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The aim of this work is to identify different drying rates depending on the vial position during
lyophilization. This phenomenon is called edge vial effect. The edge vial effect results in
different product quality throughout the batch, with corner vials tending to dry faster compared
to centre vials. It is known that higher sublimation rates are caused by radiation. However the
higher sublimation rates in the edge vials are present at shelf temperature higher than room
temperature. Packing density was identified as another source of heterogeneity. Packing density
depends on the number of competing vials (i.e. vials surrounding a monitored vial). Edge vials
have lower packing density compared to central vials and therefore, sublimation is higher. In
this study, the effects of packing density and radiation were quantified in relation to the vials
position. Also, experiments were performed at different temperatures for identification the
impact of radiation and conduction from the lyophilizer.
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ARTICLE INFO ABSTRACT

Keywords: Inhomogeneous lyophilization (different drying rates at different locations of the lyophilizer), usually called

Lyophilization edge-vial-effect, is a known but still not fully understood problem in freeze drying. The edge-vial-effect is a

Experimental phenomenon in which vials positioned at the shelf edges and comers tend to dry more quickly compared to

Eg;l:nvfafmw central vials. For example, in a recent study of Assegehegn et al. (2020) the authors observed that for all
ol combinations of shelf temperature and chamber pressure stu , the highest product temperature, sublimation

Sublimation study binati f shelf d chamber died, the high roch iat

rate, and overall vial heat transfer coefficient are observed in front edge vials, whereas the lowest values are
observed in center vials, This observation is usually explained by an additional heating from the chamber walls.
However, the higher sublimation rates in the edge vials exist also at shelf temperatures higher than room
temperatures, when one would expect cooling from the walls and subsequently lower sublimation rates in the
edge vials. Another, less known source of inhomogeneous drying is the impact of the packing density of vials on
the shelves that was identified by Placek et al. (1999). The key idea is that with increasing number of competitive
vials (i.e. the vials surrounding a monitored vial) the amount of heat coming from the shelf and available for
sublimation in the monitored vial is decreasing. In other words, a smaller packing density of vials leads to a faster
drying. Carefully designed sublimation experiments with different patterns and combinations of active vials
(filled with water and open for sublimation) and inactive vials (empty vials without stopper) proved significant
impact of the packing density and its contribution to the total sublimation rate. Quantification of the experiments
at the different shelf temperatures shows that the total sublimation rate in both, corner vials and central vials,
increases with temperature. Also, the contribution of the packing density to the total sublimation rate increases
with the shelf temperature. On the other hand, the impact of radiation and conduction from the lyophilizer walls
and door decreases with increasing temperature until it starts to show the opposite trend. For the shelf tem-
perature of 25 °C (i.e. higher than the ambient room temperature of 20 °C), the edge vials are cooled from the
walls and therefore, the contribution of radiation for drying temperature of 25 °C is negative. It is expected that
combination of the radiation cage (Ehlers et al,, 2021) and specifically designed experiments employing inactive
vials in the central part of the shelves can significantly reduce (or almost eliminate) inhomogeneous drying rates
during lyophilization.

to inhibition of chemical and physical degradation reaction, but also
easy storage and transport {1].

Freeze drying process includes three main steps: (i) freezing step, (ii)
primary drying, and (iii) secondary drying. Freezing step is an initial
stage during which almost all solvent (up to 95%) is transformed into
solid. Solvent is separated from solute, while solute became more
concentrated. This concentrated solute is called “freeze concentrate”

1. Introduction

Freeze drying (or lyophilization) is a standard method used for the
preservation of perishable products such as labile injectable drugs
(vaccines, therapeutic proteins, and others) without damaging them.
The advantage of this method is not only increasing product stability due
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Nomenclature

Agn viots  Surface occupied by vials fm?]

Acomperitive vials Surface occupied by competitive vials [m?]
Amonitored area Surface of the monitored ared [m?]

