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Abstract

A number of systems were prepared at five compositions (5, 10, 20, 30 and 40% w/w) of diclofenac/N-(2-hydroxyethyl) pyrrolidine salt
and acidic diclofenac in PEG6000 and Gelucire 50/13, as physical mixtures and as solid dispersions. Powder X-ray diffractograms for the
systems examined show shifted and normal peaks, suggesting that the drug is present inside the samples in different physical states.
Differential scanning calorimetry does not offer important information, since drug solubility into the carriers increases with temperature and
thermograms show only the melting point peak of the carriers. Hot-stage microscopy examination explains that, in high concentration
samples, the drug is present either dissolved into the carriers, or precipitated as microcrystals, or undissolved crystals of larger size. Gelucire
50/13 allows the formation of larger crystals than PEG, using both the chemical forms of the drug. The release percentage of the drug from
PEG6000/acidic diclofenac reaches 50% after few minutes in the most favourable case and appears to be dependent on the composition of the
samples: the more diclofenac is present as dissolved in the pre-treated samples, the higher is the release. The optimum composition was found

in the range of 5-10% w/w.
© 2004 Elsevier B.V. All rights reserved.
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Dissolution profiles

1. Introduction

Poorly soluble drugs represent a problem for their scarce
availability related to their low dissolution rate. They have
been consequently objects of numerous researches to
improve this behaviour. Among common NSAIDs, diclo-
fenac, a potent anti-inflammatory drug of this class, is one of
the least soluble compounds. Even though present as sodium
and potassium salt [1] since long time in commercial
formulations, the problem of its solubility seems not yet
solved: in fact new salt forms, such as those with
diethylamine and N-(2-hydroxyethyl) pyrrolidine (DHEP)
have been recently prepared for pharmaceutical topical
forms and other diclofenac salts were prepared and
examined for their physical and chemical properties [2-5].
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Recent papers outlined new problems, which can be
encountered with the chemical form of the salts (hydra-
tion/dehydration; polymorphism; instability) [1,2]. It
appeared therefore interesting to examine the possibility
of increasing either the solubility of a soluble salt or to
obtain comparable results, but using the parent compound
diclofenac, through the formation of a solid dispersion with
a hydrophilic carrier: the main purpose of the transformation
is to obtain an increment of dissolution rate and bioavail-
ability without the formation of a salt. A second aim was to
take advantage of the solubility of DHEP in many organic
solvents [6] and to try to prepare solid dispersion in both
PEG and Gelucire, coupling the hydrophilicity of the salt
form together with that of the excipient.

Several carriers have been employed in preparing solid
dispersion and among those frequently used are PEGs, PVP,
sugar or urea [7]. PEG polymers are widely used for their
low melting point, low toxicity, wide drug compatibility and
hydrophilicity [7-13]. Recently a new class of compounds,
Gelucires, have been proposed [14] with different melting


http://www.elsevier.com/locate/ejpb

100 A. Fini et al. / European Journal of Pharmaceutics and Biopharmaceutics 60 (2005) 99-111

point and HLB, suitable to the same purpose. In this study,
we prepared and characterized three systems of solid
dispersion: acidic diclofenac in PEG6000 and Gelucire 50/
13 and N-(2-hydroxyethyl) pyrrolidine diclofenac salt in
Gelucire 50/13 of varying compositions. The choice of this
particular salt of diclofenac was related to its possible
solubility into the carriers, since it was previously reported
[6] that this salt was found soluble at interesting levels in a
variety of hydrophilic and lipid solvents. Physical analysis,
such as powder X-ray diffractometry (XRD), differential
scanning calorimetry (DSC), hot-stage microscopy (HSM)
were performed to elucidate the structure of the dispersion,
to detect possible drug:carrier interactions and to evaluate
the validity of this pharmaceutical form to improve the
solution behaviour of the active agent.

The paper is preliminary to the choice of the best couple
chemical form/carrier for the preparation of microspheres,
using a novel ultrasound-assisted atomizer, associated to an
innovative method to control the solidification temperature
of the final microspheres [15]. This study parallels that of
the salt formation concerning diclofenac with the common
aim to increase solubility and thus availability, without any
chemical modification: the formation of a salt often creates
unforeseen problems in stability and behaviour of the final
chemical form [1,16].

