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ABSTRACT
Purpose Raman spectroscopy is potentially an extremely useful
tool for the understanding of drug-polymer interactions in solid
dispersions. This is examined and demonstrated for the case of
solid dispersions of nifedipine in a polymeric substrate.
Methods Solid dispersions consisting of nifedipine and polyvinyl
caprolactam - polyvinyl acetate - polyethylene glycol graft copol-
ymer (Soluplus®) were prepared by freeze drying, melting and
solvent evaporation at drug loadings of 10, 30, 50, 70 and 90%
w/w. Drug-polymer interactions in the amorphous solid dispersion
were estimated by Raman spectroscopy. The correlation be-
tween the solid state stability of the drug in a solid dispersion
and the extent of drug-polymer interaction was monitored by
X-ray diffractometry.
Results The miscibility limit of nifedipine-Soluplus®was found to
be 30% w/w drug loading for all preparation methods. The drug
was found to interact with Soluplus®, through a hydrophilic in-
teraction identified by infrared spectroscopy and a hydrophobic
interaction which could be quantified by Raman spectroscopy.
The average extent of the drug-polymer interaction in the studied
amorphous samples at equivalent drug loading was similar, re-
gardless of the preparation method. Inhomogeneities in samples
prepared by melting contributed to a wider variation in drug-
polymer interaction and poorer solid state stability, in terms of
its crystallization tendency.

Conclusions Raman spectroscopy was shown to be a useful
technique in classifying miscibility levels based on the hydrophobic
interaction between the drug and the polymer. Different drug
loadings showed varying degrees of drug-polymer interaction,
and hence variable solid state stability of the solid dispersion.
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molecular dispersion . nifedipine . Raman spectroscopy

ABBREVIATIONS
am-NIF Amorphous nifedipine
DSC Differential scanning calorimetry
FD Freeze drying
HPLC High performance liquid chromatography
IR Infrared spectroscopy
MAS Magic angle spinning
ME Melting
Min Minute
SE Solvent evaporation
ss-NMR Solid state-nuclear magnetic resonance
Tg Glass transition temperature
XPS X-ray photoelectron spectroscopy
XRD X-ray powder diffraction; X-ray powder

diffractometry
α-NIF Nifedipine crystalline α-form
β-NIF Nifedipine crystalline β-form

INTRODUCTION

Solid dispersion of a drug molecule within a polymer is one
approach to enhance oral bioavailability of poorly water-
soluble drugs. The method of preparing the solid dispersion
allows for the conversion of the crystalline drug to its amor-
phous counterpart resulting in higher solubility and faster
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dissolution (1). The development of a solid dispersion in which
the dispersed drug is physically stable is, however, still a chal-
lenge because the drug in the amorphous state is not at equi-
librium and tends to recrystallize, leading to a decrease in
solubility and dissolution rate. Recrystallization in solid dis-
persions has been shown to be delayed and/or minimized
when the amorphous drug is homogeneously and molecularly
dispersed in the polymer as a single phase amorphous system,
so-called “miscible dispersions” (2–4). One of the underpin-
ning mechanisms which helps prevent the drug molecule from
recrystallizing is the molecular interaction between drug and
polymer. The intermolecular interactions (which may be spe-
cific such as hydrogen bonding and/or non-specific such as
van der Waals force (5)) increase kinetic barriers by lowering
molecular mobility (6,7). The strength of intermolecular inter-
action is a key factor governing the physical stabilization of
solid dispersions and it may be related to the miscibility of the
drug in the polymer matrix (7). To date, there have been
several attempts to apply analytical methods to characterize
drug-polymer miscibility, e.g., differential scanning calorime-
try (DSC) (3,8–16), infrared spectroscopy (IR) (8–13,17–19),
solid state-nuclear magnetic resonance (ss-NMR) (14,16), X-
ray powder diffractometry (XRD) (10), X-ray photoelectron
spectroscopy (XPS) (14) and Raman spectroscopy (15,19–23).
The strength of intermolecular hydrogen bonding between
drug and polymer in a solid dispersion has been investigated
by IR based on the peak position (12,13,18) and peak height
ratio (13,17). The strength of drug-polymer hydrogen bond-
ing has also been studied by XPS (14) and ss-NMR (16) based
on the shift in peak position. Recently, Raman spectroscopy
has been widely utilized to reveal the occurrence of specific
interaction (5,15,19,21,23). As with IR, changes in the chem-
ical environment of the drug will affect the Raman spectral
pattern in terms of peak position (15,19–24), peak shape (22)
or new peaks (5,24). The presence of a single peak indicates a
molecular dispersion of the drug and suggests the presence of
a drug-polymer interaction. A shift in a drug related peak
position to lower wavenumber indicates stronger drug-
polymer interaction than drug-drug interaction and vice versa

(23). The stronger drug-polymer interaction results in a weak-
ening of drug–drug interactions, causing a shift to lower fre-
quency. Since the principle of Raman spectroscopy is based
on light scattering due to changes in polarization (24), it may
be more useful than IR for determining non-specific interac-
tions such as the hydrophobic interaction in a drug-polymer
mixture which is rich in aromatic conjugated systems (5).

Within the miscible drug-polymer mixture, the drug may
be present in two distinct states, namely, “monomolecularly”
and “molecularly” dispersed states, depending on its content.
“Monomolecularly dispersed state” here implies that all drug
molecules are completely distributed in the polymer and only
drug–polymer interactions are present (no drug–drug interac-
tions). This state is obtained when the dispersed drug content

in solid dispersion is much lower than its saturated concentra-
tion, allowing the drug-drug interaction to be minimized. On
the other hand, a “molecularly dispersed state” is obtained
with a concentrated or saturated concentration of the drug
in the polymer; that is, the drug content in the solid dispersion
is significantly higher than that in a monomolecularly dis-
persed mixture. In this regard, there is a balance between
drug-drug interactions and drug-polymer interactions, yet
there is no phase separation (4,11) as the conceptual models
illustrates in Fig. 1a and b. The relative amount of the drug
distributed between the two states and amorphous state would
suggest the degree of drug-polymer interaction. In this study,
Raman spectroscopy was employed to investigate the misci-
bility of nifedipine in solid dispersions with polyvinyl capro-
lactam - polyvinyl acetate - polyethylene glycol graft copoly-
mer (Soluplus®). Nifedipine, a calcium channel blocker for
treatment of cardiovascular disease, contains hydrogen bond
acceptors including C=O and NO2, and hydrogen bond do-
nors including NH which might form hydrogen bonds with
the OH and C=O groups of Soluplus®, respectively. The
non-specific van der Waals interactions between nifedipine
and Soluplus® might also occur between the aromatic ring
of nifedipine and the polyvinyl caprolactam segments of
Soluplus® (Fig. 2). The degree of molecular interaction in
the solid dispersions with different drug loadings, prepared
by freeze drying (FD), melting (ME) and solvent evaporation
(SE) is classified based on the amorphous state and two states
of molecular dispersion as described above. The data obtain-
ed were correlated with the crystallization tendency of the
dispersions.

MATERIALS AND METHODS

Nifedipine crystalline α-form (α-NIF) was purchased from
Wako Pure Chemical Industries, Ltd. (Osaka, Japan) and used
without further purification. Soluplus® was donated from
BASF SE (Ludwigshafen, Germany). Methanol, tertiary-
butyl alcohol and acetonitrile were purchased from Kanto
Chemical Co., Inc. (Tokyo, Japan).

