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ABSTRACT

Objective: The objective of this study was to develop a topical delivery formulation of curcumin nanoemulgel, evaluating its antibacterial activity
against both Gram-positive and Gram-negative bacteria.

Methods: Curcumin-containing nanoemulsion was developed by spontaneous emulsification technique. Using a central composite design, the
formulation was selected and further evaluated for size analysis, zeta potential, and Scanning Electron Microscopy (SEM). Furthermore, the
optimized curcumin nanoemulgel was evaluated for its antibacterial activity.

Results: The in vitro antibacterial assay of curcumin nanoemulgel (CUR-CLO NEG 1) exhibits better antibacterial activity against Gram-positive
Staphylococcus aureus (S. aureus.) than Gram-negative bacteria Escherichia coli (E. coli.). Inhibition zones of 27.34+0.15 mm (S. aureus.) and
25.32+0.54 mm (E. coli.) were observed by optimized nanoemulgel. Minimum Inhibitory Concentration (MIC) values against S. aureus. and E. coli.
was 120 and 125 pg/ml, respectively. The agar diffusion method revealed significant inhibition zones for g-positive bacteria (S. aureus), whereas the
broth dilution method confirmed its effective growth inhibition at lower concentrations in S. aureus. The results in this research work highlight the
remarkable breakthrough of curcumin nanoemulgel as a highly effective antibacterial drug delivery system.

Conclusion: The curcumin nanoemulgel retained its better antibacterial properties over drug free loaded nanoemulgel and curcumin plain gel.
From the research work, it can be concluded that both the agar diffusion method and broth dilution method confirm the curcumin nanoemulgel's
antibacterial activity against g-positive bacteria (S. aureus).
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INTRODUCTION Nanotechnology-based formulations, such as niosomes/proniosomes,
solid lipid nanoparticles, drug nanocrystals, liposomes, and
nanostructured lipid carriers, have improved hydrophobic compound
bioavailability [6], with United States Food and Drug Administration

(USFDA) approvals indicating their effectiveness.

Bacterial Antimicrobial Resistance (AMR) is a major public health
problem in the 21st century, resulting from changes in bacteria that
make antibiotics less effective. The UK Government commissioned
the Review on Antimicrobial Resistance, which estimated that AMR

might kill 10 million people annually by 2050 [1-3]. Kariuki's 2024
study reveals the global burden of Antimicrobial Resistance (AMR) is
projected to increase from 1990 to 2021 and continue until 2050,
emphasizing the need for coordinated efforts [4]. The study predicts
a rise in AMR to 1.91 million attributable and 8.22 million related
fatalities by 2050, necessitating novel drug delivery techniques to
combat AMR [5].
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Curcumin, a naturally occurring polyphenolic compound with anti-
inflammatory, cancer, and antioxidant properties, requires a unique
formulation for effective distribution due to its low bioavailability
[7-10]. Curcumin inhibits the action of many bacteria, including
Salmonella paratyphi, Escherichia coli, Bacillus subtilis, Paenibacillus
macerans, Bacillus licheniformis, Staphylococcus aureus, and
Azotobacter [13].

Curcumin nanoemulgel (CUR-CLO NEG 1)
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Fig. 1: Mechanism of action of curcumin nanoemulgel on g-positive and g-negative bacteria
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Nanoemulsions, tiny droplets of immiscible liquids, are stable for
topical applications but have low viscosity and poor skin retention.
Integrating nanoemulgels into gelling systems improves therapeutic
use, outperforming traditional lipophilic drug formulations.

Nanoemulgel was chosen as a curcumin delivery platform because it
can overcome crucial curcumin limitations such as poor solubility,
bioavailability, and stability. Curcumin is hydrophobic, which
complicates systemic absorption and therapeutic efficacy.
Nanoemulgels, which combine the solubilizing qualities of
nanoemulsions with the long-term release and retention abilities of
a gel matrix, efficiently address these difficulties. The nanoemulsion
component disperses curcumin into nano-sized droplets, increasing
its solubility and allowing for greater penetration through biological
membranes. Meanwhile, the gel basis promotes long-term retention
at the application site, resulting in a regulated release that reduces
dose frequency and increases patient compliance [11]. Furthermore,
nanoemulgels protect curcumin against environmental and
enzymatic breakdown, which 1is prevalent in physiological
conditions. Nanoemulgels are easier and less expensive to prepare
than other nanotechnology platforms, such as liposomes, solid lipid
nanoparticles, or dendrimers, making them ideal for large-scale
production. Furthermore, their topical and transdermal treatments
have the benefit of localized administration with limited systemic
exposure, minimizing the risk of side effects. The gel component also
improves patient comfort by being easy to apply and providing
soothing properties, which is especially useful for dermatological or
mucosal treatments [12].

While liposomes and polymeric nanoparticles improve curcumin's
solubility and stability, they frequently require more complex
manufacturing processes and lack the versatility of nanoemulgels,
which can incorporate both hydrophilic and lipophilic drugs. Overall,
nanoemulgels represent a superior choice for curcumin delivery,
effectively addressing formulation challenges while offering
scalability and patient-friendly administration.