D external diameter of a single vial [m]

K, heat transfer coefficient by conduction [W.m™2.K™!]
K. heat transfer coefficient by direct contact [W.m~2K™!]
K heat transfer coefficient by radiation [W.m2.K™']

L circle diameter [m]

m mass weight [g]

P pressure [mbar]

P chamber pressure [mbar]

T, collapse temperature [°C]

Tey eutectic temperature [°C]

TF target fill [—]

T’ glass transition temperature [°C]
Trnax maximum allowable temperature [°C]
T, product temperature [*C]

tpp primary drying temperature [°C]

A shelf temperature

WFI water for injection [—]

am mass loss [g]

AMeenrer  amount of sublimed water in central vials [g]

AMcgmer  amount of sublimed water in corner vials [g]

AMpacking density arnount of sublimed due to the lower value of packing
density at the corner vials [g]

AMyagdiation/conduction  coONtribution of the water amount sublimed due
to the heat transfer by radiation and conduction from the
dryer walls and the guard rail [g]

L2 Packing density [—]

and contains only 20% of water (w/w) [2]. The second stage is primary
drying. Primary drying is run at low pressure to promote sublimation of
frozen water. During this stage, all frozen water is removed, but samples
still contain a fair amount of unfrozen water (5-20%), depending on the
formulation. Residual moisture is removed during the secondary drying
by desorption. Secondary drying is run at a temperature higher than the
temperature used for primary drying. Residual moisture is reduced to an
optimal level, usually about 1-3% [2]. The quality of the final products
depends on the process conditions of all these steps. Indeed, different
process conditions affect the performance of individual stages and also
the quality of the final product is influenced. Every stage is also a
possible source of heterogeneity. Differences in ice nucleation temper-
ature during freezing may be a source of heterogeneity during drying, as
different nucleation temperatures result in different resistance to water
vapor mass transfer and therefore different behavior during primary
drying (higher temperatures/longer drying times in vials that nucleate
at the lowest temperature). These heterogeneities lead to variation in the
quality of intra- and inter-batch. Understanding the source of hetero-
geneity is important for successful freeze drying. This study is focused on
the identification and quantification of heterogeneity sources during

primary drying.
2. Theory of primary drying inhomogeneities

During primary drying, the majority of water is removed from the
frozen solution by sublimation obtaining a porous structure. During this
step, product temperature (7,) must be kept below the maximum
allowable temperature (Tyg). If product temperature is higher than a
critical value, frozen material undergoes a viscous flow, which is known
as collapse [4]. The maximum allowable temperature is usually 2-3 °C
below the collapse temperature (T;) and depends on the formulation. For
amorphous formulation, T is associated with glass transition tem-
perature (T;’) and, for crystalline formulation, Tngy is associated with
eutectic temperature (T.,). However, product temperature is not
controlled directly and varies through the batch. Usually, vials located at
the periphery have a higher product temperature than central vials and
therefore, products in periphery vials are prone to collapse. Product
temperature is handled by setting a chamber pressure (P.) and shelf
temperature (T;). Therefore, balancing between heat input to the
product and heat removal from the product by sublimation is crucial for
successful lyophilization, and heterogeneities between central and pe-
riphery vials must be considered [5].

2.1. Heat transfer in lyophilization

Heat transfer is heat exchange between vials and shelf on which vials

are loaded, heat transfer from walls and door, and also, from the sheif
above the vials. Based on these, heat transfer coefficient is a sum of three
main mechanisms: (i) heat transfer by gas conduction between the shelf
and the bottom of vials (K), (ii) heat transfer by conduction from shelf
to vial at points of direct contact (K.), and (iii) heat transfer by radiation
(K;) [6]. All three mechanisms are important, but the relative impor-
tance of these contributions depends on the type and geometry of vials,
chamber pressure, and vials configuration. Thermal radiation is not a
dominant mechanism because of low temperature, but radiation became
an issue when relatively warm surfaces are present, e.g. door and
chamber walls. Rambhatla and Pikal confirmed the responsibility of
atypical radiation for the position dependence of heat transfer through
the batch., This effect is known as edge vial effect [7]. Vials located at the
periphery (at front, back and sides of array), receive more heat during
primary drying leading to a higher sublimation rate compared to the
central vials. Also, edge vials are in direct contact with a metal guard
rail, which transmits some heat from the shelf to the vials. The effect of
guard rail on sublimation rate was studied by replacing the stainless
steel with Styrofoam. Styrofoam decreased the sublimation rate at pe-
riphery vials, but the sublimation rate was still higher compared to the
rate of sublimation in central vials. Therefore, the guard rail and radi-
ation are not the only reasons for the higher sublimation rates [8]. In
terms of heat transfer, stainless steel guard rail represents a radiation
shield but also increases heat transfer by conduction. However, the net
effect of heat transfer is decreased [7]. On the other hand, central vials
are not affected by radiation. In the hexagonal arrangement, each cen-
tral vial is surrounded by six vials. These adjacent vials provide a radi-
ation shield and therefore, radiation is not a significant mechanism of
heat transfer for central vials [9]. Very recently [10] published a
detailed study of the impact of chamber wall temperature on energy
transfer during freeze-drying. They tried to minimize the radiation
coming from the chamber wall during Iyophilization by installing a ra-
diation cage inside the lyophilizer and by setting it at different low
temperatures to determine the impact of chamber wall temperatures
below 0 °C on product temperature. Corner and center vials ran more
homogeneous with radiation cage since the edge and corner vials were
slowed down. The difference in primary drying time between corner and
center vials in the tray could be significantly reduced (7 h) when the
radiation cage was controlled at product temperature and combined
with a higher shelf temperature. They concluded that the radiation cage
is a useful tool for a more homogeneous batch with the potential to
reduce primary drying time. Nevertheless, the drying difference be-
tween corner and center vials could only be reduced and was not
completely eliminated. It is very complex — and probably still impossible
~ to develop and validate a completely ‘a priori’ model able to predict
heat transfer differences and edge vial effects. Gravimetric studies
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[11-13] pravide data for subsequent simple, cheap and straightforward
calculation of apparent Heat Transfer Coefficients (HTCs) at selected
vials on the shelf and subsequent using of the HTCs in mathematical
models [13].

