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Abstract The purpose of the present investigation was to
explore the effect of cyclodextrin (CD) as permeation en-
hancer through rat skin in the form of a valuable and stable
transdermal drug delivery system by exploiting its favorable
properties. Phase-solubility studies demonstrated that the
CD:drug ratio 1:2 was employed in complexation. Solid-
state characterizations of complexes was performed by dif-
ferential scanning calorimetry, X-ray diffractometry, Fourier
transform infrared, nuclear magnetic resonance spectropho-
tometry analysis, and scanning electron micrograph. The
HP-β-CD by virtue of its greater stability than the pure
curcumin (CMN), allowed greater transdermal flux of
CMN indicative of enhanced permeation via CMN-2-
hydroxy propyl β cyclodextrins (HP-β-CD). Permeability
studies of drug, complex, and with various penetration
enhancers (PEs), were performed through rat skin, high-
lighted a favorable effect of CDs on drug permeation rate,
due to its solubilizing action; in contrast with unpredictably
poor skin permeation of pure drug. The complexes were
found to cause relatively less irritation as compared to the
pure drug and drug with PEs in skin irritation studies. The
anti-inflammatory activity using paw odema model showed
that the formulations of CMNCur–HP-β-CD complex
exhibited significant (p<0.001) decrease in paw edema vol-
ume than its pure CMN gel demonstrating enhanced biolog-
ical activity.
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Introduction

Transdermal drug delivery systems (TDDS) provide a vari-
ety of advantages such as high patient compliance, bypass-
ing gastrointestinal and hepatic elimination pathways and
easily administered portable and economical dosage form.
Thereby, TDDS are beneficial over oral and intravenous
dosage forms and show pattern of sustained release of drug
directly in the blood circulation over a long period of time.
Skins PEs are employed to optimize TDDS for drugs that
are otherwise inadequately skin permeable [1]. Mechanistic
approach and activity of skin PE depend on the physico-
chemical properties of the penetrant as well as the enhancer.
The fabrication of TDDS is based on a selection of suitable
skin PEs that would be facilitated by an understanding of
their mode of action within the target tissue. 2-hydroxy
propyl β cyclodextrins (HP-β-CDs) represent one of the
favorable PE groups due to their biocompatibility, low tox-
icity, and irritability profile [2].

Cyclodextrins (CDs) are oligosaccharides composed of
glucose molecules with torus-shaped cyclic fashion. They
have tendency to form inclusion complexes with drugs
thereby alter their physico-pharmaceutical properties. In
order to improvise carrier properties, CDs have been chem-
ically modified to alter their water solubility, hygroscopicity,
and surface activity, etc. CDs and their derivatives have
been utilized for enhancing the solubility and stability
against acid/alkali/enzyme hydrolysis of drugs [3, 4]. This
makes CDs as a supermolecular structure employed for
rapid, sustained and targeted delivery of drugs by oral, nasal
and parenteral routes [5]. Effects of CDs on topical bioavail-
ability of drugs have been explored since decades but pos-
sible mechanism of skin permeability by CDs is not
understood. Some researchers have explained availability
of drug in a more diffusible form due to solubilization by
CDs at the barrier exterior and thus partitioning from the
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CDs cavity into the lipophilic barrier as one of the mecha-
nism [6], whereas others have illustrated extraction of lipo-
philic components from stratum corneum as a probable
concept [7]. Transdermal applications of CDs inclusion
complex have been investigated and its potential explained
as one of the emerging skin penetration tool including
dexamethasone [8], ethyl-4-biphehnyl acetate (1) ethyl-4-
biphenyl acetic acid a prodrug [9], piroxicam [8], diclofenac
[9], bupranolol [10], ketoprofen [11], avobenzone [12].
However, hydrophilic CD drug complexes showed limited
permeability contrary to the above-mentioned reports due to
lack in understanding of mechanistic approach of perme-
ation through transdermal delivery system being not fully
exploited [13]. Klang et al. [14] could enhance the stability
and skin permeation of progesterone nanoemulsions by
sucrose stearate and cyclodextrins. Ungaro et al. [15] have
demonstrated the use of cyclodextrins as solubilizing agents
for simvastatin and effect of hydroxypropyl-β-cyclodextrin
on lactone/hydroxyacid aqueous equilibrium and confirmed
CD-based formulations as effective and beneficial for a
specific therapeutic use.

