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Abstract
Article History This study aimed to optimize a self-nanoemulsifying drug delivery system (SNEDDS) for
Xz'ci’i:‘/:de_'z'?:;:fé;fz“ curcumin (CUR) to tackle its poor solubility and bioavailability. Preliminary screening
Accepted : 11 May 2024 identified optimal components based on solubility, emulsifying efficiency, and pseudo-
doi:10.33472/AFJBS.6.10.2024.3729-3747 ternary phase diagram construction. Optimization was performed using Design Expert®

software, considering droplet size, Polydispersity Index (PDI), and transmittance as
responses. The formulation, comprising Caprylol 90 and Capmul MCM C-8 oils,
Cremophor EL, Tween 80 surfactants, and Gelucire 48/16 co-surfactant, demonstrated
a globule size of 181.3 + 6.5 nm, PDI of 0.27, and negative zeta potential (-11.7 mV),
ensuring stability and uniformity. Morphological analysis confirmed the presence of
uniform, spherical oil globules with a high drug content of 98.2 + 1.64%. In vitro studies
revealed a rapid drug release, surpassing 85% within 2 hours, notably higher than plain
CUR. Pharmacokinetic assessment in vivo indicated enhanced Cmax, AUC, t1/2, and MRT
for CUR-loaded SNEDDS, suggesting improved bioavailability and extended systemic
exposure. These results highlight the potential of the optimized SNEDDS formulation in
ameliorating clinical outcomes, particularly in conditions like mucositis, where enhanced
drug delivery is critical.

Keywords: Self-nanoemulsifying Drug Delivery System; Curcumin; Nanoemulsions;
Pharmacokinetics; Solubility; Bioavailability

Introduction

Oral mucositis, a distressing condition characterized by inflammation and ulceration of the oral
mucosa, is a common and debilitating side effect of cancer therapy, particularly chemotherapy and
radiotherapy (Pulito et al., 2020). Approximately 30-40% of individuals undergoing chemotherapy
treatment encounter the debilitating condition of mucositis. This prevalence escalates to a striking
range of 60-85% among patients undergoing hematopoietic stem cell transplantation. Notably, head
and neck cancer patients subjected to a combined regimen of radiotherapy and chemotherapy face
an even higher incidence, reaching almost 90%. The heightened vulnerability of these specific patient
groups underscores the urgent need for targeted interventions to alleviate the significant burden
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imposed by mucositis in the context of cancer treatment (Villa & Sonis, 2016). It significantly impacts
the quality of life of affected individuals and may lead to treatment interruptions, dose reductions,
and increased healthcare costs (Shetty et al., 2022). The pursuit of effective therapeutic strategies
to ameliorate oral mucositis has spurred considerable research interest, and one promising avenue
involves harnessing the potential of curcumin (1, 7-bis(4-hydroxy-3-methoxyphenyl)-1,6-
heptadiene-3,5-dione) (Ramezani et al., 2023). Curcumin, the principal polyphenolic compound
extracted from Curcuma longa, exhibits a spectrum of pharmacological properties, including anti-
inflammatory (Ramezani et al., 2023), antioxidant (Jakubczyk et al., 2020), and anticancer effects
(Gholipour et al., 2023). Its multifaceted attributes make it an attractive candidate for mitigating the
inflammatory processes associated with oral mucositis. However, despite the therapeutic promise,
curcumin's clinical efficacy has been hampered by its poor aqueous solubility and low bioavailability
(Gornicka et al., 2023). It is reported that the solubility of curcumin in aqueous solution (pH 5.0)
was only 11 ng/ml (Tennesen et al., 2002). The conventional administration of curcumin faces
challenges owing to its limited water solubility, which results in suboptimal absorption and
bioavailability (Hegde et al., 2023). Previous attempts at enhancing curcumin's oral bioavailability
have included the use of various formulations such as liposomes (De Leo et al., 2018), nanoparticles
(Chopra et al., 2021), and cyclodextrins (Jiang et al., 2022). While these strategies have shown some
improvement, they often present formulation complexities and scale-up challenges. In response to
the shortcomings of conventional delivery systems, the focus has shifted towards innovative
nanotechnology-based approaches, particularly self-nanoemulsifying drug delivery systems
(SNEDDS). SNEDDS offer a versatile and efficient means of delivering hydrophobic drugs by forming
nano-sized emulsions in the presence of gastrointestinal fluids (Abushal et al., 2022). This enables
enhanced solubility, stability, and ultimately, improved bioavailability of lipophilic compounds
(Baloch et al., 2019). The application of SNEDDS to curcumin delivery holds promise in addressing
the bioavailability challenges associated with its oral administration. Studies have shown that
SNEDDS formulations can significantly improve the dissolution rate and absorption of poorly water-
soluble drugs, resulting in enhanced therapeutic outcomes (Krsti¢ et al.,, 2018). The nanoscale
nature of the emulsions formed by SNEDDS facilitates efficient drug transport across biological
barriers, a crucial aspect for targeted delivery to the inflamed oral mucosa (Wang et al., 2020). This
research seeks to formulate, develop, and evaluate a curcumin-loaded SNEDDS tailored for the
management of oral mucositis. The study aims to comprehensively characterize the physicochemical
properties of the formulation, assess its in vitro release kinetics, and evaluate its therapeutic efficacy
in relevant preclinical models. Through these investigations, we intend to provide valuable insights
into the potential of SNEDDS as a delivery platform for enhancing the bioavailability and
effectiveness of curcumin in mitigating oral mucositis.

