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Teu eutectic temperature

T temperature of full collapse

T, glass transition temperature
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™ (observation) time during measurement
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Toc temperature of the onset of collapse

T, product temperature at sublimation interface

Toc temperature of partial collapse

Ts temperature of shelf surface
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Throughout this work, units consistent with those used on laboratory and commercial freeze-
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than the Sl unit of Pascal (Pa). The reader is reminded that 0.1 Torr is 100 mTorr and 13.3 Pa.
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1 Introduction

1.1 General introduction

In 2006, 29 new New Molecular Entities (New Chemical Entities as well as New Biologi-
cal Entities) were launched to the pharmaceutical market. Fields of application of these
new API (Active Pharmaceutical Ingredients) are given in Fig. 1-1. For the first time, a

vaccination against cervical cancer
Respiratory Toxications

tract _\ ’- 3%

3%

Obstetrics
3%

became available. New drugs for

Eyes
3% . .
Kidneys Cancer renal cancer or chronic hepatitis B
4% \

21%

Bj;es make the treatment more efficient.
One third of the medicaments are
Nervous

system

1 ‘ i - -
- Infections orphan druQS against e.g., morbus

21%
Pompe and mucopolysaccharidose

Metabolism
14%

Cardiovascular .
diseases VI. Research-based pharmaceutical

= companies in Germany (VFA) spent
4.37 billion € on research and de-
Fig. 1-1: Fields of application of new APl in  yelopment (R&D) while occupying
2006 (adapted from [1])

16,500 employers in R&D [1]. On
average, the R&D costs for a new drug were 800 million $ during the 12 years of overall
development. In Germany 1,301 bio-pharmaceutical patents (11% of all German patent
registrations) were applied in 2006 (from a total of 10,919 patent applications): 40%
came from the USA, 15% from Japan, 11% from German com-panies, 5% from the UK,
4% from France and 25% from other countries (only patents with an impact on the

German market mentioned) [1]. The fraction of medications which are produced by bio-

pharmaceutical pro-cesses is increasing continuously in Germany. In 2000, it was 7.6%
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of a total turnover of 2.38 billion € (delivery charge of manufacturer), compared to 10.9%

in 2006. Insulins and interferons amount for more than half of the turnover (cf. Fig. 1-2).

Other important fields of application

. . Vaccination
are blood and rheumatic diseases, antigenes

8%

monoclonal antibodies against cancer,
enzymes against metabolic diseases

and vaccines [1]. Concerning the do-

Other
proteins
19%

sage forms Fig. 1-3 gives an overview

on FDA-approved protein, peptide,

. . . Hormons
vaccines, oligonucleotide, and cell- Interferons (without
Enzyms 21% withou

3% insulin)

based products. The most common 8%

forms are lyophilized (from aqueous

_ _ Fig. 1-2: Shares of biotechnologically pro-
solution) and aqueous solutions, then  qyced drugs on turnover in 2006 (adapted

. ) from [1])
aqueous suspensions. Depots include

implants and biodegradable cylinders, microspheres, and in situ depots. Oral delivery
forms include tablets and capsules. The category denoted “other” includes gels, emul-
sions, and ointments. In anticipation of points discussed later in this thesis, Fig. 1-4
shows storage conditions for these lyophilized FDA-approved products. The most com-
mon condition is refrigerated. Today, about 200 new antibody products are currently in

development, many of them in a freeze-dried form [2, 3].

In economic and scientific fields described above, a detailed study on freeze-dry micro-
scopy could not only gain new knowledge on procedure issues and the performance of
this analytical tool, but also might have an impact on economical aspects. Usage of FDM
for process optimization might increase turnover by decreasing process time. Lower in
production are realizable for example by better knowledge on collapse behavior of for-
mulations and single substances, by a better methodology for FDM experiments, by

shorter freeze-drying cycles (higher temperatures in primary drying) and by producing
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lyocakes of an appropriate appearance. The details behind these possibilities are ex-

plained in the next chapters.

Oral forms Frozen
2% solution
Depot 1%
5% Tissue /‘ Other
2% 1%

Suspension
11%

Lyophilized
46%

Solution
32%

Fig. 1-3: Dosage forms of FDA-approved pro-
tein, peptide, vaccines, oligonucleotide, and
cell-based products (330 total) (adapted from

[4])

Frozen
3%

Room
temp-
erature
27%

Refrige-
rated
70%

Fig. 1-4: Storage conditions of lyo-
philized, FDA-approved products
(adapted from [4])
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1.2 Freeze-drying process

Freeze-drying (also denoted “lyophilization”) may be defined as the drying of a sub-
stance by freezing it and removing a proportion of any associated solvent by direct sub-
limation from the solid phase to the gaseous phase, without passing through the inter-

mediate liquid phase [5].

The drying of biological materials by sublimation was already known by the turn of the
century. One of the first medicinal uses of the lyophilization process was by Greaves in
1944, who used it to dry serum for treating the victims of World War Il. At this time, the

first crude commercial apparatus became available [5].

Freeze-drying is a drying process often employed to convert solutions of unstable API
into solids of sufficient stability for shipping and storage [6, 7]. Since in general, a formu-
lation can be freeze-dried to 1% residual moisture content or less, without any of the
product exceeding 30°C, it likely causes less thermal degradation than a high tempera-

ture process like spray-drying [6].
Usually, the desired attributes of a lyophilized product are [8]:

(1) a consistent and high yield of API through freeze-drying,

(2) appropriate crystallization or no crystallization of product and excipient(s),

(3) glass transition temperature higher than the desired storage temperature’ (re-
lated to the level of residual moisture),

(4) pharmaceutically elegant, mechanically strong cake,

(5) rapid and complete reconstitution,

(6) fast and robust freeze-drying cycle, and

(7) stability of all product quality attributes through the intended shelf-life.

' For common storage temperatures see chapter 1.1
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In general, freeze-drying is an expensive process. It is highly time, energy and water

consuming. If cycle conditions are designed far from optimum, unnecessarily long freez-

ing times, secondary drying times and especially primary drying times can result [9-11].

Not only due to recent emphasis from the FDA on manufacturing sciences and PAT

(process analytical technology) [12-14] the pharmaceutical industry has begun to further

optimize and improve current lyophilization cycles and to design new processes that are

Product solution

l

Freezing

l

Primary
drying

Heat input, pressure

50-200 mTorr Sublimation of ice

Secondary
drying

Heat input, pressure
50-200 mTorr

Diffusion, then
desorption of water

Dry product

Fig. 1-5: Unit operations involved in
freeze-drying

robust and economical from the very be-
ginning. A freeze-dryer typically consists of
with

a drying chamber temperature-

controlled shelves, and a condenser
chamber with coils or plates connected to it
via a duct. To achieve low pressures (0.03-
0.3 Torr) during the process, one or sever-
al vacuum pumps are connected to the
condenser chamber. A production freeze-
dryer may have 10 to 20 shelves with a
total load on the order of 50,000 vials [6].
Fig. 1-5 shows the unit operations of
freeze-drying in an overview the details of
which are discussed in the following para-

graphs. Usually an aqueous solution con-

taining the APl and — if necessary — “exci-

pients” is filled into a container system (e.g., serum tubing vials) which is loaded onto the

shelves. During the freezing step (to a temperature of, e.g., -40°C) nearly all water is

converted to ice. In the primary drying step, this frozen water is removed by sublimation.
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In the secondary drying stage, most of the unfrozen water is removed by diffusion and
desorption. The water removed from the product is reconverted into ice on the condens-

er which must be cooled to temperatures below -50°C during operation [6].

MacKenzie first described a ,supplemented phase diagram®, which simplifies the discus-
sion of lyophilization, freezing and annealing. It is an equilibrium freezing point depres-

sion diagram supplemented with the glass transition curve [15].

80

60

Super-
saturated
solution

40 Unsaturated
solution

=]
!
\;’ Equilibrium freezing curve

=20 4

Temperature [°C]

-40 -

-60 -

Sucrose Solution Mass Fraction [%]

Fig. 1-6: Supplemented phase diagram for sucrose. Arrows show freeze-drying
process for a 13% (w/w) sucrose solution; T,” = glass transition of the maximally
freeze-concentrated solute, C,; = corresponding concentration (adapted from
[9, 15])

Fig. 1-6 shows exemplarily a phase diagram for an aqueous solution of sucrose in com-
bination with its freezing behavior. A 13% (w/w) sucrose solution is frozen beginning at
room temperature. During the freezing step, the solution supercools until ice nucleation

takes place (the temperature of which depends e.g., on cooling rate, nuclei in the solu-

tion and the surface of the container system).
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Now ice crystals grow combined with simultaneous freeze-concentration of the solution
following the equilibrium freezing curve until T4" is reached [9]. The temperature of the
glass is then lowered to the set shelf temperature. In the next step, the product is dried
under the T4" or T, of the formulation (if known) by lowering the pressure and subliming
the ice. In secondary drying, the unfrozen water is removed by diffusion and desorption
with further heat input at low pressure. The cake gets more and more stable and its Ty

increases until the desired moisture content is reached [15].

1.2.1 Freezing

The freezing step is of paramount importance. It is the principal dehydration step, and it
determines the morphology and pore sizes of the ice and product phases [15]. The ob-
jective of freezing is to convert all solutes into solids, either crystalline solids or a glass.
When cooling a solute with a slow or moderate cooling rate in the absence of seeding,
the system remains liquid well below the equilibrium freezing point [16]. Sufficient super-
cooling leads to nucleation of ice and growing ice crystals [6]. During the initial nucleation
event, only a fraction of freezable water crystallizes because crystallization is exother-
mic, and the supercooling is not sufficient to allow complete solidification [15]. In the re-
gions between these ice crystals all solutes are concentrated. For a sample that nuc-
leates at -15°C, about 20% of freezable water crystallizes before the supercooling is ex-
tinguished [17] and the temperature reaches the equilibrium freezing temperature for the
freeze-concentrated solution [15]. Through the subsequent cooling, freeze concentration
continues until the solutes crystallize or until the system increases in viscosity sufficiently
to transform into a glass [6]. At this point (which is T,')? any further thermodynamically
favored freeze concentration is arrested by the high viscosity of the solute phase. The

mobility of the water in this phase is too low to permit further migration of water to the ice

2 ¢f. Fig. 1-6
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interface by its high viscosity [15]. Accordingly, the obtained system is cooled to the final

temperature of the freezing process.

The example presented in Fig. 1-7 is representative of a solute that does not crystallize

during freezing. After super-
cooling to a temperature of -
15°C, the ice nucleation be-
comes energetically favored
enough to generate ice crys-
tals. The sudden crystallization
of ice increases the tempera-
ture in the solution to roughly
the equilibrium freezing point (-
5°C) which is reflected in a
sharp decrease in the percen-
tage of water in the solute
phase. Subsequently, water is
continuously converted into ice

while the solute in the remain-

30% Aqgueous Moxalactam di-Sodium

-30°C Shelf
10 80
T - 70
1 '\ -
0 \ - 60
\
O \ \ ! r -
o L] ~ <5} ®
N U — o 88
3 A\ -“‘\- > 1 < g.
g _in+ N ‘\‘ \\_ Tg -an R a
o \) NN | L 3
E |: \\ \ "'E UO)
ﬁ [ . “ lel :) c
P T i i o =
. ) AN
-20 . - 20
""-\.__ 1
\ - 10
=30 LA Bt B L Se S ER v
0 10 20 30 44) 50 60
Minutes

Fig. 1-7: Freeze concentration in an amorphous
system. The product temperature is shown as a
broken line whereas the percentage of unfrozen
water is shown as a solid line [18]

ing solution is concentrated. The final percentage of water of 24% (with a corresponding

solute concentration of 76%) is reached when the system is cooled to T4 at -24°C. Here,

most of the water has been separated from the solute phase as ice. Even if the initial

solute concentration would have been much lower (e.g., 1% instead of 30%) the final

concentration would still be 76% (although the freezing profile would differ quantitatively

from that shown in Fig. 1-7 [6].

For a sucrose solution (e.g., with a total solid content of 10%, cf. in Fig. 1-6) the sucrose

concentration in the amorphous phase would be 81%, an eight-fold increase in concen-



Introduction 9

tration. A material balance of the ice and amorphous phases reveals that at this point

88% of the water has been frozen [15].

In contrast, crystalline materials are characterized by a thermodynamically stable struc-
ture with a highly ordered lattice. Their “critical formulation temperature” is reflected in
the eutectic temperature, To,. An aqueous solution of sodium chloride, for example, su-
percools until ice nucleation begins. Then, the crystallization of ice crystals is reflected in
an energy release denoted as the equilibrium freeze point. Reaching the eutectic tem-
perature, an equilibrium of pure solid ice, solid sodium chloride and solution can be
found. Below T, no more liquid is present, but only solid pure ice and solid sodium chlo-
ride. In more complex systems, hydrates may form during freezing. If in mixtures or for-
mulations, one component does not fully crystallize, a T4" can be determined at much

lower temperatures [11].

Freeze concentration can lead to instability in partially frozen systems because the prob-
ability of bimolecular collisions is increased [6]. Here, the rate-enhancing effect of con-
centration far outweighs the rate-reducing effect of low temperature [19]. Increase of
those second-order degradations has been observed in model systems (e.g., monoclon-
al antibodies) during freeze concentration [20]. Additionally, buffer salts may crystallize
selectively during freeze concentration which can result in pH shifts and therefore desta-

bilization of the native conformation of proteins.

Cooling rate has an impact on supercooling (Fig. 1-8) and consequently on product mor-
phology. It is important to distinguish between “cooling rate” and “freezing rate”. The rate
at which the vial (or sample in the FDM stage) is cooled, is called cooling rate (°C/min). It
affects the temperature at which ice nucleates. The freezing rate only applies to the post-

nucleation freezing [15].

It is well known that the formation of ice crystals during cooling is a random event, even
in a well controlled process [21]. In 1998, it was suggested that the stochastic nature of

nucleation results in heterogeneity among samples [9] which could be confirmed in 2001



10 Introduction

[17] with regard to an impact of nucleation temperature during shelf freezing on the
freezing mechanism, product morphology, and primary drying rate. Sample particulate
content, vial scoring, and ice nucleating agents were varied and primary drying was
found to correlate inversely with the degree of supercooling. Nucleation temperature he-
terogeneity was reported to result in variation of other morphology-related parameters,
such as surface area and secondary drying rate [15]. Fennema et al. found that ice crys-
tal size is inversely correlated to the extent of supercooling [22]. Hence, a high degree of
supercooling produces a large number of ice crystals, and as the total amount of water
that freezes is fixed, the ice crystals produced after completion of freezing are small in
size [6]. Consequently, the degree of supercooling and its effects on product morphology

during a freeze-drying run are a scale-up issue in lyophilization [21].

—— fast —— moderate ---- slow

ice formation
temperature

Temperature [°C]

. eutectic
F — temperature

R s cooling
“~.. temperature

v

Time

Fig. 1-8: Impact of cooling rate on supercooling, adapted from [23]

In the pharmaceutical industry ,shelframp” freezing is the most prevalent method, where

the shelf temperature is reduced in the typical range of 0.1-2 °C/min [15].
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Depending on the nature and concentration of formulation components and the details of
the freezing process, crystallization may occur (cf. Fig. 1-8). High initial concentrations of
the substance the crystallization of which is desired, low vial fill volume and slow freezing

tend to favor crystallization [6].

Annealing is an equilibrium step at a temperature above the glass transition temperature.
It can be carried out as a waypoint during the initial cooling, but more commonly it is a
post-freezing warming and hold step, followed by recooling [15]. On the one hand, an-
nealing is used for crystallization of solutes where the optimum annealing conditions are
a compromise between crystallinity and crystallization rate. For mannitol or glycine, a
temperature of -20 or -25°C and an annealing time of 2 h or longer are suggested if the
fill depth in a vial is 1 cm or more [24]. On the other hand it can be applied to grow ice
crystal size. The 10% sucrose solution in Fig. 1-6 for example could be held at an an-
nealing temperature of -20°C. It would follow the equilibrium freezing curve and equili-
brate at 70% sucrose in the solute (non-ice) phase. The ice fraction decreases to dilute
the sucrose phase. Since the sample is now well above its Ty, ice crystal maturation
through Ostwald ripening, and possibly degradative reactions are free to take place. Re-
crystallization or Ostwald ripening is a phenomenon by which dispersed crystals smaller
than a critical size decrease in size as those larger than the critical size grow, and can be

either diffusion or surface attachment limited [15].

1.2.2 Primary drying

Primary drying is usually the longest part of the freeze-drying process. Drying times in
the order of days are common. If a poor formulation and suboptimal process design are

combined, it may take weeks [6].

During the freezing step, all water and solutes have been converted into solids. First, the
condenser is cooled, and then, primary drying is started by evacuation of the system to a

desired controlled pressure via the vacuum pump(s). Then, the shelf temperature is



12 Introduction

slowly increased to supply energy for sublimation. During primary drying, a large heat
flow is required (cooling by sublimation). Due to heat transfer barriers represented by the
shelf, the vial, and the product, the product temperature hereby runs much lower than
the shelf temperature. The removal of ice crystals by sublimation creates an open net-
work of pores, which allows pathways for escape of water vapor from the product. The
ice-vapor boundary (i.e., the boundary between frozen and “dried” regions) generally
moves from the top of the product toward the bottom of the vial as primary drying

proceeds, ideally in a horizontal way [6].

The product temperature at the sublimation interface (T,) depends on the properties of
the formulation (chemical structure and quantity of the solutes etc.), shelf temperature,
chamber pressure, and container system. Therefore, it cannot be directly controlled dur-
ing primary drying. Even if the collapse temperature, T, and T4 are known, it is still diffi-
cult to optimize the freeze-drying process for a given formulation [24]. The concept of
primary drying is to choose the optimum target T, at the sublimation interface, bring the
product to this target temperature quickly, and hold the product temperature constant at
T, target throughout primary drying. To obtain a dry product with acceptable appearance,
T, should always be several degrees below T.. The temperature difference between T,
and T, is called safety margin [24]. T, target should be 2-5°C lower than T, (temperature
at ice sublimation interface), based on cycle duration and time in primary drying. For a
slow process with therefore a low mass transfer, the safety margin may be 2°C, for an

aggressive cycle (high mass flow), it should be 5°C.

High T, yields a fast process, with each 1°C increase in T, decreasing primary drying

time by roughly 13% [25].

Primary drying is carried out at low pressures to improve the rate of sublimation. The
chamber pressure (P.) is an important parameter because it impacts heat and mass
transfer. P, should be well below the ice vapor pressure at the target T, to allow a high

sublimation rate [24].
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The sublimation rate is defined by Eq. 1-1 [26]:

dm _ Pice - PC
dt Ry +Rs Eq. 1-1

where, C;—Tis the ice sublimation rate (g/hour per vial), P,.. is the equilibrium vapor pres-
sure of ice at the sublimation interface temperature (Torr), P, is the chamber pressure
(Torr), and R, and Ry are the dry layer and stopper resistance, respectively, to water

vapor transport from the sublimation interface (Torr-h/g).

Very low chamber pressures (e.g., < 30 mTorr) may lead to problems, e.g., contamina-
tion of product with volatile stopper components or pump oil [27]. Additionally, they pro-
duce larger heterogeneity in heat transfer and T, between vials [28]. In most applications
of practical interest, the chamber pressure varies from 50 to 200 mTorr [24].

Vapor Pressure (mTorr)

Temperature (°C) 0 -2 —1 -6 -8

0 4579 3880 3280 2765 2326
-10 1950 1632 1361 1132 939
=20 776 640 526 776 351
=30 286 232 187 ° 151 121
-40 96.6 76.8 60.9 48.1 37.8
-50 29.6 23.0 17.8 13.8 10.6
-60 8.08 6.14 4.64 3.49 2.61
=70 1.94 1.43 1.05 0.77 0.56

Tab. 1-1: Dependence of vapor pressure of ice from sub-zero tem-

peratures [29], pressure unit adapted (vapor pressures given for the

sum of the temperatures in the respective row and column).

The mentioned dependence of vapor pressure of ice on temperature is illustrated in Tab.
1-1. As P, increases exponentially with temperature, it is obvious that the driving force

for sublimation, and, therefore, also the sublimation rate, increases dramatically as the

product temperature increases [6].
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As mentioned in Eq. 1-1,

Hawsance— ///Condenser /// mass transfer depends
Chamber <«——

Pco (804) on the resistance to the

a Stopper ..._{ Pc (100p) flow of water vapor from

the product through
Py(120p)
Dried Product

Po (5004) layer, through the open-

TN
. Ice

Product pathways in the dried

T

Pressure difference ings in the stopper,

Resistance

Sublimation Rate =
through the chamber to

Fig. 1-9: Resistance to vapor flow during primary drying condenser pathway, and
%2 the resistance to re-
sublimation, cf. [30]. Fig. 1-9 is a schematic of various resistances to the flow of water
vapor through the dried product. The sublimation front proceeds horizontally from the top
toward the bottom, and water vapor created by the sublimation of ice must pass through
the dried layer above, which was formed by removal of ice [30]. Within the dried layer,
mass transfer occurs by two mechanisms: by bulk flow of material in the direction of a
pressure gradient or by diffusive flow that occurs by the relative movement of molecules
due to differences in concentration, mole fraction, partial pressure, and so on [31]. Bulk
flow through the porous structure could be either free molecular flow or viscous flow. The
range of pore diameters is generally 15-60 um for freeze-drying in vials [30]. At typical
product temperatures and pressures during freeze-drying and at typical average pore
diameters (20 um), the mean free path is much larger than the pore size. Therefore, dur-
ing freeze-drying in a vial, the flow of vapor through the dried product is free molecular
flow or Knudsen flow [30]. For the sublimation of ice a heat input of about 650-670 cal/g
is required (depending on Ti.). This heat has to be transferred from the shelves to the
frozen product over several barriers. The temperature gradient depends on the container

system, the shelf design, chamber pressure, and sublimation rate.
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Fig. 1-10 gives an idea of

— —20 °C
these factors. Today, Leicd +
bottomless trays or au-
— 0
tomatic loading systems Pan
Lid»r—""— =10
are used instead of the
— 20
shown tray which impos-
es a strong resistance to o
heat flow [30]. The vial pg,, / — 40
(Al)>¢
heat transfer coefficient z Shelf L 50

is defined as the ratio of Fjg. 1-10: Temperature profile (primary drying) of a vial
_ placed in a flat aluminum tray containing a solution of
the area-normalized heat  goputamine HCI-Mannitol (1:1) at a chamber pressure of

0.1 Torr [28]
flow to the difference

between the temperature of the heat source (shelf surface, Ts) and the heat sink (prod-

uct, Tp) as illustrated in Eq. 1-2,

K dQ 1
VT dt Ay(Ts—Ty) Eq. 1-2

where % is the heat flow (cal/s) from the shelf to the product in a given vial, and A, is the

outer cross-sectional area of the vial (cm?). Ty (°C) refers to the temperature of the shelf
surface on which the vial rests, and T, (°C) is the product temperature at the vial bottom
[30]. The vial heat transfer coefficient K, receives contributions from three heat transfer

mechanisms:

Ky = K¢ + K, + K Eq. 1-3

K. is the contribution from direct conduction from the shelf to the vial at the points of con-
tact, K. is the contribution from radiation heat transfer from the top, bottom, and sides to
the vial, and K, is the contribution from gas conduction in the vapor space between the

shelf and the bottom of the vial [30].
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Conventionally, T, is monitored in a small number of vials by placing temperature sen-
sors (e.g., thermocouples) at the bottom center of the vials. It is assumed that at least
the average of the measured temperatures is representative for the rest of the vials, al-
though a temperature and drying rate bias between the monitored vials and the rest of
the batch has been reputed [6]. Monitored vials usually freeze sooner with less super-
cooling than the batch as a whole [33]. Nevertheless, the trend in product temperature
measurement is often used to determine the end of primary drying by registering the
sharp increase in T, [6] which simply reflects that T, has reached Ts. Atypical tempera-
ture profiles in front vials as well as drying differences between edge and center vials

make this detection method not representative for the batch as a whole.

In contrast, it is both possible and practical to monitor T, without placing temperature
sensors in the product vials [34], for example using manometric temperature measure-
ments (MTM). It is based on a non-linear regression analysis pressure rise in the cham-
ber when the valve separating the drying chamber from the condenser chamber is pe-
riodically closed for a short period of time (25 s). It provides vapor pressure of ice which
can then be correlated to T,, which is the temperature relevant to collapse, and a repre-
sentative temperature of the product vials without risk of sterility compromise [6]. The
concept of MTM is the key feature of the SMART™ Freeze Dryer technology, a commer-
cially available software for process optimization. This technology has been used in the
present work and has a “built in” expert algorithm, which controls all stages of freeze-
drying [24]. Particularly interesting for our purposes is that in primary drying the system
uses the feedback information from MTM, including current T, and dry layer resistance,
selects the target T,, calculates the optimum chamber pressure for primary drying, pre-
dicts primary drying time at the target T,, calculates the optimum shelf temperature to

achieve the target T,, and determines the end point of primary drying [35].
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1.2.3 Secondary drying

Water removal during secondary drying involves diffusion of water in the amorphous
glass, evaporation at the solid-vapor boundary, and water vapor flow through the pore
structure of the dried product [6]. The rate-limiting mass transfer process for drying an
amorphous solid is either diffusion in the solid or evaporation at the solid-vapor boun-
dary, depending on the product [36]. Therefore, the chamber pressure in primary drying

is also appropriate for secondary drying [24].

During primary drying some secondary drying occurs. To a limited extent water desorbs
from the surface of the amorphous phase once the ice is removed from that region. Ac-
cordingly, water from the inner matrix diffuses to the surface by gradient compensation.
However, in an operational sense the onset of secondary drying is normally defined once
all ice has been removed. The judgment that all vials are free of ice is not always easy
since not all vials dry equally due to edge vial effects etc. When switching to secondary
drying, the shelf temperature is increased typically to a temperature in the range of 25-
50°C [37]. Thereby, the energy required for efficient removal of the bound water is pro-
vided. Because desorption rate is relatively low, the shelf temperature and the product

temperature at the vial bottom are nearly identical [6].

After primary drying, an amorphous product still contains a fair amount of residual mois-
ture. Depending on the formulation, 5-20% water on a dried solids basis is still in the
cake. The objective of secondary drying is to reduce the residual moisture content to a
level for optimal stability, which is usually less than 1% [24]. As the water content of the
amorphous phase decreases during drying, the glass transition temperature increases

very sharply [6].
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1.3 Freeze-drying excipients

Freeze-drying equipment is very expensive and process times are often long, so that a
lyophilized drug is relatively expensive to produce. Indeed, the preferred option for a pa-
renteral dosage is a ready-to-use solution. It is less costly to produce and easier in its
application [6]. For small molecules, stability normally increases in the following order:
solution < glassy solid < crystalline solid [38-40]. Hence, if an APl does not have suffi-

cient stability in an aqueous solution, it must be produced in solid form.

Some freeze-dried formulations contain API only (e.g., cephalosporins, vancomycin, an-
tibodies), possibly because of the relatively high content of the active ingredient (typically
10 mg/mL or more) [41]. In many other cases, excipients are needed. According to the
International Pharmaceutical Excipients Council, pharmaceutical excipients are sub-
stances other than the pharmacologically active drug or pro-drug which are included in
the manufacturing process or are contained in a finished pharmaceutical product dosage

form [42].

Tab. 1-2: Examples of commonly used excipients in freeze-drying of pharmaceuti-
cal products [44]

Type

Function

Substance

Bulking agents

Buffers

Stabilizers

Tonicity adjusters

Collapse temperature mod-
ifiers

Provide bulk to the formula-
tion, especially when the
concentration of product to
freeze dry is very low

Adjust pH changes during
freezing

Protect the product during
freeze-drying against the
freezing and the drying
stresses

Yield an isotonic solution
and control osmotic pres-
sure

Increase collapse tempera-
ture of the product to get
higher drying temperatures

Hydroxyethyl starch, treha-
lose, mannitol, lactose, and
glycine

Phosphate, tris HCI, citrate,
and histidine

Sucrose, lactose, glucose,
trehalose, glycerol, manni-
tol, sorbitol, glycine, ala-
nine, lysine, polyethylene
glycol, dextran, and PVP

Mannitol, sucrose, glycine,
glycerol, and sodium chlo-
ride

Dextran, hydroxypropyl-B-
cyclodextrin, PEG, PVP
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Excipients for lyophilization usually fit one of the following categories: bulking agents,

stabilizers, buffering agents, tonicity modifiers, surface-active agents [43], or collapse
temperature modifiers. Tab. 1-2 presents some examples of the excipients commonly

used in freeze-drying process of pharmaceutical products with the presentation of their

different role.

Tab. 1-3 shows some examples of lyophilized market products with their components, of

which selected will be discussed in detail in this chapter.

Tab. 1-3: Examples of lyophilized market products stabilized with excipients intro-

duced in the text [41]

Generic name

Trade name (indication) Component Concentration
BETASERON® | Interferon B-1B Interferon R-1B 0.3 mg
(multiple Human serum albumin 15 mg
e EesE) Mannitol 15 mg
HERCEPTIN® Trastuzumab Trastuzumab 440 mg
(breast cancer) L-histidine HCI 9.9 mg
L-histidine 6.4 mg
Trehalose 400 mg
Polysorbate 20 1.8 mg
NUTROPIN® Somatropin Somatropin 5mg
(human growth  Mannitol 45 mg
TERTINE, Sodium phosphate monobasic 0.4 mg
Sodium phosphate dibasic 1.3 mg
Glycine 1.7 mg
Benzyl alcohol (diluent) 0.90%
XIGRIS™ Drotrecogin 2 Drotrecogin alfa 5.3 or 20.8 mg

Alfa

(sepsis)

Sodium chloride
Sodium citrate
Sucrose

40.3 or 158.1 mg
10.9 or 42.9 mg
31.8 or 124.9 mg




20 Introduction

1.3.1 Stabilizers

The most important group of stabilizers used in freeze-drying is classified in cryo- and
lyoprotectants. They protect the API (favorably a protein) from damage during freezing

(cryoprotection) and/or dehydration (lyoprotection) induced denaturation [45].

