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SO concentration on albumin
during freezing and vitrification†

Sampreeti Jena and Alptekin Aksan *

IR spectroscopy was used to probe the composition of the freeze concentrated liquid (FCL) during near

equilibrium freezing of albumin–dimethyl sulfoxide (DMSO) solutions down to �70 �C. While cooling down

to �32 �C, preferential entrapment of DMSO within ice occurred, which was attributed to formation of

DMSO–water complexes. These complexes subsequently collapsed on cooling below �32 �C with albumin

being preferentially entrapped in ice. Heterogeneity induced in the FCL as a result, was more pronounced in

solutions containing lower solute concentrations and thus larger volume fractions of ice. Crystallization of

DMSO was not observed on cooling below its eutectic temperature and the FCL vitrified instead at �58 �C,
as confirmed by differential scanning calorimetry and low temperature X-ray crystallography. The increase

in viscosity of the FCL upon glass transition prevented further compositional changes. Isothermal

measurements confirmed that preferential exclusion of either species from ice occurred solely during

advance of the ice interfaces and was hence governed by its relative diffusivity. Adverse effects of high

DMSO concentrations on the protein were observed between �35 �C and �55 �C and devitrification during

thawing proved to be even more detrimental in vitrified samples. Thawing rate had a significant effect on

the extent of structural unfolding of the protein in vitrified samples, but not on the ones which were simply

frozen. These results will be relevant to vitrification of solutions containing proteins, cells and small tissue

systems as such as monocytes, oocytes, ova, embryos, zygotes, vein rings/segments and pancreatic islets.
Introduction

Feasibility of long-term preservation for isolated cells, tissues,
and organs with high post-storage viability and function has
been a topic of interest for a long time.1–4 Recently rejuvenated
interest in this area has mainly been fuelled by the growing
demand for vital (e.g. liver, heart and kidneys), and non-vital
organs (e.g. ovaries, uterus and eyes) for transplantation.2,3

Although cryopreservation has achieved some success in
preserving isolated cells and certain non-vital tissues, attempts
at freezing and storing complex organs such as the heart, liver
or kidneys have generally resulted in failure.5,6

Vitrication, a kinetic phenomenon that occurs during super-
cooling below a characteristic temperature (called the glass tran-
sition temperature), is believed to have the potential to protect and
stabilize cells and tissues by entrapping them in a very viscous
glass, without exposing them to the detrimental effects of ice.7,8 If
cooled sufficiently fast (approximately, at 1 million �C s�1), even
pure water can be vitried, avoiding crystallization. However,
reaching a cooling rate this high has not been technically feasible
for specimens larger than a couple of micrometres in size.
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-mail: aaksan@umn.edu

tion (ESI) available. See DOI:

hemistry 2017
In research studies conducted for vitrication of tissues and
organs, very high concentrations of specialty chemicals (vitri-
cation agents) are incorporated into the solution to ensure that
ice crystallization can be inhibited at cooling rates that are
technically achievable.8 For example, the vitrication protocols
developed for isolated mammalian cells and very small tissues
only require cooling rates around 1000–1400 �C min�1, usually
attained by immersion in liquid or slush nitrogen.9,10 However,
vitrication of large tissues, and organs necessitates achieving
vitrication at technically less challenging cooling rates of 0.1–
5 �C min�1 (ref. 8 and 11) to also ensure spatial uniformity of
temperature history within the sample and to minimize freeze/
thaw induced mechanical stresses.12 The main issue is that
avoiding ice nucleation during low cooling rates require pres-
ence of very high concentrations of vitrication agents. For
example, the vitrication solutions (such as VS1, VS4, M22)
proposed for kidneys, ovaries, and the liver are composed of
glycerol, ethylene glycol, and dimethyl sulfoxide (DMSO) at
a total concentration as high as 50% w/w.13–18

During slow cooling following ice nucleation, a growing ice
phase excludes the non-crystallizing chemicals in the solution,
forming a freeze concentrated liquid (FCL). As the FCL gets
more concentrated with decreasing temperature, its glass
transition temperature (T0

g) increases and the solution eventu-
ally vitries when its temperature reaches the T0

g of the FCL.19,20

Combined with low temperatures and lengthy exposure times,
RSC Adv., 2017, 7, 43611–43620 | 43611
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presence of high concentrations of vitrication agents could
have very detrimental effects on the biological macromolecules
present in the solution, by inducing severe mechanical,
thermal, and osmotic stresses and through other specic
chemical interactions resulting in protein denaturation,
membrane injury, and oxidative damage.21,22 This is believed to
be one of the major reasons why highly viable large tissues and
functional organs could not be recovered aer cryopreservation
and vitrication, while partial success could only be claimed for
non-vital small tissues such as ovaries,23 blood vessels,24 heart
valves,25 and corneas.16,26 Even though kidney and heart have
been the most widely researched organs, neither (with the
exception of rabbit kidneys17,27) has recovered functionality
post-thaw in a reproducible fashion.28

Earlier studies have utilized confocal Raman and IR spec-
troscopy to study freezing induced micro-heterogeneity in the
FCL and specic ice–solute interactions with corresponding
changes in protein structure.29–31 Twomey et al.,32 for example,
have detected signicant changes in the relative ratio of albumin
to DMSO in the FCL aer slow freezing of aqueous albumin–
DMSO solutions.32 However, no study to date has explored the
changes in the FCL in situ during slow cooling and vitrication,
identifying the effects of kinetic and thermodynamic transitions
of the FCL on the macromolecules suspended within.

