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Ice formation and recrystallization is a key phenomenon in freezing and freeze-drying of pharmaceu-
ticals and biopharmaceuticals. In this investigation, high-resolution synchrotron X-ray diffraction is used
to quantify the extent of disorder of ice crystals in binary aqueous solutions of a cryoprotectant (sorbitol)
and a protein, bovine serum albumin. Ice crystals in more dilute (10 wt%) solutions have lower level of
microstrain and larger crystal domain size than these in more concentrated (40 wt%) solutions. Warming
the sorbitol—water mixtures from 100 to 228 K resulted in partial ice melting, with simultaneous
reduction in the microstrain and increase in crystallite size, that is, recrystallization. In contrast to
sorbitol solutions, ice crystals in the BSA solutions preserved both the microstrain and smaller crystallite
size on partial melting, demonstrating that BSA inhibits ice recrystallization. The results are consistent
with BSA partitioning into quasi-liquid layer on ice crystals but not with a direct protein—ice interaction
and protein sorption on ice surface. The study shows for the first time that a common (i.e., not-
antifreeze) protein can have a major impact on ice recrystallization and also presents synchrotron
X-ray diffraction as a unique tool for quantification of crystallinity and disorder in frozen aqueous
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Introduction

Freezing of aqueous solutions is a universal phenomenon in
both the nature and various industrial processes used for phar-
maceutical, food, and biotech products. In particular, many
biopharmaceuticals are commonly stored in the frozen state or
processed by freeze-drying to minimize degradation during ship-
ping and storage. It was found that although rates of many physical
and chemical processes decrease in the frozen state, freezing can
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also destabilize proteins’? and actually increase rate of some
chemical reactions including hydrolysis and oxidation.>® Further-
more, the freeze-induced protein destabilization and increased
chemical reactivity was shown to be related to ice formation per se
rather than to low temperatures and freeze concentration.” '’
Uncontrolled freezing and ice recrystallization can also lead to
such undesirable events as major manufacturing losses during
freeze-drying of pharmaceuticals due to vial breakage,'"'? changes
in texture, taste, and overall quality of frozen food, for example, ice
cream,'® and cryo-injury of cells and tissues.'* Ice recrystallization
can be influenced by certain solutes, in particular by antifreeze
proteins.!® In addition, purposeful ice recrystallization was shown
to be beneficial for a freeze-drying process allowing acceleration of
ice sublimation during manufacturing of freeze-dried pharmaceu-
tical products'®” and also for improved protein stability by
reducing fraction of proteins on interfaces.'® The majority of studies
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of ice recrystallization are performed with antifreeze proteins
and their synthetic analogs.'”?® Although “common” (i.e., not
antifreeze) proteins are prevalent in pharmaceutical and food sys-
tems, their interaction with ice and their impact on ice recrystal-
lization are studied in much lesser extent.

In studies of freezing behavior of aqueous systems, X-ray
diffraction (XRD) represents a main experimental tool. XRD studies
of aqueous solutions have been mainly focused on monitoring
crystallization and polymorphism of solutes®'* and co-solvents,?’
whereas information obtained from the ice diffraction peaks is
usually limited to qualitative aspects of freezing behavior, such as
confirmation of freezing onset from the appearance of corre-
sponding diffraction lines*® and determination of the ice form, for
example, hexagonal (“Ih”) versus cubic (“Ic”).?”?® XRD has been
also used to study interaction of antifreeze proteins and their
synthetic analogs with specific faces of ice crystals, by monitoring
disappearance of particular Ih diffraction peaks, for example, a peak
corresponding to 002 diffraction plane.””->' Additional important
information on recrystallization of frozen solutions could be ob-
tained from the quantitative analysis of XRD data, by monitoring
changes in the extent of crystallinity and microstrain in the crys-
talline lattice, such as lattice dislocations (linear defects) and
stacking faults (planar defects). However, quantitative XRD analysis
for frozen aqueous solutions is complicated by the preferred
orientation effects, which necessitate additional sample treatment,
such as grinding,”® and also by instrumental broadening of
diffraction lines. With the experimental setup of the present study,
in which high-resolution X-ray powder diffraction beamline ID31 at
the European Synchrotron Radiation Facility (ESRF) was used, such
complications are greatly reduced,?” allowing quantification of the
amount of ice in “as is” samples without additional sample
manipulation and evaluation of crystal disorder from the width of
diffraction peaks. To the best of our knowledge, this work repre-
sents a first attempt to investigate freezing of aqueous solutions of
pharmaceutically relevant solutes using quantitative XRD method,
whereas application of XRD for quantitative analysis of powders
has been reported previously.>>>* In addition to XRD, differential
scanning calorimetry (DSC) is used to measure the temperature
ranges of the phase transitions and other physical transformations
during cooling and warming of the solutions. In this article, binary
aqueous solutions of 2 solutes, a polyhydroxy compound (sorbitol)
and a protein (bovine serum albumin [BSA]), are studied. Sorbitol is
a cryoprotector used to stabilize proteins and also a popular model
system to study phase behavior and glass transition of polyhydroxy
compounds. BSA is a “common” (i.e. non-antifreeze) protein,
which is frequently used to study freezing and freeze-drying of
protein solutions. Sorbitol 10, 40, and 60 wt% solutions and BSA 10
and 40 wt% solutions are selected for the study, to represent typical
solute concentrations in pharmaceutically relevant samples (10 wt
% concentration) and to evaluate impact of solute concentration on
ice formation and recrystallization.

