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ABSTRACT
Purpose To explore in-situ forming cocrystal as a single-step,
efficient method to significantly depress the processing tempera-
ture and thus minimize the thermal degradation of heat-sensitive
drug in preparation of solid dispersions by melting method (MM)
and hot melt extrusion (HME).
Methods Carbamazepine (CBZ)-nicotinamide (NIC) cocrystal
solid dispersions were prepared with polymer carriers PVP/VA,
SOLUPLUS and HPMC by MM and/or HME. The formation
of cocrystal was investigated by differential scanning calorimetry
and hot stage polarized optical microscopy. State of CBZ in
solid dispersion was characterized by X-ray powder diffraction
and optical microscopy. Interactions between CBZ, NIC and
polymers were investigated by FTIR. Dissolution behaviors of
solid dispersions were compared with that of pure CBZ.
Results CBZ-NIC cocrystal with melting point of 160°C was
formed in polymer carriers during heating process, and the
preparation temperature of amorphous CBZ solid dispersion
was therefore depressed to 160°C. The dissolution rate of
CBZ-NIC cocrystal solid dispersion was significantly increased.
Conclusions By in-situ forming cocrystal, chemically stable
amorphous solid dispersions were prepared by MM and HME
at a depressed processing temperature. This method provides
an attractive opportunity for HME of heat-sensitive drugs.

KEY WORDS carbamazepine . cocrystal . hotmelt extrusion .
solid dispersion . thermal degradation

ABBREVIATIONS
CBZ carbamazepine
DSC differential scanning calorimetry
FTIR fourier transform infrared spectroscopy
HME hot melt extrusion
HPLC high performance liquid chromatography
HSPM hot stage polarized optical microscopy
MM melting method
NIC nicotinamide
Tg glass transition temperature
Tm melting point
TGA thermal gravimetric analysis
XRPD X-ray powder diffraction

INTRODUCTION

Solid dispersion is one of the most effective approaches to
improve dissolution rate and hence bioavailability of poorly
water-soluble drugs (1,2). However, a major limitation of
solid dispersion is that amorphous drug is thermodynami-
cally unstable and apt to recrystallize during storage,
especially when trace amount of crystalline drug is left in
solid dispersion which will act as nucleating agents to
accelerate recrystallization of amorphous drug substance
(3,4). Therefore, complete transformation of crystalline
drug to amorphous state is the key point to improve
physical stability and dissolution performance of the solid
dispersion.

Recently, melting method (MM) and hot melt extrusion
(HME) have gained popularity for preparing solid disper-
sion due to many advantages, such as free of solvents,
simple procedures and uniform product quality (5,6). For
both methods, the melting temperature must be high
enough to ensure that the drug is completely melted and
transformed to amorphous state. But at high temperature,

X. Liu :M. Lu (*) : Z. Guo : L. Huang : X. Feng : C. Wu (*)
School of Pharmaceutical Sciences( Sun Yat-Sen University
Guangzhou 510006 Guangdong, People’s Republic of China
e-mail: loment.lu@yahoo.com.cn
e-mail: Cbwu2000@yahoo.com

C. Wu
Research & Development Center of Pharmaceutical Engineering
Sun Yat-Sen University
Guangzhou 510006, People’s Republic of China

Pharm Res (2012) 29:806–817
DOI 10.1007/s11095-011-0605-4



both drug and polymer carriers face the risk of thermal
degradation, especially for heat sensitive drugs (7,8). There-
fore, how to decrease the processing temperature of MM
and HME is a big challenge for pharmaceutical scientists.
Adding plasticizer was a traditional method to depress the
glass transition temperature (Tg) and viscosity of polymer
carrier to improve processability at lower temperature (9,10).
But plasticizer can’t change the melting point (Tm) of drug.
Lakshman (3) reported a new method that heat-sensitive
drug was firstly converted to an amorphous form by spray
drying and then melt-extruded with polymer. By this means,
melt extrusion was performed below the Tm of drug to
effectively avoid thermal degradation. However, this method
possessed many disadvantages, such as high preparation cost,
solvent residue and environmental pollution.

