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a b s t r a c t

In this study, the dissolution rate of a poorly soluble drug, perphenazine (PPZ) was improved by a solid
dispersion technique to permit its usage in intraoral formulations. Dissolution of PPZ (4 mg) in a small
liquid volume (3 ml, pH 6.8) within one minute was set as the objective. PVP K30 and PEG 8000 were
selected for carriers according to the solubility parameter approach and their 5/1, 1/5 and 1/20 mixtures
with PPZ (PPZ/polymer w/w) were prepared by freeze-drying from 0.1 N HCl solutions. The dissolution
rate of PPZ was improved with all drug/polymer mixture ratios compared to crystalline or micronized
PPZ. A major dissolution rate improvement was seen with 1/5 PPZ/PEG formulation, i.e. PPZ was dissolved
completely within one minute. SAXS, DSC and XRPD measurements indicated that solid solutions of
amorphous PPZ in amorphous PVP or in partly amorphous PEG were formed. DSC and FTIR studies sug-
gested that PPZ dihydrochloride salt was formed and hydrogen bonding was occurred between PPZ and
the polymers. It was concluded that molecular mixing together with salt formation promoted the disso-
lution of PPZ, especially in the case of the 1/5 PPZ/PEG dispersion, making it a promising candidate for use
in intraoral formulations.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Drug delivery via the oral mucosa is a promising route, when
one wishes to achieve a rapid onset of action or improved bioavail-
ability for drugs with high first-pass metabolism [1]. Thus, there is
a growing interest in developing alternative dosage forms, i.e. oral-
ly fast disintegrating tablets, which allow a rapidly dissolving drug
to absorb directly into the systemic circulation through the oral
mucosa. These kinds of dosage forms are also convenient for chil-
dren, elderly patients with swallowing difficulties, and in the ab-
sence of potable liquids [2]. However, in addition to formulation
considerations, the properties of the active compound have to be
appropriate in order to achieve drug delivery into systemic circula-
tion after intraoral administration. The drug has to be soluble, fast
dissolving and stable, and this might represent an obstacle for lipo-
philic drugs [3]. Due to the small volume of saliva in the oral cavity,
the therapeutic dose of an intraoral drug must be relatively small
and in most cases dissolution enhancers must be applied [4]. To
overcome these problems, a solid dispersion approach can be
utilized.
ll rights reserved.

ics, University of Kuopio, P.O.
3881; fax: +358 17 162 252.

.
FI-70701 Kuopio, Finland.
Solid dispersions are generally prepared by incorporating the
drug into a water soluble carrier using techniques like solvent
evaporation or melt extrusion. The improvement of drug dissolu-
tion from solid dispersions is attributed to drug particle size reduc-
tion and possible amorphization within the dispersion, improved
wetting of the drug, as well as a possible solubilization effect of
the carrier and specific molecular interactions between the drug
and polymer [5,6]. Depending on the solid state solubility of the
drug in a polymer, either a suspension or a molecular dispersion
of the drug in the polymer matrix can result. In the former, clusters
of either amorphous or crystalline drug are present, thus a phase-
separated system will result. In the latter case, the drug is homog-
enously dispersed in a carrier matrix and its size is at an absolute
minimum, which is beneficial for the dissolution rate [5]. Molecu-
lar-level mixing can be achieved either by dissolving each compo-
nent in a mutually common solvent followed by solvent removal or
by directly mixing the two liquids if the drug and the carrier are
miscible with each other [7,8]. However, in spite of intensive re-
search in the field of solid dispersions, dispersion of the drug and
its particle size within a polymer matrix are rarely studied. Micro-
scopic methods have been used for this purpose, however they are
not able to detect molecular dispersions [9–11]. Instead, alterna-
tive techniques such as micro-Raman [12] and potential new
methods, such as Small-angle X-ray scattering (SAXS) [13] could
be used.
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PVP and PEG are the most commonly used carriers in solid dis-
persions [9–12,14,15]. PVP has been reported to form amorphous
solid dispersions and solutions with many drugs [7,9,14,16]. In
contrast, only a few compounds have been observed to form amor-
phous solid dispersions with PEG [15]. However, PEG–drug interac-
tions leading to destruction of the crystal lattice of the drug and a
partial disruption of the carrier lattice, i.e. to formation of solid
solutions, have been also reported [17], but only at relatively low
drug concentrations [15,18].

The best reported dissolution rates so far from PVP or PEG
matrices have been at the level of 100% of drug dissolved in
15–20 min in sink conditions [10,19] which is too slow to allow
adequate absorption for drugs in the oral cavity [3]. Thus, the
aim of this study was to achieve considerable enhancement of
the dissolution rate of perphenazine (PPZ), i.e. the target was
to achieve 100% of PPZ dose (4 mg) dissolved within one minute.
PPZ ( MW = 404, pKa = 7.8 and logP = 3.1) is a practically water
insoluble drug, used as an antipsychotic with a daily dose of
12–24 mg [20]. To accomplish the abovementioned goal, molecu-
lar-level mixing was utilized. This entails the formation of a solid
solution of PPZ with polymers (i.e. PVP K30 and PEG 8000), se-
lected based on the similarity of their solubility parameter values
with that of PPZ. Freeze-drying was used for the creation of the
dispersions with drug/polymer ratios 5/1, 1/5 and 1/20 (w/w).
The dissolution rate of the prepared dispersions was determined
in a small liquid volume in order to evaluate their dissolution in
oral cavity. As far as we are aware, SAXS was used for the first
time for studying the distribution of the drug in the polymer
matrices and the formation of PPZ/polymer solid solutions. The
dispersions were further characterized by SEM (Scanning Elec-
tron Microscopy), DSC (Differential Scanning Calorimetry), XRPD
(X-ray Powder Diffraction) and FTIR (Fourier Transform Infrared
Spectroscopy).
2. Materials and methods

2.1. Materials

Perphenazine [PPZ, USP, d(0.5) = 30 lm)], PVP K30 (purum) and
PEG 8000 (SigmaUltra) were purchased from Sigma Aldrich (Sig-
ma–Aldrich Chemie, Steinheim, Germany). Since PPZ is photosensi-
tive, all PPZ containing powders and solutions were protected from
light during processing. For the dissolution studies, micronized PPZ
(<15 lm fraction) was prepared by grinding and sieving through a
15 lm sieve mesh. All other materials used were of analytical
grade.