Materials And Methods

MATERIALS

The materials utilized in this study included curcumin (SV Agro Foods, New Delhi; provided as a gift
sample), Capryolyl 90, Cremophor EL, and Gelucire 48/16 and (obtained as gift samples from
Gattefosse, Mumbai). Ethanol was procured from Merck’s Chemicals (Pvt) Ltd., Germany. Tween-80
and acetic acid were obtained from CDH, New Delhi. HPLC grade acetonitrile and methanol from
CDH, New Delhi, were used for the preparation of formulations and analytical procedures, along
with other analytical grade reagents.

METHODS
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Solubility studies

To investigate the solubility of curcumin (CUR), experiments were conducted using various oils, 50%
(w/w) surfactant solutions, and co-surfactants. An excess amount of CUR (2 g) was introduced into
each selected vehicle and subjected to continuous shaking in a thermostatically controlled water
bath for 72 hours at 37 + 1 oC to reach equilibrium. After reaching equilibrium, the mixture
underwent centrifugation at 15000 rpm for 20 minutes and then filtered through a 0.45 p filter
membrane. The resulting filtrate was appropriately diluted, and the concentration of CUR was
determined at 428 nm using a UV-visible spectrophotometer. Previous studies have noted that CUR
exhibits absorbance maxima around 430 nm (Mondal et al., 2016; Priyadarsini, 2009). Each trial was
conducted in triplicate. The oils tested included Labrafac PG, Labrafac Lipophile WL 1349, Caprylol
90, Capmul MCM C8, and Acconon MC8-2. The selection of surfactants and co-surfactants
comprised Labrasol, Tween 80, Cremophor EL, Transcutol HP, and Gelucire 48/16 (Schmied et al.,
2021).

Preliminary screening of surfactants for their emulsifying ability

300 mg of the chosen oil phase was combined with 300 mg of surfactant. This mixture was gently
heated to 45-60 °C to facilitate homogenization of the components. A portion of the resulting
isotropic mixture (50 mg) was precisely weighed and then diluted with double distilled water to a
total volume of 50 mL, creating a fine emulsion. The formation of the emulsion was monitored by
counting the number of inversions of a volumetric flask needed to achieve a uniform emulsion.
Visual observation was used to assess the relative turbidity of the emulsions. After allowing the
emulsions to stand for 2 hours, their transmittance was measured at 638.2 nm using a UV-160A
double beam spectrophotometer (Shimadzu, Japan), with double distilled water as the blank
(Pattewar et al., 2018).

Preliminary screening of co-surfactants for their emulsifying ability

The turbidimetric method was employed to evaluate co-surfactants' effectiveness in enhancing the
nano-emulsification ability of surfactants (Tween 80 and Cremophor EL). In this method, 0.2 grams
of surfactants were combined with 0.1 grams of co-surfactant, and the mixture was homogenized
using gentle heat (45-60 °C) and vortexing. A portion of the resulting isotropic mixture (50 mg) was
precisely weighed and then diluted to 50 mL with double distilled water to create a fine emulsion.
The ease of emulsion formation was determined by counting the number of flask inversions required
to achieve a uniform emulsion. Visual observation was used to assess the relative turbidity of the
emulsions. After allowing the emulsions to stand for 2 hours, their transmittance was measured at
638.2 nm using a UV-160A double beam spectrophotometer (Shimadzu, Japan), with double
distilled water as the blank. Since the ratio of co-surfactants to surfactants remained constant, the
turbidity of the resulting nanoemulsion was used to evaluate the relative effectiveness of the co-
surfactants in enhancing the nano-emulsification ability of the surfactants (Nasr et al., 2016).

Construction of ternary phase diagram

A ternary phase diagram was developed for three-component mixtures comprising oil (Capryol 90
and Capmul MCM C8), surfactant (Cremophor EL), and co-surfactant (Gelucire 48/16) at ambient
temperature (25 °C) using the water titration method. Pseudo-ternary diagrams were then created
with varying ratios of surfactant to co-surfactant (3:1, 2:1, and 1:1). Different volume ratios of oil
to surfactant/co-surfactant (Smix) were thoroughly mixed (1:9, 2:8, 3:7, 4:6, 5:5, 4:6, 3:7, 2:8, 9:1)
and titrated with dropwise addition of water under sonication. Each weight ratio of oil and Smix
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underwent a slow aqueous titration, and resulting samples that appeared clear or slightly bluish
were identified as nanoemulsions. Ternary plots were generated using Chemix software, and these
experiments were conducted in triplicate. Self-emulsifying ability was also evaluated using infinite
dilution and purified water. Additionally, the impact of CUR on the self-emulsifying performance of
SNEDDS was investigated by adding the formulation amount (4% w/w) to the boundary composition
of the self-emulsifying domain on the ternary phase diagram (B. Singh et al., 2014).

