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ABSTRACT: In this work, a series of poly(ethylene ox-
ide)/griseofulvin (PEO/gris) solid dispersions has been
prepared and characterized by PLM, FTIR, DSC, and MT-
DSC. It has been found that the crystalline phase morphol-
ogy depends strongly on the PEO molecular weight and,
in the PEO/gris systems, griseofulvin molecules stay in
amorphous phase of PEO, which enhances the solubility
of a drug and increases its biological access. For PEO-drug
systems containing 5, 10, and 15% gris, FTIR bands due to
stretching vibrations of the O—H groups were found at
3436, 3436, and 3413 cm !, respectively, whereby for pure

PEO 3400, they were located at 3513 cm ™~ '—the observed
shift proves the existence of hydrogen bonds between PEO
and griseofulvin. The presence of griseofulvin caused low-
ering of the systems’ melting temperature in the whole
concentration range and, as evidenced by MT-DSC results,
recrystallization of PEO in the PEO/griseofulvin systems
during melting does occur. © 2008 Wiley Periodicals, Inc.
J Appl Polym Sci 111: 1690-1696, 2009
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INTRODUCTION

Many potential drug candidates are characterized by
a low oral bioavailability. Among the techniques
used to increase aqueous solubility/dissolution rate,
the formulation of solid dispersions of a drug in
polymer matrix is one of the most useful ones. These
can be defined as molecular mixtures of poorly
water-soluble drugs in hydrophilic carriers, which
present a drug release profile that is driven by the
polymer properties.'? A critical issue in the process-
ing of solid dispersions is to elucidate the micro-
structure of the resulting product.> Morphological
features such as the degree of crystallinity of both
carrier and drug, and particle size of the latter, have
a deep effect on the properties of the drug dissolu-
tion.*> The mechanisms for the enhancement of the
dissolution rate of solid dispersions have been pro-
posed by several investigators.”® Drugs molecularly
dispersed in polymeric carriers may achieve the
highest levels of particle size reduction and surface
area enhancement, which result in improved disso-
lution rates. Furthermore, no energy is required to
break up the crystal lattice of a drug during dissolu-
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tion process, and drug solubility and wettability
may be increased in the presence of hydrophilic car-
riers.* " The use of polymeric solid dispersions to
increase the dissolution rate and the bioavailability
of poorly water-soluble drugs is now well estab-
lished."*>"~'* Solid dispersions represent a useful
pharmaceutical technique for increasing the dissolu-
tion, absorption, and therapeutic efficacy of drugs in
dosage forms. An important factor influencing the
properties of such solid dispersions is the method of
preparation and the type of the carrier used. The
solid dispersion of one or more active ingredients in
an inert carrier or matrix in the solid state can be
prepared by the solvent, melting, or solvent-melting
methods."*™!

Among different polymeric carriers, poly(ethylene
oxide) (PEO) is one of the most commonly used
matrices."”'® Numerous attempts to understand the
physicochemical principle behind the improvement
of the dissolution of drugs by solid dispersion for-
mulation with poly(ethylene oxide) (which is a non-
toxic, water soluble polymer) have been reported.'’
Mechanisms suggested to be responsible for the
improved aqueous solubility/dissolution properties
of solid dispersions include reduction of the particle
size of the incorporated drug, formation of com-
plexes, formation of solid solutions, transformation
of the crystalline drug to the amorphous state,
reduction of aggregation and agglomeration,
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TABLE I
Composition of PEO/Gris Systems

Sample Composition (w/w)

PEO 3400/ griseofulvin 95/5
90/10
85/15

PEO 10000/ griseofulvin 95/5
90/10
85/15

PEO 20000/ griseofulvin 95/5
90/10
85/15

improved wetting of the drug, and solubilization of
the drug by the carrier at the diffusion layer. It is
highly acceptable that often more than one of these
phenomena determine the rate and extent of dissolu-
tion,”>** and it is therefore of primary importance to
determine the PEO crystalline phase behavior in the
presence of a drug during the thermal treatment.

