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This study was aimed to develop thiolated chitosan/alginate nanoparticles for curcumin delivery. The
nanoparticles were prepared from thiolated chitosan and sodium alginate using an ionic gelation technique.
The concentrations of thiolated chitosan and alginate used to form the nanoparticles were optimal at 0.05
and 0.025 % w/v, respectively. Curcumin was incorporated into the nanoparticles by entrapment during
nanoparticle preparation. The thiol content of the synthesized thiolated chitosan as well as the particle
size, size distribution, surface charge, loading efficiency, loading capacity and drug release characteristics
of the curcumin-loaded thiolated chitosan/alginate nanoparticles were investigated. Nano-sized particles
ranging from 291-435 nm were obtained. The blank nanoparticles exhibited the smallest size and positive
surface charge. Incorporation of curcumin into the nanoparticles resulted in a slightly bigger particle
size and the surface charge became negative. After drug loading, the particle size was changed to 435 nm
with the technique used. Sustained release of curcumin was observed from the nanoparticles. Kinetics
of curcumin release fitted well with the zero-order model. Curcumin incorporated nanoparticles were
successfully prepared with desirable physicochemical properties. Moreover, sustained release of curcumin
from the nanoparticles with zero-order kinetic was obtained. Therefore, these nanoparticles may prove to

be favourable carriers for curcumin delivery.
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Turmeric is widely used as a food spice and as an active
component of traditional drug in Thai national list of
essential medicinel. Turmeric rhizomes, which contain
ay-turmerone, curcumin and its derivatives are reported
to have various indications such as gastric astringents,
antimicrobial, antiinflammatory and anticancer’®.
Many researchers investigated the anticarcinogenic
activity of curcumin in animal models. It was proposed
that curcumin could inhibit cancer cell initiation,
which destructs gene mutation and also inhibits tumor
promotion that accelerates cancer growth®l. Moreover,
inhibition of tumorigenesis in stomach, duodenum
and colon has been proved from curcumin intake. In a
study, mice were fed with curcumin prior to carcinogen
treatment; it was found that mice receiving curcumin not
only had less number of tumors, but also smaller tumor
sizel. The anticarcinogenic mechanism of curcumin
was reported to be inhibition of the colon carcinogenic
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azoxymethane®™. Curcumin was not only found to
be a potential anticarcinogenic agent, but it was also
reported to enhance the efficacy of chemotherapeutic
drugs.

Gastric cancer resistant to anticancer drugs was
susceptible in vitro to anticancer agents when
co-administered ~ with  curcumin;  Additionally,
chemotherapy drug dose reduction while given
concurrent with curcumin could subsequently
reduce side effects and increase drug tolerability
in cancer patients®. Curcumin could also act as a
P-glycoprotein inhibitor, which enhances anticancer
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effect of doxorubicin in drug-resistant gastric cancer
cell line by inducing apoptotic cell death pathway!”.
Co-encapsulation of curcumin and doxorubicin in long-
circulating liposomal formulation presented inhibitory
mechanism of inflammatory and angiogenesis proteins
involved in tumor growth(®],

Curcumin is an orange-yellowish crystalline powder
that is poorly soluble in water and ether, but very
soluble in ethanol and glacial acetic acid®. Recently,
various efforts have been made to deliver curcumin
to the cancer cells. Zhang et al. investigated the use
of curcumin-cyclodextrin complex to enhance water
solubility and therapeutic efficacy of curcumin. In
this study, curcumin-entrapped cyclodextrin induced
cellular uptake and delayed release of curcumin in
the lung cancer cell compared to free curcumin!'®.
A study reported the development of curcumin-
loaded transferosome as a transdermal drug delivery
system of curcumin for the treatment of breast
cancer. Curcumin was also found to be a potential
anticarcinogenic agent through skin penetration using a
nanovesicle drug carrier!"!). Furthermore, curcumin was
developed as a liposomal dry powder inhaler, which
showed better therapeutic efficacy against primary
lung cancer compared to free curcumin powder and
chemotherapeutic agent, gemcitabine, both in vitro and
in vivol'sl,

