
Chitosan-Coated Niosomes Loaded with Ellagic Acid Present
Antiaging Activity in a Skin Cell Line
Amr A. Abd-Elghany* and Ebtesam A. Mohamad

Cite This: ACS Omega 2023, 8, 16620−16629 Read Online

ACCESS Metrics & More Article Recommendations

ABSTRACT: The polyphenol compound ellagic acid (EA) extracted
from pomegranate has potential bioactivity against different types of
chronic diseases. Skin aging is a long-term physiological process caused
by many environmental factors, the most important of which is exposure
to sun ultraviolet (UV) radiation. UV-induced chronic photodamage of
the skin results in extrinsic aging. This study aimed to evaluate the
photoprotective effects of EA on the human fibroblast skin cell line
HFB4 and investigate its capacity to protect collagen from UV-induced
deterioration. EA was encapsulated into chitosan-coated niosomes to
reduce the skin aging effect of UV radiation in vitro. The tested
formulations (niosomes loaded with EA and chitosan-coated niosomes
loaded with EA) were characterized using transmission electron
microscopy, dynamic light scattering, and scanning electron microscopy.
Furthermore, the in vitro release of EA was determined. The HFB4 cell line samples were split into five groups: control, UV, UV-EA,
UV-NIO-EA, and UV-CS-NIO-EA. UV irradiation was applied to the cell line groups via a UV-emitting lamp for 1 h, and then cell
viability was measured for each group. The expression of genes implicated in skin aging (Co1A1, TERT, Timp3, and MMP3) was
also assessed to quantify the impact of the loaded EA. The findings showed that EA-loaded chitosan-coated niosomes improved cell
survival, upregulated Col1A1, TERT, and Timp3 genes, and downregulated MMP3. Thus, nanoparticles encapsulating EA are potent
antioxidants that can preserve collagen levels and slow down the aging process in human skin.

1. INTRODUCTION
The population of adults aged 60 years or older is increasing
worldwide, which may influence the morbidity and mortality of
skin diseases as well as the organization of the healthcare
systems. Except for Africa, all regions of the world, especially
high-income countries, will have at least a quarter of their
population aged 60 or over by 2050.1 The aging process of the
skin begins from the moment of birth, which is unique and
relative to other body systems that reach maturity at a more
advanced stage of life.2 The problem of skin aging is significant
and a cause for concern, particularly among women. A large
amount of money is spent annually to counteract the skin aging
process.3,4 Dermatological research strategies for addressing this
problem are focused on identifying natural low-cost plant
extracts that have no or minimum side effects.5−7 Natural plant
extracts are rich in antioxidants and at the same time can absorb
ultraviolet rays, which is the main cause of skin aging.5,8

Ultraviolet (UV) light is considered one of the main causes of
DNA damage, inflammation, and various skin lesions such as
those from photocarcinogenesis and photoaging.9−11 Most of
the usual histological and clinical signs of chronic photodamage
of the skin are complications of DNA photodamage and UV-
induced reactive oxygen species (ROS), which are the earliest
molecular events.12 UVA radiation (UVA; 320−400 nm)

represents from 95 to 98% of all UV photons that hit Earth’s
surface. UVA rays not only harm the epidermis but also tear
down collagen and elastin deep within the dermis.13 ROS, which
are created by UV irradiation, control a wide range of biological
processes, including collagen breakdown and MMP produc-
tion.14

Collagen is a structural protein found in many body parts and
accounts for between 25 and 35% of the body’s total protein
content, making it the most prevalent protein in humans.
Collagen production is controlled by members of the collagen
gene family, including COL1A1.15 It is found in the extracellular
matrix (ECM) of the dermal layer of the skin to provide it with
strength and elasticity, which makes the skin more youthful and
vibrant.16,17 Skin wrinkles, a sign of photoaging, are caused by
the deterioration of ECM integrity in the skin. Aged skin
extensively expresses the matrix metalloproteinase (MMP3)
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gene, which disrupts the ECM.18 Fibrillar collagen and elastin,
which contribute to skin strength and elasticity, are attacked by
collagenolytic MMP enzymes.19 Previous studies have also
shown the significance of tissue inhibitor metalloproteinase
genes, such as TIMP3, which are crucial in preventing the
breakdown of ECM’s proteins.20 Other genes also play a role in
skin aging, such as telomerase reverse transcriptase (TERT).10

