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ABSTRACT

Objectives of this study were to encapsulate tocotrienol-rich fraction (TRF), ascorbyl
tetraisopalmitate (AT) and carotenes into nanoemulsion, incorporate the formulated nanoemulsion
into moisturizer cream, and characterize the formulated nanoemulsion and cream. A stepwise
factorial design methodology was used to screen the nanoemulsion’s ingredients and preparation
parameters. With mean droplet size, polydispersity index (PDI), creaming index (CI) and irritational
potential as evaluation criteria, the ideal nanoemulsion formulation comprised deionized water,
red palm oil (RPO) and Kolliphor® EL in a ratio of 20.00:6.25:73.75, fabricated using a high-
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cream formulation was then screened using
a factorial experiment that considered lipid
and emulsifier concentrations. The optimal
cream formulation contained deionized water,
formulated nanoemulsion, petrolatum, mineral
oil, glycerol, emulsifying wax and carbomer 940
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in aratio 0f 66.8:10.0:7.5:7.5:5.0:3.0:0.2, showing the preferred shear-thinning behavior, excellent
physical stability and high conclusiveness. The formulated cream exhibited Korsmeyer-Peppas
and Weibull release kinetic mechanisms during the in vitro release. This study showed that the
developed formulations were suitable for the topical delivery system for TRF, AT and carotenes.

Keywords: Ascorbyl tetraisopalmitate, atopic dermatitis, carotenes, moisturizer cream, nanoemulsion,
tocotrienol-rich fraction

INTRODUCTION

Atopic dermatitis (AD) is a common chronic skin disorder associated with a relapsing-
remitting inflammatory condition, persistent pruritus and xerosis. The interaction of
epidermal dysfunction and immune dysregulation is a key pathophysiological mechanism
of AD (Williamson et al., 2020). Though non-life threatening, AD symptoms have
considerably impaired the quality of life of patients and caregivers (Laughter et al., 2021).
No curable medicine is available, and current AD management mainly focuses on flare
prevention and symptom relief to enable patients to attain satisfying functional life status.
It involves the daily application of moisturizer to restore and maintain skin barrier function,
thus reducing the number of skin flares during the remitting period (Weber et al., 2015;
Zuuren et al., 2017). During the relapsing period, topical corticosteroids or calcineurin
inhibitors are twice-daily applied as the first-line treatment. However, concerns have been
raised as topical corticosteroids and calcineurin inhibitors are associated with considerable
side effects. Concerns regarding the adverse side effects have hindered the application of
topical drugs. To minimize topical corticosteroids or calcineurin inhibitors, efforts have
been made to discover and incorporate ingredients that possess skin repairment and anti-
inflammatory properties into the moisturizer (Hebert et al., 2020).

It is evident that AD patients are characterized by lower levels of antioxidants and
increased oxidative stress compared to healthy controls (Amin et al., 2015; Leveque et
al., 2003; Sivaranjani et al., 2013). Disrupted antioxidant defense promotes dysregulation
of skin homeostasis and immune response, encouraging AD development (Ji & Li, 2016).
Thus, reinforcing the antioxidant systems by increasing the skin’s antioxidant capacity is a
potential drug-sparing strategy for managing AD. Vitamin E, vitamin C, and carotenes are
the predominant exogenous antioxidants in the skin. Previous studies reported that vitamin E
can improve epidermal function by upregulating the expression of epidermal differentiation
enzymes and proteins, increasing ceramide production, and reducing transepidermal water
loss (TEWL) (De Pascale et al., 2006; Kato & Takahashi, 2012; Parish et al., 2005). As well,
vitamin E reduced inflammatory conditions and ameliorated AD symptoms in sensitized
animals and AD patients (Babaye-Nazhad et al., 2013; Hayashi et al., 2012; Jaffary et
al., 2015; Javanbakht et al., 2011; Kapun et al., 2014; Tsuduki et al., 2013). Similarly,
literature also has demonstrated that vitamin C promoted keratinocyte differentiation,
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reduced TEWL, and improved inflammatory status and AD symptoms in sensitized animals
(Pasonen-Seppénen et al., 2001; Savini et al., 2002; Parish et al., 2005; Kim et al., 2015;
Leeetal., 2017). Meanwhile, findings demonstrated that -carotene significantly improved
the scratching behavior, skin moisture level and inflammatory status in sensitized animals
(Hiragun et al., 2016; Kake et al., 2019; Sakai et al., 2011; Sato et al., 2004)

Considering that topical agents are the mainstays for localized AD treatment and the
adsorption and biodistribution of exogenous antioxidants following oral administration
exhibit isomeric and regional variations that affect the delivery of antioxidants to the
targeted skin sites, topical delivery of these antioxidants is thus recommended (Hemrajani
et al., 2022; Myriam et al., 2006; Packer et al., 2001). However, the limited solubility and
poor skin penetration of antioxidants hinder their practical application when delivered
topically, consequently diminishing their efficacy. Many delivery systems have been
developed to overcome these issues. Amongst the delivery systems, nanoemulsion emerges
as a promising approach. Pertaining to the nano-size droplets (20-200 nm), nanoemulsion
can improve solubilities, increase thermodynamic activities, favor partitioning and promote
skin penetration of the encapsulated compounds (Hemrajani et al., 2022). However,
the rheology characteristics of watery nanoemulsion, which have low viscosity, limit
their feasibility in the practical topical application (Chellapa et al., 2015). Fortunately,
nanoemulsion can be further incorporated into different formulations, such as creams and
gels, to solve the problem.

In light of the information above, the main objectives of this study were to develop an
oil-in-water nanoemulsion loaded with vitamin E (tocotrienol-rich fraction [TRF]), vitamin
C (AT) and carotenes using high-pressure homogenization by studying the influence of
ingredients and preparation process conditions. The nanoemulsion with a small mean droplet
size, lowest polydispersity index (PDI), zero creaming index (CI) and lowest irritational
potential was subsequently formulated into moisturizer cream by considering the effect of
the cream’s ingredients. Physical stability, spreadability, rheological behavior, and occlusion
factors were used as evaluation parameters for the cream formulation selection. Finally, the
behavior of the selected nanoemulsion and moisturizer cream formulations was determined.

