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a b s t r a c t

Formation of a solid solution of a drug in a water-soluble polymer is one of the primary techniques used
to improve the dissolution rate and thus bioavailability of a poorly water-soluble drug. Understanding
and detecting the state of the drug inside such a polymer matrix is critically important since issues
such as drug stability, safety and efficacy can be greatly affected. In this study, two model formulations
vailable online 9 July 2009
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were prepared containing low and high levels of drug content. The heterogeneity of the formulations
has been investigated using a novel nanothermal analysis technique. This technique has demonstrated
a promising capability for imaging and quantitatively characterising the nanoscale properties of solid
dispersion formulations.

© 2009 Elsevier B.V. All rights reserved.

arbamazepine
PMC

. Introduction

Among the numerous methods of enhancing drug dissolution
or poorly water-soluble drugs, preparation of a ‘solid solution’ of
he drug in a water-soluble polymer is one of the most widely
esearched methods (Craig, 2002). An issue in the pharmaceu-
ical product development of such technology is assuring the
tability of the dissolved phase such that crystallisation of the
ano/microdomains of the active does not occur, for which even a
mall fraction can significantly alter the bioavailability, stability and
fficacy. This is a particularly pertinent issue for high drug loaded
ormulations (Okonogi and Puttipipatkhachorn, 2006). For lower
oadings, identification of this solid-state transition can become
hallenging using bulk scale techniques such as XRD and DSC
ue to their sensitivity limits. Here we explore a new technol-
gy ‘nanothermal analysis’ (nano-TA), which in conjunction with
ther techniques provides a powerful analytical strategy for char-
cterising nano- and micro-scale heterogeneity in the solid-state
roperties of drug–polymer formulations.

Nanothermal analysis is an emerging localized thermal analysis

echnique which combines the high resolution imaging capabilities
f atomic force microscopy (AFM) with the ability to characterize
he thermal properties of materials (Harding et al., 2007; Nelson
nd King, 2007; Ye et al., 2007; Dai et al., 2008). It offers significantly
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378-5173/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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enhanced spatial resolution compared with its predecessor, scan-
ning thermal microscopy (SThM) (Pollock and Hammiche, 2001;
Sanders et al., 2000; Bond et al., 2002). The typical resolution of the
Wollaston wire based probes used in SThM is approximately 1 �m,
although the use of thinner wires (Pollock and Hammiche, 2001)
or the addition of diamond tips (Brown et al., 2008) has achieved
a resolution of around 100 nm. In nano-TA the conventional sil-
icon based AFM tip is replaced by a specialised microfabricated
silicon-based probe with a miniature heater that has a topographic
spatial resolution of around 5 nm and a thermal property measure-
ment resolution of up to 20 nm (Sedman et al., 2009). Importantly
this probe enables a surface to be studied with the most widely
applied AFM imaging mode, tapping mode, enabling the analysis of
softer samples, such as polymers, without damage from the imaging
probe. As in SThM, nano-TA can be used to map thermal proper-
ties during imaging, or to carry out local thermal analysis (LTA) at
defined points on a surface. LTA, where the probe is heated in a
temperature cycle not dissimilar to DSC whilst in contact with the
sample, can provide quantitative information on thermally induced
phase transitions.

Here we describe a case study using nanothermal analysis to
characterise a model nano-dispersed pharmaceutical system con-
taining carbamazepine (CBZ) and hydroxypropyl methyl cellulose
(HPMC).
2. Materials and methods

Solid dispersions of CBZ in HPMC were prepared by a gel-
entrapment method (Bhise and Rajkumar, 2008). HPMC (Sigma,
UK) was first dissolved in dichloromethane (DCM) to prepare a clear

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:clive.roberts@nottingham.ac.uk
dx.doi.org/10.1016/j.ijpharm.2009.07.003
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50% CBZ some molecules were able to re-organise themselves dur-
ing solvent evaporation leading to a phase separated system. Similar
observations have occurred in solid dispersions of other systems
(Naima et al., 2001; Layre et al., 2005).