In this study, we explored the effect of slow freezing on solu-
tions containing high concentrations of DMSO (20–30%w/w) and
albumin, by simultaneously quantifying the extent of association
of DMSO and albumin with the ice phase using IR spectroscopy
and characterizing the thermo-physical state of the FCL (super-
cooled, vitried vs. crystalline) in situ at cryogenic temperatures.
In parallel experiments, we have characterized the formation and
evolution of the amorphous, and crystalline phases in the FCL
using Differential Scanning Calorimetry (DSC) and Low
Temperature X-ray Diffraction (XRD), respectively. The tertiary
and secondary structures of albumin in fresh, vitried and
thawed solutions were quantied using Circular Dichroism
Spectroscopy. These studies have revealed that under specic
circumstances, achieving vitrication may not necessarily result
in the most favourable outcome, which has very important
implications in vitrication of large tissues and organs.
Experimental
Materials and methods

Experimental solutions were prepared gravimetrically using
DMSO (99.9% purity, Sigma-Aldrich, St. Louis, MO), bovine
serum albumin (MW 66.5 kDa, $99% purity, Sigma-Aldrich, St.
Louis, MO), and ultrapure water (UPW).
Fourier transform infrared spectroscopy (FTIR)

Fourier transform infrared (FTIR) spectroscopy was used to
study the composition of the freeze concentrated liquid (FCL)
in frozen samples. The advantages of FTIR include a higher
signal to noise ratio and the ease of in situ spectra collection.
The experimental solution (�100 nL) was sandwiched between
two CaF2 windows, sealed with vacuum grease to generate
43612 | RSC Adv., 2017, 7, 43611–43620
a thin lm, �2 mm thick. The assembly was then transferred to
an infrared microscope attached to the FTIR spectrometer
(Thermo-Nicolet Continuumwith amercury cadmium telluride
detector, Thermo Electron, Waltham, MA) equipped with
a freeze-drying cryostage (FDCS 196, Linkam Scientic Instru-
ments Ltd., UK). Spectra were collected at a resolution of
4 cm�1 and a total of 128 IR scans were averaged for each
spectrum to be analyzed in the 4000–930 cm�1 wavenumber
range. The IR spectra were analysed using OMNIC (Thermo-
Nicolet) soware.

Aqueous solutions tend to supercool signicantly and ice
crystallization rarely occurs at the equilibrium freezing
temperature. In order to ensure repeatability, a method was
devised to control ice nucleation: samples were cooled rapidly
at 30 �C min�1 down to the homogenous nucleation tempera-
ture (��50 �C)33 and then warmed back up to the equilibrium
melting temperature at 1 �C min�1 while the sample was
continuously visualized through the microscope. When only
a few small ice crystals remained in the melting sample,
heating was stopped and the sample was re-cooled at a slower
rate (0.1–0.3 �Cmin�1) to avoid concentration variations within
the sample due to diffusional limitations and to ensure near-
equilibrium freezing. To model popularly used vitrication
solutions,13,16 20%, and 30% w/w DMSO solutions containing
6.66 (66.6 mg mL�1) and 10% w/w albumin (100 mg mL�1),
respectively, were prepared in ultrapure water. The initial
albumin to DMSO mass ratio in all experimental solutions was
0.33 before freezing in accordance with DMSO–protein
formulations used in existing studies.32 During slow cooling, IR
spectra were collected from 7 different regions within the FCL
phase of each sample, while the temperature was held constant
at 2 �C intervals between the equilibrium freezing temperature
and �70 �C. To explore the effects of cooling rate, 30% DMSO +
10% BSA samples were cooled down at different rates
(0.1 �C min�1, 0.3 �C min�1, 0.5 �C min�1 and 0.7 �C min�1)
aer controlled ice nucleation (as described above). In these
experiments, spectra were collected from 7 different regions of
the FCL while the temperature was held constant at 5 �C
intervals as the samples was cooled down to �53 �C. Note that
at each hold temperature, we waited 30 minutes before col-
lecting spectra in the FCL to ensure the sample equilibrated.

To observe temporal changes in the FCL during isothermal
hold, time-lapse IR spectra were collected from a xed region in
the FCL for up to 80 minutes: in the rst set of experiments,
30% DMSO + 10% BSA solutions cooled at 0.3 �C min�1 (aer
controlled ice nucleation) were held at different temperatures
(�15 �C, �20 �C, �25 �C, and �35 �C) while time-lapse IR
spectra were collected. In the second set of experiments, solu-
tions of identical composition were cooled at 0.1 �C min�1,
0.3 �C min�1 and 0.5 �C min�1 (aer controlled ice nucleation)
and were held at �15 �C while IR spectra were collected. All
experiments were conducted in triplicate.
Differential scanning calorimetry (DSC)

A differential scanning calorimeter (Q2000, TA Instruments,
New Castle, DE) equipped with a cooling accessory was used in
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra07556a


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
Se

pt
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 6

/3
0/

20
25

 1
2:

