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KEYWORDS Abstract Platinum nanoparticles (PtNPs) were green synthesized by using chloroplatinic acid (H,-
Platinum nanoparticles; PtClg) as raw material and Nymphaea tetragona (N. tetragona) flower extract as the capping and
Nymphaea tetragona flower reducing agents to improve skin health. Size-tunable PtNPs were obtained by volume ratios of
extract; the initial H,PtClg/N. tetragona of 1:1 and 1:4, in which PtNPs prepared by the ratio of 1:1 and
Green synthesis; 1:4 was defined as L1-PtNPs and L4-PtNPs. Their characterizations were investigated by UV—vis-
Tyrosinase activity; ible spectroscopy, TEM, XRD and FTIR spectroscopy. TEM image analysis showed the particles
type I collagen were well dispersed with the average particle diameters of L1 and L4-PtNPs were 4.04 £ 1.31 nm

and 2.01 £ 0.80 nm, respectively. The synthesized PtNPs showed effective antioxidant property and
anti-tyrosinase activity in vitro. And further experiments exclaimed that PtNPs can significantly
inhibit tyrosinase activity and UVB-induced melanin biosynthesis in A375 cells. This study also
revealed PtNPs can promote collagen I biosynthesis in HFF-1 cells by activating the TGF-B/
Smad pathway. This research showed the potential efficacy of PtNPs in the skin field and provided
evidence for people to consider applying PtNPs to skin protection.
© 2022 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

In recent years, the application of platinum nanoparticles (PtNPs) in
the biomedical field has received extensive attention. For example,
PtNPs have been used to treat oxidative stress-related diseases and
biomarkers (Samadi et al., 2018; Pedone et al., 2017; Al-Qudah
et al., 2022). In addition, PtNPs have been approved as additives in
consumer products and cosmetics (Pedone et al., 2017).

Traditional physical and chemical methods for the synthesis of
metal nanoparticles (NPs) include vapor deposition, chemical reduc-
tion, pyrolysis, sol gel, laser ablation, etc (Jiao et al., 2021). However,
these methods are harsh and energy-consuming. Harmful chemicals
are used as sealants and reducing agents, and the remaining unreacted
chemicals and dangerous by-products may be adsorbed on the surface
of NPs (Jiao et al., 2021; Zheng et al., 2013; Chaudhary et al., 2019).
Therefore, NPs produced by the above methods are not suitable for
biomedicine, health and beauty applications. In order to address
these shortcomings and avoid using hazardous reducing agents, the
focus of this field has shifted to biosynthetic NPs by green biological
methods, which employ bacteria, fungi, enzymes, plants and algae to
produce NPs (Alvarez et al., 2016; Gahlawat and Choudhury, 2019;
Siddiqi and Husen, 2016; Khan et al., 2018; Mondal et al., 2021).
These biosynthetic PtNPs offer multiple advantages for pharmaceuti-
cal and biomedical applications due to its biocompatibility, environ-
mental friendliness and higher cost-effectiveness (Jiao et al., 2021; El-
Seedi et al., 2019). The synthesis of metal NPs by microorganisms can
be divided into intracellular synthesis and extracellular synthesis.
However, subsequent processing of intracellular biosynthetic NPs is
usually arduous, and the microorganisms used for extracellular
biosynthesis of NPs must be widely screened (Huang et al., 2009).
Biosynthesis of metal NPs by living plants, plant extracts and phyto-
chemicals has attracted more and more concern as an easy and ben-
eficial alternative method for extracellular biosynthesis of metal NPs
(Zheng et al., 2013). The green method of synthesizing metal NPs by
plant is not only non-toxic and fast, but also the shape and size of the
synthesized NPs are more controllable than that by microbial method
(Bhardwaj et al., 2020). In addition, plants show excellent reducing
and stabilizer effects in the synthesis of metal NPs (Siddiqgi et al.,
2018). The existence of flavonoids, protein amine residues and car-
boxylic acids in plants are the reasons why Platinum ions are reduced
to PtNPs (Castro et al., 2015). Not only that, the abundant secondary
metabolites and phytochemicals in plants play important roles in
antibacterial, anti-inflammatory, anti-cancer and antioxidant activity
(Zeng et al., 2013). Currently, Cochlospermum gossypium Diopyros
kaki leaf and peppermint leaf extracts have recently been used to
green synthesize PtNPs (Song et al., 2010; Yang et al., 2017; Venu
et al., 2011). Studies have reported that PtNPs synthesized by pepper-
mint leaf extract polyphenols reduce the viability of HCT116 cells at
minor concentration (ICso = 20 pg/mL), and PtNPs biosynthesized
by Tragia involucrata leaf extract displayed in a dose-dependent man-
ner on antioxidant activities and the activities were superior to the
leaf extract (Yang et al., 2017; Selvi et al., 2020). However, there
are few studies on the biological effects of PtNPs in the skin field.