In our study, we have applied griseofulvin (gris)
which is a water-insoluble, antifungal antibiotic that
is quite stable at high temperature. Griseofulvin is
used to treat dermatophyte infections of the skin,
nails, or hair, with mild forms effectively handled
topically.*® Some literature reports revealed that
solid dispersions have increased the dissolution rate
and gastrointestinal absorption of griseofulvin.**2¢

EXPERIMENTAL
Materials

PEO 3400 and griseofulvin were obtained from
Sigma-Aldrich (Steinheim, Germany). PEO 10,000
and PEO 20,000 were purchased from Polysciences
(Warrington, USA).

Preparation

Solid dispersions containing 5, 10, and 15% gris
were prepared by dissolving a weighed amounts of
PEO and drug in methanol (Table I); the solvent was
then evaporated. The solubility test was performed
in different solvents (e.g., distilled water, methanol,
ethanol, chloroform, acetone, or dimethylforma-
mide). It was found that methanol was the most effi-
cient solvent—it is in agreement with literature
reports showing that methanol is commonly used as
a solvent in the preparation of solid dispersions for
biomedical applications.

Techniques

DSC analysis was performed on a Netzsch DSC 200
differential scanning calorimeter, calibrated with
cyclohexanone, mercury, indium, and bismuth. Sam-
ples (about 5 mg) were placed in aluminum pans

and sealed. DSC measurements were carried out at
heating/cooling rate of 10 K/min over the tempera-
ture range of —20 to 200°C under argon atmosphere.
MT-DSC measurements were performed under ar-
gon atmosphere on a Mettler-Toledo DSC 822. The
thermal behavior of solid dispersions was studied at
the heating/cooling rate B = 1 K/min, period of
modulation was p = 45 s, and amplitude of modula-
tion Ay = 0.5 deg. Morphology was investigated by
using a polarized light microscopy (PLM) producted
by PZO Warszawa. Fourier transform-infrared spec-
tra (FTIR) were obtained on a Bio-Rad FTS 165 appa-
ratus with a resolution of 2 cm ™' at the range of
4000-600 cm ', Samples were prepared as KBr discs.
The KBr/sample ratio was 40/1 (200 mg of KBr per
5 mg of sample).

RESULTS AND DISCUSSION

First, morphology of PEO/gris was investigated by
polarizing light microscopy. The results indicate that
the obtained morphology depends on PEO molecu-
lar weight and crystallization behavior. It is recog-
nized that the crystallization of a polymer from the
melt is a two stage process. First, a nucleation pro-
cess must occur, followed by crystal growth. Two
types of nucleation occur as a result of random
order fluctuations in supercooled phase, whereas
heterogeneous nucleation is induced by other surfa-
ces, for example, small particles acting as impurities.
The latter crystallization type governs the solidifica-
tion process of PEO systems with gris. If the drug
remains as isolated particles, that is, not dissolved
into the molten carrier, the drug particles can act as
a nucleating agent. PEO 3400 showed that it is an
appropriate griseofulvin carrier in which drug mole-
cules are not exposed to crystallization and stay in
amorphous state (Fig. 1).

Better solubility of substance and increase of bio-
logical access of medicine weakly dissoluted in