Fig. 2. LTA data of control samples (CBZ and HPMC).
Fig. 1. AFM tapping mode image of 50% CBZ–HPMC using a nanothe

nd transparent gel, 5% (wt./vol.). CBZ Form III (Acros, UK) was then
issolved into the gel to give a 50/50 polymer/drug ratio. This was
epeated to give a second sample containing a 95/5 polymer/drug
atio. Small quantities of the samples were spread onto clean silicon
afers. The DCM was allowed to evaporate overnight under ambi-

nt conditions. The thin films thus formed were further conditioned
n a vacuum for 6 h to remove residual DCM.

Crystals of CBZ Form III were prepared for LTA measurements
y heating a 100 mg ml−1 solution of CBZ in ethanol to 80 ◦C. The
olution was allowed to slowly cool at room temperature and left
or a further 24 h. The resultant crystals were collected by vacuum
ltration. The crystals were confirmed to be Form III by powder X-
ay diffraction (PXRD). To help, analyse and validate the findings
rom nanothermal LTA, DSC (TA Instruments Q2000) analysis was
erformed on the dispersions and pure samples.

Nanothermal experiments were carried out using a Multimode
anoscope V (Veeco, Santa Barbara) equipped with a nano-TA mod-
le and a nano-TA probe (Anasys Instruments, Santa Barbara). All

mages were recorded in tapping mode. LTA was performed by first
ringing the probe into contact with the sample surface. The probe
as then heated at a controlled rate of 2 ◦C s−1. Thermal events such

s melting and glass transitions produce a downward deflection of
he cantilever. Temperature calibration of the probe was performed
gainst the known Tm of three polymers, polycaprolactone, high-
ensity polyethylene and polyethyleneterephthalate (Harding et al.,
007; Ye et al., 2007; Dai et al., 2008).

. Results and discussion

The surfaces of the two CBZ/HPMC formulations were examined
sing tapping mode imaging with the nano-TA probe. Fig. 1 presents
opographic (left) and phase (right) images obtained from the sam-
le containing 50% CBZ. The topography indicates that the imaging
patial resolution of the nanothermal probe is comparable to that
f conventional AFM tips, which is higher than its predecessor,
icrothermal analysis which used a Wollaston wire based probe

Bond et al., 2002). The phase image contrast observed highlights
he presence of heterogeneity. The bright phase-separated domains
re attributed to the presence of CBZ nano-crystals (later confirmed
y LTA and DSC analysis), approximately 50 nm in size. However, the

ample containing only 5% CBZ showed no prominent phase con-
rast (data not shown), indicating a homogeneous surface with the
bsence of nano-crystals. This result is not unexpected since drug
e-crystallisation is inhibited by the interaction between the drug
nd polymer molecules (Douroumis and Fahr, 2007). In contrast, at
robe. Left: topography image (z-scale = 20 nm). Right: phase image.
Fig. 3. LTA data of 50% CBZ–HPMC (traces A and B), and 5% CBZ–HPMC (trace C).
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er LTA measurements and corresponding cross-section (z-scale = 50 nm).

t
t
m
F
r
I
t
v
i
m
b
2
t
u
c
d
m
m
M
f
g
f
F
b
i
w
D
L
i
s

r
o
i
r
T
t
u
m
t
1
(
t
w
i
b

s

Fig. 4. Craters generated on the 50% CBZ–HPMC sample surface aft

As a control, LTA was performed on samples of the pure crys-
alline drug and the polymer (Fig. 2). The HPMC glass transition
emperature (Tg) was determined from the trace to be approxi-

ately 210 ◦C which is comparable to the value from DSC (174 ◦C,
ig. 5), within the expected variations due to very different heating
ates and method of analysis. However, the Tm of pure CBZ Form
II was estimated from LTA to be 82 ◦C, significantly lower than
he value determined from DSC (171 ◦C, Fig. 5) and the literature
alues (Grzesiak et al., 2003). This suggest that the use of a cal-
bration scale based on polymers is not appropriate to measure