Preparation of Amorphous Nifedipine

α-NIF was placed in a stainless steel beaker and heated in an
oil bath containing silicone fluid oil (KF-968-100CS, Shin-
Etsu Chemical Co., Ltd., Tokyo, Japan) at 182±2°C for
15–30 min until completely melted. Quenching was done by
removing the molten drug from the heated stainless steel bea-
ker, and equilibrating to room temperature. The physical
state of amorphous nifedipine (am-NIF) was confirmed by
XRD and Raman spectroscopy.
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Preparation of Nifedipine Crystalline β-Form

Nifedipine crystalline β-form (β-NIF) was prepared by a modifi-
cation of the method published by Grooff et al. (25); am-NIF was
placed in a stainless steel beaker and heated in an oil bath at 92±
1°C for 3 min, then placed at room temperature. The physical
state of β-NIFwas confirmed byXRDandRaman spectroscopy.

Preparation of Standards for Molecular Dispersion
of Nifedipine in a Solid Dispersion

An accurately weighed amount of α-NIF was dissolved in
tertiary-butyl alcohol, while Soluplus®was dissolved in a min-
imal amount of methanol, not exceeding 10%v/v of the total
amount of solvent. The Soluplus® solution was added into the
nifedipine solution with constant agitation. The mixtures were

quenched by liquid nitrogen and placed under vacuum (FD-
80, Eyela, Tokyo Rikakikai Co., Ltd., Tokyo, Japan) at ap-
proximately 0°C for 4 days. The batch sizes of the standards
were 0.5 to 3 g, sufficient for characterization. The samples
were further dried in a vacuum chamber containing silica gel
at room temperature and 15–20% relative humidity for at
least 24 h.

Preparation of Solid Dispersion Samples

Solid dispersions of nifedipine and Soluplus® were prepared
with drug loadings of 10, 30, 50, 70 and 90% w/w by three
different methods, i.e., FD, ME and SE as follows:

FD: The samples were prepared as described above for
standards of molecular dispersion.

Fig. 1 The schematic
representation of (a)
monomolecularly dispersed state
(b) molecularly dispersed state (c)
combination of molecularly
dispersed state and amorphous
clusters. The dot lines between drug
molecules demonstrate the balance
between drug-drug interaction and
drug-polymer interaction.

Fig. 2 Chemical structures of (a)
nifedipine and (b) Soluplus®.
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ME: An accurately weighed amounts of α-NIF and
Soluplus® were gently mixed by a mortar and pestle
about 3 min before placed in a stainless steel beaker.
The mixtures were heated in an oil bath containing sili-
cone fluid oil (KF-968-100CS, Shin-Etsu Chemical Co.,
Ltd., Tokyo, Japan) at 182±2°C for 15–30 min until
completely melted. Quenching was done by removing
the molten mixture from the heated stainless steel beaker,
and equilibrating to room temperature. Then, the sam-
ples were gently pulverized using a mortar and pestle.
SE: An accurately weighed amount of α-NIF and
Soluplus® was dissolved in methanol. The solvent
was removed under vacuum by rotary evaporator
(Pair stirrer PS-100, Eyela, Tokyo Rikakikai Co.,
Ltd., Tokyo, Japan) at 50–55°C. The samples were
further dried in a vacuum chamber containing silica
gel at room temperature and 15–20% relative hu-
midity for at least 24 h. Then the samples were
gently pulverized using a mortar and pestle.

The batch sizes of the samples varied from 3 to
6 g, depending on the yield obtained from each
preparation method. All samples were stored in am-
ber bottles at −20°C before characterization.

Characterization of Solid Dispersions

Raman Spectroscopy

All samples were compressed at 0.5 ton/cm2 in order to ob-
tain flat surfaces before measuring. Raman spectra were mea-
sured at room temperature by a Raman RXN2 (Kaiser Op-
tical Systems, Inc., MI, USA), and controlled by Hologram
version 4.1 (Kaiser Optical Systems, Inc., MI, USA). A 1,
000 nm excitation wavelength with a 400 mW laser power
source and InGaAs array detectors was used. A 50× objective
(DM2500, LeicaMicrosystems, Tokyo, Japan) with a 145mW
laser power, and a 16-μm laser sampling diameter, was
utilized to acquire a point mapping with a 20-μm step
size. Each spectrum was collected from 200 to 2,
400 cm−1 with a resolution of 5 cm−1 and a 5-s expo-
sure time. Naphthalene was used to calibrate the wave-
number. The spectra of α-NIF, Soluplus®, β-NIF and
am-NIF were averaged from a 100-point map of sam-
pling area of approximately 200×200 μm2. The spectra
of standard samples were averaged from a 1,200-point
map of sampling area of approximately 800×600 μm2.
The spectra of solid dispersion samples for qualitative
analysis were averaged from a 1,200-point map. The
spectra of solid dispersion samples for quantitative anal-
ysis were averaged from a 100-point map each, and six
maps per sample were done.

Spectral Data Analysis

Raman spectra were preprocessed using ISys® Chemical im-
aging analysis version 5.0.0.11 (Malvern Instruments, Inc.,
MD, USA). The spectral region of 550–1800 cm−1 was ex-
tracted. The mapping spectra were averaged, then the base-
line was corrected at 660 and 872 cm−1. The spectral region
of 775–850 cm−1 was further analyzed to evaluate the quan-
tity of nifedipine present as molecular states and as an amor-
phous state. The method of curve fitting based on Gaussian
function which has been applied to both qualitatively and
quantitatively determine the chemical compound in an over-
lapping spectrum (26–28) was used. In the present study, the
experimental spectra were converted to a series of Gaussian
peaks by introducing three parameters including peak inten-
sity, peak width and peak position into each spectrum, then
the linear combination of peaks was manipulated to construct
the Gaussian function models usingMicrocal Origin® version
3.5 (OriginLab Corporation, MA, USA).

The Gaussian function models of am-NIF and Soluplus®
were established based on their experimental spectrum per se.
The Gaussian function models of single phase, monomolecu-
larly and molecularly dispersed states were derived from the
experimental spectrum of the chosen standard solid disper-
sions. The monomolecularly dispersed states were selected
based on the shift in peak position of FD solid dispersions with
drug loadings of 0.1, 0.5, 1, 3 and 5% w/w. The sample which
demonstrated the most shifted peak position was selected as
the standard for the monomolecularly dispersed state and its
spectrum was used to establish a Gaussian function model.

The molecularly dispersed state was selected from FD solid
dispersions with drug loadings 10, 30 and 50% w/w. To con-
struct a Gaussian function model, the model spectrum of
Soluplus® was subtracted from the experimental spectrum
of the standard monomolecularly dispersed state. The
resulting spectrum was then fitted with a new set of Gaussian
functions and the resulting function termed “model M”, as it
reflects solely the monomolecular dispersed drug with no as-
sociated polymer. After subtracting the model spectrum of
am-NIF and that of model M from the experimental spectra
of the solid dispersions, the resulting spectrum was used to
construct further Gaussian function models.

The highest drug loading solid dispersion which possessed
the greatest fractional area under the model spectrum relative
to the model spectrum of am-NIF and that of model M was
chosen as the standard for the molecularly dispersed state.

