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Abstract
Background: Creation of immediate release formulations for the poorly water-soluble drug Tibolone
through the use of solid dispersions (SDs). Aim: SD systems of Tibolone (Tibo) with poly(vinylpyrrolidone)
(PVP), fumed SiO2 nanoparticles, and their corresponding ternary systems (PVP/SiO2/Tibo) were prepared
and studied in order to produce formulations with enhanced drug dissolution rates. Method: The prepared
SDs were characterized by the use of differential scanning calorimetry and wide-angle X-ray diffractome-
try techniques. Also dissolution experiments were performed. Results: From the results it was concluded
that PVP as well as SiO2 can be used as appropriate carriers for the amorphization of Tibo, even when the
drug is used at high concentrations (20–30%, w/w). This is due to the evolved interactions taking place
between the drug and the used carriers, as was verified by Fourier transform infrared spectroscopy. At
higher concentrations the drug was recrystallized. Similar are the observations on the ternary PVP/SiO2/
Tibo SDs. The dissolution profiles of the drug in PVP/Tibo and SiO2/Tibo SDs are directly dependent on the
physical state of the drug. Immediately release rates are observed in SD with low drug concentrations, in
which Tibo was in amorphous state. However, these release profiles are drastically changed in the ternary
PVP/SiO2/Tibo SDs. An immediate release profile is observed for low drug concentrations and an almost
sustained release as the concentration of Tibo increases. This is due to the weak interactions that take
place between PVP and SiO2, which result in alterations of the characteristics of the carrier (PVP/SiO2 nano-
composites). Conclusions: Immediate release formulation was created for Tibolone as well as new nano-
composite matrices of PVP/SiO2, which drastically change the release profile of the drug to a sustained
delivery. 
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Introduction

Solid dispersion (SD) seems to be one of the most
successfully used method for the improvement of the
dissolution properties of poorly water-soluble drugs
minimizing the limitations of oral bioavailability1–5.
According to the Noyes–Whitney equation, the most
attractive and easy way to enhance the release rate of the
drug is to increase its surface area by reducing the parti-
cle size rather than to increase drug solubility6–8. Addi-
tionally, factors that can contribute to this direction are
to optimize the wetting characteristics of the compound

surface, decreasing the boundary layer thickness,
ensuring appropriate conditions for dissolution and
improving the apparent solubility of the drug under
physiologically relevant conditions9. Water-soluble poly-
mers are widely and repeatedly used as carriers of solid
dispersions, from which drugs are released quickly10.

Poly(vinylpyrrolidone) (PVP) is a readily water-soluble
macromolecular compound, as well as in most com-
mon polar organic solvents, such as alcohols, amines,
acids, and chlorinated hydrocarbons, exhibiting excep-
tional low toxicity and high biocompatibility. It is found
in the form of a white powder, with many applications
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as drug carrier in pharmaceutical technology11. It is
highly hygroscopic, absorbing about 30% of water at
60% humidity. An alternative drug carrier that has been
used for the improvement of the dissolution rate of
poorly water-soluble drugs is SiO2 nanoparticles12,13.
Amorphous silicon dioxide was first produced 60 years
ago and since then has become a truly multifunctional
filler with a variety of applications in different indus-
tries. It is used as a filler, performance additive, rheolog-
ical modifier, or processing aid in many product
formulations in pharmaceutical technology. Silicas hav-
ing many silanol groups on their surfaces are capable of
forming hydrogen bonds with drug molecules. Thus the
drug is molecularly dispersed on the silica’s surface14.
These two excipients have been also used together in
ternary SD systems with two different drugs, Carvedilol
and Simvastatin, showing a significant improvement of
the drug release profile in both cases15,16. In this study,
these carriers as well as their PVP/SiO2 nanocomposites
were used comparatively for the dissolution rate
enhancement of Tibolone (Tibo), which is a poorly
water-soluble drug.

Tibo [(7a,17a)-17-hydroxy-19-nor-17-pregn-5(10)-en-
20-yn-3-one] is a synthetic steroid known to have
combined estrogenic, progestogenic, and androgenic
characteristics. It is structurally related to the progesto-
gens, norethindrone and norethynodrel, and it is a known
tissue-specific and effective agent that can be used in hor-
mone replacement therapy (HRT) in (post)menopausal
woman, for the treatment of menopausal and postmeno-
pausal disorders, including climacteric complaints, vaso-
motor symptoms, osteoporosis, and vaginal atrophy17–23.
The already published papers concerning the dissolution
rate enhancement of Tibo are limited24.

