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Abstract. Curcumin-loaded chitosan nanoparticles were synthesised and evaluated
in vitro for enhanced transdermal delivery. Zetasizer® characterisation of three different
formulations of curcumin nanoparticles (Cu-NPs) showed the size ranged from 167.3 ± 3.8 nm
to 251.5 ± 5.8 nm, the polydispersity index (PDI) values were between 0.26 and 0.46 and the
zeta potential values were positive (+ 18.1 to + 20.2 mV). Scanning electron microscopy
(SEM) images supported this size data and confirmed the spherical shape of the
nanoparticles. All the formulations showed excellent entrapment efficiency above 80%.
FTIR results demonstrate the interaction between chitosan and sodium tripolyphosphate
(TPP) and confirm the presence of curcumin in the nanoparticle. Differential scanning
calorimetry (DSC) studies of Cu-NPs indicate the presence of curcumin in a disordered
crystalline or amorphous state, suggesting the interaction between the drug and the polymer.
Drug release studies showed an improved drug release at pH 5.0 than in pH 7.4 and followed
a zero order kinetics. The in vitro permeation studies through Strat-M® membrane
demonstrated an enhanced permeation of Cu-NPs compared to aqueous curcumin solution
(p 0.05) having a flux of 0.54 ± 0.03 μg cm−2 h−1 and 0.44 ± 0.03 μg cm−2 h−1 corresponding to
formulations 5:1 and 3:1, respectively. The cytotoxicity assay on human keratinocyte (HaCat)
cells showed enhanced percentage cell viability of Cu-NPs compared to curcumin solution.
Cu-NPs developed in this study exhibit superior drug release and enhanced transdermal
permeation of curcumin and superior percentage cell viability. Further ex vivo and in vivo
evaluations will be conducted to support these findings.
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INTRODUCTION

Transdermal drug delivery (TDD) offers many advan-
tages over oral administration such as the avoidance of first-
pass metabolism and gastrointestinal disturbances, reduced
dosage frequency and more controlled plasma levels (1).
However, the major challenge associated with TDD is
overcoming the stratum corneum, the outermost layer, which
presents a significant barrier. To enhance the permeation
through the stratum corneum, it may be necessary to employ
various enhancement techniques such as chemical, physical or
nano-carriers. Nano-carriers developed for topical or trans-
dermal delivery have a number of advantages over

conventional transdermal formulations such as enhanced
aesthetics, improved drug stability and prolonged drug
release. But although these advantages are evident when
formulations are used topically, the use of nano-carriers for
transdermal delivery has been limited due to poor skin
penetration (2). There has been a belief for many years that
intact skin is impenetrable to nanoparticles. However, recent
research has demonstrated that nanoparticles can penetrate
deep into the skin depending on their size, surface charge and
the type of material comprising the nanoparticles (3). Nano-
carrier systems such as polymeric nanoparticles and nano-
vesicles possess an advantage over other methods in that they
promote transdermal permeation without affecting the skin’s
structure (4). The nanoparticles penetrate the skin through
one (or more) of three pathways: transappendageal, i.e. hair
follicles and sweat glands; intercellular lipid spaces and the
transcellular route where drug molecules diffuse through both
corneocytes and intercellular lipid lamellae (5).

Curcumin, a natural yellow phenolic compound present
particularly in Curcuma longa Linn. (turmeric) (6), has
demonstrated several pharmacological activities such as anti-
inflammatory, antimicrobial, antioxidant, anti-cancer and
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antidiabetic effects (6,7). Although curcumin possesses these
wide pharmacological activities, a suitable formulation of
curcumin is still lacking due to its poor aqueous solubility and
instability in alkaline conditions (8). Reports show that, under
alkaline conditions, curcumin degrades to trans-6-(4′-hy-
droxy-3′-methoxyphenyl)-2,4-dioxo-5-hexanal as the major
degradation product and ferulic acid, feruloylmethane and
vanillin as minor degradation products (9). For these reasons,
curcumin exhibits poor absorption after oral administration
and undergoes extensive first-pass metabolism (8). Reports
reveal that after oral administration of curcumin, 75% is
excreted in faeces and traces are found in urine (8). This high
degree of chemical instability and low solubility of curcumin
hinders its oral administration. Although curcumin has a
favourable molecular weight (368 Da) for transdermal
delivery, other parameters such as its low aqueous solubility
and relatively high log P of 3.2 require additional enhance-
ment techniques for skin penetration (10–13). Numerous
studies have aimed at improving curcumin bioavailability and
stability by a variety of different approaches including
formulation into nanoparticles (14), nanogels (15),
microemulsions (16,17), nanofibre transdermal patches (18–
20), micelles (21,22), polymeric conjugates (23,24) or lipid
vesicles (25,26). Polymeric nanoparticles are widely used in
drug delivery systems because of their biocompatibility and
biodegradability (27). However, the development of curcumin
nanoparticles employing natural polymers for transdermal
applications has received less attention (28). The solubility
and the efficacy of curcumin would be enhanced by formu-
lating into nanoparticles (29). Furthermore, encapsulating
curcumin within a polymeric nanoparticle can protect the
sensitive drug from environmental factors (3). Chitosan, a
natural polysaccharide derived from crustaceans, is widely
used in the synthesis of nanoparticles due to its superior
biocompatibility and biodegradability. Commercially avail-
able chitosan has a degree of deacetylation that ranges from
60 to 100% and the molecular weight ranges from 3800 to
20,000 Da. It is easily degraded in vivo and excreted renally
(30). Chitosan preparations with a higher degree of
deacetylation are preferred in drug delivery systems because
a higher degree of deacetylation is synonymous with a greater
degradation rate. Chitosan is considered non-toxic and has
been certified by the US FDA as safe for use in wound
dressings (31). Moreover, at a low pH, it behaves as a cationic
polyelectrolyte; therefore, it can easily link with negatively
charged cross-linking agents such as sodium tripolyphosphate
(TPP). Compared to other methods of nanoparticle synthesis
such as emulsion-solvent extraction, spray drying or micelle
formation, the ionic gelation technique has some definite
advantages. The cross-linking agent TPP is non-toxic and has
an excellent gelling capacity. The production method is
simple, no toxic chemicals are required and the particle size
and zeta potential can be easily modulated by adjusting the
concentration of chitosan and TPP (32,33). Furthermore,
chitosan nanoparticles (Chi-NPs) have demonstrated perme-
ation enhancement which favour their use as carrier in
transdermal drug delivery (34). For successful transdermal
delivery, the key factors to consider are the drug solubility in
the vehicle, its thermodynamic activity and maximum skin
permeation without harming the intact skin. Thus, the
approach employed in this study was to develop a novel

