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Background: Curcuma longa L., commonly known as turmeric, is renowned for its therapeutic benefits attributed to bioactive 
compounds, namely curcumin (Cur) and aromatic turmerone (Tur), present in its rhizome. These compounds exhibit diverse 
therapeutic properties, including anti-inflammatory, antioxidant, and anti-tumor effects. However, the topical application of these 
compounds has a significant potential for inducing skin irritation. This study focuses on formulating solid lipid nanoparticle (SLN) 
carriers encapsulating both Cur and Tur for reduced irritation and enhanced stability.
Methods: SLN formulations were prepared by a method using homogenization followed by ultrasonication procedures and optimized 
by applying response surface methodology (RSM).
Results: The optimized SLN formulation demonstrated entrapment efficiencies, with 77.21 ± 4.28% for Cur and 75.12 ± 2.51% for Tur. 
A size distribution of 292.11 ± 9.43 nm was obtained, which was confirmed to be a spherical and uniform shape via environmental 
scanning electron microscopy (ESEM) images. The in vitro release study indicated cumulative releases of 71.32 ± 3.73% for Cur and 
67.23 ± 1.64% for Tur after 24 hours under sink conditions. Physical stability tests confirmed the stability of formulation, allowing 
storage at 4°C for a minimum of 60 days. Notably, in vitro skin irritation studies, utilizing the reconstructed human epidermal model (EPI- 
200-SIT), revealed a significant reduction in irritation with the SLN containing Cur and Tur compared to nonencapsulated Cur and Tur.
Conclusion: These findings collectively endorse the optimized SLN formulation as a favorable delivery system for Cur and Tur in 
diverse topical uses, offering enhanced stability, controlled release and reduced irritation.
Keywords: curcumin, aromatic turmerone, skin irritation, reconstructed human epidermal model, solid lipid nanoparticle, response 
surface methodology

Introduction
The principal bioactive compounds isolated from Curcuma longa L. are curcuminoids, sesquiterpenoids, and turmerones.1 

Curcumin (Cur), derived from the dried rhizomes of Curcuma longa L., is a polyphenolic compound recognized for its diverse 
therapeutic effects. It is the primary therapeutic component of the turmeric plant and exhibits anti-oxidant, anti-inflammatory, 
antimicrobial, anticancer, antipsoriatic, and wound-healing activities.2,3 Due to these therapeutic activities, Cur is used 
topically for skin aging, infections, acne, psoriasis, eczema, dermatitis-like inflammations, and skin cancer. Therefore, Cur 
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is bioactive with enormous potential for skin and skin diseases due to its therapeutic activity.4,5 However, as with any 
therapeutic agent, the use of Cur in topical applications is not without its challenges, chief among them being the potential for 
skin irritation. Skin irritation, characterized by redness, itching, or discomfort, can pose a significant hurdle to the widespread 
adoption of Cur-based topicals. Various factors contribute to this concern, including poor solubility of Cur and the necessity 
for high concentrations to achieve therapeutic effects.2,6

Aromatic Turmerone (Tur), one of the key components found in turmeric and its essential oil, has garnered attention 
for its varied therapeutic properties, encompassing anti-oxidant, anti-tumor and anti-cancer activities.7–10 The therapeutic 
potential of Tur extends to the realm of dermatology, particularly in the management of inflammatory skin conditions. 
Notably, topical applications of Tur have demonstrated efficacy in alleviating skin inflammation in murine models by 
modulating the expression of key cytokines, presenting itself as a promising candidate for treating inflammatory skin 
diseases such as psoriasis.11 Cur and Tur exist together within the plant’s rhizome. According to information obtained 
from previous studies, absorption of Cur is significantly enhanced in the presence of Tur, as compared to Cur alone, 
emphasizing the potential synergistic benefits of these compounds.12–15 The synergistic effects of Cur and Tur have been 
investigated, revealing enhanced anti-inflammatory activity when compared to standard Cur alone.16,17

In the dynamic landscape of dermatological formulations, the advent of nanocarrier systems such as liposomes, 
polymeric nanoparticles, lipid-based carriers and nanoemulsions has introduced groundbreaking approaches to drug 
delivery methods, offering the potential of improved effectiveness and fewer side effects. Among these, solid lipid 
nanoparticles (SLNs) have proven to be a novel approach, especially for topical applications.18,19 Unlike liposomes, 
SLNs have a solid lipid matrix, which provides enhanced stability and protection against degradation.20 In contrast to 
polymeric nanoparticles, SLNs are composed of biodegradable lipids, reducing concerns about long-term toxicity.21,22 

Additionally, when compared to nanoemulsions, SLNs provide controlled drug release due to their solid nature.23,24 When 
applied topically, SLN exhibits remarkable potential to penetrate the uppermost layer of the skin and reach its deeper layers, 
thereby optimizing drug delivery to target sites.25 This enhanced penetration leads to improved bioavailability of both 
hydrophobic and hydrophilic drugs. In addition, the biocompatibility of the lipid components in SLN contributes to their 
safety profile for skin applications.26,27 Topical applications encounter challenges, including skin irritation, difficulties in 
achieving optimal skin permeation, ensuring drug stability, bioavailability concerns, and maintaining dose uniformity.28,29 