Telomeres are located at the ends of chromosomes, and their
function, which is like that of the metal clip at the end of a
shoelace, is to keep the chromosome and genetic material intact
without destruction or synapsis with the surrounding
chromosomes. The telomere shortens after each cell division
until it becomes too short to allow for further cell divisions, and
cell aging subsequently occurs.21

Ellagic acid (EA) is a polyphenolic compound found in some
types of fruit, such as strawberries, blueberries, and pomegran-
ates.22 Pomegranate fruit extract (PFE) shows antioxidative
activity caused by the action of EA.23 Research findings show
that EA is a potential biomolecule with remarkable biological
features, such as UV shielding and anticancer functional-
ities.24−26 It is also a potent antioxidant and antibacterial
agent.27,28 EA is made up of four hydroxyl groups and several
lactone rings, which are hydrophilic.29 However, its low
bioavailability limits its therapeutic effect.30 Nanotechnology
can overcome the limitations of EA by encapsulating EA into
biocompatible carriers. Niosomes have a similar structure to
liposomes since they are a type of carrier system that
encapsulates drugs in vesicles with a bilayer structure made of
nonionic surfactants like polysorbate 80 (Tween 80) and
stabilized with cholesterol.31,32 The hydrophilic heads of
polysorbate 80 are polyethers, commonly known as polyoxy-
ethylene groups, which are ethylene oxide polymers. The
lipophilic tails of Tween 80 are composed of oleic acid.33 Tween
80 functions as a P-glycoprotein inhibitor. It has been observed
that nanoparticles based on Tween 80 can block P-glycoprotein-
mediated drug exocytosis.29 The amphiphilic bilayer structure
and poor water solubility of niosomes promote drug
bioavailability by trapping the drug inside the structure and
allowing penetration of biological membranes, hence improving
therapeutic effectiveness. Unlike liposomes, niosomes have
improved physicochemical stability and drug retention in vitro
and in vivo.32,34,35 This could further be complemented with
chitosan, which is an effective drug-delivery polymer that
protects the drugs from degradation, thereby promoting drug
sustainability and enabling drugs to reach the target site.36 This
study tests the antiaging activity of EA carried by chitosan-
coated niosomes in the human fibroblast cell line HFB4 in which
UV photodamage was induced.

2. RESULTS AND DISCUSSION
In the current study, a biomaterial nanocarrier system was
designed by encapsulating EA into niosome nanoparticles
covered by a chitosan layer.

2.1. Encapsulation Efficiency (EE) and Morphology of
Niosomes. The encapsulation efficiency (EE) % values of EA in
NIO-EA NPs and CS-NIO-EA NPs were 60 ± 4 and 74 ± 3.1%,
respectively. There was a significant difference in the recorded
EE % in NIO-EA and Cs-NIO-EA NPs. EA is a hydrophilic drug,
which was attached to the heads of the niosomal vesicles
probably through adhesive force. EA molecules are hydrophilic,
so they were attached to the outer shell of the niosomes and
inside, and the centrifugation process causes the loss of surface-
bound EA molecules in the case of NIO-EA NPs, while in Cs-

NIO-EA NPs, the process of coating the niosomes with chitosan
and encapsulating it with EA takes place simultaneously,
allowing the rigid layer of chitosan to protect EA molecules
attached to the surface, which increase EE % in Cs-NIO-EA NPs.
Another possible reason was that Cs-NIO-EA NPs may be
coated by an extra chitosan layer causing them to entrap more
EA molecules. The same results were obtained previously by
coating niosomes with a surfactant.29 The entrapment efficiency
was not higher due to the use of Tween 80. Tween 80 is
composed of a chain of unsaturated alkyls. The presence of
double bonds caused the chains to bend, resulting in the creation
of an inadequately tight niosomal membrane. Therefore, the
membrane of the niosomes was more permeable, which may
account for the reduced entrapment effectiveness of the Tween
80 formulations.37 Additionally, a report has indicated that the
entrapment efficiency was increased by increasing the
cholesterol content, which was less than 50% of the total
surfactant content in our study. Cholesterol can increase the
hydrophobicity of the bilayer, which reduces the surface free
energy and, in turn, reduces the particle size and improves the
entrapment efficiency.38 The present finding is consistent with
that of a previous study.39 The results of a transmission electron
microscopy (TEM) morphological analysis of the NIO-EA NPs
and CS-NIO-EA are shown in Figure 1a,b. The images of the

nanoparticles showed nonaggregated and spherical-like particles
(Figure 1a). A previous study postulated that chitosan can be
arranged on the outer vesicular surface forming a three-
dimensional shell after cross-linking with tripolyphosphate.40

