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The freezing of aqueous solutions and reciprocal distribution of ice and a freeze-concentrated solution
(FCS) are poorly understood in spite of their importance in fields ranging from biotechnology and life
sciences to geophysics and climate change. Using an optical cryo-miscroscope and differential scanning
calorimetry, we demonstrate that upon cooling of citric acid and sucrose solutions a fast freezing process
results in a continuous ice framework (IF) and two freeze-concentrated solution regions of different
concentrations, FCS1 and FCS2. The FCS1 is maximally freeze-concentrated and interweaves with IF. The
less concentrated FCS2 envelops the entire IF/FCS1. We find that upon further cooling, the FCS1 transforms
to glass, whereas the slow freezing of FCS2 continues until it is terminated by a FCS2-glass transition. We
observe the resumed slow freezing of FCS2 upon subsequent warming. The net thermal effect of the resumed
freezing and a reverse glass-FCS1 transition produces the Ttr2-transition which before has only been
observed upon warming of frozen hydrocarbon solutions and which nature has remained misunderstood
for decades.

L

iquid water, arguably the most important solvent on Earth, rarely occurs in pure state but rather as a
component of aqueous solutions. In contrast, the solid form of water, ice, is highly intolerant to impurities1.
Hence, upon freezing aqueous solutions separate into pure ice and a FCS which vitrifies2–12 or freezes13,14 upon
further cooling. This phase separation and FCS distribution within the ice play an important role in various
natural, industrial and biotechnological processes. For example, FCS veins/pockets within the ice affect microbial
activity in ice sheets15, hydromechanics of freezing soils16, rheology and transport properties of glaciers17,18 and sea
ice19,20. In the atmosphere, FCS around cloud ice particles affects physical and chemical properties of cirrus
clouds21,22 and the rate of stratospheric ozone destruction22,23 and, consequently, impacts the climate. When
living matter freezes, growing extra- and intracellular ice disrupts cell membranes and this together with other
freeze-induced stresses (the formation of FCS, cellular dehydration, etc.) is fatal to cells24,25. Freeze-induced
separation is crucial in freeze-desalination of sea water26, freeze-purification of waste water27, food industry8–11,28–31 and biotechnology, particularly, in freeze-drying (lyophilization) which is used to extend the stability
and shelf life of foods8–11,28–31 and labile drugs, especially pharmaceutical proteins2–7,32, because degradation
reactions are decelerated in lyophilized products2–11,28–32.
Lyophilization is a time- and energy-intensive process which besides freezing consists of primary drying,
sometimes preceded by annealing33, and secondary drying2–7,33–37 performed upon subsequent warming. The
duration of drying is largely determined by the freezing step33–37. Vitrified or crystallized FCS creates a solid
matrix suitable for drying. The morphology of the ice/FCS-matrix controls product resistance to vapour flow of
sublimated ice during primary drying, desorption of residual water from a resulting porous cake during secondary
drying, and the quality attributes of final lyophilized products such as product porous structure, physical state,
residual moisture, reconstitution time, etc.2–7,33–37. Freezing methods impose constraints on ice/FCS-matrix
morphology. Methods which involve small formulation supercoiling and small cooling rate, produce fewer
and larger ice crystals which makes primary drying faster and leaves larger pores in a cake after ice sublimation2–7,33–37. However, the genuine ice/FCS morphology formed during freezing is not known. Currently, it is
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believed that freezing produces ice crystals embedded and dispersed
in a matrix of glassy and/or crystallized FCS2,3,33–37. However, such
seeming picture of ice/FCS morphology cannot account for the
appearance of two transitions, Ttr1 and Ttr2, calorimetrically observed
upon warming of frozen carbohydrate solutions9–12,29–31,38,39. The cold
transition, Ttr1, is usually related to a glass transition of FCS. Hitherto
the nature of the warm transition, Ttr2, and the question of whether
Ttr1 or Ttr2 should be related to the glass transition of maximally FCS,
Tg’, has remained a subject of debate for decades9–12,29–31,38,39. The
knowledge of Tg’ is important for the determination of collapse temperature, Tc, at which lyophilized products start losing their amorphous structure40,41. The primary drying is performed at a product
temperature, Tp, which is slightly below Tc < Tg’ 1 2 K3,40.
Visualization of the freezing process in situ would reveal the genuine morphology of ice/FCS. Unfortunately, using an optical cryomicroscope (OC-M), the freezing of bulk solutions is seen as an
abrupt black flash because of light scattering from numerous rapidly
formed ice crystals42. Finding methods for observing the freezing
process in situ is challenging but would crucially improve our knowledge of the freezing phenomenon and understanding of the variety
of natural and biotechnological processes. In this work, we observe
the freezing process of ‘2-dimensional’ samples (5–10 mm films) of
citric acid (CA) and sucrose solutions in situ with an OC-M. The
term ‘‘2-dimensional’’ is used in the following solely as a shorthand to
discriminate the samples used in OC-M from those in DSC. It does
not imply a different dimensionality of the physics, such as different
nucleation behavior or different dimensionality of the growing icenetwork, since a thickness of 5–10 mm is still large in comparison to
the size of a critical nucleus and large in comparison to the characteristic dimension of the ice structures observed in OC-M. The

