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Introduction: Photoaging-induced skin damage leads to appearance issues and dermatoma. Selenium nanoparticles (SeNPs) possess
high antioxidant properties but are prone to inactivation. In this study, human serum albumin/SeNPs (HSA-SeNPs) were synthesized
for enhanced stability.

Methods: HSA-SeNPs were prepared by self-assembling denatured human serum albumin and inorganic selenite. The cytotoxicity of
HSA-SeNPs was assessed using the MTT method. Cell survival and proliferation rates were tested to observe the protective effect of
HSA-SeNPs on human skin keratinocytes against photoaging. Simultaneously, ICR mice were used for animal experiments. H&E and
Masson trichromatic staining were employed to observe morphological changes in skin structure and collagen fiber disorders after
UVB irradiation. Quantitative RT-PCR was utilized to measure changes in mRNA expression levels of factors related to collagen
metabolism, inflammation, oxidative stress regulation, and senescence markers.

Results: The HSA-SeNPs group exhibited significantly higher survival and proliferation rates of UVB-irradiated keratinocytes than
the control group. Following UVB irradiation, the back skin of ICR mice displayed severe sunburn with disrupted collagen fibers.
However, HSA-SeNPs demonstrated superior efficacy in alleviating these symptoms compared to SeNPs alone. In a UVB-irradiated
mice model, mRNA expression of collagen type I and III was dysregulated while MMP1, inflammatory factors, and p21 mRNA
expression were upregulated; concurrently Nrf2 and Gpx1l mRNA expression were downregulated. In contrast, HSA-SeNPs main-
tained the mRNA expression of those factors to be stable In addition, the level of SOD decreased, and MDA elevated significantly in
the skin after UVB irradiation, but no significant differences in SOD and MDA levels between the HSA-SeNPs group with UVB
irradiation and the UVB-free untreated group.

Discussion: HSA-SeNPs have more anti-photoaging effects on the skin than SeNPs, including the protective effects on skin cell
proliferation, cell survival, and structure under photoaging conditions. HSA-SeNPs can be used to protect skin from photoaging and
repair skin injury caused by UVB exposure.
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Introduction

Skin aging is commonly categorized into intrinsic and extrinsic aging.' The latter primarily arises from environmental
factors, such as ultraviolet (UV) radiation and harmful chemicals, with UV radiation being the predominant contributor.
Skin photoaging, also known as skin aging caused by UV radiation,™ encompasses both morphological and physiolo-
gical alterations in the skin following prolonged exposure to UV radiation. This process not only gives rise to a range of
aesthetic concerns but also exhibits a close association with dermatoma occurrence.*>

Traditionally, UV radiation can be categorized into three groups: UVA (320-400 nm), UVB (280-320 nm), and UVC

(100-280 nm). Among these, UVB radiation is primarily responsible for skin photoaging damage.* Photoaging not onl
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manifests as wrinkles and pigmentation in human skin but also results in a decrease in the number of skin cells and
abnormal connective tissue composition, particularly the loss of collagen type 1.° Additionally, photoaged human skin
exhibits induction of matrix metalloproteinases (MMPs) and interleukin-1 (IL-1),”® which play a crucial role in the
injury caused by skin photoaging. The stimulation of UVB triggers MMP expression in skin tissue through both
membrane receptor-dependent and -independent pathways.” In the progression of skin photoaging, matrix metallopro-
teinases (MMPs) function by degrading collagen fibers. Specifically, exposure to low doses of UVB radiation on human
skin induces the upregulation of activating protein-1 (AP-1), resulting in heightened expression of MMP-1, 9kd
gelatinase, and stromal lysin-1 at both mRNA and protein levels.'"” This cascade contributes to the degradation of
collagen fibers, playing a crucial role in skin photoaging.'' In vitro studies found that reactive oxygen species (ROS)
could double the mRNA expression of MMP-2 in fibroblasts, suggesting that ROS may cause photoaging damage by
increasing MMP-2 and degrading related matrix.'> Additionally, studies have documented an excessive deposition of
MMP-1, MMP-3, and MMP-10 in UVB-irradiated skin.'? Consequently, MMP-1, MMP-3, and MMP-10 may be
implicated in the diminished collagen fibers observed in solar-exposed skin. In contemporary research, there is mounting
evidence emphasizing the significant role of reactive oxygen species (ROS) in UVB-induced skin photoaging.'*'® The
skin harbors numerous natural UV chromophores, which upon absorbing UV photon energy, become excited and
subsequently engage with molecular oxygen to generate ROS, facilitated by various enzymes and transition metal
ions. Apart from direct ROS induction, UVB exposure triggers ROS accumulation in the skin through indirect pathways.
Notably, studies have identified CD11b+ leukocytes infiltrating the skin post-UV irradiation as the primary contributors
to ROS production. ROS orchestrate the UVB-induced activation of transcription factors such as AP-1 and nuclear
factor-kappa B (NF-kB), thereby enhancing the secretion of matrix metalloproteinases (MMPs).'” Furthermore, ROS
possess the capacity to directly impair normal collagen fibers, thereby exacerbating the process of skin photoaging.'®

