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Abstract: Carvacrol (CAR) is a compound widely used in pharmaceuticals. However, CAR exhibits
low solubility in water. Nanostructured lipid carrier (NLC) can improve the physicochemical properties
of CAR. This research aims to optimize and characterize the CAR-loaded NLC. The CAR-NLC
formulation was optimized using the Box-Behnken design. The CAR concentration, surfactant
concentration, and homogenization time are the independent variables. Particle size, encapsulation
efficiency, and drug loading are the dependent variables. The Box-Behnken design optimized the CAR-
NLC by demonstrating particle size, encapsulation efficiency, and drug loading of 174.5 nm, 98.46 %,
and 42.20 %, respectively. The optimum CAR-NLC characterization showed a zeta potential of -24.83
mV, around or oval particle shape, and exhibited an endothermic event at the range of 48.62 t0 53.16°C.
The CAR-NLC formulations are expected to be an alternative in improving the physicochemical
properties of CAR for future applications.

Keywords: Box-Behnken design; carvacrol; characterization; formulation; nanostructured lipid
carrier.
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1. Introduction

In recent years, there has been a significant increase in the use of natural products for
various applications in the pharmaceutical, food, and cosmetic fields. Natural products are
considered to be a safer and more affordable option than synthetic compounds. Research on
natural products such as medicinal plants and their derivative compounds provides benefits to
society in increasing their applications and benefits [1-7]. Carvacrol (CAR) is a phenolic
monoterpene compound contained within essential oils derived from oregano (Origanum
vulgare L.), thyme (Thymus vulgaris L.), black cumin (Nigella sativa L.), and marjoram
(Origanum majorana L.). CAR is categorized as a generally recognized safe (GRAS)
compound and is widely used in pharmaceutical, food, and cosmetic applications. CAR has
biological activities such as antioxidant, antibacterial, antifungal, anti-inflammatory, analgesic,
anticancer, hepatoprotective, spasmolytic, and vasorelaxant. CAR is also widely used in food
and cosmetics as a flavoring, preservative, and fragrance [8-11]. However, the benefits
possessed by CAR face challenges in its application due to its low solubility in water, strong
odor, rapid oxidation, and volatilization [12-14].

Encapsulation of hydrophobic and unstable compounds into nanotechnology-based

drug delivery systems is one of the available strategies to improve their physicochemical
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properties. Among the various nanotechnology-based drug delivery systems, nanostructured
lipid carrier (NLC) provides several advantages, such as being biodegradable, biocompatible,
low toxicity, being able to keep active substances from degradation, and providing controlled
release of active substances [15,16]. NLC is the latest generation of lipid nanoparticles, which
consist of a mixture of solid and liquid lipids dispersed in a surfactant solution. By adding
liquid lipids to the formula, NLC is able to increase the loading capacity of active substances
in the system and prevent the release of active substances during storage compared to solid
lipid nanoparticles (SLN), whose formula only consists of solid lipids [17-19].

Therefore, this study aims to formulate CAR in the NLC system (which shall be referred
to as CAR-NLC in this study) and optimize the formula by applying the Box-Behnken
experimental design with the independent variables: CAR concentration, surfactant
concentration, and homogenization time to measure the responses to particle size,
encapsulation efficiency, and drug loading. Statistical experimental design has been widely
used to optimize formulations more efficiently, such as the response surface methodology
(RSM), which can produce equations that describe the surface response as a polynomial
function of the experimental variables. A number of studies have succeeded in optimizing the
NLC formula using the Box-Behnken design by requiring a smaller number of experiments to
understand its correlation and significance between the independent and dependent variables
[20,21]. Zeta potential value, morphology, thermal characteristics, and stability will further
characterize the optimum CAR-NLC formula.