Curcumin (CMN) is a poor water-soluble alkaloidal anti-
inflammatory drug, broadly used as analgesic and for the
treatment of rheumatoid arthritis and osteoarthritis [16] and
has antioxidant properties [17]. It also has beneficial effects
on platelet aggregation and vascular prostaglandin synthesis
[18]. Upon oral administration, it undergoes an extra-
ordinary first-pass metabolism (>90 % in humans) and is
rapidly eliminated with a biological half-life of (1.5–2.0 h).
It has been associated with poor gastro-intestinal absorption
and extensive first pass metabolism and, consequently, leads
to poor oral bioavailability; these shortcomings can be sur-
mounted by its transdermal administration. However, it is
well known that, owing to the strong barrier function of
the skin, transdermal permeation of drugs has to be
aptly enhanced [19].

Since CMN is a wonder herbal drug, which has potential
to eradicate various diseases, various scientific data would
be desirable to help further investigations. The use of CMN
is limited due to its inadequate stability, very poor water
solubility, and low oral bioavailability. Our investigation
suggests that the developed HP-β-CD complex of CMN
may help alleviate the inherent problems and thus prove to
be a promising alternative to traditional formulations of
CMN.

Purpose of the current study was to investigate the pos-
sible effectiveness and prospective of cyclodextrins' tailored
TDDS. In the present study, cyclodextrin complexes were
synthesized and characterized by various techniques. The
CD complexes were extensively studied as an effective tool
for skin permeation and were compared with various PEs by
analyzing release kinetic profiles and calculating permeation
through hairless mouse skin model. The developed

formulation can serve as an efficient, safe, and biocompat-
ible drug delivery vehicle for transdermal applications.

Materials and methods

Materials

CMN, Carbopol 940, polyethylene glycol (PEG 400), Trie-
thanolamine (TEA), propylene glycol, and sodium lauryl
sulphate (SLS) were purchased from Central Drug House
Pvt. Ltd. (Mumbai, India). 2-HP-β-CD, dimethyl sulphox-
ide (DMSO), methanol (HPLC grade), 0.45 μm Millipore
filter and cellulose dialysis membrane (pore diameter
2.4 nm) were purchased from Himedia Laboratories Ltd.
(Mumbai, India).

Phase-solubility studies

Phase-solubility studies of CMN with HP-β-CD were car-
ried out according to previously reported method [20].
CMN in excess of its solubility was weighed into a series
of screw-capped vials containing aqueous phosphate buffer
solution (pH 5) of HP-β-CD, concentration ranging from 2
to 14 mM. The vials were agitated on a water bath incubator
shaker for 1 week at RT (27±0.5 °C) and equilibrated for
further 24 h. The resultant mixture was centrifuged (4,000
rpm for 30 min), and the clear supernatant was passed
through 0.45-μm Millipore filter. The drug content of sam-
ples was determined spectrophotometrically at 420 nm [21].
The apparent stability constant and thermodynamic param-
eters were calculated for 1:2 drug:HP-β-CD complex. Ap-
parent stability constants (KC) of HP-β-CD complex with
CMN were calculated from UV–visible spectra according to
Benesi–Hildebrand equation [22].

Preparation of solid complexes of CMN–HP-β-CD

The solid complexes of CMN with HP-β-CD in a molar
ratio of 1:2 (drug: HP-β-CD) were prepared as (1) inclusion
complex prepared by physical mixture (ICPPM), (2) inclu-
sion complex prepared by lyophilization method (ICPLM),
and (3) inclusion complex prepared by solvent evaporation
method (ICPSEM), reported previously [23]. The overview
of project is summarized in Fig. 1.

Physical mixture

CMN complex was prepared according to the method
reported elsewhere [24]. Briefly, an appropriate amount of
CMN was weighed and triturated with HP-β-CD, in 1:2
molar ratios in a mortar for 10 min at RT and the final
product was used for further studies.
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Solvent evaporation method

In this method, CMN and HP-β-CD were taken in molar ratio
of 1:2. CMN was dissolved in minimum quantity of methanol
at 60 °C, HP-β-CD was dissolved in aqueous buffer (pH5),
and then dissolved CMN was added dropwise into 2:5 equiv-
alent of HP-β-CD aqueous buffer solution (pH5) at 60 °C with
continuous stirring and was refluxed with continuous agitation
at 70 °C for about 4 h. The reaction mixture was again stirred
for 1 h at 70 °C to remove residual methanol without reflux.
Resulting solution was cooled at RT. After stirring for 8 h at
RT, the reaction mixture was stored overnight at 4 °C and then
filtered off in a sintered glass filter. The product was dried in a
vacuum oven at temperature (50–55 °C), and the dried crys-
talline product was obtained [23].