Nowadays, there have been numerous developments in
drug delivery; however, polymer-based nano-systems
seem to gain popularity. Polymeric nanoparticles (NPs)
made of polymers with the size ranging from 10-1000
nm, which is small enough to easily penetrate through
intercellular gaps of tumors especially in tumours
undergoing angiogenesis!'®!. Resulting from increased
blood vessel size, the intercellular gaps of cancer cells
expand allowing passive targeting of a drug delivery
system, which will enhance drug selectivity to the
tumour as well as reduce adverse drug events!'*,
Polymer-based NPs can be prepared from different
types of polymers, for example, guar gum, dextran,
chondroitin. Recently, mucoadhesive polymer drug
delivery has gained interest due to its advantages over
the conventional system. The first generation self-
mucoadhesive polymers are chitosan (CS) and alginate
(ALG); in addition to these, mucoadhesive polymers
with modified functional groups for stronger binding
to the mucous surface such as thiolated polymers or
thiomers have been developed. Thiomers are polymers
with thiol groups (-SH) incorporated into the polymer
chain, rendering disulfide bond formation with the
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mucin glycoprotein aiming to enhance mucoadhesive
property. Apart from the aforementioned information,
thiomers act as penetration enhancer due to their
capability to enlarge intercellular gaps to enable the
polymer to penetratel'].

Herein, the development of thiolated chitosan
(Cys-CS)/ALG NPs for curcumin delivery was
reported, which could be used for colorectal cancer
treatment. The mucoadhesive properties of Cys-CS
could help increase the retention time of the NPs at
the site of action providing the NPs to penetrate into
the cancer cells by passive targeting. The particle size,
size distribution, surface charge, loading efficiency,
loading capacity and drug release characteristic of the
curcumin-loaded Cys-CS/ALG NPs were investigated.

MATERIALS AND METHODS

Low molecular weight CS (75-85 % deacetylated),
sodium ALG from brown algae (viscosity of 2 %
solution at 25° ~250 cps), L-cysteine hydrochloride,
N-(3-dimethylaminopropyl)-N-ethylcarbodiimide
hydrochloride (EDAC) and curcumin were obtained
from Sigma Chemical Co. (St. Louis, MO, USA). All
other reagents and solvents were of analytical grade
and were used without further purification.

L-cysteine hydrochloride solution (3.6 mM) was
prepared in deionized water. Then, EDAC (3 mM)
was added to the solution while the solution was
stirring to activate the carboxylic group of cysteine.
The reaction was continued for 20 min. After that,
3.0 mM CS solution in 1 w % HCI was prepared before
gently adding into the cysteine solution and the pH
was adjusted to 4.0. The mixture was stirred for 6 h in
the dark. Afterwards, the mixture was dialyzed against
1 mM HCI+1 % w/v NaCl solution on the first day and
later against 1 mM HCI solution before being freeze
dried (fig. 1).

The amount of thiol groups attached to the CS chain was
determined by Ellman’s assay. The synthesized Cys-CS
(10 mg) was soaked in 500 pul phosphate buffer (pH 8.0)
in a microcentrifuge tube. After that, 500 ul of Ellman’s
reagent (5,5'-dithiobis(2-nitrobenzoic acid), 0.3 mg/ml)
was added. The mixture was shaken and incubated for
90 min protected from light. Cysteine hydrochloride
solutions at different concentrations were prepared to
generate a standard curve for thiol content analysis.

The NPs were prepared using ionic gelation method.
CS was dissolved in 1 % v/v acetic acid while ALG was
dissolved in water to obtain the polymer solutions with
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different polymer concentrations. The pH of the CS and
ALG solutions were adjusted to 5.0. Different ratios of
CS:ALG (Table 1) were used to formulate the NPs. The
ALG solution was added dropwise to the CS solution
using a glass syringe fitted with a 25 gauge needle. The
mixture was stirred for 1 h after ALG was completely
added into the CS solution. The obtained mixture was
freeze dried before the NPs were collected. The optimal
ratio of CS:ALG was used to prepare Cys-CS NPs for
further investigations.