35
:5

3 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
all experiments. The instrument was calibrated using the
melting point of tin. Approximately 50 mg of the sample solu-
tion was placed in an aluminium pan, which was sealed with
a pin-holed lid. Dry nitrogen was used as the purge gas at a ow
rate of 50 mL min�1. 30% DMSO + 10% BSA samples were
cooled rapidly at 30 �C min�1 down to �60 �C (below the
homogenous nucleation temperature), and warmed back up to
�13 �C at 1 �C min�1, close to the equilibrium melting
temperature (�11 �C). The samples were then cooled very slowly
at a rate of 0.3 �C min�1 down to �80 �C and rapidly heated
back to room temperature at 10 �C min�1. The DSC data were
analyzed using TA Universal Analysis soware. Sample solu-
tions were analyzed in duplicate.
Powder X-ray diffractometry (XRD)

A powder X-ray diffractometer (D8 ADVANCE; Bruker AXS,
Madison, WI) equipped with a variable temperature stage (TTK
450; Anton Paar, Graz-Straßgang, Austria) and a Si strip one-
dimensional detector (LynxEye; Bruker AXS, Madison, WI) was
used. A 30% DMSO + 10% BSA solution was subjected to
a temperature history identical to the one used for DSC analysis.
XRD patterns were collected continuously with a dwell time of
900 s during slow cooling at 0.3 �C min�1 down to �80 �C.
Solutions were exposed to Cu Ka radiation (40 kV� 40 mA) over
an angular range of 5–27� 2q with a step size of 0.05�. The XRD
patterns were analyzed using commercially available soware
(JADE 2010). Solutions were analyzed in duplicate.
UV circular dichroism (CD)

Spectra were recorded using a J-815 circular dichroism spec-
tropolarimeter (JASCO) using a 1 cm path length quartz cuvette
over the range of 190–310 nm at ambient temperature. Data were
collected every 0.2 nm with a bandwidth of 1 nm, averaged over 8
scans. An integration time of 8 seconds at 50 nm min�1 and
a 2 nm slit width were used. The solutions were diluted with
ultrapure water to reach a protein concentration of 0.1 mg mL�1.
The background spectra of the solvent medium (30%DMSO (w/w)
aer identical dilution) were subtracted from the nal spectra and
data was obtained as mean residue ellipticity (Ɵ). To estimate
protein secondary structure content, analysis of the relevant CD
spectra was carried out using the CDPro soware. The basis set 7
of the CDPro soware was used. Analysis was performed using the
SELCON 3 method.34

Separate solutions of composition 30% DMSO + 10% BSA
(w/w) were subjected to controlled ice nucleation followed by
slow cooling at 0.3 �Cmin�1 down to�35 �C,�55 �C or�65 �C in
the cryostage of the FTIR microscope. The solutions were thawed
under ambient conditions (from�35 �C,�55 �C or�55 �C) back
up to room temperature. Different samples of the same compo-
sition were cooled at the same rate (0.3 �C min�1), but rapidly
thawed in the cryo-stage at 20 �Cmin�1. Protein structure in fresh
and thawed solutions were analyzed by CD and compared.
Solutions were analyzed in duplicate.
This journal is © The Royal Society of Chemistry 2017
Results and discussion

DMSO is a polar organic compound, and therefore depresses
the freezing temperature of water by distorting its hydrogen
bonding, inhibiting ice formation.35 Furthermore, it has been
shown that DMSO toxicity is directly proportional to the average
strength of hydrogen bonding between its polar groups and the
intracellular water.17 Therefore, it is crucial to understand how
DMSO–water interactions change during freezing, vitrication
and thawing of an aqueous protein solution.

Concentrations of DMSO and albumin in the FCL at any
temperature during cooling were calculated using the baseline
corrected areas of the amide II band of albumin (1525–
1570 cm�1),36 (n2 + n3) combination band of water in the near IR
region (4500–5500 cm�1)37,38 and the n-HCH band (1367–
1485 cm�1) of DMSO.39,40 Note that concentration-dependent
calibration curves (constructed by varying the amount of
albumin in a 30% (w/w) DMSO solution and varying the amount
of DMSO in a 30% (w/w) albumin solution) at room temperature
are included as ESI data (Fig. S1 and S2†). All the calibration
curves constructed were linear in the range analyzed. IR spectra
were acquired below �11 �C during near-equilibrium cooling of
the 20% DMSO + 6.67% BSA solution and below �13 �C for the
30% DMSO + 10% BSA solution (2 �C below their respective
equilibrium freezing temperatures).

The mass ratio of albumin to DMSO (R) in the FCL as
a function of temperature during near equilibrium freezing is
shown in Fig. 1 for 20% and 30% w/w DSMO solutions con-
taining albumin. Note that at room temperature (before
freezing), R was equal to 0.33 in both samples. Distinct changes
in the composition of the freeze concentrate (FCL) was
observed. While cooling down to approximately �33 �C (Region
I in Fig. 1), an increase in R was observed, suggesting prefer-
ential entrapment of DMSO in the growing ice phase. This was
attributed to association of the DMSO molecules with the
surrounding water molecules through hydrogen bonding at
ratios of 1 : 2 (ref. 41 and 42) or 1 : 3 (ref. 35) (DMSO : water),
forming clusters. These clusters have signicantly reduced
diffusivity (by a factor of 30)43,44 and higher affinity for ice
(hydrating water molecules reduce the effective hydrophobicity
of DMSO) compared to free DMSO molecules and therefore are
more likely to be entrapped in an advancing ice interface.

