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Abstract

Sugar esters (SEs) are widely used in the pharmaceutical and food industries. They have a wide range of HLB values (1-16), and hence they
can be applied as surfactants, or as solubility or penetration enhancers. SEs can be employed in hot-melt technology, because their melting points
are low and they decompose only above 220 °C. The aims of this work were to study the thermal properties of SEs and to demonstrate differences
between SEs with various HLB values. The results revealed that SEs with high or medium HLB values were vitrified by melting. Their glass
transitions (7,) were determined by modulated differential scanning calorimetry. To visualize the changes in the samples during heating, hot-stage
microscopy was used. Hydrophilic SEs were only softened, while lipophilic SEs were melted by heating. After melting and solidification, SEs have
partially amorphous layered structures which slowly crystallize in time. Time-dependent solid-state changes (crystalline and amorphous phases)

were observed, and analysed by means of differential scanning calorimetry and X-ray powder diffraction.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Sugar esters (SEs) have been known since 1960s, but they
are relatively new materials in pharmaceutical technology. They
are tasteless, odourless and non-toxic, and thus they are good
emulsifiers for foodstuffs. They are also suitable for medications
and cosmetics, because they are non-irritant to the eyes and skin.

SEs are non-ionic surface-active agents consisting of sucrose
as hydrophilic group and fatty acids as lipophilic groups, i.e.
sucrose fatty acid esters. Sucrose contains 8 hydroxy groups,
and it is therefore possible to manufacture SEs with vari-
ous HLB values by controlling the degree of esterification
(Mitsubishi-Kagaku Foods Corporation, 1982; Molinier et al.,
2005). Depending on their HLB values, they are available with
a range of properties: O/W and W/O emulsifying properties,
solubilizing and foaming properties (Husband et al., 1998;
Garti et al., 2000), enhancement or inhibition of crystal growth
in fat (Awad and Sato, 2002), antibacterial effects (Kato and
Arima, 1971), and lubrication and releasing properties (Hahn
and Sucker, 1989; Ntawukulilyayo et al., 1993; Otsuka et al.,
1998; Marton et al., 2005).
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The melting points of most sugars are high, so that prepa-
rations by the hot-melt method are problematic (Leuner and
Dressman, 2000), but SEs have melting points of 40-79 °C and
are very stable to heat, and hence they can be employed to pre-
pare solid dispersions by the melt technology. In fact, it is very
important to know the thermal behaviour of these materials, so
that the changes in the base materials can be predicted during
storage and technological processes such as the preparation of
solid dispersions by melting.

The aims of this study were to evaluate the thermal properties
of SEs, to observe and analyse the time-dependent solid-state
changes (crystalline—amorphous phases) and to demonstrate the
differences between SEs with various HLB values. SE samples
were chosen by HLB classification system because the ratio of
the hydrophilic and lipophilic groups influences their processi-
bility by hot melt technology as well as the bioavailability of the
drug material.

2. Materials and methods
2.1. Materials

Ryoto SEs (Mitsubishi-Kagaku Foods Corporation, Japan)
are a family of vehicles consisting of sucrose and mixtures of
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Table 1
Data of SEs by Mitsubishi-Kagaku Foods Corporation

Name of SE Fatty acid HLB mp (°C) Decomposition
temperature (°C)

P1670 Palmitate (C16) 16 48 235

S1670 Stearate (C18) 16 56 237

S970 Stearate (C18) 9 56 234

S370 Stearate (C18) 3 58 and 69 238

B370 Behenate (C22) 3 63 and 79 241

mono- to octaesters of fatty acids. According to Aulton (2002),
excipients with high HLB (10-18) are hydrophilic (water sol-
uble), with medium HLB (7-9) are water dispersible and with
low HLB (0-6) are hydrophobic (oil soluble). SEs with high or
moderate HLB can be used in preparation of fast release and
SEs with low HLB in preparation of sustained release formu-
lation. So, we selected SEs for study that have high (P1670
and S1670), medium (S970) and low HLB values (S370 and
B370). The longer the fatty acid chains in the SEs and the higher
the degree of esterification result in the lower the HLB value
(Tables 1 and 2).