Lyophilization method

Complex was prepared by lyophilization method as reported
previously [24]. Briefly, 1:2 concentrations of CMN and
HP-β-CD (8 mM for HP-β-CD) were dissolved in aqueous

buffer solution (pH5) containing 5 % glucose as a cryopro-
tectant. The mixture was agitated for 1 week at RT (27±
0.5 °C) and filtered through 0.45-μm Millipore filter, and
the filtrate was lyophilized in a lyophilizer Hetero Dry
Winner, Germany.

Solubility measurement

The aqueous solubility of the compounds, i.e., plain CMN
and its complex (1:2:: CMN: HP-β-CD) was determined in
PBS buffer (pH5) at RT (27±5 °C) according to the reported
method [25].

Differential scanning calorimetry

The differential scanning calorimetry (DSC) curves of the
different samples were measured with TA Instrument 2910
MDSC V4.4E, Shin, Osaka, Japan) under flow of nitrogen
at a scanning rate of 10 °C per minute, heating rate of
20 °C/min and temperature range of 100–200 °C for
sample size 0.5–3 mg.

Fig. 1 Schematic representation of complexation of CMN and HP-β-CD (Drug: HP-β-CD:: 1:2)

Table 1 Physicochemical prop-
erty of gel formulations

*Values are represented as mean
±SD (n=3)

Formulation Viscosity (cPs)* pH* Percent drug content*

Carbopol gel of CMN 37,200 5.10±0.24 98.40±0.31

Carbopol gel of CMN–HP-β-CD complex 43,900 5.20±0.20 99.06±0.47
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Powder X-ray diffraction

X-ray diffractrograms were obtained with an X-ray diffrac-
tometer (Rigaku D/Max-1200; Rigaku Denki Co., Tokyo,
Japan) using Ni-filtered CuKa radiation (35 kV, 15 mA).

Fourier transform infrared spectroscopy

The FTIR spectra of the samples were recorded on Thermo
Nicolet Corporation, USA instrument, IR 200 with DTGS
detector assembly and ZnSe Crystal as sample holder. Trans-
mission range was 20,000 to 650 cm−1. The FTIR spectra of
the CMN–HP-β-CD complex prepared by solvent evapora-
tion were recorded on Testscan Shimadzu FTIR 8000 series.

Nuclear magnetic resonance

Nuclear magnetic resonance (NMR) spectroscopy of the
complex sample was carried out at 300 MHz, in D2O as
solvent (Bruker DRX 300 MHz, Billerica, MA).

Scanning electron micrograph

The shape and surface morphology of HP-β-CD, CMN, their
physical mixtures and complexes were investigated using
SEM. The samples were prepared by lightly sprinkling the
formulation on a double-adhesive tape stuck to an aluminum
stub. The stubs were then coated with gold to a thickness of
∼300 Å under an argon atmosphere using a gold sputter

Fig. 2 Phase-solubility
diagram of HP-β-CD–CMN
system

Fig. 3 DSC of parent
compound and different
complex (ICPPM=inclusion
complex prepared by physical
mixture; ICPLM=inclusion
complex prepared by
lyophilization method;
ICPSEM=inclusion complex
prepared by solvent evaporation
method; CMN=curcumin; HP-
β-CD=2-hydroxy propyl β
cyclodextrins)
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module in a high-vacuum evaporator. The coated samples
were then randomly scanned and photomicrographs were
taken with a SEM (Jeol JSM-1600, Tokyo, Japan).

Formulation and characterization of carbopol gel

Carbopol gel was prepared according to the method
reported elsewhere [26]. Briefly, Carbopol 940 (1 g)
was dispersed in distilled water (88 g) by mechanical
stirring at 800 rpm for 60 min at RT. Propylene glycol
(10 g) was added to this solution and the resulting
mixture was neutralized by dropwise addition of trietha-
nolamine. Mixing was continued until a transparent gel
appeared, while the amount of the base was adjusted to
achieve a gel with pH5.0, optimum for the transdermal
preparation and the physicochemical properties of gel
such as pH, viscosity and percentage drug content.
The data of physicochemical properties of optimized
gel is shown in Table 1.

