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ABSTRACT

In the pharmaceutical industry, cryoprotectants are added to buffer formulations to protect the active phar-
maceutical ingredient from freeze- and thaw damage. We investigated the freezing and thawing of aqueous
sodium citrate buffer with various cryoprotectants, specifically amino acids (cysteine, histidine, arginine, proline
and lysine), disaccharides (trehalose and sucrose), polyhydric alcohols (glycerol and mannitol) and surfactants
(polysorbate 20 and polysorbate 80). Hereby, we employed optical cryomicroscopy in combination with dif-
ferential scanning calorimetry in the temperature range to —80 °C. The effect of cryoprotectants on the
morphology of the ice crystals, the glass transition temperature and the initial melting temperature is presented.
Some of the cryoprotectants have a significant impact on ice crystal size. Disaccharides restrict ice crystal growth,
whereas surfactants and glycerol allow ice crystals to increase in size. Cysteine and mannitol cause dehydration
after thawing. Either one or two glass transition temperatures were detected, where arginine, surfactants,
glycerol, proline and lysine suppress the second, implying a uniform freeze-concentrated solution. The initial
melting temperature of pure buffer solution can be shifted up by adding mannitol, both disaccharides and both
surfactants; but down by glycerol, proline and lysine.

1. Introduction

cryoprotectants in protein therapeutics. There are three different hy-
potheses about the cryoprotective effect on proteins:

In the 1940s-1970s cryoprotectants such as polyhydric alcohols (e.
g., glycerol, mannitol), and sugars (e.g., sucrose, maltose, mannose,
fructose, glucose, etc.) were added to aqueous solutions in order to
stabilize macromolecules during freezing [1-4]. Certain protectants
prevent an enzyme to lose its efficacy [2], avoid irreversible aggregation
[4] or stabilize the native structure [5]. Since then, cryoprotectants have
brought major benefits in all kinds of fields. To mention some examples,
in food technology, they ensure quality and shelf life of frozen foods by
suppressing ice crystal growth and preventing disruption of tissue [6-8].
In the automotive industry, they serve as an antifreeze additive in water-
based liquids [9]. In cryobiology, they improve viability and function-
ality of bacteria cultures [10,11] and cell lines [12,13]. In nature,
cryoprotectants are often antifreeze proteins produced by animals,
plants or other organisms, which prevent growth and recrystallization of
ice by binding to small ice crystals [14-16]. Even though nature is
showing us many examples, most of the cryoprotectants employed in
pharmaceutical industry are carbohydrates [17,18].

Here we investigate substances that can potentially be used as
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1. The “water substitute hypothesis”: The thermodynamic stability of the
protein is ensured through hydrogen bonds. Cryoprotectants con-
taining free hydroxyl groups allow maintaining these hydrogen
bonds even after removal of water so that also the dried protein re-
mains in its native state [19-21]. This hypothesis explains the
cryoprotective effect of excipients during freeze-drying.

2. The “glassy state hypothesis™: In the vitrified, glassy state degradation
processes take place at an insignificant rate. The liquid-to-glass
transition temperature of the freeze-concentrated solution (T of
FCS) is, therefore, of key importance. Hereby, sugars serve as anti-
plasticizer so that the glassy state is achieved at higher tempera-
tures, and the protein is immobilized in a rigid sugar matrix [22,23].

3. The “preferential exclusion hypothesis”: Carbohydrates are preferably
excluded from the surface of the protein. Consequently, the protein is
surrounded by an almost carbohydrate-free shell and becomes more
hydrated. As a result, the protein is protected against denaturation
[24-26].
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In the present study the focus is on the glassy state hypothesis. By
using buffer solutions containing no protein, we do not have any effects
arising from preferential exclusion from the protein. Also, we study
solutions without drying, so that water substitution does not play any
role. The focus here is on how the cryoprotectant shifts the glass tran-
sition temperature(s) of the freeze-concentrated solutions and how the
ice crystal morphology is affected through cryoprotectants. Some addi-
tives investigated, like sorbitol and mannitol, may not be appropriate
cryoprotectants in protein solutions since they are prone to crystallize
themselves during cooling. This may then lead to a disadvantageous
phase separation jeopardizing protein protection [27-29]. By contrast,
disaccharides in formulations have proven to be effective [30,31] with
the exception of trehalose, where crystallization of trehalose dihydrate
may occur [32,33]. Glycerol and sucrose have a stabilizing effect on the
protein by lowering the freezing temperature and decreasing the affinity
of protein to adsorb at container walls or ice crystals. Hence, adsorption-
induced structural unfolding of protein can be opposed [34].

All of the previous studies on cryoprotectants must be treated with due
caution since the freeze and thaw behavior always depends on more than
just one factor. Initial pH, cooling/heating rates and concentration of ex-
cipients must be determined on a case to case basis. For our study we have
chosen to investigate five amino acids (cysteine, histidine, arginine, pro-
line and lysine), two disaccharides (trehalose and sucrose), two polyhydric
alcohols (glycerol and mannitol) and two surfactants (polysorbate 20 and
polysorbate 80). Table 1 lists these cryoprotectants together with their
mechanisms of cryoprotection reported in literature [17,35-76].

