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ABSTRACT: The aim of this study was to develop and optimize a-arbutin-loaded nanostructured lipid carriers (Ar-
NLCs) using the QbD. Additionally, the formulation studies, in-vitro and ex-vivo performance of Ar-NLCs were assessed,
along with their cytotoxic efficacy in melanoma cells. The Ar-NLCs were fabricated using the high-speed
homogenization-ultrasonication method, incorporating Gelucire 48/16, Castor oil, Capryol 90, and Tween 80. To analyze
the impact of factors on Ar-NLCs, the Box-Behnken design (BBD) was utilized. The Ar-NLCs were characterized by
particle size, polydispersity index, morphology, zeta potential, release kinetics, permeation, flux and stability.
Additionally, Ar-NLCs cytotoxicity was assessed using the A375 cells. The Ar-NLCs demonstrated a particle size of
228.7 + 44.5 nm, a zeta potential of -14.2 + 2.64 mV respectively. The entrapment efficiency was 67.62 £ 4.46%. The a-
arbutin release from NLCs followed Weibull kinetics. Notably, Ar-NLCs demonstrated a 2.53-fold higher permeability
compared to Ar-SOL. Furthermore, Ar-NLCs exhibited significantly stronger cytotoxic effects against melanoma cells
than Ar-SOL. This study reports the successful development of Ar-NLCs using a QbD approach. Enhanced transdermal
permeability, enhanced cytotoxicity on melanoma cells, and sustained release of a-arbutin from NLCs were achieved.
These findings indicate that NLCs offer a viable alternative drug delivery system for transdermal applications.
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1. INTRODUCTION

Melanin, a pigment accountable for the coloration of the body, hair, and different tissues, is
synthesized within melanosomes. Melanocytes play a crucial role in homeostasis and photoprotection of the
skin. Dysregulation of melanin metabolism may lead to pigmentary disorders. Several factors can alter the
production of melanin such as genetics, hormonal fluctuations, diet, and environmental factors. Melanoma is
an aggressive and potentially fatal formation of cancer that originates in melanocytes [1]. Globally,
cutaneous melanoma accounts for approximately 232,100 (1.7%) of all newly diagnosed malignant cancers,
leading to around 55,500 deaths annually. The primary symptom of malignant melanoma is often the
forming of a new mole or observable changes in a current mole [2]. While melanoma is commonly linked to
ultraviolet (UV) light exposure from the sun, other risks include both genetic and environmental factors.
Although the survival rate of localized cutaneous melanoma is 99%, it drops significantly to 25% for cases
with distant metastases [3].

The a-arbutin (Ar) is a natural polyphenol used as a whitening active ingredient in cosmetics because
of its ability to inhibit melanin production by blocking the tyrosinase. Beyond its skin-lightening effects, a-
arbutin has demonstrated various therapeutic attributes, like antioxidant, antimicrobial, and anti-
inflammatory effects, and holds potential as an anticancer agent [4]. Research indicates that a-arbutin
exhibits cytotoxicity against various cancer and tumour cell lines. However, a-arbutin’s hydrophilic and
hygroscopic nature, with a log P value of -1.49, presents challenges for its penetration via the stratum
corneum, limiting its ability to reach melanocytes in more in-depth skin layers [5]. To overcome this issue,
nano-sized drug carriers are being developed to pass the stratum corneum barrier, enabling the effective
delivery of hydrophilic active compounds like a-arbutin to the inner layers of the skin.
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Numerous studies have highlighted the advantages of nanostructured lipid carriers (NLCs) over
other lipid-based drug delivery systems like solid lipid nanoparticles (SLNs), liposomes, nanoemulsions,
and microemulsions. As second-generation drug carriers, NLCs possess a solid matrix at body temperature.
NLGCs are formed by physiologically biodegradable and biocompatible lipids and surfactants, which are
accepted by regulatory authorities for various drug delivery applications [6]. NLCs exhibit superior
properties compared to other colloidal carriers, such as enhanced drug loading and the ability to prevent
drug excretion, providing greater flexibility in modulating drug release. The solid and liquid lipid
combination in NLCs results less ordered lipid matrix compared to the fully solid lipids used in SLNs. This
structural disorder decreases crystallinity and creates “defects” within the nanoparticles, which enhance the
loading capacity of drug and reduce the drug expulsion from the NLCs. These unique characteristics make
NLCs versatile for various routes of drug administration [7].