N. tetragona, distributed in tropical regions around the world, con-
tains phenols, flavonoids, tannins, alkaloids, anthraquinones, sapo-
nins, heart glycosides and other bioactive ingredients, which are
equivalent to anti-diabetic, anti-inflammatory, collagen deposition
and whitening (Chowdhury et al., 2021; Hsu et al., 2020; Rajagopal
and Sasikala, 2008; Mukherjee et al., 1997). Although the various
medicinal properties and active substances of this plant have been
extensively studied, to our knowledge, there is no evidence that N.
tetragona extract is used to green synthesize PtNPs and investigated
its biological effect in the skin field. In this research, well-dispersed
and stable PtNPs were green synthesized by N. fetragona extract as
the capping and reducing agents. Additionally, the effects of prepared
PtNPs on antioxidant activity, anti-tyrosinase activity and collagen
synthesis were evaluated.

2. Materials and methods

2.1. Materials

Antibodies against type I collagen (collagen I, ab260043),
transforming growth factor-beta (TGF-B, ab179695), Smad3
(ab208182) and p-Smad3 (ab52903) were obtained from
Abcam (Cambridge, MA, USA). The antibody to B-actin
was purchased from Abways (Shanghai, China). The sec-
ondary antibody was purchased from Jackson ImmunoRe-
search La boratories (USA). High-sugar DMEM was
obtained from BasalMedia (Shanghai, China). Fetal bovine
serum (FBS) was obtained from ShuangRu Biotech (LON-
SERA, Shanghai, China). Penicillin streptomycin mixed solu-
tion (Penicillin 10000 U/mL and Streptomycin 10000 pg/mL)
was obtained from Solarbio (Beijing, China). All other chem-
icals and reagents used in the study were analytical grade.

2.2. Preparation of N. tetragona extract

The N. tetragona flower sample (100 g) was blended with 95%
ethanol solvent (1000 mL), extracted at 25 °C for 3 h, then cen-
trifuged at 10000 rpm for 20 min, and the supernatant was col-
lected. The residue was further extracted twice with 95%
ethanol (500 mL) at 25 °C for 3 h. The ethanol extract solution
was evaporated at 50 °C by rotary evaporator, and then redis-
solved in double distilled water for evaporation under reduced
pressure at 40 °C until complete dryness and stored at —20 °C.
Finally, 1 g of N. tetragona extract was added to 20 mL double
distilled water for dissolution, centrifuged at 10000 rpm for
10 min, and the supernatant was taken for using.

2.3. Synthesis of PtNPs

H,PtClg (50 mM) of 2 mL and N. tetragona extract (50 mg/
mL) were prepared in two conical flasks at volume ratios of
1:1 and 1:4, and the final volume was adjusted to 20 mL with
double distilled water. The mixed solutions were placed on
magnetics stirrer heated and stirred for 1 h, then stopped heat-
ing and continue stirred for another 30 min. After the reaction,
the mixed solutions were placed at 25 °C for 30 min and cen-
trifuged at 12000 rpm for 20 min. The precipitates were col-
lected, re-suspended in distilled water and centrifuged at
12000 rpm for 20 min. Finally, the precipitates were redis-
solved in double distilled water and filtered by 0.22 um mem-
branes, and then utilized for later characterizations.

2.4. Determination of PtNPs concentration

The synthesized PtNPs aqueous solution of 50 pL. was added to
4950 pL nitric acid overnight for nitrification. The nitrated solu-
tion was evaporated and redissolved in 5 mL double distilled
water. L1-PtNPs and L4-PtNPs solution were filtered through
FitMax Syringe Filter (13 mm 0.22 pm PTFE 100/pk), and plat-
inum ions concentration was determined by Inductively coupled
plasma mass spectrometer (ICP-MS, X SERIESII, USA).

2.5. Characterization of PtNPs

The reaction solution was scanned periodically by ultraviolet
spectrophotometer (ScanDrop, Analytikjena, Germany) oper-



Green synthesis of platinum nanoparticles

3

ated in the range of 200-729 nm to confirm the formation of
PtNPs. The aqueous solution of NPs was freeze-dried by freeze
dryer for approximately 24 h. Then, the dry samples were stud-
ied by X-ray diffraction spectroscopy (XRD, SmartLab,
Japan) to acquire the composition and structure of the synthe-
sized metal nanoparticles. SmartLab Guidance was used to
record the data obtained from operation at 9 kW. The dry
samples were examined at 4°/min in the range of 20 from
10° to 90°. TEM (JEM-2100F, Japan) with XFlash 5030 T
X-ray energy spectrometer was utilized to evaluate the mor-
phology and size of the synthesized PtNPs. Fourier transform
infrared spectroscopy (FTIR, Nicolet Is5, USA) was used to
identify the bio-reductive compounds that led to the success
of the reaction. A Bruker Tensor 27 system performed at range
of 5004000 cm ™' was used to acquire spectrums.