The polymer selection was based on a comparison of the sol-
ubility parameter of PPZ [estimated according to the group con-
tribution method [21] using the Matprop�-program (Material
Property Estimator and Database, SF Technologies, Amherst,
MA)] to the solubility parameters of different polymers and
polymer grades, found in the literature [8,22–24]. The solubility
parameter (d) is a way to quantify the cohesive energy of a
material, which in turn determines many of the critical phys-
ico-chemical properties (e.g. solubility, melting point) of drugs
and excipients. It can be used in order to predict the miscibility
of drugs and excipients [8,23,24]. Several group contribution
methods have been developed for calculating solubility parame-
ters [25]. This approach requires knowledge of the chemical
structure of the material but this information is normally avail-
able for pharmaceutical materials. In the Hansen solubility
parameter [22], which can be estimated based on the method
of Hoftyzer/Van Krevelen [25], the dispersive forces, interactions
between polar and hydrogen bonding groups are taken into
account.
2.2. Preparation of the solid dispersions

Solid dispersions with different drug/polymer-weight ratios (5/
1, 1/5 and 1/20) were prepared by freeze-drying. Thus, the disper-
sions contained 80, 20 and 5% of PPZ, respectively. Also pure PPZ
was processed similarly. PPZ (pKa 7.8) was found to dissolve suffi-
ciently in 0.1 N HCl solution (39.5 ± 0.2 mg/ml), thus 0.1 N HCl was
used as a solvent in this procedure. For the freeze-drying, 0.1 N HCl
solutions with an overall solid concentration (drug + polymer) of
5% (w/w) in the case of 1/5 and 1/20 dispersions were prepared,
3% solutions in the case of 5/1 dispersions and 2% solutions in
the case of pure PPZ. The solutions were poured into 20 ml portions
in beakers and transferred into a freezer (�80 �C, Vip Series 86, Sa-
nyo Electric Biomedical Co. Ltd., Wood Dale, IL). After freezing, the
samples were freeze-dried (Modulyod-230, Thermo Savant, Savant
NY) for 2–4 days. The prepared particles were stored in desiccator
over silica gel at a temperature below 10 �C.

2.3. Solubility studies

2.3.1. Perphenazine assay
The concentrations of PPZ were determined by HPLC with UV-

detection at the wavelength of 254 nm. The Gilson HPLC system
consisted of 234 Autoinjector (Gilson, Roissy en France, France),
321 Pump, UV/vis-151 Detector, System interface module and Uni-
pointTM LC system version 3.01 software (all from Gilson, Middleton,
WI). A reverse-phase column (Inertsil ODS-3, 4.0 � 150 mm, GL Sci-
ences Inc., Tokyo, Japan) was used. The sample injection volume
was 20 ll, the mobile phase was acetonitrile-water (70/30) with
0.03% (v/v) triethylamine (TEA), and its flow rate was 1 ml/min.
The retention time of PPZ was 3.75 ± 0.25 min. The PPZ standards
were prepared in 70/30 acetonitrile/buffer solution (buffer being
pH 1.2 or 6.8, depending on which buffer was used in the solubility
study at the time). The standard curve was linear (r2 > 0.997) over
the range of concentrations of interest (0.1–100 lg/ml). The
repeatability of the HPLC method was tested by analyzing the
25 lg/ml standard solution five times in a row before every analy-
sis. The RSD of the peak area was always <3%.

2.3.2. Determination of solubility and dissolution rate
The PPZ equilibrium solubility at pH 6.8 was determined by

adding excess amounts of the drug to 1 ml of buffer solution (pH
unchanged during the experiment) at room temperature. The sus-
pensions were equilibrated in a shaker (at speed 300 rpm) for three
days and then filtered through a 0.45 lm membrane filter. For the
phase-solubility studies, solutions containing 10, 7.5, 5, 2.5 and 1%
(w/v) of PVP or PEG in pH 6.8 phosphate buffer (pH was unchanged
during the experiment) were prepared. Otherwise the phase-solu-
bility study was carried out similarly as the solubility studies, with
the exception that the solution volume was 10 ml. A 150 ll sample
of the filtered test solution was taken, mixed with 350 ll of ACN
and analyzed with HPLC.

The dissolution rates of the materials were determined in a
small volume (3 ml of pH 6.8 phosphate buffer), in order to simu-
late the small liquid volumes present in the mouth. The powder
was weighed in the bottom of the test tubes in such a way that
there was always 4 mg of PPZ. Three parallel samples were pre-
pared for each time point. The test tubes were placed on a shaker
at the speed of 300 rpm (KS125basic, IKA Labortechnik, IKA-Werke
Gmbh and Co., Straufen, Germany) and 3 ml of the pH 6.8 buffer
was added to the test tube. The samples were taken at 15, 30
and 45 s, 1, 2 and 4 min time points by pouring the solution into
a syringe equipped with a 0.45 lm membrane filter on the head,
filtering it immediately and diluting it with phosphate buffer prior
to analysis with HPLC. The dissolution rates of PPZ (d(0.5) = 30 lm)
and PPZ micronized (<15 lm) were also determined under sink
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conditions (i.e. the PPZ sample amount was such that the maxi-
mum amount of the dissolved PPZ was 5% of its equilibrium solu-
bility) using the USP XXVIII rotating paddle method, with a
rotation speed of 50 rpm (Sotax AT 6 dissolution tester, Sotax AG,
Basel, Switzerland). The dissolution medium (900 ml of pH 6.8
phosphate buffer) was maintained at 37.0 ± 0.5 �C.