Skin permeation studies

Male albino rats (160±20 g) were treated with an overdose of
chloroform by inhalation and were sacrificed. After clipping
of the hair dorsal skin was excised and subcutaneous fat was
removed by means of subcutaneous blunt dissection. The in
vitro skin permeation of Carbopol gel of plain drug (ICPLM)
was studied using locally fabricated Franz diffusion cell with
an effective permeation area and receptor cell volume of
1.0 cm2 and 10 mL, respectively, at RT (27±0.5 °C). The full
thickness skin was clamped by an “O” ring between the donor
and the receptor chambers of a Franz diffusion cell, with the
stratum corneum side facing upward into the donor compart-
ment. The receptor compartment contained 10 mL PBS (pH
5.0) and was constantly stirred in a magnetic stirrer (Expo
India Ltd., Mumbai, India) at 100 rpm. The Carbopol gel of
ICPLM (250 μl) was applied on to the skin in donor compart-
ment, which was then covered with parafilm to avoid any
evaporation process. Samples were withdrawn through the
sampling port of the diffusion cell at predetermined time
intervals over 24 h and analyzed for drug content by UV
spectroscopy [27]. The receptor phase was immediately
replenished with equal volume of fresh diffusion buffer. Sim-
ilar experiments were performed with plain CMN-Carbopol
gel. Sink conditions were maintained throughout the experi-
ment. The amount of CMN retained in the skin was deter-
mined at the end of the in vitro permeation experiment (24 h).
The skin was washed with methanol and homogenized for
5 min in a stirrer. The resulting solution was centrifuged for
10 min at 7,000 rpm. The supernatant was analyzed for drug
content by UV spectroscopy. The cumulative amount of drug
permeated per unit area was plotted as a function of time; the
steady-state permeation rate (Jss) and lag time (LT, h) were
calculated from the slope and x intercept of the linear portion,
respectively.

Anti-inflammatory activity

The formulations of CMN, ICPLM, CMN-SLS, and CMN-
DMSO gel were selected for screening for anti-inflammatory
activity and compared with marketedWhitefield Ointment I.P.
(Kremoint Pharma Pvt. Ltd., India), containing benzoic acid
I.P. (6 % w/w) and salicylic acid I.P. (3 % w/w).

Total 36 albino rats of either sex weighing 100–150 g,
were selected and divided into six groups of six animals
each. The experimental protocol was duly approved by the
Institutional Animal Ethical Committee by letter number
Animal Eths. Comm./DB/304 of Dr. H. S. Gour University,
Sagar, M.P. India. The first group served as control and was
treated with plain Carbopol gel. Second group was treated
with marketed formulation. The animals of the third, fourth,
fifth, and sixth groups were treated with different formula-
tions of CMN, such as plain CMN gel, gel of ICPLM,

Fig. 4 X-ray diffractogram of parent compound and different complex
(ICPPM=inclusion complex prepared by physical mixture; ICPLM=
inclusion complex prepared by lyophilization method; ICPSEM=in-
clusion complex prepared by solvent evaporation method; CMN=cur-
cumin; HP-β-CD=2-hydroxy propyl-β-cyclodextrins)
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CMN-SLS, and CMN-DMSO, respectively. After weighing
the rats individually, they were marked. The initial paw
volume of each animal at the start of the experiment was
measured by plethysmometer (Ugo Basile, 7140, Italy). One
hour post-topical application, 0.1 mL of 1 %w/v carrageen-
an suspension in distilled water was injected in the sub-
planter tissue of left hind paw of each animal using 27-
gauge needle. A mark was made on the left hind foot just
below the tibio-torsal junction so that every time the paw
was dipped in the column of plethysmograph to same level
to ensure constant paw volume. After 2 h administration of
carrageenan suspension, the paw volumes were measured at
regular time intervals up to 24 h using plethysmometer, and
percent inhibition of edema was calculated. The results were
compared by one-way ANOVA followed by Dunnett's t test
and was considered as significant with respect to plain drug.

Skin irritation study

Skin irritation study of different formulations was conducted
in male albino rats (160±20 g) according to the reported
method [28]. The animals were housed in an air-conditioned
room (20 °C) and hair of the back was trimmed short, 24 h
before the beginning of the assay. The animals were divided
into four groups of five each. First group of rats received
plain drug gel and served as control, while second, third,
and fourth groups of rats received ICPLM gel, CMN-SLS,
and CMN-DMSO, respectively. Three squares were drawn

on each side of the back of each rat and 0.5 g of each
formulation was applied on each square. Using nylon mesh,
supported by the plastic squares having small pores kept
above the treated area, protected the treated area of the
animals. The formulation was removed after exposure for
32 h and exposed skin was scored for the formation of
edema (graded 0–3) and erythema (graded 0–3).