transdermal formulation of curcumin by combining the
benefits of nanoparticulate formulations with the permeation
enhancing property of chitosan. This manuscript describes the
formulation and the in vitro evaluation of curcumin nanopar-
ticles to be ultimately used for transdermal delivery (35).

MATERIALS AND METHODS

Materials

Curcumin (≥ 94% curcuminoid content) and curcumin
analytical standard were purchased from Sigma-Aldrich,
USA. Acetic acid, sodium acetate, acetonitrile, phosphate-
buffered saline (pH 7.4 Tablets) and methanol (HPLC grade)
were purchased from Fisher Scientific, UK. Chitosan (low
molecular weight) and TPP were purchased from Sigma-
Aldrich, USA. The Strat-M® membrane and the MTT [3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide]
reagent were purchased from Millipore, Merck, Germany.
Dulbecco’s modified Eagle’s medium (DMEM), Tween 80
and fetal bovine serum were purchased from Nacalai Tesque,
Japan. The HaCat cells were from the Center for Cancer and
Stem Cell Research, International Medical University, Kuala
Lumpur, Malaysia.

Synthesis of Curcumin-Loaded Chitosan-TPP Nanoparticles

Chitosan (0.2% w/v) solution was prepared in dilute
acetic acid (2% v/v), and the pH was adjusted to 5.0 using
4 M NaOH (36). The solution was stirred (500–1000 rpm on a
magnetic stirrer, and an ethanolic solution of curcumin (100
or 500 μg/mL) was added dropwise. Thereafter, varying
volumes of the cross-linker (TPP, 0.1% w/v) solution was
added dropwise to this mixture to achieve mass ratios of
chitosan and TPP of between 3:1 and 5:1. The suspension
obtained was further stirred for 10–45 min at room temper-
ature and then centrifuged at 12857×g at 20°C in a centrifuge
(Eppendorf 5810 R, Germany) for 20 min to pelletise the
nanoparticles. The pellet was subsequently redispersed in
deionised water with the cryoprotectant (Trehalose, 5% w/v),
freeze-dried and stored at 2–8°C for further characterisation.
The blank nanoparticles were prepared by a similar method
without the addition of curcumin.

Particle Size, Zeta Potential and Polydispersity Index (PdI)

The average particle size, zeta potential (ZP) and the
PDI of the formulated nanoparticles were measured using a
Zetasizer Nano ZS (Malvern Instruments, Malvern, UK).
Samples were taken in glass cuvettes and diluted with
deionised water (1:3) and analysed at 25°C (n = 3). The data
obtained were expressed as the mean ± standard deviation.

Flocculation Studies

The blank and the Cu-NPs suspensions were allowed to
stand undisturbed at 25°C for 24 h. Samples were withdrawn
at 0, 4, 8 and 24 h, and the particle size and ZP were
measured for any signs of aggregation or flocculation.
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Morphological Characterisation and Energy Dispersive X-
Ray Spectroscopy (EdX)

Surface morphology and EDX were determined using
field emission scanning electron microscopy (FESEM)
(Quanta 400F, FEI, USA) at a voltage of 5 kV coupled with
an energy dispersive X-ray detector. A tiny drop of the
nanoparticle suspension was placed on double-sided carbon
tape and stuck to the imaging stub which was then allowed to
dry overnight at ambient temperature. The SEM images and
the EDX were recorded for Cu-NPs and Chi-NPs. The EDX
of chitosan powder alone was also performed by placing a
small quantity directly on the carbon tape.