choice of solutes was motivated by the fact that CA is widely used
in food industry, pharmaceutics43,44, tissue engineering45, and sucrose, being a natural lyoprotectant, is important in life sciences12,
food industry9–11,29–31, biotechnology38,39 etc. We also investigate ‘3dimensional’ (bulk) samples of the same solutions with differential
scanning calorimetry (DSC). The obtained OC-M and DSC results
are mutually complementary and give a clear picture of the freezing
process and formed ice/FCS morphology.

Results
Figure 1A displays the thermograms of ‘3-dimensional’ 10, 30, and
55 wt% CA solutions. Exothermic, Tf, and endothermic, Tm, peaks
are produced by the enthalpy of fusion emitted during the freezing to
pure ice and absorbed during equilibrium ice melting46, respectively.
Regions without transitions are seen as a straight baseline. The different shape of Tf-peaks shows that freezing is a fast process in diluted
solutions and is hindered by increasing viscosity in a concentrated
55 wt% CA solution. The long low-temperature tail of Tm-peaks
indicates that ice starts to melt gradually from an ice/FCS interface
where FCS concentration is largest. In OC-M observations of the
freezing process of ‘3-dimensional’ solutions, we always observe an
abrupt dark flash produced by freezing. In Figure 1B, an OC-M
image of a frozen ‘3-dimensional’ solution shows that ice morphology and FCS are not distinguishable.
Magnified thermograms in Figure 1C for CA/H2O (and in
Figure 2A for sucrose/H2O) are more informative than the thermograms in Figure 1A. In addition to the fast freezing process, Tf-peak,
which produces the majority of ice, the magnified cooling thermograms reveal a slow freezing process13, which manifests itself through
an inclined exotherm on the cold side of Tf-peak. We observed the

Figure 1 | DSC thermograms and OC-M images of CA/H2O. (A). Upper blue and lower red lines are cooling and warming thermograms, respectively.
Skewed lines truncate freezing peaks, Tf, to fit the figure. Concentration (wt%), heat flow (mW), and direction of temperature change (3 K/min) are
indicated. (B). Image of frozen ‘3-dimensional’ 20 wt% CA at ,211 K. Si marks a silicon substrate. (C). Magnified thermograms from panel (A). The
Ttr2-transition is a net thermal effect produced by the resumed slow freezing of FCS2 and reverse glass-FCS1 transition, Tg1,w (see text). Open arrow marks
the temperature at which the resumed slow freezing ceases (see text). The meaning of other symbols is given in the text. (D, E). Images of frozen ‘2dimensional’ 10 wt% CA and 52 wt% CA at ,210 and 200 K, respectively. Bright spots are the parts of ice in contact with a cover glass. Arrows mark the
channels of FCS1, ice, and a borderline of FCS2 (see text and movies S1, S2). (F). Image of frozen ‘2-dimensional’ 55 wt% CA at ,221 K shows that
freezing begins from multiple ice nucleating events (movie S3).
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fast and slow freezing processes also in OC-M measurements of ‘2dimensional’ solutions of all concentrations, including the solutions
whose thermograms are presented in Figures 1 and 2 (movies S1 and
S4). The cooling thermograms also reveal two liquid-glass transitions, Tg1,c and Tg2,c, which are recognized by the appearance of
two steps, DCp,1c and DCp,2c, produced by the heat capacity change46.
The DCp,1c and DCp,2c steps are only very subtle in the thermograms
of 10 wt% CA (and 10 wt% sucrose in Figure 2A) because of
the small amount of FCS formed. The warming thermograms reveal a reverse glass-liquid transition, Tg1,w, and the Ttr2transition9–12,29–31,38,39. The existence of two liquid-glass transitions
upon cooling of CA/H2O and sucrose/H2O and the Ttr2-transition
during the warming of frozen CA/H2O, to our best knowledge, has
not been reported before.