Storage-physical stability of CMN formulation

Stability studies were performed for 3 months using CMN
gel prepared of ICPLM and with PEs. Gel formulations
were evaluated for drug retentive potential at three different
temperature conditions, i.e., 4–8 °C (refrigerator), 25±2 °C/
60 % RH (RT), 40±2 °C/75%RH (accelerated tempera-
ture) as per ICH Guideline Q1A (R2) [29]. Stability
samples were analyzed for drug assay and ex vivo
permeation through rat skin at each sampling point of
1, 2, and 3 months [30, 31].

Statistical analysis

Data are expressed as the mean±standard deviation (SD),
and statistical analysis was carried out by one-way ANOVA
following Tukey–Kramer multiple comparison test. p>0.05
was considered statistically insignificant, while p<0.001
was considered very significant.

Fig. 5 FTIR of parent
compound and different
complex (ICPPM=inclusion
complex prepared by physical
mixture; ICPLM=inclusion
complex prepared by
lyophilization method;
ICPSEM = inclusion complex
prepared by solvent evaporation
method; CMN=curcumin; HP-
β-CD=2-hydroxy propyl-β-
cyclodextrins)
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Results

Phase-solubility studies

The phase-solubility diagram of CMN as a function of
HP-β-CD concentration in an aqueous buffer solution
(pH5) at RT is shown in Fig. 2. The phase-solubility
plot for CMN-HP-β-CD was found to be “Bs type”
solubility curve [32].

Thermodynamic parameters

Stability constant was found to be 6.2×105, and other
thermodynamic parameter were also determined; ΔG=
−1.88 kJ/mole, ΔH=3.766 kJ/mole, and ΔS=0.0189.

Solubility measurement

Solubility of ICPPM, ICPLM, and ICPSEM was found to
show 100.71-, 1051.76-, and 1026.47-folds increase, re-
spectively, as compared to pure CMN.

DSC studies

Inclusion complex formation was confirmed by DSC
thermograms (Fig. 3). CMN exhibited a sharp endother-
mic melting peak (Tm) at 177.19 °C, whereas HP-β-CD
shows peak at 135.43 °C. Thermogram of ICPPM
shows the characteristic peak similar to that of CMN.
Thermogram of ICPSEM shows the endotherm peak
shift from 177.19 °C to 160.59 °C of the pure CMN.
In contrast, thermogram of ICPLM showed complete
disappearance of the characteristic endothermic peak of
CMN.

X-ray powder diffraction analysis

The X-ray diffraction patterns of drug, polymer, and com-
plexes are shown in Fig. 4. Characteristic high intensity
diffraction peaks for CMN were detected at: 2θ=12.227,
14.561, 17.338, 18.194, 23.429, 25.639, 25.660; for ICPPM
2θ=10.744, 12.551, 12.740, 15.454, 17.176, 18.857,
20.835, 22.968, and for ICPSEM 2θ=16.640, 17.418,

Table 2 1H-NMR spectral analysis of CMN, HP-β-CD, and CMN complex

OO

OH OH
OCH3 OCH3

CMN

H of CMN free complex (ppm)

OH (aromatic –OH) 5.0 5.254 0.254

CH3 (methyl) 3.730 3.883 0.153

O

H

O

OR

H
H

H

RO

H CH2OR

1

3

2

5

4

R = CH2CHOHCH3

7

2 HP- -CD                                                              ICPLM

H of HP- -CD free complex (ppm)

H1 5.650 5.567 0.083

H2 4.000 3.971 0.290

H3 3.500 3.642 0.142

H4 3.640 3.734 0.094

H5 3.500 3.676 0.176
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23.873, 29.250, 29.734, 30.784, 34.002. CMN has well-
defined crystalline X-ray patterns, whereas HP-β-CD is
amorphous. X-ray pattern of ICPPM appears to represent
the superimposed peaks of parent compounds. The patterns
of ICPSEM showed that the peaks ascribed to CMN are
significantly diminished. In contrast, ICPLM showed re-
markable disappearance of peaks with no measurable X-
ray patterns.

FTIR spectra

FTIR spectra of pure CMN, HP-β-CD and their complex are
presented in Fig. 5. FTIR spectrum of HP-β-CD showed
prominent absorption bands at 3,622.35 cm−1 due to O–H
stretching vibration; at 2,714.81 cm−1 due to the C–H
stretching vibrations; at 1,495.198 cm−1 due to C=C ring
stretch; at 1,101.93 and 1,042.48 cm−1 corresponding to

Fig. 6 SEM of parent
compound and different
complexes (ICPPM=inclusion
complex prepared by physical
mixture; ICPLM=inclusion
complex prepared by
lyophilization method;
ICPSEM=inclusion complex
prepared by solvent evaporation
method; CMN=curcumin; HP-
β-CD=2-hydroxy propyl-β-
cyclodextrins)

