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Abstract

Purpose: The influence of thermal parameters in the observation of thermal events and in the calculation
of heat transformation in aqueous cryoprotectant solutions after freezing was investigated using conven-
tional differential scanning calorimetry (DSC) and temperature-modulated DSC (TMDSC), respectively.
Methods: The systems under study were formed by pure water and diluted aqueous solutions of mannitol,
trehalose, sucrose, sorbitol, and glycine. The influence of different combinations of frequency and
amplitude was analyzed in heating-cooling and heating-iso TMDSC scans. Results: Trehalose, sucrose, and
sorbitol present a lesser critical temperature of primary drying than other cryoprotectants studied. The
calorimetric variables selection is crucial to detect or not the thermal events, or to detect so with different
numerical values. Then, the values of the calorimetric parameters determined are different if measured in
a mode of heating-cooling or heating-iso. The TMDSC method-1 used in this study employs a higher
number of cycles in each thermal event. The use of Lissajous figures and the study of the Cj in_phase Signal
evolution will allow us to understand the complexity of the events detected. Conclusions: The comparative
study of both techniques points to the selection of conventional or modulated technique depending on
the type of system and the nature of the studied events.

Key words: Cryoprotectants; crystallization; differential scanning calorimetry; melting; phase transition;
temperature-modulated differential scanning calorimetry

Introduction

Cryoprotectants are substances used to protect biologi-
cal tissues from freezing damage. These agents stabilize
and prevent the degradation of drugs during freeze-
drying and storage. Materials to be freeze-dried are usu-
ally complex mixtures of solute in solutions that form
eutectic and glassy amorphous masses upon freezing.
The use of cryoprotectants will stabilize bioproducts
against harmful freezing effects by reducing undesirable
ice crystal formation and solute concentration effects
and by increasing amorphous mass structure. The freez-
ing process may be evaluated and monitored by a num-
ber of techniques that include differential scanning
calorimetry (DSC), differential thermal analysis, freeze-
drying microscopy, and resistivity measurements’.

Since its introduction as a basic calorimetric technique,
the DSC has been widely employed in pharmaceutical
research, preformulation and drugs polymorphs and
excipients characterization®>”’, compatibility assays
between drugs and excipients®!!, investigation of the
freezing process previous to lyophilization'>!3, and in
the stability assays of protein drugs'*-'®. Some of the
difficulties that appear during the DSC thermograms
interpretation are due to the measured magnitude and the
total heat flow formed by the two components: one due to
the sensible heat of the sample, proportional to its specific
heat capacity, and other that represents the heat flow
caused by physical or chemical transformation processes.

The temperature-modulated differential scanning
calorimetry (TMDSC) was initially developed by Reading
in 1993'7 with the aim of separating the total heat flow
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in reversing and nonreversing components. Because
the TMDSC has allowed solving usual problems of
drugs preformulation field'®-?!, this has taken the place
of DSC in this investigation area over the last years. An
example of this is the TMDSC monographic volume
edited by International Journal of Pharmaceutics in
1999%, specially the work of Verdonck et al.?® about the
basis of this technique. In TMDSC, a periodically modu-
lated temperature is superimposed on the linear tem-
perature program used in conventional DSC, separating
the total heat flow in reversing and nonreversing com-
ponents. Thus, the TMDSC has allowed obtaining addi-
tional information about different types of process, such
as glass transition (7,) and degradation of drugs and
excipients, compatibility between different elements of
a pharmaceutical formulation, significant events in the
preformulation steps of a drug, and so on.

However, in the last years, it has been checked that
the use of TMDSC and the interpretation of the thermo-
grams are more complicated than it had been originally
supposed. This ambiguity has been partly due to the
wide variety of commercial equipments available, each
of which offered slightly different modulated tempera-
ture profiles and/or slightly different procedures for the
analysis of data®.

Although there are few documents in the scientific
literature, which complement both techniques to study
different types of thermal events?>?>28, this work is
focused on carrying out a comparative study of the
same thermal events obtained by DSC and TMDSC and
on making the selection of the calorimetrics variables of
each method in the observation of different processes
(first- and second-order phase transitions) obtained after
freezing aqueous cryoprotectants solutions frequently
used in the preformulation of drugs.