Discussion
The existence of Tg1,c and Tg2,c upon cooling requires the existence of
two reverse glass-liquid transitions upon warming and, consequently,
the formation of two FCS regions of different concentrations during
freezing. The fact that Tg1,c-transition is on the inclined thermogram (Figures 1C and 2A) suggests that the slow freezing and Tg1,ctransition occur simultaneously, which also requires the existence of
two FCS regions of different concentrations. In OC-M images of
frozen ‘2-dimensional’ CA/H2O and sucrose/H2O, the first region,
FCS1, is seen as dark tortuous channels/pockets in between bright
tortuous ice twigs (Figures 1D and 2B) or ice needles/plates
(Figure 2C). OC-M images also demonstrate that supercooled diluted
solutions freeze heterogeneously from a single ice nucleating event
triggered by a foreign particle (Figure 2B) or substrate (Figure 2C).
After nucleation, ice propagates rapidly as radial ,2–4 mm-thick
tortuous twigs which form a continuous ice framework (IF) immersed
into FCS1. We also observe that, as concentration increases, IF
becomes a dendritic multi-branching pattern (Figures 1E and 2D).
This dendritic morphology arises from growth instabilities brought
about by insufficiently fast latent heat conduction and solute exclu-

sion from ice during fast freezing. Concentrated solutions freeze from
multiple ice nucleating events (Figure 1F and movie S3). Thus, our
OC-M observations demonstrate that freezing supercooled solutions
produce a continuous IF immersed into FCS1 and not isolated ice
crystals, as has previously been believed.
The second, less concentrated (see below) region, FCS2, is formed
in front of the advancing IF/FCS1 front and envelops the entire IF/
FCS1 (movie S2, Figures 1D, 1E and 2D). Due to the limited rate of
low-temperature diffusion of H2O to ice, a concentration gradient is
established between FCS1 and FCS2. However, the volume of the
transition region is much smaller than that of FCS1 and FCS2 and,
consequently, only Tg1,c and Tg2,c are visible in the thermograms.
In OC-M measurements, we observe that, as temperature
decreases, the slow freezing of FCS2 slows down due to increasing
viscosity and ultimately ceases at ,208 K in CA/H2O and ,230 K in
sucrose/H2O (movies S1 and S4). The fact that these temperatures
coincide with the onset of liquid-glass transition, Tg2,c, (Figures 1C
and 2A), indicates that the FCS2 is associated with the Tg2,c-transition
and, consequently, it is less concentrated than FCS1, which itself
vitrifies at Tg1,c. Upon subsequent warming, the slow freezing
resumes also at ,208 K and ,230 K in CA/H2O and sucrose/
H2O, respectively (movies S1 and S4). In warming thermograms,
these temperatures are the end of reverse glass-FCS2 transition,
Tg2,w (Figures 1C and 2A), where the viscosity of FCS2 has decreased
sufficiently for resumed slow ice growth.
In Figure 3, we present the images which captured the onset and
end of the resumed slow freezing of FCS2 upon warming. They show
that the resumed freezing continues to ,230 K in CA/H2O and
,245 K in sucrose/H2O (movies S1 and S4) i.e., it completely covers
the temperature region of the Ttr2-transition (Figures 1C and 2A).
From this fact and from what was stated above, we conclude that the
Ttr2-transition is a net thermal effect produced by the resumed slow
freezing of FCS2, which is responsible for the exothermic feature of
the Ttr2-transition, and reverse glass-FCS1 transition, Tg1,w, which
produces the DCp,1w-step. This solves the long-standing problem of