2.2. Packing density

Radiation and the presence of guard rail are not only reasons of
heterogeneities during primary drying. Another possible cause of het-
erogeneity is packing density, originally proposed by Placek [&]:

- shelf surface occupied by vials within a distance L

xl? @

Where L was chosen as L = 3D, The aim of the packing density definition
is to quantify the impact of adjacent vials on the sublimation rate during
primary drying. The key assumptions are that active surrounding vials
are competitors for the heat received from the shelf and the surface area
of the bottoms of surrounding vials is relevant for the heat exchange
between the shelf and the surrounding vials.

Generally, packing density depends on two factors and thus, (a) the
position of the vial and (b) vials arrangement. As regards a vial position,
periphery vials are termed as atypical vials because they are not sur-
rounded by six neighbor vials as central vials. They receive more heat
and therefore, sublimation rate is higher at edge vial. The presence of
neighbor vials reduces the heat transfer to the vial resulting in a lower
sublimation rate in central vials (Gieseler and Lee, 2008). In addition to
a vial position, also vials arrangement influences the vials packing
density. There are two main arrangements of vials: hexagonal array
usually used in practice and square array of vials. Hexagonal packing is
preferred over square packing due to higher productivity. Vials arranged
in a hexagonal array can be divided into five groups based on their
position: (i) corner vials, (ii) outer edge, (iii) inner edge, (iv) front and
back row, (v) and central vials, as shown in Fig. 1. Vials in each group
have a different number of neighbor vials which are considered as
competitive vials in heat transfer. Vials in these categories receive
different heat flux leading to different sublimation rates [14]. The
greatest differences are between corner vials and central vials. While
corner vials have only two adjacent vials, central vials have up to six
adjacent vials.

The second, but less frequently used vials arrangement is square

Journal of Drug Delivery Science and Technology 74 (2022) 103550

packing (Fig. 2). A disadvantage of this packing is a lower loading ca-
pacity compared to the hexagonal array of vials. For square packing,
vials are divided into four groups: (i) corner vials, (ii) edge vials, (iii)
front and back vials, and (iv) central vials. Regarding the number of
adjacent vials, there are only three different groups (corner, periphery,
and central vials) that receive different heat fluxes [15].

The differences between central and corner vials in hexagonal and
square packing can be reduced by vials nested in a rack system. Vials in
the rack system are separated by a certain distance from each other, so
there are not competing vials present. Lyophilization in a rack system
allows more homogeneous drying, and thus, the edge vials effect is
decreased. The differences in product temperature T, between corner
and central vials were reduced from 39% to 27% [16]. The impact of the
rack system was also confirmed in another study [17]. The separation of
the vials in a plastic rack system ensured the same packing density for
corner vials and central vials, which then lead to almost the same

Square array of vials

T R R R
R R R R
R e R R g
R R R R R R R
R R R e R
R R R A A R e e
R R R R
S R R R R R R
S R S R R
R R
R R R R R R
R R e R
S R S R R R R
Y R R R R
T R R R R
R R R = R

‘e
++

. Corner vials

. Outer edge vials
. Front and back vials

. Central vials

Fig. 2. Classification of vials into four categories according to their position:
comer vial, front/back row and outer edge vials (contact with stainless steel
rail) and central vials. The classification facilitates the definition of sources of
heterogeneity during primary drying.