2.2. Sample preparation

Three types of samples were prepared for the physical eval-
uation of SEs:

e Untreated samples (U): samples without any special treatment
(commercial).

e Freshly solidified samples (F): samples were melted in a
porcelain dish in an oven (Factory for Laboratory Equipment,
Budapest, Hungary, Labor type 123) from 25 to 100 °C, and
then allowed to recrystallize at room temperature.

e Aged samples (A): the freshly solidified samples were stored
for up to 1 month at room temperature (20 2 °C) to detect
any physical aging effect.

o Alweek: samples stored for 1 week.
o Adweek: samples stored for 4 weeks.

For the comparison of sample properties (e.g. by X-ray), it is
important that the particle sizes should be similar. These were
therefore determined by sieve analysis (Retsch vibrating appa-
ratus, amplitude: 1, interval: 60 s, time: 5 min, three times). The
average particle size of the untreated samples was 100-300 pm.
After melting and solidification, the freshly solidified samples
were pulverized in a mortar to achieve the same particle size as
that of the untreated samples.

Table 2
Data on compositions of different SEs by Mitsubishi-Kagaku Foods Corporation
P1670 S1670 S970 S370 B370
Monoester (%) 80 77 48 19 15
Diester (%) 17 20 34 33 24
Triester (%) 3 3 14 30 28
Tetraester (%) 4 15 22
Pentaester (%) 3 11

2.3. Derivatography

Fifty milligrams SE and 50 mg inert Al,O3 were placed
into the platinum container of a Derivatograph-C apparatus
(MOM, Hungary). The instrument was calibrated by using
CuS0O4-5H;0. The TG, DTG and DTA curves were determined.
The samples were heated from 25 to 100 °C at a heating rate of
5°Cmin~!.

2.4. Differential scanning calorimetry (DSC)

DSC studies were performed with a DSC 821° (Mettler-
Toledo GmbH, Switzerland). The instrument was calibrated by
using indium. Samples of 10 mg were heated in a sealed alu-
minium pan. Measurements were made in an Ar atmosphere at
a flow rate of 100mlmin~'. The samples were heated from
25 to 100°C at a heating rate of 1°Cmin~!. For analysis
of the recrystallization process, samples were heated up to
100 °C as described above, then cooled down to 25°C at a
rate of 2°Cmin—"!, and reheated to 100°C at a heating rate of
1°Cmin~!.

The crystallinity index for freshly solidified sample (CIr) and
the aged sample (CIa) was calculated from the heats of fusion:

Clr (%) AHE 0o
= X
= ANHy
CLy (%) = 2HA 100
= — X
AV T AN HY

where AHF =normalized enthalpy (Jg~!) of freshly solidified
sample, AHy =normalized enthalpy (Jg~') of untreated sam-
ple, and AHx =normalized enthalpy (J g~!) of aged sample.

Modulated-temperature DSC is a method that allows the
relaxation endotherm and glass transition to be separated into
non-reversing and reversing signals, respectively. Hence, it is
possible to visualize T in isolation (Coleman and Craig, 1996;
Craig and Royall, 1998; Yu, 2000). In modulated DSC the mea-
surement conditions were as follows: start temperature: 25 °C,
heating rate: 1 °C min—!, amplitude: 1 °C, period: 60, and end
temperature: 75 °C.

2.5. Hot-stage microscopy (HSM)

HSM observations of morphological features and changes
during heating were carried out with a Leica MZ6 microscope
(Wetzlar GmbH, Germany) equipped with a Leica 350 heating
stage and a JVC TK-1280E (Japan) colour video camera. The
different types of samples (untreated, freshly solidified and aged)
were observed under the microscope by using a scanning speed
of 1 °C min~!. Data were imported into a computer and captured
images were analysed by using the Leica Q5S00MC program.

2.6. X-ray powder diffraction (XRPD)
XRPD profiles were taken with a Philips X-ray diffractometer

(PW 1930 generator, PW 1820 goniometer). The measurement
conditions were as follows: Cu Ka radiation (A =0.15418 nm),
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Fig. 1. DSC curves of untreated samples (U); curve 1: first heating; curve 2: second heating.

40kV, 35 mA. The basal spacing (dr.) was calculated from the
diffraction peaks by using the Bragg equation. The XRPD pat-
terns were determined on untreated, freshly solidified and aged
samples.

3. Results

The TG, DTG and DTA curves of untreated samples were
determined by investigations with a derivatograph. The TG
results showed that the mass loss of samples heated to 100 °C
was less than 1%, i.e. the SEs did not include water adsorbed on
their surface or any volatile component. In response to heating,
endothermic changes were observed in the DTA curves of all the
SEs, and more peaks were manifested by SEs with lower HLB
values.

