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Abstract

Curcumin possesses remarkable chemotherapeutic activity owing to its anti-inflammatory and anti-oxidant properties. Pur-
pose of the research work was to prepare curcumin-loaded nanoparticles of Eudragit E 100 for topical skin applications
through a simple, cost-effective method of nanoprecipitation. Resultant formulation will enhance the water solubility, per-
meability and bioactivity of curcumin. The particle size and morphology were investigated by dynamic light scattering and
electron microscopy. The encapsulation efficiency, drug loading, in vitro drug release were determined by UV spectroscopy.
In vitro drug release was conducted at acidic and neutral pH. The interaction of drug with polymers was investigated by
Fourier-transform infrared spectroscopy. Ex vivo skin penetration study was conducted using vertical Franz diffusion cell
to assess the potential of curcumin nanoparticles to cross the stratum corneum. In vivo evaluation was done in mice model.
Results illustrated that particles were in nanometers (* 120 nm), with narrow size distribution, spherical in shape and with
encapsulation efficiency of more than 75%. Drug release demonstrated the acid-responsive behavior of curcumin nanopar-
ticles while ex vivo permeation and in vivo studies show prominent results of the formulation. It can be concluded from
the results that curcumin nanoparticles have a potential to be designed successfully in future as a topical dosage form for
the treatment of skin cancer. The present research work concludes that Eudragit E100 can fulfill the requirements related to
delivery of curcumin for topical use for the local treatment of skin cancer.
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Introduction

Cancer is considered as one of the leading cause of death
worldwide commonly affecting Caucasian population (Kur-
zrock et al. 2019). Skin melanoma was the most frequent
kind of malignancy in Canada and the United States from
1970 to 2007 (Shakeri et al. 2019; Mirzaei et al. 2018). Skin
cancer is defined as an elevated rate of cell proliferation
and a sluggish rate of apoptosis in the epidermis of the skin
(Hamzehzadeh et al. 2018; Ramirez et al. 2018). Exposure to
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ultraviolet (UV) radiation, as well as other potential causes,
such as genetics, viruses, traumas, X-rays, and mutagens,
in chemicals and food, might be the primary causes of skin
cancer (Simonetti et al. 2009). Those with pale complexions
are more prone to skin cancer because melanin serves to
prevent UV radiation damage up to a certain limit, which
is why people with dark complexions have a lower risk of
acquiring skin cancer (Fang et al. 2009).
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The various cancer therapy techniques each have their
own set of benefits and drawbacks (Kurzrock et al. 2019;
Shakeri et al. 2019). Major disadvantages associated with
these chemotherapies include severe adverse effects, such as
multiple drug resistance, drug efflux system, numerous drug
targets, and changed pharmacokinetic behavior (Kumari
et al. 2021; Kachuri et al. 2013). A variety of techniques,
including new molecular carriers like as the nano-carrier
system, have been used to overcome these difficulties (Wahl-
ang et al. 2011; Chinembiri et al. 2014).

Curcumin, a natural polyphenolic molecule with a yel-
lowish orange hue, is a nutraceutical that may be used topi-
cally (Kachuri et al. 2013). It has a powerful chemothera-
peutic impact and has the potential to cure skin disorders,
such as psoriasis, dermatitis, and skin cancer (Kurzrock et al.
2019; Chinembiri et al. 2014; Markman et al. 2016). Cur-
cumin suppresses cancer proliferation, invasion, angiogen-
esis, and metastasis through interacting with a variety of cell
signaling proteins (Maeda et al. 2009).

One method of non-invasive medicine administration is
the topical drug delivery system. It entailed a collection of
technologies used to transfer therapeutically active moie-
ties to superficial regions of skin, eyes, nose, and vagina for
the treatment of local illnesses (Kunnumakkara et al. 2008;
Chen and Fang 2000). Skin is one of the biggest organs in
the body, and its tasks include body temperature control,
defense against ultraviolet radiations (UV), and protection
against the entry of hazardous materials and microorganisms
from the external environment (Lee et al. 2006; Taveira and
Lopez 2011). The stratum corneum (SC), or outer layer of
skin, serves a barrier function that not only prevents micro-
organisms from entering but also prevents the penetration of
a wide range of medicines. Topical drug delivery required
well-designed formulation to enhance its penetration into
thick layers of SC and also the deep layers of skin where
ailment exists (Tomren et al. 2007; Maeda et al. 2009). In a
recent study, their results reinforce Curcumin’s established
anti-inflammatory effects in the skin and highlight its poten-
tial as a photo-protective adjuvant when delivered through
nanoparticles (Adusumilli et al. 2021).

In this study, we used a precipitation method to load
curcumin into an amino methacrylate copolymer (Eudragit
E 100, (EuE)). Curcumin is a hydrophobic molecule that
is nontoxic, non-sensitizing, and has a broad safety profile
(Simonetti et al. 2009; Xie et al. 2018). It has limited solubil-
ity and permeability, making it a BCS class IV medication,
and it is very unstable when exposed to high temperatures,
light, and oxidative conditions (Priyadarsini 2014). It has
a fast first-pass impact and is eliminated quickly after oral
treatment, resulting in poor absorption and low bioavailabil-
ity due to the breakdown of the, unsaturated di-ketone moi-
ety found in the curcumin structure. (Jantarat 2013). Cur-
cumin's difficulties might be overcome utilizing innovative
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pharmaceutical technology, using chemical penetration
enhancers, and creating an alternate drug delivery mecha-
nism other than the oral route (Ahmadi Nasab et al. 2018)
or the first time, a combination of the polymer Eudragit E
100 and the surfactant polyvinyl alcohol (PVA) was uti-
lized in the nano-precipitation technique to create curcumin
nanoparticles. Because of their greater surface area and
high penetration over the skin, nanoparticles may preserve
drugs from degradation and improve their entry into tumor
sites. HPMC gel is superior to other because hydroxypro-
pyl methylcellulose (HPMC) has good stability even after
exposure to heat and in humid conditions will not experience
significant changes observed in homogeneity, pH, clarity,
texture profile analysis and rheological properties of HPMC
gels. HPMC gel bases are often used in the production of
cosmetics and drugs because they can produce gels that are
clear, are easily soluble in water, and have low oxidation
properties. In addition, HPMC produces a neutral gel, clear,
colorless, stable at pH 3—11, has good resistance to micro-
bial attack, and provides good film strength when it dries
on the skin. The result of previous studies mentions that the
base HPMC has a good rate of drug release, and widespread
power (Oktay et al. 2020).