2.4. Physical characterization of the dispersions

2.4.1. Small-angle X-ray scattering
In SAXS, the X-ray radiation generated by PW 1830 X-ray gen-

erator (Philips, Amelo, The Netherlands, operated at 40 kV and
50 mA) was limited to a narrow line. This permitted determina-
tion of scattering of the radiation which penetrated through the
sample starting from small angles. The intensity of the scattered
radiation was measured by a proportional counter by changing
the angle stepwise (Kratky-camera, Anton Paar, Graz, Austria).
The measuring times were approximately 20 h per sample
(5 min/step). The measurements were carried out by measuring
the scattering of the transmitted radiation at small angles (start-
ing from as small angles as possible). Background and a few mea-
suring points from the beginning of the measured data were
removed (since their intensity was affected by the stopper of
the primary beam). When analyzing the data, the shape of the
areas of different electron densities (i.e. particles) were assumed
to be spherical and their size distribution was estimated to be
from 0 to 100 nm. The pair density distribution (POR) functions,
determined from the original data, provide information on the
size of the electron density areas in the sample. The maximum
values of the functions are not comparable with each other due
to the varying sample sizes. Instead, the place of the maximum
(nm) is in this case more informative.

2.4.2. Scanning electron microscopy
The samples were pretreated by placing them onto sample

stubs and coated with gold (Polar Sputter Coater II-E5100, Polaron
Equipment Ltd., Watford, UK). The SEM micrographs were taken
with a XL 30 ESEM TMP microscope (FEI Co., Czech Republic).
The accelerating voltage was 20 kV.

2.4.3. Differential scanning calorimetry
Thermal behavior of the materials was studied with a Mettler

Toledo DSC823e equipped with an intercooler (Mettler Toledo, Sch-
werzenbach, Switzerland) and an autosampler (Mettler Toledo,
TS080IRO, Sample Robot, Schwerzenbach, Switzerland). The cool-
ing/heating programs when measuring the melting points (Tm)
and glass transition temperatures (Tg) for the different samples
Table 1
DSC cooling/heating programs for the starting materials (perphenazine (PPZ), PVP K30 and
and 1/20) and the corresponding physical mixtures

Sample Phase 1 (heating) Phase

PPZ From 25 �C to 115 �C, 10 �C/min From 1
�40 �C

PVP K30 From 25 �C to 140 �C, 10 �C/min,
10 min at 140 �C

From 1
10 min

PEG 8000 From 25 �C to 100 �C, 10 �C/min,
3 min at 100 �C

from 1
15 min

Freeze-dried PPZ, 5/1 PPZ/PVP physical
mixture and solid dispersion

From 0 �C to 125 �C, 10 �C/min –

1/5 and 1/20 PPZ/PVP physical mixture and
solid dispersion

From 0�C to 200�C, 1�C/min –

5/1 PPZ/PEG physical mixture and solid
dispersion

– At �40

1/5 and 1/20 PPZ/PEG physical mixture and
solid dispersion

– At �75
are shown in Table 1. Since PVP is very hygroscopic, the overlying
water evaporation endotherm had to be separated from the other
thermal events, such as glass transition, by sine-wave temperature
modulation in the case of 1/5- and 1/20 PPZ/PVP-formulations (Ta-
ble 1). The samples were weighed (weight range 2–11 mg) with an
analytical balance (Mettler Toledo AT261, Mettler Toledo Ag, Sch-
werzenbach, Switzerland) and analyzed in sealed 40 ll aluminium
sample pans (Mettler Toledo, Schwerzenbach, Switzerland) with a
pierced lid. Measurements for each material were performed in
triplicate. H2O, In, Pb and Zn were used for temperature scale
and enthalpy response calibration, however, for the temperature
modulated runs, no further calibration was done, thus the DCp-val-
ues could not be compared between the different materials. Re-
sults were analysed with STARe software (Mettler Toledo
Schwerzenbach, Switzerland). Melting points were determined as
onset-values and the glass transition temperatures as midpoint-
values. In the case of temperature modulated measurements, the
Tg-values were determined from the reversing heat flow signal as
midpoint-values.

2.4.4. X-ray powder diffraction
X-ray powder diffraction analysis (XRPD) was performed using

a Philips PW 1830 diffractometer (Philips, Amelo, The Netherlands)
with Bragg-Brentano geometry (h–2h). The radiation used was
nickel filtered CuKa, which was generated using an acceleration
voltage of 40 kV and a cathode current of 50 mA. The samples were
scanned over a 2h range of 3�–30�, step size being 0.04� and count-
ing time 3 s per step.

2.4.5. Fourier transform infrared spectroscopy
A Nicolet Nexus 870 FTIR spectrometer (Thermo Electron Corp,

Madison, WI) equipped with an Attenuated Total Reflectance (ATR)
accessory (Smart Endurance, Single-reflection ATR diamond com-
posite crystal) was used for obtaining the IR-spectra. For each spec-
trum, 32 scans were performed with a resolution of 4 cm�1. For the
physical mixtures and the dispersions, three samples were mea-
sured and their average spectra were calculated.

3. Results

3.1. Improvement of PPZ dissolution rate

In conditions simulating the buccal cavity [i.e. low liquid vol-
ume (3 ml), with pH 6.8 (unchanged at the end of the experiment)],
the solubility of PPZ was found to be low, i.e. 149 ± 3 lg/ml. In
addition, the dissolution rate was poor, i.e. within 4 min only 2%
of PPZ had dissolved (Fig. 1a). Reducing the particle size of PPZ
PEG 8000), freeze-dried perphenazine, solid dispersions (drug/polymer-ratio 5/1, 1/5

