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Abstract: Among green tea catechins, epigallocatechin gallate (EGCG) is the most abundant and
has the highest biological activities. This study aims to develop and statistically optimise an EGCG-
loaded niosomal system to overcome the cutaneous barriers and provide an antioxidant effect.
EGCG-niosomes were prepared by thin film hydration method and statistically optimised. The
niosomes were characterised for size, zeta potential, morphology and entrapment efficiency. Ex
vivo permeation and deposition studies were conducted using full-thickness human skin. Cell
viability, lipid peroxidation, antioxidant enzyme activities after UVA-irradiation and cellular uptake
were determined. The optimised niosomes were spherical and had a relatively uniform size of
235.4 £ 15.64 nm, with a zeta potential of —45.2 4 0.03 mV and an EE of 53.05 & 4.46%. The niosomes
effectively prolonged drug release and demonstrated much greater skin penetration and deposition
than free EGCG. They also increased cell survival after UVA-irradiation, reduced lipid peroxidation,
and increased the antioxidant enzymes’ activities in human dermal fibroblasts (Fbs) compared to
free EGCG. Finally, the uptake of niosomes was via energy-dependent endocytosis. The optimised
niosomes have the potential to be used as a dermal carrier for antioxidants and other therapeutic
compounds in the pharmaceutical and cosmetic industries.

Keywords: niosomes; catechin; dermal delivery; antioxidant activity; oxidative stress; skin barrier;
penetration; cellular uptake

1. Introduction

The skin is the largest organ of the human body, which makes it the direct target of
oxidative stress due to the exposure to reactive oxygen species (ROS) from the surrounding
environment. The most important function of human skin is protection by providing
a barrier from pathogens, and physical and chemical damages. It also plays a crucial
role in thermoregulation and endocrine function such as vitamin D synthesis [1,2]. The
skin comprises three layers: the epidermis, which consists of keratinocytes; the dermis
consisting of connective tissue, and the subcutaneous layer [3]. The epidermis can be
divided into four layers, including the stratum corneum (SC), stratum granulosum, stratum
spinosum and stratum basale. The dermis is composed of connective tissues, which are
also rich in glands, white blood cells and blood vessels [4,5]. SC is the highly hydrophobic
surface layer that contains 18 to 21 cell layers and is composed of corneocytes that are
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terminally differentiated keratinocytes anchored in a lipophilic matrix [3,4]. The ‘bricks
and mortar’ model is often employed to describe the structure of SC, in which intercellular
lipid accounts for 10% of the dry weight of this layer, and the rest is an intracellular protein
(mainly keratin). Keratins are a family of alpha-helical polypeptides with a molecular
weight ranging from 40,000 to 70,000 Daltons, making the corneocyte layers dense and
relatively impervious to external compounds [6].

The skin is continuously exposed to environmental threats such as UV radiation,
pollution, micro-organisms, and viruses, which lead to ROS production. ROS are also
formed during the normal cellular metabolism and immune reactions. More than 80%
of environmental ROS that damage the skin is produced by UV [7]. Antioxidants such
as glutathione, ubiquinol and thiols inhibit oxidation reactions by donating electrons to
free radicals [7]. Our bodies also produce enzymatic antioxidants, such as superoxide
dismutase and glutathione peroxidases. Other non-enzymatic antioxidants such as vitamin
E (alpha-tocopherol) and vitamin C (ascorbic acid) are obtained from the diet [8]. However,
the antioxidants produced by our bodies are inadequate to protect against oxidative stress,
and antioxidants are often used as dietary supplements to replenish the level of endogenous
antioxidants and hence help to delay the onset of aging or diseases [8].

Catechins are a group of powerful antioxidants with health-promoting effects, and
epigallocatechin gallate (EGCG) is one of the catechins found in green tea. EGCG has
several beneficial effects on the skin, including anti-aging, anti-inflammatory, and anti-
cancer properties. According to a study, treating normal human epidermal keratinocytes
with EGCG prevented UVB-induced intracellular release of hydrogen peroxide while also
inhibiting UVB-induced oxidative stress-mediated skin damage [9]. EGCG has been shown
to inhibit UV-induced collagen production and collagenase transcription in human dermal
fibroblasts [10]. In addition, on the human model, catechins were shown to have anti-aging
functions [9]. A double-blind, placebo-controlled experiment of adult women found that
catechins can reduce total sun damage when given as oral catechins supplements [11].
The oral administration route is generally the most accepted for drug administration,
particularly for long-term prevention purposes. However, when administered orally,
catechins readily undergo several metabolic transformations by intestinal microflora and
enzymes; therefore, they are poorly bioavailable [12]. The application of EGCG is also
limited by its unstable physiochemical properties, which can be degraded quickly. Many
studies have reported that green tea catechins were vulnerable to degradation caused by
the elevation of temperature, pH, and metal ions of incubation media [13]. The instability
is part of the reason for the poor bioavailability and also presents as an issue in the
manufacturing process. Therefore, the oral bioavailability of catechin represents a big
challenge. Topical application of these bioactive compounds may be able to overcome the
problem, as this route bypasses metabolism by the liver and gastrointestinal track with
relatively low enzymatic degradation. However, the skin barrier, which is due to the SC
layer, impedes the transport of exogenous compounds into the skin and restricts diffusion
of external substances into the deeper dermis layer. Therefore, we hypothesise that loading
EGCG into a drug carrier would help overcome the skin barrier, improve penetration into
the deeper skin layers and improve their stability. The compound can therefore exert its
beneficial effect at the site of interest.

Niosomes are versatile drug carrier systems that have been administered via various
routes; they are surfactant-based nanocarriers that are mainly composed of non-ionic
surfactant and cholesterol [14-17]. Niosomes have been extensively studied in topical
drug delivery due to their ability to significantly improve penetration across the skin
barrier and deposition in the dermis layer [18-24]. Drugs with a variety of physicochemical
properties have been investigated for topical and transdermal delivery using niosomes, for
example, diacerein [25], itraconazole [26], tretinoin [27], salidroside [28] and finasteride [29],
demonstrating their advantages in topical delivery. In addition, a range of bioactive
compounds has also been loaded into niosomes, such as curcumin, rutin, and Ginkgo



Pharmaceutics 2022, 14, 726

30f25

biloba extract [30-32]. Silymarin-loaded niosomes demonstrated superior antioxidant
activity over silymarin suspension in vitro [33].

In formulation development, various factors might impact the final product’s per-
formance. Design of Experiment (DOE) is a planned set-up of experiments to acquire
information efficiently and precisely. It applies to any process that has quantifiable in-
puts and outputs. DOE was first designed for agricultural applications, but it has since
become a frequently used technique in process sectors, including the chemical, food and
pharmaceutical industries [34]. It may be used to explore the effect of multiple variables
on responses by altering them all at once in a small number of tests. By this strategy, the
costs and time involved with the research and production of medicine may be significantly
decreased [34,35]. Furthermore, it aids in the creation of the “best possible” formulation
composition and gives a comprehensive knowledge of the process and product behav-
iors [36]. This study aimed to develop an optimal niosome formulation using the DOE
methodology and evaluate the formulation for topical administration of EGCG for protect-
ing the skin from external oxidative stress. An ex vivo investigation on human skin was
carried out to evaluate drug deposition and the antioxidant activity of the EGCG-niosomes.
The uptake of niosomes by human skin fibroblasts was also investigated.

2. Materials and Methods
2.1. Materials

Span® 60, EGCG > 98% (HPLC), cholesterol (CH), Triton™ X-100, dihexadecyl phos-
phate (DCP), Fluorescein 5(6)-isothiocyanate (FITC), Sulforhodamine B (SRB), trichloroacetic
acid (TCA), dimethyl sulphoxide (DMSO), methanol and acetonitrile (ACN) were pur-
chased from Merck (Merck, Kenilworth, NJ, USA). Dulbecco’s Modified Eagle Medium
(DMEM) with high glucose and L-glutamine, Phosphate-Buffered Saline (PBS), Hank’s
Balanced Salt Solution (HBSS), penicillin-streptomycin, fetal bovine serum of New Zealand
origin (FBS), trypsin-EDTA, DAPI and CellTracker were purchased from Thermo Fisher
Scientific (Auckland, New Zealand). Malondialdehyde (MDA), glutathione peroxidase
(GSH-px) and superoxide dismutase (SOD) kits were purchased from Biovision (Biovision
Inc., Milpitas, CA, USA). Trifluoroacetic acid (TFA) was purchased from Fluka (Fluka,
Darmstadt, Germany). Distilled, deionised water was used throughout and was obtained
from a Millipore water purifier.

2.2. High-Pressure Liquid Chromatography Method for Quantification of EGCG

An Angilent Technologies 1100 series high pressure liquid chromatography (HPLC)
system equipped with a vacuum degasser, autosampler, thermostatted column compart-
ment and photodiode-array detector (PDA) was used. A C18 column (Jupiter, 250 x 4.6 mm,
5 mm, Phenomenex, Torrance, CA, USA) was used for HPLC method development for
EGCG. The mobile phase consisted of Milli Q water (0.1% TFA) and methanol at 75:25 ratio.
EGCG was analysed at flow rate of 0.8 mL/min, with an injection volume of 20 uL and
wavelength of 280 nm at 25 °C.

2.3. Preparation of EGCG Loaded Niosomes

A total of 150 mmol of surfactant, cholesterol and DCP (2 umol) was dissolved in
organic solvents (methanol/chloroform, 4:1, v/v) and then the mixture rotatory evaporated
to form a thin lipid film on the wall at 45 °C. The the lipid film was purged with nitrogen
to remove any organic solvents. The thin film was then hydrated with PBS (pH 7.4,
10% ethanol) containing 2 mg of EGCG at 58 °C to form EGCG-niosomes. The niosome
suspension was then extruded through a 400 nm polyester membrane with an ER-1 extruder
(Eastern Scientific, Rockville, MD, USA) for 10 cycles and then stored at 20-25 °C for the
niosome membrane to anneal.
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2.4. Optimisation of Formulation with Design of Experiment
2.4.1. Formulation Optimisation by 26~2 Fractional Factorial Design

Based on the preliminary experiments and literature study, six independent variables
(factors), namely surfactant type (X;), drug amount (X;), molar ratio of CH to surfactant
(X3), DCP amount (X4), hydration medium volume (Xs) and hydration time (X¢) were
selected to be evaluated for their effect on drug entrapment efficiency (EE), which was the
dependable variable (response). The six factors were examined on two levels: low and
high, which were represented by transform codes of -1 and +1, respectively. A one-quarter
two-level six-factor (2°~2) fractional factorial design comprising 16 runs as highlighted in
the design display table was constructed by Design-Expert® 7.0 (Stat-Ease, Minneapolis,
MN, USA). The factors and levels employed in the design are listed in Table 1. In order to
estimate the experimental error and check the response curvature, duplicates were added
at two centre points (one for each surfactant type), totally giving 20 runs. The batches
were produced in random order. Data analysis was performed by using Design-Expert®
7.0 statistical software. The main effect of variables and interactions were determined
according to the Equation (1) listed below:

Ex =¥ — ¥y @

Table 1. 2(°~2) screening design, providing values and coded units with centre points.