Materials and methods
Materials

Curcumin powder was obtained from Sami Lab Limited
(India). Eudragit E 100 (EE100) was kindly provided by
Evonik (Pakistan). Poly-vinyl alcohol (PVA), monobasic
potassium dihydrogen phosphate and sodium acetate were
purchased from Sigma-Aldrich (Germany). Ethanol and
methanol were obtained from BDH laboratory supplies
(England). Hydroxyl propyl methyl cellulose (HPMC) was
purchased from Anhui Sunhere Pharmaceutical excipients
Co. Ltd. (China).

Preparation of EE-PVA blank and curcumin-loaded
nanoparticles

The blank and curcumin nanoparticles were prepared
by nanoprecipitation method described in the literature
with minor modification (Lee et al. 2006). First, 0.5%
PVA solutions were prepared in water and 40 ml of this
solution was taken in a beaker and placed it for continu-
ous stirring on a hot plate at room temperature and at
650 rpm. Then the internal organic-phase solution con-
taining 50 mg of curcumin and 200 mg of Eudragit E
100 dissolved in 10 ml of ethanol were taken in a syringe
and injected dropwise into PVA solution resulting in
the formation of nanoparticles. The organic phase was
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further evaporated in open air. Then the preparation was
centrifuged at 5525 g to obtain the nanoparticles pellet.
For ease of application of formulation on skin, nanoparti-
cles were dispersed into HPMC gel. A gel containing 2%
HPMC was prepared in water separately and curcumin
nanoparticles were dispersed into it. To prepare blank
nanoparticles, the rest of process was same as described
above except that the organic phase does not contain drug
(curcumin).

Characterization of nanoparticles

The particle size of blank and curcumin-loaded nanopar-
ticles was determined by dynamic light scattering (DLS).
The formulation was diluted tenfold with milli-Q water
and placed in a cuvette for particle analysis. Polydis-
persity index, an indicator of size distribution, and zeta
potential of formulation were also measured performing
the experiment in triplicate. The morphological charac-
teristics of nanoparticles were observed by scanning elec-
tron microscopy (SEM) performed on liquid samples. The
dilution of samples was made similarly as done for the
determination of particle size by DLS.

Fourier-transform infrared spectroscopy

The samples of the pure drug (curcumin), the blank
and drug-loaded formulation were analyzed using FTIR
and the spectra obtained over the scanning range of
4000-500 cm~'were recorded and interpreted for possible
drug—polymer interaction.

Process parameters

The curcumin nanoparticles were optimized on the basis
of different process parameters. The concentration of PVA
(%), injection time (min), stirring rate (rpm), and ratio of
organic to aqueous phase (keeping organic phase constant
and increasing the aqueous phase only) were selected to be
studied as process parameters (Tang et al. 2011; Araki et al.
2020). These parameters were analyzed on the basis of parti-
cle size and physical stability. In each set of experiment, only
one variable of the formulation was changed at a time while
the other parameters were kept constant (Tang et al. 2011).
For this purpose, more than 20 formulations were prepared
rendering at least five for each parameter. The following pro-
tocol modifications as shown in Table 1 were used to study
the effect of various process and preparative variables for
respective formulations. Sample of 5 ml was prepared for
each formulation and particle size was determined by DLS.
The effect of each process parameter on the physical stability
was assessed visually. Here, the physical stability represents
the condition of formulation for 1 week after preparation.
If there is formation of precipitates, cakes or separation of
phases occurs, then that formulation is considered as “unsta-
ble” while formulation which remains stable and uniform for
more than a week is considered as “stable”.

Loading capacity

Loading capacity of the formulation was calculated using
an established procedure (Tomren et al. 2007). Accord-
ingly, nanoparticles were dissolved in 20 ml of methanol and
stirred continuously for drug extraction. From this solution,
1 ml of solution was transferred to volumetric flask and final
volume was made up to 50 ml with methanol. Absorbance

Table 1 Effect of process i iecti irri

parameters on physical stability Formulations P‘YA Ol:g:::i: 1;0 Inﬁf::n Stll{artlg & Physical Particle

and particle size Code (%) Aqu. Phase (Min) (Rpm) Stability Size (Nm)
Fl1 0.25 1:4 430 650 Tnstable 75
F2 0.5 1:4 4.30 650 Stable 98.00
F3 0.75 1:4 4.30 650 Stable 128
F4 1.0 1:4 4.30 650 Stable 622
F5 1.5 1:4 4.30 650 Unstable 883
Fo6 0.5 1:3 4.30 650 Unstable 75
F7 0.5 1:5 4.30 650 Stable 98
F8 0.5 1:6 4.30 650 Stable 622
F9 0.5 1.7 4.30 650 Stable 694
F10 0.5 1:4 2.30 650 Unstable 603
F11 0.5 1:4 3.00 650 Stable 406
F12 0.5 1:4 3.30 650 Stable 155
F13 0.5 1:4 4.00 650 Stable 97
F14 0.5 1:4 4.30 600 Stable 84
F15 0.5 1:4 4.30 700 Stable 87
F16 0.5 1:4 4.30 750 Stable 90
F17 0.5 1:4 4.304 800 Unstable 221

:jﬁ;?ﬁmﬁﬁ"}w @ Springer



3424

Applied Nanoscience (2022) 12:3421-3436

was measured using UV-visible spectrophotometer at
426 nm. The concentration of curcumin was determined
from a standard calibration curve of curcumin in methanol
using formula (Priyadarsini 2014; Xie et al. 2018).