Hexagonal array of vials

. Corner vials (2 adjacent vials)

. Outer edge vials (3 adjacent vials)
. Front and back vials (4 adjacent vials)
@ Inner edge vials (5 adjacent vials)

. Central vials (6 adjacent vials)

Fig. 1. Classification of vials into five categories according to their position: corner vial, front/back row, inner edge vial (without contact with stainless steel rail),
and outer edge vial (contact with stainless steel guard rail) and central vials. The classification facilitates the definition of sources of heterogeneity during pri-

mary drying.
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(homogeneous) rate of sublitnation [17].

Vial packing density appears to be an important source of in-
homogeneity, while the arrangement of the vials as well as the position
of the vial must be considered. This study is focused on the quantifica-
tion of individual sources of inhomogeneities and the determination of
the effect of packing density is one of them.

3. Materials and methods
3.1. Materials

The experiments were carried out with vials of the 10R type. The 10
ml injection vials (10R) are manufactured out of tubular clear borosili-
cate glass of the 1st hydrolytic class. The dimensions are g 24.0 x 45 x
1.00 mm. The vials were filled with water for injection (WFI). Target fill
(TF) was the same for all vials in all experiments, i.e. TF = 5 ml. Vials
were semi-closed with 20 mm rubber freeze drying injection stoppers,
grey, suitable for 20 mm crimp neck vials, which have openings for
vapor flow.

3.2. Freeze-dryer

Freeze dryer Martin Christ Epsilon 2-10D LSC was used. The dryer
has the ice condenser capacity of 10 kg, 5 shelves with the temperature
controlled in the range —55 °C to +60 °C and the total shelf area of 0.98
mZ The dryer is equally ideal for product development and small-scale
production activities.

3.3. Freeze drying procedure

The experiments were performed under conditions which cover
relatively broad range of temperature and pressure typically used for
Iyophilization cycle. Only a single shelf (the middle one) was loaded in
all experiments, always with 300 vials which were sequentially
numbered, filled with water for injection, and placed directly on the
shelf with hexagonal packing arrangements surrounded by a metal
guard rail. Experiments at the chamber pressure 0,25 mbar and different
shelf temperature are summarized in Table 1 and were used for the
analysis in this paper.

An example of the freeze-drying cycle for sublimation studies is
showed in . The duration of each step is the same for each
experiment. A fast decrease of the chamber pressure from the atmo-
spheric pressure to 0.25 mbar and the shelf temperature ramp rate of
0.667 °C/min were employed at the start of sublimation.

3.4. Gravimetric evaluation of the mass sublimed

Mass sublimed was evaluated by weighing all active vials filled with
water before (m;) and after (my) the sublimation test. A high precision
(0.00001g) Mettler Toledo XPE 105 laboratory balance was used for the
gravimetric measurements. As shown in , samples are frozen to
—45 °C followed by sublimation at —15 °C for 190 min. The total mass
loss in a vial (Am) is calculated according to equation

Am=my —m, 2
Table 1
A summary of experimental conditions during sublimation tests.
Iy = Ts= Tg=- Ts=+ Te=+
~25°C -15°C 5°C 5°C 25°C
Pep=0.25 X X X X X

mbar
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Table 2
An example of freeze-drying cycle at shelf temperature = —15 °C and chamber
pressure = 0.25 mbar.

Step Time Shelf temperature Pressure
Duration Total [hh: ea [mbar]
[min] mm}
Loading 0 00:00 5 -
Freezing 270 04:30 —45 -
Freezing 60 05:30 -45 -
Sublimation 30 06:00 —45 0.25
Sublimation 45 06:45 -15 0.25
Sublimation 145 09:10 —15 0.25

3.5. Calculation of packing density

The vial packing density was originally proposed by Placek (2001)
and later also by Gieseler (2007) as a fraction of the shelf surface
occupied by vials within a distance L,

B Adlt viais 3)

Amanilured areu

where @ is packing density, Amomiored area = 7L and Aqp viss is the surface
area occupied by all vials located in the Appnitored area- In this study we
propose a modified definition of the packing density as a ratio of the area
occupied by competitive vials located in monitored area and total
monitored area:

Ammpaifive vials
= At s @

So the main difference is, that the Acomperirive viats = Aall vials ~ Amonitored
vial- The new definition means, that for a single vial which has all
neighboring vials inactive (for example fully stoppered) is the packing
density & = 0.