In liquid state (during freezing) preferential interaction is the most important stabilization
mechanism which means that a protein prefers to interact with either water or an exci-
pient in an aqueous solution [46-52]. In the presence of a stabilizer, the protein prefers to
interact with water (preferential hydration [53-55]) and the excipient is preferentially ex-
cluded from the domain of the protein (preferential exclusion). Therefore, proportionally
more water molecules and fewer excipient molecules are found at the surface of the pro-
tein than in the bulk. Accordingly, preferential exclusion of an excipient is usually asso-
ciated with an increase in the surface tension of water [56]. Examples for excluded so-

lutes are saccharides, polyols and amino acids [6].

Other stabilization mechanisms include modification of the size of ice crystals, reduction
(instead of elevation) of surface tension, increase of the viscosity of the solution (restrict-

ing diffusion of reactive molecules) [45] and suppression of pH changes [57].

During drying the hydration shell of proteins is removed. Therefore, the preferential inte-
raction mechanism is no longer applicable. The most important mechanism for lyoprotec-
tion is known as the water replacement hypothesis [58-60]. This stabilization mechanism
was subject to many publications [16, 61, 62]. The native structure of the protein is pre-
served by serving as a water substitute and intra- or interprotein hydrogen bonding may
be prevented during dehydration by satisfying the hydrogen bonding requirement of polar
groups on the protein surface [63, 64]. Carbohydrates, for example, are prominent lyo-
protectants. Allison and co-workers [59] reported that hydrogen bonding between carbo-
hydrate and protein is necessary to prevent dehydration induced protein damage. How-
ever, the failure of glucose to prevent lysozyme unfolding during freeze-drying shows

that hydrogen bonding between carbohydrate and protein alone is not sufficient to pro-
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tect a protein during lyophilization, but that it must be protected against both freezing-
and dehydration-induced unfolding. For sucrose and trehalose it was found that the de-
gree of structural protection of lysozyme correlated with the extent of hydrogen bonding,

and that sucrose forms hydrogen bonds to a greater extend than trehalose [60].

Another mechanism of lyoprotection is the formation of an amorphous glass [65]. Due to
its extreme viscosity, the interconversion of conformational substrates and conformation-
al relaxation of a protein are slowed down [66]. Here, it was reported that trehalose is
more effective than sucrose, glucose, or fructose in its stabilizing effect because of its

higher solution viscosity which limits diffusion [67].

Among stabilizers [41, 45, 68] and especially among disaccharides, sucrose and treha-
lose are most commonly used as excipients. They can be used as nonspecific protein
stabilizers in solution, and during freeze-thawing and freeze-drying as effective cryopro-
tectants and remarkable lyoprotectants [45, 69, 70]. It was already in 1981, when Lee
and Timasheff found that sucrose is preferentially excluded from the protein domain,
increasing the free energy of the system. Thermodynamically this leads to protein stabili-
zation since the unfolded state of the protein becomes thermodynamically even less fa-

vorable in the presence of sucrose [71].

In addition, both sucrose and trehalose were found to form fragile glasses [72]. In con-
trast to strong glasses, the viscosity of fragile glasses increases more rapidly for a given
temperature which results in stabilizing advantages [45]. They effectively slow down the
transformation of conformational substances and conformational relaxation of a protein

by forming a highly viscous amorphous glass [73].

The relative stabilizing effect of sucrose and trehalose seems to be dependent on both

the protein and sugar concentration [45].
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Pic. 1-1 shows a well freeze-dried 10%
solution of sucrose with its typical ap-
pearance of an amorphous solid [9].
Sucrose as well as trehalose needs to
be added in a sufficient quantity for a

satisfactory stabilizing effect. Recently a

molar ratio of 300:1 up to 500:1 (disacc-
Pic. 1-1: Scanning electron micrograph of
a 10% freeze-dried sucrose solution. The haride:protein) was suggested [74, 75].
temperature of the sample was not al-
lowed to exceed T, by a significant In 1991 Tanaka et al. reported that the
amount or for a significant period. Scale
bar =100 pm. [9] concentration of the tested saccharides
must be high enough to form a mono-

molecular layer onto the catalase surface to ensure lyoprotection [76].

Both sucrose and trehalose are approved by the FDA (Food and Drug Administration,
USA), and were reported to be equally effective in stabilizing proteins [77]. When com-
paring them, trehalose might have some advantages with regard less hygroscopicity, no
internal hydrogen bonds (which results in more flexibility in protein bounding), and a re-
duced chemical reactivity [45]. In addition, its glass transition (and collapse) temperature
is higher [78] due to a limited plasticizing effect of water to the amorphous phase [79].
However, trehalose might show a higher fragility of the lyophilized structure at lower
temperatures which was explained by its complex dehydration behavior into the anhy-

drate [80].

To stabilize other proteins during freeze-thawing and freeze-drying, further the protein
serum albumin was used as a cryoprotectant and lyoprotectant [45, 81, 82]. Many pro-
tein products on the market, such as Betaseron®, Epogen®, Kogenate®, and Recombi-
nate™ contain albumin [83]. Additionally, serum albumin is sometimes used as a model
protein in placebo formulations. However, the ever-increasing concern about the poten-

tial contamination of serum albumin with blood-borne pathogens limits its future applica-
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tion in protein products [45]. Therefore, recombinant human albumin has been recom-
mended recently to replace serum albumin as a protein stabilizer [84]. The molecular
weight of bovine serum albumin (BSA) has frequently been cited as 66,120 [85] or
66,267 [86], but it was revised in 1990 to 66,430 [87]. All three values are based on ami-
no acid sequence information available at the time of publication. BSA is a single poly-
peptide chain consisting of about 583 amino acid residues and no carbohydrates. At pH
5-7 it contains 17 intrachain disulfide bridges and one sulfhydryl group [85; 86]. BSA
consists of about 54% of a-helix and 18% of R-form and its overall dimensions are 40
x 140 A [85]. Human serum albumin (HSA) has a molecular weight of 66,248.3 [88] or
66,437 [89] (based on amino acid composition). Like BSA it is a single polypeptide chain
with one free sulfhydryl group on residue #34 and 17 intrachain disulfide bonds [88]. It
structure was estimated 48% of a-helix and 15% of R-form. Its overall dimensions are 38
x 150 A [88]. Albumins are readily soluble in water and can only be precipitated by high

concentrations of salts such as ammonium sulfate [90].

Stabilization of proteins by polymers can generally be attributed to one or more of these
polymer properties: preferential exclusion, surface activity, steric hindrance of protein—
protein interactions, and/or increased solution viscosity limiting protein structural move-
ment [45]. Additionally, it was reported that polymers like dextran stabilize proteins by
raising the glass transition temperature of a protein formulation significantly (function of
collapse temperature modifiers [91]), and by inhibiting crystallization of small stabilizing
excipients such as sucrose [92]. In buffer systems they are able to inhibit a pH-drop by
inhibiting the crystallization of disodium phosphate if the formulation contains a phos-

phate buffer [93].

PVP 40 kDa, e.g., increased both the freeze-thawing and freeze-drying recovery of lac-
tate dehydrogenase in a concentration-dependent manner [57]. For rabbit muscle LDH, a
combination of dextran, hydroxypropylmethylcellulose and gelatin had a stabilizing effect

in dependence on their concentration [82].
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1.3.2 Bulking agents

Bulking agents are used to provide product elegance (i.e., satisfactory appearance) as
well as sufficient cake mechanical strength to avoid product blow-out. When a very dilute
solution is lyophilized, the flow of water vapor during primary drying may generate suffi-
cient force on the cake to break it and carry some of it out of the vial. Here, bulking

agents simply function as fillers to increase the density of the product cake [6].

Amorphous excipients can serve as bulking agents, but due to relatively low collapse
temperatures most of them require long
processing times, and are not favored.
Here, mannitol and glycine are preferred
since they are crystallizing compounds.
Mannitol is by far the most commonly
used bulking agent. A formulation based

on mannitol is usually elegant, reconsti-

tutes quickly, and is generally easy to
Pic. 1-2: Scanning electron micrograph of

freeze-dry without risk of product dam- a 10% freeze-dried mannitol solution illu-
_ _ strating the typical directional appearance
ages [6], except for the potential of vial of a substance that crystallized from solu-
tion during freezing and/or drying. Scale

breakage [94], which can be minimized bar = 100 pm. [9]
by small fill depths, slow freezing, avoiding freezing temperatures less than about -25°C
until crystallization is complete [6], or annealing respectively. The typical crystalline ap-
pearance of a mannitol cake is illustrated by an SE micrograph in Pic. 1-2. Originally,
mannitol shows three modifications which were investigated in detail [95], and its crystal-
lization during freezing depends on the cooling rate. Cavatur and co-workers investi-
gated the crystallization behavior of mannitol in dependence on cooling rate as well as
the influence of phosphate buffers and PVP [96]. They found that rapid cooling

(20°C/min) inhibited mannitol crystallization, whereas slower cooling rates (10°C and

5°C/min) resulted in partial crystallization. For the amorphous freeze-concentrate they
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reported two glass transitions (at -32°C and -25°C). The induction time for the crystalliza-
tion of mannitol hydrate, which was observed when heating past the two glass transition
temperatures, was increased by PVP. Concentrations of 2100 mM of phosphate buffers
significantly inhibited mannitol crystallization [96]. Mannitol (as well as glycine) does ex-
hibit crystalline polymorphism in freeze-dried systems [97], and might form a hydrate
under some conditions [98, 99]. The hydrate does not easily desolvate to an anhydrate
during secondary drying which may compromise stability if secondary drying is per-
formed below 50°C [6]. Previously, it was reported that amorphous mannitol provides
some protection to R-galactosidase during freezing and thawing, but annealing and crys-
tallization reduce the protein stabilizing effects. In addition, crystallization of mannitol
resulted in protein inactivation of three different protein formulations to an extent propor-

tional to the fraction of crystalline mannitol [100].

Another frequently used bulking agent is glycine. On the one hand, it crystallizes easily
to form an elegant product that reconstitutes quickly and does not induce vial breakage.
On the other hand, its cake is more fragile than a mannitol cake and is generally per-
ceived as being somewhat less elegant than a mannitol cake [6]. Neutral glycine exists in
three polymorphic forms. Hence, arising from different thermal history of freezing, re-
constitution time can be affected by the polymorph of glycine in the freeze-dried solid

[101, 102].

1.3.3 Others

To control pH buffering agents are often added. Yet, caution must be exercised when
they are used. As discussed before, crystallization of either buffer component during
freezing may cause a significant pH shift (due to freeze concentration effects) [6]. When
a buffer is desired in an amorphous form in the freeze-dried product this may cause a
drop in T, of the formulation. Therefore, handling is difficult and the content of a buffer

should be as low as possible or avoided.
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Tonicity modifiers (e.g., NaCl or glycerol) are occasionally formulated in products for hu-
man use to make the reconstituted product isotonic (e.g., for subcutaneous or intramus-
cular injections). Since tonicity modifiers (like buffering agents) can lower the T, signifi-
cantly, isotonic adjustment is best accomplished by including them in the diluents rather

than in the freeze-dried product [6].

At low levels (~ 0.05% w/w) surface-active agents may be added. They aid reconstitution
if the APl does not wet well and minimize losses due to surface adsorption (e.g., in low
dose products). Surfactants may also be effective as stabilizers in low dose protein sys-

tems [6].

1.4 Freeze-dry microscopy

By attaching a cryo-stage and a controllable cooling and vacuum system, a light micro-
scope can be used to directly observe the microstructures of the formulation solution
sample under conditions of freezing and freeze-drying [103]. This technique is termed

freeze-drying microscopy or freeze-dry microscopy (FDM).

1.4.1 Collapse

For a true optimization of a lyophilization cycle, the product temperature (T,) at the sub-
limation interface is controlled close to or below the critical formulation temperature of
the formulation. For crystalline systems, this critical formulation temperature is
represented by the eutectic temperature (Te,), for amorphous systems by the glass tran-
sition temperature of the maximally freeze-concentrated solution (T4") or the collapse
temperature (T.), respectively. T, and T4  are generally much lower than T, for the cor-
responding crystalline structures [24]. In general, FDM has been accepted as the best
technique for the determination of the critical formulation temperature of the product dur-
ing primary drying, since the loss of structure (cake collapse) can be visually observed

under experimental conditions which are controlled to simulate the real freeze-drying
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process [103]. However, T is not a unique property of the solute material, but rather de-
pends on the measurement methodology and the rate of water removal from the glassy
state [104]. In very few cases limited collapse is intentionally induced during freeze-
drying, but in general, collapse is cause for rejection of lyophilized pharmaceuticals [15].
Collapse is defined as the process by which the structure created during freeze-drying is
annihilated after the passage of the sublimation interface [105]. Another definition proc-
laims collapse as the phenomenon when amorphous material undergoes viscous flow,

resulting in loss of the pore structure, if T, is higher than T, during primary drying [104].

In contrast to collapse where the whole structure loses its form, a microcollapse of a pro-
duct is characterized by a viscous flow of
only substructures or structure in a very
limited area. Pic. 1-3 shows a partial mi-
crocollapse which is reflected in a droplet
formation. Both, microcollapse and col-
lapse may lead to shrinkage of the cake

which results in a significantly smaller

volume of the freeze-dried cake in com-

Pic. 1-3: SEM of a freeze-dried 10% Ficoll Parison to the original volume of the fro-
solution, illustrating partial microcol-

lapse. Scale bar =100 um [9]. zen cake. Besides the unacceptable ap-

pearance, various undesirable properties
result from the collapse of the cake: The rate of sublimation can be significantly reduced
because the paths where water can escape are clogged. Consequently, the product
tends to have higher residual moisture content and the water may be distributed uneven-
ly through the sample [106]. Additionally, due to the loss of porosity and the reduction in
specific surface area, a slower reconstitution is generally experienced with a collapsed

product which can pose a significant marketing challenge [29]. Incomplete reconstitution
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can as be caused by small amounts of
undissolved solids which remain in the

solution

after reconstitution [104, 107] or instability
(i.e., precipitation) of the active ingredient.
Finally, collapse might, but does not nec-
essarily, perturb protein structure and lead
to degradation. Fig. 1-11 shows a SEM
picture (microstructure) and a photo of a
vial (macrostructure) containing collapsed
sucrose. The effects of collapse on API
activity were studied recently: For IgG and
lactate dehydrogenase no significant im-
pact on stability was found, even when the

cake was completely collapsed [108],

Fig. 1-11: Collapsed sucrose: SEM pic-
ture and cake in vial [44]

whereas toxins A and B of Clostridium difficile, porcine pancreatic elastase and actin

showed a significant loss of activity (during storage) when primary dried at a T, above

T," [60, 109, 110].

Since a small variation in product temperature at the sublimation front T, can greatly

modify the dried product structure as well as the primary drying time, an accurate deter-

mination of T, is critical for the process optimization [111]. In other words: collapse in a

given region results from surface tension induced viscous flow of the amorphous phase

after the ice-vapor interface has moved past that region [104].
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Fig. 1-12 depicts the primary and
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J o__| azion secondary drying during drying in
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(Waler) (Water)
filed with ice and bounded by
AL Po : En walls of the amorphous solid
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Fig. 1-12: Schematic of primary and secondary At time zero (t=0), the ice position

drying relevant for collapse [104] was at the top of the scheme as

noted. The ice has moved down to a point near the bottom of the picture, i.e. sublimation
has produced a pore. Since the original structure of the walls is maintained, this sample
was dried below T.. The solid walls have not undergone viscous flow. If the drying had
been carried out above T, the walls would have begun to flow once the ice-vapor inter-
face had moved below the initial position Z,. If flow had persisted over a sufficient period
of time to cause the pore walls to flow over a distance on the order of the pore radius, r,

collapse would have been obvious [104].

The simple Eq. 1-4 may be derived from energy balance between surface energy de-

crease and viscous dissipation for a single empty capillary in an infinite medium:

t= mr
T2y Eq. 1-4

where t is the time for collapse (s), v is the surface tension (dynes/cm), u (mPa-s) is the

viscosity of the pore walls (solid solute with unfrozen water), and r is the initial capillary

radius (um). It was assumed by Bellows and King that collapse will occur when the vis-

cosity of the concentrated amorphous solution is of the order of 10’-10"® mPa-s [113].

The viscosity of the concentrated amorphous solution tends to increase with decreasing

temperature, increasing solute concentration and higher solute molecular weight. The
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concentration of the concentrated amorphous solution is uniquely determined thermody-
namically by the temperature, the molecular weight and nonideality of the solutes. Pre-
conditions for this statement are: (1) the chemical potential of water is equal between the
ice and the concentrated amorphous solution phases, and (2) the ice crystals are large
enough so that curvature effects may be ignored [113]. Accordingly, for a given solute or
mix of solutes the concentrated amorphous solution has a unique viscosity-temperature
relationship, which represents the effect of temperature, both directly and through chang-

ing solute concentration.

Fig. 1-13 shows the relationship between viscosity and temperature for various solutes.

“Suc.-Gluc.” is a sucrose-glucose

I B Y e R I
o K edioted cotome ] mixture with 50% (w/w) of each
9 Viscositles —
~ g Sucrose / _ component. “0.10 Salt” represents
o
L .
o (T R a mixture of 10% (w/w) NaCl and
= 6 Glucose
® -
2 90% (w/w) sucrose. The open
S 5 Fructosse —
§ 4 — circles are collapse temperatures
3 a measured by the authors. The
e 0.10 Salt o Measured Collapse N . . .
| —e—Equil. Viseosity .| dark circles are derived from vis-
ob—t 1 Lo b 1 _
0 -10 -20 -30 -40 -50  cosity measurements dependent

Coilapse Temperature (°C)
upon temperature. (For better

Fig. 1-13: Equilibrium viscosity curves for solu-

. . 3 understanding the term “collapse
tions of various sugars” [113]

temperature” on the x-axis should
be changed to “temperature” for these equilibrium-viscosity curves.) They are strong
functions of temperature, because lowering the temperature increases the concentration
of the amorphous solution [113]. The authors conclude that “consequently” an order-of-

magnitude viscosity analysis is sufficient for quantitative prediction of the collapse tem-

% The reader is reminded that 1 cP = 1 mPa s.
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perature. They ignore a fact described in the section about freezing: For a given solute
(e.g., sucrose) during freezing freeze concentration takes place until the viscosity reach-
es a critical value which is characteristic for this solute (sucrose: 81% w/w). Here, further
ice crystal growth is stopped and the remaining concentrated amorphous solute be-
comes a solid. For a given solute this means that dependent upon concentration the size
and/or amount of ice crystals differs, but not the composition of the “walls” or the concen-
trated amorphous solute, respectively. Nevertheless, the authors give valuable hints for
the comparison of T, of different solutes: “Sugar solutions show markedly different equi-
librium viscosity curves depending upon whether they are composed of mono-, di-, or
trisaccharides, with higher molecular-weight solutes having higher viscosities, primarily
because the concentrated amorphous solute concentration (% w/w) is higher at any giv-
en temperature’[113]. But as described later in chapter 3.2 (“Dependence on Concentra-
tion”, p. 102 ff.), for a prediction of T, of different concentrated liquid solutions of a given

solute, more parameters must be taken into account.

When assuming that surface tension vy is the driving force causing flow, Eq. 1-4 can be

written as

_2y_r
VEU T Eq. 1-5

n
where r is the pore radius (or the size of the ice crystal before sublimation, respectively),
t is the time for collapse, v is the surface tension and p is the viscosity of the concen-
trated amorphous solute (the “wall”). The “flow velocity” v (um/s) is consequently a flow
occurred over a distance in the order of r in the given collapse time t. As described
above, the viscosity of the “wall” is a function of both temperature, T, and time, t. If sur-

face tension is assumed to be only marginal dependent on temperature and time com-

pared to the corresponding dependencies on viscosity, Eq. 1-5 may be written as:
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T™ T™™ dt
= dt=2
' jo Y on h(T, D) Eq. 1-6

where TM is the time for observation, underlining that collapse has to occur in a given

time frame to be observed under the microscope during a FDM measurement.

At low temperatures, the temperature dependence of viscosity for a concentrated

aqueous solution is non-Arrhenius and may be written in the following form:

W(T,0) = Aexp (T "k Tg> Eq. 1-7

where p is the viscosity of the concentrated amorphous solution, T is the temperature, T,
is the glass transition temperature of the amorphous system as measured by DSC, and
A, B and k are constants. This equation [104] is a combination of the Vogel-Tammann-
Fulcher equation and the Williams-Landel-Ferry equation. Arrhenius kinetics describe the

simplest type of temperature dependence:

h=Aexp (ﬁ) Eq. 1-8

where p is the viscosity of the matrix, E, is the activation energy (J), R is the gas con-
stant (8.314 J - K" - mol™), T is the temperature, and A is a constant [114]. Eq. 1-8 is
valid for “strong network-formers” such as SiO, and BeF, [115] and for many liquids at

temperatures far from their glass transition temperature.

Molecules in the investigated solutions are free to move, the Vogel-Tammann-Fulcher

(VTF) equation describes the effect of temperature:

B
h=Aexp (T—T0> Eq. 1-9

where p is the viscosity, T is the temperature, Tyrepresents the temperature at which the

free volume would vanish, and A and B are constants [114].

Williams, Landel, and Ferry (WLF) developed a related equation [116]:
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log (i) =
Ho

L G(T-Ty
Cp + (T—Ty) Eq. 1-10

where the viscosity p is shown as a function of temperature T with respect to the y, at

the glass transition temperature Tg;

C, and C, are constants [114].

The WLF equation has

e the advantage that the
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Fig. 1-15: Volume fraction of matrix in Fig. 1-16: Viscosity of matrix in frozen
frozen sucrose as a function of tempera- Sucrose solutions as a function of

ture [118]

temperature [118]

strongly affected by the initial concentration (in this case sucrose concentration) and

slightly by the temperature. In contrast, the viscosity is related to the temperature and

independent of the initial sucrose solution as shown in Fig. 1-16.
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Fig. 1-17: Temperature, % solute concentration, and vis-
cosity profiles as a function of temperature during freez-
ing of 3% sucrose [16]

Fig. 1-18: Freeze con-
centration of a super-
cooled aqueous solu-
tion [117]

Combining the VTF equation (Eq. 1-9) with the phenomenon of freeze concentration
(Fig. 1-18), the viscosity of e.g., a 3% sucrose solution can be calculated in the range
relevant for freezing in freeze-drying. For the curves shown in Fig. 1-17 it was assumed
that ice crystallization occurs at -15°C and that the solution composition follows the equi-
librium freezing point depression curve. Since the heat removed from the solution is ba-
lanced by the heat of crystallization of ice in this example, the temperature of the solution
remains nearly constant. Once ice formation is close to complete, the temperature de-
creases sharply, the sucrose concentration in the freeze-concentrate increases greatly,

which in turn increases the viscosity of the freeze-concentrate [16].

During FDM measurements not only primary drying (= ice sublimation) occurs as de-
scribed by the equations and findings above, but there are additional secondary drying
effects which might influence T. results. At time zero (cf. Fig. 1-12), the position of the

ice-vapor interface is at Z;, and the water in the amorphous solid is assumed to be in

equilibrium with ice having vapor pressure P.
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When sublimation occurs and ice crystals are being removed, the partial pressure of ice
at Z, is less than the partial pressure of ice at the ice-vapor interface, P,. As soon as the
ice-vapor interface recedes, the amorphous phase begins to dry. Water will evaporate at
the surface, and Fickian diffusion from the interior of the solid will transport water to the
surface. When this water is removed by sublimation, T4 of the remaining amorphous ma-

trix increases in accordance with the water concentration dependence of T4[104].

1.4.2 History of freeze-dry microscopy

In the early days of freeze-dry microscopy, FD microscopes were homemade by some
pioneering scientists. The first known apparatus for microscopic observations was pub-
lished in 1964 by MacKenzie [119], followed by new approaches from Flink and co-

workers in 1978 [120] and Pikal et al. in 1983 [26].

The most critical part of the system is the cryo-stage the design of which varied widely.
In most of the freeze-drying stages the temperature is nearly constant across the sam-
ple®. Yet, some were specially designed to achieve a temperature gradient across the

sample to mimic the situation encountered in a real freeze-drying process [121-122].

Today, FDM systems are commercially available and increasingly used in pharmaceuti-
cal development laboratories. Only some scientist worked on further development of
FDM. Nail and coworkers for example published in 1994 on a stage using thermoelectric
(Peltier) heaters configured in two stages, with circulating fluid as a heat sink on the high
temperature side [123]. The lowest attainable sample temperature was about -47°C. Hsu
et al. improved the system in 1995 by using a cascade of four Peltier thermoelectric

modules which enabled a freezing to -60°C [124].

4 All systems used in the publications discussed in section 3.1 (cf. p. 58 ff.) have a constant tem-
perature across the sample (cf. references there).
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Additionally, their system consisted of controllers to regulate temperature and pressure

conditions, and a video camera to record the events under study.

Different publications on FDM, including the used systems and methodologies are dis-
cussed in the part “Methodology of FDM” (p. 63 ff.). Until today, the paper from Pikal and
Shah from 1990 gives the most detailed theoretical background when using an FDM

stage with a constant temperature across the sample [104].

1.4.3 Freeze-dry microscopy today

Fig. 1-19 illustrates the equipment commonly used today to perform FDM. The heart is a
cryo-stage which is mounted on a light microscope equipped with a spectrum polariz-
er/analyzer system. A computer system, temperature controller, nitrogen controller, va-
cuum pump, nitrogen source and a Pirani gauge (for pressure measurement) are con-
nected to this stage. Pressure is controlled by a valve. A PC system controls and moni-

tors the whole system. Pictures can be recorded by a video system or a digital camera.

Light microscope

PC system F u Vacuum pump

Temperature Nitrogen source

controller F Stage ﬂ (Dewar)

Nitrogen
9 Valve
controller
Pressure
. measurement
Polarizer/analyzer o
(Pirani)

Fig. 1-19: Schematic of key equipment for freeze-dry microscopy
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A picture of the commercially available FDM stage used for this work is presented in

chapter 2.2.1 (p. 53 ff.).

In the last years, freeze-dry microscopy was often used for investigations on model pro-
teins. In 1998, Jiang and co-workers used FDM on catalase, R-galactosidase and lactate
dehydrogenase to gain a better understanding of the degree to which recovery of activity
of model proteins after freeze-drying can be maximized by manipulation of freeze-dry
process conditions in the absence of protective solutes [125]. One year before, Oster-
berg et al. published on the development of a stable freeze-dried formulation of recombi-
nant factor VIII-SQ without the addition of albumin [126]. The formulation strategy they
describe may also be useful for other proteins which require a high ionic strength. Re-
combinant Factor VIII and a-amylase were used as model proteins to examine the effect
of freeze-drying process conditions on the long-term stability of these proteins as freeze-
dried solids in 2004 [127]. Three lyophilization protocols were used with an aggressive
and a conservative cycle. Both produced pharmaceutically acceptable product. Addition-
ally, a protocol resulting in a collapse matrix was used. The results support the conclu-
sion that collapse is not necessarily detrimental to the long-term stability of freeze-dried
proteins. In the same year reservoir-type microcapsules containing lysozyme as a model
protein were produced by the solvent exchange method, and directly observed using
FDM to characterize and optimize their properties [128]. Colandene and co-workers de-
veloped an efficient freeze-drying cycle for a high concentration monoclonal antibody
formulation lacking a crystalline bulking agent in 2007 [129]. Characterization of the for-
mulation was performed at multiple protein concentrations by DSC and FDM. At low pro-
tein concentrations T4  (glass transition temperature of the maximally freeze-
concentrated solution, see below) determined by DSC was similar to T, determined by
FDM. However, at higher protein concentrations, both the difference between T, and T4’

and the difference between T,; and Ty, became progressively larger.
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It is important to note that in this study primary drying was shortened significantly by ad-
justing to conditions where the product temperature substantially exceeded T," without

any apparent detrimental effect to the product [129].

In 2008, Kramer et al. published on a procedure to optimize scale-up for the primary dry-
ing phase of lyophilization [130]. Basis for the investigation was determination of the
temperature at which lyophile collapse occurs by FDM. To facilitate scale-up for the pri-
mary drying phase of lyophilization the authors used a combination of empirical testing
and numerical modeling. At both the laboratory and pilot scales, they found excellent
agreement in both the sublimation interface temperature profiles and the time for com-
pletion of primary drying. Further, the computational model predicted the optimum opera-
tional settings of the pilot scale Iyophilizer. Indeed, the presented combination of FDM,
empirical testing and numerical modeling offers the potential (1) to reduce the time ne-
cessary to develop commercial freeze-drying cycles by eliminating experimentation, and

(2) to minimize consumption of valuable API during process development [130].

1.5 Differential scanning calorimetry

Differential scanning calorimetry (DSC) is a commonly used thermal analysis technique
which is for example often used in freeze-drying formulation development. It measures
the heat flow change between a sample and a thermally inert reference material as a

function of time or sample temperature [103].

Temperature conditions of the sample container (pan) can be controlled similar to a
freeze-drying process. In recent years, for rational development or optimization, DSC
has been extensively explored to characterize thermal properties of formulations in the
frozen state. Theses properties include degree of supercooling, glass transition tempera-
ture of freeze concentrate (T4'), eutectic temperature (Tey), crystallization temperature,

degree of crystallization, unfreezable water content and melting point [103].
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To obtain DSC data, two types of methods are used. Power compensated DSC ex-
amines a pan containing the sample and the empty reference pan which were heated by
separate heaters such that their temperatures are

Pt
equal while they are linearly heated or cooled. In SENnsSOrs

heat flux DSC, the difference in heat flow into the r—/\—w—/\ l—m—xrlgr
Wy

sample and reference is measured as the sample

v T—W—+
temperature is increased (or decreased) linearly. Individual

heaters
Although the two methods provide the same infor-

Fig. 1-20: Schematic of DSC
sample holder and furnaces
[131]

mation, the instrumentation for the two is funda-
mentally different. Fig. 1-20 is a schematic show-
ing the design of a power compensated calorimeter for performing DSC measurements.
The instrument has two independent furnaces, one for heating the sample and the other
for heating the reference. Fig. 1-21 shows a schematic of a commercial heat flux DSC
cell. Here, heat flows into both the sample and the reference material via an electrically

heated constantan thermoelectric disk [131].

