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ABSTRACT

Freeze-drying is used to prolong the shelf life of pharmaceutical formulations stored in vials. To achieve this,
formulations are first frozen and then dried, yielding a porous product that can in some cases be stored even
at ambient conditions. In this work, the effect of different process parameters on the properties of the porous
micro-structure obtained when freeze-drying dextran solutions was studied. To characterize the pore sizes,
the samples were imaged with scanning electron microscopy (SEM) and the images were manually analyzed
to determine the pore size distribution. To study the robustness of such manual pore characterization meth-
odology, a reliability analysis was carried out, which showed that defining a set of guidelines leads to compa-
rable pore size distributions among multiple participants conducting the analysis. The pore characterization
methodology was then applied to products that were freeze-dried under different conditions. Higher dextran
concentrations and higher cooling rates were found to lead to predominantly smaller pore sizes and longer
primary drying. The conclusions of this work complement the existing literature in demonstrating the
robustness of the manual pore size analysis and give valuable insight into the link between the micro-struc-
ture formed during the freezing of dextran solutions and the drying performance.

© 2025 The Authors. Published by Elsevier Inc. on behalf of American Pharmacists Association. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

Introduction

Storing biopharmaceutical formulations in the liquid state often
poses a significant risk of potency loss, since the biologically active
components of the drug product are prone to various chemical and
physical instabilities, such as unfolding and aggregation.'* To mitigate
the stability limitations and prolong the shelf life of drug products,
freeze-drying (also known as lyophilization) is commonly utilized in
the industry.>~> In freeze-drying, pharmaceutical formulations stored
in vials are first frozen and then dried under vacuum, where ice is
removed via sublimation during primary drying and by desorption in
the subsequent secondary drying.>~° In the freezing stage, a stochastic
ice nucleation event marks the first formation of ice, which is followed
by fast ice crystal growth (i.e., solidification),”*°~° and once freezing is
completed, drying under vacuum results in a solid material with a
complex porous micro-structure.>*'° Due to the complex interplay of
freezing and drying, which involves stochastic ice nucleation, heat and
mass transfer, and micro-structure formation in the freezing stage —
phenomena that affect sublimation and mass transfer during the
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subsequent drying stage — design and optimization of the freeze-dry-
ing process remain challenging.

In particular, the complexity of the freezing stage stems from the
fact that both the stochastic ice nucleation and the ensuing solidifica-
tion contribute to the formation of the ice crystal network and thus
determine the properties of the porous micro-structure.>!%!! Ice
nucleation is an activated process, and denotes the formation of the
first primary ice nucleus leading to randomly distributed nucleation
times across vials in the same batch, and within the same vial in multi-
ple freeze-thaw cycles.'? The stochastic nature of nucleation, however,
is of relevance not only in the context of freezing in vials'>'* and drop-
lets,'>'6 but also in the field of crystallization from solution,'”'® cryo-
preservation of biological materials such as tissues and cells,'®?° and
in the atmospheric physics.?!??

To assess the impact of the different operating conditions on the
pore sizes, a reliable micro-structure characterization methodology
must be employed. To this end, the specific-surface area of the porous
product is often measured,'#** or various image-based techniques, such
as light microscopy,”*~2® micro computed tomography (14CT),”’~>* and
scanning electron microscopy (SEM)*’>*~3" are utilized to characterize
the pores. In the present work, SEM imaging was employed due to its
availability, comparably high throughput and simple sample prepara-
tion, despite the limited information obtained from two-dimensional

0022-3549/© 2025 The Authors. Published by Elsevier Inc. on behalf of American Pharmacists Association. This is an open access article under the CC BY license
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Symbols

y cooling rate (°C min™")

w mass fraction (%)

T temperature (°C)

p pressure (Pa)

t time (min)

D diameter (m)

A area (m?)

ky pre-exponential nucleation parameter (m~=>s)
b exponential nucleation parameter (-)
Subscripts

p pore

sh shelf

s solute

on the onset of drying curve

mid the mid-point (inflection point) of drying curve
off the offset of drying curve

start denotes the start of drying stage

Pi Pirani

Ba Baratron

w water

Superscripts

eq equilibrium

nuc nucleation

dry drying

end ending/final value (in context of the minimum

shelf temperature)

Abbreviations

SEM scanning electron microscopy
uCT micro computed tomography
PDF probability density function
cv coefficient of variation

IQR inter-quartile range

PVDF polyvinylidene fluoride

images used to determine the pore size distribution. Furthermore, for
the image analysis, various automated approaches of pore characteriza-
tion have been established,?®~>°37-*® however, manual modes of image
analysis are nevertheless still used in some cases due to the complexity
of identifying pores in the images'**® — such an approach is revisited
and studied in more detail in this work.