Traditional formulations may cause skin irritation due to their composition, occlusive nature, or interactions with the skin 
barrier.30 However, SLNs, with their biocompatible lipid matrix, offer a promising avenue to alleviate these concerns.31,32

Formulation optimization involves navigating a complex landscape of variables, where the interplay of factors can 
significantly impact the desired outcomes. Traditional approaches have been the cornerstone of formulation design, involving 
the systematic adjustment of one factor while keeping others constant.33,34 However, these methods often fall short in 
capturing the intricate interactions among multiple variables, leading to suboptimal formulations and resource-intensive trial- 
and-error processes. In contrast, response surface methodology (RSM) emerges as a robust and systematic statistical technique 
designed to navigate the intricate design space efficiently. By modeling the relationships between multiple factors and 
responses, RSM allows researchers to explore the synergistic or antagonistic effects of variables, ultimately identifying the 
optimal formulation conditions. This not only accelerates the formulation optimization process but also minimizes the need for 
exhaustive experimental trials. Numerous studies in the literature have demonstrated the superior efficiency of RSM in 
achieving optimal formulations with fewer experimental runs compared to traditional approaches.35,36

This study aims to develop safe and efficient novel topical formulations loaded with Cur and Tur and evaluate the 
skin irritation levels of the formulations. SLN formulations were prepared using hot homogenization and ultrasonication 
procedures. Additionally, the optimization of formulations was studied using a central composite design (CCD). The SLN 
system was evaluated for its in vitro characterization and skin irritation properties.

Materials and Methods
Materials
Curcumin (Cur) was purchased from Sigma Aldrich. Aromatic Turmerone was supplied from Cayman Chemical. 
Compritol® ATO 888 was kindly donated from Gattefossé, France. Plantacare® 810 UP (caprylyl/capryl glucoside) 
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was a friendly donation from BASF, Turkey. Dialysis membrane (Spectra/por 4, d: 16 mm, Mw: 12–14 kDa) was 
obtained from Spectrum Chemical Mfg. Corp. (USA). The cell line was supplied from American Type Culture Collection 
(ATCC). Fetal calf serum, RPMI medium, PBS, and Dulbecco’s Modified Eagle’s Medium-F12 were all obtained from 
GIBCO BRL, InVitrogen (Carlsbad, CA). A three-dimensional, reconstructed human epidermal model (EPI-200-SIT) 
including human-derived epidermal keratinocytes was purchased from MatTek Corporation. The chemicals, solvents, and 
reagents employed in this research were all of analytical quality.

Preparation of Cur-Tur-Loaded SLN
Cur-Tur loaded SLN formulations were prepared by a method using hot homogenization and ultrasonication 
procedures.37 Cur (0.02% w/v) and Tur (0.1% w/v) were mixed with Compritol ATO 888 (C888) as a solid lipid. 
Then, the mixture was melted at 85 °C and blended with magnetic stirring at 300 rpm until Cur and Tur were completely 
dissolved. The water phase, Plantacare 810 (P810) solution, was preheated to 85 °C and slowly added to the lipid phase 
through Ultra-Turrax and homogenized for 5 min at 20,000 rpm (Ultra-Turrax T25, IKA-Werke GmbH & Co. KG, 
Staufen, Germany). An ultrasonic probe was used for 10 min. Subsequently, the formulations were given time to reach 
room temperature. The same approach was utilized to prepare blank SLN, without including Cur and Tur.

Experimental Design
The RSM was employed to optimize the formulated SLN dispersion. Based on prior research and analysis, the 
combination of C888 and P810 was identified as two pivotal variables influencing the characteristics of the SLN.38,39 

The effects of these factors on the SLN were thoroughly analyzed using CCD, with five separate levels (-α, −1, 0, 1, + α). 
A selected α value of 1.44 was employed to maintain orthogonality and rotatability of the design. To enhance the 
accuracy of the methodology, 13 trials were conducted, including four factorial points, four axial points, and five repeated 
experiments (see Table 1 for details). Response variables were chosen as entrapment efficiency of Cur and particle size.

The experimental design and subsequent statistical analysis were conducted using the Design-Expert software 
(version 13.0.5.0). The evaluation of the experimental outcomes was performed employing a nonlinear quadratic 
equation represented as follows:

In this equation, Y signifies the predicted response, while A and B represent the independent variables, the terms of A2 

and B2 denote the interaction and quadratic components, respectively. β0 is the intercept value, β1 and β2 are linear 
coefficients, β12 signifies the interaction coefficient, β11 and β22 represent quadratic coefficients.

