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Abstract: UV irradiation causes skin damage and aging. This study aimed to develop and evaluate a
gel formulation loaded with electrospray mangiferin nanoparticles (MNPs) as a double-action product
with photoprotective and anti-aging properties. The MNPs were prepared using the electrospraying
technique and loaded in a gel formulation. The MNP formulation was evaluated regarding its
physical appearance, viscosity, in vitro sun protection factor (SPF), and in vitro anti-oxidant activity
and compared with a formulation containing purified mangiferin (PM) at the same concentration of
0.2% (w/v). Moreover, both formulations were analyzed for their in vitro release and ex vivo skin
permeation. The MNP formulation had a considerably higher SPF value than the PM formulation
at the same concentration (20.43 ± 0.13 and 12.19 ± 0.27, respectively). The in vitro anti-oxidant
activities of the formulations with MNPs and PM were 74.47 ± 2.19% and 80.52 ± 1.05%, respectively.
The MNP formulation showed potent photoprotective and anti-oxidation activities with acceptable
stability in all parameters under accelerated conditions (4 ± 2 ◦C 48 h/45 ± 2 ◦C 48 h for 6 cycles)
and after 30 days of storage under various conditions. The release profile data of the MNPs showed a
controlled release pattern at 76.97 ± 0.06% at 480 min. Furthermore, after using a Franz diffusion cell
for 8 h, the MNP formulation showed the release of 37.01 ± 2.61% and 22.39 ± 1.59% of mangiferin
content in the skin layer as stratum corneum and viable epidermis, respectively. Therefore, the overall
results demonstrate that electrospray MNPs in a gel formulation are suitable for skin and constitute a
promising delivery system for mangiferin in developing cosmetics and cosmeceutical products with
good potential.

Keywords: mangiferin; electrospray; nanoparticles; photoprotective; anti-aging

1. Introduction

Excessive exposure to UV light can cause skin redness, pigmentation, and accelerated
aging of the skin. Skin redness or sunburn is caused by UV-B, which has a wavelength of
290 to 320 nm, while skin darkening and aging are caused by UV-A radiation, which has a
wavelength of 320 to 400 nm [1]. The frequency and length of UV radiation influencing
the skin determine how much damage is created; prolonged exposure weakens the skin’s
natural defenses, necessitating the use of sunscreen preparations among other measures [2].
Sunscreen acts as a photoprotective agent, shielding the skin from the damaging effects of
direct UV light. Current research focuses on producing broad-spectrum sunscreens that
gradually reduce the harmful effects of direct UV radiation. Phytoconstituents are becoming
increasingly popular as important components in cosmetic formulations because they are
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natural; they have anticarcinogenic, antimutagenic, and nontoxic properties; and they can
greatly impede the intricate process of carcinogenesis [3]. Synthetic photoprotective agents
possess the potential to be toxic and carcinogenic. Natural herbal-based cosmetics are less
irritating, especially for hypoallergic skin [4]. They also contain native ingredients that can
rejuvenate the skin and provide sufficient protection against UV-A and UV-B radiation,
atmospheric temperature fluctuations, pollution, hyperpigmentation, and aging. Because
bioactive components are harmless, do not show negative effects, do not include any
harmful synthetic compounds that could endanger human health, and are environmentally
sustainable, their use in cosmetic formulations has recently grown [3,5]. Furthermore,
bioactive substances exhibit a wide range of pharmacologic characteristics. These include
naturally occurring preservatives and anti-oxidants, hypo-allergenic properties compared
with synthetic products, and environmentally friendly features [6]. According to published
research, water-in-oil or oil-in-water systems are the most widely used for sunscreen
formulations [7]. However, the greasy nature of these emulsion systems can make skin oily,
and they are considered unsuitable for skin that is prone to acne [8]. Gels are a great choice
for topical medications because they are easy to apply and stay effective for a long time.
Unlike creams and ointments, gels also release the medication in a controlled way [9].

Scientists are increasingly looking for natural substances that are safe and effective for
treating various conditions. Plant molecules are especially promising because many have
targeted effects within the body. Mangiferin, a plant-based xanthone glycoside, stands out
for its wide range of potential benefits, including reducing inflammation, regulating the
immune system, controlling blood sugar, fighting cancer, killing microbes, and protecting
cells from damage [10,11]. Mangiferin, a naturally occurring compound found in plants
like mangoes (Mangifera indica L.), is particularly abundant in their leaves. Tayana et al.
showed varying levels of mangiferin in different parts of dried plants. Young leaves contain
the highest average concentration at 6.78% (w/w). The content decreases in older leaves
(5.89% w/w) and twigs (2.75% w/w). However, mangiferin was undetectable in both ripe
and unripe fruit samples [12]. This anti-oxidant powerhouse offers potential protection for
skin, hair, and lips from the damaging effects of UV rays. It may also help improve overall
skin quality and fight signs of aging [13,14].

