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Abstract. Curcumin (CUR) has various pharmacological effects, but its extensive first-pass metabolism
and short elimination half-life limit its bioavailability. Therefore, transdermal application has become a
potential alternative to delivery CUR. To increase CUR solubility for the development of a transparent
homogenous gel and also enhance the permeation rate of CUR into the skin, β-cyclodextrin–curcumin
nanoparticle complex (BCD–CUR-N) was developed. CUR encapsulation efficiency was increased by
raising the percentage of CUR to BCD up to 20%. The mean particle size of the best CUR loading
formula was 156 nm. All evaluation data using infrared spectroscopy, Raman spectroscopy, powder X-ray
diffractometry, differential thermal analysis and scanning electron microscopy confirmed the successful
formation of the inclusion complex. BCD–CUR-N increased the CUR dissolution rate of 10-fold (p<
0.01). In addition, the improvement of CUR permeability acrossed skin model tissue was observed in gel
containing the BCD–CUR-N and was about 1.8-fold when compared with the free CUR gel (p<0.01).
Overall, CUR in the form of the BCD–CUR-N improved the solubility further on the penetration of
CUR.

KEY WORDS: β-cyclodextrin; curcumin; diffusion kinetic; hydrophilic gel; nanoparticle; skin
permeation.

INTRODUCTION

Curcumin (CUR), a natural compound with a hydropho-
bic structure obtained from the herb Curcuma longa, exerts
diverse pharmacological effects such as anti-inflammation,
antioxidant, anticancer and antimicrobial [1, 2]. Despite these
properties, phase I clinical trials have shown that CUR has
poor systemic bioavailability when administered orally [3].
The dissolution rate limits absorption and its rapid first-pass
metabolism hampers its use as a potential therapeutic agent.
CUR is practically insoluble in water (≈20 μg/mL), resulting
in a low dissolution rate after oral administration [4]. Once
absorbed, CUR is subjected to extensive first-pass metabolism
(>90%), conjugating with glucuronide and sulphate in both
humans and animals, mainly in the liver [3, 5, 6]. Therefore,
transdermal application has become a potential interest for
delivering CUR as hepatic first-pass metabolism avoidance,
being applied in the form of gel. Gel delivery systems have
several advantages such as transparency, the ease of adminis-
tration and patient compliance, as well as the fact that it is not
greasy. Water in the gel hydrates the stratum corneum,
resulting in changes in the permeability of the stratum
corneum, which becomes more permeable to the active sub-
stance [7, 8]. Unfortunately, when a water-insoluble drug like

CUR is added to the gel, it can only be dispersed and a
transparent gel cannot be obtained. Furthermore, better solu-
bility of CUR is required for it to be applied effectively. An
approach reported here was complexing the CUR into the
hydrophobic cavity of β-cyclodextrin (BCD). BCD, acyclic
oligosaccharide, consists of a hydrophilic outside and an
apolar cavity that provides a hydrophobic matrix. As a result,
BCD can form inclusion complexes with a wide variety of
hydrophobic guest molecules [9]. The inner cavity of BCD is
fortunately more appropriate for CUR loading over other
forms of cyclodextrin: α- and γ-cyclodextrins [10].

There are several studies reporting BCD–CUR inclusion
complex [10–12]. However, none of them focused on their
preparation at the nanoparticle scale and gel form. Our form
of BCD–CUR inclusion complex for gel formulation therefore
is the first report.

The aim of nanonization of the BCD–CUR inclusion
complex for gel preparation was due to the fact that
because of their hydrophilicity, only insignificant amounts
of BCD and drug/BCD complexes can penetrate into
lipophilic biological barriers, such as the stratum corneum
[13]. Previous studies suggested that polar and small sol-
utes can penetrate through the polar intercellular lipid
pathway [14]. So, by decreasing the particle size of the
inclusion complex down to nanometre scale, amount of
the CUR penetrating through the stratum corneum is
suggested to be improved. Several physical characteristics
as well as in vitro dissolution and diffusion studies were
performed to confirm successful complex formation.
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MATERIALS AND METHODS

Materials

Curcumin was purchased from PT. Phytochemindo
Lestari (Indonesia). β-Cyclodextrin was obtained from PT
Sanbe Farma (Indonesia). Analytical grade acetone, dimethyl
sulphoxide (DMSO), triethanolamine and potassium
dihydrogen phosphate were supplied by Merck (Germany).
Glycerin, propylene glycol, methyl paraben and propyl
paraben were from Brataco (Indonesia). Viscolam AT 100P
was purchased from Nardev Chemie (Singapore). Methanol
and analytical grade acetonitrile were obtained from J.T Ba-
ker (USA). Double distilled water was from Ippha Laborato-
ries (Indonesia). Deionised water was obtained from the
School of Life Sciences and Technology (Bandung Institute
of Technology, Indonesia). Shed snake skins of Phyton
reticulatus was purchased from Bandung Zoo (Indonesia).