2.6. Antioxidant activity in vitro

2.6.1. Ferric reducing antioxidant power (FRAP) method

Newly prepared FRAP reagent consisted of acetic acid buffer
(300 mM, pH = 3.6), TPTZ solution (10 mM) and FeCl; solu-
tion (20 mM). FRAP working solution was prepared freshly
by commixing acetic acid buffer, TPTZ, and FeCl; solution
at 10:1:1. In short, 500 pL of FRAP working solution and
500 pL of PtNPs solution with different concentrations were
mixed and reacted at 37 °C for 10 min. The absorbance of
reacted solution at 593 nm was noted by ScanDrop. Trolox
was performed as positive control. ICsq value was demarcated
as an efficacious concentration of scavenge 50% free radicals.
FRAP-scavenging activity was calculated according to the for-
mula below:

Scavengingability(%) = (4, — Ap) x 100

where A; and A, are the absorbance values after the reaction
between the PtNPs samples and blank control.

2.6.2. ABTS-Scavenging activity method

Stock solution of ABTSe + was composed of mixing 140 mM
ABTS and 40 mM potassium persulfate prepared in double
distilled water. And stock ABTSe+ solution was diluted 20
times with PBS (pH = 7.4) to use. Briefly, 500 pL of ABTSe
+ working solution and 500 pL of PtNPs solution with differ-
ent concentrations were mixed and reacted in the dark at 25 °C
for 10 min. The absorbance of reacted solution at 414 nm was
noted by ScanDrop. Trolox was performed as positive control.
ICso value was demarcated as an efficacious concentration of
scavenge 50% free radicals. ABTS-scavenging activity was cal-
culated according to the formula below:

Scavengingability(%) = (1 — A1/ Ay) x 100

where A and A, are the absorbance values after the reaction
between the samples and blank control.

2.7. Determination of mushroom tyrosinase activity

Samples of different concentrations (0, 2, 5, 8 and 10 pg/mL)
were made up to 100 pL by 0.1 M sodium phosphate buffer
(pH = 6.8), then 50 pL mushroom tyrosinase (Sigma-
Aldrich, St. Louis, MO, USA) solution (100 U/mL) were
added. After mixing, incubated at 37 °C in the dark for
10 min. Then, 200 pL of levodopa (I mg/mL) was put in

and the reaction was dark at 37 °C for 30 min. The absorbance
of reacted solution at 475 nm was read on ScanDrop. The per-
centage of tyrosine activity and ICs, values were calculated
according to the following formula:

TyrosinaseActivity(%) = (T — Ty)/(C — Cy) x 100

where T, Ty, C and C, were the absorbance values of the sam-
ples, sample control, control, and control blank, respectively.

2.8. Cell culture and cell viability

A human melanogenic cell line (A375) and a human skin
fibroblast cell line (HFF-1) were cultured in High-sugar
DMEM, supplemented with 10% FBS, 1% Penicillin strepto-
mycin mixed solution in humidified incubator with 5% CO, at
37 °C. The cells were sub-cultured every 2 days to maintain
logarithmic growth.

The toxicity of the PtNPs was measured using Cell Count-
ing Kit-8 (MA0218-5, Meilunbio, Dalian, China). Briefly,
A375 cells (2.0 x 10? cells/well) and HFF-1 cells (3.0 x 10°
cells/well) were plated in 96-well flat-bottom culture plates.
After incubated for 24 h and adhere to the wall, samples with
different concentrations were added. With an additional cul-
ture for 24 h at 37 °C in incubator, cells were washed with
phosphate-buffered saline (PBS) followed by the additional
100 pL of High-glucose DMEM medium (containing 10%
CCK-8 solution) into every well and continued to incubate
for 4 h at 37 °C. The absorbance at 450 nm was noted every
hour by a microplate reader (PL-9602; PERLONG, Beijing,
China). Cell viability was calculated according to the equation
below:

Cellviability(%) = (A1/Ao) x 100

where the absorbances of the treated and untreated cells were
denoted as A; and A, respectively.