2 (cooling) Phase 3 (heating) Temperature
modulation

15 �C immediately to
, 15 min at �40 �C

From �40 �C to 120 �C,
10 �C/min

–

40 �C immediately to 25 �C,
at 25 �C

From 25 �C to 190 �C,
10 �C/min

–

00 �C to -75 �C, 10 �C/min,
at �75 �C

From �75 �C to 100 �C,
10 �C/min

–

– –

– Amplitude ± 1�C,
frequence 1 min

�C 10 min From �40 �C to 55 �C or to
125 �C, 10 �C/min

–

�C 30 min From �75 �C to �10 �C or to
125 �C, 10 �C/min

–
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Fig. 1. Dissolution curves of (a) PPZ (d(0.5) = 30 lm) in supersaturated (j) and sink conditions (h), and micronized (<15 lm) PPZ in supersaturated (N) and sink conditions
(4); (b) phase-solubility diagrams of PPZ in solutions PVP (h) and PEG (j) in pH 6.8 buffer at room temperature; (c) dissolution curves of freeze-dried PPZ (j) and PPZ/PVP
solid dispersions [5/1 (�), 1/5 (N) and 1/20 (�)] in supersaturated conditions and (d) dissolution curves of freeze-dried PPZ (j) and PPZ/PEG solid dispersions [5/1 (�), 1/5 (N)
and 1/20 (�)] in supersaturated conditions. Error bars indicate the standard deviation (n = 3).

274 R. Laitinen et al. / European Journal of Pharmaceutics and Biopharmaceutics 71 (2009) 271–281
did not markedly change the situation, viz. only 13% of
PPZ < 15 lm had dissolved within 4 min. Furthermore, even when
sink conditions prevailed a mere 12% of PPZ and 68% of PPZ < 15
lm dissolved within 4 min (Fig. 1a) and 43% of PPZ and 88% of
PPZ < 15 lm after 20 min (results not shown).

In a solid solution of a drug in a polymer, the drug size is at its
absolute minimum, allowing the drug to be present as individual
molecules in solution as the polymer dissolves which leads to im-
proved dissolution rate of the drug [5,6]. It is known that materials
with similar solubility parameters will have similar intermolecular
interactions, which will favor miscibility [26]. It has been demon-
strated that compounds with a solubility parameter difference
(Dd) smaller than 7.0 MPa1/2 are likely to be miscible with each
other, and when Dd is smaller than 2.0 MPa1/2 the components
might form a solid solution [8,22]. Thus, in this study, the solubility
parameter approach [8,22–24,27] was used for predicting the mis-
cibility of PPZ with different polymers and the possible ability of
the components to form a solid solution with each other. The d va-
lue for PPZ was estimated to be 22.4 MPa1/2. Evaluation of a wide
selection of polymers and their different grades [8,22–24] revealed
that from hydrophilic polymers PVPs and PEGs had the solubility
parameter values nearest to that of PPZ. The polymer grades of
PVP K 30 and PEG 8000 with d-values of 22.4 (Dd = 0) and
21.6 MPa1/2 (Dd = 0.8) [8], respectively, were found to provide the
most favorable conditions for molecular-level mixing with PPZ.

In phase-solubility studies, increasing concentrations of PVP
and PEG were found to increase linearly the PPZ solubility in pH
6.8 buffer, however, PVP considerably more than PEG (Fig. 1b) as
observed previously for the other model drugs [28–30].

The dissolution rate of freeze-dried PPZ, and PPZ from prepared
PPZ/PVP and PPZ/PEG dispersions was determined in a small vol-
ume (3 ml). Thus, the dissolution of PPZ would result in supersat-
urated conditions (i.e. maximum 9-times the equilibrium solubility
of crystalline PPZ). This was clearly seen in the case of freeze-dried
PPZ which dissolved very rapidly at the beginning (nearly 80% of
PPZ dissolved already after 15 s), PPZ concentration exceeding
PPZ equilibrium solubility over 7-fold (Fig. 1c). However, the
supersaturated PPZ started to precipitate after one minute and
the amount of dissolved PPZ declined down to 60% dissolved.

In the case of PPZ/polymer dispersions, dissolution studies in
supersaturated conditions provide information about the maxi-
mum PPZ concentrations and the cumulative supersaturation,
which depend on the dissolution of the powder and the ability of
polymer to inhibit precipitation of PPZ. In the case of PPZ/PVP dis-
persions (Fig. 1c), no precipitation of supersaturated PPZ was ob-
served due to the effect of PVP to increase PPZ solubility
(Fig. 1b). After 15 s, 20, 35 and 10% of PPZ had dissolved from 5/
1, 1/5 and 1/20 PPZ/PVP, respectively, increasing up to 40%, 90%
and 30% after 4 min.

In the case of PPZ/PEG formulations, no precipitation of the
supersaturated PPZ was observed with 5/1 and 1/5 formulations.
However, only 40% of PPZ dissolved from the 5/1 PPZ/PEG after
4 min. Instead, in the case of 1/5 and 1/20 PPZ/PEG, all of the PPZ
dissolved within one minute (Fig. 1d), but in the case of 1/20-for-
mulation, the amount of PPZ dissolved declined to 80% after the
2 min time point, for which no obvious explanation was found.

3.2. Physical characterization of the solid dispersions

3.2.1. Determination of PPZ distribution in the polymer matrices by
SAXS

Small-angle X-ray scattering (SAXS) measurements are per-
formed by focusing the X-ray beam onto a sample and observing
the coherent scattering pattern that arises from the electron den-
sity inhomogeneities within the sample. This variation in electron
density can be divided into two categories: the deviation resulting
from the atomic structure of each of the phases and that attribut-
able to the heterogeneity of the material. The amount and angular
distribution of the scattered intensity provides information, such
as the size of very small particles or their surface area per unit vol-



Table 2
Maxima of the size distribution of the inhomogeneity regions in 1/5 and 1/20 PPZ/
polymer dispersions and similarly processed polymers, determined by SAXS

Sample 1. Peak maximum (nm) 2. Peak maximum (nm)

Freeze-dried PVP 24 88
1/5 PPZ/PVP solid dispersion 24 70
1/20 PPZ/PVP solid dispersion 24 89
Freeze-dried PEG 27 80
1/5 PPZ/PEG solid dispersion 26 80
1/20 PPZ/PEG solid dispersion 26 80
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ume, regardless of whether the sample or particles are crystalline
or amorphous. SAXS patterns are caused by the existence of inho-
mogeneity regions of sizes of several nanometers to several tens of
nanometers, whereas XRD is able to determine the atomic struc-
tures. SAXS permits the measurement of the size of inhomogeneity
regions in the range from 1 to 100 nm and it has many uses in the
diverse fields from the evaluation of biological structure to exam-
ination of dispersoids in structural engineering materials, for
example in the characterization of the nanocrystals [13,31,32].