Factor Setting

Factors
Low (1) Centre (0) High (+1)
Surfactant type (X1) Tween 40 nil Span 60
Drug amount (mg)
1 5.5 10
(X2)
Molar ratio of CH to
surfactant (X3) 14 78 3:2
DCP content (umol) 5 6 10
(Xy)
Hydration medium
amount (mL) (X¢) 10 175 2
Hydration time (min) 30 75 120

(Xe)

Contribution was used to determine which factors were larger contributors than others

and it is calculated as:
Contributiony. (%) = SSxi_ 100
' SS total
where SS,; is the sum of square of factor X;; 5SS, is the total sum of square. The data was
tested for significance by analysis of variance (ANOVA) with a level of significance of 5%

(p = 0.05).

2.4.2. Optimisation of Entrapment Efficiency by Central Composite Design (CCD)

The key variables that were identified to have significant effects on the EE were
subjected to the optimisation step. A CCD was used to determine the optimum conditions
and to investigate how sensitive the response was to the changes in the settings of the
independent variables. The CCD, as described previously, consists of a full factorial design
with centre and star points, which generates enough information to fit a second-order
polynomial model. The two influential factors, namely drug amount (X;) and ratio of CH
to surfactant (X;) were chosen as independent variables and EE was assessed as dependent
variable, the other factors were fixed based on the findings obtained from the screening
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design. A total of 13 experiments were performed, including five replicates on the centre
point which improved the assessment of the response surface curvature and simplified the
estimation of the model error. The levels of the factors in EGCG-niosome optimisation are
shown in Table 2.

Table 2. Optimisation of epigallocatechin gallate (EGCG)-niosome by central composite design.

Factor Setting

Factors
_14 -1 Centre (0) +1 +1.4
Drug amount (mg) 058 1 2 3 3.4
X1)
Molar ratio of CH to 31 1.2 1:1 3:2 17:10

surfactant (X3)

Data analysis was performed by using Design-Expert® 7.0 statistical software. The data
were tested for significance by analysis of variance (ANOVA) with a level of significance of
5% (p = 0.05). The second-order Equation (2) generated is described as:

y = Bo + B1X1 + B2Xa + B11X3 + BnX3 + B12X1 Xa @)

where y stands for the predicted response (dependent variable), B, is the intercept; 51 — B2
are the regression coefficients; X; and X; stand for the main effect of the two factors; X;X; is
the interactions between the main effects; and X} X3 are quadratic terms of the independent
variables that are used to simulate the curvature of the designed space.

Checkpoint analyses were carried out to establish the reliability of the CCD regression
model in describing composition parameters’ effect on entrapment efficiency. The optimum
point was chosen according to the prediction based on the second-order equation. Predicted
and experimental values were compared to determine the correlation extent between the
actual and predicted responses.

2.5. Characterisation Studies
2.5.1. Particle Size, Size Distribution and Zeta Potential Analysis

The mean particle size and polydispersity index (PDI) of the optimised EGCG niosome
was determined by dynamic light scattering using the photon correlation spectroscopy
(PCS) technique using a Zetasizer (Malvern instruments, Malvern, UK). A dilute suspension
of the niosomes was prepared with Milli Q water. The size measurement was performed in
triplicate at 25 °C.

The zeta potential (), is an indicator of particle surface charge, which may arise from
the adsorption of a charged species and/or from ionization of groups that at the surface
of the formed particles. It determines particles’ stability in dispersion. To measure zeta
potential of the optimised EGCG niosome, they were dispersed into Milli Q water (pH 7)
and measured in triplicate using the Malvern Zetasizer.

2.5.2. Entrapment Efficiency (EE%)

To separate the free and entrapped drugs, ultracentrifugation was used. In summary,
the niosomal dispersion was centrifuged for 1 h at 4 °C at 41,000 rpm using a WX80
centrifuge (Beckman Sorvall, Waltham, MA, USA). The amount of EGCG in the supernatant
was measured with HPLC (Agilent LC1100, Santa Clara, CA, USA) after particle separation
by centrifugation. Then the niosome pellets were gently rinsed with PBS and then dissolved
in a methanol solution containing 10% Triton™X-100 solution and then sonicated in a
water bath sonicator for 10 min. The resulting liquid was filtered and then subjected to
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concentration determination by HPLC. The following Equation (3) was used to calculate
the entrapment efficiency:

(Total drug — Free drug)

Entrapment ef ficiency = Total driig added

x 100% )

2.5.3. Morphology by Scanning Electron Microscopy (SEM)

SEM (XL30S FEG, Philips, Eindhoven, Netherlands) was used to study the optimised
niosomes’ morphology. The niosome dispersion was diluted 20 times with Milli Q water
before being dried on the grid. Gold and palladium sputter coating was applied before
morphological evaluation at 25 kV.

2.5.4. Differential Scanning Calorimetry (DSC) and Fourier Transform Infra-Red
Spectroscopy (FTIR)

IR spectroscopy and DSC were used to investigate the drug’s interaction and entrap-
ment in the vesicular structure. DSC (TA Instruments, New Castle, DE, USA,
Q2000+ RCS40) was used to analyse the thermal properties of the optimised niosomes.
Span60®, cholesterol, pure drug, and a physical mixture of these components and the
lyophilised niosomes were placed into T-zero aluminum pans and hermetically sealed. The
temperature rises to 200 °C at a rate of 10 °C/min from a starting temperature of 20 °C for
all experimental runs.

FTIR spectra of the individual and mixture of formulation components and lyophilized
niosomes were determined using a Bruker FTIP tensor 37 (Bruker Optics, Billerica, MA,
USA) at a 4 cm ™! resolution between 500 and 4000 cm 1.

2.6. In Vitro Drug Release

In vitro release of drug-loaded EGCG-niosomes was studied using a Franz diffusion
apparatus (FDC-6, Logan Instrument Corp, Somerset, NJ, USA). EGCG solution containing
the equivalent quantity of EGCG as the drug loaded niosomes was used as a control.
EGCG-niosomes and drug solution were added to the donor compartment of the Franz
diffusion cell, with a cellulose membrane (MW 12,000-14,000, Membra-Cel ® Viskase,
Lombard, IL, USA) sandwiched between the donor and receptor chambers. The receptor
chamber was filled with PBS (pH 5.5) and the temperature was maintained at 37 + 1 °C.
Aliquots (400 uL) were withdrawn at pre-determined time points (15 min, 30 min, 1 h,
2h,3h,4h,6h,8h,12h and 24 h) and replaced with fresh PBS (400 uL). The samples
were centrifuged at 13,000 rpm for 30 min, and the supernatant was filtered (0.22 pm) and
analysed with the HPLC method.

To determine the release mechanism, the release data were fitted into the Korsmeyer—
Peppas model:

Qr = Kit"

where Q is the cumulative drug released at time ¢, ky is a kinetic constant characteristic of
the drug/polymer system, and 7 is an exponent describing the release mechanism.

2.7. Ex Vivo Skin Permeation and Deposition Studies
2.7.1. Skin Permeation Studies

The full-thickness skin samples were kindly donated by patients who underwent
elective skin reduction surgeries at Middlemore hospital, Auckland. This project has been
approved by the University of Auckland’s Human Participants Ethics Committee (approval
number: 010990). The skin samples were stored at —20 °C immediately after the surgeries
and used within one month.

The ex vivo skin permeation and deposition studies were carried out using Franz
diffusion apparatus (FDC-6, Logan Instrument Corp, Somerset, NJ, USA). EGCG-niosomes
and drug solution were added to the donor compartment of the Franz diffusion cell, with a
piece of full-thickness human skin sandwiched between the donor and receptor chambers
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(effective diffusional area: 1.77 cm?). The receptor chambers were filled with PBS (pH 5.5)
and the temperature was maintained at 37 &= 1 °C. Prior to the experiments, the integrity of
the skin samples was verified by a Millicell-ERS equipment (Millipore, Burlington, MA,
USA) to determine the electrical resistance (ER) across the skin. The skin samples that had
an ER value above the cut-off value of 27.4 kQ)-cm? were used in the study and equilibrated
in PBS for 4 h before the study. For the permeation test, EGCG-niosome suspension and
EGCG solution (containing an equivalent amount of EGCG as the drug loaded niosomes)
were added to the donor compartments. Aliquots (400 pL) were withdrawn at 12 h and
24 h and replaced with fresh PBS (400 pL). The samples were centrifuged at 13,000 rpm
for 30 min, and the supernatant was filtered (0.22 um) and the drug concentration was
determined by HPLC.

2.7.2. Drug Deposition in the Skin

The skin tissues were removed from the Franz diffusion cells after 12 h and 24 h of the
deposition study, and the surface of the skin tissue was thoroughly cleaned with methanol
and then placed on a tissue cutting board. The SC layer of the skin was removed by a
tape-stripping method with Scotch® Magic tapes (3M, Maplewood, MN, USA) [37]. A tape
and a 2 kg weight were placed on each skin sample for 10 s, then peeled with forceps, and
15 strippings were applied consecutively to remove the SC. Subsequently, the skin was
cut into smaller pieces and 60 mg of skin tissue was placed in a MACS™ tube (Mitenyi
Biotec Inc, Cambridge, MA, USA) with methanol, then dissociated using a dissociator
(Mitenyi Biotec Inc, Cambridge, MA, USA). Protein was precipitated by adding TCA, then
centrifuged at 13,000 rpm for 30 min, and the supernatants were filtered and analysed
by HPLC.

2.7.3. Visualisation of Skin Penetration and Deposition

FITC was added to the hydration medium to prepare FITC-labelled niosomes. Full-
thickness human skin was placed between the donor and the receptor chamber of the Franz
cells, and FITC labelled niosomes were added to the donor compartment. The skin samples
were removed after 12 h and thoroughly cleaned. They were frozen and directly embedded
in wax and then cut into sections with a microtome. The tissue sections were fixed on
glass slides and then observed using a fluorescence microscope (DMIL LED, Leica, Wetzlar,
Germany), and the images were captured.