Optimisation of curcumin nanoemulsion

Multiple SNEDDS formulations with varied compositions were chosen based on the pseudo-ternary
phase diagram, focusing on the region with maximum coverage in the 3:1 (Smix) ratio. The phase
diagrams encompassed nearly the full range of nanoemulsion (NE) occurrence, with specific oil
compositions selected to maintain minimum surfactant concentrations indicative of SNEDDS
presence. A Box-Behnken design with 3 central replicates was utilized to optimize the formulation
(Detholia et al., 2023; Yadav et al., 2020). The formulation and process variables identified as
influential in achieving desired SNEDDS characteristics included the proportion of oil, Smix, and
sonication time. These variables primarily impacted crucial factors such as droplet size,
polydispersity index (PDI), and percent transmittance, which directly influence the overall quality
and performance of the product.

To prepare the drug-loaded SNEDDS, the drug was first dissolved in the oil phase. Subsequently,
the required amount of Smix was slowly added, followed by a dropwise addition of water until a
clear and transparent liquid was achieved. The resulting NE was tightly sealed and stored at room
temperature.

Evaluation of the optimized SNEDDS

Droplet size and zeta potential

A volume of SNEDDS containing 40 mg of CUR was introduced into 500 ml of water in a borosilicate
glass beaker. The mixture was then stirred using a magnetic stirrer for 10 minutes at a controlled
temperature of 37 +£0.5 °C. To ensure thorough mixing without creating a vortex, a stirring speed
of 150 rpm was maintained. The resulting samples were analyzed for droplet size using dynamic
light scattering (DLS) technology and for surface charge (zeta potential) using a Zetasizer Nano ZS
instrument (Malvern Analytical Ltd., Malvern, UK). The determination was done in triplicate.

Thermodynamic stability studies

The aim of the thermodynamic stability studies was to assess how variations in temperature affected
the SNEDDS formulations. This evaluation involved subjecting the SNEDDS formulations to various
stress conditions, including three freeze-thaw cycles (—21 and +25 °C) and heating-cooling cycles
(4 and 48 °C), with each temperature phase lasting at least 48 hours. Additionally, the SNEDDS
formulations underwent centrifugation stress by being centrifuged at 5000 rpm for 20 minutes
using a microcentrifuge (Remi, India), and any signs of phase separation or instability issues were
noted. Each stability study was conducted in triplicate for accuracy and consistency.

Morphological investigation

The morphology and structure of the nanoemulsion were examined using a transmission electron
microscope (TEM), specifically the TOPCON 002B model operating at 200 kV, which offers high
point-to-point resolution. A small amount of diluted nhanoemulsion, as prepared for the above test,
was placed onto a 300-mesh copper grid and allowed to settle for 1 minute. Subsequently, the grid



Dr. Swaroop Lahoti / Afr. J. Bio. Sc. 6(10) (2024) 3729-3747 Page 3733 of 19

was inverted, and a drop of phosphor-tungstic acid (PTA) was applied to the grid for 10 seconds.
Excess PTA was then removed by blotting with filter paper. The grid was analyzed using an
instrument with a magnification of 1550x at 60-80 kV, and images were captured for further
examination.

Drug content

The concentration of CUR in the CUR-loaded SNEDDS was assessed by dissolving an amount
equivalent to 40 mg of CUR in ethanol to create the nanoemulsion. These samples were then
sonicated, and portions were filtered through a 0.11 pm Sartorius filter (Sartorius, AG, Germany).
The appropriately diluted samples were analyzed using HPLC with detection at 428 nm. This analysis
was conducted three times for each sample. The drug content was calculated using the formula

below:
Observed drug content

% drug content =
o drug Theoretical drug content

In vitro drug release

An in vitro drug release investigation was carried out using the USP type-Il dissolution apparatus
with the paddle method set at a rotational speed of 50 rpm. The dissolution medium comprised 900
ml of phosphate buffer (pH 7.4) containing 1% w/v Tween 80 and maintained at a temperature of
37 = 0.5 °C. At specific time intervals, 5 ml samples were withdrawn and then filtered using a 0.45
pm syringe filter. The released drug quantity was determined by measuring the absorbance at 428
nm using a UV-1800 Spectrophotometer. This study was conducted in triplicate. Tween 80 was used
in the medium to maintain sink conditions due to the hydrophobic nature of CUR.

In vivo pharmacokinetic assessment

Animal handling and care

Male Wistar rats weighing between 200-220 grams were utilized for comparing the
pharmacokinetics of CUR-loaded S-SNEDDS with CUR API. The experimental protocol was designed
following the guidelines of CPCSEA and was approved by the IAEC of YB Chavan College of Pharmacy,
Aurangabad. Prior to the study, the animals were allowed free access to filtered water but were
required to fast for 12 hours. They were acclimated and housed in plastic cages under standard
laboratory conditions with a temperature of 24 + 1°C, relative humidity of 55 + 10%, and a 12-hour
light/dark cycle. Throughout the acclimatization period, the health status of the animals was closely
monitored.