Experimental Methods

Sorbitol (>99.5% purity) and BSA (>98% purity) were obtained
from Sigma-Aldrich. DSC analysis was performed with a Q2000 DSC
system (TA Instruments). Nitrogen was used as purge gas, and
calibration was performed using indium as the standard. Sorbitol
and BSA solutions with target concentrations of 10 and 40 wt% of
the solutes were prepared by dissolving weighed amounts of the
reagents in deionized water. For each target concentration, 2 so-
lutions were prepared independently, with actual concentrations of
9.95, 10.0, 40.1, and 40.7 wt% for sorbitol and 10.0, 10.4, 40.0, and
40.3 wt% for BSA. One solution (40.0 wt% BSA, first round) was
sonicated to facilitate dissolution, whereas all other samples were

prepared without sonication. Furthermore, 4 of these solutions
(9.95 and 40.7 wt% sorbitol and 10.0 and 40.0 wt% BSA) were
filtered using 0.2 um PALL Acrodisc syringe filter. Overall, 3 sets of
samples (2 unfiltered and 1 filtered) were tested by DSC. The
solutions (~20 pL) were sealed in Tzero aluminum pans with her-
metic lids, cooled to 193 K, and heated to 293 K with the scanning
rate of 5 K/min. Three cooling/heating cycles were performed for
each sample. Heterogeneous ice nucleation temperatures were
determined from the onset of the exothermic event during cooling.

The high-resolution wide-angle XRD experiment was carried at
the ESRF on the ID-31 beamline at the X-ray wavelength of
0.399962 + 0.000014 A. Solutions containing 10.0, 40.1, and 60.1 wt
% sorbitol and 10.1 and 40.1 wt% BSA were prepared by dissolving
weighed amounts of the solids in deionized water. The solutions
were filled in 1.5-mm borosilicate glass capillaries and flash cooled
by placing into cryostream of nitrogen gas with the temperature of
100 K for 30 min. The frozen samples were heated using the ther-
mostat (cryostream) setting of 228 K (all samples but 60 wt% sor-
bitol) or 210 K (60 wt% sorbitol) with the gas heating rate of 360
K/h. The samples were equilibrated at corresponding temperatures
for 30 min before measurements. The XRD intensities were
sampled every 0.0005 degrees, which were then normalized and
rebinned at appropriate steps (0.001, 0.01, 0.05 degree) depending
on the widths of the peaks in the diffraction pattern, using in-house
software id31sum.>> At each temperature, at least 4 XRD mea-
surements were performed from 0.1° to 93.95° 20, and the data
were combined in a single averaged XRD pattern. For the back-
ground subtraction, an XRD scan of an empty capillary was carried
out at 0.399844 + 0.00006 A wavelength, and the data were treated
with smoothing and interpolation algorithm (using Topas) to the
0.05 degree binned data.

Results and Discussion
DSC Results

During cooling of solutions containing both 10 and 40 wt% of a
solute, an exothermic peak of water crystallization is observed, as
shown in Figure 1 (top) for 10 wt% sorbitol solution as an example.
Secondary (eutectic) solute + water crystallization does not occur;
therefore, these frozen solutions exist as a 2-phase mixture of
crystalline water (ice) and an amorphous freeze-concentrated
solution. Ice nucleation temperatures are provided in Table 1.
Note that ice nucleus is likely formed on the solution—container
interface or on solid particles, that is, via heterogeneous nucleation
mechanism. Particles, which can serve as ice nucleus, are always
present in any solution unless a special sample preparation and
handling procedure is used, such as dividing a solution into a large
number of small droplets (typically >10° droplets for sample size of
a few microliters®’=?) so that the majority of droplets remain
particle free. Homogeneous ice nucleation temperature for water is
approximately 235 K,*° whereas the ice nucleation temperature for
the water samples in this study is higher (see Table 1), as expected.

