantcritical quality attributes(CQAs). The CQAs are the physical, biological, mfel and
biological properties of a product that should remeithin an appropriate limit, range or distriborti

to assure the desiderate product quality (Foodtamd Administration, 2009). The CQAs (and thus
the quality of the product) are related to the nfacturing process through thaitical process
parameterg CPPs). The CPPs are the process parameters wéwaakility has an impact on one or
more CQAs of the product and therefore should beitmied or controlled to ensure that the process
produces the desiderate quality (Food and Drug Attnation, 2009). Thusased on the acceptable
range of CQAs, the risk assessment of the pro@sbe performed by constructing thesign space

of CPPs.The design space is defined #éise" multidimensional combination of input variabbesd
process parameters that have been demonstratesbtidp assurance of product qualitfFood and
Drug Administration, 2009).The design space is strongly dependent on the ptoaind the
equipment considered. It is usually proposed by dpplicant and it is subject to regulatory
assessment and approval. Working within the FDAragx design space is not considered as a
change, whereas a movement out of the design dpacensidered as a change and requires a
regulatory post-approval change process.

The design space for pharmaceutical products cancdrestructed either through extended
experimental campaign at pilot scale or by usingheraatical modelling. Successively, a control
strategy is defined in order to ensure that a podtirequired quality is produced consistently. In
this regards, theosirces of variability that can have an impact ardpict quality should be identified,
appropriately understood, and subsequently corttdlinderstanding sources of variability and their
impact on the process and product quality can geoain opportunity to minimize the controls and
the need for end-product testing (Food and Drug ighimation, 2009). Finally, throughout the
product lifecycle, the companies have opportuniiesvaluate and implement innovative approaches
to improve product quality, such as the redefinitiof the design space after gaining additional
process knowledge (Food and Drug AdministrationD@0The implementation of the QbD in
pharmaceutical process is also assisted by thefube Process Analytical Tool@PAT). The FDA
defined the PAT as a system for designing, analyznd controlling manufacturing through timely
measurements (i.e., during processing) of critigality and performance attributes of raw and in-
process materials and processes with the goal @iirieg final product qualitf{Food and Drug
Administration, 2009)The PAT are used to monitor one or more CPPs duhiagrocess, and thus
can be used for the understanding and control @fptiocess, as well ake development of robust

process well-away from the edges of failure.
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Figure 1.4.2: Schematic representation of the design spacetrootion for the freez-drying
process. The red solid line represents the maximllmwed product temperature, the blue dashed
line the maximum equipment capability. The yellorearepresents the safe zone of the process.
Black point #1 represents the optimal conditiontfer cycle design (Nail and Searles, 2008).
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I.4.2 Quality-by-Design in freeze-drying process

I1.4.2.1 The "classical" design space for primary drying

The design space of the freeze-drying process usllysidentified with the design space of the
primary drying, as it is the most studied and ticoesuming step of the process. A paper published
by Chang et Fischer (Chang and Fischer, 1995)fipsbposed a graph which suggested an approach
for the definition of the Design Space for the @igndrying step of the freeze-drying process.

This graph, schematically representedFigure 1.4.2A (Nail and Searles, 2008), illustrates the
relationship of two critical parameters of the meg (product temperature and sublimation rate) with
the process operating variables (chamber pressutestzelf temperature) at a specific time of the
process. In order to define the safe area of thegdespace, specific constraints have to be
considered. The first one is the maximum alloweoldpct temperature and it is shownRigure
1.4.2B as a red bold line. The product temperature styoigfluences the product quality, as a
temperature higher than the maximum allowed vakgk tb the collapse of the product cake.
Furthermore, equipment constraints have to be dern=il to design the process and the sublimation
rate should not become higher than the maximumbilitgaof the equipment at a given chamber
pressure (represented by the blue dashed likggire 1.4.2C). When the sublimation rate becomes
higher than the maximum equipment capability, thancber pressure rises above the set point and
the process runs out of control. This is explaimetthe literature by the maximum speed at which the
water vapour can flow in the duct from the chantbethe condenser is the velocity of sound, which
can be reached at high sublimation rates due topi@ssure and high volume of vapour (Searles,
2010b; Patekt al, 2010a). Under this specific condition, the vapfionw rate becomes independent
of the pressure on the condenser side of the dunttecting the chamber and the condenser, situation
termed as “choked flow”. The equipment capabiligpends on the duct geometry between the
chamber and the condenser and on the condense@rrparice (Pateét al, 2010a). Once these
process constraints are established, the safdartee selection of the operating can be iderdifis

the yellow area shown lrigure 1.4.2D (Nail and Searles, 2008; Patel and Pikal, 201B)indzation

of the freeze-drying process is performed whenstiected operating variables leads to the highest
possible sublimation rate (and thus to the shbdiggng time). InFigure 1.4.2D, optimal conditions
can be found close to the apex of the safe ardsealesign space (point #1).

Construction of the freeze-drying design space daseexperimental investigations would require
multiple runs and would be very expensive and tomesuming (Chang and Fischer, 1995; Nail and
Searles, 2008). For this reason, freeze-drying emas#ttical models are often used (Pisahal, 2013;
Fissoreet al, 2011a; Kogantiet al, 2011; Giordancet al, 2011; Oddoneet al, 2014). The

advantages of the use of the models are the redugetimental costs, the better risk assessment of
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How to calculate the “classical” design space forrpnary drying

1.Fix a range of values @t and P

2. For each set of; and P, solve
the system oEquations 1.2.1-2,
1.2.11, 1.2.19to calculately,andm

3. Theisotherms of shelf temperature Ty,

are thus determined

4 Fix a range of values @i, and P,

5. For each set ofz, and P solve
theEquation 1.2.19

6. Theisotherms of product temperature are

thus determined

7.Add theprocess constraint§.e., maximum
allowable product temperature and capability

of the equipment)
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Figure 1.4.3: Steps for the calculation of the classical dessgace for primary drying. The
pressure at the ice-vapour interféés usually calculated from the product temperatyraising

the Clausius Clapeyron relation.
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the process and the possibility of deeply explbeerelation between operating variables and process
parameters.

In this regard, pseudo-steady state model propbgeRikal (Pikal, 1985) is classically used to
construct the design space of primary drying. We main parameters of the model &eandR,,,
which can be experimentally determined as proposé&il2.2.4and8§l.2.3.4 The resistances due to
the stopper and to the chamber to the condendmwvpgtare usually neglected, as significantly lower
thanR,. An averageX, value for vials located at the centre of the shelfi the maximum value of
R,, usually observed close to the end of sublimatéwe, considered for the calculations. The main
steps and equations used for the classical degagesalculation are reportedrigure 1.4.3.

However, the use of this model for the definitiohtbe design space presents two important
drawbacks: (i) the evolution of the design spacéhwime, mainly due td, variation, is not
considered, and (ii) the design space is based@verage vial behaviour, whereas usually the vial
batch is not uniform and border vials receive highesat fluxes.

The use of dynamic models or the evaluation ofteeess uncertainty have been used in recent
works (Fissoreet al, 2011a; Giordanet al, 2011; Pisancet al, 2013; Mortieret al, 2016) to

improve the definition of the design space.

1.4.2.2 Dynamic design space of primary drying

The design space for primary drying is classicetlystructed by considering the maximum value of
the product resistandg,, which leads to the calculation of the design epaased on the highest
values of product temperature during the processvever, for most of the products, the product
resistance and the product temperature dynamicadhgases with the dried layer thickness along
with the progress of sublimation. Due to the evolutof these parameters, the design space also
varies during the process.

The first time-varying design space was designedribgore et al. (Fissomt al, 2011a), based on
the mathematical model of Velardi and Barresi (Wiland Barresi, 2008). In this work (Fiss@ate

al, 2011a), the evolution of product resistarie with the dried layer was experimentally

determined and calculation of several design spaces performed at different process times
(expressed as evolution iéf with [, being the initial product thickness). An exampleh® resulting
0

time-varying design space is shownHFigure 1.4.4 for a 5 % w/w mannitol solution. The x and y

coordinates were set to be the chamber pressurstaititemperature, respectively (conversely to
the classical design space, where the y coordimasethe sublimation rate). The solid line represent
the constraint imposed by the maximum product teatpee, the dashed line the constraint imposed

by the maximum equipment capability.

-75-



LITERATURE REVIEW 1.4 Quality-by-Design in freeze-drying process

Poss s St
)

L
s W e OO

-30 r - jrf..-;:-‘j'.'*-"i"‘ﬁ.:"'r
T @

40 & s

0

Shelf temperature [PC]

Chamber pressure [Pa]

Mass flux Mo42 @030 A 0,24

[kgh*m2]
00.18 A0.13 00.07 00.01

Figure 1.4.4: Effect of the constraints imposed by product terapure (solid line) and dryer
capacity for mass flux (dashed line) on the desipace of mannitol solution (Fissoet al,

2011a). Marker represents the mass flux as in égerd. Graphs: (aél"—= 0.01; (b)llj“=
0 0

0.55; () lle =0.99.
0

-76 -



LITERATURE REVIEW 1.4 Quality-by-Design in freeze-drying process

The area enclosed below these curves for a cerédires ofi—drepresented the "safe area" of the
0

design space at that time instant. As sublimatioocgeded in primary drying, the dried layer
thickness and the product resistaRgencreased, the design space "shrinked" in timetaacarea
available for the selection of the operating vddalbecame smaller (Fissaeal, 2011a).

This led to conclude that time modifications needbé accounted in the design space, especially for
those products whose resistance changes signlficantprimary drying. The optimal value of
operating conditions (to maximize the sublimatiaterand reduce drying time) are given by the red
point #1. In order to optimize the process (i.e.,obtain the highest possible sublimation rate
throughout the primary drying step and thus thertelsb drying time)7s andP; values should be
dynamically updated during the cycle. Operatingialde values need to be modified in time

accordingly to the design space "shrinkage"”, tadhtree fall of the set points outside of the space.

I.4.2.3 Risk assessment of the primary drying step

The parameters used in the models for the congirucf the design spaces (e &y, R,) can be
affected by a degree of uncertainty and variabitite for example to measurement errors or to
uncontrolled physical phenomena taking place duthreg process. Thus, the consideration of the
parameter uncertainty into the mathematical modeksd for the design space is of paramount
importance to estimate the risk of failure of tliegess. In this regards, uncertainty analysistisnof
performed by "interval mathematics". The main agsion of this analysis is that all the possible
values of the parameter must lie somewhere withénconsidered interval, and thus the outputs of
the model must lie somewhere between the lower @oger bounds of the solution interval
(Broadwateret al, 1994). Then, the ‘sampling-based method’ is tgibycused in freeze-drying
models to calculate the uncertainty of the moddputs, e.g., Monte Carlo methods, response
surface methods (Giordams al, 2011; Mortieret al, 2016; Pisanet al, 2013; Boscat al, 2015).
The Monte Carlo consists in randomly sampling maalameters from a distribution to obtain
successively a distribution of process parametemigput.

A first example of the use of the uncertainty asmlyn freeze-drying mathematical models is the
work of Giordano et al. (Giordaret al, 2011). The authors considered the uncertaintwofmodel
parametersKy andR,) to be distributed around their mean values agogrtb a Gaussian density
function. By using the model of Velardi and BarréSielardi and Barresi, 2008), the product
temperature distribution was simulated and thegtlespace was constructed for various probability
of success, that in this work (Giordagioal, 2011) was defined as the probability that thelpob
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Figure 1.4.6: Design space of a vaccines formulation evaluateﬂifferentlld—d and for four groups
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of vials differently located on the shelf (as pmsly presented ifrigure 1.2.3). Group B: edge
vials in contact with the rail; Group C: edge vialst in contact with the rail; Group D: central
vials in contact with “hot” vials; Group E: centrals. Condition #1= shelf temperature of -
15°C and chamber pressure of ¢ (Pisancet al, 2013).
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temperature remains below the maximum allowed teatpes.Figure 1.4.5 shows an example of a
design space calculated by Giordano et al. (Giardaral, 2011), for a 10 % w/w sucrose solution
considering a 10 % of uncertainty &, andR,. The safe area is represented by the area bew th
curves at a fixed probability of success. It resthiat higher is the probability of success, smalié

be the safe area available for the process deBigare 1.4.5 also shows that the classical design
space (dotted line iRigure 1.4.5), calculated without considering parameter uncefyapresents the
biggest safe area: this points out that if the aljperselects the operating variables without taking
account the parameters uncertainty, the produdt csidamaged.

Subsequently, Pisano et al. (Pisat@l, 2013), constructed a time variant design spadakigg in
consideration the uncertainty of the paramekgrandR,, as proposed by Giordano et al. (Giordano
et al, 2011). In this work, the quantification of the centainty ofK, andR, was based on
experimental data. First, tlig uncertainty was assessed. Differgptdistributions were determined
gravimetrically for groups of vials differently lated on the shelf, classified as edge vials inamint
(B) and not in contact with the rail (C), in corttagith "hot" vials (D), central vials (E). These
experimental distributions were used to evaluat uhcertainty of K, for each group, that was
expressed in terms of variance of the paran@tenly (Equation 1.2.11). Then,R, was calculated
by using the pressure rise test. The uncertaint,ofvas expressed as 10 % of coefficient of

variation of the paramete?pl(Equation 1.2.20), which was found to satisfactory represent the

variability of R, between different runs regardless the freezingopod used. However, the
variability of R,, between vials processed in same vial batch wagnestigated.

Then, the time-variant design space for the differgroups of vials was calculated as shown in
Figure 1.4.6 for a 9 % w/w vaccine formulation considering ageravalues of the parameters. In
agreement with the work of Fissore et al. (Fissdral, 2011a) the design space shrinks as the dried
layer thickness$,; increases. The edge vials in contact with thef fgebup B) presented the smaller
design space due to the higher valu&pivith respect to central vials (group E), regarsllesthe
process time. The developed design space was teth to select acceptable values of operating
variables (condition #1 ifrigure 1.4.6, equal to shelf temperature of about -15°C andnties
pressure of 8 Pa), taking as reference the cevitdgl Finally, the uncertainty of the parametiys
andR, was used to evaluate the probabilistic distributbthe product temperature and drying time
(defined by end of sublimation) of the differenagroups, as shown Irigure 1.4.7. Only the vials

of group B (central vial) showed a maximum prodiechperature lower than the critical value, and
the drying time had to be at least 12.5 h to guesthat all the vials had completed the primary
drying phase.
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The presented analysis showed that the consideratithe parameter uncertainty is a key point for
the choice of appropriate safety margins for th&imam product temperature and for the primary
drying duration to guarantee an acceptable produality. A step further in the parameter
uncertainty analysis was recently performed by Mowt al. (Mortieret al,, 2016), who included in

a time-variant design space the uncertainty ofdrampeters in total, e.g¢,, R, the cross sectional
area of the vial and the initial product thickneSsveral design spaces were calculated for differen
risk of failure acceptance levels (i.e., probapithat the temperature at the sublimation fronthef
product exceed the critical value). An examplehef influence of the risk of failure acceptance leve
on the dynamic design space is showFigure 1.4.8. The "safe area" of the design space shrinks as
the risk of failure acceptance levels becomes morservative. In particular, the process conditions
become extremely conservative at 0.01 % risk ofufei Mortier et al. (Mortieret al, 2016)
concluded that only the design space built conside0.01 % risk of failure acceptance level
guarantee good cakes without collapse.

In conclusion, variation in time and model paramgetencertainty should be considered into the
design space for a successful risk assessmenteopribcess. In this way, cycle design will be
performed taking into account not only the optirticza of the process, but also its risk of failure

usually defined as the probability that the prodaatperature exceed its critical value.

I1.4.2.4 Sum-up: the design space "shrinkage"

In summary, the design space based on producttyjeainstraints tends to shrink due to the
following factors:
* Product resistance increase in time along withptiogress of primary drying due to the
increasing dried layer thickness;
+ Consideration of edge vial groups which receiveitamtthl heat fluxes respect central
vials;
e Including model parameter uncertainty which exhilgieviations from average
behaviour;
* Increasing the desired percentage of acceptedtaeialrds 100 %.
Reduction of the safe zone in the design spacen i®pposition with process duration
optimisation which favours high sublimation ratesl @onsequently high shelf temperatures and
low chamber pressures. High shelf temperaturesaser the risk of product collapdeigure

1.4.5) while low chamber pressures reduce equipmentodaya Figure 1.4.2).
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Figure 1.4.9: Secondary drying design space of a 5% sucrosgiaolcalculated in case an initial
moisture content of 6 % and the target moisturgezdrbetween 1 and 2% (Pisagtcal, 2012).
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I.4.3 Design space for secondary drying

The design space for secondary drying can be dkfawe the set of operating variables (i.e.,
temperature of the shelf and duration of the semgndrying) that allows to reach the target valfie o
residual moisture in the product while maintainihg product temperature below the glass transition
temperature for dried produf§. Despite the importance of this step on contrgltime final moisture
content of the product, only Pisano et al. (Pisahaal, 2012) proposed an approach for the
calculation of the secondary drying design spacee®ample is shown iRigure 1.4.9 for 5 % wi/w
agueous sucrose solution. In this model, evolutiomoisture content and product temperature with
time is described and requires the experimentardehation of three model parameters, i.e., the via
heat transfer coefficierif,, the product moisture content at the beginninghefsecondary drying
and the characteristic desorption tineg@ation 1.2.21). Then, the design space can be calculated by
considering the combination of shelf temperaturm drying time which led to a product temperature
lower thanT; and an acceptable final moisture content. Consigea target moisture content
between 1 and 2 %, the safe area in the desigre spaepresented by the gray area limited by the
solid lines inFigure 1.4.9. The dashed lines iRigure 1.4.9 limits the portion of the design space
where the constraint on the maximum value of protkroperature was not satisfied.

Pisano et al. (Pisanet al, 2012), also verified the impact Kj variability and moisture content
variability at the beginning of the secondary dgystep on the design space. Different values,of
did not have an impact on the design space areaveCsely, the safe area of the design space
calculated from lower values of initial moisturentent is bigger than the one calculated from higher
values of moisture content.

The design space can be used to optimize the sagowidying by selecting the value of shelf
temperaturd that allows minimizing the desorption timg. Furthermore, as the critical product
temperature depends on the moisture content, theegs can be further optimized using different
set-points for the shelf temperature during secgndeying, in such a way that product temperature

is always close to the limit value as drying goes o

1.1. A summary of mechanisms responsible for product hetogeneity
The final objective of designing a freeze-dryingqess is to guarantee product quality within the
batch and between different batches. However, réiftesources of variability present in primary
drying can cause a final product quality heteroggr(ee., collapse of the product due to a product
temperature higher than the critical one duringnpriy or secondary drying, and final moisture
content higher than the target value).

The four main sources are:
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(i) the edge vial effecthe additional heat mechanisms present at théebaf the shelf can cause
different product temperature and moisture conpeofiles in edge and central vials during primary
drying.

(i) the modification of cake structure during the fiagzstep vials differently located on the shelf
can present a different temperature of nucleatiwh gegree of supercooling. As consequence, the
porous structure of the dried matrix will not benfageneous within the vial batch, with
consequences on mass transfer resistance in pridngiyg and desorption kinetics in secondary
drying (Rambhatlat al, 2004; Passat al, 2009; Searlest al, 2001b; Konstantinidist al, 2011);

(i) the vial geometry variabilitydue to production limits, vial bottom dimensiangy be different
from one vial to the other. This vial geometry dimition can cause variability of the heat trangfer
the batch.

(iv) local shelf temperature variability and pressureadient in the drying chambesould have a
more or less marked effect on the batch heterogerspending on the freeze-dryer characteristics
(Rasettcet al, 2008).

These un-controlled phenomena cause variabilithénheat and mass transfer and thus distributions
of the product temperature and moisture contenfilpso of the sublimation and desorption rates.
Thus, when the primary and secondary drying stepsdasigned (in terms of shelf temperature,
chamber pressure and time), those mechanisms sheuédken into consideration.

However, the prediction of critical process pararsesuch as product temperature, sublimation rate
and desorption rate through the mathematical misdgften based on the simulation of only average
value of the model parameters of heat and massférarwhich does not adequately represent the
complex distribution of the variables in the bat€mly the edge vial effect is often taken into
account in mathematical models (e.g., (Velardi &adresi, 2008; Brills and Rasmuson, 2002;
Hottot et al, 2006; Garet al, 2005)) whereas cake structure variability as wasllvial geometry
variability were not considered, probably due te difficulty in the experimental quantification. &h
prediction of product temperature and sublimatiate iwithout taken into account the sources of
variability can lead to:

1. An erroneous prediction of critical process paraemsf such as the product temperature or
the desorption rateHeat and mass transfer variability needs to besidered to correctly
predict the product temperature and moisture corgarfile distribution in the batch. As
example, edge vials could present a higher produeperature than central vials due to the
edge vial effect. If the edge vial effect is nonsigered and the process run at product

temperature closed to the critical offg), collapse in edge vials can occur.
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2. An erroneous detection of the end-point of primang secondary dryingnter-vial mass
and heat transfer heterogeneity causes a distiibofi the product temperature, sublimation
and desorption rates in the vial batch. Regardimegduration of primary drying, vials can
end the sublimation at different moments. A moreseovative cycle would increase the
already long process time, but an early start efgbcondary drying step, followed by the
increasing of the shelf temperature, can causectiapse of the vials in which the
sublimation is still ongoing. Furthermore, a shdutation of the secondary drying step will
lead to a higher value of moisture content thantéihget one, which will affect the shelf life
and the stability of the product.

3. An erroneous scale-up procegome mechanisms causing product heterogenegty feat
transfer by radiation from the drying chamber wadighe edge vials) are dependent on the
characteristics of the equipment in which the cysleun (e.g., emissivity of the walls).
Product temperature and sublimation rates disicbubver the batch can change from one
equipment to another, causing a very poor predidtio the scale-up process.

Deep theoretical understanding together with peeeigperimental quantification of the phenomena
causing heat and mass transfer variability in prynarying could lead to a better prediction of the

product quality heterogeneity in the final batch.

I.4.4 Motivations of this project

The main aim of this literature review was to reknttre importance of the mathematical modelling
in process design and control, as well as in tiserg@ion of the heat and mass transfer phenomena
taking place during the freeze-drying process. Hawgethere is still a lack of use of the modelling
for understanding of physical mechanisms respomdiid product quality variability during the
process. A correct definition and quantification tbbse mechanisms could led to a precise
prediction of the variability of the critical progg parameters, and thus to the definition of safety
margins for the cycle development.
In this regards, the present thesis focused omtladitatively and quantitatively investigation of
four sources of product quality variability, preugby identified in the review: (i) the variabilityf
the vial geometry, (ii) the edge vial effect, (itfhe modification of cake structure during the
freezing step. Mathematical modelling, togetherhwihe experimental analysis, was used as
powerful tool to describe the physical mechanismd for the prediction of the impact of on the
product quality, through prediction of the proddetnperature. These mechanisms were then
included in a dynamic mathematical model finalitedhe development of freeze-drying cycles at
a known risk of failure, expressed in term of viatgentially rejected.
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I1.1 Scientific questions

The main aim of the present Ph.D. thesis was toackerize the sources responsible for product
quality variability in freeze-drying process withime same batch and from batch to batch in ordinary
production and during scale-up, to quantify thelative importance on the risk of product rejection
Based on this analysis, a new approach for thezdrdeying cycles design will be developed in
accordance with the Quality by Design concept desdrin the 8 Guidance on Quality of the
International Council for Harmonisation of Techni€equirements for Pharmaceuticals for Human
Use (ICH Q8).

These objectives were associated with the followwngresearch questions:

¢ QL Which are the main sources responsible for produality heterogeneity in freeze-drying
process? How to quantify them?

Q2 How the sources responsible for product qualéterogeneity can be taken into account in
the freeze-drying cycle design?

Figure I1.1.1 schematically represents the scientific approdeit was used to answer to the

previously listed questions. An overview of fornmteld hypotheses and the main methods used for

the research will be presented in the followingisec
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111 Scientific questions

Figure 11.1.1: Schematic representation of the scientific apginagsed in this project.

Q1: Which are the main sources responsible for product quality heterogeneity in freeze-drving process?

How to guantify them?

Hypothesis

Approach

Thevial geometry
variability

Vial manufactining may play a

significantrolein thenter-vial

heat transfer vanahility dunng
the process,

Bottom curvature depth and shelfsna
contact areavan ability were measured
for a selected widl type
Their influence onthe distributions of

the vial heat transfer coefficient Ky
and then ofthe product terperatire
distnhutions was assessed.

a (Scutelld ef al, 2017h)

Position-dependent heat
transfer
(“edgevial effect”)

Heat Transfer

The additional heat flux
recerved by vials located at the
edge of the shelfmay be due
notonly to the wall and door
radiation.

4 3D mathematical model was
developedin COMEBOL to investigate
the different contributions responsible
of the position-dependent heat tran sfer.

Then, the model was uzed to predict
heat fluxes in edge and central vials
under different wial loading
configurations and equpment
charactenshcs.

Productresistance
variahility

The stochastic natire of
nucleation may canses
vanability of theproduct
resistance during the
sublimation step,

Two expenmental methods wereused
to evaluate the mass transfer vanability
dunng sublimation: the pressurerise
test and the gravimetric method Product
resistance A, distributionsofas %
sucrose solution were detenmined and
used to estimate product termperature
safety margins at manufacturing scale.

Desorption kinetics

Mass Transfer

Desorption may significantly
contribute to the moisture
content heterogeneity atthe end
of the process.

The dependence ofthe desorption
kinetics on the product temperature and
freezing protocol was assessed fora s
%% sucrose solution. Distributions o fthe
charactenstic desorption time were
calculated and used to predict the final
moisture content hetero geneity.

Results

Paper I

Paper IT
[Scutella ef all, 2017k
&

Paper IIT

e Paper IV

Paper V
(submitted to
Drying Technology)

drying cycle design?

Q2: How sources tesponsible for product quality heterogeneity can be taken into account in the fresze-

Malti-vial, dynamie
mathematical model of
freeze-diving process

A dynamic mathematical model
including the considered mechaniams
responsible of product hetero geneity
was developed. The model wasthen
used to perform cycle development at
known risk of failure ofthe process,
expressed i terms of wialz potentially
rejected.

e Paper VI
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I1.2 Experimental strategy

I1.2.1 Identification and quantification of the mechanisms responsible for
product quality heterogeneity in freeze-drying process

This research has its starting point in the idaifon of the mechanisms responsible for product
quality variability during the different steps difet process. The product quality is usually defimed
terms of critical attributes, such as the aspec¢hefproduct cake and the residual moisture content
These attributes mainly depend on critical proguastameters, such as the product temperature, the
sublimation rate and the desorption rate of the&ypcg which are in turn governed by heat and mass
transfer phenomena taking place in the drying clandoiring the cycle. Based on a preliminary
analysis of previous published work®aft |, Literature Review), three sources were identified as
responsible for the variability of the product tesrgture and moisture content: (i) the variability o
the container dimensions, (ii) the position depandeeat transfer (“edge vial effect"), (iii) the
modification of cake structure during the freezisigp, which led to variability of the product
resistance to the mass transfer during primaryndrgnd of the specific surface area available for

desorption during secondary drying.

The variability of the container dimensions mainly due to limits in the container produntio
process to reproduce exactly the same dimensidngbe one vial to another. Since the heat transfer
between the shelf and the vial strictly dependghenvial bottom geometry, variability of the vial
bottom dimensions could influence this heat contiidn through the vial heat transfer coefficié&pt

In order to verify this hypothesis, variability tife shelf-vial contact area and the depth of bottom
concavity were firstly quantified within one set 4R0 vials. The obtained vial dimension
distributions were then used to reproduce vial treaisfer coefficient distributions for vials loedt

in the centre of the shelf and not affected bykieler heat transfer. Then, the impact on the mtodu
temperature of the resulting heat transfer vaiighitas assessed. The results of this investigatien
reported inPaper I11.1.

The "edge vial effect'ls widely known to be the main source of heatdfanvariability within the

vial batch. Vials located at the border of the he# known to receive additional heat flux complare
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to central vials, and radiation from walls and dacg often considered to be mainly responsible for
this phenomenon. In order to deeply investigate ¢iffiect, a 3D mechanistic mathematical model of
the heat transfer in edge and central vials waseldped by using the software COMSOL
Multiphysics, described in detail iaper 11l.2. Then, the developed model was used to predict the
heat transfer variability for different vial loadjrconfigurations and equipment characteristics, (i.e
thermal characteristic of the freeze-dryer, distarnoetween the shelves and between the wall and the

shelf). The results obtained in this analysis eported inPaper 111.3.

Furthermore, theariability of the mass transfer during primary drg was investigated-irstly, the
importance of the presence of the stopper intovibeneck and of the freezing protocol on the
sublimation rate was assessed. To this end, fréxgzeg cycles were performed with vials partially
stoppered or not stoppered, and using two diffefez¢zing protocols, i.e., with and without
controlled nucleation. Then, the product resistamadability (expressed in terms of standard
deviation) was evaluated for cycles performed vaitidl without controlled nucleation by using two
experimental methods: the pressure rise test aadgthvimetric method. The obtained product
resistance distributions were used to quantify ithpact of the mass transfer variability on the
product temperature. A 5 % sucrose solution wasl tiseoughtout the study. The results of this
analysis are reported FPaper 111.4.

Finally, the role of thelesorption kinetics on the moisture content vatigbin secondary drying
was explored. A second order desorption kinetics wged to describe the moisture content evolution
of a sucrose formulation during secondary dryingni@lled and uncontrolled nucleation were used
during the freezing step. Then, the value and kaityaof the characteristic desorption time andith
dependence on product temperature and on therigepebdtocol were assessed, and used to calculate
moisture content distributions during secondaryraryA 5 % sucrose solution was used throughtout
the study. The results are presenteRaper 111.5.

I1.2.2 Complete mathematical model including all considered sources of
variability

Once that the relative importance of several meesh@s on the product heterogeneity was

theoretically and experimentally quantified, distiions of relevant physical parameters were

included in a multi-vial, dynamic mathematical mbdescribing the heat and mass transfer during

the sublimation and desorption steps of the fregyag process. This model was then used to

develop a new approach for the design of the psiraad secondary drying steps of the freeze-drying

process at known risk of failure, by consideringrfmain constraint: the maximum allowed product

94 -



SCIENTIFIC APPROACH 11.2 Experimental strategy

temperature during primary and secondary drying,abmpletion of the sublimation step, the target
final product moisture content. The risk of failwkthe process was estimated in term of percentage

of vials potentially rejected. This multi-vial, dgmic developed model is describedPiaper 111.6.

In conclusion, the original approach proposed in fitoject consisted in (i) a
systematic quantification of the variability of heand mass transfer
mechanisms relevant for product quality, and (i)the integration of these
mechanisms in a new multi-vial, dynamic mathemaéticadel to define a new

approach for the development of freeze-drying pse@ known risk of failure.
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RESULTS AND DISCUSSION 111.1 Vial geometry variability

II1.1 How vial geometry variability influences heat
transfer and product temperature during freeze-drying

The present study was published on the Volume 106(3) (March 2017) of
the Journal of Pharmaceutical Science

IT1.1.1 Context and objectives

Usually vaccines intended to be freeze-dried apegssed within glass containers named vials. The
vials usually presents alampagne bottle geometry, with a small concavity in the bottom t
improve the stability of the vial on the shelf adeduce the container breakage. Vials on thd shel
are known to receive only the heat flow from the tand bottom shelves through three main
mechanisms: (i) theontact conductiofetween the shelf and the vial, (ii) traliation from the top
and bottom shelves and (iii) tkenduction through the ggsesent in the vial bottom concavity. The
heat transfer via contact conduction and condudtioough the gas are respectively influenced by
the contact area between the shelf and the sia thedepth of vial bottom curvaturi@ which the
gas is entrapped. The presence of a vial bottowatune limits the heat transfer by reducing the
points of direct contact between the vial and thelfsand represents the major resistance to the he
transfer. Furthermore, due to production limitg thal bottom dimensions may vary between vials
within the same batch and can influence the vditglif the heat transfer and thus of the product

temperature.

Objective
The purpose of the present study was to quanti§y ithportance of the

variability of two relevant geometrical dimension$ the vial bottom, i.e.

contact area between the shelf and the vial anthadgottom curvature, on (i)
the variability of heat transfer between the shali the vial through predictions
of vial heat transfer coefficier, distributions and then on (ii) the final
product quality heterogeneity through predictiontieé product temperature

distributions.
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I11.1.2 Paper

TITLE

How vial geometry variability influences heat triersand product temperature during freeze-drying
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ABSTRACT

Vial design features can play a significant rol&@at transfer between the shelf and the produtt an
consequently, in the final quality of the freezéedrproduct. Our objective was to investigate the
impact of the variability of some geometrical diraiems of a set of tubing vials commonly used for
vaccine production on the distribution of the Jat transfer coefficient¥f) and its potential
consequence on product temperature. Sublimatids vesre carried out using pure water and eight
combinations of chamber pressure (4 to 50 Pa) aetf temperature (-40 °C and 0 °C) in two
freeze-dryersk,, values were individually determined for 120 villsated in the center of the shelf.
Vial bottom curvature depth and contact area betviee vial and the shelf were carefully measured
for 120 vials and these data were used to calcKlatiistribution due to variability in vial geometry.
At low pressures commonly used for sensitive préglgioelow 10 Pa), the vial-shelf contact area
appeared crucial for explainitig, heterogeneity and was found to generate, in auysta product
temperature distribution of approximately 2 °C dgrisublimation. Our approach provides
guantitative guidelines for defining vial geometoferance specifications and product temperature
safety margins.

KEYWORDS

Freeze drying/lyophilization; amorphous; dryingceines; distribution; vial heat transfer coeffitie

sublimation rate; vial design; inter-vial heterogiyn
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INTRODUCTION

Nowadays, freeze-drying is an essential and vatupbdservation method to ensure the long-term
stability of the growing list of biopharmaceuticafgich as antibodies, hormones, vaccines,
therapeutics peptides and proteins. This methocemalkpossible to remove the majority of water at
temperatures far below 0 °C (usually between -4@1i€-20 °C) by sublimation, the phase transition
from ice to water vapour (Jennings, 1999).

Due to the really low temperature and pressureciylyi used, freeze-drying remains a time
consuming process often difficult to control andlseup. The US Food and Drug Administration has
recently proposed a new regulatory philosophy tmaga product quality: the Quality by Design
(QbD) initiative. Quality will be no more testedtanthe product but designed into the process. The
QbD approach is based on pre-defined quality targetd on a deep understanding of how
formulations and process interact to influenceiaaitquality attributes of pharmaceutical products
(Nail and Searles, 2008). In contrast to tabletsdpcts intended to be freeze-dried are conditioned
in their final packaging system (vial or syringegfdre the process (Franks, 1998). The vial thus
directly influences the freeze-drying process angacts final product quality (Hiblest al, 2012;
Pikal et al, 1984). Furthermore, since the capacity of a magiufing freeze-dryer can easily reach
100 000 vials, ensuring uniform product qualityibtttes (potency of the active ingredient, residual
moisture content, visual aspect of the freeze-dciakk) within the entire batch represents a real
challenge. Any variation in the design of the paikg system or other parameters could result in
product quality variation.