2. Experimental
2.1. Materials

Acidic diclofenac was of pharmaceutical grade sample,
gift from Farchemia (Bergamo, Italy). Its thermogram fits
that of a commercial sample (m.p. 170 °C). Diclofenac/N-
(2-hydroxyethyl) pyrrolidine was a gift from IBSA
(Lugano, Switzerland): m.p. 106-107 °C.

PEG6000 was a commercial sample, purchased by
Montplet & Esteban S.A. (Barcelona, Spain) and was of
the highest purity available (m.p. 60 °C).

Gelucire 50/13 was a gift by Gattefossé (France) and has
m.p. 50 °C and HLB 13.

2.2. Preparation of the physical mixtures

Physical mixtures were prepared mixing diclofenac and
its salt with PEG6000 or Gelucire 50/13 in order to obtain
five formulations containing 5, 10, 20, 30 and 40% w/w in
active agent.

2.3. Preparation of the solid dispersions

Five grams of each physical mixture were melt in a
porcelain plate with a gradual increasing of the temperature
(10°Cmin~") up to a value necessary for the complete
melting. At about 10 °C above the melting temperature of
the carrier, the systems containing 5, 10 and 20% w/w of

diclofenac were transparent and limpid; at the same
temperature samples containing 30 and 40% of diclofenac
were heterogeneous and opaque, where suspended diclofe-
nac particles were visible. These last systems, however,
turned homogeneous at increasing temperature, because
dissolution of the drug is complete at these temperature.
The systems thus prepared were placed in a freezer at —
20 °C for 24 h and then crushed while the samples were at
this temperature; milled and sieved at room temperature;
powders having 200 pm size were used for further tests.

2.4. X-ray diffraction (XRD)

A Philips PW1130/90 apparatus, using Cu Ko radiation
filtered by Ni (36 kg; 26 nD), was employed. The samples
were analysed in the range of 260 =3-65° with a scanning
rate 260=10° min "~ '. Figs. 1-3 show the results obtained for
the systems acidic diclofenac/PEG6000 and Fig. 4 shows
the results for the system DHEP/Gelucire 50/13.

2.5. Scanning electron microscopy (SEM)

SEM images were taken by a Philips XL30 microscope:
samples were previously sputter-coated with a gold layer in
order to make them conductive (Fig. 5).

2.6. Differential scanning calorimetry (DSC)

Thermograms were obtained by a Mettler equipment (FP
8OHT control unit, FP 85TA cell furnace and FP 89 control
software). Samples of about 10 mg were accurately weighed
and analysed in pierced Al crucibles in the range of 40—
300 °C, at a heating rate of 10 °C min~ ' (Figs. 6 and 7).

2.7. Thermomicroscopy (HSM)

Hot-stage microscopy was carried out by means of a hot
plate Mettler FP 82HT, coupled to an optical microscopy
Olympus BH-2, equipped with a photographic recorder
(Olympus C-35AD-4). A control unit Mettler FP 80HT
was used to control the heating rate of the hot plate in
the range of 25-300 °C, with a scan rate of 1 °C min~ ' in
the proximity of the most interesting thermal events

(Figs. 8-11).
2.8. Dissolution rate studies

Dissolution profiles were obtained using a USP 25 paddle
method (Turu-Grau mod. D-6 apparatus), evaluating 10 mg
of pure diclofenac—as reference—or equivalent amounts of
each sample.

The dissolution medium was 500 ml of bidistilled water
at 3711 °C at 50 rpm; withdrawals were obtained at pre-
setted times and the drug concentration was measured
spectrophotometrically at A=276 nm (Fig. 12).
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Fig. 1. XRD diffractograms for the system acidic diclofenac/PEG6000: (a)
diclofenac; (b) PEG6000; (c) 5% w/w physical mixture; (d) 5% w/w solid
dispersion.

3. Results and discussion

Physical evaluations were carried out for all the three
systems: here we report and discuss only the most
interesting aspects for each formulation.