Concerning the role of the porous micro-structure in freeze-drying
several potentially relevant aspects remain unclear. First, it is not obvi-
ous how different techniques of pore characterization, such as ;£ CT and
SEM, compare among each other (while this is not within the scope of
this study, an interesting review is found in the literature for the inter-
ested readers*). More specifically, in the case of SEM image analysis, it
is not clear, how different modes of image-analysis, e.g., fully automatic,
brightness-based threshold approaches on the one hand, and manual
approaches on the other, compare in terms of the obtained pore sizes,
or in the case of manual analysis, how the pore size distributions
obtained by different participants performing the analysis compare
among each other. Second, to further complement the existing litera-
ture, there is a need for a better quantitative understanding of how
operating conditions and physico-chemical properties of the products
relate to pores of different size and morphology, and how these in turn
affect the drying performance. For instance, it has been reported that
increasing the solute concentration results in smaller pores and thus
longer primary drying,26292140-44 however, there is a lack of consensus
regarding the effect of cooling rate on pore sizes — while some studies

report a significant decrease of pore sizes (and/or sublimation rates)
when increasing the cooling rate,>#?%> others show virtually no effect
on pore sizes in the investigated range of cooling rates.>*4>46

The present work thus aims to study the complex link between
freezing and drying in a quantitative manner in the case of dextran,
which is an often used excipient in pharmaceutical formulations (simi-
lar in structure to (malto)dextrin, which is also often utilized).?%4748
Solute concentration and cooling protocol, together with the time of
nucleation, are studied as potential relevant factors affecting the prop-
erties of the porous micro-structure (and consequently also the drying
time). To characterize the micro-structure, specifically the pore size,
samples are imaged with SEM, the pores on the images are manually
characterized, and the pore size distribution is determined.

Methodology
Freeze-drying experiments

Materials

Aqueous solutions of dextran (from Leuconostoc spp. (40 kDa),
purchased from Sigma Aldrich) were prepared with water for injec-
tion (Fresenius Kabi, Milan, Italy) in different concentrations (1, 2.5,
5, 10, 15 and 20 wt.%), filtered using syringe filters (PVDF, 0.22 pm,
Merck, Milan, Italy), and their water activity was measured at 25 °C
using an activity meter (Aqualab TDL 2, METER Group, Inc., Pullman,
WA). Physical properties of dextran solutions were taken from the lit-
erature,?’49=°! e.g. the glass transition temperature of the maximally
freeze-concentrated solution of dextran, denoted as Ty, has a value of
around —12 °C.*’*® Dextran solutions were then filled into 10R vials
(Stevanato Group, Piombino Dese, Italy) in a laminar flow hood; fill
volume in each vial was 3 mlL, corresponding to a fill height of
0.95 cm. The vials were then loaded into the freeze-dryer ina 9 x 9
sized hexagonal arrangement, dividing the batch in 49 center vials
and 32 edge vials. Freeze-drying experiments were conducted at Poli-
tecnico di Torino in a lab-scale freeze-dryer LyoBeta 25 (Telstar, Ter-
assa, Spain) with repositioned shelves prior to the start of the first
experiment to allow maximum gap between shelves (around 20 cm)
and the installation of two HD cameras to monitor the freezing stage.
The cameras were then removed from the freeze-dryer before the
start of the drying stage, whereas the position of the shelves was
kept constant throughout the experimental campaign.

Determining nucleation times

Videos recorded with the two cameras allowed determination of
t"u¢ in all vials, since at " the solution begins to turn from transpar-
ent to opaque upon formation of ice. At t"' the temperature of the
product is denoted as T"“, and represents another freezing charac-
teristics, relevant to describe the conditions of freezing, which can be
measured with different invasive and non-invasive methods.!*>%5
This, nonetheless, was beyond the scope of the present work, where
we focus on the determination of nucleation times only.

