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Abstract Enhancement of the dissolution rate of poorly
soluble compounds through the formation of drug—drug
eutectics was investigated using fenofibrate and acetylsal-
icylic acid. Solid-liquid equilibria in the system under
study were investigated by differential scanning calorime-
try (DSC). The phase diagram for the whole range of
compositions was constructed. In addition, existence of a
metastable polymorph of fenofibrate has been confirmed.
The investigation has revealed that acetylsalicylic acid and
fenofibrate form a simple eutectic mixture containing
0.958 mol fraction of fenofibrate at the eutectic point.
Dissolution rate improvement of fenofibrate correlated
with the phase diagram. The amount of fenofibrate released
from the solid dispersions that contained fenofibrate as the
eutectic mixture with acetylsalicylic acid was at least
threefold higher compared to untreated fenofibrate.

Keywords Acetylsalicylic acid - Dissolution
enhancement - DSC - Eutectic - Fenofibrate -
Phase diagram - Polymorphism - Solubility

Introduction
Fenofibrate (isopropyl 2-[4-(4-chlorobenzoyl)phenoxy]-2-

methylpropionate), known for more than 30 years, is a
lipid-regulating agent available as tablets and capsules for
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oral administration. Independently, fenofibrate produces
antithrombotic and anti-inflammatory effects. Thus, it is
used in the treatment of hyperlipidemia, heart disease, and
diabetic complications [1].

The chemical structure (Fig. 1) and some physico-
chemical properties of the fenofibrate were presented by
Shoji et al. [2] based on elemental analysis and UV, IR,
NMR, XRD, and mass spectra examination as well as on
hygroscopicity, solubility, distribution coefficients, and TG
and DTA measurements. It has been found that fenofibrate
is a sparingly water soluble compound, the volume of water
to dissolve one gram of the fenofibrate at 37 °C being
larger than 410 dm>. The melting point was determined to
be 81.6 °C. No thermal effects besides melting were
observed on DTA curves nor any mass loss was noticed
during thermogravimetric measurements from 20 to 200 °C
[2].

Subsequently, thermodynamic quantities for melting
(melting point: 80.5 °C, enthalpy of melting: 32.4 kJ mol™"),
glass transition temperature (7, = —20.0 °C), and heat
capacity values as a function of temperature for the crystalline
and amorphous phase of fenofibrate were obtained by Zhou
etal. [3] as aresult of differential scanning calorimetry (DSC)
and modulated temperature DSC (MTDSC) measurements.
Crystallization studies performed by those authors indicated
an intermediate tendency for fenofibrate to crystallize from
amorphous state.

Two forms of crystalline fenofibrate have been reported.
A stable modification crystallizes in the triclinic space
group PT [4]. Its structure consists of alternating arrange-
ments of aliphatic and aromatic layers formed by mole-
cules, which is the consequence of the absence of groups
donating hydrogen-bonding interactions. A metastable
polymorph of fenofibrate, crystallizing from an amorphous
form and melting at 73.5 °C, was discovered by Di Martino
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Fig. 1 Chemical structure of fenofibrate (isopropyl 2-[4-(4-chloro-
benzoyl)phenoxy]-2-methylpropionate)

et al. [5], based on DSC experiments. It can be formed also
on grinding or when stored in a very humid atmosphere. A
transition into the stable form is rather slow given that the
metastable modification has been still identified in the
mixture by XRD after 90 days.

Acetylsalicylic acid (aspirin), which is also a poorly
water soluble compound, has been used as an analgesic,
antipyretic, and anti-inflammatory nonsteroidal drug (agent)
for more than a century. In recent years, however, since the
time when it was demonstrated that a low-dose acetylsali-
cylic acid revealed an inhibiting effect on platelet aggrega-
tion, aspirin has been applied to prevent complications of
atherosclerotic cardiovascular disease such as myocardial
infarction and stroke [1].

Aspirin is stable on heating until it melts at about
140 °C and then it decomposes [6, 7]. Acetylsalicylic acid
is thought to exist in one crystal structure, although some
experimental as well as computational attempts were made
to found new forms [8]. Nevertheless, it seems that poly-
morphism of aspirin is not commonly acknowledged at
present [9].