Dosing

Male Wistar rats were divided into three groups, each consisting of six animals. The pharmacokinetic
parameters following a single oral dose of CUR-loaded SNEDDS were compared among the groups:
Group 1 received CUR-loaded SNEDDS, Group 2 received pure CUR, and Group 3 received plain
water. Blood samples of 0.3 mL were withdrawn from the tail vein at specified time points: 1, 2, 4,
6, and 12 hours. To prevent blood clotting, the blood samples were collected in heparinized
microcentrifuge tubes. Plasma was obtained by centrifuging the blood samples at 5000 rpm for 10
minutes at 4°C and then stored at -20°C until further analysis.

Plasma analysis
The concentration of CUR was determined utilizing reverse-phase High-Performance Liquid
Chromatography (HPLC) employing a Shimadzu model with an RF-10A XL fluorescence detector. An
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analytical column, Phenomenex®00G-4252-E0 C18 100A (250mmx4.6mm, 5um), was utilized for
the analysis. CUR was eluted isocratically at a flow rate of 1 mL/min with an injection volume of 20
ML, using a mobile phase composed of acetonitrile, 20 mM acetate buffer at pH 3.0, and methanol
in the ratio of 50:20:30 (v/v). Optimization of fluorescence detection was done with excitation and
emission wavelengths set at 420 nm and 530 nm, respectively (Bapat et al., 2019).

Pharmacokinetic data analysis

Nonparametric pharmacokinetic data were computed using the PKSolver add-in program for
Microsoft Excel, specifically version 2.0. Standard pharmacokinetic parameters for CUR, including
Area under the curve from zero to twenty-four hours and from zero to infinity (AUCo-24n and AUCo-
»), maximum concentration after a single dose (Cmax), time to reach maximum concentration (Tmax),
Clearance (Cl), elimination rate constant (Ke), and terminal half-life (t1,2), were obtained from plasma
concentration-time curves. The relative bioavailability was determined as the ratio of the oral AUCo-
« for the test formulation (CUR-loaded SNEDDS) to the AUCO- for the reference (CUR API). These
values are presented as the mean =+ standard deviation (S5.D.).

Results And Discussions

Solubility studies

The drug's solubility in oil is a very important criterion for maintaining the solubilized state of API
after dilution. In the case of nanoemulsion, there would be a risk of precipitation of the drug in GIT
due to decreased solvent capacity if surfactants or co-surfactants play a critical role in solubilization.
Hence, selecting the excipients with the highest solubilization characteristic is an important
determinant in the self-emulsifying formulation. The solubility of CUR in various excipients has been
shown in Figure 1.

Gelucire 48/16

Transcutol HP

Cremophor EL

Tween 80

Labrasol

Acconon MC8-2

Capmul MCM C8

Caprylol 90

Labrafac Lipophile WL 1349
Labrafac PG

0 20 40 60 80 100 120
Solubility (mg/mL)

Figure 1: Solubility of CUR in various oils, surfactants, and co-surfactants at 37°C (n=3)

The results, illustrated in Figure 1, indicate that CUR demonstrated solubility in both Caprylol 90
and Capmul MCM C-8, which are the surfactant and emulsifier that were screened. This finding
suggests that these are suitable candidates for formulating a CUR-loaded system. Among the
surfactants tested, Cremophor EL and Tween 80 exhibited the highest capacity to solubilize CUR.
This is an important finding because the surfactants play a crucial role in forming stable
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nanoemulsions. Cremophor EL and Tween 80 are known for their ability to enhance the solubility of
poorly water-soluble compounds like CUR. This could be attributed to their surfactant properties,
which allow them to form micelles, encapsulating the hydrophobic CUR molecules and facilitating
their dispersion in the aqueous medium. In contrast, the co-surfactants studied also displayed
significant potential to solubilize the drug. Co-surfactants are often used in combination with
surfactants to improve the stability and efficiency of nanoemulsions. Their ability to solubilize CUR
contributes to the overall efficacy of the nanoemulsion formulation.

These findings are consistent with previous studies in the literature, where Cremophor EL and Tween
80 have been widely recognized for their ability to enhance the solubility and bioavailability of
hydrophobic drugs (Khan et al., 2015). Additionally, the successful solubilization of CUR by the co-
surfactants suggests that they can play a complementary role in the formulation, further enhancing
the stability and performance of the CUR-loaded system.

Overall, the selection of Caprylol 90 and Capmul MCM C-8 , along with Cremophor EL and Tween
80, supported by the co-surfactants’ ability to solubilize CUR, lays a strong foundation for the
development of an effective and stable CUR-loaded SNEDDS formulation.

Preliminary screening of surfactants for their emulsifying ability
The %transmittance (%T) values of the dispersions prepared using the two shortlisted surfactants are

given in Table 1.