Quality by Design (QbD) is a modern product development approach that emphasizes the correlation
between quality attributes and process parameters. QbD reduces time, cost, and material waste in
formulation development. Although there are many statistical designs, Box-Behnken experimental design
(BBD) is often preferred today because it provides savings by using fewer resources, and the parameters
affecting the formulation can be examined individually [8].

The aim of this study was to develop and optimize a-arbutin-loaded nanostructured lipid carriers (Ar-
NLCs) for enhanced permeability and cytotoxic activity. The permeability, flux, and release kinetics of a-
arbutin in NLCs (Ar-NLC) and solution (Ar-SOL) were determined. Additionally, the anticancer activity of
a-arbutin and Ar-NLCs were conducted in A375 melanoma cells.

2. RESULTS
2.1. Selection of lipids and surfactants

The solid lipids were selected according to their affinity, while liquid lipids and surfactants were
chosen according to their ability to dissolve a-arbutin in high concentrations. The affinities of a-arbutin to
Gelucire 48/16 (72.487 + 6.258%), Precirol ATO 5 (52.355 + 6.423%), and Compritol ATO 888 (58.635 +
5.624%) were measured. Gelucire 48/16 was selected as the solid lipid for its highest a-arbutin affinity. The
solubility of a-arbutin in Castor oil (2.308 + 0.114mg/mL), St. John's wort oil (0.587 £ 0.211 mg/mL), and
Jojoba oil (1.46 + 0.124 mg/mL) was determined (Figure 1). As a liquid lipid with the highest solubility of a-
arbutin, Castor oil was selected for further studies.
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Figure 1. The affinity and solubility of a-arbutin in different lipids, and surfactants.

Further, the solubility values for a-arbutin in Capryol 90, Capryol PGMC, Plurol Oleique CC 497,
Lauroglycol 90, Labrasol, and Tween 80 were found as 0.626 + 0.148 mg/mL, 0.482 + 0.112 mg/mL, 0.455 +
0.126 mg/mL, 0.465 + 0.113 mg/mL, 2.214 * 0.167 mg/mL, and 2.473 + 0.223 mg/mlL, respectively. As a
result, Tween 80 and Capryol 90 were selected as surfactants. The physical examination of the Gelucire
48/16 and castor oil mixture at various ratios (9:1 to 1:9) indicated that a ratio of 8:2 provided optimal
miscibility without phase separation.

2.2. Preparation of Ar-NLCs

A 3-factor, 3-response BBD was conducted. The data was presented in Table 1, and equations (Eq. 1-3)
given below.
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Table 1. Factors and responses according to BBD

Factors Responses
Gelucire 48./1 6: Tween 80 Capryol 90 Particle size Zeta potential
Run Castor oil (%) (%) (nm) (mV) PDI
(8:2, %)
1 20 3 3 214.5 -15.3 0.247
2 30 3 5 268.2 -15.6 0.246
3 10 3 1 1634 -15.1 0.222
4 30 1 3 279.8 -11.5 0.183
5 20 5 5 194.6 -15.7 0.186
6 20 1 5 207.5 -12.9 0.214
7 20 3 3 226.3 -15.9 0.267
8 20 5 1 143.7 -17.6 0.182
9 30 5 3 293.3 -16.5 0.256
10 10 5 3 176.3 -17.5 0.184
11 20 3 3 230.4 -15.6 0.280
12 10 1 3 159.8 -12.7 0.236
13 20 3 3 215.7 -15.8 0.226
14 30 3 1 284.7 -16.1 0.251
15 20 3 3 223.3 -15.8 0.261
16 20 1 1 193.5 -12.3 0.215
17 10 3 5 168.4 -15.7 0.188

Ps (nm)=224.04+57.26X,-4.09X,+6.68X3+20.81X;%-0.75X; X-5.38X; X3-15.54X,>+9.23X, X5-21.67X5 (Eq. 1)
PDI= 0.256+0.013X;-0.005X,-0.005X5-0.007X,+0.0313X; X,+0.007X; X3-0.035X,+0. 0013X,X5-0.023X;” (Eq. 2)
Zp (mv)= -15.68+0.163X,-2.24X,+0.15X5+0.065X, 2-0.05X; X, +0.275X; X3 +1.07X,2+0.625X,X3-0.01X,> (Eq. 3)

According to the ANOVA (Table 2), F-values were 12.24, 3.22, and 18.02 for Ps, PDI, and Zp,

respectively. The probability that F-values occurred due to noise was 0.16%, 6.88%, and 0.05% for particle
size, PDI, and zeta potential respectively.

Table 2. Coefficients and p-values (ANOVA).