Since ROS plays an important role in the occurrence of skin photoaging, the antioxidant therapy with free radical
scavenger as the main component can prevent skin photoaging injury. Previous results showed that topical application of
antioxidants could effectively inhibit the formation of sunburn cells, lipid peroxidation and polyamide production.'®
Notable antioxidants encompass vitamin C, Na,SeOj3, B-carotene, catalase, superoxide dismutase (SOD), among others.?°
Selenium, a trace mineral found in soil and water, plays a crucial role in maintaining human health. It is an essential
nutrient that our bodies require in small amounts for various physiological functions. Selenium acts as a powerful
antioxidant, protecting our cells from damage caused by harmful free radicals. This mineral also supports the proper
functioning of the immune system, helping to defend against infections and diseases. Previous study showed that
selenium had the characteristics of scavenging free radicals and improving the antioxidant capacity of the body with
a very narrow margin between minimum acceptable intake and toxicity.”' Compared with selenium salt (Na,SeOs),
selenium nanoparticles (SeNPs) have the advantages of lower toxicity and higher absorption rate.’*** The effect of
SeNPs on scavenging free radicals is stronger than Na,SeO;, and the semi-clearance concentration of SeNPs is also
lower.>* SeNPs have the ability to induce phosphorylation of Jun N-terminal kinase (JNK), thereby preventing a decrease
in mitochondrial membrane potential and inhibiting activation of the mitochondrial pathway.”>*® Consequently, this leads
to inhibition of ROS production and attainment of anti-aging effects through their antioxidant properties.

Nevertheless, SeNPs are subjected to aggregation and inactivation, because of nano elemental selenium (Se’) self-
aggregation effect to form insoluble Se and loss their solubility in the solution, which need the dispersant and stabilizer to
carry the nano elemental selenium to stop neonatal Se® atoms self-adhesive form insoluble Se.?’ In this study, to attach
better stability and water solubility to selenium nanoparticles, a form of human serum albumin/selenium nanoparticles
were prepared by self-assembly of denatured human serum albumin and inorganic selenite, hereinafter termed as HSA-
SeNPs (Figure 1), due to the negative charge dispersant effects and the unique hydrophobic spatial structure of the
albumin, which is easier to control when it is made in pilot production.”®*° As for the protein carrier, denatured human
serum albumin was selected in this study to be better applied to human body, facilitating the absorption rate as well as
reducing toxicity and side effects.’® MTT method was used to detect the cytotoxicity of HSA-SeNPs. Then cell survival
and proliferation rates were tested to observe the effect of HSA-SeNPs on protecting human skin keratinocytes from
photoaging. Simultaneously, ICR mice were used for animal experiments. H&E and Masson trichromatic staining were
used to observe the structural changes of skin morphologically and the disorders of collagen fibers after UVB irradiation.
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Figure | The schematic diagram for the synthesis and anti-photoaging effects of HSA-SeNPs.

Quantitative RT-PCR was used to measure the mRNA expression changes of collagen metabolism-related factors
(collagen type I gene collal, collagen type III gene col3a3 and MMP1), inflammatory factors (Tumor necrosis factor-
o, TNF-a; and IL-1B), oxidative stress regulators (nuclear factor erythroid 2-related factor 2, Nrf2; and glutathione
peroxidase 1, Gpx1) and senescence markers (p16 and p21) after UVB exposure. Ultimately, it is concluded that HSA-
SeNPs have more anti-photoaging effects than the traditional SeNPs.

Results
Synthesis and Characterization of HSA-SeNPs

Based on the HSA-SeNPs design, HSA was mixed with sodium selenite in ethanol first to form HSA/Se’ complex
nanoparticles constructer using a desolvation/reducing complex method through reducing agent ascorbic acid. Different
from the previous preparation method of SeNPs, HSA is not only as hyperdispersant for red nano Se in HSA-SeNPs system,
and denatured HSA is the carrier for nano Se produce. Transmission electron microscopy (TEM) images show that the final
HSA-SeNPs were spherical with a uniform size of about 21 nm (Figure 2A). Dynamic light scattering (DLS) analysis
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Figure 2 (A) TEM image of HSA-SeNPs. (B) Size distribution of HSA-SeNPs. (C) Size distribution of SeNPs with dynamic light scattering. (D) TEM image of SeNPs. (E) Zeta
potential of HSA-SeNPs. (F) The CD spectra of HSA and HSA-SeNPs.
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showed that the hydrodynamic diameter of HSA-SeNPs was approximately 40 + 8.6 nm, larger than that of HSA alone (7 +
2.5 nm) (Figure 2B). And the nano size of SeNPs was obtained as well as HSA-SeNPs (Figure 2C and D). The {-potential
analysis in Figure 2E showed that HSA-SeNPs had more negative charge (—38.5 mV) than HSA (—29.3 mV), which
possibly help HSA-SeNPs penetrate through keratinocytes to dermal mucus with negative interaction and thus facilitating
skin anti-UV damage ability.>'