Thermoelectric
disk (constantan)

Silver ring
Gas purge inlet Lid
Reference
pa “]  Dynamic sample chamber w
Y"“'--i.r-_—, 3 — l\_l\\ Sample
Thermocouple - (
junction I Chromel
- disk
Heating 7 Alumel wire
block
Chromel
wire

Fig. 1-21: Schematic of a heat flux DSC cell [131]



40 Introduction

T4  is the temperature at which a sharp increase in baseline occurs during a DSC scan of
a frozen sample, suggesting a sharp increase in heat capacity (during heating, when
plotting exothermic events upwards). Consequently, it is reported as the glass transition
temperature of the maximally freeze-concentrated solute [10]. Additionally, a sharp de-
crease in electrical resistance of the frozen system can be determined (same conditions

as before) [104].

DSC has played a key role in the measurement of T4 of frozen aqueous solutions. De-
spite the focus of research in this area, there is little agreement in the literature regarding
the Ty and the corresponding solute concentration, Cg4’, although differences are very
important since the vapor pressure of ice increases exponentially with temperature (see
above). Additionally, multiple T4" values complicate the situation, e.g., for sucrose. T4’
values for sucrose are reported to be -46°C and -32°C. Controversy remains as to the
physical significance of those measured thermal events, not only for sucrose, but for

other simple saccharides as well [132].

In principle, T4" and the related concentration, Cg’, are independent of the initial concen-
tration of the solute in the initial, unfrozen aqueous solution. In one approach, the Cg’ is
determined from the amount of crystalline ice, which is calculated by integration of the
ice-melting endotherm and the known latent heat of fusion of ice at 0°C. Ablett et al.
found that the value of Cy4’ varied considerably with the initial solute concentration [133].
The described technique systematically underestimates C4' because of the temperature
dependence on the heat fusion of ice and, more important, because of the “background”
signal contributed by the heat of dilution and the temperature-dependent heat capacities

of the phases.
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Fig. 1-22: Glass transition temperature measured
using DSC, circles: Ty determined from peak posi-
tion in derivative thermogram, squares: Ty deter-
mined from the onset of the transition [134]

With an annealing procedure
of 16 hours at several tem-
peratures in the vicinity of the
estimated T4" (see Fig. 1-22)
a maximum in the measured
T4 as a function of annealing
temperature is found [134].
This temperature of the max-
imum is then defined T4". An-
nealing below T4 leads to a
ice

submaximal amount of

crystallization and a lower

concentration of the freeze-concentrated solute and a lower T4. Annealing above Ty re-

sults in dilution due to the onset of ice melting [132]. It is worth to mention that during

annealing, the relaxation time increases (and molecular mobility decreases) in a glassy

system [135]. To assess molecular mobility below T, enthalpy recovery experiments in

the DSC were per-
formed [135-138]. The
process of enthalpic
relaxation is illustrated in
Fig. 1-23 as well as the
molecular level reorien-
tation for a crystallizable

material (line for crystal).

Ty is usually reported
as a single value al-
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Fig. 1-23: Schematic representation of change in enthal-
py and specific volume of a glass on annealing, and of
behavior of crystallizing materials [139, 140]



42 Introduction

always occurs in a temperature range. Commonly, the midpoint of the glass transition is
reported as T4'. It is often preferred since it tends to be a more reproducible value than
the extrapolated onset temperature as long as the width of the glass transition is well
defined. In general there are several possibilities of reporting T," as a midpoint: (1) half
height of the step based on onset and endpoint (*2 Ac, = change in heat capacity), (2)
half width of the step based on onset and endpoint, and (3) half extrapolated tangent
(intersection point of the extrapolated straight line with the gradient which is defined by
the initial point and end point of the tangent). If reported as inflection point, T4 is equa-

lized to the point of the curve with the maximum slope.

It is worth to mention that at the midpoint of T4", the frozen solution has already started to
relax in physical terms [132]. Annealing studies performed at the temperature between
the onset and midpoint of T, revealed that the ice dissolution started to occur at the on-

setof Ty

Apart from DSC, T4 can be detected by using e.g., Electrical thermal analysis (ETA)

[141] or dynamic mechanical analysis (DMA) [142].

A new approach to study samples with amorphous content is to use high ramp rate diffe-
rential scanning calorimetry (HRR-DSC, where very high heating rates (from 50°C/min
up to 500°C/min) are employed. The increased sensitivity from HRR-DSC is due to the
fact that, as the heating rate is increased, the same heat flow occurs over a shorter time
period, increasing the observable signal from the thermal event. This allows low-energy

transitions (i.e., those with small Ac, at Tg) to be detected and measured [143].

In solutions without ice formation, an exact calculation of T4 would be possible: In con-
centrated aqueous solutions water lowers (as a plasticizer) the glass transition tempera-
ture of any amorphous component with which it is intimately mixed at the molecular level
[117]. This ability of water to act as a plasticizer for virtually any solute is due to its chem-
ical affinity for many materials, low molecular weight, and extremely low glass transition

temperature [144, 145]. Based on free volume theory a model originally developed by
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Turnbull and Cohen [146, 147] was adapted by Gordon and Taylor [145]. It predicts the
lowering of the glass transition temperature due to the plasticizing effects of water [79,
117]. According to the model of Gordon and Taylor, the glass transition temperature of a

mixture is described by the equation:

B w1 Tgy + K*xw,y Ty, Eq. 1-11

T. . =
g mix wy + K *w,

where w,; and w, are the weight fractions (e.g., of the solute and water), and Ty, and T,

are the T4 values (e.g., for water and for the solute with which it is mixed) and where

K = Auaps Eq. 1-12
Aayp,

The constant K is a physical parameter that is related to the ratio of the thermal expan-
sivity coefficients, Aa, at their respective glass transition temperatures, where p is the

true density of the material [148].

The combination of Eq. 1-11 and Eq. 1-12 was used to describe the glass transition be-
havior of many compatible polymer blends and is identical to the one derived for poly-
mer-plasticizer blends by Kelley and Bueche [149], based on viscosity and free volume

effects [148]. Therefore it is often denoted as Gordon-Taylor/Kelley-Bueche equations.

The parameter K is often approximated using the densities of the two components, p,

and the Tg values (e.g., for water and the solute) by employing the equation below [150]:

K = Aaypg N P1Tg1
Aoypy;  p2Tg Eq. 1-13

This approximation of the constant K allows a prediction of the effect of water on the Ty
to be predicted at any composition from values that are easy to obtain by experiment,
assuming that the transition from a glass to a viscous liquid requires a certain degree of

molecular mobility and hence free volume.
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If the densities of the two components are equal, then the Gordon-Taylor/Kelley-Bueche

equations simplify to the Fox equation [151]:

1

T = Wngl + WZTgZ Eq 1-14

g mix

For most low molecular weight glass formers (e.g., drugs, sugars), the difference in den-

sities will be significant and thus the Fox equation will not be satisfactory [148].

By systematically varying terms in the simplified Gordon-Taylor/Kelley-Bueche expres-
sion, it is possible to probe theoretically the effects of different substrate properties on

the T, of solid-water mixtures.

For two amorphous solids with the same T, the one with the higher density will be plas-
ticized the most by any given amount of water, whereas for two materials with the same
density, the one with the higher dry T, should experience the greatest plasticization

[148].

Tab. 1-4: Glass transition temperatures (T,), densities and K values for selected
amorphous materials [148]

Material Dry T4 (°C) True density (kg m3.107) K value
Poly(vinylpyrrolidone) 177 1.25 0.2400
Hydroxypropylmethylcellulose 155 1.19 0.2660
Lactose 110 1.43 0.2452
Sucrose 74 1.43 0.2721
Indomethacin 57 1.32 0.3099
Water -138 1.00 -

Her and Nail [152] performed detailed investigations on the thermal analysis (DSC) of
aqueous solutions in which the solute does not crystallize immediately upon freezing.
They aimed to define the effects of experimental parameters on thermograms in the
glass transition region. The intensity of enthalpy relaxations in the glass transition region

was related to the rate of cooling and the rate of heating: slow cooling or slow heating
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increased the extent of structural relaxation in the glassy state and increased the intensi-

ty of the endotherm [152].

The investigation of Surana et al. published in 2004 shows some of the analytical possi-
bilities of DSC in terms of freeze-drying, revealing interesting results on the effect of dif-

ferent processing conditions on

A the physical stability of amorph-

Exo Crystallization
Tg : .
Freeze-dried » j
B

Dehydrated | p

ous trehalose [153]. Amorphous

trehalose was prepared by

Dehydrated I freeze-drying, spray drying, de-

Spray-dried

—

hydration, and melt quenching.

Melt-quenched
—__ﬁ\-

Although glass transition tem-

Heat flow, arbitrary units

Enthalpic

recovery at Tg perature and fragility were not

Melting

¥ T T impacted by the processing con-
100 150 200
Temperature, °C ditions, properties like enthalpy

Fig. 1-24: DSC thermograms for amorphous tre-

. : relaxation, crystallization tenden-
halose prepared suing different methods [153] y

cies, and water sorption were

greatly altered.

Fig. 1-24 shows the DSC thermograms for the different sample types.

1.6 Critical formulation temperature in primary drying: collapse

temperature vs. glass transition temperature

DSC has been used over several decades in the manner described above to measure
thermal transitions like glass transitions (Tg), eutectic melting points (Te,) or T4" values
[103]. In contrast, the visual observation of collapse behavior by FDM has been widely
used only in more recent years [103, 104, 124, 154]. It is clear from the explanations

given above that both technologies do not use the same experimental conditions to de-
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scribe the maximally allowable product temperature for primary drying (“critical formula-

tion temperature”).

The glass transition of the maximally freeze-concentrated solution, T4, appears as an
endothermic shift in heat capacity which arises from a decrease of the viscosity of the

amorphous matrix in a narrow temperature range.

This allows the system to access additional degrees of freedom. As already mentioned,
new interpretations of this T," event were discussed recently as a combination of ice
melting and T4 [155, 156] or ice melting alone [157]. By FDM, a decrease in viscosity of
the glassy matrix is measured in the dynamic process of sublimation drying. The sample
is frozen at atmospheric pressure and freeze-dried at a lower (controlled) pressure [104].
This ensures a more representative methodology of measuring the critical formulation
temperature of a freeze-drying process. In contrast, during a Tg" measurement by DSC
the matrix is in permanent direct contact with ice at atmospheric pressure without any

drying procedure.

Probably due to the long-term usage of DSC equipment, freeze-drying literature still pro-
vides many T,4" values and only very few authors report both, T, and T4" values for exci-
pients or even a final formulation [45, 158]. However, differences of 2-5°C between Ty
and T, values were reported in the literature for a medium resistance product [104],

which underlines the need to provide systematic data on T, (and corresponding Tg").

1.7 Objectives of this thesis

The purpose of this thesis is (1) to provide theoretical background on methods (freeze-
drying, freeze-dry microscopy, differential scanning calorimetry etc.), and (2) to perform,
for the first time, a comprehensive investigation on appropriate freeze-dry microscopy
measurement methodology for evaluation of collapse temperatures. Based on already

published studies, it describes an improved classification procedure for observed col-
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lapse behavior and delineates different collapse appearances found for various exci-
pients and protein/disaccharide systems. In addition, it shows a detailed study of col-
lapse temperature dependence on experimental conditions leading to a basic model
which combines the understanding of collapse out of practical observations and theoreti-

cal background information.

Based on representative sets of data, this thesis also presents the dependence of col-
lapse temperature on the total solid content for six excipients often used for freeze-
drying. Background information and supportive data to explain these results are given.
To deepen the discussion on critical formulation temperature measurement for the opti-
mization of freeze-drying cycles, T, (FDM) and T4" (DSC) values are directly compared to
calculations from the Gordon-Taylor equation [159]. A setup of freeze-drying runs in lab-
scale give data on transferability of FDM results on freeze-drying processes and show a

need for further detailed investigations in the future.

In the next chapters, the following questions (which are grouped in main questions and

sub questions) will be answered:

1) What is a reasonable FDM methodology for day-by-day routine work?

2) What would be a most sophisticated “high-end” FDM methodology? Does it make
sense to use this high-end methodology from practical or scientific point of view?

3) What are the important factors and parameters influencing collapse?

4) What is the typical temperature range of collapse temperatures for excipients often
used in freeze-drying?
a) Is there really a dependence on total solid content?
b) If yes: How could it be explained?
c) Why can we see significant differences between the selected excipients?
d) Is there a general relationship derivable for the dependence of T, on total solid

content?

e) Is there a way of predicting collapse behavior of excipients and formulations?
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What is the typical difference between T, and T4'?

a) How can T;and T4 be compared in an easy way?

b) How should results be compared when a more detailed or sophisticated way is
needed?

How can the drying and collapse behavior of a protein (model used: BSA) be charac-

terized?

a) Is T, detectable for proteins?

b) What is the collapse appearance of proteins (e.g., BSA or HSA)?

c) Are there differences between BSA and HSA reflected in FDM measurements?

How can the drying and collapse behavior of BSA or HSA in mixtures (with disaccha-

rides like sucrose and trehalose) be characterized?

a) What T, do the different mixtures have?

b) Does pressure applied during the measurement have an influence on T, for these
mixtures?

c) Are there measurable differences between BSA and HSA in the mixtures?

d) Does the difference in T. between sucrose and trehalose impact the T. of the
mixtures?

e) How can the observed collapse behavior be explained?

f) Is there a way to predict the T. for different ratios of BSA/disaccharide or
HSA/disaccharide?

g) Are there differences between T, and T4 for the different mixtures?

h) Is it possible to predict T, of the mixtures by using the Gordon-Taylor equation?

How can T, and Ty be compared in a rational way?

a) Is it better to compare T¢50 to T4™?

b) lIs it better to compare T, to T4'(onset) / Te. to T4™ (endset)?
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9) Are T, results directly transferable on FD runs for simple sucrose solutions?
a) Are the differences deriving from the impact of total solid content transferable?
b) How do different product temperature over time profiles (T, over t) influence the
product characteristics, in particular the specific surface area (SSA)?
c) What are the temperature differences between
i) the shelf temperature, T, and the product temperature calculated from MTM
measurements, To.ytm?
ii) the product temperature calculated from MTM measurements and the tem-
perature at the bottom of the vial calculated from MTM measurements,
Tb—MTM?
i) the product temperature calculated from MTM measurements and the product

temperature measured by thermocouples, Ty 1c?

A detailed overview on materials and methods used to answer these questions is given
in chapter 2. The results and discussion of the single points given are discussed in the

same order in the chapters following the materials and methods section.
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2 Materials and methods

2.1 Materials

2.1.1 Used proteins and their quality

Albumin from bovine serum (BSA) and albumin from human serum (HSA) were used as
model proteins for FDM studies as well as density and viscosity measurements. Tab. 2-1

lists the qualities.

Tab. 2-1: Proteins used for this study

Protein Used for Supplier (li(r)der Lot No.
Albumin bovine serum | FDM Sigma A0281 075K7545
Albumin from bovine Density and viscosity Sigma A2153 103K1373
serum measurements

Albumin human FDM Sigma A3782 085K7541
Albumin from human Density and viscosity Sigma A9511 044K7601
serum measurements

2.1.2 Used excipients and their quality

All excipients and reagents used for this study are listed in Tab. 2-2. Aqueous solutions
were prepared with double distilled water from an all-glass apparatus (Destamat Bi 18 T,
Heraeus) and filtered through a 0.22 yL membrane (Millipore®, Billerica, MA, USA) prior
to use. For surface tension measurements, water for analysis (1.16754.5000, Lot:

HC694073, Merck KGaA, Darmstadt, Germany) was used.
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Tab. 2-2: Excipients used for this study

Excipient Used for Supplier ﬁ(r)der Lot No.

(2-Hydroxypropyl)-3- FDM, density and vis- 454270/1

cyclodextrin cosity measurements Al S 13404039

D-(+)-Glucose FDM, density and vis- 0 Gg270  124K0018
cosity measurements

D-Mannitol FDM Sigma M9546 100K0129
FDM, density and vis- 1100082

PVP 10 kDa cosity measurements Fluka 81390 44804041
FDM, density and vis- 1126884

PVP 40 kDa cosity measurements Al St 33504234

Sucrose FDM, density and vis- 00 57903 40K0201
cosity measurements

Sucrose Surface tensionmea- gy, 57903 016K01192
surements

D-(+)-Trehalose FDM, density and vis- . 91K37901

dihydrate cosity measurements Sigma 5251 096K3788

D_-(+)-Treha|ose Surface tension mea- Sigma T9531 115K7361

dihydrate surements

. , I 1132011

Potassium chloride FDM calibration Fluka 60129 31705270

Magnesium chloride FDM calibration Sigma M8266 064K0195

Sodium chloride FDM calibration Sigma S7653 074K0091

2.1.3 Molecular weights of selected proteins and excipients

For certain FDM studies the ratio of protein/disaccharide total solid content was varied to

obtain a different sucrose or trehalose to protein mole ratio. For the calculations of these

ratios the molecular weights presented in Tab. 2-3 which were obtained from the certifi-

cates of analysis (Sigma Chemical Company, St. Louis, MO, USA) were used.

Tab. 2-3: Molecular weights of selected molecules

Substance Molecular weig_;ht M,

BSA
HSA

Sucrose

Trehalose

66,430
66,437
342.3
342.3
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2.1.4 Quality of liquid nitrogen

For the FDM cooling system, liquid nitrogen (quality 5.0) was obtained from Linde AG

(Pullach, Germany).

2.2 Methods

2.2.1 Freeze-dry microscopy (FDM)

The freeze-dry microscopy equipment used for the presented studies consisted of a mi-
croscope (Axiolmager.A1 or Axiolmager.Zm1, both Zeiss, Goéttingen, Germany) with a
lambda plate (polarizer D, 90° pivotable, disengageable) plus spectrum analyzer and a
freeze-drying stage (FDCS 196, Linkam Scientific Instruments, Surrey, UK) with a liquid
nitrogen cooling system. Pic. 2-1 gives an overview of the used equipment. The tem-
perature controller (Linkam Scientific Instruments, Surrey, UK) was programmable via a
PC system. A conventional vacuum pump (limvac, limenau, Germany) was used for
evacuating the system. If not stated otherwise, magnification was 200-fold using the ob-
jective Zeiss LD Epiplan 20x. Self-made, precision cut spacers (brass platelets, height
0.025 mm) were used to assure a constant thickness of the sample layer. In the temper-
ature range of interest pictures were recorded in a one second time interval using a digi-
tal firewire camera from Pixelink (resolution 1.3 mega pixels, Linkam Scientific Instru-
ments, Surrey, UK) and were (after the measurement) analyzed using the LinkSys 32
software (Linkam Scientific Instruments, Surrey, UK). To support heat transfer from the
oven to the sample, silicon oil provided together with the stage was used (Linkam Scien-

tific Instruments, Surrey, UK).



54 Materials and methods

Pic. 2-1: Freeze-dry microscopy equipment (Axiolmager.A1l)

Regularly, a validation of the PT 100 (accuracy: + 0.1 K) inserted in the stage beneath
the surface of the silver block was performed by detecting the eutectic melting tempera-
tures of 10% (w/w) solutions of KCI (-10.7°C), NaCl (-21.1°C) and MgCl, (-33.6°C)[160].
The freezing rate for this cali-
bration procedure was
10°C/min and the heating rate
1°C/min in the temperature
range of interest. Measure-
ments were performed in trip-

licate. Deviations were within

+/- 0.1°C and were not taken
Pic. 2-2: Placement of sample drop into account in discussion of
results, or any calculations,

respectively. It was assumed that, due to the small deviations, the product temperature
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in the sample was equal to the temperature measured by the PT 100 when using a heat-

ing rate of 1°C/min.

Sample preparation was as follows (cf. Pic. 2-2 and Pic. 2-3, respectively): A 5 uL drop
of silicon oil was spread on the silver block oven near the observation hole by placing a
20 mm round glass cover
slide (Linkam Scientific
Instruments, Surrey, UK)
onto it. The sample holder
with two vacuum cups
(Linkam Scientific Instru-
ments, Surrey, UK) was

inserted in the stage and

fixed on the glass slide.
Then, two of the spacer Pic. 2-3: Sample preparation in detail

pieces were placed on opposite sides of the slide. A drop of 2 uL of the sample solution
was pipetted in the middle of the slide near the hole by using an Eppendorf syringe
(Combitip plus 0.5 mL, 0030 069.226, Eppendorf AG, Hamburg, Germany)-(cf. Pic. 2-2).
Then a 10 mm round glass cover slide (Linkam Scientific Instruments, Surrey, UK) was
placed on the two spacers spreading the solution (see Pic. 2-3). Only samples without
contact between the solution and the edge of the small cover glass slide and with no

contact between the solution and the spacers were measured.

If not stated otherwise, the freezing rate was 10°C/min. Standard lowest freezing tem-
perature was -40°C. At 5°C a holding step for 1 min was implemented in the measure-
ment routine to purge the system with dry nitrogen from the Dewar through the open
valve. Before starting sublimation the sample was held at the lowest freezing tempera-
ture for equilibration for 8 to 10 min. After 5 to 8 min the vacuum pump was switched on

so that sublimation could be observed a few seconds later. The sample was reheated at
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a rate of 1.0°C/min (with isothermal intervals if necessary) through the point of collapse

(if not stated otherwise).

Pressure was measured using a calibrated Pirani gauge (Linkam Scientific Instruments,
Surrey, UK) and was controlled below 100 mTorr (unless otherwise stated, e.g., for the

pressure setting experiments).

The velocity of sublimation (Vsy) was detected in a similar way as described previously
[104]. For the detection of the velocity of the sublimation front (which reflects the drying
rate and the resistance to water vapor flow) saved pictures were compared by a using

custom-made supporting software.

A picture of a temperature of one degree Celsius below the desired temperature was
compared to a picture at the desired temperature. The distance of the moving sublima-
tion front between two equivalent points was measured by using the calibrated 200x ob-
jective and divided through the time difference. The objective was calibrated by a com-
mercially available calibration slide (Zeiss, Goéttingen, Germany), and the information

saved in the software settings of the LinkSys 32 software.

2.2.2 Dynamic viscosimetry

Density measurements were carried out at approximately 0°C by using a pyknometer (5
mL) and an ice-water bath. Density data were used for measurement of viscosity and of

surface tension.

The measurement of viscosity was carried out using a VILASTIC Viscoelasticity Analyzer
(Vilastic Scientific Inc., Austin, TX, USA), which is a capillary viscometer with oscillatory
flow principle (see Pic. 2-4), connected to a chiller unit (HAAKE K + F4, kryo liquid Kryo

40, Lauda, Kénigshofen, Germany) with a temperature between 0.00°C and 1.00°C.
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To detect the shear rate dependence of viscosity the VMax software STRETCH protocol
was used. As measurement frequency 10 Hz was chosen for standard solutions, and 5
Hz for PVP 10 kDa solutions with a high solid content. The drive level sweep was 10 to
30, the measurement sequence
10 with increasing drive level. The
integration period was defined two
seconds, pre-drive time 0 sec-
onds. Density was entered as
measured  previously. Before
every measurement the analyzer
system was verified and reference

values were used for the calcula-

tion of the results. The measure-
Pic. 2-5: Interface chamber
ment system including the inter-
face chamber (see Pic. 2-5) was cleaned several times with double distilled water be-
tween experiments. Solutions were measured in duplicate performing each viscosity de-

tection ten times for one measurement of a single solution and calculating the average

value.

Based on viscosity data surface tension was measured by bubble pressure tensiometry.

2.2.3 Bubble pressure tensiometry

Time dependent dynamic interfacial tension was evaluated by a bubble pressure ten-
siometer (MPT 2, Lauda, Kénigshofen, Germany) connected to a chiller unit (HAAKE K +
F4, kryo liquid Kryo 40, Lauda, Kdénigshofen, Germany) with a temperature between
0.00°C and 1.00°C. The tensiometer had a dynamic time range of 0.0001 to 100
seconds. lts set-up is shown in Pic. 2-6. 10.0 mL aqueous solution of the desired con-

centration was investigated using capillary 41 with an immersion depth of 2.5 mm. The
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flow rate was decreased stepwise from 100 mm?®/s to 5 mm®/s (5% in each step). The
adjustment time for each measurement point was 20 seconds. After about five mea-
surements the resulting pressure values were relatively constant and the average value
of at least ten of these measurements was used for calculation of the surface tension of
the examined solution.

Pump
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4) Bubble detector
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Pic. 2-6: Set-up of Lauda MPT 2 maximum bubble pressure tensiometer [161]

Surface tension measurements with the bubble point method were restricted to solutions

with sucrose and trehalose.

2.2.4 Differential scanning calorimetry

The glass transition of the maximally freeze-concentrated solute (T4) was determined
using a Mettler Toledo DSC822° (Mettler Scientific Instruments, Gottingen, Germany).
20-35 yL of the sample were sealed in a 40 yL Al pan at room temperature. To deter-
mine the value of T4 the solution was cooled down to -60°C (10°C/min), equilibrated (10
min) and then heated at 10°C/min through the point of T,". The values for all transitions
were analyzed as midpoints and points of inflection (Mettler STARe SW 9.01, Mettler
Scientific Instruments, Géttingen, Germany). Dry nitrogen was used for cooling (100

mL/min) and purging the measuring cell (30 mL/min).



60 Materials and methods

2.2.5 Freeze-drying

Freeze-drying was performed in a Lyostar Il freeze-dryer (FTS, Stone Ridge, USA) with
SMART™ software installed. The unit consists of three shelves, with a total shelf area of
0.5 m?. Since the front door of the freeze-dryer is made of Plexiglas, aluminum foil was

used as a radiation shield.

Solutions were prepared in flaks using a reference balance (LA 620S, Sartorius AG,
Gottingen, Germany). The fill weight of every tenth vial was determined. The average fill

weight as well as the calculated density was then inserted in the software.

Runs were performed using the SMART™ feature of the software with the parameters

presented in Tab. 2-4, which included the performance of MTM measurements.

Tab. 2-4: SMART™ software parameters for freeze-drying cycles

SmartCycle Data Parameter Unit
Number of Vials 112

Inner Area of Vials 5.64 cm?
Fill Volume 3.00 cm’
Primary Drying Option Standard

Secondary Drying Option Fixed Time

MTM Interval 60 min
Nature of Drug Product Small Molecule

Type of Vials Tubing

Type of Drug Product Amorphous

Type of Bulking Agent Amorphous

Endpoint Pressure 5 mTorr
Chamber Volume 104 L

The setpoint for Te, / Tc / T4 was varied as stated in the text. Pressure settings were ad-
justed by the SMART™ software which resulted in 74 mTorr for all runs. Secondary dry-
ing was started by ramping with 0.3°C/min to 40°C and holding this temperature for 4
hours. After finishing secondary drying, ramping with 5°C/min to a final temperature of

15°C was performed.



Materials and methods 61

One thermocouple (40 gauge, type T, Omega Engineering, Inc., Stamford, CT, USA)
was placed on the shelf and three thermocouples were inserted into center vials at the
back, in the middle and in the front of the shelf. The accuracy of the thermocouples was
+ 0.5°C. Before freeze-drying the ports for the thermocouples were calibrated by using

thermocouple calibrator CL300A (Omega Engineering, Inc., Stamford, CT, USA).

2.2.6 Scanning electron microscopy (SEM)

Lyophilized cakes were broken and fixed on Al stubs (Model G301, Plano) and then
sputtered with gold at 20 mA / 5 kV (Hummer JR Technics) for 1.5 min. Cake morpholo-

gy was examined using an Amray 1810 T Scanning Electron Microscope at 20 kV.

2.2.7 BET measurement of specific surface area (SSA)

Additionally, SSA (specific surface area) of lyophilized cakes was measured using an
ASAP 2420 (Micromeritics, Mdnchengladbach, Germany). The samples were held at
40°C for 14 hours under vacuum in an integrated heating unit, flashed with nitrogen and
transferred to the analytical unit of the ASAP 2420. Krypton served as analysis adsorp-
tive. The experiments were performed under automatic degas mode with an equilibration

interval of 10 sec. A 10-point analysis at different pressure was carried out.
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3 Results and discussion

3.1 Methodology of FDM

3.1.1 Detection and definition of collapse

Throughout this study the collapse behavior was determined by comparing individual
pictures recorded in a time interval of one second. Three phases of collapse and the

corresponding temperatures were defined:
(1) the temperature of the onset of collapse (T,.),
(2) the temperature of full collapse (Ty), and
(3) the temperature of a 50% collapse (T¢.s0).

Pictures of the onset of collapse were carefully compared to full collapse pictures to pre-
cisely define the onset of the observed collapse in a given experiment. This procedure
assured that no holes in the dried non-collapsed structure were accidently thought to be

holes formed by collapse.

The onset of collapse was denoted when first structural alterations appeared in the dried
structure adjacent to the sublimation interface. Dependent on the type of excipient, com-
position of the mixture, and/or its concentration, the structural changes were observed as
holes, gaps or fissures. Using the pivotable lambda plate the light (without sample) was

always adjusted to a pink color so that the collapsing areas were of pink color.

Tab. 3-1 gives examples for T, detection for excipients used in this thesis. For low con-
centrated solutions (here: 2% w/w) a distinction between non-collapse holes in the dried
structure and collapse holes is mandatory as can be seen from the presented pictures in

the middle column.
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The column on the right hand side underlines the fact that observation of structural

changes is more challenging for samples with a high total solid content (here: 20% w/w).

It is a common procedure to report T, values in the literature as T, data [111].