The impact of the independent factors on the outcomes was evaluated utilizing Analysis of Variance (ANOVA), with 
a significant value of p < 0.05. Appropriateness of this model was determined by examining the determined predicted and 
adjusted correlation coefficients (r2). Three-dimensional surface graphs were employed to visually represent how the 
chosen independent variables impact the quality of the SLN dispersion. The optimum SLN dispersion was identified 
based on responses that yielded the higher entrapment efficiency of Cur and the smaller particle size values. This 
optimum SLN dispersion was replicated three times, and the achieved outcomes were contrasted with the predicted 
levels.

Table 1 Chosen Parameters in CCD

Variables Level of Variables

−1.41 −1 0 1 1.41

A C888 (%w/v) 0.47 0.8 1.6 2.4 2.73

B P810 (%w/v) 0.23 0.4 0.8 1.2 1.37

Abbreviations: C888: Compritol® ATO 888; P810: Plantacare® 810; w/v: 
Weight/Volume.
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Determination of the Particle Size, Polydispersity, and Zeta Potential
Using the Zetasizer Nano ZSP (Malvern Instruments Ltd, Malvern, UK) at 25 °C and a 173° angle, particle size and PDI 
values of SLN were assessed. Through the use of specialized apparatus and the micro-electrophoresis method, zeta 
potential values were determined (Malvern Instruments Ltd).40 In order to avoid scattering effects, SLN formulations 
were diluted (1:100) with ultrapure water. At least three times each formulation was measured.

Determination of the Entrapment Efficiency
The measurement of the entrapment efficiency of SLN was performed using the centrifugation procedure, as described in 
previous studies.41,42 The Cur-Tur-loaded SLN formulation (1.5 mL) underwent centrifugation at 15,000 rpm for 
one hour to the un-entrapment drug from the drug that had been entrapped. After centrifugation, the formulation was 
dissociated into two phases: pellet and liquid supernatant. Each phase was transferred into the new Eppendorf. The 
pellets were made up to 2 mL with ACN and vortexed. By diluting with ACN (1:100) supernatant and pellet samples 
were prepared. Finally, measurements were taken with the Reverse Phase High-Performance Liquid Chromatography 
method (RP-HPLC). The determination of entrapment efficiency was conducted according to the formulation below:

Where Wa is the initial quantity of the drugs introduced to the SLN dispersion and Wb is the quantity of un-entrapment 
drugs in the supernatant.

Total Drug Content of SLN
To assess the Cur and Tur content in the optimum SLN formulation, 200 µL samples of the SLN suspension were 
solubilized in acetonitrile. The solution obtained was subsequently passed through a membrane filter with a pore size of 
0.45 µm, and the concentrations of Cur and Tur were assessed using a validated RP-HPLC technique.43

Analytical Method for Cur and Tur Determination
A Shimadzu LC20-AT HPLC system (Shimadzu, Kyoto, Japan) along with a Shimadzu SPD-20A UV–Vis detector was 
employed to quantify Cur and Tur.44 As a mobile phase, acetonitrile:phosphate buffer (adjusted to pH 3.0 using 
phosphoric acid) (80:20, v/v) for Cur and acetonitrile:ultrapure water containing 0.4% (v/v) acetic acid (45:55, v/v) for 
Tur were applied after filtration and degasification. Through a C18 column (250 × 4.6 mm; 5 µm – GL Sciences Inert 
Sustain) preserved at 35 °C, the separation took place with a low-pressure gradient, a flow rate of 1.0 mL/min of the 
mobile phase. The injection level was 20 μL, and the UV detector was configured at 420 nm for Cur detection and 240 
nm for Tur detection.

The validation investigations were conducted in a manner that was consistent with the guidelines outlined in the ICH- 
Q2 protocols. In the assessment of linearity, standard curves were generated using the stock solution of Cur and Tur over 
the concentration range of 0.05 to 20 µg/mL. The analysis revealed a direct correlation among the peak areas and the 
concentrations of Cur (r2=0.9994) and Tur (r2=0.9991) within the 0.05–20 µg/mL range. Additionally, assessments 
conducted with blank SLN demonstrated no discernible interference with the peaks of Cur and Tur, affirming the 
selectivity of method. Moreover, the validation of the RP-HPLC method encompassed examinations of accuracy, 
precision, and stability.

Morphological Characterization
The morphological examination of the optimum formulation was conducted using environmental scanning electron 
microscopy (ESEM) instrument, specifically the Thermo Fisher Quattro ESEM.45 The dispersion of SLN was diluted 
with deionized water prior to analysis. A drop of SLN was carefully put onto a copper grid coated with carbon and 
allowed to evaporate at room temperature, resulting in the formation of a ultra-thin layer. After drying, the formulation 
was imaged at 30 kV and in STEM mode.
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In vitro Release Study
The dialysis method was employed to investigate the in vitro release of drugs from the optimized SLN formulations.46,47 

Dialysis membranes (cellulose membrane, 12.000–14.000 Dalton MWCO) were immersed in double-distilled water for 
30 minutes before the experiment. Three parallel SLN formulations (2 mL) were added to the dialysis bags sealed using 
standard closures. These bags were then placed in a solution comprising 75 mL of PBS: Tween 80 (19:1; pH 7.4) and 
sealed with parafilm and aluminum to prevent the evaporation of the receptor phase. The procedure was conducted in 
a shaking incubator at a constant temperature of 32 °C ± 0.5 °C and a rotating rate of 100 rpm/min. At designated 
intervals (0, 0.25, 0.5, 1, 2, 3, 4, 5, 6, 8, and 24 h), 0.5 mL aliquots were obtained from the receiving phase and replaced 
with an equal volume of fresh medium to sustain sink conditions. The quantification of released Cur and Tur was carried 
out using a validated RP-HPLC method.