In this study, SAXS measurements for the 1/5 and 1/20 PPZ/PVP
and PPZ/PEG solid dispersions were carried out in order to study
the distribution of the component particles in the dispersions
and the possible formation of PPZ solid solution. Similarly pro-
cessed PVP and PEG were used as reference samples. Areas with
dimensions of 50–100 nm can be considered as drug particles that
have not achieved molecular-level dispersion in the polymer [12].
However, these kinds of PPZ areas did not appear, since the curve
shape and the location of the maximum in the pair density distri-
bution functions did not seem to be affected in spite of addition of
PPZ, or the amount of the added PPZ. In the curves of PVP, PEG and
their 1/5 and 1/20 dispersions with PPZ one large maximum
around 25 nm and another much smaller around 90 nm can be
seen (Fig. 2a and b, Table 2). Furthermore, no differences be-
tween 1/5 and 1/20 dispersions were observed.

3.2.2. Evaluation of changes in the physical state of the materials by
SEM, XRPD and DSC

SEM micrographs reveal clear changes in the morphology of the
powder particles due to the evident formation of solid dispersions.
In physical mixtures, separate PPZ (flaky) and polymer particles
(spherical) are clearly seen (Fig. 3a and b). Instead, the solid disper-
sions exhibited the appearance of typical, flaky freeze-dried mate-
rial (Fig. 3c and d). Based on SEM, no considerable differences in the
particle sizes of the 1/5 (Fig 3c and d) and 1/20 PPZ/polymer disper-
sions (not shown) were observed. The particle size of 5/1 PPZ/poly-
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mer dispersions seemed to be slightly smaller (not shown).
However, the visually observed increase in the surface area of
the material and closer contact between the hydrophilic polymers
and PPZ (Fig. 3c and d) compared to the corresponding character-
istics in the physical mixtures (Fig. 3a and b) may well be factors
resulting in faster dissolution of the drug [33].

Changes in the physical state of the materials due to the forma-
tion of solid dispersion were further studied by XRPD. The diffrac-
tion pattern of pure PPZ with several characteristic peaks
confirmed that the drug was crystalline (Fig. 4a). In addition, PEG
was found to have crystalline nature with two clear diffraction
peaks (Fig. 4b). Instead, PVP was found to be amorphous showing
a halo diffraction pattern (Fig. 4c). All the characteristic peaks of
PPZ were found to be absent in the diffraction spectrum of
freeze-dried PPZ, indicating amorphization of PPZ as a conse-
quence of the freeze-drying process (Fig. 4d). No characteristic dif-
fraction peaks of PPZ were observed in the diffraction patterns of
the prepared PPZ/PVP solid dispersions which was evidence for
the presence of PPZ in an amorphous form in these dispersions
(Fig. 5a–c). An amorphous hump was clearly caused by PVP since
its intensity increased as the amount of PVP in the dispersions in-
creased. Instead, in all of the diffraction patterns of the prepared
PPZ/PEG dispersions (Fig. 5d–f), two distinctive diffraction peaks
(approx. at 2h of 19.2 and 23.3) were observed. Since the diffrac-
tion peaks of the PPZ/PEG solid dispersions appeared at similar
2h values as the peaks of the pure PEG, their intensity increased
as the amount of PEG in the dispersions increased and no diffrac-
tions at the characteristic 2h values of PPZ were observed, the
peaks were attributable only to the presence of crystalline PEG in
the solid dispersions.

In the DSC measurements (Table 3), pure PPZ showed the melt-
ing endotherm at 97.8 �C and the glass transition (Tg) at 15.3 �C
(second heating phase). Amorphous PVP showed a Tg at 172 �C
(second heating phase). Instead, the thermogram of PEG displayed
only melting (Tm) at 59.6 �C. However, a Tg-value of �55 �C has
been observed for PEG 8000 [8]. Thus, PEG used in this study is
either fully crystalline or Tg of the possible amorphous portion
was out of the measurement range of the DSC instrument. A strik-
ing difference was observed between the Tg-value of pure PPZ (ob-
tained from the second heating phase of DSC-measurement for
pure PPZ, see Table 1) and theTg-value for freeze-dried, amorphous
PPZ (Table 3). This is attributable to the formation of amorphous
PPZ hydrochloride salt during the freeze-drying process (formation
of PPZ dihydrochloride was confirmed by elemental analysis). The
obtained DSC thermograms of physical mixtures and correspond-
ing solid dispersions (not shown) differed significantly from each
other indicating that changes had occurred in the physical state
of the materials (Table 3). Melting endotherms of PPZ and Tg-val-
ues of PVP, corresponding to the Tg of pure PVP, were clearly visible
in all PPZ/PVP physical mixtures. In the thermograms of the corre-
sponding solid dispersions, the Tm of PPZ had disappeared and no
Tm of PPZ hydrochloride salt was seen either, due to amorphization
of PPZ, observed by XRPD. A single Tg between the Tg-values of the
components was observed, confirming the formation of a solid