Tab. 3-1: Different types of onset of collapse for excipients frequently used for
freeze-drying

Toc for 2% (w/w) total solid Toc for 20% (w/w) total solid

Excipient content content

Trehalose

Sucrose

PVP 10 kDa

The temperature of full collapse was defined as the temperature where the dried struc-
ture close to the sublimation front degenerates and undergoes complete structural loss

right after the sublimation process.
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Here, no coherent product results from the drying, but with further heating after reaching
Ti there are fragments of dried material visible in the microscope. Tab. 3-2 presents

some possibilities of visual appearance of full collapse in comparison to Tab. 3-1.

Tab. 3-2: Different types of full collapse for excipients frequently used for freeze-
drying

T for 2% (w/w) total solid Ti. for 20% (w/w) total solid

Excipient content content
Trehalose
Sucrose
PVP 10 kDa
-23.5°C

For pure aqueous protein solutions (containing BSA and HSA, see Tab. 3-3) a special
collapse behavior was observed. Before reaching the point of collapse, such formula-
tions dried with fissures in the matrix (restricted to subareas) which did not result in an

overall loss of structure.
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Onset of collapse was determined by color (change to dark pink) and following full col-
lapse in the given area, whereas full collapse was delineated by a loss of structure of the
chewing-gum like dried regions which resulted in thin, highly viscous and stretchy fila-
ments connecting the sublimation interface and the product matrix dried before. Because
of the observed vibrant behavior of the dried matrix close to the sublimation interface, a
significant increase in elasticity served as an additional criterion for the indication of T,
especially when high protein concentrations were present. For a detailed description of
changes in elasticity for proteins, the reader is referred to the literature [162].

Tab. 3-3: Collapse behavior of aqueous solutions of pure BSA 3% and 5% (w/w)

Total solid content

[% W /W] TOC ch

To facilitate a direct comparison with glass transition (T4") data of the maximally freeze-
concentrated solution, a 50% collapse temperature (T.s) was introduced for the first
time in this work. According to the ASTM/IEC [163] it is the standard method [103] to
report T4" as midpoint temperatures, and not as an onset. Therefore T..5o0 was calculated
(not visually detected) as “midpoint” collapse i.e. the average value of the observed T,

and Tx.
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From the explanations above it is clear that T..so and T, are based on different physical
phenomena and cannot be directly compared [103], but “midpoint” T, T..s0, Mmight simpli-
fy discussions on “midpoint” T4". Yet, it is not assumed that T..5o is generally reflected in
50% of structural loss. The correlation (e.g., possible linearity) between Ty, and T¢ with

regard to the degree of structural loss has not been investigated.

3.1.2 Theoretical overview and model on critical factors in FDM

As a result of the author's experimental experiences and theoretical investigations, a
schematic was created which illustrates the factors impacting the FDM measurements.
To give a better understanding on basic principles, the mentioned model is introduced in
this section, while the theoretical background information and experiments providing evi-

dence are explained in the following chapters.

Fig. 3-1 shows a flowchart of critical parameters and their impact on collapse during
FDM measurements. As water is a strong plasticizer [79, 117], the interaction of water
molecules with the product matrix plays a key role in collapse events. Due to the low
pressure and transferred energy, the ice molecules sublime inside the matrix [104]. Dur-
ing this step they are in contact with the matrix (the amorphous freeze-concentrated so-
lution). Collapse happens if the effective parameters in summary reach a critical point
reflected in a critical decrease of rigidity of the product matrix which results in viscous
flow and collapse [104]. The driving force for the viscous flow is the surface tension of

the flowing plasticized product matrix [113].
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Fig. 3-1: Critical parameters and their impact on collapse during FDM measure-
ments (emphasis is on influence of parameters with regard to collapse and NOT
on dependences and/or interactions between parameters)
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Fig. 3-2: Main effects on water mole-
cules in the matrix during FDM experi-
ments

The amount of water molecules is limited
by the total solid content of ice on the one
hand and by the sublimation® and evacua-
tion rate of the water vapor on the other
hand (cf. Fig. 3-2) [104]. The sublimation
rate depends on temperature and to a
lesser extent on pressure, whereas the
evacuation rate, which means the removal
of water vapor out of the product matrix, is

limited by the pressure setting alone [6].

As demonstrated the chamber pressure
(P;) impacts heat and mass transfer [26].
P. should be well below the ice vapor
pressure (Pi) at the target T, to allow a
high sublimation rate. At the same time,
the amount of subliming water molecules
is highly dependent upon the momentary

temperature in the sample [6].In a side

effect, the kinetic energy of the water molecules is elevated with higher temperatures.

More important is that as P, increases exponentially with temperature, the driving force

for sublimation, and therefore the sublimation rate, increases dramatically as the product

temperature increases [6].

In an FDM experiment the heat transferred to the sample should be the limiting parame-

ter, and not the pressure [104].

® Due to secondary drying effects discussed later, the water vapor in the product matrix is not only

a result of sublimation, but desorption as well.
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Nevertheless, the impact of pressure needs to be considered when performing FDM and
was also investigated during this thesis work. A difference in pressure not only influences
the amount of water molecules in the nitrogen/water atmosphere® in the FDM stage,
which is the driving force for sublimation, but also impacts the removal of water mole-
cules from the product matrix [104]. If — as a theoretical consideration — e.g., the subli-
mation rate is constant and the evacuation rate is halved, the exposure time of the water

molecules in the matrix is doubled which is

Total solid
equivalent to twice amount of water mole- content of solute

cules in the matrix. It is clear that the

\

Total solid content

of unfrozen water
in glass

movement of the water molecules is di- Total solid
content of ice

rected from the ice crystal surface to the
outer regions of the product matrix in the

direction of the vacuum pump [31].

To summarize, the probability of an interac-

tion between a single water molecule and

the product matrix is higher if more water

h 4

molecules are present at the matrix surface ot T
molecules per
(and the higher their kinetic energy). volume unit

The amount of subliming water molecules

is higher the more ice is present between

Water
molecules

the walls of the freeze-concentrated solu- {from ice and

unfrozen
water)

tion focusing on a given area at the subli-

mation interface (cf. Fig. 3-3) [15]. In chap-
Fig. 3-3: Effects of total solid content of
ter 1.2.1 it was discussed in detail that dur- solutes during FDM measurements

® The composition of the FDM stage atmosphere during measurements has not been investi-
gated. It is assumed to consist mostly of nitrogen gas with some water vapor.
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ing cooling freeze concentration takes place [17]. It continues until the solutes crystallize
or until the system increases in viscosity sufficiently to transform into a glass. At this
point any further thermodynamically favored freeze concentration is arrested by the high
viscosity of the solute phase (for amorphous materials) [6]. The degree of viscosity is a
function of the chemical structure of the solutes [6] and is reflected in the ratio of sub-
stance molecules to unfrozen water in the glass. In other words: The final concentration
of solutes in the glass is identical for differently concentrated solutions of the same sub-
stance. In contrast, the ratio of glass (matrix including unfrozen water) to ice depends on
the total solid content of the initial liquid solution [15]. Accordingly, different concentra-

tions of dissolved substance lead to different total solid contents of ice.

The appearance of this ice fraction depends on

Super-
the cooling method which results in different cooling

numbers and sizes of ice crystals [9, 17, 21]. l_Ll«

. . . Specific
But due to the freezing behavior discussed oo o Hesioriin
area
before, the overall amount of water molecules |

which are present in the form of ice (and not as

A 4

unfrozen water) is in general a direct conse-
Rigidity

quence of concentration [15].

This leads to the next point (cf. Fig. 3-4): When
performing FDM experiments as described
above (including the same cooling rate) the
extent of supercooling cannot be controlled

[30]. Thereby the size, shape and number of

ice crystals change [9, 17]. Thus, the specific

surface area of the product matrix and its re- Fig. 3-4: Effects of supercooling on
results of FDM experiments

sistance are (slightly) different in every expe-

riment performed [15]. The statistical average of T, measured from a single solution with
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regard to specific surface area and resistance is therefore a function of the total solid
content (even more precise, of the total content of ice in the sample), but the SSA and
resistance for a single experiment cannot be predicted due the random effect of super-
cooling [21]. On the one hand, a higher SSA influences the rigidity of the product matrix
for a given solution and concentration, because it necessarily leads to thinner and less
stable product walls. On the other hand, a higher SSA represents a greater platform for

desorption during secondary drying effects (see below) [36].

But the cooling step does not only influence the surface area of the glass. It also has an
impact on the resistance of the product matrix to water transport which represents a bar-
rier to the water vapor flow directed toward the outside of the sample. If ice crystals are,
for instance, large and directed to the outside of the sample (which can often be ob-
served because many samples freeze from the edge of the cover glass towards the mid-
dle of the sample) the resistance of the amorphous glass is lower compared to a frozen

structure with many small, undirected ice crystals [164].

Two more characteristics of the product matrix concerning possible interactions between
matrix/water molecules as well as consequences for collapse behavior are hygroscopici-
ty and water binding affinity, which are related. The term “hygroscopic” is commonly
used to characterize the water binding potency of dry materials. In the model introduced
here, hygroscopicity of the primary dried matrix is therefore important for the secondary
drying of the sample walls and its effects on collapse [104]. For the physical potency of
the glass to bind water molecules, the term “water binding affinity” is therefore used to
emphasize that the glass itself contains a high amount of unfrozen water which influ-
ences contact and adsorption of water during the sublimation process. It is assumed that
hygroscopicity and water binding affinity (as used in this context) are directly correlated
as both are directly influenced by the chemical structure of the solved substance and

describe similar properties [165, 166, 167]. The higher both parameters are the more is a
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plasticization of the product matrix probable during primary (water binding affinity) or

secondary drying (hygroscopicity) [25].
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Fig. 3-5: Parameters influencing secondary drying during
FDM experiments on the number of water
molecules which move diffusion-controlled out of the product matrix, the amount of water

molecules per volume unit which are reagents for plasticization [79, 117] is increased.

The rigidity of the product matrix wall is the most important and is directly influenced as
follows: the stability of the walls increases with a low total content of unfrozen water in
the glass (plasticizing effect of water) and with a low specific surface area (higher wall

thickness).

As a summary, water molecules inside the matrix are characterized by their number,
which is elementary, and their kinetic energy. The properties of the product matrix in-
clude its rigidity, its specific surface area, its resistance and its water binding affinity and
hygroscopicity. The contact between water molecules and the product matrix is of quan-

titative and qualitative nature. Quantitative aspects include that in a given time frame the
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probability of collapse is increased by higher concentration of water molecules at the
surface when focusing on a given area of the matrix or e.g., by having a higher surface
area. The quality of this contact, i.e. the effect of a given water molecule (or a given
number of water molecules) per given contact (limited time and product area) is in the
first line influenced by the composition of the sample. If the effects in summary reach a
critical level of rigidity decrease of the product matrix (which is different for every formu-
lation), viscous flow of the product wall(s) into the pore occurs, a behavior which is com-

monly known as “collapse” [104].

In the next sections, experimental parameters like pressure and supercooling are dis-
cussed in detail. As discussed in chapter 3.5 FDM experiments cannot be transferred
directly on freeze-drying runs. Therefore, the objective of FDM should be to investigate
the main influence of temperature on the sample (shown in bright green color in the flow
chart) and not to limit the sample behavior e.g., by pressure settings. However, for this
purpose the magnitude of influence of all parameters mentioned in the model above

must be known and was subject to investigation in this thesis.

3.1.3 Volume of sample and thickness of the frozen layer

When preparing a sample for measurement, one central question is how much sample
solution should be used. A broad range of sample volumes can be found in the literature.
For example, 1 pyL of sample was used by Colandene and co-workers [129], 4 uL by
Overcashier et al. [164], 5 yL were used in two studies [101, 128] and 10 uL as well
[127, 165]. Knopp recognized that results were better reproducible when the sample vo-

lume was 3-5 uL compared to 8-10 uL.

The experiments performed with a higher volume resulted in higher variability and a 2-
3°C higher collapse temperature onset than observed with smaller volumes [112]. He
stated that this may be due to the inability to observe the onset of collapse in the material

close to the bottom cover slip when the sample is relatively thick. Already in 1978, a uni-
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form controlled thickness of approximately 170 um (1 chip) or 340 um (2 chip heights)
was recommended by Flink for optical reasons using two self-constructed FDM stages

[120]. In later publications, metallic spacers were used for that purpose [111, 166].

In the model presented on page 68, the thickness of the frozen layer is not mentioned. It
is no key parameter that has an influence on the collapse behavior of the sample itself,
but with regard to collapse observation by human eye of the user. The thickness does

not change physical effects of collapse, but it limits detection possibilities.

As the small cover glass slide lying on the sample solution has approximately the same
weight in every experiment, the thickness of the frozen layer depends on the viscosity of
the measured solution if no spacers are used. The higher the volume used the thicker is

the sample and the more difficult becomes the observation of the sample.

Tab. 3-4: Impact of different types of samples preparation on T,. and T¢. results of
5% (w/w) sucrose solutions

Sample volume

and usage of Experiment  To [°C] Tiw [°C] AT [°C] Comment
spacers [25 um]
Spacers, #1 -31.9 -30.2 1.7 -
appr. 2 yL #2 -33.0 -29.8 3.2 -
#3 -31.5 -29.8 1.7 -
-32.1+06 -299+02 2207
No spacers, #1 -31.5 -30.3 1.2 -
exactly 2 pL #2 -32.1 -30.8 1.3 -
#3 -31.6 -30.5 1.1 -
-30.5+0.2 1.2+0.08
No spacers, #1 -32.2 -30.0 2.2 -
exactly 10 pyL #2 -29.4 -26.6 2.8 dark picture
#3 -29.5 -28.2 1.3 dark picture

Tab. 3-4 shows results of different preparation methods for 5% (w/w) sucrose solutions.

Three experiments were performed as described in the materials and methods chapter,

-283+14 21+06
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using self-made metal spacers with a height of 25 ym and a sample volume of approx-
imately 2 pL. As the thickness of the layer is controlled by the spacers the volume is no
important parameter. However, as described before, the solution had no contact with the
spacers (to avoid chemical reactions and disturbed thickness control by capillary effects)
and no contact with the edge of the small cover slide (to exclude surface effects for for-
mation of a barrier during freezing and sublimation). Three more experiments were per-
formed by using an exact volume of 2 pL, and another three runs by using a volume of
10 yL without spacers. For the latter samples the thickness of the sample was therefore

not controlled and depended on the viscosity of the 5% sucrose solution.

For two of the 10 uL samples the observation of collapse behavior was difficult due to the
high thickness of the sample. This is reflected in the mean for T,. and Ty of the three
experiments of 10 yL which are significantly higher than for the other six experiments.

Fig. 3-6 presents the mean values and standard deviations [167] in a diagram.
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Fig. 3-6: Mean values of T,. and Ti. and standard deviations in dependence on
different types of sample preparation
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For comparison between different types of solution and formulation (having different vis-
cosities) the usage of spacers is highly recommended. If the viscosity of the measured
solution is e.g., much higher than for 5% sucrose in water, the layer gets thicker than
shown in this study and high variations might be expected. The kind of spacers used
remains choice of the single user. To ensure an optimum thickness control they should
be flat and of a defined constant height. Although not investigated explicitly, out of the
author’s experiences, the height of 25 ym used for all experiments discussed in this the-
sis was a good compromise giving very good observation possibilities for samples in the

common range of concentrations (3-15% w/w in average).

3.1.4 Heating rate

The most variable parameter found in literature is the heating rate. Some authors like
Adams and Ramsay [106] or Wang and co-workers [127] do not even mention the used
heating rate in their publication or state that “heating rates were manually controlled”
[165]. However, a user must be aware of the influence of this parameter on FDM results
when considering the dependence of results of DSC experiments on different heating

rates [101].

When characterizing microcapsules, Yeo and Park used a heating rate of 10°C/min
[128]. Overcashier and co-workers used a sophisticated way of heating for their study on
lyophilization of protein formulations: after the freezing step and an equilibration time
they increased the temperature at 5°C/min and held it at the temperature of interest.

Then it was increased stepwise in 2-5°C steps [164].

A rate of 1°C/min up to 30°C’ for heating is mentioned in the methods of an investigation
on the lyophilization cycle development for a high-concentrated monoclonal antibody

formulation done by Colandene et al. [129]. Fonseca and co-workes investigated the

" The authors do not mention a reason for heating to 30°C in their publication.
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influence of different heating rates on FDM results of aqueous sucrose solutions. They
increased the temperature stepwise with holding periods every degree Celsius and stu-
died “three levels” (1, 5 and 10°C/min) for the ramping rate in between these steps. They
claim to have found that “whatever the warming rate applied, no sign of collapse was
detected” (so collapse was always detected during one of the holding periods). Conse-
quently, they used the heating rate of 10°C/min to reduce the experimental run time
[111]. No data for the “three level” study are given in the paper nor a systematic study

was found in literature which reports the optimal heating rate.

The model introduced in this thesis (cf. p. 68) presents the parameter “temperature” as
the key parameter. The assumption that the temperature of the sample is the controlling
factor to collapse behavior is only true, if heat transfer is sufficient to guarantee that the
temperature measured by the thermocouple in the stage reflects the momentary temper-

ature of the sample.

Of course a fast heating rate saves a lot of experimental run time. But apart from heat
transfer issues, the user has to keep in mind that the frozen structure at the edge of the
cover glass may be different from the structure which is located towards the middle of
the sample. If there is no step with only sublimation and no heating at the beginning of
the experiment in order to dry enough material at the edge, the collapse may happen in

this unrepresentative region and the result obtained may be incorrect.

In first experiments, heating rates of 1°C/min and 10°C/min for aqueous sucrose solu-

tions with a total solid content of 5% were compared. The results are shown in Tab. 3-5.
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Tab. 3-5: Collapse temperatures for aqueous solution of sucrose 5% (w/w) depen-
dent upon heating rate

Heating rate g, beriment  Too [°C] Te['Cl  AT.[Cl  Tes[*Cl

[°C/min]

1 #1 -31.3 -30.0 1.3 -30.7
#2 -31.5 -29.9 1.6 -30.7

#3 -31.1 -29.5 1.6 -30.3

d 0 0.8+0 0 0.6 +0

10 #1 -29.2 -27.4 1.8 -28.3
#2 -29.4 -27.5 1.9 -28.5

#3 -28.6 -26.1 25 -27.4

-29.1+03 -27.0+06 21+03 -28.1+0.5

The difference between the average values of the sucrose solution measured with
1°C/min and 10°C/min was 2.2°C for the onset of collapse, 2.8°C for full collapse and
2.5°C for T..50. Because of the geometry of the silver block, the thin sample layer and the
usage of silicon oil, an excellent heat transfer from the silver block to the sample was
ensured, but a heating rate of 10°C/min is obviously too fast. The sample cannot follow
the heating profile and the collapse is detected at temperatures which are significantly
higher than those measured with a low heating rate. Therefore cycle developments

based on the results with a heating rate of 10°C/min might be too aggressive.

Additionally, the high heating rate led to higher standard deviations of the results and a
higher difference between the onset of collapse and full collapse (1.5 £ 0.1 for 1°C/min

vs. 2.1 £ 0.3 for 10°C/min).

From the view of the model on collapse factors (cf. p. 68) the momentary temperature
which caused collapse should have been in the same narrow temperature range (taking
standard deviations into account) for all experiments performed for this investigation of
the influence of heating rate. This means that the differences in temperature between
Toe, Tt AT and Te.50 directly reflect the time-dependent heat transfer from the oven into

the sample when using 10°C/min. The single sample begins to collapse most probably at
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a momentary product temperature, T,, (matrix temperature) of -31.3 + 0.2 (T,) but at this
very moment of collapse, the thermocouple in the silver block already measured a tem-
perature of -29.1 + 0.3 (T..). Therefore, a rough estimation reveals that the transfer of
heat from the thermocouple into the product takes roughly 15 seconds (heating rate of
10°C/min with a AT of 2.5°C for T..50)®. Hence, an optimized heating rate should guaran-
tee a real time and lag free heat transfer and ensure a short experimental run time at the

same time.

Further experiments performed with HSA/sugar mixtures which were more difficult to
interpret (cf. chapter 3.1.1 “Detection and definition of collapse”, p. 63) seem to be in
agreement with the statements discussed above. For a mixture of 2.5% (w/w) HSA +
2.5% (w/w) sucrose, a heating rate of 0.5°C/min resulted in a T,. of -25.8°C (T¢.50 Of
-25.0°C), whereas a heating rate of 2°C/min resulted in a T, of -24.6°C (T..s0 of -23.3°C,

see Tab. 3-6).

Tab. 3-6: Collapse temperatures for aqueous solution of 2.5% (w/w) HSA + 2.5%
(w/w) sucrose dependent upon heating rate

Heating rate [°C/min] To. [°C] T [°C] AT, [°C] Tes0[°C]

0.5 -256.8  -241 1.7 -25.0
2 -24.6 -22.0 2.6 -23.3

A more detailed investigation was performed with an aqueous solution of HSA 1% (w/w)
+ trehalose 4% (w/w) (Tab. 3-7). Here, the standard deviations for the values measured
with a heating rate of 2°C/min were lower, but the temperature data for the experiments
performed with 0.5°C/min were significantly lower in onset of collapse. Significant differ-
ences between the average onset of collapse (difference of 3.2°C), full collapse (3.5°C)
and T.s0 (3.3°C) were found for different heating rates. The heating rate of 2°C/min re-

sulted in the detection of higher collapse temperatures which reflects the situation that

8 2.5°C

0.16°C/s = 15s
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the sample could not follow the heating procedure and that the product temperature at
the sublimation interface was lower than the temperature measured by the thermocouple

installed in the silver block.

Tab. 3-7: Collapse temperatures for aqueous solution of HSA 1% (w/w) + trehalose
4% (w/w) dependent upon heating rate

Heating rate

[°C/min] Experiment  Tec [°C] T [°’C]  AT.[°C]  Teso[°C]

0.5 #1 -26.9 -26.5 04 -26.7
#2 -28.0 -26.3 1.7 -27.2

#3 -30.8 -29.3 1.5 -30.1

0 3.0 4 0.0 3.0

2 #1 -26.3 -24.2 2.1 -25.3

#2 -24.3 -23.5 0.8 -23.9

#3 -25.7 -23.9 1.8 -24.8

X + sdv

-254+08 -239+03 1606 -24.7+0.6

Knopp et al. used a heating rate of 0.3°C/min for their investigation of sucrose solutions
by FDM in comparison to MDSC curves [112]. The slowest rate found in the literature
(0.1°C/min) was performed by Pikal and Shah [104]. Here, moxalactam di-sodium solu-
tions formulated with mannitol were measured. The explanation for the chosen mea-
surement procedure is based on observation time which is the most important parameter
in their conclusion. This hypothesis is also discussed in section 3.1.5. From performed
calibration experiments (cf. p. 53), a heating rate of 1°C/min was found to be sufficient
for the sample to follow the temperature profile. The results of Tab. 3-7 indicate, that a
rate of 2°C/min may be too high. Consequently, it might be questionable if a slow rate of
0.3 or even 0.1°C/min is really necessary to gain (more) accurate and reproducible FDM
results as it extremely extends the experimental run time. The solutions used for calibra-
tion might be simple systems and one might claim that more difficult sample composi-
tions need a slower heating rate or that observation time is the key parameter. Section

3.2 (p. 102 ff.) shows concentration effects of various excipients with regard to collapse
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temperatures. Therefore, a study with sucrose solutions of 2, 10 and 30% (w/w) was
performed with a ramp rate of 0.1 and 1°C/min to answer this question of a measure-

ment procedure. The detailed results are presented in Tab. 3-8.

Tab. 3-8: Measured collapse temperatures for agueous solutions of sucrose with
constant heating rates of 0.1°C/min and 1°C/min

Total Heating

solid rate Experiment Toc [°C] Tw [°C] AT, [°C] Te50[°C]
content  [°C/min]

2% 0.1 #1 -34.2 -32.1 2.1 -33.2
(wiw) #2 -35.0 -33.0 2.0 -34.0
#3 -35.3 -32.9 2.4 -34 1

X * sdv -34.8 £ 0.5 -32.7+04 22+0.2 -33.8+04
1 #1 -34.2 -31.8 2.4 -33.0
#2 -33.9 -32.3 1.6 -33.1
-34.4 -32.0 2.4 -33.2

-32.0+0.2 21+04 -33.1 £ 0.1
10% -32.1 -29.4 2.7 -30.8
(Wiw) #2 -30.8 -30.4 0.4 -30.6
-31.6 -29.8 1.8 -30.7
-31.7 -29.3 2.4 -30.5
#2 -30.4 -29.1 1.3 -29.8
-30.9 -29.0 1.9 -30.0

-29.1 £ 0.1 1.9+0.5 -30.1 £ 0.3
30% -31.8 -31.4 0.4 -31.6
(wiw) #2 -32.0 -31.3 0.7 -31.7
#3 -32.2 -31.3 0.9 -31.8

X + sdv -32.0+0.2 -31.3+0.1 0.7+0.2

1 #1 -31.2 -29.8 1.4 -30.5
#2 -32.1 -30.9 1.2 -31.5
#3 -31.7 -29.4 2.3 -30.6

-30.0+ 0.6 1.6+£0.5
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Considering the onset of collapse as well as full collapse for a given concentration, all

measured values were in the same temperature range.

For the 30% (w/w) solutions, the averaged full collapse measured with a heating rate of
1°C/min (-30.0 £ 0.6°C) tends to be a bit higher than the one with a rate of 0.1°C/min
(-31.3 £ 0.1°C). Accordingly, AT, for 0.1°C/min was 0.7 £ 0.2°C and for 1°C/min 1.6
+ 0.5°C. With regard to standard deviations there was no clear trend. For the onset of
collapse, the rate of 0.1°C/min resulted in one case in a better sdv (for 30% w/w) while
the rate of 1°C/min was superior in another (2% w/w). For full collapse in two cases (2%
and 10% w/w) sdv was lower for 1°C/min and in one case (30% w/w) for 0.1°C/min.

Those differences in sdv might probably be coincidental findings.
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Fig. 3-7. Means of T..5 with standard deviations, comparison of heating rates for
differently concentrated sucrose solutions

Fig. 3-7 underlines the small differences in T;s59 values between the two heating rates

which were only 0.2°C up to 0.8°C when taking standard deviations (sdv) into account.
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These differences might probably not be great enough to justify an extension of experi-

mental run time by a factor of about 5 to 10°.

Out of three reasons a standard heating rate of 1°C/min was chosen for all further expe-
riments of this thesis: (1) Calibration runs (see above) showed good heat transfer when
using this ramp rate. (2) No significant difference between ramp rates of 0.1 and 1°C/min
could be found for sucrose solutions of 2, 10 and 30% (w/w) (Tab. 3-8). (3) This heating
rate was claimed to be a good compromise between accuracy and experimental run
times. It has no disadvantages with regard to accuracy and reproducibility (see 1 and 2
and 3.1.5) and enables the user to perform FDM measurements in a reasonable time
frame (which provides the possibility e.g., to repeat measurements in a given working

time).

3.1.5 Duration of holding time

As already mentioned before, Fonseca and co-workers used for their study in 2004 [111]
a stepwise temperature rise of 1°C at a time with a ramp rate of 10°C/min in between the
holding steps™. In the section “warming profile” they refer to Knopp’s paper with a con-
stant heating rate of 0.3°C/min [112] where the authors say that collapse is a time-
dependent phenomenon and claim that their stepwise method is adequate. The chapter
about “time for measurement” is based on Pikal’'s and Shah’s statements that the col-
lapse temperature measurement is dependent on the time of observation [104]. To eva-
luate this effect Fonseca et al. dried various sucrose solutions 1°C below T, for one hour
(time of observation longer than usual). As no sample showed signs of collapse they
concluded that their measurement methodology is independent of the time of observa-

tion.

° E.g., the heating step for a 10% sucrose solution would last 100 min (0.1°C/min) instead of 10
min (1°C/min).

% The length of the holding steps is not mentioned by the authors.
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According to [104], the collapse temperature is defined by

ZYfTM > _Jat-1=0
Ay, TPA\T — ke, - Eq. 3-1

where v is the surface tension, r the pore radius, A, B and k are constants (which were
evaluated by the authors from a fit of viscosity data for moxalactam di-sodium to equa-
tion Eq. 1-6 (p. 32) and an adjustment in ko, made by a fit of collapse temperature data to
Eqg. 3-1), TM the observation time, T. the collapse temperature and T, the glass transition
temperature of the amorphous system as measured by DSC"'. Eq. 3-1 is based on two
equations discussed in section 2.2.1 (p. 53 ff.) and based on several publications [113;
168; 169; 170]. The publication [104] underlines that the freezing rate in FDM is very fast
relative to the freezing rate normally encountered in vial freeze-drying. Product resis-
tance and TM are mentioned as important parameters. In case that sublimation is very
rapid, as in a system of low solids content, the effect of variation in TM is negligible [104].
Consequently, the authors wanted to ensure TM to be long enough in order to give the
sample enough time for viscous flow phenomena. For their study and calculations they
used a TM of 0.2 h or 12 min. This derives from their constant heating rate of 0.1°C/min

which results in the fact that the time between each degree Celsius of heating is 10 min.

As already shown in 3.1.4, no significant differences in results performed with ramp rates
of 0.1 and 1°C/min could be found in this study. In order to further investigate the influ-
ence of TM and holding steps on T, and T¢, an additional experimental setup was used
implementing holding steps of 10 min at each full degree Celsius beginning at -40°C, and
a heating rate of 1°C/min in between (cf. Pic. 3-1) for a 10% (w/w) aqueous sucrose so-

[ution.

" Units not given by the authors.
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Pic. 3-1: Heating setting for experiments (Tab. 3-9) with aqueous solution of 10%
(w/w) sucrose

When comparing the results in Tab. 3-9 (step procedure) to those from Tab. 3-8 (con-
stant rate of 1°C/min), significant differences were found.