2. Materials and Methods

2.1. Materials.

Carvacrol (CAR) with > 98.5% purity was obtained from Shanghai Macklin
Biochemical Co., Ltd. (Shanghai, China). Tween® 80 was obtained from Merck Co.
(Darmstadt, Germany). TEGO® Care 165 was obtained from Evonik Co. (Essen, Germany).
Beeswax (BW) was obtained from RAS Chemical (Bandung, Indonesia). Analytical grade
water (Onelab Waterone™) was obtained from PT. Jayamas Medica Industry (Sidoarjo,
Indonesia). Analytical-grade ethanol was obtained from PT. Smart Lab Indonesia (Tangerang
Selatan, Indonesia). The other reagents used in the study were of analytical grade.

2.2. Preparation of CAR-NLC.

The preparation for the CAR-NLC formula was conducted using the hot
homogenization-ultrasonication method. The lipid phase consists of CAR, TEGO® Care 165,
and beeswax (BW) (in a fixed ratio of 3.5%, w/v), while the aqueous phase consists of Tween®
80 and Onelab Waterone™. The TEGO® Care 165 and Tween® 80 surfactant ratio was 1:4. The
lipid and aqueous phases were prepared separately; they were heated until reaching a
temperature of 70 £ 2°C for 10 minutes. While maintaining a similar temperature, the aqueous
phase was then gradually poured into the lipid phase while being homogenized using the high-
shear homogenizer (Ultra-Turrax® T-25, IKA-Works, Inc., Staufen im Breisgau, Germany) at
7,000 rpm for a certain period. Consecutively, the probe-type ultrasonicator (CY-500
Ultrasonic Homogenizer, J.P. Selecta, Barcelona, Spain) was employed to reduce the particle
size further. The particle size reduction process was performed at a 70% amplitude setting for
a period of 7 minutes and a pulse cycle of 45 seconds on and 15 seconds off. This process was
conducted inside an ice bath to maintain a low temperature and prevent temperature increase,
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which may disrupt the CAR-NLC formula. The obtained NLC formula was then allowed to
reach room temperature. The total volume of the NLC formula obtained was 20 mL.

2.3. Optimization of CAR-NLC formula using Box-Behnken experiment design.

The independent variables were chosen to optimize the CAR-NLC formulation by
applying the Box-Behnken experimental design: CAR concentration (Xi), surfactant
concentration (Xz), and homogenization time (Xs). Each variable exhibited three observed
levels: low (-1), medium (0), and high (+1). The dependent variables, or responses, were
particle size (PS) (Y1), encapsulation efficiency (EE) (Y2), and drug loading (DL) (Y2). The
values and objectives of each variable are shown in Table 1. The Box-Behnken experimental
design was applied to produce a polynomial function of the independent variables toward
response and predict the area in which the independent variables produce an optimal response.
As many as 15 formulas of CAR-NLC were composed according to the compositions made
with the software Minitab® WEB (Minitab, Inc., State College, PA, USA) as shown in Table
2, and the polynomial function was made according to the experimental design following the
Equation 1.

Yi = Bo+ BiX1X1 + B2Xo 4 BaX3z + B11X1 X1 + B22XoXo + B33X3X3 + 12X1Xs +

B13X1X3 + P23X2X3

Equation 1

Yi is the estimated response related to each combination of independent variable levels,
Bo is the intercept, and B1 to B33 are the coefficients measured from the experimental value of
Yi. The analysis of variance (ANOVA) was also applied to determine the significance of the
model, and a P-value lower than 0.05 indicates a statistically significant model.

2.4. Particle size, polydispersity index, and zeta potential measurement.

The dynamic light scattering (DLS) method was used to analyze the particle size of the
formulation, and the photon correlation spectroscopy (Delsa™ Nano C Particle Analyzer,
Beckman Coulter, Brea, CA, USA) was employed. The particle size distribution was then
illustrated with polydispersity index (PDI). The same instrument was also used to determine
the zeta potential value but with the electrophoretic light-scattering (ELS) method. For the
determination of particle size and PDI, the sample was diluted 20 times with Onelab
Waterone™, put into disposable semi-micro cuvettes, and measured. For the zeta potential
analysis, the sample was diluted 200 times with Onelab Waterone™ then put into a flat surface
cell and analyzed.

