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KEYWORDS Abstract The skin plays a crucial role in maintaining hydration, preventing dehydration, and pro-
[isedlan @ tecting against harmful microorganisms. Skin injury can lead to inflammation and fluid loss, which
Gold nano-based treatments; are detrimental to human health. Nanotechnology has been proposed as a potential solution to pre-
Skin inflammation; vent skin damage because it can more effectively penetrate the skin barrier and deliver targeted
Autophagy; treatments directly to the cells that require them. In this study, we biosynthesized gold nanoparticles
PI3K/AKT signaling (AuNPs) using Isodon excisus (Maxim.) Kudo (IE) leaf tissue. The formation of IE gold nanopar-
pathway ticles (IE-AuNPs) was confirmed using various techniques. Furthermore, the cytotoxicity of IE-

AuNPs on human keratinocytes (HaCaT cells) was evaluated, and it was found that the IE-
AuNPs had no cytotoxic effect on HaCaT cells (50 pg/mL). The ability of IE-AuNPs to penetrate
HaCaT cells and reduce skin inflammation was investigated using dark-field microscopy (DFM)
and enzyme-linked immunosorbent assay (ELISA). Real-time quantitative reverse transcription-
polymerase chain reaction (QRT-PCR) was used to assess inflammatory biomarkers such as IL-6,
IL-8, CCL17/TARC, CCL27/CTACK, and CCL5/RANTES. Additionally, western blotting
demonstrated that IE-AuNPs exhibited anti-inflammatory effects on the skin by activating autop-
hagy biomarkers and inhibiting the PI3K/AKT signaling pathway at the upstream level. Overall,
our findings suggest that IE-AuNPs enhance the anti-inflammatory effect on skin cells and can
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be used in the development of nano-based treatments for skin-related diseases.
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1. Introduction

Atopic dermatitis (atopic eczema) is a chronic, relapsing, and remitting
inflammatory skin disease that affects approximately one in 10 individ-
uals during their lifetime (Kashaf et al., 2023). The pathogenesis of ato-
pic dermatitis involves a complex interplay between immune
dysregulation, epidermal gene mutations, and environmental factors,
which collectively disrupt the epidermis and result in the development
of intensely pruritic skin lesions (Tai et al., 2023). The repetitive act of
scratching initiates a self-perpetuating itch-scratch cycle, further exac-
erbating the condition and significantly impacting the patient’s quality
of life. While certain treatments, such as crisaborole and dupilumab,
have shown effectiveness in managing atopic dermatitis, their high cost
currently limits their accessibility to the majority of patients (Shahin
et al., 2023). Therefore, there is an urgent demand for the development
of new, affordable, and well-tolerated therapeutic interventions for
atopic dermatitis. A substantial body of evidence supports the role
of keratinocytes as enhancer cells in immune responses associated with
atopic dermatitis (Papa et al., 2023). Keratinocytes, which are the most
abundant cells in the epidermis, play a critical role in maintaining the
barrier function of the skin and protecting it from external factors. In
addition to their protective and structural functions, keratinocytes reg-
ulate skin inflammation by producing various proinflammatory cytoki-
nes, chemokines, and other signaling molecules that activate immune
cells, such as macrophages and dendritic cells, which in turn amplify
the inflammatory response (Guan et al., 2023). Keratinocytes express
cytokine and chemokine receptors that recruit and activate immune
cells to combat inflammation. Keratinocytes play a pivotal role in reg-
ulating skin inflammation by interacting with immune cells via various
receptors. However, keratinocyte dysfunction can lead to chronic
inflammation and skin disorders, including psoriasis, atopic dermatitis,
and acne (Calabrese et al., 2022). Therefore, it is necessary to identify
therapeutic strategies to treat and protect the keratinocytes of the skin
with the aim of preventing and treating skin inflammation as well as
meet the unmet medical needs of individuals suffering from diverse
skin disorders, leading to improved quality of life and overall skin
well-being.

Nanobiotechnology focuses on the development of biodegradable
nanomaterials, such as biologically active nanoparticles (NPs), and
their potential biomedical applications (Kumar et al., 2022). Nanoma-
terials possess diverse applications in healthcare, medicine, and drug
delivery, including in cell imaging, biosensing, photodynamic therapy,
and targeted drug delivery for chemotherapy (Abdel-Mageed et al.,
2021). Gold nanoparticles (AuNPs) have received considerable atten-
tion because of their tunable plasmon resonance surfaces and unique
optoelectronic characteristics, making them promising for use in dis-
ease detection and drug delivery, skin disease treatment, cosmetic for-
mulations, and various other biomedical applications (Anik et al.,
2022; Khan et al., 2022). However, the physical and chemical produc-
tion of AuNPs is expensive and can cause environmental issues (Hosny
et al., 2022; Rani et al., 2023). Therefore, it is essential to develop a
more eco-friendly and cost-effective method for their synthesis
(Firdhouse & Lalitha, 2022). Plant-mediated synthesis of metallic
NPs is an emerging method that has gained attention. The use of plant
extracts for the synthesis of nanomaterials is a potentially green tech-
nology because aqueous extracts are simple, affordable, stable, and
flexible (Roy et al., 2022; Sahu et al., 2022). Plant leaf extracts have
been used as reducing and capping agents in NP synthesis
(Dhandapani et al., 2021; Irfan et al., 2022). The alkaloids, polyphe-
nols, flavonoids, and terpenoids present in plant extracts enhance
metal ion reduction and promote the production of metal NPs

(Kerketta & Sahu, 2023). Bioactive phytomolecules absorbed onto
the NP surfaces can also enhance their antioxidant, antibacterial,
anti-inflammatory, and anticancer properties (Nadaf et al., 2022).
Therefore, green synthesis using plant extracts is a promising approach
for improving the bioavailability of nanomaterials and has potentially
beneficial effects in skin applications.