In the present study, the niosomal size was increased by 2.63
times after coating the niosomes with chitosan (Figure 1b). The
chitosan coating around the NIO-EA NPs is shown in Figure 1b
as a smooth chitosan shell, and the size of the particles increased
because of the presence of the chitosan coat around the loaded
niosomes. Because of the extremely dense matrix incorporated
into the nanoparticles, the particles’ inner black hue could be
observed. The fractions with low radii observed in both images
were of the same nature as macromolecules. This diversity in
sizes was attributed to the difficulty of standardizing all sizes, and

Figure 1. TEM images: NIO-EA NPs (a) and CS-NIO-EA NPs (b).
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they were subjected to sonication, and they began to crack
randomly.

2.2. Size Distribution. Particle size is a characteristic
parameter for nanoparticles. The length of the alkyl chain in
surfactants affects the size of niosomes.41 Dynamic light

scattering (DLS) was used to measure the size of NIO-EA and
CS-NIO-EA NPs. The NIO-EA NPs had a particle size of 204 ±
7.2 nm, whereas the chitosan-coated NIO-EAs (CS-NIO-EAs)
were larger at 536.7 ± 131.6 nm (Figure 2a,b). The
polydispersity index (PDI) increased from 0.134 for NIO-EA

Figure 2. Average particle size of NIO-EA (PDI = 0.134) (a) CS-NIO-EA (PDI = 0.87). (b) and (c) Illustration of intermolecular interactions.
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to 0.87 for CS-NIO-EA. The hydrophilic EA molecules could be
bound on the outer shell of niosomes by adhesive forces with the
hydrophilic heads of Tween 80. The chitosan coat around the
niosomes loaded with EA increased the size of the nanoparticles
due to the formation of a hydrophilic envelope on the surface by
ionic interaction.35 This interaction is due to the interaction

between the reactive negatively charged hydroxyl groups of EA
and the positively charged amino group in chitosan.42 In
addition, strong hydrogen bonds were formed between the
hydroxyl group of EA and the amino groups present in the
chitosan.43,44 The arrangement of Cs, EA, Tween 80, and
cholesterol is illustrated in Figure 2c.

Figure 3. SEM images: NIO-EA NPs (a) and CS/NIO-EA NPs (b).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c07254
ACS Omega 2023, 8, 16620−16629

16623

https://pubs.acs.org/doi/10.1021/acsomega.2c07254?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07254?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07254?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07254?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07254?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


This increase in particle size enhances the efficacy of CS-NIO-
EA in terms of drug encapsulation and release. It has been
estimated that chitosan enhances the drug transport through cell
membranes and cellular pathways.45 The ζ-potentials of NIO-

EA and CS-NIO-EA were −5.95 ± 0.98 and −30 ± 2.23 mV,
respectively.

2.3. Surface Morphology Analysis. The surface morphol-
ogies of the lyophilized samples were examined by scanning

Figure 4. In vitro release profiles of free EA, NIO-EA NPs, and CS-NIO-EA NPs at pH values 7.4 (a), 6.8 (b), and 1.2 (c).
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electron microscope (SEM). The resulting NIO-EA NP samples
appeared in the form of plates with smooth surface and different
sizes (Figure 3a) because of the preparation method that relies
on compressing the surface of the samples that have been
converted into powder by freeze drying. The drying process may
explain the plate irregularities that were noticed during the
investigation.41 Upon the incorporation of chitosan (CS-NIO-
EA NPs), the surface roughness increased (Figure 3b), and the
spheroidal vesicles decreased. The results were confirmed by
previous studies.46−48 In addition, the chitosan coating layer of
the CS-NIO-EA NPs could further improve the physical stability
of the NPs35 because it provided rigidity to the bilayer
membrane and reduced the fluidity of the bilayer by removing
the phase transition temperature peak of the vesicles.49