2.5. Encapsulation efficiency and drug loading measurement.

CAR's encapsulation efficiency (EE) and drug loading (DL) within the NLC formula
were measured using an indirect method. First, the CAR-NLC formula was centrifuged for 30
minutes using the centrifugal ultrafilter device (10 kDa, Amicon Ultra, Millipore, Billerica,
MA, USA) at 13,000 rpm speed. The filtrate was then collected and redissolved in ethanol to
determine the amount of unencapsulated CAR, which was measured with a UV-visible
spectrophotometer (DU 7500i, Beckman Coulter, Brea, CA, USA) at the wavelength 275 nm.
The amount of CAR within the solution was determined using the calibration curve of CAR in
ethanol at the concentration range of 15-55 pg/mL [4]. Equation 2 and Equation 3 below were
used to determine the value of EE and DL, respectively.
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the total amount of CAR - the amount of free CAR .
EE (%) = x 1 E ion 2
( A)) the total amount of CAR) 00 quat 0

DL (%) _ the total amount of CAR - the amount of free CAR x 100 Equation 3

amount of BW

2.6. Morphology analysis.

The morphology of the CAR-NLC particle was analyzed using transmission electron
microscopy (TEM) (HT7700, Hitachi, Tokyo, Japan) at 100 kV. A drop of the optimum CAR-
NLC formula was put onto a carbon-coated copper grid with a mesh size of 200 nm to perform
the morphology analysis. A negative staining process was then carried out with the UranyLess
EM Stain by applying 15 pL of the staining agent onto the grid and letting it sit for 1 minute
before commencing the analysis.

2.7. Thermal characteristic analysis.

The thermal characteristic of the samples was analyzed using differential scanning
calorimetry (DSC) (DSC-60 Plus, Shimadzu, Kyoto, Japan). Prior to the thermal analysis, the
NLC was centrifuged at 13,000 rpm for 30 minutes using a centrifugal ultrafilter device (10
kDa MWCO, Amicon Ultra, Millipore, Billerica, MA, USA) to reduce the water content. As
much as 2-8 mg of BW, TEGO® Care 165, concentrate of the Blank-NLC (optimum NLC
formula without CAR addition), and concentrate of the optimum CAR-NLC formula were put
into a closed aluminum pan and heated at the temperature range of 30-90°C with a heating rate
of 10°C/minutes and nitrogen purge of 50 mL/minutes. An empty aluminum pan was used as
a reference.

2.8. Stability study.

The stability study of the optimum CAR-NLC formula was performed at temperatures
4, 25, and 40°C for 84 days. Samples were collected at the 0, 14, 28, 42, 56, 70, and 84-day
time stamps to be further analyzed in regards to their particle size (PS) and its polydispersity
index (PDI). The encapsulation efficiency (EE) of the optimum CAR-NLC formula was also
carried out to evaluate the probability of CAR being released from the NLC during storage.

2.9. Statistical analysis.

The statistical analysis and data visualization was performed by using the software
Minitab® WEB (Minitab, Inc., State College, PA, USA) and GraphPad Prism v.8.0 (InStat 3.06,
San Diego, CA, USA). One-way ANOVA was used to determine the statistical significance of
the difference. The difference is statistically significant if the P-value < 0.05.

3. Results and Discussion

3.1. CAR-NLC formula optimization.

The CAR-NLC formula was constructed from the beeswax (BW) solid lipid and a
combination of Tween® 80 and TEGO® Care 165 surfactants according to the performed simple
excipient screening results. BW was chosen as the solid lipid component for the CAR-NLC
formulation because the simple binary mixture of CAR 30% and BW (w/w) were able to
combine and solidify back with the mixture melting point above 40°C [15,16]. Other solid
lipids such as stearic acid, cetyl alcohol, and stearyl alcohol, which also underwent the
https://biointerfaceresearch.com/ 4 of 15
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screening process, did not yield similar results. Meanwhile, the combination of Tween® 80 and
TEGO® Care 165 surfactants was chosen because the combination of said surfactants was able
to form the CAR-NLC formula with the lowest particle size and polydispersity index (PDI)
compared to the single Tween® 80 formula, or the combination of Tween® 80 and Poloxamer
188, or Tween® 80 and propylene glycol.