2.9. Tyrosinase activity assay in A375 cells

The inhibitive effect of PtNPs on the activity of tyrosinase was
determined by spectrophotometric. Cells were grown in cell
culture dishes (35 x 10 mm) and treated with different concen-
trations of PtNPs for 24 h. The cells were washed twice by
using PBS and added lysis buffer containing 1% Triton X-
100 with PMSF. Then the cells were frozen at —20 °C for
30 min, thawed at 4 °C, harvested and centrifuged at
12000 rpm for 30 min. The concentration of the protein in col-
lected lysate was quantified with a bicinchoninic acid assay kit
(BCA, Solarbio, Beijing, China) and adjusted consistently by
lysis buffer. Tyrosinase activity assay reaction system, includ-
ing cellular extracts (80 uL), 200 pL of 4 mg/mL levodopa
and sodium phosphate buffer (pH = 6.8). They were mixed
and reacted at 37 °C for 3 h in the dark. Absorbance at
490 nm was recorded by ScanDrop, and the relative tyrosinase
activity was represented as the percentage of PtNPs-treated
cells against untreated cells. The activity of tyrosinase was cal-
culated according to the equation below:

Tyrosinase Activity(%) = T/ T, x 100

where T, and T, were the absorbance values of treated cells
and control, respectively.
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2.10. UVB irradiation and melanin content assay

A375 cells were grown in cell culture dishes (35 x 10 mm) and
incubated with PtNPs for 24 h. Then, the culture medium was
substituted by 500 pL of PBS, and cells were irradiated with
UVB light (80 mJ/cm?). The UVB strength was determined
by UV intensity meter (UV-340A, Luchang Electronic Enter-
prise, Taipei, Taiwan). After UVB treatment, cells were cul-
tured for additional 24 h. For measurement of melanin
content, cells were cleaned twice with PBS and lysed with
RIPA lysis buffer containing PMSF. The collected lysates were
centrifuged at 12,000 rpm for 20 min, and the protein concen-
tration was determined by BCA method. The supernatants
were added to 150 uL of NaOH (1 M, containing 10% DMSO)
and reacted at 60 °C for 30 min. The absorbance of the reacted
solution at 405 nm was recorded by ScanDrop. The melanin
content was calculated as the equation below:

Melanincontent(%) = A; /Ay x 100

where Ay and A, are the absorbance values of untreated and
treated cells, respectively.

2.11. Western blot analysis

After HFF-1 cells were incubated with different concentrations
of PtNPs for 72 h, their proteins were extricated with RIPA
lysis buffer containing protease inhibitors to gather the cell
lysate. Protein concentration was measured by the BCA
method and adjusted consistently by using PBS. The proteins
were separated by sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to polyvinyli-
dene fluoride (PVDF) membranes activated by methanol.
The membranes were sealed with 5% skim milk powder for
2 h and incubated overnight with primary antibodies to colla-
gen I, TGF-B, Smad3, pSmad3 or B-actin at 4 °C. Then these
primary antibodies were washed out, the membranes were
incubated with horseradish peroxidase-labeled secondary anti-
bodies for another 2 h. Eventually, the targeted proteins were
detected by Superstar ECL (BOSTER, Wuhan, China) western
blotting detection reagents and visualized by the ChemiDoc
MP Imaging system.

2.12. Statistical analysis

All experiments were repeated no less than three times, and the
final data were presented as the mean =+ standard deviation
(SD). Two group comparisons were performed by
independent-sample ¢-test, and multiple different groups were
compared by ANOVA. P < 0.05 was denoted as statistically
significant.

3. Results

3.1. UV—visible spectroscopy analysis

The green synthesis of PtNPs was through the reaction of H,-
PtClg and N. tetragona extract. During the reacting process,
the color of the solution gradually changed from pale yellow
to brown or even black, indicating the synthesis of PtNPs.
UV-visible spectroscopy is commonly made use of demon-

strating the production and stability of metal NPs/colloidal
particles. The UV—vis optical absorption results of Fig. 1 also
confirmed the synthesis of PtNPs. H,PtClg solution has an
absorption peak at approximately 260 nm due to the presence
of PtCI6>~ ions in water, and the absorption peak of the N.
tetragona extract was at approximately 266 nm. With the for-
mation of PtNPs, these two absorption peaks disappeared, and
a sharp peak was obtained at about 230 nm in the two samples
(L1-PtNPs and L4-PtNPs), which indicated that the precursor
salt was completely reduced to zero-valent platinum nanopar-
ticles. Other than, the existence of a sharp surface plasmon res-
onance (SPR) absorption peak at 230 nm confirmed that
small-sized PtNPs was embraced in the solution. The UV
absorption peak of L4-PtNPs is sharper than that of L1-
PtNPs, which showed the size of L4-PtNPs might be smaller
(Eramabadi et al., 2020).