When aqueous solutions cool to subzero, two main events take place
in many cases: Firstly, the crystallization of water to ice at the freezing
temperature (Tf), where almost all solutes are insoluble in ice. Secondly,
the solidification (vitrification) of the remaining solution at the glass
transition temperature (Tg'). Typically, ice grows as planar dendrites,
thereby expelling most of the dissolved excipients (with a few excep-
tions). As a result, excipients become progressively concentrated and
remain in a freeze-concentrated solution (FCS), both in between the ice
dendrites (FCS7) and outside the ice dendrites (FCSy) [77]. The former
event is called microscopic cryoconcentration and leads to FCS;
distributed in between ice dendrites [78] (see Fig. 1A). The latter event
is called macroscopic cryoconcentration and leads to FCS distributed in
a network of veins (see Fig. 1B). After the crystallization process of ice is
complete, FCS still remains liquid until the whole solution is cooled
below T/, or, in the presence of two different concentrations of FCS,
below Tg 1" and Tgo'. Both the cooling rate and the nucleation temper-
ature of ice have an impact on the size and the number of ice crystals
formed during freezing [78,79]. Additionally, some of the cryoprotec-
tants have an impact on the morphology of ice crystals and/or on the
interaction of the solutes with surfaces such as ice itself or container
walls. Other cryoprotectants act as buffers, antioxidants (prevent
oxidation of protein), increase the surface tension of the solution or
change the glass transition, freezing and melting temperatures of the
solution (see Table 2). As mentioned earlier, there are excipients that a
more likely to crystallize than others. Excipient crystallization can
happen during cooling, storage and/or heating depending on the pH
[18], composition of formulation [29,72,80] and cooling/heating rates
[72]. In other words, whether an excipient crystallizes or remains
amorphous is conditional on a specific formulation and FT process.

In this study, we investigate the impact of cryoprotectants on the
freezing and thawing behavior of sodium citrate buffer. A citrate buffer
was chosen since it is commonly applied in the formulation of bio-
pharmaceuticals, especially in antibody formulations, showing a very
low pH-shift in the frozen state [81]. Specifically, we look into their
impact on ice dendrite orientation, ice platelet morphology, glass tran-
sition and melting temperatures. [78]
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2. Material and methods
2.1. Sample preparation

25 mM sodium citrate buffers (pH 6.5) and 25 mM sodium citrate
buffers with various cryoprotectants as listed in Table 2 were used.

2.2. Optical cryomicroscopy (OCM) measurements:

Measurements were done as described in our earlier work in refer-
ence [64] and reference [17]. In short, images of sample droplets con-
taining buffer solution with added cryoprotectants were investigated
using an optical microscope BX-51 (Olympus Corporation, Japan).
Droplets (approximately 0.5 pl in volume) were placed on a microscopy
slide, which is temperature controlled by a Linkam cryostage LTS420
(Linkam Scientific Instruments, UK). Videos were recorded upon cooling
to —80 °C and reheating to room temperature at various rates. Images
were taken using standard transmitted light with or without a crossed-
polarized filter.

2.3. Differential Scanning Calorimetry (DSC) measurements

Measurements were done as described in our earlier work in refer-
ence [17]. In brief, about 30 mg of sample were loaded into an
aluminum crucible and hermetically sealed with a lid at room temper-
ature. The crucible was then loaded to the oven of the DSC 8000 device
(Perkin-Elmer, USA), cooled to -80 °C at a cooling rate of 40 °C/min,
equilibrated for 5 min at that temperature and reheated at 40 °C/min to
5 °C. DSC signals are proportional to temperature change rate, such that
weak signals can only be resolved for fast rates. This cooling/heating
cycle was repeated three times. For calibration of the DSC instrument
recommended transitions in cyclopentane, cyclohexane, indium, and
adamantane were used to ensure correct transformation temperature at
subzero temperatures with accuracy +1 °C [82]. Sapphire was used to
calibrate latent heat and change in heat capacity enabling an accuracy of
£0.1 J/mol °C.

