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ARTICLE INFO ABSTRACT
Keywords: Selenium (Se) is an essential trace element involved in nearly all human physiological processes but suffers from
PEG modification a narrow margin between benefit and toxicity. The nanoform of selenium has been proven shown to be more
Nanoselenium bioavailable and less toxic, yet significant challenges remain regarding the efficient and feasible synthesis of
Tissue regeneration biologically active nanoselenium. In addition, although nanoselenium has shown a variety of biological activ-
Zebrafish gically ’ s y 8
ities, more interesting nanoselenium features are expected. In this work, hydrosoluble nanoselenium termed
Nano-Se in the zero oxidation state was synthesized between gray Se and PEG. A zebrafish screen was carried out
in zebrafish larvae cocultured with Nano-Se. Excitingly, Nano-Se promoted the action of the FGFR, Wnt, and
VEGF signaling pathways, which play crucial roles in tissue regeneration. As expected, Nano-Se not only ach-
ieved the regeneration of zebrafish tail fins and mouse skin but also promoted the repair of skin in diabetic mice
while maintaining a profitable safe profile. In brief, the Nano-Se reported here provided an efficient and feasible
method for bioactive nanoselenium synthesis and not only expanded the application of nanoselenium to
regenerative medicine but also likely reinvigorated efforts for discovering more peculiarunique biofunctions of
nanoselenium in a great variety of human diseases.
1. Introduction of selenium is growingly yielding up the optimal bioavailability and
lowered toxicity [4,5]. Both advantages of nanoselenium owes a good
Emerging nanomedicine holds great promise for new treatments deal to the possibility of using selenium in the zero oxidation state (Se
because of its novel characteristic properties that are strikingly different (0)), which favors the antioxidant bioactivity of Se and minimizes its
from those of both isolated atoms and bulk material [1,2]. Selenium, of chemical activity, which is the archcriminal toxicity [3,6]. According to
course, has proven to be one of the biggest beneficiaries of nanotech- relevant standards, the intake of selenium for persons over 18 years old
nology [3]. Compared with inorganic and organic forms, the nanoform is 50-250 pg/d [7]. Inappropriate intake of selenium can cause adverse
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reactions. Excessive intake of selenium could cause skin pain dullness,
numbness of limbs, dizziness, gastrointestinal disorders, and indiges-
tion. Moreover, selenium deficiency can also lead to cardiomyopathy,
myocardial failure, and Keshan disease and so on [8]. However, using Se
(0) is both a blessing and a curse: its poor solubility in physiological
buffer severely limits its application. Thus, the construction of dissolv-
able nanoselenium has always been a challenge.

To overcome this, three general strategies have emerged for water-
soluble nanoselenium synthesis: 1) employing physical methods such
as microwave irradiation [9], ultraviolet irradiation [10], laser ablation
[11], and ultrasonic field treatment [12]; 2) using chemical reagents
including but not limited to NaBH4 [13], ascorbic acid [14,15], BSA [16]
and citric acid [17] to reduce some acids containing selenium; and 3)
borrowing biological identities, for example, microorganisms [18] cells
and plants [19], to synthesize dissolvable nanoselenium. Nevertheless,
the first physical method always suffers from a resource-intensive and
laborious process [20]. Although the second chemical method is
time-saving, it harms the environment because of harmful chemicals
[21]. Third eco-friendly biological methods have received more atten-
tion in comparison to both fronts, but the uncontrollable synthesis
process and the synthesis products limit their extensive application [22].
While some success has been achieved in synthesizing dissolvable
nanoselenium using these three strategies, significant challenges remain
regarding the efficient and feasible synthesis of biologically active
nanoselenium. Toward this end, a one-pot strategy was developed to
gray Se with polyethylene glycol (PEG) at 200-220 °C, resulting in a
hydrosoluble nanoselenium (termed Nano-Se) in the zero oxidation
state.