Stability of SLN
To evaluate the stability studies, optimized Cur-Tur-loaded SLN was observed and measured for a duration of two 
months, during storage at a temperature of 5°C±3°C.48 The formulations were analyzed at defined time intervals for 
various parameters, including physical appearance, particle size, PDI value, and zeta potential. The experiments were 
performed three times.

In vitro Skin Irritation Studies
The study was conducted by a validated and utilized epidermis equivalent kit, EpiDerm™, for the in vitro skin irritation 
test.49,50 The parameters that were assessed in this study included the percentage of cell viability as determined by the 
MTT reduction assay.

Conditioning of EpiDerm Tissues
The assay medium (EPI-100-NMM) was let to reach room temperature (20–25 °C). The tissue inserts were put onto the 
6-well plates containing the 0.9 mL assay media after the Epiderm package was taken out of the refrigerator. The 
EpiDerm tissues were placed in 6-well plates and transferred to a 37 °C incubator with 5% CO2 for 18 ± 3 hours.51

Dosing and Exposure
After 18 ± 3 hours of incubation, the assay mediums in the six-well plates were replaced with 0.9 mL of new, assay 
medium in each well. A 5% SDS solution supplied with EPI-200-SIT kit was used as positive controls and inserts treated 
with sterile DPBS were used as the negative control. Then, 30 µL/insert of the tested samples were applied to the tissues. 
The dosed EpiDerm tissues were placed in 6-well plates, which were then placed back in the incubator for 24 hours. 
Afterward, inserts were rinsed with sterile DPBS in case of any test substances remained on the tissues after exposure. 
This process was repeated for each insert, separately and carefully. Lastly, inserts were fully submerged into DPBS to 
completely remove any residue.

MTT Viability Assay
After a 24-hour incubation, MTT medium was prepared freshly and pipetted 300 μL of MTT medium in each well of 
a new 24-well plate. Then, inserts were blotted from the bottom and transferred to a plate prefilled with MTT medium. 
Following the 3-hour MTT incubation, each insert was taken out, blotted with a sterile gauge from the bottom, and then 
placed onto the 24-well extraction plate. The blue formazan was dissolved by adding 2 mL of isopropanol as an 
extractant per tissue. The cell culture inserts were submerged into an extractant solution to completely cover the EpiDerm 
tissues. The plate was put within a sealable bag and run at room temperature for 2 hours at 120 rpm. The extraction fluid 
was pipetted to ensure mixing after the extraction phase ended. For the final step, 200 µL of each tissue extract was put 
into a 96-well microtiter plate to detect formazan crystal’s optical density using a spectrophotometer at 570 nm.52
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Statistical Analyses
The experiments were conducted in triplicate at minimum, and the data are expressed as the mean ± standard deviation 
(SD). Statistical analysis involved one-way ANOVA with Tukey’s post hoc test. Statistical significance was considered at 
a level of p < 0.05. Following the exclusion of blank optical density (OD) values from the initial absorbance data for skin 
irritation test, the mean OD and standard deviation were calculated for each test. The mean OD of the untreated 
tissues used as the negative control was accepted as 100% viability. The outcomes were articulated as a percentage of 
viability relative to the negative control, with the accompanying SD, for each insert.

Results and Discussion
Experimental Design of SLN
Impact of Independent Variables on Entrapment Efficiency
The outcomes of the entire set of 13 experiments are presented in Table 2, in conjunction with the CCD matrix. The SLN 
dispersions demonstrated an entrapment efficiency of Cur that varied within the range of 48.39% to 90.97%. The 
determination of entrapment efficiency responses was established utilizing the associated quadratic equation.

In evaluating the predictive performance of the regression model for entrapment efficiency (R1), it is important to 
consider the encoded parameters (A and B) for C888 and P810, respectively. The results of the analysis, as presented in 
Table 3, reveal compelling evidence of the model’s statistical significance. This is evident from the substantial F value of 
72.79 and the remarkably low P-value of under 0.0001, indicating that the model is highly reliable for predicting 
entrapment efficiency of Cur. Furthermore, the lack of fit value, with a p-value of 0.417, provides additional support for 
the model’s appropriateness in fitting the data adequately. The high coefficient of determination (R2) value of 0.9811 is 
particularly noteworthy, implying that approximately 98.1% of the variability in the response variable (entrapment 
efficiency of Cur) can be explained by this regression model. In addition, the adjusted and predicted R2 values of 0.9677 
and 0.9209, respectively, further underscore the model’s robustness. These values, both exceeding 0.9, indicate a high 
degree of correlation between the observed and predicted data. This level of concordance is substantial, given that the 
variation in these metrics is less than 0.2. The results of the ANOVA analysis and the associated regression metrics 
collectively demonstrate the efficacy of the model in accurately predicting the entrapment efficiency of Cur.