3. Results and discussion

3.1. Impact of cryoprotectants on the orientation of ice dendrites upon
freezing

Fig. 2 and Fig. 3 show the OCM images of single droplets of water and
solutions at —-80 °C after cooling between 0.5 and 40 °C/min. The images
in Fig. 2 were recorded in transmitted light, the images in Fig. 3 were
recorded through crossed-polarizers to allow for better observation of
individual crystallites. It is obvious that there are several changes on the
morphology depending on both the cryoprotectant and the cooling rate.
Pure Milli-Q water results in well-defined crystals that have sharp edges.
Ice formation has clearly started from several nucleation sites within the
droplet, and the crystal front has grown towards the diameter of the
droplet. The lower the cooling rate the fewer nucleation sites, which
ultimately leads to larger individual crystals within the droplet. Even
without using a crossed-polarized filter, the direction of ice growth and
orientation is clearly visible. Very similar findings apply for frozen so-
dium citrate buffer. Higher cooling rates result in smaller crystals and a
more homogeneous distribution of ice within the droplet. This finding is
rather general and applies to all cryoprotectant solutions studied here.
However, the nucleation temperature of ice is barely affected by the
choice of cooling rate. In most experiments, the first signs of ice are
observed at about —30 + 2 °C using OCM, no matter whether a cooling
rate of 1 °C/min or 40 °C/min was used. The influence of cryoprotec-
tants on the nucleation temperature is quite small, where histidine,
lysine, PS20 and PS80 shift it slightly up to —25 + 3 °C and sucrose and
trehalose shift it slightly down to —35 =+ 4 °C. In most cases the many
nucleation sites lead to a fluffy and feathery appearance of the crystals
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Table 1
Investigated additives with their cryoprotective properties/mechanisms and information about their natural occurrence (when applicable) and application as a
cryoprotectant.
Cryoprotectant Properties/Mechanisms Occurrence/Deployment Source
Amino acids -osmoprotectant In nature: [35-42]
-antioxidant Plants, yeast, fruit fly larva
-reduces the excessive reactive oxygen species Artificially:
-binds to protein Oocyte vitrification,
-ability to buffer stem cells,
ram sperm
L-Proline
¢} -ability to buffer (pH range 5-7) In nature: [43-46]
-non-crystallizing protein stabilizer n.a.
N OH -possesses both basicity and n-electron acceptor capability
</ ’ -forms strong complexes with metal ions and salts
HN NH, -antioxidant Artificially:
L-Histidine Lyophilization
NH o] -improves refolding efficiency In nature: [47-50]
)k /\/\H]\ -suppresses protein aggregation and protein-protein or Yeast, larvae, fish
HaN H OH protein-surface interactions
. NH, -increases the surface tension of water Artificially:
L-Arginine -increases solubility of native protein states Spray-Drying
0] -carboxylated poly L-Lysine inhibits the formation and Artificially: [51-55]
HoN recrystallization of intracellular ice Spray-Drying, bull semen, cell lines,
OH -strong hydrogen bond interactions of interstitial water mammalian oocytes
NH; molecules
L-Lysine -prevents water from forming crystalline seeds
(0] -reducing agent In nature: [56-59]
-antioxidant Insects + microalga in combination with
-increases post-thaw motility and viability antifreeze-proteins
HS OH Artificially:
NH Buffalo semen, oocytes
. 2 cryopreservation, ram spermatozoa
L-Cysteine
Surfactants o o/T ] J‘—\ON -reduces formation of insoluble aggregates Artificially: [60-63]
LY ) %/\ W" -competes with stress-induced soluble aggregates for Frozen foods, therapeutics,
o o interfaces ) pharmaceuticals
-surface-active
. ~ © -amphipathic and non-ionic
PS 20 -undergo auto-oxidation
-known for chemical and enzymatic hydrolysis
CH,OH -prevents surface adsorption of protein Artificially: [61-64]
0, CHZ%H -protein stabilizer Frozen foods, therapeutics,
OH HO -surface-active pharmaceuticals, emulsions
OH e} CH,OH -amphipathic and non-ionic
OH OH -reduces interfacial stress
PS 80 -undergoes auto-oxidation
-known for chemical and enzymatic hydrolysis
Disaccharide CH,OH -as osmolyte reduces the loss of cellular water In nature: [17,44,65-67]
0, CHZOOH -inhibits (cold-)crystallization Plants
OH HO -stabilizes conformation of protein
OH 0 ;—V\ CH,OH Artificially:
OH OH Liposomal delivery systems
Sucrose
CH,OH H OH -stabilizes macromolecules via direct interaction with In nature: [67-70]
H H H H hydration shell Larvae, insects
H OH H -stabilizes conformation of protein
HO\OH H/L .o HOH.C /o Artificially:
& Liposomal delivery systems
H OH H
Trehalose
Polyhydric OH OH -reduces the loss of cellular water as osmolyte In nature: [65,66,71,72]
alcohols OH -inert Yeast
HO -good cake supporting properties
OH OH Artificially:
D-Mannitol Lyophilization
OH -lowers the freezing point In nature: [38,41,65,73-76]

Ho\)\/OH

Glycerol

-prevents freezing of intra- and extracellular fluid
-binds to protein,

-stabilizes hydration shell around protein
-increases ‘bound’ water

-reduces extracellular ice formation/dehydration
-reduces the loss of cellular water as osmolyte

Insects, yeast, fish

Artificially:
Food, car, pharmaceutical, medical
industries
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2°C/min

Fig. 1. OCM images of (A) 25 mM sodium citrate buffer at —70 °C, (B) monoclonal antibody solution at —80 °C and (C) 25 mM sodium citrate buffer at 0 °C during
melting. Images A + B taken from reference [78]. Note the different length scale!

