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Abstract

Background The goal of current research work is to develop and optimize curcumin-encapsulated nanostructured
lipid carriers and to enhance therapeutic effect of curcumin after oral administration.

Method Curcumin-loaded nanostructured lipid carriers were developed by a single-step one-pot microwave-
assisted technique. The preparation of curcumin-loaded nanostructured lipid carriers was optimized by employing
two factors and three levels central composite design (Design Expert® software) taking concentration of lipid blend
and surfactant as independent variables and particle size, polydispersity index, and zeta potential as dependent vari-
ables, to investigate the effect of formulation ingredients on the physicochemical characteristics of nanostructured
lipid carriers. The optimized batch was investigated by Fourier transform infrared spectroscopy, differential scanning
calorimetry, X-ray diffraction, high-resolution transmission electron microscopy, in vitro drug release, stability studies,
cytotoxicity, and in vivo anthelmintic studies.

Results The average particle size, polydispersity index, and zeta potential of the optimized batch were found to be
144 nm, 0.301, and —33.2 mV, respectively, with an entrapment efficiency of 92.48%. The results of high-resolution
transmission electron microscopy confirmed spherical shape of particles. In vivo antiparasitic studies included
determining the duration of paralysis and eventual death of earthworms in the presence of test samples. The results
of in vivo studies showed good anthelmintic potential for curcumin-loaded nanostructured lipid carriers as compared
to albendazole in different concentrations. Cytotoxicity studies also confirmed the formulation to be nontoxic to Vero
cells. In vitro drug release study showed 90.76 +0.01% release of curcumin in 24 h by following the Korsmeyer-Peppas
model of release kinetics.

Conclusion The aforementioned results imply that microwave-developed nanostructured lipid carriers could be
promising drug carriers and will aid in their fabrication for oral administration as a possible alternative for the treat-
ment of other parasitic infections.

Highlights

Curcumin-loaded nanostructured lipid carriers (Cr-NLCs) were prepared by a fast and easy single-step one-pot
microwave-assisted technique.

Implementation of 2 factors at 3 levels with central composite design (Design Expert® software) to investigate
the influence of the formulation ingredients on the physicochemical properties of the NLCs.
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«  Optimized batch of Cr-NLC demonstrated nanosized particles with improved drug release characteristics, excel-
lent entrapment efficiency and augmented physical stability.
- The anthelmintic potential of Cr-NLC was determined by a study on earthworms and was compared with alben-

- A cytotoxicity study was performed on Vero cells and evaluated in terms of /Cs, value.
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Background mainly caused by tapeworms and roundworms affect-

Parasitic infections remain to be a cause of major con-
cern in various parts of the world, mostly in develop-
ing countries due to inadequate control measures.
Soil-transmitted helminth infections are among the
most common human parasitic infections globally