MATERIALS AND METHODS
Materials

Curcumin was obtained from Oxford Lab Fine Chem LLP, Palghar-
410210, Maharashtra, India. Yarrow Chem products (Mumbai,
Maharashtra 400086) provided the clove oil, Cremophor RH ®40,
and additional excipients. The Milli-Q water was purified using a
Milli-Q water purification system (ELGA, made in the UK). Sigma Life
Science, Sigma Aldrich (Belgium) was the supplier of PEG 400.
Methanol (HPLC grade; 99.9% purity) was supplied by Sigma-
Aldrich, located in Steinheim, Germany.

Animals

Male Wistar rats were procured from Vyas Labs, Hyderabad. The
approval for the animals was given by the Institutional Animal
Ethics Committee (IAEC) with proposal no: IAEC/GU-1287/]DS-
F/5/December 2023. Before the study, the animals were isolated
and subjected to light and dark cycles before use.

Methods

Screening of the chemicals suitable for the preparation of
nanoemulsion

a. Investigation of the solubility of oils, cosurfactants, and
surfactants

Based on curcumin's solubility, excipients such oil, surfactant, and co-
surfactant were chosen to form a stable nanoemulsion. Oleic acid,
peppermint, eucalyptus, lemongrass, castor, anise, clove, coconut,
arachis, cinnamon, and neem oil were among the oils used. Only a
small number of oils were selected due to their biodegradability and
ease of accessibility. Tween-20, Cremophor ® RH 40, Tween-80,
Polyethylene glycol 200 (PEG 200), Polyethylene glycol 400 (PEG 400),
Span 80, and propylene glycol were the surfactants that were selected.

The solubility of curcumin in different nanoemulsion components
was evaluated by vortexing an excess of curcumin with the selected
solvent (2 ml) in 5 ml stoppered glass vials [14]. In a bath shaker, the
glass vials were constantly shaken for 48 h at 25+2 °C. After that, the
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samples were centrifuged for 15 min at 3000 rpm. A membrane
filter was used to filter the supernatant. To calculate the amount of
curcumin soluble, the supernatant was measured at 423 nm using a
UV-visible spectrophotometer.

Selection of curcumin nanoemulsion formulation

When selecting different formulations from the phase diagrams to
introduce curcumin into the oil phase, the nanoemulsion zone of
each generated phase diagram was taken into account. For
convenience, a 1 ml nanoemulsion formulation was selected, along
with a dosage of 5 mg of curcumin. The oil concentration should be
solubilized so that the drug is completely dissolved. Different oil
concentrations were chosen at 5% intervals based on each phase
diagram. The effect of curcumin was analyzed based on the phase
diagram's nanoemulsion area. The phase diagram was used to
determine the lowest concentration of Smix for the preparation of
the nanoemulsion for each % of oil chosen. The ternary phase
diagram was constructed using Chemix school software, and the
desired ratio was selected based on fig. 2B.

Optimizing the curcumin nanoemulsion

This study optimized curcumin formulations using the surface
response approach and Design Expert® version 13.0.5.0 64-bit.
Central Composite Design (CCD) and Box-Behnken Design (BBD) are
used in pharmaceutical research to optimize nano formulations.
Compared to BBD, which can only define low, middle, and high
values of independent variables, CCD is more effective at predicting
responses [14]. As indicated in table 1A, CCD was selected for this
investigation in order to optimize the nanoemulsion [14, 15]. Oil,
Smix, and water were the independent factors, and the dependent
variables were globule size (nm), zeta potential (mV), and drug
content (%). The software suggested the best formulations out of the
20 runs that were produced.

Formulation of curcumin-loaded nanoemulsion by spontaneous
emulsification method

Curcumin nanoemulsion (CUR-CLO NE) was prepared by the
spontaneous emulsification method. After precisely weighing the drug,
it was dissolved in the oil phase and sonicated until it was completely
soluble. To prepare the aqueous phase, the cosurfactant and surfactant
were mixed together, then water was added dropwise until a
uniformly transparent solution was achieved. The aqueous and above
oil phases were combined to formulate a nanoemulsion.

Nanoemulsion evaluation studies
Examination of droplet size

As indicated in table 24, photon correlation spectroscopy was used to
determine the nanoemulsion droplet size. The mixture (0.1 milliliters)
was spread out in a volumetric flask with 50 milliliters of water, and
the flask was tilted slightly to stir the mixture. A Zeta sizer 1000 HS
(Malvern Instruments, Worcestershire, UK) was used to take the
measurement. At 25 °C, light scattering was seen at a 90° angle.

Zeta potential determination

Surface charges of particles are measured using zeta potential. The
Horiba Scientific nanoparticle analyzer (nanoPartica SZ-100V2 Series)
was utilized to detect the zeta potential using electrophoretic mobility.
The experiment was carried out using a continuous electrical field of 1
volt and a dynamic light scattering particle size analyzer set to 633 nm.
The nanoemulsion was diluted 1:100 with pre-filtered, double-
distilled water. Three consecutive measurements of each sample's
potential were made using the same cuvette just after the DS
measurements [16]. Then, in compliance with Ahmad et al. [17-20],
the mean value and standard were determined.

Scanning electron microscopy (SEM) for microscopic analysis of
curcumin nanoemulsion

Prior to examination, a sputter coater vacuum-coated the sample
with gold, and a Scanning Electron Microscope (SEM) (S-4800,
Hitachi, Tokyo, Japan) was used to examine its morphology. 1 ml of
the optimized curcumin nanoemulsion (CUR-NE 1) was diluted, put
on a piece of tin foil, and allowed to dry at room temperature [20].
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Evaluation of viscosity of curcumin nanoemulsion

The Brookfield Engineering DV III ultra V6.0 RV cone and plate
rheometer was used. The viscosity of the formulations without
dilution (0.5 g) was assessed using spindle no. 60 at 25+0.5 °C
(Laboratories, Inc., Middleboro, MA), as indicated in table 2A.
Rheocalc V2.6 was used to calculate the viscosity.