Fig. 3. Scanning electron micrographs of physical mixture of (a) PPZ and PVP (1/5 m/m); (b) PPZ and PEG (1/5 m/m); and solid dispersion of (c) PPZ and PVP (1/5 m/m); (d)
PPZ and PEG (1/5 m/m).
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Fig. 4. X-ray diffraction patterns of (a) PPZ; (b) PEG; (c) PVP; (d) freeze-dried PPZ.
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Fig. 5. X-ray diffraction patterns of (a) 5/1 PPZ/PVP; (b) 1/5 PPZ/PVP; (c) 1/20 PPZ/
PVP; (d) 5/1 PPZ/PEG; (e) 1/5 PPZ/PEG; (f) 1/20 PPZ/PEG.
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solution [8]. Instead, in the case of PPZ/PEG, the Tm of PPZ was
clearly seen in the thermogram of 5/1 physical mixture. In the 1/
5 mixture it was barely distinguishable from the baseline and in
the 1/20 mixture, it had disappeared completely. This phenomenon
is indicative of PPZ dissolving into the melted PEG during heating
[28]. In the thermograms of the PPZ/PEG dispersions, no Tm of
PPZ was seen, which based on XRPD, was known to be due to
amorphization of PPZ instead of PPZ dissolving into the melted
PEG. In addition, a single Tg (Table 3) could be detected for all
PPZ/PEG dispersions, but also the Tm of PEG was visible (Table 4).
Interestingly, compared to the corresponding physical mixtures,
the DH values of the PEG melting endotherms were lower in the



Table 3
Melting points (Tm) and glass transition temperatures (Tg) of pure PPZ, PVP and PEG, freeze-dried PPZ, 5/1, 1/5 and 1/20 PPZ/PVP and PPZ/PEG solid dispersions, and the
corresponding physical mixtures

Sample Tm (�C) Tm of PPZ in physical
mixture (�C)

Tm of polymer in physical
mixture (�C)

Tg (�C) Tg of the solid
dispersion (�C)

PPZ 97.8 ± 0.3 – – 15.3 ± 0.3 –
PVP nd – – 172 ± 0.3 –
PEG 59.6 ± 0.2a – – nd –
Freeze-dried PPZ nd – – – 53.8 ± 2.5
5/1 PPZ/PVP – 97.3 ± 0.2 – –b 58.9 ± 0.6
1/5 PPZ/PVP – 95.5 ± 1.3 – 173.4 ± 0.8b 155.1 ± 2.4
1/20 PPZ/PVP – 96.9 ± 0.5 – 172.0 ± 0.7b 170.3 ± 1.3
5/1 PPZ/PEG – 94.8 ± 0.5 59.7 ± 0.1 ndb 22.2 ± 0.7
1/5 PPZ/PEG – 95.8 ± 0.2 59.3 ± 0.1 ndb �44.9 ± 0.2
1/20 PPZ/PEG – nd 59.4 ± 0.1 ndb nd

nd, not detected.
–, not determined.

a DH = 186 ± 3 J/g.
b Physical mixture.

Table 4
Melting points (Tm) and melting enthalpies (DH) of PEG in the PPZ/PEG physical
mixtures and prepared solid dispersions

Sample Tm of PEG
in physical
mixture (�C)

DH of PEG
in physical
mixture (J/g)a

Tm of PEG
in solid
dispersion (�C)

DH of PEG
in solid
dispersion (J/g)a

5/1 PPZ/PEG 59.7 ± 0.1 165 ± 20 62.9 ± 0.1 9.4 ± 2.0
1/5 PPZ/PEG 59.3 ± 0.1 198 ± 7 61.4 ± 1.2 157 ± 6
1/20 PPZ/PEG 59.4 ± 0.1 193 ± 1 61.2 ± 0.3 168 ± 2

a DH is corrected for the amount of PEG in the mixture.
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Fig. 6. Tg-values of freeze-dried perphenazine, 5/1, 1/5 and 1/20 PPZ/PVP and PPZ/
PEG solid dispersions observed by DSC measurements [PVP (j) and PEG (N)] and
predicted by Gordon-Taylor equation [PVP (—) and PEG (———)]. In the case of PPZ/
PEG dispersions, the true compositions of the amorphous PPZ/PEG phases are used.
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solid dispersions (i.e. the increase in the proportional amount of
amorphus PEG) and decreased linearly as a function of PPZ content
(Table 4), indicating lattice distortion of the carrier due to the for-
mation of a solid solution [15]. Furthermore, the melting tempera-
ture of PEG was higher in the dispersions (Table 4) which might be
attributable to that the higher melting (extended chain) form of
PEG remained crystalline while the lower melting, once folded
modification transformed to the amorphous form [34]. The amount
of amorphized PEG was found to be 94%, 21% and 13% for 5/1, 1/5
and 1/20 dispersions, respectively, as can be calculated from the
DH values in Table 4 and the DH value for pure PEG (Table 3). Thus,
the formulations consisted of two phases; one composed of crys-
talline PEG and one of amorphous PPZ/PEG containing 19%, 38%
and 65% of amorphous PEG, respectively.

The theoretical Tg-value for each of the drug–polymer blends
can be calculated according to the Gordon–Taylor equation
[26,35,36]:

Tg12 ¼
w1Tg1 þ Kw2Tg2

w1 þ Kw2
ð1Þ

where Tg12 is the glass transition temperature of the drug–polymer
blend, w1, w2, Tg1 and Tg2 are the weight fractions and glass transi-
tion temperatures (K) of the pure drug and polymer, respectively. K
is a constant describing the interaction between the components
and it can be approximated using the following equation (Simha-
Boyer rule):

K � q1Tg1

q2Tg2
ð2Þ

where q1 and q2 are the true densities of the components. The Tgs of
the freeze-dried PPZ and PVP measured by DSC (Table 3) and the Tg-
value from literature for PEG [8] were used for the calculations. The
true density of the components was measured by helium pycnom-
etry, obtained values being 1.31, 1.17 and 1.48 g/cm3 for PPZ; PVP
and PEG, respectively. Furthermore, in the calculations for PPZ/
PEG mixtures, the true compositions of amorphous PPZ/PEG phase
were used. The Tg-values observed by DSC were found to be in rea-
sonable agreement with the values predicted for the solid disper-
sions by the Eq. (1) (Fig. 6), except the value for 1/5 PPZ/PEG.
Generally, deviation from ideal behavior would be caused by differ-
ences in strength of intermolecular interactions between the indi-
vidual components and those of the blend [26].