Methods

Preparation of Nanoparticle Inclusion Complexes

β-Cyclodextrin (200 mg) was dissolved in 40 mL of
deionised water, and varying amounts of curcumin 4%, 5%,
10%, 20% and 30% in 400 μL, 500 μL, 1 mL, 2 mL and 3 mL
of acetone, respectively, were added. The solutions were
mixed in a closed dark glass container and then sonicated for
5 min to reduce the particle size. The solution was stirred with
a magnetic stirrer at 200 rpm for 5 h without a cap to allow the
acetone to evaporate. After that time, the solution was centri-
fuged at 3,000 rpm for 15 min to precipitate the fraction of
non-complexed drug. The supernatant containing BCD–CUR
inclusion nanoparticle complexes (BCD–CUR-N) was filtered
through a 0.45-μm filter to remove any CUR present. The
inclusion complexes were recovered by freeze drying (freeze-
dryer Christ 336 Osterode Harz Kar Kolb, West Germany;
−35°C, 0.01 Torr) and then stored at 4°C until further use.

Determination of Particle Size, Polydispersity Index and Zeta
Potential

The particle size and polydispersity index (PDI) of BCD–
CUR-N were measured by photon correlation spectroscopy
(Delsa™ Nano C Particle Analyzer, Beckman Coulter, USA).
The zeta potential of CUR–BCD was determined using the
electrophoretic light scattering method (Delsa™ Nano C Zeta
Potential Analyzer, Beckman Coulter, USA). The filtered
supernatant sample obtained from preparation procedure
was transferred into cuvette and then was placed inside the
sample holder of the particle size analyser. Once the required
intensity was reached, analysis was performed to obtain the
mean particle size and PDI of the sample. The zeta potential
of BCD–CUR-N sample was determined in the same way, but
different sample holder with particle size and PDI measure-
ment, using the electrophoretic light scattering method
(Delsa™ Nano C Zeta Potential Analyzer, Beckman Coulter,
USA). PCS measurements were performed at 25°C, and each
sample was analysed three times.

Determination of Curcumin Loading

BCD–CUR-N (1 mg) was dissolved in 5 mL of DMSO to
extract CUR. CUR concentration was determined by the UV–
vis spectrophotometer method (Beckman DU 7500i, USA) at
430 nm. A standard plot of CUR in DMSO (2–6 μg/mL) was
prepared.

In Vitro Dissolution Studies

In vitro dissolution studies were performed for pure CUR,
physical mixture (PM) and the selected BCD–CUR-N formula-
tion showing the best CUR loading into its cavity (Vision G2
Elite 8™, Hanson Research, USA, USP Dissolution Test Type
II Apparatus). All samples contained 200 mg of CUR. These
parameters for the dissolution process were as follows: 900 mL
of distilled sodium lauryl sulphate 1% (w/v), at temperature of
37±0.10°C and agitation speed at 100 rpm. The samples (5 mL)
werewithdrawn at various time intervals (5, 10, 15, 20, 25, 30, 35,
40, 45, 50, 55 and 60 min) and then filtered through Whatman
filter paper no. 1. The filtrate wasmade up to 3mLwith DMSO.
The absorbance of the samples was read by a UV–vis spectro-
photometer at 430 nm against blank.

Characterisation of the Inclusion Complex

The curcumin–β-cyclodextrin nanoparticle complex forma-
tionwas confirmed by Fourier transform infrared (FTIR) spectros-
copy, Raman spectroscopy, differential thermal analysis (DTA), X-
ray diffraction and scanning electron microscopy (SEM).

Fourier Transform Infrared Spectroscopy

FTIR spectra of the KBr pellets of BCD, CUR and
BCD–CUR-N were obtained using FTIR-Shimadzu 8501
(USA). Data were acquired between 4,000 and 400 cm−1.