Measurement of drug content

A UV-visible spectrophotometer ((SHIMADZU-1880) was used to
measure the drug content. The formulation was diluted using
ethanol as a solvent in the ratio 1:10, and the absorbance at a
wavelength of 423 nm was measured. The following was found to be
the drug content:

Observed drug content

Drug content = X 100 .......... (1) [21]

Theoretical drug content
Formulation of curcumin nanoemulgel
Preparation of carbopol 934 hydrogel
Preparing the carbopol base

In order to make carbopol gel, 1 g of carbopol was dissolved in 100
ml of distilled water. The gel solution was then left overnight before
being added to nanoemulsion formulations.

Preparing curcumin-loaded nanoemulgel

The nanoemulsion was continuously stirred for 15 min as the
carbopol gelling solution was well mixed in a 1:1 ratio. As a result, a
consistent semisolid nanoemulgel formulation was prepared.
Triethanolamine was lastly added to the nanoemulgel formulation to
lower its pH down to 4.5-5.5, which is the same as human skin, in
order to avoid any toxicity [22].

Evaluation of the pH of curcumin nanoemulgel

To determine the pH of nanoemulgel at room temperature, or about
25 °C, a calibrated digital pH meter (pH meter, Toshcon Industries
Pvt. Ltd., Hardwar, India) was implemented. To record the values,
the electrode of the device was immersed directly in the glass beaker
containing the formulation of the test sample [23].

Determination of viscosity

The viscosity of the formulations was measured at 25+0.5 °C using a
Brookfield DV III ultra V6.0 RV cone and plate rheometer (Brookfield
Engineering Laboratories, Inc., Middleboro, MA) fitted with spindle
no 62 [24].

Spreadability

Nanoemulgel's spreadability was assessed using a drag and slip
method. There are two glass slides in the setup. The lower slide was
secured in the bottom, and the upper slide was suspended with the
aid of a thread that had been weighted. Two gs of the formulation
were placed on the lower slide, which was positioned between the
two slides. The spreadability of the formulation was computed using
equation 2, and the time it took for two slides to separate from one
another was noted.

Spreadability = (Mass X Length) / Time .......... (2)
Extrudability

Conventional collapsible aluminium tubes with caps were filled with
the gel compositions, and crimps were used to seal the ends. The
tubes were placed between two glass slides and clamped. After
placing 500 g of weight over the slides, the cap was removed. We
collected and weighed a certain amount of the extruded gel.

Uniformity of curcumin nanoemulgel drug content

To guarantee homogeneity, 0.5 g of gel was extracted from three
separate gel sections in order to assess the curcumin content of the
produced nanoemulgel. Methanol (10 ml) was used to extract each
component of the chosen nanoemulgel, and it was centrifuged for 15
min at 3000 rpm. The curcumin content was determined by UV-
visible spectrophotometric analysis, which measured the A max at
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423 nm after filtering the sample supernatant. The percentage of
curcumin in the sample was analyzed three times [25].

Investigation of curcumin nanoemulgel’s stability

In order to investigate the stability of the prepared formulation, studies
on the impact of temperature were carried out by keeping it at different
temperatures. In the case of freeze/thaw cycles, the produced
nanoemulgel was centrifuged for 30 min at 3500 rpm for
thermodynamic analysis. As per ICH (International Council for
Harmonisation of Technical Requirements for Pharmaceuticals for
Human Use) guidelines Q1(R2), each composition was stored for three
months at 4 °C in the freezer, 25 °C at room temperature, and 40 °C at
high temperature in tightly sealed containers. Sampling was done at
intervals of 0, 7, 21, 30, 60, and 90 d. The compounds were analyzed for
pH, drug concentration, and physiological changes (e. g, colour changes,
transparency, phase separation, and drug precipitation) [26].

Ex vivo investigations on drug penetration

The study examined curcumin's ex vivo penetration using a
developed formulation. The skin of a male Wistar rat was removed,
washed, and kept in a pH 7.4 phosphate buffer. The skin was
positioned in between the donor and receptor compartments. 100
ml of phosphate buffer pH 7.4 was mixed with 5% ethanol in a 1:2
ratio to fill the receptor medium [27]. The donor compartment was
then filled with 0.2 g of the nanoemulgel formulation, which was
stirred at 300 rpm. Samples were gathered at various times and
subjected to spectrophotometric analysis at 423 nm using a
Shimadzu device. Calculations were made for parameters such as
enhancement ratio, permeability coefficient (Kp), and flux (Jss).