In this study, SDs of Tibo with PVP, SiO2, and PVP/
SiO2 nanocomposites were prepared using the solvent
evaporation technique, in order to increase the dissolu-
tion rate of Tibo. In ternary SDs different proportions of
SiO2 and drug were used. These systems were charac-
terized in comparison with pure Tibo drug in order to
identify the role of the carriers and different drug pro-
portions on the release profile of the drug.

Experimental

Materials

Crystalline Tibo with an assay 99.59% was supplied
from Zhejiang Xianju Junye Pharmaceutical Co. Ltd.
(Hebu Bridge, Xianju, Zhejiang, China) PVP type Kolli-
don K30 with a molecular weight Mw of 50,000–55,000
was obtained from BASF (Ludwigshafen, Germany),
Tg = 167°C (DSC), moisture content 1.95% (TGA), and
bulk density 0.410 g/cm3. Hydrophilic fumed silica

(SiO2) nanoparticles having a specific surface area 200
m2/g and SiO2 content >99.8% were supplied by
Degussa AG (Hanau, Germany) under the trade name
AEROSIL® 200. Ethanol absolute was obtained from
Merck (Darmstadt, Germany). All the other materials
and reagents were of analytical grade and purity.

Preparation of solid dispersions

SDs of fumed silica nanoparticles (SiO2) containing
10%, 30%, and 50% (w/w) Tibo were prepared by dis-
solving the drug in ethanol and adsorbing these solu-
tions onto the surface of silica with the use of gentle
mixing. Corresponding samples of PVP/Tibo were also
prepared containing 10%, 30%, and 50% (w/w) Tibo by
dissolving the drug and polymer to ethanol under gen-
tle mixing. Another series of samples were prepared
using mixtures of PVP/SiO2 nanocomposites with con-
stant weight ratio 85/15% (w/w) containing 10%, 20%,
30%, 40%, and 50% (w/w) Tibo. These samples were
also prepared with the solvent evaporation method.
The final solutions were poured onto aluminum plates.
Solvent was left to evaporate at room temperature. After
complete removal of the solvent in all the samples, the
powder of the SDs was stored at 25°C in a desiccator.

Differential scanning calorimetry

Thermal analysis of the samples was carried out using a
PerkinElmer Pyris-1 DSC (Waltham, MA, USA). The
calorimeter was calibrated with Indium and Zink
standards. For each measurement a sample of approxi-
mately 6 mg was used, placed in aluminum seal, and
heated at 130°C at a heating rate of 20°C/min. The sam-
ple remained at that temperature for 10 minutes in order
to erase any thermal history and remove the moisture
traces. The samples were quenched at 0°C and scanned
again up to 200°C using the same heating rate.

Wide-angle X-ray diffractometry 

Wide-angle X-ray diffractometry (WAXD) was used for the
identification of the crystal (structure and changes) proper-
ties of the pure materials and dispersion systems. WAXD
study was performed over the range 2q from 5° to 50°, using
a Philips PW 1710 diffractometer with Bragg-Brentano
geometry (q, 2q) and Ni-filtered CuKa radiation.

Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) spectra
were obtained using a PerkinElmer FTIR spectrometer,
model Spectrum 1000. In order to collect the spectra, a
small amount of each material was used (1 wt%) and
compressed in KBr tablets. The IR spectra, in absorbance
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mode, were obtained in the spectral region of 450–4000
cm−1 using a resolution of 2 cm−1 and 64 co-added scans.

Dynamic mechanical analysis

The dynamic thermomechanical properties of the PVP/
SiO2 nanocomposites were measured with a PerkinElmer
Dynamic Mechanical Analyzer (model Diamond). The
bending method was used at a frequency of 1 Hz in the
temperature ranging from 30°C to 200°C. The heating
rate was 3°C/min. Testing was performed using rectan-
gular bars measuring approximately 30 × 10 × 0.5 mm3.
The exact dimensions of each sample were measured
before the scan.

Scanning electron microscopy

The morphology of the prepared SDs was examined by
a scanning electron microscopy system (SEM) Jeol. The
samples were covered with carbon black in order to
increase conductivity of the electron beam. Operating
conditions were accelerating voltage 20 kV, probe cur-
rent 45 nA, and counting time 60 seconds.