In terms of biological activities, selenium has can affect many
physiological processes, including but not limited to growth, develop-
ment, immunomodulation, and reproduction [23], thereby having
widespread applications as bioantioxidants [24], antibiotics [25], anti-
neoplastic agents [26], antidiabetic agents [27], and nutritional sup-
plements [28]. Owing to its optimal bioavailability and lower toxicity in
comparison to inorganic and organic forms, the nanoform of selenium is
preferred for therapy for diseases such as cancer, muscular dystrophy,
diabetes, liver fibrosis, and infection [29]. While nanoselenium has been
regarded as an excellent alternative to inorganic and organic selenium,
more distinctive nanoselenium features are expected. To this end, many
in vitro cultured cells have been used to screen new functions of nano-
particles, which limits the screening of cell-autonomous phenotypes.
Although some in vivo models established in different mice with various
diseases can overcome this limitation, screens carried out in mouse
models always require a mass of nanoparticles and possess extremely
limited throughput [30]. To overcome functional limitations in cells and
throughput limitations in mice, emerging zebrafish have become a
prominent vertebrate model for drug and functional material discovery
[31]. With a high-quality zebrafish genome that is 71% orthologous to
human beings [32], zebrafish exhibit a diverse repertoire of human
biological processes and possess fully integrated vertebrate organ sys-
tems like human beings [31]. As in the following, a broader range of
accessible biology can be assayed in zebrafish in comparison with
cultured cells, and a higher throughput can be achieved in contrast to
mouse models.

Herein, hydrosoluble Nano-Se in the zero oxidation state was syn-
thesized between gray Se and PEG. A zebrafish screen was carried out in
zebrafish larvae cocultured with Nano-Se. Excitingly, Nano-Se promoted
the action of the FGFR, Wnt and VEGF signaling pathways, which play
crucial roles in tissue regeneration. This means that Nano-Se has great
potential to be a safe and degradable nanoaccelerator of regeneration.
To test this hypothesis, a zebrafish tail fin regeneration model and a
mouse skin regeneration model were used to challenge the regeneration
promotion capacity of Nano-Se. As expected, Nano-Se not only achieved
the regeneration of zebrafish tail fins and mouse skin but also promoted
the repair of skin in diabetic mice while maintaining a profitable safe
profile. In brief, the nano-Se reported here provided an efficient and
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feasible method for bioactive nanoselenium synthesis and expanded the
application of nanoselenium to regenerative medicine.

2. Results
2.1. Synthesis and characterization of Nano-Se

As the first step toward this study, Nano-Se was synthesized by
heating gray Se to 200-220 °C in polyethylene glycol (PEG) for 30 min,
followed by hydration with cold Milli-Q water (Fig. 1A). Dynamic light
scattering (DLS) (Fig. 1B) was measured in the Nano-Se solution, which
demonstrated an average diameter of approximately 144 nm. Typical
transmission electron microscopy (Fig. 1C), high resolution transmission
electron microscope (Fig. S1A) and atomic force microscopy (Fig. 1D)
images showed that Nano-Se is a spherical structure with a diameter of
approximately 100-150 nm (Fig. 1C and D), which is consistent with the
DLS result and stable in aqueous solution and DMEM (10% FBS) for 14
days (Fig. S2). The Se concentration of the Nano-Se solution was
quantified by employing ICP (Table S1) and EDS analysis (Fig. S1B).

2.2. Nano-Se promotes the tissue regeneration

Recently, zebrafish, a nonmammalian vertebrate, has become one of
the top disease models for investigation because the similarity of its
genome reaches as high as 70% with that of humans [33]. It can
regenerate its heart [34,35], retina [36], kidney [37,38], liver [39,40],
and appendants, for instance, the fins [41-43], throughout its entire life,
which makes zebrafish one of the most popular models for studying
tissue regeneration. Among regenerable organs, the tail fin, which is
well organized with vessels, nerves, and stromal structures and com-
prises skin, mesenchyme, and bone frames, has become a popular model
for studying tissue regeneration due to its repeatability, ease of manip-
ulation, and timesaving [44]. Therefore, the zebrafish tail fin model was
selected first to investigate the regeneration-enhancing activities of
nano-Se in this study. We performed caudal fin amputation on adult
zebrafish, followed by exposure to Nano-Se. The resection rate and
regeneration rate of zebrafish fin were calculated according to the for-
mula demonstrated in Fig. 2A, and the resection rate in all groups
remained similar (Fig. S4). As shown in Fig. 2B, the regeneration of
zebrafish caudal fins was dramatically improved after 6 and 9 days of
treatment with Nano-Se (100 nM). Quantification results demonstrated
that the amputated zebrafish caudal fin with 4-day exposure to Nano-Se
achieved a regeneration rate of 12.67% compared to that of 9.48% in the
control group; this difference continued growing, and until 8-day
Nano-Se exposure, the regeneration rate reached 31.74%, while the
control group showed only 25.08% (Fig. 2C).