The CAR-NLC formula was optimized using the Box-Behnken design. Three
independent variables with the most influence toward the CAR-NLC formula characteristic
were chosen according to the preliminary study using factorial design, consisting of CAR
concentration (X1), surfactant concentration (X2), and homogenization time (Xs), while the
analyzed response of this optimization is the particle size (PS) (Y1), encapsulation efficiency
(EE) (Y2), and drug loading (DL) (Y3) as shown in Table 1. Table 2 displayed 15 tested
formulas for the CAR-NLC formula optimization step along with the obtained response. Every
CAR-NLC formula exhibited a PDI value of less than 0.5, demonstrating the uniform CAR-
NLC particle size distribution [22].

Table 1. Independent and dependent variables in Box-Behnken design.

Independent variables L?VEIS -
Low (-1) Medium (0) High (+1)

X1: CAR concentration (%, w/v) 0.5 1.0 15
Xa: surfactant concentration (%, w/v) 6.0 6.5 7.0
Xs: homogenization time (min) 6.0 7.0 8.0

Dependent variables Goal
Y1: particle size (nm) Minimize
Y2: encapsulation efficiency (%) Maximize
Y3: drug loading (%) Maximize

Table 2. Experimental design and observed responses of Box—Behnken design.

Run Independent variables Observed responses PDI
X1 X2 X3 Y1 Y2 Ys
1 0.5 6.5 6 225.3 96.14 13.73 0.25
2 0.5 6.5 8 306.2 96.63 13.80 0.35
3 15 6.0 7 199.2 98.20 42.08 0.44
4 0.5 6.0 7 2495 94.38 13.48 0.37
5 1.0 7.0 6 240.5 97.92 27.98 0.26
6 1.0 6.0 6 277.7 97.50 27.86 0.29
7 15 6.5 8 176.0 98.78 42.33 0.33
8 1.0 7.0 8 200.5 97.79 27.94 0.38
9 15 7.0 7 171.7 97.78 41.90 0.42
10 1.0 6.5 7 190.7 96.66 27.62 0.26
11 0.5 7.0 7 208.5 96.99 13.86 0.42
12 1.0 6.5 7 198.1 96.55 27.58 0.27
13 1.0 6.0 8 277.2 98.43 28.12 0.33
14 1.0 6.5 7 199.1 96.50 27.57 0.27
15 15 6.5 6 277.6 98.16 42.07 0.36

X1: CAR concentration (%, w/v), X»: surfactant concentration (%, w/v), Xz: homogenization time (min), Yi:
particle size (nm), Y2: encapsulation efficiency (%), Ys: drug loading (%), PDI: polydispersity index.

Three polynomial equations were created using the Box-Behnken design to analyze the
relationship between the independent variable and response and predict the area of the
independent variable, which yielded the optimum response. Table 3 shows each regression
model's calculated correlation coefficient value (R2). All models showed an R? value above
0.800, proving that the results of the experiments were similar to those of the constructed
statistical model, thus proving it to be the best model to be chosen [23-25].
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Table 3. ANOVA results were obtained for the regression model.