For the analysis presented in this work we decided to define the
monitored area as a circle with a diameter L = 2D, where D is the
external diameter of a single vial. Examples of the packing density
defined by equation are presented in for corner vial (vial
number 1) and central vial (vial number 33). The light green colored
vials represent monitored vials for which packing density is calculated
(#; and @33). The monitored area is bounded by a red circle with a

Fig. 3. Example of packing density evaluation for vial number 1 (corner vial)
and vial number 33 (central vial). A red circle bounds the monitored area.
Green areas illustrate vials for which the packing density is calculated. Blue vial
sections represent the area of competing vials located in the monitored area.
(For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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diameter L = 2D, i.e., L = 4.4 cm for the 10R vials. The blue sections
represent area of the neighboring (competitive) vials in the monitored
area.
For the vial number 1 (corner vial), only two neighboring vials (blue
sections) compete with the vial 1 in the monitored area, while for the
vial 33 (central vial) 6 vials (blue sections) compete with the vial 33 in
the monitored area. To evaluate the packing density, the area of the blue
segments had to be calculated. The AutoCAD® sofiware has been used
for the caleulation of the area of the blue sections.

The packing density varies with respect to the vial position. Vials at
different shelf locations have different number of neighboring
(competing) vials. To evaluate the impact of packing density on mass
sublimed, the vial packing density is evaluated for all vials on the shelf.

3.6. Quantification and separation of the effects of radiation and packing
density

The sublimation rate depends on the vial position on the shelf. The
biggest difference is between periphery and central vials, with the
sublimation rates higher at periphery. Periphery vials are surrounded by
a smaller number of competing vials and also, they are exposed to the
heat radiation and conduction from the dryer walls. Both, the radiation/
conduction from the walls and the guard rail and the packing density
contribution impact the drying rate. The value of packing density is
maximal for central vials and the heat transfer by radiation/conduction
is minimal for the central vials. Based on these assumptions, the total
amount of water sublimed from the corner vial A gmer is a summation
of following contributions:

&)

AMorner = A eeger + Ampa('king density Amrwliatian/mnducn’on

AMlgenter is the amount of sublimed water in central vials at a
maximum value of packing density [g],

AMpacking density 1 the contribution of the water amount sublimed due
to the lower value of packing density at the corner vials [g],
ATyagiation/conduction is the contribution of the water amount sublimed
due to the heat transfer by radiation and conduction from the dryer
walls and the guard rail {g].

Journal of Drug Delivery Science and Technology 74 (2022) 103550

To test and quantify equation (5) we have designed and performed
different experiments, in which we investigated impact of decreasing
packing density on the sublimation rate. The positioning and distribu-
tion of active vials (blue, filled with water and opened) vs. inactive vials
(white, filled with water and fully stoppered) is illustrated in Fig. 4.

Fig. 4a shows a packing pattern created by four rows of inactive vials
and 2 vials surrounded (isolated) by a single circle or by two circles of
inactive vials. Fig. 4b depicts three isolated vials, each surrounded by
different number of inactive vials. The isolated central vials do not have
active neighbors which would compete for the heat from the shelf and
consequently, their packing density is lower. Besides that, vials are
jocated in the middle of the shelf and the effect of radiation/conduction
from walls and guard rail can be neglected, while the mass loss is
impacted mainly (or only) by the lower packing density.

4. Results and discussion

4.1. Evaluation of packing density

The packing density is evaluated for each experiment. In the case of
full packing (Fig. 1), packing density is in the range from 0.35 to 0.67.
For different packing patterns, the individual packing density values
were color-coded, while the packing density is in the range 0.0-0.67 as
shown Fig. 5.