Raman Spectroscopy

Raman spectra were recorded on the Bruker Senterra
Raman spectrometer (Germany) using a diode pump solid
state laser with the excitation wavelength of 785 nm. Laser
power of the source was maintained at 25 mW for 10 s (CUR
sample) and 120 s (BCD, PM and BCD–CUR-N sample).
Data were acquired between 2,000 and 1,200 cm−1.

Differential Thermal Analysis

DTA studies of BCD, CUR, PM and BCD–CUR-N were
performed using the differential thermal analyser Mettler Tole-
do (USA). The samples were placed in scaled aluminium pans.
The samples were scanned at 10°C/min from 30°C to 300°C.

X-ray Diffraction

X-ray diffraction patterns of BCD, CUR, PM and BCD–
CUR-N were determined using a Philips Analytical X-Ray
model PW1710 BASED diffractometer (Germany). The X-
ray source was Cu-Kα radiation. The range (2θ) of scans was
from 5° to 45° at a speed of 0.02° every 0.8 s.
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Scanning Electron Microscopy

The surface morphology of BCD, CUR, PM and BCD–
CUR-N was studied using a JSM-6510LV Jeol (USA) scan-
ning electron microscope at an accelerating voltage of 15 kV
(BCD, CUR and PM samples) and 10 kV (BCD–CUR-N
sample). Dry samples were spread onto carbon tabs (double-
adhesive carbon-coated tape) adhered to aluminium stubs.

These sample stubs were then coated with a thin layer of
gold. Samples were subsequently scanned by SEM and
photographed under various magnifications with direct data
capture of the images onto a computer.

Preparation of Curcumin Gels

The composition of gel formulations is shown in Table I.
CUR–BCD-N powder was dissolved in purified water and then
stirred at 500 rpm for 10 min. Viscolam AT 100P, a water
emulsion of acrylic polymer, was mixed into the solution. The
mixture of methyl paraben, propyl paraben, propylene glycol
and glycerin (MPPgG) was transferred to the polymer drug
solution and homogenised using a stirrer at 500 rpm for 5 min.
After this, the mixture was neutralised with triethanolamine
until the pH reached the 6.0–7.0 range followed by further
homogenisation. Meanwhile, the CUR gel was made by mixing
the CUR with MPPgG before Viscolam AT 100P was added.

In Vitro Permeation Studies

The in vitro permeation of CUR from the CUR or BCD–
CUR-N gel was evaluated using avertical diffusion cell with a
0.95-cm2 diffusion surface area of the shed skins of Python
reticulatus snakes. The skins were cut to size and hydrated by
allowing them to soak overnight in phosphate buffer pH 7.4, in
a covered Petri dish. The outer surface of the skin was placed
in contact with the gel. Permeation was monitored over a
period of 24 h. The receptor solution was 6.2 mL phosphate
buffer, pH 7.4, maintained at 37°C and stirred at 100 rpm. A
temperature of 37°C and pH 7.4 were chosen as this
formulation was designed for transdermal use. One gram of
the gel was used in each diffusion cell. Samples (1 mL) were
withdrawn for analysis at 5, 15 and 60 min and at 1.5, 2, 3, 4,
4.5, 5.5, 6.5, 7.5, 8 and 24 h. The receptor solution was replaced
after each withdrawal. The CUR levels in the receptor

solution were determined by high-performance liquid
chromatography (HPLC).

High-Performance Liquid Chromatography System

The HPLC system for curcumin was developed according
to Jayaprakasha et al. with modification [15]. The Agilent
HPLC system (USA) was used with a Phenomenex® Luna
C18 reverse-phase column 250×4.6 mm (5 μm). The detection
wavelength was set at 425 nm. The mobile phase was
acetonitrile/phosphate buffer (0.045 M, pH 4.5) (60:40),
applied at a flow rate of 1 mL/min. Samples were injected
manually in a volume of 50 μL. The CUR contained in the gel
form and in the receptor solution from the permeation studies
was extracted with the mobile phase by vortexing the tubes for
1 min. All samples were filtered before injection using 0.2-μm
cellulose acetate membrane filters. The retention time for
CUR was 8 min. The method was linear at a CUR concentration
range from 0.625–10 ppm.

Statistical Analysis

All results were processed with the Microsoft Excel 2010
software and expressed as mean±standard error of the mean.
Statistical analyses were performed using unpaired and
paired, two-tailed Student’s t test. Values of p<0.05 and p<
0.01 were considered significant.