To gain insight into the hydrogen bonding dynamics in the
FCL, the (n2 + n3) combination band of water in the NIR region
consisting of the d-OH (i.e., n2) and the n-OH (i.e., n3) bands38,45

was probed. In the presence of DMSO, the band was composed
of 2 peaks (Fig. 2A). The higher frequency peak (henceforth
referred to as S1) located at 5116 cm�1 was previously attributed
to water molecules with one active hydrogen bond (HB), (single
HB donor).46 The second peak (henceforth referred to as
S*2) located at 4800 cm�1 was close to the location of a peak
previously observed in neat water (4920 cm�1). This peak was
attributed to the water molecules that have coordination
numbers of 3–4, and are simultaneously HB donors and
acceptors.46,47 Appearance of the S*2 peak in the (n2 + n3) combi-
nation band of water conrmed the formation of the DMSO–
RSC Adv., 2017, 7, 43611–43620 | 43613
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Fig. 1 Albumin/DMSOmass ratios (R) measured at 7 different regions of the freeze concentrated liquid as a function of decreasing temperatures
during near equilibrium freezing (at 0.3 �C min�1) of (A) 20% DMSO + 6.66% BSA (B) 30% DMSO + 10% BSA solutions.

Fig. 2 (A) (n2 + n3) NIR band of water at a fixed region in the FCL during near equilibrium freezing (at 0.3 �C min�1) of 30% DMSO + 10% BSA
solution (* denotes the S*

2 peak arising due to DMSO–water cluster formation). (B) Ratio of the integrated areas of S1, and S*
2 peaks after

deconvolution of the (n2 + n3) band at a fixed region of the FCL as a function of temperature during near equilibrium freezing of 30%DMSO+ 10%
BSA solution (n ¼ 3).
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water clusters in the FCL. Peaks in the neighbourhood of
S*2 have been reported in the literature for solutions containing
a kosmotrope such as trehalose and are attributed to a new
organization in water HB network due to the presence of the
kosmotrope.48,49 Location of the S*2 peak at a lower frequency
(4800 cm�1) than the S1 peak (5116 cm�1) suggested stronger
HB within the DMSO–water clusters.50 In neat water, a high
frequency peak has been detected at 5232 cm�1 originating
from HB acceptor free water molecules.38,46 This band was
entirely absent in solutions containing DMSO, indicating that
all water molecules in the FCL were simultaneously HB donors
and acceptors.

The ratio of the integrated, baseline corrected areas of S*2 and
S1 peaks were plotted as a function of decreasing temperature
(Fig. 2B). The peak ratio did not change during cooling down to
�28 �C. However, below �28 �C, the area ratio decreased
rapidly. Below �32 �C, the S*2 peak disappeared completely.
Thus DMSO–water clusters collapsed between �28 �C and
�32 �C and below �32 �C, water molecules were only engaged
in self-association (and possibly with protein molecules). The
observed decrease in the population of water–DMSO clusters
agreed with previously reported MD simulations, which pre-
dicted thermodynamic destabilization of DMSO–water HB
complexes in binary solutions when mole fraction of DMSO
43614 | RSC Adv., 2017, 7, 43611–43620
exceeded 0.5.42,51,52 Another interesting observation was that
within this temperature range, the S*2 peak shied to lower
frequencies. This could be caused by the increase in the
strength of HB and/or change in the water to DMSO ratio in the
HB complexes. MD simulations predict a transition from 1 : 2
and 1 : 3 (DMSO : water) HB complexes to 2 : 1 complexes fol-
lowed by complete dissociation of all complexes (disordering)
with progressively increasing mole fraction of DMSO in the
solution.42,51

While cooling from approximately �33 �C down to �59 �C
(Region II in Fig. 1), R decreased, suggesting preferential
entrapment of albumin in ice. Collapse of DMSO–water clusters
below �32 �C resulted in DMSO to exist as free molecules in the
FCL. Free DMSO in water is known to have a higher diffusion
coefficient than albumin (by a factor of 40).43 Besides, dena-
turation of albumin, shown to occur between �35 �C and
�55 �C by post thaw CD analysis (discussed later), is associated
with increased solvation of the unfolded protein.53 High
concentrations of unfolded albumin (18% w/w at �32 �C) in the
FCL is likely to cause self-association.54 The aforementioned
factors lead to a larger hydrodynamic radius and reduced
diffusivity of albumin, thereby increasing its tendency to be
entrapped in ice, as compared to DMSO. The decrease in R
during equilibrium freezing continued down to approximately
This journal is © The Royal Society of Chemistry 2017
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�59 �C, a temperature below which (Region III in Fig. 1) ice
growth was arrested and no further compositional change could
be observed in the FCL with cooling.