The Gaussian function models were utilized to estimate the
proportion of drug-polymer interaction (in terms of the amor-
phous and the two dispersed states) in amorphous solid disper-
sion samples, which had been identified by XRD and con-
firmed with the results of Raman spectroscopy in the 775 to
850 cm−1 region. The experimental spectra of amorphous
samples were fitted to each of the standard spectra obtained
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from the Gaussian function models of the standard states.
Each standard model was adjusted by varying the coefficients
so that the model spectrum gave a best fit to the experimental
spectrum of solid dispersion sample as expressed in
Eqs. (1)–(3).

f xð Þ ¼ A þ Bþ Cþ d ð1Þ

A ¼ a ⋅g xð Þ; B ¼ b ⋅g xð Þ; C ¼ c ⋅ g xð Þ ð2Þ

g xð Þ ¼
X N

i¼1
abs P1ð Þ⋅exp −abs P2ð Þ⋅ x−abs P3ð Þð Þ2� �� �

i
ð3Þ

Where f(x) is a function representing the model spectrum of
a sample by summation of the model spectra of nifedipine in
each state; A, B, C are the Gaussian function models of mono-
molecularly dispersed state, molecularly dispersed state and
amorphous state, respectively; d is y-intercept of baseline; a,
b, c are the coefficients of the Gaussian function models of
monomolecularly dispersed state, molecularly dispersed state
and amorphous state, respectively; g(x) is a series of Gaussian
peaks describing the model spectrum of each state; abs is ab-
solute; exp is exponential; P1 is the peak height; P2 is the peak
width; P3 is the peak position and x is the experimental peak
position.

The weight fraction of the drug distributed in each state
was calculated based on the fractional area under the peak,
relative to the total area which corresponded to the total drug
loading. An example calculation is shown in Eq. (4), which is
normalized to 100% w/w drug loading as shown in Eq. (5)

Weight fraction of A

¼ Fractional area of Að Þ � drug loading

Area of A þ area of B þ area of C
ð4Þ

Normalized weight fraction of A

¼ Fractional area of Að Þ � 100
Area of A þ area of B þ area of C

ð5Þ

Where A is the monomolecularly dispersed state, B is the
molecularly dispersed state and C is the amorphous state.

X-ray Powder Diffractometry (XRD)

XRD patterns were measured with a Bruker D8 Discovery
(Bruker AXS Inc., WI, USA) controlled by GADDS version
4.1.36 (Bruker AXS Inc., WI, USA) on quartz sample holder
using Cu K-α radiation. Each sample was measured for 3 min
from 2θ of 3.8 to 27.5° with a step size of 0.02°, and the
voltage and current was 40 kV and 40 mA, respectively.

Differential Scanning Calorimetry (DSC)

Thermal analysis was performed by a DSC 8500
(PerkinElmer, Inc., MA, USA) equipped with Intracooler 2P
(PerkinElmer, Inc., MA, USA), and controlled by Pyris ver-
sion 11.1.0.0488 (PerkinElmer, Inc., MA, USA). Indium was
used to calibrate temperature and enthalpy. Samples of 4–
15 mg were placed in a crimped standard aluminium pan
(PerkinElmer, Inc., MA, USA). Nitrogen at a flow rate of
20 ml/min was used as the purge gas. am-NIF for thermal
analysis was formed in situ in the DSC pan by heating α-NIF to
178°C with a heating rate of 10°C/min, holding at 178°C for
15min and cooling to 0°Cwith a cooling rate of 50°C/min. β-
NIF for thermal analysis was also formed in situ in the DSC
pan by a modified method of Grooff et al. (25); am-NIF was
heated to 120°C at a heating rate of 10°C/min followed im-
mediately by quenching to 0°C. The thermal transitions of
am-NIF, β-NIF and α-NIF were measured from 0 to 200°C
with a heating rate of 10°C/min. For Soluplus® and solid
dispersions, samples were heated from 0 to 80°C with a
heating rate of 10°C/min and held at 80°C for 20min, follow-
ed by cooling to 0°C with a cooling rate of 50°C/min. The
second heating run was carried out from 0 to 200°C with a
heating rate of 10°C/min. Glass transition temperature (Tg),
crystallization temperature and melting temperature were de-
termined during the second heating run to reduce the effects
of thermal history and plasticizing solvents on Tg (11). The
values reported are midpoint Tg, onset crystallization temper-
ature and onset melting temperature. A theoretical Tg was
calculated based on Gordon-Taylor equation as shown in
Eqs. (6) and (7) (29).

Tg ¼ w1Tg1 þ Kw2Tg2

w1 þKw2
ð6Þ

K ¼ ρ1Tg1

ρ2Tg2
ð7Þ

Here w and ρ are the weight fractions and true densities,
respectively, of each component and Tg is the glass transition
temperature. The true density of Soluplus® was determined
by pycnometer (Quantachrome instruments, FL, USA), and
that of am-NIF was reported by Forster et al. (29).

Fourier Transform-Infrared Spectroscopy (FT-IR)

IR spectra were examined using FT/IR-4100 equipped with
attenuated total reflection (ATR) PRO410-S (JASCO Inter-
national Co., Ltd., Tokyo, Japan) controlled by Spectra man-
ager software version 2.2.9.1 (JASCO International Co., Ltd.,
Tokyo, Japan). Each spectrum was collected for 64 scans, and
measured from 400 to 4,000 cm−1 with a resolution of 4 cm−1.
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Solid State Nuclear Magnetic Resonance (ss-NMR)

ss-NMR was performed by a Bruker Avance II 300 (Bruker
AXS Inc., WI, USA), and controlled by Topspin software
version 3.1 (Bruker AXS Inc., WI, USA). The instrument
was operated on 13C cross-polarization/magic angle spinning
(CPMAS) with a transmitter frequency of 75 MHz. The ex-
periment was run using a standard bore MAS probe (Bruker
AXS Inc.,WI, USA) at temperature of 300Kwith CPMAS of
5 kHz for 13C and 62 kHz for 1H. Samples were placed in
MAS 7-mm zirconia rotors and covered with Kel-F caps
(Bruker AXS Inc., WI, USA). The spinning rate was set at
5 kHz. The contact time was 1.75 milliseconds and the am-
plitude ramp on 1H channel was approximately 49 Watts
(from 50 to 100%) with two pulse phase modulation
(TPPM) 15 decoupling. Glycine was used as an external stan-
dard to calibrate the chemical shift with a carbonyl peak ref-
erenced to 176.03 ppm.

High Performance Liquid Chromatography (HPLC)

The chemical stability of am-NIF and solid dispersion samples
were determined by an HPLCmethod according to the Unit-
ed States Pharmacopeia 36 (USP 36) (30). AnHPLC compris-
ing of an SCL-10A system controller, a DGU-3A degasser, an
LC-10AD liquid chromatograph, a CTO-10A column oven
and a SPD-10A UV spectrophotometric detector (Shimadzu
Corporation, Kyoto, Japan) was used to determine the nifed-
ipine content. The separation was carried out in a C18

Inertsil® ODS-3, 5-μm particle size, 4.6 mm×250 mm col-
umn (GL Sciences Inc., Tokyo, Japan) at room temperature
with 25-μL injection volume and 265-nm UV detector. The
mobile phase consisted of water, acetonitrile and methanol at
a ratio of 50:25:25 (v/v/v), respectively and the flow rate was
1 ml/min. The peak areas were integrated by CDS Lite ver-
sion 5.0 (DataApex, Prague, Czech Republic) software. Stan-
dard samples were prepared by dissolving in a small amount
of methanol and diluting with mobile phase to obtain a nifed-
ipine concentration of 0.1 mg/ml.