Materials and methods

Materials

All samples were prepared with distilled and deionized
water by a Milli-Q® system (Millipore Iberica, Spain).
Mannitol (Avocado®, batch D9793A), trehalose (Panreac®,
batch 1456DKR), sucrose (Sigma®, batch G1K00611),
sorbitol (Acofarma®, batch 020219S-7), and glycine
(Merck®, batch 8532101) were used as cryoprotectants

(pans) used were of aluminum with pin and 40 pL
capacity (Mettler Toledo®).

Methods

All experiments were carried out with a DSC Mettler
Toledo 821° equipment with STAR® software option
(Greifensee, Switzerland), which allows us to work with
conventional DSC or with TMDSC. The calorimeter was
calibrated in temperature and heat with indium and
zinc as standards.

The samples analyzed with conventional DSC were
kept at —50°C for 10 minutes and then, they were heated
up to 25°C with a rate of 1°C/min in an atmosphere of
nitrogen gas at a flow of 100 mL/min. Every sample was
analyzed in triplicate.

The samples analyzed with TMDSC were subjected
to thermal programs conditioned by the available soft-
ware. The alternating DSC evaluation of STAR® software
is obtained after marking and processing the blank
measurement, calibration curve, and sample curve of
each sample. This evaluation is based on thermal analy-
sis principles with additional calibration, and therefore
the evaluations result in the absolute values for the
reversing and nonreversing part of a periodical measur-
ing curve. The reversing part is also given as specific
heat capacity and its complex value is divided into two
more curves: Cp, in_phase a0 C; our-phaser and the phase-
angle is always shown. The weight difference was less
than 20 ug between sample and reference pan. Samples
were analyzed in duplicate.

Table 1 shows the different TMDSC thermal meth-
ods used. Figure 1 shows the evolution in time of
temperature and heating rate for each TMDSC
method employed.

In DSC thermograms interpretation, the linear
temperature T(f) increases in time ¢ from an initial tem-
perature T as

T(t) =T, + Gyt )

Then the heating rate is a constant value equal to 3, and
the heat flow is formed by three components,

substances. The samples were diluted to the limit of its O(T,1) =Dy (T, 1)+ D, (T, 1) + D, (T 1). (2)
solubility with distilled and deionized water. The crucibles

Table 1. Calorimetric characteristics of thermal methods employed in TMDSC.

Method Initial conditions (°C/10 min) By (°C/min) Amplitude (°C) Period (minutes) N, (g) (mL/min)
1 -50 1.00 1.00 1.00 100

2 -50 1.00 0.16 1.00 100

3 -50 1.00 1.00 2.00 100
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Figure 1. Evolution in time of temperature and heating rate of every TMDSC method employed: (a) method-1, (b) method-2, and (c) method-3.

@ (T,¢) is the factor that corrects the instrument asym-
metry, ®,(7,1) is the heat flow due to the sample heat
capacity (C;) the so-called sensible heat flow, and
@ (T,t) corresponds to the latent heat flow caused by
chemical reactions or phase transitions. In TMDSC, the
linear temperature program of the DSC was superim-
posed with a sinusoidal temperature fluctuation,

T(£) = T, + Byt + Asin(wt), 3)

with 3, the underlying heating-cooling rate, A the
temperature fluctuation amplitude, and w the angular

frequency modulation, related to the modulation

period 7 by

(4)

For this reason, the heating rate is not a constant

value,

dT

dt

By + Awcos(wt).

(5)
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As can be seen, we have to distinguish between the
different ways of TMDSC operation depending on the
magnitude of these three measuring parameters 5, A,
and w: quasi-isothermal mode (3, = 0), heating only
mode (5, > Aw), heating-iso mode (3, = Aw), and heat-
ing-cooling mode (8, < Aw). The choice of the values of
these three parameters determines the modes of
TMDSC operationzg. In practice, the use of one or
another mode is applied without considering that
depending on the sample subjected to one or another
condition can be translated in detecting different pro-
cesses or the same processes but with different signals.