Product temperature is a key process parameterrigjagean important critical product quality
attribute, the visual aspect of the freeze-driedecavhich in turn could influence the residual
moisture, the stability of the active ingredientidhe reconstitution time (Johnson and Lewis, 2011)
During the process the product temperature showdd ntaintained below a critical value
corresponding to the glass transition temperatur@morphous product (Hibler and Gieseler, 2012;
Franks, 1998). However, the product temperaturélrcannot be directly controlled and depends
on the process operating variables (i.e.,, sheiptgature, chamber pressure) and on the heatdransf
through the container (e.g.,, vial) (Hibler and <gier, 2012; Pikal, 2000; Hiblest al, 2012).
Knowledge of the heat transfer characteristictiefvial and the uniformity or non uniformity of $hi
property within vial arrangement inside a freezgedris thus essential to be able to predict final
quality of the product batch. Several authors haported that the heat transfer rate between the
shelf and the product is dependent on the viakiooson the shelf (Pikadt al, 1984; Rambhatla and
Pikal, 2003; Hibleet al, 2012; Pisanet al, 2013; Pikakt al, 2016; Pisanet al, 2011). Pikal et al.
(Pikal et al, 1984), showed that the vials located at the perip of the shelf exhibited sublimation
rates 15 % higher than vials located in the ceftieis phenomenon, referred to as "edge effect”, has
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been ascribed to additional heat transfer by ramfidrom walls and doors (Rambhatla and Pikal,
2003; Hibleret al, 2012; Pikal, 2000; Pikadt al, 1984, 2016). The higher heat flow rate of these
periphery vials could lead to product collapse tdmencreased product temperatures during the
primary drying phase. Furthermore, Pisano et ataf®et al, 2013), recently observed a normal
distribution in the vial heat transfer coefficiealuated for vials located in the center of thelfsh

The design of the vial also strongly influences ltleat transfer efficiency between the shelf and the
product (Pikalet al, 1984; Hibler and Gieseler, 2012; Hibkdral, 2012; Nail, 1980; Ybemat al,
1995; Brills and Rasmuson, 2002; Pisahal, 2011). Considering that the vials are placedctliye

on the shelf, the heat flow transferred to the pobadtan be described by three parallel mechanisms:
conduction from the shelf surface to the vig points of direct contact between the vial bottard a
the shelf, conduction through the vapour entrapgpedtie vial bottom concavity and radiation (Pikal
et al, 1984; Pikal, 2000; Pisaret al, 2011). Heat transferga contact conduction and conduction
through the gas are influenced, respectively, leydimension of the contact area between the shelf
and the vial and the depth of bottom curvature lictvthe gas is entrapped (Pilkdlal, 1984; Pikal,
2000; Pisancet al, 2011). Several studies (Nail, 1980; Cannon anenfgey, 2004; Kuiet al,
2009) have demonstrated that the vial bottom cureatimits the heat transfer and, thus, the
sublimation flow rate that determines the duratddrihe primary drying. The concavity of the vial
bottom limits the direct surface contact between ttal and the shelf, accounting for most of the
resistance to conductive heat transfer (Cannon Sineimeley, 2004; Ybemat al, 1995). In
pharmaceutical freeze-drying conditions, contactidemtion is more efficient than gas conduction,
and an increase in the contact area leads to dicégm increase in the total heat transfer (Piadl,
1984; Ybemaet al, 1995).

Our objective was to quantitatively investigate thle of vial geometry distribution on heat tramsfe
heterogeneity and subsequently on product quairtyredicting product temperature distribution
during the primary drying step induced by varidiin vial dimensions. Proposing an approach to
understand how vial design and operating varialigeract to influence product quality is
completely in the scope of the QbD approach.

In the present study, only vials located in theteeof the shelf and surrounded by other vialdhin t
same conditions were considered so as to avoichatgrogeneity due to the additional border heat
transfer. The analysis of the heterogeneity waslecied in terms of vial heat transfer coefficient
(K,) distributions. Based on theoretical analysis #RiR000; Pikakt al, 1984; Pisanet al, 2011),
attention was focused on the role of two vial disiens, the bottom curvature depth and the contact

area between the bottom vial and the shelf.
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Figure 111.1.1 Vial arrangements in (1) LYO A and (2) LYO B. Gmaetrically-analyzed vials are marked
with the letters M and N for LYO A and B, respeeliy. Vials in which wireless temperature probeseaver
located are marked with the letter P. All vials evéHed with 1.8 mL of pure water.
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Two shelf temperatures (-40 °C and 0 °C) and sandber pressures (4, 6, 9, 15, 40 and 50 Pa) were
tested in two freeze-dryer pilot plants of simikrelf emissivity to assess the impact of these
operative variables on the heat transfer heterotyeamong central vials. Finally, as example of
practical application of our work for assessing phermaceutical product quality, the impact of the
central vialK,, variability on product temperature was evaluated.

Product temperature distributions for a 5 % sucsmdation were calculated from the simulaiéd

distributions based on the vial geometry for sevaparating variables.

MATERIALS AND METHODS

Materials
Siliconized glass tubing vials (3 mL) were provideg Muller + Muller (Holzminden, Germany).
These vials are routinely used in commercial mastufang. Distilled water was used throughout the
experiments.
Two pilot scale freeze-dryers differing mainly heir size, the type of valve connecting the drying
chamber to the condenser and their age were usdaisastudy:
- a LyoVac GT6 (Finn-Aqua Santasalo-Sohlberg SFBLUssels, Belgium), referred to as LYO A. It
included 5 shelves with an area of 0.14 m? eadllistance between shelves of 56 mm, a drying
chamber volume of 0.061%and a butterfly valve between the chamber anddneenser.
- an Epsilon 2-25D (Martin Christ Gefriertrocknuagtagen GmbH, Osterode am Harz, Germany),
referred to as LYO B. It included 7 shelves withasga of 0.27 m2 each, a distance between shelves
of 55 mm, a drying chamber volume of 0.38and a mushroom valve between the chamber and the
condenser.
The pressure in the freeze-dryer chamber was nreditoy a capacitive manometer. Since it was not
technically possible to install thermocouples ia thrying chamber of the two freeze-dryers, Tempris
wireless sensors (IQ Mobil Solution GMbH, Holzkiech Germany) were positioned in the bottom
center of selected vialdigure 111.1.1) to record ice temperature during the experimefitse
obtained signal was used to define the sublimatiarting point.

Ice sublimation experiments
All experiments were performed using a 1.8 mLvidlume of distilled water (filling height: 11 mm).
No stopper was inserted into the vial neck. Thediidghelf was fully covered by filled vials for all
runs, corresponding to a total of 540 vials in L)YAGnd 950 vials in LYO B. Bottomless trays were
used. The vials were quickly loaded on the pre@dahelf at -50°C. The presence of a dry laminar
flow in front of the freeze-dryer door made it gbs to control the air relative humidity and thos

limit condensation on the shelves.
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Table 111.1.1. Vial dimensions, physical properties and emisigitised in this study

Symbol Significance Value £ SD Units
A Outer bottom area of the vial (2.07 + 0.37) 10 m?
b
2
Ain Inner bottom area of the vial (1.78 £ 0.29)*10 m
2
A, Vial-shelf contact area (1.67 +0.40)10 m
m
L Mean bottom curvature degth (1.23+0.34) 10
kj kg™*
AH Latent heat of sublimation of ice 27633
Molecular conductivity of the Wm-1K-1
Aamb water vapour at ambient 0.025
pressur
. w m—l K—l
Aice Ice heat conductivity 223
-2 r—4
o Stephen-Boltzmann constant  5.670367x10 Wm=K
Product resistance kP 2kg~1
R asm?kg
P for 5% w/w sucrose solution 124.8
(Konstantinidiset al, 2011)
e, Vial emissivit 0.78 Dimensionless
Dimensionless
€s Shelf emissivity 0.18
Visualization factor Di ionl
Fp at the bottom of the vial 0.16 IMensioniess

(Equation 111.1.10)
%Calculated as reported in tA@pendix
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After a freezing step of 2 hours, the pressure dezseased and the shelf temperature was increased
by 1 °C/min. Experiments were carried out at 496,15, 40 and 50 Pa with a shelf fluid inlet
temperature of 0 °C, and at 4 and 6 Pa with a ghelf inlet temperature of -40 °C. The run
performed at 0 °C and 6 Pa was repeated three.tithescycles were run long enough to dry up to
20-25 % of the initial fill volume. Subliming a lger quantity of ice could lead to loss of contact
between the vial and the ice, introducing uncetyaimthe analysis.

The sublimation raté: was measured gravimetrically for each vial andwated as the mass loss
divided by the period of sublimation. A total of ®ials, placed in the centre of the shelf and
surrounded by other vials in the same conditionsewndividually weighed before and after the
experiment on a precision scale (+ 0.001 g; Meflieledo, Zaventem, Belgium). Sublimation time
was measured from the moment when shelf temperakegeded product temperature, meaning that
there was a net heat flux from the shelf towardstials. The arrangement of the weighed vials

within the shelves is shown Figure 111.1.1 for the two freeze-dryers.

Measurement of emissivity of the vial and of the shelf
Emissivity measurements were performed by Themagéniierie (Champs sur Marne, France). The
glass vial emissivity was determined using a Fouransform infrared spectrophotometer (Frontier,
Perkin Elmer, Roissy, France) equipped with a Ritegrant sphere (Pike Technologies, Fitchburg,
WI, USA). The measured emissivity varied from Ot@®.80 within the range of temperatures tested
(from -48 °C to 27 °C). Thus, a constant value esponding to the average observed product
temperatures (between -48 to -24 °C) was useckinldita analysis, as reportedriable I11.1.1.
The shelf emissivity was measured using the emissenmrEM-2, making it possible an in situ
measurement (Monchaat al, 2013). The emissivity value of the shelves of LBGQvas 0.18 + 0.06
(Table 111.1.1.). Measurements were carried out on several piidt @oduction freeze-dryers and
shelf emissivity values in the range of 0.18-0.3avebtained. Considering the relative standard
deviation of the method (0.06), the measured vakresin agreement with values reported in
literature (Pikakt al, 1984).

Dimensional analysis of a batch of vials
The dimensions of 120 vials were precisely meashyethe specialized company Precis&Mans (Le
Mans, France) using the micrometer Mitutoyo 3D (Miyyo Europe GmbH, Neuss, Germany). The
following geometrical parameters were determineith wiprecision of 0.003 mm: the inner and outer
bottom radius and the maximum bottom curvature ldephese values were used to calculate
additional vial dimensions: outer and inner viaktbm area, vial shelf contact area ) (named

radius-based contact arealiable I11.1.1.) and mean bottom curvature depth(Appendix).
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Furthermore, the vial-shelf contact area was altionated using the imprint method proposed by
Kuu et al. (Kuuet al, 2009) and Hibler et al. (Hiblet al, 2012). The vials were gently placed on an
inkpad and then on a sheet of white paper. Imaged9 software (National Institutes of Health,
Bethesda, MD, USA) was used for the determinatiothe vial-shelf bottom contact area in pixels
from the imprint images. The scale factor of pixalsnn? was determined by evaluating the number
of pixels of a black shape of known area and wamletp 0.0153 mfpixel*. The mean value and
the relative standard deviation of these geométdoaensions are reported able 111.1.1. The
two methods used for evaluating the vial-shelf aohtirea gave similar mean values: 16.7 mm? for
the imprint method and 17.8 mmz for the dimensi@mallysis.

However, the coefficient of variation of these nueth appeared different and significantly higher for
the imprint method (23.9 % versus 12.0 % for thaatisional analysis). The values of contact area
determined using this latter method were seleatethe analysis considering that this method better

accounts for intimate contact between vial andfshel

THEORY AND DATA ANALYSIS
Evaluation of the vial heat transfer coefficient K, based on experimental data

As widely reported in literature (Pikat al, 1984; Pikal, 2000; Pisargt al, 2011; Hibleret al,

2012), the vial heat transfer coefficidff was calculated using the following equation:

_ @ _ AHm )
K, = Ap(Te—Tp)  Ap(Te—Tp) Equation Ill.1.1

whereQ is the heat flow received by the vidl, is the outer vial bottom ared is the average
temperature between the inlet and outlet shelfdfltémperaturesT; is the bottom product
temperatureAH is the latent heat of sublimation amds the sublimation rate.

Since it was not possible to implement thermocaipighe freeze-dryer pilot plant to have a precise

measurement of the product temperatiiyayas theoretically determined as:
0 =252 Ay, (T, — T) Equation 111.1.2

where ;.. is the ice thermal conductivity,;, is the inner bottom area of the vigj,, is the ice
thickness and; is the ice-vapour interface temperature. Thehgekhess was estimated as the mean
between the initial and final ice thickness valgealculated using the amounts of initial and

sublimed ice).
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No stopper and pure water were used in this stodyrder to assume that the partial pressure of
vapour at the sublimation interface was equal eoadhamber pressure. The temperature at the ice-
vapour interfacd; was thus calculated as a function of the interfaessureP; using the Clausius-
Clapeyron relation (Treleat al, 2007):

_ 6139.6
' 28.8912-In(P;)

Equation 111.1.3
TheT, value calculated was compared to the product teatyre value given by the Tempris probe

and an excellent agreement between experimentahaodetical data was observed.

Theoretical description of the vial heat transfer coefficient K,
The main objective of this work was to quantify fhgpact of vial dimensions distribution on heat
transfer variability and its resulting consequenoeproduct temperature. To this end, the vial heat
transfer coefficient need to be theoretically egpeg in function of specific vial dimensions.
The vial heat transfer coefficieht, can be described as the sum of three contribu{@ikal, 2000;
Pikalet al, 1984; Pisanet al, 2011):

K, =K.+ K; + K, Equation 111.1.4

wherekK, represents the thermal contact conduction betwleershelf and the vialia the direct
contact areak, the thermal conduction through the gas entrappetheé vial bottom curvature

andK,. the thermal radiation between the vial and theatogh bottom shelves.

Heat transfer by thermal contact conductign
The expression ok, has been discussed in the literature by only a dehors (Cannon and
Shemeley, 2004; Kuet al, 2009). Kuu et al. (Kuuet al, 2009), proposed an evaluation of this
parameter and showed that the larger the cont@a =, the larger the value of the contact
conduction coefficient will be. Thu&, can be assumed to be proportional to the contaet @,

evaluated by the imprint test method) through apigoal constant(;):

K. =C{ A, Equation 111.1.5

Heat transfer by conduction through the dgs

The coefficient,, representing the contribution of the conductimoagh the gas iK,,, can be
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expressed as (Pisambal, 2011; Pikakt al, 1984):

Ky, = —&+— Equation I11.1.6

whereP. is the chamber pressuik,,,, is the molecular conductivity of the water vapatiambient
pressurel is the mean vial bottom curvature depth calcula®gdeported in thAppendix, and the

coefficientC, is equal to:

0.5
M) Equation 111.1.7

Tgas

a
C, = A, —= (

2-qa
c

whereA, is the free molecular heat conductivity of the ga® °C,T,,, is temperature of the gas
participating to heat conduction, calculated asraye between the product temperature at the
sublimation interface and the shelf temperatureuesl (Pisanoet al, 2011), anda. is the

accommodation coefficient.

Heat transfer by thermal radiatiaki,

The heat transfer by radiation between the shelftha viaIQ'rShelf can be described by the Stephen-

Boltzmann equation (Pikal, 2000; Pilalal, 1984; Birdet al, 2002):

)$hell — A F o (T,* = Ty Equation 111.1.8

T r s b quation [II.1.
where4, is the area exposed to the radiation from thevelkelo be considered equal to the vial

bottom aread, , F is the visualization factor and the Stephan-Boltzman constant. After

mathematical rearrangemegtjuation I11.1.8 can be expressed as:

)2 = A, F o (T4 = Ty*) = Ay F o(Ty + Tp)(TE + TE)(Ts — Tp)
Equation I11.1.9

Thus, the heat transfer coefficigft for thermal radiation can be defined as:

K, =F o (Ty + T,)(T? + T?) Equation 111.1.10
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During the process, central vials are affectedvioy different radiative heat transfer contributions:
between (i) the shelf below the vial and the viattdm, and (ii) the shelf above the vial and the to
of the vial (Pikal, 2000; Pikadt al, 1984; Pisanet al, 2011). Hence, the visualization factor will be

the sum of two terms:
F=Fp+Frop Equation 111.1.11

The visualization factor at the bottom of the viglcan be evaluated considering the definition
proposed by Bird et al. (Birdt al, 2002) and Pikal (Pikal, 2000) for the heat tran&y radiation

between parallel surfaces:

Fp = W Equation 111.1.12

wheree,, andeg are the emissivities of the vial and shelf, refipely.

Considering vials located in the centre of the fslaeld surrounded by other vials in the same
conditions, it is possible to assume that (i) tte¢ &rea exposed to the top shelf is much smdiken t
the area of the shelf and (ii) the vial top does$ mmeive radiations from the side walls of the
chamber. Thus, the visualization factor between ttye of the vials and the shelf;,, can be

estimated equal to the emissivity of the vial (RiRQ00; Pikalet al, 1984).
Frop = € Equation 111.1.13

In agreement with the literature, the visualizatiactor at the vial top (equal to 0.7Bable I1.1.1)
is higher than the one at the vial bottom (equdl.i®; Table 111.1.1) (Pikalet al, 1984).

Dependence of the vial heat transfer coefficiential geometry
Equations 111.1.4, 11.1.5 and Ill.1.6 were combined to highlight the dependencelpbn the
contact aread..), and bottom curvature depth):(

K,=C A, +K, +% Equation 11.1.14

+ Cy P,
Aamb ¢
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The termkK,. was calculated frorequations 111.1.10-13for each experimental condition.
CoefficientsC; andC, were determined by fittindequation 111.1.14 in a least-squares sense to
experimentak,, values determined by the gravimetric method. Qalimns were performed with
Matlab R2014b software equipped with the Statistioslbox (The Mathworks Inc., Natick, MA,
USA). The bottom curvature deptland contact ared, were evaluated from dimensional analysis

of the vial and imprint test, respectively.

Calculation of K, distributions based on vial geometry
Two vial dimensions influence heat transfer: thataot area4.) and the mean bottom curvature
depth (). The absence of correlation between the two gawrakdimensionsg andA, was verified
by calculating the correlation factor together wiith statistical significance (p-value > 0.5). lasv
thus possible to independently evaluate the imp&dhose parameters df),. Using Equation
I11.1.14, threek,, distributions based on vial dimension variationsrevsimulated: (i) curvature-
based [in Equation 111.1.14); (ii) contact area-basedd{ in Equation Il.1.14); and (iii) their
combination. The curvature-baskd distribution was obtained by evaluatiBguation 111.1.14 with
the 120 measured values of the mean bottom cuevatapth (), while the contact area was
maintained constant at its mean value. The cordesa-based,, distribution was obtained by
evaluatingEquation I1.1.14 with the 120 measured values of the imprint-basedact area4.),
whereas the bottom curvature depth was maintaimedtant at its mean value. Plugging both
measured andA, values intoEquation I11.1.14 gave the combined contact area and curvature-
basedX,, distribution. The calculation was repeated forth# studied chamber pressures and shelf
temperatures. Chi-square goodness-of-fit tests wperformed on the simulateki, distributions,
establishing that the sample data were consistéht avnormal distribution at a 0.05 significance

level.
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Figure I11.1.2. Vial heat transfer coefficienK{() values vs. chamber pressufs)( The markers refer to the,
average values measured in LYO A and B at -40°C0&@d The lines correspond to the values calculafiél
Equation 111.1.14 with the data obtained from LYO A, B and their dination. Error bars represent standard
deviations.

Table 111.1.2: Heat transfer model coefficients evaluated bynfit Equation 111.1.13 to data obtained in (A)
LYO A, (B) LYO B and (C) combining both sets of dgimean * standard error).

Set of Cq C,
o Data
coefficients W K1m* Wm2K1pPal
A LYO A (2.15+0.30) 10  0.630 +0.027
B LYO B (225+0.34) 1D  0.706  0.032
C Combination of
data from LYO A (220+0.27)1D  0.667 % 0.025
and B
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RESULTS AND DISCUSSION

Impact of equipment on K,
Vial heat transfer coefficierif, of 100 vials located in the centre of the shelsveaperimentally
determined for different chamber pressures (4 td*&)) shelf temperatures (-40 °C and 0 °C) and
freeze-dryers (LYO A and LYO B}igure 111.1.2 illustrates the evolution of the average value of
K, with pressure.Equation Ill.1.14 was fitted with the experimental data and the taxyl
coefficientsC; andC, are presented imable 111.1.2 for the data obtained in LYO A, LYO B and
their combination. The accommodation coefficieptwas also calculated frofaquation 111.1.7,
considering an average value of the gas temperahtagned under the different operating conditions
tested {qs = -35 °C). The obtained values of the accommodatioefficient appear to be in
agreement with data in literature (Pikal, 2000).
In Table I11.1.2, LYO A and LYO B exhibited a similar value of tiég coefficient that is related to
the contact area coefficiekt (Equation 111.1.5), but distinct values of th€, coefficient that is
related tok,; (Equation 111.1.6). LYO B exhibited a slightly higher accommodaticwefficient then
LYO A, probably due to a different finish of theeéze-dryer shelf material.
When considering pressure values lower than 10FRpre 111.1.2), theK,, values obtained in the
two freeze-dryer appeared similar. This result wasfirmed also by Pisano et al. (Pisagtoal,
2011), who reported no significant differencekjnvalue of central vials processed in a pilot and
manufacturing freeze-dryer at a pressure of 1¢-Bapressure value higher than 10 Pa, the influence
of freeze-dryer configuration became significanthwglightly higher values obtained in LYO B
(Figure 111.1.2). At 50 Pa, thé&,, value was approximately 8 % higher in LYO B thanLivO A.
Considering the different values 6f coefficient, thek,, difference between freeze-dryers at high
pressure can thus be ascribed to the increasedfragat transfer through the gas over the totat he
flow.
However, the physical origin of the differencedhie pressure-dependent componenkt,pfemains
unclear. Possible hypotheses include: (i) diffeesnm the shelf surface finish that could induce
differences in the gas-shelf heat transfer throtlgh accommodation coefficient (Pikal, 2000)
(Equation 111.1.6-111.1.7 ) as well as (ii) differences in the gas convectionditions, a mechanism
responsible for a small part of the pressure-depeintieat transfer (Gangust al, 2013). These
results suggest that small differences betweercdswnight become more apparent at high pressures.
When considering only vials not exposed to edgecef cycle designed with low operating pressure
(below 10 Pa) could therefore be more suitableséde scale-up. However the behavior of the edge
vials located at the periphery of the shelf orantact with metallic band need also to be consitlere
and some elements were recently proposed by Pikal. €Pikalet al, 2016), to investigate the
impact of the freeze-dryerc onfiguration.

-115-



RESULTS AND DISCUSSION 111.1 Vial geometry variability

100% -

B0% -

60% -

10% -

20% -

Relative importance of Ke, Kr, Kg %

000
4 6 9 15 40 50

Pressure [Pa]

AKe EIKr BKg
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Impact of chamber pressure and shelf temperature on K,
As reported in the literature and shownFigure [11.1.2, chamber pressure had a strong impact on
K, (Pikal, 2000; Pikakt al, 1984; Pisan@t al, 2011; Nail, 1980; Hibleet al, 2012; Brulls and
Rasmuson, 2002). The vial heat transfer coefficieateased approximately four times between 4
and 50 Pa. At the vial bottom, the presence ofctheature limits the intimate contact between the
shelf and the vial and create an empty space batieeshelf and the vial that acts as an insulator
(Nail, 1980; Cannon and Shemeley, 2004; ktial, 2009). At very low pressures typically used in
the process, the heat transfer contribution bycgasection is usually neglected (Pilatlal, 2016),
whereas the contribution of gas conduction haseadnsidered. This heat transfer mechanism,
represented by the coefficieR},, is dependent on the chamber pressure and insremsen
increasing pressure, as showrkuation 111.1.6 (Pikal, 2000; Pikakt al, 1984; Pisanet al, 2011;
Brills and Rasmuson, 200&jigure 111.1.3 shows the relative contributions &, K,- andK,; on the
total K,,, calculated using the set C of the fitting coédiits reported ifable 111.1.2. TheK, andkK,
contributions go from about 30 % at 4 Pa to 10 %aPa, whereas tti§, contribution goes from
about 25 % at 4 Pa to 80 % at 50 Pa.
A moderate effect of shelf temperature Kpnwas expected theoretically due Kp (Equation
111.1.10) and toK, through the gas temperatuigqgiations 11.1.6- 7). Figure 1ll.1.4A displays the
influence of shelf temperature &h). Differences irK, values due to temperature remained within
the standard deviation when considering pressuresdower than 10 Pa and when the contribution
of K, in the totalk,, is moderate (around 25 %igure 111.1.3).
In order to clarify the impact of the shelf tempara, the contributions of the single coefficiekts
K, andK, onK, were calculated for two shelf temperatures (2%h@ -25 °C) and three chamber
pressures (4, 6 and 50 Pa), as shoWwidgre 111.1.4B. The contact conduction coefficieit. does
not depend on the shelf temperatiEguation 111.1.5) and thus has a constant contributioijnfor
all the temperatures tested. The radiative coefiiidt,, depends on the third power of the shelf
temperature and increases by abow in~? K~ between -25 °C and 25 °C for all pressures
considered.
The gas conduction coefficieri{; depends on the gas temperature and decreaseslby O.
0.2Wm~2K~! at low pressures (4-6 Pa) and by Win~2 K~! at 50 Pa, between the two
considered values of shelf temperature.
When increasing shelf temperature, the increase. @f partly compensated by the decreasg of
These results confirm that the dependenc&,0bn the shelf temperature is negligible, especidlly
compared with the role played by the chamber presfisano et al. (Pisamsd al, 2011), and Hottot

et al. (Hottotet al, 2005), reported simildf,, values for different shelf temperature conditions.
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Inter-vial heat transfer heterogeneity and the role of vial dimensions
Figure 111.1.5 presents the experimentally observed distributmirttie vial heat transfer coefficient
data of central vials at six chamber pressureseSiemperature- and equipment-induced variations
were minor, data obtained in LYO A and B and fa tivo shelf temperatures were merged.
A significant variability in theX,, values evaluated for central vials was observied, standard
deviation increasing with pressure from 0.84 ta6M4m=2 K~!. The values of standard deviation
corresponded to coefficient of variation comprisedween 4 and 8 % depending on the operating
conditions. The measurement error associated tdgtegmination oK,, was evaluated as the sum of
the individual measurement accuracy of each paeneettering in the calculation &f, (Equation
111.1.1). The measurement uncertainty was estimated to1b&. This value is in agreement with the
value reported by Pikal et al. (Pikatl al, 1984), who reported an uncertainty value of 24.2The
measurement uncertainty alone did not allow to detaly explain the variability of th¥,, data. An
external factor responsible for inter-vial heahsfer heterogeneity had thus to be considered.
Attention was focused on the container: the gedoatdifference among the vials was considered as
a possible source of the heat transfer heterogerdits variability in the vial dimensions can baged
to production limits and could change as a functiérihe container model and provider. For the
tested vial set, the coefficient of variation waprximately 27.7 % for the mean bottom curvature
depth () and 23.9 % for the imprint-based contact areg.(Hence, the effect of the variability of
these geometrical dimensions Bnpwas evaluated as proposed in ffteeory and data analysis
section using the set of coefficients C reporte@ahle I11.1. 2.
Figure 111.1. 6 displays the simulated distributionsKf based on the vial bottom dimensions. These
distributions showed a trend and rangeKgfvalues similar to the experimental ones. At low
pressurek,, variability is almost completely due to the comtacea variability. The importance of
the contact area on tlig value was also confirmed by Pikal et al. (Piéiahl, 1984), and Cannon et
al. (Cannon and Shemeley, 2004). Regarding the hadlom curvature, the importance of its

variability increased when the pressure rose. ihiile to the coefficieri, that plays a major role

in the total value oK, at 40 and 50 Pa, as showrFigure 111.1.3. The role of the bottom curvature
dimension was previously investigated by Brills &atismuson (Brulls and Rasmuson, 2002) and
Cannon et al. (Cannon and Shemeley, 2004). BralisRadsmuson (Brills and Rasmuson, 2002)
have shown that the bottom curvature has an impadhe heat transfer only at chamber pressures
higher than 30 Pa. This conclusion was confirmedChynon et al. (Cannon and Shemeley, 2004),
who found that bottom curvature had little impadtienw considering low pressure (< 27 Fayr
results agree with these conclusions (Brills andnReon, 2002; Cannon and Shemeley, 2004),
confirming that the variability of the bottom cutuee depth has to be taken into consideration ibnly

cycles at high chamber pressure are performed @a30

- 119 -



RESULTS AND DISCUSSION 111.1 Vial geometry variability

10

Coefficient of variation [%]

4 6 9 15 40 50
Pressure [Pa]

L! Experimental Kv distribution

M Contactareaand curvature-based Kv distribution
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Figure 111.1.7 displays the coefficient of variation of the expental and calculated
K, distributions at different pressures. For the eixpental distributions, the coefficient was
calculated as an average between the LYO A andd&seis. The trend of the observed coefficient of
variations for both experimental and simulaigddistributions decreased from approximately 9 % to
4 % when increasing the chamber pressure. Thebildgiaof the experimentak, distributions is
completely explained by the geometrical variabiéitfow pressures (i.e.,, 4, 6 Pa), whereas athigh
pressures, the experimental coefficient of varratappears to be slightly higher than the one
calculated based on vial geometry. It is thus fbsshat other sources of variability should beetak
into consideration, for example convection in thgimy chamber could play a role if higher
pressures are considered (Gangatlgl, 2013).

These considerations can guide the selection otdhéainer as a function of the variability of the
vial dimensions. The results obtained show thdbwatchamber pressure (i.e.,, 4, 6, 9, 15 Pa), it is
important to assess the variability of the contaeta between the vial and the shelf, whereas for
cycles performed at high pressure (i.e.,, 40, 50 ®& variability of the bottom curvature depth
becomes a relevant parameter. Consequently, fn@Eteutical processes that are usually carried
out at pressures lower than 10 Pa, the contactreeds to be taken into account more than the
bottom curvature depth.

Impact of K, heterogeneity on the product temperature distribution within a

batch of vials located in the centre of the shelf and not exposed to edge effect
In the case of freeze-drying, product temperatsreone of the most important critical quality
parameters. During the process, product temperatust be maintained close to a limit value (i.e.,,
glass transition temperature for amorphous prodtigtsn order to optimize the process time but not
to exceed it so as to guarantee the visual aspebeaake and the product quality. The vial-totvia
heat and mass transfer heterogeneity during thimation step causes variability in the product
temperature. Considering a constant and fixed vallienass transfer resistance, it would be
interesting to estimate the product temperaturgiloigion during the primary drying step resulting
only from the variability in vial geometry.
Product temperature distributions were thus evatlabnsidering the contact area and curvature-
basedX,, distributions. For this analysis, a 5 % w/w suersslution was considered, processed at -
25 °C and four different pressures (4, 6, 9 andPah Relevant data concerning product resistance
and glass transition temperature (-32 °C) weredduarthe literature (Konstantinidet al, 2011). As
expected, product temperature increased from 4 R& tPa because of the higher value of the vial

heat transfer coefficient and higher ice sublimatemperature.
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The variability of the product temperature wasreated to be approximately 0.9 °C at 15 Pa and as
large as 2.2 °C at 4 Pa, considering + 3 timesstaedard deviation that includes 99 % of the vials
(Figure 111.1.8). A practical implication of these results is that the low pressures commonly
encountered in vaccine freeze-drying, a temperagafety margin of approximately 2 °C has to be
considered with respect to cycles designed on #wslof an averagg, value and to vials not
exposed to edge effect.

Vials located at the periphery of the shelf (i.edge vials) receive additional heating due to the
radiation from the chamber walls and the contath ¥hie metallic guardrail. Thus, edge vials present
a higher sublimation rate and a higher product sxaipre respect central vials (Piledlal, 1984).
Tang et al. (Tanget al, 2006b), reports that the temperature differenesvéen edge vials and
central vial can be up to 2 °C at a shelf tempegadd 20 °C and up to 4 °C at -30 °C for a chamber
pressure of about 10 Pa. Depending on the operatinditions of the process, the safety product
temperature margin resulting from variability inalvidimensions could be in the same order of
magnitude than the safety margin imposed by thge'edfect".

CONCLUSIONS

Implementation of the Quality by Design initiativequire a precise definition of the acceptable
range for all product and process parameters emgstiie fulfilment of the critical quality attribige

of the final product. The impact of any variatiohtieese parameters on the final quality need to be
guantified in advance. In this work, the effecttio¢ variability of geometrical dimensions observed
within a batch of vials (i.e.,, contact area betvdke shelf and the vial and the mean bottom
curvature depth) on product quality was explordue Pproduct quality was evaluating by predicting
the product temperature knowing the vial heat feansoefficientk,. An original approach was
proposed to calculat€, distribution based on geometrical dimensions wtamsidering a batch of
vials located in the center of the shelf not expdoseany edge effect. The impact of freeze-dryer
configuration and operating conditions was alsoswered. When considering low pressure (< 10
Pa), commonly used for freeze-drying biopharmacaigj the influence of freeze-dryer
configuration and shelf temperature on heat transferacteristics can be neglected dfd
distribution is completely explained by the contacta distribution. Furthermore the variability of
vial dimension results in the definition of a pratitemperature safety margin of 2 °C. However,
additional sources of variability need to be inéddn QbD approach. In particular, a study focused

on the variability between edge and central vial$ igs role in cycle scale-up is presently ongoing.
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I11.1.3 Take-home message

» The main result of this work showed that, for vaecproduction typically
carried at pressures lower than 10 Pa, the vaitialof the contact area
between the shelf and the vials should be takendntount more than the
bottom curvature depth in the selection of the amlit strongly influences
the heat transfer at low chamber pressure (< 30 ®apversely, the
variability of the bottom curvature depth becomelevant only in cycles
performed at higher chamber pressure (>30 Pa).

> For pressure values typically used in pharmacdstiftaeze-drying (<10
Pa), the variability of the contact area betweendtelf and the vial and the
depth of bottom curvature can lead to a producptature safety margin
of about 2 °C.

Differences in the geometry of the vials nearlylakpthe heat transfer variability in vials locatied
the centre of the shelf. However, vials locatedhat periphery of the shelf and exposed to other
components of the drying chamber (e.g., walls) rateive a heat flow rate significantly higherrtha
central vials. The mechanisms responsible for tfierdnces in heat transfer between peripheral and

central vials will be explored in the following pap
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II1.2 3D mathematical modelling to understand atypical
heat transfer observed in vial freeze-drying

The present study was published on the Volume 126 (November 2017) of
the Applied Thermal Engineering journal

I11.2.1 Context and objectives

It is know that the heat flow rates received by Wds during freeze-drying are sensitive to the
position of the vials on the shelf, and may be algaificantly different between one equipment and
another. Vials located at the periphery of the fsfredlmededge vial¥y usually receive a higher heat
flow rate than central vials. This phenomenon, rcamage vial effectis classically ascribed in
literature to the exposition of the edge vials e tdditional radiations from the warmer chamber
surfaces (e.g., chamber wall). Consequently, edtie @an present a higher product temperature than
central vials due to the edge vial effect. If thegess runs close to the critical product tempeeatu
edge vials can collapse leading to differencehénfinal product quality within the vial batch and
rejection of a part of the vials.

