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Physico-chemical characterisation and intrinsic dissolution studies of a new
hydrate form of diclofenac sodium: comparison with anhydrous form

Monica Bartolomei∗, Paola Bertocchi, Eleonora Antoniella, Andrea Rodomonte
Dipartimento del Farmaco, Istituto Superiore di Sanità, Viale Regina Elena 299, 00161 Rome, Italy
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Abstract

Diclofenac sodium is a non-steroidal anti-inflammatory drug widely used in painful and inflammatory diseases. In standard conditions, by expo-
sure to relative humidity even below 60% at 25◦C, the anhydrous form DS gives rise to a hydrate species DSH, a tetrahydrate form different from
that obtained by crystallisation from water and previously described. The method of preparation and the physico-chemical properties of the hydrate
form were investigated. Data from FTIR spectroscopy, X-ray powder diffraction and thermal analysis were used for the identification and the char-
acterisation of DSH. DS and DSH were easily differentiated by their IR spectra, X-ray patterns and thermal behaviour. DSH stability was followed at
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oom temperature over a period of 1 year and under different conditions of temperature to verify the tendency to solid–solid transition ands
xistence range. Solubility and intrinsic dissolution studies were performed to compare the physico-chemical properties of DS and DSH.s

n solubility and intrinsic dissolution rates were pointed out: these studies showed that DS dissolved faster than DSH. Storage under u
nvironmental conditions or contact with water vapour during manufacturing process could thus influence the performance of the final do
2005 Elsevier B.V. All rights reserved.
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. Introduction

Pharmaceutical solids can be in contact with water dur-
ng processing steps such as crystallisation, lyophlisation, wet
ranulation, aqueous film coating or spray drying and can be
xposed to water during storage in an atmosphere containing
ater vapour[1,2].
Water can be absorbed onto the solid surface and/or into

he bulk solid structure. The formation of a hydrate form can
trongly affect physico-chemical properties such as stability,
olubility, dissolution rate and hence bioavailability. Concern-

ng the solubility in water, the anhydrous form of a substance is
enerally more soluble in water than the corresponding hydrate

3].
Assessment of the solid state characteristics of drugs is a reg-

latory prerequisite for the correct formulation of solid dosage
orms: controlling polymorphism in pharmaceutical solids must
nclude previsions for hydrate formation[4,5].

∗ Corresponding author. Fax: +39 06 49903854.

Diclofenac sodium, sodium salt of [2-(2,6-dichlorophe
amino) phenyl] acetic acid, is a well-known drug availa
in various pharmaceutical dosage forms. It is a potent
steroidal anti-inflammatory drug with pronounced analgesic
antipyretic properties. It is widely used in the long-term tr
ment of degenerative joint diseases. Nevertheless, it pro
a relatively high incidence of gastrointestinal side effects
to the physico-chemical action on the gastric mucous an
inflammatory action on both small bowel and the colon[6]. It has
weak acidic properties (pka about 4) and its solubility depen
on the pH of the medium. It is slightly soluble in water, v
slightly soluble in phosphate buffer at pH 6.8 and practic
insoluble in hydrochloric acid at pH 1.1[7].

Extensive literature on chemical and spectroscopic ch
teristics of the anhydrous form DS is available and its cry
structure has been also described[7,8]. Thermal behaviou
decomposition and melting characteristics of DS have
previously investigated by differential thermal analysis (DT
differential scanning calorimetry (DSC) and thermogravime
analysis (TGA)[9,10].

Solid-state properties of diclofenac sodium, with partic
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both as active substance and in the finished product, have been
subject to some investigations. A tetrahydrate form of diclofenac
sodium, re-crystallised from water or obtained by suspending
it in boiling water has been previously described[11,13]. A
tetrahydrate form obtained by crystallisation and a pentahydrate
form precipitated from a matrix of chitosans were characterised
by single crystal X-ray diffractometry[14,15].

As a part of a recent study on the dissolution profiles of
diclofenac sodium multisource prolonged release tablets, it was
found that the release characteristics varied considerably among
different manufacturers and even identical formulations showed
rather dissimilar release profiles in all the studied media. This
suggested likely implications for the bioavailability of the active
ingredient[16].

Furthermore, our interest in diclofenac sodium arose from the
finding that samples of industrial scale lots of this drug showed
batch to batch variations and poor consistency in their thermal
behaviour and IR spectra, suggesting that different crystalline
forms coexisted in the commercial samples.