Table 2 CCD Matrix and Obtained Responses for SLN

Variables Responses

Run A: 
C888

B: 
P810

Particle Size 
(nm)

Entrapment 
Efficiency (%)

1 0.8 1.2 230.9 72.43
2 1.6 0.8 320.3 64.98

3 0.47 0.8 207.8 53.48

4 1.6 0.8 345.6 69.26
5 1.6 0.8 353.8 68.93

6 0.8 0.4 205.1 40.26

7 2.4 1.2 224.4 77.30
8 2.4 0.4 211.3 77.03

9 1.6 1.37 227.4 74.72

10 1.6 0.8 338.7 69.42
11 1.6 0.23 229.4 48.39

12 1.6 0.8 327.4 65.04

13 2.73 0.8 203.8 90.97
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The results obtained from the ANOVA analysis Table 3, indicate that adjustments in the quantities of solid lipid and 
surfactant in the SLN formulation had a noticeable effect on entrapment efficiency (p < 0.05). To further elucidate the 
impact of these independent variables on the outcome, three-dimensional response surfaces were employed, which is 
a widely accepted approach for a more comprehensive assessment of their effects. As depicted in Figure 1A, the three- 
dimensional response surface graph illustrates that raising the level of solid lipid resulted in a notable enhancement in 
entrapment efficiency. This phenomenon can be explained by the increased solid lipid content providing more opportu-
nities for lipophilic drug molecules to interact with the lipid matrix. Consequently, this creates a more favorable 
environment for the encapsulation and retention of lipophilic drugs within the lipid nanoparticles. Additionally, the 
observed increase in viscosity of the carrier system with higher amounts of solid lipid is likely to play a role in this 
enhancement. This increased viscosity leads to accelerated solidification of the particles, consequently restricting the 
diffusion of the drugs into the receptor phase.53,54 In another study by Devin et al, noscapine-loaded SLNs were prepared, 
and it was determined that the entrapment efficiency of the lipophilic drug increased with the increase in the amount of 
solid lipid.55 Furthermore, our study demonstrates that an increased quantity of surfactant also positively impacts 
entrapment efficiency. This is due to the fact that increased surfactant concentrations contribute to improved stability 
of the SLN by reducing interfacial tension and preventing aggregation. Stable nanoparticles, in turn, exhibit greater 
efficacy in retaining hydrophobic drug. Surfactants perform a crucial function in the emulsification process during SLN 

Table 3 ANOVA Results for Entrapment Efficiency of Cur

Sum of Mean F P-value
Source Squares df Square Value Prob > F

Model 2096.66 5 419.33 72.79 < 0.0001 significant

A-C888 1120.04 1 1120.04 194.43 < 0.0001

B-P810 606.85 1 606.85 105.34 < 0.0001
AB 254.40 1 254.40 44.16 0.0003

A² 37.31 1 37.31 6.48 0.0384

B² 63.41 1 63.41 11.01 0.0128
Residual 40.32 7 5.76

Lack of Fit 19.10 3 6.37 1.20 0.4168 not significant

Pure Error 21.23 4 5.31
Cor Total 2136.98 12

Abbreviation: df, degree of freedom.

Figure 1 Three-dimensional response surface graphs of SLN (A) for entrapment efficiency of Cur and (B) for particle size values.
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preparation. Proper emulsification results in smaller, more uniform nanoparticles with a higher surface area, providing 
more opportunities for effective drug encapsulation.56,57 The findings from this study underscore the significance of 
optimizing the solid lipid and surfactant quantities in SLN formulations to enhance entrapment efficiency.

Impact of Independent Variables on Particle Size
The particle size analysis of the SLN dispersions revealed a range of sizes, varying from 203.8 to 353.8 nm, as outlined 
in Table 2. To model these outcomes, a quadratic equation was employed, represented as:

In the current study, particle size (R2) was investigated as a function of encoded parameters A and B, corresponding to 
C888 and P810, respectively. The regression model’s performance was assessed using the ANOVA table provided in 
Table 4. The obtained results indicate a high degree of statistical significance for the model. This is evident from the 
notably high F value of 65.73 and an associated p-value of less than 0.0001. The R2 value of 0.9791 further supports 
the model’s effectiveness in explaining the variability in particle size. This value suggests that approximately 97.91% 
of the observed variability can be accounted for by the proposed model. Additionally, the proximity of the adjusted R2 

(0.964) and predictive R2(0.94) values, with a difference of less than 0.2, underscores the model’s compatibility in 
describing the relationship between the encoded parameters and particle size. These findings collectively validate the 
capability of the regression model for predicting particle size based on the encoded parameters A and B.