The aqueous solubility behavior of a drug is a key
determinant of its oral delivery. Poor water solubility and
slow dissolution are often the main reasons for the rejection
of potentially active drugs [10, 11]. Several approaches
have been employed to overcome this problem, such as the
preparation of solid dispersions of an active agent in a
biologically inert matrix [12—-14], drug dissolution in the
presence of polymeric micelles in the dissolution medium
[15], addition of surfactants [15—18], micronization—parti-
cle size reduction to nano- or microsize [19-21], melt
granulation technique [22, 23] and formation of eutectics
[24, 25], including drug—polymer component systems
[26, 27].

The use of eutectic mixtures for pharmaceutical appli-
cations was first described by Sekiguchi and Obi [28]. In
the eutectic composition, both components are in reduced
particle size and well dispersed. The large surface area of
the obtained suspension should result in an enhanced dis-
solution rate and thereby improved bioavailability. The
unique property of an eutectic mixture is that it has a lower
melting temperature than that of either of the pure com-
ponents. For this reason it can be used also as transdermal
permeation enhancer [10].

@ Springer

Thermal methods are more and more used in pharma-
ceutical applications [29, 30], both in drug development
and in industrial processes. DSC and related techniques
widely contribute to the study of, e.g., the stability of drugs
[31-33], their polymorphism [34], and drug—excipient
compatibility or chemical interactions [35-37].

The aim of this study was to determine the eutectic
composition and temperature for the system fenofibrate—
acetylsalicylic acid, through the construction of the phase
diagram based on the results of DSC heating experiments,
as well as to investigate the solubility and dissolution rate
of prepared mixtures.

Experimental section
DSC studies

Fenofibrate and acetylsalicylic acid were commercially
available products: 99 %, Aldrich. Finely powdered phys-
ical mixtures were prepared from accurately weighed
quantities of each component, next very thoroughly ground
together for at least 5 min using an agate mortar and pestle.
Samples were weighed using a Mettler Toledo AT 261
microbalance (£0.01 mg). The total mass of a sample was
between 4 and 10 mg. Twenty-five samples of acetylsali-
cylic acid 4 fenofibrate binary mixtures with following
mole fractions of fenofibrate (xg): 0.950, 0.900, 0.850,
0.800, 0.750, 0.700, 0.651, 0.603, 0.550, 0.531, 0.498,
0.445, 0.401, 0.350, 0.310, 0.253, 0.200, 0.150, 0.099,
0.070, 0.060, 0.050, 0.040, 0.029, and 0.020 were prepared.

The DSC curves of each mixture were obtained using a
Mettler Toledo DSC 25 measuring cell, equipped with a
heat flow sensor and joined via interface TA Controller
TC 15 to a computer. Measurements were driven by
STAR® software.

Samples for DSC measurements were sealed in 40 pL
standard aluminum crucibles with a single hole punched in
the lid. An empty pan of the same type was employed as a
reference. The DSC instrument was calibrated using the
melting point of indium (156.6 & 0.3) as a standard [38].
DSC scans of each mixture were performed at a heating
rate of 5 °C min~' in the temperature range from 30 to
140 °C. For pure acetylsalicylic acid DSC measurements
were taken in the temperature range from 30 to 160 °C.
The DSC cell was purged with a stream of dry argon at a

rate of 50 cm® min~".

Dissolution studies
Dissolution tests of pure drugs and their physical mixtures

were determined on an apparatus 2 (paddle) [39]. Tablets
were prepared without addition of excipients. Compression



Fenofibrate—acetylsalicylic acid system

1197

was carried out with the use of Erweka Tablet Press. Press
force 8 kN was used. The paddle rotation speed was
100 rpm. The temperature was kept at 37 °C and the vol-
ume of the dissolution medium was 1000 cm®. Experi-
ments were performed in a 0.1 mol dm™> sodium lauryl
sulfate water solution. Samples were passed through 35-pm
filters. The concentration of fenofibrate and acetylsalicylic
acid in solution was measured spectrophotometrically
(Jasco V650 Spectrophotometer) at a wavelength of 291
and 275 nm for fenofibrate and acetylsalicylic acid,
respectively. Concentration of dissolved drugs was calcu-
lated by reference to predetermined standard curves. Linear
calibration curves were obtained between 0.02 and 5 mg/
dm’® for fenofibrate and between 1 and 100 mg/dm® for
acetylsalicylic acid.