Weight of drug in nanoparticles

Drug loading (% ) = % 100.

Weight of nanoparticles

Encapsulation efficiency

To determine the percent encapsulation efficiency, 10 ml of
nano-formulation was centrifuged at 13,500 rpm for 15 min.
The supernatant was collected, diluted accordingly and
absorbance was measured by UV-visible spectrophotom-
eter at Zmax of 426 nm. The concentration of curcumin was
determined from the standard calibration curve of curcumin
in methanol. The percentage encapsulation efficiency is cal-
culated using the formula below (Priyadarsini 2014).

Total drug — Free drug

Encapsulation efficiency (% )= X 100.

Total drug

In vitro drug release

The release of curcumin from the nanoparticles was deter-
mined at pH 4.5 and pH 7.4 according to the method
described previously with minor modifications (Tang et al.
2011). Briefly, 7 mg of curcumin nanoparticles equivalent
to 1.75 mg of curcumin was dispersed into 50 ml of 0.2 M
sodium acetate buffer (pH 4.5), because in cancerous lesions,
pH of the skin became more acidic (Sahu et al. 2019) and
0.2 M monobasic potassium dihydrogen phosphate buffer
(pH 7.4) separately in a beaker. Both buffers contained 0.1%
Tween 80 to prevent the settling down of particles at the bot-
tom. Beakers were provided with a magnetic bar and placed
on a magnetic stirrer at low rpm of 100 and temperature
of 37+2 °C. The whole experiment was carried out under
dark condition. At pre-determined time intervals of 0.5, 1,
2,4,6,12,24 and 48 h, 2 ml samples were withdrawn from
each beaker. Equal volume of the fresh dissolution medium
was added to the beaker after each sample withdrawal to
keep the volume constant. Samples were centrifuged and
assayed spectrophotometrically at a wavelength of 426 nm
(Sahu et al. 2019). The concentration of drug released was
calculated from the linear regression equation obtained for
the calibration data.

Determination of best-fit kinetic release model

To determine the best-fit kinetic model, release data of
curcumin nanoparticles at pH 7.4 were fitted to zero-order
Kinetics, first-order kinetics, Hixson—Crowell’s cube root
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equation, Higuchi’s square root of time equation (diffusion
model) and Korsmeyer—Peppas model, and equation of each
model is given below.

Zero-order Kinetics (Xu and Sunada 1995)

W = k1t
First-order Kinetics (Xu and Sunada 1995)
In (100 — W) = In100 — k2t.

Hixson—Crowell’s cube root equation (erosion model)
(Xu and Sunada 1995)

(100)!/3100'2 = W = —kyt.

Higuchi’s Square Root of Time Equation (diffusion
model) (Higuchi 1963)

W = k4t1/2.
Korsmeyer—Peppas Kinetic (Ritger and Peppas 1987)
Mt [M® = kst".

In the above equations, W represents percent drug release
at time ¢, k; —k, are release rate constants, depending on
the kinetic model used. Fractional drug released into the
dissolution medium is presented by M#/M* and k5 is a con-
stant incorporating structural and geometric characteristic
of the formulation. The parameter, n, represents the diffu-
sion exponent that characterizes the drug release transport
mechanism. When the value of n=0.5, it means the drug
diffuses through and is released from the polymeric matrix
with a quasi-Fickian diffusion mechanism. When 7> 0.5,
anomalous, non-Fickian drug diffusion occurs while when
n=1, a non-Fickian, Case II or zero-order release kinetics
occurs. All these analyses were performed by applying mul-
tiple linear regression analysis using online excel formula
sheet.

Determination of pH, viscosity spreadability
and physical appearance

The pH of curcumin nanoparticles-loaded HPMC gel was
measured using digital pH meter at room temperature. The
formulation was inspected visually for physical appearance
(Papadimitriou and Bikiaris 2009). Viscosity was measured
by Brookfield viscometer. Spreadability was found by pro-
cedure of Ahad and his followers using following equation
(Ahad et al. 2016).

%Spread by area = (2—?) % 100,

where A1 =2 cm, and A2 =area after spreading.
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Drug content of gel

Drug content of curcumin nanoparticles-based gel was cal-
culated using an established procedure (Liu et al. 2012).
Accurately weighed amount of gel (0.5 ml) was dissolved
in about 10 ml methanol and stirred continuously for drug
extraction. The solution of 0.5 ml was taken and appropriate
dilution was made with methanol. The solution was filtered
before subjecting to the analysis by spectrophotometer (Patel
et al. 2009a; b). Drug content was calculated from the linear
regression equation obtained for the calibration data.

Stability study of nano-formulation

The optimized formulation F2 was selected to investigate the
stability of nanoparticles against environmental changes. To
check the effect of temperature on the particle size, encapsu-
lation efficiency and physical stability of the curcumin, the
formulation was exposed to two types of temperature condi-
tions, 5 +2 °C and room temperature 25 + 2 °C. The stability
study was carried out for duration of 3 months. The formu-
lation was taken into two separate glass vials, one stored
at 5+2 °C and the other at 25 +2 °C. Samples for particle
size were analyzed by DLS. Encapsulation efficiency was
determined by UV spectrophotometer. Physical stability was
examined by visual inspection.