MATERIALS AND METHODS
Materials

Rice bran, sunflower, olive, canola and red palm oils were purchased from local markets.
TRF, AT and carotenes were procured from Sime Darby Sdn. Bhd. (Selangor, Malaysia),
Nikko Chemicals Co. Ltd. (Tokyo, Japan), and Super Vitamins Sdn. Bhd. (Johor, Malaysia),
respectively. Tween 80 and Tween 20 were supplied by Thermo Fisher Scientific Inc.
(Massachusetts, USA) and Merck KGaA (Darmstadt, Germany), respectively. Kolliphor®
EL and Tween 85 were obtained from Sigma-Aldrich Corporation (Missouri, USA). Mineral
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oil, petrolatum, emulsifying wax, and carbomer 940 were acquired from Spectrum Chemical
Manufacturing Corporation (New Jersey, USA). Glycerol and sodium hydroxide were
supplied by Fisher Scientific UK Ltd. (Leicestershire, UK). The water was purified and
deionized using the Millipore system (Millipore GmbH, Darmstadt, Germany). All other
chemicals and solvents were either in analytical or high-performance liquid chromatography
(HPLC) grade.

Formulation of Oil-in-Water Nanoemulsion

Screening of Oils

For the solubility study of carotenes, an excess amount of carotenes was added to 5 g of oil
(rice bran, sunflower, olive, canola and red palm oils) in a tube, blanketed with nitrogen,
sonicated for 30 min (Model Powersonic 520, Hwashin Tech Co., Ltd., Seoul, Korea, 40
kHz), then shaken at 150 rpm and 25°C for 72 hr in an orbital shaking incubator (Model
LSI-3016A, Daihan Labtech Co., Ltd., Gyeonggi-do, Korea) (Roohinejad et al., 2015).
The resulting samples were centrifuged at 18000 x g for 15 min to remove undissolved
carotenes. The supernatant oil fraction was filtered through 0.45 um polytetrafluoroethylene
membrane filters, and the concentration of dissolved carotenes was quantified using HPLC.

To determine the thermal stability of total antioxidants, 5% w/w TRF, 5% w/w AT and
0.5% w/w carotenes were dissolved in each oil type via sonication for 30 min. One gram
of the sample was heated at 45°C, 60°C and 75°C in a water bath for 1 h, cooled to room
temperature, and the retained number of antioxidants was determined using HPLC. The
oil that provides greater thermal stability and higher solubility was selected for subsequent
experiments.

Screening of Coarse Emulsion Formation Preparation Process Conditions

The 20% w/w oil phase (1% w/w TRF, 1% w/w AT and 0.1% w/w carotenes at final
concentration) was mixed with 80% w/w aqueous phase (deionized water with 5% w/w
Tween 80 at final concentration), using a high-shear mixer (Model L4RT, Silverson
Machines, Inc., USA). The processing conditions evaluated were homogenization speed
(5000 to 9000 rpm), time (1 min to 10 min) and temperature (30°C to 60°C). The prepared
coarse emulsions’ mean droplet size, PDI and CI were evaluated. The preparation process
conditions producing a coarse emulsion with the lowest mean droplet size, PDI and CI,
were used for subsequent experiments.

Screening of Nanoemulsion Formation Preparation Process Conditions

The coarse emulsions were prepared by mixing 20% w/w oil phase (1% w/w TRF, 1%
w/w AT and 0.1% w/w carotenes at final concentration) and the 80% w/w aqueous phase
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(5% w/w Tween 80 at final concentration), using a high-shear mixer at 7000 rpm and 45°C
for 10 min. The temperature was adjusted during preparation in the incubator. The coarse
emulsions were immediately placed into a high-pressure homogenizer (Model Panda PLUS
2000, GEA Niro Soavi, Italy). The processing conditions studied were homogenization
pressure (250 to 1250 bar) and cycle (one to eight). The prepared nanoemulsion were
examined for their mean droplet size, PDI and CI. The preparation process conditions that
can produce nanoemulsion with small droplet size (100—200 nm), PDI <0.200 and zero CI
were used for the following experiments.

Screening of Types of Surfactants and Surfactant-to-0il Ratio

The non-ionic surfactants studied in this experiment were Tween 85 [Hydrophilic-
Lipophilic Balance (HLB):11], Kolliphor® EL (HLB:12—-14), Tween 80 (HLB:15) and
Tween 20 (HLB:16.7) at the surfactant-to-oil ratio of 1:8, 1.5:8, 2:8, 2.5:8, 3:8, 3.5:8 and
4:8. The coarse emulsions were prepared by mixing 20% w/w oil phase (1% w/w TRF, 1%
w/w AT and 0.1% w/w carotenes at final concentration) with aqueous phase that containing
the targeted type and concentration of surfactants, using a high-shear mixer at 7000 rpm
and 45°C for 10 min. The coarse emulsions were rapidly processed using a high-pressure
homogenizer at 750 bars for five cycles. Mean droplet size, PDI, CI and irritation potential
were measured for each prepared nanoemulsion. The type of surfactant at a surfactant-to-
oil ratio that can produce nanoemulsion with a mean droplet size between 100 to 200 nm,
PDI <0.200, zero CI and lowest irritational potential was selected as the best formulation.

Evaluation of Coarse Emulsion and Nanoemulsion

Mean Droplet Size and PDI Evaluations

Each sample was diluted 10 times with deionized water to minimize the multiple scattering
effects. The mean droplet size and PDI measurements were carried out at 25 + 0.5°C using
a dynamic light scattering instrument (Model Zetasizer Nano ZS, Malvern Instruments
Ltd., UK), as previously described (Uluata et al., 2016). The mean droplet size is calculated
using the photon correlation spectroscopy concept combined with cumulant methods and
expressed as the Z-average droplet diameter. The PDI results were determined based on
the volume versus droplet diameter profile. The refractive indices of the dispersed and
continuous phases employed for the PDI calculation were 1.47 and 1.33, respectively.

CI Evaluation

The CI was determined using a previously described method (Uluata et al., 2016). Ten
milliliters of each freshly prepared sample were transferred into new tubes and incubated
for 24 hr at room temperature. The entire height of the samples (Hg) and the height of
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the cream layer (H¢) were determined using a ruler, and the magnitude of creaming was
calculated using Equation 1:

CI (%) = Ho/H; x 100% [1]

Irritational Potential Evaluation

The irritational potential for each surfactant at the concentrations used in nanoemulsion
preparation was determined using the erythrocytes cellular model and expressed as
hemolysis percentage (Rocha-Filho et al., 2017). Human blood was collected in a vacutainer
tube containing ethylenediaminetetraacetic acid, mixed well and centrifuged at 650 x g
for 10 min. The supernatant was discarded, and the erythrocytes were resuspended in
phosphate buffer saline (PBS) (pH 7.4). Next, the erythrocytes were washed three times
using PBS in a volume ratio 4:1. In each washing step, the buffy coat (precipitated debris
and serum proteins) in the upper phase was removed. The erythrocytes were resuspended
in PBS to achieve 50% hematocrit in the final wash. Twenty-five microliters of erythrocyte
suspension and 975 pL of the sample were then aliquoted into a tube and incubated in a
water bath under 100 rpm shaking speed for 30 min at 37°C. Later, the intact and debris
erythrocytes were removed via 10 min centrifugation at 650 x g. The hemoglobin released
into the supernatant was analyzed spectrophotometrically at 540 nm against a corresponding
blank sample. The percentage of hemolysis (H%) was calculated based on the released
hemoglobin using Equation 2:

H (%) = (As — Ac1)/ (Aca — Acr) * 100 (2]

Where Ag refers to the absorbance of the sample, A¢, refers to the absorbance of mechanical
hemolysis (erythrocytes in a PBS solution; hemolysis happened due to sample preparation),
and A, refers to the absorbance of 100% hemolysis (erythrocytes in deionized water).