Fig. 5a shows packing pattern with white vials representing inactive
vials. Vials located in the middie of the circles are active (marked in
burgundy) and because they are surrounded by inactive vials, their
packing density is 0. Regarding their position far from the walls and
guard rails, the effect of radiation and conduction is negligible. There-
fore, the amount of sublimed water is affected only by the value of
packing density. Further, each inactive vial affects packing density of all
neighbors with which is in direct contact. Thus, the value of packing
density of active vials adjacent to the inactive vials is decreasing from
vial packing density corresponding to turquoise {maximal value of
packing density) to green and light green values. As a result, the packing
density in specific central vials is similar to the packing density corre-
sponding to the periphery vials.

Fig. 5b shows again an experiment with empty circles and empty
rows. Even these empty rows of vials affected the value of packing

. Active vials — filled with WFI

O Inactive vials  fully closed filled vials with WFI

Fig. 4. Design of experiment to quantify the effect of packing density and the effect of radiation on sublimation rates. Blue vials are active vials, i.e., vials filled with
water and opened for sublimation. White vials represent inactive vials, i.e. vials filled with water but fully closed by stoppers. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)

5
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Fig. 5. Evaluation of packing density for different vial arrangements. Fig. 5 a) shows a packing with three active vials surrounded by one, two and three circles of
imactive (white) vials. Fig. 5 b) displays also four rows of inactive vials surrounded by active vials. Fig. 5¢) shows packing density of full packing. The legend il-
lustrates by different colors the corresponding packing densities of the active vials. (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article,)

density of the central vials. Vial packing density of central vials adjacent
to inactive vials rows correspond to the packing density of vials in the
front/back row. Finally, Fig. Sc illustrates packing densities of different
vials of the full hexagonal packing.

4.2. Inhomogeneous primary drying

Heterogeneities are identified gravimetrically with respect to the vial
positions on the shelf. The value of mass sublimed in each vial is marked
by a color code. The following Fiz. 6 shows inhomogeneity for standard
full packing. The amount of mass sublimed at periphery vials is higher
compared to the central vials. Sublimation at periphery is enhanced due
to the effect of radiation and lower packing density. Also, the in-
homogeneity ratio is evaluated as a ratio of the maximum and minimum
amount of sublimed water. Inhomogeneity ratios are 2.57 and 2.26 for
sublimation temperature —25 °C and —15 °C, respectively.

Also, the dependence of the mass sublimed on the vial packing
density is evaluated, while vial packing density is calculated for each
active vial according to equation (1). The packing density for the vial
number 1 is calculated as follows:

Ar etitive vials
@ = CLomettve viols _ g 35 ®)

Anwni.rorzd area

Where @ is packing density for vial number 1.

Acomperitive vials i total area occupied by competitive vials in monitored
area [mz]
Anmonitored 15 monitored area within the guard rail [m?]

The average amounts of sublimed water depending on the packing
density are shown in Fig. 7. Both dependences exhibit the same trend.
The higher packing density, the lower mass sublimed. The lowest
packing density (0.35) corresponds to the corner vials, while the highest
packing density (0.67) corresponds to the central vials.

Similarly, heterogeneities are identified for experiments with
different patterns performed at sublimation temperatures —5 °C, +5 °C,
and +25 °C and presented in Fig. 8. The amount of mass sublimed is
marked by the same color coding. Also in this case, the sublimation rate
is enhanced at the periphery compared to the central vials, But inactive
vials also influence the amount of mass sublimed in adjacent vials. Mass
sublimed in vials adjacent to empty rows (Fig. 8a) and b) is higher.
Average mass sublimed is comparable with mass sublimed in vials
located in the front row. This is caused by lowering packing density.
Furthermore, central isolated vials located in inactive circles (Fig. 8a, b,
and Fig. 8c) have even higher mass sublimed than vials adjacent to the
empty rows. Those vials are central vials without the radiation impact, i.
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Fig. 6. Evaluation of inhomogeneities depending on the vial position. Fig. 6a shows heterogeneity at sublimation temperature of —25 °C, and Fig. 6b shows het-
erogeneity at sublimation temperature of —15 °C. Both experiments were performed at the chamber pressure 0.25 mbar.
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Fig. 7. The dependence of average amount of mass loss for different values of vials packing density at different sublimation temperature, i.e., at temperature ~25°C
and —15 °C. For these experiments, full packing of active vials was used.
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Fig. 8. Evaluation of inhomogeneities within the batch with different patterns created by inactive vials. Fig. Sa shows heterogeneity at sublimation temperature of
—5°C, Fig. &b illustrates heterogeneity at sublimation temperature +5 °C and Fig. 8¢ shows heterogeneity at sublimation temperature +25 °C. All experiments were
performed at the chamber pressure 0.25 mbar.
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Fig. 9. The dependence of average amount of mass loss for different value of the vials packing density at different sublimation temperatures. For these experiments,
different patterns created by inactive vials were used.
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e., a higher amount of mass sublimed results from lower packing density.
If the central vials do not have competitors (i.e., they are surrounded by
inactive vials), they can be almost as “fast” as the edge vials, or even
higher depending on sublimation temperature, Regarding the number of
circles created by inactive vials, two inactive circles of vials lead to a
higher amount of mass loss compared to the one inactive circle. How-
ever, three inactive circles of vials do not further increase the amount of
sublimed water. Therefore we conclude that it is sufficient to use only
two inactive circles for the quantification of the limiting packing density
impact.