Flux (JSS) = (Cumulative amount of drug permeated) /
(Areax Time) ......... 3

Permeation coefficient (Kp) =

(Flux) / (Initial concentration of drug in the donor compartment)

e (8)

In vitro antimicrobial activity of curcumin nanoemulgel

The antibacterial activity of CUR-CLO NEG 1, DFL-CLO NEG, and CG
was evaluated against Gram-positive and Gram-negative bacteria,
such as E. coli. (ATCC 25922) and S. aureus. (ATCC 25923) (Saint
Cloud, Minnesota, USA: MicroBiologics). With modifications,
Hettiarachchi's study served as the model for the agar well diffusion
method [28]. Mueller-Hinton (MH) agar (Merck, Darmstadt,
Germany) was added to Petri plates and let to settle in order to
prepare the plates for the study. By diluting bacterial cultures with
0.9% sterile sodium chloride solution, they were brought up to the
0.5 McFarland standard [29]. To ensure uniform distribution,
bacterial solutions were mixed into the agar medium and then
solidified. Wells were then created using the sterile back of a Pasteur
pipette. 10 mg of the samples (CUR-CLO NEG 1, DFL-CLO NEG, and
CG) were dissolved in DMSO. Wells were then filled with 65ul of
prepared solutions. After that, the plates were incubated for 24 h at
37 °C. A calliper (RS PRO, Shanghai, China) was used to measure the
inhibitory zones following incubation.

Antimicrobial study by broth dilution method

In compliance with CLSI (Clinical and Laboratory Standards
Institute) recommendations, an antibacterial susceptibility test was
conducted. Microbial suspensions of Staphylococcus aureus (ATCC:
29,213) and Escherichia coli (ATCC: 25,922) were developed in a
sterilized physiological solution to achieve a concentration of 108
CFU/ml (0.5 McFarland turbidity). Minimum inhibitory
concentration (MIC) experiments were conducted on 96-well plates
[30]. Each well contained 100 pl of Mueller-Hinton broth. Diluted
stock solutions of CUR-CLO NEG, DFL-CLO NEG and CG were added
to the first well of each row at 100 pl each. Serial dilutions were used
to achieve final concentrations of 28.57-285 pg/ml for all the
formulations. Control wells did not contain any antibacterial agents.
After adding 100 pl of bacterial suspensions to each well, the plates
were incubated at 37 °C for 48 h. The MIC (Minimal Inhibitory
Concentration) of an antibacterial agent is determined by the
sample's clarity and prevents visible bacteria growth.
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Scaling up of curcumin nanoemulgel

Following the successful formulation and evaluation of the
nanoemulgel on a lab scale, a scale-up process was carried out to
determine the feasibility of developing bigger batches. Curcumin
nanoemulsion formulation was scaled up to 1000 ml using high-
pressure homogenization with the lowest temperature. After
successfully developing the curcumin nanoemulsion, a similar
procedure as discussed earlier was used to prepare curcumin
nanoemulgel.

RESULTS

a. Investigation of the solubility of oils, cosurfactants, and
surfactants

The solubility of curcumin in different oils was established, and the
solubility of clove oil was chosen because of its kinetic stability and
ability to form a stable nanoemulsion [31]. As illustrated in fig. 24,
curcumin exhibited the highest solubility of 10.52+3.12 mg/ml in
lemongrass oil, 10.33+3.35 mg/ml in cinnamon oil, and 9.7+3.32
mg/ml in clove oil, according to the solubility studies. Curcumin's
superior solubility in clove oil, when compared to lemongrass and
cinnamon oils, suggests that it could enhance curcumin's
bioavailability by facilitating its dispersion in a stable nanoemulsion
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form. This is particularly important because increased solubility
leads to better absorption and more effective delivery of curcumin to
the target site. Clove oil's kinetic stability also supports its use, as it
reduces the likelihood of Alam et al [32] reported that
nanoemulsions have a modest Ostwald ripening propensity,
underscoring the significance of choosing appropriate surfactants
and cosurfactants for nanoemulsion formulation. The addition of
PEG 400 reduces interfacial tension and increases the coating's
flexibility, underscoring the necessity for careful selection.

Selection of curcumin nanoemulsion formulation

The drug-loaded nanoemulsion was made with the same oil and mix
ratios after the ternary phase diagram analyses showed that the
placebo formulation was stable. 10 % surfactant and 10 %
cosurfactant in a 1:1 ratio was selected based on nanoemulsification,
and 5 % oil was selected for the curcumin dosage. The small
nanoemulsion area, which shows the impossibility of emulsification
for smix ratios of 1:0, 1:0.25, and 1:0.5, was not used for the
formulation of nanoemulsion.

Optimizing the curcumin nanoemulsion

The independent components mentioned in table 1A were chosen
based on the smix ratio 1:1 derived from the ternary phase diagram.

Table 1A: Various parameters and concentrations were chosen to optimize the curcumin nanoemulsion

Independent factors Symbol Low level (-1) High level (+1)
Clove oil A 5.00

Smix B 10.00 20.00

Water C 10.00

Dependent factors
Particle size
Drug content

Symbol

Table 1B: Explains the experimental design and results from the optimization stage

Runs A (%) B (%) C (%) (R1) Particle size (nm) (R2) Zeta potential (mv) (R3) Drug content (%)
1 2.5 10 5 135.79 -56.11 37.94
2 3.75 15 7.5 97.69 -62.73 67.03
3 2.5 10 10 139.94 -59.02 38.47
4 3.75 15 11.7045 96.37 -26.05 64.47
5 5 20 10 31.23 -38.30 98.89
6 5 15 20 39.46 -38.47 96.37
7 3.75 15 7.5 136.47 -39.02 56.73
8 5 15 10 36.93 -40.02 94.73
9 5 10 5 35.73 -42.15 93.67
10 2.5 20 10 92.67 -57.26 52.56
11 5 12 20 32.58 -39.14 92.56
12 3.75 23.409 7.5 134.76 -48.11 72.06
13 5 10 10 38.56 -38.57 93.05
14 3.75 15 7.5 93.04 -47.14 62.03
15 5 20 10 31.23 -39.05 93.67
16 3.75 15 3.29552 95.46 -45.01 55.03
17 5 15 20 35.04 -39.38 92.94
18 5 20 5 36.67 -39.46 90.03
19 3.75 15 7.5 97.48 -42.03 67.26
20 2.5 20 5 100.25 -45.03 62.78