Fig. 7 In vitro percentage
cumulative drug permeated
through rat skin (p<0.05)
(ICPLM=inclusion complex
prepared by lyophilization
method; CMN=curcumin;
SLS=sodium lauryl sulfate;
DMSO=dimethyl sulfoxide)
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asymmetrical C–O–C stretching vibrations and symmetric C–
O–C stretch, respectively. The characteristic bands of pure
CMN occurred at 3,731.51 cm−1 due to p-OH stretching
vibration, non-hydrogen bonding; at 2,882.19 cm−1, they were
assigned to the asymmetric methyl –O-CH3 stretching vibra-
tion. Other bands were observed at 1,561.54 and

1,265.75 cm−1 corresponding to strong asymmetric C=O band
stretching vibration and asymmetric C–O–C stretching vibra-
tion, respectively. Shift of characteristic bands, disappearance
or reduction in intensity, and appearance of new bands in the
FTIR spectra might be associated to possible drug–CD inter-
action and/or amorphization of the product [33]. The spectral

Fig. 8 Flux of different
formulations through hairless
rat skin (p<0.05) (ICPLM=
inclusion complex prepared by
lyophilization method; CMN=
curcumin; SLS=sodium lauryl
sulfate; DMSO=dimethyl
sulfoxide)

Fig. 9 Skin irritation studies
(ICPLM=inclusion complex
prepared by lyophilization
method; CMN=curcumin;
SLS=sodium lauryl sulfate;
DMSO=dimethyl sulfoxide)
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pattern of ICPPM corresponds to the sum of the band positions
of the FTIR spectra of both CMN and HPβCD, whereas
spectrum of ICPSEM showed asymmetric methyl stretch shift-
ing to 2,837.1 cm−1 and the C=C stretching vibration of
benzene ring shifted to 1,593.1 cm−1. In contrast, the spectrum
of ICPLM demonstrated complete disappearance of the CMN
characteristic bands that were seen in the spectrum of physical
mixture. The most notable band disappearance occurred at
1,506.85 cm−1, C=C stretching vibration of benzene ring,
1,265.75 cm−1 absorption peak assigned to the asymmetric
C–O–C stretching vibration, and 2,882.19 cm−1 absorption
peak for asymmetric methyl stretch.

1H-NMR spectroscopy

Chemical shifts (parts per million) for the protons of CMN
and HP-β-CD in its free state and in ICPLM are summa-
rized in Table 2. Results are summarized with signals that
are less or appreciably shifted either downfield for H3, H4,
and H5 and upfield for H1 and H2.

SEM

Results of SEM analysis, performed to investigate the mor-
phologies of pure drug and complexes prepared by various
methods, were consistent with these findings, showing that
the polyhedron-shaped drug crystals, still recognizable in
both ICPPM and ICPSEM, were no longer detectable in
ICPLM (Fig. 6).

In vitro permeation studies

Permeability profiles of Carbopol gel of plain CMN, ICPLM,
CMN-SLS, and CMN-DMSO as PEs across rat skin are
reported in Fig. 7. The plain gel of CMN, ICPLM, CMN-
SLS, and CMN-DMSO showed cumulative percentage re-
lease of 13.22 %, 76.98 %, 34.22 %, and 72.34 %, respec-
tively. The amount of drug permeated was in the order

ICPLM>CMN-DMSO>CMN-SLS>CMN. Percentage cu-
mulative amount of ICPLM permeated was found to be 5.8-
fold greater than CMN alone after 10 h. The permeation
measured by the amount of transferred drug was remarkably
enhanced of ICPLM (p<0.05) possibly due to complexation.

Flux of different formulations through hairless rat skin is
shown in Fig. 8. There is a significant enhancement (p<
0.05) of flux between pure drug and ICPLM. The deter-
mined flux followed the order ICPLM>CMN-DMSO>
CMN-SLS>CMN.

Skin irritancy studies

In regular transdermal studies, PEs for enhancing passive
permeation of drug molecule are usually employed. However,
regulatory authorities have also given importance to the irri-
tation potential of PEs. The skin irritations scores defined by
the Code of Federal Regulation, 1976 following application of
different formulation at 32 h are shown in Fig. 9. In this
histopathological evaluation, score of edema and erythema
were considered as the key criteria to distinguish the effect
of drug. No apparent change was observed in skin morphol-
ogy after the application of control sample containing Carbo-
pol gel without drug. However, when compared with the skin
treated with gel containing CMN, CMN-SLS, and CMN-
DMSO, mild to well-defined erythema exhibiting mean score
of 0.4, 0.4, and 0.6, respectively, was observed. Gel of ICPLM
caused relatively less irritation showing mean score of 0.2.
Edema was almost absent in all cases.