Parameter Y1 (PS) Y2 (EE) Y3 (DL)
Coefficient P-value Coefficient P-value Coefficient P-value
Intercept 2590 0.000 156.4 0.000 22 0.000
X1 476 0.001 22.3 0.001 30.4 0.000
X2 -284 0.001 -12.3 0.137 -4.40 0.447
X3 -432.4 0.051 -9.89 0.147 -2.81 0.023
X1X1 17.1 0.377 -0.43 0.622 0.50 0.011
Xa2X2 27.9 0.175 1.50 0.127 0.47 0.014
X3X3 46 0.000 0.97 0.005 0.27 0.000
X1X2 135 0.462 -3.03 0.012 -0.56 0.005
X1X3 -91.3 0.000 0.07 0.875 0.10 0.174
X2X3 -19.8 0.067 -0.53 0.236 -0.15 0.054
R2 0.986 0.957 0.999

X1: CAR concentration, X»: surfactant concentration, Xs: homogenization time, Y: particle size (PS), Ya:
encapsulation efficiency (EE), Ys: drug loading (DL), R?: R-squared (correlation coefficient).

3.1.1. Effect of independent variables on particle size (Y31).

The polynomial equation demonstrating the relationship between the independent

variable (Xi) and the response Y1 (particle size) is shown in Equation 4.
Y; =2590 + 476X, — 284X, — 432.4X3 + 17.1X;X; + 27.9X,X, + 463X5 +
13.5X;X; — 91.3X; X3 — 19.8X,X;
Equation 4

The obtained CAR-NLC particle size varied from 171.1 to 306.2 nm (refer to Table 2).
The ANOVA analysis shown in Table 3 revealed that the variables X1 (CAR concentration)
and Xz (surfactant concentration) significantly affect the CAR-NLC particle size (P-value <
0.05), while the effect of the variable X3 (homogenization time) was insignificant towards the
CAR-NLC particle size (P-value > 0.05). CAR not only acts as the active substance, but it also
serves as the liquid lipid in the NLC formulation. The contour plot figure (Figure 1A) also
shows that the increase in CAR concentration would decrease the CAR-NLC particle size. The
reason was that the increase of CAR concentration in the formula might decrease the viscosity
of the formula's internal phase, causing the lipid globules to be dispersed more easily during
the hot homogenization process and the further CAR-NLC particle size reduction during the
ultrasonication process [26]. Figure 1A also shows that the increase in surfactant concentration
will decrease the CAR-NLC particle size. The reason behind this was that surfactant was able
to decrease the interface tension of the aqueous and lipid phases, causing the formation of
smaller lipid globules during the hot homogenization process. The high surfactant
concentration at a certain limit may stabilize the nanoparticle by forming steric hindrance,
which prevents nanoparticle aggregation [27,28].

3.1.2. Effect of independent variables on encapsulation efficiency (Y2).

The polynomial equation demonstrating the relationship between the independent

variable (Xi) and the response Y2 (encapsulation efficiency) is shown in Equation 5.
Y, = 156.4 + 22.3X; — 12.3X, — 9.89X; — 0.43X;X; + 1.50X,X, + 0.97X5X5 —
3.03X; X, + 0.07X;X3 — 0.53X,X;

Equation 5

The CAR-NLC encapsulation efficiency varied from 94.38 to 98.78% (refer to Table

2). The ANOVA analysis shown in Table 3 revealed that the variable X1 (CAR concentration)

significantly affects the CAR-NLC encapsulation efficiency (P-value < 0.05), while the effect

of the variables X (surfactant concentration) and X3z (homogenization time) were insignificant
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toward the CAR-NLC encapsulation efficiency (P-value > 0.05). On the contour plot figure
(Figure 1B), it is also shown that the increase in CAR concentration will increase the
encapsulation efficiency of CAR-NLC. This may happen due to the decrease of the CAR-NLC
particle size as the CAR concentration increases. Smaller-sized nanoparticles possess a larger
surface area to volume ratio, rendering them able to encapsulate more active substances
[29,30]. This may happen due to the effect of CAR redistribution from the aqueous phase
toward the lipid phase during the hot homogenization process, which is continued by a
temperature decrease. The mixture of lipid and aqueous phases at high temperatures caused the
increase of CAR solubility in the agueous phase, and CAR distribution from the lipid phase
toward the aqueous phase occurred. After the homogenization process is finished, the lipid
globules and aqueous phase will decrease temperature, and the globule lipid core will start to
crystallize with the relatively larger amount of CAR within the aqueous phase. Further
temperature decrease renders the CAR to undergo the supersaturated condition because the
solubility of CAR decreases within the aqueous phase, and CAR will attempt to return to the
lipid phase (redistribution process). The solid lipid core has formed, and CAR will continue to
accumulate in the liquid outer region [31]. The smaller lipid globules' size during the hot
homogenization due to the increase of CAR concentration (where the surface area to volume
ratio is larger), then the redistribution and accumulation of CAR from the aqueous phase toward
the globule surface is more efficient, thus improving the encapsulation process. The important
aspect is that the CAR concentration increase would increase the CAR-NLC encapsulation
efficiency, but only until the limit at which the CAR concentration increase yielded negative
results [32], which did not occur in this study.