Ex vivo skin permeation study

The ex vivo permeation study was carried out in Vertical
Franz diffusion (FD) cell mounted with the abdominal skin
of rat (Krishnakumar et al. 2011). First, the rat was killed
and hairs on the dorsal surface of skin were removed using
the razor. The skin was thoroughly washed with phosphate
buffer (pH 7.4), wiped with a cotton swab and dried. Then
skin was separated from the underlying cartilage and subcu-
taneous fats, cut into appropriate sizes and stored at — 22 °C
after wrapping into aluminum foil (Xu and Sunada 1995).
The skin was sandwiched between donor and acceptor com-
partment of the FD cells with the cross-sectional area of 0.77
cm?. Stratum corneum was faced toward donor compartment.
Two cells were used with one contained the sodium acetate
buffer of pH 4.5 and the other contained the phosphate buffer
of pH 7.4. The receptor compartment has the volume capacity
of 5.2 ml and the temperature of receptor phase was main-
tained at 32 °C by circulating water jacket (Higuchi 1963). The
magnetic stirrer gently stirred the acceptor fluid. The optimized
formulation of curcumin nanoparticles loaded into HPMC gel
of 0.5 ml was spread uniformly on the stratum corneum side
of the skin (Ritger and Peppas 1987). After predetermined

time interval, aliquots of 0.5 ml were withdrawn periodically
and replaced with an equal volume of buffers to maintain the
sink conditions. The whole experiment was run for 24 h and
samples were taken at 1, 2, 4, 6, 10 and 24 h time interval.
Samples were analyzed spectrophotometrically at the wave-
length of 426 nm. The concentration of drug permeated from
each buffer was calculated from the linear regression equation
obtained for the calibration data.

Stability of curcumin nanoparticles-loaded HPMC
gel

The stability study of the gel of optimized F2 formulation was
performed according to the method reported previously (Higu-
chi 1963). Preliminarily, the curcumin nanoparticles-loaded
gel was subjected to centrifugation at 3000 rpm for 30 min.
Then the gel was subjected to thermal stress cycles alternating
24 h in the oven at 40+2 °C and for 24 h in a refrigerator at
542 °C. The gel was characterized for pH and phase separa-
tion at the end of each cycle.

Development of chemically induced skin papilloma
in Balb/c mice

For induction of skin tumors, a two-step chemical induc-
tion method is adopted. Eight-week-old Balb/c mice were
shaved. Mice with resting hair cycle were applied with
7,12-Dimethylbenz[a] anthracene (DMBA, 100 pl/50 pl
of acetone) on clear area. Two weeks later, croton oil (1%
in 100 pl of acetone) was applied at the area, thrice a week
for 3 weeks. Skin papilloma (2-3 per mice) appeared after
3 weeks of application of croton oil. Mice were divided into
group of three. Untreated group is not provided with any treat-
ment. Control negative group and treated group were applied
with 10 pl blank and curcumin-loaded nanoparticles twice
a day, respectively, for 6 weeks, where all mice in the non-
treated group have been dead. Tumor volumes were meas-
ured with digital Vernier caliper. Survival is illustrated as
Kaplan—Meier graph with GraphPad Software 6.0, presenting
cumulative survival percentage per week in different experi-
mental groups (Yallapu et al. 2015).

Statistical analysis

In vitro drug release profiles and ex vivo skin permeability
obtained for curcumin nanoparticles at both the pH values
were compared statistically by applying T test using MS Excel.
The result of the test is indicative of whether a significant dif-
ference exists between two pH values or not. Value of p <0.05
was considered as significant.
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Results
Process parameters

The nanoprecipitation method employed for the nanoparti-
cles fabrication is very sensitive to changes in the composi-
tion (Prajakta et al. 2009). The effect of different process
parameters was assessed on the physical stability and par-
ticle size for optimization purpose and an optimized for-
mulation (F2) was obtained as clear from data in Table 1.
Stabilizers play an important role in maintaining the stability
of formulations (Patel et al. 2009a, b; Huang et al. 2016).
The nature and the concentration of stabilizer are principal
factors in asserting the stability to a formulation. PVA is a
high molecular weight polymer and is commonly used as a
stabilizer in the formulation of oil-in-water nano-emulsion
(Agarwal et al. 2001; Tzeng et al. 2011). Five samples with
different concentration of surfactant were prepared i.e., 0.25,
0.5, 0.75, 1, and 1.5%. It can be seen from the results in
Fig. 1 that very low and higher concentration of PVA has a
prominent effect on the physical stability and particle size.
The size of particles is small with low concentration of sur-
factant but settles down with the passage of time. Higher
concentration of PVA leads to the formulation of micro-
particles (Hyvonen et al. 2005; Lamprecht et al. 1999).

The effect of aqueous phase on the stability and parti-
cle size was analyzed. Various ratios of aqueous phase
(3, 4, 5, 6, 7 ml) were selected with a constant volume of
organic phase (1 ml) for the preparation of nanoparticles. It
is cleared from the Fig. 2 that with increasing volume of the
aqueous phase, the particle size is also increased. On the
basis of above data, the volume of 4 ml was selected as an
optimum aqueous phase volume (Lee et al. 1999).

The rate at which the organic phase is incorporated into
aqueous phase is a critical parameter for determining the

1000 883.57
E 800
= 622.23
g 600
o
o 400
E
& 200 7479 98 128.46
0
0.25 0.5 0.75 1 1.5
PVA Concentration

Fig. 1 Effect of PVA concentration on particle size
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Fig. 2 Effect of volume of aqueous phase on particle size

size of nanoparticles. It was evaluated in terms of time
used to inject the whole organic phase. The injection times
of 2.30, 3, 3.30, 4, 4.30 min were chosen and 1 ml of
the organic phase was injected into aqueous phase at the
prescribed time. It is evident from the Fig. 3 that the slow
injection rate (higher time) gives smaller nanoparticles
as compared to fast injection rate (less time). Small sized
particles were formed as the injection was completed in
4.30 min for injecting 1 ml while a large size particle was
fabricated with consuming less time. Injection speed of
1 ml in 4.30 min was selected as an optimum injection
time in formulating nanoparticles present in formulation
F2.

Stirring rate is the also one of the important parameters
to form a homogenous mixture and to provide sufficient
amount of energy to a system during formation of nano-
particles (Yang et al. 2001). The samples were prepared
at different rpm. Five speeds were selected 600, 650, 700,
750, and 800 rpm. As shown in Fig. 3, stirring speed has
no prominent effect on the size up to certain limits, but at
800 rpm, the particle size is increased. The speed of 650 rpm
was selected as an optimum stirring speed.