Isodon excisus (IE) is a plant species belonging to the Lamiaceae
family that is widely found in Korea. It has traditionally been used
in folk medicine to treat gastrointestinal and detoxification issues.
Recent studies have revealed that the leaves of 1E contain various bio-
genic phytomolecules such as alkaloids, flavonoids, tannins, phenolic
compounds, saponins, and triterpenoids, which are responsible for
the bioactivity of IE (Sobhy et al., 2022). Previous studies have demon-
strated the efficacy of these compounds as natural reducing agents
(Dhandapani et al., 2023). Nevertheless, further investigation is
required to explore the potential medical properties of AuNPs synthe-
sized using IE as a reducing agent. In this study, we employed the
unique green synthesis approach of utilizing the IE leaf extract to syn-
thesize AuNPs through a green and sustainable method. To the best of
our knowledge, this is the first study to synthesis AuNPs using natural
extracts from IE in conjunction with green nanotechnology.

2. Materials and methods

2.1. Extraction and identification of secondary metabolites from
IE leaf tissue

Leaf tissue from IE was collected from the northern Gyeonggi
region, located adjacent to the demilitarized zone in the
Republic of Korea. The plant identification process was car-
ried out by Dr. J. K. Kim, a senior researcher affiliated with
the Gyeonggido Business and Science Accelerator, Gyeonggi
Biocenter in Suwon, South Korea. A voucher specimen (GB-
0006) was meticulously preserved and cataloged within the
department for future reference purposes. The obtained leaf
tissue was subjected to air-drying, and the resulting dried
material was extracted with 70% ethanol (5 L) over a period
of 3 days at temperatures ranging from 20 to 25 °C. The
extract was subjected to filtration employing a 20-pm filtering
cloth (Hyundai Micro, Anseong, South Korea), followed by
concentration using a vacuum evaporator (Buchi Korea Inc.,
Gwangmyeong, South Korea), and subsequently dried using
a lyophilizer (Ilshin Biobase, Daejeon, South Korea). This pro-
cess yielded a powdered formulation of the 70% ethanolic
extract. The main constituents present in the IE were identified
using ultra-performance liquid chromatography-tandem mass
spectrometry (UPLC-MS/MS; LTQ Orbitrap XL; Thermo
Electron, Waltham, MA, USA).

2.2. Synthesis of IE-AuNPs using IE extract

In this experiment, extract from IE was used to facilitate the
biosynthesis of AuNPs. The synthesis of IE-AuNPs was con-
ducted at different concentration conditions of HAuCly-3
H,O (ranging 0.5-2.5 mM) and IE extract (ranging 1.5—
3 mg/mL). The reaction temperature (ranging 30-60 °C) and
duration (ranging 20-50 min) were also adjusted to generate
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optimized IE-AuNPs. The obtained IE-AuNPs were rinsed
with distilled water and centrifuged for 20 min at
12,500 rpm. The resulting dried IE-AuNPs sample was placed
at 4 °C for further experiments. AuNP generation was detected
using a double-beam ultraviolet—visible (UV-Vis) spectrometer
(Optizen POP; Mecasys, Daejeon, Korea) at wavelengths rang-
ing 300-800 nm. After optimization, multiple trials were car-
ried out to ensure the accuracy and reliability of the
synthesis. Specifically, we performed three independent trials
for synthesis.

2.3. Characterization of 1E-AuNPs

Transmission electron microscopy (TEM) and energy-
dispersive X-ray (EDX) spectroscopy were used to examine
the size, shape, and percentage of gold in IE-AulNPs. A sample
of the expelled molecule was placed on a TEM grid and images
were captured. To detect the development of the particles, X-
ray diffraction (XRD), Fourier transform infrared spec-
troscopy (FT-IR), and selected area electron diffraction
(SAED) were used to assess the crystallinity of the NPs. An
optical particle analyzer for dynamic light scattering (DLS)
was used to identify the NP size and dispersion. Atomic field
microscope (AFM) imaging to further investigate the size dis-
tribution of the IE-AuNPs. Table S1 lists the characterization
techniques used in this study.

2.4. Cell viability of IE-AuNPs on HaCaT cells

The HaCaT (human keratinocyte) cell line was purchased
from Cell Line Service (CLS, Eppelheim, Heidelberg, Ger-
many). The HaCaT cells were cultured in Dulbecco’s Modified
Eagle Medium (DMEM) supplemented with 10% heat-
inactivated fetal bovine serum (FBS) and 1% penicillin—strep-
tomycin (PS). The culture was maintained at 37 °C in a humid-
ified incubator with 5% CO, and 95% air.

The inhibitory activity of the samples was assessed using a
conventional 2,5-diphenyl-2H-tetrazolium bromide (MTT)
assay. HaCaT cells were seeded in a 96-well plate at a density
of 1 x 10° cells per well and allowed to stabilize. Different con-
centrations of IE and IE-AuNPs were added to the cells. After
24 h of incubation, the samples were treated with dimethyl sul-
foxide (DMSO) for one hour. Subsequently, MTT solution
(5 mg/mL) was added, and the formed formazan crystals were
allowed to develop. The absorbance of the solution was mea-
sured at 570 nm using a microplate reader (SpectraMax®
ABS Plus, San Jose, CA, USA).