For sorbitol solutions, an increase in the solute concentration
from 10 to 40 wt% lowers both ice nucleation and equilibrium
melting temperatures (Table 1), which is consistent with the
behavior for other low—molecular weight solutes.*'** Relationship
between equilibrium ice melting point (water liquidus) and Ty is
described by Equation 14':

where ATy is the reduction of the temperature of heterogeneous
nucleation associated with the addition of a solute, 4T, is the
freezing point depression, and k is an empirical constant.
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Figure 1. DSC curves obtained during cooling/warming of 10 wt% sorbitol solution
(top), during warming of 10 and 40 wt% sorbitol solutions (middle), and during
warming of 10 and 40 wt% BSA solutions and water (bottom). For BSA solutions, second
and third heating curves were essentially identical, and they are not shown.

k depends on the nature of both heterogeneous nucleus and the
solute and was found to be between 1.5 and 4.4*? and 1.3 to 2.6*
with different combinations of solutes and nucleation agents.
Note that a similar expression has been introduced earlier to
describe relations between the equilibrium melting point and ho-
mogeneous ice nucleation temperature,>”>° although the k values
for homogeneous ice nucleation are typically smaller, between 1
and 2. For sorbitol solutions, k is determined to be 2.4 from the data
presented in Table 1, which is within the range reported in the
literature®>*® for other solutes.

The results of Table 1 point out to 2 potentially interesting
observations. First, there is no systematic difference between
filtered and nonfiltered samples, whereas, from the general per-
spectives, filtered samples could be expected to have lower ice
nucleation temperatures on account of a reduced concentration of
potential centers of heterogeneous nucleation. This somewhat
unexpected result could imply that either ice nuclei are formed on
solution—container interface or the size of a heterogeneous nu-
cleus is smaller than the filter cut-off size of 0.2 pm. Separately,
there is a difference in the heterogeneous ice nucleation temper-
atures between sorbitol and BSA solutions, with sorbitol solutions
freezing at lower temperatures. It should be stressed, however,
that these findings should be considered as preliminary observa-
tions because studies of such probabilistic process as nucleation
would require much larger statistics, with tens and hundreds of
replicates,** as well as a control of the type and concentration of
centers of heterogeneous nucleation. In addition, ice nucleation
temperature could also depend on the sample volume; therefore,
ice nucleation temperatures as measured by DSC would probably
be not the same as freezing temperatures of real pharmaceutical
products.

Magnified parts of DSC heating curves for sorbitol and BSA so-
lutions are shown in Figure 1 (middle) and Figure 1 (bottom),
respectively. For sorbitol-water samples, 2 endothermic steps,
commonly called Tg” and Tg/, followed by ice melting endotherm,
are observed. Although such DSC curves are typical for aqueous
solutions of polyhydroxy compounds and other amorphous solutes,
the interpretation of the physical nature of these 2 events is still
controversial and is a subject of numerous publications,*>* as
summarized subsequently. The lower temperature event (so-called
Tg") has been commonly attributed to the glass transition of the
freeze concentrate, although there is still some disagreement
whether it represents maximally freeze-concentrated solution. The
second event (Tg’) is proposed to be due to either the onset of ice
melting/dissolution in the freeze-concentrated solution*®°? or a
glass transition of the maximally freeze-concentrated solution.*’*
Interpretation of the freeze-thaw behavior of aqueous systems
(such as citric acid and sucrose) has been refined recently using an
optical cryo-microscopy and DSC.>>°® In particular, it has been
proposed that freeze-concentrated solutions have 2 concentration
regions, FCS; (maximally freeze-concentrated solution) and FCS,,
which has a lower solute (and higher water) concentration than
FCS4. Furthermore, it has been shown that ice formation, which is
incomplete during cooling, re-starts during warming when the
sample temperature approaches the glass transition temperature of
FCS;. Therefore, the thermal event which is commonly called Tg'
(Ttr; in Bogdan et al.”®) could be due to re-start of ice crystallization
in the FCS; region and simultaneous glass-to-liquid transition in
FCS;. Although physical mechanisms behind the existence of
freeze-concentrated regions with different solute concentrations
have not been established, a hypothesis has been presented
recently. According to this hypothesis, volume expansion during
water-to-ice transformation could cause an increase in the local
pressure in some locations of a particular sample, which in turn
would change the water liquidus and, therefore, composition of the
freeze-concentrated solution.>”>%

