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Abstract

A number of studies have been carried out to investigate the crystalline to amorphous conversion of carbamazepine (CBZ) using solid dispersion
techniques. In this study we have tried to achieve conversion using a novel technique combining near-supercritical carbon dioxide (n-scCO,) and
pharmaceutically acceptable polymers (Na CMC and PVP) of varying molecular weights. Physical mixtures were prepared in two identical sets, one
exposed to n-scCO, treatment and other was untreated. The treated physical mixtures were compared to untreated using PXRD, DSC and USP in vitro
dissolution techniques. Routinely used PXRD analysis involves qualitative estimation of the amorphous conversion of a drug. In this work a previ-
ously developed mathematical parameter, ratio of ratios (ROR), was utilized to better quantify the crystalline to amorphous conversion of CBZ. The
findings from the three methods indicated that only the lowest molecular weight PVP, PVP10k, facilitated significant crystalline to amorphous conver-
sion of CBZ. In vitro dissolution, which is considered as an estimate of bioavailability demonstrated an initial dissolution of CBZ significantly greater
in the treated physical mixtures of PVP10k:CBZ than the initial dissolution of the corresponding untreated physical mixtures and pure untreated CBZ.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Carbamazepine (CBZ), an antiepileptic, categorized as Class
II as per the Biopharmaceutics classification system (Lobenberg
and Amidon, 2000) occurs in five different polymorphs: tri-
clinic, trigonal, p-monoclinic and c-monoclinic forms which
are anhydrous and one dihydrate form (Kaneniwa et al., 1987;
Krahn and Mielck, 1987; Behme and Brooke, 1990; Kobayashi
et al., 2000). CBZ is highly water insoluble (170 mg/1 at 25 °C)
(Moneghini et al., 2001) and its bioavailability is dissolution
rate limited, implying that a small increase in the dissolution
rate will result in a multi-fold increase in bioavailability (Nair et
al., 2002). The highly crystalline nature of CBZ restricts rapid
dissolution. However, a way to overcome this difficulty is to use
the amorphous state of the drug thus enhancing dissolution and
bioavailability.
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Amorphous forms can be induced in a number of different
ways, such as milling and compaction of crystals, vapor conden-
sation, supercooling of melts (freeze drying) or precipitation
from solution (Hancock and Zografi, 1997). Techniques such
as solid dispersion, hot melt extrusion, micronization and for-
mation of solvates, adsorbates or complexes are used in order
to enhance the dissolution properties of slightly water insol-
uble drugs by converting these drugs from the crystalline to
amorphous form (Hancock and Zografi, 1997; Moneghini et
al., 2001). However these methods often face the problem of
physicochemical instability which may arise due to grinding,
difficulty in removal of solvents, probable loss of active drug
upon evaporation of a liquid organic solvent, as well as from sub-
jecting the drug to high temperatures during the melt extrusion
technique.

In this work we have chosen a novel technology using
near-supercritical carbon dioxide (n-scCO;) (pressure, 875 psi;
temperature, 25°C) which is below the critical pressure
(1070 psi and critical temperature 31 °C; CO, is in the liquid
state) in combination with pharmaceutically acceptable poly-
mers, sodium carboxymethyl cellulose (Na CMC) and polyvinyl
pyrrolidone (PVP), of varying molecular weights (MW) in order
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to bring about the crystalline to amorphous conversion of CBZ.
It is known that at supercritical conditions, that is, above a sub-
stance’s critical temperature and pressure, materials behave as
gases by exhibiting gaseous properties such as gas like viscosity,
thermal conductivity and diffusivity. However, in this state they
also exhibit liquid like solvent properties, which may be benefi-
cial in drug solubilization, polymer plasticization and extraction
of organic solvents or impurities. Also, the gas like properties
significantly enhances mass transfer and promotes extraction
(Mukhopadhyay, 2004). In general supercritical fluids are highly
tunable solvents which mean small changes in pressure leads
to considerable changes in fluid density which in turn leads
to changes in the solvent properties (Cansell et al., 2003). In
addition scCO» has low toxicity, is non-flammable and environ-
mentally compatible. It is easily removed from the system once
processing is completed as opposed to other methods such as
the preparation of solid dispersions where it often is difficult to
remove the toxic residual organic solvents. Yet, another advan-
tage of using scCO» is that it mimics the effect of heat making
it important for the processing of thermolabile drug molecules
(Kazarian, 2004).

Though supercritical carbon dioxide may seem to have many
desirable solvent properties, it is a non-polar solvent having very
low polarizability, lesser than that of all hydrocarbons except
methane (Dobbs et al., 1986) limiting the solubility of polar
solutes. Some other disadvantages include operation at high
pressures and high capital investments for equipment.