shows the dependence of water sublimed on the value of
packing density. Packing density for experiments with inactive vials
patterns takes values in the range 0.00-0.67. Using inactive vials,
packing density for central vials is reduced from the value 0.67 to values
from 0.00 to 0.45. Packing density zero corresponds to isolated central
vials. As can be seen in , the highest mass loss is for isolated vials
with the lowest value of packing density. However, these vials are not
affected by radiation and therefore, the amount of water sublimed is
affected only by the packing density. Since the packing density is zero,
the water sublimed in isolated vials is considered as the highest possible
sublimed water for central vials under the given conditions.

4.3. Quantification of the packing density impact

Experiments with inactive vials were used for quantification and
separation of the effects of radiation vs. packing density. The following
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procedure was used for quantification:

1. Only experiments with not standard packing patterns were used to
quantify the effect of packing density, while central vials have
different values of packing density due to the inactive vials.

2. Then, central vials with a different value of packing density are
selected, while vials have to be at least three rows away from the
edge. The radiation/conduction from walls and guard rail has a
negligible effect on these vials and therefore, only the packing den-
sity impacts the mass sublimed. For all experiments, vials located in
the same position were selected.

3. Subsequently, the dependence of the amount of sublimed water on
the packing density was evaluated and is illustrated in . The
relationship between observed data was fitted by linear regression
for each sublimation temperature.

4. According to linear regression and equation (4), the quantification of
the effect of the packing density and the effect of radiation is eval-
uated for the corner vial number 1. The packing density for the
corner vial 1 is 0.35. It must be noted, that for periphery vials only
monitored area located within the guard rail is considered. There-
fore, the monitored area for vial number 1 is not a circle with a
diameter of 4.4 cm but only the corresponding section of this circle.

For the sublimation temperature of —5 °C, the following linear
equation describing the dependence between mass sublimed and pack-
ing density was evaluated:

a) b)
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Fig. 10. The figure shows the dependence of the amount of sublimed water on the packing density for central vials at different sublimation temperature. a

shows the dependence at the sublimation temperature of -5 °C,
ture 25 °C.

b is for the sublimation temperature 5 °C and

c is for the sublimation tempera-
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Am= —0.8157-® 4 1.204 7

For corner vial, total mass loss is summation of three different con-
tributions (Equation (5)) as follows: (i)} AMcensral vials, (i) AMpacking densitys
and (i) AMyegiarion/condustion The first contribution, Amcemral vigls, 1S an
average mass sublimed in central vials with the highest value of packing
density, meaning an average mass sublimed in vials surrounded by six
adjacent vials. The contribution of the central vial is evaluated directly
from experiment. For sublimation temperature of —5 °C, the average
mass loss in central vials is Aoy vias = 0.678.

Before quantifying the contribution of the packing density, it is
necessary to calculate the amount of sublimed water for vials with
packing density corresponding to the packing density of corner vials.
Packing density for corner vials is 0.35 and the mass sublimed is
calculated from equation (7). Evaluated mass sublimed consists of two
contributions, i.e. the contribution of the central vial, AMcensral vigts and
the contribution of the vial packing density, Ampacking density:

AMyocking densisy+censral vials = — 0.8157-® + 1.204 = —0.8157-0.35 + 1.204
= 092¢
8
Based on this result, the contribution of vial packing density (Am
packing density) 1S quantified:
Amg = Mpacking densiry+central vials — A_r_n_c:nrral vials =092 — 0.67g= 0.25 g (9)
The last contribution is the radiation/conduction contribution,
AMyadiation/conduction- It Was calculated as a difference between experi-

mentally measured value for corner vials and calculated value including
the effect of packing density:
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Fig. 11. Quantification of packing density and radiation impact.