For BSA—water mixtures (Fig. 1, bottom), DSC heating curves
show a broad ice-melting endotherm with an onset at approxi-
mately 255 K, whereas neither Tg’ nor Tg” were observed. This is
consistent with previous reports (e.g., Gekko and Satake®”) on
DSC studies of protein—water mixtures. The lack of any glass
transition thermal events for the freeze-concentrated solution
BSA could be because proteins represent so-called strong glasses
with a very small heat capacity change at the glass-to-liquid
transition.®°
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Table 1
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Heterogeneous Ice Nucleation Temperatures from DSC Experiments and Water Liquidus Temperatures

Sample Heterogeneous Ice Nucleation Temperature (°C) Liquidus Temperature
Average + SD (Equilibrium Melting Point) (°C)
Unfiltered, First Round Unfiltered, Second Round Filtered, Second Round Average

Water -134+14 -171+13 -11.7+£03 -141+ 26 0.0

10 wt% Sorbitol —-235+27 -20.8 +5.2 -241 +0.2 -231+33 -0.9%

40 wt% Sorbitol -376+0.5 -29.7 £ 0.5 -30.2 + 0.7 -325+39 -6.5°

10 wt% BSA -73+0.1 -19.1+20 —182 +0.5 -149+58 o°

40 wt% BSA -21.1+1.1 -185+2.2 -17.0 + 0.6 —189 22 0P

2 From the water—sorbitol phase diagram (Supplementary Data). i
b From interpolation of the data reported in Panagopoulou et al.>®

XRD Results—10 Wt¥% Sorbitol

XRD patterns of 10 wt¥% solutions of sorbitol and BSA at 100 K are
shown in Figure 2, along with the theoretical pattern of 1h.°! The
peaks in either pattern are consistent with Ih, although several
additional weak diffractions are detected in the vicinity of peaks
corresponding to hkl 105, 006, 205,310, and 215. Although the origin
of these additional peaks is not known, we note that a “splitting” of
ice peaks, that is, observation of >2 peaks instead of a single ice peak
was reported earlier and attributed to the deformation of ice crystal
lattice and the corresponding change of lattice parameters during
freezing.’® These additional weak peaks are included in the
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Figure 2. XRD patterns of 10 wt% solutions of sorbitol (top) and BSA (bottom) at 100 K,
normalized to the intensity of diffraction peak corresponding to hkl 100. Theoretical
pattern of hexagonal ice at 90 K is shown as red dashed lines.

consecutive data analysis. In addition to the ice peaks, an amorphous
halo is observed as well (Fig. 3 insert), indicative of a 2-phase system
consisting of Ih and an amorphous freeze-concentrate containing
sorbitol and unfrozen water. At 228 K, the XRD pattern is qualita-
tively similar to the 100 K pattern, with both Th peaks and amor-
phous halo detected. The Ih peaks are shifted to lower diffraction
angles (higher d-spacing) compared with the pattern at 100 K, as
expected. A quantitative analysis of the XRD data is performed to
investigate changes in ice crystals on heating from 100 to 228 K. As
the first step, changes in the relative amount of ice crystals after
heating are evaluated, by quantifying both the diffraction intensity
from the ice crystals and total diffraction of ice plus amorphous halo
from the freeze-concentrated solution.

Specifically, 2 integrations are performed for each XRD pattern
in the 20 region from 5° to 25°. In the first integration, both
amorphous halo and all crystalline peaks are included, whereas
only crystalline peaks are integrated in the second integration (an
example is provided in the Supplementary Data). As a first
approximation, the weight fraction of ice, x;, can be calculated as

(2)

where [ is the integrated intensity of the diffractions, subscripts 1
and 2 correspond to ice and freeze-concentrated solution, respec-
tively, and x1+ x; = 1.

It should be noted that although the diffraction intensity is
proportional to the amount of a particular phase present, it also
depends on other factors, that is, the mass absorption coefficient
(or mass attenuation coefficient, with 2 terms used interchange-
ably®?) and density, and also on the geometry of an XRD instrument
and selection of a particular plane (hkI) for data analysis,®>

I = Kixi / {pi [Xi (1 — 1p) + 1) }

X1 /(X1 +%2) =11/(I1 + 1)

3)

where K; is a coefficient which depends on the nature of the
component I, selected plane (hkl), and the geometry of the XRD
apparatus, p; is density, u* is mass absorption coefficient, and i and
m correspond to the component I and matrix, respectively.