Mangiferin itself could penetrate the skin barrier but exhibits poor solubility in aque-
ous media and a low lipophilicity [15]. Mangiferin dissolves poorly in water and is not very
attracted to oily compositions of skin. As a result, creams and gels containing mangiferin
may not deliver enough of the compound to deeper skin layers for optimal effectiveness [16].
The ability of a substance to penetrate the skin barrier is related to its log p value (the octanol–
water partition coefficient) and molecular weight. Substances with log p values between 1
and 3 and molecular weights <500 Da (1 Da = 1 g/mol) are more likely to penetrate the skin
barrier [17]. Mangiferin has a log p value of 2.73 and a molecular weight of 422.33 g/mol,
suggesting that it possesses the potential to penetrate the stratum corneum [18]. Devel-
oping an aqueous formulation containing the 0.5% w/v ratio of mangiferin isolated from
Mangiferin indica L. variety Nam Dok Mai leaves, using a co-solvent system, could increase
the solubility of mangiferin. Chanikanda et al. found that adding certain ingredients called
co-solvents, like polyethylene glycol 600 or dipropylene glycol, can improve mangiferin
absorption compared to using water alone [19]. This approach makes it more available
for the body to use. In fact, researchers in Indonesia successfully incorporated mangiferin,
extracted from Phaleria macrocarpa fruits, into a sunscreen using a gel formulation. The SPF
values of the formulation were 11.2, 38.6, and 88.53 loading on mangiferin concentrations
of 1.25, 2.5, and 5%, respectively [13]. However, no research has been conducted to develop
formulations containing mangiferin in an electrospray nanoparticle platform that could
improve its solubility and bioactivity. One promising approach is to use electrospraying
technology, which constitutes a potential technique for preparing nanoparticles that help
dissolve poorly soluble drugs. It may be effective in improving the loading of poorly
soluble active ingredients in the formulation [20].
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Electrospraying or electro-hydrodynamics is one technique of electrospinning that
involves breaking up a liquid into fine droplets using an electric field. Electrospraying is a
technique that uses electricity to create tiny droplets from a liquid solution. A high voltage
is applied to a thin tube, forcing the liquid into a cone shape. This cone then breaks up
into droplets, whose size can be controlled by adjusting the voltage, how fast the liquid
flows, and the distance between the tip and the collector [21]. Electrospraying offers several
advantages for creating tiny particles for various uses. It excels at efficiently trapping
materials (high encapsulation efficacy), allowing for large-scale production (increased
bulk production) and consistently producing particles of the same size (reproducibility
characteristics). This technique is especially helpful for poorly water-soluble ingredients,
making them more usable. Recently, advancements in electrospraying have been adapted to
create micro and nanoparticles, opening doors for exciting applications in pharmaceuticals,
biomedicine, and cosmetics [20,22]. Our previous study showed that fabricating mangiferin
nanoparticles (MNPs) using an electrospraying technique exhibited an efficient delivery
system for anti-aging agents in cosmetic formulations [23].

In summary, we investigated an electrospray MNP formulation with double action
including photoprotective and anti-aging properties. The findings underscore the poten-
tial for increased mangiferin loading, augmented stability within the formulation, and
enhanced dissolution and permeability, all of which substantiate its applicability in the
realm of cosmeceuticals.

2. Materials and Methods
2.1. Chemicals

PM and MNPs were prepared following the study by Chomchoei et al., 2023 [23].
Mangiferin standard (MS) with a purity of 99% and 2,2-diphenyl-1-picrylhydrazyl were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Dialysis tubing (molecular weight
cut-off of 10 kDa, 35 mm dry I.D.) was secured from Thermo Fisher Scientific (Rockford, IL,
USA). Acrylates/C10-30 Alkyl Acrylate Crosspolymer (Carbopol® ultraz 21), polysorbate
80, butylene glycol, triethanolamine, and spectrastat BHL were bought from Namsiang,
Co., Ltd. (Bangkok, Thailand). Absolute ethanol, isopropanol (IPN), glacial acetic acid,
methanol (HPLC grade), acetonitrile (HPLC grade), dimethyl sulfoxide (DMSO), sodium
metabisulfite, di-sodium EDTA, di-sodium hydrogen orthophosphate, sodium dihydrogen
phosphate, and sodium chloride were acquired from RCL Labscan (Pathumwan, Bangkok,
Thailand). L-ascorbic acid 99.5% was purchased from Loba Chemie PVT., Ltd. (Colaba,
Mumbai, India).