Release profile

In vitro drug release studies were performed as follows.
Dissolution apparatus I basket method was used. SD
samples corresponding to 2.5 mg Tibo were placed in
soft gelatin capsules, and placed into the baskets. Disso-
lution medium consisted of 500 mL water and 0.25%
sodium lauryl sulfate (pH 7), the stirring rate was kept
constant at 100 rpm, and the temperature also at
37°C23. At predetermined time intervals 3 mL of aque-
ous solution was withdrawn from the release media.
The samples were filtered and the quantitation analysis
was performed by using a Shimadzu HPLC (model
LC-20AD). The column used was a Hypersil BDS, 5 μm,
200 ×  4.6 mm2 with a column temperature at 30°C. The
mobile phase consisted of methanol/water 77/23 (v/v)
at a flow rate of 0.8 mL/min. Concentration determina-
tion was performed using UV detection at a wavelength
205 nm. Previously, an appropriate calibration curve
was created.

Results and discussion

Characterization of solid dispersions

Differential scanning calorimetry
In order to evaluate how the methods used to prepare
SDs have affected the physical properties of the drug,
DSC was used. Tibo is a crystalline compound with a
melting point of 169–173°C, maximum at 171°C. After

quenching it can be made completely amorphous, with
a glass transition temperature (Tg) at 52°C (Figure 1).
During heating above the Tg it crystallizes at a cold crys-
tallization temperature of (Tcc) 87.5°C, while its melting
point remains identical with the previously reported for
pure Tibo. Additionally, the shape of the melting peak
remains the same, without the existence of other peaks,
indicating that thermal treatment does not affect the
form, as well as the purity of Tibo. When the drug is
cooled with a slow cooling rate from its melting point it
crystallizes rapidly (Tc) at 134°C.

The thermograms for two different series of binary
SDs were recorded and presented in Figures 2 and 3. In
the case of SiO2/Tibo SDs, DSC thermograms show that
the drug seems to be amorphous for the sample of SiO2/
Tibo 90/10% (w/w), as no melting point is recorded. For

Figure 1. DSC thermograms of pure Tibo.

–50 0 50 100 150 200

Tg = 52°C

Tm = 171°C

Tcc = 87.5°C

Tc = 171°C

Quenched

Reheating 20°C/min

Cooling 20°C/min

H
ea

t f
lo

w
 (m

W
) e

nd
o 

up

Temperature (°C)

Figure 2. DSC thermograms of SiO2/Tibo solid dispersion samples
prepared by solvent evaporation.
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the samples of SiO2/Tibo 70/30 and 50/50% (w/w), the
DSC thermograms demonstrate that the drug appears
crystalline (Figure 2). The peaks in both cases appear to
be broader than the pure drug and having a lower
intensity, giving a strong impression that a small
amount of Tibo is possibly in the amorphous state. Also,
at these samples several additional peaks, apart from the
main peak, are detected. The sample with 30% (w/w)
Tibo exhibits three different peaks at 151°C, 162°C, and
171°C. The first and the second present very low inten-
sities, which is a characteristic feature when the drug is
recrystallized in an SD. Owing to the carrier effect, the
formed crystals may have different degrees of perfection
that leads to melting points at lower temperatures than
the initial one25. For the sample containing 50% (w/w)
Tibo, the first peak recorded at 146°C has higher inten-
sity than the peak attributed to the crystal form of the
initial drug at 171°C. This first peak appears 25°C lower
than the melting point of the pure drug. A third peak at
162°C is also present, but it is uncertain whether there is
an extended overlapping with the observed peak of neat
Tibo. As previously reported, variations in the melting
peak position could be caused by different binding forces
between drug molecules and adsorbent12. Furthermore,
it is possible for the drug to crystallize in different crystal
forms, which may have different melting temperatures
contrary to Tibo.

For the binary SD systems of Tibo with PVP, the
melting peak of the drug is only observed in the case of
the sample containing 50% (w/w) Tibo (Figure 3). Also,
in this case, the characteristic melting peak appears to
be broader than that of the pure drug and has a lower
intensity. Nevertheless it remains close to the melting
peak of pure Tibo, only 3°C lower. For the other sam-
ples, only a glass transition temperature is detected,
which is positioned at lower temperatures than that of

the corresponding PVP and at higher temperatures
than that of Tibo. Single Tg indicates that probably
Tibo is molecularly dispersed into the polymer
matrix26. Similar are the observations of the DSC ther-
mograms when ternary systems PVP/SiO2/Tibo were
studied. Only the melting points of samples containing
higher than 50% (w/w) Tibo were recorded (data not
shown).