Cocrystallization was one of the most popular solid state
approaches to modify the physicochemical properties of
drug such as melting point, solubility and physical stability,
without compromising its structural integrity and bioactiv-
ity. A cocrystal can be defined as a single crystalline
homogenous phase consisting of multiple neutral compo-
nents which are solid in their pure forms under ambient
conditions (11). The components in a cocrystal exist in a
definite stoichiometric ration and assemble via noncovalent
interactions such as hydrogen bonds, π-π packing, and van
der Waals interactions. Schultheiss (11) analyzed the
melting points of 50 cocrystalline samples and found that
51% cocrystals had moderate Tm between Tms of drug and
coformer, while 39% have lower Tm than Tms of drug and
coformer. Therefore, cocrystallizing drug with proper
coformer may be considered as a good approach to
decrease the Tm of drug and minimize the thermal
degradation. There are two methods to prepare cocrystal
solid dispersion: (1) to prepare cocrystal firstly and then mix
it with polymer carrier to produce solid dispersion; (2) to
melt the mixture of drug, coformer and polymer directly.
Obviously, the second one is simple, solvent-free and low-
cost. But this must be based on the premise that the mixture
of drug and coformer can form cocrystal in polymer matrix
during melting process. The previous work of other groups
reported that the mixture of drug and coformer formed in-situ
cocrystal during heating process (12) and the cocrystallization
pathway was studied in details (13). Dhumal (14) also
reported HME as a scalable, solvent-free, continous
technology to prepare cocrystals in agglomerated form.
Based on these reports, a hypothesis was proposed that
drug and low Tm coformer probably in-situ cocrystallize in
polymer carrier during heating process and then the
mixture may melt at temperature much below the Tm of
drug to produce amorphous solid dispersion without
thermal degradation.

As a BCS class II drug with good permeability but poor
water solubility, carbamazepine (CBZ) was widely studied

to form cocrystal to improve dissolution behavior and
decrease hygroscopicity (15,16). Most of the cocrystals
showed much lower melting points than Tm of CBZ form
I (190°C). As a heat-sensitive drug, there are many reports
focused on its decomposition at high temperature (17,18).

In this paper, CBZ and nicotinamide (NIC) were
selected as model drug and coformer, respectively, due to
the lower melting point of their cocrystal (Tm=160°C).
Amorphous CBZ-NIC cocrystal solid dispersions were
prepared by melting method and HME at 160°C. The
mechanism of in-situ cocrystallization in polymer carriers
and the dissolution behaviors of solid dispersion were
investigated. The aim of this study was to explore the
formation of cocrystal as a novel approach to depress
process temperature and minimize the thermal degradation
of drug and polymer in preparing amorphous solid
dispersion by MM and HME.

MATERIALS AND METHODS

Materials

Anhydrous CBZwas purchased fromYuancheng Technology
Development Co., Ltd, Wuhan, China. Kollidon®VA64
(PVP/VA) and Soluplus® (SOLUPLUS) were friendly
supplied by BASF Auxiliary Chemicals Co., Ltd., Shanghai,
China. Hydroxypropyl methylcellulose E5 (2910 grade)
(HPMC) was purchased from Colorcon Coating Technology
Ltd., Shanghai, China. NIC was purchased form Aladdin
Chemistry Co., Ltd., Shanghai, China. Methanol (HPLC
grade) was purchased from Fischer Scientific, USA. All the
reagents used were of analytical grade or better.

Thermal Gravimetric Analysis (TGA)

Thermal stability of the pharmaceutical components was
evaluated by thermal gravimetric analysis (TGA) using
NETZSCH STA-409 thermogravimetrical analyzer
(NETZSCH group, Germany). Samples (5–10 mg) were
heated in open aluminium pans to 300°C at a heating rate
of 10°C/min. Nitrogen was used as purge gas at a flow rate
of 30 ml/min. The data were analyzed using Proteus
analysis software.

Differential Scanning Calorimetry (DSC)

Thermal behavior of the samples was examined by
differential scanning calorimetry (DSC) (NETZSCH STA-
409 thermogravimetrical analyzer, NETZSCH group,
Germany). The accurately weighed samples (5–10 mg) were
placed in open aluminiun pans and heated at 10°C/min to
210°C. Nitrogen at the flow rate of 30 ml/min was used as
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purge gas, while the temperature ramp rate was 10°C/min.
The instrument was calibrated using indium and the data
were analyzed with Proteus analysis software.