2.5. Assessment of cellular internalization

HaCaT cells were seeded into culture dishes at a density of
5 % 10* cells per well and allowed to stabilize for 24 h. Follow-
ing the replacement of the culture medium, the cells were trea-
ted with IE-AuNPs at a concentration of 50 pg/mL for either 1
or 3 h. Further, rinse with phosphate-buffered saline (PBS),
the cells were fixed using a 4% paraformaldehyde solution
obtained from Sigma. Subsequently, the uptake capacity of
IE-AulNPs was visualized using a high-resolution enhanced
dark-field (EDF) microscopic system provided by Cytoviva,
Inc. located in Auburn, USA.

2.6. LIVE/DEAD staining

Cell viability was performed using a LIVE/DEAD staining
kit obtained from Invitrogen Biotechnology, Waltham,
MA, USA. The staining allowed for differentiation between
live cells, which appeared green, and dead cells, which
appeared red. After loading the cells into the microfluidic
devices, the culture chambers of the microfluidic chip were
rinsed with PBS (HyClone) for 1-3 min to clean them. Sub-
sequently, the Live/Dead Cell Imaging Kit was added, and
the cells were incubated at 37 °C for 15-30 min. The culture
chambers were then examined using a fluorescence
microscope.

2.7. ROS and Mito-SOX production

To measure intracellular reactive oxygen species (ROS)
release, a cellular ROS/superoxide detection assay kit from
Abcam, Cambridge, USA, was employed. HaCaT cells
(1 x 10° cells) were seeded in six-well plates and treated with
different concentrations of IE and IE-AuNPs for 24 h. Subse-
quently, 0.4 pL of oxidative stress and superoxide detection
reagents were added to the cells. After a 30 min incubation per-
iod, fluorescence was quantified using a microscope from Leica
Microsystems, Wetzlar, Germany.

2.8. Enzyme-linked immunosorbent (ELISA) analysis

The cells were seeded in 96-well plates at a density of
1 x 10° cells/well. After pretreatment with IE-AuNPs and
IE at different concentrations (25 and 50 pg/mL) for 24 h,
the cells were exposed to TNF-o/IFN-y (T + I). The super-
natants were collected and analyzed for the presence of pro-
inflammatory cytokines, chemokines, and hyaluronic acid
using an enzyme-linked immunosorbent assay (ELISA) kit
from R&D Systems, Minneapolis, MN, USA. Supplemen-
tary Table S2 provides information about the ELISA Kkits
utilized in this study.

2.9. Real-time quantitative reverse transcription-polymerase
chain reaction (qRT-PCR)

The HaCaT cells were seeded and cultured for 24 h. Follow-
ing a change in the culture medium, the sample was added
and incubated for an additional 24 h. To extract cellular
mRNA, TRIzol lysis was performed after two washes with
PBS from Invitrogen, Carlsbad, CA, USA. The RNA was
then reverse transcribed into complementary DNA (cDNA)
using an RNA-to-cDNA reverse transcription kit from Invit-
rogen, Carlsbad, CA, USA. Quantitative reverse
transcription-polymerase chain reaction (qRT-PCR) was
conducted using SYBR® Green Sensimix Plus Master Mix
obtained from Quantace, Watford, UK. The primer
sequences used in the experiment were provided by Macro-
gen, Seoul, Republic of Korea, and are listed in Supplemen-
tary Table S3. The threshold cycle of each reaction was
determined, in our previous study (Wang et al., 2023). In
this study, beta-actin served as the reference gene or house-
keeping gene.
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2.10. Western blotting

The HaCaT cells, after treatment, were lysed in RIPA lysis
buffer obtained from Thermo Fisher Scientific, Waltham,
MA, USA. A Thermo Fisher Scientific electrophoresis cham-
ber was used to separate 50 pg of total protein using 10%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), and subsequently transferred to a polyvinyli-
dene fluoride (PVDF) membrane. Prior to the addition of pri-
mary antibodies, the blots were blocked with 5% skim milk in
phosphate-buffered saline (PBS) for 1 h at room temperature.
The primary and secondary antibodies are listed in Supple-
mentary Table S4. The membrane was incubated with a horse-
radish peroxidase (HRP)-conjugated secondary antibody for
1 h, followed by incubation with 0.1% Tris-buffered saline
(TBS). Protein bands were detected and quantified using an
enhanced chemiluminescence reagent from Thermo Fisher Sci-
entific. Immunoreactive bands were visualized and quantified
using the Alliance MINI HD9 AUTO Immunoblot Imaging
System from UVItec Limited, England, UK, with the assis-
tance of ImagelJ software.

2.11. Statistical analysis

Three independent experiments were carried out in duplicate,
and the results were expressed as the mean value along with
the standard deviation (SD). Statistical analysis was performed
using GraphPad Prism 8 software. Student’s t-tests were
employed to determine the statistical significance of observed
differences. The significance thresholds for all comparisons
were established as *p < 0.05, **p < 0.01, and
*¥*¥p < 0.001, respectively.

3. Results and discussion

3.1. Identification and quantification of flavonoids in IE extract
using UPLC-MS/MS

To identify the primary phytochemicals in the IE extract,
UPLC-MS/MS and MS were performed (Hwang et al.,
2021). The photodiode array (PDA) chromatogram and base
peak chromatogram (BPC) were analyzed, and the results
are presented in Fig. SI A-B. The mass-to-charge ratio (m/z)
was determined using MS and tandem MS (MS/MS), and an
in-house spectral library was used to identify the primary
peaks with a mass accuracy of <5 ppm. Three major peaks
were identified in the BPC at retention periods of 6.48, 6.69,
and 7.92 min, and their source ions at 611.1585, 465.1012,
294.1562, and 361.0901, respectively, were confirmed using
MS analysis in positive ionized mode (M + H] + ). These
peaks correspond to the three main flavonoids, rutin, hyper-
oside, and rosmarinic acid, in the IE extract. Therefore, these
three flavonoids are regarded as major phytochemicals
(Muvhulawa et al., 2022). Previously, Hong et al. identified
five dimeric ent-kaurane diterpenoids isolated from the metha-
nol extract of the aerial parts of IE. However, our research pre-
sents the initial evidence to demonstrate the presence of three
established compounds, in IE: rutin, hyperoside, and ros-
marinic acid.