Table 2
List of cryoprotectants and their concentration in solutions.
Cryoprotectant Concentration Manufacturer CAS No. Purity pH*
Sodium citrate 25 mM Sigma-Aldrich 6132-04-3 >99.5% 6.5
+
Amino acids L-Proline 100 mM Sigma-Aldrich 147-85-3 >99.5% 6.5
L-Histidine 100 mM Sigma-Aldrich 71-00-1 >99.5% 7.5
L-Arginine hydrochloride 100 mM Sigma-Aldrich 1119-34-2 >98% 6.3
L-Lysine hydrochloride 100 mM Sigma-Aldrich 657-27-2 >99.5% 6.3
L-Cysteine 100 mM Sigma-Aldrich 52-90-4 >99,5% 6.4
Surfactants Polysorbate 20 0.4 wt% Sigma-Aldrich 9005-64-5 n.a. 6.5
Polysorbate 80 0.4 wt% Sigma-Aldrich 9005-65-6 n.a. 6.5
Sugars Sucrose 100 mM Sigma-Aldrich 57-50-1 >99.5% 6.5
Trehalose dihydrate 100 mM Sigma-Aldrich 6138-23-4 >99% 6.5
Polyhydric alcohols D-Mannitol 100 mM Merck 69-65-8 >99.7% 6.5
Glycerol 0.4 wt% Fluka 56-81-5 >99.5% 6.5

* pH value was determined at 22 °C-25 °C with a conventional pH electrode

within the droplet at 40 °C/min.

The most differences are found for the low cooling rates that are of
greater importance for the freezing of large-scale solutions. Addition of
arginine for instance leads to homogeneous freezing even for cooling
rates of 0.5 °C/min. This is easy to see in Fig. 3, which does not feature
large oriented crystals, but much smaller randomly oriented crystals.
That is, arginine has the ability to initiate freezing at many locations
within the droplet and sterically hinder formation of long branches. At
higher cooling rates, a rim around the droplets diameter appears. This
indicates that in addition to the freezing of the droplet from inside out, at
later stages also freezing from the outside sets in. Such a ring also forms
in case of lysine, but not for other cryoprotectants. Lysine also results in
less sharp edges and more wavy crystals, featuring a smooth transition of
shades of green. Some cryoprotectants, such as cysteine cause dehy-
dration of the droplet and favor crystallization of excipients. These
excipient crystals show brighter features in the OCM at —-80 °C in Fig. 2
and darker features in Fig. 3, where ice dendrites appear as long needles.
Proline and histidine on the other hand have the ability to limit the
proliferation of ice dendrites — this is evidenced through microscopy
images reminiscent of the dimple pattern of a golf ball. Only at the
highest cooling rate, namely 40 °C/min, this freezing pattern is
compromised. The black dots in the OCM image might indicate sodium
citrate-histidine clusters, where histidine is known for its ability to form
complexes with ions (see Table 1). Self-aggregation is, however, absent
for histidine. This clustering then also hinders proliferation of ice crys-
tals. Some of the droplets do not show any ice crystal formation but
rather appear transparent (see Fig. 4). This effect can be traced back to
the osmoprotectant properties of proline which limits ice growth and
favors vitrification [83] resulting in a glassy solid at —80 °C. By contrast,
the disaccharide trehalose yields dendritic growth originating from a
single nucleation site within the droplet. Star-like growth towards the
perimeter is evident in Figs. 2 and 3. Additionally, long dark crystal
structures (standard-transmitted light) assigned to formation of the
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cryo-protectant hydrate, namely trehalose dihydrate, appear. High
cooling rates seem to induce development of small ice platelets that are
not interconnected. This is similar for sucrose at least at low cooling
rates, providing ample time for the FCS to remain in the liquid state
before it vitrifies (at Tg'). Also for mannitol star-like patterns are readily
identified at rates of 0.5-1 °C/min in Fig. 3. From these star-like patterns
fine lines lead to the perimeter of the droplet. Ice dendrites disappear for
a rate of 2 °C/min. Instead, the droplet seems to be full of thin needles
indicating crystallization of mannitol hydrate. A further increase of
cooling rate results in the appearance of larger ice dendrites, similar to
sodium citrate buffer cooled at 40 °C/min.

The surface-active surfactants polysorbate 20 and polysorbate 80
show grainy, rough surfaces with white spots at low cooling rates (see
Fig. 2), but smoother surfaces above 10 °C/min without white spots.
This suggests that the surfactants favor the formation of large ice den-
drites. We assume that this is related to the slightly higher nucleation
temperature (see above). In fact, none of the droplets provides clues to
the initial nucleation sites, i.e., crystal growth starts simultaneously at
many well-distributed spots. This is similar for glycerol, where the ice
dendrites are smaller and the edges are more rugged. At a cooling rate of
0.5 °C/min, a homogenous distribution of FCS and/or a total coverage of
ice surface appears. The white dots (Fig. 2) noticed for PS20 and PS80,
are absent. Yet, the black spots seen at 40 °C/min are present in glycerol
and surfactant solutions. That is, the black dots are presumably crys-
talline citrate buffer. This would mean that there is a tendency of citrate
crystallization when higher cooling rates are applied.