Anti-inflammatory activity

Anti-inflammatory activity of different formulations was de-
termined following the carrageenan-induced rat paw edema
model and was found to be in the order of ICPLM>CMN-
DMSO>CMN-SLS>marketed formulation>CMN, as
signified by percent edema inhibition of 81 %, 51 %, 49 %,
46 %, and 10 % after 12 h, respectively, shown in Fig. 10.

Fig. 10 Time dependency of
the suppression of carrageenan-
induced paw edema by a mar-
keted formulation and devel-
oped formulations of CMN (p<
0.001) (ICPLM=inclusion
complex prepared by lyophili-
zation method; CMN=curcu-
min; SLS=sodium lauryl
sulfate; DMSO=dimethyl
sulfoxide)
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Stability study

The formulations were subjected to accelerated stability
testing, as per ICH guidelines for semi-solid preparations,
at three different temperature conditions, i.e., 4–8 °C
(refrigerator), 25±2 °C/60 % RH (RT), 40±2 °C/75 % RH
(accelerated temperature) for a period of 3 months [30]. The
ICPLM formulation was found to be stable with respect to
CMN assay when analyzed by UV spectroscopy of different
formulations (Fig. 11).

Further, in order to assess the integrity of PE system,
ICPLM, SLS, and DMSO were employed; the transdermal
permeation was studied through the rat skin. Flux for CMN
permeation through ICPLM was not altered significantly in
the 3-month long study at all the stability conditions, estab-
lishing the integrity of PE system. On the contrary, perme-
ation data of other formulations were found to be greatly
diminished over time due to degradation of CMN in the
formulations (Fig. 12).

Discussion

The major aim of this investigation was the development of
stable formulations with the application of HP-β-CD which
imparts drug solubilization, stabilization, and improved
transdermal permeation. In order to plan the synthesis of
cyclodextrin complex, phase-solubility curve was deter-
mined and was found to be “Bs type”, which demonstrates
the complex formation between one molecule of CMN and
two molecules of HP-β-CD, i.e., in the ratio of 1:2. This can
be further confirmed by the molecular dimension of CMN
which is too large (ca. 19 Å long, 6 Å wide) to be entrapped
entirely into one HP-β-CD cavity (ca. 7.8 Å wide), thus two
molecules are required for the complexation phenomenon.
Thermodynamic parameters were also determined with pos-
itive ΔH confirmed endothermic binding process, which
further lead to increase in enthalpy of the system. ΔG value
for the complex was determined to be negative assuring
their stability. According to Vant's Hoff equation, the higher
the complexation constant, the lower will be the Gibbs free
energy of complexation. Further ΔS was found to be posi-
tive, confirming the complexation phenomenon. During
complexation, when guest molecule enters the cavity of
HP-β-CD, some water molecules get released which lead
to higher entropy. Involvement of electrostatic or hydropho-
bic interactions in complex formation was verified by these
thermodynamic parameters [32].

First off, we achieved formulation of complex and were
validated by various mentioned evaluation parameters. Sol-
ubility data of ICPPM, ICPLM, and ICPSEM was compared
with pure CMN. This proved that complexation with hydro-
philic polymer leads to overwhelming increase in the

solubility of insoluble or poorly aqueous soluble drug.
DSC thermogram of ICPPM shows the characteristic peak
similar to that of CMN, thus revealing that no complex
formation occurred by physical mixture. Thermogram of
ICPSEM shows the endotherm peak shift depicting partial
complexation. In contrast, thermogram of ICPLM showed
complete disappearance of the characteristic endothermic
peak of CMN that clearly proved the formation of inclusion
complex with reduced crystallinity due to the absence of

