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Abstract Thermal analysis is an essential, analytic tool
used in preliminary studies and preparation of new phar-
maceutical formulations. This study was performed to
investigate the possible interactions between trandolapril
and three commonly used natural excipients, namely o-
lactose monohydrate, microcrystalline cellulose, and pre-
gelatinized starch. The compatibility studies were carried
out using thermoanalytic along with other complementary
techniques. Differential scanning calorimetry and thermo-
gravimetric analysis have proved that trandolapril is fully
compatible with all the studied excipients until 100 °C.
The complementary techniques used in this study were
X-ray powder diffraction, Fourier transform-infrared
spectroscopy, and scanning electron microscopy which
confirmed the findings of thermal analysis.
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Introduction

Angiotensin-converting-enzyme (ACE) inhibitors are used
for controlling blood pressure, treating heart failure, pre-
venting strokes, and preventing kidney damage in people
with hypertension or diabetes. They also improve survival
after heart attacks. Because of their performance, ACE
inhibitors are one of the most important groups of drugs.

Trandolapril is the ethyl ester prodrug of a non-sulthy-
dryl ACE inhibitor, trandolaprilat. Trandolapril is chemi-
cally described as (25, 3aR, 7aS)-1-[(S)-N-[(S)-1-carboxy-
3-phenylpropyl]alanyl]  hexahydro-2-indolinecarboxylic
acid, 1-ethyl ester [1] with empirical formula C;4H34N,Os.
Its melting point according to the literature is 126 °C [2, 3],
and its molecular weight is 430.54 amu.

This active pharmaceutical ingredient (API) is mixed
with selected excipients to prepare solid formulations for
the treatment of hypertension. The successful formulation
of a stable and effective solid dosage form depends on the
careful selection of the excipients used to make adminis-
tration easier or more suitable, improve patient compliance,
promote release, and bioavailability of the drug and protect
it from degradation [4, 5]. Therefore, in the design of
dosage forms, it is considered crucial to examine potential
physical and chemical interactions between drugs and ex-
cipients which might affect the chemical nature, stability,
solubility, in vivo absorption and consequently the thera-
peutic efficacy and safety of drugs [6, 7].

There are many factors affecting formulation stability,
which can be divided into three major categories: drug and
excipient, which includes chemical structure, physical
form, moisture content, particle size, surface area and
morphology; formulation which includes drug—excipient
ratio, processing method, mixing and powder packing, and
environment which includes temperature, humidity,
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packaging, light, and oxygen [8]. The solid-state stability
includes physical and chemical stabilities. Many factors
may affect the final product, such as residual moisture or
solvent from wet granulation, moisture sorbed in excipients
or in the capsule shell, melting of the drug itself or an
ingredient in the formulation, which has a low melting
point, a solvate of hydrate, which loses its lattice solvent
with time, and temperature fluctuation. Physical degrada-
tion routes include polymorphic transitions, hydrate or
solvate formations, crystallization of amorphous materials,
vaporization, sorption, and particle sedimentation.

Although excipients have traditionally been thought of
as being inert, experience has shown that they may interact
with a drug to affect its absorption and bioavailability. In
fact, rather frequently, excipients are added to a formula-
tion to take advantage of the results of specific interactions
between them. However, there are many cases in which an
interaction might not be expected and might adversely
affect the bioavailability of a drug [5]. Hence, the previous
knowledge of the drug-excipient behavior is considered
crucial and must be examined before the formulation [8, 9].
In this sense, employing a fast screening method is con-
sidered essential by the pharmaceutical industry.

There are numerous ways to conduct excipient com-
patibility screening, and they all involve mixing two or
more materials together and monitoring possible interac-
tions. One rather time-consuming type of study involves
stored drug—excipient mixtures being examined with TLC,
HPLC, or spectrophotometry [10-13], but for such a study,
the reactions must be monitored for several weeks and with
great precision. On the other hand, thermal analysis tech-
niques such as differential scanning calorimetry (DSC) and
thermogravimetric (TG) have been used to detect drug—
excipient incompatibilities for over 30 years [14]. Their
advantages include minimal compound requirements, rapid
measurements, and relative experimental simplicity. In
particular, DSC has been proposed as a rapid evaluation
method of physicochemical interactions between compo-
nents of the formulation and therefore, selection of suitable
excipients [15-20].