Tab. 3-9: Measured temperatures for agueous solution of 10% (w/w) sucrose with
10 min holds every degree Celsius of heating

Experiment Too [°C] Ti [°C] AT, [°C] Tc50[°C]
#1 -33.2 -31.0 2.2 -31.1
#2 -33.0 -32.0 1.0 -32.5
#3 -33.0 -32.0 1.0 -32.5

-33.1 £ 0.1 -31.7+0.5 14 +0.6 -32.0+0.7

Toc for the step procedure was on average 2.1°C lower than for the linear procedure and
T was 2.6°C lower whereas AT, was similar (stepwise: 1.4 + 0.6°C, constant: 1.9
+ 0.5°C). Surprisingly, in five out of the six collapse detections, the collapse (To. and Tx)
was determined in an area not directly adjacent to the sublimation front, but in the dried
structure in some distance from it and after at least 5 minutes of holding time at the same

temperature. Obviously, time really matters during an FDM measurement although the
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immanent importance of TM in Eq. 3-1. is doubted. Observation time, TM, reflects the
time the walls of the product matrix need to flow into the pore. When using a holding time
at a certain temperature and observing a collapse after five minutes of holding the tem-
perature at this level, the factor TM cannot serve as a good explanation. Here, the intro-
duced model of influencing factors (cf. p. 68) helps to understand the experimental situa-
tion. For both measurement setups, the standard procedure and the method with the
long holding steps, parameters are (approximately) the same with regard to composition,
resistance and speed of sublimation. During the experiment, the water vapor flows
through the dried matrix which underwent sublimation before. When focusing on this
dried matrix, the probability of a “negative” interaction of water molecules with the matrix
is increased by using a very long holding time at a given temperature. With a faster heat-
ing rate, worse-case conditions result in a collapse at the sublimation front, but with a
temperature hold, the probability that a critical decrease in the rigidity of the product ma-
trix is reached in the already primary dried area is increased because there is still a high
amount of unfrozen water bound in the matrix. The temperature hold slows down sec-
ondary drying driven by diffusion and interactions leading to collapse become more
probable. Additionally, a re-adsorption of water molecules from the vapor flowing through
the matrix might be taken into consideration, although this effect might be negligible. As
explained before, the collapse which was observed during the performed experiments
with the long holding time did therefore not happen in the dried area adjacent to the sub-

limation interface but in the dried area nearby.

When comparing the described situation with the freeze-drying process in a freeze-dryer
the experimental setup with the long holding steps represents the situation in a freeze-
dryer in a better way than the standard procedure. Usually freeze-drying is carried out at
a certain shelf temperature for hours or days, which results in a relatively constant T,

over a long period of time.
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Hence, from a scientific view the holding step procedure is claimed to be more repre-
sentative. At the same time, it is clear that the setpoint of holding steps has a great influ-
ence on measurement results. In the experiments shown above, a holding step was pro-
grammed every full °C. Therefore, the accuracy concerning the collapse after a holding
time which lasted for longer than five minutes can only be + 1°C. If the user wants to
have a better accuracy, even more holding steps (e.g., every 0.5 or 0.2°C) must be per-
formed, and resulting measurement procedures would not be applicable for day-to-day

work routines.

Transferability of FDM results on FD cycles is discussed in section 3.5. However, it
should be already clear at this point of the investigation that there cannot be a one to one
transfer of T, results on FD cycles because the two systems, FDM stage (25 um frozen
layer) and product vials with a given fill depth, have significant differences in geometry,
heat transfer, drying behavior, etc. FDM measurements should give as accurate and
representative T. results as possible while being a routine measurement method at the
same time. Regarding to the results given in Tab. 3-9, one has to keep in mind that to
reach a temperature of e.g., 33.0°C (where T,. was detected) a heating period time of 67
min was needed (without the freezing and equilibration steps). Dependent upon the
freezing rate a single measurement could take 1.5 to 2 hours, and the user must observe

and move the sample during the 67 min of heating regularly.

As pointed out before, the holding step method was claimed to possibly be closer to
transfer conditions and it is therefore recommended to remember the results of Tab. 3-9.
At the same time, this time consuming measurement procedure is not appropriate for
routine measurements. In each case, an experimental “transferability factor” for FDM
results to FD processes needs to be determined. Accordingly, a combination with a rou-
tine measurement procedure (1°C/min) makes more sense than a combination with a
time consuming measurement methodology which results in a more conservative col-

lapse temperature (which is not transferable 1:1 to a freeze-dryer set-up as well).
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3.1.6 Recooling and reheating cycles

Additionally, Fonseca and co-workers [111] recooled the sample at a rate of 10°C/min
(the freezing rate for the samples was 10°C/min) and reheated it with the procedure
mentioned above in order to confirm the measured collapse temperatures. Experiences
from DSC experiments and theory revealed that the sample thermal history has an im-
pact on measurement results. A cooling phase in a MDSC cycle may influence melting
and crystallization processes, compared to a conventional (linear heating) experiment
[171]. The freezing step and any post-freezing temperature deviations to temperatures
above T4 will determine the texture, or morphology of the product [15]. For example, it
was shown for glycine that thermal history affects the formation of different polymorphs

and reconstitution times (compare section 3.1.7).

Therefore, no recooling and reheating methodology was performed in this study. Instead,
solutions were investigated with two up to five re-runs with a completely fresh experi-

mental preparation.

3.1.7 Cooling rate and annealing

3.1.7.1 Cooling rate

As already stated in the introduction chapter, cooling and freezing are a critical stage in a
freeze-drying process. When reaching the ice nucleation temperature during the cooling
process, the solution starts forming ice crystals [103]. The degree of supercooling is the
temperature difference between the thermodynamic or equilibrium ice/freezing formation
temperature and the actual temperature at which ice begins to form, which is usually
around 10 to 25°C lower but varies with cooling rate and other factors [24]. Usually su-
percooling in production freeze-drying is much higher due to sterile conditions compared

to FD/FDM experiments in a laboratory (without sterile conditions).
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Small sized ice crystals result from a low ice nucleation temperature, which causes
smaller pore sizes, a larger specific surface area, a longer primary drying and shorter
secondary drying time [172]. The highest supercooling effect can be commonly reached

by liquid nitrogen freezing of small volumes [125].

In DSC experiments, the cooling protocol shows a large impact on the sample micro-
structure and the thermal behavior in frozen sucrose solutions. Solute inclusions within
the ice crystals resulted from high supercooling, rapid nucleation and a continually lo-
wered temperature. Therefore a double glass transition was observed because of a
complex relaxation in which the bulk phase and the plasticized solute underwent a glass
transition. In contrast, a single glass transition was observed, when a homogeneous bulk
phase with pure ice crystals was produced at a high temperature (low supercooling) and

slow growth of a small number of ice nuclei [173].

It was recently shown that for 5% (w/w) aqueous solutions of sucrose no difference in
collapse temperature measured by FDM was found when using a cooling rate of 1°C/min
and of 10°C/min [111]. However, a study of Kochs et al. showed an effect of cooling rate
on 10% hydroxyethyl starch solutions investigated with FDM. Cooling was applied at one
end of the sample, and columnar ice crystals grew in the direction of heat transfer. When
using faster cooling rates, the authors observed a decrease in column spacing, which led
to greater resistance and slower drying. Additionally, they found a linear relationship be-
tween the diffusion coefficient for vapor transport through the dried layer, the lamellar

spacing, and in turn the primary drying rate [174].

In this study the importance of the cooling rate was exemplarily examined by using gly-
cine and mannitol. Glycine is a relatively common excipient used in freeze-drying formu-
lations because of its favorable characteristics when it crystallizes. Its physico-chemical
state has a striking effect on its characteristics during freeze-drying. Additionally,
changes in the formulation or FD conditions may have a high impact on the acceptability

of the freeze-dried product.
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A different thermal history, based on different freezing procedures and on formation of
different polymorphs, can affect reconstitution times [101]. When quench-cooling a gly-
cine solution in liquid nitrogen, it forms an amorphous freeze concentrate, but crystallized
as the B-form when frozen with a rate of 20 or 2°C/min in a DSC [175]. During freeze-
drying the quench-cooled solutions formed y-glycine during primary drying, and at the
end of secondary drying 3- and y-glycine were found. Furthermore, it was determined
that the amount of y-glycine increased when primary drying was performed at higher
temperatures and that the composition depended on the glycine concentration. In con-
trast, a cooling at 2 and 20°C/min resulted only in R-crystals of glycine after freeze-
drying, independent of the primary drying temperature. These results are reflected in
measurements performed with aqueous solutions of glycine with a total solid content of
2% (w/w) presented in Tab. 3-10. The high amount of amorphous glycine in the sample
which was quench-cooled with an approximate rate of 100°C/s led to a T, of -63.3°C
and a T, of -62.0°C. For detection of these collapse temperatures the silver block of the
stage was precooled to -70°C and the prepared sample (two cover slide glasses, two
spacers, sample drop) was placed on top of it. After immediate freezing the stage was
closed rapidly and the sample was held at -70°C for 8 min. After 5 min maximum vacuum
was pulled, the ice crystals inside the stage resulting from air humidity sublimed and the
drying behavior was observed by using a heating rate of 1°C/min. The samples cooled at
a rate of 1 or 10°C/min, respectively, showed a different drying behavior caused by the
amount of R-glycine in the freeze-concentrated solute. A partial collapse at -15.1°C in
one of those samples gave a hint that there was a significant amount of amorphous ma-
terial in the frozen structure. No full collapse was determinable, but a eutectic melt at

-2.9°C which was in agreement to literature [176].
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The partial collapse was not an onset of collapse because the overall structure was still
rigid and stable, but some collapse holes were observed in the dried structure adjacent
to the sublimation interface.'

Tab. 3-10: Dependence of FDM measurement on cooling rate for

aqueous solutions of glycine 2% (w/w)
Freezing rate [°C/s] Toc [°C] T [°Cl Tcs0[°Cl Tp[°Cl Teu [°Cl

0.017" none  none none -15.1 2.9
0.17 none none none none -3.1
100 -63.3 -62.0 -62.7 none none

Surprisingly, there was no partial collapse detected for the quench-cooled sample, and
for the measurement with a cooling rate of 0.17°C/s. DSC measurements revealed, e.g.,
a complex low-temperature thermal behavior for quench-frozen solutions. A complex
glass transition region was observed on the DSC thermogram, with midpoint tempera-

tures at about — 73°C and -60°C, as well as two separate crystallization exotherms [101].

Tab. 3-11 shows the impact of the cooling rate of 1% (w/w) mannitol solutions. Quench-
cooling with an approximate cooling rate of 100°C/s (procedure as described for glycine)
led to a highly amorphous structure of the freeze-concentrated solute. An onset of col-
lapse could be detected at -29.1°C and a full collapse at -27.8°C. When cooling with a
rate of 10°C/min, no collapse was observed at this low temperature. Instead, a partial
collapse of the amorphous substructure comparable to the one observed for glycine be-
gan at -18.2°C and was followed by a eutectic melt at -3.0°C. Here, the cooling rate of
10°C/min obviously led to a structure containing a significantly higher amount of crystal-
line mannitol. At a rate of 1°C/min, no collapse was detectable which obviously reflects

the fact that there was no amorphous mannitol in the freeze-concentrated solute.

2 |In all FDM experiments described here, crystallinity could not be judged based on visual ap-
pearance of the frozen sample.

30.017°C/s = 1°C/min
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Tab. 3-11. Dependence of FDM measurement on cooling rate for aqueous solu-
tions of mannitol 1% (w/w)

Freezing rate [°C/s] Toc ['Cl Tw [°C] Tcso[°Cl Too["C] Teu [°Cl

0.017 none none none none 2.7
0.17 none none none -18.2 -3.0
100 -29.1 -27.8 -28.5 none none

Experiments performed with mannitol as well as glycine using different cooling rates
show the importance of this parameter for FDM methodology, and the possibility to utilize

FDM for detailed studies on collapse behavior and melting characteristics.

3.1.7.2 Annealing

In previous studies annealing was used rarely when performing FDM measurements. In
one example, annealing was performed for one hour at -20°C in contrast to a freezing
step with no annealing by Wang et al. for investigating formulations containing recombi-

nant Factor VIIl and a-amylase by FDM [127].

The main purpose of annealing is to crystallize potentially crystallizing components (e.g.,
glycine or mannitol) in a formulation during the freezing stage [24]. To avoid vial brea-
kage during primary drying, mannitol should be fully crystallized during freezing when
using high concentrations and high fill depths [177]. Usually annealing is performed be-
tween T4 of the amorphous phase and T, of the bulking agent. This procedure results in
a high crystallization rate and a complete crystallization. For mannitol or glycine, a tem-
perature of -20 or -25°C and an annealing time of two hours or longer are suggested if

the fill depth is 1 cm or more [178].

In turn, annealing can also be used to improve the drying behavior of formulations by
facilitating growth of ice crystals at a temperature above T,". Larger ice crystals decrease

the product resistance to water vapor flow and result in shorter primary drying time [178].
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In a set of experiments, the effect of different annealing times on 5% (w/w) sucrose solu-
tion at -15°C™ was studied. The ramping rate to this annealing temperature was 1°C/min
and following the annealing step the samples were frozen to -40°C and treated in the
standard procedure as reported before. Tab. 3-12 illustrates no significant differences in
collapse temperature measurements (if sublimation took place). Surprisingly, sample #2
and #3 (annealing time of 60 min) did not undergo sublimation. The annealing step led to
a growth of sucrose crystals, visible at the edge of the sample which imposed a barrier to

the water vapor flow. For these samples a eutectic melting could be detected.

Tab. 3-12: Collapse or eutectic temperatures for sucrose 5% (w/w) solutions with
annealing step at -15°C for various annealing times

Annealing  Experi- T

neal PO T [C) Te[Cl  AT.LCl  TewlCl g
15 min #1 -32.4 -30.6 1.8 315
#2 -34.0 317 2.3 329 gemeted
43 -32.1 -31.1 1.0 B1T7 ereted
B -
30 min #1 -34.3 -33.7 0.6 340 o
#2 -32.3 -31.8 0.5 321 otented
43 -32.4 -32.1 03 323 et
J 33.0£09  -325+08 -32.8+0.9
60 min #1 -32.5 -31.5 1.0 -32.0 et
#2 no sublimation no sublimation - - -3.5
#3 no sublimation no sublimation = - -3.2

" T4  of sucrose was reported to be -32°C [147]. The high annealing temperature of -15°C was
chosen in order to detect maximum effects of the annealing procedure in terms of ice crystal
growth.
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A hint towards the hypothesis that ice crystals grow during annealing is the observation
that the mean AT, (which signifies the difference between T, and corresponding Tt val-

ues) for the 30 min samples is lower than for the 15 min samples.

Tab. 3-13 gives an overview of sublimation rates measured as velocities of the sublima-
tion front. The values varied highly, but in average the 15 min and the 30 min samples
showed the same velocity of the sublimation front at -35.0°C and at T,.. Therefore, no
postulated difference in ice crystal size and resistance to water vapor flow could be con-

firmed.

Tab. 3-13: Velocities of sublimation front for sucrose 5% (w/w) solutions with an-
nealing step at -15°C (for 15 and 30 min)

Annealing Velocity of sublimation ~ Velocity of sublimation front at

time Experiment front at -35.0°C [_pm/s] Toc (given in brackets) [_pm/s]
15 min #1 0.46 1.1  (-32.4°C)
#2 0.25 0.24 (-34.0°C)
#3 0.75 0.85 (-32.1°C)
X + sdv 0.49 £0.20 0.73 (-32.8°C)
rsdv 42% -
30 min #1 0.46 0.55 (-34.3°C)
#2 0.21 0.24 (-32.3°C)
#3 0.56 1.0 (-32.4°C)
X t sdv 0.41+0.15 0.60 (-33.0°C)
rsdv 36% -

Passot and co-workers investigated 13 formulations to stabilize toxin A and B e.g., by
FDM measurements. For the formulations containing a crystalline bulking agent (manni-
tol or glycine), an annealing step at -20°C for 20 min was added after the freezing step in

order to ensure the bulking agent crystallization [166].
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Accordingly, collapse temperatures with and without annealing for various mixtures of
sucrose and mannitol were investigated in this thesis to get an insight if FDM is a useful
tool to optimize annealing steps for mixtures containing a crystallizing and a non-

crystallizing component.

Tab. 3-14: Detection of collapse or eutectic temperatures for various aqueous mix-
tures of sucrose and mannitol with and without annealing

Annealing step Ty Toc Tt

Mixture (30min) °’C] [°C] [°C]

1%Sucrose + 4%mannitol none, #1 268 -75 33
(w/w)

none, #2 -28.3 -9.5 5.7

at -20°C none -9.5 4.3
at-10°C none -159 -7.1

2.5% Sucrose + 2.5% mannitol

(W/w) none none -39.7 -36.5

at -20°C none -38.1 -36.0
at-10°C none -38.8 -36.4

4%Sucrose + 1% mannitol

none none -36.9 -34.7
(W/w)

at -20°C none -42.6 -39.5

In Tab. 3-14 the results of these experiments are illustrated. The solutions were meas-
ured without annealing, with an annealing step at -10°C for 30 min and/or an annealing
at -20°C for 30 min. The mixtures of 2.5% sucrose with 2.5% mannitol and of 4% su-
crose with 1% mannitol were frozen to -45.0°C before heating. The other measurement

parameters can be found in the section 2.2.1.

The mixture with 1% sucrose and 4% mannitol showed a reproducible partial collapse at
around -27°C. This observation of single holes which looked like an onset of collapse
might be due to a collapse effect of amorphous mannitol substructures. Annealing of the

solution led to a disappearance of this partial collapse phenomenon.

For the experiment with an annealing at -10°C mannitol crystallized probably to a higher

extent, relative to annealing at -20°C. Accordingly, the amorphous sucrose had a greater
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impact on T, and T¢ in the mixture annealed at -10°C which led to a lower T,c and T¢. In
contrast, no significant differences in T,. and Ty were found for the 50:50 mixture of su-
crose and mannitol. For the mixture with 4% sucrose and 1% mannitol annealing at
-20°C resulted in a lower T, and Ty (difference of 5.7 and 4.8°C). It is assumed that the
growth of sucrose crystals shifted the T. temperatures so that the amorphous mannitol

substructures had a greater impact on T, compared to the non-annealed solution.

3.1.8 Pressure setting

In almost all cases, pressure settings during FDM studies are not given in publications.
An exception is a study by Overcashier et al. in 1999 on formulations with recombinant
humanized antibody HER2, trehalose and sucrose [164], where the authors use a pres-

sure of 100 mTorr.

Two FDM papers could be found containing studies on this parameter. Knopp et al. did
some investigation on pressures settings in FDM measurements [112]. They used a
pressure of 25 mTorr and 100 mTorr in order to examine the pressure dependence of
collapse, but found no difference for sucrose solutions of 5 and 10% (w/w) total solid
content. Referring to [104], they concluded that the drying rate was low enough for these
samples to be in a region of little dependence of collapse temperature on drying rate. On
the basis of [112] and [104] Fonseca and co-workers used a pressure of 7.5 mTorr in
order to achieve a fast sublimation rate and a short experimental time frame. Pikal and
Shah presented in 1990 measurements which are illustrated in an adapted form in Tab.
3-15 [104]. The authors reported that the collapse temperatures as the average value of
at least two independent replicates and claimed that replication was usually within
+ 0.5°C. Here, measurements were performed with a moxolactam di-sodium solution

containing 12% mannitol.
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Tab. 3-15: Impact of pressure on drying rate and collapse temperature for moxa-
lactam di-sodium (with 12% mannitol), adapted from [104]

Total solid content Pressure Drying rate at -30°C Collapse temperature

[%, wiw] [Torr] [_pm/s] [°C]
2 0.0 0.52 -20.7
0.2 0.21 -22.0
1.0 0.14 -22.0

X t sdv 0.29 £ 0.17 -21.6+0.4
20 0.0 0.056 -21.4
0.2 0.089 -21.7
1.0 0.081 -22.7

0.075 £ 0.075 -21.9+0.0
30 0.0 0.14 -23.3
0.2 0.10 -23.6
1.0 0.04 -23.0
760.0 0.00 -23.1

X * sdv 0.07 £ 0.05 -23.2+ 01

Because of the restricted possibilities of pressure control described in the publication and
the very special sample composition'®, a series of experiments was performed to study
the dependence of collapse temperatures on the pressure setting for a simple one com-

ponent system (sucrose 5 and 10% w/w).

Using different pressure settings the pressure gradient between the sublimation interface
(Po) and the drying chamber (P.) of the stage was altered. Due to technical restrictions of
older FDM equipment, a much lower pressure than 0.5 Torr could not be applied. In con-

trast, pressures during freeze-drying are usually in the range of 0.05 to 0.2 Torr.

The parameter of the sublimation velocity (Vsy,) may be taken as a qualitative indicator

for the resistance of the product matrix to vapor flow during FDM measurements, making

'S A formulation of moxalactam di-sodium was measured. It contained 12% mannitol which might
easily crystallize during FDM measurements as described before.
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relative comparisons of Vg, data for different formulations during formulation develop-
ment easier. Furthermore, a user could compare Vg, results with the time dependence
of the receding ice layer thickness in a vial during a laboratory scale freeze-drying run
[179, 180]. For such a comparison the gas composition in the FDM stage and in the
freeze-drying chamber should be of minor importance although differences might be ex-
pected: In a freeze-dryer the vapor composition during the early phase of primary drying
is mainly water [6] whereas the vapor in the FDM stage might be assumed to be a mix-
ture of water and nitrogen where the share of nitrogen is higher relative to a freeze-
drying run. Thus, the sublimation rate at a given temperature and for a given pore size
might be expected to be slightly higher during an FDM experiment compared to the sit-

uation in a vial.

Tab. 3-6 and Tab. 3-7 underline that for 5 and 10% (w/w) sucrose solutions T,. seems to
be independent of the pressure setpoint. The standard deviations were well to very well
acceptable for FDM experiments’. As already stated by Pikal and Shah, the velocity of
the sublimation front (or drying rate, respectively) has a high relative standard deviation
(rsdv) [104]. Here, a rsdv of 31% at -35°C for 5% sucrose, and of 40% at -35°C for 10%
sucrose. For the velocity at T, rsdv values were better (16% and 29%). Compared to
rsdv values in Tab. 3-15 the velocity rsdv for the sucrose solutions were lower which
might be a result of the constant layer thickness of the frozen sample ensured by the
custom-made spacers and of the improved detection methodology (calibrated distance

measurement and software support).

'® For FDM measurements standard deviations of +0.5°C were regarded as very well acceptable.
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Tab. 3-16: Sucrose 5% (w/w) measured with different pressure settings

Pres Velo- Velo-

sure Toc Tt AT Tes0 city at city at ME VToc

o]  LC el rey rep . -35C Toc [um°C/s]
m/s m/s]

007 | -315 299 16  -30.7 022 0.40 1.8 -12.6

0371 -328 -309 19 -31.9 023 0.30 1.3 -9.84

0751 313 293 20 -303 029 0.43 15 -13.5

150 | -317  -207 20 -307 045 0.47 1.0 -14.9

rsdv 1.8% 20% 87% 1.9% 31% 16% 21% 14%

Tab. 3-17: Sucrose 10% (w/w) measured with different pressure settings

Pres Velo- Velo-

sure Toc Tte AT, Tes0 city at city at ME VToc

[Torr] [°C] [°C] [°C] [°C] -35°C Toc [Um°C/s]
[_pm/s] [_pm/s]

0.07 -30.9 -29.0 1.9 -30.0 0.29 0.45 1.6 -13.9

0.37 -31.2 -30.4 0.8 -30.8 0.30 0.44 1.5 -13.7

0751 -319 302 17 -311  0.16 0.48 3.0 -15.3

1.50 -31.9 -29.8 2.1 -30.9 0.10 0.20 2.0 -6.38

rsdv 1.4% 1.8% 31% 1.4% 40% 29% 29% 28%

The multiplication factor (MF)

_ V(Too)
MF = V(—35°C) Eqg. 3-2

(where V is the velocity of the sublimation front at T,., or at a temperature of -35°C, re-
spectively [um/s]) is higher (2.0) for the 10% solution than for the 5% solution (1.4). At
the same time, the factor VT, which is defined as the product of V(T.) and T is rough-
ly the same for both concentrations (-12.7 + 1.84 ym°C/s for 5% vs. -12.3 + 3.49 ym°C/s

for 10%). For both total solid contents the velocity of the sublimation front is higher for
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higher temperatures (T, compared to T,c), which is expected. Additionally, Vs, was in
average higher for the 5% solution which is obviously a result of the lower resistance of

its product matrix compared to the 10% solution.

A discussion of the impact of concentration on T, and T¢ will follow in section 3.2. It is
worth to mention at this point that the result of Pikal and Shah - lower T, with higher total
solid content - [104] could not be confirmed in these and other experiments, but the op-

posite impact could be determined.

If the schematic introduced in this thesis (p. 68) is taken into account, a theoretically
based discussion on pressure influence is possible. The pressure setting has two main
effects on the FDM. First, a decrease in pressure results in a higher amount of subliming
water molecules, which is a result of a higher pressure difference between P, and Pic
[6]. Second, a lower pressure leads to a higher velocity of the subliming water molecules
in the water vapor flowing through the dried matrix [9]. These two effects have a contrary
consequence on the probability of a contact between water molecules and the product
matrix. Low pressure results in more water molecules with a higher average speed. In
turn, high pressure results in less molecules with less kinetic energy. Therefore, it is a
matter of the formulation and particularly of the temperature (which influences both pa-
rameters as well) which out of these two effects has the higher relevance. One may con-
clude e.g., that for the 5% sucrose solution in Tab. 3-16 the maximal “negative” effect
(leading to the lowest collapse temperature) was found for the setting of 0.375 Torr, and
for the 10% sucrose solution for a pressure setting of 0.75 and 1.5 Torr, respectively.

However, these findings can most probably not be generalized.
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3.2 Dependence of collapse temperatures on total solid

content for excipient solutions

Already in 1972, a dependence of the collapse temperature on total solid content was
observed by Bellows and King. They reported the following T, data on sucrose: -22.5°C
(15% initial wt %), -24°C (25%), -27°C (35%), -29°C (45%), and -29.5°C (55%) [113].
From the measurement experiences gained during the laboratory work for this thesis, the
measurement of solutions with a total solid content higher than 30% is claimed to be very
difficult — even when using the best equipment commercially on the market available at
the moment. It is clear from the year of publication that Bellows and King must have had
much worse equipment. They themselves seemed not to have expected this finding as
well when they claim that “increasing the initial concentration of solutes before freezing
decreases the collapse temperature somewhat, because the volumetric ratio of concen-
trated amorphous solution to ice increases and the concentrated amorphous solution
dries more slowly. This allows more time for collapse and requires a somewhat higher
equilibrium viscosity to prevent collapse [...].” [113]." Based on the just mentioned ar-

guments, the data reported by Bellows and King are questionable.

Pikal and Shah quote the results of the mentioned paper and complemented the data by
investigating that a 2% solution of povidone collapses about 2.5°C higher than a 10%
solution. They explain that primary drying in the 2% solution is much faster (1.4 mm/h at
-30°C) than in the 10% solution (0.13 mm/h at -30°C) and that the observed concentra-
tion effect may well be a drying rate effect [104]. As already mentioned before, they also
found a dependence of a special moxalactam di-sodium formulation (containing 12%
mannitol) with a T, of -21.6 + 0.4°C for 2% API, of -21.9 + 0.04°C for 20%, and of -23.2

+ 0.1°C for 30%.

" Accentuations inserted by the author of the thesis.
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Fonseca and co-workers agreed to these results in their measurements on aqueous su-
crose solutions ranging from 5% to 25% (w/w). They found the collapse temperatures

were equivalent for all concentrations (between -34 and -33°C) [111].

In contrast, it was published in 1998, that sucrose showed a higher temperature for the
‘end” of collapse for a 10% (w/w) solution (-35.5°C) compared to a 5% (w/w) solution
(-36.2°C). Onset of collapse was reported to be the same for both solutions (-37.7°C)

[112].

A paper from 1996 showed the relationship between concentration and T, in a formula-
tion development study where the content of sodium chloride in a formulation of Erwinia

carotovora L-asparaginase highly influences T, ranging from roughly -54 to -31°C [106].

The highest differences due to different concentrations were found in a study of monoc-
lonal antibody formulations [129]. The authors defined an onset collapse temperature,
Teon (Which refers to Toc) and a complete collapse temperature, T.com (referring to Ty).
Teon Values ranged from -33°C (0 mg/mL protein) over -27°C for 40 mg/mL and -19°C
for 60 mg/mL to -21°C for 100 mg/mL. Corresponding T¢com results were -31°C for 0
mg/mL protein, -23°C for 40 mg/mL, -12°C for 80 mg/mL, and, e.g., -13°C for 100
mg/mL. As the protein concentration increased, the collapse temperature increased and

the difference between T, and T, comincreased [129].

3.2.1 Concentration vs. collapse temperatures

Because of inconsistent results mentioned above, a detailed study on the impact of the
total solid content of the used excipient on T, (To./Ts etc.) was performed with six differ-
ent substances: sucrose, trehalose, glucose, (2-hydroxypropyl)-f3-cyclodextrin, PVP 10

kDa and PVP 40 kDa.
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To analyze the deviations in measured value sets, 90% confidence intervals were calcu-

lated based on known standard deviations using the following equation:
P(X—z(g)ox)<u<p(X+Z(3)GK)z1_a Eq. 3-3
2 T 2

where P means probability, X is the sample mean, z is a fixed number, 1 — a is the cov-
erage probability, ox is the standard deviation of the sample mean and p is the confi-

dence interval (here: 0.9) [181].

The squared multiple correlation coefficient, or coefficient of determination, was used as
a crude measure of the strength of the relationship that has been fit by least squares.
This coefficient is defined as the squared correlation of the dependent variable and the

fitted values and can be expressed as

532, — sé Eqg. 3-4

where R? is the squared multiple correlation coefficient, sf, is the variance of the depen-

dent variable and s? is the variance of the residuals from the fit [181].