3.2. Transmission electron microscopy (TEM ) analysis

TEM analysis was performed to confirm the size and shape of
PtNPs (Fig. 2). Results showed that PtNPs were evenly dis-
tributed and surrounded by the N. tetragona extract, indicating
that the N. tetragona extract acts as a sealing agent to separate
PtNPs from the aggregation (Jiao et al., 2021). PSD (particle
size distribution) plots were obtained by measuring no less
than 100 PtNPs for each sample. The average particle sizes
of PtNPs were 4.04 + 1.31 nm (Fig. 2B) and 2.21 £+ 0.80 nm
(Fig. 2D) when prepared with H,PtCls and N. tetragona
extracts at ratios of 1:1 (L1-PtNPs) and 1:4 (L4-PtNPs),
respectively. The results displayed the average particle size of
L4-PtNPs was smaller than that of L1-PtNPs. TEM further
testified that we obtained two PtNPs with different particle
diameters by changing the ratio of N. tetragona extract.

3.3. X-ray diffraction (XRD) study

XRD pattern was performed to determine the crystal structure
and phase purity of the prepared samples. In the results of
Fig. 3, the diffraction peaks at 2 theta values of 39.76°,

——L1-PtNPs
1 . 5 o ———L4-PtNPs
chloroplatinic acid
N.tetragona extract
L
=] v
©
~
1.0
o 10
o
[
(1]
Ko
—
2
20.5-
<
0.0

200 300 400 500 600 700
Wavelength (nm)

Fig. 1 UV-visible absorption spectra of reduced PtNPs. Blue,
green, black and red colors represent the UV absorption peaks of
the N. tetragona extract, chloroplatinic acid, L1-PtNPs and L4-
PtNPs, respectively.
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Fig. 2 TEM micrographs of PtNPs green synthesized with H,PtClg and N. tetragona extracts at ratios of 1:1 (L1-PtNPs) and 1:4 (L4-
PtNPs). A, B and C, D represent the TEM of L1-PtNPs and L4-PtNPs, respectively.

46.24°, 67.45° and 81.28° correspond to the index planes (111),
(200), (220) and (311) of the cubic structure of metallic plat-
inum (JCPDS #04-0802), indicating the high-purity face-
centered cubic (fcc) crystals of the prepared PtNPs. XRD
revealed that a strong Bragg reflection lattice peak was
observed on the (111) plane. Therefore, PtNPs with index
(111) orientation tiled on the planar surface. However, the
closest reflection assimilated to (200), (220) and (311) with
a specific lattice spacing, which displayed the different mor-
phologies that exist in the samples. Meanwhile, the 26 values
of the wide peaks indirectly indicated the smaller particles of

(111) ——L1-PtNPs
——L4-PtNPs

(220) (311)

Intensity (a.u.)

20 30 40 50 60 70 80 90
2 theta (degree)

Fig. 3 XRD pattern of N. tetragona extract-mediated PtNPs.

PtNPs (Zheng et al., 2013; Yu et al., 2019). The particle size
of formed PtNPs was calculated by Debye-Scherer equation.

D =k2/(pcosh)

where d represents the average crystallite size, k represents the
Scheeler constant (k = 0.9), A determines the X-ray wave-
length (A = 0.154 nm), f represents the broadening measured
in radians, and 0 determines the Bragg angle (Mahdavi et al.,
2013). The average crystallite sizes of L1-PtNPs and L4-PtNPs
calculated by Scherrer equation were 2.82 nm and 1.95 nm
respectively.

3.4. FTIR spectroscopy study

FTIR spectroscopy was performed to determine biomolecules
that affect the reduction and stability of PtNPs. In Fig. 4, it
can be seen that the FTIR spectra of L1-PtNPs and L4-
PtNPs samples are hardly different, and there is a clear similar-
ity with that of N. tetragona extract. The main stretching
vibrations of O—H bonds at 3000-3500 cm ™' indicated the
existence of phenols, flavonoids and other compounds. In
addition, a slight shift appeared in the belt, confirming that
the existence of carbonyl groups in the N. fetragona extract
was stable and covered the formation of PtNPs. Except for
the stretching vibrations of O—H bonds, the presence of
C—H bonds in the regions of 2936 and 2930 cm ™' is promi-
nent. The bands appearing at 1609 and 1612 cm ™' represented
the vibration of the C—0 bonds, which is the typical structure
of flavonoids. In the range of 1500-1600 cm™!, the subsistence
of C—C in the ring aromatic bond was attributed to aromatic
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Fig. 4 FTIR spectrum of N. tetragona extract and green
synthesized PtNPs. Black, red and blue colors represent the FTIR
spectra of the N. tetragona extract, L1-PtNPs and L4-PtNPs,
respectively.

groups existent in the N. tetragona extract. In these three spec-
tra, the C—C bond aromatic extensions in the range of 1400—
1500 cm™! are essential for the predominant aromatic back-
bone contained in the N. tetragona extract. In addition, the
C—O—C stretch moved from 1264 cm™' to 1211 cm™! after
PtNPs in this area were capped. The band at around
600 cm™" indicated the existence of an R-CH group, and the
band of three samples at approximately 1380 cm~' demon-
strated similarity to the C—N stretching vibrations in aromatic
amines. It is well known that proteins can bind to PtNPs
through free amines and carboxyl groups, which contributes
to the preparation and stability of PtNPs.