Experimental protocol

The experimental campaign was divided in two parts (see the
experimental conditions summarized in the left part of Table 1): (i) in
Exps. Al to A6, the solute concentration was varied at a constant
cooling rate, while (ii) in Exps. B and C, in combination with Exp. A3,
the cooling rate was varied at a fixed dextran concentration. All other
operating conditions were kept constant. In Exps. A1 to A6 a constant
cooling rate, y = 0.5 °C min~!, was applied; in Exp. B this value was
decreased to 0.2 °C min~!; Exp. C was performed with a pre-cooled
shelf to create conditions of faster cooling (temperature of the prod-
uct as measured with the thermocouple decreased with a rate of
approximately 5 °C min—!, see Section S1 in the Supporting Informa-
tion for further details).
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In the case of the shelf-ramped freezing, the shelf temperature
was decreased linearly wuntil the minimum temperature,
Térd = —45°C, was reached; vials were then held at the minimum
temperature for 3 hours to ensure complete freezing. Afterwards,
vacuum was applied and the temperature of the shelf was raised
with a heating rate of 1 °C min~! to carry out primary drying at
—5 °C. Pressure during primary drying was kept at 10 Pa until the
Pirani-Baratron pressure ratio, pp;/pgsa ~ 1, indicated completed pri-
mary drying (more details are available in Section ‘Determining the
endpoint of primary drying’). Finally, the temperature was slowly
raised again (with a heating rate of 0.1 °C min~!) to conclude the
cycle with a secondary drying stage at the same pressure, but at
20 °C. The duration of the secondary drying step was not optimized
and was instead kept constant across experiments. To monitor the
temperature evolution of the product, three T-type thermocouples
(Tersid, Milan, Italy) were placed in three randomly chosen vials
(1 edge and 2 core vials) to monitor the temperature evolution of the
product close to the bottom of the vial. An example of the evolution
of product temperature (red), shelf temperature (black), and Pirani-
Baratron pressure ratio (gray) is shown in Fig. 1 for the case of a
5 wt.% solution of dextran (Exp. A3).

Determining the endpoint of primary drying

The endpoint of primary drying, t4%, was determined based on
the Pirani-Baratron ratio, pp;/pga. The Baratron pressure probe is a
capacitance manometer, i.e., it provides a composition-independent
measurement of the total pressure in the chamber during primary
drying; conversely, the Pirani probe is a thermal conductivity gauge,
yielding a composition-dependent pressure measurement. The ratio
of the two pressure values is therefore also composition-dependent
and can be used to detect the endpoint of primary drying — the evo-
lution of pp;/pga is shown in Fig. 1 (gray line), together with multiple
points that give indication of the progress of primary drying (i.e., the
onset, t%, the midpoint, tf[fi{j, and the offset, tgfrfy ,on the drying curve).
The duration of primary drying based on the onset may thus be
defined by AtSY = oY — t3¥, and analogously based on t2¥ and t2Y.
Finally, the change in atmosphere composition ultimately results in
the pressure ratio asymptotically approaching a value of pp;/pp. =~ 1,
indicating that the batch of vials is completely dry.>”

Freeze-dried product characterization

Scanning electron microscopy (SEM) was chosen as the technique
to characterize the pores in this work; to this end, multiple center
vials in each experiment were selected, namely, two vials associated
with each of the 10th, 50th and 90th percentile of the nucleation
time distribution were used to probe the effect of the nucleation time
on the pore sizes. Conversely, the micro-structure analysis was not
carried out for the edge vials.

Table 1

To prepare the samples for SEM analysis, the vials were first care-
fully broken, then the product cake was extracted, and, finally, a thin
vertical slice of the cake was cut using a razor blade. Samples were
then coated with a few nanometers of a Pt layer and 10—20 images
from the bulk of the sample (close to the center of the cake in terms of
both horizontal and vertical position) were recorded for each sample
using SEM (Desktop SEM Phenom XL, Phenom-World B.V., Eindhoven,
Netherlands). The obtained SEM images were analyzed manually using
Image]; in each image the identified pores were outlined with a con-
tour of irregular shape and afterwards the build-in software of Image/
was used to compute the pore area, A, (see Section S3 in the Support-
ing Information for an example of the image analysis). The circle-
equivalent diameter of a pore, D,, can then be obtained from the pore
area using A, = D2 /4, in consistency with the literature.”>***’ As
such, the circle-equivalent diameter of the pores, despite its simplicity
and the loss of information about pore shape and orientation, still pro-
vides a robust, standardized measure of pore sizes.>®

SEM image analysis

To render the manual image-analysis more robust, specific guide-
lines for pore characterization were established before the procedure
began. Only completely visible pores should be considered, i.e., not
covered by obstructions or artifacts resulting from sample preparation.
Furthermore, only pores appearing at the top-most layer of the product
(where the sample was cut) should be accounted for, while pores
deeper down in the structure should be neglected to avoid double
counting, and to achieve reproducible characterization (i.e., counting
smaller pores within bigger pores was avoided). Additionally, only
pores with a fully visible wall structure at the plane of cutting are to be
considered, and all the images were manually examined to avoid dou-
ble counting of the same pores in potentially overlapping images.