The purpose of the present work was to investigate the capa-
bility of the anhydrous form DS to uptake water from the envi-
ronment giving rise to hydrate formation and to evaluate how
the different physico-chemical properties can affect the shelf
life, the process behaviour and in the end, bioavailability.

The present work summarises the available data on solid
state properties of diclofenac sodium with particular regard
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Diclofenac sodium was also re-crystallised from water as
previously described[12,13]. In each experiment about 100 mg
were dissolved in 10 ml of water. Re-crystallisation was firstly
obtained by evaporation of solvent at room temperature, then
it was forced either by evaporating the solvent on a water-bath
or by crystal precipitation on an ice-bath. As assessed by X-
ray powder diffraction (XRPD), re-crystallisation performed by
evaporation of water at room temperature gave rise to the tetrahy-
drate form DSH1 previously described by other authors[11–13].

The resulting samples were stored in open air and tested by
DSC, FTIR and XRPD to assess the crystalline form and TGA
for water loss.

The water stoichiometries of diclofenac sodium hydrates
were deduced from TGA experiments.

HPLC analyses performed by the Ph. Eur. assay procedure
on the hydrate forms obtained either by forced hydration or by
crystallisation indicated that no degradation had taken place.

3.2. DSH characterisation by comparison with DS and
DSH1

FTIR spectra of DS, DSH and DSH1 were obtained directly
on untreated powder by means of an ATR sampling system
(Golden Gate-Specac, England) coupled with a Perkin Elmer
FTIR System 2000 spectrometer (Perkin Elmer, USA). Spectra
were recorded at room temperature from 4000 to 370 cm−1 on
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o the new tetrahydrate form DSH obtained by exposur
ater vapour even below 60% RH at 25◦C, including its
reparation and its characterisation by comparison with
S and the tetrahydrate form reported in literature. Sol

ty and intrinsic dissolution studies were performed to c
are the physico-chemical properties of DS and the new
SH.

. Materials

Diclofenac sodium reference substance was supplie
igma–Aldrich (Milano, Italy – minimum 99.5% purity by t
h. Eur. HPLC assay procedure) and used without further p
ation.

Analytical grade potassium dihydrogen phosphate, so
hloride, sodium hydroxide, hydrochloric acid and meth
ere purchased from Sigma–Aldrich.
Deionised water obtained from an Ultra Pure Water Sy

ype Integra (SG, Barsbüttel, Germany) was used for the pre
ation of dissolution media.

. Methods

.1. Preparation of the hydrate form DSH

Tetrahydrate form DSH (20% water content) was obta
y storing DS in a water saturated chamber without a drai
ystem (100% RH) at room temperature for 24 h.

Stability studies results showed that DSH was also obta
y storing DS in chamber at 59% RH for 60 days and at
H for 4 days.
y

-

e

Perkin Elmer System 2000 spectrometer. For each sam
cans were collected at a resolution of 4 cm−1.

XRPD patterns were obtained by a P.W. 1710 diffractom
Philips, The Netherlands) in the 2θ range between 3◦ and 60◦
sing Cu K� radiation-Ni filtered (40 kV; 40 mA). The step sc
ode was performed with a step width of 0.02◦ at a rate o
step s−1.
Samples were mildly pre-ground with a pestle in a agate

ar to make them homogeneous, to control crystals size a
inimise preferred orientation effects.
DSC curves were recorded using a Perkin Elmer DS

nstrument. Sample weight ranged from 1.5 to 5 mg. The
rofiles were recorded at 10◦C min−1, under nitrogen flux, from
5◦C to about 150◦C. The experiments were conducted us
losed pans with a hole made by the Perkin Elmer’s Acc
ystem.

The DSC temperature scale was calibrated using extrapo
nset temperatures of the fusion endotherms of indium and
ure standards (Perkin Elmer), heated at the same rates u

he samples.
Programmed heat-cool cyclic DSC studies were also

ormed at 10◦C min−1.
Each experiment was repeated at least three times.
Thermogravimetric curves were recorded with a Pe

lmer Pyris1 TGA at the heating rate of 10◦C min−1. Approxi-
ately 10 mg of substance were weighed. The experiments

onducted using closed pans with a cover hole made b
erkin Elmer’s Accupik system.
A temperature calibration of the thermogravimetric appar

as performed measuring the magnetic transition temper
f two standards, alumel and nickel (supplied by Perkin Elm
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Each TGA experiment was repeated at least three times.