ing the underprivileged and poor populations having
limited access to potable water, sanitation, and hygiene
[1, 2]. To combat parasitic infections, medicinal plants
are one of the most effective treatment approaches
since ancient times [3, 4]. Natural bioactive, curcumin
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obtained from the rhizome of the plant Curcuma longa
L, (C. longa) belonging to the family Zingiberaceae is
well known for its anti-inflammatory, antimicrobial,
anticancer, antioxidant, antiparasitic, neuroprotective,
and other properties [5, 6]. Curcumin has antibacterial
properties that are effective against viruses, parasites,
bacteria, and fungi and anthelminthic activity against
helminth infections has been reported [7, 8]. Curcumin
is a water-insoluble, yellow-colored, polyphenolic, crys-
talline powder with high lipophilicity and is commonly
known as a golden nutraceutical [9, 10]. Due to poor
aqueous solubility, fast metabolism, and instability in
some physiological conditions, oral administration
of curcumin shows limited and declined therapeu-
tic benefits [11]. To improve its therapeutic efficiency
and eliminate biological barriers nanotechnology is
well appreciated in the biomedical and pharmaceuti-
cal fields [12, 13]. With unique biological, chemical,
structural, mechanical, magnetic, and electrical prop-
erties, nanoparticles offer various benefits in treating
human ailments [14, 15]. As biological, chemothera-
peutic, and immunotherapeutic agents’ nanomedicines
play a vital role in the treatment of several ailments [16,
17]. Over the past few decades lipidic colloidal carri-
ers, like liposomes, emulsions, solid lipid nanoparticles
(SLNs), and nanostructured lipid carriers (NLCs), etc.
have been studied extensively [18, 19]. However great
attention has been focused on NLCs owing to reduced
particle size, easy preparation techniques, nontoxicity,
stability, biocompatibility, the possibility of scale-up,
less-ordered crystalline structure, amended drug load-
ing, and less surfactant is required for the production
of stable NLCs, etc. [20, 21]. Lipids are the main con-
stituents of NLCs that affect drug loading capability,
stability and sustained release behavior of the pharma-
ceutical preparation. Compared to other lipid materials
such as fatty acids, triglycerides, or partial glycerides,
wax-based NLCs have received less research atten-
tion [22, 23]. Waxes are simple esters of fatty acids that
contain long-chain alcohols. It has been reported that
wax-based lipid nanoparticles show excellent particle
size distribution and more physical stability. Beeswax
is an important biocompatible natural wax that mainly
contains palmitate, hydroxypalmitate, palmitoleate, and
oleate esters of long-chain (C4y—Cs,) aliphatic alcohols
[24]. Several techniques have been established for the
formulation of nanostructured lipid carriers including
double emulsion/solvent evaporation [25], high-pres-
sure homogenization [26], emulsification followed by
homogenization [27], simple hot-emulsion and ultra-
sonication [28], phase inversion, solvent emulsification-
evaporation, and solvent injection [29], etc. In recent
times, a novel microwave-assisted one-pot single-step,
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easy, and fast technique has been reported to formu-
late nanoparticles. It is an effective, clean, simple, and
speedy process that allows “uniform heat penetration
and gradient temperature as compared to conventional
techniques of localized heating, thus fabricating nano-
particles of more uniform size and low polydispersity
index” (PdI) [30]. In the present study, single step, one-
pot microwave-assisted method of preparation entrap-
ping curcumin was used to fabricate different batches
of NLC employing 2 factors 3 levels of central com-
posite design (CCD) having solid & liquid lipid blend
(beeswax and oleic acid) and concentration of sur-
factant as independent variables with p-size, Pdl, and
zeta potential as dependent ones. After preparation,
the optimized batch was characterized by FTIR, XRD,
DSC, and TEM studies, and further cytotoxicity stud-
ies, in vitro and in vivo evaluation was carried out. The
objective of current research work was to formulate
and optimize curcumin-encapsulated NLCs to improve
its therapeutic potential as an antiparasitic agent, by
utilizing fast and eco-friendly techniques including
microwave synthesis [31].

Methods

Materials

Beeswax, cholesterol, stearic acid, and oleic acid were
acquired from Sisco Research Laboratories Private Lim-
ited Mumbai, India. Curcumin and Tween 80 were
procured from Loba Chemie Pvt. Ltd. Mumbai, India.
Earthworms (Pheretima posthuma) were obtained from
the Department of Agronomy, CCSHAU Hisar, India.
Other analytical-grade chemicals and reagents were used
as they were received.

Screening of solid and liquid lipids

The solubility of the drug in solid lipid, liquid lipid, and
surfactant is required to achieve adequate drug loading
in the NLC system [32, 33]. Therefore, studies on lipid
solubility laid down the solubility of curcumin in lipids.
Briefly, 2 mg of curcumin was added in solid lipid (bees-
wax/cholesterol/stearic acid, separately) and heated up to
80 °C. Increasing amounts of solid lipids were added until
the insoluble curcumin disappeared in the melted lipids.
The amount of solid lipid required to completely solu-
bilize the drug was determined [34]. Based on solubil-
ity studies beeswax was selected as solid lipid. However
selection of liquid lipid and surfactant was based on pre-
vious reports. Here, oleic acid was selected as liquid lipid
being biodegradable, economical, and nontoxic [35-37].
However, Tween 80 was selected as a favorable nonionic
surfactant (having high solubilization capacity, low toxic-
ity, and low cost) [38, 39].
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Preparation of curcumin-loaded NLC

Curcumin-NLCs (Cr-NLC) were prepared by a novel
microwave-assisted single-pot technique [40, 41]. Pre-
liminary trials were conducted to determine the upper
and lower concentration of beeswax and oleic acid (in
the ratio of 1:9 to 9:1) that formed desired NLCs. Briefly,
beeswax, oleic acid, and curcumin (10% of lipid blend)
were heated with Tween 80 (2—4% w/v) at 80 °C under
constant stirring (600 rpm) for 10 min at a power not
exceeding 18W in a Monowave 200, microwave reac-
tor (Anton Paar GmbH, Austria) [42—44]. The resulting
nanoemulsion was dispersed into water by sonicating for
30 min using a Power Sonic 405, ultrasonic bath sonica-
tor (Hawashin, Seoul, Korea) to prepare curcumin NLC
dispersion (Fig. 1).
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Experimental design

The Cr-NLC formulation was optimized using a two-
factor, three-level CCD [45]. The concentration of
lipid blend (X;) (2-6%) and concentration of surfactant
(X;) (2-4%) were selected and taken into considera-
tion at three different levels (-1, 0, 1). The average
p-size (Y;), PdI (Y,), and zeta potential ({) (Y;) were
designated as responses (Table 1). The experimental
data were analyzed statistically using Design-Expert®
software version 13 (Stat-Ease Inc. Minneapolis, Min-
nesota) [46]. Scaling up was done for the selected
batch keeping the drug/lipid/surfactant ratio con-
stant and average p-size, Pdl, and zeta potential were
determined.