The particle size and zeta potential of the prepared
NPs were evaluated at 25° using a Zetasizer Nano ZS
(Malvern Instruments, Malvern, UK). Sample solutions
were diluted to 1:10 with deionized water and probe
sonicated to prevent particle aggregation before being
filled into 1-cm?® zeta cell. These measurements were
made in triplicate.

Cys-CS solution and ALG solution of the selected ratio
were prepared as stated earlier. Curcumin solution
(1 mg/ml) in ethanol was slowly added to the ALG
solution using a micropipette before dropping the
mixture into the Cys-CS solution according to the
preparation method mentioned above. To quantify
the curcumin loaded in the NPs, 1 ml of ethanol was
added to the NPs and the mixture was shaken overnight
to extract curcumin from the NPs. Then the mixture
was centrifuged for 30 min and the supernatant was
collected. The extent of curcumin entrapped in the NPs
was quantified using a UV/Vis spectrophotometer at
419 nm. The loading efficiency and loading capacity

HS OH

Fig. 1: The synthetic route of Cys-CS conjugates
(a) 25°/6 h, (b) EDAC/NHS/H,0

were computed according the Eqns. 1 and 2,
respectively. Loading efficiency (%) = the amount of
curcumin in the NPsx100/initial amount of curcumin
used. Loading capacity = the amount of curcumin in the
NPs/the weight of the polymer used.

The chemical structure of the Cys-CS, blank NPs, and
curcumin-loaded NPs was characterized by Fourier-
transformed infrared spectroscopy (FTIR, Perkin Elmer
spectrum 100) between 600-4000 cm™. The samples
were pressed with potassium bromide to form clear disc
and locked onto a holder prior to the observation. Proton
nuclear magnetic resonance spectroscopy (‘H-NMR,
300 MHz Avance III HD, Bruker) at 298 K was also
performed to elucidate the structure of the particles and
components. Each sample was completely dissolved
in deuterium oxide (D,O) for the investigation and all
data were recorded as chemical shift in parts per million
(ppm; D,O chemical shift=4.80 ppm). The thermal
properties and molecular dispersion of curcumin, blank
NPs, and curcumin-loaded NPs were examined using
differential scanning calorimetry (DSC, Perkin Elmer
DSC 8000, Waltham, MA, USA). Accurately weighed
samples in a solid pan were placed in the instrument
with temperature programmed from 20-250°, rate
10°/mint'®!71 Scanning electron microscope (SEM,
Tescan Mira 3, Czech Republic) was performed to
analyse the morphological characteristics of the NPs.
Blank NPs were covered with thin gold layer after
fixing on a metal stub using two-sided tape prior to the
observation.

TABLE 1: SIZE, SIZE DISTRIBUTION AND ZETA POTENTIAL OF THE NANOPARTICLES

Polymer concentration (% w/v)

Formulations Particle size (nm) PDI Zeta potential (mV)
CS Cys-CS ALG

F1 0.025 0.025 124.7+0.4 0.19+0.01 +30.30+2.62

F2 0.05 0.025 110.8+0.4 0.25+0.01 +35.50+3.04

F3 0.05 0.05 124.1+3.0 0.33+0.01 +37.6322.06

F4 0.025 0.05 242.3+21.3 0.40+0.05 +25.70+2.72

F5 - 0.05 0.025 291.945.0 0.37+0.01 +18.70+1.08
CUR-loaded F5 0.05 0.025 435.2+129.7 0.41+0.13 -1.07:0.78
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Freeze-dried NPs containing curcumin were accurately
weighed (20 mg) and dispersed in 1 ml of release
medium pH 7.4 (phosphate buffered saline (PBS) with
1 % Tween 20) contained in a dialysis bag. Then, the
dialysis bag was submerged in a glass bottle containing
13 ml of the release medium and being shaken at 200
rpm in a shaker incubator at 37°. At different time
intervals of 5,15,30min, 1,2,4,8h,1,2,3,4,5,6,7d,
an aliquot (1.5 ml) was removed, and the equal volume
of fresh medium was added to maintain the initial
volume. The quantities of curcumin released to the
release medium at different time points were measured
using a UV/Vis spectrophotometer operated at 419
nm. The experiments were carried out in triplicate and
the release kinetics of curcumin from the NPs were
analysed using the zero-order model, the first-order
model and the Higuchi model.