Figure 2 | DSC thermograms and OC-M images of sucrose/H2O. (A). The thermograms are obtained from ‘3-dimensional’ 10 and 40 wt% sucrose. All
symbols have the same meaning as in Figure 1C. (B, C) Images of ‘2-dimensional’ 10 wt% and 5 wt% sucrose taken at ,253 K demonstrate that
freezing is triggered heterogeneously from a single ice nucleating event. Spherulitic IF is seen as bright tortuous ice needles/plates interweaved with the
dark spots/channels of FCS1 (see also Figure 1D). The images of 10 wt% (B), 5 wt% (C), and 40 wt% sucrose (D) show how IF morphology changes with
increasing concentration.
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Figure 3 | OC-M images of frozen CA/H2O and sucrose/H2O. (A). Pairs of images (1, 2) taken from ‘2-dimensional’ 10 wt% CA and (3, 4) from 20 wt%
CA show that upon warming of frozen solutions the resumed slow freezing of FCS2 continues to ,230 K. (B). Pairs of images (5, 6) taken from
40 wt% sucrose and (7, 8) from 45 wt% sucrose show that the resumed slow freezing continues to ,245 K. Squares show locations where the resumed ice
growth is visible best.

the Ttr2-transition and accounts for the appearance of ‘‘nonreversing’’ (crystallization) and ‘‘reversing’’ (glass transition) events
in modulated DSC scans of the Ttr2-transition9,30,38. We determine
the onset temperature of Tg1,w-transition at ,217 for CA/H2O and
,239 K for sucrose/H2O.
Both Tg1,w and Tg2,w are characteristic and reproducible temperatures which are independent of the initial solution concentration, as
has been seen before for carbohydrate solutions10. Since Tg increases
with concentration and Tg1,w . Tg2,w, we relate the Tg1,w to the glass
transition of maximally FCS, Tg’, and the concentration of FCS1 to
the maximal freeze-concentration, Cg’38. This solves another longstanding problem, namely, the problem of Tg’ and Cg’. We calculate
Cg’ < 81 wt% and Cg2,w < 75 wt% for CA/H2O and Cg’ < 85 wt%
and Cg2,w < 81 wt% for sucrose/H2O using the Gordon-Taylor
approach47,48. In the calculations, we use Tg,CA 5 284 K for pure
CA43, Tg,S 5 335 K for pure sucrose48, and the Gordon-Taylor parameter of kGT < 5.43 for sucrose/H2O48 and our calculated kGT < 3.46
for CA/H2O. Our value of Cg’ < 85 wt% for sucrose/H2O is larger
than the literature data of Cg’ < 82 wt%38.
The fact that the resumed slow freezing continues to ,230 and
245 K (Figures 1C and 2A) implies that upon warming of frozen CA/
H2O and sucrose/H2O, the fraction of FCS2 remains in liquid phase
above Tc < Tg’ 1 2 K. This suggests that if the freezing behaviour of
pharmaceutical formulations is similar to that described above, then
the remaining liquid FCS2 can form a ‘skin’ on top of formulations
and resist the vapour flow of sublimated ice during primary drying at
Tp , Tc. Further, in the case of CA/H2O, the resumed freezing of
FCS2 and ice melting at ice/FCS1 interface occur simultaneously
between ,220 and 230 K, because this temperature range is well
on the ice melting endotherm (Figure 1C). The resumed freezing