Wide-angle X-ray diffractometry
WAXD was also used as a complementary method in
order to study the physical and crystal state of the
drug27,28. WAXD pattern of pure Tibo showed that the
drug is in a crystalline state, with characteristic diffrac-
tion peaks at 2q = 14.15°, 15.3°, 16.31°, 17.71°, 18.65°,
20.73°, 21°, 23.74°, 24.32°, 27.67°, 23.6°, and 35.37°,
which correspond to the crystalline pure form known as
Form II (Figure 4a). Also, the WAXD pattern of recrys-
tallized Tibo from ethanol was obtained in order to
identify whether the solvent treatment used for the
preparation of SDs had any effect on the crystalline
form. As can be seen in Figure 4a, the patterns of recrys-
tallized Tibo are completely different from that on neat
Tibo. Characteristic peaks are recorded at 2q = 13.74°,
15.26°, 16.1°, 17.45°, 17.81°, 18.4°, 19.34°, 20.32°, 21.23°,
21.67°, 23.88°, 28.07°, 33.56°, and 37.37°, indicating that
Tibo was crystallized in a different form than the previ-
ous one, this one referred to as Form I29.

Results obtained from X-ray diffraction (XRD) pat-
terns indicate that when SiO2 is used as drug carrier,
Tibo appears in an amorphous form for the sample of
SiO2/Tibo 90/10% (w/w) (Figure 4b), as was already
found by DSC. It seems that the large specific area of
SiO2 is the main reason for the amorphization of the
drug. As the weight ratio of Tibo increases (30% and
50%, w/w) it seems that the carrier cannot keep the drug
in an amorphous state, since an oversaturated SD is
produced and the characteristic peaks of crystalline
Tibo of Form I also appear in the WAXD pattern. Fur-
thermore, some peaks of lower magnitude of crystal
Form II are also recorded. This different crystalline form
of Tibo can also explain the multiple peaks of melting
points observed in the DSC thermograms of the particu-
lar samples. When PVP is used as drug carrier, Tibo
remains amorphous until the ratio of 30% (w/w) and,
only for the sample of PVP/Tibo 50/50% (w/w), the drug
crystallizes containing both Forms I and II. Comparing
the two carriers it can be stated that PVP is more effec-
tive than SiO2, since it prohibits drug recrystallization at
higher drug loading than SiO2. This may be ascribed to
the stronger interactions that may take place between
PVP and Tibo than between SiO2 and Tibo. Silica nano-
particles are inorganic materials and thus the interac-
tions with Tibo may be limited. Consequently, the
formation of SDs where the drug is amorphous can be

Figure 3. DSC thermograms of PVP/Tibo solid dispersion samples
prepared by solvent evaporation.
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attributed only to the finer dispersion of the drug on the
large specific surface of SiO2 and not to possible interac-
tions that may take place between the drug and carrier.

In the case of the ternary PVP/SiO2/Tibo SDs, the only
sample that gives the characteristic peaks of the drug is
the one that contains Tibo in 50 % (w/w) (Figure 5). This
is in agreement with the DSC results. The combination of

the two carriers (PVP and SiO2) seems to create a new
carrier that drastically prevents drug crystallization at
higher drug loading. Some interactions with the drug
may also be responsible for this behavior.

Fourier transform infrared spectroscopy
For the investigation of the possible interactions
between the drug carriers and Tibo, FTIR spectroscopy
was used. Any kind of physicochemical interactions
that may take place, like the formation of hydrogen
bonds between the carriers and drug, will automatically
lead to frequency shifts or splitting in absorption peaks.
It has also been previously reported that the intermo-
lecular interactions between drug molecules and silanol
groups of silica can be detected with FTIR30–32. The FTIR
spectra of SiO2, pure Tibo, Tibo recrystallized from etha-
nol, and SiO2/Tibo SDs are shown in Figure 6. The char-
acteristic peaks of the silanol group appear at 3434 cm−1

for the surface hydroxyl groups of SiO2 and at 1101 cm−1

for the Si�O bond. Tibo spectra also show some charac-
teristic peaks. At 1714 cm−1 the stretching of carbonyl
group of Tibo appears. The �OH stretching frequencies
give a single absorption band at 3492 cm−1 in the case of
crystallized Tibo in initial crystal Form II and a double
absorption band at 3492 and 3410 cm−1 in the case of
recrystallized Tibo (crystal Form I). The latter double
peak appears in the spectra of SiO2/Tibo 50/50 and also
at 70/30% (w/w) dispersions, indicating that Tibo also
crystallizes in Form I in these SDs. This appears to be in
agreement with the XRD findings, which indicated that
Tibo is also crystallized in a different form compared to
the initial material.