X-Ray Diffraction (XRD) Analysis

XRD analysis was performed to ascertain the crystallo-
graphic structure of the nanoparticle formulation. The
diffractograms of curcumin, Chi-NPs and Cu-NPs were
obtained using an X’pert Pro X-ray diffractometer
(Panalytical, Netherlands) equipped with a radiation source
Cu K-alpha operated at 45 kV and 40 mA. The analysis was
performed from 5 to 75° with a scanning speed of 0.02°/step
and the step time was 0.5 s.

Fourier Transmission Infrared (FTIR) Spectroscopy

The compatibility of curcumin with chitosan and TPP
was analysed using FTIR spectrophotometer (Perkin Elmer,
USA). Potassium bromide (KBr) was mixed with the sample
using a mortar and pestle. The mixture was then compressed
using a pellet press at 5 tonnes for 5 min. The KBr pellet was
placed in the IR sample holder and the background scan was
taken. IR spectra of the samples were recorded over a range
of 4000–400 cm−1 and peaks were labelled using the Spectrum
5 software (Perkin Elmer) (37). The FTIR spectra were
recorded for curcumin, chitosan, TPP, blank and the Cu-NPs.

Differential Scanning Calorimetry (DSC)

DSC thermograms of curcumin, chitosan, TPP, blank and
the Cu-NPs were obtained using a DSC Q2000 (TA
Instruments, New Castle, USA) equipped with the TA
Universal Analysis 2000 software. Approximately 5 to
10 mg of each sample was taken into T zero aluminium pans
and sealed with T zero lids and subsequently analysed with a
scan rate of 10°C/min from 30 to 350°C. The samples were
run with a nitrogen stream of 50 mL/min using an empty
reference pan (38,39).

HPLC Method for the Analysis of Curcumin

The method for curcumin analysis was modified from
that of Amnon et al. (16). The HPLC system (Agilent 1290
series) was equipped with an auto-injector, a quaternary
pump and a diode array detector (DAD). The mobile phase
consisted of acetonitrile and acetic acid solution (2.0% v/v) at
a ratio of 45:55. Isocratic elution was employed with a flow
rate of 1.1 mL/min. Curcumin samples were diluted with
methanol, filtered through a 0.45-μm nylon syringe filter
(Sartorius, Germany) prior to injection (15 μL). A Thermo

Fisher Hypersil Gold C18 reverse-phase column (5 μm,
4.6 mm × 250 mm length) was used for all analysis and the
column temperature was maintained at 30°C.

Encapsulation Efficiency of the Synthesised Curcumin
Nanoparticles (%EE)

Cu-NPs were centrifuged at 12857×g at 20°C for 20 min.
The supernatant was removed to a separate vial and the
sediment containing the nanoparticles was washed twice with
methanol to remove any unencapsulated unbound curcumin.
The resultant methanol-washed samples and the supernatant
were analysed by HPLC to determine the total unbound
curcumin. The % EE was calculated as follows: (36,40).

%EE ¼ The total amount of curcumin added to the formulation−Unbound curcumin
The total amount of curcumin added to the formulation

� 100

Swelling Studies

The pH-dependent swelling behaviour of the nanoparti-
cles was studied at pH 5 and pH 7.4 for 24 h. The freeze-dried
Chi-NPs and Cu-NPs were dispersed (1 mL) separately in
acetate buffer (pH 5) and phosphate-buffered saline (PBS,
pH 7.4) in pre-weighed micro-centrifuge tubes. At regular
intervals (4, 8 and 24 h), the samples were centrifuged
(16,162×g at 25°C) for 60 min and the wet mass of the
nanoparticles was determined after decanting the supernatant
(n = 3). The percentage swelling (% Sw) was calculated using
the following formula:

%Sw ¼ Wet weight −Initial weight
Wet weight

� 100

Curcumin Release from Nanoparticles

Curcumin release from the nanoparticles was evaluated
by using a dialysis bag with molecular weight cut-off of
14,000 Da (Sigma-Aldrich, USA). Curcumin nanoparticles
(equivalent to 500 μg curcumin/sample) were dispersed in
3 mL of acetate buffer pH 5.0 or PBS 7.4 containing Tween 80
(0.1% w/v) and transferred into the dialysis bag. Both ends of
the dialysis bag were secured tightly and placed in a glass
bottle containing 40 mL of the release medium which was a
mixture of 30% ethanol and 70% acetate buffer pH 5.0 or
PBS 7.4. The bottle was agitated in a shaker incubator at
180 rpm and 37°C. Samples (1 mL) were withdrawn hourly up
to 4 h, followed by every 2 h up to 10 h and finally at 24 h. An
equivalent volume of the release medium was replaced after
each sampling to maintain a constant volume. Samples were
diluted with methanol and the curcumin content was deter-
mined by HPLC (n = 4). The cumulative percent drug release
was plotted against time to obtain the release profile curve.

Drug Release Kinetics

To predict drug release kinetics, the data obtained from
the release studies were applied to various kinetic models
such as zero order, first order, Higuchi, Korsmeyer-Peppas
and the Hixson-Crowell Model.
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Zero-Order

Zero-order kinetics describes the constant release of
drug from a formulation and is independent of the time or the
concentration; zero-order release is represented by the
equation: C0− Ct =K0 t, where C0 is the initial drug
concentration, Ct is the amount of drug released at time ‘t’
and K0 is the zero order rate constant. The data fitting to this
model was assessed by plotting the cumulative percentage of
drug release against time.