Usually, characterization of the heat transferalgitity between edge and central vials is performed
through experimental evaluation of the vial heahsfer coefficienk,, in these two groups of vials.
However, mathematical models of heat transfer dgufineze drying can precisely predict the heat
flow rates variability in vials differently locatedn the shelf with a significantly reduced

experimental effort, and can help the understantliagnechanisms responsible for it

Objective
The aim of this work was to develop a 3D, steadyesinechanistic model using

the modelling software COMSOL Multiphysics in order (i) simulate the heat
transfer phenomena during the sublimation stepals Vocated on the shelf more
or less close to the chamber walls and thus (ipreglict the relative importance
of the different heat transfer mechanisms on thal toeat transfer received by

edge vials.
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II1.2.2  Paper

TITLE

3D mathematical modelling to understand atypical i@ansfer observed in vial freeze-drying

AUTHORS
B. Scutelld? A. Plana-Fattofj S. Passot E. Bourléd, F. Fonseca D. Fliclkd, I.C. Treled

AFFILIATIONS
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2 GSK Vaccines, Rixensart, Belgium

*UMR Ingénierie Procédés Aliments, AgroParisTectRM\ Université Paris-Saclay, 91300 Massy,
France

ABSTRACT

In pharmaceutical freeze-drying, the position of fproduct container (vial) on the shelf of the
equipment constitutes a major issue for the fimaldpct quality. Vials located at the shelf edges
exhibit higher product temperature than vials ledaat the centre, which in turn often results in
collapsed product. A physics-based model was dpeeldo represent heat transfer phenomena and
to study their variation with the distance from tperiphery of the shelf. Radiation, conduction
between solids, and conduction through low-presaater vapour were considered. The modelling
software package COMSOL Multiphysics was employedepresenting these phenomena for a set
of five vials located at the border of the shelfise to the metallic guardrail. Model predictiorfs o
heat fluxes were validated against experimentalsomeaents conducted over a broad range of shelf
temperatures and chamber pressures representatiyghfirmaceutical freeze-drying. Conduction
through low-pressure water vapour appeared asdhenént mechanism explaining the additional
heat transfer to border vials compared to centnasoThe developed model constitutes a powerful
tool for studying heterogeneity in freeze-dryingilhieducing experimental costs.

HIGHLIGHTS

* A 3D mathematical model of heat transfer in fredrgng is proposed.

* The role of several heat transfer mechanisms ikegh

* Knudsen effect is considered for conduction ingidepressure water vapour.

* Radiation heat transfer is evaluated using theasarto-surface model.
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« Atypical heat transfer is explained mainly by gasduction rather than radiation.
KEYWORDS

Lyophilization, edge vial effect, radiation hearisfer, Knudsen conduction, low-pressure gas,

vacuum heat transfer.
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NOMENCLATURE

A Area(m?

e Emissivity

F Visualization factor
AH Latent heat of sublimatiofy kg~1)
m Mass flow rate(kg s™1)

K Heat transfer coefficier m=2K~1)

l Thicknesgm)

m Mass of the via(kg)

P PressuréPa)

0 Heat flow rate(J s™1)

q Heat flux(J m=2 s~ 1)

Temperaturg°C)
t Sublimation time(s)

Greek symbols

a Semi-empirical constant

) Average vial bottom concavity thicknegs)
A, Free molecular flow heat transfer coefficiéWt m=2 K~* Pa™1)
A Thermal conductivityW m~1 K1)

o Stefan-Boltzmann constait/ m=2 K~%)

Subscripts

1,2 Body 1 and 2

BS Bottom shelf
BV Bottom vial

c Heat transfer by conduction (general)

C Chamber

cc Heat transfer by contact conduction between solids
Ccv Contact between the shelf and the vial

G Glass

i Interface

I Ice

IN, FIN Before and after sublimation
Kn Knudsen

r Heat transfer by radiation

- 131 -



RESULTS AND DISCUSSION 1I1.2 3D mathematical modelling of heat transfer in freeze-drying

R Rail

S Shelf
TS Top shelf

\Y, Vial

w Wall

w Water vapour
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INTRODUCTION

Freeze-drying is a drying process involving threecessive steps: freezing of the aqueous solution,
followed by primary drying to remove ice by sublima and, finally, secondary drying to remove
unfrozen or sorbed water (Jennings, 19%)e to the very low temperatures involved, freerend
process is particularly suitable for preservatiéra avide variety of heat-sensitive products such as
high-value foods, cultured microorganisms, pharmticals and nanoparticles (Ratti, 2001;
Abdelwahedet al, 2006; Tang and Pikal, 2004; Fonsetaal, 2015). This work is focused on
pharmaceutical products (e.g., vaccines, protgeptides), which are usually processed in small
containers (vials) loaded on the shelf of the eapgipt. During the primary drying step, the totalthea
transfer towards the sublimation interface is maidépendent on the operating variables (shelf
temperature, chamber pressure, step duration)lbaton the vial geometry and on the position of
the vial on the shelf (Pikalt al, 1984; Rambhatla and Pikal, 2003; Pikahl, 2016; Scutell&t al,
2017a). Vials located at the periphery of the sfredimed edge vials) receive an additional heat flow
and present a product temperature up to 4 °C highepared to vials located in the centre of the
shelf (named central vials) and surrounded onlother vials at the same conditions (Pikalal,
1984; Rambhatla and Pikal, 2003; Pikalal, 2016; Tanget al, 2006b). This atypical heat transfer
characteristic is usually known as "edge vial éff@@ambhatla and Pikal, 2003).

The "edge vial effect" represents a serious isaugroécess control because it causes variability in
terms of heat flow and product temperature in faéhatch (Rambhatla and Pikal, 2003). If product
temperature exceeds a critical value (e.g., glasssition temperature for amorphous products) the
product will lose its porous structure and thenl willlapse (Pikal and Shah, 1990; Barresial,
2009a; Johnson and Lewis, 2011; Overcasttied, 1999; Passadt al, 2007). Due to the additional
heat flow received and the higher product tempegaollapse can take place in vials located at the
periphery of the shelf rather than in central vidior this reason, the understanding of the
mechanisms causing the heat flow variability wighpect to the position of the vial on the shel is
key point for a successful process design.

Several mono- and multi-dimensional mathematicatlets of freeze-drying were developed in the
past years (Pikal, 1985; Millmaet al, 1985; Garet al, 2005; Velardi and Barresi, 2008; Hottit

al., 2006; Briills and Rasmuson, 2002; Z&kal, 2005; Treleat al, 2007; Liuet al, 2008; Sheehan
and Liapis, 1998), but only few of them explore #ueirces of the atypical heat flow rate in edge
vials. In most of the studies (Velardi and BarreX)08; Zhaiet al, 2005; Hottotet al, 2006;
Sheehan and Liapis, 1998), the heat transfer btrad from the door and walls of the drying
chamber was considered completely responsiblentohigher product temperature observed in edge
vials. However, Gan et al. (Gat al, 2005), and Rambhatla et al. (Rambhatla and F2k&3),
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&

0000000000000 0C
A A ;'

Wwall wall

Figure 111.2.1. Arrangement of the vials on the shelf in the dgychamber: (A) real view of the
chamber; (B) position of the vials weighted in tiravimetric method. Marker "C" indicate vials in
contact with the rail, "E" vials exposed but notciontact with the rail and "M" central vials. Black
circles represent vials in which Tempris sensorsrefplaced to monitor ice temperature.
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showed that the presence of the metallic rail sunding vials also contributes to the heat tranisfer
means of contact conduction and radiation.

Due to the very low pressures used during the gsyddie conduction through the gas in freeze-
drying partly takes place under Knudsen regime il thus dependent on the chamber pressure.
Recently, a study of Pikal et al. (Pikatl al, 2016), showed that the conduction through the low
pressure water vapour contained in the gap betweemmetallic rail and the vial could play a
relevant role in the additional heat transfer igesdlials.

The main objective of this work was to develop ar@Bthematical model in order to (i) predict the
heat flow received by the vials located at the bowf the shelf under different operating condision
and (ii) assess the relative importance of theliramechanisms in the heat transfer, with paricul
attention to the radiation heat transfer and cotidinichrough the low-pressure water vapour present
in the drying chamber. The COMSOL Multiphysics sa@fte was used to design a 3D mechanistic
mathematical model of the heat transfer duringstitdimation step of the freeze-drying process. The
geometry was defined to represent a portion ofdtiyeng chamber, including metallic rail, shelves,
wall and an array of five vials.

The presence of the gas in the drying chamber wasidered and an original approach was used to
represent the heat transfer through the gas in $8nudegime near solid surfaces. The model was
then validated with experimental data obtained freublimation tests performed in a pilot scale
freeze dryer at two shelf temperatures (-40 °C@nA@) and four chamber pressures (4, 6, 9, 15 Pa)
covering the usual range of conditions in pharmacaiufreeze-drying. Then, the contributions of the
individual heat transfer mechanisms were quantifigecifying the effect of chamber walls, rail and
shelves. The developed model predicted in an ascway the heat flow rates in edge and central
vials and can be used for investigating differei@svioading configurations and the impact of

equipment design.

MATERIALS AND METHODS

Materials
The experimental determination of the sublimatieathflow rates was carried out on a pilot freeze-
dryer (LyoVac GT6 Finn-Aqua Santasalo-Sohlberg SPRiuxelles, Belgium;Figure 111.2.1A).
This equipment had 5 shelves with an area of 0.24¢anh. The distance between shelves was 62
mm whereas the distance between shelf and wall5basm. Measurements of the shelf, wall and
rail emissivity were performed by Themacs IngéeiefChamps sur Marne, France) using the
emissometer EM-2 (Monchaat al, 2013). The measured values are reporté&dhbie 111.2.1.
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Table 111.2.1: Relevant thermal properties and constants us#tkimodel

1I1.2 3D mathematical modelling of heat transfer in freeze-drying

Property Symbol Value Reference
Stefan-Boltzmann constant o 5.7 10° #
Latent heat of ice sublimation AH 2.8 10 é (Perryet al.
Thermal conductivity of the rail stainless steel 1, 16.5 % (eds.), 1997)
Thermal conductivity of the vial glass Ag 1.1%
(Hayneset
Thermal conductivity _of the water vapour at A 25102 W al. (eds.),
atmospheric pressure mK
2014)
o ] (Fukusako,
Thermal conductivity of the ice A 22—
mK 1990)
o (Heldman
Ice emissivity £ 0.98
(ed.), 2010)
] o (Scutellaet
Vial glass emissivity &y 0.78
al., 2017a)
Rail stainless steel emissivity R 0.14
Shelf stainless steel emissivity & 0.18
Walll stainless steel emissivity &w 0.13
Temperature of the wall when Measured in
5.7°C this study
T, =0°C
Tw
Temperature of the wall when
09°C
T, = —40°C
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Glass siliconized tubing vials (3 mL, Muller & M&H, Holzminden, Germanyfilled with 1.8 mL of
distilled water were used. A detailed dimensiomellgsis of vial geometry was performed on a batch
of 120 vials by a specialized company Precis&Mabs Mans, France), using the micrometer
Mitutoyo 3D (accuracy £ 0.003mm; Mitutoyo Europe Bh Neuss, Germany).

The pressure in the freeze-dryer chamber was nreditand controlled by a capacitive manometer.
A number of six temperature wireless sensors (Tesmi@ Mobil Solution GMbH, Holzkirchen,
Germany) were positioned in the bottom centre tecsed vials to record ice temperature during the
experiments Kigure 111.2.1B). In some tests, the temperatures of the dryirgmtter wall was
measured by sticking additional sensors by meansalwhinium tape. The values of the wall

temperatures measured for shelf temperatures diG4thd O °C are reported Trable 111.2.1.

Sublimation heat flow evaluation
The sublimation heat flow was experimentally defesd by following the method previously
described by Scutella et al. (Scutedtaal, 2017a). A number of 540 vials in hexagonal areangnt
were loaded on the middle shelf of the freeze-dgyercooled at -50 °C using a bottomless tray.
Vials were directly in contact with the shelf angireunded by a stainless steel rail, as shown in
Figure 111.2.1. After a freezing step of 2 hours, the pressure dexreased and the shelf temperature
was increased at a rate of 1 °C/min to the settp8im sublimation tests in total were carried out:
four at the shelf temperature of 0 °C and chambesgures of 4, 6, 9, 15 Pa and two at the shelf
temperature of -40 °C and chamber pressures ofd46aRa. The cycle was allowed to run long
enough to sublimate up to 20-25 % of the initiasaf water. Subliming a larger quantity of the ice
may lead to loss of contact between the vial arddé, introducing uncertainty in the analysis.
The sublimation rates were measured gravimetricdlly reported by Pisano et al. (Pisagtoal,
2011), the vials located after the second row fittwe border of the shelf can be considered as
equivalent to central vials.
Thus, a number of 100 central vials (hamed NFigure 111.2.1B) and 62 edge vials, among which
38 were in contact (C vials iRigure 111.2.1B) and 24 were not in contact with the rail (E viads
Figure 111.2.1B), were weighed before and after the run using &35 DeltaRange balance
(accuracy + 0.001g; Mettler Toledo, Zaventem, Betiu).
After the sublimation tests, the mass flow ratevas calculated as:

_ Mn—MpgIN

Equation I11.2.1

wherem;y andmg,y are the initial and final masses of the vial and the sublimation time

measured from the moment when shelf temperatureeebet! the product temperature, meaning that
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Figure 111.2.2: Three views of the built geometry with relevaimhdnsions (in mm): (A) global view of
the vials, shelves, rail and wall; (B) zoom on ¥es and rail system and classification of thds;iéC)

detail of the vial and rail geometry.
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RESULTS AND DISCUSSION 1I1.2 3D mathematical modelling of heat transfer in freeze-drying

there was a net heat flux from the shelf towarésvihls.
In freeze-drying, pseudo-stationary state can berasd because of the slow dynamics of the process
(Pikal, 2000; Pikakt al, 1984; Treleat al, 2007; Pisanet al, 2011). Under this condition, the net

heat flow rate) at the sublimation interface is directly propantébto the mass flow raté:

Q = AHm Equation 111.2.2

AH being the latent heat of sublimatioraple 111.2.1).

MATHEMATICAL MODEL

Geometry
The 3D geometry, representing a portion of therdyyihamber, was built in COMSOL Multiphysics
(Figure 111.2.2A). It included wall, rail, bottom and top shelves dine vials. The geometry was
considered to be symmetric about the x-z plafigure 111.2.2B focuses on the hexagonal
arrangement of vials, which were placed in dir@gitact with the bottom shelf. The vials located at
the border of the shelf were alternatively in cohtaial C) and not in contact (vial E) with thelra
The detailed vial and rail geometry is presentedrigure 111.2.2C. All the vials were made of
borosilicate glass and were filled with pure icéeTvial bottom was designed to have an area in
contact with the shelf and a cylindrical concavifjie thickness of this concavibywas considered
equal to the mean bottom curvature depth calculaye8cutella et al. (Scutelit al, 2017a) (0.12
mm).

Problem statement and boundary conditions
In this model, heat transfer during pure ice sultion was simulated. A flat ice-vapour interface
and a constant ice thickness were defined. Thengrghamber was considered to be completely
saturated with vapour water during sublimation. Téraperatures of several surfaces were imposed:
(i) the top and bottom shelves temperature, impasesperating condition; (b) the wall temperature,
determined from experimental data; (c) the ice-vapoterface temperatuf@, evaluated from the

Clausius-Clapeyron relation (Treletaal, 2007):

6139.6

| = Sameain]) Equation 11.2.3

whereP; was taken equal to the chamber pressure since e transfer resistance between the ice-
vapour interface and the chamber was considered.
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RESULTS AND DISCUSSION 1I1.2 3D mathematical modelling of heat transfer in freeze-drying

During the process, several sources contribute I&meously to the heat transfer toward the
sublimation interface.

The main heat transfer mechanisms and their cleaisiat coefficients are schematizedRigure
111.2.3 and can be synthesized as follows:

1. Conduction through the gas in the drying chambrfictitious layer was defined, named
Knudsen layer, which covers all the solids (i.ee, ivial glass, rail, wall, top and bottom
shelves), represented as a violet bold lin€igure 111.2.3. The thickness of the Knudsen
layer lg,, was arbitrarily set to be equal to 1/4 of the gialss thickness;

2. Conduction between solid®nly the conductive exchanges which were expetieoe the
most relevant were considered, i.e., (i) the cotidndetween the bottom shelf and the vials
(Kcc,) and (i) the conduction between the bottom saelf the rail K., );

3. Radiation A number of radiation fluxes were taken into agdpas shown ifigure 111.2.3:

« from the top Frs_y) and bottom shelve$s_,,) to the vials;

« from the top shelf to the raiF{s_R);

« from the chamber wall to the raffyf_,z) and to the parts of the vials which face the wall
(Fw-v)

* between the rail and the vials (E and C) facin@4t.,);

* between the vial internal walls and the i€g.().

Heat transfer by convection was not consideretiémtodel. Even if a debate is ongoing in literature
on the importance of convection during freeze-dgyiRambhatla and Pikal, 2003; Pilatlal, 2016;
Gangulyet al, 2013), a recent work of Pikal et al. (Pikalal, 2016), has shown that convection can
be considered negligible at the low pressures &ffyicencountered during the freeze-drying of
pharmaceuticals (usually below 10 Pa).

Under those hypotheses, modelling heat transféeere-drying involved the simultaneous solution

of conduction in solid, in gas and radiation heansfer equations.

Heat transfer by conduction
The heat transfer by conduction occurring insidiedint materials (i.e., vial glass, ice, rail, pags
described by the first Fourier law (Bied al,, 2002):

G, = —AVT Equation 11.2.4

g, being the heat flu§T the temperature gradient ahdhe thermal conductivity of the materials,

reported inTable 111.2.1
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_]Kl_l ) ] . - ]_Kn>
P e
A %5 %: -

o Water vapour 'R
1 / E E\; / 2
P TV YV VYV VYV VS

) ) A

Kn W n

Figure 11.2.4: Schematic representation of the heat transfertaesiss in the gas, as given Bguation
1.2.6.

- 142 -



RESULTS AND DISCUSSION 1I1.2 3D mathematical modelling of heat transfer in freeze-drying

Thermal conductivity of the gas in the drying chamb
Usually freeze-drying of pharmaceuticals is caroed at very low chamber pressure, in a range of 4
to 10 Pa. Under this condition, the density ofghs is very low and the gas molecules collide more
frequently with solid surfaces than among themistedces from the solid surface lower than the free
molecular path (equal to about 0.6 mm at 10 Panater vapour) (Pikal, 2000). Thus, in typical
ranges of freeze-drying operating variables (Ckeamber pressure < 10 Pa and shelf temperature < 0
°C), the heat transfer regime is classified as ftke-molecular or Knudsen regime near solids
surfaces (Pikaét al, 1984; Pikal, 2000; Brills and Rasmuson, 2002;Himen and Lafferty (eds.),
1962). In the present model, the heat transfer uKdedsen regime was simulated by building a
fictitious layer (hamed Knudsen layer) around alids in contact with gas.
According to previous works of Pikal et al. (PikaD0O0; Pikalet al, 1984), the heat transfer by

conduction through the water vapour during freez@nd can be described as:
Gw = Ky (T1 = T3) Equation 111.2.5

whereg,, is the heat flux by conduction through the watapaur,7; andT, are respectively the
temperatures of the two solids between which treig@ontained ank,, is the global heat transfer

coefficient by conduction through the water vapour.

The global resistance to heat transfer througrgtheg{i), as described in the model and shown in

Figure 111.2.4, can be defined as (Pikal, 2000; Pigahl, 1984):
Lo=leyplrn Equation 111.2.6

In Equation 1I.2.6, [, is the distance among the two solid surfaces lmtwehich the gas is
containedg,, is the water vapour thermal conductivity,, is the Knudsen layer thickness whereas

Akn is the Knudsen layer conductivity. The resistatweahe heat transfer in the Knudsen layers

(2 /ll"—”) was defined by Pikal et al. (Pikal, 2000; Pigghl, 1984) as:
Kn

pRa— Equation 111.2.7
AKTL (ZAOPC

wherea is a semi-empirical constant related to the qualit energy exchange between the solid
surface and the gas and usually estimated by m@gresrom experimental data, is the free

molecular flow heat transfer coefficient aRgdis the chamber pressure.
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Table I11.2.2: Relevant model parameters for heat transfer

Parameter Symbol Value Reference
Free molecular flow heat transfer A, 1_992L (Pikal, 2000)
coefficient m*K Pa
Semi-empirical constant
(equal toC, /A, in Scutella et al. a 0.34 Calculated
R from data
Heat transfer coefficient by conduction w (Scutellaet
_ Kee, 25.80—— al.,, 2017a)
shelf-vial meK
Heat transfer coefficient by conduction " 107
shelf-rail o m2K
Visualization factor wall-raff’ Fy-r 0.07
Visualization factor wall-vi&? Fyoy 0.12 Evaluated in
. o o this study
Visualization factor rail-vid? Fry 0.13
Visualization factor shelf-vi& Frs_v, Fgs_y 0.17
Visualization factor vial-ic® FiLy 0.98

@ parallel surfaces case (calculated filquation 111.2.11)
® Black body caseR_,= ;)
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In the present work, the coefficiemtwas determined considering experimental data bfireation
tests presented by Scutelld et al. (Scutedlal, 2017a) (where = C,/A,, with C, equal to 0.67).
The determined value and other relevant parameters for heat wamabdelling are reported in
Table 111.2.2.

Thus, the thermal conductivity of the Knudsen lalygr was estimated fronEquation 111.2.7 as

follows:
Akn = 2 by Pe g, Equation I11.2.8

Heat transfer by contact conduction between sabidiés
The heat flux by contact conduction between twoidmdn contact (e.g., vial-shelf or rail-shelf,
Figure 111.2.3) can be defined as (Pikal al, 1984):

Gec = Kee (T) — T3) Equation 111.2.9

whereq,. is the heat flux from body 1 to body 2 transmitt®dcontact conductiorf; andT, are

respectively the temperatures of the two bodieskapds the heat transfer coefficient by contact
conduction, which depends on the quality of thetacin The heat transfer coefficient by contact
conduction between the shelf and the vigl () was evaluated from the work of Scutella et al.
(Scutellaet al, 2017a): a coefficiert, (equal to 3.6 m~2 K1) was evaluated, with reference to

the entire vial bottom are@dg,). In order to obtain the heat transfer coefficidmyt contact

conduction applicable to the contact area ddly,), K., was considered equal quﬂ. In
cv

contrast, the heat transfer coefficient by contambduction between shelf and rak(,) was

determined by fitting model predictions to the t@imperature measured in a separate experiment.

The values of these coefficients are reportetaible 111.2.2.

Heat transfer by radiation
In the considered low-pressure environment, heatster by radiation is expected to play a non
negligible role (Rambhatla and Pikal, 2003; Pikalal, 2016). In the present model, it was
considered that the solid surfaces are opaquethbatdiation and the absorption occur in the same
spectral range and that the absorption and radiatidhe low pressure water vapour are negligible
(Brtills and Rasmuson, 2002; Bied al, 2002). Thus, the heat flux by radiatigncan be described
by the Stefan-Boltzmann equation (Pikal, 2000; Birdl., 2002):
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Table 111.2.3: Heat flow rates at the ice sublimation interfateials C, E, M for a chamber pressure of 4 Pa
and a shelf temperature of 0 °C versus the numberesh elements and the maximum element size eealua
for a radiation resolution of 64 streams.

Number of Maximum Heat flow rates [W]
element size
mesh elements Vial € Vial E Vial M
189 628 0.0134 0.1219 0.09522 0.08105
0.1222 0.09525 0.08108
259 433 0.0107
(-0.2 %) (-0.03 %) (-0.04 %)
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qr=Fi, 0 (T} =T Equation 111.2.10

whereT; and T, are the absolute temperatures of the surfacesl 2 aaspectivelyg is the Stefan-
Boltzmann constant arfd_,, the visualization factor between the two surfageder consideration.
The surface-to-surface radiation model propose®MSOL was used to evaluate the radiation
heat transfer by the hemicube method. This methkestinto account the shadowing effect in the
system, automatically calculating the view factfos all the bodies present in the geometry. The
surface-to-surface model results in very accuratenputation, including all the possible
contributions to radiation heat transfer, evem i€mains time-consuming.

Furthermore, a simplified radiation model was depet. In this model, only the main radiation
contributions were considered, as schematizédgare 111.2.3. Each part of the rail and vial surface
was assumed to exchange by radiation with oneeofniposed temperature surfaces (wall, shelves,
ice interface). The visualization factors wereraated as for parallel plates (Bied al, 2002; Pikal,
2000):

Fip=ao Equation 11.2.11
;1—;—1
The internal walls of the vials were assumed toaach black body. The radiation rays coming from
the top shelf are eventually trapped by the infevigd walls after several reflections. Values bét

visualisation factors used in the simplified radiatmodel are given ifiable 111.2.2.

Numerical solution
The developed model was solved by means of Comséiigysics 5.2 (COMSOL, Inc, Burlington,
USA). This commercial software was ran on a PCjpmzpd with Intel(R) Core(TM) i7-490 CPUs, at
3.6 GHz, 64-bits, with 32 Gb of RAM, under Windoh.
Governing equations were solved under steady-statelition by applying the finite-element
method. The solution of the large linear systenultiesy from the linearization of the coupled
equations was reached with the help of the Mulifab Massively Parallel Sparse Direct Solver
(MUMPS) (Amestoyet al, 2001). The relative tolerance was set t3. Numerical tests were based
on non-structured meshing (tetrahedral elements).
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in contact (E) with the rail and for central vill), Several combinations of shelf temperatures ¢@Gand
0 °C) and chamber pressures (4, 6, 9, 15 Pa) westedt Error bars in experimental data represandatd

deviations.

Table 11.2.4: Relative mean error (RME) and the root mean sqdasgation (RMSD) for the surface-to-
surface and simplified radiation models considethegvials C, E, M.

RME % RMSD [W]
Surface-to-Surface Simplified Surface-to-Surface  Simplified model
model model model
Vial C 11 11 0.014 0.016
Vial E 9 7 0.007 0.008
Vial M 11 0.003 0.009
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RESULTS

Mesh and radiation resolution sensitivity analysis
A sensitivity test was performed since the numérsution of the problem depends on the
resolution adopted in discretizing the equations.
Regarding the mesh resolution used for discretiziveg conduction equations, an increase of the
number of elements by about 40 % resulted in a vilegact on heat fluxes with a difference of
maximum 0.2 % Table 111.2.3) for the different vials (C, E, M). The increasé the angular
discretization applied for radiation calculatiorfson 64 to 4096 streams) did not modify the
predicted values of heat fluxes (0.002 %). COMS®@husations were thus considered robust, and
lower values of mesh elements (189,628) and radiattreams (64) were selected to reduce

computation time.

Model validation
The model was validated based on sublimation exyggris carried out at four chamber pressures (4,
6, 9 and 15 Pa) and two shelf temperatures (-48riCO °C) selected in the range typically used in
freeze-drying of pharmaceuticals.
Figure 111.2.5 displays the comparison between the mean valudseaxperimental heat flow rates
toward the ice-vapour interface and their standkdations (38, 24 and 100 vials in configuration
C, E and M, respectively) and the model predictifmnsll the combinations of shelf temperature and
chamber pressure tested.
The agreement between measurements and modeltesliwas satisfactory. Deviations were less
than 21 % of the mean heat flow rate and closéecekperimental coefficients of variation of each
vial group. For the experiments performed at afgkaiperature of 0 °C and higher pressures (9 and
15 Pa), the simulated heat flow rates of the vidh@ontact with the rail appeared to be slightly
overestimated with respect to the mean experimeatak for both radiation models. Simulated and
experimental heat flow rates of vial E not in cantaith the rail showed a good agreement, as well
as the simulated heat flow rates of the centrdl, Y& all 6 combinations of applied operating
conditions.
These results were confirmed by the calculatiothefrelative mean error (RME) and the root mean
square deviation (RMSD), presenteable 111.2.4.
Simulated heat flow rates in vial C at high shethperature showed higher RME and RMSD values
than vial E and M. However, the RME values remaibelbw 11 % for both the surface-to-surface
model and the simplified model. The quality of tmedels was also statistically assessed by the

calculation of the coefficient of determinatiﬁﬁred.
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The values of the coefficient of determinatitﬂfg,(ed) are reported on the figure.
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Figure I11.2.7: Temperature profiles and heat fluxes in the wialontact (view A) and not in contact (view B)
with the rail at a shelf temperature of 0 °C archamber pressure of 4 Pa. White rectangles indibatéateral
heat fluxes in edge vials C and E. Arrow lengthdates flux magnitude on a logarithmic scale, tpriave the
visualisation of smaller fluxes from top, wall aradl.
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Figure I11.2.6 presents predicted versus observed net heat #tes for edge vials in contact (Vial
C) and not in contact (Vial E) with the rail and fmentral vials (Vial M), both for the surface-to-
surface Figure 111.2.5A , B andC) and simplified radiation model&igure 111.2.5 D, E andF). The
distribution of the data around the 1:1 line anel \thlue ofRf,Ted close to 1 confirmed the goodness
of the simulations.

The surface-to-surface model presented highlé,red values and appeared to better predict the heat

flow rates in both edge and central vials than $imaplified radiation model. However, the
computational time was much longer for the surfiaesurface model (about 1 h, physical memory
30 GB) than for the simplified model (about 5 npysical memory 6 GB). These results confirm
that the developed models represent well not dmyusually considered heat transfer from the top
and bottom shelves but also the border heat tnafisfa the wall and rail to the edge vials.

Even if the results obtained from the two modelsen®oth accurate and comparable, it was decided

to perform the further analysis using the surfaestirface radiation model only.

Temperature profile and heat fluxes distribution
The developed 3D geometry allowed to visualizetdmperature profile and the heat fluxes in the
modelled system. An example is giverFigure I11.2.7 for the set of operating conditions (0 °C and
4 Pa and a wall temperature equal to 5.7 °C).
The temperature profile is represented by colowlescwhereas the heat flux distribution is
represented by arrows whose length is proportidoaalhe logarithm of the flux magnitude, to
enhance the visualisation of small fluxes.
Two different views of the system, showing the wialcontact (A) and not in contact (B) with the
rail, are presented. The vial located at the cewitehe shelf (vial M) is also representedHigure
I11.2.7A . When considering the central vial M, product reee heat fluxes from the bottom and the
top shelves (upward and downward arrows). The teatpe of the ice-vapour interface was equal to
about -50.7 °CEquation 111.2.3). A small temperature difference was observedims$he product
(e.g., about 1.5 °C difference between the icedbotand the ice-vapour interface), which was in
agreement with experimental results. In contrds, temperature difference between the shelf and
the vial bottom was close to 49 °C. Due to the ewecshape of the bottom, only a small portion of
the vial bottom area was directly in contact witle shelf, whereas some gas was entrapped in the
concavity between the shelf and the vial. Henoe hibat transfer was limited by the presence of the
Knudsen layer, which caused an important temperagmadient between the shelf and the vial
bottom, especially at low pressure as in this ¢ddea). The downward arrows coming from the top
shelf represented heat fluxes by conduction throthghgas present the drying chamber and by

radiation from the top shelf.
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[[JRadiation from the top shelf, the chamber wall and the internal walls of the vial
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[EConduction through the gas surrounding the vial

B Heat transfer from the bottom shelf

Figure 111.2.8: Heat flow rate contributions and their relative omjance (in %) of the single heat transfer
mechanisms to the total heat transfer. Resultslaogn for edge vials in contact (C) and not in aoh{(E)
with the rail and in central vial (M) at a shelfrtperature of 0 °C and two different pressures @ EnPa).
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The edge vials (C and E) received additional lateeat fluxes (highlighted by white rectangles in
Figure 111.2.7) which resulted in an increase of the temperatfréhe vial lateral wall when
increasing the proximity with the rail (-48 °C foentral vial M, -47 °C for vial E and -46 °C foraVi

C in contact with the rail). These lateral heakds involved conduction through the gas present in
the chamber and radiation from the rail and the.wal

Furthermore, the heat flux received by the railileiting a temperature of -23 °C depends on the
direct contact between the rail bottom and thefdpward arrows from the bottom shelf) but also
on the exposure to the chamber wall (lateral arydvesn which heat was transmitted by radiation

and gas conduction.

Relative importance of individual heat transfer mechanisms
As shown inFigure 111.2.7, vials located in different positions on the sheléeive different heat
transfer contributions from the wall, the rail, thieelves and the gas surrounding the vials through
several heat transfer mechanisms (i.e., radiatontact conduction, conduction through the gas).
Understanding of the role played by each elemenh®fdrying chamber in the heat transfer could
help reducing the "edge vial effect".
Thus, using the developed model, it was possibleveduate the relative importance of four heat
transfer contributions: (i) heat transfer from Hwtom shelf by radiation, contact conduction aas g
conduction (the latter related to the bottom coitgaef the vial); (ii) heat transfer by conduction
through the water vapour surrounding the vial {eeldo the top and the lateral side of the viai); (
heat transfer by radiation from the rail; (iv) h&ainsfer by radiation from the top shelf, the veadt
the internal walls of the vialFigure 111.2.8 displays the heat flow rates as well as the radati
importance of these different elements calculabedfvalue of shelf temperature of 0 °C and the two
extreme pressures in the explored range.
The heat flow rate from the bottom shelf was threeséor all vials at a given pressure, but its reéat
importance in the total heat flow rate was higimecentral vials than in edge vials. For example} at
Pa the relative importance of the heat transfenftbe bottom shelf was about 54 % for the central
vial M but it decreases until about 47 % for thg@edial E and about 36 % for the edge vial C.
Furthermore, the heat flow rate from the bottomfsinereased at higher pressure by about 70 %,
because the heat transfer by conduction througlydkeentrapped in the vial bottom curvature is a
pressure dependent mechanism.
The conduction through the gas surrounding the ajgleared as a significant phenomenon and
became the most important contribution to the braisfer for the vials located at the border of the
shelf. The edge vial C was patrticularly affectedtry gas conduction, which contributes to the 50 %

of the total heat flow rate, due to the proximiythe rail.
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The heat transfer by radiation from the rail, thallvand the top shelf had a relatively minor
contribution to the total heat flow rate: from 346to 14.3 %. The most important role was played by
radiation from rail in vial C (about 10 % at lowegsure) and followed by vial E (about 6 %). This
result is original, as the mainstream of the litera more or less implicitly ascribed the edge vial
effect to radiation. The limited role of radiatits supported by some previous studies (Rambhatla
and Pikal, 2003; Gaet al, 2005), who found that the heat transfer diffeeebetween edge and

central vials is not eliminated by the presenca shielding rail.

CONCLUSIONS

The tri-dimensional, steady state mathematical indeeeloped in this work successfully predicted
the atypical heat transfer affecting the vials tedaat the periphery of the shelf in the freezerdry
process. The numerical solution of the model wadslaged with experimental results obtained in
conditions relevant for pharmaceutical applicationse model made it possible to investigate the
relative heat transfer contributions of the eleragresent in the drying chamber, i.e., wall, shelve
and rail. In the range of operating conditions ddeared, the atypical heat transfer was mainly
ascribed to gas conduction rather than radiatienpfeen stated in the literature. Furthermore, the
radiation from the rail counts more than the radratfrom the wall in the present configuration
(height of the rail close to that of the vials). eTlise of rails made of a low emissivity and
conductivity material could help in reducing theyediial effect.

The developed model can be used to predict theflogatates in edge and central vials for different
loading configurations and equipment charactegstproviding useful information for the freeze-

drying cycle design and scale-up.
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.23 Take-home message

» A 3D, steady state mathematical model of heat teams freeze-drying was
developed to precisely predict the heat flow raiesals differently located
on the shelf. The goodness of the model was coafiriy comparing
experimental and simulated heat flow rates in ealgg central vials in a
broad range of shelf temperatures and chamberyresss

» The conduction through the water vapour was foumdcbe the major
responsible for the atypical heat transfer obsemedals located closer to
the freeze-dryer walls. In contrast to what is Ugugaimed in literature,
heat transfer by radiation from the rail and thdlsvhave only a limited
contribution on the total heat flow rate in edgelwiin the configuration

tested, i.e., vials partially shielded by the rail.

In the presented work, model prediction of heawfi@tes in edge and central vials were shown
considering only a single pilot freeze-dryer ané wial loading configuration. In the following pape
our 3D model of heat transfer in freeze-drying Wi used to explore the impact of the freeze-dryer

design on the heat transfer variability during phecess.
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I11.3 Effect of freeze-dryer design on heat transfer
variability investigated using a 3D mathematical

model
The present study was submitted to
the Journal of Pharmaceutical Science.
II1.3.1 Context and objectives

The use of the 3D mathematical model of heat teanisf freeze-drying previously developed in
Paper II.2 allowed to identify two main mechanisms respomsifalr the heat transfer variability
between edge and central vials: (i) toaduction through the gas present in the dryingncherand

(i) the radiations from the rail and the wallsHowever, these heat transfer contributions can be
strongly influenced by the vial loading configucatiused and by the thermal characteristics and the
dimensions of the drying chamber components (eglls, shelves). As these features may change
from one freeze-dryer to another, prediction ofitirapact on the heat transfer phenomena during

the process is paramount importance for a sucdesagfie transfer or scale-up.