2.8. Antioxidant Effect of EGCG Loaded Niosomes on Human Fibroblasts
2.8.1. Cell Culture

The primary human fibroblasts (Fbs) were obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA). Cells were routinely maintained in complete
DMEM medium in T-75 tissue culture flasks (Corning, Phoenix, AZ, USA) at 37 °C in
an atmosphere of 5% CO? and 95% relative humidity. Complete DMEM medium was
prepared by adding 10% fetal bovine serum, 1% penicillin-streptomycin-glutamine, and 1%
nonessential amino acids. Culture medium was changed every 2 days until cells grew to
90% confluence.

2.8.2. Cellular Viability after UVA-Irradiation Using Sulforhodamine B (SRB) Assay

Optimised EGCG-loaded niosomes were prepared and centrifuged as per the above-
mentioned method and were resuspended in cell culture medium. Fbs were seeded in
96-well plates (5000 cells/well) 24 h before UVA-irradiation to allow cells to attach. To
administer UVA-irradiation, a UVA lamp (EN-160 L/FE, Spectroline, Melville, NY, USA)
with a dose of 0.72 ] /ecm? and wavelength of 320-400nm and wave peak at 365 nm was used.
After irradiation, EGCG niosome suspension and free EGCG in culture medium solution
were added to the 96-well and incubated for 24 h. The SRB assay was used to assess the cell
viability. Briefly, the cells were gently washed with ice-cold PBS and fixed with 10% TCA,
then 0.1 mL of 0.4% (w/v) SRB in acetic acid was added to stain the cellular proteins. The
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cell-bound dye was extracted using 0.1 mL 10 mM unbuffered Tris base solution (pH 10.5),
and absorbance was measured at 596 nm with a plate reader (SpectraMax® Plus, Molecular
Devices, San Jose, CA, USA). Cell viability was expressed as a percentage of the control.

2.8.3. Intracellular MDA Level and the Antioxidant Enzyme Activities

EGCG and EGCG niosomes were diluted with a serum-free medium and then added to
the cells after being irradiated by UV light and then cultured for 24 h. After incubation, cells
were removed from the 6-well plate and the amount of MDA was determined by the MDA
assay kits. The antioxidant enzyme activities of SOD and GSH-px were determined using
the same method described above, and the cellular enzymatic activities were determined
using the respective assay kits.

2.9. Cellular Uptake of Niosomes by Human Fibroblasts

FITC was added to the hydration medium to prepare FITC-labelled niosomes, then
subjected to centrifugation to remove free FITC. The niosome pellets were then resuspended
in the medium and diluted to the predetermined concentrations. The control solution was
prepared by dissolving FITC in DMSO and then diluted with the medium. For the uptake
studies, Fbs suspension (5 x10° cell in 5 mL) was seeded onto Petri dishes (100 mm,
Corning, Phoenix, AZ, USA), fed with completed DMEM every 2 days and incubated at
37 °C in an atmosphere of 5% CO2 and 95% relative humidity to allow cells to attach and
proliferate. On reaching 90% confluence, the culture medium was replaced with 2 mL of
HBSS. After incubation at 37 °C for 15 min, the HBSS was replaced with FTIC-labelled
niosomes at concentrations from 50 to 2000 ug/mL to determine the effect of concentration
on cellular uptake; to study the effected of incubation temperature and duration, FITC-
labelled niosomes were incubated with Fbs at 4 and 37 °C for 0.5-24 h and at 37 °C for
0.5-24 h, respectively. Then the cells were washed with ice-cold HBSS for three times
and then the cells were collected into a tube containing lysis medium (Methanol with
10% Triton™ X-100 solution), followed by ultrasonication for 15 min. Finally, 25 uL of
the cell lysates was subjected to BCA protein assay using a Pierce® BCA protein assay kit
(Thermo Fisher Scientific, Waltham, MA, USA) to determine the amount of protein in the
cells. The remainder of the cell lysates were subjected for quantitative measurement using
a fluorescein spectrophotometer (PerkinElmer Precisely, Waltham, MA, USA), at excitation
wavelength of 495 nm, emission wavelength of 525 nm.

A Confocal Laser Scanning Microscope (CLSM) was used to examine whether nio-
somes were taken up and localised intracellularly or were simply adsorbed onto the cell
surface. Fbs were transferred into 2-well chamber slides (BD Falcon, Phoenix, AZ, USA) at
a density of 2 x 10° cells/well (5 x 10* cells/cm?) and grown in complete DMEM culture
medium. The cells were treated with FITC-labeled niosome (2 mL) at the given doses for
2 h at 37 °C. After incubation, the cells were washed with ice-cold HBSS and then incubated
with serum free medium for 15 min. Then the medium was withdrawn and a cytoplasm
dye (CellTracker, Invitrogen, Auckland, New Zealand) (5 uM) in serum-free medium for
30 min in a cell incubator at 37 °C. After incubation, the cells were washed with PBS
followed by a fixation solution of 3% paraformaldehyde for 30 min at room temperature.
Then nuclei staining dye, DAPI (100 nM) (Invitrogen, Auckland, New Zealand) was added
to the cells for 3 min. The culture chambers were removed, and the slides were rinsed and
mounted with CITI-Fluor (Electron Microscopy Sciences, Hatfield, PA, USA). Coverslips
were cemented in place with application of nail polish around their edges. Then the slides
were observed by a confocal microscope FV1000 (Olympus, Hamburg, Germany).

2.10. Statistical Analysis

Statistical analysis was performed using the GraphPad Prism® (GraphPad, San Diego,
CA, USA) version 8.0 software via one-way ANOVA. A p-value of < 0.05 was considered
the minimum level of significance. All data were expressed as mean £ SD.
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3. Results
3.1. Formulation Development and Optimisation

Six formulation variables: surfactant type (X;), drug amount (X;), molar ratio of CH to
surfactant (X3) and DCP (Xy), hydration medium amount (Xs) and hydration time (X¢) were
selected, and their effect on drug entrapment efficiency (Y) was evaluated. The experimental
matrix for EGCG-niosome and responses of different batches obtained are presented in
Table 3. The EE of EGCG in the niosomes had a range from 2.3 to 49%, suggesting that
the factors investigated were influential on the drug encapsulation. Calculations were
carried out based on the responses to determine the main effects of the factors and the
interaction effects

Table 3. Screening design of EGCG-niosome showing variables in coded values and response EE (%).

Run Number Variables Response (Y);
X1 Xo X3 X4 Xs Xe EE (%)

1 1 1 ~1 ~1 1 1 23

2 1 1 1 1 1 1 479
3 1 1 1 -1 1 -1 245
4 -1 1 1 1 -1 1 5.7
5 -1 1 1 -1 -1 —1 12,6
6 ~1 1 —1 1 1 —1 27.8
7 1 ~1 1 ~1 ~1 1 49.0
8 1 ~1 ~1 1 1 1 15.8
9 1 —1 1 —1 ~1 458
10 -1 0 0 0 0 0 18.3
11 ~1 ~1 1 1 1 1 2.7
12 ~1 ~1 —1 1 —1 1 17.0
13 1 1 —1 ~1 -1 1 30.0
14 1 0 0 0 0 0 427
15 ~1 0 0 0 0 24.6
16 ~1 1 1 1 1 1 %

17 1 ~1 —1 ~1 1 ~1 487
18 ~1 ~1 —1 ~1 —1 —1 21

19 1 1 -1 1 ~1 -1 387
20 1 0 0 0 0 0 24.8

The results calculated to determine the main effects of the factors and the interaction
effect are shown in Table 4.

After the estimation of the main effects, ANOVA was performed to determine the
significant factors. The ANOVA results of the EGCG-niosome are shown in Table 5.
A p value less than 0.05 (p < 0.05) indicated the effect was statistically significant. In
this screening, surfactant type (X1), drug amount (X;), and the ratio of CH to surfactant
(X3) were significantly influential on the response. The ANOVA showed that none of the
two-factor interactions had a significant effect in the EGCG-niosome screening experi-
ment. Surfactant type (X), drug amount (X;) and the ratio of CH to surfactant (X3) were
significantly influential factors on EE. Surfactant type (X;) played an important role in
determining EE, and therefore, in the optimisation step, Span 60 was used, whereas drug
amount (X;) and the ratio of CH to surfactant (X3) were optimised.
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Table 4. Main effects of single factors and two-factor interactions in EGCG-niosome

variable screening.

Response (EE%)

Factor Standardized Effect Contribution (%)
Xjp-Surfactant 15.58 28.64
Xp-Drug amount —6.98 5.74
X3-Molar ratio of CH to surfactant —9.20 9.99
X4-DCP content —1.00 0.12
X5-Hydration amount —0.06 0.04
X¢-Hydration time —0.93 0.01
[X1 X5] = X1 X5 + X3 X5 2.60 0.80
[X1 x 3]1=X1 X5 + X3 X5 —0.52 0.03
[X1X4] = X1 X4 + X5Xg 1.82 0.39
[XiX5] = X1 X5 + Xo X3 + X4 Xg —6.22 457
[X1Xe] = X1 Xg + X4 X5 —2.65 0.83
[XoXg] =X Xyq + X3 Xg 6.48 4.83
[XoXe] = X5 Xg + X3 X4 1.50 0.27

Table 5. Summary of analysis of variance (ANOVA) for the 2(6~2) factorial design for EGCG-niosome

variable screening.

Sum of

Mean

Source Squares Df ** Square F Value p-Value
Model 4566.98 13 352.25 9.12 0.023
Xi-Surfactant 32.49 1 32.49 0.84 0.411
Xp-Drug amount 2213.7 1 2213.7 57.32 0.002 *
Xg-Molar ratio of CH to 566.40 1 566.44 14.67 0.019 *
surfactant
X4-DCP content 257.60 1 257.60 6.67 0.061
X5-Hydration amount 277.22 1 277.22 7.18 0.055
Xg-Hydration time 707.56 1 707.56 18.32 0.013 *
[X1 X2] = X1 Xo+ X3 X5 31.56 1 31.36 0.81 0.419
[X1X3] = X1 X3+ X5 X5 58.52 1 58.52 1.52 0.286
[X1X4] = X1 X+ X5Xg 102.01 1 102.01 2.64 0.179
[XiXs] = X3 X5+ Xa X+ 72.25 1 72.25 1.87 0.243
X4 Xg
[X1Xg] = X1 Xe+ X4 X5 238.70 1 238.70 6.18 0.068
[X2X4] = Xo Xg+ X3 Xg 12.60 1 12.60 0.33 0.598
[X2Xp] = Xo Xe+ X3 Xy 13.69 1 13.69 0.35 0.584
Lack of fit 21.84 2 10.92 0.16 0.859
Pure Error 123.73 2 61.86
Cor Total *** 5784.34 19

* statistically significant p < 0.05, R-Squared = 0.96, Adj R-Squared = 0.861, Pred R-Squared = 0.598. ** df: degree
of freedom. *** Cor Total: corrected total sum of square.
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3.2. Optimisation of EE by CCD

In this step, significant factors detected by the screening design were optimised using
a CCD. This design provides a solid foundation for generating a response surface plot,
from which it is possible to get a target response. In the current study, it was the maximum
EE% that the optimisation aimed to achieve. Transformed values of all the batches along
with results of EGCG-niosome are shown in Table 6.