. . Responses
Coefficients Ps (nm) II’)DI Zp (mV)
Mean 214.32 0.226 -15.15
Standard deviation 17.00 0.0218 0.5392
r2 0.940 0.805 0.959
Model F-value 12.24 3.22 18.02
Model p-value 0.0016 0.0688 0.0005

The 3D surface-response graphs were created (Figure 2). The effects of Gelucire 48/16:Castor oil,
Capryol 90, and Tween 80 amount on the characteristic of NLCs were determined.

The desirability point was acquired. According to this, the NLCs containing Gelucire 48/16:Castor oil
(8:2, 16%), Tween 80 (5%), and Capryol 90 (1%) would have the particle size of 143.7 nm, the polydispersity
index of 0.182, the zeta potential of -17.56 mV (r2 = 0.998).
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Figure 2. The effects of ingredient ratios on Ar-NLCs

2.3. Characterization studies of the Ar-NLC

After the a-arbutin was loaded on to NLCs, the particle size, PDI, and zeta potential of the optimized
Ar-NLCs were determined 228.7 + 44.5 nm, 0.245 + 0.03, and -14.2 + 2.64 mV respectively (Figure 3), (n=3
SD). The entrapment efficiency % was 67.62 + 4.46% (n=3, = SD).

Results
Diam. (nm) % Volume  Width (nm)
Z-Average (d.nm): 2287 Peak 1: 246.4 94,4 44.5
Pdl: 0,245 Peak 2: 653 56 142
Intercept: 0,912 Poak 3:  0.000 0.0 0,000
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Figure 3. SEM images, particle size, and zeta potential of Ar-NLCs.

The thermograms of the a-arbutin, Gelucire 48/16, and blend of a-arbutin, Gelucire 48/16, and Castor
oil were shown in Figure 4. The a-arbutin and Gelucire 48/16 showed an endothermic peak at 204°C and
49°C respectively [9, 10]. DSC thermograms showed no interaction between the compounds.
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Figure 4. The thermograms (a-arbutin, Gelucire 48/16, and physical blend).

The Fourier transform of a-arbutin (Figure 5d), Gelucire 48/16 (Figure 5a), Castor oil (Figure 5b),
Gelucire 48/16:Castor oil (8:2, Figure 5c), and mixture of a-arbutin, Gelucire 48/16 and Castor oil (Figure 5e)
was shown. Gelucire 48/16's -OH band (2885 cm?), C=0O band (1736 cm?) were determined [11]. FTIR
spectrum of a-arbutin displayed the O-H stretching (3400-3200 cm), aromatic C=C stretching (1513 cm)
and C-O stretching (1226 cm?, 1080 cm? and 1032 cm?) respectively [9, 10]. Castor oil showed C=0O band
(1740 cm?, 2922 cm?). Also, O-H stretching was observed (3210-3640 cm?) [12]. In the FTIR studies on the
mixture, all major a-arbutin-related peaks were current, suggesting no compound interactions.
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Figure 5. FTIR spectrum of a) Gelucire 48/16, b) Castor oil, ¢) Gelucire 48/16:Castor oil (8:2), d) a-arbutin,

and e) physical blend.
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2.4. Investigation of release and kinetics

The cumulative release of a-arbutin from Ar-SOL and Ar-NLCs were evaluated (Figure 6). There was
a burst release of a-arbutin in the Ar-NLCs, 26.249 + 6.139% after 1 hour, pursued by a controlled release
with 70.843 + 9.242% after 12 hours. Additionally, the release kinetics were evaluated (Figure 7 and Table 3).
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Figure 6. Cumulative a-arbutin release profiles (n=3 + SD)
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Figure 7. Release kinetics study for the Ar-SOL and Ar-NLCs.
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Table 3. Release kinetics modelling of the Ar-SOL and Ar-NLCs.