The proposed guidelines were fulfilled for samples of 5 wt.% or
higher solute content, whereas samples of 1 and 2.5 wt.% were struc-
turally too weak to be prepared for SEM analysis. The resulting pore
structure, as appearing in the images, could not withstand the sample
preparation procedure; therefore, these images were not analyzed
using the proposed pore size characterization methodology.

Finally, to investigate the reliability of the manual pore characteri-
zation methodology, five participants analyzed independently the
same subset of images — results of this comparison are discussed in
Section ‘Reliability study of the quantitative analysis of the porous
micro-structure’.

Results
Process-level results
Recent studies have established that solute concentration and

cooling protocol (e.g., cooling rate) affect the nucleation behaviour of
aqueous solutions in vials.*®!%°® The center part of Table 1 shows

Table summarizes the main experimental conditions (left), the nucleation time results (middle) and the drying time results (right). Nucleation times are represented by the 10th,
50th (median) and 90th percentile of the nucleation time distribution, whereas drying times are determined by the Pirani-Baratron ratio based on the onset, Ar;’;y , the inflection
point, At%Y and the offset of the drying curve, Atg}?’. Nucleation time distributions are reported in the SI (see Section S2).

‘mid*

Experimental conditions

Nucleation time results

Drying time results

Exp. cooling mode y,[°Cmin™'] ws, [Wt.%] £ [min) t8uc, [min) touc, [min| A3V [h] Atﬁ%, [h] Atgfrfy ,[h]
Al shelf-ramped freezing 0.5 1 75.7 91.8 104.0 104 12.8 15.7
A2 25 82.5 98.8 107.7 111 14.2 18.2
A3 5 77.6 91.8 104.3 11.0 143 17.6
A4 10 85.6 87.8 101.9 12.8 144 16.3
A5 15 80.6 96.9 105.6 13.7 16.5 19.9
A6 20 85.3 95.6 105.4 14.0 16.7 20.2
B shelf-ramped freezing 0.2 5 281.0 305.0 3183 7.5 11.2 17.3
C pre-cooled shelf - 5 49 5.5 6.5 83 10.2 15.1
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Fig. 1. The evolution of shelf temperature, Ty, (black), product temperature, T, (red) and pressure ratio, pp;/psa, (gray, values on the secondary axis), when freeze-drying a 5 wt.%
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dextran solution (Exp. A3). The four markers represent the start of primary drying, ts,

on the ratio curve, t3%,

. dry
dotted line represents the tangent at £ ..

the 10th, 50th and 90th percentiles of nucleation time distribution
obtained in each experiment. Nucleation time results in Table 1 show
that the percentiles of nucleation time distribution are very similar
among experiments with different solute concentration (Exps. Al
to A6), with no clear trend emerging. This implies that in the case
of dextran, the solute concentration in the investigated range
(1-20 wt.%) has no detectable effect on nucleation. Conversely,
recent nucleation study shows that increasing concentrations of
sucrose, trehalose and sodium chloride lead to a significant decrease
in water activity and thus have a strong impact on the nucleation
times and temperatures.>®

Unlike nucleation times, drying times exhibit a clear and signifi-
cant trend with respect to solute concentration, as expected based on
earlier literature.?630>140=44 The duration of drying based on the
onset of drying, AtYY, increased from 10 h to 14 h when freeze-dry-
ing 1 and 20 wt.% dextran solution, respectively. A similar increase is
observed for the offset of the pressure ratio curve, where the drying
time, Atgfrfy, increases from 16 h to 20 h.

The effect of the cooling rate on nucleation and drying times can
be observed by comparing the results of Exps. B, A3 and C in the bot-
tom part of Table 1. Increasing the cooling rate from 0.2 to 0.5 °C
min~! in Exps. A3 and B, respectively, results in shorter nucleation
times and longer drying times (AtdY increased from 7.5 h to 11 h).
Some of the existing literature reports a similar increase in drying
times when applying higher cooling rates.>*?54>>7 This trend, how-
ever, is not further observed in Exp. C (pre-cooled shelf), where the
drying time is shorter than in Exp. A3, which ran at a cooling rate of
0.5°C min~1.