The ANOVA results presented in Table 4 provided information on the impact of varying the amounts of formulation 
components on the size of the SLN. Specifically, variations in the amount of P810 exhibited a statistical significant effect 
(p < 0.05), whereas changes in the quantity of C888 did not demonstrate statistical significance (p > 0.05) on the size. 
This indicates that the amount of P810 played a more substantial role in determining the particle size compared to C888. 
The effect of surfactant levels on SLN size was further elucidated through a three-dimensional response surface graph, 
shown in Figure 1B. It was observed that as the amount of surfactant increased within a certain range, the particle size 
increased correspondingly. Specifically, as the surfactant quantity was raised from 0.4% to 0.8%, a concurrent increase in 
particle size was detected. However, beyond that range, higher surfactant values appeared to lead to a reduction in 
particle size. Several factors could be responsible for this intriguing phenomenon, including a potential surfactant 
saturation point or changes in the microenvironment of the SLN formation process. The excess surfactant could alter 
the physicochemical properties of the lipid matrix or promote the formation of smaller nanoparticles through enhanced 
steric stabilization.58 The experimental data and graphical representation suggest a nuanced relationship between 
surfactant concentration and particle size in the context of SLN formulation. The observed increase in particle size to 
a given threshold, and subsequent decrease, underscores the importance of precise surfactant control in achieving the 
desired particle characteristics.

Table 4 ANOVA Results for Particle Size

Sum of Mean F P-value
Source Squares df Square Value Prob > F

Model 44,776.53 5 8955.31 65.73 < 0.0001 Significant

A-C 888 4.29 1 4.29 0.0315 0.0642
B-P810 163.55 1 163.55 1.20 0.0095

AB 40.96 1 40.96 0.3006 0.0005

A² 29,826.99 1 29,826.99 218.92 < 0.0001
B² 20,420.68 1 20,420.68 149.88 < 0.0001

Residual 953.72 7 136.25

Lack of Fit 223.70 3 74.57 0.4086 0.7560 not significant
Pure Error 730.01 4 182.50

Cor Total 45,730.24 12

Abbreviation: df, degree of freedom.
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Optimization Study of SLN
The process of identifying the optimized SLN formulation was carried out through the utilization of Design-Expert 
software, leveraging the dataset derived from the CCD matrix. The establishment of targeted limits was based on the 
consideration of achieving maximum entrapment efficiency of Cur and minimizing particle size values of SLN. Through 
statistical computations, the critical parameters for the formulation, denoted as C888 and P810, were determined to be 
2.22% and 0.83%, respectively. The chosen parameters were then used to prepare the optimized SLN formulation in three 
times, aiming to validate the predictive precision of the model under ideal conditions. When the experimental findings 
were contrasted with the predicted outcomes, as detailed in Table 5, it was evident that the experimental data closely 
matched the model’s predictions. This alignment between the predicted and observed results underscores the reliability 
and significance of the model. It indicates that the strategy used for the optimization of formulation effectively facilitated 
the identification of the optimal SLN formulation, ensuring that it met the desired criteria for entrapment efficiency of 
Cur and particle size.

The centrifuge method was employed to analyze the entrapment efficiency of Tur in the optimum SLN formulation. 
Entrapment efficiency of Tur in the optimum SLN formulation was a remarkable 75.12 ± 2.51%, demonstrating the 
success of this lipophilic compound in the SLN matrix. The physicochemical properties of Tur play a crucial role in 
determining its entrapment efficiency. Tur, being a lipophilic compound, is expected to have a higher affinity for the lipid 
matrix of SLN, which can positively influence its entrapment efficiency.

The zeta potential, a parameter indicative of the surface charge of colloidal dispersions, serves as a crucial 
descriptor for understanding the behavior of molecules and nanoparticles within these systems. Its significance lies 
in its ability to assess the stability of colloidal dispersions and provide insights into the interactions between 
colloidal particles. In this study, optimum SLN formulation exhibited a zeta potential of −37.8 ± 1.4 mV, indicating 
a negatively charged surface. Considering the nature of the stabilizer used, namely P810, a polyhydroxy surfactant 
with nonionic properties, one might anticipate a lower zeta potential. This expectation stems from the inherent steric 
stabilization provided by nonionic surfactants. However, our measurements reveal a relatively higher zeta potential, 
suggesting the presence of additional charges originating from adsorbed ion or surfactant on the surface. The 
structure of P810 further sheds light on this observation. It consists of a hydrophobic anchor incorporated into the 
surface, coupled with an extended hydrophilic tail made up of glucose molecules extending into the aqueous phase. 
This configuration facilitates strong interactions with water molecules, potentially attracting negatively charged 
hydroxyl ions. These interactions likely contribute to the observed zeta potential, indicating a complex interplay of 
surface charges and molecular structure.58,59

In evaluating the particle size distribution within our formulations, dynamic light scattering was employed to 
calculate the polydispersity index (PDI). This metric is crucial in providing insights into the homogeneity of particle 
sizes, ultimately influencing the stability and performance of the formulation over time. To maintain the stability of 
a nanoparticle formulation, it is imperative that the polydispersity index remains within an acceptable range. High values 
indicate a broad range of particle sizes and a greater variability, which can lead to issues such as aggregation or 
sedimentation over time. In contrast, low polydispersity indices signify a more uniform and narrow size distribution, 
which is desirable for achieving formulation stability and ensuring consistent performance. In this study, optimum SLN 
formulations typically exhibit a polydispersity index below a threshold value of 0.3. This signifies that the size 
distribution of SLN is appropriately narrow, with limited variability among the particles. Such a well-controlled size 
distribution is essential for the uniform dispersion of SLN within the formulation and their ability to resist aggregation or 
precipitation.