3.2.3. Evaluation of the drug–polymer interactions
The observed molecular dispersion of PPZ into the PVP or PEG

matrix might be promoted by interactions between PPZ and the
polymers. These interactions give rise to band shifts and broaden-
ing of the peaks characteristic for the interacting groups compared
to the FTIR spectra of the corresponding physical mixtures.

The spectra of the pure compounds show absorptions of the po-
tential hydrogen bonding groups (Fig. 7a). The OH-group of PPZ is a
hydrogen bond donor and might thus be able to be involved in
intermolecular interactions [OH-bands at 3488 and 1054 cm�1

(C–O stretch)]. In the case of PVP, the carbonyl group (band at
1655 cm�1) is the hydrogen bonding group, since the interaction
of the >N-group (C–N band for tertiary amines at 1284 cm�1) is ste-
rically hindered [16]. A very broad band observed around
3400 cm�1, indicating the presence of water, revealed the hygro-
scopic nature of PVP [37]. The potential hydrogen bonding sites
of PEG are the lone pairs of the oxygen atoms (C–O stretching
(ether) at 1094 cm�1).
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Fig. 7. The FTIR spectra of (a) pure PPZ, PVP, PEG and freeze-dried PPZ; (b) the physical mixtures: 5/1 PPZ/PVP, 1/5 PPZ/PVP, 1/20 PPZ/PVP; (c) the physical mixtures: 5/1 PPZ/
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278 R. Laitinen et al. / European Journal of Pharmaceutics and Biopharmaceutics 71 (2009) 271–281
In the case of freeze-dried PPZ (Fig. 7a), OH-band (at 3488 cm�1

in the spectrum of pure PPZ, Fig. 7a) had broadened, which is an
evidence of an interaction with water due to the increased water
content of the material. Also, a new broad absorption was observed
around 2400 cm�1 (H–Cl stretching absorption) which is probably
indicative of the formation of HCl salt of PPZ due to the preparation
method. In general, the absorption peaks appeared to be less sharp
in the spectrum of freeze-dried PPZ, pointing to the formation of
amorphous material.
The spectra of the PPZ/polymer physical mixtures (Fig. 7b and c)
seemed to correspond to the sum spectra of the pure compounds.
Instead, in the spectra of the solid dispersions ( Fig. 7d and e)
changes compared to the physical mixtures were observed. In
the case of the PPZ/PVP dispersions, general broadening of the
peaks was observed compared to the physical mixtures (Fig. 7b
and d). The OH-bands of PPZ at 3488 cm�1 were replaced by broad-
er and less intense bands and the C–O stretching absorptions of
PPZ at 1054 cm�1 had disappeared in all of the solid dispersions.
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The intense carbonyl band of PVP at 1655 cm�1 in the physical
mixtures, had shifted to 1670, 1663 and 1662 cm�1 in the 5/1, 1/
5 and 1/20 dispersions, respectively. This was a clear indication
of involvement of OH-groups of PPZ and carbonyl groups of PVP
in the intermolecular hydrogen bonding, which might stabilize
the amorphous structure of the PPZ/PVP dispersions [38]. How-
ever, usually the carbonyl shift occurs to lower wave numbers
[26], but similar shifts to higher wave numbers, indicating specific
drug–PVP interactions, have been also observed [16,39]. In addi-
tion, a new absorption peak around 2400 cm�1, as in the case of
freeze-dried PPZ, was observed with PPZ/PVP dispersions. This
was attributed to presence of HCl (due to the preparation method)
and it became less distinctive from the baseline as the intensity of
the PVP absorptions increased with the higher amounts of PVP
present in the dispersion.

In the case of PPZ/PEG solid dispersions, the changes in spectra
compared to the physical mixtures were not so distinctive (Fig. 7c
and e) (Fig. 6). An indication of hydrogen bond formation in the
case of 5/1 and 1/5 dispersions was the broadening of the OH-band
of PPZ (at 3488 cm�1). However, in the case of 1/20 PPZ/PEG, this
band could not be distinguished from the baseline even in the
spectrum of the physical mixture. Also, a small shift of the C–O
stretching band (�2 cm�1 to the higher wavenumbers) was ob-
served in the case of 5/1 and 1/5 formulations. In addition, also
here the absorption around 2400 cm�1 (attributed to the presence
of HCl) appeared in the spectrum of the dispersions, becoming less
distinctive when more PEG was present in the dispersion due to in-
crease in the intensity of the PEG absorptions.
4. Discussion

PPZ is a first-generation antipsychotic with low aqueous solu-
bility (i.e. lower than 150 lg/ml at pH 6.8) and poor dissolution
rate (Fig. 1a). Formulation of PPZ into an intraoral formulation
would be useful e.g. in order to achieve a rapid onset of action,
however, this would require enhanced solubility and dissolution
rate of PPZ in the conditions present in the oral cavity (i.e. low
amount of saliva and pH 6.2–7.4). In this study, a solid dispersion
approach was found to be an effective means for increasing the
dissolution rate of PPZ. By choosing polymer carriers so that they
have the solubility parameters similar to that of PPZ (i.e. PVP K30
and PEG 8000) suitable conditions were achieved for molecular
mixing of PPZ with the carriers. The improvement of the dissolu-
tion rate can be illustrated by the time required for dissolving
50% of PPZ (T50). 1/5 and 1/20 PPZ/PEG dispersions and freeze-
dried PPZ had superior dissolution (T50 < 15 s, Fig. 1d) compared
to the other solid dispersions (T50 > 50 s). With respect to the
PVP dispersions, the 1/5 formulation seemed to have the best
T50 value (50 s, Fig. 1c).