It is also instructive to compare an inhomogeneity ratio (a ratio of
AMgrmer viats aNA AMMeenirat vias listed in . The inhomogeneity ratio
at —5 °C is 1.7 but it is only 1.3 at +25 °C. It further demonstrates
decreasing impact of the radiation from walls but also shows that the
drying difference between corner and center vials could only be reduced
but not completely eliminated at these experimental conditions. Thisisa
very similar observation and conclusion as in the recent work [10]
focused on minimization of the impact of chamber wall by installing a
radiation cage inside the Iyophilizer. We believe that the above analysis
helps to understand and quantify roles of different mechanisms to the

Ay gission = AMcomer vials ‘Rcmfrd vials ‘Ampurldng density = 1A14g - 0678 - 0253 = 0223 (10)

The same assumptions were also employed for another sublimation
experiment. The results are summarized in the following

The impact of individual contributions is summarized in as
follows:

With the increasing shelf temperature, the amount of mass loss in
corner vial, AM comer vials, increases. The same trend applies to the
contribution of central vials Am cengral vialss and to the contribution of
packing density AM packing densitys Where the amount of sublimed water
increases with increasing sublimation temperature. On the contrary, the
radiation effect, AMydiarion/conductions decreases with rising temperature
until it starts to show the opposite trends. Radiation effect is highest at
the lowest sublimation temperature. Therefore, the radiation has the
highest effect at the lowest temperature due to the biggest differences
between the ambient temperature (usuaily about 20 °C) and the drying
temperature. If the drying temperature (e.g., 25 °C) is higher than the
ambient temperature (20 °C), the edge vials are cooled from the walls
and therefore, the contribution of radiation for drying temperature 25 °C
is negative. Different contributions are also shown in the following

Table 3
Quantification of packing density and radiation impact for different sublimation
experiments.

top Am, viaks DM corarad vials Amg A aicrion [ conduction
°C} [g] [g] [g] [g1

-5 1.14 0.67 0.25 0.22

5 1.36 0.88 0.30 0.18

25 1.70 1.29 0.49 -0.08

total sublimation rates at different locations on the shelf and at different
process conditions. The experimental data can be also used for calcu-
lation of apparent heat transfer coefficients corresponding to those
different mechanisms. A methodology and software for calculation of
heat transfer coefficients were described in our recent publication [13].

5. Conclusion

Two main sources of heterogeneous sublimation (different drying
rates) were experimentally identified and quantified. The first and well
known is the impact of the heat radiation and conduction from the walls
and door of the lyophilizer. The second (less known) source of inho-
mogeneous drying is the impact of the packing density of vials on the
shelves. In this study, the packing density & is defined as a ratio of the
area occupied by competitive vials located in a monitored area and the
total monitored area:

Acomperitive vi
-ompetitive vials
b= T =

Amrmimrzd area

The key idea is that with increasing number of competitive vials (i.e.
the vials surrounding a monitored vial) the amount of heat coming from
the shelf and available for sublimation in the monitored vial is
decreasing. In other words, a smaller packing density of vials leads to a
faster drying. Carefully designed experiments having different patterns
and combinations of active vials (filled with water and open for subli-
mation) and inactive vials (empty vials without stoppers) proved sig-
nificant impact of the packing density and its contribution to the total
sublimation rate. Quantification of the gravimetric experiments at the
same pressure and different shelf temperatures can be summarized and
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concluded as follows:

1. Total sublimation rate in both, corner vials and central vials in-
creases with temperature.

2. The impact of the packing density to the total sublimation rate also
increases with the shelf temperature.

3. On the contrary, the impact of radiation and conduction from the
lyophilizer walls and door decreases with rising temperature until it
starts to show the opposite trend. For the shelf temperature of 25 °C
(i.e. higher than the ambient room temperature of 20 °C), the edge
vials are cooled from the walls and therefore, the contribution of
radiation for drying temperature 25 °C is negative.

We believe that combination of the radiation cage [10] and specif-
ically designed experiments employing inactive vials in the central part
of the shelves can significantly reduce (or almost eliminate) inhomo-
geneous drying rates during lyophilization.
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