Additionally, reduced chi-square values were calculated by dividing the residual sum by
the degrees of freedom. If Z is a standard normal random variable, the distribution of
U = Z? is called the chi-square distribution with 1 degree of freedom. If U;,U,, ..., U, are
independent chi-square random variables with 1 degree of freedom, the distribution of
V=U;+ U, + .. + U, is called the chi-square distribution with n degrees of freedom as

is denoted by X2 [181].



Results and discussion

105

3.211 Sucrose solutions
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Equation y = A*exp(-x/t) +y, *°
Parameter Value sdv R? 0.964
A -7.39 0.574 Reduced x? 2.80
t 4.09 0.894
Yo -29.8 0.434

Fig. 3-8: Dependence of T,. on total solid content for sucrose solutions, exponen-
tial fit, mean values with 90% confidence intervals, T;. were approximately 0.5 to
1°C higher than T, values.

Onset of collapse temperatures were measured for aqueous sucrose solutions with the

following total solid contents: 1.5, 2, 3, 5, 7, 10, 12, 15, 20, 30% (w/w). The results are

presented in Fig. 3-8.

'® For all data series presented in this chapter a linear fit was used in order to ensure a good
comparability of curves. Other fits (e.g., polynoms) might be possible as well to show trends of

the data series.
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Toc was found to highly depend on concentration ranging from about -35°C for a 1.5%
solution to about -30°C for a 15% solution. For this interval an exponential dependence
of Ty on total solid content was found, the equation of which is given in Fig. 3-8. The
values for the 20 and 30% solutions did not follow this pattern, but had a relatively low
Toc Of around -31.5°C. Interestingly, the collapse event was not located directly at the
sublimation interface, but in a dried area in some distance towards the edge of the used

cover glass slide.

The model introduced in chapter 3.1.2 (p. 67 ff.) helps to understand the found depen-
dence, the deviations determined for single solutions and the mentioned effect of a rela-

tively low T, for 20 and 30% sucrose:

Different amounts of solved substance in the initial aqueous solution have effects on
water molecules and on product matrix which have to get in contact in a certain quantity
and quality to result in a rigidity decrease reaching a critical level (cf. Fig. 3-9) [25]. This
critical rigidity decrease of the product matrix then leads to viscous flow and collapse

[104].

On the side of the water molecules, a change in total solid content of solved substance
results in a different total solid content of ice [9]. As described above (cf. chapter 1.2.1),
the ratio of substance molecules to water molecules is the same (quench-cooling not
included) for different concentrated solutions [15]. Therefore, the total solid content of ice
outside the matrix is different and leads to more water molecules per volume unit for
lower concentrated solutions. This higher amount of reactive water decreases the col-

lapse temperature for low total solid contents.

Additionally, the secondary drying effect [104] is negatively influenced by a higher
amount of unfrozen water in the glass when considering a given volume of sample of a
high concentrated solution (lower extent of secondary drying due to more water mole-
cules), as well as the rigidity of the product matrix walls. A higher total solid content leads

probably to a higher resistance of the product matrix [15].
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Fig. 3-9: Effects of changes in total solid content of excipient in the initial solution
concerning collapse behavior

Taking the last two points into account, a solution with a very high concentration (20 or
30%) of a hygroscopic molecule (like sucrose) shows a lower T, than a solution with
e.g., 15% solved substance. The hygroscopicity of dry sucrose is reflected in a high wa-

ter binding affinity per surface area during the sublimation process [182-184] which eas-
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es the probability of a contact between a water molecule and the product matrix (com-
pared to non-hygroscopic substances). Together with the high specific surface area and
high resistance of the product matrix (depending on cooling), which increase the proba-
bility of a contact for a water molecule passing the product matrix, collapse happens in

the dried area near (but not directly at) the sublimation front (see collapse description

before).
Super. Concluding the discussed effects, the main rea-
i
L son for the low T,; of low concentrated sucrose
£ 1 solutions is the high amount of ice in the struc-
Specific

surface Resistance ture [15] which leads to a higher amount of water
darea

molecules per volume unit of product matrix and

to product matrix with a low rigidity and a low

A 4

’ specific surface area. For solutions with total
Rigidity

solid contents of 10-15%, T.. values reach a

maximum. Here the single influencing parame-
ters are in a good balance compared to other
constellations. The high concentrated solutions
(20 and 30%) result in a very high specific sur-

face area and resistance'® [17], which exceeds

the “positive” effect of less water molecules per

_ ) given volume. It is assumed that (compared to
Fig. 3-10: Effect of supercooling

differences on collapse behavior  ,n_hygroscopic substances) sucrose has a high

affinity to bind water molecules [182-184] so that the influence of surface area and resis-
tance has such a great impact on T, values, which are much lower than T, for 10-15%

solutions. In Fig. 3-10 effects of different extents of supercooling are visualized. The high

"9 For SSA the area itself is relevant, whereas resistance depends on the shape of the pores and
their direction relative to the water vapor flow.
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deviations of measured T, data result from this influencing parameter. Different nuclea-
tion temperatures lead to differences in the amount, size and shape of ice crystals [164,
177] which is reflected in different specific surface areas and resistance values of the
product matrix [9]. Further, the SSA has an influence on the rigidity of the product matrix,
leading to a higher rigidity for lower SSA (for a fixed total solid content of solved sub-
stance) [15]. As nucleation can not be controlled during FDM measurements [21], there
are slight differences in supercooling and therefore in the described physical properties
of the product matrix resulting in slightly different T, values for one and the same initial
solution. The overall difference between the lowest (1.5% w/w) and the highest T, (15%

wiw), AT, is 5.1°C.
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3.21.2 Trehalose solutions
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Equation y = A*exp(-x/t) + yo
Parameter Value sdv R? 0.896
A -9.08 9.64 Reduced X2 5.85
t 34.5 47.03
Yo 215 9.86

Fig. 3-11: Dependence of T,. on total solid content for trehalose solutions, expo-
nential fit, mean values with 90% confidence intervals, Ty were approximately 0.5
to 1°C higher than T, values.

For trehalose T, was detected for the following solutions (%, w/iw): 1.5, 2, 3, 5, 7, 10, 15,

20, and 30. Fig. 3-11 presents a diagram with the results including a trend line.

The dependence of T, on concentration for trehalose is found similar to the one for su-

crose. The correlation was found to be exponential. In addition, the adsorption effect of

water for high concentrated solutions could be verified. However, there are differences in

the course of the curves for the two disaccharides.
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For trehalose, the course of the curve is more linear. In addition, AT,. was found to be
only 3.2°C (compared to 5.1°C for sucrose) between the different concentrations. The
effect that T, is lower for higher concentrations was shifted to 30% so that the maximum

Toc for trehalose was determined for 20% (about -27°C).

The most outstanding difference refers to the collapse temperature interval which ranges
from about -30°C to -27°C for trehalose compared to about -35°C to -30°C for sucrose.
One of the reasons for all those differences might be the different chemical structure of

the substances although they both represent disaccharides.

CH,OH OH HO.
CH,OH OH
8]
OH © HO 9
OH O CH,OH OHO 0
OH OH
HO

Fig. 3-12: Chemical structure of su- Fig. 3-13: Chemical structure of treha-
crose lose

As presented in Fig. 3-12 and Fig. 3-13 both disaccharides have eight polar OH groups.
Sucrose is not stable to acid hydrolysis because of its acetal structure, whereas treha-
lose is stable to this kind of chemical reaction [45]. Concerning residual water after
freeze-drying, sucrose requires a good control of residual moisture of the product due to
its higher hygroscopicity [182]. In contrast, trehalose shows a good stability even at ele-

vated residual moisture content [45].

The key factor for influencing collapse behavior is probably the hygroscopicity (for the
dry substances) or water binding affinity (for the molecules in the glass) of the two su-
gars. It was found recently, that trehalose shows a higher hygroscopicity than sucrose for
a relative humidity higher than 30% [184]. Fig. 3-14 shows the water vapor isotherm of

lyophilized sugars including sucrose and trehalose at 25°C in comparison.
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From 40% onwards, sucrose adsorbs significantly more water than trehalose, both hav-

ing an adsorption level between a relative humidity of 50 to 80%.
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Relative Humidity (%)

Water vapour sorption isotherms of lyophilised sugars at 25°C (Key.: #:
inulin DP23, [ inulin DP11, A: trehalose, O: sucrose)

Fig. 3-14: Hygroscopicity of sucrose and trehalose in comparison [184]

A similar investigation was published in 2000 by Fakes and co-workers [183]. Both publi-
cations are relevant for FDM experiments since the relative humidity in the sample is

thought to be = 30% during sublimation due to the very low layer thickness of the sample
25 pm), the small sublimation interface (3-10° cm?), and the high resistance to water

vapor flow.

As explained in detail before, water binding strongly affects the temperature at which the
rigidity of the product walls is plasticized by water [79, 117] and leads to viscous flow.
This effect and the slight differences in chemical structure seem to be so strong that the
Toc interval of sucrose (-35 to -30°C) is shifted to a much higher temperature interval for

trehalose (-30 to -27°C).
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In the next chapters, differences in the physical properties of the initial solutions were
measured in order to investigate collapse parameters in more detail and to correlate

them to T, values.

3.21.3 Glucose solutions

Temperature [°C]
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Total solid content [%, w/w]

Toc Equation y = A*exp(-x/t) + Yo
Parameter Value sdv R? 0.920
A -7.53 1.06 Reduced X2 0.799
t 5.84 1.29
Yo -40.3 0.343
Tte Equation y = A*exp(-x/t) + yq
Parameter Value sdv R? 0.940
A -6.72 0.669 Reduced X2 0.666
t 6.54 1.80
Yo -39.2 0.498

Fig. 3-15: Dependence of T, and T on total solid content for glucose solutions,
exponential fit, mean values with 90% confidence intervals
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In contrast to sucrose and trehalose, glucose does not show the effect of lower T, values
for higher concentrated solutions in its T, vs. total solid content curves which are shown
in Fig. 3-15. This is due to the fact that glucose (cf. Fig. 3-16) is significantly less hygros-
copic than sucrose or trehalose [185]. For both T,. and

OH

Ti. values, exponential trends of their correlation to con-

8]
centration were found. HO
HO OH

OH
Toc Values ranged from about -47 to -40.5°C, and Ty val-

ues from about -46°C to -39.9°C. The difference AT. be- Fig. 3-16: Chemical struc-
ture of glucose
tween both was determined relatively constant at 1°C.

The explanation of the impact of total solid content on T, follows the discussion of effects

for trehalose and sucrose given before.

In comparison to the disaccharides discussed before, the amorphous product matrix built
by glucose during cooling appears to be significantly less stable against water binding
during sublimation, which would explain its very low T, values. This is probably due to

the small size of the molecule [185].

The overall difference on T, or Ts values, respectively, was detected to be about 6.5°C.
This means that for glucose the product matrix gets significantly more stable when more
molecules are present so that the importance of the small size of the molecule is de-

creased.
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3.21.4 (2-Hydroxypropyl)-3-cyclodextrin solutions
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Parameter Value sdv R’ 0.414
A 0.333 0.729 Reduced X* 0.385
t -17.2 18.8
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Tte Equation y = A*exp(-x/t) + Yo
Parameter Value sdv R® 0.849
A 2.34 4.30 Reduced X 0.232
t -47.3 64.9
Yo -11.0 4.44

Fig. 3-17: Dependence of T,. and T on total solid content for (2-hydroxy-propyl)-3-
cyclodextrin solutions, exponential fit, mean values with 90% confidence intervals

Fig. 3-17 presents the results for (2-hydroxy-propyl)-B-cyclodextrin. In contrast to glu-

cose (as well as sucrose/trehalose) this excipient showed very high T, values.
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Toc was found between about -9 and -7.5°C, Tt between about -8.5 and -6.5°C which
might be explained by the very different structure of this substance. Cyclodextrins are
cyclic oligosaccharides consisting of 6, 7, or 8 glucopyranose units with hydrophobic
interiors, usually referred to as a-, B-, or A-cyclodextrins, respectively. The cavity diame-
ter of B-cyclodextrins or 7-glucopyranose unit compounds is 7.5 A, and they are there-
fore most commonly used as complexing agents [62]. Because of its very high T, values,
(2-hydroxy-propyl)-3-cyclodextrin is frequently used as a “collapse temperature modifier”

in formulations [44].

The amorphous product matrix formed by (2-hydroxy-propyl)-R-cyclodextrin during cool-
ing seems to be quite rigid and resistant to collapse. This is reflected in the following
observations: (1) T, (Toc and Ty) values are extremely high. (2) The difference AT, be-
tween T, and T is only about 0.5°C in average. (3) The overall difference between low-

est and highest values for T,. and T is only about 1.5 to 2°C.

In contrast to all other excipients measured in this study, (2-hydroxy-propyl)-3-
cyclodextrin showed a contrary curvature of the trend-line for T, and Ty values which is
reflected in a positive value of A in the relevant equations. Because of the small differ-
ences in T, values, this observation is not further discussed and is assumed to be not

important for collapse behavior determination.
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3.2.1.5

Polyvinylpyrrolidone 10 kDa solutions

Temperature [°C]

’ o MeanT_

Equation

5 1

LU IR B B S BN B S R

0 15

B e e
20 25 30

Total solid content [%, w/w]

y = A*exp(-x/t) + Yo

Parameter

Value

sdv

R? 0.979

A

-12.0

0.748

Reduced X? 0.440

t

10.2

2.60

Yo

-23.9

1.04

Fig. 3-18: Dependence of T,. on total solid content for PVP 10 kDa solutions, ex-
ponential fit, mean values with 90% confidence intervals, Ty were approximately
0.5 to 1°C higher than T, values.

Polyvinylpyrrolidone (PVP) 10 kDa solutions (cf. Fig. 3-18) showed a very strong depen-

dence of T, values on concentration. The overall difference for T,. was found to be about

10°C, ranging from ~ -35.5°C to ~ -25.5°C.
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PVP is a hygroscopic polymer [183] the structure of which is out-
lined in Fig. 3-19. Because of experimental difficulties only PVP so-

Higher concentrations had a very high density so that sublimation

&o
/[jd\/|/ lutions of up to a total solid content of 20% could be measured.
n

was very low or not observable and collapse was not determinable.
Fig. 3-19: Struc-
ture of PVP Therefore, the high dependence of PVP 10 kDa on concentration is

on the one hand explained by the hygroscopicity of the substance [183], although the
effect of a lower T, for higher concentrations could not be observed (in comparison to
sucrose and trehalose) due to the measurement difficulties explained before. On the
other hand, the size of the 10 kDa polymer is limited (compared to e.g., PVP 40 kDa) so

that concentration has a higher impact on T..
The curvature of the T, vs. total solid content trend-line was found to be exponential.

If stabilizing functions of PVP 10 kDa are proven in a concentration range for a given
formulation, the found T,. vs. concentration curve suggests to slightly increase the total
solid content of PVP 10 kDa in the formulation in order to increase T, or alternatively to

exchange it by PVP 40 kDa (see below).
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3.2.1.6
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Polyvinylpyrrolidone 40 kDa solutions
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Fig. 3-20: Dependence of T, and T, on total solid content for PVP 40 kDa solu-

tions, exponential fit, mean values with 90% confidence intervals

Compared to PVP 10 kDa, PVP 40 kDa has much higher T, and Ty values (see Fig. 3-

20). Here, the importance or impact of the chain length of PVP molecules can be stu-

died. T, values range from about -21.5 to -18.5°C which means a difference of only 3°C.
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T values are in the temperature range starting from -20.5°C to -17°C (difference: 3.5°C).

This results in a AT, of about 1.5 to 2°C.

Although the only difference between PVP 10 kDa and PVP 40 kDa (which are both mix-
tures of molecules with different chain lengths resulting in 10 or 40 kDa in average, re-
spectively) is the length of the chains, the collapse behavior is highly influenced. The
amorphous PVP 40 kDa product matrix is characterized by a much stronger resistance
to collapse and by a higher rigidity concerning viscous flow [104]. This observation might
also be transferable to other types of polymers. The 4-fold chain length leads to an in-
crease of T, of about 14°C (lowest concentration) to 8.5°C (highest concentration) and a

change in AT, from about 10 to about 3°C.

As already described for PVP 10 kDa, high concentrations of PVP 40 kDa could not be
measured. Therefore, the impact of hygroscopicity on secondary drying of solutions with

a high total solid content could not be determined.

With regard to curvature of the trend-lines, the PVP 40 kDa solutions are only slightly
exponentially correlated (almost linear), whereas the PVP 10 kDa experiments show a

significant exponential curve.

3.21.7 Summary: dependence of T, on total solid content for all excipients

Comparing the results of all excipients used for T vs. concentration measurements (cf.
Tab. 1-1) some trends become obvious: (1) In a given excipient class (e.g., saccharides),
T, increases with a higher molecular weight or chain length and the difference AT, or
AT;. decreases. (2) Hygroscopic substances show a decrease of T, values for high
(about 20 or 30%) total solid contents. (3) For all excipients an exponential correlation

could be determined.
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Tab. 3-18: Comparison of dependence of T, on total solid content for all excipients

used
ATOC Ach
Excipient . Fit/trend Peculiarities
T. interval [°C o o
: N O
Sucrose -35to -30 5.1 - exponential ZEEeRIEN Ein
' fect for high
concentrations
. adsorption ef-
Trehalose -30 to -27 3.2 - exponential fect for high
concentrations
Glucose -47 10 -39.5 6.5 6.5 exponential none
(2-Hydroxy- -9to0-6.5 1.6 1.4 exponential  curve shape
propyl)-R- )
; exception
cyclodextrin
PVP 10 kDa -35.5t0-25.5 10.1 - exponential none
PVP 40 kDa -21.5t0 -17 3.1 3.5 exponential none

With regard to R? values, all excipient curve fits showed acceptable values (>0.8), only

for the T, vs. concentration curve of 2-(hydroxy-propyl)-3-cyclodextrin it was not (0.414).

3.2.2 Concentration vs. density

In order to measure surface tension and viscosity of the excipient solutions, density was
measured by using a pyknometer and solutions of 1.5, 2, 3, 5, 7, 10, 12, 15, 20 and 30%
total solid content. For sucrose and trehalose Fig. 3-21 and Fig. 3-22 present density
data determined at 0°C and 20°C. Both disaccharides show a linear correlation which is

parallel for both concentrations.
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Fig. 3-21: Density of sucrose solutions in dependence on total solid content at 0°C
and 20°C
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Fig. 3-22: Density of trehalose solutions in dependence on total solid content at 0°C
and 20°C
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Sucrose was found to have the highest density, followed by glucose, trehalose and 2-
(hydroxypropyl)-R-cyclodextrin. The curves of all the mentioned substances are mainly
parallel, whereas PVP 40 kDa showed the lowest density (between ~1.00 and 1.07

g/mL) which increased to a less degree with increasing concentration.

3.2.3 Concentration vs. surface tension

As mentioned earlier, surface tension is the driving force for the plasticized product wall

to flow into the pore [113] which is illustrated in the variables of Eq. 1-5.

To get an impression of this driving parameter, the dynamic interfacial tension (which is
here equivalent to surface tension) of sucrose and trehalose was measured at 0°C (the
lowest possible temperature for this type of measurement) in dependence on total solid

content. Solutions were concentrated as follows: 3, 5, 10, 20 and 30% w/w.

76,8 -

76,6 -

®  Trehalose at 0°C
® Sucrose at 0°C

76,4 4

76,2 S
76,0 -

75,8 1

med

Dynamic interfacial tension [mN/m]

T 7 T 7 T 7 T 7 T 7 T 7 T
0 5 10 15 20 25 30

Total Solid Content [%, w/w]

Fig. 3-23: Dynamic interfacial tension of sucrose and trehalose at 0°C
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It is well known that the sugars used in this study cause an increase of surface tension in
water [186]. As expected, surface tension for both disaccharides was determined to be
approximately the same, i.e. in the range from about 75.7 to 76.6 mN/m. This means that
surface tension increases by only 1.1% if comparing a 3% to a 30% solution. In contrast,
the increase of T, was 14% for sucrose (-35 to -30°C) and about 10% for trehalose (-30

to -27°C).

It is obvious from the introduced parameter model on p. 68 that surface tension does not
influence collapse behavior directly, but that viscosity is much more important concerning
freezing and freeze concentration processes during freezing. Indeed, surface tension
measurements strengthen the hypothesis of surface tension being the driving force. For
3% solution of sucrose, for instance, which is freeze-concentrated to 81% sucrose (cf.
p. 8) an increase of surface tension by only ~3.2% would be expected (calculation by
values measured at 0°C). When water is adsorbed during primary drying and tempera-
ture increases, surface tension is lowered again, but is still in the same range. Collapse
therefore is limited by the rigidity of the product walls with surface tension as a “back-

ground” force “acting” as soon as viscosity of the walls has reached a critical level.

3.2.4 Concentration vs. viscosity

Viscosity — which represents the inner friction of solutions — is the vital parameter in-
fluencing the process of freeze concentration during cooling [6; 17] (cf. chapter 1.2.1). It
governs the total solid content of ice for a given concentration of solved substance [15].
In addition, it is related to the ratio of water molecules to excipient molecules in the glass

because it stops further ice crystal growth when reaching a critical limit [9].

To deepen the understanding of Eq. 1-6 to Eq. 1-10, and of the differences in collapse
behavior for different excipients and different concentrations of one and the same exci-
pient, viscosities of various solutions were measured. Concentrations were varied as

follows: 1.5, 2, 3, 5,7, 10, 12, 15, 20 and 30% (w/w).
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Fig. 3-24: Viscosity of sucrose solutions in dependence on total solid content
measured at 0°C and 20°C
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Fig. 3-25: Viscosity of trehalose solutions in dependence on total solid content
measured at 0°C and 20°C
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Fig. 3-24 and Fig. 3-25 show viscosity values of sucrose and trehalose vs. concentration,
measured at 20°C and 0°C solution temperature. Both excipients show approximately
similar curves for viscosity measured at 0°C, although values for 20°C are slightly higher
for the trehalose solutions. The average increase in viscosity for sucrose is about 3.6%
per 1°C and for trehalose about 1.7% every 1°C (in average over the entire concentra-

tion range).

For sucrose as well as for trehalose the dependence of viscosity on temperature is not
linear. Sucrose solutions have an increase of viscosity of about 3.1%/°C for the 1.5%
ranging to about 4.7%/°C for the 30% solution (difference of 1.6%/°C), compared to tre-
halose with about 1.5%/°C for 1.5% total solid content and a maximal increase of
2.6%I/°C for 30% (difference of 1.1%/°C). Both correlations follow exponential functions
which can be clearly seen in Fig. 3-24 or Fig. 3-25, respectively. Interestingly, T vs.
concentration curves showed as well a higher impact of concentration for sucrose com-

pared to trehalose curves (cf. Tab. 3-18).

When comparing viscosity vs. concentration curves measured at 20°C for all excipients
used for the FDM experiments described before (Fig. 3-26), PVP 10 kDa and 40 kDa
showed a very strong dependence on total solid content with similar curves and curva-
tures (viscosity range from 2 to 159 mPa s), whereas the other excipients showed values

in a totally different range of 1.6 to 8.4 mPa s (cf. Fig. 3-27).

For T, values big differences between PVP 10 kDa and 40 kDa were revealed which
were not reflected in measured viscosity values. Similar results were found for the other
excipients: 2-(hydroxypropyl)-3-cyclodextrin showed the highest dependence of viscosity
on concentration, but a lower dependence of T,. on concentration (AT, 2.5°C) compared

to e.g., glucose with a AT, of 7.5°C.
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Fig. 3-26: Viscosities of various excipients in dependence on total solid
content measured at 20°C
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Fig. 3-27: Viscosities of various excipients in dependence on total solid
content measured at 20°C, detailed view
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Based on these data, one may concluded that in general the measurement of viscosity of
the initial solutions used for FDM experiments does not allow a prediction of collapse
behavior impacted by total solid content. Instead, chemical structures of the substances
(including their size) and in particular hygroscopicity of the dried initial substance seem

to have an important influence on collapse behavior.

3.2.5 Impact of nucleation on concentration dependence of collapse

temperatures

For selected excipients (glucose, 2-(hydroxypropyl)-R-cyclodextrin, and PVP 40 kDa),
nucleation temperatures (T,) were correlated with measured T, values. Fig. 3-28 to Fig.
3-30 show measured T, values for different solution concentrations of the single exci-
pient measurement rows. Supercooling could not be controlled and no correlation be-

tween T, and concentration could be determined.

For 2-(hydroxypropyl)-3-

cyclodextrin e.g., a cor-
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214 N
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Fig. 3-28: Nucleation temperature of glucose solutions PVP 40 kDa were simi-
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lar.
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Fig. 3-29: Nucleation temperature of 2-(hydroxypropyl)-i3-
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Fig. 3-30: Nucleation temperature of PVP 40 kDa solu-
tions vs. total solid content

This finding was surpris-
ing because deviations
in T; values should be at
least in part a result of
differences in T, (or su-
percooling, respectively)

[21].

It is very likely that ran-
dom circumstances
(e.g., the surface of the
glass cover slides) influ-
ence the frozen struc-
ture in addition so that
the impact of T, is not
significant strong [21].
Moreover, T. detection
is difficult for very low
(1.5 to 3%) and high
concentrated solutions.
For example, FDM
measurements for 20%
solutions of PVP 40 kDa
are tricky due to the high
density of the frozen

material and the limited

light source capabilities. These observations may contribute to the unfavorable correla-

tion coefficients.
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3.3 Collapse behavior of binary mixtures with model proteins

3.3.1 Composition of solutions

Tab. 3-19 shows the composition of single aqueous solutions used in this section of the
study. BSA and HSA, introduced in the materials and methods section were used as
model proteins. They were prepared as pure solutions (3% and 5% w/w) and in mixtures

with sucrose or trehalose, all with a total solid content of 5% (50 mg/g).

Tab. 3-19: Composition of solutions for investigation on collapse behavior of bi-
nary mixtures with BSA and HSA as model proteins

.
1
1.75
L5
325

4.75

4.5
4.5
3 3.25

2
175

% (W/w) s
XSA XSA XSA + Sugar
3% 5%
(wiw) | (wiw) 5% (w/w)
¢ (XSA) [mg/g] 30.0 50.0 47.5 45.0 40.0 32.5 25.0 17.5 10.0 5.0
¢ (sugar) [mg/g] 0.0 0.0 2.5 5.0 10.0 17.5 25.0 325 40.0 45.0
mole ratio . . . . . ] o o
XSA : sugar - - 1:10 1:22 1:49 1:104 1:194 1:362 1:776 1:1747

To obtain a different stabilizer to protein mole ratio, the ratio of the BSA/HSA to disacc-
haride concentration was varied. Ratios were calculated using the molecular weights
given in the section 2.1.3. In the following text the composition of the mixture is further
reported as “sugar/protein mole ratio” following Cleland, et al. [74]. Results were com-

pared with means of pure sucrose and trehalose solution results from chapter 3.2.1.

3.3.2 Dependence of collapse temperature on nucleation temperature

For every measured sample nucleation temperature (T,) was determined. Fig. 3-31 and

Fig. 3-32 provide the single values for the pure solutions and the binary mixtures. For



Results and discussion 131

both measurement rows, T, was found in a range from approximately -9 to -20°C which
is in good agreement with the degree of supercooling found for laboratory scale freeze-

drying runs [6, 7].

0 —
i -
=
{1 o @ -] L =
-5 o @ =
T ™
- =)
] NG A ¢ =
—-10
@) *
5 * xS
=R * * %
o
8 15 | al K g—*
g ] w W 7 N %
. *
§ * * g
i J
8 -20 = % =
=)
2 J
1 % T Exp. #1
] [=)
b PA¢
o5 ] T Exp. #2
: ™| Tc-50’ Exp. #1 =]
1 © T E0® = L
-30 T T T |
< <
2 2

4.75% BSA, 0.25% sucrose =i
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Fig. 3-31: T,, and T..50 vS. composition of samples for pure BSA and BSA + sugar
mixtures

As already mentioned in the section on freeze-drying, T, can not be controlled during
freeze-drying runs. This is also true for FDM experiments. The presented results under-

line this statement:

For example, a difference of up to 9°C was found for duplicate measurements for a mix-
ture of 3.25% BSA with 1.75 % (w/w) sucrose (cf. Fig. 3-31) and of up to 8°C for a mix-

ture of 1% HSA with 4% sucrose (cf. Fig. 3-32).
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There are hints given in the literature that T, affects T.. Here, it was found that differenc-
es in cooling rate produced differences in pore size in the order of a factor of two [26,
104]. A product with a higher T, tends to form larger ice crystals during the cooling step
which leads to a lower resistance to water vapor flow during primary drying and maybe a

higher mass flow rate [21]. This might impact the T, of a given structure during FDM

measurements.
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Fig. 3-32: T,, and T..50 VS. composition of samples for pure HSA and HSA + sugar
mixtures
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For the measured values, no correlation between T, and T.s could be revealed. Having
a critical look at Fig. 3-31, the mixture of 1% BSA with 4% (w/w) sucrose showed a dif-
ference of 5.5°C between nucleation temperatures of identical measurements, but T, 5o
was -28.0 and -28.7°C, respectively. In contrast, the solution with 4% BSA and 1% treha-
lose had a practically identical T, showing a AT.5, of 1.2°C. Fig. 3-32 presents similar
results for HSA binary mixtures: 3.25% (w/w) HSA with 1.75% (w/w) trehalose resulted
in AT, of 4.1°C with a AT.50 of only 0.6°C, whereas the 1% (w/w) HSA + 4% (w/w) treha-

lose solution showed a AT, of only 0.4°C, but a AT..5 of 1.8°C.

3.3.3 Dependence of collapse temperature on binary mixture composition

It is common knowledge that T, during primary drying should not exceed T [24, 104].
Some recent reports however showed that drying above T, might not have negative ef-
fects on the product. For example, Johnson and co-workers found that freeze-drying of
cytokine plus sucrose systems with increasing protein concentration (total solid content
of sucrose matrix constantly 25 mg/mL) below and well above Tycro (Which corresponds
to T,c) during primary drying had no negative effects concerning shrinkage, water content
and stability [158]. For the authors, the interpretation of Thacro (€quivalent to Ty) was ad-

ditionally difficult, especially for high cytokine content.