Referring to the reported determined method,?) the compared content determination of Se and HSA components
between HSA-SeNPs and SeNPs was to be confirmed that HSA-SeNPs is the complex of HSA and Se with the molar
ratio of ~10:1, but no obvious HSA components in SeNPs. These results proved the proof of concept of HSA/Se’
complex nanoparticles constructer in HSA-SeNPs. The circular dichroism (CD) spectra analysis was conducted to
examine the characteristic of HSA in HSA-SeNP’s secondary structures (Figure 2F). The results illustrated that the
absorbance of HSA-SeNPs in the range from 195 to 250 nm was almost same as natural HSA, indicating that the
secondary structuring of HSA in HSA-SeNPs, including a helix, B sheet and random coil, did not change during the
whole process. And these results show that HSA-SeNPs self-assembly is intermolecular interaction between HSA under
desolvation and reduction affection.

HSA-SeNPs Had Excellent Anti-Photoaging Ability
MTT method was used to explore the cytotoxicity on L929 cells (Figure 3A) and the protective effect of different
concentrations of SeNPs and HSA-SeNPs on HaCaT cells (Figure 3B-E). In general, SeNPs and HSA-SeNPs had no
obvious cytotoxicity within the concentration range of 100-500 ng/mL. However, when the concentration reached 1000
or 2000 ng/mL, SeNPs and HSA-SeNPs gradually showed obvious cytotoxicity. On the other hand, HSA-SeNPs
exhibited reduced toxicity relative to SeNPs. Specifically, the cytotoxicity of HSA-SeNPs was approximately 92% that
of the SeNPs group at a concentration of 1000 ng/mL and 81% at 2000 ng/mL. We selected SeNPs and HSA-SeNPs with
200 or 300 ng/mL in the following experiments.

After pretreated with PBS solution, SeNPs, or HSA-SeNPs, HaCaT cells were exposed to UVB light (60 J/cm?) for
18s and then cultured in the incubator. MTT assay was used to measure the cell survival rate after 24 h or 48
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Figure 3 (A) The cell cytotoxicity of selenium nanoparticles (SeNPs) and human serum albumin-decorated selenium nanoparticles (HSA-SeNPs) at various concentrations
was evaluated on L929 cells. Statistical significance (*p < 0.05, **p < 0.01) was compared to both the control group and the labeled group. (B and C) HaCaT cells were pre-
treated with PBS, SeNPs, or HSA-SeNPs, followed by exposure to UVB. Cell survival was assessed using Trypan blue staining at 24 hours and 48 hours post-UVB exposure.
Microscope images were captured both before and after UVB exposure. Statistical significance (*p < 0.05, **p < 0.01) compared to the control group was observed. (D and
E) HaCaT cells were treated with PBS, SeNPs, or HSA-SeNPs before exposure to UVB. Relative cell number was assessed 24 and 48 hours post-UVB using the MTT assay,
and microscope images were captured before and after UVB exposure. Statistical significance (*p < 0.05, **p < 0.01) compared to the control group was observed.
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h. Microscopically, the number of cells in all groups decreased after UVB exposure, and even gradually reduced with the
culture time extended from 24 h to 48 h after UVB irradiation (Figure 3B). The number of remaining living cells in the
SeNPs group and the HSA-SeNPs group was more than that in the control group, and the cell structure was more stable
in the SeNPs group and the HSA-SeNPs group. Cell survival rates measured in the SeNPs group and the HSA-SeNPs
group were higher than those of control group. After UVB irradiation and a 24 h-culture, the cell survival rate in the 200
ng/mL HSA-SeNPs group was about 182% of that in the control group, while the cell survival rate was 137% of the
control group in the 200 ng/mL SeNPs group. After UVB irradiation and a 48h-culture, the cell survival rate in the 200
ng/mL HSA-SeNPs group reduced to 132% of that in the control group, while the cell survival rate was 116% of the
control group in the 200 ng/mL SeNPs group. When the concentration of SeNPs and HSA-SeNPs was added to 300 ng/
mL, the survival rate in the HSA-SeNPs and the SeNPs group was surprisingly found to be 200% and 170% of that in the
control group, respectively, 24 h after UVB exposure. The cell survival rate in the 300 ng/mL HSA-SeNPs and SeNPs
group was 186% and 148% of the control group, respectively, 48 h after UVB exposure (Figure 3C). Overall, under the
same concentration, after UVB irradiation, HSA-SeNPs showed a stronger protective effect on the keratinocyte cell
survival than SeNPs, which indicated that HSA-SeNPs had better anti-photoaging ability and played a stronger role in
maintaining the stability of keratinocytes under photoaging conditions.