Formulation of Moisturizer Creams

The aqueous phase was prepared by hydrating 0.2% w/w carbomer 940 and dissolving
5% w/w glycerol in deionized water (Table 1). The oil phase consisted of'a 5 to 10% w/w
mixture of mineral oil and petrolatum (ratio 1:1) and 1 to 5% w/w emulsifying wax mixed
homogeneously (Table 1). Both phases were heated to 70°C using a water bath. The oil
phase was then gradually added to the aqueous phase at a stirring speed of 500 rpm until
the temperature dropped to 40°C. Then, 10% w/w of nanoemulsion was added and stirred
at 200 rpm for 10 min. The pH value of the mixture was adjusted to 5.5 using 1 M sodium
hydroxide to impart the thickening property of carbomer 940. The physically stable and
semifluid-formulated cream with shear-thinning rheological behavior and the highest
occlusion factor was selected for further analysis.
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Table 1
Formulation of moisturizer creams
Weight (% w/w)
-
§ g g E Q g g Z w0 5
= S 2 z E = ) S &3 5 =
2, £ . EZ g 2 g S E gE
5 £ S S &) & = g 5 =3
=] = UE = f o =¥
= S
TCO1 2.5 2.5 1.0 5.0 10.0 0.2 gs gs ad to 100
TCO02 5.0 5.0 1.0 5.0 10.0 0.2 gs gs ad to 100
TCO03 7.5 7.5 1.0 5.0 10.0 0.2 gs gs ad to 100
TC04 10.0 10.0 1.0 5.0 10.0 0.2 gs gs ad to 100
TCO5 2.5 2.5 2.0 5.0 10.0 0.2 gs gs ad to 100
TCO06 5.0 5.0 2.0 5.0 10.0 0.2 qs gs ad to 100
TCO7 7.5 7.5 2.0 5.0 10.0 0.2 qs gs ad to 100
TCO08 10.0 10.0 2.0 5.0 10.0 0.2 gs gs ad to 100
TC09 2.5 2.5 3.0 5.0 10.0 0.2 gs gs ad to 100
TC10 5.0 5.0 3.0 5.0 10.0 0.2 gs gs ad to 100
TC11 7.5 7.5 3.0 5.0 10.0 0.2 gs gs ad to 100
TC12 10.0 10.0 3.0 5.0 10.0 0.2 gs gs ad to 100
TC13 2.5 2.5 4.0 5.0 10.0 0.2 gs gs ad to 100
TC14 5.0 5.0 4.0 5.0 10.0 0.2 gs gs ad to 100
TC15 7.5 7.5 4.0 5.0 10.0 0.2 qs gs ad to 100
TC16 10.0 10.0 4.0 5.0 10.0 0.2 gs gs ad to 100
TC17 2.5 2.5 5.0 5.0 10.0 0.2 qgs gs ad to 100
TC18 5.0 5.0 5.0 5.0 10.0 0.2 gs gs ad to 100
TC19 7.5 7.5 5.0 5.0 10.0 0.2 qgs gs ad to 100
TC20 10.0 10.0 5.0 5.0 10.0 0.2 qs qgs ad to 100

Note. qs = Quantity sufficient; gs ad = Quantity sufficient to make

Evaluation of Moisturizer Creams

Physical Stability and Spreadability Evaluations

Freshly prepared creams (10g) were stored at 25°C and 40°C for 24 hr and subjected to
centrifugation at 3000 rpm for 30 min (Dantas et al., 2016). The macroscopic observation
was then performed to determine the presence of physical instability (creaming, cracking,
phase inversion, bleeding or oiling off).

The spreadability of creams was determined using the parallel plate method (Oladimeji
et al., 2015). Cream samples, prepared 48 hr prior, weighing 1 + 0.01 g, were positioned
at the center of a circular glass plate (diameter: 15 cm). A second glass plate (weighing
125 £ 1 g) was then placed atop the cream. The spreading diameter was measured after 1
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min, enabling classification into three categories based on diameter: semistiff cream (25
mm < & < 50 mm), semifluid cream (50 mm < & < 70 mm), and fluid cream (& > 70
mm). Semifluid formulations demonstrating physical stability were chosen for subsequent
evaluation of rheological behavior and in vitro occlusive properties.

Rheological Behaviors Evaluation

The rheological behaviors of cream were evaluated using a HAAKE RheoStress 6000
rheometer (Thermo Fisher Scientific Inc., USA) equipped with a Peltier system and 35 mm
stainless steel serrated parallel plate. About 0.5 g of cream sample was put on the lower
plate for each evaluation. The lower plate was slowly raised to the preset trimming gap of
0.55 mm. After removing the excess cream, the lower plate was lifted to the measurement
geometry gap of 0.5 mm. The sample was equilibrated at 25 4+ 0.1°C for 5 min. The flow
property of the cream was characterized using the steady-state-flow method. The shear rate
over a 0.01 to 100 *' range was programmed in a logarithmic ramp mode in 3 min (Siska
etal., 2019). The recorded results were plotted in a graph and fitted into the mathematical
model of Power Law to calculate the flow behavior and consistency indices.

In vitro Occlusive Evaluation

A 50 ml beaker was filled with 20 ml of water, then enclosed with cellulose acetate filter
paper (0.2 um, Sartorius AG, Goettingen, Germany) (Swarnavalli et al., 2016). A 200mg
cream sample was applied and spread evenly on the filter surface. The beaker without
cream application on the filter served as a control. All the prepped beakers were incubated
at 32°C and 50°C at 55% Relative Humidity (RH) for 24 h. The prepped beakers were
weighed to determine the water loss through the filter due to evaporation. The occlusion
factor for each sample, F, was then calculated using Equation 3:

F (%) = (A— B)/A x 100% [3]

Where A refers to the water loss without cream applied on the filter (control), and B
represents the water loss with the cream applied on the filter.