The TMDSC method-1 and method-3 employ a heat-
ing-cooling mode (3, < Aw). The sinusoidal heating-
cooling rate fluctuations take positive and negative

values in each period (Figure 1a and c). The method-2
was created with the aim of changing the operation
modes of heating-cooling to heating-iso mode (3, = Aw),
keeping the initial conditions employed in method-1.
The values of w and 3, were kept and only the value of A
was modified from 1°C to 0.16°C. As can be seen in
Figure 1b, method-2 employs a heating-iso mode. The
sinusoidal heating-cooling rate fluctuation takes only
positives values.

Results and discussion

Figure 2 and Table 2 show the DSC thermograms and
the thermal parameter values obtained in each sample.
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Figure 2. (a) DSC thermograms of distillate and deionized water, (b) mannitol aqueous solution at 15% (w/v), (c) trehalose aqueous solution at
45% (w/v), (d) sucrose aqueous solution at 40% (w/v), (€) sorbitol aqueous solution at 40% (w/v), and (f) glycine aqueous solution at 0.5% (w/v),

respectively.
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Table 2. Average values of calorimetric parameters of different
samples of each TMDSC method used.

TMDSC

DSC Method-1 Method-2 Method-3
Distilled and deionized water
AH_, (J/g) 371+6.5 333+1.53 382 +£4.65 353+2.1
T, (°C) 0.31+0.04 0.8710.11 0.2+0.02 -1.47+0.03
Mannitol solution 15% (w/v)
AH, (J/g)  392+27 31340.85 359+5.82  335+1.95
T, (°C) -1.55+0.06 -1.01+£0.09 -1.65+0.007 -3.32%0.03
AH_(J/g) 15.8+0.3 1474025 13.75+0.98  16.7+0.21
T.(°C) —26.210.07 —-27.110.06 -26.5t0.06 —27.9%0.20
Trehalose solution 45% (w/v)
AH,_, (J/g) 289+0.5 117+£1.17 182 +£8.28 94 1£5.24
T, (°C) —4.38£0.01 -4.41+0.01 -2.64+£0.15 —4.81%+0.08
Tg (°C) -34.210.4 -32.9+10.07 -32.5+0.04 -35.2%+0.42
Sucrose solution 40% (w/v)
AH_, (J/g) 298+2.9 125+0.9 129+£0.30 7911.53
T, (°C) —4.25+0.04 -4.4110.01 -4.6310.10 -4.58 £0.07
Tg (°C) -37.9+0.56 -37.13+0.9 -35.610.01 -39.711.73
Sorbitol solution 40% (w/v)
AH,, (J/g8) 260+ 0.06 8410.7 108 £0.40 14+0.3
T, (°C) —7.0210.04 -6.21+0.04 -6.65+t0.15 -18.5%+0.01
Glycine solution 0.5% (w/v)
AH,_, (J/g) 491042 6.77+0.5 7.11+0.06 12.21£0.23
T, (°C) —4.37+0.01 -1.74£0.5 -0.01£0.06 —3.94%0.02
AH_, (J/g) 313+ 25.12 233+1.05 124 £1.65 268+2.0
T, (°C) 0.07+£0.05 -0.51+0.01 0.53+£0.02 -1.84%0.05

AH,,, melting enthalpic difference; T,,,, melting temperature; AH,
crystallization enthalpic difference; T, crystallization temperature;
T, glass transition temperature.

The distilled and deionized water DSC thermogram
(Figure 2a) shows an endothermic and narrow peak at
0.3 + 0.04°C which corresponds to the ice melt with an
enthalpy difference (AH) of 371 + 6.5 J/g. This value is
near to the bibliographic value for pure ice 333.7 J/g%3L.

In Figure 2b, the mannitol solution samples at 15%
(w/v) in distilled and deionized water were analyzed. It
shows an exothermic peak at —26.2 + 0.07°C with an AH
of 15.8 £ 0.3 J/g and a second endothermic and narrow
peak at —1.55 + 0.06°C with an AH of 333 + 2.7 J/g. The
first peak corresponds to a mannitol recrystallization, a
process described in the literature that occurs between
—25°C and —30°C. The other peak is due to the ice melt
into a sugar solution, at a lower temperature of pure ice
but with the same bibliographic AH value32-34,

The DSC thermogram of trehalose solution samples
at 45% (w/v), Figure 2c, shows a T, at —34.2 + 0.4°C,
recently described in literature as the 7, of the maxi-
mally freezed concentrate solute>>3¢ and an endother-
mic and wide peak with tail at —4.38 £ 0.01°C with a AH
of 159 + 0.5 J/g. Because of the presence of the sugar in
the aqueous solution, the average melting temperature of
the samples is below that of the pure ice and produces a

broad melting endotherm due to the melts of the ice
into the concentrated sugar solution.