Table 6. Optimisation design of EGCG-niosome showing variables in coded values and responses.

Response
Run Number Type Xz X3 Entrapment Efficiency
(%)
1 Center 0 0 49.1
2 Axial 0 —1.4 47.5
3 Fractional -1 +1 11.6
4 Center 0 0 54
5 Center 0 0 39.1
6 Axial 0 +1.4 7.3
7 Fractional -1 -1 43.6
8 Axial +1.4 0 12.1
9 Center 0 0 46
10 Fractional +1 -1 34.6
11 Fractional +1 +1 12.8
12 Axial —-14 0 30.5
13 Center 0 0 47.1

Equation (4) below represents the polynomial model for EGCG-niosome as obtained
from the above experiment.

Y (EE%) = 47.06 — 3.98X5 + 2.61X3 — 4.30X3 — 2.14X3 — 0.61X»X3 (4)

The correlation coefficient (r2) of 0.92 indicated that the model fitted the data very well
and the ANOVA of the model reported a high significance (p < 0.001) (Table 7). The three-
dimensional response surface and contour plots showing the variation in the entrapment
efficiency with changes in drug amount (X;) and CH to surfactant ratio (X3) are presented
in Figure 1. The highest EE was predicted to be achieved when drug amount (X,) is 1.4 mg
and the molar ratio of CH to surfactant (X3) is 0.9.

Table 7. Analysis of Variance (ANOVA) of the drug entrapment efficiency.

Source Sum of Squares Df ** Mean Square F Value p-Value
Model 3232.04 5 646.81 27.8 0.0002
Xp-drug amount 1530.47 1 1530.47 65.78 0.0001 *
X3-Molar ratio of CH to surfactant 142.99 1 142.99 6.15 0.0423 *
X X3 26.01 1 26.01 1.12 0.3255
X52 1096.54 1 1096.54 4713 0.0002
X32 628.49 1 628.49 27.01 0.0013




Pharmaceutics 2022, 14, 726

12 of 25

Table 7. Cont.

Source Sum of Squares Df ** Mean Square F Value p-Value
Residual 162.86 7 23.27
Lack of fit 46.05 3 15.35 0.53 0.6879
Pure Error 116.81 4 29.20
Cor Total *** 3396.90 12

* statistically significant p < 0.05; ** df: degree of freedom; *** Cor Total: corrected total sum of square.

()

EE (%)

1.50 > X
Drug amount 1.00 0.50 Molar ratio of
(mg) CH to
surfactant

(b)

Drug amount (mg)

100+
0.50 0.75 1.00 1.25 150

Molar ratio of CH to surfactant

Figure 1. (a) Three-dimensional surface plot for EE of EGCG-niosome as a function of the formulation
variables. (b) Contour plot for EE of EGCG-niosome as a function of the formulation variables.

3.3. Check Point Analysis

Having studied the effect of independent variables on the response, EE%, the levels
of the factors were further determined by the optimisation process. Check points were
evaluated to confirm the mathematic models’ predictivity by comparing the experimental
EE (mean value out of four experiments) with the predicted value. In EGCG-niosome,
the average experimental EE was 53.05 £ 4.46%, which was close to the predicted value
EE of 53% with low percentage of bias (0.4%), suggesting that the optimised formulation
parameters were reliable. The optimised formulation composition for EGCG-niosome
is shown in Table 8, and the following characterisation studies were carried out on the
optimised EGCG-niosome.
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Table 8. Optimised formulation composition for EGCG-niosome.

Formulation Variables EGCG-Niosome
Surfactant (X;) Span 60

Drug amount (mg) (X») 1.4

Molar ratio of CH to surfactant (X3) 0.9
DCP amount (pmol) (Xy) 2
Hydration medium volume (mL) (X5) 10
Hydpration time (h) (Xg) 2

EE (%) 53.05 4+ 4.46

3.4. Characterisation of EGCG-Loaded Niosomes

The developed HPLC method was validated for linearity, repeatability, accuracy and
sensitivity as per International Conference on Harmonisation (ICH) Q2(R1) guidelines.
The standard curve was linear in the range between 1.93 to 145 ug/mL with a correlation
coefficient (?) of 0.999. Percentage of coefficient of variation (% CV) was determined
to assess instrumental precision; both instrumental precision and intra-assay precision
had % CV of less than 1.5%, indicating the method for EGCG is precise. Intermediate
precision of the method was determined by assessing intra-day and inter-day repeatability;
the % CV values were below 2.5%, which is acceptable according to the ICH guidelines.
The sensitivity of the method was determined by limit of detection (LOD) and limit of
quantification (LOQ), which were 0.33 ug/mL and 0.98 ug/mL, respectively.

3.5. Particle Size, Size Distribution, Zeta Potential Analysis and EE%

The average particle size of optimised EGCG-niosomes was 235.4 £ 15.64 nm, and
the PDI value was 0.267 &+ 0.053. A PDI of less than 0.5 indicates a narrow distribution of
the particles [17]. EGCG-niosomes had a zeta potential of —45.2 4 0.03 mV and EE% of
53.05 £ 4.46%.

3.6. Morphological Study

As shown in Figure 2, the niosomes were 200 to 300 nm, spherical in shape with
a closed vesicular structure and narrow size distribution. These findings were consistent
with the size determined by the Zetasizer.

ceV SpotMagn  Det WD b——n———{ 2im

B500kV20 20000x SE 50 EGCG niosome

Figure 2. Scanning Electron Microscopy (SEM) image of the optimised EGCG niosomes.
3.7. DSC and FTIR

The DSC curves of the optimised EGCG niosomes, physical mixture of the formulation
components, cholesterol, surfactant and EGCG are shown in Figure 3a. The endothermic
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peaks for Span 60 and cholesterol were 53 °C and 149 °C, respectively, which correspond
to their melting points. The endothermic transition of EGCG (120 and 225 °C) are also
reported in other studies. The physical mixture of formulation components showed similar
transitions as EGCG and surfactant, where the characteristic peaks were not observed
with EGCG niosomes. Additional peaks were found in EGCG niosomes between 100
to 150 °C, indicating there were interactions between the excipients. A large peak that
appeared between 200 and 300 °C in EGCG-niosomes may suggest drug and excipient
breakdown. FTIR spectroscopy verified the above results (Figure 3b. The FTIR graph
showed the characteristic peaks for EGCG such —-C-O stretching at 1200-1000 cm ! and
~C=C stretching at 1600-1500 cm~!. The spectrum of EGCG niosomes was similar to
the surfactant; the other characteristic peaks were not observed, which confirmed the
encapsulation of EGCG.

(a)
n EGCG
|

1

|
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‘s;u — —_— o — . L —
= |

\‘ Physical mixture

EGCG-niosome

0 50 100 150 200 150 300 350
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(b)
EGCG
.
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g
£
2
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Figure 3. (a) Differential Scanning Calorimetry (DSC) thermograms and (b) Fourier Transform
Infra-red Spectroscopy (FTIR) spectra of EGCG, Span 60 and EGCG-niosomes.
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3.8. In Vitro Drug Release Profile

The in vitro drug release of EGCG from niosomes was examined using Franz diffusion
cells. Figure 4 shows the release profile for control (EGCG solution) and EGCG-niosomes.
Within 2 h, the EGCG solution was released immediately. The EGCG-niosomes, on the
other hand, displayed a biphasic phase; around 35% of EGCG were released from the
niosomes within the first 3 h, and then a sustained release was observed over 21 h, with
73% of EGCG was release at the end of the study. As shown in Table 9, the release data
was fitted in several mathematical models of release kinetics. Based on the results, EGCG
release from niosomes followed the Korsmeyer—Peppas model (r*> = 0.996). The release
exponents were found to be 0.461, which indicates the drug release was governed by an
anomalous diffusion mechanism with multiple steps.

100 = u u |

%

oo
o

(o))
o

D
o

—e— EGCG-niosome

Cumulative EGCG
released (%)

N

o

—a— EGCG-solution

o

16 20 24

12
Time (hour)
Figure 4. In vitro drug release of EGCG-niosomes and EGCG solution (mean £ SD, n = 3).

Table 9. Drug release kinetic parameters of EGCG niosomes.

Korsmeyer-Peppas Model Higuchi Model First-Order Zero-Order
Formulation
r? n ki r? ki r? k1 r? ko
EGCG-niosomes 0.996 0.461 3.885 0.876 2.555 0.832 0.002 0.521 0.077

3.9. Ex Vivo Skin Permeation and Deposition Studies

No drug was found in the receptor chamber at the end of the permeation study, and this
could be caused by hydrolysis of EGCG in the aqueous medium and the limited sensitivity
of the HPLC method. Figure 5 shows the amount of EGCG deposited in the human skin
from niosomes and EGCG solution at 12 and 24 h. The deposition of EGCG-solution
were 30.02 + 2.45 pg/cm?, 29.00 + 1.36 pg/cm? at 12 h and 24 h, respectively. The drug
deposition levels of EGCG-niosome were 69.0 & 13.87 umg/cm? and 54.38 4 8.86 umg/cm?
at 12 h and 24 h, respectively. When the deposition of the EGCG-niosome and the drug
solution was compared at 12 and 24 h, it was discovered that the deposition from the
EGCG-niosome was about 2-fold higher than that of the drug solution.
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Amount of drug deposited in

5
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p<0.05
— mm EGCG-mosomes

P<005 mmm EGCG-solution
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Time

Figure 5. The amount of drug deposited in the human skin layers from EGCG-niosomes and EGCG-
solution (mean =+ SD, n = 3).

3.10. Visualisation of Skin Penetration and Deposition

A small amount of fluorescence was seen in the epidermis after 12 h of ethanol solution
application (Figure 6). On the other hand, the niosome carrier improved fluorescence pene-
tration through the SC and greater fluorescence intensity can be observed in the epidermis
and dermis. This result matched with the results obtained from the deposition studies and
confirmed that niosome could increase drug deposition into the human skin layers.