To further study the effect of solution composition on the nucle-
ation times, we can define the nucleation rate, J, which represents
the expected number of nuclei forming per unit volume and per unit
time. It can be defined based on the supersaturation as
J(T) = ky(aw — aﬁ?(T))b, where a,, and a denote the water activity
and the equilibrium water activity, respectively, while k, and b are
constant parameters, which may be estimated from experimental
data.'>"®

Experimental measurements of water activity in dextran solu-
tions, reported in Table 2, show values very similar to that of pure
water (i.e., ay =~ 1) for dextran concentrations in the studied range.
These values correspond to the literature data even up to 30 wt.%,®
which means that dextran solutions show negligible freezing-point
depression in the investigated solute concentration range. Hence,
no relevant effect of dextran concentration on the nucleation rate,

the onset when pressure ratio starts decreasing, rg;y , the mid-point or the inflection point
and the offset of primary drying, tgf?’ , when ratio approaches unity. Horizontal dotted lines indicate higher and lower asymptote of pp;/pga, while the third
Similar plots for other experiments are reported in the SI (see Section S1).

and in turn on the measured nucleation times (and thus also nucle-
ation temperatures), is expected.’® This theoretical consideration is
in agreement with the nucleation time data reported in Table 1,
where no significant effect of dextran concentration on nucleation
times is observed either. However, on the contrary, dextran concen-
tration shows effect on the time of drying, which is investigated
through the micro-structure analysis, discussed in the following
section.

Micro-structure analysis and pore size results

Qualitative analysis of the porous micro-structure

To facilitate the visual analysis of the porous micro-structure,
Fig. 2 shows one SEM image for each of the six experimental condi-
tions studied in this work. All images display the pore structure in
the central part of the cake; furthermore, the images are oriented so
that the bottom of the image corresponds to a lower vertical position
in the freeze-dried product and the top of the image corresponds to a
higher vertical position; in other words, the vertical orientation of
the sample is preserved in the reported images. For the sake of brev-
ity, only one image per experiment is provided in Fig. 2, whereas
many additional SEM images are available in Section S3 of the Sup-
porting Information.

In panels 2a and 2b (Exps. A3 and A4), relatively large and homo-
geneous pores are observed. A similar pore structure, but with
slightly larger pores is also noticed in Fig. 2c (Exp. B). Panels 2d and
2e show samples of images obtained by shelf-ramped freezing in
Exps. A5 and A6, which also show a homogeneous pore structure,
however, with clearly smaller pore diameters. Finally, Fig. 2f (Exp. C)
displays a different morphology of the porous micro-structure. In
contrast to the case of slow cooling (Exp. B), where large circular
pores with no preferred orientation are observed, in the case of fast
cooling with the pre-cooled shelf at —45 °C (Exp. C), narrow channels
(i.e., a lamellar structure) in the vertical directions dominate the
micro-structure.

The morphology shown in Fig. 2f is characteristic of fast cooling pro-
tocols, such as crash-cooling, and is well-known in the literature.*>>°
Fast cooling protocols leading to similar morphology were previously
linked to the so-called local supercooling in the literature.*® As opposed
to the concept of global supercooling, local supercooling means that the
product is only supercooled at the time of nucleation in a fraction of its
volume.”®%° In turn, this leads to ice formation upon nucleation only in
the supercooled region, whereas elsewhere solidification begins once
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Table 2

Measured water activity, ay, of dextran solutions as a function of solute concentration,
ws, at 25 °C; the mean and the standard deviation of three measurement repetitions is
reported.

ws [we.k] aw [-]

0 0.995 + 0.003
5 0.992 =+ 0.001
10 0.994 + 0.002
15 0.993 + 0.001
20 0.990 + 0.003

the solution reaches the equilibrium freezing temperature locally —
interestingly, such a behavior was also predicted in recent modelling
works.®*61

Panels 2c and 2f clearly demonstrate that different cooling pro-
tocols lead to different morphology of the porous micro-structure.
A quantitative analysis, however, is challenging in the case of the
pre-cooled shelf experiment, due to the lamellar pore structure
observed in the SEM images. Instead, a different approach should
be used to quantify such lamellar morphology, e.g., based on mea-
suring the width of the vertical channels. Thus, the quantitative
pore size analysis was limited only to the conventional shelf-
ramped freezing experiments. To assess the reliability of the quan-
titative results, a specific study as described in the following sec-
tion was performed.