Fig. 11 Percentage residual drug content of various formulations of
CMN for stability determination [at 4 °C (a); 25±2 °C (b); 40±2 °C
(c)] (ICPLM=inclusion complex prepared by lyophilization method;
CMN=curcumin; SLS=sodium lauryl sulfate; DMSO=dimethyl
sulfoxide)
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endothermic peak of drug and that may be attributed to
the amorphous state of inclusion complex. The X-ray
pattern of ICPPM shows crystalline nature with super-
imposed peaks of parent compounds. The patterns of
ICPSEM showed significantly diminished peaks ascribed
to CMN, suggesting lower degree of crystalinity. In
contrast, ICPLM showed remarkable disappearance of
peaks, suggesting the amorphous characteristic. FTIR
spectral pattern of ICPPM indicates no or minor inter-
action between CMN and HP-β-CD molecules in the
physical mixture, whereas spectrum of ICPSEM showed
partial interaction of peaks of parent compound, thus
revealing partial complexation. FTIR spectral pattern of
ICPLM demonstrated complete disappearance of the
CMN characteristic bands. The most notable band dis-
appearance of C=C stretching vibration of benzene ring,
absorption peak assigned to the asymmetric C–O–C
stretching vibration, and absorption peak for asymmetric
methyl stretch implied masking of aromatic structures
possibly by inclusion into CD cavities. Alkene part of
CMN showed some changes in their absorption frequen-
cy assuring the delocalization of π electron of olefinic
double bond and thus proved immersion of aromatic
ring in the HP-β-CD cavity. From the data of phase-
solubility studies, the complexation ratio of CMN: HP-
β-CD is found to be 1:2 showing entrapment of aro-
matic ring in each side of CMN in the cavity of two
HP-β-CD. Chemical shifts (parts per million) for the
protons of ICPLM clearly demonstrated that signals
are less or appreciably shifted (either downfield for
H3, H4, and H5 or upfield for H1 and H2), assuring
formation of the complex. In NMR study of pure drug,
chemical shifts are prominent in case of –OH and –CH3

protons. This fashion of shifting of signals along with
changes occurred for pure HP-β-CD protons reveal the
mode of interaction of HP-β-CD with CMN. Possibly
aromatic ring containing –OH and –CH3 is immersed in

the cavity of HP-β-CD probably due to the remarkably
shifted H3 and H5 protons located inside the cavity of
HP-β-CD. SEM analysis clarify the morphologies of
pure drug and complexes prepared by various methods
and found amorphous aggregates of ICPLM showing
complete complexation.

A subsequent aim of this study was to explore the influ-
ence of HP-β-CD and different permeation enhancers on
skin permeation of CMN. Indeed, these compounds led to
improved skin permeation rates of the drug. The best per-
formance shown by ICPLM is attributable to the greater
solubilizing power towards the practically insoluble drug,
which allowed a greater amount of drug in solution, avail-
able for permeation. On the contrary, with other permeation
enhancers, the faster drug release obtained from ICPLM is
attributable to their complex formation, which further
increases the drug permeation. This finding corroborated
the importance of the different mode of drug interaction
with different PEs in determining its penetration rate as well
as the possibility of better modulating it by CD com-
plexation. The permeation was measured by the amount
of transferred drug was remarkably enhanced of ICPLM
(p<0.05) possibly due to complexation. There is a sig-
nificant enhancement (p<0.05) of flux between pure
drug and ICPLM because of the improved penetration
through rat skin possibly due to the presence of solubi-
lized drug at the site.

The skin irritation scores showed decrease in irritation,
assuring complexation of drug with HP-β-CD, which alle-
viates drug-induced local irritation and improves the safety
of the drug. Anti-inflammatory activity of different formu-
lations was determined by carrageenan-induced rat paw
edema model and verified that complexation of CMN with
HP-β-CD increases its biological activity. The accelerated
stability testing demonstrated that complexation of CMN
improves its stability and needs to be further explored for
its biomedical applications.

Fig. 12 The permeation
parameters of CMN
formulations through rat
skin from stability samples
(ICPLM=inclusion complex
prepared by lyophilization
method; CMN=curcumin;
SLS=sodium lauryl sulfate;
DMSO=dimethyl sulfoxide)
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Conclusion

The transdermal formulation of CD complex was shown to
be efficacious, safe, stable and non-irritant to skin. CMN is
widely used as potent anti-inflammatory drug. It is advan-
tageous over NSAIDs, being devoid of any side effect such
as GIT bleeding, hepatotoxicity, etc., yet suffers from its
inherent drawbacks such as poor bioavailability and less
permeability through skin. Therefore, it is envisaged to
formulate cyclodextrin complex. HP-β-CD formed true in-
clusion complexes with CMN, indicating a stoichiometry of
1:2 (CMN:HP-β-CD). CDs have been studied as a possible
vehicle for transdermal delivery of CMN, an anti-arthritic,
anti-inflammatory agent. The study confirmed that CDs are
very promising, safe, and biocompatible PEs for transdermal
delivery of CMN as revealed from an enhanced transdermal
flux. Finally, we conclude that CMN–CD complex gel pro-
vides better permeation as compared to plain drug gel. Since
transdermal drug deliver entails higher permeability, CD
complex formulation is a better option for transdermal drug
delivery for the CMN.
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