Table 5 Predicted and Experimental Responses of the Optimized SLN

Responses Predicted Value Experimental Value Prediction Error (%)

Entrapment Efficiency (%) 78.21 77.21±4.28 1.01
Particle Size (nm) 297.37 292.11±9.43 1.77
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Drug Content of SLN Formulation
In this study, an essential aspect was to assess the content of Cur and Tur within the SLN dispersions. This evaluation 
served to gauge any potential loss of drugs that might have transpired during the formulation process of the optimized 
SLN dispersions. Our experiments revealed a notably high recovery rate for both Cur and Tur, with approximately 
97.21%±0.72% of Cur and 95.45%±1.21% of Tur retrieved from the SLN dispersions. This robust recovery indicates the 
efficiency of the preparation method, highlighting its suitability for these bioactive compounds. Such high levels of drug 
content indicate that the SLN dispersion process does not induce significant degradation or loss of the Cur and Tur. The 
drug content percentages obtained are consistent with data in the literature showing that high drug content percentages 
are obtained when SLN is used as a carrier system.60,61

Morphology Studies
Verification of particle size values and the detailed examination of formulation morphology are integral aspects of 
assessing the characteristics of SLN. In alignment with best practices, particle size investigations were performed using 
both Zeta Sizer and electron microscopy techniques. It is noteworthy that the results obtained from these two 
methodologies exhibited a consistent correlation, reinforcing the reliability and accuracy of the particle size values 
reported. Moreover, The ESEM images, as depicted in Figure 2, elucidated a distinctive morphology characterized by 
a spherical and smooth surface. The correlation between particle size data from both Zeta Sizer and electron microscopy 
not only validates the precision of the measurement techniques but also provides a comprehensive understanding of the 
SLN physical characteristics.

In vitro Release Study
The drug-release behavior of the optimized SLN was meticulously evaluated through the dialysis membrane diffusion 
method, a well-established technique for assessing the release of Cur and Tur. The selection of an appropriate membrane 
with a pore size calibrated to allow passage of the Cur and Tur while retaining the SLN proved crucial in ensuring 
accurate and reliable results. The in vitro release profiles, depicted in Figure 3, unveiled a distinct biphasic pattern across 
all formulations. This characteristic release profile encompasses an initial burst release phase succeeded by a more 
gradual and sustained release. In the case of our SLN formulations, the initial burst release accounted for 48.21%±2.32% 
for Cur and 54.24%±4.51% for Tur within the first 120 minutes. This phenomenon is often attributed to the rapid release 
of surface-associated molecules. Subsequently, a second, slower release phase ensued. This phase is believed to arise 
from the continuous diffusion of the Cur and Tur from within the bilayer structure of the SLN. This mechanism is 
particularly relevant for hydrophobic molecules, which may be situated within the lipid bilayer or on the exterior surface 
of the carrier system.

Figure 2 ESEM images of optimized SLN.
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Over a 24-hour period, an accumulated release of 71.32%±3.73% for Cur and 67.23%±1.64% for Tur was attained. 
These findings indicate a controlled and sustained release profile, which is highly advantageous for topical applica-
tions. This prolonged release not only ensures a consistent supply of drugs to the target area but also minimizes the 
need for frequent reapplication, thereby enhancing patient compliance. The initial burst release followed by a sustained 
phase exemplifies the potential of SLN in providing both immediate therapeutic effects and prolonged benefits over an 
extended period.