XRD diffractograms of the powders for the systems
acidic diclofenac/PEG6000 are shown in Figs. la—d, 2a—d
and 3a—d. Fig. la and b show XRD diffractograms of pure
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Fig. 2. XRD diffractograms for the system acidic diclofenac/PEG6000: (a)
10% w/w physical mixture; (b) 10% w/w solid dispersion; (c) 20% w/w
physical mixture; (d) 20% w/w solid dispersion.

diclofenac and PEG6000, respectively. Most significant
peaks are at 20=10.72; 15.30; 17.17; 21.55 and 28.14° for
diclofenac; and 26=15.12; 19.20 and 23.50° for PEG6000
and employed to identify each component in the physical
mixtures and in the solid dispersions. In the case of the
physical mixtures, diffractograms are simply the sum of
those of pure components and no interaction could be
detected between them; the intensity of the peaks reflects
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Fig. 3. XRD diffractograms for the system acidic diclofenac/PEG6000: (a)
30% w/w physical mixture; (b) 30% w/w solid dispersion; (c) 40% w/w
physical mixture; (d) 40% w/w solid dispersion.

their mutual concentration (Figs. 1c, 2a,c, 3a and c). In the
case of solid dispersions, at 5 and 10% w/w (Figs. 1d and
2b), the baseline is a little irregular, while the peaks of the
drug are practically not appreciated, especially at low 20
values. It could be attributed to the destruction of its
crystal lattice, because of progressive amorphization or
dissolution into the carrier. The peaks associated to the
carrier are not shifted with respect to the physical mixture,

1 (@)

1 (b)

Fig. 4. XRD diffractograms for the system acidic diclofenac/Gelucire
50/13: (a) acidic diclofenac; (b) Gelucire 50/13; (c) 10% w/w physical
mixture; (d) 10% w/w solid dispersion.

so it can be hypothesised the formation of an insertion-type
solid, where drug molecules find place inside the structure
of the carrier without, or with a limited, deformation of the
original crystal structure. This is common in mixtures of
polymeric carriers with small amounts of low molecular
weight drugs [17].

In the XRD diffractogram of the 20% w/w solid
dispersion (Fig. 2d), peaks, which can be attributed to
diclofenac, are shifted with respect to the values measured
in the physical mixture of the same composition (Fig. 2c).

From these results it emerges that, up 10% w/w
composition, the drug is completely dissolved into the
carrier, while, starting from 20% w/w diclofenac, the
system appears oversaturated and pure drug crystals are
present inside the solid dispersion. Therefore, systems
containing 30 and 40% w/w of diclofenac do not differ
from this last one: the XRD diffractograms of the solid
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Fig. 5. SEM powder micrographs for some system acidic diclofenac/PEG6000: (a) acidic diclofenac; (b) PEG6000; (c) 5% w/w solid dispersion; (d) 20% w/w
solid dispersion. SEM powder micrographs for some system DHEP/Gelucire 50/13: (e) diclofenac/N-(2-hydroxyethyl) pyrrolidine (DHEP); (f) 5% w/w
physical mixture; (g) 5% w/w solid dispersion; (h) 20% w/w solid dispersion.
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Fig. 6. DSC thermograms for: (a) PEG6000; (b) acidic diclofenac; for physical mixtures (left) and solid dispersions (right): (c) 5% w/w; (d) 10% w/w; (e) 20%

wiw; (f) 30% wiw; (g) 40% wiw.

dispersion (Fig. 3b and d) overlap those of the respective
physical mixtures (Fig. 3a and c).

XRD results for the systems acidic diclofenac/Gelucire
50/13 are reported in Fig. 4a—d only for the 10% w/w
composition and reflect what observed for the previous
formulations: the formation of a solid dispersion destroys
almost completely the crystallinity of the drug and
represents a suitable modification for improving its
availability. Further studies as a function of time shall
indicate the stability of this situation.

From SEM micrographs it can be appreciated the
homogeneity of the solid dispersions, being impossible to
distinguish the presence of diclofenac crystals (Fig. 5a)
among PEG particles (Fig. 5b), whose shape is the same
independent of the system considered. Fig. 5c shows a 5%
w/w, while Fig. 5d shows a 20% w/w solid dispersion of
acidic diclofenac in PEG6000. The salt morphology
(Fig. 5e) is recognizable when in physical mixture with
Gelucire 50/13 (Fig. 5f), while in solid dispersions

the morphology of the excipient dominates (Fig. 5g and h:
5 and 20% w/w solid dispersion of the salt in Gelucire 50/
13, respectively).