2.4. In Vitro Release Profile of Free and Encapsulated
EAs. Nanotechnology aims to identify excellent drug
encapsulations to achieve a desirable controllable release profile
for a specific drug. For medication that is administrated orally,
three different pH media were used to evaluate the release of EA
from the niosomal formulations. In vitro release was used to
study the release of the prepared formulations. Figure 4a−c

shows the cumulative release profiles of EA before and after
encapsulation into the prepared nanocarriers over a period of 30
h. The cumulative release of the investigated formulations was
compared with the free EA release profile, which was considered
as the control release.

The cumulative release profiles of NIO-EA NPs showed that
the amount of EA released after 8 h was 43.18% on phosphate-
buffered saline (PBS) pH 7.4, 44.44% on PBS pH 6.8, and 82.4%
on 0.1 N HCl pH 1.2 media, whereas that of CS-NIO-EA NPs
showed that the amount of EA released was 31.82% on PBS pH
7.4, 26.67% on PBS pH 6.8, and 52% on 0.1 N HCl pH 1.2
media. Thus, the chitosan coating decreased the amount of the
EA released compared to that of the NIO-EA NPs for all pH
media. After 14 h, the CS-NIO-EA NP profile reached the
saturated release plateau of EA, with values of 50, 46.67, and 55%
observed for pH values 7.4, 6.8, and 1.2 media, respectively. The
saturated release profile has been confirmed by other
studies.35,49

The pH of the surrounding media affects EA’s capacity to
scavenge free radicals.50 EA may be ionized partially or
completely. Deprotonation can occur in all four phenolic

Figure 5. Effect of the different treatments on the percentage of cell viability.

Figure 6. Fold change of Col1A1, Timp3, TERT, and MMP3 gene expressions in the five groups. The error bars represent standard deviations (SDs).
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groups, which would imply four pKa values. However, the
symmetric phenolic substituents in EA typically have two pKa
values attributed to them: 4-/4′-OH and 5-/5′-OH. The
diprotic origin of EA was convincingly demonstrated by Simic ́
et al.51 They detected two acidity constants, pKa1 and pKa2, with
values of 5.42 and 6.76, respectively.

Drug release from nanoparticles depends on several variables,
including the type of the polymer, the physicochemical
characteristics of the drug, the media’s pH, and how the drug
interacts with the carrier. The release of EA from the
biodegradable nanoparticles occurs through disintegration and
diffusion of EA from nanoparticle matrix and finally through
degradation of polymer matrix.

The multilamellar structure of CS-NIO-EA NPs exhibited an
initial fast release of EA from the surface layer, followed by a
diffusion-controlled release from the interior layers. Drugs
released through the vesicular system have been noted to have a
similar release pattern.42,52

The results showed that the encapsulation of EA into CS-
NIO-EA NPs produced a slower release profile compared to that
of the free EA form because the chitosan coat led to a more
controlled release time, which was confirmed by a previous
study.29 The slow release and encapsulation of the drug
improved the bioavailability of EA.

2.5. Cell Viability. The cytotoxicity 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay results for
the different HFB4 cell line treatment samples are shown in
Figure 5. UV irradiation reduced cell viability to ∼62%. When
EA (20 μg/mL) was added to the UV-exposed cell line sample,
the viability was increased up to ∼71.33%, whereas when NIO-
EA NPs and CS-NIO-EA NPs (as a treatment formula) were
added, the cell viability percentage reached 81.33 and ∼92.66%,
respectively. This finding indicates the protective effect of the
CS-NIO-EA formulation against UV-induced damage com-
pared with the positive control treated with UV only.

It is evident from these results that the carrier we designed
further helped protect the cells due to its permeability properties
across cell membranes and its higher drug loading, in addition to
the prolonged sustained release. Tween 80 functions as a P-
glycoprotein inhibitor. It has been observed that nanoparticles
based on Tween 80 can block P-glycoprotein-mediated drug
exocytosis.