The influence of factors on drug content (%) and particle size (nm)

The mean globule size (nm) and entrapment efficiency (% EE)
values were determined using Analysis of Variance (ANOVA) after
data collection [33]. A total number of 20 runs were provided as
shown in table 1B. The responses R1 (mean particle size), R2 (zeta
potential), and R3 (% drug content) ranged between 31.23 -
139.94 nm,-38.3 - 59.02, and 34.92 - 98.89 %, respectively. For
responses R1, R2, and R3, it was found that the ratio of maximum
to minimum was 4.48, 2.41, and 2.61, respectively. There was no
need to modify the data because they were less than 10. Adequate
precision was used to estimate the signal-to-noise ratio, which is
considered ideal if it is more than 4 [34]. Responses R1, R2, and R3
were found to have adequate precision at 11.8123, 5,03, and 19.67.

It was found that the predicted r2 values for R1, R2, and R3 were
0.7558, 0.2496, and 0.8400, respectively. Fig. 2B and fig. 2C show
the 2D and 3D responses of particle size, zeta potential, and drug
content.

The following were the final coded equations for responses R1, R2,
and R3:

R1=103.83-39.95A-10.23B+9.24AB+1.85AC-0.5395BC-
41.46A2+14.94B2-0.1037C2 ......... M

R2=-46.19+6.75A+1.10B+0.3324C .......... 2

R3=66.21+22.60A+4.92B+0.9171C-
4.81AB+2.00AC+0.0202BC+8.05A2+0.4311B2 - 0.5608C2 .......... 3)
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Formulation of curcumin nanoemulsion by
emulsification method

spontaneous

Curcumin nanoemulsions CUR-CLO NE 1, CUR-CLO NE 2, CUR-CLO
NE 3, and CUR-CLO NE4 were generated using the spontaneous
emulsification method, as illustrated in fig. 3A, and the prepared
nanoemulsion as shown in fig. 3B was then evaluated.

Nanoemulsion evaluation studies
Examination of droplet size

The two key variables for assessing nanoscale particles and their
distribution are droplet size and PDI; droplet size is crucial for the
NE's stability and skin penetration. The droplet sizes for CUR-CLO
NE 1, CUR-CLO NE 2, CUR-CLO NE 3, and CUR-CLO NE 4 were
30.2+0.11, 40.5+£0.36, 35.4+0.70, and 54.9+0.37 nm, with PDI values
of 0.145, 0.466, 1.345, and 0.285. With CUR-CLO, NE 1 has the lowest
droplet size (10-200 nm) and PDI<0.5. However, CUR-CLO NE 3 had
a PDI value of 1.345, which was unacceptable. Mohammed S.
Algahtani et al. (2020) investigated curcumin nanoemulsions with
droplet sizes ranging from 10.57 to 68.87 nm and PDIs ranging from
0.094 to 0.550 nm, which backed up their findings.

Zeta potential determination

The zeta potential must be evaluated in order to calculate the overall
surface charge and stability of the improved Curcumin
nanoemulsion formulation. Table 2A displays the zeta potential
values for developed nanoemulsion formulations, which ranged
from-38.3+0.25 mV t0-50.9+0.23.

The CUR-CLO NE 1 (A) exhibited the lowest zeta potential, measuring-
38.3+0.25 mV. Negative zeta potential values could be caused by the
presence of negatively charged fatty acid esters in clove oil [35, 36].

Scanning electron microscopy (SEM) for microscopic analysis of
curcumin nanoemulsion

Fig. 3C depicts the synthesized curcumin nanoemulsion (CUR-CLO
NE 1), which contained spherical emulsion globules.

Evaluation of viscosity of curcumin nanoemulsion

Table 2A shows the viscosity of the formulations CUR-CLO NE 1,
CUR-CLO NE 2, CUR-CLO NE 3, and CUR-CLO NE 4. CUR-CLO NE 1 is
the formulation with the lowest viscosity. This is owing to the
existence of low smix and oil concentrations, which are ideal for the
preparation of nanoemulsions, as well as their ease of handling.
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Surfactant+ cosurfactant + oil

32

Drug + oil

Adding the oil phase
to the aqueous phase

Curcumin
nanoemulsion

B

Scanning Electron
Microscopy (SEM)

Fig. 3: Schematic illustration of the procedure for preparing curcumin nanoemulsion using the spontaneous emulsification approach (A),
a clear curcumin nanoemulsion (B), and SEM analysis of optimized curcumin nanoemulsion (CUR-CLO NE 1) (C)

Table 2A: Evaluation studies of curcumin nanoemulsion

Formulation Evaluation parameters Key advantages Inference

CUR-CLONE 1 Particle size-30.2+0.11 -Enhances bioavailability with smaller particle size. Highly stable due to its
PDI-0.145 -Uniform dispersion due to low PDI. small size, low PDI, and
Zeta potential--38.3+0.23 -Stable formulation with sufficient negative zeta potential. stable zeta potential.