Table 1: Emulsification efficiency of Cremophor EL and Tween 80 in Caprylol 90 and Capmul MCM

C8
Surfactant Caprylol 90 Capmul MCM C8
%Transmittance No. of inversions %Transmittance (n=3) | No. of inversions
(n=3)
Tween 80 89.51 + 0.23 125+ 1.5 85.64 + 0.41 155+ 1.5
Cremophor EL | 97.29 = 0.33 85+1.2 92.58 + 0.37 11.33 £ 1.5

The %transmittance values in Table 1 provide insights into the emulsifying efficiency of the two
shortlisted surfactants, Cremophor EL and Tween 80 when used with Caprylol 90 and Capmul MCM
C8 oils. %Transmittance is a measure of the clarity or transparency of an emulsion, with higher
values indicating better clarity. Cremophor EL showed a higher %transmittance of 97.29 + 0.33 with
Caprylol 90 compared to Tween 80, suggesting greater efficiency in forming a clear emulsion with
this oil. For Capmul MCM C8, Cremophor EL also exhibited a higher %transmittance of 92.58 = 0.37
compared to Tween 80, indicating its superior ability to create a clear emulsion with this oil. The
number of inversions required for emulsification reflects stability, with Cremophor EL generally
showing lower values (8.5 + 1.2 for Caprylol 90 and 11.33 = 1.5 for Capmul MCM C8) compared to
Tween 80 (12.5 = 1.5 for Caprylol 90 and 15.5 + 1.5 for Capmul MCM C8). These differences can
be attributed to the molecular structures and properties of the surfactants; Cremophor EL forms
smaller micelles, resulting in clearer emulsions, while Tween 80 forms larger micelles, which may
scatter light more. The findings suggest that Cremophor EL holds promise for the emulsification of
CUR-loaded SNEDDS, particularly with Caprylol 90, due to its higher %transmittance values and lower
number of inversions required, indicating clear and stable emulsions. Various other researchers have
reported similar findings (Croy & Kwon, 2005; Zeng et al., 2017)
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Preliminary screening of co-surfactants for their emulsifying ability

The addition of a co-surfactant to the formulation containing surfactant has been reported to
improve nanoemulsification and dispersibility (Khan et al., 2012). Co-surfactants were selected
based on %transparency and ease of emulsification, as depicted in Table 2.

Table 2: Emulsification studies on surfactant/co-surfactant combinations

Surfactant Transcutol HP Gelucire 48/16

%Transmittance No. of inversions %Transmittance No. of inversions
Tween 80 86.97 + 0.45 24.7 + 3.8 89.51 + 0.23 125+ 1.5
Cremophor EL 87.48 + 0.17 19.6 + 1.6 97.29 + 0.33 85+1.2

Table 2 presents the results from the preliminary screening of co-surfactants for their emulsifying
ability in preparing SNEDDS of CUR. %Transmittance values indicate the clarity or transparency of
the resulting emulsions, while the number of inversions needed reflects emulsion stability. When
combined with Transcutol HP, both Tween 80 and Cremophor EL exhibited similar %transmittance
values, with no significant difference observed. However, Cremophor EL required fewer inversions
(19.6 £ 1.6) compared to Tween 80 (24.7 + 3.8), indicating potentially better stability. On the other
hand, when paired with Gelucire 48/16, Cremophor EL demonstrated notably higher %transmittance
(97.29 + 0.33) compared to Tween 80 (89.51 + 0.23), suggesting superior clarity. Additionally,
Cremophor EL required fewer inversions (8.5 + 1.2) than Tween 80 (12.5 *= 1.5), indicating a
potentially more stable emulsion. These results suggest that the combination of Cremophor EL as
the surfactant with Gelucire 48/16 as the co-surfactant may be the most effective for CUR-loaded
SNEDDS, as it exhibited higher %transmittance values and lower number of inversions required,
indicating clearer and potentially more stable emulsions. The observed differences can be attributed
to the molecular structures and properties of the co-surfactants, which influence their interactions
with the surfactant and oil components to form stable nanoemulsions.

Construction of ternary phase diagram

The pseudo-ternary phase diagram, generated using Chemix software, provided a visual
representation of the Smix ratios (surfactant:co-surfactant) in combination with Caprylol 90 or
Capmul MCM C8 oil and the aqueous phase. This diagram, as shown in Figure 2, is crucial for
identifying and optimizing the W/O nanoemulsion region. Pseudo-ternary phase diagrams were
constructed for Smix ratios of 1:1, 2:1, and 3:1 individually to precisely pinpoint the nanoemulsion
region. These diagrams serve to illustrate the complex relationship between the surfactant mixture
and the other components, aiding in the formulation optimization process.

In the Smix ratio of 1:1, the nanoemulsion area appeared narrow, indicating limited stability and
potential for nanoemulsion formation. However, as the Smix ratio increased to 2:1, there was a
noticeable expansion in the nanoemulsion area. This phenomenon is likely attributed to the further
reduction of interfacial tension between oil and water phases, leading to increased fluidity of the
interface and thereby enhancing the entropy of the system. Consequently, the larger nanoemulsion
region observed at the Smix ratio of 3:1 signifies a higher number of transparent and clear
nanoemulsions, indicating improved stability and potential efficacy.