3.2. Optimization of IE-AuNPs synthesis conditions

Plant leaf extracts contain a wide variety of bioactive phyto-
molecules such as alkaloids, flavonoids, tannins, phenolic com-
pounds, saponins, and triterpenoids (Mlozi et al., 2022).
Polyphenols and flavonoids present in the extract can convert
gold ions to zero-valent molecules during the synthesis of com-
pounds by reduction and oxidation reactions (Sabir, 2022).
This process generates keto-form products and AuNPs, which
are stabilized and encapsulated by the secondary metabolites
present in the extract (Guan et al., 2022; M. Wang et al.,
2021). Therefore, the leaf extract of this plant contains a vari-
ety of bioactive phytomolecules that can be used as reducing
and capping agents in the synthesis of AuNPs. In our study,
leaf tissue extract (IE) was used as a reducing and capping
agent to synthesize IE-AuNPs. The synthesis process was per-
sonalized by adjusting various factors such as the concentra-
tion of gold salt and IE extract, as well as the temperature
and duration of the reaction. The optimal values for the syn-
thesis process were found to be 2.5 mg/mL for IE and 2 mM
for HAuCl, 3H,O, with a temperature of 50 °C and a duration
of 30 min (Fig. | A-D). The successful synthesis of IE-AuNPs
was confirmed using UV-Vis spectra analysis and the purple
color and the sharp peak at 548 nm corresponding to the local-
ized surface plasmon resonance (LSPR) of the synthesized I1E-
AuNPs, as shown in Fig. 1 E. Optimum conditions are sum-
marized in Fig. 1 F.

3.3. Physicochemical characterization of IE-AuN Ps

Transmission electron microscopy (TEM) is a technique used
to obtain high-quality images of nanoscale NPs. The size
and shape of the synthesized NPs, as well as their reliable
structural morphology, were observed in the TEM images
(Ielo et al., 2021). Fig. 2 A depicts the shape of the synthesized
AuNPs with sizes ranging 10-100 nm and shapes that are
polygonal, triangular, and hexagonal, as determined by TEM
images of the AuNPs. Furthermore, Fig. 2 B displays
Energy-Dispersive X-ray Spectroscopy (EDS) mapping images
of IE-AulNPs, wherein the localization of Au is emphasized by
the color red. Based on the analysis of the EDX spectra, the
optical absorption peaks corresponding to Au (2.1 keV) and
copper (8 keV) were observed, respectively. Previous research
suggested that the application of a copper grid for Transmis-
sion Electron Microscopy (TEM) structural evaluation may
produce a copper peak (Ngo et al., 2022). XRD analysis is a
technique used to determine the crystal structure and orienta-
tion of materials by analyzing the diffraction of X-rays by the
crystal lattice planes (Bunaciu et al., 2015). In AuNPs, XRD
analysis can reveal characteristic diffraction peaks that provide
information about their crystal structure. In Fig. 2 C-D, XRD
and SAED were employed to identify the crystal structure of
IE-AuNPs. The observed primary peaks at 111, 200, 220,
and 311 indicate a face-centered cubic crystal structure of the
gold lattice planes of Bragg’s reflection. The intensity of the
(111) peak suggests a preferential orientation of the nanopar-
ticles along this crystal plane. The (200), (220), and (311)
peaks provide further insights into the arrangement of atoms
within the nanoparticles (Dhandapani et al., 2021). The forma-
tion of a crystalline structure in AuNPs occurs during their
synthesis process, as gold ions are reduced and stabilized, lead-
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The optimization of the synthesis of IE-AuNPs using UV-Vis spectroscopy. (A) IE concentrations ranging 1.5-3 mg/mL, (B)

shows Au salt concentrations ranging 0.5-2.5 mM. (C) demonstrates the impact of temperature fluctuations (30-60 °C), and (D)
represents the effect of the incubation period (2050 min). The UV absorbance of the optimized IE-AuNPs at 545 nm is shown in (E), and
(F) presents the optimal conditions for the synthesis of IE-AuNPs.

ing to the aggregation and arrangement of atoms into a regular
crystal lattice (Kandathil & Manoj, 2023). In addition to
XRD, SAED is another technique that can be used to study
the crystal structure of AuNPs. By analyzing the diffraction
patterns obtained from the interaction of a focused electron
beam with the nanoparticles, can determine the crystal orienta-
tion and lattice arrangement, providing valuable information
about the nanoparticle’s crystalline nature and crystallo-
graphic properties (Bhamare, 2022; Rasmi & Mansoureh,
2022). Therefore, the XRD peaks and SAED observed in IE-
AuNPs, including (111), (200), (220), and (311), indicate
their crystalline structure and provide insights into their crys-
tallographic orientation and arrangement. Moreover, as illus-
trated in Fig. S2, the TEM image analysis revealed an inter-
planar distance (d) of 0.234 nm between parallel atomic planes.
This distance corresponds to the (111) crystallographic plane,
indicating a crystalline structure similar to the findings from
XRD and SAED analyses. Upon performing the calculations,
that the lattice parameter of the IE-AuNPs is a = 4.07. This
lattice parameter corresponds to a specific inter-planar dis-
tance, providing valuable insights into the nanostructure and
crystallographic arrangement of the synthesized nanoparticles.
The consistency of these results further supports the presence
of a well-defined crystalline structure in the synthesized
nanoparticles. DLS analysis was conducted to determine the
size characteristics of IE-AuNPs. In Fig. 2 E the results
showed that the intensity size was measured at 135.40 nm,
while the volume size was determined to be 127.00 nm.
Although both TEM and DLS are used to measure particle
size, the results may differ owing to their unique properties
(Nojoki et al., 2022). Furthermore, AFM analysis was
employed to validate the size of the IE-AuNPs, yielding mea-