Evaluation criteria

Kinetic models and equations

Parameter r2 r2 adjusted MSC AIC
Zero-order kinetic model ArSOL  ko=12.499 -0.212 -0.212 0777  97.017
F=ko~t Ar-NLCs  ko=8.107 0.486 0.486 0.238 81.441
First-order kinetic model ArSOL  k =0.736 0.994 0.994 4.589 43.350
F =100+ [1—exp(—ko * t)] Ar-NLCs ki =0.195 0.905 0.905 1.928 64.540
Higuchi kinetic model ArSOL kg =238517 0.768 0.768 0.876 80.484
F=ky»t*® Ar-NLCs k= 23.565 0.946 0.946 2.486 58.960
Korsmeyer-Peppas kinetic model ArSOL  kgp=51.390 0.883 0.868 1.359 75.652
F=kgp*t" Ar-NLCs  kgp=21.145 0.883 0.868 1.517 68.652
Hixson-Crowell kinetic model Ar-SOL kuc =0.126 0.853 0.853 1.332 75.926
F=100+[1-(1-kHC")’] Ar-NLCs  kpc = 0.055 0.837 0.837 1.383 69.988
Peppas-Sahlin kinetic model ArSOL ki = 64417 0.960 0.949 2.243 66.816
F=kyst™ +ky* 2™ Ar-NLCs  k; = 27.140 0.952 0.938 2.203 61.784
Weibull kinetic model Ar-SOL B =0.730 0.99 0.995 4.634 42.903
F=100+{1-Exp[-((t-TDF)/al}  ArNLCs f=0.670 0.982 0.977 3.211 51.708
Hopfenberg kinetic model Ar-SOL kus=0.148 0.975 0.971 2.889 60.357
F=100+[1—(1— kyg *)"] Ar-NLCs  kyp= 0.037 0.865 0.848 1.373 70.092

2.5. Ex-vivo permeation studies

The porcine ear skin was employed to investigate the ex vivo permeability effectiveness of the Ar-
NLCs and Ar-SOL. Results indicate that the Ar-NLCs exhibited higher permeability and flux over time
compared to the Ar-SOL. The permeation of a-arbutin in Ar-NLCs were 13.041 £ 2.531 mg/cm?, while only
5.071 £ 1.148 mg/cm? was permeated from the Ar-SOL. The Ar-NLCs had 2.53-fold greater permeability
than the Ar-SOL (Figure 8 and Table 4).

Ex-vivo permeation
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]

— Ar-SOL
—— Ar-NLCs
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(¢ ]
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o

Cumulative Ar permeated (mglcmz)
)
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Time (h)

Figure 8. Ex-vivo permeation of Ar-SOL and the Ar-NLCs (n=3 £ SD).

Table 4. Flux and Permeability values of a-arbutin from the Ar-SOL and the Ar-NLCs (n=3 + SD).

Ar-SOL Ar-NLCs
Permeability (P, cm/h) 0.045 + 0.008 0.114£0.017
Flux (J, mg/cm?/h) 0.449 +£0.08 1.141 £0.174

2.6. Cytotoxicity assay

The cytotoxic effects of empty NLCs, a-arbutin (Ar), and Ar-NLCs were analyzed by MTT assay in
the A375 cell line. Cell viability was evaluated using doses ranging from 31.5 - 500 pM for 24, 48, and 72 h to
all groups (control, empty NLCs, pure a-arbutin (Ar), and Ar-NLCs), (Figure 9).
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Figure 9. A375 cell viability for 24, 48, and 72 h.

2.7. Stability of Ar-NLCs

In this study, the Ar-NLCs were kept at 25°C for 3 months. The particle size and distribution
revealed no significant changes (PDI < 0.3), suggesting preservation of uniform distribution (Table 5).

Table 5. Stability of Ar-NLCs at 25°C for 3 months (n=3 = SD).

Months Particle size (nm) PDI Zeta potential (mV)
0 228.7 +44.5 0.245+0.03 -142+2.64
1 236.1+36.7 0.248 + 0.03 -15.2+3.83
3 2444 +37.6 0.254 +0.02 -149+3.11

3. DISCUSSION

Recent advancements in nanotechnology guided drug formulations to offer controlled release, target
specific areas, and enhance transdermal drug delivery. The primary purpose of these treatments is to deliver
the drug directly to the target site, reducing side effects and enhancing efficacy [13]. However, the
transdermal delivery of hydrophilic drugs remains challenging. Consequently, different dosage
formulations and application strategies are currently under investigation to address this issue.

In this research, the impact of independent factors on Ar-NLCs was evaluated using 3D surface-
response graphs. Fabricated Ar-NLCs showed a particle size between 184.2 and 273.2 nm. The quadratic
model was significant (F=12.24, p<0.05). Increasing the Gelucire 48/16:Castor oil ratio (X1) resulted in larger
particle sizes, while increasing Tween 80 (Xo) corresponded to a reduction in particle size (Eq. 1), as
anticipated [14]. The PDI was between 0.217 to 0.273. The model was not statistically significant (F=3.22,
p>0.05). The positive coefficient of X; (Eq. 2) suggests that an increasing amount of oil results in higher PDI
and particle size of NLCs, as expected [15]. Additionally, the positive interaction term for X>Xs indicates that
increasing amounts of Tween 80 and Capryol 90 result in higher PDI values, potentially leading to the
formation of unwanted forms, like micelles. Similar results have been reported in other studies [16]. The zeta
potential ranged from -16.84 to -11.56 mV and the model was significant (F=18.02, p<0.05). The zeta potential