Figure 1 PLM microphotography of PEO 3400/ griseoful-
vin system (90/10).
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water is caused by larger participation of amorphous
phase. Particles of gris did not undergo crystalliza-
tion and their presence did not affect the crystalliza-
tion course of polymer—it is of primary importance,
because the presence of crystalline phase can cause
changes in solubility profile and unfavorably influ-
ences the characteristics of drug. It has been recog-
nized for a considerable period of time that
pharmaceutical materials may also be prepared in
an amorghous form where there is no long range
order.””® Processes such as freeze and spray drying
may lead to the generation of amorphous systems,
while grinding or conventional drying may result in
materials that are partially or wholly disordered. For
instance, a ground mixture of griseofulvin and
microcrystalline cellulose significantly improved
both the dissolution rate and bioavailability of the
drug compared to a micronised griseofulvin powder
preparation.”” This was ascribed to an increase in
amorphous content of the drug as a result of the
grinding process. Grinding of phenytoin with micro-
crystalline cellulose was also found to enhance drug
dissolution rate, this again being attributed to the
formation of an amorphous form of the drug.*® Yang
et al. applied melt granulation technique for gris-
containing systems and found that a significant
enhancement in the in vitro dissolution profiles of
the granules was observed compared to the pure
drug and drug excipient physical mixtures. The fac-
torial design results indicated that higher drug load-
ing and the presence of HPMC reduced the extent of
dissolution of the drug, whereas, the presence of
starch enhanced the dissolution rate. XRD data con-
firmed crystalline drug in formulation matrices. DSC
results indicated monotectic mixtures of griseofulvin
with PEG in the granulated formulations. Vigorous
physical mixing of the binary systems apparently
produced some amorphous drug (Tg during DSC). It
was hypothesized that vigorous mechanical mixing
also amorphosized some of the low-melting PEG

Figure 2 PLM microphotography of PEO 10,000/griseo-
fulvin system (85/15).
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Figure 3 PLM microphotography of PEO 20,000/griseo-
fulvin system (90/10).

material which combined with drug to produce
lower melting monotectic drug/PEG mixtures. Some
thermal curves suggest there may also be some
higher melting crystalline drug not incorporated into
monotectic drug/PEG mixtures.’’ Generally, PEO
crystallizes from the melt giving spherulites, which
are spherical or disc-shaped formations with chain-
folded lamellae radiating from a central point.
Under polarized light, they can be recognized by the
typical black Maltese cross.”* The size of crystals is
dependent of crystallization temperature and cooling
rate. Microphotographies of the solid dispersions of
PEO 10,000 and PEO 20,000 with griseofulvin
(Figs. 2 and 3) shown that polymer and drug are
coparticipating in crystallization process.

To study possible interactions between PEO and
gris, Fourier transform infrared spectroscopy was
applied (Fig. 4).

Hydrogen bonding could be expected between the
hydroxyl groups of PEO and oxygens present in the
structure of griseofulvin. These interactions would

gnseofulvin

PEO 3400
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Figure 4 FTIR spectra of griseofulvin, PEO 3400 and
PEO/gris systems.
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Figure 5 DSC profile of PEO 3400 and solid dispersion
PEO 3400 with gris.