Amorphous forms being thermodynamically metastable
often pose a serious stability threat to the drug products by
converting to the more stable crystalline form, thus altering the
physicochemical properties of the drug. Often when this change
occurs, it cannot be detected by routinely used analytical tech-
niques (Craig et al., 1999). There have been several strategies
developed to maintain the amorphous form of drugs for a period
of several months and years. One approach is to store the amor-
phous form of the drug at 40-50 °C below the glass transition
(T,) as proposed by Yoshioka etal. (1995). However, CBZ which
has a T, of approximately 55 °C (Han et al., 2000; Nair et al.,
2001), would have to be stored at nearly 0 °C which is not feasi-
ble. Hence, an alternative approach for stabilizing amorphous
CBZ is to co-solidify it with a polymer having a T, higher
than the drug, thereby increasing the overall T, of the system
(Yoshioka et al., 1995; Hancock et al., 1995). We therefore chose
Na CMC and PVP with T’s of approximately 225 °C, 240 °C,
240 °C, respectively, for LMW, MMW and HMW Na CMC and
180°C, 160°C, 175°C and 185 °C, respectively, for PVP10k,
29k, 55k and 130k to maintain the T, of the system even after the
T, lowering effects exerted by moisture and CO;. Also, antici-
pating interactions between the drug and the polymers a priori
such as hydrogen bonding to bring about amorphous conversion
was one of the factors in our choice of these polymers. Both
have a carbonyl group in their side chains, which has a poten-
tial to hydrogen bond with the -CONH, of CBZ. Lastly, both
of the selected polymers find wide applicability in the formu-
lation of solid dosage forms. Hence exploitation of their drug
carrier properties using this technique was another criteria of
selection. The main objectives of this work were (i) to deter-

mine if n-scCO; aided crystalline to amorphous conversion of
pure CBZ or of CBZ when combined with selected polymers;
(ii) to study which of the two polymers brought about maximal
amorphous conversion and at what ratio; (iii) to examine the
effect of reduced particle size of the polymer on the amorphous
conversion of CBZ; (iv) to evaluate the effect of processing with
n-scCO; on the dissolution of CBZ or CBZ in combination with
several polymer excipients.

2. Materials and methods
2.1. Materials

Crystalline micronized p-monoclinic form of CBZ was
provided by Hi Tech Pharmacal, NY. For physical mixture prepa-
ration of CBZ: 29k and CBZ: 55k mixed in the ratio (9:1), CBZ
manufactured by Sigma—Aldrich chemicals was utilized. How-
ever, before utilizing CBZ manufactured by Sigma, the identity
was confirmed using the X-ray and the DSC scans to be p-
monoclinic form (same form as provided by Hi Tech Pharmacal).
The sodium carboxymethyl cellulose (Na CMC) high molecu-
lar weight (HMW) ~700k, medium molecular weight (MMW)
~250k and low molecular weight (LMW) ~90k were donated by
Aqualon Ltd. Polyvinyl pyrrolidone (PVP) of MWs 10k, 29k,
55k and 130k were obtained from Sigma—Aldrich chemicals.
Methanol (HPLC grade) was supplied by Fischer Scientific. The
CO;, employed in the work was USP grade with 99.8% purity
supplied by Medtech gases. All the solvents used were reagent
grade.

2.2. Physical mixture preparation

The samples, either the pure drug or mixtures of polymer
to drug in ratios of 9:1 (w/w), 1:1 (w/w) and 1:9 (w/w) were
prepared in two identical sets. Each set was mixed thoroughly
using a magnetic stirrer, then one set was exposed to the high-
pressure n-scCO; assembly (see Fig. 1) for 24 h. Carbon dioxide
was allowed to enter slowly, the outlet valve was initially kept
open for 2-3 min to displace the internal air. The outlet was then
closed and the pressure of the carbon dioxide was allowed to
rise slowly, until a pressure of 875-900 psi was reached. This
usually occurred in 5min, which was indicated by the pres-
sure gauges. After the treatment, carbon dioxide was allowed
to escape slowly, the sample was removed, secured tightly and
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Fig. 1. n-scCO; treatment apparatus.
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stored in a desiccator. The other, control set, was kept untreated.
This procedure was carried out at room temperature. All poly-
mers were pre-dried at 80 °C for 16 h and all physical mixtures
were kept in a desiccating chamber to minimize the effects of
moisture.

2.3. Assay of the total drug content

A standard calibration curve (concentration versus
absorbance) of pure CBZ was determined and the fit was
found to be linear. Later, known amounts of the prepared
samples were dissolved in methanol and the drug content was
evaluated spectrophotometrically at 285 nm (Hewlett Packard
8451A diode array spectrophotometer). This wavelength is
suitable because CBZ absorbs strongly at this wavelength and
the excipients namely Na CMC and PVP do not absorb at or
near this wavelength (Nair et al., 2002).