3.3. Stability studies: water uptake at various relative
humidity percentages

Samples of DS were stored at controlled temperature and
humidity conditions to check its ability to uptake water from the
environment.

Samples of DS were stored in a desiccator at 25◦C at both
59 and 98% RH for 60 and 4 days respectively, using saturated
sulphuric acid solutions with known relative humidity[17]. RH
was checked by a digital thermohygrometer.

The water content of the equilibrated samples was determined
by TGA and the solid phase was characterised by XRPD, FTIR
and DSC.

Samples of DSH were stored at different temperature condi-
tions (30◦C for 60 min, 50◦C for 10 min and 60◦C for 10 min)
to test the stability of the DSH form. DSH was also stored at
room temperature for 1 year.

DSC, TG, FTIR, XRPD analyses were carried out on each
sample.

3.4. Physico-mechanical property studies: compression
effect

Discs of the two crystalline forms were prepared by accu-
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after 24 h without stirring. The samples were centrifuged and
filtered through a 0.45�m membrane filter, opportunely diluted
with methanol and then quantitatively determined by UV absorp-
tion at 282 nm. The solids remaining after the solubility studies
were analysed by DSC and FTIR. All reported data represent the
mean values of at least three separate experiments that always
showed a good reproducibility.

3.6. Intrinsic dissolution studies on DS and DSH

Selection of the dissolution testing conditions was based on
EMEA guidelines[18,19].

For all dissolution tests the USP 28 paddle method, employ-
ing 900 ml of dissolution medium at a temperature of 37± 0.5◦C
and rotational speeds of 50 and 100 rpm were used.

Each dissolution experiment was performed at least in
triplicate.

The dissolution system was fitted with a DISTEK PRE-
MIERE 5100 dissolutor (Distek Inc., NJ, USA), an HP 89092A
7-channel peristaltic pump (Agilent Technologies Italia Spa.,
Roma, Italy), PC directed control through the Idis EE software
(Icalis Data System Ltd., UK). Released percentages of the
active ingredient were automatically measured every 5 min at
276 nm using an HP 8452A diode array detector (Agilent Tech-
nologies Italia Spa.) equipped with a linear 7-cell transporter.
The flow cell path length was 1 mm. Filtration of aqueous sam-
p
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ately weighing 200 mg (as anhydrous base) of the sam
hich were placed in an evacuable stainless-steel die and p

n a Perkin Elmer electric press to obtain a 13 mm diameter
le disc. Three levels of compression were applied: 3 t fo
5 and 60 min, 5 t for 30, 45 and 60 min and 6 t for 30, 45
0 min.

Samples were taken from the core of each disc and scre
or solid-state transition using DSC, TGA and FTIR.

Compressed discs obtained by a compression force of 5
min were used for intrinsic dissolution studies.

.5. Equilibrium solubility studies

The solubility of both DS and DSH was investigated in
ropanol, allowing to use a small amount of substance.

Saturated solutions were prepared by introducing ex
mounts of DS and DSH (100 mg) into 5 ml of 2-propano
crew cap vials. The samples were placed on a thermo
ater-bath maintained at 20± 0.5◦C for 60 min and subjecte

o magnetic stirring. Aliquots of the solutions were withdra
ith a syringe, filtered through a 0.45�m membrane filter (Ge
an GHP Acrodisc) and appropriately diluted with metha

1:250; 40�l in 10 ml of solvent). The concentration of t
rug was spectrophotometrically determined at 282 nm (λMAX
f absorption of diclofenac sodium in methanol) by a Hew
ackard model 8452A diode array spectrophotometer (Ag
echnologies Italia Spa., Roma, Italy). The state of true e

ibrium was obtained when the concentrations of the sam
eached constant values.

Saturated solutions of each form were prepared in an a
riate volume of 2-propanol so that a sediment was left at 2◦C
s
ed
-
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r
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les was performed on-line on Whatman GF/C (1.2�m) filters
Whatman, Kent, England). Check for adsorption to the fi
evealed no significant loss of drug.

.6.1. Composition of dissolution media
The composition of dissolution media was chosen in su

ay to cover the physiological pH range.