https://doi.org/10.12991/jrespharm.1734671
J Res Pharm 2025; 29(4): 1712-1725

1719


https://doi.org/10.12991/jrespharm.1734671

Toksoy and Sabancilar Journal of Research in Pharmacy
a-arbutin loaded NLCs for melanoma Research Article

decreased negatively with increasing amounts of Tween 80 [17]. In contrast, Capryol 90 had increased the
zeta potential (Eq. 3). The combined use of surfactants and co-surfactants in NLCs plays a critical role, as it
ensures an enhanced steric barricade, which is essential for the stability of NLCs [18].

Ensuring high entrapment of drugs in carriers is crucial, especially when incorporating a hydrophilic
drug into a lipophilic carrier, which can be challenging. However, NLCs possess the unique capability to
encapsulate both lipophilic and hydrophilic drug molecules [19]. The hydrophilic drug, a-arbutin, was
successfully loaded into NLCs with an entrapment efficiency of 67.62 +4.46%.

The therapeutic effects of NLCs are mostly dependent on the controlled release of drugs. However,
drugs can sometimes stick to the surface of NLCs and be rapidly released, a phenomenon known as burst
release. This burst release is critical for preserving a therapeutic concentration in drug delivery systems for
effective treatment [20]. In our study, a-arbutin showed burst effect in the first hour (26.249 + 6.139%),
followed by a sustained release (70.843 + 9.242% after 12 hours). This behavior exemplifies a typical burst
release. The a-arbutin release from NLCs was slower. The lipid matrix structure and surfactant
concentrations within the NLC formulation can influence the release profile of a-arbutin [21].

The release behavior of the Ar-NLCs is best described by the Weibull model. This model had the
highest values for 12, adjusted r2, and MSC, along with the lowest AIC values. In Weibull model, “p” value
describes the release mechanism (Table 3). The Fickian diffusion was observed (< 0.75). The “p” value was
0.670, confirming that the release of a-arbutin from the NLCs follows Fickian diffusion. Therefore, the Ar-
NLCs can be regarded as showing sustained release [22]. Similar release behaviors were also observed in
previous studies [21-24]. Bhaskar et al. [21] developed nitrendipine-loaded nanostructured lipid carriers
(NLCs) and investigated their release kinetics as part of the characterization studies. They reported that drug
release from the NLCs followed the Weibull kinetic model. Similarly, Mukta et al. [23] demonstrated that
curcumin-loaded NLCs exhibited a biphasic drug release pattern in in vitro experiments, characterized by an
initial burst release followed by sustained release. Their study also confirmed that the release kinetics of
curcumin from the NLCs aligned with the Weibull model. In another study, Araujo et al. [24] developed
curcumin-loaded NLCs and reported that the drug release from their formulation also adhered to Weibull
kinetics.

The release behavior is a critical factor for drug delivery research, particularly during formulation
development. The mathematical analysis of release profiles not only predicts in-vitro and in-vivo behavior,
but also guides the selection of optimal carriers for targeted drug delivery. Lipid nanoparticles, with their
complex release mechanisms involving diffusion, swelling, and erosion, are often described by the adaptable
Weibull model. Moreover, factors such as particle size and morphology contribute to variations in release
behavior, underscoring the need for detailed kinetic evaluations [25].

The Ar-NLCs showed higher flux and permeability compared to Ar-SOL (Table 4), which may be
attributed to the lipophilicity of the Ar-NLCs, making skin penetration easier. Surfactants, known for
enhancing permeability, also contribute to this effect [26]. The a-arbutin is hydrophilic and struggles to
penetrate the skin effectively. Enhancing the lipophilicity of drug carriers improves the compatibility of drug
molecules with the skin. The Ar-NLCs” enhanced permeability can be referable to their lipophilic character
[27].

Nanoparticle based drug delivery systems present an innovative strategy for targeted drug delivery
and sustained release. The primary purpose of targeting is to maintain the necessary drug concentration
while minimizing toxicity and maximizing therapeutic effects. The NLCs have emerged as effective tools for
enhancing bioavailability and permeability [19-21]. In our study, the higher cytotoxicity is attributed to the
increased cellular uptake of a-arbutin. This increased cytotoxic effect (Figure 9) likely results from the ability
of nanoparticles to deliver greater amounts of the a-arbutin directly to the cells [28]. Additionally, A375 cell
viability demonstrated dose-dependent reduction, with the highest half maximal inhibitory concentration
(ICs) observed in the group treated with empty NLCs (> 500 uM). This means empty NLCs can be used
safely. When comparing the ICs values of Ar (500 ptM) and Ar-NLCs (316.3 pM), an increase in cytotoxicity
was determined, selectively affecting the A375 melanoma cell line. The decrease in cell viability followed a
dose-dependent trend for both Ar (r2 = 0.650) and Ar-NLCs (2 = 0.952), which is consistent with our study
[29].