HSA-SeNPs Had Superior Effect to SeNPs on Keratinocyte Cell Proliferation Under

Photoaging Conditions

After UVB irradiation, the number of cells in the control group was significantly decreased, and there was a conspicuous
increase in cell debris microscopically. In the HSA-SeNPs group, cells are arranged tightly and there is no significant
reduction in cell number (Figure 3D). Following 24 hours of UV irradiation, the relative cell number for HSA-SeNPs at
a concentration of 200 ng/mL stood at approximately 121% of that observed for SeNPs at the equivalent concentration,
demonstrating a notable increase to 131% at 300 ng/mL. Similarly, after 48 hours of UV irradiation, the relative cell
number for HSA-SeNPs at 200 ng/mL was observed to be 102% compared to SeNPs at the same concentration, with the
figure rising to 115% at 300 ng/mL (Figure 3E). Consequently, HSA-SeNPs exhibit superior efficacy compared to SeNPs
in enhancing keratinocyte proliferation under photoaging conditions.

HSA-SeNPs Protect the Skin from Photoaging Symptoms Such as Wrinkles and

Sunburn

The back skin of ICR mice was randomly divided into four areas, denoted as an untreated group, UVB exposure group,
SeNPs group, and HSA-SeNPs group. Macroscopically, the skin of mice in the untreated group was kept in the best
condition, without any wrinkles or sunburn, appearing healthily ruddy (Figure 4A). After being exposed to UVB, the skin
of mice in the UVB exposure control group was most seriously hurt, with numerous wrinkles, severe sunburn, multiple
dry peeling, and pigmentation. In the SeNPs group, there is a small amount of massive sunburn, with partial pigmentation
and dry peeling, but no obvious wrinkles were observed. Surprisingly, in the HSA-SeNPs group, the skin was almost the
same as that of the untreated group. There were no skin photoaging symptoms such as wrinkles and sunburn, and the skin
appearance was generally in normal condition.

H&E and Masson’s Staining Results Revealed a Regular Structure of the Skin in the
HSA-SeNPs Group

As seen in sections of mouse skin stained with H&E assay, in the untreated group, collagen fibers in the dermis were
normal-appearing and arranged in order (Figure 4B). After being exposed to UVB, the epidermis of the skin was
thickened and wrinkled. Meanwhile, keratinocytes arranged disorderly, and collagen fibers lost normal connection and
interaction. In the SeNPs group, the epidermis appeared smooth, but the collagen fibers were still broken and distributed
unevenly. However, in the HSA-SeNPs group, the morphology and number of skin cells were normal, leading to
a regular structure of the epidermis and dermis. The collagen fibers are arranged orderly as well, interweaving into
a neat network.
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Figure 4 (A) Macroscopic observation of UVB-induced skin damage and the protective effect of SeNPs and HSA-SeNPs. (B) H&E staining of mice skin sections (10 x). (C)
Masson’s trichrome staining of mice skin sections (10 x). (D) Masson’s trichrome staining of mice skin sections (40 x).

Masson’s trichromatic staining method was used to observe collagen fibers and the muscular tissue. Compared with
the untreated group, the epidermis in the UVB exposure group was thickened, and collagen fibers were significantly
reduced with a broken and disorganized structure (Figure 4C and D). Dead cells with deep staining and pyknosis were
occasionally observed in the UVB exposure group. In the SeNPs group, the degree of cell necrosis and collagen fiber
degeneration was lighter than that in the UVB exposure group, but the epidermis remained thick and the number of
collagen fibers was reduced significantly compared with the untreated group. However, in the HSA-SeNPs group, no
significant thickening was observed in the epidermis, and the structure of skin cells and collagen was normal.

HSA-SeNPs balanced the mRNA expression of collagen metabolism-related factors,
inflammatory factors, oxidative stress regulators, and senescence markers after UVB

irradiation

To test the level of collagen content, inflammation, oxidative stress, and senescence in skin samples, collal, col3a3,
MMP1, TNF-a, IL-1B, Nrf2, Gpx1, p16, and p21 mRNA expression was measured. Quantitative RT-PCR results showed
that after UVB exposure, the mRNA expression of Collal in all groups decreased. The col3a3 and MMP1 mRNA
expression in the UVB exposure group and SeNPs group was significantly increased, whereas the col3a3 and MMP1
mRNA expression in the HSA-SeNPs group was similar to that in the untreated group, without significant differences
(Figure 5A). The mRNA expression of TNF-a in all groups with UVB irradiation elevated dramatically. As for IL-18
mRNA expression, it significantly rose in the UVB exposure group, but there was no significant difference between the
SeNPs group and the untreated group or between the HSA-SeNPs group and the untreated group (Figure 5B).

After UVB treatment, Nrf2 and Gpx1 mRNA expression in the UVB exposure group and the SeNPs group decreased
significantly, with Nrf2 and Gpx1 mRNA expression in the UVB exposure group decreasing most severely, nearly only
half of that in the untreated group (Figure 5C). However, there was no significant difference in Nrf2 and Gpx1 mRNA
expression levels between the HSA-SeNPs group and the untreated group.