TEM

P-size Zeta potential

In vivo Anthelmintic study In vitro release Cytotoxicity study
L 1 J

Evaluation

Fig. 1 Schematic representation of formulation, characterization and evaluation of Cr-NLC
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Table 1 Variables and levels for CCD

Factor Levels

Independent variables 1 0 -1
Concentration of lipid blend (% w/w) (X;) 6

Concentration of surfactant (% w/v) (X,) 4

Dependent variables Constraints

P-size (nm)(Y,) Minimize

Pdl(Y,) Minimum

Zeta potential (mV) (Y5) In range

Characterization of curcumin NLC

P-size, Pdl, and zeta potential

The determination of average p-size, Pdl, and zeta poten-
tial () of all batches of Cr-NLC was carried out by a
dynamic light scattering method via a Zetasizer Nano
7590, (Particle size analyzer from Malvern Instruments,
UK). The sample was measured in triplicate using an
automatic mode at a 90° angle while allowing 120 s for
equilibration [47].

Encapsulation efficiency (%EE)

% EE of all the batches was calculated by the method
already reported [34, 48]. Large particles and unen-
trapped curcumin were separated from the Cr-NLC
dispersion by centrifuging it at 6000 rpm for 6 min.
Supernatant was subjected to an additional 15 min of
15,000 rpm centrifugation for the separation of curcumin
nanoparticles from the dispersion. The supernatant was
decanted, and the drug content was determined at Amax
of 425 nm using the UV-visible spectrophotometer. The
following equation (Eq. 1) was used to calculate the %EE:

(Total Drug Content — Drug Content in Supernatant)
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dissolution apparatus (Electrolab Dissolution Tester,
2,109,048, India) at 37+0.5 °C. The Cr-NLC dispersion
was incorporated to pre-activated dialysis membrane
and immersed in 300 ml of phosphate buffer (pH 6.8) as
release media and stirred at 100 rpm. The aliquots (5 mL)
were collected at predetermined time points for 24 h and
replenished with an equal volume of fresh release media
[49]. All the collected aliquots were analyzed with UV-
Visible spectrophotometer at A, 425 nm. The experi-
ment was performed in triplicate [38, 50]. Similarly, the
release of curcumin from aqueous dispersion was also
determined. The release data were fitted in to different
release kinetic models (zero order, first order, Higuchi
and Korsmeyer-Peppas) to detect the mechanism of drug
release.

Solid state characterization

The optimized batch of Cr-NLC dispersion was lyophi-
lized (Alpha-2—-4 LD Plus model, Martin Christ, Ger-
many) for solid-state characterization by differential
scanning calorimetry (DSC), X-ray diffraction (XRD) and
Fourier transforms infrared (FT-IR) spectroscopy.

Differential scanning calorimetry (DSC)

Thermal analysis of pure curcumin and lyophilized sam-
ples of the optimized batch of Cr-NLC was carried out by
Shimadzu DSC-60 Plus, differential scanning calorimeter
(TA-60WS thermal analyzer) over the range of 30—300 °C
at a heating rate of 10 °C/min. The nitrogen gas was con-
stantly used to purge the sample at a flow rate of 30 ml/
min throughout measurement, to maintain the inert
environment of the experiment [51].

Entrapment efficiency(%) =

%100 (1)

Total Drug Content

Transmission electron microscopy

The morphological characteristics of the selected Cr-
NLC formulation were investigated by TEM. A drop of
the Cr-NLC dispersion was applied to a copper grid that
had been coated with carbon and allowed to dry at room
temperature after being diluted 1:10(v/v) with deionized
water [47]. Then, the sample was observed by Zeiss EM
900, transmission electron microscope.

In vitro drug release investigation

The optimized formulation of Cr-NLC dispersion
was used to study in vitro drug release of curcumin,
using a dialysis membrane (12-14 kDa) in USP-II type

Fourier transform infrared spectroscopy

The FT-IR spectrum of beeswax, oleic acid, Tween 80,
pure curcumin, and lyophilized Cr-NLC formulation
were recorded to perceive any interactions between drug
and formulation excipients. The IR spectra were scanned
in the 400-4000 cm ™ range using the KBr pellet method
at a resolution of 1 cm™! [51].