Characterization of the Selected Nanoemulsion and Moisturizer Cream
Formulations

Morphological Study

The selected nanoemulsion formulation was diluted ten times with deionized water. A drop
of diluted sample was deposited on a carbon film-covered 400 mesh copper grid. Excess
nanoemulsion was blotted with filter paper from the copper grid to produce a thin-film
specimen. The specimen was negatively stained with 1% w/w uranyl acetate, air-dried
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and examined under a Jem-2100F field emission electron microscope (Jeol Ltd., Tokyo,
Japan), which operated at an accelerating voltage of 200 kV.

Morphology of the selected cream formulation was observed using an optical
microscope (Model Olympus CX23, Olympus Corporation, Japan). The cream was applied,
spread evenly onto a microscopic glass slide, and viewed under the microscope. The images
were taken and processed using the ToupCam camera and ToupView software (ToupTek
Photonics Co., Ltd., China).

In vitro Release

In vitro release profiles of antioxidants from nanoemulsion and moisturizer cream were
investigated and compared to bulk oil using the Franz diffusion method (Jung et al.,
2012). 0.45 pm cellulose acetate membrane (diameter: 25 mm) was presoaked in the
receiver medium (PBS and ethanol in the ratio 1:1, pH 7.4) for 30 min, then mounted
between the donor and receiver compartments of the Franz diffusion cell. The receiver
chamber was then filled with receiver medium. The receiver fluid was continuously
stirred with a magnetic stirrer at 500 rpm and 32 + 0.5 °C. After equilibrating for 15
min, 1 g of sample was placed into the donor compartment and covered with parafilm. At
predetermined intervals (1, 2, 3, 4, 5, 6, 8 and 12 h), 400 pL of samples were collected
from the received chamber, and 400 pL of fresh receiver medium was refilled back. The
samples were analyzed using HPLC. The cumulative number of antioxidants released
per surface area of the membrane (ug cm?) was calculated using Equation 4 and plotted
as a function of time (t):

Q=[CyV + X CiSYA [4]

Where Q refers to the cumulative amount of antioxidants released per surface area of
membrane (pg/cm?), Cn denotes the concentration of antioxidants (pug/ml) determined at
the nth sampling interval, V is the volume of individual Franz diffusion cell, YL Ci refers
to the sum of concentrations of antioxidants (ug/ml) determined at sampling intervals 1
through n-1, S represents the volume of sampling aliquot (0.4 ml), and A is the surface
area of Franz diffusion cell (2.27 cm?).

The data were then fitted to the kinetic Equations 5 and 6:

Zero-order model (Salamanca et al., 2018):

Qt=Qp + ko [5]

Where Qt is the percentage of the released antioxidants at time t, Q, represents the initial
percentage of antioxidants in the receiver compartment (normally zero), k, denotes the
rate constant of zero-order release kinetics, and t is the sampling time.
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First-order model (Bruschi, 2015):
LogQt=LogQo0 + k1t/2.303 [6]

Where Qt is the percentage of antioxidants that remained in the donor compartment at

time t, QO represents the initial percentage of antioxidants in the donor compartment, k1

denotes the rate constant of first-order release kinetics, and t is the sampling time.
Higuchi model (Paarakh et al., 2018), Equation 7:

Q= kyt'? [7]

Where ky represents the Higuchi dissolution constant, and t represents the sampling time.
Korsmeyer-Peppas model (Yarce et al., 2016), Equation §:

Mt/M, = k,t* [8]

Where Mt is the percentage of the released antioxidants at time t, M., represents the

percentage of the released antioxidants at infinity time, kr denotes the release constant, t

is the sampling time, and n is the diffusion exponent (related to the release mechanism).
Weibull model (Ye et al., 2019), Equation 9:

In[-In(1 - Qt)] = In(e<) + Plnt [9]

Where o« represents the scale parameter that defines the timescale of the process, p denotes
the curve shape factor, and t is the sampling time.

Based on the 7* values and Akaike information criterion (AIC), the best model to
describe the kinetics and mechanisms of antioxidants released was identified (Jahromi et
al., 2020).

Statistical Analysis

All measurements were performed in triplicates and reported as mean value + SD. The
data were analyzed by one-way or two-way analysis of variance (ANOVA) using Minitab
Statistical Software Release16 (Minitab, LLC., Pennsylvania, USA), followed by Tukey’s
post hoc test.

RESULTS AND DISCUSSION

Nanoemulsion Formulation

Influence of Oil Types on the Solubility of Carotenes and Thermal Stability of
Antioxidants

Long-chain triacylglycerols, known as ripening inhibitors, were selected as the carrier
oil for the current nanoemulsion formulation. Since TRF and AT used in this study were
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in oil form, and carotenes are sparingly oil-soluble, the solubility of carotenes in various
long-chain triacylglycerols was determined. Results showed that the solubility of carotenes
was not significantly different (p > 0.05) among the tested long-chain triacylglycerols
(Table 2). Further investigation was done to determine the thermal stability of total
antioxidants dissolved in these long-chain triacylglycerols, considering heat generated
during nanoemulsion preparation using high-pressure homogenization can degrade the
antioxidants easily (Kruszewski et al., 2021). It was found that the retention efficiency of
total antioxidants in red palm oil (RPO) was significantly higher than (p < 0.05) other oils,
with no evidence of antioxidant degradation at 45°C (Table 2). Findings obtained following
1 hr heat treatment at 60°C showed that the retention efficiency in RPO was slightly lower
than in rice bran oil. However, this difference did not reach statistical significance (p > 0.05)
(Table 2). Current results show that RPO provided greater thermal stability to antioxidants
and was chosen as the carrier oil for subsequent experiments.