2.6. Fold Changes in Skin Aging Gene Expression.
Figure 6 shows that MMP3 expression increased and Col1A1,
Timp3, and TERT expressions decreased in the UV-exposed
samples compared to that of the control sample, whereas
opposite trends were observed in the UV-EA, UV-NIO-EA, and
UV-CS-NIO-EA samples. The best results were observed in the
UV-CS-NIO-EA sample, and compared to the UV-exposed
sample, MMP3 was reduced by 64.02% and Col1A1, Timp3,
and TERT were intensified by 59.24, 83.83, and 63.61%,
respectively.

UV-CS-NIO-EA clearly affected the genes responsible for the
skin aging process (MMP3, CollA1, and Timp3). It can protect
against collagen degradation by downregulating MMP3
expression. Therefore, one strategy to stop UV-induced skin
photodamage is MMP3 inhibition. In addition, the upregulation
of CollA1 and Timp3 enhances collagen production and inhibits
protein degradation in the ECM20 in human fibroblast cell lines.
The intensification of TERT protects cells from telomere
shortening mediated by oxidative stress induced by UV
radiation.

3. CONCLUSIONS
The current findings demonstrate the photoprotective effects of
EA on skin wrinkling-induced UV-induced photodamage. The
effects were enhanced by the encapsulation of EA in chitosan-
coated niosomes, which could represent a good solution for
issues associated with degradation and bioavailability. Topical or
dietary interventions with EA loaded into chitosan-coated
niosomes are promising strategies for alleviating UVA-induced
dermal roughening and thickening and thus preventing skin
wrinkles and photoaging.

4. EXPERIMENTAL SECTION
4.1. Materials. EA, chitosan (Cs) (low molecular weight,

purity ≥ 99%), acetic acid, Tween 80 (purity ≥ 99%),
tripolyphosphate, ethanol, and cholesterol (purity ≥ 99.7%,
MW = 386.65) were purchased from Sigma-Aldrich Co.
(Schnelldorf, Germany). Phosphate-buffered saline (PBS)
with a pH of 7.4 was purchased from Bio Shop Canada Inc.
Human fibroblast (HFB4) cells were obtained from Egypt’s
Vaccines and Sera (VACSERA) Tissue Culture Department.
We purchased fetal bovine serum (FBS) from Invitrogen Corp.
(Carlsbad, CA). Hank’s buffer, trypsin, ethylenediaminetetra-
acetic acid (EDTA), and penicillin−streptomycin were obtained
from Gibco (Grand Island, NY). BioVision, Inc. (Milpitas CA)
provided the Qiagen RNA extraction kit, BioRad SYBR green
PCR MMX kit, and TERT (Human) ELISA kit. Aktin
Chemicals Inc. (Chengdu, China) provided the punicalagin
reference standard.

4.2. Methods. 4.2.1. Manufacturing of Niosomes.
Niosomes are formed through a process called thin film
hydration.32,53 Using a 2:1 molar ratio, 10 mL of ethyl alcohol,
10 μL of Tween 80, and 3 mg of cholesterol were poured into a
round flask and shaken rapidly until complete dissolution. The
thin layers of niosomes were created by evaporating ethanol
using a rotary evaporator (Janke & Kunkel RV05-ST, Germany)
at 50 rpm, low pressure, and 45 °C. The produced layers were
sonicated (WUC-A03H, Daihan, Korea) to produce tiny empty
vesicles after hydration with PBS buffer (pH 7.4) containing 2
μg/mL of EA. The capacity of niosomes and chitosan-coated
niosomes to encapsulate EA was measured by centrifugation
method.54−56 The sample was centrifuged at 11,000 revolutions
per minute at 4 °C for 30 min to remove free EA. The amount of
the separated free EA and the total amount of EA were measured
spectrophotometrically (JENWAY, 6405 UV/VIS, Barloworld
Scientific in Essex, U.K.) by measuring the absorbance of 1 mL
of each at 260 nm.57 The calibration curve of EA was made by
plotting the absorbance against concentration. The encapsula-
tion efficiency was calculated using the following equation32

= ×encapsulation efficiency (%)
total EA free EA

total EA
100

4.2.2. Preparation of Chitosan-Coated Niosomes. At
ambient temperature on a magnetic stirrer, a 25 mL chitosan
solution (0.05 g dissolved in 0.01% acetic acid) was mixed with
an aqueous solution of niosomes loaded with EA (NIO-EA).
Then, 10 mg/mL of triphosphate (10 mL) was added dropwise
until a specular suspension of chitosan-coated niosomes loaded
with EA (CS-NIO-EA) was formed. The uncoated EA was then
removed by centrifuging the mixture at 11,000 rpm and 4 °C for
half an hour. The encapsulation efficiency was then calculated.