To explore which pathway genes can be regulated by Nano-Se,
transcriptome analysis was performed. Significant differences in tran-
scriptome characteristics between the Nano-Se and control groups were
indicated by using principal component analysis (PCA) (Fig. 1E).
Moreover, the heatmap analysis demonstrated that 400 genes were
upregulated, while 40 genes were downregulated after treatment with
Nano-Se (Fig. 1F). KEGG pathway analysis indicated that the WNT and
VEGF signaling pathways contributed to the enrichment of these upre-
gulated genes (Fig. 1G). For instance, fzd9a, rhocb, crebbpb (WNT
pathway), mapkl4a, pik3r3b, and pla2g4f.2 (VEGF pathway) were
significantly upregulated (Fig. 1H). Interestingly, fgfr1bl, a member of
the FGF pathway, was also upregulated (Fig. 1H). In addition, the
expression of two selenoproteins (Selenol and Selenop) was elevated
after exposure to Nano-Se, which further strengthened the local effect at
the genetic level. These results indicate that Nano-Se could upregulate
gene expression related to the FGF, VEGF, and WNT signaling pathways,
suggesting that Nano-Se is involved in regulating angiogenesis, cell
migration, and tissue regeneration.

Moreover, to study whether this regeneration enhancement activity
is an excluding property of Nano-Se, we evaluated the effect of PEG200,
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Fig. 1. (A) Schematic illustration synthesis of Nano-Se. (B) Particle size distribution of the Nano-Se. (C) TEM image of Nano-Se. Scale bars: 200 nm. (D) Atomic Force
Microscope (AFM) image and particle size data analysis of Nano-Se. (E) Principal component analysis (PCA) was performed based on differentially expressed genes
from regenerated tail fin the of two groups. Each data point corresponds to the PCA analysis of each sample. (F) Heat maps of significantly upregulated and
downregulated genes (fold change >2 and P < 0.05). (G) KEGG pathway enrichment analysis of the identified differentially expressed genes. The 30 most signif-
icantly enriched pathways are shown. (H) Heat maps of significantly upregulated genes related to FGF, VEGF, Wnt pathway and selenoprotein.
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Fig. 2. (A) Schematic illustration of calculating the regeneration rate of zebrafish caudal fin. (B) Representative images of the Nano-Se accelerates caudal fin
regeneration. dpa: days past amputation. (C) Regeneration rate of zebrafish caudal fin treated with Nano-Se. (3 independent biological repeats with a total n = 29).
(D) Regeneration rate of adult zebrafish caudal fin treated with Nano-S, Nano-Au, Nano-Se (3 independent biological repeats with a total n = 15). (E) Representative

images of Nano-Se in a dorsal cortex injury SD rats model. (F) Wound healing rate of Nano-Se in a dorsal cortex injury SD rats model (3 independent biological
repeats with a total n = 15). (Mean values + SD, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).

selenite, Nano-S, and Nano-Au of similar sizes; however, the results
demonstrated that neither Nano-S nor Nano-Au promoted the regener-
ation of zebrafish caudal fins (Fig. 2D, Figs. S5-6), and the same result
was observed for selenite (Fig. S7) and PEG200 (Fig. S8). To study
whether Nano-Se enhanced caudal fin regeneration in a local or distal
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manner, 6-coumarin was loaded in Nano-Se during synthesis, and the
results indicated that 6-coumarin was distributed in the regenerated tail
fin (Fig. S9). These results collectively indicate the unique regeneration
enhancement activity of Nano-Se in a local manner.

The effect of Nano-Se on tissue regeneration was also verified in
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mammalian SD rats. As shown in Fig. 2E, the skin wound healing rate
was significantly accelerated. Quantification results demonstrated that
the wound healing rate with 4-day exposure to Nano-Se achieved a
regeneration rate of 27.51% compared to that of 9.36% in the control
group; this difference continued growing, and until 10-day Nano-Se
exposure, the regeneration rate reached 90.34%, while the control
group showed only 39.78% (Fig. 2F).

2.3. Nano-Se promotes angiogenesis through the VEGF pathway

To investigate the importance of blood vessels in Nano-Se-induced
zebrafish fin regeneration, a double transgenic zebrafish (flil: EGFP/
gatal: mCherry), in which endothelial cells and red blood cells are
labeled with a green and red fluorescent protein, was employed to assess

A

0 dpa
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the impact of Nano-Se on blood vessel regeneration. The caudal fin of
adult transgenic zebrafish was amputated to evaluate the effect of Nano-
Se on blood vessels during fin regeneration. As shown in Fig. 3A and B,
angiogenesis was elevated to 45.29% after treatment with Nano-Se (100
nM) for 6 days compared to 35.96% in the control group. Another
zebrafish angiogenesis model, the subintestinal vein (SIVs), was also
employed, and 24-h postfertilization (hpf) zebrafish embryos were
incubated with 50 nM, 100 nM, and 200 nM Nano-Se for 48 h. The
number of SIVs was also significantly increased after treatment with
Nano-Se (100 nM) (Fig. S10). Moreover, we found that the number of
branches of blood vessels increased significantly after Nano-Se treat-
ment in the chicken embryo allantoic membrane experiment (Fig. 3C),
indicating the stimulating effect of Nano-Se on angiogenesis.