Hot Stage Polarized Optical Microscopy (HSPM)

HSPM studies were conducted on a Leica DMPL polariz-
ing optical microscope (Leica Microsystems Wetzlar Gmbh,
Wetzlar, Germany). 5.00 mg CBZ and 2.58 mg NIC were
weighed accurately at molar ratio of 1:1 for cocrystal
formation experiment. The physical mixtures containing
CBZ, NIC, and one of the three polymers (PVP/VA,
SOLUPLUS and HPMC) also were weighed accurately at
a weight ratio of 5.00: 2.58: 5.05. The blends were then
mixed uniformly in a clean mortar. Each sample was placed
between a glass slide and a cover glass and then fixed on
Linkham THMS600 hot stage (Linkham Scientific Instru-
ments Ltd., Surry, England). Then the sample was heated
from ambient temperature to 200°C at 10°C/min. The
morphology changes during the heating process were
recorded by camera for further analysis.

Preparation of Cocrystal and Solid Dispersions
by Melting Method (MM)

500 mg of CBZ and 258 mg of NIC (1:1 molar ratio) were
mixed uniformly in a clean motar and then placed between
two clean polyamide films, melted on a hot stage at 160°C
for 5 min. The melt was cooled slowly at ambient condition
for crystallization. The obtained CBZ-NIC cocrystal was
pulverized in a mortar and passed through an 80-mesh
sieve.

Similarly, a total weight of 500 mg of CBZ and PVP/
VA (40:60 w/w), and CBZ, NIC and PVP/VA (40:20:40
w/w) were mixed, melted and cooled at same conditions
as above to form solid dispersions. The obtained CBZ-
PVP/VA and CBZ-NIC-PVP/VA solid dispersions were
pulverized and passed through an 80-mesh sieve. The
final powders were kept in a desiccator for further
analysis. Examination by X-ray powder diffraction did
not show any change in physical state of solid dispersion
after grinding.

Hot Melt Extrusion (HME)

Hot melt extrusion was conducted using a conical co-rotating
(5–14 mm diameter) twin screw HAAKE MiniLab II Micro-
compounder (Thermo Electron GmbH, Karlsruhe). The
extrusion temperature and screw speed were fixed at 160°C
and 30 rpm, respectively.

According to the formulations given in Table 1, the
materials were accurately weighed, premixed in a clean
mortar, and then manually fed into the extruder. The

residence time of the materials in the extruder was about
1 min. Part of the melt extrudates were pressed into round
slices immediately for X-ray powder diffraction character-
ization; the others were cooled at ambient condition, milled
with an impact mill and then passed through an 80-mesh
sieve to yield a final powder for further analysis.

X-ray Powder Diffraction (XRPD)

X-ray diffractometer with Cu Kα radiation (Rigaku D/Max
2000, Japan) was used to determine the crystallinity of samples
at ambient temperature. The generator voltage and current
were 40 kV and 30 mA, respectively. The 2-theta scanning
range was from 3 to 40° at a rate of 5°/min and a step size of
0.02°. Verification of the instrument was performed using
mica and alumina reference standards.

Optical Microscopy

Morphology of the solid dispersions was observed using an
Olympus optical microscope (IX71, Olympus Corporation,
Japan) with a magnification range of 4×.

Fourier Transform Infrared Spectroscopy (FTIR)

Intermolecular hydrogen bonding between drug and
excipients was determined using Fourier transform infrared
spectrometer equipped with a KBr beam splitter (TEN-
SOR37, Bruker, Germany). Sample powders were mixed
with dry KBr (IR, spectroscopy grade, China) in a ratio of
1:100 and compressed into semitransparent pellets by
applying a pressure of 10 tonnes for 1 min. The scan range
was 400–4,000 cm−1, using 64 scans per spectrum with a
resolution of 4 cm−1. Samples were examined in the
transmission mode and software Bruker OPUS 6.5 was
used for data analysis.