Medium A. Simulated intestinal fluid (SIF) without pancrea
(pH 6.8) according to USP 28[20].
Medium B. Phosphate buffer solution (pH 8.0; 0.02 M) (
Eur.) [21].
Water. Deionised water.
Medium C. Phosphate buffer solution, pH 4.5 (Ph. Eur.)[21].
Medium D. Simulated gastric fluid (SGF) without pepsin (
1.2) according to USP 28[20].

.6.2. Calibration curves
Calibration curves for diclofenac sodium reference subst

ere obtained by measuring the absorption in dissolution M
and B at the maximum absorption wavelength. Due to the

olubility of diclofenac sodium in Media C and D, data from
alibration curve obtained in Medium A were used. Stand
ere prepared in the 0.006–0.264 mg ml−1 concentration rang
he linearity of the calibration curves was confirmed over
oncentration range between 2.5 and 120% dissolution o
rug.

.6.3. Intrinsic dissolution rate determination
Intrinsic dissolution rate (IDR) studies were performed

he stationary disc method using the USP 28 paddle appa
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Discs were prepared compressing 200 mg of powder (as anhy-
drous base) in a Perkin Elmer hydraulic press, for 1 min under
5 t compression, using a 13 mm punch and die set. Analysis of
the compressed discs by FTIR confirmed that the crystal form
of the original powder was retained following the compression
procedure. Attempts were made to use directly the die with the
disc flat surface exposed to the medium but alteration of pellet
surface was observed in a few minutes. Therefore paraffin wax
was used to mount the discs in plexiglas disc holders, leaving
one face exposed (1.327 cm2 surface area). All dissolution runs
were carried out in triplicate, under sink conditions. The linear
portion of each dissolution profile, i.e. before depletion of the
disc and alteration of its surface area, was used to derive the
intrinsic dissolution rate.

4. Results and discussion

4.1. Preparation of DSH

Efforts were made to study the tendency of DS to uptake
water, reproducing the hydration by water vapour exposure
under not controlled conditions. A different hydrate form DSH,
never described in literature, was obtained by storing the anhy-
drous form in a desiccator at a RH below 60%. Storage of
the anydrous form at RH of 59%, 98% at room tempera-
ture and 100% without drainage system at different temper-
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Fig. 1. FTIR spectra in the 4000–370 cm−1 range of anhydrous form DS and
hydrate form DSH; untreated powder by means of an ATR sampling system.

quencies. In the 4000–2000 cm−1 range two bands at about
3387 (νNH) and 3255 cm−1 (νNH–O) were seen in the spec-
trum of DS, while a broad band with a higher intensity at about
3220 cm−1 and a shoulder at about 3365 cm−1 were observed
for DSH. These spectra distinctly differed from each other in
the location and intensity as well as in fine structure of some
major absorption bands. The spectrum of DS and the frequen-
cies recognised as diagnostic bands were in agreement with those
previously reported by Bucci et al.[8]. The fingerprint region
of the spectrum differentiated each form and could be used for
the characterisation and identification of the different crystalline
modifications.

Fig. 1 shows DS and DSH spectra in the 4000–370 cm−1

range. The specific bands for each form, also suitable for iden-
tification in mixture, are marked in the figure with arrows.

FTIR was not a suitable method to distinguish DSH from
DSH1 because they have identical vibrational frequencies. Fin-
gerprint regions of the two hydrate forms showed just a few
subtle differences in the 1600–1300 cm−1 region with respect
to the relative intensity of the bands.

The XRPD patterns of DS and DSH were sufficiently dis-
tinct to characterise each crystalline form: they showed differ-
ences both in the positions of the peaks and in the intensity
ratios that could not be attributed to a preferred orientation of
crystal growth. Differences in X-ray diffraction patterns indi-
c cules
i w-
d evi-
o ak
p
(

ively
r

r the
h ating
r were
r un
u As it
w ents
f nd a
tures (20 and 30◦C) gave rise always to the same hydr
orm DSH.

The DSH formation in a saturated chamber at 100% RH w
ut drainage system at room temperature was routinely us
reparation method because it was an easier and time-s
ethod.
The repeatability of form DSH formation was verified

TIR, XRPD, TGA and DSC on each batch.
Crystallisation experiments suggested that the sol

ediated hydration could give rise to a hydrate form diffe
rom that obtained by water vapour exposure. In fact, crysta
ion experiments clearly indicated that the simple crystallisa
rom water at room temperature gave rise to the different tet
rate form DSH1 previously described in literature[11–13]. The

emperature at which the solvent was removed seemed to
he form of the resulting solid. In fact, crystallisation from wa
t temperature over 25◦C often gave rise to DS.