RESULTS AND DISCUSSION

The structure of Cys-CS conjugate synthesized by
coupling -COOH group of cysteine HCl with the
-NH, groups of CS was confirmed using 'H-NMR and
FTIR as shown in figs. 2 and 3, respectively. From the
"H-NMR spectra, it was confirmed that cysteine was
successfully grafted on the CS chain, which can be
observed from the proton of the amino acid a-carbon
and carbon of the side chain presented at 2.83 and
3.60 ppm, respectively. The FTIR spectra of CS and
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Fig. 2: '"H-NMR spectra of cysteine, CS, and Cys-CS

Cys-CS§
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Fig. 3: FT-IR spectra
(a) Cysteine, (b) CS, (c¢) Cys-CS, (d) ALG, (e) blank NPs, and
(f) curcumin-loaded NPs

Cys-CS exhibited the band of amide carbonyl group at
1640 cm!. The peaks at 3389 cm'is due to O-H
stretching. The bands at 2890 and 1075-1034 cm’!
correspond to C—H and C-O stretching of pyranose
ring. Although the peak of thiol group in the Cys-CS
could not be seen due to the small amount of cysteine
attached to the CS backbone, the thiol content was
quantified using Ellman’s assay to confirm successful
synthesis. The thiol content of the synthesized Cys-CS
was found to be 253 pmol/g.

The NPs were formed through ionic gelation technique
using negatively charged carboxylate functional group
to interact with positively charged CS amino group at
various ratios of ALG and CS. The particle size, size
distribution and zeta potential of the NPs are presented
in Table 1. All NPs obtained were nano-sized with
positive surface charge from the amino group of CS.
Considering NPs sizes, once greater ratio of CS was
used to form the NPs (CS:ALG, 2:1), the blank NPs
exhibited smallest particles with positive charge.
Therefore, this ratio was selected to prepare the
Cys-CS/ALG NPs for further investigations. The Cys-
CS NPs were somewhat larger than the CS/ALG NPs
at the same ratio; however, the size remained within
the preferable nano-range. This may be due to the
lower quantity of positively charged amines on the CS
backbone due to the replacement by cysteine. This is
confirmed by the lessen positive zeta potential of the
Cys-Cs/ALG NPs. The FTIR spectrum of the blank
Cys-CSNPs (fig. 3) corresponded to the Cys-CS showing
C=0 amide bond characteristic at 1640 cm™ together
with ALG characteristic of carboxylic O-H bending
at 1420 cm™'. The successful loading of curcumin into
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5 pm s S v
Fig. 4: SEM micrograph of Cs-CS/ALG NPs
the NPs was asserted by the presence of C=0 aliphatic
ketone at 1705 cm™. The SEM image as shown in fig. 4
presented the morphology of the Cys-CS/ALG NPs.
It can be observed that the particles were in spherical
shape, however, the hydrophilic nature of the polymers
caused the particles to aggregate after the lyophilization
process. However, the particles segregated after
redispersion in water as proven by the narrow PDI of the
particle. The DSC thermogram of curcumin, the blank
NPs, and the curcumin-loaded NPs are displayed in
fig. 5. Curcumin showed melting temperature at
176°. The blank NPs showed no dominant thermal
characteristics apart from the melting of polymer
components, the curcumin-loaded NPs
presented the melting temperature at lower temperature,
which may be associated with the dispersion of curcumin
in the NPs. The reason behind this phenomenon is
due to the solid dispersion technique of increasing
the solubility of an active compound after curcumin
was mixed with ALG solution and transformed to
amorphous state. This favours the solubility of the
poorly soluble curcumin and may improve the efficacy
of the formulation. Incorporation of curcumin into the
NPs led to the increase in the particle size. This could
be because curcumin may uniformly disperse in the
NPs. Despite the increment, the obtained particle size
seems to be optimal according to literatures stating the
enhance permeability and retention effect of the tumour
may also accumulate the NPs within the tumor!'®!%,
The surface charge of the NPs became slightly negative
after curcumin was loaded due to the negative charge of
curcumin. The sparingly anionic surface charge would
protect the formulation from membrane adsorption and
cellular uptake and these are less likely to induce non-
phagocytotic cell disruption. Moreover, the negative
surface charge leads to prolonged circulation period