(a) Exp. A3:
5 wt.%, 0.5 °C min~!
¢ ' fi Y ‘\ ] ( | j_+>‘
Voand "-,f

N

(d) Exp. A5
15 wt.%, 0.5 °C min~*

(b) Exp. A4 :
10 wt.%, 0.5 °C min~!
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Reliability study of the quantitative analysis of the porous micro-
structure

A set of eleven images belonging to the same sample (one vial
with median nucleation time, 53¢, from Exp. A5) was independently
characterized by five participants to assess the reliability and robust-
ness of the characterization methodology explained in Section ‘SEM
image analysis’. The results are shown in Fig. 3, where panel 3a shows
pore sizes estimated from individual images for each operator, while
panel 3b shows the resulting pore size distributions for all images
together. Each marker in Fig. 3a represents the diameter, D,, of one
pore identified in the corresponding image, niy,. Color coding is used
to distinguish the results of different participants (represented by let-
ters A to E). For each participant, we combined the results of all
images and plotted the resulting pore size distributions in Fig. 3b in
the form of a probability density function, fp,. By definition, fp,dD,
represents the fraction of pores with a diameter between D, and
Dy + dDp. Furthermore, supporting statistics of the conducted reli-
ability study are highlighted in Table 3.

Both Fig. 3 and Table 3 demonstrate that participants A, B and C
identified similar number of pores in the considered dataset (about
230 pores), whereas participants D and E detected a higher number
of both smaller and larger pores (428 and 919, respectively). In prin-
ciple, one may expect that such differences in the number of analyzed
pores lead to differences in the resulting pore size distribution, how-
ever, Fig. 3b shows comparable pore size distributions characterized
by all participants. This is further supported in Table 3, which reports
similar average pore sizes, Dp, and comparable standard deviations,

(c) Exp. B:
5 wt.%, 0.2 °C min~!

2

(e) Exp. A6 : (f) Exp. C

iz
200 pm

Fig. 2. Representative SEM micrographs of the porous micro-structure obtained in different experiments: (a) Exp. A3, (b) A4, (c) B, (d) A5, (e) A6 and (f) C. Additional SEM images

from each experiment are reported in the SI (see Section S3).
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op, among all participants — indicating that all participants sampled
pore sizes from the same underlying distribution, however, with very
different numbers of samples. A detailed examination of individually
processed images clarified that participants D and E identified a
higher number of pores also in regions of images with lower quality,
worse focus and over/under exposure, which were in turn not con-
sidered by participants A, B and C. This may be attributed to different
interpretation of the predetermined pore characterization guidelines
and different adherence to these guidelines. For instance, results for
image n;, = 1 in Fig. 3a show that participants A, B and C identified
about 30 pores with sizes 20—50 pum, while participants D and E
found overall a higher number of pores, with some of these pores
outside the mentioned range. Since all participants measured similar
pore size distributions, with participants A, B and C identifying about
200 pores, this implies that essentially around 200 pores constitute a
representative sample size that leads to representative pore size dis-
tributions (at least in the case of dextran).

All in all, the comparison presented in this section shows that the
pore size methodology established in the present work is indeed suffi-
ciently reliable and robust. The methodology was thus applied to sam-
ples from other experiments. To decrease the required workload of
multiple participants, only participant A analyzed the remaining images.

Quantitative analysis of the porous micro-structure
Quantitative results of the pore characterization are presented in
Fig. 4. The pore size distributions are shown as boxplots in Fig. 4a,
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where the horizontal line within the colored boxes denotes the
median pore diameter, while the box height is determined by the
first and third quartiles of the distribution, Q; and Qs. The position of
the whiskers is given by Q; — 1.5IQR and Qs + 1.5IQR, for bottom
and top, whereby IQR = Q3;— Q; denotes the interquartile range.
Finally, all data points that lie outside of this range are considered
outliers and are shown as circles.

Fig. 4a reports three boxplots for each experiment to show the
pore size distributions of samples with very different nucleation
times. This is represented on the horizontal axis in the form of the
nucleation time distribution percentiles, "¢, where x denotes the
10th, 50th and 90th percentile of the nucleation time distribution
(the exact values of ]3¢, t2t° and 3¢ are reported in Table 1 for each
experiment).