sured size values of 98 nm (Fig. S3). The incorporation of
AFM analysis allows for a more comprehensive understanding
of the size and morphology of the IE-AuNPs in three dimen-
sions. Multiple studies have documented that FT-IR analysis
is advantageous for investigating the surface characteristics
of plant-sourced AuNPs as well as for predicting potential
interactions between the AuNPs and various functional
groups. Therefore, the functional groups of IE-AuNPs, IE,
and Au salts were analyzed using an FT-IR spectral library
to confirm that IE was the basis for the synthesis of IE-
AuNPs. In Fig. 2 F, the spectral analysis revealed distinctive
bands observed at wavenumbers of 3340.7 cm~' for the IE-
AuNPs, 3310.0 cm ™! for IE, and 3331.15 cm ™! for the Au salt.
These bands can be attributed to the O-H stretching group of
phenols or alcohols, as indicated by the spectral library
(Barabadi et al., 2015). The C-H stretch of the methylene
groups of the protein was related to the bands at
2924.2 cm™! of IE-AuNPs and 2926.8 of IE. The presence of
the stretched C O group can be identified by the band
observed at a wavenumber of 1716.52 cm™' for IE-AuNPs
(R. Wang et al., 2021). The C = O stretching and C = C
alkene bonding seemed to be attributed to the primary charac-
teristic peaks at 1647.1 cm ™' for IE-AuNPs, 1691.5 cm ™ for
IE and 1613.16 cm ™" for the Au salt, most likely due to the car-
bonyl group and amine (Das et al., 2011). The CH bending
vibration results from the presence of alkenes and aliphatic
amine functional groups, and it can be identified by the signals
at 1366.2 cm~! in IE-AuNPs and those at 1598.2 cm™!,
1372.2 cm ™ 'and 1033.9 cm ! in IE (Ahmad et al., 2017). Infra-
red (IR) spectra revealed that IE-AulNPs contain functional
groups, including aromatic, hydroxyl, and carbonyl (aldehyde)
groups, which are thought to originate from the flavonoids
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Fig. 2 Physiochemical characterization of IE-AuNPs. (A) Morphological properties of IE-AuNPs were determined using transmission
electron microscopy (TEM). (B) Energy-dispersive X-ray (EDX) spectroscopy confirmed the elemental composition of IE-AulNPs. (C) X-
ray diffraction (XRD) spectroscopy was used for crystalline structure determination of IE-AuNPs. (D) Crystalline structure of IE-AuNPs
was determined using the selected area electron diffraction (SAED) pattern from TEM. (E) Dynamic light scattering (DLS) spectroscopy
provided intensity and volume distributions of IE-AulNPs. (F) Infrared absorption spectrum produced using Fourier-transform infrared
(FT-IR) spectroscopy for confirmation of chemical linkage confirmation in IE-AuNPs.

present in IE, such as rutin, hyperoside, and rosmarinic acid.
Previous studies suggested that these flavonoids play crucial
roles in the reduction, capping, and stabilization processes dur-
ing the biosynthesis of AuNPs (Lee et al., 2020). Hence, it is
plausible to propose that the hydroxyl and carbonyl groups,
specifically those present in the mentioned flavonoids obtained
from IE, function as active components responsible for the
reduction, capping, and stabilization of the IE-AuNPs during
the synthesis process. Finally, we conducted Zeta potential
analysis of the IE-AuNPs both initially and after a six-
month period to evaluate their long-term stability. As shown
in Fig. S4 (A — B), the initial Zeta potential analysis revealed
a value of —55.77 mV, indicating a highly stable dispersion
with strong repulsion among the particles. This finding aligns
with our previous characterization, highlighting the favorable
stability of the IE-AuNPs under normal conditions. Following
a six-month duration, the Zeta potential value showed a slight
decrease to —44.67 mV. While this decrease suggests a reduc-
tion in stability compared to the initial measurement, it is
important to note that the value remains relatively high. The
Zeta potential value of —44.67 mV still signifies the presence

of a significant repulsive force among the particles, contribut-
ing to their overall stability. In summary, the Zeta potential
analysis confirms the favorable stability of the IE-AuNPs, as
evidenced by the initial high Zeta potential value. Although
a slight decrease in Zeta potential was observed after the six-
month period, it is noteworthy that the value remains rela-
tively high, indicating the presence of an appreciable repulsive
force among the particles. This assessment of the Zeta poten-
tial provides valuable insights into the long-term stability of
the TE-AuNPs and further supports their suitability for the
intended application.

3.4. Evaluation of the cell viability and uptake of IE-AuNPs in
HaCaT cells

The viability of HaCaT cells treated with IE-AuNPs and IE
was evaluated using an MTT assay. Cells were treated with
various concentrations of IE-AuNPs, dexamethasome (PC)
and IE ranging 6.25-100 pg/mL, for 24 h. High doses
(> 50 pg/mL) were found to be toxic, as shown in Fig. S5. Fur-
ther studies were performed using non-toxic doses of IE-
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AuNPs and IE with concentrations of 25 and 50 pg/mL and
PC at 20 pg/mL (Fig. 3 A). Live/dead staining shown in
Fig. 3 B, was performed to confirm the effects of IE-AuNPs
and IE on HaCaT cells. No cytotoxicity was observed in
HaCaT cells when IE was synthesized from IE-AuNPs.