To determine the exact melting points, DSC studies were
performed. The DSC scans (Fig. 1, curves 1) revealed that the
melting points (mp) and melting ranges of P1670 and S1670 and

their enthalpies were very similar, while the melting of SEs with
lower HLB values was prolonged, with more peaks (Table 3).
The probable cause of this was, that the studied SEs with high
HLB values included only mono-, di- and triesters, while the
SEs with lower HLB values contained tetra- and pentaesters too
(Table 2).

The effects of a second heating were also studied. The melted
SE in the DSC pan (after the first heating) was cooled to 25 °C

Table 3
Thermal parameters of SEs during first heating

SE Melting range (°C) mp (°C) Total enthalpy (J g~ 1)
P1670 41-62 51 —66.6
S1670 45-62 54 —66.7
S970 36-65 50 and 54 =757
S370 45-66 54 and 64 —55.7
B370 51-79 66 and 77 —68.4
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at arate of 2°C min~!, and then heated again at a heating rate of
1°C min~" to 100 °C (second heating). The results are illustrated
in Fig. 1 by curves 2. The DSC curve of second heating demon-
strated that there were no more endothermic changes for P1670,
and for S1670 and S970 the changes were negligibly small.
Accordingly, the crystal structures of SEs with high (P1670 and
S1670) or moderate (S970) HLB values, which can be character-
ized by melting points (Fig. 1, curves 1) broke down during the
first heating and could not recrystallize during cooling. Thus,
curves 2 in Fig. 1 (second heating) exhibit the characteristics
of amorphous materials. S370 has two endothermic peaks, but
during the second heating one peak disappeared and the melting
range decreased. B370 seemed to be the most stable material: the
melting ranges in the first and second heatings were the same and
the shapes of the curves did not change; only the total enthalpy
decreased slightly (<57 g’]) (Table 4).

(b)

Table 4
Thermal parameters of SEs during second heating

SE Melting range (°C) mp (°C) Total enthalpy J g~ 1)
P1670 - - -

S1670 - - -

5970 - - -

$370 54-66 64 =31

B370 52-79 64 and 76 —63.9

Consequently, there was probably a change in the structures
of the SEs with high HLB values during heating. According to
XRPD investigation, alpha form of the SEs with a hexagonal
structure was characterized for all excipients which broke down
and built up during the heating and cooling processes. SEs with
low HLB values (S370 and B370) had faster recrystallization but
the rearrangement of the stucture of SEs with high (P1670 and
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Fig. 2. HSM pictures of untreated S1670 at 25 °C (a), 65 °C (b) and 100 °C (c), and of untreated S370 at 25 °C (d), 70 °C (e) and 100 °C (f).
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S1670) or moderate (S970) HLB values was very long. So, this
led to an amorphous state. Amorphous materials can be char-
acterized with the glass transition temperature () instead of
the melting point. The determination of 7, by the conventional
DSC method is difficult, because T is often concealed by or
overlapped with other thermal events which take place in par-
allel. The results of our MTDSC measurements revealed that
SEs with high (P1670 and S1670) or moderate (S970) HLB val-
ues undergo a glass transition, which coincides with the melting
points of the materials (Table 5).

To visualize the changes in the samples during heating, HSM
was used. This technique is complementary to DSC and may
help in the interpretation of the DSC results. The photographs
in Fig. 2 shows the morphology of SEs with high (S1670) or
low (S370) HLB values before heating (at 25 °C) and after their
melting (S1670: 65 °C, and S370: 70 °C). While SEs with high
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W
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Table 5
Melting points and glass transitions during first and second heatings

First heating Second heating

mp (°C) T, °0) mp (°C) Ty °O)
P1670 51 - - 50
S1670 54 - - 51
$970 50 and 54 - - 53
$370 54 and 64 - 64 -
B370 66 and 77 - 64 and 76 -

HLB values (e.g. S1670) only became soft, but did not flow,
lipophilic SEs (e.g. S370) melted. SEs with high or medium HLB
values did not melt during the first heating; their melting points
detected in the DSC curves were truly their glass transitions
(Table 5).
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Fig. 3. DSC heating curves of SEs obtained from untreated (U), freshly solidified (F), and aged (Alweek and A4week) samples.
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During the preparation of the melts the SEs with high (P1670
and S1670) or moderate (S970) HLB values did not become fluid
even at 100 °C, in contrast with the lipophilic (S370 and B370)
SEs, as expected from the HSM study (Fig. 2¢ and f). If we wish
to prepare a solid dispersion of a drug with a high melting point,
this can be a problem if SEs with high HLB values are used, as
their melts do not flow.