X-ray diffraction

The X-ray diffractograms of the samples were recorded
by D8 Advance diffractometer by employing primary
monochromatic radiation (Cu Kal, 1=1.5406 A) gener-
ated at 40 kV(voltage), and 40 mA(current) with a step
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size of 0.05°/s and a range of 5°~40° 26 [52]. The crystal-
linity index of NLC was calculated using the Scherrer
equation as given below (Eq. 2):

Area of crystalline peaks
x 100

2)

Degree of crystallinity =

Area of all peaks

Stability study of Cr-NLC

A Stability study is a key step to assess the capacity of
the formulated product to maintain its chemical and
physical properties on storage. The stability studies car-
ried out as per the recommendation of ICH guidelines
are very advantageous in maintaining the safety, qual-
ity, and efficiency of formulated products throughout
the shelf life. The formulated Cr-NLCs dispersion was
evaluated for stability studies for 90 days at 4 °C and
25 °C. After 90 days, preparations were assessed for
p-size, PdI, % entrapment efficiency and zeta potential
(€) in triplicate [53].

Anthelmintic assay

The anthelmintic assay was performed on earthworms
due to its close anatomical and physiological similitude
with human intestinal parasites [54, 55]. The anthelmin-
tic activity was carried out as described by Ajayieoba et
al. with slight modifications [56]. Briefly, 15 ml aque-
ous dispersions of pure curcumin, Cr-NLC, and alben-
dazole at two different concentrations (10 and 20 mg/
ml) were taken in different Petri dishes. Each Petri dish
was placed with Indian earthworms (Pheretima post-
huma, weighing approximately, 4 g each) and observed
for paralysis or death, for a maximum period of 60 min.
Saline was used to maintain negative control. All exper-
iments were carried out thrice. The paralysis time (min)
was recorded when the worms showed no movement
except when disturbed with the help of a glass rod
and the death time (min) was noted as the time when
no movement of worms was observed after shaking or
even immersing in water.

Cytotoxicity assay

The cytotoxicity study (in vitro) of Cr-NLC was per-
formed and compared with the pure curcumin “using
the 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazo-
lium bromide (MTT) test” as per established technique
[57]. MTT assay is a simple, sensitive and fast tech-
nique for cytotoxicity testing. Briefly, Vero cells were
cultured on 96-well plates, and after 24 h in a humid
incubator at 70% confluence, the cells were subjected
to escalating quantities of curcumin and Cr-NLC in the
concentration range of 10, 20, 40, 60 and 80 pg/ml. The
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media in each well was removed after 24 h and MTT
(5 mg/ml) was added before being incubated for 3 h at
37 °C. A Bio-Rad microplate reader was used to meas-
ure the optical density of the formazan solution at a
wavelength of 570 nm. The values of IC;, (Half-maxi-
mal inhibitory concentration, i.e., drug concentration
inhibiting 50% of cell growth.), demonstrating cytotox-
icity of each formulation, were computed [57]. Every
set of experiments was carried out in triplicate.

Results

NLCs entrapping curcumin were successfully prepared
by a microwave-assisted, one-step, single-pot technique
using Central Composite Experimental Design (Design
Expert® software). Nanoemulsion contains beeswax and
oleic acid as solid and liquid lipids, Tween 80 (HLB 16)
as surfactant, and the concentration of drug curcumin
(0.4%) is kept constant in each formulation. All the ingre-
dients used for the fabrication of NLCs are GRAS listed
[58].

Experimental design

Particle size, Pdl, zeta potential, and % EE

Beeswax and oleic acid were used as solid and liquid
lipids, respectively, in the ratio of 7:3. Here, in this study
2 factors, 3-level CCD was employed containing a con-
centration of lipid blend (2-6%, X;) and concentra-
tion of surfactant (2—4%, X,) as independent variables
whereas Pdl, p-size, and zeta potential ({) were chosen
to be dependent variables (Table 2). The p-size, Pdl,
and zeta potential ({) of each batch of NLC formula-
tion were determined and are displayed in Table 2. The
% EE of all the batches lies in the range from 92.4+0.2%

Table 2 Formulation constraints and responses for CCD

Batch No Concentration  Surfactant P-size (hm) PdI(Y,) Zeta
of lipid blend (% w/v) (Y;) Potential
(% wiw) (X3) (€) (mV)
(X7) (¥3)