Objective
Our 3D mathematical model was used in the predenly o investigate the

importance of several design elements of the egempron the inter-vial heat
transfer variability, such as the vial loading dguofation, the thermal
characteristics of the rail, the wall and shelf gsiiity and the distance between

the shelves and between the shelf and the wall.
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ABSTRACT

During the freeze-drying process, vials locatedhat border of the shelf usually present
higher heat flow rates that, in turn, result inHeg product temperatures than vials in the
center. This phenomenon, referred to as edge Vfatte can lead to product quality
variability within the same batch of vials and beem batches at different scales. Our
objective was to investigate the effect of varifnegze-dryer design features on heat transfer
variability. A 3D mathematical model previously @éped in COMSOL Multiphysics and
experimentally validated was used to simulate &gt transfer of a set of vials located at the
edge and in the center of the shelf. The desigtuffes considered included the loading
configurations of the vials, the thermal charasters of the rail, the walls and the shelves,
and some relevant dimensions of the drying chargbemetry. The presence of the rail in
the loading configuration and the value of the fSketissivity strongly impacted the heat
flow rates received by the vials. Conversely, theathtransfer was not significantly
influenced by modifications of the thermal conduityi of the rail, the emissivity of the
walls or by the geometry of the drying chamber. Tinedel developed turned out to be a

powerful tool to predict the heat transfer varispibetween edge and central vials for cycle
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development and scale-up and to compare varioagdrdryer design features.

KEY WORDS

Freeze drying/lyophilisation, vaccines, injectabbemorphous, mathematical model, processing.

- 162 -



RESULTS AND DISCUSSION I11.3 Effect of freeze-dryer design on heat transfer variability

INTRODUCTION

The freeze-drying process is widely used todapépharmaceutical industry as an essential step for
extending the product shelf life of several paraitdrugs and biologicals. Due to the combined use
of vacuum and low temperatures, this process isgrazed to be a gentle method to convert
solutions of heat labile drugs, such as vaccimge,solid forms with sufficient stability for shipm

and long-term storage (Hansenal, 2015; Pikal, 1994).

The objective of designing a freeze-drying cycl®miguarantee a high and consistent product quality
within the vial batch and from different batcheatthould be manufactured in various freeze-dryers
(Patelet al, 2010b; Tchessalost al, 2007; Kremeeet al, 2009; Fissore and Barresi, 2011). Since
the product quality is known to be highly correthte the product temperature, the product thermal
history should be as similar as possible betweals @nd between cycles run at pilot and commercial
scales (Tchessalost al, 2007). However, product temperature profile aejsenot only on the
process operating conditions (i.e., chamber presand shelf temperature) but also on the position-
dependent heat transfer (Rambhatla and Pikal, 20i@a| et al, 2016; Pisanet al, 2011). Vials on
the shelf may be approximately divided into twoug®e: vials located at the periphery of the shelf
(referred to as "edge vials") and vials locatethim center (referred to as "central vials"). Edigdsv
usually receive an additional heat flow rate anelspnt a product temperature higher than central
vials of up to 4 °C (Rambhatla and Pikal, 2003;aPét al, 2016; Pisanet al, 2011; Tanget al,
2006b). This heat transfer variability, known as tedge vial effect”, could be a serious problem in
process design if not accurately predicted, sirdgeevials are likely to collapse if the product is
processed at a temperature close to the limit,(glgss transition temperature for amorphous
products) (Rambhatla and Pikal, 2003). Furthermdifégrences in heat transfer may exist among
the edge vials. In this regard, Pisano et al. (isd al, 2013, 2011) proposed an effective sub-
classification of the edge vials according to tipeisitions on the shelf (e.g., vial located atdbmer

or at the sides of the shelf ) and also to the treasfer mechanisms involved (i.e., radiation frib
walls, contact conduction from the rail, contaab@oction from hotter vials). Such classificationswa
used for the characterization of the inter-vialthteansfer variability within the same batch, which
was performed by determining gravimetrically thal ieat transfer coefficier, for each group of
vials at different pressures (Pisa@bal, 2011). No relationship has been reported betwieeR,
value for central vials and the freeze-dryer uRiis@noet al, 2011; Scutellzet al, 2017a). In
contrast, theé;, values for the edge vial groups should be segdgrat@luated in every freeze-dryer
used, as they could depend on the characteristitbe dreeze-dryer and on the loading configuration
e.g., presence or not of the rail. This evaluati@y require considerable experimental investment in
terms of time and costs (Fissore and Barresi, 2Pikh] et al, 2016; Pisanet al, 2011).
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3opg

Door

Wil

Figure 111.3.1: Vial arrangement used for experimental validaiiorthe freeze-dryer. Edge vials

C and E are respectively in contact and not inainwith the rail and located at the periphery of
the shelf; edge vials B and D are respectivelyoimtact and not in contact with the rail and located
in the middle of the shelf; vials M are locatedtlie centre of the shelf and surrounded by other
vials in the same conditions. Black circles repn¢slee vials in which Tempris probes were placed

to monitor the product temperature.
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Mathematical models of heat transfer during fregz@ag can be used to predict heat flow rates in
vials differently located on the shelf and to inigete the mechanisms responsible for the heat
transfer variability between edge and central vielswever, only few models or algorithms have
been presently proposed to predict the heat tramsfedge vials processed with different loading
configurations or in different dryers (Gahal, 2005; Pikakt al, 2016; Scutell&t al, 2017b).
Recently, we have developed a 3D mechanistic moflghe heat transfer in the drying chamber
during sublimation by using the COMSOL softwareyi@taet al, 2017b). It allowed to precisely
simulate the radiation heat transfer from the dryghamber components (walls, shelves, rail) as well
as the conduction through the gas surrounding ihle.\As the logical continuation of our previous
work (Scutellaet al, 2017b), the present article is devoted to thessssent of selected factors that
drive heat transfer inside a freeze-dryer unitluding the vial loading configuration, the geometry
and the thermal properties of the freeze-dryer tleam

MATHEMATICAL MODEL

The freeze-drying process can be carried out usavgral vial loading configurations, in which the
vials may receive different heat flow rates depegdin the heat transfer mechanisms involved. As
an exampleFigure 111.3.1 illustrates a typical scenario, in which two Migtches are loaded on the
shelf using two bottomless trays. Three main grafpsals can be identified: (i) vials located het
periphery of the shelf and exposed to the wall thiedrail (marked in light colours respectively as C
and E inFigure I11.3.1), (ii) vials located in the middle of the shelfdaexposed to the rail (marked
in dark colours respectively as B and DHigure 111.3.1) or (iii) vials located in the centre of the
tray and surrounded by other vials in the sameitiond (vials M). The 3D mathematical model of
vial freeze-drying fully described by Scutella &t &cutellaet al, 2017b) was used to predict the
heat flow rates received by the vials in differeomfigurations.The model describes the heat transfer
phenomena that take place during sublimation inditygng chamber for a set of 5 representative
vials. It was developed using the software COMSOLItiMhysics, which is able to precisely
compute the radiation, contact and gas conducteat flow rates in the considered system. The
reference configuration is shownhigure 111.3.2A . It included the drying chamber wall, bottom and
top shelves, rail and five vials arranged in a kexal configuration. Edge vials were placed
alternatively in contact (vial C) and not in coritagth the rail (vial E). The vial placed after the
second row from the border of the shelf was comettiéo be a central vial (vial M). The rail in the
reference configuration was designed to partidiiglsl the edge vials C and E. The vial bottom was
designed to have an area directly in contact withghelf and a cylindrical concavity. All the vials
were filled with 1 cm of ice.

The main heat transfer mechanisms considered imtuel were:
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A (PS configuration) g B. (PS’ configuration)

Figure 111.3.2: Loading configurations studied in this work anpitally used in freeze-drying process: (A)
edge vials "partially shielded by the rail", nanfe8; (B) vials "partially exposed to the rail anddted in the
middle of the shelf', named PS'; (C) edge vialsdltg shielded by the rail", named TS; (D) edgesidotally
exposed to the wall", named TE. In function of thg@sitions, the vials are classified as edge ®iaind E or B
and D and central vial M.

- 166 -



RESULTS AND DISCUSSION I11.3 Effect of freeze-dryer design on heat transfer variability

(a) Contact conductionThe contact conduction between the shelf anditile and the shelf and the
rail was simulated;

(b) Conduction through the ga¥he conduction through the low-pressure wateouagntrapped in
the vial bottom concavity and surrounding the wmathe drying chamber was taken into account in
the model,

(c) Radiation The surface-to-surface radiation model proposge€®MSOL was used to simulate
the radiation heat transfer inside the system. Tin$hod automatically includes all the possible
contributions to radiation heat transfer in theimgychamber and calculates the view factors for all
the bodies present in the geometry, resulting g gecurate computation.

Four different vial loading configurations wereditd in this work:

-Edge vials "partially shielded by the rail" (PSThis configuration was originally described by
Scutella et al. (Scutellét al, 2017b), and is shown iFigure 111.3.2A . Vials are arranged on a tray
surrounded by a metallic rail (known as "bottomlésy™) and loaded on the freeze-dryer shelf.
Then, the bottom of each tray is removed but th&éalirail remains. If the height of the rail is
lower than the total height of the vial, edge vi@dland E are partially exposed to the chamber wall.
In the simulated configuration, the height of th# was 2.2 cm whereas the height of the vial was 3
cm. Thus, the rail shielded approximately 70 %hefvial height Figure 111.3.2A);

- Vials "partially exposed to the rail and locatedthe middle of the shelf* (PSDepending on the
dimension of the shelf, several "bottomless tragay be loaded on the same shelf of a freeze-dryer.
In this case, one of the rail sides is not expasdtie wall, but to the rail of another tray, aswh in
Figure 111.3.2B. In the present configuration, vials B and D repre vials partially exposed to the
rail and placed alternatively in contact (vial Bidanot in contact with the rail (vial D);

-Edge vials "totally shielded by the rail" (TS the "bottomless tray" configuration, if the ¢lei of

the rail is equal to the height of the vials, otte rail is directly exposed to the chamber wall, a
shown inFigure 111.3.2C;

-Edge vials "totally exposed to the wall" (TH): manufacturing freeze-dryers, auto-loading syste

of vials are often used. Here, the vials are loatlegttly on the shelves, without the aid of argytr

or rail, as represented Figure 111.3.2D. In this configuration, the lateral walls of thége vials (C

and E) are completely exposed to the heat trafrsier the wall.

EXPERIMENTAL

An experimental procedure similar to the one preddsy Scutella et al. (Scuteb al, 2017b), was
used to validate the simulated results of the P& RS’ configurations. Sublimations tests were
carried out in the pilot freeze-dryer Epsilon 2-28@artin Christ Gefriertrocknungsanlagen GmbH,
Osterode am Harz, Germany).
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Table 111.3.1: Thermal properties and relevant dimensions ofréeze-dryer used

Characteristic Value
Number of shelves 7
Area of each shelf 0.27 m?

Distance between shelves 0.06 m

Distance between

the wall and the shelf 01lm
Thermal conductivity of the rail 16.5 WhK™
Emissivity of the walls and the rail 043
Emissivity of the shelf 0.18
Emissivity of the vial glass 0.78

2Evaluated in this study
b Scutelld et al. (Scutelit al, 2017a)
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Relevant geometrical dimensions and thermal prigsedf the freeze-dryer are reportedTiable
I11.3.1. The pressure in the drying chamber was monitbsed capacitive manometer, whereas the
product temperature was monitored using six Temphigless sensors (IQ Mobil Solution GMbH,
Holzkirchen, Germany), placed in the bottom cenfreelected vialsKigure 111.3.1).

A number of 1076 glass siliconized tubing vials3ofL (Miller & Maller, Holzminden, Germarny
were arranged in two bottomless trays and surralibgiea stainless steel rail shielding 70 % of the
vial lateral walls, as shown iRigure I11.3.1. Vials were filled with 1.8 mL of distilled wategnd
loaded on the middle shelf of the freeze-dryer. Bbtom metallic trays were removed, to allow the
direct contact of the vials bottom with the shélfter loading, a freezing step of 2 h at -50 °C was
performed. Then, the pressure was decreased arsthélfetemperature was increased by 1 °C'min
to the set point, starting the sublimation step.

Two sublimation experiments were carried out adduih a shelf fluid inlet temperature of 0 °C and
-40 °C. The tests were ended after sublimatiorbotia20 % of the ice.

Sublimation time was measured from the moment wheelf temperature exceeded product
temperature, meaning that there was a net heatritevMrom the shelf towards the vials (Scutelia
al., 2017b).

Sublimation rates were measured gravimetricallpufber of 226 vials, located as showrrigure
111.3.1, were weighed before and after the runs using 80B& DeltaRange balance (accuracy

+0.001 g; Mettler Toledo, Zaventem, Belgium). Theahflow rateg) were calculated as:

¢ = Tumen 4y Equation 111.3.1

wherem;y andmg;y are the masses of the vial respectively before aitet sublimationt is the

sublimation time andH is the latent heat of sublimation.

RESULTS AND DISCUSSION
Effect of the rail position on the shelf on heat flow rate received by the
vials: comparison between PS and PS' configurations
In a manufacturing environment, several bottomtesgs may be placed on the same shelf of the
freeze dryerKigure 111.3.1). Thus, vials located either at the edge or inntiddle of the shelf are
exposed to the rail as shown in the PS and PSiguoafions, respectively. The effect of the rail in
the PS and PS' vial loading configurations wasssgskeboth by predicting the heat flow rates in edge
(vials C, E, B and D) and central vials (vials Mjing the COMSOL model and by performing
sublimation tests in the freeze-dryer at a chambessure of 4 Pa and two shelf temperatures of 0 °C

and -40 °C. Comparison of experimental data andlsitions is shown ifrigure 111.3.3.
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Figure 111.3.3: Experimental (red bars) and simulated (white bheat flow rates in vials C, E, B, D and
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Figure 111.3.4: Heat flow rates received by edge vials C and B and D (Qqq4 relative to the heat flow
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the shelf. Significance of the abbreviations ols/i@, E, B, D and M is reported Figure 111.3.1.
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The model satisfactorily predicted the experimehtat flow rates received by vials C, E, B, D and
M in the PS configuration and in the PS' configiarat for all the operating conditions applied
(relative mean error of about 13 % in both configians).

However, the predicted heat flow rates (white bafghe vials in contact with the rail (vials C and
B) appeared to be slightly higher at high shelfgerture (0 °C) than the mean experimental value
(red bars). Possible hypotheses on the originshedet differences include the following: (i) an
experimental value of the wall temperature differéman the one estimated by Scutella et al.
(Scutellaet al, 2017b) and used in the mod&hble 111.3.1), which could impact on the estimation
of the radiation and gas conduction in the dryihgnaber in the PS configuration, and (ii) a différen
position of the vial C and B on the shelf during texperiments respect the simulated ones (e.g.,
bigger distance between the rail and the vial),ctviimay impact on the evaluation of the radiation
and gas conduction between the rail and the vigderPS and PS' configurations.

When considering shelf temperature of 0 Figygre 111.3.3A and 111.3.3B ), the vials located at the
vicinity of the rail, in contact (vials C and B)&mot in contact (vials E and D) exhibited similar
values of heat flow rate, regardless of the pasiti the rail on the shelf. When decreasing shelf
temperature at -40 °@igure 111.3.3C and 111.3.3D), lower values of heat flow rates were observed
for vials in the PS' configuration than for vialsthe PS configuration, in particular for the vials
direct contact with the rail (vials B and C). Tla mppeared thus to have a significant effectdath
transfer in vials located close to it, regardletshe position of the rail on the shelf. Howevédre t
effect of the position of the rail is dependent mmocess conditions, in particular on the shelf
temperature.

Vials located at the middle of the shelf and in thenity of rail (vials B and D) could thus be
considered as edge vials and the prediction of thezit flow rates appears as extremely valuable for

cycle transfer between freeze-dryers of differézg.s

Effect of the vial loading configuration on the edge vial effect
Figure 111.3.4 presents the relative importance of the heat flate received by edge vials compared
to the heat flow rate received by central vialgl(Wl) (expressed as the heat flow rate r@tig,./
Q.entre)- Four different vial loading configurations weresestigated: edge vials partially shielded
by the rail (PS), vials partially exposed to thi aad located in the middle of the shelf (PS)ged
vials totally shielded by the rail (TS) and viatéatly exposed to the wall (TE). The simulationgeve
run at chamber pressure of 4 Pa and two shelf tempes, 0 °C and -40 °C.
Regardless of the loading configuration, vials émtact with the rail (vial C or B) exhibited a heat
flow rate at least 30 % higher than central vialsliMcontrast, the additional heat flow rate reediv

by vials not in contact with the rail (vial E or Bpmpared to central vial M was lower than 10 %.
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Figure I11.3.5: Relative importance of various heat transfer rae&dms with respect to the total heat flow
rate in four different loading configurations (TES, TS) and at a chamber pressure of 4 Pa andlfa she
temperature of -40 °C. TE: edge vials totally exqubso the wall; PS: edge vials partially shieldedtie

rail; TS: edge vials totally shielded by the r&ignificance of the abbreviations of vials C, E,lBand M

is reported irFigure 111.3.1.
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Furthermore, when considering shelf temperatured ofC Figure 111.3.4A), the vial loading
configuration did not show a significant impact thie heat transfer ratio between edge and central
vials (about 35 %), slightly higher (about 40 %) tbe TE configuration. The influence of the
loading configuration was more visible at low shelinperatures (-40 °@igure 111.3.4B). As the
height of the rail increased (between TE, PS anddi8igurations) the heat transfer ratio between
edge vial C in contact with the rail and centrall W decreased.

Furthermore, when decreasing shelf temperatureyahe of the heat flow rate ratffyq4¢/Qcentre
increased in vial C for vial loading configuratiomecluding wall (TE, PS and TS), which was
ascribed to an increased contribution of heat fearsy radiation (e.g., from 10 % at 0 °C to 20 &6 a
-40 °C in configuration TE).

The vial B in PS' configuration showed the lowealue of heat flow rate ratio, as it was located in
the middle of the shelf and thus it was not expasethe radiation contribution from the wall. In
order to better understand the effect of both paaition and loading configuration, the contribngo

to heat transfer of the shelves, the rail and thkk were evaluatedsigure 111.3.5 shows the relative
importance of heat flow contributions of (i) hesrisfer from the bottom shelf to the vial, incluglin
contact conduction, radiation, and gas conductiignconduction through the gas surrounding the
sides and top of the vials, (iii) radiation fromethail and (iv) radiation from the top shelf, the
chamber wall and other vial walls, in the four éifint configurations (TE, PS, TS, PS’).

As expected, the heat flow rates from the bottosifgilayed a major role on the total heat transfer
and its relative importance decreased when distaptgeen the vial and the rail decreased (from
vial M to vial C). Conversely, the contribution gdis conduction increased when getting closer to the
rail and was higher than radiation in all configioas. This finding confirmed the results of Sclitel
et al. (Scutellat al, 2017b), that ascribed the additional heat flote raceived by edge vials mainly
to the conduction through the water vapour conthinghe drying chamber.

Furthermore, when considering the edge vials CEnthe use of shielding rails in the PS and TS
configurations led to a lower contribution of ratha from the wall (represented in blackRigure
111.3.5) with respect to the TE configuration. The raihtttbuted itself to the total heat flow rates by
radiation heat transfer (represented in white~igure 111.3.5), which appeared to be significant
especially for the edge vial C. However, total citmttion of heat transfer by radiation includingsth
rail, the wall, the shelves and the vial walls reeg by edge vials was significantly reduced when a
shielding rail was used (PS and TS configuratiomgared to TE configuration).

When considering the central vial M, the use of taié slightly decreased the importance of the
radiation heat flow from the top shelf, the wallgahe vial walls. This effect was probably due to

the proximity of the simulated central vial M (Ided in the third row of the array) to the rail ahe
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Figure 111.3.7: Temperature profiles and heat fluxes in the TSigomdtion at a shelf temperature of 0 °C and
a chamber pressure of 4 Pa for a rail thermal ootivity of 16.5 W m* K and emissivity of 0.13. The view
shows the gap between the rail, the bottom shelfthe edge vials (only vial E visible). Arrow dinson
indicates heat flux magnitude on a logarithmic ecd@he white rectangle and the inset to the figndécates

the lateral heat fluxes from bottom shelf to ed@gdsv TS: edge vials totally shielded by the réilal E: edge
vial not in contact with the rail.
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edge of the shelf. In real systems, heat transferentral vials located far from the rail should be
almost unaffected by the rail.

Effect of the rail thermal conductivity and emissivity on the edge vial effect
As shown inFigure 111.3.5, the presence of the rail in the vial loading dégunfation allows to shield
the edge vials from the radiation of the chambdt, Wwat it still has a significant impact on theged
vial effect through radiation and gas conductionug; the understanding of the effect of the thermal
characteristics (i.e., emissivity and thermal cantigity) of the rail on the heat transfer in edgaly
can guide the choice of the rail material and thesdesign of the freeze-drying cycle.
Firstly, the impact of the rail emissivity on thedh transfer in edge vials was tested at a chamber
pressure of 4 Pa in the TS configuration (totalyelled by the rail) by considering two shelf
temperatures, 0 °C and -40 °C and a range of eritistietween 0.05 and 1. The variation of the
emissivity of the rail did not modify the additidrfeeat flow rates received by either the vial Ceor
(data not shown). This result is supported by itmitéd contribution of the radiation heat flow rate
from the rail received by the edge vials (betweem@ 10 %Figure 111.3.5).
Then, the relative importance of the heat flow iatgial C and E compared to the one received by
the central vial M in the TS configuration was ewxdéd for different values of rail thermal
conductivity (between 0.01 and 16.5 W'id™). The thermal conductivity has an impact on thie ra
surface temperature (nam@&d), which in turn will influence the conduction thugh the gas
contained in the gap between the rail and the Wikk results are presented Figure 111.3.6. A
chamber pressure of 4 Pa and two shelf temperatDréS and -40 °C, were tested. The use of a
material with an increasing thermal conductivitprfr 0.01 W it K* to 1 W m* K™ resulted in
increasing the rail surface temperatiirédo a maximum of 3 °C. The increased rail tempeeatled
to an increase of the heat flow rates ratio betveskye vial C and edge vial M from 29 % to 34 % at
0 °C and from 41 % to 45 % at -40 °C. The use bfwih thermal conductivities higher than 1 W
m* K did not result in a further increase of the héawfrate ratio between edge and central vials.
The effect of the rail thermal conductivity on theat transfer was thus limited but not completely
negligible for vial C. In contrast, the edge vialvas not affected by the thermal conductivity af th
rail in the whole range tested, regardless of biadf semperature considered. The limited effedhef
rail thermal conductivity can be explained from thsualization of the heat fluxes in the system.
Figure 111.3.7 presents a view of the drying chamber, in whicthiswn the gas contained in the gap
between the rail, the bottom shelf and the edgés \ianly vial E visible). The temperature is
represented by the colour scale, whereas heatsflase represented by arrows, whose dimension is
proportional to the flux magnitude on a logarithraale. A rail thermal conductivity of 16.5 W'm
K™ and an emissivity of 0.13 at 4 Pa and 0 °C westete The heat fluxes directed to the lateral side
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of the vials were mainly coming from the bottom Iélaeea between the vials and the rail (upward
arrows) through gas conduction, as evidenced bythiee rectangle and the inset. Thus, the rail's
contribution to the lateral flux by gas conductieceived by edge vials was small and modifications

of the rail conductivity had only a limited impaut the lateral heat flux.

Effect of the equipment dimensions and emissivity on the heat transfer in the

drying chamber
During scale-up, the cycle is transferred from tptlo commercial freeze-dryers which can have
different dimensions (e.g., distances between thelf sand the wall and between shelves).
Furthermore, measurements in several freeze-dofatiferent scales have shown that the wall and
shelf emissivity can vary in a range of 0.04-0.4he3e features may modify the heat flow rates
received by the vials respectively by gas conduactiod radiation.
Figure 111.3.8 shows the heat flow rates received by vials Cn&  at 4 Pa and 0 °C in the TE
configuration (totally exposed) considering differewall emissivities and different distances
between the shelves and the wall. The dotted attiites represent the values for the freeze-dryer
considered for the simulatiofigble 111.3.1). A variation of the wall emissivity between 0.84d 0.5
resulted in an increase of the heat flow receivgdvials C, E and M of about 2, 4 and 5 %,
respectively Figure 111.3.8A).
The heat flow rates in edge vials C decreased bytab % when the distance between the shelves
and the wall increased from 3.5 cm to 20 dagyre 111.3.8B), whereas vial E and M were not
significantly affected. The variations of heat floate due to the wall emissivity and the distance
between wall and shelves appears to have a minmadion heat transfer, within measurement error
and modelling uncertainty;
Figure 111.3.9 presents the heat flows received by the vialk @nd M at a pressure of 4 Pa and a
shelf temperature of 0 °C in the TE configuratioonsidering different shelf emissivities and
different distances between the top and bottornmvekelAn increase of the shelf emissivity from 0.01
to 0.5 caused an increase of the heat flow of ab&atin vial C, 13 % in vial E and 15 % in vial M
(Figure 111.3.9A). However, considering a shelf temperature of -40tP@,increase of shelf
emissivity would led to a less significative incsegmaximum 6 %) of the heat flow rate in
edge and central vials (data not showilime impact of the shelf emissivity on the heat fiates
appeared to be more important than the wall enifgdior all the simulated vials C, E and M. This
result pointed out that a variation of the shelfssinity between one freeze-dryer and another danno
be neglected, and a precise thermal charactenzéit®, emissivity measurement) of the equipment
may be necessary before performing scale-up. Funtire, the heat flow decreased by about 5 % in
all considered vials when the distance betweersliedves increased from 3.5 cm to 10 drigre
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111.3.9B). Further increase of the distance (up to 20 cish)ndt have any significant impact on the
heat transfer. These results can be explaineddegi@ase of the gas conduction flow and of the view

factor relevant to radiation at distances betwaershelves higher than about 10 cm.

CONCLUSIONS

In the present work, the 3D COMSOL model previowdyeloped by our group was used to predict
the impact of several factors on the variabilityheft transfer between edge and central vials, asich
the vial loading configurations, the thermal prajgsrof the rail, the walls and the shelves andesom
characteristic dimensions of the drying chambex.,(distance between the shelf and the wall and
distance between shelves). The analysis reveatdttie loading configuration plays a significant
role in the heat transfer variability between edgd central vials. The use of a rail shielding more
than 70 % of the lateral side of vials locatedhat periphery of the shelf was found to significantl
reduce the edge vial effect. However, the railfitsentributes to the heat transfer and its coniin

has to be considered when it is present in the Imioida shelf, i.e., when several trays are used on
same shelf.

Furthermore, among the different thermal propeniethe drying chamber components (rail, walls,
shelves), the emissivity of shelf was found to 8igantly increase the heat flow received by both
edge and central vials. Thus, a precise measureofiesitelf emissivity is recommended to predict
the heat transfer modification between equipmergsgmting different finish of the shelves. Among
the explored geometric dimensions of the freezerry distance between shelves less than about 5
cm slightly increased the heat transfer while tistadce between shelves and walls had a negligible
effect in the considered range.

The present model revealed to be a powerful toohet used during the cycle design and scale-up
process to predict the heat transfer variabilitiwleen edge and central vials, but also between

different freeze-dryers.
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I11.3.3 Take-home message

» The vial loading configuration resulted to highhflience the heat transfer
in edge vials. The presence of the rail reducedatititional heat flow rate
received by edge vials, although it contributedhie heat transfer by gas
conduction and radiation.

» Furthermore, the emissivity of the shelf was fouodbe the thermal
property of the equipment that mainly impacted lieat transfer in both
edge and central vials.

» The heat transfer in edge and central vial wassigptificantly influenced
by the thermal characteristics of the rail, thessimity of the walls and the
geometry of the drying chamber.

» Our 3D mathematical model of heat transfer in feedz/ing revealed to be
a powerful tool to predict the heat transfer vatigbbetween vials and

between different equipments.

In these firstPapers 111.1-3, the mechanisms responsible for the heat trangfeability in vials
differently located on the shelf were investigaté@dl geometry variability was found to be the main
responsible for the heat transfer difference amaalg located in the centre of the shelf. Furthemmo
the use of a newly developed 3D mathematical moflbkat transfer in freeze-drying identified the
conduction through the gas in the drying chambethasmain responsible for the edge vial effect,
rather than radiation from the chamber walls asillggtated.

The combination of these mechanisms may lead toifignt differences of the product thermal
history within the vial batch, and thus their pritins can help the design and scale-up of thedree
drying cycles. However, variability of the massster in the vial batch also may lead to difference
in the product temperature and thus in the finadpct quality between vials. Identification and
quantification of the mechanisms responsible fa& thass transfer variability during primary and

secondary drying will be the goal of the nBpers 111.4-5.

- 180 -



RESULTS AND DISCUSSION 1I1.3 Effect of freeze-dryer design on heat transfer variability

- 181 -



RESULTS AND DISCUSSION I11.4 Product resistance variability

- 182 -



RESULTS AND DISCUSSION I11.4 Product resistance variability

II1.4 Determination of the product resistance variability
and its influence on the product temperature in
pharmaceutical freeze-drying

The present study was submitted to

the European Journal of Pharmaceutics and Biopharmaceutics.

I11.4.1 Context and objectives

During primary drying, the sublimed water vapous k@ overcome three main barriers to go from
the product interface to the condenser: the driedlyct layer, the elastomeric stopper (if present)
and the pathway from the chamber and the condeAs®ong these three barriers, the dried product
layer is known to greatly limit the mass transfemridg sublimation. The product resistance is
influenced by the dimensions of the dried porest aéfer ice crystals sublimation, which in turn

depends on the value of nucleation temperaturexghie freezing step. Furthermore, nucleation is a
stochastic phenomenon and thus ice crystals oéréift size may form among vials processed
following the same freeze-drying protocol, leaditwy differences in the mass transfer during

sublimation.

Objective
The main objective of the following study was twestigate and quantify the

product resistance variability and its impact oe ffroduct quality, through
predictions of product temperature distributiong,tibe combined use of two
experimental methods: the pressure rise test angrtivimetric method.
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ABSTRACT

During the primary drying step of the freeze-dryprgcess, mass transfer resistance strongly affects
product temperature, and consequently, the finadlyct quality. The main objective of this study
was to evaluate the variability of the mass transfsistance due to the dried product laygy) (n a
manufacturing batch of vials, and its potentiakeffon the product temperature, from data obtained
in a laboratory freeze-dryer. Freeze-drying cyskese run at -25 °C and 10 Pa in a pilot scale
equipment using two different freezing protocoliseRepetitions of each condition were performed.
Pressure rise test (PRT) and gravimetric method® \applied as complementary approaches to
estimateR,,. PRT method allowed to estimate variability of thelution ofR,, with the dried layer
thickness between different experiments whereagriémetric method determingy), variability at

a fixed time within the vial batch. Based on prdadresistance distribution calculated from PRT
method, a product temperature safety margin of abdi°C was defined for a product dried layer
thickness of 5 mm. The present approach can betasestimate the risk of failure of the process due

to mass transfer variability based on product teatpee distributions in cycle design and scale-up.
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lyophilization, drying, mass transfer, product sésince, sublimation rate, controlled nucleation,

heterogeneity, distribution, pressure rise test
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NOMENCLATURE
A Cross sectional argan?)
df Degrees of freedom
AH Latent heat of sublimatiofy kg~1)
Ky Vial heat transfer coefficiefit? m=2K~1)
l Layer thicknesgm)
m Water vapour mas3g)
My, Molecular weight of wategkg kmol™1)
Ny Number of vials
P PressuréPa)
Q Heat flow rate(W)
Ry Ideal gas constarff K~ *kmol™1)
R, Product resistanagPa m?* s kg™1)
SD Standard deviation
SE Standard error
tsub Sublimation time(s)
T TemperaturéK)
|4 Volume (m?)
Greek
A Thermal conductivityW m~1 K1)
p Product densitykg m~3)
Subscripts
0,1 Index of parametersiquation I11.4. 5
B Vial bottom
c Chamber
d Dried
f Frozen
i Interface
n Nucleation
S Shelf
%4 Vial
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INTRODUCTION

Freeze-drying is a soft-drying process which cdssisthe dehydration of the frozen product firgt b
under-vacuum sublimation and then by desorptiore Buthe use of very low temperature and
pressure, freeze-drying is currently the methoccldice in the pharmaceutical industry for the
preservation of heat sensitive products such asinves, proteins or micro-organisms (Hansel,
2015; Adams, 1991; Fonseea al, 2015). Several quality attributes of these prodeay., the
elegance of the dried cake, the reconstitution tand the moisture content, are governed by the
temperature profile during the sublimation stegh(@mn and Lewis, 2011; Patdl al, 2017; Pikal
and Shah, 1990). If the temperature of the sublonahterface exceeds a critical value, i.e., qdka
temperature, the product may experience abruptdbspiality due to the collapse of its structure
(Pikal and Shah, 1990; Johnson and Lewis, 2011).

The thermal history of the product cannot be diyexbntrolled but is governed by the heat and mass
transfer taking place during the process. Theakticodels of these phenomena are nowadays
largely used to predict critical process paramegsshe product temperature, for process desidn an
scale-up (Treleat al, 2007; Velardi and Barresi, 2008; Giordagtaal, 2011; Lopez-Quirogat al,
2012; Pikalet al, 2005). Freeze-drying models often involve theedaination of heat and mass
transfer parameters, such as the vial heat tranegdficientK;, and the mass transfer resistance due
to the producr, (Pikal et al, 1984; Giordanet al, 2011; Pisanet al, 2013; Treleat al, 2007;
Pikal et al, 2005). The correct evaluation of these model rpatars and their variability is of
paramount importance for a reliable prediction lné product temperature within the batch and
between different freeze-dryers.

The vial heat transfer coefficie, is characteristic of the container, and dependghernchamber
pressure and on the dimensions of the vial botteongtry. Its determination is usually performed
by the gravimetric method (Piket al, 1984; Pisanet al, 2011; Scutell&t al, 2017a; Hibleet al,
2012), which allows to have a detailed picturehaf variability of this parameter among the vials on
the shelf. In contrast, the product resistaRgés characteristic of the formulation, and its eatipes

not remain constant during sublimation as it is tiuthe growing dried layer thickness.

In literature, several methods were developed tasme the evolution of the product resistance with
the dried layer thickness from the estimation & thass flow rate value, such as the microbalance
(Pikal et al, 1983; Xianget al, 2004), the pressure rise test (PRT) (Fissbral, 2010; Oddonet

al., 2014; Tanget al, 2006a), the tunable diode laser absorption spemipy (TDLAS) (Kuuet al,
2011). Product resistance was also determined fremproduct temperature profile recorded by
thermal sensors during the process by using matieahanodels and soft sensors (i.e., software
sensors) (Kuwet al, 2006; Boscat al, 2013). Some of these techniques, such as theadPRThe
TDLAS, allow to evaluate a global value of the prodresistance in the vial batch, starting from
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global measurement of the mass flow rate. Othehaalst allow to determine product resistance
evolution in one vial (such as the microbalanceina limited number of vials (for example the use
of thermocouples). Thus, the determination of tlaeiability of the product resistance within a
manufacturing batch of vials remains particulabgltenging.