4.2.3. Characterization of Nanoparticle Formulations. The
morphology, size, and surface shape of the nanoparticles were
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investigated using TEM (acceleration voltage = 100 kV; JEOL
JEM.1230, Japan), DLS, dynamic light scattering (Zetasizer,
Malvern Instruments, Malvern, United Kingdom), and SEM
(acceleration voltage = 30 kV; field emission model, Quanta 250
FEG).

The created formulations were stained with a 1% aqueous
solution of phosphotungstic acid and left to sit for 10 min before
being examined via TEM. Using a dynamic light scattering
technique, the average size of the nanoparticles distributed in
deionized water was determined at 25 °C. For the SEM
examination, the samples were lyophilized and capped with
platinum.

4.2.4. Ellagic Acid (EA) Release Profile. EA was released using
a dialysis procedure.58 A cellulose acetate dialysis bag (Spectra/
P or MW cutoff 12,000, Spectrum, Canada) containing 2 mL of
any of the three formulations (free EA, NIO-EA, or CS-NIO-
EA) was submerged in 100 mL of PBS buffer. Buffers of different
pH values were used for the in vitro drug release studies to
simulate the conditions of the stomach (pH 1.2), intestine (pH
6.8), and blood (pH 7.4) and assess the impact of pH on drug
release. The mixture was magnetically agitated at 50 rpm. Two
milliliters of the release buffer were immediately withdrawn after
1 h. The concentration of EA in the release buffer was measured
using a spectrophotometer at 260 nm. The measured release
buffer was returned to the mixture. The concentration
measurements were repeated 12 times over a 12 h period.

4.2.5. Cell Culture. HFB4 cells were cultured in 75 cm3 cell
culture flasks in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% FBS, streptomycin (125 μg/mL),
penicillin (100 units/mL), sodium pyruvate, and L-glutamate.
The cells were incubated in the culture medium at 37 °C for 2
days in a CO2 incubator (5% CO2 and 95% relative humidity).
The attached cells were collected using trypsin−EDTA (0.05%,
Sigma-Aldrich, Germany). After centrifugation with a relative
centrifugal force of 210 gravity for 5 min at room temperature,
the supernatant was removed, and the cells were resuspended in
the exposure medium (DMEM) and counted. The cells were
washed with PBS and centrifuged 2 times until reaching at least
80% confluency.59,60

4.2.6. UV Irradiation of HFB4 Cells. HFB4 cells were
irradiated using a UV-lamp (Bioblock Scientific, Illkirch,
France) with a power (P) of 8 W and a wavelength (λ) of 365
nm. A radiometer (VLX-3 W; Cole-Parmer, Vernon Hills, Ill)
was used to measure radiant energy. The cells were placed 8 cm
from the source and exposed for 1 h. Irradiation was performed
in 96-well plates under a laminar flow. After UV irradiation was
achieved, the cells were cultured for 24 h at 37 °C, after which
the medium was removed via centrifugation. For the upcoming
assays, the pellet was resuspended in PBS and then disseminated
in tubes of Hank’s buffer containing 0.25% of trypsin/EDTA.

4.2.7. MTT (Cytotoxicity) Assay. Cell viability was evaluated
using a colorimetric MTT assay. The reduction of the
tetrazolium dye MTT to insoluble purple formazan reflects
the presence of viable cells. Approximately one million cells were
resuspended in 10 mL of the culture medium supplemented
with 10% FBS, recultured in 96-microwell plates at a density of
8−10 × 103 cells per well, and incubated for 1 day at 37 °C. Cell
samples were divided into five groups: control; UV (positive
control): cell line subjected to UV irradiation (P = 8 W, λ = 365
nm); UV-EA: cell line treated with EA (20 μg/mL) during UV
exposure; UV-NIO-EA: cell line treated with NIO-EA NPs
during UV exposure; and UV-CS-NIO-EA: cell line treated with
CS-NIO-EA NPs during UV exposure. The plates were filtered

from the medium and incubated for 24 h at 37 °C before 10 μL
of MTT was added to each well. The 96-microwell plates of the
five groups were incubated for 4 h at 37 °C, and the plates were
measured at 570 nm using an ELISA reader.