In Vitro Dissolution Study

Dissolution behaviors of the micronized solid dispersions
were studied using a USP paddle dissolution apparatus
(ZRS-8 G dissolution tester, Tianda Tianfa Technology
Co., Ltd., China). All release studies were carried out at a
temperature of 37±0.5°C and a stirring rate of 100 rpm in
900 ml of distilled water. Samples equivalent to 20 mg of
CBZ were accurately weighed and added to the dissolution
medium. At time points of 5, 10, 20, 30, 60, 75, 90 and
120 min, 5 ml of aliquots were taken and immediately
replaced with an equal volume of fresh dissolution medium.
The aliquot samples were filtered with a 0.45 μm filter. The
first 2 ml of filtrate was discarded and the remainder was
analyzed by high-performance liquid chromatography
(HPLC). Each study was performed in triplicate.
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High Performance Liquid Chromatography (HPLC)

Concentration of CBZ in samples was determined by a
Shimadzu LC-20AT HPLC system (Shimadzu Corpora-
tion, Japan) at the wave length of 285 nm using a Waters
Xbridge Shied RP-18, 5 μm×4.6 mm×250 mm column
(Waters Corporation, USA). All measurements were per-
formed with the injection volume of 20 μL, a mixture of
methanol (70%) and water (30%) as the mobile phase
pumped at a flow rate of 0.9 ml/min, and at temperature
of 40°C using a column oven. These conditions resulted in
a typical elution time of 4.7 min for CBZ. Calibration
curves were constructed using standard solutions of known
concentration and Shimadzu software was used to calculate
the peak area automatically.

RESULTS

Thermal Stability of CBZ

Chemical stability of all components at elevated temper-
ature is an essential prerequisite for a successful solid

dispersion production prepared by MM and HME.
PVP/VA and NIC were reported to be thermally stable
at the processing temperature of MM and HME (19,20).
The thermal stability of CBZ was investigated using TGA
and the results were shown in Fig. 1. The thermogravi-
metric profiles showed that CBZ was stable up to 160°C.
When the temperature increased to the melting point of
CBZ form I (Tm=190°C), the weight loss was 1.35%. As
the temperature over 190°C, CBZ started to decompose
seriously and the weight loss increased dramatically. The
results imply that it is difficult to prepare chemically stable
amorphous solid dispersion of CBZ by MM and HME
because heating above the Tm of drug to convert crystalline
into amorphous will lead to significant degradation of CBZ.
Therefore, it is necessary to decrease the Tm of CBZ in order
to prepare amorphous solid dispersion at lower temperature
and avoid the thermal degradation.

DSC Analysis

The thermal behavior and crystalline phase transformation
of CBZ, NIC, CBZ-NIC cocrystal and physical mixture
during the melting processing were investigated by DSC
and the thermograms were shown in Fig. 2. CBZ exhibited
enantiotropic polymorphism and showed a small melting
endotherm at 160°C followed by a second endotherm at
190°C. These two endotherms were attributed to the
melting of original form III and melt-recrystallized form I
of CBZ, respectively (21). Pure NIC and CBZ-NIC
cocrystal prepared by melting method showed a single
melting peak around 130°C and 160°C, respectively, in
agreement with the previous reports (20,22).

For CBZ-NIC physical mixture, the DSC trace showed
two sharp endothermic peaks and one small exothermic
peak around 140°C. The first peak reflected the melting of
NIC at 130°C. Then CBZ crystalline dissolved in the
molten NIC followed by an immediate exothermic cocrys-
tallizaiton process, which generated a small crystallization
peak around 140°C. The formed cocrystal showed a
melting peak around 160°C.

Table I Formulation of Solid
Dispersions Formulation Components (% w/w) Manufacturing technique

CBZ NIC PVP/VA SOLUPLUS HPMC

CBZ-PVP/VA 40 – 60 – – MM and HME

CBZ-NIC-PVP/VA 40 20 40 – – MM and HME

CBZ-SOLUPLUS 40 – – 60 – HME

CBZ-NIC-SOLUPLUS 40 20 – 40 – HME

CBZ-HPMC 40 – – – 60 HME

CBZ-NIC-HPMC 40 20 – – 40 HME

Fig. 1 Thermogravimetric and DSC thermograms of CBZ.
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CBZ-NIC-PVP/VA physical mixture showed a similar
behavior as CBZ-NIC physical mixture which indicated the
in-situ formation of CBZ-NIC cocrystal in PVP/VA. The
DSC curve of CBZ-PVP/VA physical mixture showed two
endothermic peaks around 170°C and 190°C
corresponding to the transformation of CBZ from form
III to form I.