RESULTS AND DISCUSSION

Inclusion Complexes

The main focus of the present study was to develop
BCD–CUR-N in the gel form to avoid the first-pass metabo-
lism after oral administration that results in low systemic
bioavailability of CUR. In addition, formation of BCD–
CUR-N was to increase the amount of CUR penetrating
through the stratum corneum. A molecular inclusion complex
was formed via the solvent evaporation technique from two
materials that reduced the size of the particles by sonication.
During the inclusion complex formation, high-energy water
molecules released from the cavity of the BCD and CUR
molecules enter the BCD cavity to give apolar–apolar
associations.

The BCD–CUR-N complexes studied were designated as
CUR4, CUR5, CUR10, CUR20 and CUR30 based on the
percent amount of CUR added to the formula. As the ability
of cyclodextrin to form an inclusion complex with a compound
is a function of several key factors, we evaluated the influence
of the amount of curcumin on the percentage of curcumin
encapsulated in the cyclodextrin cavity. Our results showed
that by only increasing the amount of CUR from 5% to 30%,
while maintaining a constant concentration of BCD and other
process parameter, the size of the nanoparticles increased.
The loading capacity of CUR in the BCD cavities increased
from the CUR5 to CUR20 inclusion complex (Table I). When
the CUR amount increased above 20%, the increases of load-
ing capacity were less. This might have been because the inner
cavity of beta-cyclodextrin was no longer sufficient to load
bigger amount of CUR, which explains the fact that BCD–
CUR-N is capable of molecular packing at interfaces at 20%

Table I. Composition of Gel Formulation Containing Both Curcumin
and Curcumin–β-Cyclodextrin Nanoparticle

Ingredients
CUR gel
(%, b/b)

CUR–BCD-N gel
(%, b/b)

Curcumin 0.01 0.01
Viscolam 5 5
Methyl paraben 0.2 0.2
Propyl paraben 0.05 0.05
Glycerin 5 5
Propylene glycol 15 15
Triethanolamine for pH 6.0–7.0 q.s q.s
Water q.s to make 100 100

CUR curcumin, CUR–BCD-N curcumin–β-cyclodextrin nanoparticle,
q.s quantity sufficient
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of CUR. For this reason, CUR4 and CUR30 were not used for
further characterisation.

Table II shows the value of polydispersity index, a dimen-
sionless number indicating the range of size distribution in for-
mulation. As seen, the resulting value of under 0.2 suggested a
narrow dispersion of our system. Therefore, this polydispersity
index is considered a homogenous formulation or uniform parti-
cle size distribution. These BCD–CUR-Ns have a negative sur-
face charge (Table III) reflecting by the zeta potential value, as
also reported by other group [16]. Negative charge at the surface
indicates that the molecular aligning of the amphiphilic BCDs are
such that the unsubstituted –OH groups are pointing towards the
aqueous surrounding rendering a potential surface hydrophilicity.
The more the CUR incorporated, the lower the zeta potential
value. This is explainable by blocking the –OH group by the
presence of CUR molecules. Zeta potential is an indicator of
the charge presence on the surface of the nanoparticle, thereby
indicating the degree of stability. Better dispersion system stabil-
ity is possible when the zeta potential value is near −30 or +30mV
[17]. As presented in Table III, CUR5 shows the highest zeta
potential value suggesting the most stable formulation in the
dispersion system. However, long-term trials are required to
further confirm these results.

In Vitro Dissolution Studies

In vitro dissolution profiles of CUR, PM and CUR20
(BCD–CUR-N) are shown in Fig. 1a. As seen in the figure,
BCD–CUR-N exhibited the fastest dissolution rates. At
45 min, 100±0.02% (n=3) of CUR from BCD–CUR-N was
released, whereas the percentages of CUR released from PM
and CUR were very low of only 8.64±0.13% (n=3) and 7.73±
0.39% (n=3), respectively. At the end of 1 h, 13.56±0.14% (n=
3) and 10.04±0.41% (n=3) of CURwere released from PM and
CUR, respectively. BCD–CUR-N showed a significant improve-
ment in the CURdissolution rate, which increased approximate-
ly 10-fold (p<0.01). Confirmation of almost unsoluble CUR in
the PM and CUR samples is seen in Fig. 1b. The increased
solubility of CUR in BCD–CUR-N could be attributed to the
fact that in the inclusion complex, CUR is converted into the
amorphous form as confirmed by X-ray data below.