3.5. Effect of PtNPs on antioxidant activity in vitro

FRAP method is generally utilized to evaluate the antioxidant
ability. FRAP assay involves appraising the capacity of the test
substance to restore Fe*>* to Fe>* in the existence of TPTZ to
produce a strong blue Fe’>*-TPTZ complex. Table 1 showed
the results for ferric-ion-reducing abilities of PtNPs after
FRAP analysis. The antioxidant activity of L4-PtNPs (IC50
value is 2.98 £+ 0.04 pg/mL) was eminently heftier than L1-
PtNPs (P < 0.05), indicating that L4-PtNPs displayed better
reducing activity.

In the determination of ABTS, blue/green ABTSe + chro-
mophore is formed by the response of ABTS and potassium
persulfate. Antioxidants restore the radical of ABTSe+ to
ABTS. The results of the ABTS free radical scavenging ability
of PtNPs samples presented that L4-PtNPs had higher ABTS

radical-scavenging activity than L1-PtNPs (Table 1), which is
consistent with the results of FRAP assay.

3.6. PtNPs inhibit tyrosinase activity

Tyrosinase is a crucial regulative enzyme for the production of
melanin, and determining its activity has always been the first
stride to study the decrement pigmentation mechanism of
elected chemical agents (Hu et al., 2015). Therefore, mush-
room tyrosinase activity in vitro was tested to determine
whether PtNPs inhibit melanin synthesis by inhibiting tyrosi-
nase activity. In Fig. 5A, N. tetragona extract showed no obvi-
ous inhibitive effect on the activity of tyrosinase, and PtNPs
showed a strong inhibitive effect on the activity of tyrosinase.
The tyrosinase activity decreased in a dose-dependent manner
with increasing PtNPs concentration. The 1Csy values of L1-
PtNPs and L4-PtNPs were 4.04 + 0.70 pg/mL and 9.72 £ 0.
48 pg/mL, respectively, indicating that the inhibitory effect of
L1-PtNPs on tyrosinase activity was superior to L4-PtNPs. In
addition, the ICs, values of L1-PtNPs and L4-PtNPs on tyrosi-
nase activity were lower than the recognized standard whiten-
ing agent kojic acid (ICsy value was 77.89 + 4.84 pg/mL),
respectively.

The cytotoxicity of PtNPs was first evaluated by the CCK-8
assay, the results displayed that L1-PtNPs and L4-PtNPs did
not reduce the growth of A375 cells at 5 pg/mL after 24 h
(Fig. 5B), and N. tetragona extract did not reduce the growth
of A375 cells at 100 pg/mL (Fig. 5C). Aiming to further fix
upon the effect of PtNPs on tyrosinase activity, its effect on
tyrosinase activity in A375 cells was measured. In the results
of Fig. 5D, N. tetragona extract did not significantly inhibit
intracellular tyrosinase activity in A375 cells, and both L1-
PtNPs and L4-PtNPs significantly inhibited intracellular
tyrosinase activity in A375 cells at concentrations of 0.1, 0.5
and 1 pg/mL, but there was no distinct difference between
them. The effects of PtNPs on UVB-induced melanin synthesis
was next investigated in A375 cells to verify its whitening
effect. Results exhibited that N. tetragona extract did not
reduce melanin synthesis, and PtNPs significantly inhibited
intracellular melanin production contrasted to that of the
UVB-treated control (Fig. 5E). However, the inhibitory effects
on UVB-induced melanin production of L1-PtNPs and L4-
PtNPs were not prominently different, which is consistent with
their effects on tyrosinase activity.