The cellular uptake of TE-AuNPs into HaCaT cells was
confirmed using EDF microscopy. In Fig. 3 C, DIC and TIRS
images demonstrate that IE-AulNPs initially accumulated on
the cell wall after 1 h and subsequently penetrated the cells
after 3 h, indicating a time-dependent uptake.

Previous studies have demonstrated that NPs could be
internalized into macrophages by fluid-phase endocytosis.

The overall uptake of NPs was described as a two-step process,
including the binding of NPs on the cell membrane and the
internalization of the reactive sites by an endocytosis pathway
(Olivieri et al., 2022). Similarly, we also observed that IE-
AuNPs in HaCaT cells also displayed such two-step. That is,
nanoparticle endocytosis is first triggered by an adsorption
step on the outer membrane of the cell. A large number of
studies have shown that the cell surface has many large anionic
domains (Li et al., 2022). We therefore believe that the aggre-
gation effect of anionic nanoparticles may be due to their
repulsive interactions with negatively charged domains. The
mechanism of nanoparticle penetration into keratinocytes gov-
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Fig. 3  Toxicity and anti-inflammatory activity evaluation of IE-AuNPs and IE against human epidermal keratinocytes (HaCaT cells).
(A) Cell viability of IE-AuNPs, IE and PC on HaCaT cells, as determined using MTT assay. (B) LIVE and DEAD staining in IE-AuNPs
and IE treated HaCaT cells. (C) Differential interference contrast (DIC) and total internal reflection scattering (TIRS) microscopic images
of the cellular uptake of IE-AuNPs in HaCaT cells. (D) Cytokines secretion (IL-6, IL-8, and TARC) evaluation using ELISA. (E) The
mRNA expression analysis of IL-6, IL-8, CCLI7/TARC, CCL5/RANTES, and CCL27/CTACK. NC, negative control treated with
medium alone; T + I, inflammation-induced control treated with T + I alone; PC, positive control treated with dexamethasone followed
by T + I stimulation. The crosshatch marks indicate significant differences between NC and T + 1, and asterisks indicate significant
differences between T + I and each group. # and * p < 0.05; ## ** p < 0.01; and *** p < 0.001.
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erned by diverse pathways and influenced by several nanopar-
ticle characteristics (Augustine et al., 2020). Overall, our find-
ings highlight the non-toxic nature of IE-AuNPs on HaCaT
cells up to a concentration of 50 pg/mL and the temporal
dynamics of their uptake.

3.5. Augmentation of anti-inflammatory activity in keratinocytes
by treatment with IE-AuNPs

We explored the activty of IE-AuNPs on inflammatory skin
diseases (ISDs) using HaCaT cells. Inflammatory skin condi-
tions are caused by inflammatory chemokines and cytokines
(Tsai et al., 2022). Epidermal keratinocytes, constituting
approximately 90% of the cellular population within the epi-
dermis, assume a pivotal role in the advancement and patho-
genesis of dermatitis-associated disorders. They actively
engage in intricate cellular interactions during inflammatory
responses within the skin. The involvement of keratinocytes
and their secreted CC chemokine ligands (CCLs), including
CCL5 (RANTES), CCL17 (TARC), CCL22 (macrophage-
derived chemokine, MDC), CCL27 (CTACK), as well as
CXC chemokine ligands (CXCLs) such as CXCLS8 (IL-8),
has been well-established in the initiation and progression of
inflammatory skin diseases. These chemokines function by
orchestrating the recruitment of immune cells to the inflamed
skin tissue. In particular, these inflammatory chemokines can
be significantly upregulated in keratinocytes when stimulated
with macrophages or T cell-secreting cytokines such as TNF-
o and IFN-y. Therefore, recent studies have focused on the
potential of downregulating these inflammatory chemokines
and understanding their underlying mechanisms of action in
T + I-induced keratinocytes to develop effective treatments
for ISDs. HaCaT cells stimulated with T + I (10 ng/mL) were
treated with IE-AuNPs, IE, or PC. As shown in Fig. 3 D, the
T + I-induced production of TARC/CCLI17, interleukin 6
(IL-6), and interleukin 8 (IL-8) induced by T + I was inhibited
by IE-AuNPs, IE, and PC. The mRNA expression levels of /.-
6, IL-8, TARC/CCLI17, normal T cell expressed and presum-
ably secreted (RANTES/CCLI5), and cutaneous T cell-
attracting chemokine (CTACK/CCL27) were measured using
qRT-PCR. Fig. 3 E shows that IE-AuNPs downregulated
the expression of these genes in T + I-stimulated HaCaT cells,
whereas IE and PC did not have as much of an effect. These
findings indicate that IE-AuNPs can inhibit the expression of
chemokines and cytokines induced by T + I in HaCaT cells,
suggesting their ability as anti-inflammatory drugs for the
treatment of ISDs.