First-Order

Here, the rate of release is dependent on the initial drug
concentration and time. The release of drug from the
formulation follows an exponential manner as described by
the equation: Log C = Log C0 − Kt/2.303 where C0 is the
initial drug concentration, t is time and Kt is the first-order
rate constant. The data obtained were plotted as cumulative
log percentage of drug remaining versus time.

Korsmeyer-Peppas

The Korsmeyer-Peppas model predicts the drug release
mechanism from polymeric systems. The data were plotted as
the log of cumulative drug release (%) against the log of time
represented by the following equation:

Ct

C∞
¼ Ktn

where Ct/C∞ is the fraction of drug release at time t and K is
rate constant.

Higuchi Model

This model often describes drug release from matrix
systems. Data obtained were fitted into this model by plotting
the cumulative percentage of drug release versus square root
of time: Ct =KH √ t, where Ct is drug released at time t and
KH is the Higuchi rate constant.

Hixson-Crowell Model

This model describes drug release which is dependent on
the surface area and volume of the particles and is repre-
sented by the following equation:

C0
1=3−Ct

1=3 ¼ KHCt

KH is the rate constant, C0 is the initial drug concentration
and Ct is the drug release at time t. Data obtained from the
release study were fitted into this model by plotting the cube
root of the percentage drug remaining versus time.

In vitro Permeation Studies of Cu-NPs Using Strat-M
Membrane

The in vitro permeation of Cu-NPs was performed using
Strat-M® membrane. Static Franz-type diffusion cells

(Permegear, USA), having donor and receptor capacities of
approximately 1 and 2 mL, respectively, with an effective
diffusion area of approximately 0.95 cm2, were used for the
permeation experiments. After applying silicone grease as a
sealant over the flanges of the donor and receptor
compartments, the membrane was fixed securely in between
the donor and the receptor compartment and fastened with a
horseshoe clamp. The receptor compartment contained
phosphate-buffered saline 7.4 (PBS) with 1% Tween 80 and
was stirred with a miniature magnetic stirring rod to help
maintain sink conditions (41). The diffusion cells were placed
on a submersible magnetic stirrer block and immersed in a
water bath maintained at 37°C. Cu-NPs (equivalent to 500 μg
of curcumin) were dispersed in acetate buffer pH 5 and
placed in the donor compartments. Two hundred-microliter
samples were withdrawn from the receptor compartments, at
predetermined time points up to 72 h. An equal volume of
fresh receptor medium was replaced immediately to each cell
to maintain the receptor volume. Samples were stored in a
refrigerator at 4–8°C prior to HPLC analysis. Permeation
profile curves were generated by plotting the cumulative
amount permeated (μg/cm2) against time (h). The steady-
state flux (J) which represents the amount of curcumin
permeated per unit area was determined from the gradient
of the linear portion of the plot (42,43).

Cytotoxicity Assay

The HaCat cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) (Nacalai Tesque, Japan) media
with 10% fetal bovine serum (Nacalai Tesque, Japan) and 1%
penicillin-streptomycin (Nacalai Tesque, Japan) at 37°C in an
incubator with 5% CO2. The cytotoxicity of the various
nanoparticle formulations was determined using the MTT [3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide]
assay. The HaCat cells were seeded in a 96-well plate (5 ×
103 cells/well) and incubated for about 24 h, thereby allowing
the cells to adhere to the plates. The culture medium was
subsequently removed and the cells were treated with the
drug solutions or Cu-NPs after diluting with DMEM media.
Untreated cells were used as a control and maintained under
the same experimental conditions. After 24 h of incubation,
20-μL MTT (5 mg/mL in sterile PBS 7.4) solution was added
to each well and incubated for a further 4 h at 37°C. The
MTT reagent reacts with the mitochondria of the viable cells
and a purple coloured formazan is formed. The media was
removed from each well and 100 μL of DMSO was added to
dissolve the formazan crystals and the absorbance was
measured at 570 nm using a microplate reader (Biotek
Instruments, Inc. USA.) (n = 4). The percentage cell viability
was calculated as follows:

Cell viability (%) = (absorbance of the treated cell/
absorbance of the control) × 100.

Statistical Analyses

Statistical analysis was done using the Graph-Pad Prism
7 software. All values are expressed as a mean ± standard
deviation. The statistical significance between the sets of data
was tested by one-way analysis of variance (ANOVA)
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followed by post hoc Tukey-HSD (honestly significant
difference) with p < 0.05 considered significant.