Solid State Stability

The solid state stability of nifedipine in solid dispersions was
determined by the onset time for observable crystallization.
The study was carried out at an elevated temperature and
relative times to detectable crystallization were compared.
Samples with drug loadings of 50 and 70% which were sup-
posed to exhibit rapid crystallization were observed in real
time by variable-temperature X-ray powder diffraction (VT-
XRD) (RINT 2000 Ultima+, Riguku Corporation, Tokyo,
Japan) controlled by Windmax software (Riguku Corpora-
tion, Tokyo, Japan). The samples were placed on aluminium
holders (Riguku Corporation, Tokyo, Japan) and heated with

X-ray powder diffraction-differential scanning calorimetry
(XRD-DSC II, Riguku Corporation, Tokyo, Japan) from
room temperature to 98±2οC with a heating rate of 10οC/
min and nitrogen flow rate of 100 ml/min controlled by
ThermoPlus 2 version 4.208 (Riguku Corporation, Tokyo,
Japan). The onset time for observable crystallization was de-
termined after the maximum temperature was reached. The
solid dispersion with 30% w/w nifedipine which was supposed
to exhibit slow crystallization was heated in a hot air oven
(WFO-450ND, Eyela, Tokyo Rikakikai Co., Ltd., Tokyo, Ja-
pan) at 98±2οC. XRD patterns were collected using Cu K-α
radiation from 2θ of 5.0 to 30.0° with a step size of 0.02° and a
scan speed of 20°/min. The voltage and current was 40 kV
and 40 mA, respectively. The measurements were done in
triplicate.

RESULTS

The physical forms of commercially available α-NIF, pre-
pared β-NIF, and prepared am-NIF were confirmed by
XRD and Raman spectroscopy (25,31). The chemical stabil-
ity of nifedipine in am-NIF, and solid dispersion samples pre-
pared by FD, ME and SE was proved and the remaining
nifedipine content was between 90.0 and 110.0%. A slight
degradation was observed but the Raman spectra of degraded
products showing the characteristic peaks of nitroso-derivative
and nitro-derivative at approximately 1729 cm−1 and
1728 cm−1, respectively did not interfere with the results of
the present study.

DSC

Thermal events of α-NIF, β-NIF, am-NIF, Soluplus® and
solid dispersions composed of nifedipine and Soluplus® with
drug loadings of 10, 30, 50, 70 and 90% w/w prepared by FD,
ME and SE are presented in Table I. α-NIF exhibited a melt-
ing event at 172°C. β-NIF presented an endothermic trans-
formation to another metastable form at 61°C, followed by an
exothermic transformation to α-NIF at 119°C and a subse-
quent melting event of α-NIF at 170°C. am-NIF showed a Tg

at 45°C followed by exothermic crystallization to a metastable
form at 96°C, which was then exothermically transformed to
α-NIF at 119°C followed by melting at 170°C. This corre-
sponds to the values reported by Grooff et al. (25,32). The Tg

of Soluplus® was observed at 76°C. The single Tg of the
samples shifted downwards towards the value for nifedipine
with increasing weight fractions of the drug. FD samples with
10, 30 and 50% w/w drug loadings exhibited a single Tg at
73°C, 66°C and 58°C, respectively. ME samples with 10 and
30% w/w drug loadings showed a single Tg at 70 and 67οC,
respectively, and SE samples with 10 and 30% drug loadings
showed a single Tg at 72 and 65οC, respectively.
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Crystallization and melting of nifedipine was not observed in
these samples. With a drug loading of 50% w/w, ME and SE
samples demonstrated Tg at 59 and 60οC, respectively and
melted at 158οC and 144οC, respectively. The presence of a
melting event indicated phase separation which was not found
in the FD sample at an equivalent drug loading. The FD sam-
ple with 70% w/w drug loading showed a Tg at 47°C and
melting at 158°C. TheME sample with 70%w/w drug loading
exhibited Tg and melting at 48 and 166οC, respectively; where-
as, for SE samples with equivalent drug loadings the values
were 51 and 160οC, respectively. At drug loading of 70%
w/w, the Tg of the SE sample was higher than that of FD and
ME samples. This could possibly be explained by the conver-
sion of some am-NIF fraction to α-NIF during the SE process.
As a consequence, the remaining portion of am-NIF in the SE
sample was lower than those in the FD and ME samples, and
affected the shift in Tg to higher temperature. The FD sample
with 90% w/w drug loading did not show a glass transition but
demonstrated an endothermic event at 58°C which could be
attributed to the transformation of β-NIF to a metastable form,
which was converted to α-NIF at 135°C, followed bymelting at
170°C. Nifedipine in ME samples with a drug loading of 90%
w/w was present as amorphous clusters as indicated by a Tg of
47οC followed by melting at 171οC. Whereas, at equivalent
drug loading, nifedipine in the SE sample was present as α-
NIF as indicated by the detection of a melting event at 171οC
without the presence of a glass transition.

Based on DSC findings of a single Tg without a melting
event, samples prepared by FD with drug loadings of 10, 30
and 50% w/w were miscible, while the miscible samples pre-
pared by ME and SE were found at drug loadings of 10 and

30% w/w. In Fig. 3 the observed Tg is plotted against polymer
content and compared with the theoretical Tg calculated from
the Gordon-Taylor equation using the true densities of
1.36 g/cm3 (29) and 1.16 g/cm3 for am-NIF and Soluplus®,
respectively. The plot (Fig. 3) shows minor negative deviations
of samples from ideality.

IR

Visual inspection of IR spectra of FD samples with drug load-
ings of 10, 30, 50, 70 and 90% w/w showed a subtle change in
peak positions in the spectral region between 1450 and
1600 cm−1. This spectral region corresponds to the asymmetric
vibration of NO2 of nifedipine (31) which might form hydrogen
bonds with the OH groups of Soluplus®. The observation of
the shift in peak position assigned to OH stretching vibration of
Soluplus® was limited due to the broad IR pattern over the
spectral region between 3300 and 3650 cm−1 (data not shown).
α-NIF and am-NIF exhibited peak positions at 1526.4 and
1527.4 cm−1, respectively as shown in Fig. 4. Peak positions
of nifedipine in FD samples with drug loadings of 10, 30 and
50%w/w occurred at 1531.2, 1530.2 and 1530.2 cm−1, respec-
tively. This peak was slightly shifted to 1529.3 cm−1 as the drug
loading increased to 70% w/w. The FD sample with a drug
loading of 90% w/w showed a peak position at 1528.3 cm−1

which did not corresponded to am-NIF, β-NIF or α-NIF.
Similar IR results were found for ME and SE samples over

the spectral region between 1450 and 1600 cm−1. Nifedipine’s
characteristic peak in ME samples with 10, 30, 50 and 70%
w/w appeared at 1531.2, 1530.2, 1529.3 and 1528.3 cm−1,
respectively, and then shifted to the characteristic peak of am-

Table I Thermal Events of Soluplus®, α-NIF, β-NIF, am-NIF, Solid Dispersions of Nifedipine and Soluplus® with Drug Loadings of 10, 30, 50, 70 and 90%
w/w Prepared by FD, ME and SE Methods Determined Upon Second Heating run from 0 to 200οC. The Valued were Reported as Midpoint Tg, Onset
Crystallization Temperature and Onset Melting Temperature (n=3)

Tg (
οC) Crystallization temperature (οC) Melting temperature (οC)

Soluplus®a 76.2 (0.4)b –
c

–

α-NIFa – – 172.3 (0.1)

β-NIFd – 61.2 (0.3), 118.5 (0.7) 170.3 (0.1)

am-NIFd 44.8 (0.7) 96.0 (4.4), 119.1 (1.8) 170.2 (0.1)

% Drug loading (w/w) Tg (
οC) Crystallization temperature (οC) Melting temperature (οC)