Albumin and DMSO concentrations in the FCL as deter-
mined from the IR spectra were subtracted from concentrations
predicted by the DMSO–water phase diagram to calculate the
amounts of both species entrapped in the growing ice phase. In
the 30% DMSO + 10% BSA solution, 4.69 mg of DMSO per g of
water in the FCL was found to be entrapped in ice in Region I,
while 1.48 mg of DMSO per g of water in the FCL was found to
be entrapped in Region II. On the other hand, the amounts of
albumin entrapped within the ice phase in the same regions
were calculated to be 2.84 mg (in Region I), and 4.16 mg (in
Region II) per g of water in the FCL, respectively. In the 20%
DMSO + 6.67% BSA sample, approximately, 7.12 mg, and
1.85mg of DMSO per g of water in the FCL were entrapped in ice
in Regions I and II, respectively. In the same solution, 4.56 mg,
and 6.27 mg of albumin per g of water in the FCL were
entrapped in ice in Regions I and II. Variation in the R values
calculated from 7 spatially different regions in the FCL were
calculated as % of the mean R value at each hold temperature
and were used as a measure of spatial heterogeneity in the
frozen sample. In the 20%DMSO + 6.67% BSA sample, variation
Fig. 3 Albumin/DMSOmass ratios (R) measured at 7 different regions of t
during near equilibrium freezing of 30% DMSO + 10% BSA solutions at co
0.7 �C min�1.

This journal is © The Royal Society of Chemistry 2017
was 4–5% in Region I, 2–3% in Region II and 4–5% in Region III.
The corresponding values calculated for 30% DMSO + 10% BSA
sample were 2–3% in Region I, 0.5–2% in Region II, and 2–3%
in Region III. The amounts of albumin and DMSO contained in
ice were greater in the 20% DMSO + 6.67% BSA sample than in
the 30% DMSO + 10% BSA sample. This was attributed to the
larger volume fraction of ice present at any given temperature in
the more dilute solution.35,55 Larger ice interface area in contact
with the FCL is likely to increase the extent of association of
DMSO and albumin with ice. Additionally, FCL of the 20%
DMSO + 6.67% BSA solution was more heterogeneous spatially
at any given hold temperature than the 30% DMSO + 10% BSA
solution due to the reasons mentioned above.

Mole fraction of DMSO in the FCL during equilibrium
freezing of binary DMSO–water solutions follows the liquidus
line in the phase diagram (Fig. S3†) and thus should have
a known and xed value at a given temperature irrespective of
initial DMSO concentration. But the volume of ice is larger in
more dilute solutions. Identical trends were observed with
decreasing temperature in the 20% DMSO + 6.67% BSA and
30% DMSO + 10% BSA (w/w) solutions suggesting that the
nature of preferential association of albumin and DMSO with
ice was dictated by the composition of the freeze concentrate
he freeze concentrated liquid as a function of decreasing temperatures
oling rates of (A) 0.1 �Cmin�1 (B) 0.3 �Cmin�1 (C) 0.5 �Cmin�1 and, (D)

RSC Adv., 2017, 7, 43611–43620 | 43615
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Table 2 Ellipticity values at characteristic wavelengths in fresh and
thawed solutions (in machine units). Near UV CD analysis of 30%
DMSO + 10% BSA (w/w) solutionsa

Sample 262 nm 268 nm 300 nm

Fresh �0.27 � 0.02 �0.13 � 0.03 0.22 � 0.03
Frozen to �35 �C �0.13 � 0.02 �0.14 � 0.04 0.15 � 0.02
Frozen to �55 �C 0.12 � 0.01 0.07 � 0.04 �0.08 � 0.03
Frozen to �65 �C 0.11 � 0.04 0.07 � 0.02 �0.07 � 0.03

a Frozen solutions were cooled at 0.3 �C min�1 aer controlled
nucleation. All samples were analyzed in duplicate.
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(mole fractions of albumin and DMSO). Twomey et al. reported
preferential exclusion of albumin during freezing to tempera-
tures below �8 �C and preferential exclusion of DMSO above
�8 �C in similar slow freezing studies.32 In those experiments,
composition of the FCL were measured only at the end of
freezing and compared to solutions at room temperature, as
opposed to our method of determining FCL composition at
regular temperature intervals throughout freezing.

The effect of cooling rate on FCL composition during slow
freezing was also investigated (Fig. 3) in 30% DMSO + 10% BSA
(w/w) solutions. Preferential exclusion of either species from
ice, reected by changes in their concentration ratio in the FCL
(R), was observed only during slow cooling (rates
#0.3 �C min�1) (Fig. 3A and B). At faster cooling rates (0.5, and
0.7 �C min�1) (Fig. 3C and D), no signicant change was
observed in R. It is plausible that faster rate of propagation of
the ice interface resulted in non-equilibrium conditions and
arbitrary exclusion of solutes from the ice phase, thereby
negating the effects of diffusivity and selective interactions of
the excluded species with the ice interface.

Amide I band of proteins is commonly used to investigate
their secondary structures.56,57 However, it could not be used in
our studies as it overlaps with the bending peak of water. Far-UV
circular dichroism (190–250 nm) is sensitive to the secondary
conformation of the protein backbone. On the other hand, near-
UV region (250–300 nm) of the CD spectra gives information on
the tertiary structure. In the native state, albumin is known to
comprise of 50–54% a-helices, 6–8% b-sheets, 14–15% turns
and 24–25% random structures.58 The far UV region includes
ellipticity contributions arising from several aromatic residues
at characteristic wavelengths; phenylalanine and disulphide
bonds at 262 nm; tryptophan, close to 300 nm and tyrosine
around 280 nm.