RESULTS AND DISCUSSION

Synthesis and Optimisation of the Curcumin Nanoparticles

The Cu-NPs were successfully synthesised by the ionic
gelation method using biodegradable polymer chitosan and
TPP as the cross-linking agent. TPP is less toxic than other
cross-linkers such as glutaraldehyde which can cause antige-
nicity (44). Varying mass ratios of chitosan and TPP were
employed to achieve uniform particle size with a low PDI and
high positive zeta potential. The polyanions (P3O10

5−) help
establish the inter- and intramolecular linkages with the
amino group (NH2

+) of chitosan, and this forms the basis of
the ionic gelation technique. In this study, chitosan and TPP
concentrations were optimised as 0.2% w/v and 0.1% w/v,
respectively, where the pH of chitosan solution was
maintained at 5.0 (45). Wen Fan et al. report the influence
of solution pH on particle size distribution. As the pH of the
chitosan solution fell below 4.5, a heterogeneous size
distribution was observed. Conversely, when the pH
exceeded 5.5 microparticles were produced (46). The rela-
tionship between the solution pH and degree of protonation
of chitosan can be explained by the Henderson-Hasselbalch
equation (47); as the pH of the solution rises from 4.7 to 8.0,
the degree of protonation was found to decrease from 100 to
0% (46). The pKa value of the amino group in chitosan
ranges from 6.2 to 6.5 and above this point deprotonated
amino groups start to predominate and the ability to crosslink
with tripolyphosphoric ions is suppressed. The concentration
of acetic acid used in the chitosan solution plays an important
role in determining the homogeneity of the dispersion. In this
study, 2% v/v acetic acid solution was used throughout
because the acetic acid concentration should be kept at least
twice the concentration of chitosan to achieve monodispersed
nanoparticles (35).

The particle size of the blank nanoparticles ranged
from 161.5 ± 3.8 to 166.5 ± 1.9 nm whereas the size of Cu-
NPs ranged from 167.3 ± 1.9 (3:1) to 251.5 ± 5.8 nm (5:1).
The particle size increased with the increase in chitosan-
TPP mass ratio which is in agreement with other reports
(32). The higher TPP concentration used in the formula-
tion (3:1) might help attract chitosan molecules for
stronger intramolecular interactions that resulted in the
formation of smaller particles. Similarly, the particle size
increased proportionately with the increase in drug
loading (100 to 500 μg) and Cu-NPs were significantly
larger than the blank nanoparticles (p 0.05) as depicted
in Fig. 1a. Figure 2a demonstrates the effect of stirring
speed (rpm) on the mean nanoparticle size. There were
no significant changes observed in the particle size when
the stirring speed was increased from 400 to 700 rpm.
However, a significant difference (p 0.05) was seen when
the stirring speed was increased to 1000 rpm. Reports
suggest that high shearing forces may lessen the repulsive
forces between the particles and facilitate aggregation
(45). The effect of stirring time on particle size was also
evaluated and the results showed no significant differences
whether stirred for 10, 20 or 45 min (Fig. 2b). This

indicates that the nanoparticles were formed upon the
addition of TPP even with shorter stirring time. It is
desirable to keep the PDI values of the dispersion as low
as possible to achieve monodispersity; PDI values > 0.5
generally show broader size distribution. It was therefore
desirable to maintain the PDI as low as possible and the
observed value was 0.46 for all formulations. From the
size analysis results, it is evident that the average particle
size of all the formulations was below 300 nm which is
ideal for the transdermal delivery (35,45).

The ZP values of blank nanoparticles ranged between +
17.9 and + 21.3 mV whereas the values for curcumin-loaded
nanoparticles ranged between + 18.1 and + 20.23 mV
(Fig. 1b). No significant differences were observed between
the zeta potential of the blank and the curcumin-loaded
nanoparticles. This was perhaps because the concentration of
chitosan was kept constant for all formulations. The positive
zeta potential is attributed due to the presence of the amino
group of chitosan. The high positive charge is necessary to
prevent aggregation and helps the nanoparticle to interact
with the negative charges of the skin. Taveira et al. reported
an enhanced permeation of doxorubicin from chitosan gel
when used for iontophoresis, suggesting the interaction of
chitosan with the negatively charged groups present in the
skin (34). Studies also report the mucoadhesive and absorp-
tion enhancing properties of chitosan and its derivatives
through intestinal epithelial cells (48). These compounds
may loosen the tight junctions of intestinal epithelial cells
and easily cross the epithelial membrane (49). Although the
structure and composition of epithelial cells of the stratum
corneum may differ from the intestinal epithelial cells, they
share some common features that both possess tight intercel-
lular junctions (50,51). Flocculation studies of the blank and
the Cu-NPs were conducted over 24 h. Two formulations (3:1
and 5:1) of blank and drug-loaded nanoparticles were
selected for this study. The statistical analysis showed no
significant changes in the particle size, ZP or PDI, thus
indicating the short-term stability of the formulation.

FESEM and EDX

The FESEM images of the optimised Cu-NPs displayed a
spherical shape with a smooth surface (Fig. 3a). The particles
appeared sufficiently separated, therefore reducing the
chance of aggregation and therefore ensuring adequate
stability. The particle diameter revealed in the SEM image
was in agreement with the data obtained from the Zetasizer
as reported in the previous section.