2.4. Particle size measurements

The samples were suspended in the mineral oil and the size
was determined microscopically using a ZEISS Axioplan 2
Imaging System.

2.5. Powder X-ray diffraction studies (PXRD)

Samples were characterized using an X-ray diffractometer
with Fe Ka radiation, monochromatized by a pyrolitic graphite
crystal. The scanning angle ranged from 4° to 76° of 26, steps
were of 0.06° of 260 and the counting time was 10 s/step. The
current used was 10 mA and the voltage was 35kV.

Powder X-ray diffraction was chosen to provide a quantitative
indicator of the change in the amount of crystalline CBZ in the
sample effected by the treatment. An X-ray diffraction pattern
(scattered X-ray intensity versus scattering angle “26”) typically
displays two characteristic features. The scattered X-ray inten-
sity arising from crystalline diffraction results in sharp peaks,
while that originating in scattering from disordered or “amor-
phous” material changes slowly with scattering angle. When
these two occur in the same sample, the spectrum shows sharp
peaks riding on a broad smooth background. These are indicated
in Fig. 2. Other sources of background (chiefly scattering from
the air and other parts of the instrument) can be made to also
vary more slowly with 26 than the crystalline peaks.

In principle, since the scattered intensity from a given
material integrated over all angles depends upon the sample’s
molecular composition, and is proportional to the amount of
material in the X-ray beam and the intensity of that incident
beam (Warren, 1969), measuring the fraction of crystallinity of
a given sample is possible. The fraction of crystallinity is equal
to the total integrated intensity under the sharp Bragg peaks
(and above the smooth background on which they sit) to the
total integrated intensity of the entire pattern, provided all of
the intensity is from the sample in question. In practice, partly
because some background arises from sources other than the
sample, and partly because of the limited range of the instrument
(not all of the entire pattern is accessible), such measurements
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Fig. 2. X-ray diffraction pattern of CBZ showing Bragg peaks and the amor-
phous background. Inset shows a Bragg peak of area (/max) and intensity
background (/pyc). RP, representative peaks used for the calculation of ROR.

of absolute crystalline fraction may be difficult to perform. For
this reason we have not attempted to measure the absolute crys-
talline fraction, but rather to monitor the changes of crystalline
(Bragg) scattering to amorphous scattering at several regions of
the scattering pattern as an indicator of the change crystalline
fraction in the sample.

The samples used in this study are composed of CBZ dis-
persed in a polymer. The highest concentration of drug to
polymer used was 1:1 (by weight), and changes of crystalline
scattering as indicated by integrated intensity of several Bragg
peaks, was small (most of the material remains in its crystalline
state in this study). Since most of the scattered background
arises from the polymer and instrument, background scatter-
ing remains largely unaffected by the small changes in amount
of amorphous drug produced by the treatment and so is used
as a monitor of the incident X-ray intensity. For a given mix-
ture of drug and polymer, the ratio of the integrated intensity
of a Bragg peak I, to the intensity of the background I
on which it is positioned will depend only upon the amount of
crystalline drug present. If some of the drug is converted to an
amorphous form (but the chemical composition of the sample
remains unchanged), R = (Imax/Ipac) Will decrease. We gauge the
change in this ratio by measuring it in two parts of one prepa-
ration, Ry = (Imax/Ibac)u One part left untreated while the other
is treated with n-scCO2 Rt = (Imax/Ipac)T- With all other param-
eters held constant, the ratio of these ratios “ROR” (Thumsi,
2004) is a dimensionless number proportional to the fractional
change in crystalline content of the sample due to the treatment:

ROR = — @)
We obtain I yax and Iy, for selected peaks by fitting a narrow

region of the scattering pattern /(26) in the neighborhood of the
peak to a function composed of a Gaussian and a straight line:

Imax  _(20-200)2 /202
1(20) = — 2% ¢( /207 4 m20 + b 2
29) o271 @
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This function is defined by five parameters. Iy is the area under
the Gaussian term, 260c is the value of the scattering angle at the
peak’s center, and o is the width of the Gaussian. The terms
m and b are the slope and intercept of the background line,
respectively. This line, along with peak center 20¢ is used to
calculate the value of the background intensity at that point:

Ipae = m20c + b 3

These are shown graphically in the inset of Fig. 2. The uncer-
tainty Almax, was calculated by the fitting algorithm. The error
Alyyc, was determined from the Poisson counting statistic:

Albae = (Alpge)"/?. 4)

The error in the ratio of the two numbers is given by (Taylor,
1982):

1/2
AR (Almax>2+<Albac)2 / 5
R Imax Tvac '
and

1/2
AROR _ |/ ARy 2+ ART\? / ©
ROR Ry Rt

To be certain that the drug was evenly dispersed throughout
the polymer, and that the grains of both polymer and drug are
sufficiently small to not introduce artifacts, the test sample of
high MW polymer, PVP130k, was ground and sieved before
measuring diffraction patterns.