.2. DSH physico-chemical characterisation

FTIR spectroscopy was a useful tool to distinguish DS f
SH. The two forms exhibited significant differences in
bserved vibrational transitions.

The crystalline structures seemed to be neither altere
estroyed by pelletting. For each form the FTIR spectra dir
btained on the powder by ATR sampling system and on a
ersion in KBr pellet were not markedly different from e
ther with respect to the position, sharpness and intensity
f the bands. The two forms were easily differentiated by

R absorption bands in the 4000–2000 cm−1 range, but wer
istinguishable over the whole 4000–370 cm−1 range of fre
r

-

o

ated different arrangements of diclofenac sodium mole
n the crystal lattice of the hydrate forms. The X-ray po
er diffraction pattern for DS was consistent with that pr
usly reported[11]. DSH exhibited numerous different pe
ositions distinguishing it from both DS (Fig. 2) and DSH1
Fig. 3).

The thermal behaviour of DS has already been extens
eported[9,10].

To obtain a better understanding of the thermal events fo
ydrate forms and anhydrous form, a series of increasing he
ates and different pan types were used. The DSC profiles
ecorded at 5 and 10◦C min−1. The DSC experiments were r
sing pans that were open or closed with a cover hole.
as impossible to obtain a better resolution of thermal ev

rom these experimental conditions, pans with cover hole a
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Fig. 2. XRDP patterns of anhydrous form DS and hydrate form DSH of
diclofenac sodium.

heating rate of 10◦C min−1 were routinely used for a meaningful
comparison with TGA.

DSC profiles of DS recorded at a heating rate of 10◦C min−1

by Perkin Elmer DSC 7 showed a broad fusion with decompo-
sition between 170 and 180◦C.

DSH showed a more complex profile with two endotherms
in the 40–110◦C range before the fusion with decomposi-
tion that is practically superimposed to the one of DS. The
first small and sharp endotherm showed an onset tempera-
ture of 49.8± 0.3◦C (peak temperature: 51.8± 0.2◦C) and an
enthalpy of fusion of 18.6± 1.2 J g−1; the second bigger and
broad endotherm showed an onset temperature of 71.3± 0.8◦C
(peak temperature: 95.6± 2.3◦C) and an enthalpy of fusion of
385.9± 19.3 J g−1(Fig. 4).

The first endotherm was due to a first water loss (less bound
water), the second endotherm represented a composite heat
effect due to the fusion of the solvate crystals and the evaporation
of the main portion of bound water. This behaviour correspond-
ing to a water loss of about 20.0% (±0.25) from 35 to 110◦C in
the TGA curve is in agreement with that of a tetrahydrate. The

Fig. 4. DSC and TG curves of hydrate form DSH of diclofenac sodium; open
pan with a hole by Perkin Elmer Accupik System; 10◦C min−1, scan rate; heat
flow, endothermic scale.

water loss started slowly from 35◦C and showed a maximum
between 90 and 100◦C.

The two tetrahydrate forms DSH and DSH1 resulted to have
similar water content: in fact DSH1 showed a water loss of about
18.3% in the same temperature range, according to that previ-
ously reported[13].

DSH and DSH1 showed also very similar DSC profiles and
onset temperatures quite close to each other. Heating–cooling
cyclic DSC was a useful tool in distinguishing the two hydrate
forms, showing that different solid–solid transitions took place
for the two hydrates at a temperature below 50◦C, hidden by the
first water loss endotherms (data not shown).

4.3. Physico-mechanical property and stability studies

Although systematic studies on grinding effect were not per-
formed, both forms seemed unaffected by mild grinding and
pelletting.

The influence of compression on solid-state properties was
investigated: compression force of 6 t for 60 min did not
alter the crystalline structure. In fact no differences in the
IR spectra, TGA and DSC profiles could be detected after
compression.

The compression force employed in the tabletting process
greatly influences the apparent density, porosity, hardness, dis-
i ssed
t om-
p cting
t

ties.
I tively
3

ment
a with
c SH
w ating
f S
a
Fig. 3. XRPD pattern of hydrate form DSH1 of diclofenac sodium.
ntegration time and average primary particle size of compre
ablets. Moreover different water content of powder before c
ression can influence the tablet strength indirectly by affe

he volume reduction of the mass during compression.
DS and DSH showed different compression proper

n fact the apparent densities measured were respec
6.96 mg ml−1 for DS and 60.06 mg ml−1 for DSH[12].