As trehalose solution thermograms, the DSC analysis
of sucrose solutions at 40% (w/v), Figure 2d, shows a T, at
—-37.9 + 0.6°C3"3° and an endothermic and broad peak
with tail at —4.25 + 0.04°C with a AH of 172 + 2.9 J/g. As it
was expected for the addition of a cryoprotectant to the
water, the melting temperature and the AH value of the
aqueous mixture are lower than those of the pure ice are.

By DSC, sorbitol 40% (w/v) aqueous solution pre-
sents an endothermic and broad peak at —7.02 + 0.04°C
with an AH of 156 + 0.06 J/g, values below those of pure
ice (Figure 2e). Unlike trehalose and sucrose solutions
already analyzed, this endotherm is detected with any
previously detected phase transition due to the high
water content’®,

The 0.5% (w/v) glycine solution, the only solution
used in this work with an amino acid as cryoprotectant,
shows by means of DSC (Figure 2f) two enthalpic and
very near peaks at —4.37 £0.01°C and 0.07 = 0.05°C with
a AH of 4.9 + 0.42 and 311 + 25.1 J/g, respectively. The
first peak corresponds to the eutectic melting endot-
herm in addition to the second peak, the ice melting
endotherm®’. These values are lower than that obtained
for the pure ice.

By TMDSC, distilled and deionized water heat flow
signal changes its initial amplitude value in the melting
area, because of the incorporation of an excess of heat
flow characteristic of this process (Figure 3a). Only in
method-1, there are at least four modulation cycles dur-
ing the transitions of interest. The other methods
employ insufficient cycles through the peak and this
can be detrimental to the signal deconvolution
process?®?3, After the melt, the periodic applied func-
tion is recovered with higher amplitude than the initial
value. In fact, the heat capacity is expected to be higher
in the melted phase than in the solid crystalline phase??,
This effect is checked by the construction of Lissajous
figures for the three methods (Figure 4). This plot con-
firms the change in the modulated parameters applied,
the amplitude in this case, before and after the event for
the three methods employed. The distortion of the
ellipse occurs with the melt and the eccentricity of the
ellipse changes after it*1*>35, The enthalpy difference
value obtained with method-1 is just like the biblio-
graphic value for the pure ice**?!. In method-2 and
method-3, this value increases. Except for method-3,
the melting temperature was close to 0°C. Figure 5a
shows how the C, j;, ;hase €volution is in-phase with the
melt as it is expected for a reversible transition.

For mannitol samples, the heat flow signal shows
two peaks as they were detected by conventional DSC
(Figure 3b): one due to the recrystallization of the sugar
(exothermic peak) and other due to the melt of the ice
into a sugar solution (endothermic peak). After each
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Figure 3. Heat flow evolution of (a) water, (b) mannitol 15% (w/v), and (c) trehalose 45% (w/v) in method-1, method-2, and method-3, respectively.

thermal event, the amplitude value increases like water
samples. Because of the different calorimetric parame-
ters used by each TMDSC method, the AH average
value of the melted sugar aqueous solution varies from
266 to 305 J/g. Likewise, the melting temperature gradu-
ally decreases like the cryoscopic decrease of the aque-
ous solution'®, as it could be expected. This decrease
was accentuated in method-3. The mannitol cold crys-
tallization during the heating of the sample occurs at a
temperature interval described in the literature (—25°C
< -31°C) and with an enthalpy difference which
changes with the sinusoidal method employed. The
main disadvantage of this process occurs when manni-
tol is used in the formulation of drugs. During the sam-
ple conservation, the sugar could recrystallize and

expand the product with the consequent breakdown of
the drug container*?-3*, The plot of Cp in-phase With time
is shown in Figure 5b.