To account for the additional variables (Eq. 3) in the calculations
of the crystallinity from the XRD data, Equation 4 is derived as
described in the Supplementary Data.

Xa/x1 = C(I/I1)(p2/p1) (4)

where an empirical coefficient Cis determined to be equal to 0.89 +
0.01 (see the Supplementary Data for determination of the C value).

Equation 4 is also used to calculate a relative change in the ice
fraction on heating from 100 to 228 K, 4x;,

(5)

The x1 and 4x; values obtained from Equations 2 and 4 (x1) and
Equation 5 (4x;) are presented in Table 2. The decrease in

Axq =100 x (X1.100k — X1,228K) /X1,100K
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Figure 3. XRD patterns of sorbitol—water mixtures at 100 K (left) and 228 K (right). Note that the pattern for 60 wt% sorbitol on the right graph was obtained at 210 K. Inserts
present magnified portions of the patterns showing amorphous halo. A.U, arbitrary units.

crystallinity, which is estimated directly from the diffracted in-
tensities using Equation 2 (i.e., without corrections for the densities
and mass absorption coefficients), is similar to the refined value for
10 wt% sorbitol (15% directly from the diffracted intensities vs. 19%
with corrections). Therefore, heating 10 wt% sorbitol sample from
100 K to the thermostat temperature of 228 K results in a partial
melting of ice crystals, with the corresponding reduction in crys-
tallinity of approximately 15%-20% as related to the initial crystal-
linity at 100 K.

Furthermore, ice fraction in the 10 wt% sorbitol—water frozen
mixture is calculated from the water—sorbitol phase diagram®*
(Supplementary Data) using the lever rule® and also provided
in Table 2. Ice weight fraction value, which is obtained from the
XRPD data at 100 K (0.84 or 0.87 according to Eq. 2 or Eq. 4,
respectively), is reasonably close to that calculated from the
phase diagram of sorbitol—water system (0.88). At 228 K, how-
ever, the experimentally measured ice fraction is significantly
lower than the theoretical value. Two factors can be responsible

Table 2

for the discrepancy between the experimental and theoretical
values, that is, a difference between the thermostat set-point
and the actual sample temperature during the experiment due
to the temperature gradient between the heat-transfer gas me-
dia and the sample and irradiation-induced ice melting. In
particular, X-ray exposure could result in local heating due to
radiation absorption during the data collection. For example, a
substantial (4-23 K) increase in the temperature has been
observed in synchrotron X-ray radiation experiments.°® In
addition, irradiation-induced pre-melting of ice on ice—silica
interfaces has been reported and attributed to the increase in
ionic defects in ice, mainly due to interaction of the secondary
electrons with ice by inelastic scattering.’ It is possible (and
indeed likely) that the decrease in the amount of ice observed in
this study on heating from 100 K to the thermostat temperature
of 228 K is due to a combination of these 2 effects, that is, the
local radiation heating during the data collection and irradiation-
induced ice melting.

Fraction of Ice in Sorbitol-Water and BSA—Water Systems Obtained From the XRD Data and the Theoretical Values Obtained From Sorbitol-Water Phase Diagram®*

(see Supplementary Data for Details of Theoretical Calculations)

Sample Thermostat Temperature ~ Weight Fraction of Ice in Frozen Solution, x; Decrease in the Ice Fraction at 228 K as a % of 100 K Data
Theoretical ~ From Equation 2 From Equation 5  Theoretical ~From Equations 2 and 5  From Equations 4 and 5
Sorbitol 10 wt% 100 K 0.88 0.87 0.84 1.1 14.9 19.0
228 K 0.87 0.74 0.68
Sorbitol 40 wt% 100 K 0.51 0.63 0.55 7.8 9.5 9.1
228 K 0.47 0.57 0.50
Sorbitol 60 wt% 100 K - 0 0 - - -
210K 0.26 0.26 0.21
BSA 10 wt% 100 K - 0.88 0.86 - 15.9 18.6
228 K - 0.74 0.70
BSA 40 wt% 100 K — 0.66" 0.61° - 10.0 9.8
228 K - 0.60 0.55

2 The maximum ice mass fraction is 0.6 based on the water content of 60 wt% (40 wt% BSA).
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XRD Results—40 Wt% and 60 Wt% Sorbitol and 10 Wt% and 40 Wt%
BSA