3.2. Impact of cryoprotectants on the glass transition and initial melting
temperature

The glass transition temperatures of the freeze-concentrated solu-
tions (Tg's) were determined using differential scanning calorimetry
(DSC). Since the optical appearance does not change at Ty, DSC
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Fig. 2. OCM images of water and 25 mM sodium citrate buffer with or without cryoprotectants at -80 °C after applying various cooling rates. Images are taken with

standard transmission light.

measurements are needed to determine Ty’ (see Fig. 5). The tangent
evaluation method [84] was used to extract Ty’ from each heating scan
(see Supplementary Material). After freezing the sample volume consists
of about 99% pure ice and 1% freeze-concentrated solution. Since Ty’
pertains to the freeze-concentrated solution a very high instrument
sensitivity is required to detect it. Furthermore, the DSC signal is pro-
portional to the heating rate used for scanning, i.e., high rates produce
larger signals. However, high rates increase thermal lag and cause dif-
ficulties in determining accurate temperatures. As a compromise, we
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have used scanning rates of 40 °C/min, which allow detecting the subtle
glass transition features and still allowing for a precision for Ty’ of better
than + 3 °C. All Ty's extracted using this procedure are summarized in
Fig. 6 to ease comparability.

Sodium citrate buffer solutions without cryoprotectant show two
glass transitions at —-51 °C and —-41 °C upon heating (indicated by red
ellipse around data points in Fig. 6). Generally, the presence of two Tg's
in aqueous solutions is a common observation and is attributed to the
presence of two different concentrations of FCS within the droplet [85].



A. Hauptmann et al.

European Journal of Pharmaceutics and Biopharmaceutics 163 (2021) 127-140

+ Sucrose
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Fig. 2. (continued).

One type of FCS is trapped in between the ice crystals in the interior of
the droplet, the second type is pushed outwards to the diameter of the
droplet by the growing ice front. The thermograms change after adding
100 mM or 0.4 wt% cryoprotectant, except for cysteine. Histidine, su-
crose and trehalose (all marked with blue ellipses in Fig. 6) also show
two Tg's, where both of them are shifted to higher temperatures.

The two Tj's of histidine both show a temperature shift of +-4.5 °C, to
—46.5 °C and —36.5 °C, respectively. That is, there is a plasticizing effect
of histidine on the freeze-concentrated solution. In previous studies by
Osterberg and Wadsten, histidine solution was reported to have a single
Ty value of —32°C [44,86] at pH 6 and —35.4 °C at pH 6.5 [44] which is
the pH value of our solutions. They justify the pH dependent T, shift
with the plasticizing effect of buffer ions present in solution. While the
second T, reported by Osterberg and Wadsten is in very good agreement
with ours, they do not report the lower T/, probably because a very high
sensitivity is necessary to detect it. As seen in Fig. 5 the T at —46.5 °Cis
much feebler than the one at —36.5 °C. Since the two Ty's seen in pure
sodium citrate buffer shift equally to higher temperatures after adding
histidine (without changing the pH value), the formation of complexes
with the buffer salt might cause the shift of both Ty's.

Both Tg's are upshifted also for sucrose and trehalose. The Ty at
higher temperature shifts by 9° and 12 °C to -32 °C and -29 °C
compared to the cryoprotectant-free solution, respectively. These high
values are very well known and typical for those disacharides [17,87].
The lesser-known lower T’ at—44 °C and —43 °C is indicative of FCS with
a concentration close to the maximal freeze-concentration within the
droplet. The sucrose-water state diagram shows the correlation of con-
centration and Ty’ [88]. According to this diagram our T,'s indicate two
FCS with different concentrations within the droplet, one FCS with
almost 80 wt% sucrose (FCS-, lower Tg’ ) and another FCS with a slightly
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different concentration of sucrose (FCS;, higher Tg’ ). The same
assumption applies for trehalose, taking into consideration that treha-
lose, as reported in literature, exhibits higher Ty's compared to sucrose
with the same concentration [89-91]. The high glass transitions tem-
peratures of freeze-concentrated sucrose and trehalose solutions derive
from the fact that sugars have many hydroxyl groups which form
hydrogen bonds with ice [92] thereby increasing viscosity. In addition,
this hydrogen-bonding ability of sugars also suppresses (cold-)
crystallization.

Also mannitol solutions are marked by a blue ellipse in Fig. 6 since
they exhibit two Tg's at -52 °C and -37 °C. However, by contrast to the
cryoprotectants mentioned above a crystallization event at —18 °C
dominates the heating scan in Fig. 5. This crystallization event is pre-
ceded by a weak endothermic event at —25 °C. In literature two Ty's in
aqueous mannitol solutions at —32 °C and -25 °C and the crystallization
of mannitol hydrate are reported [72]. In that study, Cavatur and co-
workers detected a Ty in mannitol/phosphate buffer solutions at
—38 °C just prior to crystallization of the buffer salt [72]. Additionally,
in other studies, Tg' of maximally FCS of mannitol solutions is around
—30 °C [93,94]. Different from Ref. [72] we assign the endothermic
increase at —25 °C as the onset of eutectic melting. A similar endo-
thermic increase takes place for all other solutions shown here in Fig. 5,
which ends in eutectic melting. Only in mannitol solutions the eutectic
melting event is interrupted by cold-crystallization.