The product resistance value and variability iedlly influenced by the freezing step. Some authors
(Searleset al, 2001b; Searles, 2010a; Konstantinidisal, 2011; Oddonet al, 2014, 2016) have
evidenced a direct correlation between nucleat@nperature, ice crystal size, and mass transfer
during primary drying. It was found that high vatuef nucleation temperature generate few and
large ice crystals, which upon sublimation in priyndrying leave larger pores and smaller specific
surface area than low values of nucleation tempeafThe dimension of the pores dramatically
influences the resistance of the product due tatles layer, and thus the sublimation rate (Searle
2010a; Searlest al, 2001b).

Furthermore, the stochastic nature of nucleatiorpegature leads to different kinetics of sublimatio
within a same vial batch (Searlesal, 2001b; Searles, 2010a; Oddagteal, 2014; Passott al,
2009; Oddonest al, 2016), resulting in potentially high vial to vigriability that poses significant
problems in achieving product quality homogeneity.

In the present work, an original approach was psedao estimate the variability of the product
resistance,, in a manufacturing batch of vials during the pniyndrying step starting from data
obtained at laboratory scale. Freeze-drying cysle® performed using a 5 % sucrose solution at 10
Pa and -25 °C in a laboratory scale freeze-drywn different freezing protocols were used, i.eg, th
nucleation of ice crystals was either spontanesusontrolled using the nucleation agesriomax.
Five repetitions of each condition were carried, ootorder to evaluate the product resistance
variability between different laboratory scale Inats. Furthermore, two additional cycles were
carried with partially stoppered vials, to studg &ffect of the presence of the stopper on theymtod
resistance. Two experimental methods were usethé&determination of the product resistance: (1)
a global one, namely the pressure rise test (PRT@yaluate the average evolution of the product
resistance with the dried layer thickness in simgltehes, and (2) a local one, namely the gravimetr
method, to evaluate the variability of the mass lasa given time of sublimation between single
vials. The combination of the data provided by ¢hesethods was used to estimate the variability of
the product resistance in a manufacturing batctialé. Finally, the effect ok, variability on the
product quality was quantified by calculating thredquct temperature distribution and by assessing

the risk of failure (potential percentage of regectials) of the process during the sublimatiop.ste
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Figure I111.4.1: Arrangement of the vials on the shelf. Symbolscklaircle, vials in which the
thermocouples are located; Letter ‘M’, gravimethiiganalyzed vials. All vials were filled with

1.8 mL of the selected product.

Table I11.4.1: Description of the freeze-drying cycles perfornmethis study.

PRT method Gravimetric+PRT

Description method

Vials filled with sucrose solution and processed =51 554

] S5-2 S5-5
without stoppers (S5) 5.3
Vials filled with sucrose solution and processethwi S5s-1
partially inserted stoppers (S5s) S5s-2
Vials filled with sucrose solution + 0.1% of Snomax  S5cn-1 S5cn-4
to control the nucleation and processed without S5cn-2 S5cn-5
stoppers (S5cn) S5¢n-3
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MATERIALS AND METHOD

Materials

Siliconized 3 mL tubing vials (Muller + Mduller, Holinden, Germany) filled with a 5 % w/w
aqueous sucrose solution were used throughoustindy.

The experiments were carried in the REVO laboratgogle freeze-dryer (Millrock Technology,
Kingston, United States), equipped with three temjpee controlled shelves and a condenser
connected with the drying chamber by a butterfliveaThe drying chamber had a volume of 0.12
m°. Two pressure gauges, a capacitive manometer (MK8)a thermal conductivity gauge (Pirani)
were used to monitor the pressure in the chambexnder to monitor the product temperature during
the cycles, a number of 7 T-type Thermocouples \péaeed in the bottom centre of selected vials

(Figure 111.4.1). The accuracy of the product temperature measmewas estimated at + 0.5 °C.

Freeze-drying cycles
A number of 204 vials were arranged in hexagonadters Figure 111.4.1) in a bottomless tray and
filled with 1.8 mL of the sucrose solution (i.eQ tnm of filling height). In order to minimize the
additional heat transfer at the border of the shie# vial batch was fully shielded by a polystygen
rail covered by aluminium tape. Three experimeotaiditions were investigated, as presented in
Table 111.4.1: vials filled with sucrose solution and procesgsithout stoppers and with spontaneous
nucleation (S5); vials filled with sucrose solutiand processed with stoppers and with spontaneous
nucleation (S5s); vials filled with sucrose and leating agent Snomax solution and processed
without stopper and with controlled nucleation (§5¢
Freeze-drying cycles with spontaneous nucleatiefefred as S5) were performed in two successive
steps: (1) a freezing step, performed firstly bylow the shelf at 3 °C mih from ambient
temperature to -50 °C and then by holding the Viais2 h at -50 °C, and (2) a sublimation step,
carried out at a shelf temperature of -25 °C (neatiate of about 2.5 °C mih and a chamber
pressure of 10 Pa. When controlled nucleation vegdied, 0.1 % of the nucleation agent Snomax
(Snomax LLC, Englewood, CO, US), an active protémnived fromPseudomonas Syringaeas
added in the sucrose solution and the following#ieg protocol was applied. The shelf temperature
was first decreased from ambient temperature f&€-4t about 3 °C mih then maintained at -4 °C
for 1 hour to initiate ice nucleation and finallgateased to -50 °C at 3 °C firDuring all the
performed cycles (S5, S5s and S5cn), pressuréeste (PRT) were performed to determine the mass
flow rate. The PRT consisted in closing the valesaeen the drying chamber and the condenser at
specified moments for a short time period of ab®@s$. The manometric pressure was recorded
during the PRT every 0.1 s by a specially desigsativare. Some cycles (two of each condition
without stopper) were stopped at about 30 % ofdted sublimation time and the sublimed ice mass
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Table 111.4.2: Vial and freeze-dryer dimensions, physical priperand parameters used in this
study

Symbol Significance Value £ SD Units
Ayp Outer bottom area of the vial 207 10 m?
A; Inner bottom area of the vial 1.7810 m?
AH Latent heat of sublimation of i 2.810 J kg™
Ky Vial heat transfer coefficieht 13.30+ 0.885 Wm K
A Ice thermal conductivity 2.23 W=t K
P Product density 917 kgm™
R Ideal gas constant 8.314 10 J K~ emol ™!
Te Temperature of the drying chamber 242 K
Mw Water molecular weight 18 kg lemol™*
Ve Volume of the drying chamber 0.12 m3

SD, standard deviation.
 Evaluated from Scutella et al. (Scutedtzal, 2017a)

-192 -



RESULTS AND DISCUSSION I11.4 Product resistance variability

in 50 central vials (marked with the letter M kigure 111.4.1) was determined by the gravimetric
method, as proposed by Scutella et al. (Scutdllal, 2017a). The selected vials were weighed
before and after the cycle, and the water loss caéilated as difference between initial and final
vial mass. Sublimation time was measured from tlement when shelf temperature exceeded
product temperature, meaning that there was agattflux from the shelf towards the vials.

A summary of all the experiments performed is pnesinTable 111.4.1.

THEORY AND DATA ANALYSIS

Theoretical description of the product resistance

Evaluation of the product resistance from the nfbss rate
As widely reported in literature (Pikal, 2000; Hiled al, 1984; Overcashieat al, 1999; Fissore and
Pisano, 2015; Bosocet al, 2013; Kodamat al, 2013), the product resistangg can be calculated

as:

_Ai(Pi—Py)
p m

R Equation I11.4.1
wherem is the mass flow ratel; is the sublimation interface areg,. is the partial pressure of the

vapour in the drying chamber, usually assumed etpahe total chamber pressure during the
sublimation step, anB; is the vapour pressure at the sublimation interfaalculated using the

Clausius-Clapeyron relation (Scutedial, 2017a):

81396 1 78.8912

P=exp Ti Equation I11.4.2

In Equation 1ll.4.2, T; is the product temperature at the sublimation riate theoretically

determined as follow:

0 = 4 j—ff (T, — Tgy) Equation I11.4.3
where/; is the conductivity of the frozen layet; is the sublimation interface area, considered lequa
to the internal cross sectional area of the Vjak the frozen dried layer thickness, evaluatedhas t

difference between the initial product thicknesd #me dried layer thickness at given tirfds the

heat flow rate, equal to the mass flow rate tirheslatent heat of sublimatioaKm) considering the
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Product resistance variability

PRt

Experimental method

Pressure-risetest (PRT)to determinethemass Experimental method

Gravimetfricmethod to determine the SD of

flow rate ; : B
I water losg at a given time At )

Data analysis v
T The S0 of the vial heal transfer coefficient
£, was determined as proposed
" by Scutella et al. (2017)

y

Thestandard deviation of ﬁpg
determined by usingthe PRT was

Estimation of the mean and 3E ofthe congidered
model parameters J/
(Fpp and ) E RO A -
o First order sensitivity analysis (Equation 9)
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Figure 111.4.2: Schematic flow of the strategy used to determirefroduct resistance variabilit
by using the PRT and the gravimetric methods.

Po=—4-107t% < 4,107 — 0.0014¢* = 0.0296¢° — 0.3469¢°

+ 2,2804+ + 9.6833
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Figure 111.4.3: Example of the increase of the chamber pressutiena during a PRT performed
in the freeze-drying cycle S5-1.
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pseudo-steady state during sublimation, &gdis the product temperature at the vial bottom,
calculated as (Pikalt al, 1984; Scutell&t al, 2017a):

Q = Agy Ky(Tgy — Ts) Equation 111.4.4

wheredgy is the vial bottom area, considered equal to ealecross sectional area of the vigl,is
the temperature of the shelf, evaluated as theageebetween the inlet and outlet shelf fluid
temperatures, ankl, is the vial heat transfer coefficient evaluatedpagposed by Scutella et al.
(Scutellaet al, 2017a).

All relevant physical product properties and partrseused are reportedTiable 111.4.2.

Dependence of the product resistance on the dager lthickness,
The product resistandg, can be described as a linear function of the diagerl; (Pikal et al,
1984; Pikal and Shah, 1990):

R, = Rl,0 + Ry, lg Equation 111.4.5

whereR, andR, are coefficients determined by data regression. &velution of dried layer

thickness in timefz{f) can be calculated as:

da _ 1 i
T pAL_m Equation 111.4.6

wherep is the density of the product (assumed equalealénsity of the ice).

Experimental evaluation of R;, and calculation of R, distribution

Figure II1.4.2 schematically represents the strategies usedainiae the variability of the product

resistance. Two experimental methods were useqirdssure rise test and the gravimetric methods.

Evaluation ofR,, using the pressure rise test
The pressure rise tests were used to determinieeafntss flow rate values during the sublimation
step of all the freeze-drying cycles performEdyure 111.4.3 shows an example of the evolution of
the chamber pressure during a PRT. As soon asdlve between the chamber and the condenser
was closed, the pressure inside the chamber iregteas result of the accumulation of the sublimed
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water vapour, at first very rapidly and then mdmevy when the chamber pressure approached the
equilibrium value with the ice surface (Fissetel, 2010).
The initial slope of the pressure rise cu%’téwas calculated by fitting the data with & 6egree
polynomial equation and performing the analyticadihtive at the initial pressure rise time (ecoal
0). Then,dd% was considered directly proportional to the subtion flow raterm through the ideal
gas law:

dPe _ pjp RaTcly Equation 111.4.7

dt VeMy
whereR, is the ideal gas constaii; is the volume of the drying chamb, is the temperature of
the chamber, estimated as an average betweenatideshperature and product temperature at the
interface (Pisanet al, 2011),M,,, is the molecular weight of the water vapour ahds the number
of vials. The values of the relevant physical prape used irfequation I11.4.7 are reported iffable
I11.4.2. The mass flow rate values obtained from the PRI then used to calculate the product
resistance evolution with the dried layer thicknlegsisingEquations 111.4.1-4. For each condition
tested (i.e., S5 and S5cn), five curves were obthiend considered as a single set of data to fit
Equation 111.4.7 and to calculate the values and the standardse?6) of the parameter®, and
Ry, . Finally, the standard deviationSIY) of the product resistance parameteysandR,, (named

R,,andR, ), were calculated from tt& by considering:

SD = SEVdf Equation 111.4.8

wheredf is the number of the degrees of freedom, equétheéodifference between the number of
experimental points collected (i.e., the total nembf PRTs performed during the five experiments
for each condition) and the number of parametBys &ndR,, for Equation 11.4.5). Calculations

were performed with Matlab R2014b software (Thehidorks, Inc., Natick, MA).

Evaluation ofR,, using the gravimetric method
The variability of the product resistance in a dnimtch of vials (i.e., 100) was also
evaluated by performing a variance-based senyitigitalysis. Firstly, the gravimetric
method was used to determine the distribution @& $ablimed mass at a given time
Am(ts,,) among vialsn four freeze-drying cycles carried out with an@thout controlled

nucleation. Differences in the sublimed mass betwegals can be due to the variability of
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the heat transfer to the vial and of the mass feans the dried layer. Thus, the total

variance of the sublimed ma&m?’t:ub)z can be expressed as the sum of the fractions of
variance due to the heat and mass transfer parewgteR,, andR,, , assuming that their

effects are independent:

p——— 2 :2 2 —_— 2 p—Aa 2
Am(tsub)z — (aAm(tsuh)) KV +(6Am(tsuh)) R 2+(6Am(tsub)) R

dKy dRp, Po ORp, P1
Equation 111.4.9
an an aa I
where :gll(:sub) , ;";tsu”) and ;"Igt“‘”) represent the sensitivities &fn(tg,;,) to the parameters;,,
14 Po P1

R,, andR, respectively and were estimated using a firstrofdglor expansion:

P ) = S I Equation 111.4.10
whereg; represents each considered paraméfgr R,  or R, ) and§ an increment equal to 5 % of
;. Equation I11.4.10 was solved as follow. Firstifsquations 111.4.1-6 were used to calculate the
mass flow rate by considering the mean valu&gf and R, previously determined using the PRT
method, and th&} value calculated as proposed by Scutella et autéBaet al, 2017a) Then, the
termAm(tg,,) Was calculated by integrating the mass flow rater dcimetg,;, (sublimation time).
The calculation was repeated considering itharameter incremented by The sensitivity terms

obtained for each of the considered parameters weed inEquation 111.4.9 to calculate the
standard deviation dt, based on the gravimetric meth(mhmedel). The intra-batch standard

deviation ofK, (K,,) was considered as mainly due to the vial bottoongery and determined as
proposed by Scutella et al. (Scutaltzal, 2017a) Table 111.4.1). The least important term, namely

the standard deviation &, , was taken into consideration to be approximatggyal toR,, ,

Do !
previously determined using the PRT method. Finailyrmally distributed random values RJJO

andRp1 were used ifEquation 111.4.5 to calculate the product resistance distributimmaf givenl,.

The software Matlab R2014b equipped with the StesisToolbox (The MathWorks, Inc., Natick,

MA) was used to perform the calculations.

Evaluation of the product temperature Tgy distributions
In order to assess the impact of the product eesist variability on the final product quality,
distributions of the product temperatufg, were calculated at a givdp from the previously

determinedR,, distributions using=quations l11.4.1-4. For this calculationi, was set equal to its
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Figure 111.4.4: Mass flow rates evolution in function of the drigickness in freeze-drying tests
of 5 % sucrose solution processed in vials withstappers and spontaneous nucleation (S5,
triangles), with partially inserted stoppers andrgdpneous nucleation (S5s, circles) and without
stoppers and controlled nucleation (S5cn, squafé®.mass flow rates were determined by PRT
method fromEquations 111.4.7. The solid lines represents the mass flow rateéa dange not
affected by underestimation due to the PRT method farther considered in the analysis.

Experiments marked with * in the legend did notwlesignificant difference at 0.05 level (based
on ANOVA tests).
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Figure 111.4.5: Average values of the mass flow rates within a eanfjdried layer thickness
between 0.5 mm and 7 mm in case of product in yiedsessed without stoppers and spontaneous

nucleation (S5), with partially inserted stoppersl apontaneous nucleation (S5s) and without
stoppers and with controlled nucleation (S5cn).
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mean value. Chi-square goodness-of-fit tests weeefopned on the product temperature
distributions, to verify that the simulated datareveompatible with a normal distribution at a 0.05

significance level.

RESULTS AND DISCUSSION

Effect of the stopper and of the freezing protocol on the mass flow rate
Figure 111.4.4 shows the mass flow rates evolution with driecetahickness,; determined by PRT
method for batches of vials processed with andawittstoppers and frozen following two different
protocols (spontaneous and controlled nucleatidhg mass flow rate decreased as the dried layer
thickness increased. However, at a dried layektigiss of about 7 mm, the mass flow rate started to
decrease dramatically. This type of behavior of RRRfa was previously reported in literature and
was ascribed to batch heterogeneity (Fissetreal, 2010). The vials in the batch completed
sublimation progressively at different times, wleerex constant number of sublimating vials was
continuously considered during the data analygjsit Equation 111.4.7).
Figure 111.4.5 reports the average values of the mass flow ratmgl sublimation (between dried
layer thickness of 0.5 mm and 7 mm); total layewfi 0 mm) for each freeze-dying cycle performed
with and without partially stoppered vials and wihd without controlled nucleation during the
freezing step. ANOVA test performed at 0.05 sigmifice level did not revealed a significant
difference among mass flow rates in cycles S5s @Bdcarried out with and without partially
stoppered vials. The presence of the stoppers envidis did not appear to add a significant
resistance to the mass transfer from the ice-vapaerface to the chamber. This finding is in
agreement with an earlier work of Pikal et al. @Pikt al, 1984), who quantified the relative
importance of the stopper resistance to about 361df the total mass transfer resistance, which is
small compared to the product resistance (80-90C6hversely, ANOVA test performed at 0.05
significance level showed a significant differeaosong mass flow rates in cycles S5s and S5cn.
The mass flow rate resulted to be significantlyhleigin cycles in which ice nucleation was
controlled during the freezing step (S5cn) thathiacycles in which ice nucleation was spontaneous
(S5 and S5s).
As expected, the nucleation temperaffjyestimated from the thermocouple signals was fdartzk
-4.12 + 0.36 °C (coefficient of variation of 9 %fpr cycles S5cn processed with controlled
nucleation. Similarly, the nucleation temperatwesutted to be -4.39 + 2.02 °C in cycles S5 and S5s
(coefficient of variation of about 45 %) processedth spontaneous nucleation. However,
spontaneous nucleation is often reported to takaceplat temperature lower than -7 °C
(Konstantinidiset al, 2011; Searlest al, 2001b).

- 199 -



RESULTS AND DISCUSSION I11.4 Product resistance variability

A
300  sed
e : S5-4
i ‘ S5-2
2 o S53
-
v 20 A0S 1 S5-5
E
(v
T 100
£l
()
0
0 2 4 6 8
B
= e Sbcn-1
N +« Sbcn-2
K =  Sben-3
E ¢ Sben-4
o 2000 + S5cn-5
E
X e g .+r**i
= " 8 amB
o 'l{‘." qg‘d““
0 -

ld [mm]

Figure 111.4.6: Evolution of the product resistance with the dii@ger thickness calculated from
PRT data obtained in tests S5 performed with speaas nucleation (Figure A) and PRT data
obtained in tests S5cn performed with controlledleation (Figure B). The grey area represents

the range oR,values considering the standard devia\tionRZg%fandRp1 (positive values only).
Symbols: experimental data; Solid line: fittingtbé experimental data withquation 111.4.5.

Table 111.4.3: Mean + standard deviation (SD) for the sets @ffiicientsRp, andRp, (Equation
[11.4.5) from data of cycles S5 and S5cn.

Pressure rise test Gravimetric method
Set of Rpy Rp, Rp,
[kPa s m?*kg™!] [kPasmkg™!] [kPasmkg™1]
parameters
SD SD SD
Mean — Mean — Mean ~
Rp, Rp, Rpy
S5 59 75 1810 2.01d 1.8 1¢ 0.31d
S5cn 47 48 09f0 1.21d 0.9 1¢ 0.2 1¢
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In the present work, high nucleation temperaturarioontrolled vials was probably due to the high
particulate level present in the laboratory envinent and to the presence of the thermocouples into
the monitored vials, which acted as nucleating tigdowever, the coefficient of variability was
significantly higher in cycles in which the nucleat was not controlled (S5+S5s). The high
variability of the nucleation temperature may resuheterogeneous product structure and increased
variability in mass flow rates between vials of #aene or different batches.

Determination of the product resistance variability
The present analysis characterized the differeircesass transfer among 8 batches performed at
pilot scale, constituted of about 200 vials eacbwklver, manufacturing freeze-dryer often reach a
capacity of 100,000 vials. The evaluation of thessnmansfer variability within a batch of this size
represents a real challenge. In the present wbek,ntra-batch mass transfer variability within a
manufacturing batch was estimated by combining yecbdesistance data from replicates of small
batches processed in a laboratory scale freeze-diyle and without controlled nucleation. To this
end, the PRT method was used for the determinatfoie variability of the product resistance
evolution with the dried layer thickness among lalbary scale batches. Finally, the gravimetric
method was used to evaluate the inter-vial massfea variability of laboratory scale batch at a
given time. The mass flow rate evolution with théed layer thickness obtained using the PRT
method in cycles performed with and without conélnucleation (S5 and S5cn) were used to
calculate the product resistankg. Five replicates of each condition were perfornigte evolutions
of R, with the dried layer thicknedg are presented ifrigure 111.4.6. The product resistance
linearly increased with the dried layer thicknesgardless of the freezing protocol applied.
Equation 111.4.5 was then used to fit the product resistance dai@ireed from cycles S5 performed
with spontaneous nucleatiofrigure I11.4.6A), and from cycles S5cn performed with controlled
nucleation Figure 111.4.6B). The obtained value and standard deviation of $ets of parameters
R,, andR, are reported imable 111.4.3. Both the parameter, andR,, exhibited higher values
and also higher standard deviations for cyclesoperéd with spontaneous nucleation (data set S5)
than for cycles performed with controlled nucleat{data set S5cn).
The determined value &, appeared to be of the same order of magnitudeesiqusly reported
values for sucrose-based model formulation (e.§.2 &5Pa m?s kg™t (Mortier et al, 2016) and
10kPa m? s kg~1(Pisancet al, 2013), whereaR,, appeared to be lower than the value determined

by Pisano et al. (Pisarat al, 2013) (1.65 10kPa m? s kg™1).
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Table 111.4.4: Comparison of the product resistance vatyeobtained in this study with other reported in
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literature for a 5 % sucrose solution and a drég@t thickness of 5 mm.

. . . - R,at ly=5mm
Reference Nucleation Primary drying conditions [kPam? s kg-1]
Spontaneot Performed at a shelf 14¢
This work temperature of -25 °C and a
Controlled at -4 °C chamber pressure of 92
10 Pa
Spontaneous Slow shelf ramping from 125
(Konstantinidis -35°Cto-10°C at
et al, 2011) Controlled at -3 °C  0.02 °C mift, and chamber 91
pressure of 13 |
(Boscaet al Performed at a shelf
? Spontaneous temperature of -20 °C and a 145
2013)
chamber pressure of 10
(Rambhatlaet Controlled at -1 °C Performed at a shelf 67
al., 2004§ Controlled at -6 °C  temperature of -25 °C and a 77
B Controlled a-11 °C chamber pressure of 13 96
(Fissore and Performed at a shelf
Spontaneous temperature of -30 °C and a About 100

Pisano, 2015)

chamber pressure of 5 Pa.

#Method Il (improved ice fog technique)

1

> Am(t,,) =1.16 10" kg(S5)

T 085 Afe,)=089 10*ke(SScn)

3
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Figure 111.4.7: Cumulative probability of the water mass loss dateed from data obtained by
using the gravimetric method in cycles performethveipontaneous nucleation (S5, dotted line)
and controlled nucleation (S5cn, dashed line). §thadard deviation of the mass loss for the two
sets of data is reported on the figure.
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The range oR, values defined by the determined standard devitai®, andR, for different
dried layer thicknesses is represented by the grew inFigure I11.4.6 (positive values only).
FurthermoreTable IIl.4.4 compares the average value of the product resisteaiculating by using
Equation 111.4.5 at a dried layer thickness of 5 mm with value régm in literature, for the
conditions considered (S5 and S5cn). Regardlessdheing protocol, the determined average value
of R, appeared to be in agreement with the other vakgsrted and in particular with ti#g, value
reported by Bosca et al. (Bose& al, 2013) for spontaneous nucleation and with Rhevalue
reported by Konstantinidis et al. (Konstantinidisal, 2011) for controlled nucleation.

The gravimetric method was then used to evaluaevéniability of the mass loss at a given time
among vials for two replicates of cycles performeith and without controlled nucleation. The
distributions ofAm(t,,,;) are reported ifrigure 111.4.7, as well as the standard deviation values of
the mass losam(t,,;,). For product processed with controlled nucleatiofi(t,,,) appeared to be
lower than in case of product processed with spmwas nucleation. The values of

Am(tg,,) determined from data obtained in cycles S5 and Sfme then used iBquation 111.4.9

to calculate the value of standard deviatioRofbased on the gravimetric metho‘;q[J 0, which is

reported inTable 111.4.3.

The standard deviatiol%?,;1 based on the gravimetric method represents abB#01% of the
corresponding mean value Bf, which is comparable to the 10-25 % reported in litezature

(Pisanoet al, 2013; Mortieret al, 2016). Other studies often consider a 10 % vditialior R,,

(Boscaet al, 2013; Giordanet al, 2011; Pisanet al, 2013). However, this standard deviaﬂ%
based on the gravimetric method is representativiheo variability in a small batch of about 100
vials. It was found to be about 5 to 6 times lotyen the standard deviatiaﬁ@1 based on the PRT
method, which was assumed representative of ldrgiehes with several shelves loaded with vials
and especially of the stochastic nature of spoctamenucleation. For the following analysis of
product temperature distribution, this larger Vaitity based OI’R’;() andl?;1 was used since it could
better reflect the lack of homogeneity at manufactuscale.

The value and standard deviation of the model petersR, andR, determined by PRT method
for cycles carried with and without controlled restion was then used to evaluate the distribution o
the product resistance. The obtained cumulativigiliigions ofR,, are shown irFigure 111.4.8 for a
chamber pressure of 10 Pa and a shelf temperdtt28 6C.

Product processed during the freezing step witmtspeous Kigure 111.4.8A) and controlled
nucleation Figure 111.4.8B) were considered. Furthermore, two values ofddiagyer thicknesg;

were simulated, 1 mm and 5 mm (total product thédenequal to 10 mm).
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The results showed that the range of the prodsstesce values (calculated considering + 3 times
the SD limited to positive values, that includepragimately 99 % of the vials) significantly
increased with;. In particular, product resistance values can dfendd in a range of about + 160
kPa s m? kg at 1 mm and of about + 320 kPa s m?'kat 5Smm for product processed with
spontaneous nucleatioRigure 111.4.8A, calculated considering + 3 times the SD limiteghositive
values), and from * 119 kPa s m?z’kgt 1 mm to about + 200 kPa s mZ*kat 5mm for product
processed with controlled nucleatioRidure 11.4.8B; calculated considering + 3 times the SD

limited to positive values).

Impact of the product resistance variability on the product temperature distribution
In order to optimize the primary drying step whif@intaining an acceptable product quality, the
product temperature has to be maintained closebblaw a critical value (e.g., glass transition
temperature for amorphous product). The mass earséterogeneity due to differences in the
product resistance among vials causes variabilithé product temperature within the same batch or
in different batches. Considering a constant valighe vial heat transfer coefficient (reported in
Table 111.4.2), the distributions of the product temperature tluehe variability of the product
resistance alone were calculated as reportedhieory and data analysis Product resistance
distributions previously determined for a 5 wt/wicsose solution processed with and without
controlled nucleation and at -25 °C and 10 Pa dusuablimation were considered, as shown in
Figure 111.4.8. Product temperature distributions were determifedtwo different dried layer
thickness, i.e., 1 mm and 5 mm and are reportédguare 111.4.9. As expected, the value of product
temperature increased at higher dried layer thisknieecause of the higher product resistance value.
Variability of the product temperature due to theduct resistance distribution alone was estimated
as * 3 times the SD and was found to be approxiynatd.5 °C at 1 mm and + 6 °C at 5 mm for
spontaneous nucleatioRigure 111.4.9). If the controlled nucleation is used, the vaitigbis + 4.5
°Cat1mmand 5 °C at 5 mrRigure 111.4.9B). This safety margin for the product temperatgre i
significantly higher than the one estimated by 8ltatet al. (Scutellat al, 2017a), due to the inter-
vial K, variability in central vials, which was reporteal be about + 1 °C. Furthermore, previous
works (Boscaet al, 2015; Pisancet al, 2013) reports product temperature margins duéhe¢o
combined effect of the heat and mass transfer wéityaclose to + 3 °C, which is lower than the one
estimated in this study.
Based on this analysis, the risk of failure of finecess can be estimated. As example, considering
the glass transition temperature of the sucros@ (@), a 2 % of the vials processed with
spontaneous nucleation will present a temperatigkeh than the critical value at a dried layer
thickness of 5 mmHgure 111.4.9). Conversely, no vials processed with controlledleation will
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present a temperature higher than the criticalevdlu order to assure that all the vials will presz
temperature lower than the critical one, the stegifperature should be reduced at about -28 °Gx(for

constant pressure of 10 Pa).

CONCLUSIONS

The product resistance highly affects the valu¢hefproduct temperature during the freeze-drying
cycles. Thus, the value and variability of thisgraeter needs to be precisely evaluated for a teliab
prediction of the product temperature. In this wak original approach was proposed to estimate
the variability of the product resistance by udiwg experimental methods, the pressure rise tekt an
the gravimetric method. The impact on the massstearof the presence of the stoppers into the vial
necks and of the freezing protocol was also constielhe presence of stoppers on the vials was not
found to significantly modify the mass flow raterithg sublimation. In contrast, the use of contmblle
nucleation during the freezing step of the freezend cycle increased the mass flow rate with
respect to cycles carried out with spontaneouseation and decreased its variability.

Then, product resistance data from 5 laboratoybatches obtained using the pressure rise test wer
combined to estimate the product resistance vditialoh a manufacturing vial batch, which was
expressed in terms of standard deviation of thamaters?,, andR, . The standard deviations of
R,, andR, determined using the PRT method in batches predeasth controlled nucleation
resulted to be lower than the variability of thesistance in batch processed with spontaneous
nucleation. Furthermore, the gravimetric method wsed to estimate the variability of the product
resistance between vials within a laboratory batdhich was found to be several times lower than
the one obtained from the PRT method. The prodesistance distributions determined from the
PRT method was used to calculate the product teatyer distributions, which resulted in a
definition of a safety margin of about + 5 °C.drder to assure the robustness of the method, an
additional validation for the estimation of produesistance variability at manufacturing scale will
be performed in the future.

Finally, as an example of practical applicatior, pnesented approach was used for the evaluation of
the risk of failure of the process due to the niemssfer variability only, expressed as a percentag
of potential vials showing a product temperaturghbr than the critical value. The proposed
approach will be used in future works to investgtte variability of the product resistance among
vials presenting low filling volume (e.g., 0.4-01) and processed with spontaneous nucleation in
environmental conditions similar to those of prast scale GMP (i.e., less presence of particle in

the air).
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I11.4.3 Take-home message

> The presence of the stopper on the vial neck digtmongly influenced the
mass flow rate during sublimation. In contrast, snansfer resulted to be
greatly influenced by the freezing protocol.

> The pressure rise test and the gravimetric methere wsed to evaluate the
variability of the product resistance among viais {erms of standard
deviations of the product resistance parametersg product resistance
variability obtained by using the pressure ris¢ testhod was significantly
higher than the one obtained by using the gravimetethod.

> The determined product resistance distribution tedhe definition of a
product temperature safety margin of about + 5t6@e considered during
the cycle design and scale-up.

The stochastic nature of nucleation in the freesiteg leads not only on different dimensions of the
pores between vials, but also to different spesffidace areas of the product available for degorpt
of the remaining unfrozen water during secondagyngdr. The importance of the desorption kinetics

variability on the heterogeneity of the product stoie content will be analyzed Raper 111.5.
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II1.5 Can the desorption kinetics explain the residual moisture
content heterogeneity observed in pharmaceuticals freeze-
drying process?

The present study was object of an oral presentation at the Eurodrying Conference 2017

(Liegi) and it was submitted for the Eurodrying special issue of the Drying Technology
journal.

IT1.5.1 Context and objectives

During the freezing step, only a part of the wasefrozen in form of ice crystals and removed by
sublimation during primary drying. A small fractiarf the water is bound to the interstitial matrix
and removed by desorption during secondary drfinging the design of the secondary drying step,
the shelf temperature and the operating time ned&e selected in order to target the desiderateeval
of residual moisture content. The residual moistostent in the final product is one of the most
important critical quality attribute of the freedded vaccines and pharmaceuticals, as it influgnce
the storage stability, the potency and shelf lifethee product, and thus it has to be carefully
controlled. However, a significant moisture contgatiability is often observed in the industrial
practice between vials processed within the sanehb&nderstanding the mechanisms responsible
for the moisture content distribution in the viadtéh could help to perform the design of the

secondary drying step.

Objective
In the present work, the desorption model propdsedrelea et al. (Treleat

al., 2016) was used (i) to evaluate the impact of tteslpct temperature and
structure on the desorption kinetics and (ii) tsess the importance of the
desorption kinetics on the moisture content hetmedy during the secondary

drying step of freeze-drying process.
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Residual moisture is an important factor for thengiderm stability of freeze-dried
biopharmaceuticals. Significant moisture contertetwgeneity is often reported within a batch of
vials. This work aimed at investigating the roletbbé desorption kinetics on the moisture content
variability in freeze drying. In this regard, theokution of the moisture content of a sucrose
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NOMENCLATURE
a,, Water activity(Pa Pa™?1)
C, K GAB model parameters
E, Activation energy(k] mol™1)
R Constant of ideal gafmol~t K~1)
T, Product temperatur@)
t Current time(s)
X Moisture contentkg kg~ wb)
Greek letters
Omeas 1certainty of the measurement metl(kg kg~ wb)
T Characteristic desorption tinge)

Subscript and Superscripts

eq Equilibrium
IN Initial (beginning of isothermal period during sadary drying)
m Monolayer
ref Reference
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INTRODUCTION

Freeze-drying (lyophilisation) is a drying operatiwidely used for stabilization of heat sensitive
biological materials and pharmaceuticals, sucha<ines (Sadikoglet al, 2006; Hansert al,
2015).This process involves three successive stepste@ring, to completely solidify the product,
(ii) primary drying, in which the frozen water ismoved by sublimation under vacuum and (iii)
secondary drying, in which unfrozen water is regtwby desorption (Jennings, 1999; Adams, 1991).
Usually, primary drying is considered the mosticait and longest step of the process. However,
secondary drying governs one of the most importatital product quality attribute, the residual
moisture content, which influences the productager stability and shelf life (Pikat al, 1990;
Passotet al, 2012; Pikalet al, 1991; Treleaet al, 2016; Oddonest al, 2017). Targeting the
desiderate value of final product moisture contandl its homogeneity in the batch is a very
important quality control tool. However, monitoritige desorption kinetic during secondary drying
may be a difficult task, due to the limited availip of technical solutions to measure the moistur
content evolution in a non invasive way (Fisseral, 2011b; Schneiét al, 2011). In this regards,
mathematical modelling can be useful for the piéaticof the moisture content evolution during the
process. Most of the works in freeze-drying rededrave been devoted to optimization of primary
drying, and few models are available in literatfwe the secondary drying (Trelest al, 2016;
Sadikoglu and Liapis, 1997; Sahni and Pikal, 20réjeaet al, 2007; Mayeresse, 2008; Sadikoglu
et al, 1998). Usually, a first order desorption kineti€sised to describe moisture content evolution
in secondary drying (Sheehan and Liapis, 1998;nBisa al, 2012) but recently Sahni et al. (Sahni
and Pikal, 2017) proposed a diffusion-like fractibarder model and Trelea et al. (Treégal, 2016)
developed a dynamic model for desorption that agisofor monolayer and multilayer water state in
the solid matrix, with very different desorptionnktics. Moreover, even if existing desorption
models are able to predict the evolution of theraye moisture content during the process, they do
not give its distribution within the vial batch. @sequently, understanding the mechanisms leading
to moisture content heterogeneity appears as apkey for ensuring reproducible final product
quality and long-term stability.