Similar to 10 wt% sorbitol solution, only Th and amorphous
phase are detected in 10 wt% BSA and both 40 wt% solutions.
Positions of the ice peaks are the same between all 4 samples,
whereas the intensities of the ice peaks are lower and
the amorphous halo is more pronounced in more concentrated
40 wt% solutions (Figs. 3 and 4). Furthermore, the Ih fraction is
calculated from the XRD data as described earlier, and the results
are provided in Table 2. A similar reduction in the amount of ice
after heating from 100 K to the thermostat temperature of 228 K
is observed between sorbitol and BSA samples, with decrease in
crystallinity of approximately 10% (for more concentrated solu-
tions) and 15% to 20% (more dilute solutions). Note that, for BSA
solutions, ice melting is expected to commence >250 K based on
the DSC data (Fig. 1); therefore, actual temperature of the ice-
—solution interface in the samples exposed to the X-ray beam is
probably higher than the thermostat temperature of 228 K, as
also discussed earlier for the 10 wt% sorbitol solution.

Very different behavior is observed for 60 wt% sorbitol solu-
tion, which remained amorphous after cooling to 100 K, whereas
ice is formed after warming to 210 K. The hindrance of ice for-
mation during cooling of highly concentrated solutions is usually
attributed to their high viscosity and liquid-to-glass trans-
formation, although an alternative hypothesis has been intro-
duced recently.®® Heating the amorphous 60 wt% sorbitol solution
to 210 K results in the appearance of crystalline lines (Fig. 3, right,
insert), and the XRD pattern is consistent with the presence of
cubic ice (Ic), showing greater intensity of the peak centered at
approximately 6.2° 26, which corresponds to both 002 diffraction
of Ih and 111 diffraction of Ic. Although such behavior is typical
for concentrated solutions of monosaccharide and disaccha-
ride, >89 this is probably the first report of observation of Ic in a
solution of a sugar alcohol. Recently, a refined interpretation of
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such XRD patterns was proposed, introducing stacking-
disordered ice in which cubic and hexagonal stacking sequences
are randomly arranged.”®

XRD—Line Broadening

An information about the extent of disorder in the crystalline
phase (i.e., Ih in this case) can be obtained from line broadening.
There are several contributions to peak broadening, including
instrumental effect (which is negligible for ID31 beamline used in
this study®?) and any lattice imperfections, which can be further
divided into crystalline size, and microstrains such as lattice dis-
locations (linear defects) and stacking faults (planar defects).”! To
evaluate impact of solute type, concentration, and temperature on
line broadening, full width at half maximum (FWHM) values are
obtained for each peak in the range of 5-25° 20, using peak
analysis function of OriginPro software, version 9.1. The FWHM
data are presented in Figure 5 as a function of diffraction angle.
Figure 5 demonstrates that the concentration dependence of the
peak width is qualitatively similar for BSA and sorbitol samples,
with broader peaks observed for 40 wt% solutions, as could be
expected due to a higher viscosity of the more concentrated so-
lutions. As also shown in Figure 5, diffraction angle dependence of
the FWHM is observed, indicative of a major strain-relative
broadening,’? although crystalline size broadening cannot be
ruled out and, indeed, probably contributing to the peak broad-
ening as well, as shown subsequently. A major difference in the
temperature-induced changes in the peaks broadening of the
sorbitol versus BSA solutions should be stressed. For sorbitol
samples, peaks at the thermostat temperature of 228 K are nar-
rower than at 100 K (Fig. 5) for both 10 and 40 wt% solutions,
indicative of reduction in strains in crystal lattice and/or increase
in crystalline domain size. In BSA solutions, from the other hand,
the FWHM does not change (40 wt% solution) or even increases
(10 wt% solution) on heating.
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Figure 4. XRD patterns of BSA—water mixtures at 100 K (left) and 228 K (right). Inserts present magnified portions of the patterns showing amorphous halo. A.U., arbitrary units.
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Figure 5. Diffraction angle dependence of the FWHM of the ice XRD peaks for 10 wt%
solutions (top) and 40 wt% solutions (bottom).

Contributions from the finite crystalline size and microstrain to
the peak broadening can be distinguished from Williamson—Hall
(WH) plot analysis’>

2
2 = (rassigy) *re-te@)? (6)

where ( is a peak broadening (FWHM), A is wavelength, D is
coherent scattering length caused by size of individual crystallites
(i.e., the size of crystalline domains), 6 is a diffraction angle, and ¢ is
a strain component which is caused by defect structure of indi-
vidual crystallites.