1 6 4 346.3 0416 =316

2 4 3 249 0.371 -312

3 4 3 2443 0.341 -298

4 4 3 236 0.363 -296

5 4 3 225 0.354 -314

6 2 3 266 0408 —-288

7 2 2 346.8 0467 -253

8 4 3 256 0.38 -292

9 4 4 144 0.301 -332

10 4 2 311 0432 -268

1 6 3 460 047 -278

12 6 2 520 0.508 —269

13 2 4 244 0361 -323

Scaleup 20 20 130 0.279 -33
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to 98.3+0.3%, thus depicting that each batch possesses a
handsome amount of drug entrapped. The p-size range
varies from 144 to 520 nm with monodispersity of the
formulation (PdI value between 0.301 and 0.508), also the
value of zeta potential of all the batches lies in the range
of —25.3 to—33.2 mV. However, batch 9 containing 4%
lipid blend and 4% surfactant has come out to be an opti-
mized batch based on the value of p-size(144 nm), PdI
(0.301), and zeta potential (—33.2 mV) that is suggested
by the Design by taking constraints applied (i.e., p-size
and PdI to be minimum) into consideration.

The Cr-NLCs were optimized using central compos-
ite design. The purpose of the experimental design was
to investigate the influence of variations in the surfactant
and lipid blend on the physicochemical properties of Cr-
NLCs such as p-size, Pdl, and zeta potential. Addition-
ally, utilizing the experimental design protocol (Design
Expert 13), response data were fitted into various polyno-
mial models. The particle size varied from 144 to 520 nm
for the experimental runs. The particle size was affected
by the variation in concentration of lipid blend and sur-
factant. The 3D plot indicates (Fig. 2) that the dependent
and independent variables have a curvilinear relation-
ship. Moreover, the plot demonstrates that a higher con-
centration of Tween 80 and mid value of lipid blend
favors the lower particle size. It was found that a quad-
ratic model without any data alteration provided the best
match for the response P-size (Y;). Equation 3 can also be
used to express the polynomial model for the responses
average p-size (Y;), with determination correlations (R?)

P-size (nm)

B: Surfactant (%)

2 3 4 H 6

A: Lipid blend (%)
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of 0.9833. The synergistic and antagonistic effects are
described by positive (+) and negative (—) coefficient val-
ues for particular variables in the following polynomial
equation.

Y7 =239.88 4+ 78.25X;
—73.92X, — 17.72X1 Xy (3)

4 128.58 X7 — 6.9 X2

Adequate precision of average p-size was found to
be 31.81 showing an adequate signal. Since the meas-
urement of the signal-to-noise ratio, or sufficient pre-
cision, is far higher than required value of 4, model fit
aids the model in navigating the design space.

The PdI ranged from 0.301 to 0.508. The 3D plot
indicates that the dependent and independent vari-
ables have a curvilinear relationship. Moreover, the
plot (Fig. 3) demonstrates that a higher concentration
of Tween 80 and mid value of lipid blend favors the less
PdI. It was found that a quadratic model without any
data alteration provided the best match for the response
PdI (Y,). The polynomial equation obtained for the PdI
(Y,) is provided in Eq. 4 with the determination cor-
relation of predicted R* of 0.8657 in closer agreement
with the adjusted R? of 0.9451 (difference<0.2). Ade-
quate precision of PdI was found to be 22.0179 indicat-
ing an adequate signal. Equation 4 can also be used to
express the polynomial model for the response PdI (Y5)
with determination correlations (R?) 0.9680.

P-size (nm)

3
B: Surfactant (%) 25

Fig. 2 Contour and 3D plot showing combined effect of lipid blend and surfactant on the particle size
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Pdl

Pdl

B: Surfactant (%)

A: Lipid blend (%)
Fig. 3 Contour and 3D plot showing combined effect of lipid blend and surfactant on the Pdl

Y, =0.3626 + 0.0263X; potential (Y3). Equation 5 can also be used to express

— 0.0548X; + 0.0035X; X» 4) the polynomial models for the response zeta potential
(Y;), with determination correlations (R?) 0.9203. Ade-
quate precision of zeta potential was found to be 13.52
indicating an adequate signal. The polynomial equation

It was found that a quadratic model without any data obt?iped for Zzeta potential is pres‘ented’ in Eq. 5 The
alteration provided the best match for the response zeta anticipated R” has a strong correlation with the adjusted

+0.0744 X7 + 0.0019 X3

Zeta potential (mV)

B: Surfactant (%)
Zeta potential (mV)

B: Surfactant (%) : A: Lipid blend (%)

A: Lipid blend (%)
Fig. 4 Contour and 3D plot showing combined effect of lipid blend and surfactant on the zeta potential



Lohan et al. Future Journal of Pharmaceutical Sciences (2023) 9:117 Page 9 of 15
Table 3 Statistics for the model
Responses Model Lack of fit

F-value Prob.>f R? Adeq.Prec C.V. (%) F-value Prob.>f
P-size 82.29 0.0001 0.9833 31.8113 5.82 348 0.1296
Pdl 4234 0.0001 0.9680 220179 348 0.6281 0.6340
Zeta potential 16.16 0.0010 0.9203 13.5226 297 04871 0.7095

R? (difference<0.2). The synergistic and antagonistic
effects are described by positive (+) and negative (-)
coefficient values for particular variables in the following
polynomial equations (Fig. 4).