elting transitions of CBZ. This point has been noted previously
y the authors (Zhang et al., 2003) and others (Gorbunov et al.,
009). In addition to calibration issues, it is suggested that the
hermal behaviour of different classes of materials (here low molec-
lar weight organic crystals and crystalline polymers) may not be
omparable at the nanometer scale. At present the reasons for this
iscrepancy are not fully understood, however, surface confine-
ent effects due to the extremely small scale of the measurement
ay be one contributing factor (Bergese et al., 2004; Alcoutlabi and
cKenna, 2005). We also note that as measurements are recorded

rom individual faces of the CBZ crystals, they may not reflect a sin-
le bulk value as determined say by DSC, as different crystalline
aces are known to have different melting points (Pluis et al., 1987).
inally, we note that this apparently reduced melting point may
e related to the phenomenon of pre-melting (or surface melt-

ng) where a quasi-liquid film can form on crystalline surfaces
ell below the bulk melting point (Pluis et al., 1987; Dash, 2006).
espite this difficulty with absolute determination of transitions,

TA has demonstrated the capability for identifying, differentiat-
ng and characterising the thermal properties of multi-component
ystems.

LTA analysis was performed on the CBZ/HPMC samples and
esults are shown in Fig. 3. Two distinctive kinds of LTA curves were
bserved in the 50% CBZ sample (denoted as curves A and B). It

s reasonable to assign curve A (Tm = 82 ◦C) as a nano-crystalline
egion as its profile is similar to that of the pure CBZ in Fig. 2.
his is despite the very small size of these crystals, suggesting that
hey have sufficient long-range order to behave as a bulk crystal
nder nano-LTA analysis. Curve B can be assigned the tip’s ther-
al response to the HPMC-CBZ solid solution, with a lower Tg

han the pure HPMC. This reduction from approximately 210 ◦C to
25 ◦C, is attributed to the plasticizing effect of the drug molecules
Matsumoto and Zografi, 1999). In contrast to the 50% CBZ sample,
he 5% CBZ sample consistently shows a single type of LTA trace

ith a Tg of approximately 191 ◦C (curve C), suggesting homogene-

ty. As expected, the Tg is depressed compared to the pure HPMC,
ut less so than in the 50% CBZ sample.

Fig. 4 displays an AFM image of the craters formed after a
eries of LTA measurements on the 50% CBZ sample. Cross-sectional
Fig. 5. DSC thermographs of CBZ Form III (black), 5% CBZ–HPMC (blue), 50%
CBZ–HPMC (green) and HPMC (red). (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of the article.)

measurements show a spot size of approximately 300 nm, however
it is believed that this may underestimate the true LTA spatial reso-
lution. The fact that nano-crystalline regions approximately 50 nm
in size were identified by LTA suggests that the effective spot size of
the measurement is less than that of the remaining crater. Recent
work by Sedman et al. (2009) has shown features as small as 20 nm
on peptide nanotubes following LTA supporting this suggestion.

Fig. 5 presents DSC data of the two formulations together with
the pure CBZ and HPMC. The pure CBZ is confirmed as crystalline
Form III by Tm = 171 ◦C with a small shoulder at 176 ◦C, followed by
a Form I Tm at 193 ◦C (Grzesiak et al., 2003). The sharp endother-
mic peak in the 50% CBZ sample is consistent with the presence of
crystals, whereas there is no such peak present in the 5% sample,
again consistent with the nano-TA data. DSC data also confirms the
reduction of the HPMC Tg as more CBZ is added to the system (indi-
cated by arrows). Note that the large and broad endothermic peak
in the low temperature range is related to the dehydration of the
HPMC.

4. Conclusions
Model samples containing 5% and 50% solid dispersions of
CBZ in HPMC were characterised using nanothermal analysis. This
revealed that in the 5% sample, a solid solution is formed, however,
in the 50% sample, some of the CBZ precipitates into nano-crystals,
visible through phase imaging as 50 nm domains and through direct
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bservation of thermal transitions with localised thermal analysis.
n the surrounding matrix, CBZ and HPMC mix molecularly, causing
measurable reduction of the Tg.
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