Viscosity-33+6
Drug content-98.21+0.12%
CUR-CLO NE 2 Particle size-40.5+0.36

Zeta potential--49.0+0.31

Viscosity-39+3

Drug content-92.34+0.34%
CUR-CLO NE 3 Particle size-35.4+0.70

Zeta potential--50.9+0.25

Viscosity-36+4

Drug content-93.11+0.16%
CUR-CLO NE 4 Particle size-47.5+0.3

Zeta potential--47.8+0.22
Viscosity-40+3
Drug content-90.65+0.23%

-Strong zeta potential provides partial stability.
PDI-1.345 -Adequate drug content and viscosity.

-Lesser zeta potential when compared to CUR-CLO NEG 3
PDI-0.285 but more viscosity

-High curcumin load for effective delivery.
-Well-balanced viscosity for easy application.
-Higher zeta potential causing instability.

PDI-0.466 -Increased viscosity improves retention on the skin.

Moderately stable
because of its larger
particle size and higher
PDI, leading to a higher
risk of aggregation.

Less stable due to a
higher PDI, which
increases the likelihood of
aggregation and
instability.

Least stable due to the
large particle size, which
may lead to phase
separation or
aggregation.

The data for the above study are given as mean+SD, n =3

Selection of optimized formulation

Based on the evaluation studies done on the prepared curcumin
nanoemulsion, CUR-CLO NE 1 was superior due to its smaller particle
size, which improves curcumin bioavailability and absorption. It has a
low PDI, which promotes homogeneity and stability. The zeta potential
0f-38.3+0.23 mV prevents aggregation and enhances stability. The
highest drug content provides an effective therapeutic dose.
Additionally, its optimal viscosity offers good spreadability and
retention for topical applications. Therefore, it was selected and
loaded into the carbopol gel for further evaluation studies.

Characterization of curcumin nanoemulgel

pH

The optimized nanoemulgel CUR-CLO NEG 1 had a pH of 6.69+0.06,
falling within the optimum range of 4-6.

Viscosity

The viscosity of CUR-CLO NEG 1 was measured to be 136.52+1.31.
The high viscosity of the gel may prevent droplet coalescence and
uniform dispersion of droplets. Adding 1% w/v Carbopol 934 to

formulations significantly increased viscosity. Furthermore,
increasing the Smix concentration resulted in higher viscosity [37].

Spreadability and extrudability

The study found that topical gels' extrudability and spreadability are
critical for patient compliance. The extrudability and spreadability values
were 9.27+491 g cm/s and 18.54+1.63 g. cm/s, respectively. The
formulation's remarkable skin spreadability and simplicity of extrusion
supported Ali et al. [38]'s prior studies, which underlined the importance
of these qualities for uniform distribution and patient compliance.

Drug content

The optimized nanoemulgel formulation CUR-CLO NEG 1 has a drug
content of 98.60+0.52. The results showed that the medication was
equally distributed throughout the formulation, with very little loss
throughout the nanoemulgel formulation process.

Investigation of curcumin nanoemulgel’s stability

The physical stability of the CUR-CLO NEG 1 sample was tested while
stored at various temperatures. The nanoemulgel samples were kept
for 90 d. Table 2B shows the physical properties of the formulation,
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such as pH, viscosity, and curcumin drug concentration, at various

Int ] App Pharm, Vol 17, Issue 4, 2025, 279-289

time intervals (0, 30, 60, and 90).

Table 2B: Curcumin nanoemulgel (CUR-CLO NEG 1) stability studies for a duration of 90 d

Time (days) pH Viscosity Drug content
0 6.69+0.06 136.52+1.31 98.60+0.52
7 6.68+0.05 120.55+0.45 97.64+0.51
21 6.68+0.04 135.56+1.32 98.61+0.53
30 5.48%1.07 126.51+2.31 96.62+0.52
60 6.63+1.37 135.26+0.32 97.61+0.53
90 6.68+0.04 136.52+1.31 98.60£0.52

The data is represented as mean+SD, n=3

Exvivo investigations on drug penetration

Ex vivo permeation studies were performed to determine the
nanoemulgel's permeability. The researchers employed Franz diffusion
cells and rat skin in their study. Fig. 4 depicts the ex vivo penetration of
curcumin from the CUR-CLO NEG 1, CG, and DFL-CLO NEG. Curcumin
penetration from nanoemulgel, drug-free nanoemulgel, and gel was
592.41+1.21, 147.38+1.27, and 318.5+0.69 pg/cm? respectively. It was
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discovered that the permeability of curcumin from nanoemulgel
increased significantly after 12 h. The diffusion study of CUR-CLO NEG 1
showed a release of 6.76+1.06 % at 2 h, 29.82+0.62 % at 6 h, and
98.25+0.30 for 12 h, while CG and DFL-CLO NEG showed 54.45+1 and
9.62+0.16, respectively. The emulsion’'s nano-sized droplets improved
drug penetration through the epidermal layers. CUR-CLO NEG 1 had a
flux (Jss) of 10.68+0.26 pg/cm?. h, twice that of CG (5.82+0.08 pg/cm2. h)
and DFL-CLO NEG (2.72+0.02 pg/cm?. h), respectively.
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Time (h)
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Fig. 4: Ex vivo drug release studies of curcumin nanoemulgel, drug free loaded nanoemulgel, and curcumin plain gel expressed in mean