3.6. Potential therapeutic application of 1E-AuN Ps for restoring
mitochondrial function in inflammatory conditions of
keratinocytes

Inflammation is a multifaceted biological reaction that tis-
sues undergo in response to detrimental stimuli such as
pathogens, injured cells, or irritants. Inflammatory reactions
can lead to the generation of ROS and mito-SOX, which can
damage cellular components and contribute to mitochondrial
dysfunction. The involvement of impaired mitochondrial
function has been implicated in the development of different
inflammatory disorders, including diseases related to der-
matitis. Recent studies have shown that NPs, such as

AuNPs, can modulate cellular signaling and affect mitochon-
drial function. Therefore, we explored the activity of IE-
AuNPs to prevent ROS and mito-SOX formation and to
restore mitochondrial function in HaCaT cells treated with
T + I, which mimics inflammatory conditions. In Fig. 4
A-B, results shows that IE-AuNPs had a higher ability to
prevent ROS and Mito-SOX formation than IE, indicating
their improved anti-inflammatory effects. Furthermore, as
shown in Fig. 4 C-F, IE-AuNPs treatment resulted in
increased expression of TOM20 and TIM?23, which are mito-
chondrial function markers, and decreased expression of
PINKI and PARKIN, which was consistent with the results
of western blotting (Fig. 4 G), suggesting that IE-AuNPs
could restore the function of mitochondria damaged by
T + 1 treatment. These findings suggested that IE-AuNPs
have potential therapeutic applications in mitochondrial
dysfunction-associated diseases, including inflammatory skin
diseases.

3.7. IE-AuN Ps modulate keratinocyte inflammatory response
through autophagy-related signaling pathway

Inflammation is an intricate immune system response to
detrimental stimuli, such as pathogens or damaged -cells,
characterized by complex biological processes. It regulated
by various signaling pathways, and autophagy plays a main
role in this process. Autophagy is a universally preserved cel-
lular mechanism that encompasses the degradation of cellu-
lar constituents, including damaged organelles or protein
aggregates, via the lysosomal machinery. The perturbation
of autophagy has been implicated in numerous physiological
processes, highlighting its significance in the exploration and
development of novel therapeutic approaches for these dis-
eases (Abad-Jiménez et al., 2022; Chen et al., 2022). Beclinl
plays a crucial role in initiating autophagosome formation
and facilitates the recruitment of other autophagy-related
genes (Atgs). The conversion of cytoplasmic LC3a to
LC3b is a significant event in the activation of autophagy,
and the LC3b/LC3a ratio serves as a widely employed indi-
cator for monitoring autophagy. Additionally, p62 acts as a
key mediator in identifying and transporting unwanted cargo
to autophagosomes, ultimately leading to their degradation.
Consequently, when autophagy flux is obstructed, the abun-
dance of p62 protein increases, indicating its potential as a
marker for autophagy impairment. Our results indicated that
the increase in inflammasomes generated by T + I in
HaCaT cells was significantly reduced by the addition of
IE-AuNPs. Although T + I treatment decreased the expres-
sion of autophagy indicators, such as the conversion of LC3-
a to LC3-b and the production of Beclinl, it increased the
expression of p62, demonstrating the inhibition of autophagy
in HaCaT Cells. In contrast,treatment with IE-AuNPs in
HaCaT cells restored the autophagy markers to their prior
levels of expression (Fig. 5 A—E), which shows that IE-
AuNPs effectively promote the initiation and progression
of the autophagic process.

Moreover, the autophagy signaling mechanism in the regu-
lation of inflammation and autophagy in T + I induced
HaCaT cells was investigated. Chloroquine (CQ), an inhibitor
of autophagic flux that increases the LC3b/a ratio and p62
content, was used to block autophagy (Le et al., 2022;
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Fig. 4

IE-AuNPs alleviate T + I-induced mitochondrial dysfunction in HaCaT cells. (A) Fluorescence images and (B) quantification of

the results from HaCaT cells treated with IE-AulNPs, following staining with ROS and Mito-SOX. (C) mRNA expression levels of
TOM?20, (D) TIM23, (E) PINKI, and (F) PARKIN were analyzed using qPCR. (G) Immunoblot analysis of TOM20, TIM23, PINK1, and
PARKIN protein expression, with all bands standardized to B-actin. Negative control (NC) cells were treated with medium alone,
inflammation-induced control (T + I) cells were treated with T + I alone. The crosshatch marks indicate significant differences between
NCand T + I, and asterisks indicate significant differences between T + I and each group. #and * p < 0.05; ## and ** p < 0.01,; and ***

p < 0.001.

Stalnecker et al., 2022). Our results demonstrate that treatment
with T + I resulted in a suppression of autophagy in HaCaT
cells, whereas the treatment of IE-AuNPs significantly miti-
gated this effect (Fig. 5 F-G). Compared to cells that were
not treated with CQ (50 uM), cells that had been co-treated
with CQ and IE-AuNPs exhibited considerably induced
expression of the mRNA and proteins of autophagy biomark-
ers. Additionally, CQ significantly increased the expression of
p65, but the IE-AuNPs treatment group, which was made by

T + I, was able to effectively turn this control around. p65
is an integral member of the nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-kB) transcription fac-
tor family, which consists of five components. As a component
of the NF-«B signaling pathway, p65 plays a pivotal role in
mediating the inflammatory response within the body. This
pathway can be activated by various stressful stimuli, such as
free radicals, tumor necrosis factor o (TNFa), interleukin 1-
beta (IL-1B), or bacterial lipopolysaccharides (LPS). There-
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Fig. 5 1E-AuNPs enhance autophagic flux in HaCaT cells. (A) mRNA expression levels of LC3b/a, (B) Beclin, and (C) p62 were

analyzed using quantitative PCR. (D) Protein expression levels of LC3b/a, Beclin, p62, p65, and p-p65 were analyzed using

immunoblotting. (E) Quantification of the results using Image J

software. (F) Autophagy flux markers were inhibited by chloroquine

(CQ). (G) Quantification of the results using Image J software. Negative control (NC) cells were treated with medium alone;
inflammation-induced control (T + I) cells were treated with T + I alone. The crosshatch marks indicate significant differences between
NCand T + 1, and asterisks indicate significant differences between T + I and each group. # and * p < 0.05; ## and ** p < 0.01, and ***

p < 0.001.

fore, we suggest that IE-AuNPs can modulate the inflamma-
tory signaling pathway through an autophagy-related signal-
ing pathway, as indicated by all these studies when
considered simultaneously.