Stability studies were also performed on DS and DSH.
DS showed a tendency to uptake water from the environ

nd to give rise to a solid–solid transition to a hydrate form
haracteristic physico-chemical properties. Hydrate form D
as stable at room temperature for at least 1 year. Upon he

or 10 min at 50◦C DSH was completely transformed into D
s checked by FTIR, DSC and TGA analysis.
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4.4. Technological properties and equilibrium solubility
studies

Particle size distribution was initially not investigated. How-
ever, in order to obtain good infrared spectra and X-ray powder
diffraction patterns, the two forms were pre-ground with a pestle
in an agate mortar and large crystals comminuted. In order to
complement solubility studies results, microscopic observation
was performed by scanning electron microscopy (SEM Philips
XL30): crystals of DSH and DS forms were not very similar in
their morphology, while the main portion of the crystals showed
the same particle size.

DS and DSH powders showed very different technological
properties as wettability, cohesivity and flowability.

The DSH powder showed better flowability properties than
DS one mainly due to the lower cohesivity of the hydrate parti-
cles. These characteristics were confirmed by the easier tablets
ejection from the die after compression.

DS and DSH powder cohesion and aggregation produced the
formation of a hard cake in water suggesting they had low wet-
tability property. Caking is the state in which the powder cannot
be moved by vigorously shaking or tapping the container[22].
DS tablets showed higher wettability than DSH ones according
to their different friability suggesting a direct proportionality
between these two parameters. Friability was investigated by
the “Friability of uncoated tablets test” according to the Euro-
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Fig. 5. Linear portion of mean dissolution profiles of anhydrous DS and hydrate
DSH in SIF pH 6.8.

phenomena occurring in the solvent during the 24 h solubility
test.

4.5. Intrinsic dissolution studies

Intrinsic dissolution studies were performed to further char-
acterise DS and DSH.Figs. 5–7show the mean release profiles
for the two forms in the selected dissolution media.

Influence of the rotational speed on the dissolution behaviour
was studied. Dissolution profiles in Medium A obtained at
50 rpm were compared with those obtained at 100 rpm. Great dif-
ferences in the release were observed, the lower rotational speed
providing better discrimination between the different forms. In
fact the difference in the extent obtained at 100 rpm was only

F drate
D

ean Pharmacopoeia, 5th ed. on a TAR Tablet Friability T
Erweka Italia, Milano, Italy).

Many efforts were made to study equilibrium solubility
S and DSH. Many solvents were screened to obtain a
onable equilibrium solubility value: water, methanol, etha
-propanol, acetone, chloroform, dioxane, DMSO, ethyl ace
yclohexane, 1-butanol and 1-hexanol.

We chose 2-propanol because it was the most conve
olvent to discriminate between the two forms from a chem
oint of view, as a further way of characterisation of the

orm.
The results of equilibrium solubility studies are reporte

able 1. It can be seen that DS attained a higher conce
ion than DSH, being the amount dissolved from DS about
igher than that from DSH. The solubility ratio at 20◦C between
S and DSH subjected to magnetic stirring for 1 h in 2-prop
as found to be 1.37.
FTIR and DSC studies were performed on the solid rema

fter solubility studies had been completed: in all cases the
hase isolated at the end of each experiment was constitu
S.
An attempt to study solubility by storing saturated soluti

f the two forms without stirring for 24 h was performed. T
esults obtained were not significant probably due to degrad

able 1
quilibrium solubilities of DS and DSH measured atT = 20◦C

orm Equilibrium solubility after 1 h in mg ml−1

S 2.61± 0.04
SH 1.90± 0.02
n

ig. 6. Linear portion of mean dissolution profiles of anhydrous DS and hy
SH in phosphate buffer solution pH 4.5.
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Fig. 7. Mean dissolution profiles of anhydrous DS and hydrate DSH in Medium
A and in Medium A after a 2 h period in Medium D.

5% versus 35% obtained at 50 rpm. Moreover lower variabil-
ity of the data was obtained at the lower rotational speed. All
experiments were therefore run at 50 rpm.

In vitro release profiles of DS and DSH in Medium A showed
remarkable differences in slope (Fig. 5) and extent (Fig. 7).