result in peak broadening and a bathochromic shift
of the absorption bands of the interacting groups.
FTIR spectrum of PEO 3400/gris solid dispersion
does not differ substantially from the spectrum of
pure PEO 3400. Similarly, spectra of PEO 10,000 and
PEO 20,000/gris solid dispersions are similar to
spectra of pure polymers. PEO, as a polyether,
shows the C—O stretching vibration at 1112 cm ™" for
PEO 3400, at 1110 cm ™' for PEO/gris (95/15), at
1112 ecm ™! for PEO/gris (90/10) and PEO/gris (85/
15). The spectrum of pure PEO 3400 displays one
stretching vibration of the O-H group, which was
found at 3513 cm™'. For PEO-drug systems contain-
ing 5, 10, and 15% gris, these bands were found at
3436, 3436, and 3413 cm ', respectively. The
observed shift proves the existence of hydrogen
bonds between PEO and gris. At 2890 cm ' weak,
symmetric vibrations of the C—H in CH, groups
were found, which was not found in the spectrum
of pure griseofulvin. The spectra of solid dispersions
and pure gris showed at ~ 1600 cm ' characteristic
peaks for aromatic nucleus. Moreover, the spectrum
of pure griseofulvin showed at 994-670 cm™' de-
formation vibration of the C,,—H. Besides, two low-
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intensity bands at 2942 and 2973 cm ™' were found—
they origin from asymmetric, stretching C—H vibra-
tions in CH, groups and were not detected for pure
PEO 3400 and PEO/gris solid dispersions. Other
characteristic vibrations were found for C=O at
~ 1708-1618 cm ™' and these bands are of medium
and high intensity. The bands of C—H vibrations in
CH, groups showed medium or high intensity. They
occur for PEO 3400 at 1470 cm ™', PEO 3400/gris
(95/5) at 1470 cm™', PEO 3400/gris (90/10) at 1469
cm ™, and for PEO 3400/gris (85/15) at 1470 cm .
The peak at 1619 cm ™' (streching vibrations of C=0
and C=C) showed maximum intensity in griseoful-
vin. The bending vibrations of C—H bonds in CH,
groups were found for PEO 3400 and solid disper-
sions at 1346, 1148, 961, and 843 cm '. These bands
displayed average or high intensity. For PEO 3400/
griseofulvin systems the peak at 1061 cm™' origi-
nates from deformation vibrations of C—Cl bond.
The spectra of PEO 10,000, PEO 20,000 and solid dis-
persions containing 5, 10, and 15% of griseofulvin
are similar to the spectra obtained for PEO 3400 and
solid dispersions of this polymer with gris. It was
found that hydrogen bonds between PEO 10,000 or
PEO 20,000 and gris are also formed.

In the next stage, differential scanning calorimetry
(DSC) was applied to study the phase transitions of
the systems under investigation—results are pre-
sented in Figure 5 and Tables II and III.

Measurements were done for PEO 3400, griseoful-
vin, and for solid dispersions of PEO 3400 with gris-
eofulvin because PLM analysis confirmed that gris
in these systems stay in polymer amorphous phase.
Analysis of crystallization course by DSC lead to
conclusion that PEO 3400 includes integral folding
chain (IF) crystals with extended chain crystals. PEO
10,000 and 20,0000 crystallises forming lamellae with
nonintegral folding chains (NIF) or with chains ei-
ther fully extended (0) or folded once (1) or twice
(2), depending on the crystallization conditions. The
twice folded structure has a lower melting tempera-
ture with respect to that of the once folded. Simi-
larly, the melting temperature of the once-folded
chain crystal is lower than that of the extended chain
crystals. IF crystals are produced by complete

TABLE I1
Melting Parameters of PEO 3400, Gris, and PEO/Gris Systems
Melting
Heat of
Samples Tonset [OC] Tmaxl [oc] TmaxZ [OC] Tend [OC] melting U/g]
PEO 3400 51,7 55,3 62,7 68,1 176,9
PEO3400/gris (95/5) 47,6 53,2 - 65,5 178,6
PEO3400/gris(90/10) 48,0 53,5 61,0 63,9 172,0
PEO3400/ gris(85/15) 49,0 53,7 60,8 64,5 178,8
Griseofulvin - - - - -

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE II1
Freezing Parameters of PEO 3400, Gris, and PEO/Gris Systems
Freezing
Heat of
Samples Tonset [OC] Tmaxl [OC] TmaxZ [OC] Tend [OC] Cl’yStaHizatiOH U/g]
PEO 3400 36,5 32,0 - 27,4 173,4
PEQO3400/ gris(95/5) 36,6 31,5 - 28,4 172,2
PEO3400/gris(90/10) 39,0 34,3 29,7 25,7 166,6
PEO3400/gris(85/15) 39,1 34,2 - 30,0 175,8
Griseofulvin - - - — _