The DSC results suggested CBZ and NIC could in-situ
cocrystallize in PVP/VA during heating process and the
cocrystal would melt at about 160°C.

HSPM Investigation

The crystallization pathways of CBZ and NIC in polymer
carriers were further investigated with HSPM and the
photomicrographs collected were shown in Fig. 3. For
CBZ, the agglomerates of prismatic crystal corresponding
to form III (23) converted to small needle-like crystal
corresponding to form I (24) from 173°C and finally form I
crystal melted at 191°C (shown in Fig. 3a). For NIC, the
crystalline completely melted at 135°C. For CBZ-NIC
physical mixture, NIC melted from 130°C and CBZ
dissoluted into NIC melt (the microphotograph was not
presented here). Then, CBZ-NIC cocrystal began to grow
until 157°C and completely melted at 164°C (shown in
Fig. 3b). The similar phenomena were observed in physical
mixtures of CBZ-NIC-PVP/VA and CBZ-NIC-
SOLUPLUS (shown in Fig. 3c). The polymer matrix didn’t
disturb the formation and melting of CBZ-NIC cocrystal.
However, in CBZ-NIC-HPMC system, part of crystal
melted around 165°C and part of them remained until
190°C (shown in Fig. 3c).

The results of DSC and HSPM analysis indicated that
CBZ and NIC could in-situ form cocrystal in polymer

matrix during heating process. The newly generated
cocrystal might melt at 160°C and be completely dispersed
in polymer carrier to form amorphous solid dispersion if the
cooling process is controlled properly. Based on these
performulation studies, it can be proposed that the mixture
of CBZ, NIC and polymer carrier may be melted directly
to prepare amorphous cocrystal solid dispersion by MM or
HME at 160°C, which is 30°C below the melt point of
CBZ form I. The exceptional system with HPMC as carrier
was discussed specially in the discussion section.

Characterization of Solid Dispersions Prepared
by Melting Method

XRPD Characterization

The solid state of all raw materials, CBZ-PVP/VA and CBZ-
NIC-PVP/VA solid dispersions, and the corresponding
physical mixtures was studied by XRPD as shown in Fig. 4
a-b. PVP/VA was amorphous, and NIC showed the
characteristic diffraction peaks at 2θ=14.9°, while CBZ
showed the characteristic peaks at 2θ=15.4, 19.6, 25.0 and
27.5°, corresponding to form III (25). CBZ-NIC cocrystal
prepared by melting method exhibited characteristic peaks at
2θ=6.9, 10.4, 18.1, 20.6 and 26.6° and this was in
agreement with previous report (26). The characteristic
peaks of CBZ and NIC were strong in all of the physical
mixtures, which implied that simply mixing couldn’t change
the physical state of each component. No diffraction peaks
were observed in the pattern of CBZ-NIC-PVP/VA solid
dispersion which indicated CBZ-NIC cocrystal was in an
amorphous or molecular state in the solid dispersion.
However, diffraction peaks of CBZ-PVP/VA solid dispersion
reflected a small amount of CBZ crystalline remained in the
dispersion and this could be attributed to the incomplete
fusion of CBZ in PVP/VA at 160°C below its Tm.

FTIR Characterization

Possible interactions between the components in solid
dispersion were investigated by FTIR, as shown in Fig. 5.
The spectrum of pure CBZ showed peaks at 3,465 and
3,157 cm−1 corresponding to free anti-NH and hydrogen
bonded syn-NH respectively. Peaks corresponding to NH2

and carbonyl stretch of the amide were also observed in the
spectrum of NIC, and peaks at 3,367 and 3,163 cm−1

might be attributed to the anti-symmetric and symmetric
stretching vibrations of NH2 group, respectively. The FTIR
spectrum of CBZ-NIC physical mixture showed most of the
characteristic peaks of CBZ and NIC. CBZ was previously
reported to form cocrystal with NIC via crystallization from
melting (13), co-milling (26) and solution (22) and the
crystal structure of CBZ-NIC cocrystal is characterized by

Fig. 2 DSC thermograms of CBZ, NIC, CBZ-NIC cocrystal and the
physical mixtures.
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NH···O=C hydrogen bonds between CBZ and NIC (27).
The shift of NH2 peak of NIC from 3,367 cm−1 to
3,389 cm−1 suggested the interactions existed between
CBZ and NIC during co-milling (26). As shown in Fig. 5,
peak shifts corresponding to NH stretch of the amide were
observed from 3,465 to 3,157 cm−1 for CBZ to 3,447 and
3,389 cm−1 for the cocrystal, respectively. This may be

attributed to the hydrogen bonding between CBZ and NIC
which facilitates the formation of CBZ-NIC cocrystal.
Similar spectral patterns were observed in indomethacin-
NIC melt (28) and ibuprofen-NIC complex (29).