There was no significant difference in the p16 mRNA expression between 4 groups (Figure 5D). Notably, the mRNA
expression level of p21 in the UVB exposure group was significantly higher than that in the untreated group, but there

9166 "= International Journal of Nanomedicine 2024:19
Dove


https://www.dovepress.com
https://www.dovepress.com

Dove

Yao et al
5 31 " o == Control 5 31 T :I: == Control
< " == UVB exposure < | == UVB exposure
g mm UVB exposure +SeNPs % = UVB exposure +SeNPs
IS 2 % ' UVB exposure +HSA-SeNPs £ 5 ! UVB exposure + HSA-SeNPs
c 5 c .
3 3
®© o *k
s s
4 T 4
£ T £
2 1- - | g 1 -
.-E b *% T -g |
[o] [s}
Q. o
8 8
£ g
O 0- O 0-
Col1a1 Col3a3 MMP1 TNF-a IL-1B
3 b == Control S 2.07 == Control
:5{ == UVB exposure % == UVB exposure
Z == UVB exposure +SeNPs 4 mm UVB exposure +SeNPs
€ 1.0 T T ! UVB exposure +HSA-SeNPs € UVB exposure +HSA-SeNPs
£ 1.Uq £
° ©
© ©
s s
['4 4
£ [S
g g
el el
= c
2 I3
3 3
g £
Q Q
o O 0.
Nrf2 Gpx1 p16 p21
1 504 *%
%1 T
T 12 £ 401
K 2
6 o g’ 304
: g T
3 °
g 61 *k E 20
Q *k g
8 31 S 101
0 i T 0 T
o> 4 ) =) A )
o{é 060‘ (9\)\ 9‘§Q o (,\\_go 3 90@' B 0@: .
(@) Q ) L P < & o o eQ
4@6\. <b°+e}§ Q,Q’*. & Q’e;" e)&e? 0-\990
(%) ’
S P O S RS &
x

Figure 5 (A-D) Indicated mRNA levels of skin collagen metabolism, inflammation factors, oxidative stress parameters and senescence markers quantified by qRT-PCR from
mice skin biopsies. (E) SOD levels of mice skin tissues. (F) MDA levels of mice skin tissues. *p < 0.05, **p < 0.01, compared with the control group.

was no significant difference in p21 mRNA expression between the SeNPs group and the untreated group or between the
HSA-SeNPs group and the untreated group.

In conclusion, UVB-induced photoaging leads to disrupted expression of collagen type I and III, increased the
expression of MMP1, TNF-a and IL-1f, reduced the expression of Nrf2 and Gpx1, as well as elevated the expression of
pl16 and p21 in the skin. Notably, HSA-SeNPs exhibit significant protective effects against UVB-induced skin photoaging
based on the mRNA expression profiles of multiple biological factors.
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HSA-SeNPs Avoided UVB-Induced Abnormal Antioxidant Activity

The level of SOD in the skin was significantly decreased in the UVB exposure group and the SeNPs group compared
with the untreated group (Figure 5E). But no significant difference was tested in SOD expression between the HSA-
SeNPs group and the untreated group. At the same time, the MDA level of mice skin was significantly increased in the
UVB exposure group (Figure 5F). Nonetheless, there was no significant difference in MDA content between the SeNPs
group and the untreated group or between the HSA-SeNPs group and the untreated group.

Discussion

The histological and morphological injury of skin photoaging mainly occurs in the collagen fibers of dermis, related to
the expression change of inflammatory factors and senescence markers. The present study revealed that in the skin
dermis devoid of UVB irradiation, collagen fiber bundles exhibited a slender, uniform distribution, and orderly arrange-
ment, reflecting a tense structure and stable performance. Conversely, in UVB-exposed skin, the collagen fiber bundles
appeared thick, loose, and unevenly distributed, consistent with findings from previous investigations.*>* These
observed changes collectively suggest that UVB irradiation expedites the process of skin photoaging. At present, it is
generally recognized that the main reason for collagen abnormalities in photoaged skin is the up-regulation of MMP1
expression induced by irradiation, contributing to the imbalance of collagen synthesis and degradation.***® Ying Rui et al
found that the skin of nude mice subjected to UV irradiation for 30 days continuously contained more MMP-1 and less
collagen type 1.>7 Some studies have also found that the content of collagen in the skin after UVB irradiation significantly
reduced.”® Furthermore, collagen type I has stable structure and composition, while collagen type III is relatively
immature and unstable with low elastic tension. When the skin is damaged under UVB light, the level of collagen
type I decreases while the level of collagen type III increases, destroying the homeostatic collagen component and the
structural disorder.’® Our results also confirmed that the mRNA expression of the collagen type I gene, Collal, was
decreased and the mRNA expression of the collagen type III gene, col3a3, was increased in the UVB exposure group.
Fortunately, HSA-SeNPs could efficaciously protect collagen type I and type III from a disturbing expression by down-
regulating the level of MMP1, which was instrumental in maintaining the stability of the skin structure.