Samples were mounted as a powder several millimeters thick,
held together by a small amount of binder (giving negligible
scattering), and pressed onto a steel plate roughly 2cm x 2cm
in area. This thickness is effectively infinite (X-rays do not pen-
etrate to the bottom of the powder) as indicated by the lack of
any iron peaks present in the scattering pattern, so that scattered
intensity is not sensitive to variations in sample thickness.

Because these materials are hygroscopic, the instrument’s
sample stage was placed inside a 10 cm diameter cylindrical
desiccator with (1/4) mil plastic windows (producing negligible
background scatter). With it, sample weight remained constant,
and its appearance and diffraction pattern were stable over the
time any sample was left on the instrument.

ROR was measured at three different values of 26, indicated
by ‘RP’ in Fig. 2. These were chosen as they are relatively intense
and adequately separated from neighboring peaks to permit the
above-described analysis. They have been indexed by associa-
tion with the Form-III carbamazepine crystal structure quoted
by (Lang et al., 2002). The lowest angle peak (20c =23.5°) is the
(1, 1, 1) reflection. The middle peak (260c =31.4°) is an irresolv-
able quartet made up of the (0, 3, 1), (2,0, —3), (2, 1, —2) and (0,
2, 3) reflections. The highest angle peak (26c =40.6°) is also an
irresolvable quartet composed of the (2, 2, —4), (0,4, 0), (1,2, 3)
and the (0, 0, 5) reflections. The fact that these reflections sample
widely different directions in reciprocal space, and that the ROR
of any one agreed within statistics with the others of any given
sample, is evidence that preferred orientation was not a con-

cern. Also, results were statistically reproducible with samples
prepared identically but months apart, further supporting this
assertion.

This approach is of limited use as it requires that the crystal
not change polymorph, but when applicable it is simple to use,
and produces robust results.

2.6. Differential scanning calorimeter (DSC)

Differential calorimetric studies were performed using TA
instruments DSC Q100. Physical mixtures weighing approxi-
mately 2 mg were placed in the aluminum pans and heated at the
scanning rate of 10 °C per min from 0 °C to 250 °C. The instru-
ment was calibrated using Indium. The samples were purged
using nitrogen at the flow rate of 50 ml/min.

2.7. Determination of drug dissolution

Carbamazepine release profiles were obtained using the
USP XXIX, type 2 apparatus, 75 rpm, 900 ml of distilled water
as dissolution medium, 7=37£0.1°C and sink conditions
(C<0.2Cs). The sample mixtures (powder form) containing
CBZ equivalent to 20mg was used to study the dissolution
profile. Aliquots were withdrawn at Omin, 5min, 10 min,
20min, 30min, 40 min, 50 min, 60 min, 90 min and filtered
using 45 pwm PVDF filter. Absorbance was recorded at 285 nm
using an UV spectrophotometer. The experiment was carried
out in six replicates. The dissolution profiles of the treated
samples were compared with that of pure CBZ and the controls
under the same conditions.

3. Results and discussion
3.1. X-ray results

The identity of CBZ was compared to the literature using
PXRD and found to be the p-monoclinic form. Initially a 9:1
(polymer:CBZ) ratio was evaluated because literature studies
have demonstrated enhanced dissolution at very high ratios of
polymer:drug (Simonelli et al., 1976; Kearney et al., 1994).

From Fig. 3a and b which compares untreated and treated
XRD scans of the pure CBZ, it is apparent that n-scCO, treat-
ment did not elicit the appearance of new, or the disappearance or
reduction in the intensities of existing peaks. This indicated that
n-scCO; did not promote amorphous or polymorphic conversion
of CBZ. A similar observation was noted when XRD scans of
Na CMC (LMW):CBZ at a 9:1 ratio with and without treatment
were analyzed (Fig. 3c and d). However, a significant reduction
in the intensity of the peaks was seen in the scans of the treated
(PVP10k:CBZ) mixture (Fig. 3f) compared to the XRDs of the
corresponding untreated mixtures (Fig. 3e). This was attributed
to the partial amorphous conversion of CBZ. However, visual
qualitative estimation of XRD scans can sometimes be mislead-
ing as the effects may be subtle. In order to quantify the reduction
in the peak intensity, ROR which is explained above was uti-
lized to evaluate crystalline to amorphous conversion (Thumsi,
2004).
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Fig. 3. PXRD scans of untreated and treated physical mixtures of poly-
mers and CBZ at different ratios. (a) CBZ-untreated, (b) CBZ-treated, (c)
Na CMC (LMW):CBZ (9:1)-untreated, (d) Na CMC (LMW):CBZ (9:1)-
treated, (¢) PVP10k:CBZ (9:1)-untreated, (f) PVP10k:CBZ (9:1)-treated, (g)
PVP130k (unground, unsieved):CBZ (9:1)-untreated, (h) PVP130k (unground,
unsieved):CBZ (9:1)-treated, (i) PVP130k (ground, sieved):CBZ (9:1)-
untreated, and (j) PVP130k (ground, sieved):CBZ (9:1)-treated.