4. CONCLUSION

Quality by Design (QbD) has become a standard tool for comprehending and optimizing
pharmaceutical products and their production processes. It enables the screening and optimization of
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formulations by investigating how independent variables impact the product's performance. In this study,
the QbD methodology was applied to the fabrication of a-arbutin loaded NLCs, a hydrophilic drug delivery
system. Ar-NLCs were produced using a high shear homogenization-ultrasonication method. The critical
process parameters and their effects on quality attributes were systematically analyzed using a Box-Behnken
design to optimize the formulation. Optimized Ar-NLCs exhibited a particle size of 228.7 + 44.5 nm and an
entrapment efficiency of 67.62 + 4.46% respectively. Release kinetic studies revealed that the Ar-NLCs
followed the Weibull kinetic model, releasing a-arbutin through Fickian diffusion with sustained release
characteristics. Additionally, the Ar-NLCs achieved 2.53-fold greater drug diffusion compared to a-arbutin
solution (Ar-SOL). The Ar-NLCs were determined to have higher cytotoxic effects than Ar-SOL. These
findings underscore the effectiveness of the NLC-based colloidal carrier systems with enhanced formulation
quality and improved transdermal drug delivery.

5. MATERIALS AND METHODS

Methanol, acetonitrile, tween 80 and a-arbutin were obtained from Merck (Germany), Gelucire 48/16,
Precirol ATO 5, Compritol 888 ATO, Labrasol, Plurol Oleique CC 497, Capryol 90, Capryol PGMC,
Lauroglycol 90 were generously provided by Gatte-Fosse (France). Jojoba oil, Castor oil and St John's Wort
oil were purchased from Talya (Tirkiye). A375 cell line (A375 - malign melanoma cells) was obtained from
ATCC (USA). The other chemicals used in studies were analytical grade.

5.1. Methods

5.1.1. Determination of a-arbutin

A high-performance liquid chromatography (HPLC, Shimadzu, Japan) with a reverse phase C18
column (5 pm, 250 mm X 4.6 mm) was utilized to determine the a-arbutin. The mobile phase consisted of a
water:methanol mixture (90:10, v/v), with a flow rate of 0.6 mL/min. The injection volume was 20 pL. The
analysis was conducted at 286 nm wavelength [30]. The a-arbutin solutions were prepared in methanol at
concentrations ranging from 20 to 200 pg/mL. The study was conducted at 25°C.

5.1.2. Selection of lipids and surfactants

A primary focus in the development of NLCs is determining the drug solubility in lipids. This step is
crucial as it directly affects drug loading, encapsulation, and the overall effectiveness of lipid carriers in
delivering therapeutic agents. As expected, when a drug exhibits high solubility in the lipid phase, higher
loading capacity and encapsulation efficiency can be achieved [31].

The solid lipids are chosen based on their association for the drug and their physical compatibility
with liquid lipids. To assess this, an extra amount of a-arbutin was added to 2 mL of water in test tubes until
saturation was reached. After filtering out the undissolved drug, 1 g of solid lipid (Gelucire 48/16,
Compritol 888 ATO, and Precirol ATO 5) was submitted into test tubes. Then, the tubes were placed in a
shaking water bath (Witeg, Germany) at 80°C for 12 hours before being cooled to 25°C. Once the solid lipids
had frozen, they were removed, and the percentage of drug trapped in the solid lipids was calculated from
the amount of drug dissolved in water. Additionally, a piece of solid lipid-drug mixture was examined
under light microscopy to check for the presence of drug crystals [32-34].

The evaluation of liquid lipids and surfactants for the formulation is based on the solubility of the
drugs. To assess this, a fixed volume (1 mL) of various oils (Jojoba oil, St. John's Wort oil, and Castor oil) and
surfactants (Capryol 90, Capryol PGMC, Plurol Oleique CC 497, Lauroglycol 90, Labrasol, and Tween 80)
was placed in separate 10 mL glass vials. Extra amount of a-arbutin was added, and the vials were incubated
in a shaking water bath (Witeg, Germany) at 37°C and 100 rpm for 72 hours. Afterward, the vials were
centrifuged for 30 minutes at 6000 rpm (Hettich, Germany) to remove undissolved drug. The supernatant
was collected, and the solubility of a-arbutin in surfactants and liquid lipids was determined [32-34] using
the HPLC method described previously.