Therefore, the impact of the ratio of stabilizer (sucrose or trehalose) to protein (BSA or
HSA) on T¢ (T, Teso and Tg) was investigated in detail. Measurements were performed
in duplicate using the same experimental procedure. The results of these studies are

visualized in Fig. 3-33 and Fig. 3-34.

First, no significant differences in T, Tt and T.50 were found between BSA and HSA +
disaccharide mixtures fulfilling the expectations about the similarity of the two proteins
concerning their collapse behavior. Although it was found that between sucrose and tre-

halose there is a significant difference in T, their contribution to the T, in the binary mix-
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tures is similar. At a given mole ratio, both rows of mixtures (with either sucrose or treha-

lose) were found in the same temperature range (+ 2°C).

0 —
4 ° o m©®
] e " o o 8
-5 O_Q O - é :
4 O CD) 0 o
J | O
] [
-10 1 [ ] -
6 -
. . O
” i O
215
£ 7 al
©
3 ] i
IS J
2 20 O
° i
g - O L
© J
3 g
O 25 B
b L] Onset of collapse (exp. #1) = a
30 ] B Full collapse (exp. #1) o ©
1 O Onsetof collapse (exp. #2) O
1 @ Fullcollapse (exp. #2)
-35 T 1

3% BSA -

5% BSA —

5.00% sucrose =
5.00% Trehalose =

4.75% BSA, 0.25% sucrose =
4.50% BSA, 0.50% sucrose =
4.00% BSA, 1.00% sucrose =
3.25% BSA, 1.75% sucrose =
2.50% BSA, 2.50% sucrose =
1.00% BSA. 4.00% sucrose =
4.75% BSA, 0.25% trehalose —
4.50% BSA, 0.50% trehalose =i
4.00% BSA, 1.00% trehalose —
3.25% BSA, 1.75% trehalose —
2.50% BSA, 2.50% trehalose =4
1.00% BSA. 4.00% trehalose =

Fig. 3-33: Dependence of collapse temperatures on composition of samples for
pure BSA, BSA + sugar mixtures and pure sugar

One of the questions to be answered in this thesis was weather a T, detection for pure
proteins like BSA and HSA is possible. For all measurements of both pure solutions with

total solid contents of 3 and 5% (w/w) a T, could be clearly measured.

Although ice melting was observed in the temperature range of -3°C, the structural alte-
rations of this melting event were significantly different from those of the collapse event.
Tt could not be determined for all measurements since the ice melt overlapped with the

collapse.
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Fig. 3-34. Dependence of collapse temperatures on composition of samples for
pure HSA, HSA + sugar mixtures and pure sugar

Surprisingly, the difference between T,. and Ty, was found smaller (~3°C) when one of

the two components was dominant and higher (~6°C) for the intermediate mixing ratios.

For mixtures with a high content of protein (4% to 5% w/w) no significant difference in T,
was found. When the content of sucrose or trehalose was e.g., increased to 10 mg/g
(total solid content 50 mg/g) T,. was only lowered by 2°C (for BSA mixtures). In contrast,
the mole ratio of sugar to protein becomes critical concerning T, for higher sugar con-

tents (mole ratio of 49:1 to 104:1 of sugar:protein).

Tab. 3-20 presents example pictures for mixtures with BSA and HSA and different con-

tents of sucrose.
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Tab. 3-20: Pictures of onset of collapse for pure protein solutions (XSA) and dif-
ferent mixtures with sucrose, X signifies bovine or human

Sample BSA HSA

XSA 5% (w/w)

Toc: -4.9°C TOCZ -2.7°C

4.5% XSA, 0.5% sucrose

2.5% XSA, 2.5% sucrose

Toc: -22.2°C Toc: -21.5°C

1% XSA, 4% sucrose

Ty -29.5°C Toc: -27.3°C

As underlined before, a clear definition of collapse and knowledge on freeze-drying be-
havior and/or experience on lyophilization characteristics of substances used are very

important for data interpretation in FDM measurements.
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In this study, clear differences in the visual appearance of freeze-drying and of collapse
behavior could be revealed for increasing concentrations of sucrose or trehalose, re-
spectively. Tab. 3-21 summarizes the appearance of drying and collapse for the different

systems used in this study.

Tab. 3-21: FD microscopic appearance of drying and collapse for different types of
solutions

Structural behavior  Pure BSA/HSA solution  Mixture of BSA/HSA — Pure sugar

and sugar in solution solution
Below Ty Drying with well-defined Drying with reduced Drying with
fissures and cavities, no number of fissures and  no fissures
overall loss of structure gaps compared to pure and gaps
BSA/HSA
At Too/ Tt Formation of thin, highly Collapsing structure Bright and
viscous and stretchy fila-  with smoother edges distinct
ments with relative sharp  compared to pure holes
edges, elastic behavior BSA/HSA

Pure solutions of BSA and HSA or solutions with little sugar content dry with fissures and
cavities. The development of these structural changes starts in a temperature region of
10 to 15°C below T,.. As already described in the section 3.1.1 those fissures in the ma-
trix were well-defined and did at no point result in an overall loss of structure. Collapse
itself was recognized by the formation of thin, highly viscous and stretchy filaments with
relative sharp edges. Concerning overall elasticity, this collapse behavior could be com-
pared to the elasticity of a chewing gum when it is stretched in length. The more sugar
was present in the sample solution the stronger the collapse behavior was impacted by
the sugar. The pictures from Tab. 3-20 suggest that the fissures and gaps were reduced
in number and had smoother edges for the mixtures with low amounts of sugar (up to
50:50 w/w mixtures). For higher sugar contents, a typical sugar collapse behavior with
bright and distinct holes was observed and collapse temperatures were detected at

much lower temperatures (cf. Fig. 3-33 and Fig. 3-34).

It is hypothesized that this discrepancy in freeze-drying and collapse behavior appear-

ance in the different mixtures arises from the difference in molecular weight of the protein
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(BSA/HSA) and the sugar (sucrose/trehalose). On the one hand, the product morphology
which is formed from small disaccharide molecules undergoes viscous flow in a focused
region close to the sublimation interface when its collapse temperature is reached. This
local structural degradation of only a few pores (with a size of a few microns) is observed
microscopically based on the increased transmission of light. On the other hand, the col-
lapse behavior becomes more representative for the “chewing gum” behavior of the pro-

tein for increasing protein content.

For high protein concentrations (i.e. sugar:protein mole ratio lower than 49:1), a mini-
mum sugar concentration is necessary to obtain a distinct plasticizing effect in the pro-
tein/sugar mixture and for the observation of a disaccharide typical collapse behavior. At
low sugar contents, the smaller sugar molecules might act as “gap fillers” between the
protein molecules and may interact closely with the protein structure [187; 64]. Accor-
dingly, the fissures and disruptions (cf. Fig. 3-20) might result from a disaccharide con-
tent which is too low. In turn, this hypothesis would suggest that at a given mole ratio of
sugar to protein the molecular interaction between a protein and a given number of dis-

accharides is depleted.

The number of sugar molecules which can maximally interact with the protein surface
structure depending on protein size was estimated 50:1 in several publications and theo-
ries: Recently, a quantitative evaluation of the hydration state of BSA in a freeze-dried
sugar matrix was followed by an investigation of the amount of sugar which is required to
embed BSA [188]. If residual moisture was high within the cake structure (which would
also be the case for FDM measurements), the hydration water of the BSA molecule was
substituted by the sugar — both sucrose and trehalose — corresponding to ~ 20 to 25% of

the hydration water for BSA alone.

The authors explained this phenomenon to the about 20-fold volume of the sugar mole-
cule relative to a water molecule (steric hindrance) [188]. Both BSA and HSA tend to

form hydrogen bonds to sugar molecules rather than to water molecules [188-190]. Addi-
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tionally, the monolayer water substitution (My) for a protein structure can be determined
according to the Pauling-Green Theory [190, 191] where moieties in the protein se-
quence are categorized into weak and strong binders for water adsorption. Based on this
data My can be estimated in the absence of sorption data. Using the actual Swiss Prot
data base sequence [192], a total of 187 strong polar groups was calculated for BSA or
HSA, respectively. Taking the 187 strong binding sites and the 25% of effective interac-
tion between BSA/HSA and a sugar into account, the boundary for the mole ratio sug-
ar/protein at which the sugar is expected to become more dominant for the drying and
collapse behavior was roughly estimated to be 50:1 which is equivalent to a weight ratio
of 1:4. This assumption is in excellent agreement with the results given in Fig. 3-33 and

Fig. 3-34.

3.3.4 Dependence of collapse temperature of binary mixtures on

sublimation velocity
As described before the velocity of sublimation was measured for BSA + sucrose mix-
tures (4.75% (w/w) BSA + 0.25% (w/w) sucrose and 2.5% (w/w) BSA and 2.5% (w/w)
sucrose). The single results including Ty, Toc, Tie, ATc, Te50, Vsub (Toc) @nd V(Toc)-Toc are

presented in Tab. 3-22 and illustrated in Fig. 3-35 and Fig. 3-36, respectively. The reader
is referred to chapter 3.1.8 for a basic discussion on pressure setting during FDM expe-

riments.

The results summarized in the figures and tables suggest that in this special case of bi-
nary mixtures of a protein and a disaccharide, the pressure setting is important for the

collapse behavior if protein and sugar are mixed in a 50:50 weight ratio.

As indicated by the single values as well as by the term V(T,.)-Toc, the sublimation ve-

locity is higher for the mixture with 4.75% BSA + 0.25% sucrose (~ 2 pym/s, T, = -6°C)

compared to the 2.5% BSA + 2.5% sucrose mixture (1.5 pm/s for T, = -17.5°C at 0.075
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Torr and 0.5 ym/s at T, = -22°C at 1.5 Torr). This was expected due to the much higher
T,, but the difference in Vg, is not (directly) proportional to the difference in T, (V(Toc): Toc
is -10 £ 0.74 ym°C/s for 4.75% BSA + 0.25% sucrose and -16 + 5.3 um°C/s for 2.5%

BSA + 2.5% sucrose).

Tab. 3-22: Nucleation temperature, collapse temperatures and velocity of the sub-
limation in dependence on pressure setting including AT, T.5 and the ratio

V(Toc) Toc for BSA 4.75% + sucrose 0.25%

tyat V(T Ta
Pessure(Tonl 1 L 1§ pa (G TeimAl [:m°)C/s1
0.075 -21.6 -5.1 -4.4 0.7 -4.8 210 -11
0.375 -19.8 -5.5 -3.8 1.7 -4.7 1.83 -10
0.750 -21.0 -4.9 -3.1 1.8 -4.0 2.23 -11
1.50 -18.4 -4.1 -2.8 1.3 -3.5 2.20 -9

rsdv 5.9% 10% 17% 29% 12% 7.7% 7.4%
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Fig. 3-35: Interrelationship between T, and Vs, for BSA 4.75% + sucrose 0.25%
using different pressure settings; crossed hexagons = T,, filled hexagons = T,
open hexagons = Ty, stars = speed of sublimation
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Tab. 3-23: Nucleation temperature, collapse temperatures and velocity of the sub-
limation in dependence on pressure setting including AT, T.5 and the ratio

V(Toc) Toc for BSA 2.5% + sucrose 2.5%

tyat  V(Te)Te

Pessure 1ol (81 [ (8 pal (6 Talmd e
0.075 -22.0 -16.7 -15.7 1.0 -16.2 1.46 -24
0.375 -101 -20.7 -18.6 2.1 -19.7 0.83 -17
0.750 -20.0 -20.7 -18.5 2.2 -19.6 0.47 -9.7
1.50 211 -18.7  -16.2 25 -17.5 0.77 -14

rsdv 26% 8.9% 1.8% 30% 8.2% 41% 33%

0 T l L) I L) l T I T l L) I L) I T l T l T 3'0
—_ i =25 T
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Fig. 3-36: Interrelationship between T, and Vg, for BSA 2.5% + sucrose 2.5% using
different pressure settings; crossed diamonds = T,, filled diamonds = T, open
diamonds = Ty, stars = speed of sublimation

There are several possibilities to explain the high difference in T, combined with a rela-
tively small difference in V. (1) As explained in the introduction chapter, the driving

force for sublimation is the pressure differential Py - P..
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For a given pressure setting of P, and a change in T, from e.g., -19.2°C (BSA 2.5% +
sucrose 2.5%) to -4.9°C (BSA 4.75% + sucrose 0.25%) which is a factor of about 4 there
should be a difference in Vg, of a factor of 4 as well if resistance of both cakes would be
equal. It was shown that Vg, is directly proportional to the pressure differential Py - P,
and inversely proportional to product resistance [6, 24]. Additionally, T, was found in the

same temperature range for all experiments performed during this sub-study. With re-
gard to V(T) Toc Values there is only a difference in average by a factor of 1.6. This ob-

servation would lead to the conclusion that the resistance of a mixture with a high protein
content is higher than for the 50:50 mixture. A similar observation was made recently for
resistance data for a freeze-drying run in vials using 100 mg/mL sucrose and a mixture
of 25 mg/mL BSA with 75 mg/mL sucrose at chamber pressures < 0.1 Torr [180]. (2)
Referring to the theoretical model presented in chapter 3.1.2, not only the composition of
the solution is involved in differences in resistance and the amount of subliming water
molecules, but the pressure setting itself impacts the amount of subliming water mole-
cules per time and the velocity of subliming water molecules. As already pointed out be-
fore, all three parameters (amount of subliming water molecules, velocity of subliming
water molecules and resistance of the product matrix) affect the contact between water
molecules and the product matrix with regard to its quality (contact per time) leading to a
critical viscosity decrease which results in a collapse of the structure. When summarizing
the average situation for both mixtures, resistance data from freeze-drying runs could
serve as an explanation, but all the other factors should as well play a role in the overall
balance of impacting parameters. A more detailed investigation of the data for the 50:50
mixture shows an impact of pressure setting on Vg, and T, For this composition a
higher sensitivity to pressure could be explained by the assumption that for a pressure
setting of 0.75 Torr P, approaches P, [26] which would mean that pressure is the limiting

factor in this constellation, and hence affecting the measured T, result.
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Due to a higher T, this is not the case for the mixture with the high protein content which
is therefore insensitive to this pressure change. (3) Referring to the paper from Pikal and
Shah [104] a third possibility for the explanation of the observed effects might be a dif-
ference in observation time (TM). However, this might not be the most relevant factor
when comparing the results given before in the chapters on methodology of FDM. If one
follows this line of argumentation, a higher Vg, has an effect on T, results for the 50:50
mixture (but not for the second mixture) by decreasing TM and shifting T, to higher T,.

This hypothesized effect might then be higher for lower pressures.

3.4 Comparison of collapse temperatures (T.) and glass
transition temperatures (Ty") for excipient solutions and

protein/disaccharide mixtures

It is frequently reported that T4" data are 2-5°C lower than corresponding T. data [24,
104, 111]. This difference was explained by different heating rates during DSC and FDM
measurements [104, 152, 193]. However, there are obviously differences in the mea-
surement principle (as described before). At this point, no literature reference is available
reporting Tc and T4" data for a given formulation composition, and providing a detailed

investigation or discussion.

3.41 T.and T4 data for excipient solutions

Tab. 3-24 provides an overview of T, Tcs0 and T4 values and of the differences be-
tween the data for the excipients used in this study. Due to the dependence of T (includ-
ing Toc and T..50) on total solid content of the measured excipient, differences between T,
and T4  values may vary significantly. For example, for glucose a difference between T

and T4 of -0.5°C for the 5% solution and of +2.1°C for the 15% solution was calculated.



144 Results and discussion

Tab. 3-24: Comparison of T4" and T,/T.s0 values for various excipients and total
solid contents of 5 and 15% (w/w)

Excipient Tgf)ar:tz(:lltld T):,C T:50 T, [°C] T‘ES_C-G"' Tcti‘g]rg’
(w/w) [’'C]l __[°C]
Sucrose 5% -31.4 - -32 [194] 0.6 -
15% -29.8 - -32 [194] 2.2 -
Trehalose 5% -28.9 - -29 [152] 0.1 -
15% -27.5 - -29 [152] 1.5 -
Glucose 5% -43.5 -429 -43 [10] -0.5 0.1
15% -40.9 -404 -43 [10] 2.1 2.6
(2-Hydroxypropy!)- 5% -89 87 -9%° 0.1 0.3
B-cyclodextrin 15% -8.6  -8.2 -9% 0.4 0.8
PVP 40 kDa 5% -20.6  -20.0 | -20.5[195] -0.1 0.5
15% -18.8 -18.4 | -20.5 [195] 1.7 2.1

Except for the 5% solution of glucose and the 5% solution of PVP 40 kDa, all T, values
were higher than the corresponding T, values. The lowest difference between T, and
T4 (which was only 0.1°C), was found for 5% (2-hydroxypropyl)-R-cyclodextrin, 5% PVP
40 kDa, and 5% trehalose. In contrast, the highest difference (2.2 °C) was determined for
15% sucrose. When comparing Tcs0 and T4 values, Tc.so was always higher than T4". As
mentioned above, many authors postulated that T, values are 2-5°C higher than T, val-

ues.

Therefore, a comparison of Tc.s0 and T4" values is not only recommended because of the
similarity concerning the representation of “midpoint values”, but as well due to the fact

that T..so was always higher than T4" for the results presented here.

3.4.2 T.and T4 data for protein/disaccharide mixtures

To gain a deeper insight into the comparability and the differences between FDM mea-

surements and resulting T, data and DSC measurements and resulting T4" values, T4

% Measured as described in chapter 2.2.4 (“Materials and methods®, p. 56 ff.)
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was measured as described in the materials and methods section and calculated by us-
ing the Gordon-Taylor/Kelley Bueche estimation [145, 149]. In a second step the width of
the collapse transition (Toc - Ti.) and of the glass transition (Tonset - Tend) Were compared.

The experiments were focused on BSA + sucrose as well as BSA + trehalose mixtures.

3.4.2.1 Comparison of Toc, T¢" and Gordon-Taylor calculation

As described before, the equation published by Gordon and Taylor can be used to calcu-
late T4" of (binary) mixtures (given an ideal mixture behavior) [145, 149]. For exact calcu-
lations the water content in the three component freeze-concentrated solution is re-
quired. Since this content is not known for the given systems, it was assumed that the
water content in this system is simply a weighted average of the water contents in the
individual two component systems. By using T4" of the pure components, T4" of the mix-
ture was then predicted and termed “Gordon-Taylor prediction”. K = 0.25 was calculated
from the densities of the two components [148]. T, data were taken from literature:
T4 (BSA) = -11°C [103], [194], T4 (sucrose) = -32°C [111], and T4 (trehalose) = -29°C

[103].

T4  for protein/sugar mixtures could only be identified up to a protein concentration of
32.5 mg/g using a 10°C/min heating rate. Even with higher heating rates during the DSC
experiment (> 30°C/min), the step change in heat flow signaling the change in heat ca-

pacity at T4" was not sufficiently large to detect the protein T4" [7].

In contrast, (as described before), T,. data could be determined clearly for high concen-

trated protein mixtures and for pure protein solutions.

Results of Ty, as well as T," measured by DSC and predicted by using the Gordon-
Taylor equation are given in Fig. 3-37 for mixtures of BSA with sucrose and in Fig. 3-38

for mixtures of BSA with trehalose.
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Fig. 3-37: Toc, T¢" (measured by DSC) and T4 predicted by Gordon-Taylor in de-
pendence of the composition of various BSA + sucrose mixtures
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Fig. 3-38: Toc, Ty (measured by DSC) and T4 predicted by Gordon-Taylor in de-
pendence of the composition of various BSA + trahalose mixtures
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At low protein concentrations (10-35% w/w), T4" values measured by DSC were in excel-
lent agreement with T,. data. The BSA + sucrose mixtures temperature differences were
here within £ 1°C. At higher protein concentrations (50 and 65% w/w), an increasing dif-
ference between T," and T,. was observed which was up to 12°C for 65% BSA + 35%
sucrose. Consequently, a prediction of T4 for pure protein solutions by extrapolating to
zero excipient concentration using T4" values measured for binary mixtures of protein
and another glass forming excipient such as sucrose over a range of excipient concen-

trations [7, 194] would lead to an underestimate of T4" of the pure protein.

Calculated T4 values (Gordon-Taylor prediction) overpredicted T4" for mixtures with su-
crose and trehalose in the composition range from 10 to 65% and underpredicted T4 in
the composition range from 90 to 95% compared to T, values or measured T4" values,
respectively. Therefore, this estimation seems to be no useful tool for the evaluation of

the critical formulation temperature for primary drying of the examined systems.

3.4.2.2 Comparison of the width of collapse and glass transition

As mentioned earlier, most of the literature refers to T, when reporting FDM data. This
information is often compared to T, values which are reported as “midpoint” tempera-
tures. Data handling in this manner neglects the fact that the actually observed collapse
event during an FDM experiment might reveal valuable information about the robustness
of a structure to temperature changes. Therefore, some authors reported a glass transi-
tion/collapse temperature as a temperature region rather than a fixed temperature [148,
152], and some introduced a more complex procedure to describe the collapse pheno-
menon [111, 158]. Based on the detailed investigations of drying and collapse behavior
of BSA/HSA + sucrose/trehalose mixtures and their Ty" values, new information on this

topic could be delineated.
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Fig. 3-39: Comparison between Ty, Tcs0 and Ty obtained from FDM and T4 (onset
of T4, midpoint and endset of transition) by DSC for BSA + sucrose and BSA +
trehalose mixtures

Fig. 3-40 shows T, T.50 and T, data obtained from FDM experiments in comparison to
T4 values from DSC measurements (onset, midpoint and endset of transition) for mix-
tures of BSA with sucrose or trehalose, respectively. For T4 values, the width of the
transition from onset to endset was detected to be essentially constant for both mixture
types over the entire concentration range and is estimated to be approximately 2.5°C.
Interestingly, AT between T and Ty varies for both mixture types: for solutions with very
low protein content (0.5%) AT, is about 0.5°C and steadily increases until it reaches a
value of about 6.5°C for the BSA/sucrose solution with a high protein concentration

(3.25%). For the sucrose mixtures, Toand T4 values were in excellent agreement for low
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protein concentrations of 0.5 and 1%. In all other cases, T,  values were found to be

lower than T, values.

The difference between corresponding onset, midpoint and endset values increased
dramatically with higher protein content. This means that the protein to sugar ratio had a
large impact on the width of the collapse transition and on the difference between T4

and T, values as well.

To compensate for the fact that the transition width is mainly constant for T4’, and a vari-
able for T, midpoint values of Ty and of T, (which means T..s) should be used when
only single values are compared. For a better understanding of transition behavior, it is
strongly recommended to report onset and endset values or the temperature interval,
respectively. Especially reporting of To; and Ti should help to have a first guess of ro-
bustness of a given formulation during primary freeze-drying. With regard to transferabili-
ty of T. results to freeze-drying, some runs and their results are presented in the next
section, but should be objective of further detailed investigations based on the previous

arguments.

3.5 Transferability of FDM results to freeze-drying cycles:

preliminary experiments with sucrose

Transferability of T, results measured by FDM to freeze-drying cycles in the laboratory is
a very important aspect of the overall value of this analytical technique [130]. Even the
best measurement methodology makes no sense if data are not usable or if knowledge

of the scalability is insufficient.

Based on different geometrical situations (vial vs. thin, sandwich-like layer of product), a
1:1 transferability of results on collapse behavior obtained by FDM might not be ex-
pected. Tab. 3-25 lists important differences between freeze-drying in a vial, and a FDM

measurement.
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Tab. 3-25: Differences between freeze-drying in 20 mL vials in a freeze-dryer and a
sample in a FDM stage

20 mL vial in a freeze-dryer Sample in a FDM sta&

Sample volume mostly 3 — 12 mL 2L

Ice thickness (Lice) mostly 0.5 -2 cm 25 um

Product area (basis) ~ 6 cm? ~ 0.5 cm?

Heat transfer mainly gas and direct con- almost only direct con-
duction duction

Sublimation interface 6 cm? 3.1073 om?

Pikal and Shah [104] argued that differences in resolution and time of observation may
cause small differences between the collapse temperature measured by the microscopy
method and collapse observed in vial freeze-drying. They conclude that in general, the
product being freeze-dried in a vial will collapse at a slightly higher temperature. In their
opinion the effect of variation of observation time, TM, is negligible in a system of low
solids content because sublimation is very rapid. To minimize the variation between FDM
experiments and production behavior in lyocycles, the collapse temperature measure-
ments by FDM should be conducted using solute concentrations comparable to the con-
centrations ultimately used in freeze-drying [104]. The importance of formulation compo-
sition has been proven in this thesis and leads to the previous recommendation. From
the presented results on FDM methodology, problems in transferability should not be a
matter of observation, but of the technical differences mentioned before. Concerning the
difference in collapse temperature, further investigations were necessary since no infor-

mation was provided in [104].

Comparing DSC, FDM and freeze-dryer setup, Chongprasert et al. pointed out systemat-
ic differences with respect to temperature measurement accuracy and heat transfer cha-
racteristics [101]. The best thermal contact between the sample and the heat source was
found for FDM. On the one hand they expected and confirmed a relatively large differ-

ence between the freeze-dryer and the DSC of 1.0 and 1.5°C in the region of ice melting.
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On the other hand they found a systematic difference between DSC and FDM of about
0.3°C in the temperature range of interest. The aluminum pan used for DSC seems to
have a worse heat transfer compared to the sample in FDM experiments (glass). The
authors conclude that some trial and error experimentation is required to transfer anneal-

ing temperatures from DSC or freeze-drying microscopy to the freeze-dryer.

Investigation of Lactobacillus bulgaricus suspensions and protective media indicated that
the collapse temperature T, determined by FDM, can be considered as the critical for-
mulation temperature of the product that should not be exceeded to avoid degradation of

the dried structure [111].

In contrast, Colandene and co-workers [129] underline that it has become increasingly
recognized that primary drying above T," may be acceptable in the context of protein
stability [17, 24, 196]. This may be due to the relatively high viscosity of freeze-
concentrated stabilizers (e.g., disaccharides), even at temperatures slightly above T;". In
the “rubber” state, the rate of denaturation may be slowed enough to prevent protein
unfolding under the time scale of freeze-drying [24]. An interesting finding from Colan-
dene’s study was that in formulations without a crystalline bulking agent, at higher pro-
tein concentration, they were able to perform primary drying substantially above the T,
without detrimental effects to the protein and without collapse. Further, they were able to
perform primary drying at temperatures slightly above the onset temperature for collapse
(as based on FDM). This was done without any apparent effect on product elegance, or
stability. To explain the lack of macroscopic collapse in the sucrose-based formulation
(at 80 mg/mL protein concentration) when drying well above Ty, they hypothesize that at
high protein concentrations, even though some viscous flow may occur when exceeding
T4", the solids are packed densely enough to increase viscosity and restrict freedom of
movement to effectively prevent macroscopic collapse during the time scale of freeze-
drying. At lower protein concentrations, this effect was not as profound and the collapse

temperature more closely matched the T;".
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This also served as an explanation for the increasing differences between T, and T4" that
were observed with increasing protein concentration [129]. At the same time, it was re-
ported that proteins may show denaturation even when primary freeze-dried below T4

which complicates the discussion [61].

3.5.1 Run data

To gain new information on transferability, T,. of 2.5% and 10% (w/w) sucrose solutions
were measured by FDM (standard procedure). T, of 2.5% (w/w) sucrose was found to
be -34°C, T, of 10% was determined to be -30.5°C. Then, FD runs with these solutions
were performed in a Lyostar Il freeze-dryer with SMART™ software installed. The setting
in the software was varied so that T, settings for the product were below T,., equivalent
to Toc, and above T,.. As described in the materials and methods chapter, the software
calculated the initial cycle recipe and optimized it during the runs, based on product
temperature feedback. Thermocouples were used to measure the temperature at the
bottom of the vial (T,.1c) in three different center vials. MTM measurements collected
data (P, resistance) which were the basis for calculation of the product temperature at
the bottom of the vial (Ty,.mtm), and at the sublimation interface (Tp.wrm), respectively.
Additionally, the shelf inlet temperature (Ts.inet), the shelf surface temperature (Ts-surface)
and pressure were measured. For pressure measurement, a pirani (endpoint monitoring)

and capacitance manometer (control of pressure chamber) were used.