Characterisation of Inclusion Complexes

FTIR Spectroscopy

FTIR spectroscopy was used to estimate the formation of
BCD–CUR-N in the solid state. The FTIR spectrum of CUR
(red line), BCD (black line) and the selected BCD–CUR-N

formulations: CUR5 (light blue line), CUR10 (green line) and
CUR20 (dark blue line)) are presented in Fig. 2. The FTIR
spectrum of CUR exhibited a broad peak at 3,286 cm−1 and a
sharp peak at 3,513 cm−1 indicating phenolic O–H stretching.
Sharp absorption bands at 1,627 cm−1 corresponded to C=C and
C=O conjugation. Another strong band at 1,597 cm−1 was
attributed to the stretching of the benzene ring of CUR. The
1,508-cm−1 peak corresponded to the C=O vibration, while the
enol C–Opeak was represented at 1,276 cm−1. Sharp absorption
bands at 1,029 and 860 cm−1 corresponded to C–O–C stretching
in CUR. The FTIR spectrum of BCD showed a characteristic
peak at 3,300–3,400 cm−1 due to the O–H group stretching. An
intense peak at 2,854 cm−1 due to C–H assymetric/symmetric
stretching was also seen. In addition, a peak at 1,650 cm−1

represented the H–O–H deformation bands of water present
in BCD. Peaks at 1,153 and 1,029 cm−1 indicated C–H overtone
stretching and that at 1,029 cm−1 C–H, C–O stretching.
Absorption of the C–O–C vibration was seen at 1,153 cm−1.

As expected, all the FTIR spectra of the inclusion com-
plexes were identical with the BCD spectrum. All the sharp
peaks belonging to BCD were observed. The characteristic
peaks of CUR disappeared (especially the absorption band at
1,597 cm−1 corresponding to the benzene ring of CUR and
aromatic C–O stretching at 1,276 cm−1). Based on these
results, we inferred that the benzene rings of CUR were
contained within the BCD cavity by van der Waals forces
and hydrophobic interactions. In addition, CUR could form
hydrogen bonds within the BCD cavity because of its electron
donor groups. Since CUR was included in BCD, all the related
BCD peaks were shifted to higher or lower wave numbers,
i.e., 3,343–3,328, 1,650–1,643, 1,538–1,511, 1,458–1,454, 1,153–
1,157 and 1,029–1,041 cm−1. This confirmed the presence of
CUR in the inclusion complex. All these data indicated the
successful formation of BCD–CUR-N inclusion complexes.

Raman Spectroscopy

Raman spectroscopy has been suggested to be an excellent
tool to estimate inclusion complex formation [18]. The presence

Table II. Characteristics of BCD–CUR-N Inclusion Complexes

Inclusion complexes Particle size (nm)a Polydispersity indexa % CUR loadinga

CUR4 110.77±14.66 0.160±0.018 14.29±0.13
CUR5 121.90±5.83 0.164±0.048 21.95±2.53
CUR10 126.37±2.66 0.192±0.041 22.20±1.73
CUR20 156.8±38.3 0.174±0.026 24.91±0.26
CUR30 238.73±3.09 0.232±0.005 12.87±3.57

CUR curcumin
aMeasurements were performed from three different samples

Table III. Zeta Potential of Optimized Inclusion Complexes

Inclusion complexes Zeta potential (mV)a

CUR5 −39.61±0.12
CUR10 −18.67±0.24
CUR20 −17.26±0.21

CUR curcumin
aMeasurements were performed from three different samples
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Fig. 1. a Dissolution profiles of curcumin (CUR), physical mixture (PM) and β-cyclodextrin–
curcumin inclusion complex nanoparticle (BCD–CUR-N). b Physical appearance of BCD–CUR-
N, PM and CUR after dissolution protocol

Fig. 2. FTIR spectra of β-cyclodextrin (BCD), curcumin (CUR) and β-cyclodextrin–curcumin
inclusion complexes nanoparticle (CUR20, CUR10 and CUR5)
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of the guest molecules within the host cavity is mostly detected by
Raman scattering in the region 1,600–1,700 cm−1 [19, 20]. The
Raman spectra of CUR, BCD, PM and CUR20 (BCD–CUR-N)
are shown in Fig. 3a. CUR has been identified as a bis-α, β-
unsaturated β-diketone that exhibits keto-enol tautomerism
[21]. In our study, CUR primarily existed in the enol form than
in the ketone form, indicated by the absence of peaks at 1,650–
1,800 cm−1 attributed to C=O vibration. The peak at 1,627 cm−1