The main objective of this work was to assess amhtify the effect of the desorption kinetics oa th
product moisture content distribution in seconddrying. The desorption kinetics of a sucrose
formulation was studied at various product tempeest, by testing three different shelf temperatures
(0 °C, 20 °C, 40 °C). Ice crystal size was moduldby adding the nucleation agent Snomax, an
active protein derived fronPseudomonas Syringato the product formulation. Moisture content
variability at different times during the procesasadetermined by stoppering selected sets of vials.
Then, the variability of the characteristic desmmpttime in a set of vials was calculated, andasw
used to quantify the contribution of desorptionetios to the moisture content distribution.
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Finally, as example of practical application, opp@ach was used to predict the risk of failuréhef
secondary drying step at fixed operating time dredf$emperature, expressed in terms of percentage

of vial with a moisture content higher than theyédrvalue.

MATERIALS AND METHODS

Materials
A 5 % sucrose solution was used throughout the,tesepared with distilled water and crystalline
sucrose (VWR Chemicals Prolabo, Leuven, Belgiumhe Tsolution was processed in 3 mL
siliconized glass tubing vials (Muller+Muller, Hotenden, Germany) for the desorption kinetics
experiments, or in 50 mm diameter aluminium com&nfor the measurement variability
experiments. Freeze-drying experiments were camigdin a pilot scale freeze-dryer (Millrock
REVO, Kingstone, NY, US) equipped with 3 shelvesl ancondenser connected with the drying
chamber by a butterfly valve. Capacitance and artakeconductivity (Pirani) gauges were used to
monitor the pressure in the drying chamber. Protkroperature was monitored during the process
by inserting T-type miniature thermocouples in tiwtom centre of four vials. A "sample thief"

mechanism was installed on the door of the freegercchamber to stopper selected vials.

Freeze-drying procedure
A number of 385 vials were arranged in hexagonadtets in a bottomless tray as showirigure
I11.5.1. An stainless steel rail was used to fully shitle vials from the chamber walls. The acrylic
door of the freeze-dryer was covered by aluminiwit fo avoid additional radiation from the
external environment. The vials were filled witl InL of 5 % sucrose solution, and elastomeric
stoppers were partially inserted in the neck oéced vials (numbered vials Figure 111.5.1). The
vials were then loaded in the middle shelf of treefe-dryer by using a metallic tray, which was
removed immediately after to allow direct contaetvieen the vials and the shelf during the cycle.
Firstly, the freezing step was performed by dednggaghe shelf temperature from ambient
temperature to -50 °C at about 3 °C/min and holdimg vials at constant temperature for 2 h. In
some experiments, ice nucleation was controllecding 0.1 % of the nucleation agent Snomax
(Snomax LLC, Englewood, CO, US). In this case, fitemzing protocol was performed in four
successive steps, as showrfFigure 111.5.2: (i) a shelf temperature ramp from ambient temipeea
to -4 °C at about 3 °C/min, (ii) a holding step-4t°C for 1 h, (iii) a further shelf temperaturena
from -4 °C to -50 °C at about 3 °C/min and (iv) @lding step at -50 °C of 2 h. In all cases, the
primary drying step was performed at 10 Pa and®@hintil the end of ice sublimation, determined

by comparative pressure measurement using capeei@md Pirani gauges (Passttal, 2009).
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After complete sublimation of ice crystals, an diquation step was introduced in the cycle in order
to reduce the moisture content heterogeneity agtideof the primary drying, as previously proposed
(Schneidet al, 2011). This step consisted in closing the valeéwieen the chamber and the
condenser and holding the vials at -35 °C for al2@uh. Finally, after opening the valve to decrease
pressure back to 10 Pa, the shelf temperature neasaised at 1 °C/min and the secondary drying
step was performed for a period of about 24 h. &leenstant values of shelf temperature during the
secondary drying were investigated in differentstud °C, 20 °C and 40 °C. At defined moments
during the secondary drying (red dotsHigure 111.5.2), the stoppers were completely inserted into
the neck of selected vials located in the centréhefshelf by using the sample thief (8 vials per
sampling time). Residual moisture content in adiséhvials was determined after the cycle. Some of
these vials were also analysed in order to evaliraevater activity in the product, for the sorptio
isotherm determination.

Furthermore, additional freeze-dried sucrose sasnplere prepared. A number of 20 aluminium
containers were filled with 5 mL of 5 % sucroseusioin and freeze-dried by applying the same
parameters as the cycle presentelligure I11.5.1 without the equilibration step.

The produced samples were then used for evaluatidfarl Fisher measurement variability, as
described in the following.

Water activity and moisture content measurement
The water activity in selected vials was determibgdusing the FMS-moisture/pressure headspace
analyzer (Lighthouse, Charlottesville, VA, US). Fhinon-destructive method enabled the
measurement of water vapour in the vial headspagejsing a laser tuned to match the internal
absorption frequency of water molecules. The amotifdaser light absorbed was proportional to the
water vapour concentration.
The moisture content of the samples was measurethéKarl Fisher titration method using a
Metrohom KF 756 apparatu¥i{lebon-sur-Yvette, Frangeas previously described (Passbtal,
2012). The variability of the Karl Fisher methodsadetermined by performing 20 moisture content
measurements on freeze-dried sucrose samplesbegtgél at a known water activity. Sample
equilibration was performed by reducing in powd@rg2of the dried sucrose and then placing it in a
hermetic glass box containing saturated salt swmiatiwith water activities of 0.11 (LiCl), 0.22
(CH3;COOK) and 0.32 (MgGI6H,0) for one week at 25 °C.

THEORY AND DATA ANALYSIS

Sorption isotherm

The equilibrium moisture conterk®? at a given water activityr,, was described using the
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Guggenheim-Anderson-Boer (GAB) model (Pagt@l, 2012; Treleat al, 2016):

eq — XmKC ay,
(1-Kay)(1+Kay, (C-1))

Equation I11.5.1

whereX,,, is the monolayer moisture content, @ahdndK are shape parameters, both determined by
fitting in a least-squares sense the experimerdtd. dCalculations were performed with Matlab
R2014b software equipped with the Statistics Tool@ie Mathworks Inc., Natick, MA, US).

Desorption model
In the present study, the model proposed by Trefled. (Treleaet al, 2016), was used to describe
the desorption kinetic in secondary drying. Thisdeldois based on the consideration that moisture
contained in biological products may exist in diffiet states, such as mono or multilayer, which are
more or less bound to the solid matrix. Considetimg presence of 2 layers (with 1=monolayer,
2=multilayer), the total moisture contefin the product can be defined as the sum of thetitms

X; contained in each layer:
X=X+X Equation I11.5.2

Furthermore, water in different states may showff@rént desorption kinetic. For thelayer this

gives:

ax; _ 1 eq H
it (X771 - X;) Equation 111.5.3

wherert; is respectively the characteristic desorption t'Emeleq the equilibrium moisture content
of the water in thé-layer, which is determined from the sorption issth for a given water activity
as proposed by Trelea et al. (Tretaal, 2016). In steady state operating conditions, (Censtant

values of shelf temperature and vapour presshrg)ation 111.5.3 has the solution:

t

X)) =X+ (XN - xT)e Equation 111.5.4

with XV equal to the moisture content contained initheyer at the beginning of the isothermal
period. The total initial moisture context” present in the product fills up successive layetd a

maximum value. The maximum moisture content ofldywas successfully assumed to be equal to
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X (Treleaet al, 2016), determined from the GAB sorption isothdiqguation 111.5.1). Thus, if
X™ is lower or equal t&,,, moisture will be present in the product only asnolayer, whereas if
X™ is higher thark,, the presence of the multilayer needs to be takem donsideration in the

desorption kinetics.

Temperature dependence
The characteristic desorption timevas assumed to depend on the product tempef@gfuineough
an Arrhenius type equation (J.H. de Boer, 1953):

i_ 1

_%(Tp Tp ) .
Tj = Tref,€ ref Equation I11.5.5

whereE, is the activation energy is the ideal gas constant, is the characteristic desorption
time at a reference temperatﬂy;ef (273.15 K in this study). Average valuesEyfandt,. were

evaluated by fitting in a least-squares sense éxpatal data obtained as describedVaterials
and Methodssection by using the software Matlab R2014b.

Determination of the characteristic desorption time variability
Equation 111.5.4 states that the moisture content value and véitiali time is influenced by (i) the
variability of the characteristics desorption tin{€3, which depends on the desorption mechanism
and (ii) the variability of the initial product nsiure conten(XA“ﬁ, influenced by the variability of
heat and mass transfer in primary drying. Furtheenmancertainty of the measurement method
Omeas May also affect the measured moisture contentiluition. Based on a first order sensitivity
analysis and assuming variability sources indepetndee variance of the measured moisture content

X(t)? can be expressed as:

X2 = y2 x? -2 | 9x(D)?

— 2
IN 5 2 i
=17, & SxIN XN+ Omeas Equation I11.5.6

ax(t)

ax(t
wherea—T and O)
i

oxXIN

represents the sensitivity &{t) to the characteristic desorption times and to

the initial value of moisture content, which candadculated from the proposed modgb(ations

111.5.2- 5) by using a first order Taylor expansion.

In the present study(t), X'V ands,,.,s were experimentally determined and used to caleutze

standard deviations of the characteristic desangtines?, from Equation 111.5.6.
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Figure 111.5.3: Equilibrium moisture content of sucrose as a fiomcof water activity. Symbols:
experimental data, solid line: GAB modEQuation I11.5.1.

Table 111.5.1: Mean + standard error of the GAB model paramdtegsiation 111.5.1).

Value * Standard Error

X, (kg kg" wb) 0.0278 + 0.0016
K 1.581 +0.047
c 9.10 +1.55
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Then, it was possible to quantify the impact of apson kinetics on the moisture content
distribution as well as the relative importancetted product temperature and structure by using the
proposed modeEHguations [11.5.2-5).

RESULTS AND DISCUSSION

Sorption isotherm determination
Figure 111.5.3 shows the moisture content of sucrose as a functidhe water activity. The GAB
model Equation 111.5.1) fits the data satisfactorily. The value of thed®mloparameters are reported
in Table Ill.5.1. The parameter’,, andK shows an uncertainty of less than 6 % whereas the
uncertainty of the shape parameferemained large, sindequation 111.5.1 is less sensitive to this

parameterThe obtained parameters are valid in the rangeatémactivity 0-0.45.
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0.08 0.08
0.06 ¢ 0.06

0.04 1

X (kg/kg wb)
o
b

0.02

Figure 111.5. 4: Time evolution of moisture content for 5 % sueqwocessed with uncontrolled (A) a
controlled (B) nucleation at three shelf temperdui0 °C (blue solid line and diamonds), 20 °C (detted
line and circles), 40 °C (green dashed line anéusg). Symbols: experimental data, lines: multitagedel.

Table 111.5.2: Characteristic desorption times at reference &ratpre and activation energy (mean + standard
error) for product processed with uncontrolled aadtrolled nucleation.

Uncontrolled Controlled
nucleation nucleation

Trer, () 56.39+15.61  149.88 + 60.89

Tref, (D) 3.80+0.60 5.17 + 0.86
E, (kJ mof) 49.61 +4.97
A B

desorption time (h)

Characteristic

2 3 « 5 0 10 A X 4
Product temperature (°C) Product temperature ( ‘C)

o |
(',)

Figure I11.5.5: Characteristic desorption times (A) andt, (B) in function of the product temperature
for uncontrolled nucleation (solid line) and cotlied nucleation (dotted line).

=224 -



RESULTS AND DISCUSSION 111.5 Model of desorption kinetics

Desorption kinetics
The moisture content values at the beginning ofisoghermal periodx™) were experimentally
determined to be between 0.077 and 0.043 kg/kgals tcarried at shelf temperatures between 0 °C
and 40 °C. These values appeared to be higherttie®amonolayer moisture contexit, (0.0278
kg/kg wb, Table 111.5.1) and thus, the moisture was considered to bemtssent in the product as
multilayer. The two layers model fits quite satidtaily the experimental data, as showrFigure
111.5.4, especially in case of controlled nucleation. Tdifferent drying kinetics, a fast initial one
(roughly before 5 h) and a much slower subsequeswt @re clearly visible and correspond
respectively to the desorption of the multilayety@r 2) and of the monolayer (layer 1). Determined
desorption model parameters are reportethaiple 111.5.2. The characteristic desorption times for the
mono and multilayer are quite different by a faatbralmost 15 in case of uncontrolled nucleation
and 30 in case of controlled nucleation. Furtheembothr,.. ;, andz,., were found to be higher in
case of controlled nucleation compared to uncoettatucleation.
It was found that a common value of activation gyefor the two layers and for the product
processed with and without controlled nucleatioacaately described the desorption kinetics. The
determined value of the activation energy was fotmdbe slightly higher than previous reported
values (Trele&t al, 2016; Pisanet al, 2012).
The obtained parameters were then use&dnation 111.5.5 to describe the dependence of the
characteristic desorption time on the product teatpee and structure, as presentedFigure
1.5.5.
As previously reported (Trelest al, 2016; Pisanet al, 2012), the increase of shelf temperature
resulted in lower characteristic desorption timed thus in a faster desorption for both controlled
and uncontrolled nucleation. In agreement with aett al. (Treleat al, 2016), the characteristic
desorption time for the monolayeFigure I11.5.5A) appears to be significantly higher than the
multilayer Figure 111.5.5B). Furthermore, the kinetics of the uncontrolledleated product resulted
to be faster than the controlled one. Controlledeation usually generates bigger ice crystals than
uncontrolled nucleation, which results in a smadigecific surface area of the pores and in a slower
desorption kinetics during secondary drying. Thasuft points out that the desorption kinetics is
highly dependent on both product temperature andtsire, and its characterization is fundamental

for the optimization of the secondary drying step.
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RESULTS AND DISCUSSION

Table 111.5.3: Standard deviation of the characteristic desonptime at reference temperature for uncontrolled

and controlled nucleation, calculated fr&muation 111.4.6.

Uncontrolled Controlled

nucleation nucleation
Trer, () 12.40 46.50
Trer, () 0.83 1.60

50 ¢

40+ -
ks o -
> '\
X2+ . 4

10}
ol 1 Lo = T 1 S | S J
0 0.005 0.01 0.015 0.02 0.025 0.03
X (kg/kg wb)

Figure II1.5. 6: Moisture content distribution after 15 h of dgs@n at a shelf temperature of 20 °C. Solid

lines: uncontrolled nucleation; dotted lines: coliéd nucleation.
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Desorption kinetics variability
The variability of the desorption kinetics was detimed as standard deviation of the characteristic
desorption times .7, and7,.;) based orEquation 11.5.6. In this analysis, the variability of
moisture content value due to the Karl Fisher nextfdg,.,;) was determined to be equal to 3.5 %
(coefficient of variation) using 20 repeated meemwents of samples equilibrated at different
moisture contents. The calculated standard devistd the parameters,r, andz,.y, for controlled
and uncontrolled nucleation, shownTiable I11.5.3, resulted to be quite comparable to the standard
error of the parameters due to the fittifiglple 111.5.2). This last value is higher because different
sources of variability are mingled. The performedlgsis can be used to simulate moisture content
distributions at a specific time and shelf temp@matand thus to estimate the importance of
desorption kinetics on the success of the proaasthé selected operating variables. As example,
Figure 111.5.6 shows the distributions of the moisture contetgrat5 h from the beginning of the
isothermal period in secondary drying for a sheffiperature of 20 °C, in case of product processed
with and without controlled nucleation. As an iti@tion, considering a target moisture content
lower than e.g., 0.015 kg/kg wb kgure 111.5.6, the rejected vials will be about 1 % if uncontdl
nucleation is used. In contrast, due to the slokeetics, the selected process time will not be
sufficient to reach the target moisture contentminst of the vials processed with controlled

nucleation.

CONCLUSIONS

Desorption in secondary drying was found to beugrtiiced by the product temperature and structure.
In particular, the desorption kinetics of both mamal multilayer appeared to be faster at highdf she
temperature and when nucleation was not contrallgihg the freezing step. The variance of the
characteristic desorption times for mono and naygl was estimated and used to predict the
moisture content distribution in the vial batch #ofixed shelf temperature and operating time. The
proposed approach can be used to perform a rigssment-based design of the secondary drying
step, by calculating the percentage of rejectets wath a final moisture content higher than the

target value at specific operative conditions.
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II1.5.3

The research conducted until now was focused onutiderstanding and quantification of the
mechanisms responsible for the heat and mass d@ramafiability during primary and secondary
drying, and thus causing heterogeneity in the fimatluct quality. The next and last step of thi€Ph
project (presented iRPaper I11.6) will consist in the implementation of all the pi@usly studied

mechanisms responsible for heat and mass trarefiabitity in a multi-vial, dynamic mathematical

model.

Take-home message

» The multilayer model of Trelea et al. (Trelea al., 2016) was used to

describe the evolution of the moisture content he fproduct during
desorption in secondary drying. Desorption of thenalayer, stronger
bound to the product matrix, resulted to be mucbwst than the
multilayer.

The use of a higher shelf temperature during sesmyndrying led to a
faster desorption of both mono and multilayer. Remnore, desorption is
product processed with controlled nucleation resuto be slower than in
product processed with uncontrolled nucleation.

The variability of the characteristic desorptiomeis for mono and
multilayer was determined and used to predict thaeistare content
distribution in the vial batch for a fixed sheliniperature and operating
time. Finally, thus original approach was used lm tdesign of the
secondary drying step to evaluate the risk of failaf the process (% of

vials rejected).
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ITI.6 Multi-vial, dynamic mathematical model to design
freeze-drying process of pharmaceuticals through a
risk-based approach

IT1.6.1 Context and objectives

The ultimate aim of the application of the FDA'sality by Design approach in freeze-drying is to
obtain safe, effective and high quality pharma@alifproducts. One of the most useful tool to pursue
this goal is the design space, which is the muiteisional combination and interaction of input
variables and process parameters leading to thettgquality attributes within the vial batch under
controlled riskNowadays, construction of the design space is rmaotemore often performed by
using mathematical models, which are often basedvenage values of the model parameters (e.qg.,
vial heat transfer coefficient, product resistarategracteristic desorption time). However, the work
performed during this Ph.D. project (presentedapers 111.1-5) showed that several mechanisms
are responsible for the heat and mass transfeabibty during freeze-drying. These mechanisms
were quantified and implemented into the matherahktivodel used to predict the variability of the
product temperature, ice fraction and moisture extfor a more conscious selection of the

operating conditions of freeze-drying cycles.

Objective
The aim of this work was to develop a multi-viahdynic mathematical model of

freeze-drying process, including all the previousihalysed mechanisms
responsible for heat and mass transfer variab{lgpers 111.1-5) during the

process and thus for the product quality heteragen&he model was used to
predict the product temperature, the ice fractiand the moisture content
evolution during the process for several vials lie batch, and to propose an
approach for design of the freeze-drying cycleledmmaceuticals at known risk of
failure. In the near future, the model will be udedthe definition of the design

space of the process.

- 231 -



RESULTS AND DISCUSSION II1.6 Multi-vial, dynamic model of freeze-drying

NOMENCLATURE
Ay Water activity
A Cross sectional arga?)
C, Parameter oEquation 1ll.6.5 (W m™*K™1)
C, Parameter oEquation 11.6.5 (W m™2K~1 Pa™1)
Cp Heat capacityJ K=1)
E, Activation energy(J kg *K™1)
AH Latent heat of sublimatiofj kg~1)
fi Mass fraction of ice in the product
K Heat transfer coefficie m=2K~1)
ker Gordon-Taylor constanEQuation 111.6.24)
l Layer thicknesgm)
m Water vapour flow rat€kg s~1)
m Mass of solids in the produ¢kg)
My, Molecular mass of watdlg mol™1)
Ny Number of vials
P PressuréPa)
0 Heat flow rate(W)
Ry Ideal gas constarff K~ tkmol™1)
R, Product resistanagPa m? s kg™1)
Ry, Parameter oEquation 111.6.10 (Pam?®s kg™1)
Ry, Parameter oEquation 111.6.10 (Pam s kg™?)
t Time (s)
T Temperatur€k)
|4 Volume (m?)
X Fraction of moisture content
Greek
B Mass transfer parametérkg=t K1)
64,0, Shape parameters Bfjuation 111.6.14
A Thermal conductivity W m~1 K1)
T Characteristic desorption tinge)
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Subscripts and Superscript
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I11.6.2 Paper

INTRODUCTION

Freeze-drying is a batch process used to dry eeeits/e products by means of sublimation of the
previously frozen product (primary drying), follod/y desorption of the unfrozen water (secondary
drying) (Jennings, 1999; Adams, 1991). Due to the af low temperature and pressure, freeze-
drying process is often the only solution to praslpharmaceutical and biological products (e.qg.,
vaccines) with acceptable characteristics of stgbishelf-life, and potency. In order to meet the
patient needs and the regulatory requirements deggarproduct quality, product and process
development department in freeze-drying processeldpment is presently shifting from the
traditional Quality-by-Testing (QbT) to the new Qityaby-Design (QbD) approach (Nail and
Searles, 2008; Mockust al, 2011; Yu, 2008), which states that the qualitg tbe built into the
process by design and not only tested into finatlpct (Nail and Searles, 2008).

In this regard, the concept of "design space" isigg popularity as a tool for cycle developmentl an
scale-up as well as for the implementation of QbBréeze-drying of pharmaceutical products. The
design space is defined in the guidance ICH Q8 dFaxed Drug Administration, 2009) as: “the
multidimensional combination and interaction of uhwariables and process parameters that have
been demonstrated to provide assurance of qualtgsign spaces can be developed for both the
primary and secondary drying steps of the freegedrprocess. The classical design space of the
primary drying step illustrates the relationship tefo critical process parameters, the product
temperature and the sublimation rate, with the atpeg variables of the process, i.e., the chamber
pressure and shelf temperature, usually at thetadblimation. In order to define the "safe areR"
the design space for the process development, jedfee constraints have to be considered: (i) the
maximum capability of the equipment, that is theximaim sublimation rate supported by the
equipment at a given pressure and (ii) the maxinallowed product temperature to avoid product
damage (i.e., the collapse of the product cakejthEtmore, Pisano et al. (Pisarb al, 2012)
developed a design space for the secondary drygyg svhich was described in terms of shelf
temperature and operating time leading to a protkmperature lower than the maximum allowed
value and a moisture content lower than the target

Recently, several mathematical models (Giordahal, 2011; Pisanet al, 2013; Fissoreet al,
2011a; Pisanet al, 2012a; Mortieret al, 2016) were developed for the prediction of thedpict
temperature, the sublimation rate and the deseorpiide during freeze-drying and used for the
calculation of the design spaces of primary dryang secondary drying. Most of these models were
based on average values of the model parametags (@oduct resistance, vial heat transfer
coefficient, characteristic desorption time) ovee wial batch, whereas only few of them took into

account the uncertainty of the parameters dueftereinces in heat and mass transfer mechanisms
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Figure 111.6.1: Schematic representation of heat and mass trathsfiang primary drying
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between vials processed in the same or in diffdvatthes (Mortieet al, 2016; Pisanet al, 2013;
Giordanoet al, 2011). The understanding and quantification eséhmechanisms responsible for
product quality variability, previously performed Papers 111.1-5, led to a better prediction of the
process parameters distribution and consequentheafisk of failure associated to the process.

Our goal in the present study was to develop aimialt dynamic mathematical model for freeze-
drying for the process design, taking into accosmirces responsible for heat and mass transfer
variability among vials, previously presented irdidatedPapers (I11.1-5). The developed model
was then used to predict the evolution of the pcodemperature, the ice fraction and the moisture
content in about 100 vials during primary and seleoy drying for three given cycles considering a 5
% sucrose solution and a pilot freeze-dryer.

Finally, a new risk-based approach for the desigthe primary and secondary drying steps of the
freeze-drying process was proposed, which incluthes evaluation of the percentage of vials
potentially rejected for specific combinations opeoating variables. In future work, model
predictions of the product temperature, sublimatiate and desorption rate will be validated with

experimental data and the model will be used tairant the design space of the process.

MATHEMATICAL MODEL

Hypotheses
A dynamic mathematical model simulating a large bemof vials during freeze-drying was
developed based on the following assumptions:
H1 - Heat and mass transfer mechanisms consid&igdre 111.6.1 gives a schematic representation
of the considered heat and mass transfer phenoniee. transfer was described to take place
between some key points of the system: from thé& shé¢he top and bottom of the vial (heat flow
contributionsQgy,, Figure 111.6.1) and from the wall and the rail to the laterall wiall exposed to
them (respectively heat flow contributiog, andQy, Figure 111.6.1). Mass transfer in primary
drying was considered to take place from the sudtion front, through the dried product, the drying
chamber, and finally to the condenser (masstuxdotted blue arrow ifigure 111.6.1);
H2 - Process dynamic3ransfer phenomena characterized by a fast dyssareig., heat transfer in
the frozen and dried layer, the mass transferergtrs, are assumed to be in pseudo-steady state and
thus are described by algebraic equations. Slowamijecs phenomena, e.g., sublimation front
movement and desorption, are considered to be diependent and are described by differential

equations;
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H3 - Desorption during primary dryingAt the temperature commonly used in primary dyyin
(usually < -10 °C for pharmaceutical products), tlesorption kinetics of the water bound to the
dried structure is very slow. Thus, desorption was assumed to take place until completion of

sublimation during the primary drying step, aseddaty the following condition:

Myes = 0 if /;>0 Equation 111.6.1

wherem,,, is the desorption flow rate atfdis the fraction of ice. Based on previous expenitake
data Paper lIl.5), an average initial moisture content of 0.07 kgidy was considered at the
beginning of secondary drying (i.e., after the Elemperature ramp from the primary drying set
point to the secondary drying set point).

H4 - Sublimation interfaceA flat sublimation frozen-dried layer interfacesvconsidered;

H5 - Convection heat transte€onvection heat transfer was not considered.cémework of Pikal

et al. (Pikalet al, 2016), and the use of our previous developed mofideat transfer during
sublimation Paper IIl.2) showed that convection can be considered as gilelgliat the low
pressures typically encountered during the freegayg of pharmaceuticals (usually below 10 Pa);

H6 - Presence of the stoppdBased on our previous dat@aper 111.4) and in agreement with a
study of Pikal et al. (Pikadt al, 1984), the presence of the stopper was consideradd negligible
resistance and only the dried product layer wasidened to impose a resistance to the water vapour
flow rate from the sublimation interface to theidg/chamber;

H7 - Radiation phenomend was considered that the solid surfaces argupathat the radiation
and the absorption occur in the same spectral randehat the absorption and radiation of the low
pressure water vapour are negligible. Under theswlitons, the Stefan-Boltzmann equation was
used to describe the radiation heat transfer betvwgetected drying chamber components and the

vials.

Operating variables
The shelf and the total chamber pressure were a&sbtonbe defined by the freeze-drying protocol

and known at any moment.

Main equations of the model
The heat flux received during the process by the 8 assumed to mainly serve for the ice
sublimation during primary drying and for the watkssorption in secondary drying. The evolution

of product temperaturg, during primary and secondary drying for a vial bandetermined as:
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Cp Liiitp = QSV — AHgypMgyp — AHgesMges Equation I11.6.2

wherermy,;, andmg,s are the mass flow rates respectively during sudtion and desorptiod\H.,,;,
andAH,, are the latent heat of sublimation and desorptgp,is the heat flow rate between the

shelf and the vial, an@, is the heat capacity of the vial with the prodeamtained therein.

Heat transfer between the shelf and the vial
The heat transfer between the shelf and theQgaldepends on the difference between shelf and
product temperaturg; andT,, and can be expressed in term of heat transféfi@ent Ky

Qsv = Ksy Apy(Ts — Tp) Equation 111.6.3

beingAg, the bottom cross sectional area of the vial. Téed bransfer coefficieri{g, can be defined

as:

-1
— + 1) Equation I11.6.4

Ksy = (KV (Po) Ar

wherel’l(—t) is the heat transfer resistance of the ice lagefined as the apparent thickness of the
1

frozen layer over the thermal conductivity of thezen product, Where%s% is the resistance to
virc

heat transfer through the vial bottom. The téfpiP;), known as vial heat transfer coefficient,
includes three heat transfer contributions (Pétadl, 1984; Pisanet al, 2011; Hibler and Gieseler,
2012; Scutelleet al, 2017a): (i) the contact conduction between thitobo shelf and the vial via
points of direct contact, (ii) the radiation frofmettop and bottom shelves and (iii) the conduction
through the gas entrapped in the vial bottom cureatwhich will depend on the vial depth of bottom
curvature and the chamber pressyeThus, the vial heat transfer coefficigft(P;) will depend on
the vial bottom dimensions (contact area betweenstelf and the vial, and depth of bottom

curvaturdgy) and the chamber pressuiieas:

CPc
1+C,BYp,
Av

Ky = ClA;, + K, + Equation 111.6.5

In Equation 111.6.5, K, represents the radiation contribution of the tog bottom shelf defined as:
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with Fgzs_, calculated in function of the parallel plate cgofiation between the shelf and the vial,

Frs_y considered to be equal to the emissivity of tlad, as defined ifPaper 111.1.

Mass transfer during primary drying
During primary drying the sublimation flux can befided by the difference between the equilibrium

pressure at the ice-vapour interfd;eand the partial vapour pressure in the chamer

Aj

Meyp = E(Pui - P, Equation 111.6.7

wherep,; can be calculated from the Clausius Clapeyrontesjua

6139.6

+28.8912 ;
P, =exp Tr Equation 111.6.8

P, is defined as:

dap, Ry T . . . i
d:c - ngC OV (Msup + Tges) — Mey) Equation 111.6.9
cmw

with T, andV; are the chamber temperature and voluRyes the ideal gas constamtcy is the
mass flow rate from the chamber to the condensgtgnis the molecular mass of the water. Only
the mass transfer resistance of the dried I&yewas considered, which depends linearly on theddrie

layer thicknessRaper 111.4) (Pikalet al, 1984; Pikal and Shah, 1990):
Ry, =Ry, + lgRyp, Equation 111.6.10

Finally, the fraction of icef, contained in the product evolves with time as acfiom of the

sublimation raten,,;, as:

afi
To gt

= —Mgyp Equation I11.6.11
with m; equal to the initial mass of ice in the product.

Mass transfer during secondary drying
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The multilayer model, previously presented by Taed¢ al. (Trele&t al, 2016), and irPaper III.5,

was used to describe the desorption kinetics iorskary drying. The main hypothesis of this model
is that the moisture may be contained into the yebéh different layers more or less bound to the
solid matrix, which may present different desomptianetics. Considering the presence of 2 layers
(with 1=monolayer, 2=multilayer), the total moisturontenl in the product can be defined as the

sum of the moisture fractiodd§ contained in each layer:
X=Y%.X; Equation 111.6.12

The desorption kinetics for théayer was described as:

. [+D.€} 1 .
i=1.2 et (X7 -X;) Equation 111.6.13

wherer; is the characteristic desorption time, acffd the equilibrium moisture content of the water
in thei-layer determined from the sorption isotherm. lis thodel, the equilibrium moisture content
X at a given water activity,, was described by using the Guggenheim-Anderson-BBAB)

model:

eq — Xm01020w .
X = e (140,001 Equation 111.6.14

with X,, equal to the monolayer moisture content &nendé, shape parameters of the model.
Furthermore, the characteristic desorption timef each compartment is assumed to depend on the

product temperature through an Arrhenius type égpuiat

Ty = Tyepe 19 1P Tref Equation 111.6.15

wheret,f, is the characteristic desorption time of the ielagt reference temperature dngis the

activation energy, considered equal for the tweilgay

Finally, the desorption flow raté,.; can be defined as:

Mes = M gy Equation 111.6.16
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RESULTS AND DISCUSSION

II1.6 Multi-vial, dynamic model of freeze-drying

Table 111.6.1: Parameters used in the model. SD: standard dmvid&arameters for which the SD is given are
considered as normal distributed in the mo¢intinued)

Physical properties and

Vial characteristics

Freeze-dryer characteristics

constants

Symbol Value = SD Units
Vial bottom area Agy 2.07 10' m2
Vapour-product interface area A; 1.78 10' m2
Vial-shelf contact area A, (1.67 £0.4) 10 m?2
External radius of the vial TR 16.25 10 m2
Depth of bottom curvature lgy (1.23+0.34) 19 m
Height of the vial Oy 3110° m
Volume of the chamber Ve 0.12 m3
Height of the rail Op 22 10° m
Number of vials Ny 2310 -
Emissivity of the shelves and rail &, &5 0.113 -
Emissivity of the wall Ew 0.084 -
Temperature of the walls Tc 276 K
Latent heat of sublimation AHgy, 2.810 J kg™t
Latent heat of desorption AH o 2.310 J kg™t
Ice conductivity A 2.23 Wmtk-1
Gordon-Taylor constant
) ker 0.2721
(Equation 111.6.24)
Vapour conductivity at ambient
Ay 0.025 WmtK-1
pressure
Ideal gas constant R, 8.314 k] K~ Ykmol™1
Stefan-Boltzmann constant o 5.67 1¢° WK *m™2
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Table I11.6.1: Parameters used in the model. SD: standard dmvid&arameters for which the SD is given are
considered as normal distributed in the model.

Symbol Value = SD Units
= Glass transition temperature of the
= _ _ Tys 347 K
@ solids Equation 111.6.22)
s 2 Glass transition temperature of the
S g . Tyw 135 K
o % water Equation 111.6.22)
o C
§ = Glass transition temperature of
% maximally freeze-concentrated T, -32 °C
o solution
Vial heat transfer coefficient Cy 2.20 16 Wm™ K1
parametersHquation 111.6.5) C, 0.667 Wm™2K~1pPa?!
= Fs_, 0.11 -
3 Visualization factors v
c . FW—>V
g for central vials 0 -
= Frov
Q
I . L Fsy
Visualization factors 0.11 -
. FR—)V
for edge vials
Fy_ v 0.08 -
Product resistance parameters  Rp, 59+ 75 kPam®s kg™*
(Equation 111.6.9) Ry, (1.8+2.0) 16 kPams kg™t
Characteristic desorption time at =~ 7,.f, 56.39 £12.40 s
o reference temperature for mono (1)
“g i Tref, 3.80+£0.83 s
S and multilayer (2)
5 Activation energy E, 49.61 k] mol~1
@
= Monolayer moisture content Xu 0.028 kg kg=1(wb)
) 0, 1.581 -
Parameterg&quation 111.6.13
92 910 -
Mass transfer parameter B 410 skg 'Kt
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Mass transfer from the chamber to the condenser
The mass transfer from the drying chamber to thedenser was described by using a dynamic
model proposed by Trelea et al. (Tredtal, 2015), in which the mass flux from the chamberthe
condenser depends on the total chamber preBsumed on the water vapour partial pressure at the

interface in the vialK, ) and in the condensek,(, ) as :

ho = e e i
ey = 50 In( Pepy, ) Equation I11.6.17

wheref is a parameter that depends on the geometry opdtleway between the freeze-dryer
chamber and the condenser, dhdis the temperature of the chamber considered egudhe
temperature of the wall.

Values of relevant coefficients and parameters uséae model are reported Trable 111.6.1.