Results and discussion

Thermograms of pure acetylsalicylic acid, obtained at a
heating rate of 5 °C min~" in the temperature range from 30
to 160 °C, show only one endothermal effect (AgH =
25.9 kI mol™'), corresponding to melting at 141.9 °C,
which confirms that under these conditions the substance is
stable and does not decompose.

Our examinations confirmed the existence of a metastable
polymorphic form of fenofibrate [5]. This is illustrated in
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Fig. 2 Differential scanning calorimetry (DSC) study of fenofibrate:
(a) first heating run, (b) cooling to room temperature, (c) second

heating immediately after cooling, and (d) heating following after
45 days of storage. The all runs were performed at 10 °C min™"

Fig. 2 by four DSC experiments. Only the melting of the
stable form I is observed during the first heating of the fe-
nofibrate powder (Fig. 2a). However, the shape of the
melting endotherm looks as it comprised overlapping
effects. Cooling after melting the sample with a rate of
10 °C min~ ' causes the solidification to the amorphous form
of the drug (Fig. 2b). During the second heating a broad
exothermic peak was observed (Fig. 2c) which revealed
crystallization from the amorphous phase. The last DSC
curve (Fig. 2d) presents heating of fenofibrate after 45 days
of storage at room temperature, showing the melting endo-
therm of a metastable form II followed by the exothermic
crystallization peak and the endothermic melting peak of the
stable form I. The metastable form II did not appear after
grinding and compressing process. The experimentally
determined values of melting points (7y,s) and melting
enthalpy (AgH) for both polymorphs and the temperature
range of crystallization from amorphous form (7;) have been
gathered in Table 1 and compared with the literature data.
Figure 3 shows the phase diagram of the investigated
system constructed on the basis of the DSC results. The DSC
curves of the various mixtures clearly indicated that the
investigated compounds formed a binary eutectic system.
The first peak consistently appeared near 76 °C (Fig. 4),
indicating the eutectic reaction. This temperature is also
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Fig. 3 Phase equilibrium diagram of the investigated system acetyl-
salicylic acid (A)—fenofibrate (F)

Table 1 Crystallization from amorphous form and thermodynamic quantities of crystalline forms of fenofibrate

Method Amorphous form Metastable form II Stable form I Ref.
T./°C
T1us/°C AusH/KJ mol™' Trus/°C AysH/K) mol ™!
DTA - - - 81.6 - [2]
DSC 45-60 73.5 10.3 +£ 6.3 80.2 332+ 35 [5]
DSC 40 - - 80.5 324 [3]
DSC 34-56 74.0 0.9 814 273 [This work]
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Fig. 4 Examples of DSC curves showing both eutectic and liquidus
events in the range of compositions x5 > xg

known as the temperature of solidus on a phase diagram. The
second peak (temperature of liquidus) was generally wider,
indicating that complete melting took place over a temper-
ature range. The DSC scans are typical of eutectic systems.
Only these two kinds of thermal effects are shown by DSC
curves for the whole range of compositions. The melting
points of the pure components (acetylsalicylic acid:
141.9 °C, fenofibrate: 81.4 °C) were depressed due to the
existence of the other component in the mixture as shown in
the phase diagram in Fig. 3. The examples of DSC curves
showing both eutectic and liquidus events are given in
Fig. 4. It should be added that DSC curves of pure acetyl-
salicylic acid as well as those of pure fenofibrate have shown
sharp melting endotherms which permitted to determine the
respective melting points precisely.

The onset of the first peak occurs approximately at the
same temperature 76.2 °C for all the compositions and
represents the eutectic reaction:

Solid acetylsalicylic acid (A) + solid fenofibrate (F)
= liquid (L).

For this type of transition the peak position does not vary
with the content of a component, whereas the heat of the
thermal events rises when approaching to the eutectic
point. In this study the thermal effect corresponding to the
eutectic reaction was noticeable on DSC curves for all the
mixtures examined (Figs. 4, 5, and 6).