Y3 = —30.11 4 0.0167X7 — 3.02X,

+0.5750 X1 Xz + 1.47 X7 — 0.2259 X3 ®)

Table 3 provides a summary of the results of ANOVA
on selected responses. The response surface model
(RSM) demonstrated that the model was significant
(P<0.0500). The observed and anticipated responses
are well correlated, as shown by the R? (> 0.9) value.

Optimization

Based on a quadratic model, the optimization Egs. 3,
4, and 5 entailing the dependent and independent ele-
ments were amassed. To the dependent variables or
responses, the desirability function was used with con-
straints to achieve a lower level of P-size, PdI, and a
higher level of zeta potential, batch 9 came out to be an
optimized batch. To fabricate the NLC mathematical
optimization tool with the desirability approach was
used. The concentration of lipid blend (3.541%) and
concentration of surfactant (3.942%) were the param-
eters suggested by the design that provides NLC with a
P-size of 152.7 nm (predicted value 156.742), PdI 0.275
(predicted value 0.310) and zeta potential —33.2 mV
(—33.2 mV predicted value). The RSM built from the

suggested final concentration of the surfactant and
lipid blend did not show any considerable differences
(P<0.05) between the observed and anticipated val-
ues for any of the responses based on the data. The
strong predictive capability of the model was demon-
strated by the closer agreement between expected and
observed values.

High-resolution transmission electron microscopy
(HR-TEM)

The optimized batch of Cr-NLC was exposed to trans-
mission electron microscopy, and the images obtained
are exhibited in Fig. 5. The HR-TEM images displayed
spherical particles in the size range of 10-200 nm.

Studies on in vitro drug release

In vitro drug release profile of curcumin from Cr-NLCs
and curcumin aqueous dispersion is shown in Fig. 6. The
cumulative amount of drug release revealed a biphasic
release pattern of the curcumin from the optimized batch
of Cr-NLC. In the first 1 h, there was an initial burst
release of about 24.48+0.01% curcumin was perceived
which was followed by a sustained release (90.76 + 0.01%)
in 24 h. The burst effect may be a result of the release of
therapeutic agent that was adsorbed on surface of the
NLC, and prolonged release effect may be caused by drug
molecules diffusing into dissolution media through the
lipid matrix of the NLC [59]. On the other hand, the cur-
cumin solution demonstrated only 40.22+0.01% release
of the drug in 24 h. The release data was fitted into

Fig. 5 HR-TEM of Cr-NLC
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Fig. 6 In vitro release of curcumin from Cr-NLC and curcumin

dispersion at pH 6.8 at 37+0.5 °C

different release kinetic models and value of R? comes
out to be 0.825, 0.434, 0.974 and 0.984 for zero order,
first order, Higuchi and Korsmeyer-Peppas models,
respectively. However, the optimized batch of Cr-NLC
dispersion followed the Korsmeyer-Peppas model of
release kinetics (R* 0.984) following Fickian diffusion as
the mechanism of the drug release from the formulation
(with n=0.4<0.5).

Interpretation of solid state characterization

Fourier transform infrared spectroscopy (FTIR)

Figure 7 displays the FTIR spectra of Tween 80, oleic
acid, beeswax, curcumin, and Cr-NLC. The peaks in
the FT-IR spectra of pure curcumin were found at
3511 cm™ (-OH stretch), 2975 cm™! (~CH; Asymmet-
ric stretch) 1628 cm™ (overlapping stretching vibra-
tions of alkenes (—C=C), and carbonyl (-C=0) group),
1510 cm *(enol —OH), 1457 cm™ (—~CH,, asymmetric
stretching), 1429 cm™! (-C=C aromatic stretching vibra-
tion), 1281 cm™ (Phenol-OH) and 1115 cm™! (-CO
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Stretching). In FTIR spectra of oleic acid, distinctive
peaks were seen at 3007 cm™! (~CH stretch in -C=C—
H), 2926 cm ™! (-CH, asymmetric stretching), 2854 cm™
(-CH, symmetric stretching), 1711 cm™' (-C=0
stretch),1464 cm™' (in-plane —OH band), 1413 cm™! (-
CH; umbrella mode), 1285 cm™! (~CO stretch), 937 cm™!
(out of the plane —OH stretch). The FTIR spectra of
Tween 80, showed characteristic peaks at 3465 cm™!
(strong band hydroxyl stretching vibrations), 2919 cm™!
(asymmetric stretching band of —CH,), 1732 cm™!
(stretching band due to —~C=0 ester group), 1249 cm™!
(-CO stretching vibrations). FTIR spectra of beeswax
displayed three vibrations in the 2849-2956 cm™! region,
which is caused by the —C—H stretching of the methyl
(-CH,) and methylene (—CHj;) groups. “The band at
1732 cm™! is attributed to the ~C=0 stretching vibration
of the carboxylic groups involved in an ester linkage” [77].
Other peaks of beeswax FTIR are found at 1464 cm™" (-
CH, scissor deformation), 1175 cm™* (-C=0 stretching
and —C-H bending vibrations), and 719 cm™ (-CH,
rocking mode). In the FTIR spectra of Cr-NLC formula-
tion broadening of peaks was observed. It was confirmed
that the peak of 3511.38 cm™! became wider and flatter,
indicating that the hydrogen bond was enhanced [60].
Further, FTIR spectra revealed that there is no chemical
interaction between drug and the formulation excipients.