Using the constructed phase diagram, optimal ratios of components for nanoemulsion formation
were identified, aiming for formulations that would remain stable and prevent drug precipitation
upon infinite dilution. Both Caprylol 90 and Capmul MCM C8 oils displayed a similar trend in
nanoemulsion formation, yet the region for the formation of SNEDDS was wider for Caprylol 90
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compared to Capmul MCM C8. This observation led to the selection of Caprylol 90 as the preferred
oil phase for the preparation of CUR-loaded SNEDDS due to its wider region for stable nanoemulsion
formation. This decision is supported by the phase diagram's depiction of a larger area conducive
to stable nanoemulsion formation with Caprylol 90, indicating its suitability for maintaining stability
and preventing drug precipitation in the SNEDDS formulation.

Figure 2: Pseudo ternary phase diagram of a) Smix 1:1 with Caprylol 90, b) Smix 2:1 with Caprylol
90, ¢) Smix 3:1 with Caprylol 90, d) Smix 1:1 with Capmul MCM C8, e) Smix 2:1 with Capmul MCM
C8, and f) Smix 3:1 with Capmul MCM C8

Optimization study

The final optimization was conducted using Design Expert® software version 13 by Stat-Ease,
Minneapolis, USA using Caprylol 90 (A) (as oil), Smix (B) (consisting of Cremophor EL, as a surfactant
and Gelucire 48/16 as a co-surfactant), and the sonication time (C) as independent variables. The
size of droplets (measured in nanometers), PDI, and percentage of transmittance were taken as
dependent variables. Responses to the runs, as proposed by the Box-Behnken design, were used to
determine the significant model. The polynomial equations obtained for droplet size, PDI, and
transmittance are as follows:

Droplet size = 184.67 + 55.125A - 27B - 8.375C - 13.25AB + OAC + 0.75BC + 29.91A2 + 4.67B?
-0.083C2

PDI = 0.271 + 0.10175A - 0.039B - 0.0335C - 0.012AB + 0.0095AC- 0.0085 BC + 0.07875A2
+ 0.02475B% + 0.01625C?

% Transmittance = 97.69 - 8.07875A + 3.605B + 2.32625C + 0.532AB - 0.79AC + 0.0825BC -
13.899A2 - 3.141B2 - 2.859 C2

Effect of Independent Variables on Droplet Size

Droplet size is a crucial parameter affecting drug release and bioavailability in nanoemulsions. The
observed increase in droplet size from 140 nm to 325 nm with varying independent variables
provides valuable insights into the formulation process. The significant positive effect of the amount
of oil on droplet size is evident, aligning with the basic principles of nanoemulsion formation. A
larger amount of oil leads to larger droplets due to increased phase volume. Conversely, the negative
effect of Smix concentration on droplet size is expected. As the Smix concentration increases, the
surface tension between the oil and aqueous phase decreases, promoting smaller droplet formation.
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This phenomenon is supported by the 3D response curves in Figure 3. Furthermore, the decrease in
droplet size with an increase in sonication time underscores the role of sonication in breaking down
larger droplets into smaller, more uniform ones. This optimization study provides a clear
understanding of how these variables interact to influence droplet size, crucial for controlling drug
release kinetics and enhancing bioavailability.

Effect of Independent Variables on PDI

The Polydispersity Index (PDI) reflects the uniformity or homogeneity of a formulation, influencing
its stability and performance. The observed increase in PDI with increasing lipid concentration and
sonication time suggests a wider range of droplet sizes within the nanoemulsion. This can be
attributed to the potential for increased agglomeration or incomplete droplet size reduction with
higher lipid content and longer sonication times. Conversely, the inverse effect of Smix
concentration on PDI, as depicted in Figure 3, indicates that higher Smix concentrations contribute
to a more uniform droplet size distribution. This aligns with the role of surfactants in
nanoemulsions, where they stabilize droplets and prevent aggregation. The observed PDI values
ranging from 0.22 to 0.521 indicate variations in droplet size distribution within the CUR-loaded
SNEDDS. These findings emphasize the importance of optimizing Smix concentrations and
sonication times to achieve a more uniform and stable nanoemulsion system.

Effect of Independent Variables on Transmittance

Transmittance is a crucial indicator of the transparency and stability of a formulation. The observed
range of transmittance values (67.92% to 97.8%) reflects the varying degrees of formulation clarity.
The negative impact of oil percentage on transmittance is logical, as higher oil concentrations can
lead to increased light scattering and reduced transparency. Conversely, the slight positive effect of
Smix and sonication time on transmittance indicates their roles in promoting formulation clarity.
Higher transmittance values signify a more transparent and stable formulation, which is desirable
for drug delivery systems. The correlation between the independent variables and transmittance, as
illustrated in Figure 3, highlights the importance of balancing these factors to achieve an optimal
formulation with desired transparency and stability.
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Figure 3: The 3D surface response plot showing the effect of independent variables (Oil, Smix, and
Sonication time) on dependent variables (A) droplet size, (B) PDI, and (C) % transmittance

Validation and Point Prediction

The validation and point prediction phase of the optimization study aimed to assess the accuracy of
the generated model in predicting an optimal formulation. The software predicted an optimal
formulation composition of 19.6% oil, 80.5% Smix, and 51 seconds of sonication time, with predicted
responses for droplet size, PDI, and transmittance. The observed values closely matched the
predicted values, as seen in Figure 4, indicating the robustness and accuracy of the optimization
process. The high degree of correlation between predicted and observed values validates the model's
efficacy in optimizing the formulation and process parameters for CUR-loaded SNEDDS. This
validation step ensures confidence in the selected formulation, demonstrating its potential for stable
and efficient drug delivery applications.
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Figure 4: Linear correlation plot between observed and predicted values of a) Droplet size, B) PDI
and c¢) % Transmittance and their corresponding residual plots