Figure 6. Sections of the full-thickness human skin after been treated with Fluorescein 5(6)-
isothiocyanate (FITC) solution (a) and FITC-loaded niosomes (b) after 12 h.
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3.11. The Pharmacological Effects of EGCG-Niosomes on Fbs
3.11.1. Cell Viability after UVA-Irradiation

UVA-irradiation caused substantial reduction in cell viability of 40% when compared
to control (p < 0.05) (Figure 7a). Fbs treated with EGCG-niosomes demonstrated higher
viability, (p < 0.05) as compared to the UVA-irradiation group, considerably greater than
the group treated with EGCG (p < 0.05).
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Figure 7. (a) Cellular viability after UVA-irradiation and treatment with EGCG and EGCG-niosomes.
The effect of EGCG and EGCG niosomes on (b) intracellular malondialdehyde (MDA) level (b),
(c) superoxide dismutase (SOD) and (d) glutathione peroxidase (GSH)-px after UVA-irradiation
(mean + SD, n = 3).

3.11.2. Intracellular MDA Level and the Antioxidant Enzyme Activities

The extent of cellular lipid peroxidation can be determined by measuring intracellular
MDA levels. As shown in Figure 7b, intracellular MDA levels after UVA-irradiation was
5.12 + 0.76 umol/L/mg protein, which was significantly higher compared to untreated cells
(p < 0.01), showing that UVA has a strong oxidative effect on skin cells. The intracellular
MDA levels of Fbs treated with EGCG-niosomes were much lower (0.80 £ 0.33 pumol/L/mg
protein) compared to Fbs treated with free EGCG (2.08 &+ 0.33 mol/L/mg protein).
Figure 7c,d shows that the activity of the intracellular antioxidant enzymes following UVA-
irradiation were reduced significantly for both SOD and GSH-px. EGCG-niosome had a
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greater enhancing effect on the SOD activity compared to the pure drug, but the difference
was insignificant (p > 0.05) (Figure 7c), the level of SOD was 36.48 + 1.98 u/L/mg protein,
the group treated with free EGCG was 31.92 £ 1.67 p/L/mg protein. The GSH-px level in
Fbs after UVA irradiated was increased by EGCG-niosomes to 12.53 £ 0.01 mU/L/mg pro-
tein, significantly higher when compared to the group treated with free EGCG
(10.88 = 0.55 mU/L/mg protein) (p < 0.05) (Figure 7d).

3.12. Cellular Uptake of Niosome by Fbs Cells

Three factors influenced cellular uptake including niosome concentration, exposure
duration, and incubation temperature were studied. Figure 8a shows that increasing the
concentration from 50 to 500 pg/mL enhanced cellular uptake, but a further increase from
500 pg/mL did not lead to further increase. Figure 8b shows that cellular uptake was
time dependent. Maximum uptake was reached after 3 h before it was declining. At
37 °C, cellular absorption was 6.89 ug FITC/mg protein, 6-fold higher than at 4 °C (0.90 ug
FITC/mg protein), which indicated that this process requires energy. No cellular uptake
was observed in cells incubated free FITC and no intercellular fluorescence was detected.
Confocal microscopy was used to examine whether niosomes were taken up into the cells;
it provides the observation of a three-dimensional cross-sectional images of the cells and
the location of niosomes within the cells. Labelling the cells with CellTracker and DAPI
allowed the cells to be visible under the microscope.
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Figure 8. (a) Effects of niosome concentrations and (b) duration of exposure on the uptake of vesicles
by Fbs.

Figure 9a,b illustrates the distribution of green FITC-labelled niosomes inside Fbs after
2 h of uptake. The images indicated that the niosomes were distributed throughout the
cytoplasm and perinuclear region. The planar section observation confirmed that FITC was
internalised rather than just adsorbing on the cell membranes.
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Figure 9. Confocal laser scanning microscopy images of Fbs after incubation with FITC-labelled
niosomes for 2 h at 37 °C showing perinuclear accumulation of particles. Nuclei: blue (a), FITC-
labelled niosomes: green (b), cytoplasm: red (c), merged images (d) confirming uptake of intake
niosomes. Eight images of optical sections taken in the vertical axis at interval of 1 pm from the apical
surface (e-1) from left to right; top to bottom, depths 0, 1, 2, 3,4, 5, 6 and 7 um, demonstrating particle
internalisation. Magnification (600x).

4. Discussion

In this study, EGCG-loaded niosomes were fabricated and optimised by using first a
262 fractional factorial design followed by a central composite design. The development
of niosomes involves many factors, which may affect their properties such as size and
encapsulation of the drug in niosomes. The traditional experimental approach implies
altering one factor at a time while keeping the other constant. In this case, to evaluate a
certain number of factors, a great effort and long period of time are required. In contrast
to the traditional method, utilisation of fractional factorial design is able to provide the
maximum amount of information with the least experiments [38]. From a pharmaceutical
viewpoint, EE is one of the most important attributes of niosome formulation; a high EE
would result in less time and effort spent removing unentrapped material and a greater
therapeutic effect of the product [39].

The effect of drug content used in preparation on EE% was statistically significant.
Generally, increasing drug amount led to improved EE, but in the EGCG-niosomes, further
increase in the drug amount above 1.4 mg showed a decrease of EE. This might be due
to saturation of drug entrapment, i.e., further addition of the drug was not able to induce
more drug entrapped. The ratio of CH to surfactant was found to significantly influence
the entrapment of the EGCG-niosome. CH acts as a membrane stabiliser. It increases
rigidity of the bilayer and reduces leakage of drugs from the vesicles; it has been reported
that as the amount of CH increases in the formulation, the entrapment efficiency of the
drug also increases [40]. Nevertheless, the addition of CH above a certain level may cause
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disruption of the regular vesicle structure, thus decreasing the entrapment [41]. This finding
is consistent with those reported by other researchers. Incorporation of CH into Span
60 niosome loaded with flurbiprofen resulted in an increase of EE from 55% to 67%, but
EE was reduced by 30% when CH was increased to 60% [42]. The EE of caffeine decreased
from 80% to 50% when the molar ratio of CH to surfactant increased from 3:7 to 3:5 [43].
In the current CCD study, it was obvious that the response surface had curvature in
the optimisation phase of both niosome formulations. It indicated that in both niosome
preparation, as the CH amount in preparation increased, the EE increased at first, whereas
after a certain level, further increase of CH caused a decrease of EE.

The optimised nano-size EGCG-niosomes had an average particle size of
235.4 £ 15.64 nm and a zeta potential of —45.2 £ 0.03 mV. SEM confirmed the findings
obtained from Zetasizer, that niosomes were in the 200 to 300 nm size range with a narrow
distribution. In topical drug delivery, the particle size of the carriers plays an important
role in penetration across the skin barrier. Studies have shown that when the particle
size of carriers is greater than 600 nm, no skin deposition was observed. Carriers with
a smaller particle size, such as 300 nm promote dermal delivery, while a size lower than
300 nm may result in excessive transdermal drug transport [17]. The zeta potential is an
extremely useful measure of a formulation’s stability. A zeta potential of less than —30 mV
indicates high stability [44]. Adding DCP in the EGC-niosomes resulted in a much lower
zeta potential than —30 mV.

The EGCG-niosomes achieved a high EE of 53.05 4= 4.46%, and DSC and FTIR showed
that EGCG was successfully encapsulated in the niosomes. In EGCG-niosomes, an ad-
ditional peak was observed between 100 to 150 °C, indicating a surfactant-cholesterol
interaction. This interaction is crucial, as CH acts as a membrane stabiliser in niosomes.
Drug release from EGCG-niosomes showed a biphasic pattern, where an initial burst release
and a subsequent slow release were observed. The release kinetics followed the Korsmeyer
release model, (r*> = 0.996), demonstrating an anomalous diffusion mechanism regulated
by many processes [45,46]. When it comes to topical drug delivery, this type of release
pattern is appealing because the initial fast release improves drug penetration, while the
subsequent sustained release provides the drug delivery over a longer period to maintain a
therapeutic level in the skin and reduces the frequency of reapplication [47-49].

According to research, the use of the niosome carrier has a considerable impact on
enhancing topical drug penetration, as well as increasing drug deposition in the human
skin, which are both advantageous for dermal formulations. As such, niosomes have been
extensively used in topical treatments [17,21,28,50,51]. A number of theories have been put
forward to explain their ability to enhance penetration, firstly the adsorption and fusion of
carriers onto the skin’s surface results in a significant thermodynamic activity gradient of
the drug at the surface of the carriers and the skin’s surface, which serves as a driving force
for drug penetration into the skin [52-54]. Secondly, disruption of the tightly packed lipids
that occupy the extracellular spaces of the SC increases drug permeability through structural
alteration of the SC. Thirdly, the carrier may disturb the densely packed lipids of the SC to
promote drug penetration by modifying the SC structure. Lastly nonionic surfactants may
act as penetration enhancers, increasing membrane fluidity [26,32,52,55]. Finally, niosomes
alter the SC characteristics by reducing trans-epidermal water loss, increasing SC hydration
and leading to the relaxation of its tightly packed cellular structure and, hence, better
penetration [52,53]. Ethanol is also known as a penetration enhancer [56]. It reduces the
phase transition temperature of SC lipids, improving fluidity of SC. In addition, ethanol
imparts soft properties to the carrier’s membrane, facilitating vesicle skin penetration [17].
On the other hand, no drug was detected in the receptor chamber of the Franz diffusion
cells, indicating that EGCG did not permeate across the skin. The entrapped EGCG and
released EGCG molecules may partition into and diffuse through the SC. A drug depot
may be formed in the SC, and then the remaining free drug and vesicles penetrate farther
into the epidermis until they reach the interface between the SC and the epidermis. The
free drug, as well as any remaining intact vesicles, are subsequently released into the skin
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layers. It is possible that the drug was metabolised by the enzymes in the skin. Catechin is
unstable in aqueous environments, and it has been shown that it is rapidly hydrolyzed or
degraded. Based on these findings, it may be feasible to explain why no drug was detected
in the receptor chamber.