Secondary structure content of albumin in freshly prepared
(unfrozen) solutions and frozen/thawed solutions that were
cooled down to �35 �C, were in good agreement with the native
state conformation reported in the literature58 (Tables 1 and 2).
There was a slight change in the near UV ellipticity values at 262,
280 and 300 nm, which can be assumed to be negligible. This
indicated that BSA retained its native structure at room
temperature and during slow freezing down to �35 �C. For
mammalian cells, DMSO cytotoxicity has been reported to occur
at concentrations as low as 1–5%w/w.59,60On the other hand, for
proteins, detrimental effects of DMSO are protein-dependent
and were only observed at very high concentrations (>30% w/w)
at room temperature.61,62 Post-thaw CD measurements
Table 1 Secondary structure content in fresh and thawed solutions (in %

Sample H (r) H (d) S

Fresh 33.6 � 0.4 18.3 � 0.3 4.
Frozen to �35 �C 33.5 � 0.8 17.9 � 0.6 4.
Frozen to �55 �C 24.1 � 0.2 13.3 � 0.6 4.
Frozen to �65 �C 19.2 � 0.5 11.5 � 0.8 5.

a H (r) / regular helix, H (d) / distorted helix, S (r) / regular sheet, S (d
controlled nucleation. All samples were analyzed in duplicate.
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revealed that BSA in the presence of DMSO was stable during
slow freezing down to temperatures as low as �35 �C, despite
the DMSO concentration in the FCL having increased to
approximately 45% w/w (Fig. S3†). In frozen protein formula-
tions, hydrophobic organic solvents such as DMSO are known
to be excluded from the immediate vicinity of the protein
molecules (preferential exclusion principle).53 Especially,
proteins such as such as BSA and lysozyme with ionic surface
groups are tightly bound to a hydrating water layer, preventing
direct contact with DMSO.

On the other hand, post-thaw secondary structure of the
albumin cooled down to �55 �C revealed a 15% decrease in the
fraction of a-helices (H (r) + H (d)), 5% increase in the fraction of
turns, and 7% increase in the fraction of random structures
(Table 1). There was 22% decrease in the fraction of a-helices,
8% increase in the fraction of turns and 11% increase in the
fraction of random structures aer thawing the solutions frozen
to �65 �C. In solutions frozen to �55 �C and below, the near UV
spectra showed an increase in ellipticity at 262 nm and 280 nm,
and a decrease at 300 nm (Table 2), indicating increased expo-
sure of aromatic amino acids, tyrosine and tryptophan from the
hydrophobic core to the polar medium and presence of an
asymmetric environment around disulphide linkages.58,62–64 In
summary, irreversible unfolding of the secondary and tertiary
structures of albumin was observed in the presence of DMSO
when solutions were cooled below �35 �C. Between �35 �C and
�55 �C, the corresponding DMSO concentration in the FCL
increased from 45% to 57% (w/w). MD simulations have shown
that at high DMSO concentrations (50–60%w/w), direct binding
of DMSO to protein becomes favourable, possibly due to
destabilization of DMSO–water HB complexes.65 Furthermore,
there are reports of destabilizing effects of direct hydrophobic
interactions with polar organic substances on proteins.66,67

These results suggest that unfolding of BSA during slow
). Far UV CD analysis of 30% DMSO + 10% BSA (w/w) solutionsa

(r) S (d) Turns Unordered

9 � 0.4 5.1 � 0.6 15.2 � 0.5 25.2 � 0.3
6 � 0.5 5.0 � 0.7 14.6 � 0.3 26.0 � 0.2
1 � 0.7 5.2 � 0.5 20.1 � 0.5 32.3 � 0.4
2 � 0.2 5.1 � 0.6 23.2 � 0.4 36.3 � 0.4

) / distorted sheet. Frozen solutions were cooled at 0.3 �C min�1 aer
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freezing occurred between �35 �C and �55 �C, before the FCL
vitried. Secondary unfolding was exacerbated when solutions
were cooled below the glass transition temperature (�59 �C)
down to �65 �C.

We have also explored the effect of thawing rate on the
secondary and the tertiary structure of albumin. Samples that
were cooled down to �65 �C and rapidly thawed showed 12%
decrease in the fraction of a-helices (compared to 22% decrease
in the case of slow thawing) and hence substantially lower
structural damage (Table 3). For samples cooled down to
�55 �C, there was a 10% decrease in a-helix content when
rapidly thawed (compared to 15% decrease in the case of slow
thawing). Thus, secondary structure of albumin was more
sensitive to thawing induced stresses such as ice recrystalliza-
tion than DMSO toxicity and temperature induced stresses
during cooling. Devitrication induces rapid ice growth and
recrystallization due to enhanced mobility and has been iden-
tied to be a major challenge for cell and organ vitrication.4,7,9

A rapid heating rate is known to not only delay devitrication
during warming but also reduces extent of recrystallization.68

Thus, rapid warming produced the most pronounced effect in
samples that were cooled below the glass transition tempera-
ture and vitried. Interestingly, thawing rate did not affect the
tertiary structure of albumin at all (Table 4) indicating that
tertiary unfolding of albumin occurred during the slow cooling
stage itself.