Stability Studies
The stability analysis of the optimized SLN formulations was a crucial aspect of this study, involving a meticulous 
examination conducted over a period of 60 days in a controlled refrigerated environment at 5 ± 3°C. This extended 
period enabled a thorough examination of the stability of formulations under storage conditions. The key parameters 
considered for monitoring included particle size, zeta potential, polydispersity index (PDI), and physical characteristics. 
The evaluation of zeta potential in SLN serves as an important determinant of colloidal stability. The zeta potential, 
which reflects the surface charge of nanoparticles, is crucial in predicting and preventing particle aggregation. The 
literature emphasizes that charged particles exhibiting a high zeta potential, typically exceeding ±30 mV, are less prone to 
aggregation due to the strong electrostatic repulsion between them.62 This repulsion counteracts the attractive van der 
Waals forces that tend to bring particles closer together. The measured zeta potential provides insight into the effective-
ness of stabilizing agents used in SLN formulations and contributes to the formation of a charged layer around the 
nanoparticles.63 The zeta potential of the optimum SLN formulation was measured to be −37.8 ± 1.4 mV, and a zeta 
potential value exceeding −30 mV over the 60-day stability period is a positive indicator for the stability of SLN. The 
consistent maintenance of a high negative zeta potential over a long period of time means that electrostatic forces 
effectively counteract potential attractive forces that could lead to particle aggregation. This result is in agreement with 
the results in the literature that SLN with high negative zeta potential contributes positively to the stability of 
formulations.64,65 Upon examining the results obtained at various intervals, as depicted in Figure 4, it is noteworthy 
that the particle size, zeta potential, and PDI of the optimized SLN exhibited no statistically significant variations 
throughout the 60-day storage period at 5 ± 3°C (p˃0.05). This consistent profile suggests the ability of formulations to 
maintain their structural and colloidal stability under specified storage conditions.

Figure 3 Cur and Tur release profile from optimum SLN formulation.
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In vitro Skin Irritation Test
It is essential to evaluate the potential irritation of formulations in order to determine their ability to compromise cellular 
integrity and initiate local inflammatory processes. Skin damage may arise through two primary mechanisms: direct 
effects stemming from the physicochemical characteristics of the substance, such as lipid layer stabilization, pore 
formation, and destruction of skin tissues, and indirect effects involving the release of reactive oxygen species that 
disrupt dermal cell membranes.66,67 In the pursuit of establishing reliable protocols for predicting the irritancy of various 
substances, the scientific community has long relied on the Draize skin irritation test, a methodology involving animal 
subjects that has been employed for over eight decades. However, the limitations of this approach, such as the observed 
differences in response among rabbits and humans, have prompted the search for more ethical and accurate alternatives.68 

Instead of focusing on the Draize test, in vitro models, particularly the reconstructed human epidermal model, have 
become increasingly important. These in vitro experiments adhere to established test guidelines, providing a more 
humane and scientifically robust means of classifying irritation and corrosive chemicals. The reconstituted human 
epidermis accurately replicates the biological characteristics of the typical human epidermis. It comprises non- 
transformed human-derived keratinocytes with representative histology and cytoarchitecture. In vitro skin irritation 
assays assess cellular responses to skin irritation, including cellular death and inflammation. These specific biomarkers 
are utilized to measure the potency of formulations to trigger skin irritation.69,70 In the context of dermal drug carriers, 
especially when exploring potential applications of bioactive compounds like Cur and Tur, understanding and mitigating 
skin irritation risk is paramount. While these compounds exhibit remarkable biological activities, it is imperative to 
acknowledge that, like any active molecule, they may pose the risk of local irritation upon application. The findings of 
the present study as depicted in Figure 5 reveal a statistically significant decrease in cell viability and irritant activity for 
the Cur and Tur mixture compared to both the NC group and the blank SLN formulation. However, when the Cur and Tur 
were encapsulated into the SLN formulation, there was no evidence of irritant effects of SLN, as the viability of each 
treated tissue remained above 90%. These results signify a pivotal finding in affirming the role of SLN as an effective 
carrier system in reducing the risk of irritation in topical applications. Another study by Harde et al developed an 
adapalene-containing SLN formulation and examined its skin irritation potential. According to the results of the skin 
irritation study conducted with the reconstructed human epidermis, the use of SLN as a carrier system significantly 
reduced the skin irritation potential of drug.71 In essence, the utilization of SLN as a delivery system appears to mitigate 
the irritant potential of the bioactive compounds. This not only underscores the importance of carrier systems in 
modulating the biological effects of bioactive compounds but also has significant implications for the designing of 

Figure 4 The result of stability studies of optimum SLN.
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dermal drug delivery systems aimed at optimizing therapeutic efficacy while minimizing potential adverse effects. These 
insights contribute to the ongoing discourse on refining in vitro testing methodologies and advancing the safety profiles 
of topical formulations.

Conclusion
In this research, SLNs containing Cur and Tur, which represent a novel and promising approach for topical application, 
were successfully prepared and optimized to achieve high entrapment efficiency using RSM. The particle size, PDI and 
zeta potential values of the optimum SLN were satisfactory for topical delivery of bioactive components. In addition, 
ESEM imaging confirmed that the optimized SLN has a spherical structure and uniform size distribution. In vitro release 
profiles demonstrated controlled release of Cur and Tur from the SLN formulation. Stability assessments revealed that 
the optimized SLN maintained their stability over a 60-day period when stored under controlled conditions, a crucial 
factor for their practical applicability. In vitro skin irritation study utilizing the EPI-200-SIT model showed a significant 
reduction in irritation with the Cur-Tur-loaded SLN compared to the nonencapsulated Cur-Tur. This study positions SLN 
as a highly promising delivery system for the topical application of Cur and Tur. However, additional preclinical and 
clinical studies on irritation are needed to validate the efficacy of Cur-Tur-loaded SLN for minimizing skin irritation.
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