FD ME SE FD ME SE FD ME SE

10 72.7 (1.0) 70.2 (0.2) 71.8 (1.7) – – – – – –

30 66.2 (0.7) 66.7 (0.4) 65.3 (0.5) – – – – – –

50 58.2 (0.9) 59.1 (0.9) 59.9 (1.2) – – – – 158.0 (2.7) 143.5 (2.0)

70 46.7 (1.8) 48.1 (0.2) 50.6 (1.1) 93.6 (3.2) 98.3 (2.5) 111.2 (3.4) 158.2 (0.5) 166.3 (1.7) 160.3 (0.7)

90 – 47.0 (1.7) – 57.8 (0.5), 134.9 (2.7) 85.6 (2.0) – 169.9 (0.1) 171.1 (0.8) 170.9 (0.3)

a Unprocessed material
b The number in parentheses represents standard deviation
c No thermal event could be observed
d Starting compound obtained by in situ preparation in DSC pan as described in DSC method
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NIF at 1527.4 cm−1 as the drug loading increased to 90%
w/w. SE samples containing up to 70% w/w drug presented
the same peak positions as ME samples. The peak position of
the sample with 90%w/w drug was at 1526.4 cm−1, similar to
the characteristic peak of α-NIF. Generally, there appeared to
be certain shifts for the samples prepared by three different
methods. Insignificant changes in peak position was observed
in other IR spectral regions.

ss-NMR

Similar findings to IR results were evident from the ss-NMR
results which showed shifts from the am-NIF peak position at
147.5 ppm depending on the drug loading as can be seen in
Fig. 5. This chemical shift region is assigned to C-12 carbon at

-C-NO2 of aromatic rings (33,34). FD samples with 70, 50, 30
and 10% w/w drug loadings exhibited chemical shifts at
147.6, 147.8, 147.9 and 147.9 ppm, respectively. FD sample
with 90% w/w drug loading gave chemical shifts at 148.0 and
146.6 ppm corresponding to the characteristic peak of β-NIF;
while this could not be identified by IR.ME samples with drug
loadings of 90, 70, 50, 30 and 10% w/w exhibited peak posi-
tions at 147.6, 147.6, 147.7, 147.8 and 147.9 ppm, respective-
ly. There was no consistent shift in SE samples. SE samples
with 30 and 10% w/w drug possessed a peak position at
147.8 ppm. SE samples with drug loadings of 90, 70 and
50% w/w presented peak positions at 148.3, 148.1 and
148.1 ppm, and these spectra were similar to the spectral
pattern of α-NIF. No significant change in chemical shift
was observed in other spectral regions.

Raman Spectroscopy

The Raman spectra of solid dispersions over the spectral re-
gion of 550 to 1800 cm−1 were investigated by considering the
shift in the nifedipine peak position with respect to the drug
content. Shifts in peak positions as detected by IR over the
spectral region between 1450 and 1600 cm−1 was not ob-
served. However, systematic shifts in peak positions with re-
spect to drug/ polymer ratios were found between 790 and
820 cm−1. The characteristic peaks of α-NIF, β-NIF and am-
NIF were at 810.6, 806.7 and 807.3 cm−1, respectively and
agreed with the values reported by Chan et al. (31), while the
characteristic peak of Soluplus® was at 795.6 cm−1 (Fig. 6).
This region is assigned to the vibrational mode of deformation
of di-substituted aromatic compounds as reported by Rawlin-
son et al. (5). Standard samples of nifedipine in the two molec-
ular states were prepared by the FDmethod, which due to the

Fig. 3 Theoretical and observed Tgs of FD, ME and SE samples with
Soluplus® content of 0–100% w/w. Tg of FD and SE samples with Soluplus®
content of 10% w/w could not be determined (n=3).

Fig. 4 IR spectra over the spectral region of 1450 to 1600 cm−1 of (a)
Soluplus®; FD samples with drug loadings of (b) 10, (c) 30, (d) 50, (e) 70,
(f) 90% w/w; (g) am-NIF; (h) β–NIF and (i) α-NIF.

Fig. 5 ss-NMR spectra over the chemical shift of 155 to 140 ppm of (a)
Soluplus®; FD samples with drug loadings of (b) 10, (c) 30, (d) 50, (e) 70, (f)
90% w/w; (g) am-NIF; (h) β–NIF and (i) α-NIF.
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fast solidification should provide a homogeneous product.
The development of the distinct shoulder (due to molecular
nifedipine) on increasing the drug loading was used to aid the
assignment of the monomolecularly dispersed standard. A
drug loading of 0.1% w/w exhibited a similar pattern to
Soluplus® and no distinct shoulder that could be resolved
from Soluplus® spectrum. FD samples containing 0.5 and
1% w/w drug had Soluplus® peak overlapped with the shoul-
der of 798.6 cm−1. As the position of nifedipine peak was not
further shifted to lower wavenumber when drug loadings de-
creased from 1 to 0.5%w/w, this suggested that the molecular
environment of nifedipine in solid dispersions composed of
drug 0.5 and 1% w/w was identical, and it could be assumed
that only drug-polymer interaction occurred in these solid
dispersions. On the contrary, when the drug loading was in-
creased from 1 to 3 and 5%w/w, the peak position was shifted
toward that of am-NIF. They also showed that the Soluplus®
peak overlapped with the shoulder of 800.1 (3% w/w) and
801.6 cm−1 (5% w/w), respectively as shown in Fig. 7a. This
revealed that the molecular environment of nifedipine in the
solid dispersions composed of 1 and 3% w/w drug was differ-
ent. The shift in peak position of the 3% w/w sample toward
the peak position of am-NIF implied the presence of drug-
drug interaction. A solid dispersion with 0.5% w/w drug
was, therefore, selected to be the monomolecular standard
because it showed sufficient shift in the peak position to enable
it to be differentiated from Soluplus®’s characteristic peak
and, in addition, it contained lower drug content compared
to the 1% w/w drug loading sample. Hence, there is a
greater opportunity for all drug molecules to be in the
monomolecular state.

The spectral region used to construct theGaussian function
models was extended to the region from 775 to 850 cm−1 in

order to prevent confusion between am-NIF and β-NIF which
have peak positions nearby, between 790 and 820 cm−1. Anal-
ysis of the extended region showed that am-NIF has a sharp
peak at 831.9 cm−1 compared to a broad spectral pattern of β-
NIF from 825 to 835 cm−1.

The molecularly dispersed standard was investigated using
the FD samples with higher drug loadings of 10, 30 and 50%
w/w. Their Raman spectra in the spectral region of 790 to
820 cm−1 showed characteristic peaks at 802.5, 804.0 and
804.9 cm−1, respectively (Fig. 7b). The molecularly dispersed
state model was obtained from the remaining spectrum,
resulting from subtracting the am-NIF model and model M
spectra from the experimental spectra of the FD samples, as
described in spectral data analysis section. The remaining
spectra of the FD samples with drug loading of 10 and 30%
w/w could be completely fitted with the model spectrum com-
posed of five Gaussian peaks; whereas, that of the FD sample

Fig. 6 Raman spectra over the spectral region of 790 to 820 cm−1

of α-NIF, β-NIF, am-NIF and Soluplus®. The characteristic peaks of
α-NIF, β-NIF, am-NIF and Soluplus® were at 810.6, 806.7, 807.3
and 795.6 cm−1, respectively. Intensity was normalized and re-scaled
to compare peak positions.