Morphology and size of nanoparticles

The particle size of blank and curcumin-loaded nanoparti-
cles (formulation F2) determined by DLS was found to be
well in nano range (Maeda et al. 2009) with 92 and 98 nm
respectively as shown in Fig. 4. The increase in the size
of curcumin nanoparticles can be attributed to the entrap-
ment or loading of drug in the polymeric nanoparticles as
compared to blank. SEM analysis was done to elucidate the
morphological characteristics of nanoparticles (Patel et al.
2009a; b). It is clear from Figs. 4 and 5 that the particles
are in the range of 86—-110 and 93—-153 nm for blank and
curcumin-loaded formulations, respectively. The particles
are also in spherical shape with uniform distribution.
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Polydispersity index and zeta potential

PDI was performed in triplicate of F2 formulation and results
are presented in mean and +SD i-e, 0.180333 +0.0015.
The values indicated that particles are homogenous and
uniform in size. Zeta potential of formulation was found
to be +18.23 mV. The charge on nanoparticles is positive
owing to cationic nature of EuE 100 (Agarwal et al. 2001).

FTIR analysis
The FTIR spectrum of pure curcumin showed a character-

istic peak at 3451.76 cm™! corresponding to phenolic OH
groups stretching vibration, 2925.18 cm™! for C—H stretching

Diameter Cnmd

vibration and for carbonyl group (C=0) and an aldehyde
group (C—OH) stretching vibration at 1745.63 cm™! and
1160.61 cm™!, respectively, in Fig. 6. The FTIR spectrum
of curcumin-loaded EuE100 nanoparticles almost main-
tained their C=0, COH and CH peak at 1746.01 cm™!,
1162.60 cm™! and 2929.16 cm™! respectively. There exists
a characteristic shift in the peak of phenolic OH group from
3451.76 to 3403.04 (Cristina et al. 2015).

Drug loading and encapsulation efficiency
Drug loading and encapsulation efficiency are calculated by

indirect methods for the calculation of drug content in the
polymer. Encapsulation efficiency refers to the percentage
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of drug entrapped with respect to total amount of drug
added during the preparation of nanoparticles. These are
the major factors affecting the drug release and absorption
(Mora-Huertas et al. 2011). Formulation F2 has optimized
having loading capacity and encapsulation efficiency of
curcumin-loaded nanoparticles was found to be 68 +5.58%
and 81.3 +0.08%, respectively.

In vitro drug release profile

In vitro drug release of curcumin nanoparticles (F2) was
performed at acidic and neutral pH 7.4 to assess the impact
of pH on the release of curcumin from EuE100 loaded
nanoparticles. Tween 80 (0.1%) was added to each solu-
tion to prevent the settling of particles at the bottom. The
drug is also released in a sustained manner at neutral pH.
The release profile depicted in Fig. 7 shows more prominent
release at acidic pH as compared to neutral pH value. The
release studies were monitored for 48 h.

Curcumin nanoparticles at pH 4.5 have high drug release
that is 70% within the first half hour as compared to release
at pH 7.4 which is only 18%. It is seen from the data, more
than 87% curcumin is released within 24 h when nanoparti-
cles were exposed to 4.5 pH, allowing a better release in an
acidic condition of cancer. Release follows the trend of time
dependent pattern. However, at the same time interval, only
55% drug is released at neutral pH. The enhanced release
is due to the ionization of amino group of EuE100 poly-
mer which quickly solubilized in lower pH and exhibited a
fast release (Mangalathillam et al. 2012). Release profile of
HPMC gel was also shown in the Fig. 7B that demonstrated
almost 35% drug released from gel at 7.4 pH and 60% at pH
4.5 in first 12 h, also follows the same pattern as displayed
in nanoparticles release. Statistical analysis by applying T
test on release data of curcumin nanoparticles at both the pH
values revealed p value of 0.00077 which is <0.05. It means
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that there is a significant difference between the drug release
patterns of curcumin at two pH values.

Determination of best-fit kinetic release model

To determine the release mechanism of curcumin from
nanoparticles, the release data of curcumin were fitted into
different mathematical release kinetic models (zero order,
first order, Higuchi, Korsmeyer—Peppas and Hixson—Crow-
ell) to illustrate the kinetics of drug release. Drug release
at neutral pH was best fitted into Higuchi kinetics with a
maximum correlation (R?) value of 0.947 which shows that
the nanoparticles follow diffusion mechanism. Hence, it can
be concluded that the release mechanism of curcumin from
nanoparticles is diffusion.

Determination of best-fit kinetic release model

To determine the release mechanism of curcumin from
nanoparticles, the release data of curcumin were fitted into
different mathematical release kinetic models (zero order,
first order, Higuchi, Korsmeyer—Peppas and Hixson—Crow-
ell) to illustrate the kinetics of drug release. Drug release
at neutral pH was best fitted into Higuchi kinetics with a
maximum correlation (R?) value of 0.947 which shows that
the nanoparticles follow diffusion mechanism. Hence, it can
be concluded that the release mechanism of curcumin from
nanoparticles is diffusion.

Determination of pH and physical appearance of gel

The pH value of curcumin nanoparticles-loaded gel found
to be 7.01 +0.0057 which is suitable for application to skin.
The physical appearance and color of blank and curcumin-
loaded formulation of nanoparticles were inspected visu-
ally. It was found that the blank formulation is opalescent
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Fig.7 Drug release profile at pH 4.5 and 7.4 in which A represent release from nanoparticles and B from HPMC gel

iglue Lol auo .
KACST ,161)lg rogLe Ll @ Springer



3430

Applied Nanoscience (2022) 12:3421-3436

in nature, whereas the curcumin nano-formulation was dark
red in color, while that of gel is orange. For application on
the skin, curcumin nanoparticles were loaded into HPMC
gel to enhance the viscosity of nanoparticles. Viscosity
studies were carried out at room temperature by Brookfield
viscometer and results are showing shear thinning effect of
gel. Spreadability of curcumin nanoparticles-loaded gel was
80 times less than the plain gel of curcumin due to compact
packing of nanoparticles.