3.1.3. Effect of independent variables on drug loading (Y3).

The polynomial equation demonstrating the relationship between the independent
variable (Xi) and the response Y3 (drug loading) is shown in Equation 6.
Y; = 224+ 30.4X; —4.40X, — 2.81X5 + 0.50X,X; + 0.47X,X, + 0.27X5X5 —
0.56X;X, + 0.10X,X5 — 0.15X,X;
Equation 6
The CAR-NLC drug loading varied from 13.48 to 42.33% (refer to Table 2). According
to the ANOVA analysis shown in Table 3, it revealed that the variables X1 (CAR concentration)
and Xz (homogenization time) significantly affect the CAR-NLC drug loading (P-value <
0.05). In contrast, the variable X> (surfactant concentration) was insignificant toward the CAR-
NLC drug loading (P-value > 0.05). CAR s the lipid-soluble active ingredient; therefore, the
CAR-NLC drug loading was directly proportional to its encapsulation efficiency [18]. On the
contour plot figure (Figure 1C), it is also shown that the increase in CAR concentration will
also increase the CAR-NLC drug loading. As shown in Table 2, the 15 tested formulas of CAR-
NLC exhibited a high encapsulation efficiency (>90%). Most of the CAR was trapped within
the NLC matrix, either the CAR with low (0.5%, w/v), medium (1.0%, w/v), or high (1.5%,
wi/Vv) concentration. According to Equation 6, the drug loading will increase when the BW solid
lipid concentration is constant while the CAR concentrations increase. The homogenization
time also significantly affects the CAR drug loading into the NLC matrix due to the CAR
redistribution from the aqueous phase towards the lipid globules for the encapsulation process,
which happened during the hot homogenization process, continued by the temperature decline,
as elaborated before [31].
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Figure 1. Contour plots for the effect of CAR concentration (%, w/v), surfactant concentration (%, w/v), and
homogenization time (min) on (A) particle size (PS) (nm); (B) encapsulation efficiency (EE) (%); (C) drug
loading (DL) (%) of the CAR-NLC formula generated using Box-Behnken design.

3.1.4. Selection of optimum CAR-NLC formula.

The optimum CAR-NLC formula was chosen according to the criteria listed in Table
1: exhibiting minimum particle size, maximum encapsulation efficiency, and maximum drug
loading. The formula was chosen with the assistance of the response optimizer tool from the
software Minitab® WEB (Minitab, Inc., State College, PA, USA).
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Figure 2. Optimization plots of the responses Y particle size (hnm), Y2: encapsulation efficiency (%), and Y:
drug loading (%) based on independent variables Xi: CAR concentration (%, w/v), Xa: surfactant concentration
(%, wiv), and X3: homogenization time (min) generated using Box-Behnken design.
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According to the optimization plots (refer to Figure 2), the optimum value for the
independent variables X1, X2, and Xz was 1.5% (w/v) CAR, 6.5% (w/v) surfactant, and 8
minutes of homogenization time, respectively. The independent variables were predicted to
produce the response Y1 (PS), Y2 (EE), and Y3 (DL) as much as 171.5 nm, 98.77%, and
42.28%, respectively. The desirability value for total and individual responses was found to
equate to one (1); therefore, this optimized formula had a high chance of obtaining similar
values experimentally [20].