The EDX analysis confirmed the presence of phosphorus
in the nanoparticles, suggesting the presence of TPP in the
nanoparticles. The chitosan powder had shown a composition
of carbon (C; 53.9%), nitrogen (N; 7.5%) and oxygen (O;
38.6%). Additionally, the Chi-NPs and Cu-NPs were shown
to contain phosphorus (P) and sodium (Na), which was
attributed to the TPP. The observed elemental composition
in Chi-NPs (32.9% C, 48.4% O, Na 9.9%, 5.2% N and 3.6%
P) and Cu-NPs (36.2% C, 47.8% O, Na 8.0%, 5.1% N and
2.9% P) followed a similar fashion (Fig. 3b). The percentage
composition of phosphorus detected in the nanoparticles was
similar to other reports by Pinho et al. (52) (2.2% P) and
Grenha et al. (53) (2.9% P).
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XRD Analysis

The XRD diffractogram of curcumin shows multiple
peaks between 5 and 30° which were mainly attributed to its
crystalline nature. These characteristic peaks had disappeared
in the Cu-NPs (Fig. 4), suggesting the transformation of the
crystalline nature of curcumin to an amorphous state (54).
This change in physical characteristics may perhaps result
from the molecular interactions between curcumin and
chitosan occurring during formulation. A similar XRD
pattern of curcumin-PLGA nanoparticles was reported by
Chereddy et al. (55). It is worthwhile to note that the physical
transformation of curcumin in the Cu-NPs did not affect the
structural characteristics of curcumin, as confirmed by the
FTIR analysis.

FTIR Analysis

Figure 5 shows the FTIR spectra of curcumin, chitosan,
TPP, a physical mixture of curcumin-chitosan-TPP and the
Cu-NPs. The principal peaks of curcumin were observed at
3504.2 and 2943.9 cm−1 which correspond to the -OH stretch
and vibration of C-H bonds, respectively. An aromatic (C=C)
stretching of curcumin was observed between 1400 and
1600 cm−1. A distinguishing peak of chitosan was observed
at 3448.0 cm−1 which is mainly due to the –NH stretching
vibration. Furthermore, weaker bands were observed at
2880.6 and 1651.8 cm−1 corresponding to –CH stretching
and –NH2, groups respectively (56). The spectrum of TPP
demonstrated characteristic peaks at 1211.4 and 1158.5 cm−1

which correspond to phosphate stretching (P-O-C) and

vibration (P=O) (57). The principal peaks of curcumin and
other additives used in the formulation appeared exactly in
the same position in the physical mixture and the nanopar-
ticles. Nevertheless, the peaks seem to be smoother and show
a slight shift in the Cu-NPs, indicating chemical shifts arising
from the ionic interaction between the drug, polymer and the
cross-linker. Significant band broadening was observed in the
region 3600 to 3400 cm−1, attributed to intermolecular
hydrogen bonding (58). In general, the FTIR results confirm
the interaction between the drug and other additives and
corroborate the presence of curcumin in the nanoparticle
formulation.

DSC Analysis

DSC thermograms of curcumin, chitosan, TPP and
curcumin-loaded chitosan nanoparticles are shown in Fig. 6.
The thermogram of curcumin shows a sharp endothermic
peak at 178.5°C which corresponds to the melting point of
curcumin. Chitosan shows both endothermic and exothermic
peaks. An endothermic peak at 100°C is probably due to
water loss from the hydrophilic groups; whilst an exothermic
peak at 306.0°C indicates degradation due to dehydration and
depolymerization (59,60). Furthermore, a weak endothermic
peak in the Cu-NPs at 225°C may result from the endother-
mic shift of curcumin; this suggests that curcumin was
successfully retained in the nanoparticle formulation (61).
TPP shows a weak endothermic peak at 118.6°C correspond-
ing to the melting point and this peak was not present in the
Cu-NP thermograms, probably due to the ionic interaction
with chitosan. Shifts of exothermic and endothermic peaks

Fig. 1. Z- average (a) and zeta potential (b) of three different formulations of blank and Cu-NPs containing
100 and 500 μg of curcumin. Mean ± SD, n = 3 (ns not significant; *p < 0.033)

Fig. 2. Effect of stirring speed (a), and the effect of stirring time (b) on the particle size of Chi-NPs (3:1).
Mean ± SD, n = 3 (ns not significant; **p < 0.002)
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are usually associated with interactions between drug and
polymers (59). The DSC and XRD analyses suggest that the
encapsulated curcumin in the nanoparticles would have
changed from its original crystalline nature to an amorphous
state, confirming the interaction between the drug and the
polymer and hence successful encapsulation (14).

Encapsulation Efficiency of the Curcumin Nanoparticles

The encapsulation efficiency of the formulations was
determined as 80.4, 80.2 and 88.4% corresponding to the
formulations 5:1, 4:1 and 3:1, respectively. Studies have shown
that encapsulation efficiency may vary according to the
concentration of chitosan and TPP used (62). In this work,
we have maintained the chitosan concentration constant and
the amount of TPP was varied among the formulations. The
formulation 3:1 had shown the highest encapsulation (88.4%).
This may be due to the higher TPP content in this

formulation, which may have helped interact with a large
number of chitosan molecules permitting more curcumin in
the nanoparticle core.