Table 2
Solubility of carotenes and thermal stability of total antioxidants in different long-chain triacylglycerols

Oil Rice bran Olive Canola Sunflower Red palm

Solubility of carotenes (mg/g of oil)
43.13 +1.58¢ 42.93 +1.59° 44.68 + 1.67° 4433+ 1.74* 4481 +0.28"

Temperature Total antioxidant retention (%) after 1 hr thermal treatment
45°C 97.22 £0.41* 98.94 +0.28° 97.21+0.51* 99.47+0.27°  100.96 + 0.29°
60°C 95.64 £0.75° 98.65+0.61° 95.57 £ 0.66* 9520+ 0.35*  97.49 +£0.63°
75°C 93.97+1.01* 94.23 £ 0.86* 91.32+£0.29° 93.07 £0.45®  94.59 + 0.65°

Note. Different superscript alphabets a, b and ¢ in the same row denote statistical significance (p < 0.05)

Process Conditions of High-speed Homogenization

Although coarse emulsion formation using high-speed homogenization is a preparatory step
before nanoemulsion formation, it may affect the resulting nanoemulsion’s mean droplet size
and PDI (Galvao et al., 2018). This experiment used a high-shear mixer with a fixed workhead
(emulsor screens) to prepare coarse emulsions. The effects of homogenization speed, time
and temperature on coarse emulsion formation were evaluated. A significant inverse relation
existed between homogenization time and mean droplet size of coarse emulsion when
homogenization speed was kept constant (Table 3). A significant negative correlation was
also found between the homogenization speed and mean droplet size when homogenization
time was fixed at 1 min and 5 min. With 10 min of homogenization, the mean droplet size of
coarse emulsion was significantly reduced when the homogenization speed increased from
5000 to 7000 rpm (p < 0.05); a further increment from 7000 to 9000 rpm did not reduce the
mean droplet size. Synchronously, PDI and CI of coarse emulsion remained constant after
10 min of homogenization at speeds varying from 7000 to 9000 rpm (Table 3).
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Hence, homogenization speed and time at 7000 rpm and 10 min were selected
and applied in the screening experiment of homogenization temperature. When the
homogenization temperature increased from 30°C to 60°C, the viscosity of emulsion
phases decreased, and higher-intensity disruptive forces could be generated. Still, the
coarse emulsion formed depicted no significant change (p > 0.05) in mean droplet size
(Table 4). Previous studies (Jafari et al., 2008; Kuhn & Cunha, 2012; Peng et al., 2015;
Qian & McClements, 2011) have reported that the mean droplet size of nanoemulsion is
an equilibrium result of droplet disintegration and recoalescence during homogenization.
At this point, surfactants absorb and cover the new interface of the small droplets formed
before they collide to recoalesce. However, when the timescale of collision is shorter than
the timescale of surfactant absorption, a high recoalescence rate increases the mean droplet
size of nanoemulsion, implying the effects of overprocessing conditions; thus, when the
temperature increases, the intensity of the disruptive forces increases with increasing
viscosity. The intensity of disruptive forces generated and the time exposure greatly affect

Table 3

Effects of high-shear mixer s homogenization speed and time on the mean droplet size, PDI and CI of coarse
emulsions

Homogenization speed

Homogenization time (min)

(rpm) 1 5 10
Mean droplet size (nm)
5000 7226.3 +280.442 831.1 £ 63.482 470.7 +£19.9¢2
6000 4824.5£215.84 801.9 £ 45.88=2 358.4 £29.26b
7000 1711.0 £ 111.14¢ 452.5 £23.080 236.5+10.1¢¢
8000 1089.0 + 50.744 410.9 £ 35.2Bb¢ 2352+ 11.4¢¢
9000 665.4 £25.7"¢ 374.1 £19.88¢ 232.0 £ 7.5¢¢
PDI
5000 0.229 £0.0414# 0.229 + 0.04142 0.229 + 0.04172
6000 0.472 +0.0512° 0.472 +£0.0514° 0.472 £0.0514°
7000 1.000 £ 0.0004¢ 1.000 £ 0.0004¢ 1.000 + 0.000%¢
8000 1.000 £ 0.0004¢ 1.000 £ 0.0004¢ 1.000 + 0.000%¢
9000 1.000 £ 0.0004¢ 1.000 £ 0.0004¢ 1.000 + 0.000%¢
CI (%)

5000 27.76 +£2.1942 27.76 +£2.194 27.76 £2.19
6000 24.12 £ 0.74A 24,12 £0.74A0 24.12 £0.7440
7000 19.82 + 0.254¢ 19.82 +0.25%¢ 19.82 +£0.25%¢
8000 19.43 £+ 0.484¢ 19.43 +£0.48"¢ 19.43 +£0.48"¢
9000 18.49 + (0.534¢ 18.49 +£0.537¢ 18.49 £ 0.534¢

Note. Different capital superscript alphabets A, B and C in the same row, while different small superscript
alphabets a, b and c in the same column denote statistical significance (p < 0.05). PDI = polydispersity index;
CI = creaming index
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the emulsification efficiency, which may affect the droplet size. However, a considerable
improvement in PDI and CI was detected when the processing temperature increased to
45°C, with no additional improvement observed at 60°C (Table 4). Considering these
results, the process conditions at 7000 rpm and 45°C for 10 min were chosen to prepare
coarse emulsion.

Table 4
Effects of high-speed homogenization processing temperature on the mean droplet size, PDI and creaming
index of coarse emulsions

Processing temperature 30°C 45°C 60°C
Mean droplet size (nm) 263.6 +16.9° 262.8 +4.7 262.8 +8.3°
Polydispersity Index (PDI) 0.746 = 0.016* 0.725 £ 0.005* 0.715£0.011°
Creaming index (%) 14.21 £0.80° 11.95+0.88° 10.98 £ 0.55°

Note. Different superscript alphabets a and b in the same row denote statistical significance (p < 0.05)

Influence of High-Pressure Homogenization’s Process Conditions

Theoretically, when a coarse emulsion is subjected to high-pressure homogenization, the
intensity of disruptive forces generated and the time exposure greatly affect the emulsification
efficiency of the surfactant. Therefore, the influence of homogenization pressures and cycles
on the formation of nanoemulsion was examined. Overall, nanoemulsion’s mean droplet
size and PDI decreased modestly with increasing homogenization pressures and cycles
(Table 5). The presence of a creaming layer evidenced that a single homogenization cycle
at all homogenization pressures could not produce a stable nanoemulsion (Table 5). At
low pressures varied from 250 to 500 bar, nanoemulsion with small mean droplet size and
PDI < 0.200 could not be generated (Table 5). At higher pressure (750 to 1250 bar), it was
observed that the mean droplet size and PDI of nanoemulsion remained consistent from
the 5™ to 8" homogenization cycles. During the 5" homogenization cycle, an increase in
homogenization pressure from 750 to 1250 bar did not decrease mean droplet size and PDI.
Since the mean droplet size and PDI did not reduce significantly after homogenization at
750 bars for five cycles, these settings were used throughout the following experiments
to prepare nanoemulsion.