4.2.8. Reverse Transcription Polymerase Chain Reaction
(RT-PCR) Assay. RT-PCR was performed to measure the fold
changes in Col1A1, Timp3, and MMP3 gene expressions, with
β-actin used as the housekeeping gene. The RNeasy extraction
kit was used to isolate mRNA. Cells were shattered and
homogenized using RLT buffer. Ethanol was then added to the
mixture to improve the environment for RNA to attach
selectively to the RNeasy membrane. The sample was then
poured into the RNeasy Mini spin column. Total RNA was
linked to the membrane, contaminants were successfully
removed, and high-quality RNA was filtered using RNase-free
water. Centrifugation was performed in a microcentrifuge to
complete the ligation, washing, and rinsing processes.
Subsequently, a Master Mix was created, and RT-PCR was
used to perform the amplification.

4.2.9. Telomerase Reverse Transcriptase (TERT) Enzyme
Assay. A TERT (human) ELISA kit (BioVision) was used to
prepare reagents, standards, and samples. One hundred
microliters of each sample and standard were added to a
hygienic plate, which was rinsed twice with a 1× wash solution.
The wells were sealed and incubated at 37 °C for 75 min. The
contents inside the plate were thrown away without being
cleaned or given a chance to properly dry. The wells received 0.1
mL of the biotin-detection antibody work solution before the
plate was capped, and incubation was performed for 60 min.
After discarding the solution, the plate was cleaned three times
by soaking the wells in the buffer solution for a short period of
time, decanting the solution, and clapping the plate with
absorbent filter papers. The plate was then incubated at 37 °C
for 30 min after the addition of the SABC working solution (0.1
mL) to the wells. The solution was removed from the plates and
washed five times. After adding 90 μL of TMB substrate, the
plate was incubated at 37 °C for 15−30 min in the dark. The
procedure was completed by adding 50 μL of stop solution, and
the absorbance was read at 450 nm for 20 min.

4.2.10. Statistical Analysis. Data were analyzed using SPSS
version 15.0. One-way analysis of variance (ANOVA) was used
to determine the differences between groups that were
statistically significant at P < 0.05. The data are presented as a
mean ± SD for three measurements.
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(51) Simic,́ A. Z.; Verbic,́ T. Ž.; Sentic,́ M. N.; Vojic,́ M. P.; Juranic,́ I.
O.; Manojlovic,́ D. D. Study of ellagic acid electro-oxidation
mechanism. Monatsh. Chem. 2013, 144, 121−128.

(52) Sonaje, K.; Italia, J.; Sharma, G.; Bhardwaj, V.; Tikoo, K.; Kumar,
M. R. Development of biodegradable nanoparticles for oral delivery of
ellagic acid and evaluation of their antioxidant efficacy against
cyclosporine A-induced nephrotoxicity in rats. Pharm. Res. 2007, 24,
899−908.

(53) Mohamad, E. A.; Mohamed, Z. N.; Hussein, M. A.; Elneklawi, M.
S. GANE can Improve Lung Fibrosis by Reducing Inflammation via
Promoting p38MAPK/TGF-β1/NF-κB Signaling Pathway Down-
regulation. ACS Omega 2022, 7, 3109−3120.

(54) Bendas, E. R.; Tadros, M. I. Enhanced transdermal delivery of
salbutamol sulfate via ethosomes. AAPS PharmSciTech 2007, 8, 213−
220.

(55) Mohamad, E. A.; Aly, A. A.; Khalaf, A. A.; Ahmed, M. I.; Kamel,
R. M.; Abdelnaby, S. M.; Abdelzaher, Y. H.; Sedrak, M. G.; Mousa, S. A.
Evaluation of natural bioactive-derived punicalagin niosomes in skin-
aging processes accelerated by oxidant and ultraviolet radiation. Drug
Des., Dev. Ther. 2021, 15, 3151−3162.

(56) Pham, T. T.; Jaafar-Maalej, C.; Charcosset, C.; Fessi, H.
Liposome and niosome preparation using a membrane contactor for
scale-up. Colloids Surf., B 2012, 94, 15−21.