Evaluation of optimized liquid SNEDDS

Droplet size and zeta potential

The average globule size of the formulated nanoemulsion, measured at 181.3 + 6.5 nm (Figure 5)
after drug loading, provides crucial insights into the physical characteristics of the system. This size
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is within the desirable range for nanoemulsions, which is less than 200 nm (Buddhadev et al., 2024).
Additionally, the low PDI value of 0.27 is indicative of a narrow size distribution among the globules.
A PDI value closer to zero signifies uniformity in particle size distribution, meaning the majority of
globules are similar in size. For lipid-based formulations, a PDI value lesser than 0.3 is considered
acceptable (Reddy & Gubbiyappa, 2022). This uniformity is advantageous for drug delivery systems,
as it ensures consistent and predictable behavior of the nanoemulsion.

Moreover, the negative zeta potential of -11.7 mV observed in the nanoemulsion is significant for
its stability. Zeta potential reflects the electrostatic repulsion between particles, with higher absolute
values indicating greater repulsion and, thus, enhanced stability. In this case, the negative zeta
potential suggests that the globules possess anionic surface charges, contributing to their stability
by preventing aggregation or coalescence. The relatively moderate magnitude of the zeta potential
(-11.7 mV) is favorable, as it indicates sufficient stability without excessive repulsion that could lead
to flocculation or sedimentation. Caprylol 90 is a medium-chain triglyceride derived from caprylic
acid, and Gelucire 48/16 is a mixture of glycerides and polyethylene glycol (PEG) esters of fatty
acids. The presence of fatty acid esters in these components used to formulate the SNEDDS would
have led to the development of a negative value of zeta potential (Rathore et al., 2023).

Z-Average (nm): 1813 Derived Count Rate (kcps): 8265.0077574
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%Std Deviation: 0
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Figure 5: Particle size distribution of the CUR-loaded SNEDDS

Thermodynamic stability studies

The thermodynamic stability studies conducted on the optimized CUR-loaded SNEDDS revealed
promising results, as the formulation displayed remarkable resilience against various high-stress
conditions. The absence of precipitation, cracking, creaming, or turbidity, even after exposure to
rigorous centrifugation and repeated freeze-thaw and heating-cooling cycles, indicates the robust
stability of the SNEDDS formulation. This stability is crucial for pharmaceutical formulations, as it
ensures that the drug remains uniformly dispersed and accessible for absorption upon
administration. The observed resistance to physical and temperature-induced stress can be
attributed to the balanced composition of the SNEDDS, where the surfactant and co-surfactant
components provide a protective layer around the oil droplets, preventing coalescence or separation
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(Zembyla et al., 2020). Additionally, the small globule size and narrow size distribution contribute
to the formulation's stability by minimizing interactions that could lead to instability (H. Singh et al.,
2019).

Morphological investigation

The examination of the morphology of the optimized CUR-loaded SNEDDS using TEM provided
valuable insights into the nanoemulsion structure. The TEM images revealed discrete, spherical oil
globules with diameters ranging from 0.16 to 0.2 pym, as depicted in Figure 6. The dark appearance
of the oil globules against bright surroundings indicates a contrast typical of TEM imaging, where
dense structures appear dark. The presence of non-aggregated globules suggests excellent physical
stability of the nanoemulsion (Ke et al., 2016; Parmar et al., 2015). The observed spherical
morphology is favorable for drug delivery systems, as it offers a large surface area for drug release
and absorption, enhancing bioavailability. The uniform size distribution, as indicated by the
consistent globule diameters, further supports the formulation's stability and uniformity. These
findings are consistent with a well-optimized SNEDDS formulation, where the surfactant and co-
surfactant components effectively stabilize the oil globules.

szm . | &
o - - i

Figure 6: TEM scan of the prepared CUR-loaded SNEDDS

Drug content

The analysis of drug content in the nanoemulsion revealed an impressive value of 98.2 + 1.64%.
This high drug content indicates the efficient loading of the drug within the nanoemulsion
formulation, ensuring that a significant amount of the drug is present in the final product. The
exceptional drug content percentage further confirms the stability and uniformity of the
nanoemulsion, suggesting minimal drug loss during the formulation process.