2.2. Preparation of Electrosprayed MNPs

MNPs were prepared based on the study by Chomchoei et al. (2023) [23]. Cellulose
acetate (CA) was used to fabricate the nanoparticles. CA is a safe and biodegradable
material. Then, 2% CA was mixed with a mixture in a 4:3:3 ratio of dimethylacetamide,
isopropanol, and acetone. PM was added to the polymer solution of 2% (w/v). To make the
nanoparticles, the solution was sprayed through a needle at a high voltage of 15 ± 0.5 kV.
The flow rate of the polymer solution was 0.3 mL/h, the distance between the needle tip
and the collector was 10 cm, and the humidity was at 55–60%. The particle size of the MNPs
was 295.47± nm, the polydispersity index (PDI) was 0.29 ± 0.01, and the zeta potential was
21.25 ± 1.20 mV.

2.3. Development of Gel Formulation
2.3.1. Preparation

The composition of a gel formulation containing the PM or formulation 1 (F1) and
MNPs or formulation 2 (F2) was prepared following the study by Eff, A.R.Y. et al. with
some modifications [13], and the results are shown in Table 1. Carbopol® ultraz 21 was
dispersed in ultrapure water and stirred until a gel formed. The remaining compositions
were then dissolved in ultrapure water and stirred to obtain a uniform solution. Finally,
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the carbopol® ultraz 21 gel was combined with the solution of compositions to create
the gel base. The formulation was supplemented with PM and MNPs (0.2% w/v) due to
their significant in vitro anti-oxidant activity. Hence, PM and MNPs were mixed into the
gel base at an amount of 0.2% (w/v) by stirring, and the pH was adjusted to 5.5 using
triethanolamine.

Table 1. Compositions of PM and MNP gel formulation.

No. Composition
Quantity (%w/w)

Function
F1 F2

1 Butylene glycol 5.00 5.00 Humectant

2 Carbopol® ultraz 21 1.50 1.50 Gelling agent

3 Spectrastat BHL 1.00 1.00 Preservative

4 Triethanolamine 0.35 0.35 pH adjuster

5 PM 0.20 - Active ingredient

6 MNPs - 0.20 Active ingredient

7 Sodium metabisulfite 0.10 0.10 Preservative

8 di-Sodium EDTA 0.10 0.10 Chelating agent

9 Purified water 91.75 91.75 Solvent

The formulations containing PM and MNPs were prepared for the in vitro activity test.
For the in vitro activity test, one gram of the formulation was combined with 2 mL of 20%
(v/v) polysorbate 20 and centrifuged at 10,000 rpm for 45 min at 25 ◦C. The supernatant
was then collected. Polysorbate 20 at a concentration of 20% (v/v) was chosen as the vehicle.
This non-ionic surfactant dissolved mangiferin, making it suitable for the biological activity
test. Additionally, it did not show an interaction with the enzymes and reagents.

2.3.2. Viscosity and Spreadability

Rheology is a measurement of the viscosity of a formulation comprising PM and
MNPs, which indicates the fluid’s resistance to flow. The gel’s viscosity was measured
using a Brookfield viscometer with spindle No. P25 (AMETEK Brookfield, Middleboro,
MA, USA) for three minutes at room temperature [23]. The formulation’s spreadability was
assessed using Bhatla and Salnl [24]. The gel’s spreadability was measured by placing a
weighed sample between two glass slides and applying a weight of 500 g for 5 min. After
that, no further spreading was envisaged. The initial and ultimate diameters of spread
circles were measured and used to compare spreadability.

2.3.3. In Vitro Anti-Oxidant Activity of Gel Formulation

The anti-oxidant activities of the formulation containing PM and MNPs were measured
according to their radical scavenging activity. The DPPH scavenging activity occurred
in the manner described by Nanjo F. et al. [25]. An amount of 20 µg of each sample was
mixed with 180 µL of a solution containing 166 µM of DPPH dissolved in absolute ethanol
and incubated in the dark for 30 min at room temperature. The absorbance was measured
at 520 nm using a microplate reader (BMG Labtech, Ortenberg, Germany, SPECTRO star
nano). The percentage of inhibition was estimated using the following equation:

% inhibition =
(Absorbance of control)− (Absorbance of sample)

(Absorbance of control)
× 100 (1)

2.3.4. In Vitro SPF Determination of Gel Formulation

A sunscreen agent’s efficacy is often measured by its sun protection factor (SPF). The
higher the SPF, the more efficient the product at avoiding sunburn. Firstly, the UV spectra
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of MS and PM were studied using a UV–visible spectrophotometer (Shimadzu UV-1800,
Shimadzu Corporation, Tokyo, Japan). Mangiferin standard and purified mangiferin were
prepared at 0.00001% (10 µg/mL). A 10 µg/mL sample solution was prepared in 50% (v/v)
isopropanol (IPN), and the UV absorption spectra were recorded in the 200 to 500 nm
wavelength range. Secondly, the SPF of the PM, MNPs, and the formulation containing
PM and MNPs was determined according to Vinood et al. [26] with some modifications
using an SPF UV-spectrophotometer (Labshere 2000s Ultraviolet Transmittance Analyzer,
Labsphere, Inc., North Sutton, NH, USA) [27]. The PM and MNPs were dissolved in 50% of
IPN at the same concentration. The samples were loaded and spread evenly on the PMMA
substrate to set the samples on a PMMA plate at 1.3 mg/cm3. Prior to measurement, the
sample-loaded PMMA plate was placed in the dark at room temperature for 30 min. The
samples put onto the PMMA plate were tested for their SPF. The samples’ scanning spectra
were acquired using a UV–visible spectrophotometer at wavelengths ranging from 290 to
400 nm at 5 nm intervals. The in vitro SPF value was calculated from the UV-2000s program
according to the equation below:

In vitro SPF =

∫ 400
290 [E(λ)× S(λ)× dλ]∫ 400

290 [E(λ)× S(λ)× dλ]/MPFλ

(2)

where E(λ) = solar intensity spectrum;
S(λ) = erythemal effect spectrum;
dλ = wavelength step (5 nm);
MPFλ = monochromatic protection factor;
Rλ = reference scan in voltage at wavelength λ;
Sλ = scan reading in voltage at wavelength λ.

2.3.5. Stability Test

The stability study of the formulations containing PM and MNPs was conducted by
storing the samples at different temperatures (4 ± 2 ◦C, 40 ± 2 ◦C), at room temperature
(30 ± 5 ◦C) for 30 days, and by using accelerated tests (heating/cooling cycling method for
six cycles (24 days), 4 ± 2 ◦C 48 h/45 ± 2 ◦C 48 h). The samples were observed at 0 and
90 days, using accelerated tests. Thereafter, the samples were evaluated for their physical
appearances (color, pH, and viscosity), in vitro anti-oxidant activity, and in vitro SPF. This
study was conducted in accordance with Bhattacharya et al. [8].

2.4. Ex Vivo Permeation Study

The skin permeability of the formulation including PM and MNPs was measured
using a Franz diffusion cell. This study was carried out in accordance with the study by
Ochocka et al. [18], with minor revisions, and that by Chomchoei et al. [23]. First, fat was
extracted from dorsal pig skin and deposited in the receiving chamber. The donor chamber
was filled with one milliliter of the samples. The medium was stirred at a temperature of
32 ± 0.5 ◦C. One milliliter of media was collected every hour until 8 h, and then it was
substituted with a new medium. After 8 h, the penetrants were removed from the skin,
and the stratum corneum layer was separated using a tape-stripping method and sticky
tape for 20 fragments. The mangiferin levels in the receiving compartment were measured.
Following separation, the sticky tapes and all skin layers were removed separately with
methanol, and the mangiferin content was measured by HPLC. Schieber et al. [28] reported
the HPLC method with a few adjustments. The HPLC system applied an analytical column
(C 18, 5 µm, 4.6 × 250 mm) with a detection wavelength of 258 nm (Hewlett Packard,
Milpitas, CA, USA; Agilent HP1100, Agilent, Santa Clara, CA, USA). The flow rate was set
to 0.8 mL/min, the injection volume was 20 µL, and the column temperature at 25 ◦C. The
HPLC mobile phase contained (A) 2% acetic acid in ultrapure water and (B) 0.5% acetic
acid/acetonitrile in a ratio of 1:1 (v/v). The gradient elution was performed in the following
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order: 5% of B at 0 to 2 min; 5 to 25% of B at 2 to 10 min; 25 to 55% of B at 10 to 40 min; 55 to
90% of B at 40 to 45 min; and 90 to 55% of B at 45 to 50 min.

2.5. In Vitro Release Study

The release of mangiferin from the formulation comprising PM and MNPs was con-
ducted using dialysis bag diffusion as described by Kim et al. [29], with minor changes, as
well as Chomchoei et al. [23]. Briefly, 2 mL of the formulation containing PM and MNPs
was dissolved in 5 mL of pH 7.4 PBS buffer and deposited in dialysis bags. The dialysis
bag was kept at 32 ± 0.5 ◦C through the rotation of the medium and collected every 0, 15,
30, 45, 60, 120, 180, 240, 360, and 480 min. Every hour, until 8 h was reached, one milliliter
of the medium was collected and replaced with new medium. The mangiferin content was
measured using HPLC at 258 nm. Schieber et al. [28] described the HPLC method, which
was modified as mentioned in 2.4.

2.6. Statistical Analysis

Statistical analysis was conducted using the SPSS Program, version 17.0, with a signifi-
cance level of p < 0.05 in all cases. The findings are shown as mean ± SD. The parametric
variables were analyzed by applying the t-test. A p-value of <0.05 indicates significance.