Fig. 7 Raman spectra over the region of 790 to 820 cm−1of (a) FD samples
with drug loadings of 0.1% (red), 0.5% (purple), 1% (green), 3% (blue) and
5% (brown), and (b) FD samples with drug loadings of 10% (red), 30%
(purple), 50% (green) and 70% (blue) w/w. Intensity was normalized and re-
scaled to compare peak positions.
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with drug loading of 50% w/w could be fitted with the model
spectrum composed of five Gaussian peaks, combining with
approximately 10% of am-NIF area. The sample with a drug
loading of 30% w/w was used as the molecularly dispersed
standard since it contained neither am-NIF nor model M.
Furthermore, this sample should be relatively closer to the
saturated concentration, compared to the sample composed
of 10% w/w nifedipine. The experimental spectra of the two
molecular states and amorphous nifedipine could be fitted
with seven, five and three Gaussian peaks, respectively. The
model spectra obtained from the summation of the Gaussian
peaks was almost identical to the experimental spectrum, as
shown in Fig. 8. These Gaussian function models were used to
estimate the nature of nifedipine in the samples of amorphous
solid dispersions prepared by FD, ME and SE.

XRD results showed that the FD sample with a drug load-
ing of 90% w/w possessed diffraction peaks at 7.8, 9.5, 11.1,
12.6, 17.2 and 24.3° which was the characteristic of β-NIF as
reported by Grooff et al. (25); whereas, other samples had X-
ray halo patterns (Fig. 9a). All ME samples exhibited halo
patterns which revealed their amorphous character (Fig. 9b).
SE samples with the 10 and 30% w/w drug loadings demon-
strated halo patterns; whereas, the samples with drug loadings
of 50, 70 and 90% w/w possessed diffraction peaks at 8.4,
10.7, 12.0, 16.4, 19.9 and 24.9° which corresponded to α-
NIF as reported by Grooff et al. (25) (Fig. 9c). These findings
were consistent with results obtained from Raman spectrosco-
py. The FD sample with a drug loading of 90% w/w exhibited
a Raman peak at 807.6 cm−1 coupled with a broad spectral
pattern over the region of approximately 825 to 835 cm−1

which was similar to the characteristic pattern of β-NIF;
whereas, other FD samples demonstrated the patterns of nei-
ther α-NIF nor β-NIF. The Raman peak position of the FD
sample containing 70% w/w drug was at 805.8 cm−1, and the
peak was systemically shifted to 804.9, 804.0 and 802.5 as the
drug content was decreased to 50, 30 and 10% w/w, respec-
tively. For all ME samples, no peak pattern for α-NIF or β-
NIF was observed. ME samples with drug loadings of 90, 70,
50, 30 and 10% w/w showed characteristic peaks at 807.0,
805.5, 804.9, 804.0 and 802.8 cm−1, respectively. For SE
samples, it was found that the samples comprised of drug 90,
70, 50, 30 and 10% w/w presented characteristic peaks at
810.9, 810.9, 810.6, 804.0 and 802.5 cm−1, respectively.
The peak positions of samples composed of 50, 70 and 90%
w/w drug which dramatically shifted to approximately
810 cm−1 suggested the presence of α-NIF in these samples.
Overall Raman peak positions of samples prepared by FD,
ME and SE methods at drug loadings of 10, 30, 50, 70 and
90% w/w over the spectral region of 795 to 815 cm−1 are
illustrated in Fig. 10, suggesting uniform peak shifting for the
samples with drug loadings of 10 and 30% w/w for three
preparation methods. The deviation in peak positions in FD
sample with 90% w/w drug loading was caused by β-NIF and
that in SE samples with 50, 70 and 90% w/w/ drug loadings
was due to α-NIF.

Accordingly X-ray amorphous samples (FD samples com-
posed of 10, 30, 50 and 70% w/w drug, ME samples com-
posed of 10, 30, 50, 70 and 90% w/w drug, and SE samples
composed of 10 and 30% w/w drug) were further investigated
to determine the relative proportions of monomolecular,

Fig. 8 A series of Gaussian peaks
fitted to the measured Raman
spectra of (a) monomolecular, (b)
molecular and (c) amorphous
nifedipine.
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molecular and amorphous nifedipine. The results are depicted
in Fig. 11. In general, the amounts of each state varied de-
pending on the drug concentration and preparation method.
No amorphous drug was observed in any sample with a drug
loading of 10% w/w. The majority of nifedipine was present

in its monomolecularly dispersed state, and any remaining was
present in its molecularly dispersed state. Almost all nifedipine
in the FD sample containing 30% w/w drug was in the mo-
lecularly dispersed state. At the same drug loading, in the ME
sample, approximately 5% w/w based on nifedipine content
was amorphous, while a trace of the amorphous state of ap-
proximately 1% w/w could be detected in the SE sample. An
increase in the drug loadings from 50% w/w to 90% w/w

showed an increase in the amorphous drug content over mo-
lecular and monomolecular states, indicating a reduction in
drug-polymer interaction in the samples. A similar trend has
been reported by Huang et al. (8). At drug loadings of 70 and
90% w/w nifedipine was present mainly in its amorphous
state. This implied that drug-drug interactions or the cohesive
force between drug molecules was predominant relative to
drug-polymer interaction. These findings suggested that the
maximum concentration of nifedipine in Soluplus® which
provided a miscible mixture was 30% w/w for samples pre-
pared by FD and SE. However, the ME sample with 30%
w/w drug loading contained trace amount of the amorphous
state as described earlier, so cannot be unambiguously de-
scribed as miscible.

Solid State Stability

The average time to detectable crystallization from threemea-
surements of an FD sample containing 50% w/w drug was
approximately 10 h (Fig. 12a); and 6 min for an FD sample
with drug loading of 70% w/w (Fig. 12b). Interestingly, al-
though the samples with drug loading of 50% w/w prepared
by FD and ME showed similar drug-polymer interaction, re-
crystallization of nifedipine in the ME sample took approxi-
mately 11 min, which was dramatically more rapid than that
in FD sample (Fig. 12c). This phenomenon was attributed to
inhomogeneity in the ME sample as there may be large

Fig. 9 XRD diffractograms of (a) Soluplus®; solid dispersion samples with
drug loadings of (b) 10, (c) 30, (d) 50, (e) 70, (f) 90% w/w; (g) am-NIF; (h) β–NIF
and (i) α-NIF. The samples prepared by (a) FD, (b) ME and (c) SE methods.

Fig. 10 The shifts in Raman peak positions over the spectral region of 795 to
815 cm−1 of solid dispersion samples with drug loadings of 10, 30, 50, 70 and
90% w/w prepared by FD, ME and SE methods.
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amorphous clusters inducing recrystallization within a shorter
detectable time at the elevated temperature. Similar to that of
the FD sample, the ME sample containing 70% w/w drug
showed an observable crystallization time of approximately
7 min (Fig. 12d). Despite monitoring for 28 days, no sign of
recrystallization could be detected in any sample with a drug
loading of 30% w/w. These observations suggest the influence
of drug-polymer interaction in lowering molecular mobility
and thereby retarding recrystallization. It should be noted
that, after 28-days, the remaining drug content in the stressed
samples with drug loading of 30% w/w prepared by FD, ME
and SE had decreased to 86.7, 78.4 and 76.2% of the drug
content, respectively due to chemical degradation. It was pos-
sible that crystallinity in these samples was not observed owing

to the detection limits of XRD, particularly in the presence of
extensive amorphous background. It was also possible that
with 15–25% degradation over 28 days, failure to detect crys-
tallinity might be due to the fact that the degradation product
did not crystallize under the conditions of the experiment.