TNF-a can promote the early inflammatory response and increase the number of local fibroblasts, thus promoting skin
wound healing by inducing the mitosis of fibroblasts and the synthesis of extracellular matrix.*>*' With the proin-
flammatory mediators, the body produces IL-1, IL-8, and other inflammatory factors to stimulate the defense behavior, as
well as promote fibroblast proliferation and collagen synthesis with the help of growth factors to complete the process of
skin tissue repair.** Our experiment confirmed that the expression of inflammatory factors in the UVB exposure group
was up-regulated. HSA-SeNPs could significantly promote the expression of TNF-o0, being conducive to skin tissue
repair, and could significantly inhibit the over-expression of inflammatory factors such as IL-1p on the other hand, to
prevent excessive inflammatory reaction and avoid the aggravation of skin damage.

The P16 gene, also known as MTS1/CDKN2, directly participates in the regulation of the cell cycle and inhibits cell
proliferation and division.** P21 gene is an important member of cyclin-dependent kinase inhibitor family, which inhibits
the activity of cyclin-dependent kinases, and suppresses DNA replication and DNA repair, thus inhibiting cell prolifera-
tion and division as well.** P16 and p21 genes are considered as senescence markers. Their activation is regarded as
cellular senescence.*>*® Under UVB irradiation, both SeNPs and HSA-SeNPs inhibited the activation of the p21 gene,
and HSA-SeNPs showed stronger and better effects, which further reflected the value of HSA-SeNPs in resisting skin cell
senescence caused by UVB irradiation.

SOD has distinct antioxidant effect. The decrease of SOD activity in the body indicates the declining ability to
scavenge oxygen free radicals, therefore, the SOD activity reflects the degree of aging.*’*® MDA is the end product of
lipid peroxidation caused by the accumulation of free radicals, which is cytotoxic.*” The amount of MDA often directly
illustrates the degree of lipid peroxidation in the body and indirectly reflects the degree of cell lesion. In addition, MDA
can promote the cross-link of collagen fibers. As report goes, excessive collagen fiber cross-linking leads to the hardening
and shrinkage of the skin, contributing to skin aging.’*>' Therefore, SOD and MDA activities are important indicators of
body aging, as well as skin aging. Our study found that, 1) the SOD activity in the skin of mice in the UVB exposure
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group was significantly decreased, which illustrated that the ability of skin cells in photoaged tissues to scavenge oxygen
free radicals was decreased. 2) The level of MDA in the skin of mice in the UVB exposure group was significantly
elevated, suggesting that numerous free radicals reacted with lipid and a large amount of MDA was produced with the
oxidation reaction. So skin cells were seriously damaged in the UVB exposure group. However, comfortingly, in the
HSA-SeNPs group, SOD levels were significantly higher than that in the UVB exposure group, while MDA levels were
lower than that in the UVB exposure group, which revealed the ability of HSA-SeNPs to help scavenge oxygen free
radicals. An it is seen that the antioxidant effect of HSA-SeNPs was better than SeNPs.

The abnormal activation of growth factor receptors and cytokine receptors can also lead to skin photoaging. Studies
have shown that UVB radiation activates growth factor receptors and cytokine receptors on the cell surface, and then
results in the activation of downstream signal transduction pathways,** contributing to skin photoaging symptoms. EGF
can activate JNK in combination with IL-1 or TNF. UVB is also a strong activator of JNK and, at the same time, can
induce the production of IL-1 and TNF in keratinocytes. Thus, both UVB and EGF have similar effects on JNK
activation.” Meanwhile, Under UVB radiation, EGF-R, IL-1R, and TNF-R will specifically aggregate, activating the
JNK pathway.>* EGF-R inhibitors can restrain the tyrosine phosphorylation of EGF-R induced by UV radiation, EGF, or
IL-1B. Moreover, EGF-R inhibitors can also inhibit the activation of IL receptor-related kinase and suppress UV or IL-1f
induced c-Jun kinase activation.”® In addition, IL-1p-induced activation of EGF-R and ERK pathways lead to MMP-1
overexpression, promoting the photoaging process.’ © Therefore, EGF-R is a key mediator in multiple signal transduction
pathways, which suggests that the suppression of EGF-R tyrosine kinase activation is also an important way to prevent
skin photoaging induced by UV radiation.

Conclusions

In this study, to make selenium nanoparticles have better stability and water solubility, a form of human serum albumin/
selenium nanoparticles (HSA-SeNPs) were prepared by self-assembly of denatured human serum albumin and inorganic
selenite. Compared with SeNPs, HSA-SeNPs act as a more suitable protector for skin cells against UVB-induced skin
photoaging with no obvious cytotoxicity, which prevents keratinocytes from cell death and effectively promotes cell
proliferation under the UVB exposure condition. HSA-SeNPs mainly work on the skin epidermis and dermis, resisting
wrinkles, pigmentation, and other damages caused by UVB exposure. MMP1 mRNA expression was inhibited by HSA-
SeNPs under UVB irradiation, thus up-regulating the expression of collagen type I and reducing the expression of
collagen type III, maintaining the stability of dermal collagen composition. The mRNA expression of TNF-o was
increased by HSA-SeNPs under UVB irradiation, whereas IL-1 mRNA expression was inhibited, for the sake of skin
tissue repair and the control of inflammation. Even more important, HSA-SeNPs can suppress the expression of p21 and
prevent cellular senescence. The results showed that HSA-SeNPs could improve the activity of SOD, resisting the
production of oxygen free radicals, and inhibit the level of MDA, restraining the happening of collagen cross-linking and
wrinkling. In conclusion, this study verified the anti-photoaging effect of HSA-SeNPs on the skin (Figure 1). Our
research provided innovative ideas for the development of new anti-aging products.