Examples of run data are given in Fig. 3-40 and Fig. 3-41. As shown, the shelf tempera-
ture was increased stepwise by the optimizing routine. Differences in T,.1c between the

runs in the three different center vials are clearly visible.
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Fig. 3-41: Run data of SMART™ run with 10% (w/w) sucrose
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Tab. 3-26: Data of SMART™ runs for sucrose solutions

Critical formulation tem- Toc Tb-max T p-max
Concentration perature setting, SMART™ (FDM)  Tprc (MTM) (MTM)
[°C] ['C] ___[°C] [°C] [°C]
2.5% (wiw) -26 -33.6 -32.9 -33.5 -34.4
-28 -33.6 -33.8 -33.7 -34.5
-32 -336 -35.2 -35.2 -35.8
-34 -33.6 -35.0 -35.5 -36.0
-36 -336 -37.0 -37.6 -37.9
10% (W/w) -28 -30.2  -29.9 -31.8 -32.4
-32 -30.2 -337 -34.5 -34.8
-34 -30.2  -35.1 -35.3 -35.6

Tab. 3-26 gives an overview on temperature data for the different runs. The maximum
temperatures (i.e., the highest temperatures) of Ty.1c, To-max (MTM) and Tpmax (MTM) are
shown for a direct comparison with T,. values and settings for the critical formulation
temperature in the SMART™ software. and Fig. 3-43 visualize if the border marked by
Toc (FDM) was passed during the single runs. In none of the runs T,.max (MTM) exceeded
Toc (FDM). For the 2.5% sucrose solution Ty1¢c, and Ty max (MTM) were slightly above Ty
when drying with a temperature setting of -26°C. For 10% sucrose only T,.rc exceeded
Toc When using -28°C as set point. Concerning the accuracy of Ty 1c, slight differences to
To.mtm values were determined. For the 2.5% solution differences from 0°C (setting
-32°C) up to 0.6°C (setting -26 and -36°C) were measured and for the 10% solution from
0.2°C (setting -34°C) up to 1.9°C. Interestingly, the safety margin built into the SMART™
software varied very strongly. For the run with a setting of -26°C with 2.5% sucrose, the
setpoint was not reached (difference of 8.4°C). The temperature difference decreased
continuously until reaching 1.9°C for the setting of -36°C. With the 10% solution differ-

ences were smaller (e.g., 4.4°C for a setting of -28°C, and 1.6°C for a setting of -34°C).
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Fig. 3-42: Maximum temperature of SMART™ run with 2.5% (w/w) sucrose in depen-
dence of critical formulation temperature setting (scale identical to Fig. 3-43)

-29 4
-30 - »
-31 4
_ 324
o
© -33-
5 ]
© .34
o
g_ E
-35 4
e —T_(FDM)
36 4 —e—T_(TC)
—A—T__(MTM)
-37 4 b-max
] —v—T__ (MTM™)
-38 T T T T T T T T T T T
-36 -34 -32 -30 -28 -26

Critical temperature setting SMART [°C]

Fig. 3-43: Maximum temperature of SMART™ run with 10% (w/w) sucrose in depen-
dence of critical formulation temperature setting (scale identical to )
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It is important to mention that the experiments described above provided preliminary
data. At the time when they were performed, only an older version of the SMART™ soft-
ware was available. Today, “Auto-MTM” measurements should be combined with prede-

fined cycles to avoid the automated regulation of T (and pressure) described before.

In a next step, scanning electron microscopy and BET specific surface area measure-
ments were performed to gain information on possible effects of different settings and

drying temperatures on the single products.

3.5.2 SEM and SSA for evaluation of product shrinkage

Scanning electron microscopy (SEM) is generally known as a useful technique to ex-
amine cake morphology [197]. Searles et al. [17] found based upon SEM observation
that the degree of supercooling and the composition of the solution determined the ice
crystal morphology. The recent work by Rambhatla et al. [21, 172] demonstrated that
BET specific surface measurement is a useful method for a quantitative measurement of
surface area, which characterizes the impact of the freezing step. However, Liu claims
that this method should be used with caution when cakes have experienced micro- or
partial collapse, since the measured surface areas in these cakes do not precisely reflect

the quantity of ice crystal occupation during freezing [103].

In this study, SEM technology should help to determine possible product damages due
to high product temperatures during freeze-drying. For the lyophilized cake of the 2.5%
solution and settings of -32 and -34°C, cake shrinkage was measured. In literature shrin-
kage is described as follows: The lyophilized structure forms a cake that fails to retain
the same dimensions as that of the inner dimensions of the vial and instead, experiences
a loss of volume manifested as shrinkage from the inner sides of the vial [107]. During
the experiments performed, 1 minus the ratio of the real volume measured with a sliding
rule (height and diameter of the cake) to the theoretical volume of the frozen material

was defined as shrinkage. The product with a setting of -32°C showed approximately 19-
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20% of shrinkage and the one with a setting of -34°C ~ 16-18%. For the 10% sucrose
solutions shrinkage appeared to be minor. In a study from 2005 it was found that sucrose
shows shrinkage of about 17% regardless of the drying conditions [107]. This baseline
shrinkage may be a direct result of volume change that occurs within the sucrose phase
when water is removed (the sucrose freeze concentrate contains about 18% water at
Ty).

It is clear from the methodology of measuring shrinkage that these values can only serve
as very rough indicators for product damage. SEM pictures shown in Tab. 3-27 provide
much better information on product structure. For all products with a sucrose concentra-
tion of 2.5%, microcollapse in the structure was found, even when primary drying was
conducted under very conservative conditions (setting of -36°C, Tp.max (MTM): -37.9°C).
The higher the measured T,.max, the more droplet formation was detected by SEM. None
of the products showed a full loss of structure. In contrast, the products from the 10%
solution looked much more rigid although they were freeze-dried at much higher product
interface temperature (-32.4°C for a setting of -28°C). No droplet formation or other indi-
cators for viscous flow are visible in the pictures. This suggests that the result from FDM
measurements, specifically a T, of -33.6 for 2.5% and of -30.2°C for 10% can be trans-
ferred, to FD cycles. The 10% solution could be dried at higher temperatures than the
2.5% solution. Additionally, Ty-utm and T,.urm Values indicate a temperature gradient with-
in the product, where the temperature at the bottom never exceeded the collapse tem-
perature of the 10% sucrose solution, but did exceed T,. (FDM) for the low concentrated
solute and a T, setting of -26°C and -28°C, respectively. However, for collapse and

shrinkage of the product, only the temperature at the sublimation interface is relevant.
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Tab. 3-27: SEM pictures of different SMART™ runs with sucrose solutions (magni-
fication all 100-fold, except 2.5% w/w sucrose at -34°C: 150-fold)

Critical formulation tem-
perature setting 2.5% (wiw) 10% (w/w)
SMART™ [°C]
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These findings of different degrees of damage in the various products were confirmed by
BET measurements. Using krypton as adsorptive gas and a 10-point measurement me-
thod, representative values could be obtained. Tab. 3-28 shows the results of this inves-

tigation in numbers and Fig. 3-44 as trend lines in a graph.

Critical for-
Total solid mulation Specific .
temperature surface ] B 25% (wiw)
content of . nw] " ® 10% (wiw)
sucrose settlngTM arze a o] D
SMART [m=/g] 10 -
[C] °°
= 0,84
2.5% -26°C 0.4695 “E 071
(wiw) 28°C  0.6009 Bos| © . .
-32°C 0.9485 ] -
-34°C 1.1486 034 o
10% -28°C 0.2636 02— pA 5 pa B
(wiw) -32°C 0.5599 SART seting 2]
-34°C 0.6326

Tab. 3-28. BET specific surface Fig. 3-44: Trends in SSA depending on
areas for 2.5 and 10% (w/w) su- SMART™ critical temperature settings

crose solutions with different

SMART™ settings in critical formu-

lation temperature

For both concentrations, there is a clear dependence of SSA on product temperature
during primary freeze-drying or T. setting, respectively. Microcollapse in the products
leads to a decrease of SSA which is reflected as droplets in the SEM pictures. For the

2.5 as well as for the 10% solution the SSA of the dried product is decreased by a factor

of 2 when comparing the product after a T, setting of -34°C to one of -28°C.

The results obtained in this thesis are in line with observations made before that cake
shrinkage has been observed with amorphous formulations with low collapse tempera-
tures (like sucrose and trehalose) [164]. Low collapse temperature materials are also
known to cause formation of small holes in their structure after freeze-drying as observed
from SEM photographs [164], thus causing a decrease in the resistance to mass transfer

of the product as observed with MTM [34].
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4  Summary and conclusion

Freeze-dry microscopy is the key element to determine the critical formulation tempera-
ture necessary to design rational freeze-drying cycles. Measurement theory clearly re-
veals that collapse temperature measurements reflect the process conditions during pri-
mary drying much better than e.g., glass transition temperature measurements by diffe-

rential scanning calorimetry.

For this thesis, methodology, data interpretation and practical transferability of results
measured by freeze-dry microscopy were subject to detailed investigations. Previously
published research work and findings were included in the discussion and in some cases

were newly interpreted.

Based on a theoretical background, experimental results led to a classification of col-

lapse behavior in three collapse phases:

(1) Onset of collapse was defined as first structural alterations in the dried structure ad-

jacent to the sublimation interface.

(2) At full collapse conditions, the freeze-dried structure has no interconnection to the
structure at the sublimation front anymore. It undergoes structural loss right after the

sublimation process resulting in dried fragments.

(3) A 50% collapse was introduced signifying a “midpoint” collapse for better comparison
to “midpoint” glass transition (T4") values and calculated as average from the tempera-
ture of the onset of collapse and of full collapse. Comparable to glass transitions, col-
lapse is a transition within a temperature range, and onset as well as full collapse tem-
peratures should be reported and taken into consideration for optimization purposes and

formulation development.
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For better theoretical and practical understanding and the explanation of recent and pre-
vious findings, a model of factors influencing freeze-dry microscopy experiments was
developed in this thesis. It is based on the concept that the interaction of water mole-
cules with the product matrix is fundamental in collapse events with water plasticizing the
product matrix (containing solute and non-frozen water) [117; 79]. If influencing parame-
ters in summary reach a critical level, the rigidity of the product matrix is critically de-
creased leading to viscous flow of the material into the pore which is known as “col-
lapse”. The product matrix is characterized by its water binding affinity, the hygroscopici-
ty of the dried solute(s), its rigidity, its specific surface area, and its resistance to water
vapor flow. During freeze-dry microscopy experiments the limiting parameter of the over-
all balance has to be the temperature or better the heating rate used. Pressure setting
should be adequate, but not limiting. Besides temperature and pressure settings, the
extent of supercooling, the physical properties of solved substances and their total solid

content are primary factors of collapse events.

To prove the introduced model, to investigate the importance of single parameters, and
to find an optimized freeze-dry microscopy methodology, detailed studies were carried
out including various experimental settings. They resulted in the following recommenda-
tions: For routine measurements a heating rate of 0.5 to 1°C/min should be used. For the
evaluation of worst case collapse temperatures a more sophisticated measurement pro-
cedure with a heating rate of 0.1°C/min and 10 min holds every full degree Celsius can
be carried out reflecting the situation during primary freeze-drying in some way better
than standard methodology. However, the procedure prolongs experimental run time
excessively, and simplifies only marginally transferability problems. For maximal repro-

ducibility the thickness of the frozen layer must be fixed by using spacers.

Additionally, it was shown that freeze-dry microscopy is a proper tool to study the influ-

ence of different cooling rates and annealing procedures on collapse temperatures.



Summary and conclusion 163

From correlation coefficient calculations based on values of nucleation temperature vs.
corresponding concentration values for glucose, 2-(hydroxypropyl)-3-cyclodextrin, and
polyvinylpyrrolidone 40 kDa no impact of nucleation temperature (or the extent of super-
cooling, respectively) on collapse temperatures was determined when taking all meas-
ured values into consideration. However, it is assumed that different extents of super-
cooling influence collapse temperature measurements (apart from random effects) re-
flected in relatively high standard deviations of measured collapse temperature values.
Therefore, it is recommended to perform three to five independent freeze-dry microscopy
measurements for each sample and to report average values to account for the de-

scribed differences in the frozen structure of the maximally freeze-concentrated solution.

For sucrose, trehalose, glucose, 2-(hydroxypropyl)-R-cyclodextrin, and polyvinylpyrroli-
done 10 and 40 kDa, a dependence of collapse temperatures on total solid content was
found. Despite different extents and shapes of the plotted curves for the various exci-
pients, three trends became obvious: (1) Within a given excipient class the collapse tem-
perature increases with a higher molecular size or chain length (for polymers) and the
difference between onset of collapse and full collapse decreases. (2) For all excipients
an exponential correlation was investigated with low collapse temperatures for low con-
centrations and higher collapse temperatures for intermediate concentrations (10 to 15%
w/w). (3) Hygroscopic substances show a decrease of collapse temperature values for

high (about 20 to 30% w/w) total solid contents (depending on the excipient).

In general, the measurement of viscosity of the initial solutions used for freeze-dry mi-
croscopy experiments does not allow a prediction of collapse behavior relative to the
total solid content. Instead, chemical structure of the substances (especially their size)
and hygroscopicity of the dried solute seem to have a crucial influence on collapse be-

havior.
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Furthermore, it was found that bovine serum albumin and human serum albumin are
interchangeable from freeze-dry microscopy measurements based on their structural
similarity. In addition, they might be considered as model proteins or protein substitutes
in a placebo formulation. In contrast to glass transition temperature Ty, their collapse

temperatures were clearly and relatively easily detectable by freeze-dry microscopy.

Studies on binary mixtures of protein with a disaccharide revealed a high dependence of
collapse temperatures (onset and full collapse) on the composition of the mixture. Differ-
ences in freeze-drying and collapse behavior were strong as well: Samples with a high
concentration of protein showed structural gaps and fissures during drying well below the
collapse temperature with no detectable collapse. When collapse occured they showed
an elastic behavior with characteristic flaments. In contrast, sugar-rich compositions
displayed a sugar-typical collapse behavior with defined rapidly growing holes in the
structure. The latter samples dried without any structural disruptions when dried below
the onset of collapse. Interestingly, the difference between onset of collapse and full col-
lapse was significantly higher for compositions with intermediate weight ratios of protein
and sugar and lower for the samples with one high-concentrated compound. This finding
can be explained by a surface saturation of the protein surface by disaccharide mole-

cules.

For selected excipients and binary mixtures of protein and disaccharide the measured
collapse temperatures were compared to glass transition temperatures of the maximally
freeze-concentrated solutions. Due to the dependence of the collapse temperature on
total solid content of the measured substance(s), differences between collapse tempera-
tures and glass transition temperatures varied strongly for excipient solutions as well as
protein/sugar mixtures. For an aqueous solution containing 3.25% (w/w) bovine serum
albumin and 1.75% (w/w) sucrose, the highest difference of 12°C between the onset of

collapse and the glass transition temperature was found.
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The width of the collapse temperature transition (signified by the difference between the
onset of collapse and full collapse) might serve as a parameter for robustness of the

formulation to temperature changes during primary freeze-drying.

By freeze-dry microscopy measurements in combination with lab-scale freeze-drying
runs it could be shown that obtained collapse temperature results are in general trans-
ferable to freeze-drying cycles with regard to, e.g., the difference detected for collapse
temperature between different concentrations of the same excipient. Scanning electron
microscopy in combination with BET specific surface area measurements clearly indi-
cated severe damages in cakes for which primary drying was performed at higher prod-

uct temperatures, even it was performed below the temperature of the onset of collapse.

In summary, freeze-dry microscopy is an extremely helpful tool for lyophilization formula-
tion and cycle optimization. It provides a user not only with information on critical formu-
lation temperatures for primary drying, but also on drying and collapse appearance, on
collapse phases of the formulation, on its robustness to temperature changes, and e.g.,
on potential crystallization processes and annealing possibilities. With the described me-
thodology, a routine usage of freeze-dry microscopy with limited experimental run times
is feasible ensuring reasonable accuracy when performing three to five measurements.
Transferability to freeze-drying cycles was shown exemplarily, but further investigations
are necessary in order to determine an accurate transfer factor for the single excipients,

APIs and formulations in general.



166 Summary and conclusion




Zusammenfassung 167

5 Zusammenfassung

Gefriertrocknungsmikroskopie ist die Schlisseltechnologie schlechthin, um die kritische
Temperatur der Formulierung zu bestimmen, die zum Design vernunftiger Gefriertrock-
nungszyklen notwendig ist. Schon der Theorie nach spiegeln Messungen der Kollaps-
temperatur die Prozessverhaltnisse wahrend der Primartrocknung besser wider als z. B.
das Messen der Glaslbergangstemperatur per DSC (Dynamischer Differenzieller Kalo-

rimetrie).

Thema der vorliegenden Dissertation waren detaillierte Untersuchungen zu Methodik,
Dateninterpretation und praktischer Ubertragbarkeit von gefriertrocknungsmikroskopi-
schen Messungen. Friher publizierte Arbeiten und Befunde wurden in die Diskussion

integriert und in einigen Fallen neu interpretiert.

Basierend auf theoretischen Uberlegungen und praktischen Erfahrungen wurde das Kol-

lapsverhalten in drei verschiedene Kollapsphasen klassifiziert:

(1) Ein beginnender Kollaps wurde in Form von ersten strukturellen Veranderungen in

der getrockneten Struktur, die an den Sublimationsbereich angrenzt, definiert.

(2) Unter den Bedingungen eines vollen Kollapses weil3t die gefriergetrocknete Struktur
keine Verknupfung mehr zu der Struktur an der Sublimationsfront auf. Sie verliert gleich
nach dem Sublimationsprozess ihre Struktur, was zur Bildung von getrockneten Frag-

menten fuhrt.

(3) Weiterhin wurde ein 50%-Kollaps eingefiihrt, der einen ,Mittelpunkt‘-Kollaps repra-
sentiert und die Vergleichbarkeit mit ,Mittelpunkt®-Glastibergangen (T4") erleichtert. Er
wird als Mittelwert aus der Temperatur des beginnenden Kollapses und der des vollstan-
digen Kollapses berechnet. Vergleichbar zu Glaslibergangen wird also auch Kollaps

durch einen Ubergang charakterisiert, der in einem Temperaturbereich auftritt.
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Deshalb sollten sowohl der beginnende als auch der vollstandige Kollaps ausgewiesen
und in Betracht gezogen werden, wenn es um Optimierung und Formulierungsentwick-

lung geht.

Um zu einem besseren theoretischen und praktischen Verstandnis des Phanomens ,Kol-
laps® beizutragen und um Ergebnisse jingeren und alteren Datums (besser) zu erklaren,
wurde im Rahmen der vorliegenden Doktorarbeit ein Model aufgestellt, das die Faktoren,
welche gefriertrocknungsmikroskopische Experimente beeinflussen, im Kontext darstellt.
Es basiert auf dem Konzept, dass die Wechselwirkungen zwischen Wassermolekulen
und der Produktmatrix elementar sind, was das Kollapsgeschehen betrifft, wobei Wasser
als Weichmacher in der Produktmatrix, welche Substanz und ungefrorenes Wasser
enthalt, fungiert. Wenn die einflussnehmenden Parameter in Summe einen kritischen
Level erreichen, wird die Festigkeit der Produktmatrix soweit herabgesetzt, dass es zu
einem viskosen FlieRen des Materials in die Pore kommt, was gemeinhin als Kollaps
bezeichnet wird. Die Produktmatrix selbst wird durch ihre Wasserbindungsfahigkeit, die
Hygroskopizitat der getrockneten Ausgangssubstanz(en), ihre Festigkeit, ihre spezifische
Oberflache sowie ihren Stromungswiderstand gegenliber den Wassermolekiilen charak-
terisiert. Wahrend eines gefriertrocknungsmikroskopischen Experiments sollte der limitie-
rende Faktor im Gesamtgleichgewicht auf Seiten der Temperatur oder - besser gesagt -
der verwendeten Heizrate liegen. Die gewahlten Druckeinstellungen sollten adaquat,
aber nicht limitierend sein. Neben den Temperatur- und Druckbedingungen nehmen der
Grad der Unterkihlung, die physikalischen Eigenschaften der geldésten Substanzen so-

wie ihre jeweiligen Konzentrationen primar Einfluss auf das Kollapsgeschehen.

Um das eingeflihrte Modell zu untermauern, die Wichtigkeit der einzelnen Parameter zu
untersuchen und eine optimierte Methodik fur die Gefriertrocknungsmikroskopie zu fin-
den, wurden detaillierte Studien durchgeflihrt, insbesondere zu den experimentellen Ein-

stellungsmadglichkeiten.



Zusammenfassung 169

Diese Untersuchungen fihrten im Ergebnis zu folgenden Empfehlungen: Fir Routine-
messungen sollte eine Heizrate von 0,5 bis 1°C/min verwendet werden. Falls die minimal
mdgliche Kollapstemperatur in einer Art Extremwertmessung bestimmt werden soll, so
kann eine komplizierte Messprozedur mit einer Heizrate von 0,1°C/min und Haltezeiten
von 10 min bei jedem vollen Grad Celsius angewendet werden. Diese Methodik spiegelt
die Verhaltnisse, die wahrend einer Primartrocknung in einem Gefriertrockner herrschen,
in gewisser Weise besser als die Standardmethode wider. Allerdings verlangert sie die
fur ein Experiment bendtigte Zeit erheblich und tragt nur in geringer Weise zu einer Ver-
einfachung der Ubertragbarkeitsproblematik bei. Fiir eine maximale Reproduzierbarkeit

sollte die Dicke der gefrorenen Schicht mit Hilfe von Abstandshaltern fixiert werden.

Zusatzlich wurde gezeigt, dass die Gefriertrocknungsmikroskopie ein geeignetes Werk-
zeug ist, um den Einfluss verschiedener Kihlraten und des Temperns auf die Kollaps-

temperatur zu bestimmen.

Weiterhin wurden Korrelationskoeffizienten basierend auf Nukleationstemperatur und
zugehoérigen Konzentrationswerten fur Glucose, 2-(Hydroxypropyl)-R-cyclodextrin und
Polyvinylpyrrolidon 40 kDa berechnet. Hier konnte kein Einfluss der Nukleationstempera-
tur (bzw. des Unterkiihlungsgrads) auf die Kollapstemperatur festgestellt werden, wenn
alle Werte in die Untersuchung einbezogen wurden. Es wird jedoch angenommen, dass
verschiedene Unterkihlungsgrade neben Zufallsereignissen die Kollapstemperaturmes-
sung beeinflussen, was sich in den relativ hohen Standardabweichungen der gemesse-
nen Kollapstemperaturen niederschlagt. Deshalb wird empfohlen, drei bis funf unabhan-
gige gefriertrocknungsmikroskopische Messungen von einer Probe durchzufthren und
die Mittelwerte hieraus zu berechnen, um Unterschiede in der gefrorenen Struktur der

maximal aufkonzentrierten Losung zu relativieren.

Fir Saccharose, Trehalose, Glucose, 2-(Hydroxypropyl)-R-cyclodextrin sowie Polyvinyl-
pyrrolidon 10 kDa und 40 kDa wurde eine Abhangigkeit der Kollapstemperatur vom

Feststoffgehalt der Losung festgestellt.
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Trotz der Unterschiede im Grad der Beeinflussung und trotz verschiedener Kurvenver-
laufe fur die unterschiedlichen Hilfsstoffe, kristallisierten sich folgende tendenzielle Zu-
sammenhange heraus: (1) Fur eine bestimmte Hilfsstoffklasse nimmt die Kollapstempe-
ratur mit zunehmender Molekllgrofie oder Kettenlange (fir Polymere) zu und die Diffe-
renz zwischen beginnendem und vollstdndigem Kollaps wird kleiner. (2) Fur alle Hilfs-
stoffe wurde eine exponentielle Korrelation zwischen Konzentration und Kollapstempera-
tur ermittelt, wobei die Kollapstemperaturen fiir niedrige Konzentrationen niedrig und fur
mittlere Konzentrationen (10 bis 15% m/m) hoch waren. (3) Fur hohe Feststoffkonzentra-
tionen (ca. 20 bis 30% m/m) zeigen hygroskopische Substanzen eine Erniedrigung der

Kollapstemperatur, deren Betrag je nach Hilfsstoff variiert.

Im Allgemeinen erlaubt es die Messung der Viskositat der Ausgangslésung, die zu ge-
friertrocknungsmikroskopischen Messungen herangezogen wird, nicht, Vorhersagen
Uber das Kollapsverhalten bzw. den Einfluss der Feststoffkonzentration hierauf zu tref-
fen. Stattdessen scheinen die chemische Struktur der Substanzen (insbesondere ihre
Grofke) und die Hygroskopizitat des trockenen Ausgangsmaterials den ausschlaggeben-

den Einfluss auf das Kollapsverhalten zu haben.

Aulerdem wurde gezeigt, dass bovines Serumalbumin und humanes Serumalbumin,
was gefriertrocknungsmikroskopische Messungen betrifft, aufgrund ihrer strukturellen
Ahnlichkeit austauschbar sind. Zusétzlich bieten sie sich fir einen Einsatz als Modellpro-
teine sowie als Proteinersatz in Placeboformulierungen an. Im Gegensatz zur Glasuber-
gangstemperatur T4 konnte ihre Kollapstemperatur eindeutig und relativ leicht per Ge-

friertrocknungsmikroskopie festgestellt werden.

Versuche mit bindren Mischungen eines Proteins mit einem Disaccharid férderten eine
hohe Abhangigkeit der Kollapstemperatur (des beginnenden und vollstandigen Kollap-

ses) von der Mischungszusammensetzung zu Tage.
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GrolRe Unterschiede wurden auch beim Gefriertrocknungs- und Kollapsverhalten fest-
gestellt: Proben mit einer hohen Konzentration an Protein zeigten Risse und Spalten in
der Struktur, wobei die Trocknungstemperatur weit unterhalb der Kollapstemperatur lag
und kein Kollaps identifiziert werden konnte. Im Falle eines Kollapses zeigten sie ein
ziemlich elastisches Verhalten unter Bildung von charakteristischen Filamenten. Im Ge-
gensatz dazu wiesen zuckerreiche Mischungen ein zuckertypisches Kollapsverhalten mit
definierten Lochern in der Struktur auf, die sich schnell vergré3erten. Die letztgenannten
Proben trockneten ohne strukturelle Risse, wenn man sie unterhalb ihrer Kollapstempe-
ratur trocknete. Interessanterweise war die Differenz zwischen beginnendem und voll-
standigem Kollaps signifikant héher fir Mischungen mit einem ahnlichen Feststoffanteil
an Protein und Zucker und geringer fir die Proben mit einseitigem Mischungsverhaltnis.
Dieser Befund wurde durch die Oberflachenabsattigung der Proteinoberflache durch die

Disaccharidmolekdtile erklart.

Fir ausgewahlte Hilfsstoffe und binare Mischungen mit Protein und Disacchariden wur-
den die gemessenen Kollapstemperaturen mit der Glasiibergangstemperatur der maxi-
mal aufkonzentrierten Losung verglichen. Aufgrund der Abhangigkeit der Kollapstempe-
ratur von der Feststoffkonzentration der gemessenen Substanz(en), variierten die Diffe-
renzen zwischen der Kollapstemperatur und der Glaslbergangstemperatur stark fiir die
Hilfsstoffldsungen und die Protein/Zucker-Mischungen. Die héchste Differenz zwischen
dem beginnenden Kollaps und der Glasibergangstemperatur von 12°C wurde fir eine
wassrige Lésung gemessen, die 3,25% (m/m) bovines Serumalbumin und 1,75% (m/m)
Saccharose enthielt. Die Breite des Kollapstemperaturbereiches (die durch die Differenz
zwischen dem beginnendem und dem vollen Kollaps festgelegt wird) kann als Parameter
dienen, um Aussagen zur Robustheit der Formulierung in Bezug auf Temperaturunter-

schiede wahrend der Primartrocknung zu treffen.
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Durch gefriertrocknungsmikroskopische Messungen in Kombination mit Gefriertrock-
nungslaufen in einer Laboranlage konnte gezeigt werden, dass die erhaltenen Kollaps-
temperaturergebnisse im Allgemeinen auf Gefriertrocknungszyklen uUbertragbar sind,
was zum Beispiel die Unterschiede in der Kollapstemperatur zwischen verschiedenen
Konzentrationen eines einzelnen Hilfsstoffes betrifft. Rasterelektronenmikroskopische
Aufnahmen kombiniert mit BET-Messungen der spezifischen Oberflache wiesen eindeu-
tig darauf hin, dass Kuchen Schaden aufwiesen, wenn sie bei hdheren Produkttempera-
turen wahrend der Primartrocknung getrocknet wurden, auch wenn diese Temperaturen

unterhalb der Temperatur des beginnenden Kollapses lagen.

Zusammenfassend ist die Gefriertrocknungsmikroskopie ein aufierst hilfreiches Werk-
zeug zur Optimierung von Formulierungen und Gefriertrocknungszyklen. Sie stellt dem
Anwender nicht nur Informationen Uber kritische Formulierungstemperaturen fir die Pri-
martrocknung zur Verfligung, sondern auch zum Erscheinungsbild von Trocknung und
Kollaps, zu den Kollapsphasen der Formulierung, zu ihrer Robustheit in Bezug auf Tem-
peraturanderungen und z. B. auch zu mdglichen Kristallisationsprozessen und gegebe-
nenfalls zum Tempern. Mit der beschriebenen Methodik ist ein Routineeinsatz der Ge-
friertrocknungsmikroskopie mit einer begrenzten Versuchsdauer realisierbar, wobei eine
vernlnftige Genauigkeit erreicht wird, wenn drei bis fiinf Messungen durchgefiihrt wer-
den. Die Ubertragbarkeit auf Gefriertrocknungszyklen wurde exemplarisch belegt, sollte
aber durch weitere Untersuchungen erganzt werden, um einen akkuraten Ubertragungs-
faktor fur die einzelnen Hilfsstoffe, Wirkstoffe und Formulierungen im Allgemeinen zu

ermitteln.
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6  Suggestions for further research

As shown in the results and discussion section, the stochastic nature of nucleation and
different supercooling of samples which were prepared and treated in the same way
leads to high standard deviations of T, measurements. This problem is also found in
commercial freeze-drying processes where nucleation is commonly not controlled. How-
ever, new methods are available like using high pressure to assist freezing [198]. High
pressure allows more extreme supercooling and nucleation induction by rapid pressure
release. This leads to larger numbers of small ice crystals and vial-to-vial consistency
[15]. New approaches like the mentioned one should be included in FDM stages as well.
Control of supercooling and nucleation would lead to more reproducible results and bet-

ter transferability, especially if ice crystal sizes obtained in vials can be imitated.

Additionally, new combinations of different analytical techniques would be helpful. Com-
bined FDM/DSC equipment for example would allow detailed investigations on thermal
behavior of formulations and would probably answer some (still) open questions on dif-
ferences between T and T4". For determination of damages to APIs, a microscope with
an FT-IR option and FDM observation which is available during the experiment would be

of great value.

Detection problems concerning T,. and Ti. could be solved by computer software pro-

grammed for the recognition of collapse holes and disruptions.

With regard to transferability of FDM results to runs in freeze-dryers, extensive studies
are necessary. Because of the variability of the T. dependence on total solid content of
the solved substance(s), they should include various excipients and APIs. During primary
drying, T, values identical to T; (Toc, Tr, OF Tcso respectively), below T, and above T,

should be tested in separate runs.
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Finally, product characteristics (SSA, moisture content) and their acceptability should

then be compared to T, Tr, Tcs0, ATe and T4 values for single solutions or formula-

tions.
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