Analysis of the heat and mass transfer variability in freeze-drying
Four sources of inter-vial product quality varighilvere identified:

a) Variability of the vial geometryThe vial heat transfer coefficient between thelfsand the
vial is influenced by two vial bottom dimensionse tshelf-vial contact are. and the depth
of bottom curvaturdg,, as shown byEquation 111.6.5. Thus, differences in these
dimensions among the vials can results in a vditiabif the heat transfer among the vials on
the shelf. In the present study, the distributioh’, at different chamber pressures over the
vial batch were calculated based on the normatildigions ofA, andlg,, as previously
proposed irPaper I11.1.

b) Edge vial effectlt is well known that the heat flow rate receidgdthe vials depends on the
position of the vials on the shelf. Vials locatetdtlae periphery of the shelf receive an
additional heat transfer by radiation from the walld the rail (if present) and conduction
through the gas between the chamber wall, thearadl the wall of the vials, as previously
analyzed inPaper 111.2. This phenomenon is known in literature as edgé efifect. In the
present study, the conduction through the gas leetwiee chamber wall, the rail and the wall
of the vials not taken into consideration, whertas additional radiation heat flow rates
from the wall and rail to the edge vials were peceeti. ThusEquation 111.6.2 becomes for

edge vials:

dT . . . . _
Cp d_tv = Qsy + Qv + Qry — AHgypMgyp — AHgesMges

Equation 111.6.18
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Wall

Rail

Figure 111.6.2: Loading configuration (“bottomless tray”) of tivéals on the shelf considered in
the simulations
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The contribution®),,, andQ, are the radiation heat flow rates from the watl dme rail,

defined through the Stefan-Boltzmann equation:

Qry = Froy 0AR(TF — TH) Equation 111.6.19
Qwv = Fyoy 0Apy (T — TH) Equation 111.6.20

with A; r andA4;,, are the lateral area of the vial exposed to theund the wall:

ALR = 27T¢7"V(hR) Equa“on 11.6.21

whereg is equal to the fraction of vial lateral area esgubto both the wall or to the rail (if
present).
The terms)y,, andQx, may be more or less importantEguation 11.6.18, depending on
the vial loading configuration used.
As example,Figure 111.6.2 shows an array of vials disposed in a typical beral
arrangement and loaded by using a "bottomless tragfiguration: a rail surrounds the vial
batch and shields 70 % of the lateral wall of edgds. In this configuration, the vials
receive radiations from both the walls and the Filithermore, the vials can be classified in
four different groups: edge vials located at theeo of the shelf (Hp = 0.75), edge vials
more exposed to the wall and/or rail ¢£= 0.50), vials less exposed to the wall and/or the
rail (E,¢ = 0.30), vials located in the centre of the shelf andexgosed to the wall and rail
(M, ¢ = 0). The visualization factors between the rail ahd vialF_, and between the
wall and the vialF,_, were calculated considering the parallel plate igométion
(according to the simplified radiation model foaMireeze-drying proposed Paper 111.2):
i=RW Foy= ﬁ Equation 111.6.23
ooy
whereeg, ey, andey, represents the emissivity of the rail, the wall &me vial glass.
Variability of the mass transfer resistande Paper 111.4 the product resistance variability
in a large batch of vials was quantified in terrheaarmal distributions of the parametets,

andR,, (Equation 111.6.10). The normal distribution of these parameters tascated to

positive values.
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Table I11.6.2: Description of the cycles I, Il and 11l simulatedthis work

Primary Drying Secondary drying
Cycle _ Maximum time
Time P. Tg _ P T
considered
I -40 °C 0°C
Il 84 h 6 Pa -27 °C 45 h 6 Pa 18 °C
" -10 °C 40 °C
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d) Variability of the desorption kinetic§he variability of the desorption kinetics respitre
for the final moisture content heterogeneity wasvjmusly quantified in terms of normal

distributions of the characteristic desorption snag reference temperatw,@fi (Equation

111.6.15), as proposed iRaper III.5.
All the average values and the standard deviabbnslevant coefficients used in the model, repbrte

in Table 111.6.1, were experimentally validated in previous dedidatudiesFaper I11.1-5).

Prediction of the risk of the process
The developed mathematical model was used to peoposk-based approach for the design of the
primary and secondary drying steps of the freegadrprocess. Firstly, the model was used to
calculate the product temperature, ice fraction mnmilsture content evolution for a wide range of
combinations of operating variables (i.e., chanfimesssure and shelf temperature), considering the
selected freeze-dryer and loading configuratiorerilhithe risk of failure of the primary drying step
was calculated in terms of vials potentially regecty considering two main constraints: (i) the
product temperature had to be maintained belovitigatrvalue (i.e., the glass transition temperatur
of maximally freeze-concentrated solutidl of the selected product); (ii) the sublimation tade
completed at the end of primary drying, i.e., trection of ice had to be equal to zero. Hence, the
range of acceptable combinations of operating kbt (i.e., chamber pressure and shelf
temperature) was identifies based on the target &wisk.
For the design of the secondary drying step, thestcaints considered were: (i) the final moisture
content had to be equal or lower than the targastom@ content and (ii) the temperature at any
moment had to be lower than the glass transitiompégature for dry produg},. The value of,
strongly depends on the current moisture contedtveas calculated by using the Gordon-Taylor
equation as previously proposed in literature (Risd al, 2012; Passat al, 2012).

_ XTgw+ker(1-X)Tg s )
Ty = X+kgr(1-X) Equation 111.6.24

whereT, ,, andT, ; are the glass transition temperature of the water the solute ankl;; is a

constant. Hence, the range of acceptable combirsatb operating variables (i.e., shelf temperature
and operating time) was identifies based on thgetdevel of risk. The chamber pressure was not
considered for the design of the secondary dryagy,it does not have a significant effect on

desorption for the range of pressure typically uaddeeze-drying (< 10 Pa) (Piket al, 1990).
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Figure 111.6.3: Product temperature profiles predicted during teefe-drying cycles performed at a chamber pressfuBePa and at a
shelf temperature during the primary and secondaying steps respectively of -40 °C and 0 °C (cyle27 °C and 18 °C (cycle Il)
and -10 °C and 40 °C (cycle 1ll). The black soliihtlines represent the corner vials (Figures AGD, the red dotted lines the edge vials
C in contact with the rail (Figures A, D, G), theegn dashed lines the edge vials E not in contébt tve rail (Figures B, E, H), the
black dashed lines the central vials M (Figures=CJ), the red bold solid line the shelf temperatufhe vertical dotted black lines
represent the end of primary drying. The tempeee-32°C corresponds to the glass transition tempezdigt of the product
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Numerical solution

The developed model was solved by means of MatR1 & software equipped with the Statistics
Toolbox (The MathWorks, Inc., Natick, MA). This camercial software was ran on a PC, equipped
with Intel(R) Core(TM) i7-4600U CPUs, at 2.1 GHZ-bits, with 8 Gb of RAM, under Windows
10. The functiorode15s( )in Matlab was used to solve the set of ordinafferBntial equations of
the model. The analysis on the effect of the hewmt mass transfer variability on the process
parameters relevant for product quality (e.g., pobdtemperature) during freeze-drying was
performed by using the Monte Carlo method, whicbfien used in literature to simulate uncertainty
of the parameters in mathematical model of freegaid (Mortier et al, 2016; Boscat al, 2015;
Giordanoet al, 2011). This method consisted in simulation ofchas of 100 vials with random

normal distributions of the considered model patansed; ,lzy, Ry, Rp, Tref, andrrefz). Due to

computer limitations, the number of simulated vi@d60) was significantly smaller than the actual
number of vials in the freeze-dryer (231I@Gble 111.6.1). The number of simulated representative
vials in each category (corner vial H, edge vidh@ontact with the rail, edge vial E not in contac
with the rail, central vial MFigure 111.6.2) was proportional to the real number in the coerEd

loading configuration and their contributions te tiotal mass flux was weighted accordingly.

Simulated system
In the present work, the model was used to simultateze-drying process performed in the pilot
freeze-dryer REVO (Millrock Technology, Kingstonnited States). The equipment was constituted
of a drying chamber equipped with three shelvesaandndenser running at temperature of -75 °C.
A number of 770 glass tubing vials (Muller + Mullétolzminden, Germany) were supposed to be
loaded on each shelf. The vials had a total volom& mL and were all filled with 1.8 mL of 5 %
agueous sucrose solution. Furthermore, the vialyamas surrounded by a metallic rail (shielding 70
% of the lateral wall of the vials) and arrangedtioa shelf as previously shown Figure 111.6.2.
The shelf was considered to be at a temperaturd®f°C at the beginning of primary drying.
Relevant characteristic of the equipment and \ealngetry, as well as product properties are reported
in Table 111.6.1. Then, the evolution of product temperature, i@etfon, vapour pressure in the
chamber and moisture content during desorption weadicted for three main cycles (named 1, 1l
and Il1), performed at a chamber pressure of 6 Radifferent shelf temperatures. The cycles are
described inrable 111.6.2. Finally, the risk of failure of primary and seclamy drying, expressed as
percentage of vials potentially rejected, was dated for the selected product and freeze-dryer and
for selected combinations of chamber pressure bhalfl 'emperature. Chamber pressures between 4
and 10 Pa and shelf temperatures between -40 “1Ot&C in primary drying, and 0 °C and 40 °C in

secondary drying were considered.
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Figure 111.6.4: Predicted values of ice fraction contained in thedpct during the primary drying step of freezendgycycles performed at
a chamber pressure of 6 Pa and at a shelf tempeiditing the primary drying step of -40 °C (cyble-27 °C (cycle 1) and -10 °C (cycle
II). The black solid thin lines represent the aarwials (Figures A, D, G), the red dotted lines #dge vials C in contact with the rail
(Figures A, D, G), the green dashed lines the edige E not in contact with the rail (Figures B, i), the black dashed lines the central
vials M (Figures C, F, I). The vertical dotted tHdimes represent the end of primary drying.
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The capability of the pilot freeze-dryer was noasidered to be limiting in the selected cycles.

PRELIMINARY RESULTS

Prediction of process parameters
Figure 111.6.3 shows the simulated product temperature duringyike I, Il and Il for a corner vial
(H), edge vials in contact (C) and not in contaithwhe rail (E), and central vials (M). Singlesds
represent the thermal history evolution for eachusated vial. The product temperature in edge vials
(and especially in vials H and C) was found to mghér than in most of the central vials, as they
received additional radiation contributions frone tlvall and the rail. However, the model does not
take into account the additional conduction throtighgas taking place between the chamber walls,
the rail and the walls of the edge vials, whiclosgly contributes to the heat transfer variability
between edge and central vials, as previously fonfhper 111.2. Additional heat flux received by
the edge vials is thus underestimated in theselaiions.
When the product temperature rose and approachedslielf temperature, sublimation was
completed as the heat received by the vials sevédcrease the product temperature. The abrupt
increase of product temperature at the end of mailon was due to the assumption of the planar
interface, as no intra-vial heterogeneity was abergid for the heat and mass transfer. Among the
three simulated cycles, the sublimation was notpetad for all vials within the fixed primary
drying time only in cycle | performed at -40 °Eigure 111.6.3A, B andC), and it continued for the
remaining vials during the secondary drying stepigher shelf temperature (0 °C). In contrast, in
cycle Il and Ill carried out at higher shelf temgeires (-27 °C and -10 °C), sublimation was
completed within 84 h or less, and the vials apghed the temperature of the shelf before the
transition between primary and secondary dryingweiger, the shelf temperature and chamber
pressure used in cycle Il led to a product tenfpeeain most of the vials above the critical value
(i.e., above -32 °C), which may cause the collagtbe product.
The primary drying step can be well described &igdhe evolution of the ice fraction in time, as
shown inFigure 111.6.4. Sublimation can be defined as completed when arerite is contained
into the product £=0). Edge vials (and especially vials C in contaith the rail) completed
sublimation in primary drying before most of thewal vials, because they were processed at higher
product temperature. As previously evidenced by pineduct temperature ifrigure 111.6.3,
sublimation in cycle | carried out at lower sh@frperature (-40 °C) was not completed and ice was
still present in most of the vials at the end affrary drying. In contrast, the ice fractignwas found
to approach 0 in 84 h or less in cycle Il and IHem higher shelf temperatures (-27 °C and -10 °C)

were applied.
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Figure 111.6 .5: Predicted values of total chamber pressure (keddline) and the partial vapour
pressure (dotted black line) during the primary asdtondary steps of freeze-drying cycles
performed at a chamber pressure of 6 Pa and atehgblerature of -40 °C and 0 °C (cycle I) , -27
°C and 18 °C (cycle Il) and -10 °C and 40 °C (cyde
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Figure 111.6.6: Predicted moisture content profile during theoselary drying step of cycles performed at a
chamber pressure of 6 Pa and at a shelf temperat@e&C (cycle 1), 18 °C (cycle Il) and 40 °C (¢gdll).
The black solid thin lines represent the cornetsvi&igures A, D, G), the red dotted lines the edigés C in
contact with the rail (Figures A, D, G), the gredgshed lines the edge vials E not in contact with rail
(Figures B, E, H), the black dashed lines the e¢nials M (Figures C, F, 1), the red bold soliddithe shelf
temperature. The vertical dotted black lines regmethe beginning of secondary drying.
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The model was also used to predict the evolutich@partial vapour pressuPg. during the process
for the three considered cycles, as showRigure 111.6.5. The partial vapour pressuPg. value is
usually close to the total chamber pressure duiirgary drying, as the gas in the drying chamber is
mostly water vapour. For the cycle | (performedbat shelf temperature and chamber pressure), the
model simulation showed that tRg. remained lower than the total chamber pressuriegiprimary
drying, as the drying chamber was not saturated witer vapour. At 84 h, when the temperature of
the shelf rose for the transition to secondary rdryisublimation continued and the equilibrium
vapour pressure increased close to the chambesypeesalues. In contrast, in cycle Il and Il the
drying chamber was saturated with water vapourrimary drying and thé, value was close to the
total chamber pressure. At the end of primary dyythe value of, decreases slowly due to the
heterogeneity in the batch, as vials differentlyaed on the shelf completed sublimation at differe
times. Finally, the model was used to predict taigion of the moisture conteftin the vial batch
during secondary drying of cycles I, 1l and Il pestively performed at 6 Pa and at a shelf
temperature of 0 °C, 18 °C and 40 °C. Results hoavs in Figure [11.6.6. In all the simulated
cycles, vials presented different profiles of maistcontent due to the variability in the desonptio
kinetics.Figure 111.6.6A, B and C shows that the target moisture content (1.5 %)mweaseached in
most of the vials within the specified secondaryiry time (45 h) in cycle 1. In contrast, in cycliés
and 11l desorption was successfully carried withisecondary step of 45 h and all the vials reaehed

moisture content lower than the target value of%.5

Risk assessment for a freeze-drying cycle
The developed model was used to predict the ridkibfre of the process in terms of percentage of
vials potentially rejected for different combinat® of operating variables (shelf temperature,
chamber pressure, operating time). Four differishksresponsible for vial rejection were considered
in primary and secondary drying: (i) product tengpere higher than the critical valug ) during
primary drying; (ii) sublimation not completed aetend of primary drying; (iii) product temperature
higher than the critical valud) during secondary drying; (iv) final moisture cent in the product
higher than the target value at the end of secgndlging. Based on these constraints, potentidl via
rejection of the primary and secondary drying stejese defined to select the best cycle at the
maximum allowed risk (set in the present work 8s)1 Figure 111.6.7 shows the vial rejection for a
primary drying step, due to a product temperatugher thanT; (Figure 111.6.7A) and to the

sublimation not completed at the end of primanjryyFigure 111.6.7B) in function of the chamber
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Figure 111.6.7: Potential vial rejection (%) in primary drying fhermed at different chamber
pressures and shelf temperatures due to (A) a ptddmperature higher than the critical value

(Tg’) and (B) sublimation not completed after 8bthprimary drying. The arrows evidence the
cycles |, II, and IlI.
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Figure 111.6.8: Potential ‘ial rejection (%) due toA) a product temperature higher than
critical value {;) during the whole duration of the secondary drstep and (B) product moisture

content higher than the target value (1.5 %) féfiedgént shelf temperatures and operating times.
Red arrows evidence the cycles |, II, and III.
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pressure and shelf temperature and for a givenatipgrtime (84 h). Typical ranges of chamber
pressure and shelf temperature used in the phamtiealeindustry were explored, respectively
between 4 and 10 Pa, and -40 °C and -10FiQure 111.6.7A shows that, if a shelf temperature
higher than -27 °C is used during primary dryitigg Vial rejection become higher than 1 % for most
of the pressures tested. The vial rejection caavaduated for the previously considered cycles$ |, |
and Ill (shown by the white arrows Kigure 111.6.7). Cycle | and Il will not lead to a temperature
higher than the critical value during primary digimnd no vials will be rejected. In contrast, yale

1l the product temperature will be higher tHgnfor about 55 % of the vials.

Furthermore, for the primary drying time specifi@ h), a shelf temperature higher than -30 °C has
to be considered to avoid the presence of iceeaetin of the primary drying time. The sublimation
will be completed in all the vials in the batchtlive cycles Il and 1ll, whereas ice will be stillegent

in 97 % of the vials in cycle I.

Figure 111.6.8 presents the risk of vial rejection of the secopddnying step due to a product
temperature higher thdiy (Figure 111.6.8A) and to a final moisture content in the produghier
than the target value of 1.5 %ig@ure 111.6.8B). A range of shelf temperature between 0 °C and 40
°C was explored, and the pressure maintained curst® Pa.

Results show that the product temperature remaghewbthe critical value whatever the shelf
temperature tested during the whole secondary glisiep. In contrast, the use of a shelf temperature
of 0 °C in cycle | will lead to a vial rejection 47 % due to a high final moisture content at the e

of the secondary drying step (i.e., 45 h), wherghghe vial processed in cycles Il and Il will
present a moisture content lower than 1.5 %. Thysle Il appeared to be the best cycle for the
product and equipment selected, as will resultanvial rejection in both primary and secondary

drying.

The present work presents an original approackhidefinition of the risk of failure of the proegs
i.e., the evaluation of the percentage of vialseptlly rejected. Previous works included the
uncertainty of the model parameters into mathemlatimdels to predict the variability of the process
parameters of primary drying step (i.e., produchgerature and sublimation rate) (Pisagtoal,
2013; Mortieret al, 2016; Giordancet al, 2011). However, the risk of failure of the pracegas
usually defined as probability that the temperaairéhe sublimation front exceed the critical value
(e.0..Ty).

Moreover, to our knowledge, the impact of the \ailiy of the desorption kinetics parameter (i.e.,

characteristic desorption time) on the risk of &8l of the secondary drying step (i.e., moisture
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content higher than the target value and/or protlkroperature higher than the critical value) has
never been investigated.

The calculation of design spaces of primary andrsgary drying based on this mathematical model,
including the percentage of vials potentially régelc(similar to those shown Figure 111.6.7 and
111.6.8) could be a powerful tool for the process desigth scale-up. However, further work needs be
performed to validate model predictions by compmerigith experimental data.

CONCLUSIONS AND PERSPECTIVES

In this work, a multi-vial, dynamic mathematical deb of the primary and secondary drying steps of
the freeze-drying process was developed, inclutliegheterogeneity of process parameters due to
vial dimensions, position on the shelf and randoocleamtion process. Several mechanisms
responsible for heat and mass transfer and thudifferences in the product quality were included i
the model, in order to predict the variability sbguct temperature, ice fraction and moisture gunte
among the vials on the shelf. The value and theilligion of key model parameters (i.e., the vial
heat transfer coefficient, the product resistartbe, characteristic desorption time at reference
temperature and the different view factors betwibervial and the wall, the shelf and the rail), ever
experimentally validated in previous works.

The ultimate aim of the proposed model is the psaEvelopment and optimization based on a risk
assessment approach. In this regard, as an exahphactical application, the model was used to
calculate the risk of failure of the primary andc@edary drying steps for a 5 % sucrose solution
processed in a pilot freeze-dryer, expressed mgaf percentage of vials potentially rejected. The
risks of the process considered were: the proderopérature higher than the maximum allowed
value in primary and secondary drying, the subliomhot completed within the selected operating
time and a moisture content value higher thandhget one at the end of secondary drying.

In the future, the number of vials simulated wi# lncreased and the sensitivity of the predicted
percentage of vials potentially rejected to the bhanof simulated vials will be assessed. The model
will be validated at pilot scale, in order to assthe robustness of the prediction of both thécatit
process parameters (e.g., product temperature)ofitite percentage of vials potentially rejected.
Design spaces of primary and secondary drying méllthen calculated, to be used for the cycle
transfer and scale-up of the process, e.g., bylating different vial loading configurations and

considering different equipment characteristicg.(e&quipment capability).
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I11.6.3 Take-home message

>

In this work, a multi-vials, dynamic mathematicabdel of freeze-
drying process (i.e. primary and secondary dryiegs was developed
including the variability of the heat and mass $fan parameters
previously quantified in Papers |Ill.L1 and 1.4-5 (i.e.
Ac,lgy, Ry, Ry, Tref, Tref,)- The additional heat transfer contribution
by radiation from the chamber walls and the raiédge vials was also
consideredRapers I11.2-3);

The model was used to predict the variability obgass parameters
(e.g. product temperature) in three freeze-dryipges performed at
different shelf temperatures;

Finally, a new approach was proposed for the rated design of
primary and secondary drying steps of the freegerdrprocess based
on different constraints, i.e. maximum allowed pratdtemperature in
primary and secondary drying, completion of thelisudgtion of the ice
crystals at the end of primary drying and valuethed final moisture
content lower than the target one at the end aratary drying.

In the future, the model will be validate with exipgental data and
used for the calculation of the design space ahary and secondary

drying at known level of risk.
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"There are two possible ontcomes: if the result confirms
the hypothesis, then you've made a measurement. If the result
is contrary to the hypothesis, then you've made a discovery”.

- Enrico Fermi

Objectives of this study
Vaccines continuously make a significant contributio prevent serious diseases worldwide and to
improve the human health. Most of the produced im@scare stable at very low residual moisture
content, thus their production process involvesyangd step. As the formulation of the vaccines is
very heat sensitive, this drying step is genenadifformed at very low temperature by means of the
freeze-drying process.
To address the regulatory expectations regardiagythality of the product, the Quality-by-Design
approach proposed by the US Food and Drug Admatistr is more and more often implemented
into the production process of vaccines by pharoiizad companies. The Quality-by-Design
philosophy is based on the idea that the qualibpkhbe built into the product during the produstio
process. To achieve this goal, it is of paramoumgdrtance to understand which are the critical
parameters of the process that impact on the @rigjgality attributes of the product. With regaod t
the freeze-drying step, the main parameters tliaieimces the critical quality attributes of a vami
formulation (e.g., the potency of the product, #legance of the dried cake, the final moisture
content) are the product temperature, the sublomatate and the desorption rate. An accurate
prediction of the value and variability of thesdical parameters could guide the selection of the
operating variables of the process to obtain prodatch of desired quality.
In this context, this Ph.D. work focused on:
1. Providing new insights in the understanding @uantification of the main sources responsible for
the variability of the critical process parametarsd thus of the heterogeneity of the quality latities
in the final batch of products;
2. Using the acquired knowledge to deliver operatigorotocols and tools to the industrial partner
(GlaxoSmithKline Vaccines), in order to guide thesigin and scale-up of the freeze-drying process

of vaccines.

- 263 -



GENERAL CONCLUSIONS

Figure IV.1: Schematic presentation of the main results obthin this Ph.D. project.

Heat Transfer

Mass Transfer

Impact of the vial geometry variability on the 1 |
heat transfer in freeze-drying process i i
(Paper 111.1) -
(i) The heat transfer variability between the V|als'
on the shelf is influenced by the vial bottokn'
dimensions (shelf-vial contact area, and depth
vial bottom curvature);
(i) The variability in vial dimensions results m '
the definition of a product temperature safety'
margin of 2 °C.

Impact of the product resistanc

standard deviation of product

_____________________________

transfer in freeze-drying process (Paper I11.4)

(i) The presence of stopper on the vials was nanhdoto
significantly modify the mass flow rate during sSuiwtion;

(i) A new approach based on the pressure risa/\tastused:
to estimate the product resistance variability (exped as

manufacturing batch of vials, which resulted in tledinition
of a temperature safety margin of + 5 °C.

3D mathematical modelling to understand i |
atypical heat transfer observed in vial freeze- | i
drying (Paper I11.2) i !

(i) A 3D, steady state mathematical model of héa
transfer in freeze-drying process was developeqi |.
COMSOL and experimentally validated; -
(i) The additional heat flux received by edgen
vials was mainly due to conduction through the
gas taking place between the wall, the rail and -th'
walls of edge vials rather than radiation from thd
walls and the iil.

e variability on themass
dr

(i) Desorption

resistance paramjeiarsaa
predict the moisture

Variability of the desorption kinetics and its effect on the
residual moisture content heterogeneity in secondgr

i in secondary drying was found to
i influenced by the product temperature and freephogocol.

(i) The standard deviation of the charactenst&smfpnon.
times for mono and multilayer was estimated anctjusEu

given shelf temperature and operating time. i

____________________

Effect of freeze-dryer design on heat transfer .
variability investigated using a 3D i
mathematical model (Paper IIlI.3) :

The 3D mathematical model of heat transfer :in

freeze-drying (developed ifPaper I1.2) was i

used to predict the impact of the vial Ioadlng

configurations and of the thermal properties anji
geometry of the freeze-dryer on the heat transfgr

variability between edge and central vials. i

ying (Paper 111.5)

content distribution in thal\batch for aI

Freeze-drying process development: use of a dynamicathematical model to predict

the risk of product rejection (Paper 111.6)

(i) The sources responsible for heat and massféawariability during the process and thiis
of product quality heterogeneity, investigatedPepers |-V, were included in a multi-vial
dynamic mathematical model of freeze-drying.

(i) The model was used to design the primary sewbndary drying steps at a given risk
failure for a 5 % sucrose solution processed iild freeze-dryer. The risk of failure of th
process was expressed in terms of percentagelsfpotentially rejected.

1
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Main conclusions

The variability of the critical process parametensch as the product temperature, the sublimation
rate and the desorption rate, is due to differentelse heat and mass transfer phenomena between
the vials. Based on the literature review, thealdlity of heat and mass transfer mechanisms during
the process was potentially ascribed to: (i) theatbdlity of the vial bottom dimensions and the
position of the vial on the shelf of the freezeatrywhich could lead to differences in the heatvflo
rate received by the vials; (ii) the modificatiohtbe cake structure during the freezing step (e.g.
dimensions of the pores, of the specific surfaga)arwhich result to difference in the sublimation
and desorption kinetics during primary and secondaying, respectively. These potential sources of
heat and mass transfer variability were thus ingastd, and their impact on critical process

parameters was quantified.

Variability of the heat transfer during the freedwying process
During freeze-drying process, vials receive thre@mheat transfer contributions from the bottom
and top shelves: (i) by contact conductiva points of contact between the vial and the sl{iglfby
radiation and (iii) by conduction through the gasr@pped in the vial bottom concavity. The contact
conduction depends on the bottom area of the wakdly in contact with the shelf (Cannon and
Shemeley, 2004; Kuet al, 2009). Conversely, the conduction through the tgles place under
Knudsen regime in the range of low pressures tiipiassed in freeze-drying (<10 Pa), and it
depends on the depth of the vial bottom curvatodean the chamber pressure (Brills and Rasmuson,
2002; Nail, 1980; Pikal, 2000; Pika&t al, 1984; Pisancet al, 2011; Ybemaet al, 1995). In
literature, several examples of the dependencheoheat transfer (expressed in terms of vial heat
transfer coefficienk;,) on the chamber pressure are reported (Hilerd, 2012; Kuuet al, 2009;
Pikal et al, 1984; Pisanet al, 2011). However, the impact of the variabilitytbé contact area and
of the depth of bottom curvature on the heat temisés never been quantified. Thus, in a first piart
this Ph.D. work, the attention was focused on itigaing theimpact of the vial bottom dimensions
variability on the heat transfan vials located in the centre of the shelf and@unded by other vials
in the same condition®éper Ill.1). The importance of freeze-dryer design and opeyatariables
(chamber pressure and shelf temperature) was al&stigated. In agreement with the literature
(Hibler et al, 2012; Pikalet al, 1984; Pisancet al, 2011), the determined vial heat transfer
coefficientKy, strongly depended on the value of chamber presklowever, the dependenceigf
on shelf temperature was found to be negligibletHeumore, no relevant differences were found
among vial heat transfer coefficients evaluatedreeze-dryers of different design, but similar
shelves emissivilyat chamber pressure lower than 10 Reen, importance of the contact area

between the shelf and the vial and the depth dabboturvature on the heat transfer was determined
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by calculating theX;, distributions at different chamber pressures. Vagability of K, between
central vials was nearly completely explained by tombined variability of these two vial bottom
dimensions. The contact area was found to higHlyence thek;, distribution at chamber pressure
lower than 30 Pa. In contrast, the bottom curvapleged a non negligible role on tKe distribution
only at chamber pressures higher than 30 Pa. Buétsef this study can guide the choice of thé via
design and provider. At pressures commonly usddegze-drying of vaccines (< 10 Pa), particular
attention should be devoted to the tolerance ottmtact area between the shelf and the vial during
the selection of the container. Furthermore, thigimal approach led also to the definition of a
product temperature safety margin only due to tr@ability of the vial bottom geometry, quantified
as about 2 °C, which should be taken into accourihd the cycle design.

The heat transfer variability during freeze-dryprgcess depends also on the position of the vial on
the shelf. It is well known that vials located mmetperiphery of the shelf present higher heat flow
rates than vials located in the centre. Tddge vial effecis classically ascribed in literature to the
additional radiation from the wall and the raileaed by the edge vials (Piked al, 1984; Pisanet

al.,, 2011; Rambhatla and Pikal, 2003). However, thpedamental works of Rambalta et al.
(Rambhatla and Pikal, 2003), and the mathematicaletnof Gan et al. (Gaet al, 2005), evidenced
that the presence of a metallic rail surroundirg tfals may play also a non negligible role in the
heat transfer received by edge vials. Thus, a 3bhar@stic mathematical of heat transfer during
sublimation was developed Raper 111.2 by using the software COMSOL Multiphysics in order
accurately predict the heat transfer variabilitiated to the position of the vial on the shelf, aod
understand the relative importance of the diffetegdt transfer mechanisms on the edge vial effect.
The model was experimentally validated for a bromuge of chamber pressures (4 to 15 Pa) and
shelf temperatures (0 °C and -40 °C). Converselitdmture, the use of this model revealed that th
conduction through the gas taking place betweernwtik the rail and the lateral walls of edge vials
is the main mechanism responsible for the additibeat flow rate received by edge vials. Radiation
from the walls and the rail had a minor but nonlgdge contribution in the heat flow rate received
by edge vials in the configuration considered é/rtially shielded by the rail).

Successively, the developed 3D mathematical mddeéat transfer during sublimation was used in
Paper 111.3 to investigatedhe impact of design characteristics of the equipinom the heat transfer
variability between edge and central viassich as the vial loading configuration, the geoynatrd

the thermal characteristics of the equipment. Mailalulations showed that the use of the rail can
significantly reduce the differences in heat trangfetween edge and central vials, as it decrbéase t
radiation contribution received by the lateral walf edge vials. Thus, prediction of the difference
in heat flow rate received by the edge vials cay pl key role for a successful cycle transfer among

freeze-dryers in which different vial loading capfrations can be used. Furthermore, difference in
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the emissivity of the rail and the drying chambeailwlid not significantly impact the heat transier
edge vials, due to the relative small importancthefradiation on the total heat transfer. In casttr
higher emissivity of the shelf significantly incesathe heat flow rate received by both edge and
central vials, and thus a precise measurement elff gmissivity is recommended to predict
modifications in heat transfer between equipmergsgnting different finish of the shelves.

Relevant dimensions of the chamber, i.e., diffeesnaf the distance between the shelves and the
distance between the shelf and the wall, did rgniicantly impacted on the heat transfer in edge
and central vials for a chamber pressure of 4 Pés Tesult is in agreement with the previous
experimental data presentedHaper Ill.1, where it was shown that equipment of similar eiwity

but different dimensions did not impact on the heansfer in central vialsvia vial heat transfer
coefficient) at chamber pressure lower than 10 Pa.

In conclusion, the developed model revealed to peveerful tool to be used for the prediction the
heat transfer variability between edge and cenwigds in different devices during the cycle design

and scale-up.

Variability of the mass transfer during the freeltging process
Part of the work presented in this thesis concérasevaluation of variability of the mass transfer
during the sublimation step and its effect on thedpct temperaturéPaper I11.4). It is well known
in literature that the value of the nucleation tengpure influences the ice crystals size, the afze
pores in the dried layer of the product and finalfythe mass flow rate during the sublimation step
(Konstantinidiset al, 2011; Oddonest al, 2014; Searlest al, 2001b). However, nucleation is a
stochastic phenomenon and thus ice crystals @réifit size can form during the freezing step within
different vials, which led to an inter-vial variéity of the mass flow rates. The estimation of the
mass transfer variability within a batch, espegiall manufacturing size (i.e., about 100,000 vials)
can be really difficult. Moreover, the devices dafale for the determination of the mass flow rate
give usually either a global value for all the siah the batch (e.g., the pressure rise test)loca
value within one or very few vials (e.g., microbada). The value of the coefficient of variation of
product resistance is often quantified as abou®dl@nd estimated in laboratory batches from the
uncertainty of the product temperature measurer(f@isanoet al, 2013) or from the variation of
product temperature among few vials, measured ingubermocouples (Bosa al, 2015). In this
study, a new approach was proposed to estimateatiability of the mass transfer for a 5 % sucrose
solution, expressed in terms of product resistatistibution, by using two experimental methods:
the pressure rise test (PRT) and the gravimetrithode This procedure was used on freeze-drying
cycles performed with different freezing protocals,, spontaneous and controlled nucleation. A 5 %

sucrose solution and a filling volume of 1.8 mllifig height of 1 cm) were considered during the
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experiments.

Firstly, the PRT method was used to compare thedtnpf the presence of the stopper into the vial
neck and of the freezing protocol on the mass tearduring sublimation. The presence of the
stopper did not significantly modified the massifloate conversely to the freezing protocol. Then,
the PRT method was used to evaluate the averageigiroesistance evolution with the dried layer
thickness in 5 laboratory vial batches. These datee then combined to estimate the product
resistance variability within a manufacturing Vigtch. Finally, the PRT product resistance data and
local information provided by the gravimetric methavere combined to assess the intra-batch
product resistance variability at laboratory sca@lee variability of the product resistance (expegk

as standard deviation of the product resistancanpeters) determined by using the PRT method in
batches processed with controlled nucleation redulib be lower than the one determined
considering batches processed with spontaneousatigsi. Furthermore, the variability of the
product resistance between vials within a laboyabatch estimated by using the gravimetric method
was found to be significantly lower than the oneoam different batches obtained from the PRT
method.

The product resistance distributions determinednftbe PRT method were used to calculate the
product temperature distributions, and resultedha definition of a safety margin of the product
temperature of about £ 5 °C due to the mass transféability only. This safety margin resulted to
be higher if compared with other value reportetitanature for central vials, which were close t8 +
°C and included the combined effect of the heat mrass transfer variability (Bosed al, 2015;
Pisanoet al, 2013). A further validation of the proposed methised for the estimation of product

resistance variability at manufacturing scale élperformed in the future.

The stochastic nature of nucleation during theziregstep influences not only the dimensions of the
pores in the dried layer thickness but also theifipesurface area available for desorption during
secondary drying (Pikagt al, 1990; Rambhatlat al, 2004). InPaper 111.5, the variability of
desorption kinetics during secondary dryimgs quantified (in terms of standard deviationthaf
characteristic desorption time) and its impact be final moisture content heterogeneity was
evaluated. The multilayer desorption model previppsoposed by Trelea et al. (Trelekal, 2016)
adequately described the evolution of the moistioetent during the secondary drying step. In
agreement with the results of Trelea et al. (Trekeal, 2016), the desorption of the multilayer was
found to be significantly faster than the desorptiof the monolayer of about 30 times (for
spontaneous nucleation). Higher values of proderoperature during the secondary drying step led
to a faster desorption kinetics for both mono andtitayer. Furthermore, the freezing protocol

strongly impacted on the desorption kinetics. Irtipalar, the use of controlled nucleation durihg t
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freezing step led to a slower desorption kinetiestthe use of spontaneous nucleation. The standard
deviation of the characteristic desorption time wWan quantified from experimental data. Finally,
the proposed approach in this study was used tigbrehe moisture content distribution in final
batch and to quantify the risk of failure of the@ess (expressed as percentage of vials potentially

rejected due to a high residual moisture content).