Although DSC cannot replace chemical methods for
quantitative determination of drug concentration in long-
term stability tests, it gives fast and adequate data to select
appropriate excipients for a stable formulation [21].
However, interpretation of DSC results is not always
simple, and thorough evaluation is necessary to avoid
misinterpretation and unreliable conclusions [4, 11].
Therefore, other analytic techniques often have to be used
to adequately interpret DSC findings [22-24].

Trandolapril usually comes with excipients, such as «-
lactose monohydrate, microcrystalline cellulose (mcc),
pregelatinized starch, Mg stearate, dimethicone, and aerosil
[25]. In these formulations, «-lactose monohydrate, mcc
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and pregelatinized starch correspond to 95.5 % wt of the
total formulation [25] and for this reason we have selected
these three excipients in the present study. The TG/DTG
and DSC curves of the API and of each of the investigated
excipients were compared with those obtained from their
1:1 w/w physical mixtures. The 1:1 w/w ratio was selected
to maximize the probability of observing any interaction
and is the commonly preferred ratio for this type of studies
[16, 17, 26, 28]. Besides thermal analysis techniques, FTIR
spectroscopy and X-ray powder diffraction have been used
as complementary methods for the evaluation of possible
interactions between the components.

Experimental

Trandolapril was gifted by Chunghwa Chemical Synthesis
& Biotech Co., LTD (New Taipei City, Taiwan). The
excipients were o-lactose monohydrate (Aldrich), micro-
crystalline cellulose (Avicel PH 101) (mcc), and pregel-
atinized starch (Carlo Erba, Milano, Italy) (starch).
Physical mixtures of trandolapril and each selected
excipient were prepared in the 1:1 w/w ratio by blending
in a mortar with a spatula at room temperature.

Thermogravimetric (TG) analysis was carried out with a
Setaram Setsys TG-DTA 16/18. Samples (6.0 + 0.2 mg)
were placed in alumina crucibles. An empty alumina cru-
cible was used as reference. The samples were heated
from ambient temperature to 730 °C in a 50 mL min™~'
flow of N,, with a heating rate of 5 °C min~!. Continuous
recordings of sample temperature, sample weight, and heat
flow were performed. DSC curves were obtained using a
Setaram DSC 141. 6.0 £ 0.2 mg of each sample was
placed in aluminum crucibles, while an empty one was used
as reference. Samples were heated from ambient tempera-
ture to 500 °C in a 50 mL min~' flow of N, with a heating
rate of 5 °C min . Fourier transform infrared spectroscopy
(FTIR) in transmittance mode was used. KBr pellets with
1 % wt of the powdered material were produced. The
spectra were obtained using a Spectrum 1000 PERKIN-
ELMER spectrometer in the spectral area 4,000—400 cm_l,
with a resolution 2 cm ™" and 32 scans. X-ray powder dif-
fraction patterns (XRPD) were recorded by a water-cooled
Rigaku Ultima™ diffractometer using CuK, radiation, a step
size of 0.02°, and a step time of 3 s, operating at 40 kV and
30 mA. The morphology of the prepared samples was
examined in a scanning electron microscopy (SEM) system
(JEOL JSM 840A-Oxford ISIS 300 microscope). The
samples were carbon coated to provide good conductivity
of the electron beam. Operating conditions were acceler-
ating voltage 20 kV, probe current 45 nA, and counting
time 60 s.
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Results and discussion
Thermal behavior of trandolapril

In Fig. la, the TG/DTG curves of trandolapril are pre-
sented, and it is clear that the API remains stable up to
110 °C, presenting no mass loss. A small mass reduction,
about 4.25 %, is observed between 110 and 175 °C, and it
is followed by a second, significant mass loss step that
results in zero residual, starting approximately at 215 °C.
These steps can clearly be seen from the DTG curve,
presented in the same figure.