Fig. 6 reports the thermograms of the PEG physical
mixtures and solid dispersions containing acidic diclofenac:
Fig. 6a and b are the thermograms of pure PEG6000 and
pure diclofenac; Fig. 6¢c—g (left) shows the thermograms of
the physical mixtures; while Fig. 6c—g of the right part refers
to thermograms of the corresponding solid dispersions.
Thermal profiles of both physical mixtures and solid
dispersions exhibited a single endothermic peak at about
60 °C, for all the samples, corresponding to the fusion of the
carrier: no peak was present associated to the melting of the
drug. Each binary sample exhibited substantially the same
thermal behaviour. Differently to other systems, such as for
instance ibuprofen—PEG10000 [18], the indomethacin—
PEG6000 system produces only one-peak thermogram up
to 40% w/w composition, while peaks related to the fusion
of both polymorphs I and II appear at 80% w/w
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Fig. 7. DSC thermograms for some system acidic diclofenac/Gelucire 50/13 and for some system DHEP/Gelucire 50/13: (a) DHEP; (b) acidic diclofenac;
(c) 10% w/w acidic diclofenac/Gelucire 50/13 physical mixture; (d) 10% w/w DHEP/Gelucire 50/13 physical mixture; (e) 10% w/w acidic diclofenac/Gelucire
50/13 solid dispersion; (f) 10% w/w DHEP/Gelucire 50/13 solid dispersion; (g) pure Gelucire 50/13.

indomethacin composition [19]. We can hypothesise that
during the scanning of the temperature the solid drug (when
present) dissolves into the molten PEG6000, starting from
60 °C and is no more present in its undissolved form inside
the systems, when the melting temperature of diclofenac is
reached. Evidently, at least at high temperature, present
systems are far from saturation, even at 40% w/w of
diclofenac, and no signal indicates the presence of solid
diclofenac when its melting is reached. However, thermo-
microscopy (see below) indicates that in the temperature
range between the melting temperature of the carrier and
that of the drug, drug crystals are still present as a
consequence of the recrystallization on cooling, after the
preparation of the solid dispersions.

Gelucire 50/13 shows a complex endotherm, due to the
fusion of the product: the peak at about 45°C being
dominant over other three peaks [20]. This is related to the
fact that it is formed by a mixture of low melting
components, rather than a single compound. The thermal
behaviour of both physical mixtures and solid dispersions of
the drug (acid and salt) in Gelucire 50/13 (Fig. 7a—f) did not
differ from those of the system in PEG6000, indicating the
ease of dissolution of both compounds examined into the
molten mass of both carriers and are not discussed in details.

Thermomicroscopy offers better results to interpret the
thermal behaviour of the samples [21]. At thermomicro-
scope, acidic diclofenac crystals display prismatic mor-
phology (Fig. 8a) that progressively converts into liquid
vesicles in the range of 165-180 °C, where melting occurs:
the molten material turns black at higher temperatures. At
the same examination, PEG6000 contains irregularly

shaped particles that start to melt at about 60 °C: the melt
is quite stable up to 200 °C and, on cooling, solidifies and
the solid recovers its crystallinity. A deviation of the
thermogram baseline in this temperature range suggests,
however, that the polymer somewhat decomposes on
heating.

All the samples of the solid dispersions, before heating,
appear as irregular and opaque particles, apparently
homogeneous, where it is difficult to differentiate the single
components (Fig. 5c and d); this aspect was encountered
also in the case of physical mixtures, where diclofenac (acid
or salt) closely adhere to the carrier particles. On heating
the physical mixtures, the first thermal event observed is the
melting of the carrier (Fig. 8b—f): the liquid droplets are
transparent and allow visualisation of drug crystals, which
maintain their morphology. HSM can also differentiate a
solid dispersion from a physical mixture. In the case of the
system acidic diclofenac/PEG6000, Fig. 8b shows that a 5%
solid dispersion is completely melted at 60 °C, while, at the
same temperature, a physical mixture still contains crystals
(Fig. 8c). The differences are also more marked in the case
of the 10% systems: the physical mixture needs a higher
temperature to contain diclofenac completely dissolved; at
60 °C a number of diclofenac crystals are still visible in the
physical mixture (Fig. 8e), while completely limpid and
molten system appears in Fig. 8d at the same temperature.
At 65°C, a 10% w/w physical mixture still contains
undissolved drug crystals (Fig. 8f). At 60 °C, a 20% w/w
solid dispersion contains only microcrystals (Fig. 9a), while
physical mixture of the same composition contains much
more crystals (Fig. 9b), whose morphology and size are
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Fig. 8. HSM photographs for acidic diclofenac/PEG6000 systems: (a) acidic diclofenac at 150 °C (before melting); (b) 5% w/w solid dispersion at 60 °C; (c)
5% wlw physical mixture at 60 °C; (d) 10% w/w solid dispersion at 60 °C; (e) 10% w/w physical mixture at 60 °C; (f) 10% w/w physical mixture at 65 °C.