Let us first consider the effect of cooling rate on the pore sizes.
When comparing pore size distributions obtained in Exps. B and A3
(Fig. 4a), a small effect of nucleation time on the pore sizes can be
noticed, that is pore sizes in late nucleating vials in Exp. B seem to
have slightly smaller pores. However, the same is not observed in
case of Exp. A3, where the samples that nucleated close to the median
nucleation time show the smallest pore sizes. Furthermore, as
observed from Fig. 4b pore sizes slightly increase when slower cool-
ing rate is applied, supporting some of the existing literature in
observing that slow cooling leads to larger pores.>*?#2545 Corre-
spondingly, also the duration of the primary drying stage (see Table
1) decreases in case of slower cooling rate, since larger pores yield
lower resistance to mass transfer during drying.

(a) identified pore sizes from individual images
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Fig. 3. (a) Each marker indicates a pore identified from one of eleven images, n;,,, and (b) the resulting pore size distribution, identified by five participants conducting the analysis
(represented by letters A, B, C, D and E in color coding). The analyzed images belong to one of the samples with nucleation time close to 3§ in Exp. A5. Markers in panel (a) are par-

tially transparent to indicate the distribution of pore sizes in the individual images.
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Table 3
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Summary of the main statistical features of the image analysis for all participants: number of identified pores, Ny, the average pore size, Dy, the standard deviation, oy, as well as the

10th, 50th, and 90th percentiles of the pore size distributions, respectively, are reported.

Participant Ny [-] Dy [pm] op [num] Dy 10 [um] Dypso [um] Dpgo [um]
A 240 29.1 10.2 18.7 27.1 433
B 221 30.8 10.6 194 28.1 463
C 232 325 10.1 215 30.9 47.0
D 919 282 1.1 15.2 268 430
E 428 27.3 10.5 15.9 259 41.1

Regarding the effect of dextran concentration on the pore sizes,
Fig. 4a shows a decrease in pore sizes as the solute concentration
increases (Exps. A3 to A6), however, no significant trend is observed
with respect to nucleation times. This motivates us to concatenate
the data of the different nucleation times and to show pore size dis-
tributions for the individual experimental conditions, without distin-
guishing nucleation times. To this end, Fig. 4b shows the pore size
distributions for each experiment. First, we recognize that the pore
size distribution obtained in Exps. A3 and A4 (i.e., at 5 and 10 wt.%
solute concentration) are very similar. Second, similar pore size dis-
tributions are also observed for 15 and 20 wt.% dextran concentra-
tion, which were used in Exps. A5 and A6. Third, in the case of
5-10 wt.% solute concentration, the average pore sizes range
between roughly 60 and 80 wm, whereas for 15 and 20 wt.%, the
average pore sizes decrease (roughly by a factor of 2) to about 40 and
55 pm, respectively. Finally, the pore size distribution of 5—10 wt.%
products is wider, compared to the higher concentrations.

The measurable effect of dextran concentration on pore sizes
demonstrated in Fig. 4 corresponds to the drying times reported in
Table 1. Higher solute concentration leads to smaller pore sizes,
which in turn translate to longer primary drying.

Hypothesising the role of solute concentration in the micro-structure
formation

This section introduces potential explanations for the effect of the
solute concentration on the micro-structure of the freeze-dried prod-
ucts. In this context, we emphasize that the experiments reported
here were not specifically designed to study the mechanism of
micro-structure formation; therefore they cannot provide concluding
evidence regarding its exact mechanism. However, the experiments,
in particular the use of a video camera to record the freezing process,
still provide relevant information.

In agreement with the literature,*'>%2%3 we observe that the freez-
ing process begins from a single point in space (see Section S5 in the
Supplementary Information); before ice formation, the solution is clear,
hence this nucleation event is called primary nucleation. Further moni-
toring reveals that a freezing front (i.e, a macroscopically observed
interface of ice and liquid) propagates from the point of primary nucle-
ation and it moves with a rate that depends on dextran concentration.
The freezing front in a 10 wt.% solution was found to propagate about
twice as fast as in a 20 wt.% solution; it required about 3 and 6 seconds,
respectively, to propagate through a fill volume of 3 mL. Finally, follow-
ing the primary nucleation event and the propagation of the freezing

(a) pore size distributions
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Fig. 4. (a) Pore size distributions in Exps. B, A3, A4, A5 and A6, when considering the effect of nucleation time represented by the different nucleation time distribution percentiles,
thuc, on the horizontal axis; (b) total pore size distributions, when combining all pore sizes of specific concentration together, regardless of their nucleation time. Some additional
information, such as the number of pores and the coefficients of variations for each boxplot are reported in the SI (see Section S4).
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front, further solidification occurs at conditions of low supercooling due
to the release of latent heat upon crystallization. In principle, the crystal-
line micro-structure that evolves into the porous network during drying
can originate either from the nucleation stage or from the subsequent
solidification stage or a combination of both.