3. Results
3.1. Preparation of Electrospray MNPs

PM and MNPs were applied from our previous study [24] in the form of a pale yellow
powder. Mangiferin was obtained from the Guangxi University of Chinese Medicine,
Nanning, China (purity 88.46%, lot number 20110530) and purified using the recrystalliza-
tion method with 50% (v/v) IPN in ultrapure water. Using the electrospraying technique,
it was shown that both PM (purity 95.71%) and MNPs displayed in vitro anti-oxidant
and anti-aging activities. The applied voltage and distance between the needle tip and
collector had a significant impact on the particle size. The particles had an average size
of 295.47 ± 5.58 nm, a PDI of 0.29 ± 0.01, and a zeta potential of 21.25 ± 1.20 mV, and
they were produced at an applied voltage of 15 kV and 10 cm between the needle tip
and collector.

3.2. Gel Formulation
3.2.1. Physical Characterization

All formulations were homogenous and smooth in texture with pale yellow gels.
The pH of formulations F1 and F2 were observed to be 5.57 ± 0.03 and 5.52 ± 0.03,
respectively (Table 2). Viscosity is an important feature since it influences the spreadability
and consistency of the formulation. The viscosity of formulations F1 and F2 were found
to be 14.68 ± 0.40 mPas and 13.80 ± 0.56 mPas, respectively. The spreadability showed
the diameter of formulations F1 and F2 to be 2.55 ± 0.03 and 2.71 ± 0.02 cm, respectively,
indicating that they were effectively distributed on the skin when applied. With these
values, both formulations exhibited suitable viscosity and spreadability.

3.2.2. UV-VIS Spectroscopic Study

The UV-VIS spectrum of PM at a concentration of 0.00001% in 50% (v/v) isopropanol
gave absorption peaks at 240, 258.5, 318.5, and 369.5 nm, similar to the spectrum of MS
presented at 240.5, 258.5, 318.5, and 369.5 nm, as shown in Figure 1, corresponding to the
absorption peaks at 240, 258, 318, and 366 nm presented in the related study [30].
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3.2.3. In Vitro SPF

Using the UV–visible spectroscopic method, the in vitro SPF values of 0.2% (w/v)
PM and the MNP solution in 20% polysorbate 20 in ultrapure water were found to be
10.25 ± 0.15 and 19.73 ± 0.27, respectively. Moreover, the in vitro SPF values for F1 and
F2 were found to be 12.19 ± 0.27 and 20.43 ± 0.13, respectively. The SPF value of a
formulation containing MNPs was significantly higher than that containing PM at the
same concentration.

3.2.4. In Vitro Anti-Oxidant Activity

Anti-oxidant activity, i.e., the ability to neutralize free radicals, plays a crucial role
in repairing UV-induced skin damage and skin aging [8]. Consequently, evaluating the
anti-oxidant activity of mangiferin in a formulation is important. The concentrations of PM
and MNPs in the formulation were determined according to the IC50 value obtained using
the biological activity from our related study, which was approximately 2 mg/mL [23].
The formulation was enriched with PM and MNPs (0.2% w/v) based on their significant
in vitro anti-oxidant activity. The inhibition percentages of the anti-oxidant activity of the
formulation containing PM and MNPs were found to be 74.47 ± 2.19 and 80.52 ± 1.05%,
respectively. F2 showed an insignificant higher percentage of inhibition than F1 (unpair
t-test, p > 0.05).

3.2.5. Stability Test

F2 did not show significant changes in the pH, viscosity, in vitro anti-oxidant activity,
and in vitro SPF parameters compared with day 0 (p > 0.05), as shown in Table 2 and
Figures 2 and 3. F1 did not show significant changes in the pH or viscosity after the stability
test. In contrast, the results of the tests on the in vitro anti-oxidant activity and in vitro SPF
parameters in F1 revealed significant changes after 30 days and the accelerated stability
test. Compared to day 0, the in vitro anti-oxidant activity (Figure 3a) of F1 showed a
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significant decrease under all stability conditions (p < 0.05). However, the in vitro SPF of F1
remained stable under most conditions, except for storage at 45 ◦C for 30 days (Figure 3b).
Interestingly, F2 did not exhibit significant differences in its in vitro anti-oxidant activity
or in vitro SPF value following the stability test. The physical appearance of F1 revealed
a clear separation between mangiferin and the gel formulation. Moreover, F2 exhibited a
homogeneous appearance as a pale yellow transparent gel devoid of any phase separation.
The results are shown in Figure 2.

Table 2. Physicochemical characteristics of gel formulations.