The effect of hold temperature (Fig. 4A) and cooling rate
(Fig. 4B) on the temporal changes in FCL composition was
investigated in 30% DMSO + 10% BSA (w/w) samples during
isothermal hold. When the solution was cooled at 0.3 �C min�1

from its equilibrium freezing temperature and then held at
�15 �C, R value measured at a xed region in the FCL continued
to increase for 30 minutes and then levelled off. It is possible
that continued ice growth and diffusion of species during
equilibration, at this relatively high cryogenic temperature led
to a gradual increase in R (i.e. preferential exclusion of DMSO),
Table 3 Effect of thawing rate on secondary structure content in thawe
solutionsa

Sample H (r) H (d)

Cooled to �65 �C and slowly thawed 19.2 � 0.5 11.5 � 0.8
Cooled to �65 �C and rapidly thawed 25.8 � 0.1 14.2 � 0.3
Cooled to �55 �C and slowly thawed 24.1 � 0.2 13.3 � 0.6
Cooled to �55 �C and rapidly thawed 26.9 � 0.2 15.9 � 0.2

a H (r) / regular helix, H (d) / distorted helix, S (r) / regular sheet, S (d
controlled nucleation. All samples were analyzed in duplicate.

Table 4 Effect of thawing rate on ellipticity values at characteristic wave
30% DMSO + 10% BSA (w/w) solutions

Sample 262 nm

Cooled to �65 �C and slowly thawed 0.11 � 0.04
Cooled to �65 �C and rapidly thawed 0.10 � 0.03
Cooled to �55 �C and slowly thawed 0.12 � 0.01
Cooled to �55 �C and rapidly thawed 0.11 � 0.04

This journal is © The Royal Society of Chemistry 2017
consistent with trends observed during equilibrium freezing. A
nite cooling rate would result in some deviation from equi-
librium conditions. Thus, when temperature is stabilized, there
is a nite time within which the FCL reaches its equilibrium
composition corresponding to the hold temperature and ice
growth stops.69,70 This nite time period is a combination of the
response time of the instrument, thermal equilibration time of
the sample as well as the time taken by both species (albumin
and DMSO) to diffuse within the FCL. Thus, an apparent spatial
heterogeneity may arise in spectra collected due to non-
equilibrium concentration and temperature gradients across
the sample. This was further conrmed when spectra collected
aer a hold time of 30 minutes (Fig. 1 and 3) revealed signi-
cantly reduced heterogeneity in the FCL than the ones collected
immediately at the beginning of the hold period (not shown).
Following equilibration, value of R did not change with time,
leading us to believe that the extent of association of albumin
and DMSO with ice were negligible without ice propagation.

The isothermal increase in R was directly correlated to the
isothermal storage temperature (Fig. 4A): at hold temperatures
of �35 �C and lower, FCL composition did not change with
time. From the slope of the liquidus line in the DMSO–water
binary phase diagram (Fig. S3†), it is clear that the differential
increase in ice volume with differential decrease in temperature
(dV/dT) decreases progressively during equilibrium cooling.
Temporal changes in composition of the FCL (due to prefer-
ential association) at a given hold temperature will be propor-
tional to the increase in ice volume during equilibration.
Therefore, the magnitude of increase in R during equilibration
was maximum when the hold temperature was �15 �C and
progressively decreased with decreasing hold temperature
(Fig. 4A).

The temporal evolution of R during isothermal hold at
�15 �C was not observed when the sample was cooled very
slowly at 0.1 �C min�1 (Fig. 4B), showing that equilibrium
conditions prevailed at a very slow cooling rate. On the other
d solutions (in %). Far UV CD analysis of 30% DMSO + 10% BSA (w/w)

S (r) S (d) Turns Unordered

5.2 � 0.2 5.1 � 0.64 23.2 � 0.4 36.3 � 0.4
4.8 � 0.2 5.3 � 0.6 21.2 � 0.4 29.3 � 0.3
4.1 � 0.7 5.2 � 0.5 20.1 � 0.5 32.3 � 0.4
4.9 � 0.5 5.1 � 0.1 19.1 � 0.5 28.3 � 0.4

) / distorted sheet. Frozen solutions were cooled at 0.3 �C min�1 aer

lengths in thawed solutions (in machine units). Near UV CD analysis of

268 nm 300 nm

0.07 � 0.02 �0.07 � 0.03
0.06 � 0.03 �0.07 � 0.01
0.07 � 0.04 �0.08 � 0.03
0.08 � 0.01 �0.06 � 0.02

RSC Adv., 2017, 7, 43611–43620 | 43617
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Fig. 4 (A) Albumin/DMSO mass ratio (R) measured at a fixed region of the freeze concentrated liquid as a function of time in 30% DMSO + 10%
BSA solution cooled at 0.3 �Cmin�1, held at different temperatures (TH: hold temperature). (B) Albumin/DMSOmass ratio (R) measured at a fixed
region of the FCL as a function of time when 30% DMSO + 10% BSA solution is held at �15 �C after cooling at different rates (RC: cooling rate).
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hand, with a relatively higher cooling rate of 0.5 �Cmin�1, time-
lapse IR spectra showed a decrease in R during equilibration at
the same hold temperature of �15 �C. When cooled at
0.5 �C min�1, the ice volume exceeded the corresponding
equilibrium value for the given hold temperature causing it to
melt during equilibration, as reected by the decrease in R.