The curcumin nanoparticles were loaded into HPMC gel
in 1:1 ratio. HPMC has been reported as a thickening agent
previously.

Drug content of gel

Drug content of optimized formulation of curcumin nan-
oparticles-based gel was found approximately to be 90%
(4.5 mg/5 mg in HPMC gel). Hence, it can be concluded that
the HPMC gel has a high ability to entrap the loaded drug.

Stability study of nanoformulation

The stability study of nanoformulation F2 was performed at
5+2°Cand 25+2 °C for 3 months to investigate the effect
of temperature on the particle size, encapsulation efficiency
and physical stability. The results presented in Table 2
showed that at temperature of 5+ 2 °C, the size of particles
was 115 nm. The size of particles is also increased at room
temperature from 98 to 120 nm. Encapsulation efficiency
is also decreased at both temperature, but formulation was
stable physically.

It is evident from the results that temperature has pro-
nounced effect on particle size and encapsulation efficiency.
Particle size is increased and encapsulation efficiency is
reduced after 3 months. It might be due to aggregation of
particles or degradation of polymers as reported in earlier
studies (Alves et al. 2017).

Ex vivo skin permeation study

Permeability studies for the topical treatment of skin cancer
reported in the literature previously are mostly performed at
pH 4.5 (Rachmawati et al. 2015) and 6.5 (Zafar et al. 2019)
where DMSO is as control solution of curcumin. But in the

present permeability study, potassium dihydrogen phosphate
buffer of pH 7.4 was considered as a control just to assess
the permeation at normal condition of body.

Permeability study was performed at two pH conditions,
i.e., 7.4 and 4.5. The samples were collected at different time
intervals and the experiment was carried out for 24 h. The
results are presented in ug/cm?>. It is clear from Fig. 8 that
curcumin nanoparticles did not cross the skin during the
first 2 h. After 3 h, the drug started to release, showed high
penetration at pH 4.5 that is 16 ug/cm? and 7.729 pg/cm? at
7.4 pH. At 24th h, the drug exhibited 145.707 and 45.53 pg/
cm? permeation at 4.5 and 7.4 pH values, respectively. The
penetration of curcumin at acidic pH (4.5) is 3.2-fold higher
that the penetration at neutral pH value.

The possible reason is the cationic charge and the hydro-
phobic nature of the polymer, the two important factors
responsible for increasing the skin permeation (Govender
et al. 2000). The cationic polymer interacts with negatively
charged skin lipid and enhances the penetration. Hence, it
can be suggested from the study that curcumin, nanopar-
ticles-based gel could be a possible option for the topical
application of skin cancer (Mora-Huertas et al. 2011). Sta-
tistical analysis using 7 test on permeability data revealed
p value of 0.002898 which is less than p value of 0.05. It
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Fig.8 Curcumin nanoparticles penetration at pH 4.5 and 7.4

Table 2 Stability study of
curcumin nanoformulation

S.no Physicochemical characteristics

Initial data  Initial data  Storage after Storage after

at5+2°C at25+2°C 3 months at 3 months at
5+2°C 25+2°C
Particle size (nm) 98+0.02 98 +0.40 115+0.42 120+0.32
Percent encapsulation efficiency 81+0.52 81+0.31 76+0.82 75+0.21
3 Colloidal stability Stable Stable Stable Stable
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shows significant difference between the permeability pat-
terns of drug at both pH values.

Stability of curcumin nanoparticles-loaded HPMC
gel

The data of stability study of prepared gel show that the
curcumin nanoparticles-loaded HPMC gel did not undergo
phase separation when subjected to mechanical stress at
3000 rpm for 30 min (Table 2). Formulation remains light
orange color. The pH had undergone minor changes at the
end of each thermal cycle of 24 h at 40 and 5 °C.

In vivo therapeutic efficacy of curcumin-loaded
nanoparticles

In vivo therapeutic efficacy of curcumin-loaded nanopar-
ticles is realized against chemically induced skin papil-
loma in Balb/c mice. Post application, tumor growth is
presented in Fig. 9A. Results indicated the tumor growth
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Fig.9 A Tumor regression in papilloma and B survival rate

suppression on topical application of curcumin nanoparti-
cles. The untreated and blank nanoparticles-treated tumors
continue to grow for the next 2 weeks and the tumor vol-
ume then remained static. Whereas application of cur-
cumin-loaded nanoparticles led to the rapid regression
in the tumor volume owing to the effectiveness of direct
drug application and efficient skin permeation. Application
of blank nanoparticles or curcumin-loaded nanoparticles
on non-tumor bearing skin did not show any irritation or
allergic response.

All mice survived for about 2 weeks of the papilloma
appearance. At 2 weeks and onwards, the papilloma mice
without any treatment showed an average 20% death rate
each week (Fig. 9B). The overall survival rate was sim-
ilar in the mice treated with blank nanoparticles. Mice
with curcumin-loaded nanoparticles however survived till
sixth week of the post-application. However, these changes
were not significantly different than the pH of gel initially
made. The overall picture for development of skin cancer
is shown in Fig. 10.
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Fig. 10 Development of chemically induced skin papilloma in Balb/c mice
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Discussion

The research is centered on the creation, formulation, and
assessment of curcumin nanoparticles. The nanoparticles-
based topical medication delivery system is a potential
strategy for the effective treatment of skin cancer because
it combines the benefits of a nano-sized carrier system
with topical administration. The study's premise claimed
that curcumin nanoparticles at the acidic pH of malignant
cells would increase release and enable targeted delivery
at the designated location. A positively charged polymer
such as EuE100 was used for this purpose. EuE100 was
chosen as a polymer because of its acidic-dissolving char-
acteristics, i.e., it is soluble at pH 5 and swellable above
pH 5. When it reaches the acidic pH of the skin cancer, it
dissolves quickly and provides targeted medication release
at that location. PVA, which was employed as a surfactant,
was used to keep the nanoparticles stable.