The assay is based on the ability of the dye sulforhodamine B to bind electrostatically
and pH-dependently on protein basic amino acid residues of TCA fixed cells. A signifi-
cant reduction in cellular viability was observed after UVA-irradiation; however, the Fbs
viability was significantly improved by both EGCG solution and EGCG-niosomes, with
the EGCG-niosomes showing greater protective effects against UVA-irradiation. ROS may
cause cell and tissue dysfunction, which is partly manifested as lipid peroxidation. Mal-
ondialdehyde (MDA) is the main product of lipid peroxidation, and it reveals the level of
cell damage under oxidation [57]. In addition, antioxidant molecules in the skin interact
with ROS or their by-products such as MDA to minimise the deleterious oxidation effect.
After being exposed to oxidative stress, the antioxidants in the skin SOD and GSH-px are
activated [58]. UV irradiation causes an accumulation of ROS in the skin, overwhelming the
tissue antioxidants, and thus it causes oxidative stress-related skin problems [6]. ROS may
be alleviated by SOD and GSH-px. The decrease in SOD and GSH-px levels observed after
UV irradiation might be attributed to the formation of a large number of free radicals that
exceeded the antioxidant enzymes’ scavenging capacity [59]. Furthermore, the reduction
in enzymatic activity might be related to enzyme inactivation caused by ROS damage to
DNA. MDA content, which indicates the lipid peroxidation state, increases following UV ir-
radiation, showing damage induced by oxidative stress. EGCG is a polyphenol compound
with a wide range of pharmacological actions. This compound has strong antioxidant
properties. It is capable of scavenging ROS or their precursors, blocking ROS synthesis
and upregulating antioxidant enzymes [60]. Following UV irradiation, skin Fbs treated
with EGCG-niosomes had higher SOD and GSH-px activity compared to UV-treated cells.
Furthermore, the MDA levels in the EGCG solution-treated group were lower than in the
UV group. EGCG-niosomes showed significantly higher antioxidant activity, which might
be due to the following explanations: when in cell culture, the medication is subject to auto-
oxidation, but within a vesicle, it is somewhat shielded from destruction [61]. Furthermore,
the drug-loaded niosomes produced prolonged release, keeping the level of the drug con-
stant, resulting in an increased antioxidant effect. Furthermore, the carrier may influence
drug internalisation by cells [62]. The improved antioxidant activity of EGCG encapsulated
in the niosome carrier prompted researchers to investigate niosome-cell interactions.

Since free FITC had difficulties penetrating cells, the increased FITC intake should
be attributed to the niosome carriers. Many studies have indicated greater drug absorp-
tion mediated by drug carriers; tamoxifen citrate loaded niosomes showed in an in vitro
study on MCF-7 breast cancer cells that the amount of cellular uptake and cytotoxicity of
tamoxifen were greatly enhanced when it was loaded in niosomes. Incorporating antimi-
crobial agents into carrier systems, such as nanoparticles or microemulsions, might be a
successful technique for increasing cellular uptake [62]. Furthermore, niosomes loaded
with salidroside improved the drug’s intracellular absorption by both human epidermal
immortal keratinocytes and human embryonic skin fibroblasts [53].

Endocytosis is a primary mechanism through which cells internalise chemicals and
macromolecules. It is essential for cell-to-cell communication and cell-to-microenvironment
communication [63]. To internalise foreign particles, human cells employ multiple endo-
cytosis processes. Phagocytosis, macropinocytosis, clathrin-mediated endocytosis, and
caveolae-mediated endocytosis are all examples of endocytic processes [64—66]. Endo-
cytosis demands energy, as opposed to passive transport, which does not involve any
expenditure of energy [64]. According to a study, depending on their size, liposomes are
mostly endocytosed by clathrin- or caveolae-mediated endocytosis [65]. Recent findings
have revealed that endocytosis of niosomes is an energy-dependent process, follows a
concentration- and time-dependent pattern and has a saturation point [66]. As a result,
it is likely that cell surface proteins are involved in the process of niosome endocytosis.
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Niosome carriers have the potential to increase cellular absorption of encapsulated com-
pounds, even if the medication has a low permeability into the cells. Further studies are
required to fully understand the uptake process.

5. Conclusions

In this work, the niosome-carrier system was fabricated to encapsulate EGCG for
cutaneous administration. Based on the findings, we can conclude that EGCG-niosomes
can penetrate the skin barrier and improve drug deposition in the viable layers. Because of
increased cellular absorption and based on the studies of the antioxidant enzymes, EGCG-
niosomes demonstrated an improved antioxidant effect on skin cells. Because antioxidants
have numerous roles in skin health, this topical formulation has the potential to be used
in the treatment of skin diseases. Furthermore, in both the pharmaceutical and cosmetic
industries, this carrier has the potential to be used as a dermal drug carrier for a variety of
bioactive compounds.

Author Contributions: Conceptualization, J.W.; methodology, D.L., N.M., ZW., M.L. and J W,
software, D.L.; formal analysis, D.L., N.M. and Z.W.; investigation, D.L. and M.L.; resources, D.L.,
M.L., Z.Z. and ].W,; data curation, D.L., S.C. and ].R.E,; writing—original draft preparation, D.L. and
S.C.; writing—review and editing, JW., D.L., N.M., ZW.,, S.C., ].R.F. and Z.Z,; visualization, D.L and
S.C.; supervision, ].W. and Z.Z.; project administration, D.L., N.M. and Z.W. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by New Zealand Pharmacy Education Foundation (NZPERF),
grant number is 236.

Institutional Review Board Statement: The full-thickness skin samples were kindly donated by
patients who underwent elective skin reduction surgeries at Middlemore hospital, Auckland. This
project has been approved by the University of Auckland’s Human Participants Ethics Committee
(approval number: 010990).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Michalak, M. Plant-Derived Antioxidants: Significance in Skin Health and the Ageing Process. Int. |. Mol. Sci. 2022, 23, 585.
[CrossRef] [PubMed]

2. Tiwari, N.; Osorio-blanco, E.R.; Sonzogni, A.; Esporrin-ubieto, D.; Wang, H.; Calderén, M. Nanocarriers for Skin Applications:
Where Do We Stand? Angew. Chem. Int. Ed. Engl. 2021, 61, 1-26.

3. Hemrajani, C.; Negi, P.; Parashar, A.; Gupta, G.; Jha, N.K,; Singh, S.K.; Chellappan, D.K.; Dua, K. Overcoming drug delivery
barriers and challenges in topical therapy of atopic dermatitis: A nanotechnological perspective. Biomed. Pharmacother. 2022,
147,112633. [CrossRef]

4. Uchida, N.; Yanagi, M.; Hamada, H. Physical Enhancement? Nanocarrier? Current Progress in Transdermal Drug Delivery.
Nanomaterials 2021, 11, 335. [CrossRef] [PubMed]

5. Ng, KW.,; Lau, WM. Skin Deep: The Basics of Human Skin Structure and Drug Penetration. In Percutaneous Penetration Enhancers
Chemical Methods in Penetration Enhancement; Springer: Berlin, Germany, 2015; pp. 1-7.

6. Gu, Y,; Han, ].; Jiang, C.; Zhang, Y. Biomarkers, oxidative stress and autophagy in skin aging. Ageing Res. Rev. 2020, 59, 101036.
[CrossRef]

7. Yin, Z.; Zhu, M. Free radical oxidation of cardiolipin: Chemical mechanisms, detection and implication in apoptosis, mitochondrial
dysfunction and human diseases. Free Radic. Res. 2012, 46, 959-974. [CrossRef] [PubMed]

8.  Sangiovanni, E.; Di Lorenzo, C.; Piazza, S.; Manzoni, Y.; Brunelli, C.; Fumagalli, M. Vitis Vinifera, L. Leaf Extract Inhibits In
Vitro Mediators of Inflammation and Oxidative Stress Involved in Inflammatory-Based Skin Diseases. Antioxidants 2019, 16, 134.
[CrossRef]

9.  Chotphruethipong, L.; Sukketsiri, W.; Battino, M.; Benjakul, S. Conjugate between hydrolyzed collagen from defatted seabass skin

and epigallocatechin gallate (EGCG): Characteristics, antioxidant activity and cellular bioactivity. RSC Adv. 2021, 11, 2175-2184.
[CrossRef]


http://doi.org/10.3390/ijms23020585
http://www.ncbi.nlm.nih.gov/pubmed/35054770
http://doi.org/10.1016/j.biopha.2022.112633
http://doi.org/10.3390/nano11020335
http://www.ncbi.nlm.nih.gov/pubmed/33525364
http://doi.org/10.1016/j.arr.2020.101036
http://doi.org/10.3109/10715762.2012.676642
http://www.ncbi.nlm.nih.gov/pubmed/22468920
http://doi.org/10.3390/antiox8050134
http://doi.org/10.1039/D0RA07135H

Pharmaceutics 2022, 14, 726 23 of 25

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Kim, J.; Hwang, J.; Cho, Y.,; Han, Y.; Jeon, Y.; Yang, K. Protective Effects of (-)-Epigallocatechin-3-Gallate on UVA- and UVB-
Induced Skin Damage. Skin Pharmacol. Physiol. 2001, 14, 11-19. [CrossRef] [PubMed]

Janhua, R.; Munoz, C.; Gorelle, E.; Rehums, W.; Egbert, B.; Kern, D.; Chang, A.L.S. A Two-Year, Double-Blind, Randomized
Placebo-Controlled Trial of Oral Green Tea Polyphenols on the Long-Term Clinical and Histologic Appearance of Photoaging
Skin. Dermatol. Surg. 2009, 35, 1057-1065. [CrossRef] [PubMed]

Qiao, J.; Kong, X.; Kong, A.; Han, M. Pharmacokinetics and Biotransformation of Tea Polyphenols. Curr. Drug Metab. 2014, 15,
30-36. [CrossRef] [PubMed]

Xu, Y.; Yu, P; Zhou, W. Combined effect of pH and temperature on the stability and antioxidant capacity of epigallocatechin
gallate (EGCG) in aqueous system. |. Food Eng. 2019, 250, 46-54. [CrossRef]

Pham, T.T.; Jaafar-Maalej, C.; Charisset, C.; Fessi, H. Liposome and niosome preparation using a membrane contactor for scale-up.
Colloids Surf. B 2012, 94, 15-21. [CrossRef] [PubMed]

Mehta, S.K.; Jindal, N. Formulation of Tyloxapol niosomes for encapsulation, stabilization and dissolution of anti-tubercular
drugs. Colloids Surf. B 2013, 101, 434-441. [CrossRef] [PubMed]

Alomrani, A.H.; Al-Agamy, M.H.; Badran, M.M. In vitro skin penetration and antimycotic activity of itraconazole loaded
niosomes: Various non-ionic surfactants. J. Drug Deliv. Sci. Technol. 2015, 28, 37-45. [CrossRef]

Chen, S.; Hanning, S.; Falconer, J.; Locke, M.; Wen, J.Y. Recent advances in non-ionic surfactant vesicles (niosomes): Fabrication,
characterization, pharmaceutical and cosmetic applications. Eur. J. Pharm. Biopharm. 2019, 144, 18-39. [CrossRef]

Zeng, W.; Li, Q.; Wan, T; Liu, C.; Pan, W,; Wu, Z.; Zhang, G.; Pan, J.; Qin, M.; Lin, Y.; et al. Hyaluronic acid-coated niosomes
facilitate tacrolimus ocular delivery: Mucoadhesion, precorneal retention, aqueous humor pharmacokinetics, and transcorneal
permeability. Colloids Surf. B 2016, 141, 28-35. [CrossRef]