In vitro drug release

Various researchers have used Tween 80 in the dissolution medium ranging from 0.1 to 10%, but
on conducting trials, we observed that a concentration of 1 % w/v Tween 80 was sufficient to
maintain sink conditions (Shahani & Panyam, 2011; Wei et al., 2020). A similar concentration of
Tween 80 has been employed by Maria et al., who had prepared an inclusion complex of CUR with
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cyclodextrin (Maria et al., 2017). The in vitro drug release investigation using USP type-Il dissolution
apparatus with a paddle method revealed significant differences between the release profiles of CUR
from its powder form and the optimized SNEDDS formulation, as depicted in Figure 7. The results
demonstrate that the CUR-loaded SNEDDS exhibited a remarkably higher drug release, with over
85% of the drug released within 2 hours, compared to just 25% of the drug released from its native
state. This substantial enhancement in drug release from the SNEDDS can be attributed to several
factors. Firstly, the nanoemulsion formulation provides a large interfacial surface area, facilitating
rapid d/rug dissolution and release. Secondly, the presence of surfactants, such as Cremophor EL
and Gelucire 48/16, in the SNEDDS formulation aids in solubilizing CUR, known for its hydrophobic
nature, thereby enhancing its availability for release. Thirdly, the uniform and stable nature of the
nanoemulsion, as observed in the TEM analysis, ensures consistent and rapid drug release. The use
of Tween 80 in the dissolution medium maintained sink conditions, ensuring that the concentration
of the dissolved drug remains significantly lower than its solubility. This study highlights the efficacy
of the optimized SNEDDS formulation in achieving a rapid and efficient drug release profile, which
is essential for improving CUR's bioavailability and therapeutic efficacy.
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Figure 7: In vitro drug release profile of plain CUR and CUR-loaded SNEDDS

In vivo pharmacokinetic assessment
The plasma concentration-time profile of plain CUR and CUR-loaded SNEDDS is given in Figure 8
below.
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Figure 8: Plasma concentration-time profile of plain CUR and CUR-loaded SNEDDS
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The pharmacokinetic assessment comparing plain CUR and CUR-loaded SNEDDS reveals significant
improvements in several key parameters with the nanoemulsion formulation. The most notable
enhancement is seen in the maximum plasma concentration (Cmax) of CUR-loaded SNEDDS, reaching
364.861 ng/ml compared to 153.082 ng/ml for plain CUR. This substantial increase in Cmax
indicates improved bioavailability, allowing for higher drug concentrations to be reached in the
bloodstream upon administration. The longer half-life (t1/2) of 2.335 hours for CUR-loaded SNEDDS,
compared to 1.779 hours for plain CUR, suggests a prolonged retention time in the body, potentially
leading to sustained therapeutic effects. The area under the concentration-time curve from zero to
infinity (AUCo-«) also demonstrates a substantial increase from 930.915 ng.h/ml for plain CUR to
2686.403 ng.h/ml for CUR-loaded SNEDDS, further confirming enhanced drug exposure and
systemic availability. These improvements can be attributed to the nanoemulsion's ability to
solubilize and protect CUR, facilitating its absorption and circulation in the bloodstream. The
relatively low Cl/F_obs value of 0.009 (mg)/(ng/ml)/h for CUR-loaded SNEDDS compared to 0.026
(mg)/(ng/ml)/h for plain CUR indicates reduced clearance, supporting the notion of prolonged
systemic exposure and sustained release. The MRTo-~ value of 4.99 hours for CUR-loaded SNEDDS
also suggests an extended duration of drug presence in the body. The observed parameters
collectively suggest that the optimized SNEDDS formulation significantly improves the
pharmacokinetic profile of CUR, enhancing its bioavailability and potential therapeutic efficacy.
These findings underscore the potential of CUR-loaded SNEDDS as a promising drug delivery system
for improving the treatment outcomes of CUR.

Conclusion

The comprehensive study on the development and optimization of CUR-loaded Self-
Nanoemulsifying Drug Delivery Systems (SNEDDS) presents a promising platform for enhancing the
bioavailability and therapeutic efficacy of curcumin. The initial solubility studies highlighted Caprylol
90 and Capmul MCM C-8 oils, along with Cremophor EL and Tween 80 surfactants, as ideal
candidates for formulating the SNEDDS. Subsequent evaluations of emulsifying abilities revealed
Cremophor EL to be superior, particularly when paired with Gelucire 48/16 as a co-surfactant. The
construction of a pseudo-ternary phase diagram further guided the selection of Caprylol 90 as the
preferred oil phase due to its wider nanoemulsion region. The optimization study using Design
Expert® software validated the robustness of the formulation, with observed and predicted
responses closely aligned. The optimized CUR-loaded SNEDDS exhibited desirable physical
properties, including a small globule size (181.3 + 6.5 nm) with a narrow size distribution (PDI of
0.27) and a negative zeta potential (-11.7 mV) indicative of stability. Thermodynamic stability
studies confirmed the formulation's resilience to stress conditions, while morphological analysis via
TEM revealed uniform and stable oil globules. The formulation achieved an impressive drug content
of 98.2 + 1.64%, ensuring efficient drug loading. Importantly, the in vitro drug release study
demonstrated a substantial enhancement in drug release (over 85% within 2 hours) compared to
plain CUR, attributed to the nanoemulsion's properties. Pharmacokinetic assessment in vivo revealed
significant improvements in Cmax, AUC, t1,2, and MRT for CUR-loaded SNEDDS, indicating enhanced
bioavailability and prolonged systemic exposure. These findings collectively highlight the potential
of the optimized CUR-loaded SNEDDS as an effective drug delivery system for improving the
therapeutic outcomes of curcumin, offering a promising avenue for future research and clinical
applications in the treatment of various diseases.
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