DISCUSSION

Miscibility of the studied samples was classified by DSC and
XRD together with Raman spectroscopy. XRD and DSC
have been useful in identifying the amorphous solid disper-
sion. An X-ray halo indicates the absence of crystallinity. As
such it is unable to distinguish between a miscible mixture and
a physical mixture of two amorphous solids. DSC is more
useful in this case because when there is a single Tg detected
between the Tg of the drug and the polymer, the amorphous
drug is considered to be miscible with the polymer (10). In
contrast, when there are two separated Tgs, this suggests that
the drug stays as a separated phase of amorphous clusters. The
DSC results may help in estimating drug-polymer miscibil-
ity. However, this technique is unable to reveal whether
the drug is dispersed in its monomolecularly or molec-
ularly dispersed states.

The XRD data indicated that the drug was present in its
amorphous form for maximum drug loadings of 70%, 90%
and 30% w/w in the samples prepared by FD, ME and SE,
respectively. At a drug loading of 90% w/w in an FD sample,
metastable β-NIF was present. While, at 50% w/w drug load-
ing and above, α-NIF was found in SE samples. The drug in
all ME samples remained amorphous.

Fig. 11 The content of miscible nifedipine presenting as monomolecularly
and molecularly dispersed states and immiscible nifedipine presenting as
amorphous clusters in the studied X-ray amorphous samples prepared by
FD, ME and SE methods. The content of each state in different drug loading
samples was normalized to 100% w/w (n=6).

Fig. 12 XRD diffractograms of (a)
FD sample with 50% w/w drug, (b)
FD sample with 70% w/w drug, (c)
ME sample with 50% w/w drug and
(d) ME sample with 70% w/w drug
stored at 98οC showing onset of
crystallization.
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The DSC results further elucidate the miscibility of the
amorphous drug in the samples. A single Tg was found be-
tween that of the drug and the polymer in FD and SE samples
with up to 70% w/w drug loading and in the ME sample with
90% w/w drug loading. This primarily indicated that the
binary mixture was miscible. However, melting events (sug-
gesting crystallization) of ME and SE samples with drug load-
ings above 30% w/w and of an FD sample with 70% w/w

were observed during the second heating cycle. This phenom-
enon suggested that there might be traces of amorphous clus-
ters within the samples leading to crystallization after heating.
A melting event without the observation of a crystallization
event has been reported by Yuan et al. (16). This was probably
due to the limitation of this instrument and/or the inappro-
priate conditions for DSC to detect crystallization event. Each
preparation method used different rates of cooling and it is
known that slower cooling rates can give rise to lower Tgs (35).
However, the Tgs of all samples at the same drug loading were
found to be very similar, irrespective of the preparation meth-
od. The plot of observed Tg of FD, ME and SE samples
against the polymer content also demonstrated negative
deviations from ideality. This indicates that nifedipine
and Soluplus® interacted more weakly than nifedipine
with itself (11,36).

The IR results reflected the change in molecular surround-
ing of nifedipine at the nitro group (31) as small shifts in ni-
fedipine peak positions were seen from am-NIF at
1527.4 cm−1 to 1530.2 cm−1 for drug loadings up to 30%
w/w (seen in the samples prepared by all three methods).
The systematic shifts in peak positions over this region could
not be observed by Raman spectroscopy. This suggested that
the nitro group of nifedipine might form a hydrogen bond
with the OH of Soluplus®. The upward shifts of peak posi-
tions on decreasing the drug loading resulted from a change in
the micro-environment of nifedipine and suggested weaker
drug-polymer interactions compared to drug-drug interac-
tions (12,23,37). There was no significant change in nifedipine
peak position over the spectral region of aromatic hydrocar-
bon between 775 and 850 cm−1 (data not shown). This result
revealed that the hydrophobic interaction between nifedipine
and Soluplus® might not exhibit a change in dipole moment.
Thus, IR spectroscopy was not able to detect this interaction.

A similar finding was observed by ss-NMR; FD samples
showed a change in chemical shift of C-12 carbon at -C-
NO2 from the am-NIF peak position at 147.6 ppm towards
147.9 ppm as the weight fraction of the drug decreased from
70 to 10%. A consistent trend in drug-polymer interaction was
also provided by ME samples which showed shifts from
147.6 ppm toward 147.9 ppm as the weight fraction of the
drug decreased from 90 to 10%. SE samples with 10 and 30%
w/w drug possessed peak positions at 147.8 ppm. It has been
reported that strong molecular interactions i.e., hydrogen
bonding between two components in solid dispersions

demonstrated a chemical shift alteration of approximately
1–2 ppm (33,38). In this study, the downfield shifts of the
characteristic peak of am-NIF from 147.5 ppm to
147.9 ppm as drug loadings decreased to 10% w/w was ap-
proximately 0.4 ppm which indicated weak hydrogen bond-
ing. These results suggested the possibility of other molecular
interactions (the hydrophobic interaction for example) as be-
ing important for determining the miscibility of nifedipine and
Soluplus® at a molecular level. However, it was not possible
to use ss-NMR to study this as there was no significant change
in nifedipine peak position over other chemical shift regions.

Raman spectroscopy was used to determine the hydropho-
bic interaction in the binary mixture of nifedipine and
Soluplus® as it could detect the shifts in peak positions of
nifedipine arising in the spectral region of 790 to 820 cm−1,
a characteristic region for the vibration of aromatic hydrocar-
bon (5). There was a possibility that nifedipine, containing
aromatic hydrocarbon, could form weak van der Waals inter-
actions with the cyclic amide presenting in polyvinyl caprolac-
tam segment of Soluplus®. The shifts in the extended spectral
region covering 775 to 850 cm−1 confirmed the presence of β-
NIF and α-NIF in FD with a drug loading of 90% w/w

and in SE samples with a drug loading above 30%,
which corresponded to conclusions from a study of their
X-ray patterns.

Raman spectroscopy is also a useful tool to provide insight
into the content of drug-polymer interaction and amorphous
cluster in the X-ray amorphous samples. Peak positions and
shapes were unique for each sample and influenced by the
strength of the drug-polymer interaction (22). This implies
that the difference in the sample spectral patterns resulted
from the particular combination of monomolecularly dis-
persed state, molecularly dispersed state and amorphous state
coexisting within samples. Theoretically, the degree of
shift in peak position indicates the strength of the
drug-polymer interaction; a larger shift reveals a stron-
ger drug-polymer interaction (15).

Raman peak positions of nifedipine generally shifted to
lower wavenumber upon lowering the drug to polymer ratios
from 70 to 10% w/w in FD samples, 90 to 10% w/w in ME
samples and 30 to 10% w/w in SE samples. This suggested
that the drug-polymer interaction was stronger than the drug-
drug interaction. In the amorphous samples, the strength of
drug-polymer interaction (indicated by the shift), was inversely
correlated with nifedipine weight ratio as can be seen in
Fig. 10. It has been reported that more molecular dispersions
were obtained from the solid dispersion of nifedipine in
ethylcellulose and/or Eudragit RL, prepared by the method
with faster solidification rate (8). However, in the present
study, the samples prepared by FD, ME and SE methods at
equivalent drug loadings of 10 and 30% w/w exhibited shifts
of peaks to similar frequencies (around 802–804 cm−1). This
revealed that the strength of the drug-polymer interaction at
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equivalent drug loading was similar regardless of the prepara-
tion method. The Gaussian function models constructed from
FD samples were applied to ME and SE samples; the model
spectra of ME and SE samples were well fitted in the FD
models. The average proportion of nifedipine in each state
was consistent for all three preparation methods at equivalent
drug loading as shown in Fig. 11. This result agreed with the
similar degree of shifting in nifedipine peak positions for the
three preparation methods. At each level of 10 and 30% w/w