To investigate whether the angiogenesis-enhancing activities of
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Fig. 3. (A) Representative fluorescence microscopy images for angiogenesis in fin regeneration by transgenosis zebrafish (flil:EGFP/gatal:mCherry) which blood
vessels were labeled with green fluorescence and blood with red fluorescence, the adult zebrafish were treated with different concentrations of Nano-Se (0, 50, 100
and 200 nM). (B) Regeneration rate of fin angiogenesis treated with Nano-Se (3 independent biological repeats with a total n = 13). (C) Nano-Se promotes
angiogenesis of allantoic membrane of chicken embryo. (D) Wound healing assay to evaluate the migration of HUVEC cells after being treated with Nano-Se (0, 25,
50 and 100 nM) and DMEM with 10% FBS. Cells were wounded and monitored using a microscope 12 h. The red areas represent migrating cells. (E) Migration rate of
HUVEC cells induced by Nano-Se (3 independent biological repeats with a total n = 9). (Mean values + SD, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
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Nano-Se are conserved in mammals, human umbilical vein endothelial
cells (HUVECs) were employed for further investigation. After treatment
with Nano-Se for 48 h, the number of EAU™ cells, which represents cell
division and proliferation, was significantly increased (Fig. S11) while
the LD50 of Nano-Se was 523.4 nM ( Fig. S13A ). Moreover, the
migration of HUVECs was assessed by scratch test assay. As shown in
Fig. 3D, after treatment with nano-Se for 12 h, the distance of cell
migration continued to increase according to the concentration of Nano-
Se. The migration rate of HUVECs reached 66.7% when the concentra-
tion of Nano-Se increased to 100 nM (Fig. 3E), while the migration rate
remained at 53.3% in the control group. These results collectively
indicated that angiogenesis-stimulated activity of Nano-Se is conserved
between zebrafish and homo species.

Considering that angiogenesis improves the activity of Nano-Se in
both zebrafish and human cells, we investigated whether fin regenera-
tion improved by Nano-Se is dependent on Nano-Se-induced angiogen-
esis. A VEGFR2/KDR inhibitor, PTK787, was introduced to exclude
angiogenesis by blocking VEGFR2 signaling, and the results showed that
the regeneration rate, which was elevated with Nano-Se treatment,
decreased when exposed to PTK787. Moreover, the enhancing activities
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of Nano-Se on both fin regeneration and angiogenesis were blocked in
the presence of PTK787, indicating that VEGFR2 signaling is critical for
Nano-Se-induced fin regeneration (Fig. 4). Collectively, these results
indicated that Nano-Se improved fin regeneration through the induction
of VEGFR2-mediated angiogenesis.