crystallization of the polymer. NIF crystals are recog-
nized as transitional states during crystallization and
they are precursors of the crystal growth. Moreover,
at low crystallization temperatures, NIF is thermody-
namically the least stable crystalline state. IF crystals
are resulted from transitions of nonintegral folding
chains to integral folding chains through an isother-
mal thickening or thinning process.**** Which pro-
cess occurs depends upon the thermodynamic
driving force between the NIF and IF crystals and
upon kinetic scheme. The majority of the NIF chain
molecules conversion an isothermal thinning process
to form IF (n = 1) crystals even though the field
length of NIF crystal is thicker than that of the IF
(n = 1) crystal. On the other hand, with increasing
temperature, the fold length of NIF crystals increase
continuously as does its thermodynamic stability. At
a certain temperature, the thermodynamic stability
of the NIF crystals is equal to thermodynamic stabil-
ity of the IF (n = 1) crystals. Above that tempera-
ture, the nonintegral folding chain crystals still exist,
but a transition from the NIF to IF (n = 0) crystals is
identified through an isothermal thickening process.
The relationship between the polymorphic behavior
of PEO in a solid dispersion and the dissolution
characteristics is of crucial importance in effective
drug delivery systems.”*® In PEO/gris systems,
griseofulvin supplement caused lowering of the
melting temperature and reduction of the degree of

PEO 3400

vwwwwmmnmwwv\/\wl\mwwwwvww
PEO 3400/gris (95/5)
WWNV\AM{\NW\/\N\[\/VVWW\IWWAWNW

Heat flow [mW/mg]

PEO 3400/gris (90/10)

PEO 3400/gris 85/15)
WVWANAANY

Time [min]
Figure 6 MTDSC profiles of PEO and PEO/gris systems.
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crystallization. The DSC curves of the solid disper-
sions show one peak corresponding to the melting
point of PEG 3400. As the griseofulvin content in the
dispersion increases, the melting point of integral
folding crystals and extended folding crystals
becomes lower; for solid dispersion PEO 3400/gris
(85/15) the melting point is 60.8°C. For solid disper-
sions PEO 3400/ gris (95/5) and PEO 3400/gris (85/
15) griseofulvin supplement caused higher heat of
fusion of 178.6 and 278.8 J/g, respectively when
compared to PEO (176.9 J/g). For solid dispersion,
PEO 3400/gris (90/10) heat of fusion was 172.0 J/g.
Comparison of the freezing point of solid disper-
sions and PEO 3400 reveals that in solid dispersions
it is reduced. For PEO 3400 the freezing point is
32.3°C. The freezing point of PEO 3400/gris (95/5),
PEO 3400/gris (90/10) and PEO 3400/gris (85/15)
amounts to 31.5, 34.3, and 34.2°C, respectively. Some
more information in comparison with traditional
DSC can be obtained if modulated temperature DSC
(MT-DSC) is used. Using this technique one can dis-
tinguish reversing and nonreversing components of
the heat flow:

dQ  CdT
dt dt

+f(T) 1)
where Q is the amount of heat absorbed of sample,
C, is the heat capacity, dT/dt is the heating rate, and
f(tT) is a function of time and temperature

PEO 3400

T exo

e______________——_~
tot

- —

non rev

Time [min)

Heat flow [mw/mg]

Figure 7 Total (tot), reversing (rev) and nonreversing
(nonrev) MTDSC signals of PEO 3400.
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Figure 8 Nonreversing signals of PEO 3400 andPEO 3400/ gris systems.

representing kinetic events. In MTDSC, the applied
temperature program can be expressed as

T(t) =Ty + Pt + Asin(wt) (2)

where T, is the starting temperature, B is the under-
laying heating rate (equivalent to dT/dt), A is the am-
plitude of the temperature modulation and o = 2r/
p [1/s] is the modulation angular frequency. Equa-
tion 1 can be written as:

dQ _

i Cy(B+ Ao cos(ot)) +f(t, T) + Csin(wt)

®)

where B + Awcos(ot) is the derivative modulated
temperature, f(t,T) is the contribution to the total
heat flow rate given by true irreversible events and
C is the amplitude of the kinetic response to the
modulation. The cyclic component of the heat flow
signals depends on the value of B, ®, and C. In most
kinetically controlled processes, C may be approxi-
mated to zero such that the response to the cyclic
perturbation originates from the thermodynamic
heat capacity contribution only and therefore eq. (3)
can be written as:

dQ

= Cp(B+ Awcos(ot)) +£(t,T)