The amino acid arginine and the surfactants PS20 and PS80 just
display one Ty’ at —44 + 1 °C (see Fig. 6, marked by green rectangles).
Similarly, solutions containing glycerol, lysine and proline show one Ty’
at -54 + 1 °C (see Fig. 6, marked by yellow rectangles). That is, for the
former three cases the Ty’ is just below the higher T, of the sodium
citrate solution. By contrast, for the latter three cases, it is just below the
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+ L-Histidine
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Fig. 3. OCM images of water and 25 mM sodium citrate buffer with or without cryoprotectants at —-80 °C after applying various cooling rates. Images are taken with a

crossed-polarization filter.

lower Ty of the sodium citrate solution. Generally, the disappearance or
predominance of a single glass transition indicates the presence of just
one concentration of FCS within the droplet (or a very small amount of
the second concentration, which falls below the detection limit of the
instrument). Apparently, these six solutions avoid the formation of FCS;
and FCS,, where arginine, PS20 and PS80 produce FCS;, but glycerol,
lysine and proline produce FCS,.

Fig. 7 focuses on the initial melting temperature Tp, ;, as determined
both from DSC and OCM. OCM images taken during heating are in the
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Supplementary Material. Using OCM, Tp, ; is defined as the temperature
at which mobility sets in within the droplet, hence, the first ice crystals
start melting. T, ; was averaged for all heating rates from 0.5 °C/min to
40 °C/min. Using DSC Tp, ; is defined as the point within the thermogram
where the baseline starts deviating (see Fig. 7A). Tp;s from both
methods are summarized in Fig. 7B and Fig. 7C.

Glycerol, lysine and proline have the lowest initial melting temper-
atures (Tp,i) — and, the lowest freezing temperature. Those three sub-
stances seem to suppress the ice crystal formation and growth. By
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Fig. 3. (continued).

3FT

Fig. 4. OCM images of sodium citrate buffer with 100 mM proline during repeated FT-cycles to the set-point temperature of —80 °C for three times. The lower row of
images shows the droplet with a twice as high magnification (bar indicates 500 um).

suppressing ice crystal growth and preventing dehydration, higher un-
frozen water content may stay outside of the ice crystals [83] defined as
FCS,. Following this assumption, this would mean that those three
cryoprotectants have a plasticizing effect on sodium citrate solution due
to the higher unfrozen water content. Consequently, FCSy features
higher mobility, which results in a lower Tg'. The cryoprotectants argi-
nine, PS20 and PS 80 are known to be surface-active, whether it is with
the protein in therapeutic formulations ice dendritic surfaces [95] or
container surfaces. This interaction with various surfaces could be a
reason for the late devitrification of the glassy FCS within the droplet
and the higher Tg'. Sodium citrate buffer shows a Ty, ; of —15 °C (OCM)
and —20 °C (DSC). By adding the cryoprotectants trehalose, sucrose,
PS80, PS20, mannitol, histidine and cysteine a trend of a Tp, ;-shift to
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higher temperatures is observed, at least in DSC measurements. In OCM
measurements the Ty, ; is found at —15 + 2 °C for this subset of cryo-
protectants, except for PS20. By contrast, proline, arginine, lysine or
glycerol show lower Tp, ;, namely between —21 °C and —31 °C in OCM
measurements. In DSC measurements, this effect mainly shows for
glycerol and lysine. The differences between the DSC and OCM mea-
surements are illustrated best in the bar diagram in Fig. 7B, where
especially proline deviates significantly in the two methods. In spite of
these inconsistencies, it appears that the cryoprotectants can be divided
into three groups depending on the impact they have on Ty, ;.

Group 1 (PS20, PS80, histidine or arginine) contains the cryopro-
tectants that barely (or inconsistently) impact T ;. In general, T,
changes when the concentration (or more precisely, activity) of the FCS
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Fig. 5. DSC thermograms of sodium citrate buffer solutions with and without
cryoprotectants, scanned at a heating rate of 40 °C/min. Circles represents Tg'
and squares indicate the initial melting temperature (Tp,;). Linear baselines
were subtracted from the raw data.
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surrounding the ice crystals changes. Group 1 cryoprotectants do not
cause significant changes in the activity of the FCS. Group 2 cryopro-
tectants (cysteine, trehalose, sucrose or mannitol), increase Tp,, i.e.,
they lower the activity of the FCS. This might be achieved by attaching
to the ice surface directly rather than staying inside the FCS. This
mechanism also explains why disaccharides restrict ice dendritic
growth: they simply block the ice growth sites through adsorption on the
ice facets. This property may be an explanation for the delayed ice
melting. Group 3 cryoprotectants (proline, lysine or glycerol) would
then reduce Tr,; by staying preferentially in the FCS, avoiding adsorp-
tion at the ice surface. By preferred binding to water in the liquid state
they are also excellent ice inhibitors.

3.3. Impact of cryoprotectants on the morphology of ice platelets

OCM images of droplets taken just before complete melting, just
before the droplet appears transparent, are reported in Fig. 8. Depending
on heating rates this occurs at temperatures between —20 °C and —2 °C.
In general, the higher the heating rate, the higher the temperature of
complete melting. This reflects the time needed for the droplet to
assimilate and adopt to the set temperature and to experience melting.