Formulation/
Parameter

Stability
Condition

Physical
Appearance pH Viscosity

(mPas)

In Vitro
Anti-Oxidant

Activity
(% Inhibition)

In Vitro SPF

F1

Day 0 Homogenous 5.57 ± 0.03 14.68 ± 0.40 74.47 ± 2.19 12.19 ± 0.27

Accelerated test Separation of
mangiferin 5.54 ± 0.04 15.68 ± 0.54 62.18 ± 1.57 * 11.76 ± 0.16

Day 30
(RT)

Separation of
mangiferin 5.57 ± 0.03 15.67 ± 0.40 56.07 ± 1.00 * 12.52 ± 0.29

Day 30
(4 ◦C)

Separation of
mangiferin 5.51 ± 0.03 13.63 ± 0.43 69.43 ± 1.65 * 12.13 ± 0.26

Day 30 (45 ◦C) Separation of
mangiferin 5.53 ± 0.03 16.34 ± 0.37 54.85 ± 1.29 * 11.11 ± 0.36

F2

Day 0 Homogenous 5.52 ± 0.03 13.80 ± 0.56 80.52 ± 1.05 20.43 ± 0.13
Accelerated test Homogenous 5.56 ± 0.05 15.00 ± 0.31 79.42 ± 1.12 19.33 ± 1.39

Day 30
(RT) Homogenous 5.50 ± 0.02 14.80 ± 0.56 80.13 ± 2.28 18.78 ± 0.57

Day 30
(4 ◦C) Homogenous 5.52 ± 0.02 12.97 ± 0.29 78.41 ± 2.39 19.15 ± 0.75

Day 30 (45 ◦C) Homogenous 5.50 ± 0.06 15.13 ± 0.52 79.97 ± 1.71 18.51 ± 0.12

All data are presented as mean ± SD based on three measurements (n = 3). * denotes results that significantly
differ from day 0 according to t-test statistics (p < 0.05); RT = room temperature.
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Figure 2. Physical appearance of formulations F1 (loaded 0.2% PM) and F2 (loaded 0.2% MNPs)
before (day 0) and after stability test; accelerated and 30-day storage under various conditions (day 30).
RT = room temperature.
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day 0 according to t-test statistics (p < 0.05).

3.3. In Vitro Release Study

The release profiles of the formulation containing PM and MNPs were assessed in
PBS pH 7.4, as shown in Figure 4. After 60 to 480 min, the results demonstrated significant
changes in the samples. The formulation containing MNPs emitted significantly more
mangiferin than the PM formulation at 60–480 min (p < 0.05). F1 showed a normal release
pattern at first and then a continuous release pattern until 480 min, but F2 displayed a
persistent release pattern. MNPs showed 76.97 ± 0.06% of released mangiferin, whereas
the equivalent amount of PM only showed 36.89 ± 0.78% at 480 min.
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Figure 4. Mangiferin release profile of formulations F1 (loaded 0.2% PM) and F2 (loaded 0.2% MNPs)
in PBS pH 7.4. All data are presented as mean ± SD based on three measurements (n = 3). * denotes
results that significantly differ from day 0 according to t-test statistics (p < 0.05).

3.4. Ex Vivo Permeation Study

The ex vivo permeation of the formulation containing PM and MNPs was evaluated
by measuring the amount of mangiferin in the skin layer (stratum corneum and viable
epidermis and dermis) as well as by administering solutions every 1 h until a total of 8 h
was reached. Skin permeability was examined using Franz diffusion cells. The mangiferin
content in the stratum corneum layer was also detected. F2 had a larger mangiferin content
in the viable epidermis to dermis compared with that of F1. The amount of mangiferin
from F2 was 37.01 ± 2.61 in the stratum corneum and 22.39 ± 1.59% in the viable epidermis
and dermis, whereas the amounts were 23.85 ± 1.57% and 14.84 ± 1.93% for F1 (Figure 5).
The results show that more mangiferin infiltrated skin layers from F2 than from F1.
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data are presented as the mean ± SD based on three measurements (n = 3). * denotes the results that
significantly differ from day 0 according to the t-test statistics (p < 0.05).

4. Discussions

The gel formulation loaded with MNPs was successfully formulated for anti-aging
effects and UV protection. Using the electrospraying technique, it was shown that both
PM (purity 95.71%) and MNPs displayed anti-oxidant and anti-aging activities in vitro.
The average particle size was 295.47 ± 5.58 nm, the PDI was 0.29 ± 0.01, and the zeta
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potential was 21.25 ± 1.20 mV, which was produced under circumstances of an applied
voltage of 15 kV and a distance of 10 cm between the needle tip to the collector. The
encapsulation efficacy of MNPs was found to be 85.31% [23]. The fundamental advantage
of electrospray is its high encapsulation efficiency, which appeals to many researchers [31].
A recent study revealed that calcium alginate microbeads created by electrospraying an
aqueous alginate solution into ultrapure water containing calcium ions might be utilized
as ecologically friendly cosmetic additives [32]. Moreover, the electrospraying technique
fabricated nanoparticles containing mangiferin-rich extract from mango Talabnak variety
leaves, which demonstrated a high encapsulation of 84.9% [33]. Meanwhile, the emulsion
solvent evaporation approach yielded approximately 55% of mangiferin-loaded polymeric
nanoparticles [34]. Another study discovered that electrospraying cashew gum micropar-
ticles is a promising method for improving the medicine encapsulation and dissolution
rate of a poorly water-soluble material and a highly sensitive bioactive ingredient such as
beta-carotene [35].