The FTIR spectra of CBZ-NIC-PVP/VA and CBZ-PVP/
VA physical mixtures seemed to be a simple summation of
drug and excipient spectra, indicating that there were little

CBZ NIC

CBZ-NIC Physical Mixture

CBZ-NIC-polymer Physical Mixture CBZ-polymer Physical Mixture
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Fig. 3 HSPM micrographs of phase transition during heating processes: (a) CBZ and NIC; (b) CBZ-NIC physical mixture; (c) CBZ-NIC-polymer and
CBZ-polymer physical mixtures.
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interactions between CBZ, NIC and PVP/VA in physical
mixture. However, substantial differences were observed in
spectrum of CBZ-NIC-PVP/VA solid dispersion. Two peaks
at 3,465 and 3,157 cm−1 for N-H stretching vibrations of
primary amide groups of CBZ were replaced by a broader
peak at 3,447 cm−1 in spectrum of solid dispersion. This
indicated the possible involvement of –NH2 group in
hydrogen bonding with C=O group of NIC. On the other
hand, the spectrum of CBZ-PVP/VA solid dispersion
displayed a distinctive peak at 3,465 cm−1 and a less
intensive peak at 3,157 cm−1, which may be related to
residual CBZ crystalline in CBZ-PVP/VA solid dispersion
and this is consistent with DSC, XRPD and HSPM results.

Dissolution Studies

Dissolution behavior of pure CBZ, CBZ-NIC cocrystal, solid
dispersions and the corresponding physical mixtures were

studied and the dissolution profiles were shown in Fig. 6. The
results were given as percentage dissolved as a proportion of
the total amount of drug in each sample. Due to the poor
wettability and agglomeration, the dissolution of pure CBZ
was poor and maximumly about 60% of the drug was
released after 120 min. The dissolution rate of CBZ-NIC
cocrystal was faster than that of CBZ. The two physical
mixtures showed slight improvement in dissolution rate
compared to pure CBZ due to the hydrophilic properties
of NIC and PVP/VA which might act as solubilizing agents
for CBZ. The same result can be found in the formulation
containing CBZ-NIC cocrystal and cyclodextrin (30). For
CBZ-PVP/VA solid dispersion, about 67% of CBZ was
released within 20 min which clearly demonstrated the
improvement of CBZ through solid dispersion technique.
With the addition of NIC, CBZ-NIC-PVP/VA solid disper-
sion exhibited more rapid dissolution and approximately
100% of CBZ was released within 20 min.

Characterization of Solid Dispersion Prepared by Hot
Melt Extrusion

XRPD and Optical Microscopy Analysis

The physical state of solid dispersions prepared by HME
was characterized by XRPD and the diffractograms were
shown in Fig. 7. The diffraction profiles of CBZ-polymer
solid dispersions showed small diffraction peaks, indicating
the presence of crystalline CBZ residue in the products.
The peak intensity of CBZ in SOLUPLUS was weaker
than that in PVP/VA and HPMC. This phenomenon may
be attributed to the lower Tg of SOLUPLUS (70°C) (31)Fig. 4 XRPD patterns of pure components (a) and solid dispersions

prepared by MM and corresponding physical mixtures (b).

Fig. 5 FTIR spectra of CBZ (a), NIC (b), CBZ-NIC physical mixture (c),
CBZ-NIC cocrystal (d), CBZ-PVP/VA solid dispersion (e), CBZ-PVP/VA
physical mixture (f), CBZ-NIC-PVP/VA solid dispersion (g) and CBZ-NIC-
PVP/VA physical mixture (h).
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compared with PVP/VA (102°C) (32) and HPMC (165°C)
(33). Part of crystalline CBZ dissolved in the molten
polymer with a forced convective diffusion process. How-
ever, the processing temperature below the Tm of CBZ
couldn’t ensure complete conversion of CBZ from crystal-
line to amorphous form during HME. With incorporation
of NIC, few diffraction peaks were displayed suggesting the
amorphous state of the products.