3.7. PtNPs promote collagen I synthesis

Collagen provides elasticity and strength to the skin, and
degradation of collagen will cause skin aging (Kim et al.,
2015). To determine whether PtNPs affect collagen synthesis,

Table 1 Antioxidant capacity values of L1-PtNPs and L4-PtNPs.
Sample FRAP ABTS

1C50 value (pg/mL) mg Trolox/g IC50 value (ng/mL) mg Trolox/g
L1-PtNPs 7.89 + 0.19 322.00 + 2.57° 7.85 £ 0.20 503.56 + 8.77°
L4-PtNPs 298 £ 0.04 854.20 + 19.93* 1.23 + 0.03 321291 + 32.39*

Notes: Data are presented as the mean + SD of replicate experiments; different numbers in the same column with different letters as superscript

are significantly (P < 0.05) different.
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we performed Western blot analysis. The effect of PtNPs on
the viability of HFF-1 cells was determined before the Western
blot analysis, both L1-PtNPs and L4-PtNPs had no cytotoxic
effect on HFF-1 cells at 2.5 pg/ml (Fig. 6F). Therefore, follow-
up experiments were carried out on HFF-1 cells when PtNPs
was below 2.5 pg/mL. In Fig. 6 results, when the concentration
of L1-PtNPs was 0.1 pg/mL, the expression of collagen I did
not change substantially in HFF-1 cells. However, after treat-
ment with 1 pg/mL L1-PtNPs, 0.1 and 1 pg/mL L4-PtNPs, col-
lagen I synthesis was distinctly increased. The results indicated
that PtNPs can promote collagen I production in HFF-1 cells,
and L4-PtNPs was better.

The TGF-B/Smad pathway is the main signaling pathway
for dermal collagen production, so whether it is involved in
the expression of collagen I induced by green synthetic PtNPs
in HFF-1 cells was evaluated. After treatment with 0.1 pg/mL
L1-PtNPs, the expression of TGF-f did not change signifi-
cantly. When the L1-PtNPs was 1 pg/mL and the L4-PtNPs
were 0.1 and 1 pg/mL, the TGF-B expression level clearly
increased in HFF-1 cells. This is consistent with the expression
of collagen I. In order to further clarify the molecular path-
ways of collagen I production induced by green synthetized
PtNPs, the effect of PtNPs on Smad3 was determined and
results showed no change in the expression of Smad3 proteins.
Then Smad3 phosphorylation was measured and results
showed that Smad3 proteins were phosphorylated in PtNPs-
treated HFF-1 cells (Fig. 6). The change in its expression
was the same as collagen I and TGF-f. These results displayed
that HFF-1 cells treated with PtNPs can promote the synthesis
of collagen I by activating TGF-/Smad signaling pathway.

4. Discussion

In recent years, the green synthesis of metal nanoparticles by
biological methods and their application in biomedicine have
received widespread attention. Compared with traditional
chemical and physical synthesis methods, green biosynthetic
metal NPs have been widely studied by researchers due to
the environment-friendly synthesis methods and the biocom-
patibility of the synthesized metal NPs (Pedone et al., 2017;
Jiao et al., 2021). However, the subsequent processing of intra-
cellular biosynthetic NPs is usually difficult, and the microor-
ganisms that biosynthesize NPs must be screened extensively.
In contrast to microbial methods, plant-based biosynthesis of
NPs is not only simple, effective and rapid, but also more con-
trollable for the shape and size of metal NPs (Zheng et al.,
2013). In addition, studies have shown that the activities of
reducing sugars, flavonoids and proteins in plant extracts are
closely related to the biological reduction of silver or gold ions,
and there is a growing list of reports indicating that green syn-
thetic metal NPs with plant extracts have certain characteris-
tics of plant active substances (Yang et al., 2017; Huang
et al., 2011; Zhou et al., 2010). In this study, PtNPs were syn-
thesized by N. tetragona extract, and their biological effects on
skin were explored.

Song et al. reported that the average size of PtNPs
decreases as the concentration of Diopyros kaki leaf extract
increases in the biosynthesis of platinum nanoparticles (Song
et al., 2010). Similarly, the study on the size-tunable green syn-
thesis of platinum nanoparticles using chlorogenic acid clearly
showed that the increase in CGA leads to the decrease of the
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PtNPs’ size (Chen et al., 2021). In our research, PtNPs with
two particle sizes were obtained by adding N. tetragona extract
to reduce the size of PtNPs. Then the two prepared PtNPs was
characterized. The UV absorption peak of L4-PtNPs was shar-
per than that of L1-PtNPs, and TEM analysis showed the sizes
of L4-PtNPs was smaller, which is consistent with the smallest
PtNPs having the sharpest peak of in Eramabadi et al.’s report
(Eramabadi et al., 2020). Moreover, research has shown that
the different absorbances of PtNPs solutions at the same con-
centration also represent their different sizes, which is in accor-
dance with our results (Zheng et al., 2013). The XRD data
analysis demonstrated that the 20 value of the broad peak also
indirectly represents the smaller PtNPs particles, which is in
good agreement with the results reported in the relevant liter-
ature (Zheng et al., 2013; Yu et al., 2019). FTIR further indi-
cated that the PtNPs was mainly composed of phenols and
flavonoids, which act as a reducing agent and a sealing agent.
This is similar to Selvi et al.’s report that phenols and flavo-
noids in the Tragia involucrat extract showed excellent reduc-
ing and stabilizing effects in the synthesis of PtNPs (Selvi
et al., 2020).