shifted from the normal values (1,650–1,800 cm−1) because of the
conjugation between C=C and C=O. Another strong peak at
1,602 cm−1 indicated aromatic C=C ring vibration in CUR.
Since the Raman intensities of the BCD were very low, the
spectrum of PM was very similar to that of CUR. In the case of
BCD–CUR-N, the peak at 1,602 cm−1 shifted towards 1,600 cm−1

and the intensity reduced. This supports the previous FTIR
spectroscopy result demonstrating that the aromatic ring of
CUR was contained in the cavity of BCD. The reduction in
intensity may have been due to the aromatic vibration of CUR
being restricted by the BCD cavity. The BCD–CUR-N spectra
displayed a frequency shift from 1,627 to 1,634 cm−1. This shift
could have been influenced by hydrogen bonding between the

hydroxyl group of BCD and the enolic OH at one of end of CUR
(Fig. 3b). These shifted peaks were consistent with that
postulated by Sanphui et al. [22]. They suggested that the
aromatic group at the other end of CUR was not entrapped in
the CD cavity and interacted with neighbouring CUR molecules
via their phenolic OH groups, forming O–H···O linkages. This
produced a linear pattern and existed in a water-soluble
orthorombic polymorphic form. In our study, this was
confirmed by the presence of the CUR peak at 1,252 cm−1

corresponding to the C–O aromatic vibration in the BCD–
CUR-N spectra. The Raman spectra of CUR and PM exhibited
no peak shifts like those observed in the BCD–CUR-N spectra,
proving that the complex was not formed in the PM sample and
that BCD–CUR-N was the result of a molecular interaction
between CUR and BCD.

X-ray Diffraction

The X-ray diffraction patterns of CUR, BCD, PM and
CUR20 (BCD–CUR-N) are shown in Fig. 4. CUR showed the
characteristic crystalline peaks of 2θ=8.80°, 14.46°, 17.24°,
17.78°, 18.00°, 21.06°, 23.30°, 24.58°, 27.38° and 29.20°, where-
as BCD displayed peaks of 2θ=12.66°, 15.96°, 16.12°, 18.24°,
19.00°, 21.14°, 23.00°, 24.22°, 25.7° and 27.10°. The CUR
crystalline peaks disappeared in the patterns of BCD–CUR-
N, especially the peak of 2θ=8.80°, whereas the CUR peak of
2θ=17.78° still appeared, but was less sharp than that in the
diffraction pattern of CUR. The results confirmed the success-
ful formation of the inclusion complex. In the case of PM, the
characteristic peaks of CUR and BCD were visible, but less

Fig. 3. a Raman spectra of a curcumin, b β-cyclodextrin–curcumin
inclusion complex nanoparticle, c physical mixture, d β-cyclodextrin. b
The proposed structure of β-cyclodextrin–curcumin inclusion complex
nanoparticle

Fig. 4. X-ray diffraction patterns of a curcumin, b β-cyclodextrin, c
physical mixture and d β-cyclodextrin–curcumin inclusion complex
nanoparticle
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intense. X-ray diffraction only allows the differentiation be-
tween crystalline data and amorphous material. Reduction in
the intensity of BCD–CUR-N compared to CUR and PM
endothermic peaks indicated that the complex may have been
converted from the crystalline into the amorphous form,
thereby increasing the rate of CUR dissolution.

Differential Thermal Analysis

DTA allowed us to determine the differences between the
thermal stability of CUR in the free form and in the form of an
inclusion complex. In general, inclusion complexation results in the
absence of the endothermic peak or a shift to different tempera-
tures, indicating a change in the crystal lattice, melting, boiling or

sublimation points [10]. The thermograms obtained for CUR,
BCD, PM and CUR20 (BCD–CUR-N) were presented in Fig. 5.
BCD displayed an endothermic peak at 176.9°C and CUR two
endothermic peaks at 177.1°C and 283.3°C due to their melting
points. PM showed the sum of the endothermic peak of the two
components. After the inclusion complex was formed, the peak
appeared to be like that of the BCD melting point, but lower
(170.1°C). This lower endothermic peak was due to the exchange
of CUR for the water molecules located in the BCD cavity. All the
prominent peaks corresponding to the CUR melting point
completely disappeared, implying that CUR was included in the
BCD cavity. These changes at the molecular level prevented the
crystallisation of the CURmolecule. Moreover, this behaviour was
an indication of stronger interactions between BCD and CUR at

Fig. 5. Differential thermal analysis endothermic curves of β-cyclodextrin, curcumin,
β-cyclodextrin–curcumin inclusion complex nanoparticle and physical mixture

Fig. 6. Scanning electron microscope images of a β-cyclodextrin (×1,000), b curcumin (×1,000), c
physical mixture (×350) and d β-cyclodextrin–curcumin inclusion complex nanoparticle (×5,000)
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the molecular level. This was in contrast to when the two powders
were just mixed, which resulted in no association between CUR
and BCD at all.