Swelling Studies

The swelling behaviour of blank nanoparticles and Cu-
NPs was determined at pH 5.0 and pH 7.4. The nanoparticles
showed increased swelling in the more acidic pH 5.0 than at
pH 7.4. The swelling index of the blank nanoparticles was
determined as 78.9 ± 0.7% and 68.8 ± 0.6% at pH 5.0 and pH
7.4, respectively. Similarly, the Cu-NPs had shown a swelling
index of 70.4 ± 0.6% (pH 5.0) and 62.4 ± 1.0% (pH 7.4). The
enhanced swelling of nanoparticles at pH 5.0 is mainly due to
the superior swelling behaviour of chitosan at acidic pH,
particularly below its pKa 6.2. At this pH, the highly
protonated amino groups repel each other creating voids,
thereby permitting the entry of water molecule into the

Fig. 3. FSEM image of Cu-NPs (a) and EDX analysis (b) showing the elements present in Cu-NPs

Fig. 4. XRD patterns of curcumin, Chi-NPs and Cu-NPs
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nanoparticle core and swells. On the contrary, at higher pH,
chitosan molecules shrink due to low protonation (63). The
blank nanoparticles show greater swelling index than the Cu-
NPs at both pH conditions; the drug conjugation and the
reduced number of free functional groups in Cu-NPs may be
attributed to this.

Drug Release Study of Curcumin Nanoparticles

Drug release fromnanoparticles usually takes place viaone or
more mechanisms such as surface erosion, diffusion, disintegration

or desorption (64). Drug release studies from the Cu-NPs were
performed at pH 5.0 and pH 7.4, simulating the skin pH and
physiological pH, respectively. It is evident from the release curve
(Fig. 7) that no initial burst releasewas seen at either pH; instead, a
controlled release was observed over time, suggesting the homo-
geneous encapsulation of curcumin in the nanoparticles. The initial
burst release of drug from nanoparticles usually occurs due to drug
deposition on the surface of nanoparticles as a result of poor
encapsulation (64). Samples were withdrawn initially every hour
up to 4 h with the aim of determining whether there was an initial
rapid release from the formulations. At pH 5, 41.5 ± 1.1% of

Fig. 5. FTIR spectra of curcumin, chitosan, TPP, curcumin-chitosan-TPP physical mixture and Cu-NPs
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curcumin was released by 24 h, whereas only about 19% drug
release occurred at pH 7.4 over the same period. Between the two
formulations, the ratio 5:1 showed a slightly enhanced drug release
which was possibly due to the greater swelling capacity of larger
nanoparticles and the low TPP content. The cross-linking agent
plays a major role in drug release; Ko et al. reported that an
increase in TPP concentration had decreased felodipine release
from chitosan-TPP microparticles (65). The difference in drug
release observed at two different pH conditions (pH5.0 andpH7.4
may be attributed to the pH-dependent swelling behaviour of
chitosan (62). The swelling of chitosan allows the release medium
to penetrate inside the polymer matrix and act as a plasticiser
converting the glassy polymer to a more rubbery form and
subsequently leading to improved drug release from the nanopar-
ticle structure (66). The high curcumin release observed at pH 5
may also be attributed to its enhanced stability in the acidic
environment as compared to neutral or alkaline conditions (9). The
drug releasemechanismwas investigated by fitting the release data
into various kineticmodels; the regression coefficient (R2) values of
the differentmodels are depicted inTable I. TheR2 value close to 1
gives an indication of best fit to that model. The release data
obtained at pH 5.0 most closely fits zero order kinetics with R2

values of 0.9755 and 0.9891 corresponding to the formulations 3:1
and 5:1, respectively. Conversely, the release data at pH7.4 showed
the best fit to Higuchi’s model indicating the diffusion mechanism.
The zero order release of curcumin observed at pH 5.0 is suitable
for the transdermal delivery of these formulations. As the skin pH
ranges between 4.8 and 6.0, an enhanced release of curcumin from
the nanoparticles at pH 5 may enhance skin permeation of the
drug.

In vitro Permeation Using Strat-M® Membrane

The in vitro permeation studies give significant insight
into the behaviour of formulations in vivo. In vitro
permeation of the formulations (3:1 and 5:1) was per-
formed using Strat-M® membrane. Strat-M is made of
polyester sulfone arranged as multiple layers mimicking
the skin structure including a tough outer layer. Takashi
et al. evaluated the permeation of 13 chemical compounds
having a wide range of molecular weights and
lipophilicities using Strat-M®, excised human skin or
hairless rat skin (67). The permeation of these compounds
through Strat-M® was comparable with the results ob-
tained using excised human skin or rat skin, and suggests
that Strat-M® could be an alternative to excised human
or rat skin in conducting permeation studies using nano-
carriers. Thermodynamic activity in the donor phase
influences the diffusion rate of drug molecules across a
membrane. Maintaining a saturated drug concentration in
the donor phase ensures a maximal thermodynamic
activity and greatest flux. A steady linear increase in the
cumulative drug permeation throughout the course of the
experiment indicates that drug depletion is unlikely to
have had a significant effect on the permeation rate.
Isotonic phosphate-buffered saline (pH 7.4) is a generally
accepted receptor fluid for in vitro experiments employing
artificial skin membranes or non-viable skin. However,
in vitro experiments are challenging when dealing with
very hydrophobic drugs like curcumin. Therefore, in order
to ensure that sink conditions are maintained in the
receptor compartment, the addition of a solubilising agent
or co-solvent is often employed (68). However, it is
important that such additives cause no damage to the
integrity of the membrane that is being used. Studies
report that co-solvents such as ethanol can disturb the
skin integrity (69) and a previous report reveals that 50%
ethanol in the receptor medium enhances the permeation
of both hydrophilic and lipophilic compounds across rat
skin. Therefore, the use of surfactants can be preferable
to a co-solvent because of their ability to solubilise a
variety of drugs with less effect on membrane integrity
whilst also permitting drug content analysis without
complex procedures. The addition of 1% Tween 80 to
the receptor medium has been demonstrated to enhance