In vitro antimicrobial activity of curcumin nanoemulgel

Antibiotic resistance is a significant global issue. As a result, there is
an urgent need for the development of novel antibacterial agents
[39, 40]. Curcumin has been shown in multiple trials to be safe
against gram-positive and gram-negative [41]. This study examined
the antibacterial characteristics of curcumin nanoemulgel (CUR-CLO
NEG 1), DFL-CLO NEG, and CG against two typical bacterial stains (S.
aureus. and E. coli). While E. coli. is a rod-shaped, Gram-negative
bacterium found in wounds, decubitus, and foot ulcers, S. aureus. is a
round, Gram-positive bacterium typically found in the body's
microbiota. As illustrated in fig. 5A, the inhibition zones for clove oil
and DMSO (control) in E. coli were determined to be 9.02+0.37 and
1.25+0.21 mm, respectively.

In E. coli, the zone of inhibition for CUR-CLO NEG 1, DFL-CLO NEG,
and CG was 25.32+0.54, 593+ 0.21, and 2.11+0.13 mm, respectively,
as illustrated in fig. 5B. In S. aureus, the zone of inhibition was
27.34+0.15, 7.23+ 0.51, and 2.15+ 0.16 mm, respectively, as
illustrated in fig. 5C. The zones' diameters increased during the
course of 12 and 24 h. Consequently, curcumin nanoemulgel (CUR-
CLO NEG1) showed a 66.67 % increase in the inhibitory zones
against E. coli. Compared to DFL-CLO NEG and CG, which showed
33.6% and 0 %, the inhibition percentages for S. aureus were 98.52
%, 54.28 %, and 0 %, as shown in fig. 6. The MIC of CUR-CLO NEG 1,
DFL-CLO NEG, and CG showed in S. aureus. It was 120, 142, and 168
ug/ml, whereas for E. coli., the MIC was 125, 163, and 200 pg/ml, as
shown in table 3. The results showed that the Gram-positive bacteria
were more sensitive than the Gram-negative bacteria. This could be

(n=3)

owing to changes in their cell membrane composition and structure.
It is known that Gram-positive bacteria have an outer peptidoglycan
layer, whereas Gram-negative bacteria have an outer phospholipidic
membrane, both of which interact differently when exposed to
curcumin. We compared a plain curcumin gel (CG) to a curcumin
nanoemulgel (CUR-CLO NEG 1) and drug free loaded nanoemulgel
(DFL-CLO NEG). All the formulations were dissolved in DMSO to
improve their diffusion into the agar medium. This type of
comparison was explicitly designed to investigate the influence of
particle size reduction on curcumin solubility and bioefficacy. Since
curcumin has a very high solubility in DMSO, the anti-microbial
activity of DMSO was also conducted to prove that although it has
little anti-bacterial activity, it helped in enhancing the solubility of
CUR-CLO NEG 1, hence showing anti-bacterial effect. Since curcumin
is insoluble in water, water has never been used as the solvent for
solubilizing the curcumin but it has been used in the aqueous phase
the formulation of curcumin nanoemulsion. The above studies
concluded that CUR-CLO NEG 1 showed better in vitro anti-microbial
activity than CG. This is due to the small particle size and diffusion of
curcumin from the nanoemulgel, thus improving its activity and
efficacy.

Scaling up of curcumin nanoemulgel

Using the spontaneous emulsification approach, curcumin
nanoemulgel was scaled up to 1000 ml batch size. The process
parameters, such as mixing speed and temperature, were adjusted to
ensure consistency in small-scale production. To validate the scale-
up, comparison analyses were conducted, including droplet size,
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zeta potential, viscosity, and stability evaluation studies, which
confirmed the formulation's reproducibility. Furthermore, the
results show that the 1000 ml batch has the same quality attributes
as the lab-scale formulation, with no significant particle size or
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stability differences. Detailed raw data for these studies and process
parameter logs will be available upon request to ensure
transparency.

Fig. 5: Inhibition zones of (A) clove oil and DMSO in E. Coli., (B) curcumin nanoemulgel, curcumin gel and drug free loaded nanoemulgel in
E. coli. and (C) curcumin nanoemulgel, curcumin gel and drug free loaded in S. aureus

Table 3: Zone of inhibition and MIC of all formulations for S. aureus and E. coli

Formulations MIC (pg/ml) Inhibition zones (mm)
S. aureus E. coli S. aureus E. coli
CUR-CLO NEG 1 120 125 27.34+0.15 25.32+0.54
DFL-CLO NEG 142 163 7.23+0.51 5.93+0.21
CG 168 200 2.15+0.16 2.11+0.13
DMSO (control) 350 350 1.26+0.18 1.25+0.21
The data for MIC and inhibition zones are shown as mean where n=3
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Fig. 6: Percentage inhibition of curcumin nanoemulgel (CUR-CLO NEG 1), drug free loaded nanoemulgel (DFL-CLO NEG) and curcumin gel
(CG) in both S. aureus. and E. coli

DISCUSSION

Nanoemulgel is a cutting-edge drug delivery technology that
combines the advantages of nanoemulsions and hydrogels, resulting
in increased solubility, stability, and bioavailability for weakly
water-soluble medicines such as curcumin. They have drawn much
attention for topical drug administration because of their non-greasy
texture and simplicity of use, especially in antibacterial therapy,
arthritis [42], wound healing, cardiovascular diseases [43], and
dermatological treatments. They are a prospective substitute for
traditional gels and creams in pharmaceutical and cosmetic
formulations because of their capacity to increase the bioavailability
of lipophilic medicines while ensuring prolonged release.