The heat flow and C, j,_phase €volution with the time
of trehalose aqueous solution 45% (w/v) included in
Figures 3c and 5c, respectively, was obtained by TMDSC.
It shows the two process detected previously by conven-
tional DSC: the T, of the frozen sugar solution and the
melt of its aqueous solution. The AH value changes
from the different TMDSC methods and it is different
from the value obtained by conventional DSC. Except
for method-2, the solution melting temperature is
approximately the same. The T value determined for
the sugar is in the interval between —32.5°C and —35.0°C
as the literature points to3>3¢, The heat flow signals for
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Figure 4. Lissajous figures for water samples in TMDSC method-1,
method-2, and method-3.

all methods show an increase in its amplitude value
from the T}, area to the melt with an increase in Cj i, phase
value, and it is recovered after the events but with a
higher value than the former one.

Figure 5d shows the TMDSC C,, i, phase €volution of
sucrose 40% (w/v) aqueous solution samples. It was
detected from the same events previously described
by DSC: the sugar phase transition and the melt of
the aqueous solution. The evolution of heat flow and
Cp in-phase Signals are approximately the same as with
trehalose samples, its values change from the first event
up to the last one. The values of the T of the sugar
detected in each TMDSC method are in the interval
showed by the bibliography, approximately —36°C*344:38
(see Table 2). The AH values change from method-1 to
method-3 at the same melting temperature than that
detected by conventional DSC.

By TMDSC, the sorbitol samples at 40% (w/v) show
the same event detected by conventional DSC, the
melt of the aqueous solution, at a temperature interval
of —6.2°C to —18.5°C with an AH that changes from 8.43
to 50.3 J/g. Unlike trehalose and sucrose, the C, i, phase
(Figure 5€) shows the change in its values in the area of
the thermal event without any transition signal before
the melt.

Figure 5f shows the Cj, jn_pnase €Volution for glycine
aqueous solution at 0.5 % (w/v). The C,, signal changes
in the area of the melt. The melting temperature of the
eutectic is higher than that detected by DSC with a AH
in the interval 4.9-12.2 J/g. For the ice melt, the detected
temperature goes from about 0°C to —1.84°C with a AH
lower than that calculated by conventional DSC.

As can be seen, DSC and MTDSC are able to detect
the same processes which take place but with different
resultant heat flow signals. Then, the values of the calo-
rimetric parameters determined are different for every
cryoprotectant’s dissolution analyzed.

Conclusions

The comparative determinations carried out by con-
ventional DSC and TMDSC after freezing the samples
indicate that the selection of the calorimetric parame-
ters of each temperature program applied is crucial for
the correct identification of thermal transitions and
basic temperatures of each material or system to be
studied. In our study, the TMDSC thermograms have
confirmed the events previously detected by conven-
tional DSC; trehalose, sucrose, and sorbitol have a less
critical temperature of primary drying than the other
samples because of the melting of ice into the sugar
solution; in the case of trehalose and sucrose, it starts
after the T, of the frozen sugar solution.

Unlike DSC, the resultant heat flow signal in
TMDSC changes with the values of the different mea-
suring parameters used: the underlying heating-cooling
rate (3,), the temperature fluctuation amplitude (A),
and the angular frequency modulation (w). For this
reason, the values of the calorimetric parameters
determined are different if measured in a mode of
heating-cooling or heating-iso. The TMDSC method-1
seems to be the most adequate combination of calori-
metric parameters because of the higher number of
cycles involved in each thermal event. The plot of Lis-
sajous figures for each sample and method used shows
the change in the calorimetric parameters at the event
as a distortion of the ellipse and, in the end as a change
in its eccentricity. The Cj, j;_phase Signal evolution rep-
resents the clearest way to check the reversibility of
thermal events showed by the heat flow signal. In fact,
the possibility of separating the reversible from the
nonreversible thermal process by modulation of tem-
perature program is an important option to take into
account®®, though for some materials or systems the
TMDSC use contributes to have experimental difficul-
ties and more complicate results to be understood
than conventional DSC, depending on the type of
event studied. This has an important role at the time of
studying the way of interaction between these cryo-
protectants substances and different types of drugs
like proteins when its mixtures, as an instance, are fro-
zen as a previous step of lyophilization. Because of
that, it is basic to know the way to work with the ther-
mal program depending on the process we want to
detect and investigate.
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