Experimental Methods

Preparation and Characterization of SeNPs and HSA-SeNPs

Three mL of 60% ethanol buffer including 100 mg HSA was first stirred at 40 °C for about 60 min. 600 pL of 25 mM
sodium selenite was subsequently added into the HSA solution for 60 min under stirring, and then 0.4 mL of 60 mM
Vitamin C was added into the mix buffer to react and induce self-assembly of HSA/SeNPs. After 3 h, the resulting HSA-
SeNPs were dialyzed (MWCO 8-14 KD) in PBS at room temperature for 48 h to remove excess unreacted reagents,
including Na,SeO; and Vitamin C byproduct, and then were kept at 4 °C for use. And following the reported method,?®
I mL of 25 mM sodium selenite was mixed with 4 mL 25 mM glutathione (GSH) containing 20 mg HSA for the
preparations of the middle sizes SeNPs. The pH of the mixture was adjusted to 7.2 with 1.0 M sodium hydroxide when
the red elemental Se and oxidized glutathione (GSSG) formed. The red solution was dialyzed (MWCO 8-14 KD) against
PBS for 48 h with the water changing every 12 h to separate GSSG from SeNPs. After centrifugation with 15,000 g for
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20 min, while SeNPs and HSA-SeNPs were digested with 10% nitric acid in a 50 °C water bath overnight, the content of
Se and HSA components was to be determined with ICP-OES. All measurements were performed in triplicate. Freshly
prepared SeNPs and HSA-SeNPs were transferred onto a 200-mesh copper grid coated with carbon, dried at room
temperature, and then analyzed by TEM. Circular dichroism (CD) spectra were recorded on an Applied Photophysics
Chirascan instrument at 25 °C. The size of the freshly prepared sample (about 1 mg/mL) was also measured by dynamic
light scattering (DLS), using a Malvern Zetasizer Nano ZS. Given the sensitivity of the instrument, multiple runs (>3)
were performed to avoid erroneous results.

Cytotoxicity of SeNPs and HSA-SeNPs

L929 cells (Zhong Qiao Xin Zhou Biotechnology Co., Ltd, Shanghai, China) were cultured with Dulbecco’s modified
Eagle’s medium (DMEM; Gibco, Rockville, Md, USA) which contained 10% fetal bovine serum (Biological industries,
Haemek, Israel) in a CO, incubator at 37 °C. To test the toxicity of SeNPs and HSA-SeNPs, L.929 cells were seeded in
a 96-well plate at a density of 1.0x10° cells/well. SeNPs or HSA-SeNPs with a concentration range of 100-500 ng/mL
were added respectively. MTT assay was used to measure the cell viability after 48h as we previously described
elsewhere.’”>® The cell viability of the control group was considered 100%.

Trypan Blue Staining

HaCaT cells (Changsha bochu biotech co., 1td, Changsha, China) were cultured with DMEM which contained 10%
fetal bovine serum in a CO, incubator at 37 °C. With a density of 1.0x10° cell/well, HaCaT cells were divided
randomly into 6 groups, a control group without UVB illumination (control group), a control group with UVB
illumination (UVB exposure group), 200 or 300 ng/mL SeNPs group with UVB illumination (200 or 300 ng/mL
SeNPs group), and 200 or 300 ng/mL HSA-SeNPs group with UVB illumination (200 or 300 ng/mL HSA-SeNPs
group). After pretreatment, HaCaT cells were exposed to UVB light for 18 hours except for the untreated group. After
that, cells were stained with trypan blue and the cell survival rate was calculated. The cell survival of the control group
was considered 100%.

Cell Proliferation Under UVB Condition

With a density of 1.0x10* cell/well, HaCaT cells were seeded in the 96-well plate for the proliferation test. 200 and 300
ng/mL SeNPs or HSA-SeNPs were used for the following experiments. After pretreated with PBS solution, SeNPs or
HSA-SeNPs for 16 h, HaCaT cells were exposed to UVB light (312nm, 60J/cm?; SIGMA High-tech Co., Ltd, Shanghai,
China) for 18s and then cultured in the incubator for 24 or 48h. Photos of cell morphology were taken before and after

57,58

UVB exposure. MTT assay was used as we previously described elsewhere to measure the relative cell number 24 or

48h after UVB exposure.