-30 ¢
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o A Cysteine —50°C  —40°C
Glycerol —54°C
E -40 - Histidine —46.5°C -36.5°C
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-45 . . Mannitol -52°C  -37°C
Y Proline -535°C
PS20 —45°C
PS80 —45°C
Sodium citrate —51°C  —41°C
Sucrose —44°C  -32°C
Trehalose —43°C -29°C

Fig. 6. Glass transition temperatures Ty’ of solutions containing sodium citrate buffer with or without cryoprotectants. Ellipses around data points and names
indicate solutions with two T's. Yellow and green rectangles indicate a single Ty’ at —54 °C or —45 °C, respectively.
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Fig. 7. (A) DSC thermograms of heating 25 mM sodium citrate buffer with or without 100 mM cryoprotectants at 40 °C/min. Please note that this is the same as
Fig. 5, but with a smaller magnification, without baseline substraction and a broader temperature range. (B) Bar diagram comparing Ty, ; determined by DSC and

OCM. (C) Table with Ty, ; determined by both methods.
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Fig. 8. OCM images of droplet containing 25 mM sodium citrate buffer without and with 100 mM cryoprotectant upon heating at various rates taken before complete
melting (scale bar indicates 500 um).
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Fig. 8. (continued).

Addition of the cryoprotectants histidine and arginine to sodium
citrate buffer does not seem to have an additional impact on the
morphology of the ice platelets nor on the melting event of the solution.
Differences show when adding the amino acid lysine, which appears to
work like glue, holding together a meshwork of little chunks and crys-
tals. Especially at low heating rates an atypical melting of the crystals in
lysine solution can be noticed, i.e., melting is not only starting from the
perimeter of the droplet and proceeding to the center but also starts at
other spots of the droplet.

Compared to all other cryoprotectant solutions, round ice platelets
are not present. This morphology supports the statement that lysine
interacts strongly with liquid water, but less so with the ice crystals. Also
upon cooling crystalline seeds are inhibited through the formation of
strong hydrogen bonds with water molecules. Only one other amino acid
shows similar effects in sodium citrate buffer, and this is proline. The
effects of the osmoprotectant proline on the ice morphology within the
droplet are highlighted in Fig. 4. This shows multiple freeze and thaw
cycles, where proline acts like glue, forming a mycelium/meshwork that
keeps the structures linked together (see image at —80 °C in first cycle,
and image at —27 °C in second cycle). Furthermore, after several cycles
the solid droplets at —80 °C appear transparent, as expected for non-
crystalline, vitrified water.
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The amino acid cysteine and the polyhydric alcohol mannitol cause a
dehydration of the droplet when applying low heating rates. As a result,
a scaffold of dried/crystalline solution remains as a cake (see Fig. 8). At
higher heating rates, a solution containing cysteine melts but a solid
circle remains, designating where the borders of the droplet had been. In
contrast, droplets containing mannitol do melt completely, excipients
and buffer salt dissolve and a transparent droplet results. Mannitol is
prone to crystallize at lower cooling and heating rates, which can be
seen in images taken at —80° as well as in images upon complete melting
(see Fig. 2, Fig. 3 and Fig. 8). The remaining structure of the droplet after
melting can be explained by complete dehydration - which is not sur-
prising since mannitol is known for the cake supporting properties
during lyophilization. Higher cooling and heating rates (above 20 °C/
min) seem to prevent total dehydration of the droplet.

The second polyhydric alcohol glycerol shares similar properties
with the two surface-active surfactants polysorbate 20 and polysorbate
80. All three have relatively low Ty, ; (glycerol being the lowest, see
Fig. 7) but prevent shrinking of the frozen droplet until close to 0 °C (see
Fig. 8). In other words, solutions containing those cryoprotectants pre-
sent the largest temperature range from initiation to complete melting.
Effects like coverage of ice platelets with an oil film are observed in OCM
images. No round ice crystals can be identified, rather more edgy ice
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chunks surrounded by veins filled with FCS. Upon melting ice platelets
do not move around, like usual, but are rather glued together and
dragged towards the center of the droplet.

Both sugars trehalose and sucrose yield multiple small ice crystals.
Interestingly, these small ice crystals do not share the same orientation,
as evidenced by the different shades of green of platelets. The melting of
droplets shows that sugars do inhibit the growth of ice crystals, which
could be traced back to possible attachment to the ice surface [92]. The
roundly shaped crystals do not move around during melting, but are
stabilized above the glass transition by sugars.