increases FCS2 concentration, whereas ice melting at the ice/FCS1
interface, which starts at the end of the Tg1,w-transition at ,220 K,
decreases FCS1 concentration. Above ,230 K, when the two concentrations become equal, only ice melting continues. In sucrose/
H2O, the annihilation of the concentration gradient between FCS1
and FCS2 takes place between ,242 and 245 K (Figure 2A).
Simultaneous freezing and ice melting are best seen upon warming
of ‘2-dimensional’ 62 wt% CA previously cooled to 173 K (Figure 4
and movie S5).
A natural question may arise concerning the extent to which conclusions about the ice/FCS morphology of the bulk ‘3-dimensional’
solutions can be drawn from the OC-M data of ,5–10 mm-thick
solutions, which we call ‘2-dimensional’ solutions only in order to
distinguish them from large drops. The necessity to use micrometerscaled thick solutions arises because one can only focus on approximately one micron-thick layer in the optical microscopy technique.
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We emphasize that our ‘2-dimensional’ solutions are very different
from the thin films of just a few molecular layers thickness. Whereas
the physics and chemistry in such thin films is dominated by surface
processes, our ‘2-dimensional’ solutions are large (1 cm in diameter,
see Methods section) and thick enough to behave as bulk solutions
and, consequently, produce the ice/FCS morphology similar to that
in bulk samples. Besides the parallels in the DSC and OC-M data
discussed above, this is, e.g., also confirmed by the similarity of our
pictures in Figures 1D and 2B and pictures obtained with a cryoscanning electron microscope (C-SEM) in Figure 6 in Ref. 9. Our
pictures show that below Tg’, FCS1 is amorphous (glassy) and represents a porous matrix (cake) with the pores filled with ice. Similarly,
pictures in Figure 6 in Ref. 9 show an amorphous porous cake which
was obtained after ice sublimation at 238 K , Tg’ < 239 K from
frozen ‘3-dimensional’ 40 wt% sucrose. Thus our ‘2-dimensional’
and ‘3-dimensional’ solutions freeze similarly and produce a continuous IF (not isolated ice crystals as previously believed) immersed
into FCS1 1 FCS2.
In conclusion, this study introduces the ‘2-dimensional-solution’
strategy as an approach for the visualization of freezing process in
situ and, consequently, the determination of ice/FCS morphology of
frozen biopharmaceutical formulations. Together with DSC measurements of ‘3-dimensional’ bulk solutions this strategy solves the
long-standing problems of the Ttr2-transition of frozen hydrocarbon
solutions and allows the practically precise determination of the
critical formulation parameters Tg’, Tc and Tp, the knowledge of
which is crucial for the optimization of lyophilisation process4,35.
Our findings suggest that a continuous IF may also be formed upon
freezing of biological cells and organs that may give a new impetus to
investigation of the resistance of living matter to freezing and its
survival at low temperatures.