Examining more carefully the spectra of SDs of
binary systems, SiO2/Tibo, it can be seen that there are
no significant shifts in the absorbance of the hydroxyl
groups of Tibo and Si�O groups of SiO2 in the SD

Figure 4. WAXD patterns of (a) pure and recrystallized Tibo from
ethanol, (b) SiO2/Tibo formulations, and (c) PVP/Tibo solid
dispersions prepared by solvent evaporation.
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samples compared to the pure constituents of the dis-
persions (differences of 1–2 cm−1 can be observed,
which are close to the experimental error). Thus, it is
not possible to establish the existence of interactions

between Tibo and SiO2 matrix based on the absor-
bances of these groups. However, there are significant
differences in the absorbance of the carbonyl group of
Tibo. Except for the main peak, which is recorded close
to 1714 cm−1, a second peak is recorded at 1658 cm−1.
This shift to lower intensity is an indication that hydro-
gen bonding interactions have developed between the
>C�O group of Tibo and the surface hydroxyl groups of
SiO2. Also the intensity of the two characteristic peaks of
recrystallized Tibo at 3492 and 3410 cm−1, as it appears
in the sample of SiO2/Tibo 50/50% (w/w), is different. In
particular, the intensity of the peak at 3410 cm−1 is
lower, indicating that although the drug is in crystal
form, as it was justified from XRD patterns, it mainly
appears with the polymorphous Form II, which is in
agreement with the findings of XRD.

In PVP, the absorption band due to stretching of the
carbonyl group appears at the frequency region around
1660 cm−1, while the peak at 1291 cm−1 is attributed to
the N�C group (Figure 6b). These two groups can
potentially form hydrogen bond with the drug at molec-
ular level in SD formulations. However, the steric hin-
drance in the case of N�C precludes the involvement of
the nitrogen atom in the creation of intramolecular
interactions with the form of hydrogen bonds11. The
significant broadness of the two characteristic peaks of
Tibo at 3492 and 3262 cm−1, and the shift of the peak
that appears at 3492 cm−1, at a lower wavelength, indi-
cates the presence of hydrogen bond interactions
between free hydroxyl group of Tibo and carbonyl
group of PVP. These interactions are probably the rea-
son for drug amorphization.

From the FTIR spectra of the ternary SD systems, the
significant broadness of the hydroxyl groups of Tibo
appears, with a more defined way and, at the same time,
the peak of the carbonyl group of PVP is characteristi-
cally broadened (Figure 6c). This fact justifies the exist-
ence of a hydrogen bond between the carbonyl group of
Tibo and the carbonyl groups of PVP. Also, some weak
interaction between the hydroxyl groups located on the
surface of silica and the carbonyl group of the drug are
possible.

Scanning electron microscopy
Using the SEM it is possible to have a more detailed look
on the morphology of the prepared SDs. As can be seen
in Figure 7, in PVP SD containing 50% (w/w) Tibo, well-
formed crystals appear on the surface of the polymer
matrix. This is in agreement with DSC and XRD data
from which it was found that the drug crystallizes at such
concentrations. In the case where SiO2 was used as drug
carrier, the drug is dispersed on the nanoparticles surface
(Figure 8). At concentrations up to 20% (w/w) Tibo, since
the drug is amorphous, no crystals are detected. How-
ever, even at higher concentrations, where the drug is in

Figure 6. FTIR spectra of (a) SiO2/Tibo, (b) PVP/Tibo, and (c) ternary
solid dispersion of PVP/SiO2/Tibo in different proportions of Tibo 20
and 50% (w/w).
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crystalline form, these crystals are hardly detectable. It
seems that due to the large available surface Tibo may
form nanocrystals on the nanoparticles’ surface.

Release profile

The in vitro release profile of Tibo for the binary SD sys-
tems of PVP/Tibo and SiO2/Tibo are shown in Figure 9.
It seems that in the case of PVP (Figure 9a), the ability of
the polymer matrix to create amorphous SDs consti-
tutes the main reason for the immediate release of the
drug. For the samples containing 10% and 30% (w/w)
Tibo, the drug release is almost completed in 30 min-
utes. However, as the drug content increases, the
release rate of the drug is characteristically decreased.