Usually, the dissolution rate of solid dispersions increases with
increasing polymer content due to the solubilizing effect of the
polymer and amorphization of the drug only at low drug loads
[37–43]. Since in this study, PPZ was found to be amorphous at
all mixture ratios, as confirmed by XRPD (Figs. 4 and 5) and DSC
(Table 3), this phenomenon was not seen here. In addition, in stud-
ies with other drugs, it has been observed that often the dissolution
rate of a drug is similar from PEG and PVP solid dispersions, prob-
ably due to their similar dissolution enhancing mechanisms
[37,44]. The different behavior observed in this study was probably
attributable to the poorer wettability of the PPZ/PVP powders, this
being observed visually since the PPZ/PVP powders remained float-
ing on the liquid surface. This result was surprising, since generally
improved wettability by PVP has been considered as one of the
main factors which hastens the dissolution of drugs [7,45]. The ob-
served poor wettability might be due to the preparation process
(freeze-drying), which might electrically charge the powder. Also,
PVP is known to be hygroscopic [37] and thus a high hygroscopic-
ity of the particles, causing absorption of ambient moisture and
aggregation of the particles, might lead to a reduced surface area
and poor wettability [46], which might explain the poor dissolu-
tion rate of PPZ also from 5/1 PPZ/PVP and PPZ/PEG dispersions.
These two formulations seemed to absorb ambient moisture,
which led to stickiness and reduced wettability of the powders
making them very difficult to handle under laboratory conditions.
PVP has also been observed to act as a binder with some drugs
which could cause decreased dissolution rate [47]. Furthermore,
at high polymer contents, PVP might form a viscous layer during
dissolution, hindering the dissolution of the drug [33]. These facts
might explain the slower dissolution of PPZ from 1/20 PPZ/PVP
compared to 1/5 PPZ/PVP.

When studying the distribution of PPZ in 1/5 and 1/20 PPZ/poly-
mer dispersions with SAXS, it was found that PPZ, incorporated
into the polymer, was ‘‘invisible” to the equipment and it can be
assumed that instead of being present as clusters in the dispersion,
PPZ was dispersed as individual molecules in both polymers, evi-
dence for the formation of a homogenous solid solution (Fig. 2a
and b). Furthermore, no difference between 1/5 and 1/20 disper-
sions was observed contrary to some previous studies with SEM,
TEM or micro-Raman, where drug particle size decreased as the
amount of polymer in the dispersion increased [9,12]. The assump-
tion of solid solution formation was confirmed by XRPD and DSC
studies (Figs. 4 and 5, Table 3), which revealed that PPZ was pres-
ent in an amorphous form in the dispersions in all mixture ratios
and that all the dispersions had a single Tg, in contrast to many
studies with other drugs where amorphization of the drug has oc-
curred only at higher polymer contents [40–42]. This was probably
due to the complete miscibility of PPZ with the carriers, due to the
similarity of their solubility parameters. A decrease in PEG crystal-
linity as a function of increasing PPZ content was also seen in DSC
(Table 4). A decrease in PEG crystallinity as a consequence of solid
dispersion formation has been previously reported [19,43,48] with
other drugs. From these results it could be concluded that PPZ
formed amorphous molecular dispersions with fully amorphous
PVP or with the amorphous part of PEG, which was calculated to
be 95, 16 and 10% for 5/1, 1/5 and 1/20 PPZ/PEG mixtures, respec-
tively (Table 4).

The unexpectedly high Tg-value observed for the amorphous,
freeze-dried PPZ (Table 3) was attributed to the formation of amor-
phous PPZ dihydrochloride salt due to the preparation method,
where PPZ was dissolved in 0.1 N HCl solution for the solubility
reasons. Salt formation and the subsequent ionic interaction be-
tween drug and different counterions have been previously ob-
served to result in very high Tg-values [49,50]. FTIR results
revealed that hydrogen bonding between PPZ and PVP and/or
HCl promoted the formation of PPZ/PVP solid solutions. In accor-
dance with the previous studies done on other drugs, it was diffi-
cult to demonstrate hydrogen bonding between PPZ and PEG
from the FTIR spectra of the dispersions [17,37], though it was con-
sidered likely. However, the FTIR results confirmed the presence of
HCl salt in the dispersions.

Thus according to the above results, formation of a solid solu-
tion of PPZ may not be the only factor enhancing the drug disso-
lution from the solid dispersions. In addition, the presence of PPZ
HCl salt in the solid dispersions created a microenvironment
around the dissolving particles which led to a high supersatura-
tion of PPZ. This promoted the dissolution of PPZ, especially in
the case of high drug-loaded dispersions (5/1 PPZ/polymer). Also
earlier, simultaneous modulation of the microenvironmental pH
and drug crystallinity in solid dispersions has been found to be
a useful way to increase the dissolution rate of an ionizable drug
[51,52].
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5. Conclusions

In this study, freeze-drying of solutions of a poorly water solu-
ble PPZ with 0%, 20%, 80% or 95% of a polymer led to an improved
PPZ solubility and extremely fast dissolution rate in a small liquid
(pH 6.8) volume compared to crystalline or micronized PPZ. The
most remarkable improvement in the dissolution rate was seen
with 1/5 PPZ/PEG dispersion, which dissolved within one minute
without precipitation of the supersaturated PPZ. SAXS measure-
ments suggested that PPZ was molecularly dispersed within the
1/5 and 1/20 PPZ/polymer matrices, since the addition of PPZ into
the polymer matrix did not change the size distribution of the
inhomogeneity regions to any significant extent compared to the
polymers alone. Single Tg-values observed with DSC for every mix-
ture ratio and XRPD measurements further supported molecular
mixing and confirmed the presence of amorphous PPZ in of the dis-
persions. Solid solution formation was promoted by hydrogen
bonding interactions between the drug and polymers, the exis-
tence of which was confirmed by FTIR. Interestingly, in the case
of freeze-dried PPZ, a considerable increase in Tg was observed,
due to the formation of amorphous PPZ hydrochloride salt which
was also detected by FTIR. It can be concluded that the formation
of HCl salt and solid solutions promoted the dissolution of PPZ,
especially in the case of the 1/5 PPZ/PEG dispersion, which makes
it a promising candidate for further studies, including stability
studies, on the way to achieving intraoral formulations.
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