4. Conclusion

In our study we investigated the impact of cryoprotectants on the
morphology of ice crystals and on the glass transition and initial melting
temperature in sodium citrate buffer. Depending on the cryoprotectant
and on the cooling rate the morphology and the orientation of ice
dendrites change. The frozen droplets at —-80 °C in pure buffer solution,
without any cryoprotectants, exhibit sharp edges, indicating an uncon-
strained ice growth in the droplet. Addition of PS20, PS80 and glycerol
causes an increase of ice crystal size contrary to mannitol, sucrose,
histidine and proline, which show a tendency of suppressing ice den-
dritic growth. Additionally, at lower cooling rates droplets containing
disaccharides do not show any individual ice crystals (at the um-reso-
lution of our microscope), giving the appearance of homogeneous dis-
tribution of FCS without any detectable ice dendrite borders. Arginine
and lysine soften the ice borders and give the droplet a cloudy appear-
ance. Cysteine, trehalose and partially mannitol (at lower cooling rates)
seem to disturb ice dendritic growth, as inferred from rays originating
from several spots within the droplet or the barbules of a feather.

How these different ice morphologies affect the glass transition
temperatures (Tg") and initial melting temperatures (Tp,;) is summarized
in Fig. 5 and Fig. 7, respectively. The overall picture obtained in this
work is presented in the Scheme in Fig. 9. Cysteine, mannitol, histidine,
sucrose and trehalose, like pure sodium citrate buffer, show two Ty's.
Most of the cryoprotectants, though, lead to the prevalence of only one
T when added to the buffer solution. Arginine, PS20 and PS80 exhibit
only the higher T’ and glycerol, lysine and proline feature the lower Ty/'.
The occurrence of just one Ty’ implies the presence of only one pre-
dominant FCS within the droplet. Mannitol, being the exception, shows
a cold-crystallization event to mannitol hydrate in addition to the two
Ty's. In other words, the choice of cryoprotectant allows governing
whether macroscopic or microscopic cryoconcentration dominates, or
whether both processes take place simultaneously upon freezing. As a
result, there are either two different FCS solutions differing in terms of
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concentrations, or only one uniform FCS. Depending on the type of
protein to be protected from aggregation either of the three possibilities
might be beneficial - so that our work offers three different choices for
cryoprotectants that lead to three different physical mechanisms of
cryoprotection.

Also concerning Tp,; cryoprotectants can be categorized into three
groups depending on whether they raise, lower or do not have any
impact on Tp,; compared to pure sodium citrate buffer. The cryopro-
tectants that do not change T, ; are PS20, PS80, histidine, and arginine.
Cysteine, trehalose, sucrose and mannitol raise Tp,; to higher tempera-
tures which may be explained by a reduced activity of the FCS and
preferential adsorption on the ice surface. This also affects ice dendritic
growth, where disaccharides restrict dendritic growth efficiently. The
earlier start of melting by addition of proline, lysine or glycerol may be
traced back to the strong interaction of cryoprotectant with the unfrozen
water in the FCS. Similar conclusions have been reached in earlier work,
where cryoprotectants were shown to prevent water from crystallizing
due to strong hydrogen bonding interactions of the water molecules in
the liquid [83,96].

The ice crystal morphology is not affected by histidine and arginine.
Cysteine and mannitol cause dehydration of the entire droplet when low
heating rates are applied. Droplets containing lysine and proline melt at
various points within the droplet and act like glue holding the ice
crystals together. Droplets containing PS20, PS80 and glycerol show big
ice crystals; in contrast to droplets containing sucrose and trehalose,
which present significantly smaller ice crystals indicating that those
disaccharides limit ice crystal growth.

Each of our cryoprotectants has different properties; hence, in order
to make best use they have to be chosen in the context of transport and
storage temperature of the final protein solution. Regarding stability of
the solution, storage below T;' of the formulation is recommended but
not absolutely necessary. On that point we want to emphasize that the
optimal storage temperature is highly dependent on protein formulation
(including formulation) and cooling rate [97]. It also has to be noted
that up-scaling from droplet size samples to volumes of 1-5 Liters has an
impact on the general freezing and thawing (e.g. location of highest
cryoconcentration, formation of ice fronts) behavior but does not in-
fluence the ice crystal morphology (providing that the same cooling and
heating rates are applied), initial melting and glass transition tempera-
ture. Nonetheless, our findings here show clearly that the ice crystal
morphology and the glass transition temperatures can be tuned based on
the choice of cryoprotectant. In fact, three categories can be distin-
guished, where either the lower Ty or the higher T, can be suppressed.
Depending on the type of protein and desired storage temperature either
one of the three groups might be the best choice.

P two FCS .. one FCS o
smaller ice
crystals larger ice crystals  agglutination
Cys Man Suc Tre His Arg PS20 PS80 Gly Pro Lys
2 t
£e A ® IS ° P 0 O T > buffer
S 3
12 -0 R S 5Ty
< g D DR | N | SN S | -3 T,
2 3 i
£3
) [ [ 5T < buffer
Ty, @ Ty (second) Tomjintial

Fig. 9. Schematic depiction of all the effects cryoprotectants have when added to sodium citrate buffer. Note that the temperatures are not absolute, rather relative to
the glass transition (T,') and initial melting temperature (Tp,;) of the buffer solution!
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As a follow-up study, we propose testing those three groups of
cryoprotectants for their cryoprotective ability on therapeutic protein
solutions by determining aggregate formation, using Size-Exclusion
Chromatography after long-term storage. We believe that our
approach can provide a valuable insight to multiple scientific research
fields and industries and can support facilitation and optimization of
cryopreservation methods.
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