The morphologies of the solid dispersion were observed by
optical microscopy and the results were shown in Fig. 8.
Consistently, considerable amount of undissolved drug
particulates were observed in CBZ-polymer solid dispersion.
For CBZ-NIC-polymer solid dispersion, no drug crystalline
was observed which indicated NIC and CBZ were completely
converted into amorphous state. The spots with regular shape
and dark edge observed in CBZ-NIC-PVP/VA solid disper-
sion were air bubbles trapped in the polymer carrier.

Dissolution Studies

Figure 9a–c showed the dissolution profiles of solid
dispersions prepared by HME with different polymer
carriers and the corresponding physical mixtures. Overall,
the drug in physical mixtures dissolved slowly and max-
imumly less than 80% of CBZ was released over 120 min,
while CBZ in CBZ-polymer extrudates dissolved complete-
ly to 100% in 60 min. With the incorporation of NIC, the
complete dissolution of drug was accelerated from 60 min
to 20 min for all three CBZ-NIC-polymer solid dispersions.
These results demonstrated the remarkable effect of NIC
on the enhancement of CBZ dissolution from solid
dispersions through improving the dispersibility of solid
dispersion and the solubilizing effect.

DISCUSSION

The main aim of this study was to prove cocrystallization as
an effective approach to avoid thermal degradation of heat-
sensitive drug during HME and MM. Firstly, it was proved
that CBZ-NIC cocrystal at molar ratio of 1:1 could be in-situ
formed in three polymer carriers during heating process
based on DSC and HPSM characterization. And the newly
formed cocrystal completely melted around 160°C, which is
30°C lower than the Tm of CBZ. This means amorphous
CBZ-NIC-polymer solid dispersion may be prepared at
processing temperature significantly lower than Tm of CBZ
by simply adding NIC into CBZ-polymer physical mixture.
Secondly, two methods, MM and HME, were used to
prepare solid dispersions and prove this speculation. The
difference between the two methods is the additional shear
force during HME. Amorphous CBZ-NIC-polymer solid
dispersions were successfully prepared at 160°C using both
MM and HME, and showed improved dissolution behavior
than CBZ-polymer solid dispersions.

The Miscibility and Melting Point Depression of Three
Polymers

Solubility parameter (δ) calculated by Van Krevelen
method and Fedors method was introduced to under-
stand the miscibility between CBZ and the polymers. The
average δ values calculated by two methods for CBZ,
PVP/VA, SOLUPLUS and HPMC were 23.9, 22.8, 18.4
and 26.4 MPa1/2, respectively. The differences of δ
values between CBZ and polymers were ranging from
1.1 to 5.4 indicating good miscibility between CBZ and
polymers (34).

For miscible drug-polymer systems, depression of melt-
ing point of drug was a well documented phenomenon (35–
38). The depression extent is affected by many factors, such

Fig. 6 Dissolution profiles of CBZ, CBZ-NIC cocrystal, solid dispersions
prepared by MM and the corresponding physical mixtures (n=3).

Fig. 7 XRPD patterns of solid dispersions prepared by HME.
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as drug loading, Tg of polymer, heating rate, and the
particle size of both drug and polymer. If Tg of polymer is
higher than Tm of drug, no depression phenomenon can be
observed (37). The higher drug loading resulted in weaker
depression effect (36,37). In the present study, 40% drug
loading was relatively high. Therefore, no distinct depres-
sion of melting point was observed for CBZ-polymer
systems in DSC (Fig. 2) and HSPM experiments (Fig. 3),
and some CBZ crystalline still remained at 190°C.