3.8. IE-AuNPs down-regulate PI3K/AKT/mTOR signaling
pathway to activate autophagy and reduce keratinocyte
inflammatory response

The PI3K/Akt/mTOR pathway is a well-established signaling
pathway involved in the initiation of autophagy. There is sub-

stantial evidence suggesting that compounds that enhance
autophagy by inhibiting this signalling pathway can reduce
endothelial cell apoptosis induced by the combination of
T + 1. It is necessary for both the inflammatory response
and autophagy (J. Wang et al., 2022; Xiao et al., 2022). Here,
we further investigated whether IE-AuNPs had any influence
on the this signaling pathway to exhibit anti-inflammatory
activity. In contrast to the group that had been treated only
with T + I, the expression levels of PI3K, AKT, and their
downstream protein p70SK6 were lower in the groups that
had been treated with IE-AuNPs and IE, as shown by the



Exploring the potential anti-inflammatory effect of biosynthesized gold nanoparticles 11

A
IE (ug/mL) - - - = 25 50
IE-AuNPs (ug/mL) - - 25 50 - -
T+ - + + + + +
pPISK [W M L S
AKT | | g
g
p-AKT | — N a— — ‘ s
)
DTOSKG | - s s s s | &
£
=
P*p7OSK6|‘ e ____,‘ z
p-actin | — — — — —— —| £
B
740Y-P (ug/mL)  _ - - 4 +
IE-AuNPs (ug/mL) - - + o+ -
T+I - + + + 1 4

PI3K ‘——-—-’ ‘

P-PI3K ‘--.—- — ‘

Relative protien expression
-

ar | |
14
p-AKT ‘«—h— -— - e ‘
p70SK6 ‘ ‘ 0-
e
p7p7OSK6 ‘ & G- -are
B-actin | o ———— ‘

p-PI3K/PI3K p-AKT/AKT p-p70SK6/p70SK6

oS P4 -}- & G V@ -f“ & v oS
IE-AuNPy 1E TE-AUNPs i3 IE-AuNPs IE
(pg/mL) (g'ml) (ng/mlL) (pg/ml) (pg/mL) (pg/mL)
p-PI3K/PI3K p-AKT/AKT p-p70SK6/p70SK6
i
o
x
R Lo = L™ s L
&Ly \s‘g R Al S \xs R Al T e
PO PO SO
& x ¢ x § X
3‘? -S—.- 3-:
» » =
& &

Fig. 6 The mechanism of IE-AuNPs in suppressing pro-inflammatory mediators and inducing autophagy through the PI3K/AKT
signaling pathway. (A) shows the protein expression of PI3K, p-PI3K, AKT, p-AKT, p70SK6, and p-p70SK6 analyzed using
immunoblotting, and all their bands were analyzed and standardized to B-actin. (B) shows the effect of IE-AuNPs on the PI3K/AKT
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differences between NC and T + I, and asterisks indicate significant differences between T + I and each group. # and * p < 0.05; ## and

*¥* p < 0.01; and *** p < 0.001.

western blot analysis in Fig. 6 A-B. These results suggest that
IE-AuNPs supressed the PI3K/Akt/mTOR cascade, we
demonstrated whether IE-AuNPs enhanced autophagy by acti-
vation of the PI3K/Akt/mTOR pathway. In Fig. 6 B, we
observed that the activity of IE-AuNPs upregulated the
LC3b/a ratio and suppressed the p62 levels in keratinocytes
and this effect were reversed by treatment with the PI3K ago-
nist 740 Y-P. This demonstrated that the PI3K/AKT/
mTORCI pathway induced by T + I was downregulated by
IE and IE-AuNPs, which may play a role in activating autop-
hagy in cells. Similar to our results, Wang et al. reported that
biologically synthesized black ginger-selenium NPs induced
autophagy in AGS cells by inhibiting the PI3K/Akt/mTOR
signaling pathway (R. Wang et al., 2022). Therefore, we con-
clude that IE-AuNPs successfully inhibit T + I-induced ker-
atinocyte inflammatory response. It is probable that
enhancing the rate of autophagic flux progression is the key
to achieving these effects.

4. Conclusion

In this study, IE-AuNPs were synthesized and characterized and their
potential for treating inflammatory skin disorders was investigated.
TEM and EDX imaging confirmed that the synthesized IE-AuNPs
were polygonal, triangular, and hexagonal in shape, and were primar-
ily composed of Au. XRD and SAED analyses revealed that the 1E-
AuNPs were crystalline. IE-AuNPs did not cause cytotoxicity in
HaCaT cells and exhibited a reliable duration of cell penetration after
3 h. Furthermore, IE-AuNPs inhibited the formation of ROS, Mito-
SOX, and mitochondrial dysfunction indicators, such as PINK1 and
PARKIN, in HaCaT cells. Treatment with IE-AuNPs resulted in the
suppression of anti-inflammatory cytokines and chemokines expres-
sion, along with the activation of autophagy biomarkers. These effects
were observed through the downregulation of the PI3K/AKT/
mTORCI signaling pathway. The promising therapeutic potential of
IE-AuNPs for the prevention and treatment of various skin-related
disorders is highlighted by these results. However, further research is
needed to explore the interactions between different cell types and
structures within the complex organ of the skin, which consists of mul-
tiple layers and distinct cell types. Additionally, there is a need to
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investigate the potential therapeutic applications of IE-AuNPs in
diverse skin conditions. By pursuing these future research directions,
the field can continue to advance and innovative strategies for manag-
ing skin inflammation and developing dermatological therapeutics can
be developed.
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