XRD enabled characterization of the phases crystallizing
from the FCL. In the XRD patterns obtained from the frozen
30% DMSO + 10% BSA solution, hexagonal ice was the only
crystalline phase detected (Fig. 5A). Note that the peaks at 22.7
(3.93 Å), 24.4 (3.65 Å), 25.8 (3.46 Å) and 33.5 (2.68 Å) 2q are
assigned to hexagonal ice.71 Although formation of the water–
DMSO trihydrate eutectic has been reported to occur at �63 �
Fig. 5 (A) XRD pattern of a frozen 30%DMSO+ 10% BSA solution at�70
in IR spectra taken from 7 different regions of the freeze concentrated liq
10% BSA solution (standard deviation bars were smaller than themarker si
0.3 �C min�1) of a 30% DMSO + 10% BSA solution up to �80 �C and su

43618 | RSC Adv., 2017, 7, 43611–43620
1 �C,35 crystallization of DMSO was not detected in the XRD
patterns as diffraction peaks. Likewise, in the DSC scans (not
shown) no crystallization exotherm was detected during slow
freezing, conrming that DMSO remained amorphous.

Position of the protein amide II band in IR spectra gives
a measure of exibility of the protein backbone. Amide II
position (in wavenumber) of albumin in the FCL was plotted as
a function of temperature during near equilibrium freezing of
a 30% DMSO + 10% BSA solution (Fig. 5B). Glass transition of
the protein causes stiffening of the protein backbone and is
reected by an abrupt change in the slope of the wavenumber
(of amide II) vs. temperature curve at a specic temperature (i.e.
the glass transition temperature).49,72 The abrupt change in
�C after equilibrium freezing (at 0.3 �Cmin�1). (B) Amide II peak location
uid during near equilibrium freezing (at 0.3 �C min�1) of 30% DMSO +
ze andwere thus omitted). (C) DSC scans during equilibrium freezing (at
bsequent heating from �80 �C to room temperature at 10 �C min�1.

This journal is © The Royal Society of Chemistry 2017
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slope was observed at �58 �C (Fig. 5B). During slow freezing at
0.3 �C min�1, a faint glass transition (small baseline shi) at
�63 �C could be detected in the DSC thermograms, indicating
vitrication of the freeze concentrate (Fig. 5C). The glass tran-
sition can also be detected at �61 �C when the frozen solution
was re-heated from �80 �C back to room temperature at
10 �C min�1 (Fig. 5C), indicating devitrication of the previ-
ously vitried FCL. The variations in the glass transition
temperatures observed in all these experiments (Fig. 5B and C)
was due to glass transition being a kinetic and not thermody-
namic transition.73 Note that the pronounced baseline shi
associated with glass transition during heating was due to the
faster heating rate employed (10 �C min�1).

Below �59 �C (Region III), FCL composition did not further
change with decreasing temperature (Fig. 1) and crystallization
of DMSO tri-hydrate was ruled out by low temperature XRD and
DSC experiments (Fig. 5A and C). The cessation of composi-
tional changes at these temperatures was attributed to
increased viscosity of the FCL upon glass transition. The
heating/cooling DSC scans (Fig. 5C) and the temperature
sensitivity of the amide II peak (Fig. 5B) clearly showed the glass
transition of the FCL (measured at �58 �C by FTIR, at �61 �C
(during heating) and�63 �C (during cooling) by DSC). Note that
the DMSO concentration in the FCL at these temperatures is in
the range of 52–55% w/w and the threshold vitrication
concentration of aqueous DMSO has been reported to be 49%
w/w.4 Presence of large proteins such as BSA and haemoglobin
in aqueous sugar solutions has been reported to strengthen
hydrogen bonding interactions in the surrounding medium,
increasing the glass transition temperature of the medium.74

This explains the higher glass transition temperature recorded
for the FCL than the value predicted by the Gordon Taylor
equation (��85 �C) based on the FCL composition at �63 �C.
Additionally, a distinct glass transition has been detected in
most hydrated proteins between �73 and �53 �C, which
suppresses collective unharmonic motions in the protein
molecule.75 Coupling of the protein dynamics with that of that
of the amorphous DMSO–water phase has likely increased its
glass transition temperature as well.

Conclusions

Vitrication of the FCL at �63 �C inhibited DMSO crystalliza-
tion and further compositional changes in the FCL during slow
freezing of albumin–DMSO solutions down to �70 �C.
Continued changes in the relative concentrations of albumin
and DMSO in the FCL were observed with decreasing temper-
ature due to preferential association of either species with the
growing ice phase. The nature and extent of preferential asso-
ciation were governed by DMSO–water hydrogen bonding
interactions, their relative diffusivities and the surface area of
ice–FCL interface. When cooled between �35 �C and �55 �C,
unfolding of albumin secondary and tertiary structures were
observed presumably due to direct DMSO–protein binding.
However, when solutions were cooled below the glass transition
temperature and thawed, ice recrystallization induced during
devitrication proved to be signicantly more detrimental to
This journal is © The Royal Society of Chemistry 2017
albumin than exposure to DMSO. Adverse effects of ice recrys-
tallization were eliminated with rapid thawing rates
(>20 �C min�1). These results implied that while vitrication is
desirable for long term stability of the macromolecules,
subsequent rapid thawing is a necessity. A vitried sample
therefore yielded signicantly lower protein recovery when
thawed slowly than a sample which was simply frozen without
vitrication. Moreover, adverse effects of high DMSO concen-
trations mainly observed between �35 �C and �55 �C may be
eliminated by increasing the glass transition temperature of the
FCL using high Tg chemicals (such as disaccharides) in order to
induce vitrication of the FCL above this temperature range.
These should minimize the adverse effects of DMSO and re-
crystallization, potentially enhancing the viability and func-
tionality of large tissues and organs post-thaw.
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