Influence of Types of Surfactants and Surfactant-to-Oil Ratio

Non-ionic surfactants that pose low skin irritation and safety issues are preferably used in
dermatological products. In this study, the influence of four types of non-ionic surfactants
(Tween 85, Kolliphor® EL, Tween 80 and Tween 20) at different surfactant-to-oil ratios on
mean droplet size, PDI, CI and irritation potential was examined. All the tested surfactants
at any surfactant-to-oil ratio formed a stable nanoemulsion with no creaming issue. When
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Table 5
Effects of high-pressure homogenization pressures and cycles on the mean droplet size, CI and PDI of
nanoemulsion

Homogenization pressure (bar)

Cycle
250 500 750 1000 1250
Mean droplet size (nm)
1 219.7 £ 1.544 184.4 £ 4.65 166.4 +1.6%* 157.2 +£0.7¢ 163.6 £9.1¢2
2 197.6 £ 2.0*° 170.9 +0.38° 152.2 £1.9¢° 143.0 £ 0.9P 147.0 + 7.7¢P
3 193.3 £ 1.940 165.3 £0.28¢ 144.5 £2.6%¢ 137.7 £ 1.4¢¢ 142.3 £7.9¢0
4 190.4 £ 1.4Ab 159.8 +0.654¢ 138.1 + 3.9¢¢ 134.4 +0.8%4 138.9 £ 5.9¢Pb
5 188.9 & 3.24¢d 157.1 £ 0.48¢ 134.7 + 3.0 131.5 £ 1.5¢¢ 135.4 £2.4¢
6 186.8 + 5.54« 153.2 +£0.58f 132.5 +3.5¢4 130.4 = 1.0¢¢ 136.2 +£5.26°
7 183.8 £3.924 151.2 + 1.58f 131.3 £2.5¢4 129.3 £0.5¢¢ 134.1 £2.7¢°
8 183.5£4.474 148.6 £0.95¢ 130.4 +3.2¢4 129.1 +1.3¢¢ 134.7 £4.1¢°
PDI
1 0.302+0.015%  0.302+0.015%  0.302+0.015%*  0.302+0.015%  0.302 +0.0154*
2 0.256 £0.009**  0.256+0.009**  0.256 +0.009**  0.256 = 0.009*°  0.256 + 0.009*°
3 0.250 £0.008**  0.250+0.008*¢  0.250 £ 0.008**  0.250 £0.008**  (0.250 + 0.008"*
4 0.238 £0.012A4%d  (0.238+0.01240¢  0.238 £ 0.0124%¢  (0.238+0.012A%¢  (0.238 & 0.012A0
5 0.236 £0.007A%¢  0.236+0.007A40¢  0.236 + 0.007A40¢  0.236+0.007A%¢  0.236 £ 0.007A0
6 0.232+£0.0134¢  0.232+0.0134¢  0.232+0.0134¢  0.232 £0.0134<¢  (0.232 +0.0134<
7 0.230 £0.006*<¢  0.230+0.006*¢  0.230 = 0.006*<¢  0.230 £0.006*<¢  0.230 + 0.006"<
8 0.221 +£0.006%¢  0.221+0.006*¢  0.221 £0.006*¢  0.221 +£0.006*¢  0.221 + 0.00644
CI (%)
1 5.34+0.57 2.26+0.01 2.28 £0.01 2.27 +0.02 1.70 £ 0.02
2 2.24+£0.04 1.13 £0.01 - - -
3 0.83 £0.02 - - - -
4 0.58 £0.01 - - - -
5 - - - - -
6 - - - - -
7 - - - - -
8 - - - - -

Note. Different capital superscript alphabets A, B and C in the same row, while different small superscript
alphabets a - d in the same column denote statistical significance (p < 0.05). PDI = polydispersity index; CI
= creaming index

the surfactant-to-oil ratio increased, the mean droplet size of the nanoemulsion decreased,
but the PDI increased (Table 6). At all surfactant-to-oil ratios, Tween 85 and Tween 20
produced nanoemulsion with appreciably higher mean droplet size than Kolliphor® EL
and Tween 80, probably due to the ability of Kolliphor® EL and Tween 80 to adsorb at
the interface and cover the newly formed droplets more rapidly during droplets disruption
before they collide to recoalesce. As shown in Figure 1, it is noted that the irritation potential
was remarkably lower in Kolliphor® EL than in Tween 80 at all surfactant-to-oil ratios.
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AD patients are associated with a lower sensitization threshold and epidermal defects;
hence, avoiding surfactants related to the high irritation potential and cytotoxicity in topical
products is advisable. From this perspective, Kolliphor® EL seems more advantageous
than Tween 80 for AD management. Considering that Ostwald ripening is prone to happen

Table 6
Effects of types of surfactants and surfactant-to-oil ratio on the mean droplet size and PDI of nanoemulsion
Surfactant-to-oil ratio Tween 85 Kolliphor® EL Tween 80 Tween 20
Mean droplet size (nm)
1.0:8.0 200.9 +2.0A2 187.6 + 1.0 181.0 £ 0.5¢¢ 188.8 £0.182
1.5:8.0 175.6 £ 1.14° 164.8 £2.28 157.7 £ 1.0¢° 166.3 £ 1.280
2.0:8.0 163.1 £2.0¢ 146.1 £ 1.18¢ 138.2 +£2.0¢¢ 157.2 £ 1.1P¢
2.5:8.0 148.6 + 1.844 121.6 £3.284 130.0 = 1.6%¢ 144.1 £1.0P4
3.0:8.0 134.0 + 1.84¢ 114.5 £ 1.58¢ 117.5+1.3¢¢ 139.8 £ 0.6P¢
3.5:8.0 125.4 +1.64¢ 110.5+0.18¢ 111.0 £ 0.65f 133.7 £3.3¢f
4.0:8.0 135.1 £2.34¢ 100.3 + 0.98¢ 111.3 +£3.6%f 125.7 £ 1.5P¢
PDI

1.0:8.0 0.136 £ 0.01272 0.117 £0.008%*  0.140 +0.008"“*  0.152 +0.010%¢
1.5:8.0 0.147 £0.012%*  0.130 £0.0103®  0.154 £ 0.0102%*  0.164 £ 0.008%*
2.0:8.0 0.168 £ 0.012A° 0.145 +0.0095° 0.198 £ 0.007%>  0.184 = 0.010%®
2.5:8.0 0.197 £ 0.0074¢ 0.178 +£0.0108¢ 0.242 £0.007%¢  0.194 + 0.0074
3.0:8.0 0.242 +0.00974 0.213+0.0118¢ 0.262 +0.007%¢  0.207 £ 0.0045<¢
3.5:8.0 0.243 £0.0034¢  0.225+0.010%%  0.275+0.004%%  0.216 + 0.0078
4.0:8.0 0.245 +0.006"¢  0.239 +£0.009*B¢  0.281 £0.008%¢  0.228 £ 0.0065

Note. Different capital superscript alphabets A-C in the same row, while different small superscript alphabets
a-g in the same column denote statistical significance (p < 0.05). PDI = polydispersity index
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Figure 1. Effect of types of surfactants and surfactant-to-oil ratio on the irritation potential
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in highly polydisperse nanoemulsion, it is often ideal for producing nanoemulsion with
PDI < 0.200, as narrower size distribution will be more stable against Ostwald ripening.
In this context, Kolliphor® EL, at a surfactant-to-oil ratio of 2.5:8.0, which could produce
nanoemulsion with small mean droplet size (< 200nm) and PDI < 0.200, was chosen as
the optimal nanoemulsion formulation in this study.