3.1.5. Confirmation of optimum CAR-NLC formula.

The CAR-NLC was produced with the optimum formula, and the result was compared
with the predicted values from the Box-Behnken design, as shown in Table 4. The experimental
values obtained for the responses Y1 (PS), Y2 (EE), and Y3 (DL) were 174.5+ 1.2 nm, 98.46
0.07%, and 42.20 £ 0.03%, respectively. It revealed that the error percentage obtained from the
three responses was relatively low (below 5%), confirming that the Box-Behnken design model
has successfully optimized the CAR-NLC formula. The optimum CAR-NLC formula exhibited
PDI and zeta potential values of 0.31 £ 0.04 and -24.83 + 5.51 mV, respectively. The PDI
parameter showed that the particle size distribution of CAR-NLC was uniform, without any
aggregation between particles occurring. At the same time, the zeta potential parameter showed
that the CAR-NLC exhibited improved stability in its liquid phase [33].

Table 4. Comparison of the predicted and observed values from the optimized formula of Box-Behnken design.

Response Predicted value Observed value Error (%)
Y1: particle size (nm) 1715 1745+1.2 1.75
Y2: encapsulation efficiency (%) 98.77 98.46 = 0.07 0.32
Y3: drug loading (%) 42.28 42.20+0.03 0.19

Error (%) = (|predicted value - observed value|/predicted value) x 100. Data were expressed as mean + standard
deviation (n=3).

3.2. Morphology analysis.

The morphology analysis for the optimum CAR-NLC formula was carried out by using
transmission electron microscopy (TEM). Figure 3 shows that the optimum CAR-NLC formula
exhibited spherical or oval-shaped particles, with diameters ranging from 160-200 nm, which
was in accordance with the particle size data of the DLS instrument analysis. The TEM image
also showed no aggregation between the particles.

o ¥

AR-NLC formula.

W Ry e 3 0g i gie
2o

Figure 3. TEM image showing
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3.3. Thermal characteristic analysis.

Differentiating scanning calorimetry (DSC) is an instrument used to characterize the
NLC formula and its constituents. The DSC thermogram provides information regarding a
substance's physical characteristics and crystallinity according to its thermal profile [34].

The DSC thermograms of BW solid lipid (a), TEGO® Care 165 surfactant (b), Blank-
NLC (c), and optimum CAR-NLC formula (d) are shown in Figure 4. The BW solid lipid DSC
thermogram exhibited an endothermic event in the range of 40.85 t0 48.49°C (T peak = 45.45°C),
which correlated to its melting point. The TEGO® Care 165 DSC thermogram exhibited two
endothermic peaks in the range of 44.33 to 55.53°C (Tpeakt = 46.85°C and Tpeak2 = 54.03°C).
This wide range of melting points was caused by the solid lipid structure composed of glyceryl
stearate and PEG-100 stearate [35,36]. TEGO® Care 165 is a self-emulsifying lipid that acts
not only as an emulsifier but also as a lipid solidification agent [34,35].

The DSC thermogram of the Blank-NLC exhibited an endothermic event in the range
0f 50.33 10 53.96°C (Tmigd = 52.15°C), characterizing its glass transition temperature (Tg). Glass
transition is a reversible transition that occurs toward amorphous materials heated or cooled
down in a certain temperature range. During the temperature decrease, the material becomes
brittle (less flexible), resembling glass, and if heat is applied, the material becomes rubbery
[37]. The glass transition is characterized by a thermal profile resembling a staircase, starting
from its baseline from its DSC thermogram. Usually, the occurring deviation was relatively
small if the sample was a single organic material (such as lipid) without being dispersed in a
carrier. However, the Blank-NLC sample was dispersed in water, which is why a relatively
large deviation was observed, caused by the water's large heat capacity [38]. The DSC
thermogram of the optimum CAR-NLC formula exhibited an endothermic event at the range
48.62 t0 53.16°C (Tpeak = 51.22°C), and no glass transition was observed. This may be caused
by the CAR addition (lipophilic liquid matter), which acts as a plasticizer, lowering the
brittleness of the NLC matrix and rendering it more flexible [39,40].