(57) Mohamad, E. A.; Rageh, M. M.; Darwish, M. M. A sunscreen
nanoparticles polymer based on prolonged period of protection. J.
Bioact. Compat. Polym. 2022, 37, 17−27.

(58) Henriksen, I.; Sande, S. A.; Smistad, G.; Ågren, T.; Karlsen, J. In
vitro evaluation of drug release kinetics from liposomes by fractional
dialysis. Int. J. Pharm. 1995, 119, 231−238.

(59) Badr, D. A.; Amer, M. E.; Abd-Elhay, W. M.; Nasr, M. S.;
Abuamara, T. M.; Ali, H.; Mohamed, A. F.; Youssef, M. A.; Awwad, N.
S.; Ju, Y.-H.; Fazary, A. E. Histopathological and genetic changes
proved the anti-cancer potential of free and nano-capsulated sinapic
acid. Appl. Biol. Chem. 2019, 62, No. 59.

(60) Yang, R.; Zheng, Y.; Li, L.; Liu, S.; Burrows, M.; Wei, Z.; Nace, A.;
Herlyn, M.; Cui, R.; Guo, W.; et al. Direct conversion of mouse and
human fibroblasts to functional melanocytes by defined factors. Nat.
Commun. 2014, 5, No. 5807.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c07254
ACS Omega 2023, 8, 16620−16629

16629

https://doi.org/10.1016/j.jddst.2021.102866
https://doi.org/10.1016/j.jddst.2021.102866
https://doi.org/10.1016/j.jcis.2015.09.013
https://doi.org/10.1016/j.jcis.2015.09.013
https://doi.org/10.2147/IJN.S268846
https://doi.org/10.2147/IJN.S268846
https://doi.org/10.2147/IJN.S268846
https://doi.org/10.2147/IJN.S268846
https://doi.org/10.1016/j.colsurfb.2013.03.039
https://doi.org/10.1016/j.colsurfb.2013.03.039
https://doi.org/10.1016/j.colsurfb.2013.03.039
https://doi.org/10.1155/2011/695138
https://doi.org/10.1155/2011/695138
https://doi.org/10.1186/s13765-020-00531-z
https://doi.org/10.1186/s13765-020-00531-z
https://doi.org/10.1186/s13765-020-00531-z
https://doi.org/10.1016/j.msec.2016.11.014
https://doi.org/10.1016/j.msec.2016.11.014
https://doi.org/10.2147/IJN.S324171
https://doi.org/10.2147/IJN.S324171
https://doi.org/10.2147/IJN.S324171
https://doi.org/10.1016/j.matpr.2021.09.010
https://doi.org/10.1016/j.matpr.2021.09.010
https://doi.org/10.4103/2230-973X.107002
https://doi.org/10.4103/2230-973X.107002
https://doi.org/10.1155/2014/959741
https://doi.org/10.1155/2014/959741
https://doi.org/10.1155/2014/959741
https://doi.org/10.1021/jo802716v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo802716v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s00706-012-0856-8
https://doi.org/10.1007/s00706-012-0856-8
https://doi.org/10.1007/s11095-006-9207-y
https://doi.org/10.1007/s11095-006-9207-y
https://doi.org/10.1007/s11095-006-9207-y
https://doi.org/10.1021/acsomega.1c06591?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.1c06591?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.1c06591?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1208/pt0804107
https://doi.org/10.1208/pt0804107
https://doi.org/10.2147/DDDT.S316247
https://doi.org/10.2147/DDDT.S316247
https://doi.org/10.1016/j.colsurfb.2011.12.036
https://doi.org/10.1016/j.colsurfb.2011.12.036
https://doi.org/10.1177/08839115211061741
https://doi.org/10.1177/08839115211061741
https://doi.org/10.1016/0378-5173(94)00403-R
https://doi.org/10.1016/0378-5173(94)00403-R
https://doi.org/10.1016/0378-5173(94)00403-R
https://doi.org/10.1186/s13765-019-0462-0
https://doi.org/10.1186/s13765-019-0462-0
https://doi.org/10.1186/s13765-019-0462-0
https://doi.org/10.1038/ncomms6807
https://doi.org/10.1038/ncomms6807
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07254?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