those of the starting diclofenac: crystallisation during the
rapid cooling produced a decrease of the particle size. In
40% w/w solid dispersion, crystals of different size are
visible inside the drop of molten PEG at 60 °C (Fig. 9c),
while diclofenac crystals of the same physical mixture
maintain their morphology despite the higher temperature of
the observation (Fig. 9d). The higher content of the drug
prolonged the period of diclofenac dissolution into
PEG6000: at 130 °C, crystals of higher size are not yet
dissolved at this high temperature (Fig. 9e) in the solid
dispersion: the amount of undissolved drug is even higher in

the physical mixture and crystals can be observed also at
high temperature (Fig. 9f). Practically, the same was
observed in the case of the 30% w/w systems.

Most observations parallel those carried out on the
systems containing acidic diclofenac/Gelucire 50/13
(Fig. 10a—-f) or DHEP/Gelucire 50/13 (Fig. 1la-f).
In these cases, two important aspects emerged, being the
same the composition: (1) sizes of the dispersed acid
particles in Gelucire 50/13 are larger than those present in
PEG at the same temperature. Probably the lower crystalline
nature of Gelucire with respect to PEG, on cooling, allows
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Fig. 9. HSM photographs for acidic diclofenac/PEG6000 systems: (a) 20% w/w solid dispersion at 60 °C; (b) 20% w/w physical mixture at 60 °C; (c) 40% w/w
solid dispersion at 60 °C; (d) 40% w/w physical mixture at 70 °C; (e) 40% w/w solid dispersion at 130 °C; (f) 40% w/w physical mixture at 130 °C.

a more rapid increase of the size of diclofenac crystals,
favouring the diffusive processes accompanying the crystal
growth; (2) the salt, that is an ionic compound, displays an
interesting solubility in Gelucire 50/13, that is a lipid
carrier: however, since DHEP melts at 106 °C and
decomposes above melting temperature [16], its stability
after the preparation of the solid dispersion must be
assessed. This aspect, together with a higher stability of
the acid at the temperature used in preparing the samples,
suggested not to consider further here the DHEP/Gelucire

50/13 systems and therefore dissolution tests were carried
out only for the systems acid/PEG. However, systems
containing Gelucire 50/13 remain interesting, because of the
surfactant properties of this carrier and systems containing
diclofenac/Gelucire 50/13 are currently studied to prepare
microspheres by a novel ultrasound assisted spray-congeal-
ing technique [22,23].

These results confirm the importance of a solid
dispersion over a physical mixture and document the
change in size and morphology of the re-precipitated
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Fig. 10. HSM photographs for the DHEP/Gelucire 50/13 solid dispersions: (a) 5% w/w at 55 °C; (b) 10% w/w at 55 °C; (c) 10% w/w at 80 °C; (d) 20% w/w at

55 °C; (e) 20% w/w at 80 °C; (f) 20% w/w at 90 °C.

crystals of the drug inside the solid dispersion with respect
to the starting physical mixture. It can be hypothesised that,
where a large oversaturation occurs (during the preparation
of the solid dispersion, heating was continued up to
complete dissolution of the drug), the formation of crystal
seeds is easier and a too large oversaturation in the solid
phase can be prevented; differently to what observed in the
5 and 10% w/w solid dispersion. In these last cases, a lower
oversaturation could prevent complete crystallisation in
short period of time thus forming a metastable system,
which only slowly evolves to equilibrium. This can explain

differences observed in the percent release (see below), in
term of amount dissolved diclofenac or of size of its
precipitated crystals.