The binary mixture of solid/liquid lipids was determined based on the preliminary solubility study
performed as described above. The solid (Gelucire 48/16) and liquid lipids (Castor oil) with the highest
dissolving capacity of a-arbutin were taken and mixed in different ratios from 9:1 to 1:9 to determine the
miscibility of lipids. The mixture was stirred for 1 h at 55°C with a magnetic stirrer at 100 rpm and then
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cooled and kept at 25°C for a day. Afterward, the lipid mixture was examined under a light microscope to
determine whether phase separation had occurred [32-34].

5.1.3. Preparation of a-arbutin loaded nanostructured lipid carriers (Ar-NLC)

To assess the impact of components on NLCs, Box-Behnken design (BBD) was employed. The
independent factors (solid and liquid oils and surfactants) and dependent variables (particle size and
distribution, and zeta potential) were analyzed. The Design-Expert (software version 12.0.3, Stat-Ease Inc.,
USA) was employed. Gelucire 48/16: Castor oil (8:2), (X1, 10-30%), Tween 80 (X2, 1-5%) and Capryol 90 (Xs,
1-5%) ratios were determined as independent factors. Dependent factors were determined to have minimum
for particle size, polydispersity index (Y1, Y2), and maximum for zeta potential (Y3). Levels were numbered
(Table 1) and results were evaluated with the quadratic model (Eq. 1).

Table 6. Factors employed in experimental design

Levels
Independent factors Low (-1) Medium (0) High (+1)
X1 = Amount of lipid (Gelucire 48/16:Castor oil, 8:2) (%) 10 20 30
X2 = Amount of Tween 80 (%) 1 3 5
X3 = Amount of Capryol 90 (%) 1 3 5
Dependent factors Desired
Y1 = Particle size (nm) Minimum
Y> = Polydispersity index (PDI) Minimum
Y3 = Zeta potential (mV) Maximum

Y= 88X, +8,Xp+8,Xa +8, X, +85X, Xo +8¢ X, X +8X, +85 X, X5 +80X5>  (Eq. 1)

According to this, Y was the response, X1-X3 were the independent variables, &y was the intercept, and
01-09 were the regression coefficients (ANOVA).

The mixture of lipids (Gelucire 48/16:Castor oil, 8:2) was heated slightly above the melting point
(55°C). Capryol 90 and a-arbutin were added separately to this melted lipid mixture to form the oil phase.
The water phase containing Tween 80 and distilled water was also brought to the 55°C. When both phases
reached to the same temperature, the oil phase was poured into the water phase to form an emulsion. This
emulsion was homogenized at 10000 rpm for five minutes (Velp OV5, lItaly), then was ultrasonicated at 40 W
power, 20 kHz for five minutes (Bandalin Sonopuls HD 4100, Germany). After the ultrasonication step, the
dispersion was cooled in an ice bath until it reached 25°C, and then stored at 4°C [35].

5.1.4. Characterization studies of Ar-NLC

The Ar-NLCs were diluted (1:20) with distilled water, and the particle size (ps), polydispersity index
(PDI), and zeta potential (zp) were determined (Malvern Nano ZS, UK). Scanning electron microscopy
(SEM) images of the Ar-NLCs were investigated (DUBTAM, Dicle University). Scanning was conducted
under low vacuum conditions at 10 kV and 40000-100000 magnification. The samples were diluted in
distilled water (1:1000), seated on a grid, and allowed to dry for 24 h at 25°C before the study. To Ar-NLCs
were centrifuged at 16000 rpm at 0°C for 30 min. The supernatant was filtered (0.22 pm PVDEF). The free a-
arbutin portion was calculated (n=3, mean * SD), then the entrapment efficiency (EE%) was determined (Eq.
4).

Entrapment efficiency % = ArO—Arl/ Ar, X 100 (Eq. 4)

Arg was the total amount of a-arbutin, and Ar; was the amount of free a-arbutin.