Methods
We prepared 10–62 wt% citric acid, (C6H8O7), and 10–45 wt% sucrose (C12H22O11)
solutions by dissolution of 99.5% CA (Merck) and 99.5% sucrose (Sigma) in ultrapure
water. The freezing behaviour of approximately semi-spherical drops (5.5–6.5 mg),
which in the text are referred to as ‘3-dimensional’ solutions, were studied with a
Mettler DSC822 calorimeter. The drops were cold-sealed in Al crucibles of 40 ml and
studied at a cooling/warming rate of 3K/min between 320 and 163 K. Calorimeter
calibration and details about DSC measurements are described elsewhere13,14,23. We
also employed ,5–10 mm-thick films of CA/H2O and sucrose/H2O (referred to as ‘2dimensional’ solutions) for in situ observation of freezing/melting processes with an
optical cryo-microscope (Olympus BX51) equipped with a Linkam cold stage and
Linksys32 temperature control and video capture software. The solution films were
formed between a Si-wafer and a cover-glass of 1 cm in diameter. Cryo-microscope
measurements were performed at cooling/warming rate of 3 and 5 K/min between
320 and 163 K. The temperatures of heterogeneous freezing and melting of ‘3dimensional’ drops and ‘2-dimensional’ solutions of the same concentration were
quite similar, as expected, because ,5–10 mm-thick solutions are large/thick enough
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Figure 4 | OC-M images and DSC thermograms of 62 wt% CA. (A). Images (1–4) are taken upon warming of ‘2-dimensional’ 62 wt% CA previously
cooled to 173 K. We observed no freezing upon cooling. Upon warming, freezing starts at ,220 K from multiple ice nucleating events
(movie S5) and continues to ,240 K (image 4). Ice melting in FCS1, beginning at ,233 K (image 1), is seen as increasing brightness of IF/FSC1 region.
Between ,233 and 240 K freezing and ice melting occur simultaneously. (B). The cooling thermogram of ‘3-dimensional’ 62 wt% CA shows no
indication of freezing, as in ‘2-dimensional’ 62 wt% CA. A liquid-glass transition occurs at ,189 K. Upon warming, freezing starts also at ,220 K.
Arrows show the temperature region in which freezing and melting occur simultaneously.
to behave as bulk solutions. More than 300 measurements performed with DSC and
OC-M showed very good reproducibility of results.
1. Petrenko, V. F. & Whitworth, R. W. Physics of Ice (Oxford University Press,
Oxford, 2006).
2. Pikal, M. J., Rambhatla, S. & Ramot, R. The impact of the freezing stage in
lyophilization: Effects of the ice nucleation temperature on process design and
product quality. Amer. Pharm. Rev. 5, 48–52 (2002).
3. Patapoff, T. W. & Overcashier, D. E. The importance of freezing on lyophilization
cycle development. BioPharm 15, 16–21 (2002).
4. Tang, X. C. & Pikal, M. J. Design of freeze-drying processes for pharmaceuticals:
Practical advice. Pharm. Res. 21, 191–200 (2004).
5. Singh, S. K., Kolhe, P., Wang, W. & Nema, S. Large-scale freezing of biologics: A
practitioner’s review, part one: Fundamental aspects. BioProcess International 7,
32–44 (2009).
6. Pikal, M. J. [Freeze drying] Encyclopedia of Pharmaceutical Technology
[Swarbrick, J. & Boylan, J. C. (eds.)] [1299–1326] (Marcel Dekker, New York,
2002).
7. Franks, F. Freeze-drying of bioproducts: putting principles into practice. Eur. J.
Pharm. Biopharm. 45, 221–229 (1998).
8. Franks, F. Solid aqueous solutions. Pure Appl. Chem. 65, 2527–2537 (1993).
9. Goff, H. D., Verespej, E. & Jermann, D. Glass transitions in frozen sucrose
solutions are influenced by solute inclusions within ice crystals. Thermochim.
Acta 399, 43–55 (2003).
10. Levine, H. & Slade, L. Thermomechanical properties of small-carbohydrate-water
glasses and ‘rubbers’. J. Chem. Soc., Faraday Trans. 84, 2619–2633 (1988).
11. Ablett, S., Izzard, M. J. & Lillford, P. J. Differential scanning calorimetric study of
frozen sucrose and glycerol solutions. J. Chem. Soc. Faraday Trans. 88, 789–794
(1992).
12. MacKenzie, A. P. Non-equilibrium freezing behavior of aqueous systems. Phil.
Trans. R. Soc. Lond. 278, 167–189 (1977).
13. Bogdan, A. & Loerting, T. Impact of substrate, aging, and size on the two freezing
events of (NH4)2SO4/H2O droplets. J. Phys. Chem. C 115, 10682–10693 (2011).
14. Bogdan, A. Reversible formation of glassy water in slowly cooling diluted drops.
J. Phys. Chem. B 110, 12205–12206 (2006).
15. Price, B. P., Rohde, R. A. & Bay, R. C. Fluxes of microbes, organic aerosols, dust,
sea-salt Na ions, non-sea-salt Ca ions, and methanesulfonate onto Greenland and
Antarctic ice. Biogeosciences 6, 479–486 (2009).
16. Rempel, A. W. Hydromechanical processes in freezing soils. Vadose Zone J. 11,
doi:10.2136/vzj2012.0045 (2012).
17. Barnes, P. R. F. & Wolff, E. W. Distribution of soluble impurities in cold glacial ice.
J. Glaciol. 50, 311–324 (2004).
18. Rohatgi, P. K. & Adams, C. M. Jr. Ice-brine dendritic aggregation formed on
freezing of aqueous solutions. J. Glaciol. 6, 663–679 (1967).
19. Golden, K. M. Brine percolation and the transport properties of sea ice. Ann.
Glaciol. 33, 28–36 (2001).