Note that D, the size of crystalline domains, is not generally the
same as the particle size, due to the presence of grain boundaries
and polycrystalline aggregates. Lattice strain, ¢, is a measure of the
distribution of lattice constants arising from crystal imperfections,
such as lattice dislocation and stacking faults. The dependence
between (8%) x (cos(#))? and (sin(#))? is plotted and linearized
using OriginPro software (graphs are shown in Supplementary
Data), and (4 ¢)* and (1%)/(D?) are obtained from the slope and
the intercept values, respectively. D and ¢ values, which are ob-
tained from the WH plots, are presented in Table 3.

According with the results from the WH plot analysis (Table 3),
40 wt% sorbitol solution at 100 K has significantly smaller ice
crystallite size than 10 wt% solution (43 vs. 186 A). The microstrain
is also higher than in less concentrated 10 wt% solution, although
the difference is within the uncertainty. The same trend is observed
for BSA solutions at 100 K, with smaller crystallite size (48 vs. 159 A)
and a higher strain for the more concentrated solution. Further-
more, heating to the thermostat temperature of 228 K results in a
significant increase in the crystallite size and decrease in strain for
both 10 and 40 wt% sorbitol solutions. This observation of

Table 3
Ice Crystallite Size, D, and Microstrain, ¢, Obtained From the WH Plot Analysis

Sample Thermostat Temperature D «+ SE (A) e+ SE (x10%)
Sorbitol 10 wt% 100 K 186 + 23 109 £ 2.5
228 K 198 + 16 55+19
Sorbitol 40 wt% 100 K 434 +2.2 16.6 + 7.7
228 K 699 +2.3 78 +3.8
BSA 10 wt% 100 K 159 + 12 9.7+23
228 K 128 + 31 139+ 55
BSA 40 wt% 100 K 48.3 + 8.1 228 +12.2
228 K 46.6 + 4.3 171+ 95

simultaneous reduction in ice fraction (i.e., partial melting) and
increase in crystallite size and decreased strain is consistent with
recent studies of relevant aqueous systems containing small-
—molecular weight solutes,”’ which reported that ice melting
occurred at the same time as recrystallization. This partial melting/
recrystallization process can be expected to produce larger crystals
with lower concentration of defects, which is indeed observed for
sorbitol solutions in this study. However, the opposite trend is
observed for BSA solutions, as shown in Figure 5, which compares
the width of ice XRD peaks in sorbitol versus BSA solutions at 2
temperatures. Although heating of the sorbitol samples results in
more narrow ice peaks (open vs. closed black symbols in Fig. 5), BSA
solutions have broader (10 wt%) or similar (40 wt%) FWHM at 228 K
(Fig. 4). Furthermore, the WH analysis (Table 3) shows no increase
in crystalline size on heating for BSA samples, that is, no ice
recrystallization, in contrast with the sorbitol solutions. Overall, the
FWHM results demonstrate that although ice recrystallization
takes place in sorbitol solutions, BSA inhibits ice recrystallization.

Protein—Ice Interaction

The majority of studies on protein—ice interactions are per-
formed with antifreeze proteins and their synthetic analogs.
Therefore, it would be appropriate to refer to the findings from
these reports, at the same time recognizing that the analogy is not
perfect, in part because concentration of antifreeze proteins is
usually lower than the BSA concentrations used in this study.

Among several different types of antifreeze activities, 2 are
particularly relevant to this study, that is, dynamic ice shaping (DIS)
and ice recrystallization inhibition.”* Inhibition of ice recrystalli-
zation by antifreeze proteins is related to their interference with
the Ostwald ripening. For example, smaller ice crystals were found
in aqueous solutions of specially designed antifreeze block
copolymers, and the ice crystals retained their original size and
morphology (suppressed Ostwald ripening) even after long growth
times.”” Broadening of XRD peaks by antifreeze polymers was also
reported.? Although the exact mechanisms of inhibition of ice
recrystallization by antifreeze proteins has not been established, it
has been proposed that it is related to their partitioning to and
interaction with the quasi-liquid layer on the surface of ice crystals,
where the antifreeze molecules are competing with growing ice
crystals for water molecules.”*”> Quasi-liquid layer (also known as
liquid-like layer) is a thin film of liquid water on the surface of ice
crystals, which exists below the ice melting temperature.”® Esti-
mations of the thickness of the layer vary widely, from a few ang-
stroms to up to a micometer.”’ By extending the hypothesis on
antifreeze protein—quasi-liquid layer interaction to this investiga-
tion, we propose that the inhibition of ice recrystallization by BSA
can be caused by the partitioning of BSA molecules into the quasi-
liquid layer present on ice surface.