Scanning Electron Microscopy

Figure 6 illustrates the surface morphology of BCD,
CUR, PM and CUR20 (BCD–CUR-N) under different SEM
magnifications. BCD was observed to be irregular in shape
(Fig. 6a), while CUR was rather spherical (Fig. 6b). PM was
seen as a combination of the morphology of the parent com-
pounds (Fig. 6c). In the case of BCD–CUR-N, the morpholo-
gy was parallelogram, in which the original morphology of
both the components had disappeared (Fig. 6d). These
changes suggested the formation of BCD–CUR-N inclusion
complexes. Moreover, the SEM of BCD–CUR-N showed a
uniform particle size distribution with no aggregation, and
there was a gap between the particles, thus suggesting good
redispersibility.

Gel Formulation

To the best of our knowledge, this is the first study of a
curcumin–β-cyclodextrin nanoparticle inclusion complex for-
mulated in gel form. In this study, Viscolam AT 100P was
selected as the gelling agent to formulate the CUR and BCD-
CUR-N gels. ViscolamAT 100P is a ready-to-use liquid polymer
based on the “Hydro Swelling Droplets” concept. When added
to polar systems, it hydrates and swells with the necessity to
modify the pH (using triethanolamine). The polyacryloyl di-
methyl taurate polymer of Viscolam AT 100P reacted with
triethanolamine up to the desired pH (6.2–6.8), with complete
ionisation of the polymeric backbone. This in turn resulted in
repulsion between the native charges, which added to the swell-
ing of the polymer, and as a consequence, a strong gel was
formed. Viscolam AT 100P was chosen based on our previous
study which demonstrated that out of the gelling agents HPMC,
CMC-Na, carboxymethyl chitosan, carbopol 940 and Viscolam
AT 100P, ViscolamAT 100P showed the best stability in terms of

pH and viscosity (data not shown) and was also transparent in
appearance and smooth. The prepared CUR and BCD–CUR-N
gels were yellow in colour with a pleasant and smooth texture,
displaying a homogeneous appearance.

In Vitro Skin Permeation Studies

The in vitro permeation studies of CUR were performed
with the CUR and BCD–CUR-N gels on the shed skins of P.
reticulatus snakes. Snake skin was proposed as a membrane in
the skin permeation experiments because differential scanning
calorimetry thermograms and IR spectra showed that the
stratum corneum of snakes share some similarities with the
human stratum corneum structure and components [23]. The
distinguishing feature of the shed snake membrane is its lack
of follicles. Furthermore, the thickness of the snake mem-
brane was 20–30 μm, similar to that of the human stratum
corneum in the upper arm, which is 22.6 μm [24].

The low concentration of CUR used in the formulation of
BCD–CUR-N gel (0.01%, w/w) was aimed to mimic the condi-
tions under which the CUR gel has low water solubility and to
avoid the use of any organic solvent. The cumulative amount of
CUR and the flux after 24 h of gel application per unit square
area was investigated using the vertical in vitro diffusion cell.

Fig. 7. Permeation profiles of curcumin (CUR) gel and β-cyclodextrin–curcumin inclusion
complex nanoparticle (BCD–CUR-N) gel

Table IV. Permeation Kinetic Models of Gel Formulations

Formulation Model r2 Equation

BCD–CUR-N gel Zero order 0.9901 y=1.5629x+4.5393
First order 0.9514 y=0.0843x+0.6887
Higuchi 0.9651 y=4.1537x+2.5034
Peppas 0.9159 y=0.2595x+0.8567

CUR gel Zero order 0.9907 y=0.8612x+1.3619
First order 0.9859 y=0.0680x+0.3926
Higuchi 0.9730 y=3.6858x−2.3931
Peppas 0.9808 y=0.6986x+0.2724