In Fig. 1b, the DSC curve of trandolapril is presented
revealing important information. As seen from DTG curve,
the first mass loss step occurs between 110 and 175 °C; in
this area, two endothermic peaks can be observed from the
heat flow curve. The sharp peak 1 that corresponds to the
melting of trandolapril has an onset at 110 °C and peak
temperature at 128.6 °C. The shoulder (overlapped peak 2)
is due to evaporation of a water molecule. From our pre-
liminary studies, it was found that trandolapril is stable
until the onset of its melting when a cyclization phenom-
enon occurs, resulting in a small mass reduction [27]. This
process was confirmed by FTIR spectroscopy findings. The
complete differentiation of trandolapril after that step was
also confirmed by XRPD patterns [27]. The main degra-
dation step, which occurs between 215 and 400 °C, is also
confirmed by the recorded endothermic peak 3 of DSC
curve. No residual was detected above 510 °C.

Compatibility with excipients studied with thermal
analysis

On the TG/DTG curves of a-lactose monohydrate, pre-
sented in Fig. 2 (curve 2), four regions of mass loss can be
observed. The first mass loss step occurs between 94 and
185 °C and corresponds to 5 % mass reduction, which is
due to loss of crystalline water and is in good agreement
with the literature [18]. The next degradation steps are
consecutive and result in overlapping peaks of the DSC

Temperature/°C

curve. An important observation is that at 730 °C, the
residual is 4.1 %.

From the heat flow curves of Fig. 3 (curve 1), three
endothermic peaks can be observed. The first endothermic
peak, around 140 °C, corresponds to water evaporation that
was already identified from the TG curve. The melting of «
and f-lactose occurs between 210 and 215 °C [29], while a
small endothermic peak is also observed at 230 °C which
corresponds to a mass loss step, as seen from the TG curves
for that temperature region. A small exothermic peak is
clearly seen from the DSC curve at 310 °C. This peak is
the sum of the degradation exotherm and the mass loss
endotherm, which occur in the same temperature region for
a-lactose monohydrate.

From the TG curves of the 1:1 blend of trandolapril and
a-lactose monohydrate (Fig. 2, curve 3), three degradation
steps can be distinguished. The first occurs between 95 and
180 °C. The second step is ranging between 180 and
340 °C and covers at least three overlapping mass loss
steps, as can be seen from the DTG curve which is not
shown here, resulting in a total of 70 % mass loss. The
third step is a monotonous mass reduction which results in
a residual of 1.6 % at 730 °C. The residual seems to match
the theoretical value of the residual of a-lactose monohy-
drate. The careful study of the DSC curves of both sub-
stances and their blend reveals that the melting of the API
remains practically unchanged in the 1:1 blend, indicating
the compatibility of the two substances at least until
180 °C. Above 200 °C, the interactions between the sub-
stances are evident; for instance, the a-lactose monohydrate
melting peak is shifted from 216 to 209 °C in the studied
blend.

From Fig. 2, curve 4, the first mass loss step of mcc
appears to begin at ambient temperature and ends at 125 °C
and corresponds to water evaporation of about 5 %, with a
DSC endothermic peak around 50 °C, which is in agree-
ment with the literature [18]. The second mass loss step is
ranging between 202 and 400 °C, which leads to a 75 %
mass reduction. Above 400 °C, the excipient monoto-
nously decreases its mass, which ultimately results in a
residual of 6.4 % at 730 °C.
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Fig. 2 TG curves of trandolapril (/), a-lactose monohydrate (2),
trandolapril:o-lactose monohydrate 1:1 (3), mcc (4), trandolapril:mcc
1:1 (5), starch (6), and trandolapril:starch 1:1 (7)

TG curves of the 1:1 blend of trandolapril and mcc are
also presented in Fig. 3 (curve 5), and three steps of mass
loss can be seen from them. The first one starts almost
when the heating begins and ends at 100 °C, resulting in a
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Fig. 3 DSC curves of (/) a-lactose monohydrate, (2) trandolapril:o-
lactose monohydrate 1:1, (3) mcc, (4) trandolapril:mcc 1:1, (5) starch,
and trandolapril:starch 1:1 (6)

mass reduction of no less than 2 %. This corresponds to
water evaporation that was recorded from mcc TG curves.
The second step is ranging between 113 and 180 °C and
follows the trend of trandolapril at that temperature range,
which loses about 4.2 % of its mass as previously men-
tioned. The main degradation of the blend occurs between
200 and 400 °C, and the final residual at 730 °C is 3 %.