With respect to the processing, it is important to know
whether the changes in structure of these materials are irre-
versible, or whether the original morphology of the samples is
recovered in time. To study this, melts of SEs were prepared and
their changes in time were examined in comparison with the ini-
tial state. The melting ranges of freshly solidified (F) and aged
(Alweek or Adweek) samples were measured, their normalized

enthalpies were compared with the enthalpy of the untreated
sample (U), and the crystallinity index (CI) was calculated.
The melting behaviour of samples after melting and solidifi-
cation differed from that of untreated samples, and it changed in
time (Fig. 3 and Table 6). The freshly solidified (F) P1670 started
to melt 2 °C earlier than the untreated (U) sample and its melting
also finished earlier. In the DSC curve of the solidified sample, a
small peak appeared after 1 week (Alweek), which was not char-
acteristic of the untreated sample (U). After 1 month (Ad4week),
the sizes of the two peaks had changed: the melting point had
drawn nearer to that for the untreated sample, but was lower; on
the other hand, the enthalpy determined by the melting range was
the same as that for the untreated sample. The melting points of
the freshly solidified (F) and aged (A1week and Adweek) S1670
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Fig. 4. X-ray patterns of SEs with high HLB values, obtained on untreated (U), freshly solidified (F) and aged (A1week and A4week) samples (a) P1670, (b) S1670.
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Table 6
Effects of treatment and storage of SEs
Melting range (°C) ~ Enthalpy Jg=!)  CI (%)
P1670 F 39-56 —37 55.6
Alweek 37-52 —42.3 63.5
Adweek 35-61 —66.6 100
U 41-62 —66.6 100
S1670 F 39-60 —35.7 535
Alweek 38-61 —49.6 74.4
Adweek 38-62 —64.3 96.4
U 45-62 —66.7 100
S970 F 33-68 -30 39.6
Alweek 35-68 —52.9 69.9
Adweek 34-68 —63.8 84.3
U 36-65 =757 100
S370 F 59-67 —352 63.2
Alweek 38-69 —50.3 90.3
Adweek 39-69 —55.7 100
U 45-66 —55.7 100
B370 F 55-78 —57.5 84.1
Alweek 56-79 —63.6 93
Adweek 55-78 —66.4 97.1
U 51-79 —68.4 100

were decreased by 2 °C as compared with that of the untreated
sample, but the shape of the curve did not change considerably:
it was characterized by one sharp peak. S970 crystallized very
slowly after melting and solidification; in contrast with the other
SEs, its CI was not 100% restored after 1 month (Table 6). The
melted S370 had only one endothermic peak after solidification
(F), but after 1 week (Alweek) the other peak characteristic of
the untreated sample appeared. The melting started 7 °C earlier,
and thus the melting range was increased as compared with that
for the untreated sample. For B370, one of the two peaks like-

wise disappeared after melting and solidification (F), and did not
appear even after 1 week (Alweek) or 1 month (A4week) later.
However, the normalized enthalpy nearly reached the enthalpy
of the untreated sample (Table 6). It is probable that, similarly
to other fatty acid derivatives, SEs transform from one poly-
morph to another during storage (Hagemann, 1988; Siekmann
and Westesen, 1994; Sutanantaetal., 1994; Hamdani et al., 2003;
Schubert et al., 2005).

After storage for 1 month (A4week), the heats of fusion of
aged samples drew near to the enthalpy of the untreated sample,
which means that the structures of all the SEs are apparently
restored in time. This is in accordance with the finding of Laine et
al. (1988), that solidified triglycerides have partially amorphous
layered structures, which gradually crystallize during storage.
DSC measurements indicated that, even if the total enthalpies of
aged samples reached the enthalpy of the untreated sample, the
shape of the DSC curves was different from that of the curve of
the initial material, i.e. the original structure was not recovered.

Hence, even if the molecular dispersion of a drug in SEs
is successful, it is not sure that this advantageous state can
be maintained, because the structure of the SE is continuously
changing.