Ojeda, E.; Puras, G.; Agirre, M.; Zarate, ].; Grijalvo, S.; Eritja, R.; Martinez-Navarrete, G.; Soto-Sanchez, C.; Diaz-Tahoces, A.;
Aviles-Trigueros, M.; et al. The influence of the polar head-group of synthetic cationic lipids on the transfection efficiency
mediated by niosomes in rat retina and brain. Biomaterials 2015, 77, 267-279. [CrossRef]

Manosroia, P.; Jantrawuta, P.; Manosroia, J. Anti-inflammatory activity of gel containing novel elastic niosomes entrapped with
diclofenac diethylammonium. Ned. Tijdschr. Diabetol. 2008, 360, 156-163. [CrossRef]

El-Menshawe, S.F. A novel approach to topical acetazolamide/PEG 400 ocular niosomes. J. Drug Deliv. Sci. Technol. 2012, 22,
295-299. [CrossRef]

Pando, D.; Matos, M.; Gutiérrez, G.; Pazos, C. Formulation of resveratrol entrapped niosomes for topical use. Colloids Surf. B 2015,
128, 398-404. [CrossRef]

Elhissi, A.; Hidayat, K.; Phoenix, D.A.; Mwesigwa, E.; Crean, S.; Ahmed, W.; Faheem, A_; Taylor, KM.G. Air-jet and vibrating-
mesh nebulization of niosomes generated using a particulate-based proniosome technology. Int. J. Pharm. 2013, 444, 193-199.
[CrossRef] [PubMed]

Jigar, S.; Nair, A.B.; Hiral, S.; Jacob, S.; Shehata, T.M.; Morsy, M.A. Enhancement in antinociceptive and anti-inflammatory effects
of tramadol by transdermal proniosome gel. Asian J. Pharm. Sci. 2019, 15, 786-796.

Moghddam, R.M.; Ahad, A.; Aqil, M.; Imam, S.S.; Sultana, Y. Formulation and optimization of niosomes for topical diacerein
delivery using 3-factor, 3-level Box-Behnken design for the management of psoriasis. Mater. Sci. Eng. C 2016, 69, 789-797.
[CrossRef]

Maheshwari, C.; Pandey, R.S.; Chaurasiya, A.; Kumar, A.; Selvam, D.T.; Prasad, G.B.K.S.; Dixit, V.K. Non-ionic surfactant vesicles
mediated transcutaneous immunization against hepatitis B. Int. Immunopharmacol. 2011, 11, 1516-1522. [CrossRef] [PubMed]
Ammar, H.O.; Ghorab, M.; El-Nahhas, S.A.; Higazy, LM. Proniosomes as a carrier system for transdermal delivery of tenoxicam.
Int. J. Pharm. 2011, 405, 142-152. [CrossRef]

Kong, M.; Park, H.; Feng, C.; Hou, L.; Cheng, X.; Chen, X. Construction of hyaluronic acid noisome as functional transdermal
nanocarrier for tumor therapy. Carbohydr. Polym. 2013, 94, 634-641. [CrossRef]

Tabbakhian, M.; Tavakoli, N.; Jaafari, M.R.; Daneshamouz, S. Enhancement of follicular delivery of finasteride by liposomes and
niosomes. Int. J. Pharm. 2006, 323, 16837150. [CrossRef]

Kamel, R.; Basha, M.; Abd, S.H. Development of a novel vesicular system using a binary mixture of sorbitan monostearate and
polyethylene glycol fatty acid esters for rectal delivery of rutin. J. Liposome Res. 2013, 23, 28-36. [CrossRef]

Jin, Y.; Wen, J.; Garg, S.; Zhang, W.; Lr, T.; Liu, D.; Zhou, Y. Development of a novel niosomal system for oral delivery of Ginkgo
biloba extract. Int. J. Nanomed. 2013, 8, 421-430. [CrossRef]

Tavano, L.; Muzzalupo, R.; Picci, N.; De, C.B. Co-encapsulation of lipophilic antioxidants into niosomal carriers: Percutaneous
permeation studies for cosmeceutical applications. Colloids Surf. B 2014, 114, 144-149. [CrossRef] [PubMed]

Bragagni, M.; Mennini, N.; Ghelardini, C.; Mura, P. Development and characterization of niosomal formulations of doxorubicin
aimed at brain targeting. J. Pharm. Pharm. Sci. 2012, 15, 184-196. [CrossRef] [PubMed]

Grangeia, H.B.; Silva, C.; Simodes, S.P,; Reis, M.S. Quality by design in pharmaceutical manufacturing: A systematic review of
current status, challenges and future perspectives. Eur. J. Pharm. Biopharm. 2020, 147, 19-37. [CrossRef]

Mishra, V.; Thakur, S.; Patil, A.; Shukla, A. Quality by design (QbD) approaches in current pharmaceutical set-up. Expert Opin.
Drug Deliv. 2018, 15, 737-758.


http://doi.org/10.1159/000056329
http://www.ncbi.nlm.nih.gov/pubmed/11174086
http://doi.org/10.1111/j.1524-4725.2009.01183.x
http://www.ncbi.nlm.nih.gov/pubmed/19469799
http://doi.org/10.2174/1389200214666131229111336
http://www.ncbi.nlm.nih.gov/pubmed/24527703
http://doi.org/10.1016/j.jfoodeng.2019.01.016
http://doi.org/10.1016/j.colsurfb.2011.12.036
http://www.ncbi.nlm.nih.gov/pubmed/22326648
http://doi.org/10.1016/j.colsurfb.2012.07.006
http://www.ncbi.nlm.nih.gov/pubmed/23010052
http://doi.org/10.1016/j.jddst.2015.04.009
http://doi.org/10.1016/j.ejpb.2019.08.015
http://doi.org/10.1016/j.colsurfb.2016.01.014
http://doi.org/10.1016/j.biomaterials.2015.11.017
http://doi.org/10.1016/j.ijpharm.2008.04.033
http://doi.org/10.1016/S1773-2247(12)50049-3
http://doi.org/10.1016/j.colsurfb.2015.02.037
http://doi.org/10.1016/j.ijpharm.2012.12.040
http://www.ncbi.nlm.nih.gov/pubmed/23299083
http://doi.org/10.1016/j.msec.2016.07.043
http://doi.org/10.1016/j.intimp.2011.05.007
http://www.ncbi.nlm.nih.gov/pubmed/21609785
http://doi.org/10.1016/j.ijpharm.2010.11.003
http://doi.org/10.1016/j.carbpol.2013.01.091
http://doi.org/10.1016/j.ijpharm.2006.05.041
http://doi.org/10.3109/08982104.2012.727422
http://doi.org/10.2147/IJN.S37984
http://doi.org/10.1016/j.colsurfb.2013.09.055
http://www.ncbi.nlm.nih.gov/pubmed/24176892
http://doi.org/10.18433/J3230M
http://www.ncbi.nlm.nih.gov/pubmed/22365096
http://doi.org/10.1016/j.ejpb.2019.12.007

Pharmaceutics 2022, 14, 726 24 of 25

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.
60.

61.

Garg, N.K,; Sharma, G.; Singh, B.; Nirbhavane, P.; Tyagi, R.K.; Shukla, R.; Katare, O.P. Quality by Design (QbD)-enabled
development of aceclofenac loaded-nano strctured lipid carriers (NLCs): An improved dermatokinetic profile for inflammatory
disorder(s). Int. J. Pharm. 2017, 517, 413-431. [CrossRef]

Goh, C.F,; Craig, M.; Hadgraft, J.; Lane, M.E. The application of ATR-FTIR spectroscopy and multivariate data analysis to study
drug crystallisation in the stratum corneum. Eur. |. Pharm. Biopharm. 2017, 111, 16-25. [CrossRef] [PubMed]

Aratjo, J.; Vega, E.; Lopes, C.; Egea, M.A.; Garcia, M.L.; Souto, E.B. Effect of polymer viscosity on physicochemical properties and
ocular tolerance of FB-loaded PLGA nanospheres. Colloids Surf. B 2009, 72, 48-56. [CrossRef]

Aboelwafa, A.A.; El-Setouhy, D.A.; Elmeshad, A.N. Comparative Study on the Effects of Some Polyoxyethylene Alkyl Ether
and Sorbitan Fatty Acid Ester Surfactants on the Performance of Transdermal Carvedilol Proniosomal Gel Using Experimental
Design. AAPS Pharm. Sci. Tech. 2010, 11, 1591-1602. [CrossRef]

Azeem, A.; Anwer, M.K,; Talegaonkar, S. Niosomes in sustained and targeted drug delivery: Some recent advances. J. Drug Target
2009, 17, 671-689. [CrossRef]

Hamishehkar, H.; Rahimpour, Y.; Kouhsoltani, M. Niosomes as a propitious carrier for topical drug delivery. Expert Opin. Drug
Deliv. 2013, 10, 261-272. [CrossRef]

Mokhtar, M.; Sammour, O.A.; Hammad, M.A.; Megrab, N.A. Effect of some formulation parameters on flurbiprofen encapsulation
and release rates of niosomes prepared from proniosomes. Int. J. Pharm. 2008, 361, 104-111. [CrossRef] [PubMed]

Khazaeli, P.; Pardakhty, A.; Shoorabi, H. Caffeine-Loaded Niosomes: Characterization and in Vitro Release Studies. Drug Deliv.
2007, 14, 447-452. [CrossRef] [PubMed]

Jacobs, C.; Miiller, R.H. Production and Characterization of a Budesonide Nanosuspension for Pulmonary Administration. Pharm.
Res. 2002, 19, 189-194. [CrossRef]

Rasul, A.; Khan, M.I,; Rehman, M.U.; Abbas, G.; Aslam, N.; Ahmad, S.; Abbas, S.; Shah, P.A ; Igbal, M.; Al Subari, A.M.A.
In vitro Characterization and Release Studies of Combined Nonionic Surfactant-Based Vesicles for the Prolonged Delivery of an
Immunosuppressant Model Drug. Int. |. Nanomed. 2020, 15, 7937-7949. [CrossRef] [PubMed]

Katrolia, A.; Chauhan, S.B.; Shukla, V.K. Formulation and evaluation of Metformin Hydrochloride-loaded Curcumin-Lycopene
Niosomes. SN Appl. Sci. 2019, 12, 1703. [CrossRef]

El-Feky, G.S.; El-Banna, S.T.; El-Bahy, G.; Abdelrazek, E.M.; Kamal, M. Alginate coated chitosan nanogel for the controlled topical
delivery of Silver sulfadiazine. Carbohydr. Polym. 2017, 177, 194-202. [CrossRef]