If CBZ in combination with a polymer were to be completely
converted to the amorphous form then, the crystalline structure
of CBZ would become disordered leading to the disappearance
of the Bragg peaks. The scattering from the disordered CBZ
would be dispersed over a broad range of angles adding to the
polymer background intensity (Fig. 4). To quantify the change
in peak intensity, and thus evaluate crystalline to amorphous
conversion, the ROR was used as described in Section 2.5

When the equations for ROR were applied to the three peaks
generated from the PXRD scans for the untreated and treated
CBZ, The ROR &= AROR was calculated to be 1.083 £0.132.
The ROR calculated for the Na CMC (LMW):CBZ samples
at a 9:1 ratio was 0.99 +0.33. This indicated no significant
difference between untreated and treated samples or no con-
version from the crystalline to amorphous form. However,
ROR £ AROR of 0.39 £+ 0.03 for PVP10k:CBZ at a (9:1) ratio
indicated amorphous conversion as this value is considerably
less than 1, supporting the visual observation.
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Fig. 4. X-ray scan of polymer background showing absence of crystalline Bragg
peaks.

While working with these mixtures it was found that the
Bragg peaks in the PVP130k:CBZ (9:1) mixtures were not dis-
tinct and could not be quantified in the untreated as well as the
treated samples (Fig. 3g and h). This result can be contrasted with
the PVP10k—CBZ mixture where the Bragg peaks underwent
reduction in the intensity only upon subjection to the n-scCO»
treatment. We tried to investigate the reasons for this anomalous
behavior.

3.1.1. Effect of particle size

It was determined that there was a considerable difference in
particle size between the CBZ particles with an average size of
12 pm and the PVP130k particles with an average size of 1 mm
(Fig. 5a and b). Owing to this large particle size difference and
knowing that the X-ray beam is only few mm wide, it is hypothe-
sized that the X-ray beam captured the scattering predominantly
due to the polymer, disregarding the signal produced by the CBZ
crystallite.

By grinding and sieving PVP130k, we reduced the average
particle size to 268 wm (Fig. 5c) with the expectation that a more
uniform particle size for both components in the mix would
eliminate the bias introduced by the X-ray beam intensity. After
mixing the ground and the sieved polymer with CBZ at a 9:1
ratio, the crystalline peaks in the mixture became more apparent
asindicated by ({ ) in Fig. 3i. Analysis to estimate the amorphous
change in the treated and the untreated sample mixtures provided
no indication of conversion to the amorphous form (refer Fig. 3i
and j) as the resulting ROR was 0.97 0.66

In order to evaluate if differences in the molecular weight
of a polymer would act as one of the factors that affects the
conversion to the amorphous form for CBZ, we tested the Na
CMC and PVP of varying molecular weights. The observed
ROR £ AROR for the different polymers (all MW):CBZ at a
(9:1) ratio are depicted in Table 1. From the table it is obvious that
only PVP10k:CBZ mixture showed an appreciable amorphous
conversion as the ROR & AROR was 0.39 4 0.03, significantly
less than 1. For the tested polymers at different MWs we also
observed that at a 9:1 ratio of polymer:CBZ, the signal produced
was very weak. This was attributed to the minimal quantity of
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Fig. 5. Microscopic view of CBZ crystallites, unground and ground PVP130k.
(a) CBZ crystals (average particle size: 12 um), (b) unground, unsieved
PVP130k (average particle size: 1 mm) and (c) ground, sieved PVP130k (average
particle size: 268 wm).

crystalline CBZ as compared to the amount of polymer present.
Hence in order to improve the signal to noise ratio, we tested
1:1 and 1:9 ratios of polymer:CBZ. It was postulated that the
ratios that contained higher amounts of crystalline CBZ would
improve the measurability of the peaks and allow us to obtain
more meaningful data. As seen from the results in Table 2, only

Table 1
ROR and AROR values for mixtures containing polymer and the drug at a (9:1)
ratio

Sample ROR AROR
Plain CBZ 1.08 0.13
Na CMC (LMW):CBZ 0.99 0.35
Na CMC (MMW):CBZ 0.82% 0.32
Na CMC (HMW):CBZ 1.18 0.25
PVP10k:CBZ 0.39 0.03
PVP29k:CBZ 0.85% 0.13
PVP55k:CBZ 1.14 0.50
PVP130k(ug, us):CBZ ND ND
PVP130k(g, s):CBZ 0.97 0.66

ND, not detectable; ug, unground; us, unsieved; g, ground; s, sieved.
2 Values not significantly different than 1.

the PVP10k:CBZ mixtures exhibited a ROR, which was statisti-
cally less than 1. The RORs for PVP10k:CBZ mixtures were 0.83
and 0.86 at (1:1) and (1:9) ratios, respectively, implying that the
mixtures underwent partial conversion to the amorphous form
after the treatment. Though some mixtures in Table 2 exhibits a
ROR of 0.92 and 0.98, these values are statistically not different
from 1.