To confirm the DSC results, X-ray analysis was performed
on untreated (U), freshly solidified (F) and aged (Alweek and
Adweek) samples. The DSC curves of P1670 and S1670 were
similar (Fig. 1, curve 1), and the same can be said about their X-
ray diffraction patterns (Fig. 4a and b, U). Both SEs have ordered
structures: four distinct peaks (P1670: 260 =2.2°, 4.5°, 6.8° and
9.2°;S1670: 20=2.2°,4.4°, 6.6° and 8.9°) and nearly the same
basal spacing (these are given in Figs. 4-6, in nm), characteristic
of stearic acid. S970 has a more complex structure: it contains
more di- and triester, and also a little tetraester. Moreover, S370
and B370 include pentaester too (Table 2). In consequence of
the presence of these components, the characteristic diffrac-
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Fig. 5. X-ray patterns of S970, obtained on untreated (U), freshly solidified (F) and aged (Alweek and A4week) samples.
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Fig. 6. X-ray patterns of SEs with low HLB values, obtained on untreated (U), freshly solidified (F) and aged (Alweek and A4week) samples; (a) S370, (b) B370.

tion peaks disappeared from the X-ray diffractograms and the
interlayer spacings increased. The untreated S970 (Fig. 5, U)
had three (260=1.6°, 2° and 4.4°), S370 (Fig. 6a, U) had two
(20=1.5° and 4.5°), and B370 (Fig. 6b, U) had three (20=1.3°,
1.9° and 3.9°) characteristic peaks. After melting and solidi-
fication, the structures of all the SEs were changed, the basal
spacings and counts were modified and in almost all cases one
of the characteristic peaks had disappeared, which was prob-
ably induced by the polymorphism of the fatty acids. In the
diffractograms of melted P1670 and S1670, only three peaks
were observed in comparison with the untreated sample, where
four peaks were found. The P1670 peak at 9.2°, and the S1670
peak at 8.9° disappeared (Fig. 4a and b). The peak intensities
decreased (practically only the first signal could be seen) and the
basal spacings increased. Of the three peaks of untreated S970,
after melting and solidification the second signal (20 =2°) had
disappeared and was not recovered even 1 month later (Fig. 5).
The X-ray pattern of S370 (Fig. 6a) did not exhibit such a large

change in counts as for SEs with high HLB values, but the basal
spacings were modified in this case too. The change in degree
of crystallinity for B370 was smaller, and the count fluctua-
tion was slight, but the second signal (260 =1.9°) disappeared
and the morphology of the untreated sample was not restored
(Fig. 6b). These X-ray observations are in accordance with the
DSCresults, since the shapes of the DSC curves changed contin-
uously, the melting range varied after treatment and the original
shape of the curve (characteristic of the untreated sample) was
not regained even after storage for 1 month.

4. Discussion

The aims of this work were to study the thermal properties of
SEs and to evaluate their applicability in hot-melt technology.
SEs with various HLB values can be used to influence (increase
or decrease) the rate of dissolution of drugs, and hence to change
the development of the effect. Due to their low melting points,
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they are promising carriers for the melting method. For this rea-
son, we searched for a relation between their thermal behaviour
and HLB values.

The results of DSC and HSM revealed that SEs with high
(P1670 and S1670) or moderate (S970) HLB values have a
glass transition temperature (7) instead of a melting point. They
soften during heating, whereas SEs with low HLB values (S370
and B370) melt and then quickly recrystallize from their melts.
However, the original structure does not return either for SEs
with high or moderate, or for SEs with low HLB values: after
melting and solidification, their melts continuously change. The
DSC scans and X-ray patterns of samples stored for up to 1
month do not display the same picture as that for the untreated
samples. There are other excipients which are used in hot melt
technology and change during aging. Shimpi et al. (2004) and
Sutanantaetal. (1995) studied the effect of preparation condition
and storage on the rate of drug release from the hydropho-
bic Gelucire and they reported an increase in drug release
caused by phase transformation. Saers et al. (2002) examined
the effect of storage on drug dissolution from solid dispersions
with PEG 3000 or xylitol and observed that the dissolution rate
of drug was unchanged during storage. These results demon-
strate that changes in morphology must be considered during
research and development. This is especiall important as con-
cerns molecular dispersed materials (amorphous state) in SEs. In
consequence of the changes in structure, a drug can partially or
completely assume a crystalline form, which can entail a lower
dissolution rate or the appearance of an undesirable polymorph
form.
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