Differential scanning calorimetry (DSC)

The DSC thermogram of pure curcumin exhibited an
endothermic peak at 176.88 °C pertaining to its melting
point (Fig. 8). On the other hand, the DSC thermogram
of Cr-NLCs revealed that endothermic peak of curcumin
vanished because of transformation from crystalline to

———Tween 80 %T
Oleic Acid Sample %T
BEES WAXSample %T

= CUR Sample %T
= NLC Sample %T
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amorphous form “which was anticipated due to the solu-
bility of curcumin in solid and liquid lipid matrix during
the fabrication of NLC in microwave” [61].

X-ray diffraction

The X-ray diffractogram of Cr-NLC and plain curcumin
is shown in Fig. 9. The XRD pattern of pure curcumin
showed well-defined, intense sharp peaks of 8.79731°,
12.69608°, 14.92704°, 17.158°, 24.95554°, 26.08185°,
27.74966°, and 29.13589° at 2O indicating the crystal-
line nature of the material, whereas XRD spectra of Cr-
NLC displayed a more disordered or amorphous state
of the formulation. The amorphous form has enhanced
water solubility due to higher Gibbs free energy [62].
The crystallinity index (Ic) of both the samples, i.e.,
pure curcumin and Cr-NLC, is calculated by the Scher-
rer equation (Eq. 2) and is found to be 93.029% and 64%,
respectively.

Storage stability studies

The formulated Cr-NLC dispersion was evaluated for
storage stability for up to 90 days at 4 °C and 25 °C.
No considerable changes in selected parameters were
observed. The storage stability data of Cr-NLCs disper-
sion are described in Table 4. This suggested the formu-
lated Cr-NLCs dispersion is stable on storage.

Anthelmintic assay

The efficiency of Cr-NLC as an anthelmintic agent against
earthworms is presented in Table 5. Paralysis and mor-
tality time in earthworms (Pheretima posthuma) treated
with Cr-NLC were compared with standard therapeutic
agent (albendazole). Cr-NLC shows potent anthelmintic

Table 4 Storage stability studies of Cr-NLCs dispersion at 4 °C and 25 °C

Factors Day 1 After 30 days After 60 days After 90 days

25°C 4°C 25°C 4°C 25 °C 4°C 25°C 4°C
P-size (nm) 144 144 151.7 152.7 152 1584 158 159.7
PdI 0301 0.301 0.504 0.275 0.270 0423 0410 0461
Zeta potential (mV) —332 -332 -323 =316 -314 -312 -30.7 -296
Entrapment efficiency (%) 9248 9248 91.93 91.24 90.84 91.20 89.96 90.89
Table 5 Anthelmintic study against earthworm
Formulation Cr-NLC 10 mg/ml Albendazole 10 mg/ml Cr-NLC Albendazole Saline

20 mg/ml 20 mg/ml

Paralysis time (mean + SEM) 18mMin15s+32s 14 min 55 s+21 16mMin31s+30s 12min17s+30s Alive

Mortality time (mean + SEM) 39min28s+20s

35min 48 5+29

34 min24s+35s 31 min33s+35s Alive
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Fig. 10 a, ¢ shows untreated control cells (Vero) and b, d in the presence of curcumin and Cr-NLC, respectively, at 80 pg/ml after 24 h

activity in a dose-dependent manner. There were very
slight differences in anthelmintic potential between the
tested formulation and standard drug. These data sug-
gest that curcumin-loaded NLC may be a promising can-
didate for parasitic disease. Saline-treated earthworms
showed normal physical activity and remained active
throughout experiments.