Animal Skin Photoaging Model

6-week-old ICR mice (n=4) with SPF grade, purchased from the SLAC Laboratory Animal Co., Ltd. (Shanghai,
China), were fed in the animal experimental center of Xiangya Medical School, Central South University, under
a standard breeding environment. The experimental protocol was approved by the Animal Care and Use Committee
of Central South University, and all animal experiments followed the 3Rs’ principles and the Five Freedoms
paradigm. The mouse UVB-induced photoaging model was made as previously described.’*®" In brief, after
anesthesia and hair removal, the mice were placed on the platform 20 cm away from the lamp tube (8W, wavelength:
340nm, Yichen household products Co., Ltd, Shanghai, China) to receive UVB radiation on the dorsal skin for the
50s, 3 times a week for 10 weeks. As for the untreated group, the back skin is covered with tinfoil to avoid UVB
radiation. After UVB exposure, 0.1 mL of 300 ng/mL SeNPs or HSA-SeNPs were injected subcutaneously in the
SeNPs group or the HSA-SeNPs group. A saline solution was used as a control. Three days after the final irradiation,
mice were sacrificed with 1% sodium pentobarbital (intraperitoneal injection), and the skin was taken for further
investigation.
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Hematoxylin and Eosin (H&E) and Masson Trichrome Staining

10% formalin was used to fix the skin samples for 48h, before dehydration and paraffin embedding. Then samples were
sliced with a thickness of 4 pm, mounted onto slides, and stained with hematoxylin and eosin solution. For Masson
trichrome staining, slices were stained with a Masson-Goldner staining kit (Sigma-Aldrich, St. Louis, MO, USA)
following the instructions. Images were taken with a light microscope (Leica, Buffalo, NY, USA).

qRT-PCR
Total RNA was extracted from skin tissues by TRIzol Reagent (Invitrogen, Carlsbad, CA, USA). After that, cDNA was
synthesized using PrimeScript™ RT reagent Kit (TaKaRa Bio, Dalian, China), as templates for the following qRT-PCR
experiments using HiScript I One Step qRT-PCR SYBR Green Kit (Vazyme Biotech Co.,Ltd, Nanjing, China). Primers selected
were listed: Collal-F, 5>-CGCCATCAAGGTCTACTGC-3’; Collal-R, 5’-ACGGGAATCCATCGGTCA-3’; Col3a3-F, 5°-
ACTGGTGCTCCTGGATTAAAG-3’; Col3a3-R, 5-CTTCCTCGAGCTCCATCATTAC-3’; Mmpl-F, 5-ATGAGA
CGTGGACCGACAAC-3’; MmplI-R, 5-TGAGTGAGTCCAAGGGAGTG-3’; TNF-o-F, 5’-CAGCGCTGAGGTAAGGT
GGTGCAATCTGCC-3’; TNF-a-R, 5-TGCCCGGACTCCGCAA-3’; IL-15-F, 5’-GGCTTCCTTGTGCAAGTGTC-3’; IL-

IB-R, 5’-TGTCGAGATGCTGCTGTGAG-3’; Nrf2-F, 5’-TCACACGAGATGAGCTTAGG
GCAA-3’; Nrf2-R, 5’-TACAGTTCTGGGCGGCGACTTTAT-3’; GpxI-F, 5’-CCAACACCCAGTGACGACC-3’; GpxI-R,
5’-CTCAAAGTTCCAGGCAATGTC-3’; pl6-F, 5’-CGTACCCCGATACAGGTGATG-3’; pl6-R, 5%-
ATACCGCAAATACCGCACGA-3’; p21-F, 5’-AGCAGTTGAGCCGCGATTG-3’; p2I-R, 5-

ACCCAGGGCTCAGGTAGATCTTG-3’; Gapdh-F, 5’-CATACCAGGAAATGAGCTTG-3’; Gapdh-R, 5-
ATGACATCAAG-3’. The mRNA expression was measured from the threshold cycle value based on a standard curve and
was normalized against Gapdh. The experiment was repeated 3 times at least.

SOD and Malondial Dehyde (MDA) Measurement

Levels of SOD and MDA were measured using the SOD assay kit (WST-1 method; Nanjing Jiancheng Bioengineering
Institute, Nanjing, China) and MDA assay kit (TBA method; Nanjing Jiancheng Bioengineering Institute, Nanjing,
China), respectively. All procedures were conducted following the instructions. In brief, skin tissues were lysed by RIPA
and centrifuged at 10,000 g for 10 min. The supernatant liquor was used for the SOD or MDA measurement by
spectrophotometry with a microplate Reader (PerkinElmer, Waltham, MA, USA).

Statistical Analysis

Data were analyzed using unpaired, two-tailed Student’s ¢ tests for comparisons between two groups and one-way
analysis of variance for multiple comparisons. Results are expressed as mean + SD. A p value less than 0.05 was
considered statistically significant.

Abbreviations

SeNPs, Selenium nanoparticles; HSA-SeNPs, human serum albumin/selenium nanoparticles; UV, ultraviolet; MMPs,
matrix metalloproteinases; IL-1, interleukin-1; AP-1, activating protein-1; ROS, reactive oxygen species; NF-kB, nuclear
factor-kappa B; SOD, superoxide dismutase; JNK, Jun N-terminal kinase; TNF-a, tumor necrosis factor-a; Nrf2, nuclear
factor erythroid 2-related factor 2; Gpx1, glutathione peroxidase 1; CD, circular dichroism; MDA, malondial dehyde.
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