Several studies have shown that X-ray diffractometry was also used to detect the
physical state of a drug within polymeric matrices because the features of the peaks
indicate the degree of crystallization of the drug with the matrix [36]. The typical peaks of
pure intact mangiferin confirmed that it was in crystalline form, whereas no definite peak
was found for the amorphous polymer. However, these peaks totally disappeared in the
diffractograms of the MNPs, showing that the crystallinity of mangiferin was significantly
reduced during the production process. Electrospraying has proven to be a promising
method of producing amorphous solid dispersions, which is an established formulation
strategy for enhancing the bioavailability of poorly soluble medicinal compounds [37].
Various studies of formulation strategies have been developed in recent years to address
solubility issues, with amorphous solid dispersion emerging as a popular and successful
approach [38,39]. Solid dispersions can be created by solvent evaporation, heat-based
procedures, and electrospraying [40,41]. As a result, MNPs from our previous study were
detected in an amorphous solid dispersion. Thus, these electrospraying settings can be
exploited to generate nanoparticles for cosmetic delivery systems [23]. Furthermore, related
investigations indicated that N, N-dimethylacetamide and acetone in a ratio of 2:1 (v/v) is
a useful solvent for electrospinning/electrospraying CA nanofibers.

The preparation of gel formulations showed that both formulations exhibited suitable
viscosity and spreadability. The UV-VIS spectrum of PM at a concentration of 0.00001%
in 50% (v/v) isopropanol resulted in absorption peaks at 240, 258.5, 318.5, and 369.5 nm,
similar to the spectrum of MS and a related study [30]. Moreover, the UV spectrum of
PM shows the absorption from 320 to 290 nm, which is important to the photoprotective
effect [8]. The SPF value of the formulation containing MNPs was significantly higher than
that containing PM at the same concentration. However, the reported SPF of mangiferin
isolated from Phaleria macrocarpa fruits in the gel formulation was observed to be 11.2, 38.6,
or 88.53 depending on whether mangiferin was used at concentrations of 1.25, 2.5, or 5%,
respectively [13]. Compared with other phytochemicals, such as resveratrol and green tea,
the in vitro SPF values of the sunscreen formulation containing resveratrol and green tea
extract at a concentration of 10% (w/v) were found to be 16.91 ± 1.20 and 14.59 ± 0.64,
respectively [8]. Considerately, cellulose acetate can be photochemically disintegrated by
UV wavelengths less than 280 nm; however, it has limited photodegradability in sunlight
due to a lack of UV-absorbing chromophores [42]. Culica et al. found, by evaluating their
UV-Vis absorption and transmittance spectra, that cellulose acetate film does not absorb UV
or visible light at wavelengths ranging from 200 to 700 nm [43], so CA was not a UV absorber.
Several studies have demonstrated the benefits of sunscreen through nanotechnology,
including reduced permeability, increased efficacy, and improved photostability. Vieira
et al. found that the nanoencapsulation of the drug increased SPF and reduced toxicity
in vitro and in vivo [44]. MNPs with an amorphous structure were similarly found to have
greater in vitro SPF than PM. Finally, mangiferin is an effective photoprotective ingredient
for cosmetic compositions, and nanoparticles have demonstrated considerable advantages
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over traditional delivery techniques. Electrospraying MNPs successfully preserves labile
organic filters from chemical degradation by entrapping them inside the particle core
rather than molecularly dissolving them in an oil or water phase [45]. Thus, sunscreen
formulations with mangiferin are applicable for photoprotective purposes.