drug loading, the strength of established drug-polymer inter-
action in FD, ME and SE samples were similar due to the
comparative amounts of monomolecularly and molecularly
dispersed states. The shift to lower wavenumber found for
the samples with 10% w/w drug loading corresponded to
relatively higher amounts of monomolecularly dispersed state,
suggesting the occurrence of stronger adhesive force, compar-
ing with the samples with 30% w/w drug loading. However,
the amount of each state present in all ME samples showed a
relatively high variation, having greater standard deviation in
Fig. 11. It may be due to poor mixing; either between drug
and polymer powders or in the molten state during the prep-
aration of dispersion. All samples composed of 10% w/w drug
showed a large proportion of the monomolecularly dispersed
state with less of the molecularly dispersed state. Trace
amounts of the amorphous state (approximately 5% w/w

based on nifedipine content) could be found in an ME sample
with drug 30% w/w. At 50% w/w drug loading, the mono-
molecularly dispersed state could not be detected in all sam-
ples and the amorphous state became more significant. The
proportion of the amorphous state became greater than mo-
lecularly dispersed state in FD andME sample with 70% w/w

drug loading and almost all drugmolecules exhibited as amor-
phous state in ME sample with 90% w/w drug loading.

Based on the Raman results, the samples with 10% drug
loading, prepared by all three methods, were miscible because
no amorphous drug was found. Themiscibility limits of binary
mixtures of nifedipine and Soluplus® prepared by FD and SE
were approximately 30%w/w drug loading and these samples
were also classified as miscible mixtures. This agreed with the
miscibility results classified by the presence of a single Tg, with
no melting event, in these samples. Although the ME sample
with 30% w/w drug loading was also classified as a miscible
mixture by DSC, there appeared to be 5%w/w of amorphous
drug. The samples prepared by all three methods with drug
loadings of 50, 70 and 90% w/w were clearly classified as
immiscible mixtures as amorphous and/or crystalline drugs
were determined. DSC demonstrated the limitation of multi-
ple Tgs detection, commonly used to indicate phase separation
in immiscible samples such as the FD sample with drug load-
ing of 50%w/w and theME sample with drug loading of 30%
w/w. This was probably due to the presence of amorphous
clusters in the bulk samples which were smaller than the de-
tection limit of DSC. It has been reported that amorphous

clusters smaller than 30 nm, even tens of microns (39), gener-
ally could not be distinguished by DSC and resulted in mis-
leading conclusions as to the nature of a molecularly dispersed
drug (16). These conclusions highlight the significance of Ra-
man spectroscopy as a technique to examine the hydrophobic
interactions between the drug and polymeric matrix. A fur-
ther possible reason for the disagreement between DSC and
Raman spectroscopy in determining the miscibility limit could
be poor uniformity of mixing as ME samples show a relatively
higher variation in amorphous content as shown in Fig. 11.

Despite this, among preparation methods, ME was dem-
onstrated to be the most effective technique at providing drug-
polymer interaction in amorphous samples over the entire
range of drug loadings including 10, 30, 50, 70 and 90%
w/w. Recrystallization was apparent in the FD sample
consisting of 90% w/w drug and SE samples consisting of
50, 70 and 90% w/w drug. The recrystallization of the FD
and SE samples with relatively high drug loadings could be
due to the higher molecular mobility of the drug before the
removal of solvent. This would allow the drug molecules to
rearrange into a more thermodynamically stable form. For SE
samples, this recrystallization phenomenon to the more stable
α-NIF form occurred at lower drug loadings because of slower
entrapment rate of the drug molecules into the polymeric
matrix. ME samples showed the highest variation throughout
all drug loadings; whereas, distribution of drug-polymer inter-
action was completely homogeneous in FD and SE samples.
However, when comparing among X-ray amorphous sam-
ples, the average degree of drug-polymer interaction was in-
dependent of the preparation method.

The solid state stability of amorphous pharmaceuticals is
affected by both drug content (the thermodynamic factor) and
preparation method (the kinetic factor) (4,6). In this study, the
samples were stored at much higher temperature than their
Tgs to accelerate crystallization. At this temperature, the sam-
ples were in their rubbery state and molecular mobility was
high. Consequently, the effect of the preparation method, i.e.,
cooling rates, on Tg and molecular mobility in the glassy sam-
ples might be ignored. Crystallization only results from nucle-
ation and crystal growth during aging. If there were substan-
tial drug-polymer interactions in the samples, the polymer
would help delay crystallization of the drug in the samples
stored even at the elevated temperature. The correlation be-
tween the degree of drug-polymer interaction and the onset
for observable crystallization was elucidated. Onset times for
observable crystallization of FD andME samples consisting of
70% w/w drug, which possessed separate amorphous phases,
were approximately 6–7 min. The existence of numerous
amorphous clusters in the samples substantially induced nu-
cleation. However, an FD sample with 50% w/w drug loading
had a detectable crystallization time of 10 h. Even though this
sample contained a significantly higher proportion of mono-
molecular and molecular dispersed drug than amorphous
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state, the greater thermodynamic driving force for the amor-
phous cluster to crystallize was able to overcome the kinetic
barrier provided by the drug-polymer interaction, leading to
crystallization within a relatively short onset time. Interesting-
ly, although solid dispersions with drug loading of 50% w/w

prepared by FD and ME methods exhibited similar distri-
butions of dispersed and amorphous drug, the onset time
for observable crystallization of the ME sample (approxi-
mately 11 min) was dramatically more rapid than the FD
sample at an equivalent drug loading. This phenomenon
was attributed to the inhomogeneous nature of ME sam-
ple. Despite measuring for 28 days, no sign of crystalliza-
tion could be detected in FD, ME and SE samples with
drug loading of 30% w/w. Although ME sample contain-
ing 30% w/w drug demonstrated amorphous fraction of
about 5% w/w based on nifedipine content, this trace
amorphous state might insufficient to induce nucleation.
Therefore, the ME sample with drug loading of 30%
w/w could be categorized as a miscible mixture. The solid
state stability of the miscible mixture at the elevated tem-
perature was attributed to the lower molecular mobility
due to the drug-polymer interaction detected at ambient
temperature, and the reduced thermodynamic driving
force as drug content was within miscibility limit. The
drug-polymer interaction occurred through hydrophobic
interaction as suggested by Raman shifts and hydrogen
bonding as suggested by typically shifting in IR peak
position for these samples. However, the study assumed
that higher temperatures did not increase the saturated
concentration of the drug. Also, it must be addressed
here that the studied temperature was much higher
than the ambient and accelerated temperatures used in
a conventional stability study. These results did not sug-
gest how distinguishable the physical stabilities would be
at ambient conditions but revealed that the crystalliza-
tion tendency of homogenous samples was inversely pro-
portional to the extent of drug-polymer interaction.

CONCLUSIONS

The study demonstrated the use of Raman spectroscopy to
qualitatively examine the miscibility level in binary mixture,
and to quantitatively determine the degree of hydrophobic
interaction between drug and polymer. The miscibility limit
was estimated to be 30% w/w in which all drug molecules
were interacted with polymer regardless of preparation meth-
od. The drug loading had an impact on miscibility level, while
the preparation methods rather influenced the homogeneity
of the drug-polymer interaction, which eventually led to dif-
ferences in solid state stability. This high selectivity technique
might be helpful providing the supportive data to justify an
ambiguous result obtained from other methods e.g., DSC.
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