Patel, D.; Dasgupta, S.; Dey, S.; Ramani, Y.R.; Ray, S.; Mazumder, B. Nanostructured lipid carriers (NLC)-based gel for the topical
delivery of aceclofenac: Preparation, characterization, and in vivo evaluation. Sci. Pharm. 2012, 80, 749-764. [CrossRef]

Bom, S.; Santos, C.; Barros, R.; Martins, A.M.; Paradiso, P.; Claudio, R.; Pinto, P.C.; Ribeiro, H.M.; Marto, J. Effects of Starch
Incorporation on the Physicochemical Properties and Release Kinetics of Alginate-Based 3D Hydrogel Patches for Topical Delivery.
Pharmaceutics 2020, 12, 719. [CrossRef]

Manosroi, A.; Chankhampan, C.; Manosroi, W.; Manosroi, ]. Transdermal absorption enhancement of papain loaded in elastic
niosomes incorporated in gel for scar treatment. Eur. J. Pharm. Sci. 2013, 48, 474-483. [CrossRef]

Manosroi, W.; Manosroi, J.; Manosroi, A.; Lohcharoenkal, W.; Go6tz, F.; Werner, R.G. Transdermal Absorption Enhancement
of N-Terminal Tat—-GFP Fusion Protein (TG) Loaded in Novel Low-Toxic Elastic Anionic Niosomes. J. Pharm. Sci. 2011, 100,
1525-1534. [CrossRef]

Kassem, A.; Abd, S.H.; Asfour, M.H. Enhancement of 8-methoxypsoralen topical delivery via nanosized niosomal vesicles:
Formulation development, in vitro and in vivo evaluation of skin deposition. Int. J. Pharm. 2017, 517, 256-268. [CrossRef]
[PubMed]

Zhang, Y.; Zhang, K.; Wu, Z.; Guo, T.; Ye, B.; Lu, M.; Zhao, J.; Zhu, C.; Feng, N. Evaluation of transdermal salidroside delivery
using niosomes via in vitro cellular uptake. Int. J. Pharm. 2015, 478, 138-146. [CrossRef] [PubMed]

Priprem, A.; Janpim, K.; Nualkaew, S.; Mahakunakorn, P. Topical Niosome Gel of Zingiber cassumunar Roxb. Extract for
Anti-inflammatory Activity Enhanced Skin Permeation and Stability of Compound D. AAPS PharmSciTech 2015, 17, 631-639.
[CrossRef] [PubMed]

Jiang, T.; Wang, T.; Li, T.; Ma, Y.; Shen, S.; He, B.; Mo, R. Enhanced Transdermal Drug Delivery by Transfersome-Embedded
Oligopeptide Hydrogel for Topical Chemotherapy of Melanoma. ACS Nano 2018, 12, 9693-9701. [CrossRef] [PubMed]
Muzzalupo, R.; Tavano, L.; Cassano, R.; Trombino, S.; Ferrarelli, T.; Picci, N. A new approach for the evaluation of niosomes as
effective transdermal drug delivery systems. Eur. |. Pharm. Biopharm. 2011, 79, 28-35. [CrossRef] [PubMed]

Xu, G.; Gu, H,; Hu, B,; Tong, F; Liu, D.; Yu, X.; Zheng, X.; Gu, ]J. PEG-b-(PELG-g-PLL) nanoparticles as TNF-« nanocarriers:
Potential cerebral ischemia/reperfusion injury therapeutic applications. Int. |. Nanomed. 2017, 12, 2243-2254. [CrossRef]
Amijadi, S.; Mesgari, A.M.; Shokouhi, B.; Ghorbani, M.; Hamishehkar, H. Enhancement of therapeutic efficacy of betanin for
diabetes treatment by liposomal nanocarriers. J. Funct. Foods 2019, 59, 119-128. [CrossRef]

Ahsanuddin, S.; Lam, M.; Baron, E.D. Skin aging and oxidative stress. AIMS Mol. Sci. 2016, 3, 187-195. [CrossRef]
Bernatoniene, J.; Kopustinskiene, D.M.K. The Role of Catechins in Cellular Responses to Oxidative Stress. Molecules 2018, 23, 965.
[CrossRef] [PubMed]

Katiyar, S.K.; Afaq, F.; Azizuddin, K.; Mukhtar, H. Inhibition of UVB-Induced Oxidative Stress-Mediated Phosphorylation of
Mitogen-Activated Protein Kinase Signaling Pathways in Cultured Human Epidermal Keratinocytes by Green Tea Polyphenol
(—)-Epigallocatechin-3-gallate. Toxicol. Appl. Pharmacol. 2001, 176, 110-117. [CrossRef]


http://doi.org/10.1016/j.ijpharm.2016.12.010
http://doi.org/10.1016/j.ejpb.2016.10.025
http://www.ncbi.nlm.nih.gov/pubmed/27845181
http://doi.org/10.1016/j.colsurfb.2009.03.028
http://doi.org/10.1208/s12249-010-9539-0
http://doi.org/10.3109/10611860903079454
http://doi.org/10.1517/17425247.2013.746310
http://doi.org/10.1016/j.ijpharm.2008.05.031
http://www.ncbi.nlm.nih.gov/pubmed/18577437
http://doi.org/10.1080/10717540701603597
http://www.ncbi.nlm.nih.gov/pubmed/17994362
http://doi.org/10.1023/A:1014276917363
http://doi.org/10.2147/IJN.S268846
http://www.ncbi.nlm.nih.gov/pubmed/33116510
http://doi.org/10.1007/s42452-019-1768-6
http://doi.org/10.1016/j.carbpol.2017.08.104
http://doi.org/10.3797/scipharm.1202-12
http://doi.org/10.3390/pharmaceutics12080719
http://doi.org/10.1016/j.ejps.2012.12.010
http://doi.org/10.1002/jps.22355
http://doi.org/10.1016/j.ijpharm.2016.12.018
http://www.ncbi.nlm.nih.gov/pubmed/27956194
http://doi.org/10.1016/j.ijpharm.2014.11.018
http://www.ncbi.nlm.nih.gov/pubmed/25448576
http://doi.org/10.1208/s12249-015-0376-z
http://www.ncbi.nlm.nih.gov/pubmed/26292930
http://doi.org/10.1021/acsnano.8b03800
http://www.ncbi.nlm.nih.gov/pubmed/30183253
http://doi.org/10.1016/j.ejpb.2011.01.020
http://www.ncbi.nlm.nih.gov/pubmed/21303691
http://doi.org/10.2147/IJN.S130842
http://doi.org/10.1016/j.jff.2019.05.015
http://doi.org/10.3934/molsci.2016.2.187
http://doi.org/10.3390/molecules23040965
http://www.ncbi.nlm.nih.gov/pubmed/29677167
http://doi.org/10.1006/taap.2001.9276

Pharmaceutics 2022, 14, 726 25 of 25

62.

63.
64.

65.

66.

Shaker, D.S.; Shaker, M.A.; Hanafy, M.S. Cellular uptake, cytotoxicity and in-vivo evaluation of Tamoxifen citrate loaded niosomes.
Int. J. Pharm. 2015, 493, 285-294. [CrossRef] [PubMed]

Canton, I; Battaglia, G. Endocytosis at the nanoscale. Chem. Soc. Rev. 2012, 41, 2718-2739. [CrossRef] [PubMed]

Hillaireau, H.; Couvreur, P. Nanocarriers’ entry into the cell: Relevance to drug delivery. Cell Mol. Life Sci. 2009, 66, 2873-2896.
[CrossRef] [PubMed]

Abdel-Bar, H.M.; Basset, S.; Rania, A. Endocytic pathways of optimized resveratrol cubosomes capturing into human hepatoma
cells. Biomed. Pharm. 2017, 93, 561-569. [CrossRef] [PubMed]

Santiwarangkool, S.; Akita, H.; Khaalil, I.A.; Abd, E.M.; Sato, Y.; Kusumoto, K.; Harashima, H. A study of the endocytosis
mechanism and transendothelial activity of lung-targeted GALA-modified liposomes. ]. Control. Release 2019, 307, 55-63.
[CrossRef] [PubMed]


http://doi.org/10.1016/j.ijpharm.2015.07.041
http://www.ncbi.nlm.nih.gov/pubmed/26200748
http://doi.org/10.1039/c2cs15309b
http://www.ncbi.nlm.nih.gov/pubmed/22389111
http://doi.org/10.1007/s00018-009-0053-z
http://www.ncbi.nlm.nih.gov/pubmed/19499185
http://doi.org/10.1016/j.biopha.2017.06.093
http://www.ncbi.nlm.nih.gov/pubmed/28686970
http://doi.org/10.1016/j.jconrel.2019.06.009
http://www.ncbi.nlm.nih.gov/pubmed/31185231

	Introduction 
	Materials and Methods 
	Materials 
	High-Pressure Liquid Chromatography Method for Quantification of EGCG 
	Preparation of EGCG Loaded Niosomes 
	Optimisation of Formulation with Design of Experiment 
	Formulation Optimisation by 26-2 Fractional Factorial Design 
	Optimisation of Entrapment Efficiency by Central Composite Design (CCD) 

	Characterisation Studies 
	Particle Size, Size Distribution and Zeta Potential Analysis 
	Entrapment Efficiency (EE%) 
	Morphology by Scanning Electron Microscopy (SEM) 
	Differential Scanning Calorimetry (DSC) and Fourier Transform Infra-Red Spectroscopy (FTIR) 

	In Vitro Drug Release 
	Ex Vivo Skin Permeation and Deposition Studies 
	Skin Permeation Studies 
	Drug Deposition in the Skin 
	Visualisation of Skin Penetration and Deposition 

	Antioxidant Effect of EGCG Loaded Niosomes on Human Fibroblasts 
	Cell Culture 
	Cellular Viability after UVA-Irradiation Using Sulforhodamine B (SRB) Assay 
	Intracellular MDA Level and the Antioxidant Enzyme Activities 

	Cellular Uptake of Niosomes by Human Fibroblasts 
	Statistical Analysis 

	Results 
	Formulation Development and Optimisation 
	Optimisation of EE by CCD 
	Check Point Analysis 
	Characterisation of EGCG-Loaded Niosomes 
	Particle Size, Size Distribution, Zeta Potential Analysis and EE% 
	Morphological Study 
	DSC and FTIR 
	In Vitro Drug Release Profile 
	Ex Vivo Skin Permeation and Deposition Studies 
	Visualisation of Skin Penetration and Deposition 
	The Pharmacological Effects of EGCG-Niosomes on Fbs 
	Cell Viability after UVA-Irradiation 
	Intracellular MDA Level and the Antioxidant Enzyme Activities 

	Cellular Uptake of Niosome by Fbs Cells 

	Discussion 
	Conclusions 
	References