Fig. 7. Curcumin release from Cu-NPs (3:1 and 5:1) at pH 5 and pH 7.4, showing enhanced
drug release at pH 5. Mean ± SD, n = 4

Table I. The R2 Value of Various Drug Release Kinetic Models of
Two Different Formulations (3:1 and 5:1) at pH 5 and pH 7.4

Kinetic model 5:1 3:1

pH 5 pH 7.4 pH 5 pH 7.4

Zero order 0.9891 0.9165 0.9755 0.9115
First order 0.9802 0.9264 0.971 0.8696
Higuchi 0.9434 0.9510 0.9148 0.9566
Korsmeyer-Peppas 0.9485 0.8765 0.9025 0.8698
Hixson-Crowell 0.9826 0.9295 0.9563 0.931
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curcumin solubility and help maintain sink conditions (70).
Curcumin degrades rapidly in neutral to alkaline pH;
however, previous studies suggest that polysorbates such
as Tween 80 significantly enhance the stability of curcumin
through micelle formation (71,72). Figure 8 demonstrates
an enhanced permeation of Cu-NPs. The permeation of
curcumin from both the formulations (3:1 and 5:1) was
significantly higher than the control (curcumin solution) (p
0.05). The poor solubility of curcumin in the donor

phase might be the limiting factor for the control solution.
The cumulative amount of curcumin permeated at 72 h
was 34.3 ± 1.6 μg cm−2 and 27.7 ± 1.7 μg cm−2 for the
formulations 5:1 and 3:1, respectively. The flux values
were calculated as 0.54 ± 0.03 μg cm−2 h−1 (5:1) and 0.44 ±
0.03 μg cm−2 h−1 (3:1). Studies report the permeation of
curcumin nanoparticles using the porcine skin and the
reported flux was 0.61 μg cm−2 h−1, which is comparable
with our results (15). The nanosize of the formulation and
the chitosan content may be contributing factors in the
enhanced permeation of curcumin. Furthermore, chitosan

has the potential to retain water and this may impact
upon the structure of the stratum corneum. Reports reveal
the enhanced permeation of acyclovir through the porcine
skin when the chitosan content in the formulation is
increased (73).

Cytotoxicity Assay

The cytotoxicity of the nanoparticles, curcumin solution
and the blank nanoparticles were performed on HaCat cells
using MTT assay. At a lower concentration (2.5 μg/mL), there
were no significant differences in the cell viability between
the blank, curcumin solution and the Cu-NPs. However,
significant differences were observed at higher concentrations
compared to the blank formulation (Fig. 9). The percentage
cell viability with Cu-NPs (10 μg/mL) was significantly higher
than curcumin solution (p < 0.002), whereas the blank chito-
san nanoparticles did not show any significant cytotoxicity.
Studies show that curcumin induces apoptosis on HaCat cells
(74). However, the effect could be reduced in the presence of

Fig. 8. Permeation of Cu-NPs (3:1 and 5:1) through Strat-M membrane, showing superior
permeation compared to the control curcumin solution. Mean ± SD, n = 4 (ns not
significant; ***p < 0.001)

Fig. 9. Percentage cell viability of HaCat cells on treatment with curcumin solution, Chi-
NPs and Cu-NPs at three different concentrations (2.5 μg/mL, 5 μg/mL, 10 μg/mL), shows
enhanced cell viability of Cu-NPs than curcumin solution. Mean ± SD, n = 4 (ns not
significant; **p < 0.002)
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antioxidants (75). Chitosan and its derivatives have shown to
possess antioxidant activities and this may be attributed to the
enhanced cell viability reported with Cu-NPs. The MTT assay
results support the safety of the formulation against HaCat
cells and suggest the suitability of Cu-NPs for transdermal
applications.

CONCLUSION

Curcumin-loaded chitosan nanoparticles were success-
fully synthesised and evaluated in vitro. The EDX and FTIR
analyses confirmed the successful formation of the nanopar-
ticles. The zero-order drug release observed at pH 5.0
support the appropriateness of this formulation for transder-
mal delivery. The cytotoxicity studies showed enhanced cell
viability of Cu-NPs compared to curcumin solution. To
conclude, the formulated Cu-NPs have shown superior
permeation through the Strat-M membrane in vitro compared
to the control. However, further ex vivo and in vivo evalua-
tions will be required to support these findings.
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