Hence, from the results obtained in the X-ray studies it was
evident that only PVP10k seemed to bring about a significant
crystalline to amorphous conversion of CBZ at all the ratios
tested.

3.2. DSC results

Nair et al. (2002) have attributed the absence of a drug melting
endotherm to the conversion of the drug to its amorphous form.
The DSC scans of untreated and treated (LMW) Na CMC and
CBZ at 9:1 are shown in Fig. 6a and b, respectively.

The melting endotherms seen in Fig. 6a at 179°C and at
192 °C are characteristic of the monoclinic form of CBZ. When
comparing Fig. 6a and b, it can be seen that both untreated and
treated CBZ show both of these melting endotherms. Thus it can
be said that no amorphous conversion of CBZ is seen in LMW
Na CMC matrix. This observation was also true for MMW and
HMW Na CMC.

However, the melting endotherms were absent for all molec-
ular weights of the PVP:CBZ mixtures at 9:1 ratio when they

Table 2
ROR and AROR values for mixtures containing PVP10k:CBZ at (1:1) and (1:9)
ratios

Ratio Sample ROR AROR
1:1 CBZ:PVP10k 0.83 0.05
1:1 CBZ:PVP29k 1.16 0.07
1:1 CBZ:PVP55k 1.03 0.06
1:1 CBZ:PVP130k 0.92 0.05
1:9 PVP10k:CBZ 0.86 0.05
1:9 PVP29k:CBZ 1.02 0.05
1:9 PVP55k:CBZ 0.98 0.05
1:9 PVP130k:CBZ 1.70 0.08
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Fig. 6. DSC scans of LMW Na CMC and CBZ. (a) LMW Na CMC:CBZ (9:1)-
untreated and (b) LMW Na CMC:CBZ (9:1)-treated.

were subjected to n-scCO; treatment which suggests crys-
talline to amorphous conversion of CBZ in these mixtures.
At higher drug concentrations such as 1:1, an attenuated drug
melting endotherm was observed in the scans of the treated
(PVP10k:CBZ) mixture only (see Fig. 7a and b). The scans of
other higher MW PVP mixed with CBZ at the same ratio showed
no difference in the intensities of the CBZ melting endotherms
in the untreated and treated samples, implying no conversion.
At a 1:9 ratio for all molecular weights of PVP, there was no
difference in the intensities in the melting endotherms of the
untreated and treated samples because at this ratio, the mixture
was essentially dominated by CBZ (refer Fig. 7c and d). Since
the Na CMC matrix was not conducive for amorphous conver-

sion of CBZ as proven by the X-ray and the DSC studies, we
decided to eliminate it from further investigation.

3.3. Dissolution studies

The dissolution profiles for the pure drug, untreated and
treated PVP10k:CBZ mixtures at a 9:1 ratio are shown in Fig. 8.
We observed that when the dissolution profile of the pure drug
was compared to those for drug—polymer mixtures, there was an
initial increase in the rate of release for all the PVP—CBZ mix-
tures in the initial 30 min. However the amount of the drug that
dissolved reached a plateau and was essentially the same for all
samples after approximately 1 h. It was difficult to predict after
visual examination if the n-scCO; treatment had a significant
effect on the rate of release of CBZ when compared to the rate
of release for the untreated mixtures. In order to evaluate the
difference in release for the compared systems quantitatively
and to determine if the profiles were significantly different, we
fitted the dissolution data to an inverse exponential curve and
compared the percent release at ‘0’ minutes for all the systems.
The curve as seen in Fig. 9 is represented by the equation:

Y=A(1—-e*")+B (®)

where Y is the % drug released, A the difference between the
total release and the release at the intercept, x the time (min),
T a time constant which represents the time required for drug
release from the entire system (min’l), and B is the intercept
representing the % release of the drug at ‘0’ minutes.