In fact anhydrous pellets released 90% after 2 h whereas
hydrate discs released only 50% in the same time despite they
reached the plateau.

FTIR analysis of the residual powder after dissolution showed
a spectrum consistent with the DSH1 form from anhydrous pel-
let, while a two-layer pellet arose from the hydrate one, the upper
layer being the non-ionised diclofenac acidum form (DH) with a
DSH1 layer underneath (Scheme 1). The insoluble DH layer pre-
vented full release from pellets, thus explaining the lower release
extent. Two competitive phenomena seem to exist in solution
superficial layer neutralisation and saline layer dissolution. The
former seems to be prevalent at 50 rpm, the latter one at 100 rpm
In fact increasing paddles rotational speed decreased the diffe
ences between the two forms, probably due to the mechanica
removal of the DH superficial coat. In fact, during dissolution
test, some insoluble particles rotating around the paddles wer
noticed. Analyses on these floating particles were performed b
FTIR and the DH form was identified. The DH layer removal

S sed b
m

Table 2
Intrinsic dissolution rate at 37◦C, 50 rpm for the compressed anhydrous DS and
hydrate DSH

Medium Form IDR (mg/min/cm2) S.D. R.S.D. (%)

A DS 1.98 ±0.09 4.39
DSH 1.43 ±0.08 5.75

C DS 0.04 ±0.03 64
DSH 0.01 – –

caused the exposure of the underneath saline layer to the medium
thus letting dissolution overcome neutralisation.

The calculated IDRs of DS and DSH in Medium A was sig-
nificantly (p < 0.05) different and their values obtained at 50 rpm
and 37◦C are shown inTable 2.

Dissolution curves in Medium B reached the plateau very fast
(data not shown) because of the higher solubility of diclofenac
sodium at pH 8.0. The releases observed for DS and DSH
were very similar each other but not completely coincident. The
curves seemed to converge but the test was stopped before 100%
release was reached to save enough residues for FTIR analysis.

FTIR spectra of residues were not consistent with any of the
studied forms.

Sigmoidal shapes instead of linear profiles were observed,
therefore IDRs could not be calculated. This phenomenon will
be subjected to further investigation.

Both forms showed fast dissolution rate in water, without
resulting in noteworthy differences during the entire dissolution
test, either in the extent or in the profile (data not shown). The
curve superimposition seemed to depend more on the active
ingredient higher solubility in water than in Medium A[23],
than on an interface conversion. In this latter case a lag phase
was expected instead of the similar release obtained. Moreover
the complete coincidence of the profiles final portion, predicted
in the above-mentioned case, was not attained.

In the central portion of the curve small variations could be
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bserved: they could be due to some differences in technolo
roperties as wettability and flowability.

The calculated IDR in water was 1.91 demonstrating
iclofenac sodium undergoes hydrolysis increasing the me
H value, thus enhancing its solubility and increasing its d

ution rate. Consequently, water cannot be considered the
edium to give discrimination between the two forms.
The amount dissolved in Medium C was very small du

he whole test period according to the very low solubility
iclofenac sodium in acidic media (Fig. 6).

The calculated IDRs of DS and DSH in Medium C was
ificantly (p < 0.05) different and their values obtained at 50
nd 37◦C are shown inTable 2.

Hydrate discs showed releases lower than 1% while the a
rous discs reached about 6%.

The DS discs swelled looking like sponges, increasing
olume whereas DSH pellets maintained their smoothing
hickness.

After the test completion the superficial layer was remo
rom the residual discs to be analysed by FTIR and was f
o be constituted of DH. In the anhydrous discs the undern
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layer too was constituted of DH, whereas DSH pellets remained
generally unchanged (Scheme 1).

The competitive phenomena previously mentioned for
Medium A, can be envisaged.

This behaviour could be attributed to the lower wettability of
the hydrate powder. In fact wettability seemed to be the driving
parameter in this case.

Therefore at pH 4.5 and 6.8 the neutralisation of the outer
layer prevented solvent uptake so that the inner layer remained
as a salt. On the contrary the greater wettability of the anhydrous
discs justify their higher solubility in all the studied media, also
in the less favourable ones.

In Medium C neutralisation was predominant (diclofenac
sodium pka = 4) whereas solubilisation prevailed in Medium A
being faster than neutralisation. High wettability enables fast dif-
fusion of the solvent front inside the anhydrous discs attaining
an almost complete neutralisation of the powder.