The solubility of a drug in excipients is crucial for selecting
components for a nanoemulsion formula, particularly the oil phase.

The prepared curcumin nanoemulsion fulfilled the requirements
suitable for an oil-in-water nanoemulsion. Several studies have
examined nanoemulsions and nanoemulgels for curcumin delivery.
Priyadarshini et al. [44] developed a posaconazole nanoemulsion with
a particle size of 79.1 nm. Similarly, Eid et al [45] formulated
Coriandrum sativum nanoemulgel whose particle size of the
nanoemulsion was 162.72 nm, which is substantially more significant
than the 30.2+0.11 nm observed in our formulation (CUR-CLO NE 1).

The optimized curcumin nanoemulsion (CUR-CLO NE 1) was added
to a gel base to extend its retention period due to its low viscosity,
which makes it difficult to retain on the skin. The spreadability and
viscosity of CUR-CLO NEG 1 were 18.54+1.63 g. cm/s and
136.52+1.31Cps, respectively. This suggests that CUR-CLO NEG 1
spreads more readily when applied due to optimum viscosity,
enhancing patient compliance upon application, which was not in
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the case of curcumin nanoemulsion gel prepared by Fatease Al et al.
[46] and Ritika et al. [47], whose formulation had a higher viscosity
of 2200+120.12 Cp and 15480+0.43 respectively which may have
spreadability issues upon application to skin.

With a pH of 6.69+0.06, curcumin nanoemulgel is within the
acceptable limits for topical preparations and is similar to the values
reported by Alhasso et al. with pH 6.0+0.2 [48]. Maintaining a pH
close to skin physiology reduces irritation and increases formulation
stability. The spreadability of the nanoemulgel was tested to
determine the influence of storage temperature and duration on
viscosity, pH, separation signals, and organoleptic characteristics.
CUR-CLO NEG 1 remained stable after 90 d of exposure to different
temperatures, with only a slight decline in viscosity observed after 7
and 60 d due to temperature changes. The ex vivo drug release
studies of CUR-CLO NEG 1 showed 98.25+0.30 % of drug release at
12 h and a flux of 10.68+0.26 pg/cmz2 h, which was similar to results
of curcumin nanoemulgel prepared by Algahtani et al. [27].

Finally, the anti-bacterial activity of curcumin nanoemulgel was
determined by both the agar diffusion method and broth dilution
method, where the inhibition zones were 27.34+0.15 mm and
25.32+0.32 mm in both S. aureus and E. Coli respectively. The MIC
was 120 pg/ml and 125 pg/ml in S. aureus. and E. Coli. Similar
results were reported by Bagheri et al [49], whose curcumin
nanoemulgel formulation showed MIC values between 250 pg/ml
and 500 pg/ml in the same bacterial strains for its superiority in
inhibiting g-positive bacteria (S. aureus.) Our study addresses the
superior anti-bacterial activity of curcumin nanoemulgel (CUR-CLO
NEG 1) in g-positive bacteria compared to g-negative bacteria,
indicating curcumin's effectiveness and therapeutic activity. This is
proved by research done by Mordo et al, 2018 [50], who studied
curcumin's antibacterial properties on Gram-positive bacteria like
Bacillus subtilis. Curcumin disrupts bacterial membranes, inhibits
cell division, and increases permeability, reducing membrane
potential for proteins like FtsZ. It also interacts with FtsZ, altering its
polymerization Kkinetics and preventing the Z-ring development.
Compared to curcumin gel (CG) and drug free loaded nanoemulgel
(DFL-CLO NEG), curcumin nanoemulgel formulation has higher drug
release and better antibacterial action.

This research advances the area by solving the stability and
scalability issues many previous formulations encountered. Notably,
the spontaneous emulsification process utilized in this study has
been found to scale up efficiently to 1000 ml without affecting
particle size or formulation stability. Furthermore, unlike previous
studies that focused solely on in vitro tests, our research emphasizes
the practical application of nanoemulgel formulations, focusing on
real-world issues such as formulation stability and ease of scale-up,
which can help bridge the gap between research and clinical use.

Future research should explore curcumin's antibacterial properties,
enhance formulation stability and efficacy, and conduct clinical trials
in humans. Expanding the study to include additional bacterial
strains, especially Gram-negative ones, and using new analytical
tools like proteomics and transcriptomics could reveal molecular
interactions between curcumin nanoemulgel and bacterial cells,
enabling more effective formulations and therapeutic strategies.

CONCLUSION

Currently, there is an increasing interest in developing natural
therapeutic drugs. Active components of herbal plants, such as
curcumin, have received attention because of their significant
antibacterial, anti-inflammatory, and antioxidant activities. This
work focuses on developing and evaluating a curcumin nanoemulgel
for topical usage against two bacterial strains, E. coli and S. aureus.
The spontaneous emulsification approach was used to prepare
curcumin nanoemulsions, significantly increasing curcumin
solubility and therapeutic potential. These data support the idea that
curcumin nanoemulgel is suitable for topical bacterial therapy.
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