Moisturizer Cream Formulation

Physical Stability and Spreadability

The current formulated cream base was composed of a mixture of oil and aqueous phases
stabilized by an emulsifier, which is generally inherently unstable and will eventually
separate phases. The time needed to show the first sign of instability depends on the oil
phase and emulsifier concentrations. Centrifugation is a quick technique to evaluate the
physical stability of the formulated products. It was evident that TC02, TC03, TC04, TC07,
TCO08 and TC12 creams showed signs of physical instability (Table 7), probably due to
an insufficient amount of emulsifier to cover the high concentration of oil droplets formed
in the creams. Another critical attribute evaluated was spreadability, which refers to the
ability of the formulation to spread on the skin.

Overall, the spreadability was decreased with the increments in the oil phase and
emulsifying wax concentrations (Table 7). The formulations TC15, TC16, TC18, TC19, and
TC20 were semistiff creams, which could influence the patients’ compliance as they were
not easy to apply. The formulations TC01, TCO02 and TCO05 were fluid creams, which may
result in the uneven spread of the creams and, thus, the dose of antioxidants administered
at the application area. The rest of the formulations were classified as semifluid creams,
indicating the formulated creams can be spread readily and evenly on the skin during
application besides being not too runny to influence the delivery of the correct dose of
antioxidants (Chen et al., 2016). Collectively, formulations TC06, TC09, TC10, TC11,
TC13, TC14 and TC17 exhibited excellent physical stability and spreadability and were
selected for the subsequent evaluations.

Table 7
Physical stability and spreadability of formulated creams
Physically unstable upon centrifugation Spreadability
Formulation  Samples stored at ~ Samples stored at  Spread diameter e
25°C 40°C (cm) Classification

TCO1 *No No 8.0+0.2 Fluid
TCO02 No *Yes 7.3+0.1° Fluid
TCO3 No Yes 6.9+0.1° Semifluid
TCO04 Yes Yes 6.8+0.1¢ Semifluid
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Table 7 (continue)

Physically unstable upon centrifugation Spreadability
Formulation Sampl;s5 :tcored at Sampl:; ::jored at Sprea((ic(ll:li)lmeter Classification

TCO5 No No 7.2+0.2° Fluid

TCO06 No No 6.4 +0.3° Semifluid
TCO7 No Yes 6.1+0.1° Semifluid
TCO8 No Yes 5.8+£0.1¢8 Semifluid
TC09 No No 6.8+0.2¢ Semifluid
TC10 No No 6.1+0.1° Semifluid
TCI11 No No 5.7+£0.1¢8 Semifluid
TCI12 No Yes 54+02" Semifluid
TC13 No No 6.7+0.2¢ Semifluid
TC14 No No 5.84+0.38 Semifluid
TC15 No No 5.0+0.1° Semistiff
TC16 No No 4.9+0.19 Semistiff
TC17 No No 6.6+0.2¢ Semifluid
TC18 No No 4.9+0.19 Semistiff
TC19 No No 4.8+0.1F Semistiff
TC20 No No 4.7+0.1% Semistiff

Note. Different superscript alphabets a-k in the same column denote statistical significance (p < 0.05). *No
indicates that the samples were not physically unstable upon centrifugation at that temperature. *Yes indicates
that the samples were physically unstable upon centrifugation at that temperature

Rheological Behaviors

The rheological behaviors analysis was conducted for the selected cream formulations as
it provides more detailed information about the cream’s physical stability and behaviors
during topical application. Figure 2 shows the viscosity flow curve of the TC06, TC09,
TC10, TC11, TC13, TC14 and TC17 creams at 25°C, demonstrating that the evaluated
creams exhibited shear thinning or pseudoplastic flow behavior (non-Newtonian), a
desirable rheological behavior for a topical cream. This observation was corroborated by
the calculated flow indices, with values < 1 for all the evaluated creams (Table 8). Looking
into more detail on the viscosity profile, under low shear conditions (0.1 s!), the high
viscosity displayed by the formulations contributes to greater retention on the applied skin
area for a long-lasting effect and the firmness feel of the creams (Table 8) (Demma et al.,
2018). When shear was increased from 0.1 to 100 s, a steady decrease in viscosity to <5
Pa.s, suggesting the easiness of the cream being extruded from a tube and applied over the
skin to form a coherent film and covering a large skin area (Krishnaiah et al., 2014), from
all the evaluated formulations, it was found that TC11 showed slightly higher viscosity
at low (0.1 s') and medium (1 s') shear rates but relatively lower viscosity at the high
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shear rate (100 s') and was accompanied by a lower flow index. The consistency index
was also calculated, representing the creams’ consistency and defining the formulation’s
effectiveness in inhibiting the repeated collisions of globules in the cream that can promote
coalescence and phase separation across time. When compared to other formulations,
TC11 demonstrated a slightly higher index value (Table 8). These results suggested that
formulation TC11 would possess higher physical stability and ensure good shear-thinning
and application attributes on the skin.

Table 8
Apparent viscosity (at low, medium and high shear rates), consistency and flow indices and in vitro occlusion
factors of formulated creams

= Apparent viscosity (Pa.s) Power law

]

é Shear raie at Shear r_zllte at riltl:a:t .Consistency Flow index (n) f(:stc ;:s(l;)n)

=2 0.01s 1s 100 s index (Pa.sn)

=
TC06  742.6+67.9* 949+42* 20+0.1® 9889+4.77® 0.113+£0.006® 72.15+2.41°
TC09 670.0+42.9* 89.7+5.3° 1.9+0.1*  90.19+4.97*  0.136 £0.006° 69.09 + 2.60*
TCI0  788.3+£53.7% 103.2+£4.9® 21+0.2% 10224+6.17° 0.130+0.012«¢ 72.41+1.78°
TCIl 9029 +81.4%* 118.14£59% 2240.1% 113.18+3.47¢ 0.111+0.004* 79.29 +2.30°
TCI3  795.4+349% 1034+£3.4% 22+0.1* 104.57+5.54* 0.132+£0.009° 69.98 + 1.84°
TCI14  998.8+42.0° 127.9+5.5 2.6+£0.1¢ 116.75+3.80° 0.116+£0.001®* 71.64 +0.59°
TC17  899.5+86.1* 113.5+£12.7* 23+0.1¢¢ 108.83 +5.24%¢ 0.127 £ 0.003>¢ 70.80 +2.19°

Note. Different superscript alphabets a-d in the same column denote statistical significance (p < 0.05)
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Figure 2. Viscosity flow curves of the formulated creams
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In vitro Occlusive

The occlusion effect is one of the critical features of moisturizers to ameliorate AD
symptoms via TEWL prevention and skin rehydration (Hebert et al., 2020). Current results
demonstrate that the occlusion factor of formulation TC11 was significantly higher than all
other formulations (Table 8). It could prevent an additional about 7.14% to 10.2% water
loss. The results indicated that applying TC11 could form a thin film to prevent water loss
through evaporation, giving greater skin hydration efficiency. The highest concentration of
petrolatum and mineral oil incorporated into TC11 and the desirable rheological behaviors
exhibited by TC11 would have contributed to this attribute.