Green synthetic PtNPs might have potential application
prospects in whitening and anti-aging in the field of skin. Mel-
anin is an essential factor that determines the color of human
skin, eyes and hair. Melanin production is a stress reaction of
melanocytes that can lead to melanosis, such as freckles,
brown spots, age spots and even melanoma (Wang et al.,
2013; Hua et al., 2020). The biosynthesis of melanin constructs
a various of biochemical responses triggered by the hydroxyla-
tion of tyrosine catalyzed by tyrosinase in vivo, and tyrosinase
acts a vital role in this list of responses (Sun et al., 2017).
Therefore, controlling tyrosinase activity can control the
amount of melanin production to achieve the effect of skin
whitening. This study demonstrates that green synthetic PtNPs

can not only decrease the activity of mushroom tyrosinase
in vitro, but also reduce the activity of tyrosinase and UVB-
induced melanin production in A375 cells. Collagen, especially
collagen I, is the most abundant protein in human skin, which
is closely related to skin aging (Park et al., 2016). In addition,
anti-free radical activity is also a potentially effective strategy
to delay skin aging (Kim et al., 2015). TGF- is the primary
activator of collagen I synthesis in skin fibroblasts. The Smad
signaling pathway acts a dominant role in the transcriptional
reaction of TGF-J signaling, such as activating collagen I gene
expression (Kim et al., 2017). M. Hashimoto et al reported
that PtNPs can inhibit the activity of matrix metalloproteinase
(MMP) -1, -2 and -9 (Hashimoto et al., 2016), while latent
MMP-1, -2, and -9 derived from dermal fibroblasts could be
greatly activated by MMP-3 and ultimately initiate degrada-
tion collagen I (Kim et al., 2015). In this study,we indicated
green synthetic PtNPs perspicuously up-regulated the expres-
sion of collagen I, which further confirmed the view of M.
Hashimoto et al. Moreover, we determined that the expression
of TGF-B was up-regulated, and Smad3 was phosphorylated
in HFF-1 cells treated with green synthetic PtNPs, illustrating
that it promotes the synthesis of collagen I by stimulating the
TGF-B/Smad signaling pathway. This research also indicated
that L4-PtNPs can promote collagen I synthesis more than
L1-PtNPs, as well as higher activity of TGF-B/Smad signaling
pathways. Not only that, the green synthetic PtNPs also shows
high activity in scavenging free radicals in vitro. FRAP and
ABTS assay both indicated that PtNPs can scavenge free rad-
icals very well, and L4-PtNPs have better oxidation resistance.
Previously, there was no research demonstrating that PtNPs
has whitening and anti-aging effects, but there have been
reports that PtNPs can be used in food additives and cosmetics
(Pedone et al., 2017; Konieczny et al., 2013). This study illus-
trates for the first time that green synthesized PtNPs can
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achieve skin whitening and anti-aging effects by inhibiting
tyrosinase activity, promoting collagen I synthesis and anti-
free radical.

AgNPs is one of the most commercialized NPs and is
widely used in household products, textiles, therapeutics and
cosmetics. However, much evidence has shown that AgNPs
has high cytotoxicity (Szmyd et al., 2013). These data provided
by this research showed that green synthetic PtNPs has no
obvious toxic effect on HFF-1 and A375 cells, and it provides
evidence for people to consider applying PtNPs to skin protec-
tion. It must be pointed out that because the skin acts as a bar-
rier to potentially dangerous substances, the effects observed
in vitro may be different from the effects of NPs on human
skin. Further in vivo studies are particularly consequential to
clarify this problem. There is already evidence that the direct
use of NPs on the skin can only penetrate the final stage of
the exfoliation layer, the skin layer (Campbell et al., 2012).
Therefore, we can consider whether PtNPs can be used in skin
protection instead of the more toxic AgNPs.

5. Conclusion

This study proposes a simple and green method for synthesizing PtNPs
with adjustable size using N. tetragona extract as a reducing agent and
capping agent. The method obtains PtNPs of two different sizes by
changing the ratio of H,PtClg and N. tetragona extract. And the green
synthesized PtNPs are small in particle size and well-dispersion. This
work also explores the biological effects of green-synthesized PtNPs
with two particle sizes in the skin field. Results showed that the two
PtNPs can significantly reduce tyrosinase activity in vitro and in
A375 cells and can reduce UVB-induced melanin production in
A375 cells. In addition, they can increase collagen I synthesis by acti-
vating the TGF B/Smad signaling pathway in HFF-1 cells. From these
studies, the green synthesized PtNPs seems to be promising for skin
whitening and antiaging.
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