(@)

_\/\f ©

O

(d)

Heat Flow (mW)
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Temperature (°C)

Figure 4. DSC thermograms of (a) beeswax; (b) TEGO® Care 165; (c) Blank-NLC; (d) CAR-NLC.
3.4. Stability study.

The stability study evaluates the optimum CAR-NLC formula by the following
parameters: particle size (PS), polydispersity index (PDI), and encapsulation efficiency (EE)
for 84 days at the storage temperature of 4, 25, and 40°C; the result was provided at Figure 5.
It can be observed that the optimum CAR-NLC formula did not undergo a significant increase
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in particle size (P-value > 0.05) at day 84 (197.3 + 17.5 nm) compared to the initial value at
day 0 (174.5 £ 1.2 nm) when stored at 4°C. However, when stored at 25 and 40°C, there was a
significant increase in particle size (P-value < 0.05). The CAR-NLC storage at 25°C exhibited
particle size increase starting at day 56 (196.6 + 11.0 nm), while at 40°C the particle size
increase starting on day 28 (193.1 = 11.0 nm), compared to the initial value. On day 84, the
optimum CAR-NLC formula stored at 25 and 40°C exhibited particle size increases as much
as 210.0 £ 10.5 nm and 228.6 + 7.5 nm, respectively. For the PDI and EE parameters, the
optimum CAR-NLC formula did not change significantly at day 84 compared to day 0 for all
storage conditions (4, 25, and 40°C). The PDI value obtained from every observation point and
storage condition was less than 0.5. This PDI value indicates a uniform CAR-NLC particle size
distribution [22,41-43]. The EE value obtained from every observation point and storage
condition was also within the 98-99% range, indicating that CAR stayed within the NLC matrix
during the storage period.

Therefore, it revealed that the optimum CAR-NLC formula was stable for 84 days at
4°C. Meanwhile, at 25 and 40°C, the optimum CAR-NLC formula exhibited an increase in
particle size without any CAR release from the NLC matrix, which can be caused by
aggregation between the NLC particles. Strong electrostatic force and low system kinetic
energy at low temperatures may provide excellent stability toward the formula. The instability
of the NLC formula stored at higher temperatures might be due to the high system Kinetic
energy, leading to a higher chance for collision and aggression between particles, as explained

by Shu et al. (2023) in their stability study of lutein-loaded NLC [44].
» ®)
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Figure 5. Evaluation of NLC stability regarding their (A) particle size (PS) and polydispersity index (PDI); (B)
encapsulation efficiency (EE) along 84 days. Data were expressed as mean + standard deviation (n = 3). *P-
value < 0.05 was considered significant compared to the data day 0.

4. Conclusions

In this study, CAR has been successfully formulated into the NLC drug delivery system
to improve its physicochemical properties. The CAR-NLC formula was made using the hot
homogenization-ultrasonication method by applying the Box-Behnken experimental design for
the optimization process. The optimum CAR-NLC formula is composed of 1.5% (w/v) CAR
as the active substance, 3.5% (w/v) BW as the solid lipid, and a combination surfactant of
TEGO® Care 165 and Tween® 80 (1:4) 6.5% (w/v) which can produce the optimum NLC
formula with particle size, encapsulation efficiency, and drug loading of 174.5 + 1.2 nm (with
a PDI of 0.31 + 0.04), 98.46 + 0.07%, and 42.20 + 0.03%, respectively. The optimum CAR-
NLC formula was further characterized, and the result showed the zeta potential value of -
24.83 + 5.51 mV, with a round or oval particle shape based on TEM analysis; it also showed
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an endothermic event at the range of 48.62 t0 53.16°C (Tpeak = 51.22°C) based on DSC analysis,
and finally, the formula was stable for 84 days at 4°C.
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