Calculations were performed from three different samples
BCD–CUR-N β-cyclodextrin–curcumin nanoparticle, CUR curcumin
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The cumulative amounts of CUR permeating from the CUR
and BCD–CUR-N gels were 8.78±0.11 μg/cm2 (n=3) and
13.80±0.01 μg/cm2 (n=3) (Fig. 7) or about 34.16±0.03% (n=3)
and 21.73±0.27% (n=3) of the applied amount of CUR,
respectively. These results were relatively constant for 5 and
8 h for the BCD–CUR-N and CUR gels, respectively. The
permeation profiles of CUR through the skin from the BCD–
CUR-N gel showed no lag time. It was concluded that the BCD–
CUR-N or free CURwas immediately released from the vehicle
(gel base), then diffused through themembrane and dissolved in
receiving fluid. In contrast, the CUR gel permeation profile did
demonstrate a lag time due to the difficult penetration through
the stratum corneum.

The correspondingCUR fluxes were 1.56±0.03 μg/(cm2 jam)
(n=3) and 0.86±0.01 μg/(cm2 jam) (n=3) for the BCD–CUR-N
and CUR gels, respectively. This showed that the permeation of
CUR significantly increased by 1.8-fold (p<0.01), clearly
indicating that the developed inclusion complex formulation had
a great potential to deliver CUR across the skin. Although we did
not attempt to establish the mechanism of CUR permeation
through the skin, we believe that the higher permeation of CUR
from the BCD–CUR-N gel was a result of its higher solubility in
the aqueous vehicle than that of CUR in the CUR gel. In the first
step of the transport process, molecules must be in solution in the
gel base to partition from the gel base into the outermost part of
the stratum corneum, before diffusing through it. From the last in
vitro dissolution studies (Fig. 1a), it was evident that BCD was a
potent solubiliser of CUR. This increased solubility caused the
higher concentration of CUR (free CUR or CUR in the
cyclodextrin complex), resulting in the increased CUR availability
at the stratum corneum surface.

The small particle size of BCD–CUR-N of about 156.8±
38.3 nm also played a role in increasing the diffusion flux of CUR.
In saturated aqueous solutions, guest/cyclodextrin complexes fre-
quently consist of a mixture of inclusion and non-inclusion com-
plexes [25]. Therefore, in the presence of water in the skin, the
CURpenetrating into the skin could be either free CURor CUR
in the BCD complex. Due to the small particle size, CUR in the
form of the inclusion complex could penetrate into the skin. The
small and polar inclusion complex might follow an intercellular
pathway comprising of aqueous regions surrounded by polar
lipids. The inclusion complex may form hydrogen bonds with
the polar lipid at the stratum corneum due to the presence of
H-bond donor and acceptor (0.6:0.4) [26].

In general, due to hydrophilicity, only insignificant
amounts of the hydrated cyclodextrin molecules and drug/
cyclodextrin complexes can penetrate into lipophilic biological
barriers such as the intact skin. Only modified methylated
cyclodextrins, such as PMBCD, DMBCD and RMBCD, can
significantly increase the flux permeation of a drug due to the
combined effect of increased aqueous solubility of the guest
molecule and reduced barrier function of skin [13, 27]. In
addition, in our current study, CUR permeation did not take
a long time, not seen in previous inclusion complex perme-
ation studies. To strengthen these in vitro permeability data,
the release kinetics was also analysed. To do so, in vitro
permeation data were applied to zero-order, first-order,
Higuchi kinetics and Korsmeyer–Peppas models. The best fit
with the highest regression coefficient values (r2) was
predicted by the zero order model (r2 0.9907 and r2 0.9901

for CUR and BCD–CUR-N, respectively) (Table IV). This
clearly indicated that the release of CUR or BCD–CUR-N
from the Viscolam AT 100P gel followed zero-order kinetics.
Drug delivery systems with permeation following zero-order
kinetics suggest an increased amount of CUR permeating
constantly over time and a more predictable pharmacokinetic
and pharmacodynamic profile of CUR release.

CONCLUSIONS

Curcumin–β-cyclodextrin nanoparticle inclusion complexes
prepared by sonication, solvent evaporation and freeze-drying
methods were resulted in remarkably improved CUR dissolution.
All evaluation data using infrared spectroscopy, powder X-ray
diffractometry, differential thermal analysis and scanning electron
microscopy confirmed the successful formation of BCD–CUR-N.
BCD–CUR-N formulated into gel also exhibited better CUR
permeation in in vitro diffusion model.
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