The DIS is due to a selected inhibition of the growth of certain
crystalline faces and can be monitored by XRD as elimination
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Comparison of Expected XRD Results Under 2 Hypothetical Scenarios for Protein—Ice Interaction With the Experimental Observations for BSA Solutions

Expected Experimental Outcomes Hypothetical Physical Mechanism 1:
Protein Sorption on Ice Crystal

(Direct Protein—Ice Interaction)

Hypothetical Physical Mechanism 2:
Protein Partitioning into the Liquid
Layer on Ice—Solution Interface

Experimental Observations for BSA
Solutions

Outcome 1: Absence of some of Ih peaks  Yes
in the X-ray diffractogram
(consequence of a DIS)

Outcome 2: No increase in Ih crystallite  Yes
size and no reduction in microstrain
(consequence of inhibition of ice
recrystallization)

No (i.e., all peaks are present) No (i.e., all peaks are present)

Yes Yes

(absence) of specific peaks, most commonly 002 peak.’! Many
antifreeze proteins inhibit growth of ice crystals by preferentially
interacting with prism faces of ice crystals and, thus, inhibiting ice
crystal growth in corresponding directions.”® BSA does not show
any signs of DIS because all the Ih peaks are present in the XRD
patterns (Fig. 4). This is consistent with Raymoind and DeVries,”” in
which a major change in crystal habit was observed with antifreeze
proteins but not with BSA. Therefore, the lack of DIS for BSA sug-
gests that this protein does not bind selectively to a specific face of
hexagonal ice.

To summarize, there are 2 alternative scenarios for protein—ice
interaction, which would provide different XRD outcomes. These 2
scenarios are compared with the experimental observations for
BSA solutions in Table 4. The XRD results are consistent with BSA
partitioning into and interacting with the quasi-liquid layer but not
with a direct protein sorption on ice crystals.

It should be also added that while sorption of antifreeze proteins
on ice—solution interface has being observed experimentally,®’
there are no direct confirmations of such ice—protein interaction
for pharmaceutically relevant proteins. Indeed, although reports of
higher protein concentration on the surface of freeze-dried
cake®'®? are consistent with protein sorption on ice crystals dur-
ing freezing, an alternative explanation is also available. It has been
proposed that an increase in air—solution interface during freezing
(due to formation of air bubbles by ice crystallization front), and
sorption of proteins on these newly formed air—solution interfaces,
could also be invoked to explain the increased protein surface
concentration.”” Similarly, freeze-induced destabilization of pro-
teins>®> could be explained by both protein sorption on ice crystals
and protein sorption on air—solution interface due to air bubbles
formed during freezing.

Conclusions

Synchrotron XRD is used to evaluate extent of crystallinity and
disorder of ice crystals during cooling and subsequent warming of
aqueous solutions of sorbitol and BSA. Ice crystals, which are
formed during cooling of more dilute (10 wt%) solutions, have
lower microstrain and larger crystal size than these observed in
more concentrated (40 wt%) solutions. Recrystallization of ice, that
is, increase in the crystallite size and reduction in microstrain, is
observed during warming of sorbitol solutions. The recrystalliza-
tion takes place in parallel with decrease in the intensity of ice
peaks and reduction of crystallinity by approximately 10-20 rela-
tive %, indicative of preferential dissolution—melting of the smaller
ice crystals and these with the higher strain levels. BSA solutions,
from the other hand, show opposite trend, with ice crystal disorder
remaining and even increasing on partial melting. Based on the
retention of all peaks of [h in BSA solutions (i.e., the absence of DIS
activity), BSA molecules are not preferentially sorbed on a partic-
ular face of growing ice crystal. This conclusion is consistent with

an earlier publication, in which BSA did not have any impact on the
interfacial energy on ice—solution interface,®* whereas surface
sorption, as in case on antifreeze proteins, usually results in a sig-
nificant lowering of the interfacial energy. Considering the 2
experimental observations, that is, inhibition of recrystallization of
ice crystals and the absence of DIS activity, and also on findings
from literature on antifreeze proteins, we suggest that BSA mole-
cules are partitioned into quasi-liquid layer present on ice crystals,
whereas the question about a direct protein—ice interaction and
protein sorption on ice surface remains open. Overall, this inves-
tigation demonstrates that synchrotron XRD is a powerful tool to
study ice recrystallization and solute—ice interaction in pharma-
ceutical solutions and also highlights the need to address specific
aspects of such measurements, such as the need to account for and
minimize radiation-induced local heating. In a follow-up study, we
are planning to further develop and apply this approach to a wider
range of systems of pharmaceutical interest, including proteins and
cryoprotectors.
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