The stability results of the formulations did not reveal significant changes in the pH,
viscosity, in vitro anti-oxidant activity, or in vitro SPF parameters compared with day 0 in
formulation 2. On the other hand, the results of the tests on the in vitro anti-oxidant activity
and in vitro SPF parameters in formulation 1 showed that remarkable changes occurred
after 30 days and during the accelerated stability test. DPPH is a stable free radical molecule
that can be used to quickly assess the anti-radical or hydrogen donor capacity of unknown
substances [46,47]. Hydrogen peroxide is an unstable compound that can be produced
by a variety of oxidative stressors. It can create hydroxyl and singlet oxygen radicals,
which cause lipid peroxidation, cell damage, and senescence [48,49]. DPPH and hydrogen
peroxide scavenging tests are commonly used to determine the anti-oxidant activity of
natural extracts and compounds [50]. According to Jutiviboonsuk et al., 2017, the anti-
oxidant activity of a 1% (w/w) mangiferin lotion was reported to be 90.85 ± 0.69%, which
is related to the results presented in this study [51]. Hence, the mangiferin used in that
study likely had a potential for in vitro anti-oxidant activity. Incorporating anti-oxidants
in a specific formulation is a promising way to maintain their efficiency as anti-oxidants
against free radicals [52] and providing photoprotection. Stability studies are crucial as they
guarantee a product’s long-term stability and allow for accurate shelf-life determination.
The physical appearance of formulation 1 revealed a clear separation between mangiferin
and the gel formulation. In contrast, formulation 2 exhibited a homogeneous appearance.
The study by Sirirungsee et al. reported that the emulsion gel containing electrosprayed
nanoparticles loaded with mangiferin from mango leaf using the UV–visible spectroscopic
method was found to remain in the skin and be stable after the accelerated test [33].
Cosmetic formulations loaded with nanoparticles have several benefits, including increased
stability and efficacy, greater skin penetration of the ingredients, and improved tolerance
as UV filters [45,53]. MNPs fabricated using the electrospraying technique show promising
potential for applications in cosmetic and cosmeceutical sunscreens. After 60 to 480 min,
the release profiles of the formulation including PM and MNPs differed significantly
among the samples. MNPs released much more mangiferin than PM at 60 to 480 min.
Mangiferin release from β-lactoglobulin nanoparticles is controlled under both kinetic
and thermodynamic circumstances, which is consistent with our findings [54]. Other
investigations have demonstrated that it originated from a polymer owing mostly to
the interactions between the existing molecules (electrostatic interactions and forming
hydrogen bonds) and the dispersion of the nanoparticles [16]. Additionally, it is widely
established that the breakdown of polymeric particles begins in amorphous regions and
slowly progresses to the crystalline sections [55]. According to Freiberg et al., reduced
crystallinity enhances drug dispersion and increases drug–polymer interactions [56]. The
degree of crystallinity of a drug can influence its dissolution rate, with a drug in the
metastable or amorphous state having the highest dissolution rate due to its significant
molecular activity and superior internal energy, which raises the thermodynamic properties
in comparison to crystalline substances. Hence, this study found that CA was utilized
as a polymer, which may have influenced the amount and pace of drug release from the
nanoparticles. The ex vivo permeation results of the formulation containing PM and MNPs
were applied to newborn dorsal pig skin, which has been shown to have identical structure
and biochemical properties to human skin [57]. Mangiferin has a branching glycoside
structure, allowing it to permeate and pass through human skin (ex vivo investigation) [18].
Mangiferin was not restrained by the stratum corneum barrier. This could be explained by
the knowledge that the mangiferin log P ranges between 1 and 3 (log P of mangiferin = 2.73),
indicating a molecular weight of less than 500 Da (MW of mangiferin = 422.34 Da) [18].
After 8 h, there were no detectable quantities of mangiferin in the receiving chamber. The
mangiferin concentrations in viable epidermis and dermis differed considerably (p < 0.05).
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The mangiferin concentrations in the stratum corneum were also determined. F2 had a
larger mangiferin content in the viable epidermis to dermis compared with that of F1.
The results show that more mangiferin infiltrated skin layers from F2 than from F1. The
findings are consistent with related research indicating that using CA as a polymer within a
formulation enhances the distribution of active compounds. This effect is attributed to CA’s
ability to function as a semipermeable membrane, specifically for hydrophobic chemicals.
CA can improve the diffusion of aqueous solution into polymer networks, resulting in the
greater capture of analyte molecules in an aqueous solution [20].

This study indicates that the gel formulation containing MNPs from electrospraying
technology can improve skin permeation, the in vitro SPF value, and the stability of the gel
formulation under various conditions. A related study has reported that nanoparticles can
improve the penetration rate and manage release, and they have proven to be successful in
a weakly water-soluble material [27]. Additionally, the anti-oxidant activity and SPF value
of the formulation must be evaluated in further studies to confirm its efficacy for skin.

5. Conclusions

Gel formulations containing electrospray MNPs aimed to introduce double-action
photoprotective and anti-aging properties. In the present study, MNPs were prepared using
electrospraying techniques and loaded in gel formulations. They were evaluated based
on their physical appearances, viscosity, in vitro anti-oxidant activity, and in vitro SPF and
compared with the formulations containing PM. The formulations containing MNPs were
notable in terms of their photoprotectivity and anti-oxidation activity, indicating adequate
stability in all parameters. The in vitro release and ex vivo permeation of formulations
containing MNPs demonstrated a higher amount of mangiferin penetrated in skin layers
than the formulations containing mangiferin dispersion. The in vitro release profile ex-
hibited a sustained release. Therefore, this study indicated that the gel formulation with
electrosprayed MNPs with double action enhanced its penetration in skin layers, exhibiting
suitability for skin application. This presents a promising delivery system characterized
by sustained mangiferin release. It produces MNPs in an amorphous form, leading to an
increased dissolution rate, permeability, and biological activity compared to crystalline
mangiferin. These findings suggest favorable prospects for developing cosmetic products
by leveraging this delivery approach.
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