After DH layer mechanical removal, the pellets were trans-
ferred into deionised water and a dissolution test was performed
again.

Hydrates showed releases of about 88% whereas anhydrous
forms reached only 23%. This experiment confirms that the discs
were almost intact and the active ingredient was not precipitated
in the Medium C.

According to USP 28〈724〉 Method A a two-step disso-
lution test was performed. After a few minutes in Medium
D nes
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DSH is a tetrahydrate form never described in literature and
different from DSH1, the tetrahydrate form obtained by crys-
tallisation from water and previously described.

DSH was characterised by means of FTIR, XRPD, DSC and
TGA in comparison with DS and DSH1.

Infrared spectroscopy provided a useful mean for the identifi-
cation of both DS and DSH. Heating–cooling cyclic DSC was a
useful tool in distinguishing the two hydrate forms. XRPD per-
mitted to assess the existence of the different crystalline forms.

Stability of DS and DSH was investigated under different
experimental conditions to verify the tendency to solid–solid
transition, to uptake water from the environment and to study
the existence range of the different forms.

DSH was shown to have good physical stability: in fact it
was able to exist for at least 1 year at room temperature; no
change in its crystalline form was observed by mild grinding
and compression up to 6 t for 60 min Inter-conversion between
the hydrate form DSH and the anhydrous form DS was detected
after storing DSH at 50◦C for 10 min.

Solubility and intrinsic dissolution studies were performed to
compare the physico-chemical properties of DS and DSH. Dif-
ferences in their solubility and intrinsic dissolution rates were
pointed out, DS showing a higher solubility and a faster dis-
solution than DSH even at the physiological pH 6.8, involving
difference in bioavailability when dissolution is the limiting step.

Intrinsic dissolution studies confirmed firstly the pH depen-
d tion
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, DS pellets swelled up showing longitudinal fissured pla
ooking like superimposed soaked sheets while DSH discs m
ained their appearance unchanged during the entire two
eriod.

Solvent seemed to penetrate faster into the DS discs
esting a lower contact angle at the liquid–solid interface
espect to DSH.

After the dissolution step in Medium D, both outer and in
ellet layers resulted by FTIR analysis constituted of DH in
ble form (Scheme 1). The DS discs also resulted to be neu
nyway the swollen DSH pellets exposed to solvent diffe
ortions both in shape and in surface area: this could ac

or the higher dissolution values obtained for SD. There
ata obtained by the second dissolution step (Medium A) c
ot be regarded as an IDR study.

In Medium A DS discs reached the plateau after 4–
hereas DSH discs could not reach equilibrium even after

Fig. 7).

. Conclusions

This study enabled to enrich the knowledge about diclof
odium with some unexplored aspects of its solid state
hysico-chemical properties.

Anhydrous form DS (the commercial form), showed a
ency to uptake water from the environment and to spo
eously give rise even under standard conditions (25◦C and
H below 60%) to a solid–solid transition to a hydrate fo
SH with characteristic physico-chemical, biopharmaceu
nd technological properties.
-
r

-

t

-

l

ence of solubility of diclofenac sodium, secondly the forma
f acidum diclofenac (DH) under acidic conditions which cau

he salt to become inactivated according to[11]. DS and DSH
howed to have a different chemical behaviour during dis
ion, probably due to different wettability of the powders.

The results obtained by intrinsic dissolution studies sugg
hat other hydrate modifications different from both DSH
SH1 could exist.
All the experimental evidences confirmed that the com

ial product DS is not stable at room temperature under sta
onditions.

As a general conclusion, it could be postulated that stan
onditions proposed by ICH guidelines for long term stab
tudies[24] (25± 2◦C/60± 5% RH or 30± 2◦C/65± 5% RH)
ould be not sufficient to avoid the hydration of DS form
he conversion into the lower soluble DSH form. In fact, s
ge under standard conditions or exposure to a RH of abou
ven if without a direct contact with water during manufactu
rocess could modify the solid state of diclofenac sodium

nfluence the performance of the final dosage form. The o
ence of this event can be effected by the excipients capa
o enhance or prevent water absorption.

Manufacturer of diclofenac sodium should take care of
rolling solid state properties and assessing crystal form d
tability studies to assure batch to batch reproducibility o
ctive substance.
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