4)
The data may be averaged using a discrete Fourier
transform algorithm and deconvoluted into revers-
ing and nonreversing signals which relate to changes
in C, (thermodynamic events) and kinetic events,
respectively. In conventional DSC, only the sum of
the two components is determined and is called the
total heat flow. Reversing heat flow in MT-DSC is a
function of the sample’s heat capacity and rate of
temperature (C,dT/dt) and the nonreversing is a
function of temperature and time (f(t,T)). General
recommendations for the choice of MT-DSC have
been issued on the basis of experience that originates

from MT-DSC measurements of different polymeric
systems.”” Modulation period is usually between 40
and 100 s, underlaying linear heating rate is about 1
to 5 K/min and the modulation amplitude is from +
0.1 to + 3 deg.®® For the MT-DSC investigations of
PEO/gris systems in the course of this work the fol-
lowing parameters were chosen: p = 45s, B = 1 K/
min and Ar = 0.5 deg.

Figure 6 presents a plot of the modulated heat
flow for griseofulvin, PEO 3400 and solid disper-
sions of PEO with drug.

The total, reversing and nonreversing heat flows
for the MTDSC experiment of pure PEO 3400 are
shown in Figure 7.

One can observe endothermic melting (displayed
in the nonreversing component of the heat flow) and
exothermic recrystallization (displayed in the revers-
ing signal). In comparison to the conventional DSC,
separated signals shows the melting of the formed
NIF and IF PEO crystals. For PEO 3400 and PEO
3400/ gris solid dispersions two nonreversing endo-
thermic signals were observed (Fig. 8).

PEO 3400/gris (95/5) PEO 3400/gris (90/10)

PEO 3400

4 exo

PEO 3400/gris (85/15)

Heat flow [mW/mg]

20 25 30
Time [min]

0 5 10 15 35 40 45

Figure 9 Reversing signal of PEO 3400 and PEO 3400/
gris systems.
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Exothermic reversing signal describes the crystalli-
zation process (Fig. 9).

The second peak on the reversing component of
heat flow profile for the solid dispersion containing
10% gris may describe the recrystallization during
heating. In the case of amorphous materials, there
are two conflicting phenomena associated with the
crystallization process. As the temperature is lower,
the rate of nucleation may be expected to increase.
However, the molecular mobility decreases as the
temperature decreases, particularly below glass tran-
sition temperature (T,), thereby slowing the molecu-
lar diffusion and reducing the rate of crystallization.
Craig et al. showed that the maximum rate of crys-
tallization will take place between melting point (T),)
and Tg. If a sample is stored below T,, the risk of
devitrification is considerably reduced due to the
molecules having lower mobility with which to give
in crystal growth.**

CONCLUSIONS

The use of solid dispersions to increase the dissolu-
tion rate and the bioavailability of poorly water-solu-
ble drugs is an important pharmaceutical issue. An
important factor influencing the properties of such
solid dispersions is the method of preparation and
the type of the carrier used. On the other hand, the
dissolution behavior of solid dispersions can be
altered in storage due to changes in the physicochem-
ical characteristics of the drug, the carrier, or both.
The results of investigations show the suitability of
PEO 3400 as the carrier for solid dispersions of griseo-
fulvin because it stays in polymer amorphous phase.
Generally, better solubility of medical substance and
increase of biochemical access of drug weakly disso-
luted in water is caused by its preferential location in
the amorphous phase. PEO 3400 includes integral
folding chain (IF) crystals with extended chain crys-
tals. Griseofulvin supplement caused melting temper-
ature reduction in whole concentration range.
Furthermore, FTIR data confirmed that hydrogen
bonds between PEO and griseofulvin are formed.
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