The second event corresponding to the thermal effect of
liquidus gradually diminished with increasing mole frac-
tion of fenofibrate and was no longer noticed around
xp = 0.750. The DSC scans recorded for xg > 0.750
showed the characteristic overlap of two endotherms
(eutectic and liquidus events) into a single peak near the
eutectic temperature (Fig. 6).

Values of the eutectic melting enthalpy AH/kJ mol ™" for
a given mixture, determined by integration of the eutectic
peak area on DSC curves, are plotted in Fig. 7 versus mole
fraction of fenofibrate xg (Tamman’s triangle construction
[40]). The maximal enthalpy value has been found for
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Fig. 5 Examples of DSC curves performed at a heating rate of
5 °C min~' showing a gradual disappearance of the thermal effect of

liquidus with increasing mole fraction of fenofibrate before the
eutectic point
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Fig. 6 Examples of DSC curves performed at a heating rate of

5°C min~' and showing overlap of two endotherms (eutectic and
liquidus event) into a single peak near the eutectic temperature
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Fig. 7 Tamman’s triangle construction for the eutectic melting
enthalpy AH at 76.2 °C

xg = 0.958 which corresponds to the composition of the
eutectic point and is in agreement with the phase diagram
(Fig. 3). Thermal effect of the eutectic transition goes to
zero for compositions corresponding to pure components.
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Fig. 8 Concentration ¢ of dissolved fenofibrate versus mole fraction
of the drug in a solid mixture (xg) in 2 (filled circle), 6 (filled square),
10 (filled triangle), 25 (plus), 80 (times), 90 (open circle), 110 (open
square), and 120 (open triangle) minutes of dissolution test
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Fig. 9 Concentration ¢ of acetylsalicylic acid in 0.1 mol dm~>
sodium lauryl sulfate water solution versus time ¢ for pure acetylsal-
icylic acid (A) and mixtures containing 0.03 (open circle), 0.10 (open
square), 0.20 (open triangle), 0.40 (times), 0.50 (filled triangle), and
0.70 (filled square) mole fraction of acetylsalicylic acid

This confirms that there is no mutual miscibility in the solid
state and no formation of terminal solid solutions at either
side of the phase diagram. Finally, parameters of the
eutectic point have been established as follows:

Composition: mole fraction of fenofibrate 0.958; mole
fraction of acetylsalicylic acid 0.042
Temperature: 76.2 °C.

Use of the investigated phase diagram in selecting the
optimum ratio of components to enhance dissolution rates
of these drugs is possible.

The results of dissolution studies presented in Fig. 8
compare solid dispersions for the whole range of compo-
sitions. The most characteristic feature is a noticeable
increase in dissolution of the low-soluble fenofibrate
observed for the eutectic region. The factor of increase
in the fenofibrate dissolution for the eutectic region in
comparison to that for the pure substance was ~3 for a

mechanical (physical) mixture, followed by thorough
grinding in a mortar. Values of the acetylsalicylic acid
concentration versus dissolution time for various acetyl-
salicylic acid—fenofibrate mixtures are plotted in Fig. 9.
Dissolution studies of acetylsalicylic acid also showed a
characteristic (although not so significant) increase at the
eutectic region.

Conclusions

This investigation illustrates the potential use of eutectic
mixtures of fenofibrate with acetylsalicylic acid for the
preparation of new double drug combination formulations
with improved bioavailability. The poor water soluble drug
acetylsalicylic acid and practically insoluble compound
fenofibrate form a simple eutectic system containing
0.958 mol fraction of fenofibrate at the eutectic point. The
most characteristic feature is a noticeable increase in the
rate of dissolution of fenofibrate observed for the eutectic
formation region.

Due to the limited solubility of fenofibrate in water, the
melting point depression effect, through eutectic formation
with acetylsalicylic acid using simple mechanical activa-
tion (grinding method), provides an attractive alternative
for the preparation of formulations (granules, tablets, and
capsules) with potential increased oral bioavailability.

Open Access This article is distributed under the terms of the
Creative Commons Attribution Noncommercial License which per-
mits any noncommercial use, distribution, and reproduction in any
medium, provided the original author(s) and source are credited.
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