The micro-structure that forms during freezing, however, could not
be observed directly, and the only indirect evidence for its existence
shown in this work are the SEM images of the dried products. There-
fore, we rely on the literature to identify potential mechanisms for its
formation. It has been argued that the initial primary nucleation event
is followed by rapid crystal growth that results in the formation of a
branched, dendritic ice structure;*®* alternatively, the propagating
freezing front was interpreted as a macro-scopic observation of a large
number of crystals formed via secondary nucleation.*®%*®> Once the
freezing front has propagated through the entire volume, the resulting
micro-structure then grows further in conditions of low supercooling
(again, due to the release of latent heat), which has been associated
with the conditions of Ostwald ripening.°® Furthermore, the rate of
ripening scales with the rate of crystal growth; thus, ripening is
expected to be slower in more concentrated solutions due to increased
solution viscosity,’®>! implying that the final size of the crystalline
structures will be smaller than in more dilute solutions. For instance,
the viscosity of 10 wt.% dextran solution is approximately 1.6 times
higher than at 5 wt.%, which can potentially explain the observed
decrease of crystal growth rate.”’ The effect of dextran concentration
(and the related solution viscosity) on the pore sizes is also reflected
on the duration of primary drying, corresponding to the existing litera-
ture conclusions that increased solute loading leads to smaller pores
and thus longer primary drying,26:303140-42:44

Given that nucleation, and hence the extent of supercooling at which
the ice formation starts, is independent of dextran concentration, the
initial properties of the micro-structure may be expected to be concen-
tration-independent as well. Additionally, one might also consider that
the solute content affects the specific heat capacity of dextran solutions
and the latent heat released during the entire freezing process, however,
since we hypothesise that the micro-structure is determined during the
fast propagation of the freezing front after nucleation, a minor change
in the heat capacity and latent heat is not expected to play a significant
role during this period. Nonetheless, it may affect the total ripening (i.e.,
solidification) time afterwards. More importantly though, considering
the mass balance, less water is available in more concentrated solutions,
so that the size to which the individual ice crystals (which during drying
become pores) can ripe and grow at conditions of low supercooling,
would be smaller as well.

It is evident that more work is required to elaborate on the contri-
butions of nucleation, crystal growth, and Ostwald ripening to the
formation of the micro-structure during freezing. Regardless of the
exact mechanism of micro-structure formation, the results of this
study corroborate that the freeze-dried dextran solutions with
smaller average pore sizes are associated with a higher resistance to
mass transfer during drying, and therefore, slower primary drying.

Conclusions

In this work, the effect of solute composition and cooling protocol
on the nucleation and drying times, as well as on the properties of
the porous micro-structure is studied for the case of dextran. To char-
acterize the micro-structure, the existing pore characterization meth-
odology based on SEM images was revisited and then a quantitative
analysis was applied to determine the pore size distributions.

To be confident in the obtained pore size distributions, a set of
images was analyzed by multiple participants to assess the reliability of
the manual quantitative analysis. Defining a set of guidelines for pore
characterization led to a comparable pore size distribution determined
by all participants, independently of their level of training and

individual interpretation of the pore characterization guidelines pre-
sented in Section ‘SEM image analysis’. This prompts us to conclude that
the revisited pore size characterization methodology based on SEM
images is robust, reliable, and can be used to quantify the effect of vari-
ous process conditions, such as solute concentration or cooling protocol,
on the porous micro-structure in freeze-dried products.

On the one hand, in terms of the process-level results, only minor
effect of dextran concentration on nucleation times was observed — a
conclusion, which was linked with negligible freezing-point depres-
sion of dextran solutions. On the other hand, increasing the solute
concentration required longer primary drying stage, which was fur-
ther confirmed with the micro-structure analysis, since both qualita-
tive and quantitative analysis of the micro-structure showed a
decrease in the average pore size as the solute concentration
increases. The observed trend was linked to concentration-depen-
dent viscosity, which limits diffusivity of water molecules and leads
to smaller average ice crystals. Consequently, smaller pores formed
upon sublimation of ice eventually lead to higher resistance to mass
transfer during drying, effectively resulting in a longer primary dry-
ing. Thus, our results complement the existing studies in the litera-
ture and provide further insight into the reliability of manual SEM
image-analysis for characterization of freeze-dried products.
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