Figure 7. SEM micrographs of PVP/Tibo solid dispersions containing
(a) 40% (w/w) and (b) 50% (w/w) Tibo.

~10 µm

Figure 8. SEM micrographs of SiO2/Tibo solid dispersions containing (a) 20% (w/w) and (b) 50% (w/w) Tibo.
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Figure 9. The release profiles of Tibo solid dispersions with (a) PVP
and (b) SiO2 as matrix carriers.
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The lower dissolution rate is attributed to the crystalli-
zation of the drug at the particular SD.

In the case of SiO2/Tibo binary systems, the immedi-
ate release for the samples containing 10% (w/w) Tibo is
attributed to the large specific area of silica that enables
the fine distribution of the drug onto the nanoparticles
surface12, and the eventual amorphization of the drug.
Furthermore, this result implies that the hydrophilic
properties of the silica particles contributed to the
improvement of wettability and, finally, improvement
of the drug dissolution from SD, as reported previously30.
For the samples containing 30 and 50 wt% Tibo, the drug
release also seems to be fast initially, reaching 70–80% in
20 minutes, but eventually, even after 2 hours, the
release of the drug is not fully completed. It seems that
the silica nanoparticles can form some kind of strong
interactions with the drug, as was verified from the FTIR
spectra, and thus it cannot be completely released. Addi-
tionally, the release rate of these samples is lower due to
the crystallization of the drug.

Comparing the release rate of two different matrices
it can be stated that there are no obvious differences for
the dispersions containing 10 wt% Tibo. In both matri-
ces the drug is amorphous and dissolves immediately.
Also, in the other two concentrations, it seems that the
physical state of the drug (crystalline or amorphous),
and the extent of interactions control the release rate
and not the drug carrier.

In ternary PVP/SiO2/Tibo SD systems, the release pro-
files seem to differ. From Figure 10 it can be seen that the
release rate decreases as the drug content increases.
Also, it is remarkable that for the samples with 10 and 20
wt% of Tibo, the release rate of the drug seems to be
faster in comparison to the binary SD systems with PVP, a
fact that probably is the result of the combined action of

PVP and silica nanoparticles. However, the most impres-
sive result is the release profile of the samples with higher
than 40 wt% content in Tibo. The release of Tibo is com-
pleted in 5 hours, accomplishing a release that can be
characterized as sustained rather than immediate. This is
more pronounced in the sample containing 50% (w/w) of
Tibo. Since such a release profile was not observed when
the two matrices were used separately (PVP/Tibo or
SiO2/Tibo), it can be considered that during solvent mix-
ing of the two materials (PVP/SiO2) and after solvent
evaporation a new matrix has formed. The physicochem-
ical characteristics of this PVP/SiO2 nanocomposite
matrix may be different compared to the initial materials.
Examining the literature it was found that PVP interacts
with the silanol groups of SiO2

33. As reported, the PVP
molecules are not washed by the silica surfaces when the
ratio  because of bonding in multicen-
tered adsorption complexes, creating a monolayer of
PVP on the nanoparticles’ surface. The energy of these
hydrogen bonds as calculated according to Kitaura–
Morokuma method is ΔEHF = −41 kJ/mol34. To verify that
the characteristics of PVP/SiO2 are different than the ini-
tial materials, PVP/SiO2 nanocomposites containing dif-
ferent silica content were prepared with solvent
evaporation method and studied.

Characterization of PVP/SiO2 nanocomposites

After solvent evaporation it is observed that the PVP/
SiO2 nanocomposites are transparent, which is an indi-
cation that nanoparticles are finely dispersed in the poly-
mer matrix. From DMA studies it was revealed that as the
amount of silica nanoparticles increased the material
became stiffer. Storage modulus in all nanocomposites at
low as well as at high temperatures is much higher than
the storage modulus of pure PVP. The glass transition
temperature (Tg) is often obtained by either the tempera-
ture at which the dynamic loss modulus is at a peak
height or the temperature at which the loss tangent tand
(E′′/E′) exhibits a peak. As can be seen from tand varia-
tion (Figure 11) there is a shift of only 1–2°C of Tg in
higher temperatures. Such an increase in the glass transi-
tion temperature of polymer nanocomposites is very
common due to the formed interphase between nano-
particles and polymer matrix. Macromolecules placed at
this interphase have lower mobility, especially when
interactions develop between the components, resulting
in an increase in the rigidity of the nanocomposites.
However, this increase is very small, indicating that the
evolved interactions are weak rather than strong.