Because of its presence at the interface between the
organic and aqueous phases, surfactant incorporation in
the formulation decreases interfacial tension, thereby
stabilizing the formulation and reducing particle size.
(Krishnakumar et al. 2011). Furthermore, the polymer-
and-stabilizer combination provides a twofold impact to
the composition. This combination not only synthesizes
and stabilizes nanoparticles, but it also has the inherent
ability to improve medication penetration through the skin
(Xu and Sunada 1995).

Curcumin is a chemotherapeutic agent due to its anti-
inflammatory and anti-oxidant properties. It suppresses
the proliferation, invasion, angiogenesis, and metastasis
of many malignancies by interacting with numerous cell
signaling proteins (Govender et al. 2000). It was chosen
because of its poor solubility and permeability, classifica-
tion as a BCS class IV medication (Simonetti et al. 2009)
and high instability when exposed to high temperatures,
light, and oxidative conditions (Maeda et al. 2009). It has
a fast first-pass impact and is quickly eliminated after oral
administration, resulting in poor absorption and low bio-
availability. Topical drug delivery is an alternate drug
delivery method, chemical penetration enhancers solve
permeability problems, and nanostructures such as poly-
meric nano-emulsions result in the production of curcumin
nanoparticles with high permeability (Lee et al. 2006).
The polymer coating on the surface of curcumin assists
in its resistance to environmental conditions. Topical cur-
cumin administration might also improve patient compli-
ance and acceptance of treatment.

Furthermore, curcumin nanoparticles were produced
mechanically using a hotplate at a low speed (650) and
a polymer mixture of EuE100-PVA. This is also a sim-
ple approach with fewer stages that is used to create
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nanoparticles. The measurement of particle size is a cru-
cial stage in characterization because it determines par-
ticle solubility and permeability through the cell mem-
brane. The increased size of curcumin nanoparticles can
be ascribed to drug entrapment or loading in polymeric
nanoparticles as opposed to plain blank. The morphol-
ogy of nanoparticles is an essential feature for predicting
particle transport across the cell membrane. The results
show a spherical shape with a homogeneous distribution.
The particle density index (PDI) is an essential metric
for determining particle homogeneity and uniformity. It is
a dimensionless measure of particle size range. The wide
dispersion of nanoparticles makes it challenging for them
to overcome the biological barrier and generate a pharma-
cological impact (Mangalathillam et al. 2012). The results
showed that the particles are homogeneous and uniform in
size. Because EuE 100 is cationic, the charge on nanopar-
ticles is positive. The FTIR analysis was used to study the
intermolecular interaction of polymers (EuE100-PVA) with
the medication to assess their compatibility. The FTIR data
suggest that the phenolic OH group of curcumin may be
involved in hydrogen bonding with the polymer complex.
The presence of intermolecular hydrogen bonding most
likely leads to the improved water solubility of curcumin
nanoparticles. As a result, the EuE100-PVA complex serves
as a viable polymer combination for encapsulating curcumin
and forming stable nanoparticles throughout the manufac-
turing of nano-precipitation process (Ibraheem et al. 2015).
For optimization purposes, the impact of various process
parameters on physical stability and particle size was evalu-
ated. The role of the stabilizer in the stability of formulations
is critical (Yallapu et al. 2015). The nature of the stabilizer
and the concentration of the stabilizer are the most important
elements in determining the stability of a formulation. PVA
is a polymer with a high molecular weight that is widely
employed as a stabilizer in the preparation of oil-in-water
nano-emulsion. Micro-particles are formed when the con-
centration of PVA is increased (Yallapu et al. 2015). This
might be because the aqueous phase's viscosity rose above a
specific limit, causing particles to become bigger and precip-
itate, resulting in physical instability (Syng-ai et al. 2004).
Particle size is also affected by phase volume. Because
it is difficult for the organic phase to evaporate from the
formulation when there is a large volume of aqueous phase,
particle size rises. This causes particle coalescence and
increases particle size. The rate at which the organic phase
is integrated into the aqueous phase is a crucial parameter
for defining the size of nanoparticles, and it was assessed
in terms of the time required to incorporate the organic
phase into the aqueous phase. Slow injection (longer time)
was used to create small particles, whereas quick injection
(shorter time) was used to create larger particles. This may
be seen as the organic phase's contact time with the aqueous
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phase increasing as it is slowly injected, resulting in tiny
particles (Tzeng et al. 2011).

Stirring rate is another essential element in forming a
homogeneous mixture and providing enough energy to a
system during nanoparticle production. Large particles are
broken down into little particles due to the rapid churning
speed. In the current study, the converse is true, with low
rpm producing tiny particles compared to high rpm. It might
be because the contact period of the organic phase with the
aqueous phase is shorter at high speeds, resulting in the pro-
duction of big particles. An optimal stirring speed of 650
rpm was chosen. The loading capacity and encapsulation
efficiency of curcumin-loaded nanoparticles were reported to
be 68.558 and 81.30.08%, respectively (Tzeng et al. 2011).

The release of drugs is greater in an acidic environment
than in a neutral one, which is significant for two reasons.
For starters, curcumin degrades rapidly at and above neutral
pH, preventing it from having any effect on normal cells.
Second, due to the acidic environment of the tumor, site-
specific medication release provides greater drug release at
the desired location. The pH-dependent release of curcumin
nanoparticles would be a significant advantage in the clinical
application of curcumin nanoparticles for malignant tissues
(Oungbho and Miiller 1997; Tzeng et al. 2011). Statistical
examination suggests that greater of curcumin nanoparti-
cles at both pH levels indicated a p value of 0.00077, which
equals 0.05. It indicates that there is a substantial variation
in curcumin controlled release patterns at two pH levels.