The complexity of the systems (e.g. dissolved and
undissolved or precipitated drug, particles of different
size) is reflected by the dissolution and release profiles of
the active agent. Fig. 12 shows the dissolution profiles for
physical mixtures and solid dispersions, respectively. The
fact that physical mixtures offer practically overlapping
dissolution profiles confirms, as above suggested, that the
systems need a preliminary modification in order to display
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Fig. 11. HSM photographs for the acidic diclofenac/Gelucire 50/13 solid dispersions at 50 °C: (a) 5% w/w; (b) 10% w/w; (c) 20% wiw; (d) 30% w/w; (e) 40%

wiw; (f) 40% wiw at 140 °C.

their potentialities. In the physical mixtures, only fair
interactions exist between the drug and the carrier and the
dissolution enhancement with respect to pure drug is
slight. However, it can be appreciated that the higher
is the diclofenac content, the higher is the release of the
drug, even though differences are very limited and the
overall dissolution represents about 10% of the starting
material in the most favourable case.

Larger changes occurred in the case of the preparation of
solid dispersions by melting and a considerable improve-
ment compared to physical mixtures is obtained when

diclofenac is formulated as solid dispersion in PEG6000: in
these cases, the presence of dissolved diclofenac or its
precipitation as microcrystals of reduced size or a partial
amorphization of the solid drug permit achieving different
levels of saturation and solubility of diclofenac into PEG
and promote dissolution. The 5 and 10% w/w solid
dispersions display the best performance, according also
to all previously reported suggestions, that is in these
systems diclofenac is not present as a separate phase after
the preparation of solid dispersions. The dissolution profiles
indicate that the release of the drug is practically immediate,
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Fig. 12. Dissolution profiles for the acidic diclofenac/Gelucire 50/13
(physical mixtures—above; solid dispersions—below): @, acidic diclofe-
nac; ®, 5% wiw; ¢, 10% w/w; B, 20% wi/w; [1, 30% wiw; O, 40% wiw.

reaching after a few minutes a steady concentration in
solution. These values can be considered as the solubility
level of diclofenac originated by the dissolution of different
amount of hydrophilic PEG6000, and are proportional to
the relative amount of diclofenac actually dissolved in the
solid dispersions of different composition: while systems
(5 and 10%), where the drug is present as completely
dissolved into PEG, show a six-fold increment of the
solubility of acidic diclofenac in the same conditions;
systems, which are heterogeneous for the presence of
undissolved or re-precipitated crystals, show a lower
solubility. The level reached with 40% w/w solid dispersion
can be taken as the solubility (20 X 10~ ® M) of diclofenac in
water at 37 °C (with a possible small overestimation, due to
uncertainty of equilibrium achievement in this short period
of observation): the small amount of PEG in the solution
should not affect too much this value. This value agrees with
an increment due to higher temperature with respect to the
value found at 25 °C [24] and suggests the influence of PEG
in promoting a faster dissolution rate with respect to pure

diclofenac, which after 60 min. did not demonstrate to reach
a plateau of saturation.

4. Conclusions

— Solid-state studies did not indicate chemical decompo-

sition of the components (drug and excipient), showing
compatibility and formation of homogeneous systems up
to 10% w/w composition. PEG allows a better solubil-
ization of diclofenac and its derivative than Gelucire
50/13.

— DSC data suggest that diclofenac and its salt can dissolve

into the carriers up to 20% w/w concentration at
temperature above the carrier melting point.

— HSM technique is more efficient than DSC in evidencing

differences among the samples, showing the presence of
macrocrystals in the solid dispersions together with
microcrystals, or dissolution of diclofenac at higher
temperature. Sizes of the drug crystals on cooling are
higher in Gelucire 50/13 than in PEG.

— XRD analysis confirms HSM results, suggesting that the

drug:carrier composition alter the crystallinity of the
samples.

— Poorly soluble diclofenac improves its dissolution, when

coupled with PEG6000.

— The preparation of a solid dispersion can represent an

alternative to the salt forms to improve solubility of
diclofenac and is preliminar to its formulation as
microspheres from a novel ultrasound assisted atomizer
with an innovative control of the temperature.
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