Cytotoxicity study

The growth of Vero E6 cells treated with Cr-NLC and
pure curcumin (used in the concentration range of
10-80 pg/ml) was compared to that of untreated healthy
Vero cells and assessed in terms of ICg, value. The IC,
value of pure curcumin and Cr-NLC was found to be
350.99 and 285.88 pg/ml (IC5,>100 pg/ml) which is

considered to be nontoxic for both the samples [63, 64] in
the concentration range taken. Morphological analysis of
Vero cells of control or normal cells (Fig. 10a, c) is com-
pared with Cr-NLC treated cells (Fig. 10b, d) at 80 pug/ml
concentration displayed in Fig. 10 showing no significant
change in cell morphology. Figure 11 shows a graph of
the % viability of Vero cells incubated with Cr-NLC and
pure curcumin at different drug concentrations. It can be
inferred from Fig. 11 that curcumin and Cr-NLC do not
inhibit the growth of Vero cells at any concentration (up
to 80 pug/ml) and show more than 85% cell viability. So,
the formulation is considered to be safe. The literature
also reports that curcumin is safe for normal cells and
no cytotoxicity was perceived up to a dose of 500 pg/mL
[64—66].
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Discussion

In this work, curcumin-loaded NLCs were fabri-
cated using a single-step, one-pot microwave-assisted
approach. Beeswax and oleic acid were used as solid
and liquid lipids, respectively, while Tween 80 was used
as surfactant. The formulation was optimized using 2
factors 3 levels of central composite design (CCD). The
concentration of lipid blend (X;) and concentration of
surfactant (X,) were selected as formulation variables and
taken into consideration at three different levels (-1, 0,
1). The average p-size (Y;), PdI (Y;), and zeta potential
(©) (Y3) were designated as responses (Table 1). For every
batch of NLC formulation, the average p-size, Pdl, % EE,
and zeta potential ({) were calculated. The average p-size
range varies from 144 to 520 nm with monodispersity
of the formulation, also the value of zeta potential of all
the batches lies in the range of —25.3 to—33.2 mV. The
% EE of all the batches lies in the range from 92.4+0.2%
to 98.3+0.3%, thus indicating that a significant amount
of drug has been entrapped in each batch. FT-IR analysis
was performed to identify any interactions between the
drug and the formulation excipients. The result revealed
that there is no chemical interaction between the drug
and the formulation excipients.

The XRD pattern of pure curcumin exhibited well-
defined, intense sharp peaks whereas XRD spectra of
Cr-NLC revealed a more disordered or amorphous state
of the formulation. The HR-TEM images revealed spheri-
cal particles ranging from 10 to 200 nm in size (Fig. 5).
A study was conducted on earthworms to determine the
anthelmintic potential of Cr-NLC in comparison with
albendazole. The results showed that Cr-NLC exhibits
potent anthelmintic activity in a dose-dependent man-
ner. Additionally, a cytotoxicity study was carried out on
Vero cells, and the results were evaluated in terms of ICy,
value. The study confirmed that the formulation is non-
toxic to Vero cells, indicating its safety. An in vitro drug
release study showed 90.76 £0.01% release of curcumin
in 24 h by following the Korsmeyer-Peppas model of
release kinetics. The storage stability of any formulation
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is an essential component. The storage stability of the
formulated Cr-NLC dispersion was evaluated at 4 °C
and 25 °C for up to 90 days. No considerable changes
in selected parameters were observed. The above-men-
tioned results suggest that NLCs developed using the
microwave approach could be effective drug carriers for
the treatment of parasitic infections through topical and
oral administration potentially serving as an alternative
treatment for other parasite diseases.

Conclusion

In the present investigation, nanostructured lipidic
carriers containing curcumin were fabricated using
a microwave-assisted procedure employing a central
composite experimental design. The Cr-NLC demon-
strated nanoscale size formulation, narrow size distri-
bution, excellent entrapment efficiency, and sufficient
surface electrostatic potential to prevent accumulation
with augmented physical stability. The spherical form
of the particles was seen in TEM micrographs. In vitro,
drug release study displayed sustained release till 24 h
whereas in vivo study carried out against earthworms,
possessing close anatomical and physiological similarity
with human intestinal parasites, exhibited anthelmintic
potential. Cytotoxicity studies also declared the formula-
tion to be nontoxic to Vero cells. Hence, the single-step
one-pot microwave-assisted technique produced cur-
cumin-loaded NLCs with improved physical stability and
modified drug release properties bear the anthelmintic
potential and are nontoxic and can further be explored as
a potential substitute for the treatment of other parasitic
illnesses.

Future prospects

Due to prevailing parasitic infections, the treatment
regime may be either topical or oral. Cr-NLCs may be
explored as injectable preparations. Future studies may
be focused more on improving the bioavailability of
curcumin.
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