In order to evaluate the effect of hydrogen bonding
between PVP and SiO2 their spectra were collected.
Fumed silica bears three kinds of surface hydroxyl groups:
(i) isolated free (single silanols), ≡SiOH; (ii) geminal free
(geminal silanols or silanediols), �Si(OH)2; and (iii) vicinal,

Figure 10. The release profiles of Tibo solid dispersions with ternary
solid dispersion of PVP/SiO2/Tibo with different drug content.
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OH groups bound together through hydrogen bond
(H-bonded single silanols, H-bonded geminals, and their
H-bonded combinations). The �OH stretching vibration
of hydrogen-bonded silanol groups can be observed at
3438 cm−1, while the peak corresponding to the free
hydroxyl groups at 3747 cm−1 is very weak and hardly
detectable (Figure 12). However, the most intense peak of
SiO2 is that corresponding to Si�O�Si groups recorded in
the FTIR spectrum at 1111 cm−1. From the FTIR spectra of
the prepared nanocomposites it is obvious that the
characteristic peaks of Si�O�Si remained unaffected and
are recorded at the same wavenumber as in pure SiO2,
while from the Si�O absorbance at 3438 cm−1 there is
only a small shift to 3432 cm−1. However, at this position
PVP also exhibits a strong peak and thus it is not possible
to evaluate the possible interactions that take place.
Examining the wavenumber of the carbonyl groups of
PVP a small shift can be seen at slightly higher positions,
from 1660 to 1662 cm−1 (Figure 12b). This shift is evidence
that the carbonyl groups of PVP participated in hydrogen
bonds with the reactive groups of SiO2. However, since
the difference between the absorbance in neat PVP and its
nanocomposites is very small, it must be concluded that
these interactions are of low intensity. This is in accor-
dance with the DMA results, where only a small shift was
observed on the nanocomposites’ Tg.

The aforementioned interactions and the incorpo-
ration of SiO2 nanoparticles into PVP matrix have
changed the physicochemical characteristics of the
PVP carrier as well as the solubility of PVP in water.
For this reason 1 g of PVP and PVP/SiO2 in the form of
films were added to the dissolution medium. The films
were removed every 5 minutes and weighted to measure
the dissolved material. As can be seen in Figure 13 neat
PVP dissolves almost immediately in water in less than

10 minutes. After SiO2 addition the matrix became
more hydrophobic and the dissolution rate was
reduced. Silica nanoparticles are inorganic materials,
which cannot be dissolved in water but can form a gel.
This gel and the ability of carbonyl groups of PVP to

Figure 11. Dynamic mechanical scans of PVP/SiO2 nanocomposites
as function of temperature. Variation of tand.
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interact with the silanol groups of SiO2 result in fewer
reactive groups of PVP available for interaction with
the water molecules (Figure 13). Thus, the dissolution
rate of PVP became lower and the PVP/SiO2 matrix
dissolves completely only after 20 minutes. This is the
main reason why the release profiles of Tibo from ter-
nary SD of PVP/SiO2/Tibo are different compared to
neat PVP or SiO2.

Conclusions

Dissolution rate of poorly water-soluble drug Tibo was
drastically enhanced by the preparation of SDs with
PVP and silica nanoparticles. At low drug loadings (up
30% (w/w) amorphization of the drug was achieved for
both matrices, while at higher concentrations the drug
was in crystalline form. However, even in that case, the
particle size of the drug was reduced compared to the
neat drug. Interactions that took place between
hydroxyl groups of Tibo and reactive groups of PVP or
SiO2 nanoparticles were responsible for this behavior.
When the concentration of Tibo in SD samples was low,
the drug was released almost immediately from PVP/
Tibo and SiO2/Tibo SDs, whereas at higher concentra-
tions the release became slower. The drug dissolution
rate was changed when ternary SDs of PVP/SiO2/Tibo
were prepared, especially for drug concentrations
higher than 30% (w/w). When the concentration of Tibo
increased, the release rate tended to decrease, giving
an almost sustained release of the drug. This was
because the physicochemical characteristics of the PVP
matrix were altered after the incorporation of the silica
nanoparticles.
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