The results from DSC curves (Fig. 3, curves 3—4) of
pure components and their blend indicate the compatibility
of trandolapril and mcc at least below 250 °C. The melting
of trandolapril remains unchanged in the binary blend
revealing that, at least up to that point, the components
have not interacted. Above 250 °C, the main mass loss step
occurs and results in a broad endothermic peak in the DSC
curve, corresponding to the sum of the degradation exo-
thermic and the mass loss endothermic peaks.

As in the case of mcc, starch begins to lose the absorbed
water as soon as heating starts (Fig. 2, curve 6). This step is
completed at 164 °C and leads to an 8 % mass reduction. It
is followed by the main decomposition step which is
ranging between 212 and 412 °C and results in a total mass
loss of 66 %. Initially, the DSC curve (Fig. 3, curve 5)
exhibits a wide endothermic peak corresponding to dehy-
dration. The residual at 730 °C is 2.8 %.

From the TG curves of the binary 1:1 blend of trando-
lapril and starch (Fig. 2, curve 7), three degradation steps
can be observed. The first and the second step occur below
204 °C, corresponding to the sum of mass loss curves of
the individual components. The monotonous mass decrease
below 120 °C is exclusively due to the water evaporation
of the excipient. The mass loss below 100 °C is not less
than 4-5 % for the binary blend. The main degradation
ends at 435 °C, and the residual at 730 °C is 3.7 %.

The heat flow curve of the binary 1:1 blend of
trandolapril and pregelatinized starch (Fig. 3, curve 6)
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reveals that the components are fully compatible at least
below 300 °C, as the characteristic peaks of the pure
components remain unchanged in the curve of the blend.
In detail, the first broad endotherm that corresponds to
water evaporation of pregelatinized starch as well as the
melting endotherm of trandolapril remain unchanged in
the heat flow curve of the blend at the same temperatures.
Above 200 °C, the recorded heat flow curve of the blend
corresponds to the sum of exothermic degradation and
endothermic mass loss peaks as the blend undergoes its
major degradation steps.

Compatibility with excipients studied with FTIR,
XRPD, and SEM

FTIR spectroscopy and X-ray powder diffraction have been
used as complementary techniques to investigate possible
chemical interactions and changes in crystallinity between
APIs and excipients, respectively. They are used rather
frequently in such cases because they provide high quality
results and both are non-destructive methods. Such changes
would indicate possible interactions between the two sub-
stances [9, 30, 31]. Also, SEM microphotographs of
trandolapril, excipients and their mixtures can provide
visual support for the results of the other techniques.
SEM micrograph of trandolapril (Fig. 4) reveals that
trandolapril crystals are of columnar crystal habit, long and
slender with a great variation in their length. This is also in
accordance with the literature where it has been reported that
crystals of trandolapril are needle-like and have columnar
shape [3]. The detailed FTIR and XRPD studies of trando-
lapril are described in our previous study [27] and therefore,

Fig. 4 SEM microphotograph
trandolapril (a), trandolapril:o-
lactose monohydrate 1:1 (b),
trandolapril:mcc 1:1 (¢), and
trandolapril:starch 1:1 (d)