SCIENTIFIC REPORTS | 4 : 7414 | DOI: 10.1038/srep07414

20. Thomas, D. N. et al. Dissolved organic matter in Antarctic sea ice. Ann. Glaciol.
33, 297–303 (2001).
21. Bogdan, A., Molina, M. J., Kulmala, M., Tenhu, H. & Loerting, T. Solution coating
around ice particles of incipient cirrus clouds. Proc. Natl. Acad. Sci. USA 11, E2439
(2013).
22. Takenaka, N. et al. Acceleration of ammonium nitrate denitrification by freezing:
Determination of activation energy from the temperature of maximum reaction
rate. J. Phys. Chem. C 115, 14446–14451 (2011).
23. Bogdan, A., Molina, M. J., Tenhu, H., Mayer, E. & Loerting, T. Formation of
mixed-phase particles during the freezing of polar stratospheric ice clouds. Nature
Chem. 2, 197–201 (2010).
24. Pearce, R. S. Plant freezing and damage. Ann. Bot. 87, 417–424 (2001).
25. Bischof, J. C. Quantitative measurement and prediction of biophysical response
during freezing in tissues. Annu. Rev. Biomed. Eng. 2, 257–288 (2000).
26. Rich, A. et al. Freezing desalination of sea water in a static layer crystallizer.
Desalin. Water Treat. 13, 120–127 (2010).
27. Van der Ham, F., Witkamp, G. J., de Graauw, J. & van Rosmalen, G. M. Eutectic
freeze crystallization: Application to process streams and waste water purification.
Chem. Eng. Process. 37, 207–213 (1998).
28. Le Meste, M., Champion, D., Roudaut, G., Blond, G. & Simatos, D. Glass transition
and food technology: A critical appraisal. J. Food Sci. 67, 2444–2458 (2002).
29. Goff, H. D. The use of thermal analysis in the development of a better
understanding of frozen food stability. Pure Appl. Chem. 67, 1801–1808 (1995).
30. Izzard, M. J., Ablett, S., Lillford, P. J., Hill, V. L. & Groves, I. F. A modulated
differential scanning calorimetric study: Glass transitions occurring in sucrose
solutions. J. Therm. Anal. 47, 1407–1418 (1996).
31. Inoue, C. & Suzuki, T. Enthalpy relaxation of freeze concentrated sucrose-water
glass. Cryobiology 52, 83–89 (2006).
32. Bhatnagar, B. S., Bogner, R. H. & Pikal, M. J. Protein stability during freezing:
Separation of stresses and mechanisms of protein stabilization. Pharm. Develop.
Technol. 12, 505–523 (2007).
33. Searles, J. A., Carpenter, J. F. & Randolph, T. W. Annealing to optimize the
primary drying rate, reduce freezing-induced drying rate heterogeneity, and
determine Tg’ in pharmaceutical lyophilization. J. Pharm. Sci. 90, 872–887 (2001).
34. Kasper, J. C. & Friess, W. The freezing step in lyophilization: Physico-chemical
fundamentals, freezing methods and consequences on process performance and
quality attributes of biopharmaceuticals. Eur. J. Pharm. Biopharm. 78, 248–263 (2011).
35. Searles, J. A., Carpenter, J. F. & Randolph, T. W. The ice nucleation temperature
determines the primary drying rate of lyophilization for samples frozen on a
temperature-controlled shelf. J. Pharm. Sci. 90, 860–871 (2001).
36. Shalaev, E. & Franks, F. [Solid-liquid state diagram in pharmaceutical
lyophilization: Crystallization of Solutes] Amorphous Food and Pharmaceutical
Systems [Levine, H. (ed.)] [200–215] (Royal Society of Chemistry, Cambridge,
2002).
37. Konstantinidis, A. K., Kuu, W., Otten, L., Nail, S. L. & Sever, R. R. Controlled
nucleation in freeze-drying: Effects on pore size in the dried product layer, mass
transfer resistence, and primary drying rate. J. Pharm. Sci. 100, 3453–3470 (2011).

5

www.nature.com/scientificreports
38. Chang, L. et al. Using modulated DSC to investigate the origin of multiple thermal
transitions in frozen 10% sucrose solutions. Thermochim. Acta 444, 141–147
(2006).
39. Shalaev, E. Y. & Franks, F. Structural glass transitions and thermophysical
processes in amorphous carbohydrates and their supersaturated solutions.
J. Chem. Soc. Faraday Trans. 91, 1511–1517 (1995).
40. Pikal, M. J. & Shah, S. R. The collapse temperature in freeze drying: Dependence
on measurement methodology and rate of water removal from the glassy phase.
Int. J. Pharmaceut. 62, 165–186 (1990).
41. Fonseca, F., Passot, S., Cunin, O. & Marin, M. Collapse temperature of freezedried lactobacillus bulgaricus suspensions and protective media. Biotechnol. Prog.
20, 229–238 (2004).
42. Diller, K. R. Bioheat and mass transfer as viewed through a microscope.
J. Biomech. Ing. 127, 67–84 (2005).
43. Lu, Q. & Zografi, G. Properties of citric acid at the glass transition. J. Pharm. Sci.
86, 1374–1378 (1997).
44. Vijayarajkumar, P., Choudhary, R. K. & Narne, R. Efavirenz loaded novel citric
acid dendritic architecture for increased solubility and sustained delivery.
J. Pharm. Drug. Deliv. Res. 1, 1–5 (2012).
45. Yang, J., Webb, A. R. & Ameer, G. A. Novel citric acid-based biodegradable
elastomers for tissue engineering. Adv. Mater. 16, 511–516 (2004).
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