Curcumin releasing data were fitted into several quantita-
tive release kinetic models (zero order, first order, Higuchi,
Korsmeyer—Peppas, and Hixson—Crowell) to show the kinet-
ics of release of drug to determine the mechanism of cur-
cumin release from nanoparticles. The results demonstrate
that the (Lamprecht et al. 1999) range may be easily matched
to skin, whereas the orange hue of the gel is attributable
to curcumin. The drug content of the improved formula-
tion of curcumin nanoparticles-based gel demonstrated that
the HPMC gel has a strong capacity to entrap the loaded
medication. At different temperatures, the particle size and
encapsulation effectiveness of the formulation were evalu-
ated. After 3 months, particle size rose, but encapsulation
efficiency decreased. As previously documented in research,
it might be related to particle aggregation or polymer break-
down (Lamprecht et al. 1999).

Curcumin penetration is 3.2 times greater at acidic pH
values than at neutral pH values. The cationic charge and
the hydrophobic property of the polymer, both of which are
key variables in enhancing skin penetration (Oungbho and
Miiller 1997). The cationic polymer interacts with negatively
charged skin lipids to improve penetration. As a result of the
study, it can be concluded that curcumin nanoparticles-based
gel might be a viable alternative for the topical treatment
of skin cancer. The findings from the stability analysis of

produced gel show that the pH had experienced small varia-
tions that were not substantially different from the pH of the
gel when it was first created (Yadav and Sawant 2010). Cur-
cumin is a pharmacologically active phytopolyphenol with
anti-inflammatory, antioxidant, and anti-metastatic proper-
ties (Yallapu et al. 2015). Figure 9A shows antineoplastic
capabilities by reducing tumor development and destructing
tumor through different methods, such as blocking signal-
ing pathways, growth factors, transcription factors, and pro-
inflammatory cytokines, that are crucial for tumor growth
and proliferation (Esfandiarpour-Boroujeni et al. 2017).

Curcumin has already been used as an anti-cancer drug in
several pilot trials with human participants, demonstrating
that it is well tolerated and safe to use even at large dosages.
It has been shown to be effective against prostate cancer,
breast cancer, high-grade squamous intraepithelial neopla-
sia, leukoplakia, stomach cancer, and colon cancer. Despite
the numerous therapeutic advantages of curcumin, its use is
hampered by low solubility, bioavailability, physicochemi-
cal instability, and fast degradation in biological systems
(Yavarpour-Bali et al. 2019) Nano-mediated curcumin
delivery is developing as a unique and successful approach
that increases the aqueous solubility and permeability. This
allows for its targeted administration at a specific dosage
to the site of action (Esfandiarpour-Boroujeni et al. 2017;
Yavarpour-Bali et al. 2019).

Curcumin-loaded nanoparticles were used in this work to
combat chemically induced cutaneous papilloma in Balb/c
mice. These nanoparticles were topically administered to
the location of a skin tumor, which provides a significant
benefit since it combines the benefits of both a nano-sized
carrier system and a topical method of administration. The
mice were split into three groups: untreated, negative control
and treated, with 10 1 of blank and curcumin-loaded nano-
particles administered twice daily for 6 weeks. The first two
groups of mice, who received no therapy and were treated
with blank nanoparticles, had tumor development for two
and a half weeks, after which the tumor volume remained
unchanged. Curcumin-loaded nanoparticles, on the other
hand, exhibited substantial decrease in tumor development
after 6 weeks due to efficient transport and increased perme-
ability to the tumor site (Ombredane et al. 2021).

All mice lived for around 2 weeks after the tumor
appeared. After 2 weeks, the untreated mice died at a rate
of 20% per week. Similarly, animals treated with blank nano-
particles had a comparable survival rate, and by the end of
6 weeks, all mice in these two groups had died. In compari-
son, mice treated with curcumin-loaded nanoparticles had a
100% survival rate until the fifth week, and the majority of
the mice in this group lived even beyond the sixth week, as
seen in the graph.

This study demonstrates the efficacy of curcumin nano-
formulation for treating Cutaneous Pappillomas due to its
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targeted administration and improved bioavailability to the
site of action (Ghosh et al. 2021). Furthermore, this study
underlines the prospective function of curcumin in the
treatment of different human diseases, as well as the future
potential of curcumin nano-formulation in the field of medi-
cine and health care.

Conclusion

The study's assumption was that curcumin nanoparticles at
the acidic pH of malignant cells would enhance release and
allow for targeted administration. Curcumin is a chemothera-
peutic drug owing to its anti-inflammatory and anti-oxidant
effects. It inhibits the proliferation, invasion, angiogenesis,
and metastasis of several cancers. Curcumin nanoparticles
were created mechanically using a hotplate at a low speed
(650) and a polymer combination of EuE100-PVA. PVA
is a polymer with a high molecular weight that is widely
employed as a stabilizer in the preparation of oil-in-water
nano-emulsion. The pace at which the organic phase is inte-
grated into the aqueous phase is an important element in
determining the size of nanoparticles. Slow injection (longer
time) was used to generate microscopic particles, whereas
rapid injection (shorter time) was used to create bigger par-
ticles. The optimum stirring speed was determined to be 650
rpm. Curcumin is a pharmacologically active phytopolyphe-
nol having anti-inflammatory, antioxidant, and anti-meta-
static effects. It has been proven to be useful against prostate
cancer, breast cancer, high-grade squamous intraepithelial
neoplasia, leukoplakia, and other types of cancer. The cati-
onic polymer interacts with negatively charged skin lipids
to enhance penetration. Curcumin has numerous medicinal
characteristics; however, its use is hindered by poor solubil-
ity, bioavailability, physicochemical instability, and rapid
degradation in biological systems. Nano-mediated curcumin
delivery is emerging as a novel and effective method for
delivering curcumin to the site of action. These nanoparti-
cles were applied topically to a skin malignancy.
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