Possible Interactions Between NIC and HPMC

For CBZ-NIC-PVP/VA and CBZ-NIC- SOLUPLUS
systems, all of the crystalline melted around 160°C as
expected. However, for CBZ-NIC-HPMC system, HSPM
microphotograms showed that even at 165°C (above Tm of
CBZ-NIC cocrystal, 160°C), some crystalline still remained
in the melt and complete fusion was observed at 190°C.
This exceptional phenomenon may be attributed to the
competition between HPMC and CBZ to form hydrogen
bonds with NIC. Based on previous reports, HPMC
dissolved in NIC melt at 140°C and formed intermolecular
hydrogen bonds with NIC molecules (39). In current
experiment, both CBZ and HPMC had the tendency to
interact with NIC through hydrogen bonds. If HPMC
occupied part of hydrogen bonding sites of NIC, there were
no enough sites left for CBZ to form CBZ-NIC cocrystal
because CBZ and NIC were blended at molar ratio of 1:1

and the stoichiometry of CBZ-NIC cocrystal was also 1:1.
The unbounded CBZ crystals didn’t melt at 160°C and
remained in CBZ-NIC-HPMC solid dispersion. However,
the amount of residual crystalline is very small because
XRD patterns didn’t exhibit distinct crystal diffraction
peaks within the limit of detection. Also the trace of
crystalline in CBZ-NIC-HPMC did not slow down the
dissolution of CBZ as shown in Fig. 9c. Certainly, the
competition mechanism between CBZ and HPMC needs
further study.

Comparison of Dissolution Behavior
and Hydrotropism of NIC

To further confirm the cocrystallization method can be
applied for different polymer systems rather than a special
case and to optimize the CBZ-NIC-polymer formulations,
three water soluble polymers, PVP/VA, SOLUPLUS and
HPMC, were selected for HME experiment based on the
miscibility and the extrusion temperature range.

For CBZ-polymer solid dispersion, CBZ-SOLUPLUS
showedmore rapid dissolution rate than the other two systems.
It may be attributed to the amphiphilic structure of SOL-
UPLUS which can solubilize water insoluble drug through
micelle formation in water (31,40). However, the dissolution
profiles of CBZ-NIC-polymer extrudates prepared by
HME were less polymer dependent. For all three solid
dispersions, CBZ released 100% within 20 min and

PVP/VA SOLUPLUS HPMC 

C
B

Z
C

B
Z

-N
IC

Fig. 8 Photomicrographs of solid dispersions prepared by HME.
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there was no remarkable difference in dissolution
behavior between each other. This phenomenon is very
likely due to the solubilizing effect of NIC and the
water soluble polymer matrix, together with the good
dispersion and amorphous state of CBZ.

Compared with CBZ-polymer solid dispersion, CBZ-
NIC-polymer solid dispersion exhibited faster dissolution
rate. Two factors probably accounted for this phenomenon:
(1) in-situ formed CBZ-NIC cocrystal melted and dispersed
as amorphous or molecular state in polymer matrix. That
means, CBZ is completely in amorphous state in CBZ-
NIC-polymer solid dispersion but partly in crystalline state
in CBZ-polymer solid dispersion. It is well known amor-
phous drug generally dissolves faster than the relevant
crystalline form because there is no lattice energy to be
overcome. (2) NIC was reported as a hydrotropic agent to
solubilize a wide variety of drugs through forming complex
with drugs (41–45) or changing the nature of solvent,
especially by altering the solventing ability via intermolecular
hydrogen bonding (46). Here, NIC probably acted as a
solubility enhancer to help CBZ dissolve faster through
hydrogen bonding. However, this hydrotropic solubilization
mechanism for CBZ-NIC system needs further research. At
the same time, all of the three polymers are water soluble
and they also promoted the solubility of CBZ. The
synergistic solubilizing effects of both polymer and NIC
made CBZ release 100% within 20 min from CBZ-NIC-
polymer solid dispersion. In comparison, single solubilizing
effect of polymer in CBZ-polymer solid dispersion resulted in
slower release of CBZ.

CONCLUSIONS

In current study, in-situ formation of cocrystal was proved to
be an effective approach to prepare chemically stable solid
dispersions for heat-sensitive and poorly water-soluble
drugs. Amorphous CBZ-NIC-polymer solid dispersions
were successfully prepared by both MM and HME at
processing temperature significantly below the melting
point of drug. Furthermore, CBZ released completely from
the solid dispersions within 20 min, and the dissolution
improvement was little polymer matrix dependent. The
extrusion temperature range can also be adjusted by
selecting different coformer. However, the effect of
coformer on the properties of drug must be considered,
such as recrystallization tendency, physical stability, hygro-
scopicity, pharmacokinetics, and pharmacology.
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