The root mean square error (RMSE) of the fit was compara-
ble in each case. The error calculated for the dissolution at each
time point indicated that this equation provides an appropriate
description of the time dependent dissolution curves. We extrap-
olated the curve to ‘0’ minutes and found the intercept value
(B). The percent release at ‘0’ minutes indicates a very rapid
dissolution presumably resulting from the amorphous fraction
of the drug. The values for the parameters fitted to the dissolu-
tion curve as discussed in Eq. (8) are illustrated in Fig. 9 for the
treated (PVP10k:CBZ) mixture at a 9:1 ratio. As seen in Table 3,

Table 3
Estimated amount of CBZ dissolved at t=0 for PVP-CBZ mixtures at (9:1),
(1:1) and (1:9) ratios

Ratio Sample % Release at ‘0’ min
(intercept values)-treated

- Pure CBZ 1.25 + 3.12

9:1 PVP10k:CBZ 21.0 + 1.12

9:1 PVP29k:CBZ 793 +0.8

9:1 PVP55k:CBZ 947 + 2.32

9:1 PVP130k:CBZ 15.8 + 0.823

1:1 PVP10k:CBZ 14.20 + 0.848

1:1 PVP29k:CBZ 8.43 £+ 0.878

1:1 PVP55k:CBZ 5.14 + 1.38

1:1 PVP130k:CBZ 6.39 + 1.03

1:9 PVP10k:CBZ 494 + 1.72

1:9 PVP29k:CBZ 2.22 + 1.60

1:9 PVP55k:CBZ 543 £ 3.13

1:9 PVP130k:CBZ 3.38 +£0.82
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Fig. 7. DSC scans of PVP10k and CBZ at different ratios. (a) PVP10k:CBZ (1:1)-untreated, (b) PVP10k:CBZ (1:1)-treated, (c) PVP10k:CBZ (1:9)-untreated and

(d) PVP10k:CBZ (1:9)-treated.

at the 9:1 ratio for the various molecular weights of PVP:CBZ
mixtures that were tested, the PVP10k:CBZ when treated with
n-scCO, showed the highest release of 21.0% at time equal to
zero. This is compared to a zero time release of 7.93%, 9.47%
and 15.8% for mixtures of the other high MW PVP polymers at
the 9:1 ratio mixtures. Similarly at the 1:1 ratio of PVP:CBZ,
the treated PVP10k:CBZ mixture showed the highest percent
release of 14.2 as compared to 8.43, 5.14 and 6.39 for the other
treated mixtures of high MW PVPs.

It should be noted that as the amount of CBZ in the ratio
increases, the dissolution process increasingly becomes more
drug controlled as opposed to being polymer controlled when
higher polymer content was present in the mixtures (Craig,

2002). Thus, due to the high content of drug at the 1:9 ratio for
all molecular weights of PVP:CBZ, the percent drug released
(4.94,2.22, 5.43 and 3.38) at r=0min, is not significantly dif-
ferent than the amount of pure CBZ released at t=0. Doshi et al.
(1997) and Moneghini et al. (2001) also reported a direct corre-
lation between the increase in polymer content and dissolution
enhancement for CBZ and polyethylene glycol mixtures. Both
the X-ray and the DSC studies carried out in this work are in
agreement with this observation. The value of ROR increased
(implying lesser amorphous conversion) as the amount of CBZ
in the mixture increased. The ROR 0f 0.39 &£ 0.03 for the 9:1 ratio
of PVP10k:CBZ increased to 0.83 £ 0.05 at a 1:1 ratio, and fur-
ther increased to 0.86 £ 0.05 at a 1:9 ratio of PVP10k:CBZ. A
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Fig. 8. The dissolution profile of PVP10k—-CBZ (9:1) mixture.

similar trend was seen in the DSC studies for PVP10k:CBZ mix-
tures. For these samples as the amount of CBZ in the mixtures
increased, the CBZ melting endotherms became more distinct
and sharp. At the 9:1 ratio of PVP10k:CBZ, no CBZ endotherms
were seen implying amorphous conversion in PVP10k matrix.
At the 1:1 ratio CBZ melting endotherms were observed
although attenuated in the treated samples implying some degree
of amorphous change. However at the 1:9 ratio when the sam-
ple was dominated by CBZ, the sample essentially behaved like
pure CBZ exhibiting sharp CBZ melting endotherms similar to
pure CBZ in both untreated and treated samples.

Thus for the results obtained from X-ray, DSC and dissolution
studies it was apparent that, only the lowest molecular weight
PVP, PVP10Kk, exhibited the greatest conversion of crystalline
CBZ to the amorphous form, at the above specified experimental
conditions.