5.1.5. Differential scanning calorimetry (DSC) and Fourier transform infrared (FTIR) studies

DSC and FTIR analyses were conducted to determine the possible incompatibility between the
formulation components. Gelucire 48/16, a-arbutin, and a physical blend (a-arbutin and Gelucire
48/16:Castor oil (8:2)) were examined using differential scanning calorimetry (DSC 60, Shimadzu, Japan).
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The samples were compressed, locked in aluminum pans, and heated at a rate of 10°C/min from 25°C to
300°C to evaluate their thermal behavior [36]. To conduct Fourier transform infrared spectroscopy (FTIR)
analysis (Agilent Cary 630, Agilent, USA), the samples were scanned across the infrared spectrum from 400
to 4000 cm™ with a resolution of 4 cm-1.

5.1.6. Investigation of release and kinetics

In this study, the Franz diffusion cells (cell diameter 1 cm?) were employed. Before the experiment, a
dialysis bag (Mwco=12000) soaked in phosphate buffered saline (PBS, pH 7.4) for 6 hours. Ar-SOL and Ar-
NLGCs (containing 20 mg of a-arbutin) were filled into the donor chamber. The PBS (10 mL) was loaded to
the receptor chamber. Studies were conducted at 37°C with mixing at 100 rpm continuously. At the
indicated times (0, 0.25, 0.5, 0.75, 1, 2, 4, 6, and 12 h) 0.5 mL of samples were collected, and an equivalent
amount of fresh PBS was added to preserve the sink condition. The amount of a-arbutin in samples was
determined (n=3, mean * SD).

The release profile of a-arbutin from Ar-SOL and Ar-NLCs were evaluated with the DDSolver
software program. Mathematical kinetic models were applied to determine the release kinetics of a-arbutin
from NLCs. The Akaike information criterion (AIC), along with the coefficient (r2), adjusted coefficient (r2
adjusted), and model selection criteria (MSC) were determined to select the most appropriate model for the
data [37].

5.1.7. Ex-vivo permeation studies

The Franz diffusion cells with the porcine ear skin were used for permeability studies (diffusion area
of 1 cm?). Ar-SOL and Ar-NLCs (each containing 20 mg of a-arbutin) were applied on to the porcine ear
skin. The acceptor compartment was filled with 10 mL of PBS (pH 7.4). Studies were performed at 37°C with
mixing at 100 rpm continuously. At the indicated times (0, 0.25, 0.5, 0.75, 1, 2, 4, 6, and 12 h) 0.5 mL of
samples were collected, and an equivalent amount of fresh PBS was added. The sink condition was
preserved. The permeability (P), and flux (J) values of a-arbutin was calculated (Eq. 5).

M/S = D‘K'Cd/h.t (Eq. 5)

S was the membrane surface area (cm?), and M was the diffused amount of a-arbutin (mg). D was the
diffusion coefficient of a-arbutin (cm?2/h). K was the partition coefficient of a-arbutin, Cd was the of a-
arbutin concentration in the donor cell, h was the membrane thickness, and t was the time (hour), (n=3,
mean = SD).

5.1.8. Cytotoxicity assay

The cytotoxicity assay was conducted using A375 cell line (A375-CRL-1619, human, malignant
melanoma cells, American Type Cell Culture, USA). A375 cells were inoculated in a 96-well plate in 200 pL
of Dulbecco’s modified Eagle’s Medium (DMEM), supplemented with 2mM glutamine and 15% Fetal Bovine
serum (FBS) and incubated in 5% CO; environment at 37°C for 48 hours. After the incubation period, cells
were exposed to different concentrations (31.25, 62.5, 125, 250 and 500 pg/mL) of Ar, Empty NLCs and Ar-
NLGCs in PBS (20 pL). Then, cells were incubated for 24, 48 and 72 h in in 5% CO; atmosphere at 37°C. After
the treatment, formulations were removed from wells. Then, 20 puL of 3-(4,5-dimethylthiazol-1-yl)-2,5-
diphenyltetrazolium bromide (MTT) solution (5 mg/mL in PBS) were added to wells, followed by 3 h
incubation in 5% CO; environment at 37°C. The MTT solution was disarded, and 100 pL dimethyl sulfoxide
(DMSO) was added to solubilize crystals. The absorbance was determined (Rayto RT-2100C, China) at 570
nm. The cell viability % (Eq. 6) was determined [38].

Sample absorbance value

Cell viability % = [

1x100 (Eq. 6)

Control absorbance value

5.1.9. Stability of Ar-NLCs

Following three months of storage at 25°C, Ar-NLCs were investigated for particle size, zeta
potential and polydispersity index (n=3, mean + SD).
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5.1.10. Statistical analysis

Experiments were performed three times (n=3) to provide accuracy. Results were reported as mean
* standard deviation (mean * SD). A one-way ANOVA test was performed to determine the statistical
significance (p<0.05).
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