Characterization of the Selected Nanoemulsion and Moisturizer Cream
Formulations

Morphological Study

A transmission electron microscope is an instrument that allows point-to-point measurement
of a single droplet’s size of nanoemulsion. The results in Figure 3A showed that the
nanoemulsion droplets of the selected formulation were in the nanoscale range with
spherical shape and uniform size. It confirms the results obtained from dynamic light
scattering measurement (121.5 + 1.8 nm). These results were similar to those reported by
Chong et al. (2018). The microscopic images of the freshly prepared TC11 cream indicate
that the moisturizer cream’s microstructure was spherical (Figure 3B).

Figure 3. The morphology of the selected (A) nanoemulsion and (B) cream formulations was examined
using the transmission electron microscope and light microscope, respectively

In vitro Release

Figure 4 illustrates the antioxidant release profiles for the selected nanoemulsion and cream
formulations, showing a concave down-like shape. Within the nanoemulsion matrix, it was
observed that the cumulative amount of the released antioxidants per unit of the surface
area increased as a function of time until a plateau was attained at 5 hr from the start of the
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Figure 4. In vitro release profiles of encapsulated antioxidants from formulated nanoemulsion and moisturizer
cream for 12 hr

analysis. With the TCI11 topical cream base matrix, the cumulative amount of the released
antioxidants per unit of surface area gradually increased until the end of the investigation.
After 12 h, the total release mean percentages of antioxidants were 100% and 30.88% for
nanoemulsion and TC11 cream, respectively, evidencing that the cumulative release of
antioxidants was greater in nanoemulsion than in TC11 cream. Based on these results, the
antioxidants release and diffusion through the membrane could be highly dependent on the
delivery matrices or physicochemical properties of the formulation, with the slow release of
antioxidants from TC11 cream probably due to the gelling attribute of the carbomer 940 and
high viscosity of the cream base. The results were then fitted to the release kinetic models to
give an idea of the release rate and mechanisms of antioxidants if used in topical application
for the nanoemulsion and when the nanoemulsion was incorporated into the TC11 cream
base. The results of the 2, Akaike information criterion (AIC) and the corresponding constant
values for each studied model were summarised in Table 9. Usually, the best-fit model can
be identified based on the 72, and if more than one model is accepted, the best-fit model can
be further determined using AIC with the smallest value (Heredia et al., 2022).
Correspondingly, it was observed that the antioxidants released for nanoemulsion have
a better adjustment to the zero-order model based on the calculated 7* value, indicating
the release mechanism is independent of the initial concentration of antioxidants but as a
function of time only. On the other hand, the TC11 cream base with a slower antioxidant
release can fit with Higuchi, Korsmeyer-Peppas and Weibull models based on similar 7>
values. Still, the Korsmeyer-Peppas and Weibull models were the best-fit models identified
through AIC. With the  more than one in the Weibull model, the shape of the curve may
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probably follow a sigmoidal form during
release (Jahromi et al., 2020). Concurrently,
the n value was located between 0.5 and 1.0
in the Korsmeyer-Peppas model, further
suggesting that the release mechanism from
the TC11 cream base might be following an
anomalous non-Fickian transport (Paarakh
etal., 2018).

CONCLUSION

Using factorial design methodology, the
present study successfully formulated
nanoemulsion and moisturizer cream
containing TRF, AT and carotenes. The ideal
formulation and fabrication conditions of
nanoemulsion were successfully screened.
The preferred homogenization speed,
time and temperature for coarse emulsion
preparation using a high-shear mixer were
7000 rpm, 10 min and 45°C, respectively.
The optimized homogenization pressure
and cycles of high-pressure homogenizer
for nanoemulsion formation were 750 bar
and five cycles, respectively. The ideal
formulation contains 73.75% w/w deionized
water, 20% w/w red palm oil and 6.25% w/w
Kolliphor® EL. When processed using the
abovementioned conditions, nanoemulsion
with mean droplet size between 100 to 200
nm and uniform size distribution (PDI <

Table 9

In vitro, release kinetic study for the antioxidants
released from formulated nanoemulsion and
moisturizer cream

Model Nanoemulsion Cream
Zero-order
7’ 0.9989 0.9466
AlIC 121.09 1377.27
ko 19.788 3.189
First-order
r 0.9493 0.9401
AIC 4.04 4.00
k, 4.734 4.552
Higuchi
r’ 0.9587 0.9982
AIC 4454.08 51.04
Ky 37.121 8.843
Korsmeyer-Peppas
7’ 0.9898 0.9943
AIC 4.02 4.01
k, 0.094 -0.053
n 1.102 0.580
Weibull
r 0.8647 0.9958
AIC 12.79 4.06
oc 0.138 0.079
B 2.0859 0.6361

Note. AIC = Akaike information criterion; 7’ =
Coefhicient of determination; k, = the rate constant of
zero-order release kinetics; k; = the rate constant of
first-order release kinetics; ky; = Higuchi dissolution
constant; oc - scale parameter that defines the
timescale of the process; B = curve shape factor

0.200) was formed. Meanwhile, the moisturizer cream formulation showed that the ideal

formulation consisted of 66.8% w/w deionized water, 10% w/w formulated nanoemulsion,

7.5% w/w petrolatum, 7.5% w/w mineral oil, 5% w/w glycerol, 3% w/w emulsifying wax
and 0.2% w/w carbomer 940, with a final concentration of 0.1% w/w TRF, 0.1% w/w AT
and 0.01% w/w carotenes. This optimally formulated cream could display the preferred

shear-thinning behavior during topical application, increase skin hydration with its high

occlusion factor, and exhibit Korsmeyer-Peppas and Weibull release kinetic mechanisms

during in vitro release.
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