Spectroscopic studies (Kazarian et al., 2002) have shown that
there is a Lewis acid—base type of interaction between CO,
molecules and the lone pair of electrons on carbonyl groups
of the polymers such as those present on the PVP chains. The
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Fig. 9. Fitted dissolution curve of PVP10k:CBZ at 9:1 ratio.

carbonyl oxygen on the PVP chain donates its lone pair of elec-
trons (Lewis base) to the carbon atom of the CO, (Lewis acid)
which reduces interchain polymer interactions causing plasti-
cization of the chains resulting in enhanced segmental and chain
mobility and thus easing the path of diffusing solutes such as
drug molecules to enter the polymer matrix. Kazarian (2002,
2004) in the work with the impregnation of ibuprofen molecules
in PVP using supercritical carbon dioxide described the fact
that when ibuprofen gets impregnated in the polymer there is
a competitive interaction of ibuprofen and CO, molecules with
the carbonyl groups of PVP. It was postulated that ibuprofen
molecules interact through hydrogen bonding whereas the CO»
molecules interact through Lewis acid—base interaction. The
estimated strength of the Lewis acid—base interaction was in the
order of 1kcal mol~! whereas for H-bond interaction, it was in
the order of 2—4 kcal mol~'. Applying this theory to our work, it
can be proposed that when CBZ-PVP mixtures were subjected
to n-scCO; treatment, the n-scCO» caused plasticization of PVP
and partitioned the CBZ into the polymer matrix. There was a
competitive interaction between the CO; molecules and -NH»
groups of CBZ with the carbonyl groups of the PVP. Assuming
that the hydrogen bonding interaction between —NH; group of
CBZ with the carbonyl group of PVP was dominant in this case
also, it would be expected that the CBZ molecules would be
bound to the polymer sites, greatly reducing the crystallinity of
CBZ. Yoshioka et al. (1995), Nair et al. (2001) and Sethia and
Squillante, 2004 in their work with amorphous co-precipitates
and solid dispersions have also attributed the inhibitory effect
of PVP on the crystallization of a drug, to the interaction of the
drug with PVP through hydrogen bonding.

However, though the Lewis acid—base type interaction and
hydrogen bonding interaction theories explain the possible plas-
ticization of PVP10k, easing the entry of CBZ in the PVP matrix
and its ultimate reduction in the crystallinity, it should be noted
that from the results obtained in this work, these theories did
not seem to apply to the higher MW PVPs such as PVP29k,
55k and 130k, all of which share identical basic functional units
similar to PVP10k. This may possibly be explained by consid-
ering the work carried out by Rindfleisch et al. (1996), which
suggested that the entropy of mixing of CO, with a polymer is
one of the primary determinants when assessing polymer solu-
bility in scCO;. Adequate mixing results in high diffusivity of
CO;, into the polymer, which is essential for enhanced segmen-
tal and chain mobility, which allows efficient impregnation of
drug molecules. They theorized that in order to ensure adequate
mixing, the CO; should first condense around the polymer. How-
ever, as the rotational flexibility of the chain segments decreases,
which is likely to happen with increasing MW of the polymers,
the number of possible polymer sites exposed to CO; decrease.

From this work we conclude that though the hydrogen-
bonding interaction is the principal mechanism responsible
for the reduction of CBZ crystallinity, the elementary interac-
tion of CO; with the polymer dictates the degree of reduction
of crystallinity. If the polymer is not sufficiently plasticized,
the polymer chains will not allow efficient diffusion of drug
molecules and the competitive interaction between the drug
molecules and CO, with the carbonyl group of polymer would
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result in little or no hydrogen bonding and thereby no reduction
in the crystallinity.

It is likely that due to the experimental conditions utilized
in our work only PVP10k plasticized to an appreciable extent.
Thus, the higher MW PVPs and Na CMC failed to show any
degree of conversion of CBZ to the amorphous form despite
having the carbonyl group in the side chain. It is expected that
as the pressure and temperature is increased in the system the
higher MW polymers would show increase in rotational flexibil-
ity required to plasticize the polymer chains. However, to build
a correlation between the plasticization of the polymers of dif-
ferent MW and different conditions of CO; is beyond the scope
of this paper.

4. Conclusions

From the results obtained from the X-ray, DSC and disso-
lution studies for the conditions employed in this work we can
draw following inferences.

The results from the X-ray, DSC and dissolution studies in
this work demonstrated that when used as a solvent n-scCO»
alone does not alter the crystallinity of pure CBZ. However, n-
scCO, was effective in reducing the crystallinity of CBZ when
combined with amorphous polymers. Of the two different types
of polymers of varying molecular weights tested, CBZ com-
bined with the lowest molecular weight PVP, PVP10k, showed
a greater reduction in crystallinity as compared to the other
high MW PVPs. CBZ in combination with different molecular
weights of Na CMC demonstrated no measurable reduction in
the crystallinity. This suggests that under the tested experimen-
tal conditions the rotational flexibility of the PVP10k allowed
greater plasticization and thus increased diffusion of the drug
into the polymer matrix as compared to the other higher MW
polymers of both PVP and Na CMC. The ratio of polymer:drug is
also a crucial determinant in increasing the dissolution of CBZ.
Our studies indicated that a large particle size difference between
the polymer and the drug particles could act as a source of vari-
ability leading to misinterpretation of the data. Hence, in order
to minimize this variability it is desirable to achieve particle size
as uniform as possible between the drug and the polymer.
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