&

here they are going to be only briefly discussed. The XRPD
pattern of trandolapril is presented in Fig. 5 (pattern 1),
revealing its high crystallinity. The peaks with higher
intensity are observed at 16.95°, 18.63°, 21.47°, 7.25°,
14.53°,22.07°, and 21° and correspond to the W crystalline
form of trandolapril, as described in the literature [2].The
complex FTIR spectrum of trandolapril is presented in Fig. 6
(spectrum 1). The peak at the area 1,600-1,800 cm ™! can be
assigned to the carbonyl group which appears in carboxylic
acid, ester, and tertiary amide groups of trandolapril [32].
The characteristic peak due to C—N vibrations of the tertiary
amide is at around 1,500 cm™!, while, the C-N stretch,
N-H wag, and N-H stretching vibrations of the amine groups
can be seen at 1,103-1,180 cm™!, 700-750 cm™!, and
3,280 cm ™, respectively. Benzene ring vibrations give rise to
some small peaks that appear in the spectral regions of
3,000-3,100 cm ™", 1,400-1,620 cm™", and 700-1,100 cm™".

The a-lactose monohydrate powder consists of granules
with irregular shape and size [33], while the shapes of the
XRPD patterns reveal its highly crystalline nature. It is
known from the literature that even 100 % crystalline
lacrosse contains both o and f§ forms [18]. From both the
XRPD patterns and the FTIR spectra (Figs. 5, 6) recorded
from trandolapril:a-lactose monohydrate 1:1 blend, it is
clear that the curves of the blend are the result of the sum
of the characteristic peaks of individual components, which
is in agreement with the thermal analysis finding that no
physical or chemical interactions take place between
trandolapril and a-lactose monohydrate in room tempera-
ture. Also, from the SEM microphotograph of the mixture
(Fig. 4b), no adhesive interfaces were detected, and the two
components can clearly be distinguished, suggesting that

w0,
20kV  X1,000 10pym 0661 1250 SEI

~ 30Rv" 1,700/ 10im” 0854 1150 SEL_
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Fig. 5 XRPD patterns of trandolapril (/), trandolapril:a-lactose
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Fig. 6 FTIR spectra of trandolapril (/), trandolapril:a-lactose mono-
hydrate 1:1 (2), trandolapril:mcc 1:1 (3), and trandolapril:starch 1:1
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no interactions take place between the two components at
room temperature.

The XRPD patterns of mcc along with the FTIR spec-
trum (data not shown here) confirm that mcc is amorphous,
as known from the literature [4, 19]. Three broad diffrac-
tion peaks were recorded at 15°, 22°, and 34°, while the
same finding can also be supported by the FTIR spectrum
of mcc which consists of broad and overlapped absorption
peaks (data not shown here). The FTIR and XRPD curves
of the 1:1 blend correspond to the sum of the spectra and
patterns of the pure components. This is also in agreement
with the observed sample from SEM (Fig. 4c), from which
it can clearly be seen that the mixture consists of the two
individual components which have no obvious interactions.
Hence, trandolapril is fully compatible with mcc in room
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temperature, as no interactions between them could be
observed by FTIR and XRPD.

The XRPD pattern of starch (data not shown here)
shows several overlapped and broad peaks which reveal the
high degree of amorphization of the material which is in
agreement with the literature [20]. This is also concluded
by the very broad FTIR absorption bands (data not shown
here). The XRPD pattern (Fig. 5, pattern 4) and FTIR
spectrum (Fig. 6, spectrum 4) of the 1:1 blend of trando-
lapril and starch reveal that no interactions take place
between the two substances, as the studied curves are the
sum of the corresponding ones of the pure components.
This is also in agreement with the SEM observation
(Fig. 4d), from which it can clearly be seen that the mixture
consists of the two individual components which have no
obvious interactions.

Conclusions

The results demonstrated the applicability of thermal
analysis techniques, especially DSC, as fast screening
methods for drug—excipient interactions at early stages of
preformulation process. The thermal stability of trando-
lapril and its compatibility with various excipients were
studied in this study using DSC and TG, as well as XRPD,
FTIR, and SEM. In practice, in every studied case, the
thermal profiles of the binary blends can be considered as a
superimposition of the curves of trandolapril and the cor-
responding excipient. No interactions were recorded
between trandolapril and each studied excipient below
100 °C, which suggests that the drug is fully compatible
with these commonly used excipients at least below its
melting point.

Furthermore, it was found that the binary blends of the
API and each excipient result in solid residuals less than
3.7 % in every case at much lower temperatures than their
components.
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