whereas,
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and enhance accumulation of the NPs in the tumor
cellst0211,

Loadingefficiency and loading capacity of the curcumin-
loaded Cys-CS/ALG NPs was found to be 2.80+0.18 %
and 5.61£0.41 pg/mg, respectively. Drug entrapment
may be resulted from the difference between the charge
of the NPs (positive charge) and curcumin (negative
charge) enabling a network entrapping curcumin.
Factors having effect on drug loading efficacy and
capacity include drug solubility, molecular weight and
importantly the interaction between drug and polymer!?,
Curcumin is poorly soluble in water, which might be
the cause of limited drug loading found. Although
highest loading efficiency possible might be desired in
drug delivery design, but in vivo pharmacokinetic study
revealed that optimal drug loading may be preferential
for less drug accumulation in the organs!!®?}]. This study
demonstrated that curcumin can be loaded onto the
NPs through the entrapment method and further in vivo
study would be necessary to elucidate the suitability of
drug dosing.

The release of curcumin form the NPs was performed
in PBS pH 7.4 containing 1 % Tween 20, and the results
are displayed in fig. 6. As it can be seen from the results,
curcumin released from the NPs in a sustain manner.
Just above 90 % of the curcumin contained in the NPs
release to the dissolution medium at a prolong period
of I w.

Once the drug release profile was obtained, it was fit
to different release kinetic models and the findings
are presented in fig. 7. The release of curcumin from
curcumin-loaded NPs prepared by entrapment method
best fit with the zero order model with R? 0f 0.983, which
describes the drug release from a drug delivery system
containing non-swellable system with hydrophobic
drugt*,

Heat Flow Endo Up (mW)
L

Temperature (°C)
Fig. 5: DSC thermograms of (a) curcumin, (b) blank NPs, and
(¢) curcumin-loaded NPs
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Fig. 6: Release characteristic of curcumin from the Cys-CS/
ALG NPs prepared using entrapment method
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Fig. 7: Kinetic models of curcumin release from the NPs with
drug loading by entrapment technique (a) zero order model, (b)
first order model, and (¢) Higuchi model

Long period, up to one week, of the drug release is
desirable for cancer treatment delivery system because
it would allow additional effectiveness, reduce side
effects and improve patient compliance. Loading
curcumin by entrapment method offered sustainable
and favourable drug release, which 90.11 % of the
curcumin loaded was released to the release medium
in 7 d. Moreover, drug release kinetics revealed zero
order. This may be a consequence of the crosslink

102 Indian Journal of Pharmaceutical Sciences

Cys-CS/ALG resulting in the constant release of
curcumin, which evenly dispersed in the NPs. Apart
from that, drug solubility can be a factor affecting the
release of curcumin as it is a hydrophobic compound,
solubility may become the release rate-limiting step!®?..
Near to the ideal kinetic model, curcumin release
would minimize initial burst and prolong therapeutic
efficacy!®.

Curcumin incorporated NPs was successfully prepared
by ionic gelation method. The nanosized particles were
obtained with slightly negative surface charge after
curcumin was incorporated. Incorporation of curcumin
by entrapment technique led to the increased particle
size and desirable release of curcumin in acceptable
range, which is best fit with the zero-order kinetic
model. Therefore, the curcumin-loaded NPs prepared
by entrapment method might provide a promising
strategy to develop a control release drug delivery
system for colorectal cancer treatment. However, the
anticancer activity in vitro and in vivo should be further
investigated.
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