Multi-vial, dynamic mathematical model of freezgidg
The analysis performed iRapers 111.1-5 provided a comprehensive understanding of thecesur
responsible for the heat and mass transfer vaitiabiliring freeze-drying process. In the last stép
the project (presented Paper 111.6), the previously investigated heat and mass teamséchanisms
were included in a dynamic mathematical model dped in Matlab in order to predict the value
and distribution of the product temperature, the fiaction and the moisture content during the
process for different operating conditions (shethperature, chamber pressure, operating time) and
for 100 vials filled with 5 % sucrose solution adifferently located on the shelf of a pilot scale
freeze-dryer. The evolution of partial vapour puessvas also predicted.
The developed model was then used to design thepriand secondary drying steps of the process
at specified level of risk. Four main constrainerevconsidered: (i) a product temperature lowen tha
the glass transition temperature during primary @hdluring secondary drying, (iii) the completion
of sublimation at given primary drying time and)(& moisture content value in the final product
lower than the target value. The equipment capgbiias not considered to be limiting in this
preliminary analysis. Then, acceptable combinatiointhe operating variables of the process were

defined in function of the maximum allowed percgetaf vials rejected.
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In line with the Quality by Design philosophy, thésudy provided new and
significant contributions for the understandingtbé sources responsible for
heat and mass transfer differences during freegieglprocess, and thus of the
final product quality variability within the same different vial batches. The
work performed during this Ph.D. project contriltlite improve the approach
used by the industrial partner (GSK) for the depeient and scale-up of
freeze-drying cycles in two different ways:

- By delivering experimental protocols for (i) tha#efinition of product
temperature safety margins due to the variabilityetevant dimensions of the
vial bottom, and to the variability of the massster resistance due to the dry
layer of the product, and (ii) for the predictiohmoisture content distribution
during secondary drying based on the variabilitjhef desorption kinetics;

- By developing two mathematical models of freepgrd): (i) a 3D steady
state mathematical model for the description of reasfer variability between
edge and central vials during sublimation, andgimulti-vial, dynamic model
of freeze-drying for the development of cyclesdwn risk of failure.

The results obtained during the present projech cgeveral perspectives on

short and medium-long term.

Perspectives

Short term perspectives
The short term perspectives here proposed conkerimprovement of the two mathematical models
developed during this thesis: the 3D, static matiteral model of heat transfer during the

sublimation step and the multi-vial, dynamic mathé&oal model of freeze-drying.

The 3D, static mathematical model of heat transferraete-dryingdeveloped by using COMSOL
Multiphysics allows the evaluation of the heat floate variability between edge and central viats fo
different vial loading configurations and equipmdettures. However, ifPaper 11.3 it was
observed that the simulated vial located in thedthbw of the array in the geometry of the model
still receive a non-negligible contribution by ration from the walls and the rail. Thus, the aduiiti
of other rows of vials in the original geometrytbé model could allow to simulate the "real" cehtra
vial.

Furthermore, the developed model simulates onlg pee. Inclusion of the product resistance into
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the model could allow to predict also the prodechperature and to define a product temperature
safety margin for the difference in heat transkmizen edge and central vials.

The multi-vial, dynamic mathematical model of freezghuly developed in MatlabRaper 111.6) is
very promising as it could allow the determinatadrdesign spaces of primary and secondary drying
based on different constraints (e.g., maximum adwroduct temperature, target residual moisture
content). However, some improvements should beopedd to assure the robustness of the model
predictions. Future work should focus on two kegyezss:

- Contribution of the additional gas conduction te tdge vialsdespite the inclusion of several heat
and mass transfer mechanisms responsible for progadity variability, the additional contribution
of conduction through the gas between the wall rétileand the lateral walls of edge vials was not
taken into account in this first version of the rabdhis heat transfer mechanism revealed to be the
major responsible for the additional heat flow sateceived by edge vialBdper 111.2), and thus its
inclusion in the developed dynamic mathematical eh@ebuld be important for a correct evaluation
of the product temperature profile in edge vials.

- Experimental validationthe physical parameters used in the model (E,gR,, T-.r) and their
distributions were experimentally determined in thee course of this projecPépers IIl.1-5).
However, to ensure the robustness of the modekandequently of the performed risk assessment
analysis, a further experimental validation shobédperformed focusing on four main points: (i)
firstly, the proposed approach for the estimatidrihe product resistance variability by using the
PRT method should be validated in a manufacturimmedium scale freeze-dryer. Furthermore, to
fully understand the role played by the presendd@ktopper into the vial neck in the mass transfe
experiments with and without stopper should bequeréd by using a low filling volume (e.g., 0.04-
0.05 ml); (ii) the distribution of product tempeareg profiles and of moisture content for vials
differently located on the shelf predicted by thedal should be compared with experimental data,
for a range of chamber pressures and shelf temyesatypically used in freeze-drying of vaccines
(e.g., shelf temperatures between -40 °C and -10af@d chamber pressures lower than 10 Pa).
Validation of the partial vapour pressure decreaisined from the Pirani gauge should also be
considered since it is a good indicator of the aldratch heterogeneity; (iii) it would be of inést

to quantify the importance of the desorption takptere during sublimation step in the dried layer o
the product, in order to estimate the variabilifytlee initial moisture content during the desorptio
step and its effect on the final moisture conteetetogeneity. Furthermore, description of the
desorption kinetics in time-varying operating cdiwtis (e.g., shelf temperature not constant), as
proposed by Trelea et al. (Treleal, 2016), will be integrated in the model in ordeevaluate the
importance of the ramp between primary and secgrdiging on the desorption; (iv) the percentage
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of vials rejected predicted by the model shouladctapared with the actual one. Different scenarios
should be tested, e.g., cycle in which the prodenotperature is higher than the glass transition
temperature in primary and secondary drying, mogstontent higher than the target value etc.
Visual inspection of the vials should be performmwl the percentage of vial collapse and/or
presenting a high moisture content should be etedua

Finally, in order to use the model for the desigm acale-up of the freeze-drying process, the
maximum equipment capability should be considered aonstraint in the calculation of the design
space of primary drying and equipment capabilittad@reviously determined for various pilot and

manufacturing scale freeze-dryers during this Pprbject) should be integrated into the model.

Medium-long term perspectives
- Development of an user-friendly software basedhennhulti-vial, dynamic mathematical model
Once that the model will be validated, it will bEgyeat interest to use it for the design of freeze
drying cycle of vaccine formulations. The selectadrihe operating conditions of the cycle (chamber
pressure, shelf temperature and process time) egetformed directly from the calculated design
spaces of primary and secondary drying in funcidnthe risk of failure and of the level of
optimization of the process (i.e., duration of fhrecess). Furthermore, the model could be used to
perform the scale-up between pilot and manufadjusicale. The proposed risk assessment-based
design spaces could be calculated for differemizieedryers by providing relevant information about
the dimension of the vial batch, the equipment b#ipa the characteristic of the freeze-dryer (e.g
emissivities) and the vial loading configuratioredsThe comparison of the design space at pilot and
commercial scale will allow to perform a ration&lotce of the process parameters for a successful
scale-up with a significantly reduced experimemiffbrt. Finally, an user-friendly software for the
cycle design and scale-up could be developed basguoposed model for the less expert users. In
conclusion, in line with the Quality-by-Design apach, the developed model/software could be
used as smart tool to perform a risk assessmentlbiasle design and scale-up while guaranteeing

the final product quality.

- Describe and understand the mechanisms of coliajee collapse of the product cake during
primary and secondary drying due to a product teaipee higher than the critical value is a
phenomenon of paramount importance, as it led ® réjection of the vial due to lack of

pharmaceutical elegance of the cake and high nteisaintent in the product. A better understanding
of the relation between the dynamics of the cakéapse (and possibly microcollapse) and the
product temperature appears to be important fooraect prediction of the percentage of vials

rejected due to this phenomenon.
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- Development of a 3D mathematical model for desoglihe mass transfer between the chamber
and the condenseiit would be of great interest to deeply explohe tmass transfer from the
sublimation interface to the condenser to monitex partial vapour pressure during the drying
process by using COMSOL. These mass transfer phammnwvere already described in a 1D
dimensional model (Treleat al, 2015). However, a 3D mathematical model coulctiiles mass
transfer in more complex geometries, where 1D apiomcannot be applied, for different operating
conditions and/or different mixtures of inert gasl avater vapour inside the chamber.

- Investigation of the heat transfer variability inther type of containersThe experimental and
theoretical analysis performed in this project fmul on the investigation of the mechanisms
responsible for quality heterogeneity for produdgessed within glass tubing vials. However, other
type of containers are often used in pharmaceutnhlstries, such as syringes and dual-chamber
cartridges. The geometry of the container couldiB@antly change the contribution of the different
heat transfer phenomena taking place during theegs On a long term, the strategy here proposed
to evaluate the importance of the variability o€ tbontainer dimensions could be adapted and
applied to other types of containers. Moreover,geemetry of the 3D mathematical model of heat
transfer in freeze-dryer developed in COMSOL cdwddmodified in function of the geometry of the
considered system to simulate differences in heatster between containers differently located on
the shelf.
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SMALL GLOSSARY OF FREEZE-DRYING

Some of the terms recurring in freeze-drying saesied often used in the present work:

AMORPHOUS MATERIAL: Most of the pharmaceutical products that are gelried do not
crystallize during the freezing step but form a@delith amorphous (or glassy) interstitial struetur
with a very high viscosity. In this state, mosttbe biochemical reactions are stopped and the
product stability (shelf life) is significantly ineased. The temperature at which the glass exlabits

change in viscosity is termed thkass transition temperature

BOUND WATER: Fraction of water that is present in the formulatas essential component to
various materials. It can be distinguished frisae waterby its inability to form ice crystals. This
fraction of water is partially removed from the nratluring secondary dryingin order to produce a

final product with a target value ofoisture content

CAKE: The porous and spongy structure resulting fromfibeze-drying process in\aal after

sublimation of the ice crystals.

CENTRAL VIALS: Vials located in the centre of the shelf and sumded by other vials in the

same conditions.

CHOKED FLOW: When the sublimation rate becomes higher than nla&imum equipment
capability, the chamber pressure rises above the set paihth@nprocess runs out of control. The
maximum speed at which the water vapour can flothéduct from the chamber to the condenser is
the velocity of sound, which can be reached at J@gh sublimation rates. Under this specific
condition, the vapour flow rate becomes independérthe pressure on the condenser side of the
duct connecting the chamber and the condenser.efhgment capability highly depends on the

duct geometry between the chamber and the condandesn the condenser performance.

COLLAPSE: Viscous flow of the porous structure of the prdduCollapse can happen during

primary drying when material reaches a critical genature known asollapse temperatureand
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during secondary drying when the product reachegpdeature higher than thglass transition
temperaturdor the dried product.

COLLAPSE TEMPERATURE: the temperature above which collapse occurs dupingnary
drying (seeCollapsg.

CRITICAL PROCESS PARAMETERS (CPPs): The CPPs are the process parameters whose
variability has an impact on one or more criticahlity attributes of the product and therefore $thou
be monitored or controlled to ensure that the m®qroduces the desiderate quality. Examples of

CPPs in freeze-drying are the product temperathieesublimation rate and the desorption rate.

CRITICAL QUALITY ATTRIBUTES (CQAs): The CQAs are the physical, biological, chemical
and biological properties of a product that shdaddvithin appropriate limits, range or distributitmn
assure the desiderate product quality. CQAs anmatkfin function of theQuality Target Product
Profile. Examples of CQAs are the aspect of the prodake,creconstitution time and the final

moisture content.

CYCLE: Sequence of the steps of the freeze-drying prodess,freezing, primary drying and

secondary drying.

DESIGN SPACE: The multidimensional combination and interactiohimput variables (e.g.,
material attributes) and process parameters tha baen demonstrated to provide assurance of
quality. Typical coordinates of the classical dasipace in freeze-drying are the shelf temperature,
chamber pressure, sublimation rate and producteeatyre.

DESORPTION: Mass transfer mechanism through which the boun@mneontained in the dried
product at the end of sublimation is partially remd duringsecondary dryingoy increasing the

temperature of the product.

EDGE VIAL EFFECT: Difference between the heat flow rate received asviocated in the
centre of the shelf and surrounded by other vialthe same conditions, and vials located at the
periphery of the shelf, due to position dependedt transfer mechanisms (e.g., radiation from the

walls to edge vials).

EDGE VIALS: Vials located at the periphery of the shelf andomed to different drying chamber
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components, e.g., walls, rail, door.

FREE WATER: Fraction of water in a solution that is not chealicor physically bound. It forms
ice crystals during the freezing step and is halet@emoved during primary drying by means of

sublimation.

FREEZING: First step of the freeze-drying process duringcitthe solidification of the solution

occurs. The freezing point is the temperature athvbolid and liquid are in equilibrium.

GLASS TRANSITION TEMPERATURE: The temperature at which the material goes from a
glassy state to a rubbery state (gkxss transitioh. The value of,; depends on the concentration of

solutes.

GLASS TRANSITION: The reversible transition in amorphous materiadenfa hard and "glassy"

state into a rubber-like state.

NUCLEATION: The process by which the nuclei of the ice crgstae formed. Usually, nucleation
is a stochastic phenomenon if not controlled. Tee of controlled nucleatiorduring the freezing
step allows to increase and homogenize the nuctedagmperature value. In the present work,
controlled nucleation was performed in some expenita analysis by adding the nucleation agent

Snomaxo the initial formulation.

PARENTERAL: refers to pharmaceuticals product which are admnaied in other ways than by

the alimentary tract, e.qg., by injection.

PRIMARY DRYING: It is the second step of freeze-drying process,camsists in removing of the

ice crystals by sublimation.

QUALITY TARGET PRODUCT PROFILE (QTPP): The QTPP define the design criteria of the
product and forms the basis of design for its dgwelent. Considerations should include dosage,

container system, drug quality criteria (e.g., poye.
QUALITY-BY-DESIGN (QBD): A new systematic approach for product developriteait begins

with predefined objectives on the product quallaracteristics and emphasizes product and process

understanding.
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QUALITY-BY-TESTING (QBT): A regulatory framework in which product qualityeéasured by
the use of fixed product manufacturing process laydests on the raw materials, the in-process

materials and on the end-product.

RECIPE: A recipe describes in terms of operating varightegh as shelf temperature, chamber
pressure and operating time, the entire freezergrprocess in a stepwise manner. The recipe of a
freeze-drying cyclés usually programmed directly into a freeze drgentrol system and recorded
electronically for recall whenever required.

RECONSTITUTION: The act of adding a solvent (usually water) ite freeze-dried product, in

order to return it to the liquid state.

RESIDUAL MOISTURE: The amount obound waterthat remains into the freeze dried product
after sublimation in primary drying. The amountresidual moisture in a freeze dried product is

reduced during secondary drying.

SECONDARY DRYING: It is the third and last step of freeze-drying qgass and consists in

reducing the amount diound wateror residual moisturgin the dried product by desorption.

STOPPER: The stoppers are elastomeric caps for vials, uspadisenting one or two openings. A
stopper is usually only partially inserted into thal neck, to allow water vapour to leave the vial
during primary and secondary drying. The vials taen completely "stoppered” (i.e., fully inserted

into the vial neck) at the end of the process.

SUBLIMATION: It is the transition from a solid to a gas phasthwo intermediate liquid stage.

Ice crystals present in the frozen product sublimeater vapour duringrimary drying
SUPERCOOLING: The process of cooling a liquid below its freezpant, without it becoming a
solid. The supercooling degredas the difference between the nucleation tempegand the
equilibrium freezing point.

VACCINE: A biological product aimed to improve immunitydspecific disease.

VIAL: Small glass container (available in a wide raniggize) used as primary packaging in freeze-
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drying of vaccinesand otherparenteral productsThe vials usually present a "champagne-like"
bottom with a concavity in which gas is entrapped.
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RESUME SUBSTANTIEL EN FRANCAIS

Contexte
La vaccination est largement considérée comme ldeweplus grandes réalisations de la

recherche médicale. Depuis le premier développep&anEdward Jenner du vaccin contre
la variole, la vaccination a permis de réduire adrablement la propagation de plusieurs
maladies mortelles, comme la poliomyélite, le tétara coqueluche ou la diphtérie. De nos
jours, les vaccins existants peuvent étre clasags différents groupes en fonction de leur
ingrédient actif (antigéne). Les vaccins vivantératés sont connus pour étre les plus réussis
et efficaces. lls sont réalisés réduisant la viroéedes virus ou plus rarement de bactéries.
En outre, ils sont généralement plus stables swusef séche (1-3 % de la teneur en eau) que
dans les solutions aqueuses et donc leur procédgradiiction implique une phase de
séchage. Cependant, les vaccins sont des protkstsdnsibles a la chaleur et peuvent étre
endommageés s'ils sont exposés a des températusgsidage élevées.

Ainsi, en raison de I'utilisation combinée du vatede basses températures, la lyophilisation
est généralement la méthode de choix utilisée f@oproduction de vaccins. Ce procédé de
stabilisation se déroule en trois étapes successfijela congélation de la formulation de
vaccin, préalablement remplie dans des flaconsede vavec formation de cristaux de glace
et d’'une matrice cryo-concentrée; (ii) dessiccatwimaire, dans laquelle les cristaux de
glace sont éliminés par sublimation; (iii) dessimasecondaire, dans laquelle la désorption
de l'eau liée a la matrice solide permet d’attegnldrteneur en eau résiduelle cible dans le
produit. Malgré son utilisation importante dansdlistrie pharmaceutique, la lyophilisation
reste un processus long et colteux, difficile atraetu point et a changer d’échelle, ce qui
entraine souvent des lots de produits de qualitéhemogene.

De nos jours, la sécurité des vaccins et I'effiéade la vaccination attirent de plus en plus
I'attention du public. Le besoin d'assurer la dqéatiu produit a conduit a des procédures
réglementaires plus rigoureuses pour toutes lgegtdu développement et de la production
des vaccins. L'une des approches les plus récentasaméliorer la qualité des produits
pharmaceutiques tout en réduisant le fardeau régienne est la mise en ceuvre de

I'initiative "Quality by Design" (QdB, en francgaiQualité par la Conception") proposée au
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début de 2000 par la Food and Drug Administratior Etats-Unis. La philosophie de
I'approche QdB stipule que la qualité du produitdwt pas étre uniquement testée sur le
produit final, mais intégrée au processus de priglugrace a la détermination de cibles de
qualité et a une compréhension approfondie de ¢anfadont le produit et le procédé
interagissent. L'une des étapes essentielles dmida en ceuvre de la qualité par la
conception dans le procédé de production des va@shla définition des "critical quality
attributes" (CQA, en frangais "attributs de qualititiques”) du produit, par exemple la
stabilité de l'antigene, la teneur finale en eau mloduit le produit et I'élégance
pharmaceutique du gateau. Ces CQA dépendent fantedee |' étape de lyophilisation,
pendant laquelle la température du produit doi¢ &traintenue en dessous d'une valeur
maximale autorisée pour éviter la perte de la sirecporeuse du produit, c'est-a-dire
I'effondrement du produit. L'effondrement provoqiénéralement une teneur en eau finale
élevée du produit, un temps de reconstitution cwdyit long et en particulier la perte de
I'élégance pharmaceutigue du gateau nécessaire laageptation du produit par les
autorités et les utilisateurs. Cependant, une testyr® du produit trop éloignée de
I'optimum conduit a une augmentation significatiketemps de lyophilisation et donc a une
diminution de l'efficacité du processus.

Les conditions optimales de fonctionnement d’'uncgd@ de lyophilisation peuvent
aujourd’hui étre définies en construisant le "desigpace" (en frangais, l'espace de
conception). Ledesign spaceconcept clé de QdB, es défini comme la combimaiso
multidimensionnelle de variables de commande @tgbuts du produit) et de parametres
du procédé qui assurent la qualité du produit. dastruction dudesign spacepeut étre
effectuée par deux approches : soit par la réalisatune vaste campagne expérimentale,
soit par la modélisation des phénomeénes de trandéechaleur et de matiére ayant lieu
pendant la lyophilisation, ce qui permet de prédite valeur moyenne de la température du
produit et de la vitesse de sublimation dans udéafiacons.

Malheureusement, les transferts de chaleur et déémmase produisant pendant la
lyophilisation dépendent non seulement des conditiopératoires du procédé (e.g. de la
pression de la chambre, de la température ded¥etpgnais aussi de plusieurs facteurs, tels
gue les propriétés du produit, la géométrie desofia, les caractéristiques de I'équipement
utilisé. Comprendre l'impact de ces facteurs ssitdensferts de chaleur et de matiere ayant

lieu dans des flacons situés a différents endmaits|'étagere du lyophilisateur est d'une
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importance primordiale pour une meilleure défimitidu design spaceet pour prédire la
variabilité de la qualité du produit. La prédictida la qualité du produit, permet, & son tour,
d'effectuer une analyse de risque du procédé ia @onception et pendant les étapes de

changement d'échelle.

Dans ce contexte, le présent projet de these @&igéé avec I'appui scientifique et financier

de la société pharmaceutique GlaxoSmithKline VeifBelgique).

Obijectif de la these

L'objectif principal de ce travail était de dévgbep une nouvelle approche pour la
conception, l'optimisation et le changement d'déehéés cycles de lyophilisation pour un
risque connu, conformément a l'approealité by DesignA cet égard, 'attention a porté
sur (i) I'étude et la quantification des mécanisnesponsables de la variabilité des transferts
de chaleur et de matiére dans le méme lot de ftaoarentre de lots, a différentes échelles,
pendant la dessiccation primaire et secondairerdiisl'intégration des phénomenes étudiés

dans un modéle mathématique mécanistique décilwgmbcédé de lyophilisation en flacon.

Principaux résultats

Dans ce contexte, le présent travail s'est focaligél'étude qualitative et quantitative de
guatre sources potentiellement responsables deariabilité des paramétres critigues du
procédé de lyophilisation: (1) la variabilité degéométrie du fond du flacon, responsable
des différences observées dans le transfert dewhetl dans la température du produit, (2) le
rayonnement du rail utilisé pour maintenir les dias et des parois, ainsi que la conduction
thermique du gaz contenu entre la paroi du lyogduiéiur, le rail et la paroi latérale du
flacon, en tant que mécanismes responsables dudBughaleur additionnel recu par les
flacons situés sur le bord; (3) la variabilité derésistance produit due a la couche séche
formée pendant le procédé, responsable des diffésede transfert de matiere et de
température pendant la dessiccation primaire éhdd Iimpact de la variabilité de la
cinétique de désorption pendant la dessiccatioonsizire sur I'nétérogénéité de la teneur en

eau finale dans un batch.

La premiére partie de ce travail (présenté darBulalication 1l1l.1 dans ce manuscrit) a
porté sur I'étude de l'impact de la variabilité dasensions du fond du flacong I'aire de

contact entre I'étagére et le flacon et la profondie la concavité du fond du flacon) sur le
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transfert de chaleur dans des flacons situés arecea I'étagére et entourés d'autres flacons.
La variabilité dans les dimensions des flacons péet due aux conditions de production et
dépend de la conception et du fournisseur. Aifisipbrtance de deux dimensions du fond
du flacon sur le transfert de chaleur a été déte¥enen calculant les distributions KL La
variabilité du coefficient de transfert de chaldurflaconk;, entre les flacons centraux a été
presque completement expliquée par la variabibréltinée de ces deux dimensions du fond
du flacon. L’'aire de contact a fortement influetad@listribution dek;, pour de pressions de
chambre inférieures a 30 Pa. En revanche, la vhtéatle la concavité du fond du flacon
joue un réle non négligeable sur la distributiorkKgleuniquement a de pressions de chambre
supérieures a 30 Pa. Ainsi, a des pressions cousamatilisé dans la lyophilisation des
vaccins (<10 Pa), une attention particuliére dév@te accordée a l'aire de contact entre
I'étagere et le flacon pour la sélection des flacdPar ailleurs, l'approche proposée a
également conduit a la définition d'une marge deir$@® pour la température du produit en
fonction de la variabilité de la géométrie du fahdflacon, qui a été quantifiée a environ £ 1
°C.

Dans cette premiére partie, seules les différedeetransfert de chaleur entre les flacons
situés au centre de I'étagere ont été considétégendant, les flacons situés a la périphérie
de I'étagere et exposés aux composants de I'eaadgnityophilisation, tels que la paroi ou le
rail de maintien des flacons, présentent habitoedlg un flux de chaleur et une température
de produit significativement plus élevés que lemcdhs centraux. Ainsi, une attention
particuliére a été portée a la compréhension desamigmes responsables des flux de
chaleur supplémentaires recus par les flacons i bo

Un modéle mathématique en trois dimensions (3Dieadéveloppé en utilisant le logiciel
COMSOL Multiphysics (présenté dans Paublication 111.2 dans ce manuscrit), et validé
expérimentalement pour une large gamme de pressienshambre (4 a 15 Pa) et des
températures d'étagére (0 ° C et -40 ° C). L'atili;m du modéle a révélé que la conduction a
travers le gaz entre la paroi de I'enceinte de ylggation, le rail et la paroi latérale du
flacon est le mécanisme dominant. Contrairemer @ue est affirmé habituellement dans la
littérature, le rayonnement provenant du mur etadlua eu une contribution mineure sur le
flux de chaleur recu par les flacons du bord. Lelé® mathématique 3D développé a fourni
des informations utiles concernant l'impact de atest éléments de I'équipement sur la

variabilité du transfert de chaleur entre les flecde bord et les flacons centraux, tels que la
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configuration de chargement des flacons, la géoenétr la caractéristique thermique de
I'équipement (présenté dans Raublication 111.3 dans ce manuscrit). Les simulations
réalisées avec le modéle ont montré que |'utibsadiu rail peut réduire considérablement les
différences de transfert de chaleur entre les fiacdu bord et les centraux, malgré sa
contribution au rayonnement sur les flacons du bamsi, la prédiction des différences de
flux de chaleur recu par les flacons de bord pas$entielle pour réussir un transfert de
cycle entre lyophilisateurs présentant différertesfigurations de chargement de flacons.
De plus, la différence de I'émissivité du rail etld paroi de I'enceinte de lyophilisation n'a
pas eu d'impact significatif sur le transfert dalebir dans les flacons du bord. En revanche,
une plus grande émissivité de |'étagére augmenteahéere significative le flux de chaleur
recus par les flacons du bord et du centre. Pasépurent, une mesure précise de I'émissivité
des étagéres est recommandée pour prévoir lediwasialu transfert de chaleur entre les
équipements présentant une finition différenteétagéres. Le modéle développé s'est révélé
étre un outil puissant pour la prédiction de laiataitité du transfert de chaleur entre les
flacons du bord et ceux du centre dans différeigigsoditifs pendant la conception du cycle

de lyophilisation et le changement de I'échelle.

La variabilit¢ du transfert de matiere pendantapét de sublimation et son effet sur la
température du produit ont été également étudiésépté dans [Rublication 111.4 dans ce
manuscrit). Tout d'abord, I'impact de la présengebduchon dans le col du flacon et de
l'utilisation de différents protocoles de congélatisur le flux de vapeur d'eau pendant la
dessiccation primaire ont été étudiés. La préseuncbouchon n'a pas modifié de maniére
significative le flux massique pendant la subliroati alors que des flux massiques plus
éleves ont été observeés lorsque la nucléation eoétédlée pendant I'étape de congélation. Il
largement admis dans la littérature que la valeuadempérature de nucléation influence la
taille des cristaux de glace, la taille des porassdla couche seche du produit et le flux
massique pendant I'étape de sublimation. Cepend@nhucléation est un phénoméne
stochastique et, par conséquent, des cristauxate gle taille différente peuvent se former
dans différents flacons pendant la congélationgee conduit & une variabilité de flux
massiques entre les flacons. La quantificatioradeatiabilité de transfert de matiere dans un
lot, en particulier de taille commerciale (envird®0,000 flacons), peut étre vraiment

difficile a réaliser. De plus, les dispositifs disfbles pour la détermination du flux
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massique donnent habituellement soit une valewradgoparmi tous les flacons dans le lot
(e.g. le test d'élévation de pression), soit unewdocale dans un ou dans un ou un nombre
réduit de flacons (e.g. microbalance).

Dans ce travail, une nouvelle approche a été pémppsur estimer la variabilité du transfert
de matiére, exprimée en termes de distributiorad@sistance du produit, en utilisant deux
méthodes expérimentales: le test de remonté dsipne@RT) et la méthode gravimétrique.
Ces approches ont été utilisées pour des cycldgogéilisation effectués avec différents
protocoles de congélation, c'est-a-dire une nuokéapontanée et controlée.

La méthode PRT a été utilisée pour évaluer I'éiaiutle la résistance du produit avec
I'épaisseur de la couche seche dans 5 lots denflas® laboratoire. Ces données ont ensuite
été combinées pour estimer la variabilité de l@stasce du produit dans un lot de flacons.
La variabilité de la résistance du produit détegmiren utilisant la méthode PRT dans des
lots ayant subi une nucléation contrélée a été faide que dans les lots avec nucléation
spontanée. En outre, la variabilité de la résigtaihc produit entre les flacons au sein d’'un
méme estimée en utilisant la méthode gravimétrgest avérée significativement inférieure
a celle entre différents lots, obtenue a partirlalenéthode PRT. Les distributions de
résistance des produits déterminées a partir deéthode PRT ont été utilisées pour calculer
les distributions de température du produit et ambuti a la définition d'une marge de
sécurité de la température du produit d'environ®°€®n raison uniguement de la variabilité

du transfert de matiére.

La nature stochastique de la nucléation influenme seulement les dimensions des pores
dans I'épaisseur de la couche séche, mais aussirfiace spécifique disponible pour la
désorption pendant la dessiccation secondaire phiinde la variabilité de la cinétique de
désorption sur la teneur en eau du produit pendasissiccation secondaire a été évalué et
exprimé en termes d'écart type du temps caradtgrstde désorption (présenté dans la
Publication 1ll.5 dans ce manuscrit). Le modele de désorption nouitice proposé
précédemment a décrit de maniere adéquate I'éonlliumidité pendant I'étape de séchage
secondaire. La désorption de la multicouche sastiée significativement plus rapide que la
désorption de la monocouche. De plus, la tempéragtila structure du produit on eu un
impact significatif sur la cinétique de désorptidrecart-type du temps caractéristique de

désorption a été quantifié a partir de données rarpatales et utilisé avec succes pour
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prédire la distribution de la teneur en eau dantlale produit final ainsi que le risque
associé au procédé, exprimé en % de flacons pellentent rejetés en raison d'une trop

forte humidité résiduelle.

Dans la derniére étape du projet, les mécanismagents de transfert de chaleur et de
matiere ont été inclus dans un modéle mathématilypamique développé dans Matlab
(présenté dans IRublication IIl.6 dans ce manuscrit) afin de prédire la tempéradure
produit, la pression de vapeur partielle, la fatde glace résiduelle et les évolutions du
taux d'humidité pour différentes conditions opédrato(température d'étagere, pression de la
chambre, temps de séchage), pour 100 flacons reaplsolution de saccharose a 5 % situés
aux différents endroits de I'étagére. Le modélelidppé a ensuite été utilisé pour concevoir
les étapes de séchage primaire et secondaire degsis au niveau de risque spécifié.
Quatre contraintes principales ont été considéréesne définissant les limites de I'espace
de conception: (i) une température du produit iefée a la température de transition
vitreuse pendant la dessiccation primaire et (@hdgant la dessiccation secondaire, (iii)
l'achévement de la sublimation a la fin de la aesdion primaire et (iv) une valeur de
teneur en eau dans le produit final inférieure @alaur cible. Le modéle développé a ensuite
été utilisé pour concevoir les étapes de séchaigeajpe et secondaire du processus au

niveau de risque spécifié.

Perspectives

Les perspectives a court terme ici proposées coenefd'amélioration des deux modéles
mathématiques développés au cours de cette tleesedele mathématique 3D de transfert
de chaleur en régime permanent pour les flaconsbahd de I'étagere et le modele

dynamique multi-flacon incluant les différentesmms de variabilité étudiées.

Le modele mathématique 3D du transfert de chalans ¢h lyophilisation développé a l'aide
de COMSOL Multiphysics permet d'évaluer la varig®itiu flux de chaleur entre les flacons
du bord et centraux pour différentes configuratiates chargement de flacons et de
caractéristiques de I'équipement. Il a été obsparésimulation que le flacon situé dans la
troisieme rangée recoit encore une contribution mégligeable des parois et du rail. Ainsi,
I'inclusion d'autres lignes de flacons dans la g&dm d'origine du modele pourrait

permettre de simuler des vrais flacons "centraBat. ailleurs, l'inclusion de la résistance du

produit, et plus généralement le transfert de matétre le front de sublimation des flacons
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et le condenseur, pourrait permettre de prédirdeégat la température du produit et de

définir une marge de sécurité en termes de temypérat

Le modele mathématique dynamique de lyophilisatiéneloppé est trés prometteur car il
permet de déterminer defesign spacebasés sur I'évaluation des risques de dessiccation
primaire et secondaire en fonction de différentestraintes (par exemple, la température
maximale admissible du produit, la teneur en eaiduélle cible). Cependant, certaines
améliorations devraient étre effectuées pour astaim@bustesse des prédictions du modele.
Les travaux futurs devraient porter surtout suvdfidation expérimentale. Les paramétres
physiques utilisés dans le modele (par exenipleR,) et leurs distributions ont été
déterminés expérimentalement au cours de ce pfoggendant, pour assurer la robustesse
du modele et, par conséquent, de l'analyse deluai@n des risques effectuée, une
validation expérimentale complémentaire. Tout ddpte profil de température du produit
et I'évolution du taux d'eau pour les flacons sitagx différents endroits sur I'étagere prédite
par le modele devraient étre comparés aux donnéesrimentales La validation de la
pression de vapeur partielle dans la chambre & gdad données obtenues de la jauge Pirani
devrait également étre envisagée car cette grardézuit bien I'hétérogénéité globale des
conditions de lyophilisation. Enfin, le pourcentade flacons rejetés prévu par le modéle
devrait étre comparé a celui actuel. Différentsnac@s devraient étre testés, par exemple
cycle dans lequel la température du produit esérsegre a la température de transition
vitreuse pendant la dessiccation primaire et semioad un taux d'eau supérieur a la valeur
cible, etc. L'inspection visuelle des flacons didie effectuée et le pourcentage de flacons

s'effondrant et / ou présentent une teneur élevéae devrait étre évalué.
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Figure A. Side (1) and top (2) view of the vial bottom reqmeted as a semi-spherical calotte.

The evaluation of the mean bottom curvature dépihs performed from geometrical considerations
on the semi-spherical calotte at the vial bottosimepresented iRigure A.

The bottom curvature depth depends on the raditizeofial bottom as follows:

I(r)=R,—a(r) Equation Al

whereR, is the radius of the calotte an¢r) is the distance between the shelf and the viabbpt

measured normal to the vial bottom:

a(r) = \/(Rc = lbnax)? + 12 Equation A2

R, can be calculated as a function of the maximurtoboturvature depth,,, and the inner vial

bottom radiusk;:
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R? = Ri2 + (R — lmax)2

Equation A3

The area-mean bottom curvature depth can be dedisiéuke integral df(r) on the calotte, divided

by the area:
1
l==[1(r)dA
A
The relevant area for heat transfer by gas conaludst
A=mR?
and the area element:
dA = 2n rdr

CombiningEquations A1-A6, [ was calculated as:

l= %foRi(Rc - \/(Rc - lmax)2 +72 ) rdr
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