2.4. Nano-Se promotes tissue regeneration through FGF and the Wnt/
p-Catenin pathway

In addition to blood vessels, stromal growth is also crucial for fin
regeneration [45]. According to our RNA-Seq results (Fig. 1H), the FGF
and Wnt/p-Catenin pathways were also involved in tissue regeneration
promoted by Nano-Se. AZD4547 (FGFR inhibitor) and LGK974
(Wnt/p-Catenin inhibitor) were introduced to block the FGF and Wnt
pathways to further evaluate their importance during fin regeneration
stimulated by Nano-Se. As shown in Fig. 5 and 14 days after amputation,
the fin regeneration rate, which was improved by Nano-Se, decreased
when exposed to AZD4547. Moreover, the enhancing activities of
Nano-Se on both fin regeneration and angiogenesis were blocked in the
presence of AZD4547. LGK974 was introduced to exclude stromal
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Fig. 4. (A) Representative images for caudal fin regeneration in adult zebrafish, the adult zebrafish were treated with Nano-Se (100 nM) and PTK787 (100 nM) (an
inhibitor of VEGFR2/KDR). (B) Representative fluorescence microscopy images for angiogenesis in caudal fin by transgenosis zebrafish (flil:EGFP), the adult
zebrafish were treated with Nano-Se (100 nM) and PTK787 (100 nM) (an inhibitor of VEGFR2/KDR) (C) Regeneration rate of caudal fin regeneration treated with
Nano-Se (3 independent biological repeats with a total n = 13). (D) Angiogenesis rate of caudal fin treated with Nano-Se (3 independent biological repeats with a
total n = 13). (Mean values + SD, * : Significant difference compared with control group, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, #: Significant
difference between PTK787 and PTK787-+ Nano-Se group, #P < 0.05, ##P < 0.01, ###P < 0.001, ####P < 0.0001, n.s: not significant difference between PTK787
and PTK787+ Nano-Se group, N.S: Not significant difference compared with control group).
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Fig. 5. (A) Representative images for caudal fin regeneration in adult zebrafish, the adult zebrafish were treated with Nano-Se (100 nM) and AZD4547 (50 nM) (an
inhibitor of FGFR). (B) Representative fluorescence microscopy images for angiogenesis in caudal fin by transgenosis zebrafish (flil:EGFP), the adult zebrafish were
treated with Nano-Se (100 nM) and AZD4547 (50 nM) (an inhibitor of FGFR) (C) Regeneration rate of caudal fin regeneration treated with Nano-Se (4 independent
biological repeats with a total n = 15). (D) Angiogenesis rate of caudal fin treated with Nano-Se (4 independent biological repeats with a total n = 15). (E) Wound
healing assay to evaluate the migration of HFF cells after being treated with Nano-Se (0, 25, 50 and 100 nM) and DMEM with 10% FBS. Cells were wounded and
monitored using a microscope 12 h. The red areas represent migrating cells. (F) Wound healing assay to evaluate the migration of Balb/c 3T3 cells after being treated
with Nano-Se (0, 25, 50 and 100 nM) and DMEM with 10% FBS. Cells were wounded and monitored using a microscope 12 h. The red areas represent migrating cells.
(G) Migration rate of HFF cells induced by Nano-Se (3 independent biological repeats with a total n = 9). (H) Migration rate of Balb/c 3T3 cells induced by Nano-Se
(3 independent biological repeats with a total n = 9). (Mean values + SD, * : Significant difference compared with control group, *P < 0.05, **P < 0.01, ***P <
0.001, ****P < 0.0001, #: Significant difference between AZD4547 and AZD4547+ Nano-Se group, #P < 0.05, ##P < 0.01, ###P < 0.001, ####P < 0.0001, n.s:
not significant difference between AZD4547 and AZD4547+ Nano-Se group, N.S: Not significant difference compared with control group).

growth by blocking Wnt signaling, and the results showed that the fin 2.5. Nano-Se promotes fin regeneration in hyperglycemic zebrafish
regeneration rate, which was elevated with Nano-Se treatment,

decreased when exposed to LGK974. Moreover, the enhancing activities Hyperglycemia contributes to disorders in tissue regeneration. We
of Nano-Se on both fin regeneration and angiogenesis were blocked in established a hyperglycemic zebrafish model through an overdiet
the presence of LGK974 at 6 days postamputation (Fig. 6). These results accompanied by STZ injection (Fig. S14) to evaluate whether Nano-Se
indicate that Nano-Se improves fin regeneration through the induction could improve fin regeneration under hyperglycemic conditions. As
of FGFR and Wnt pathway-mediated stromal growth. shown in Fig. 7A, the fin regeneration rate significantly decreased when
To investigate whether the stromal growth-enhancing activities of the zebrafish entered hyperglycemic conditions. As the quantification
Nano-Se are conserved in mammals, human foreskin fibroblast cells results are shown in Fig. 7C, the fin regeneration rate dropped to 32.78%
(HFFs) and mouse embryonic fibroblast adherent cells (Balb/c 3T3) in hyperglycemic zebrafish compared to 48.85% in healthy zebrafish at
were employed for further investigation. The proliferation rate of Balb/c 9 dpa, suggesting that hyperglycemia disturbed fin regeneration in
3T3 cells was significantly increased after treatment with Nano-Se for zebrafish. Interestingly, Nano-Se also significantly promoted fin regen-
72 h (Fig. S12) while the LD50 of Nano-Se was 828.3 nM ( Fig. S13B ) . eration in hyperglycemic zebrafish (Fig. 7B and D). Our results
Moreover, the migration of HFF-fed and Balb/c 3T3 cells was assessed demonstrate that Nano-Se can improve fin regeneration under hyper-
by scratch assays. After treatment with Nano-Se for 12 h, a decreased glycemic conditions.
distance of wound closure was observed in HFF cells and Balb/c 3T3 The effect of Nano-Se on tissue regeneration was also verified in
cells (Fig. 5E and F). The migration rates of HFF cells and Balb/c 3T3 mammalian diabetic rats. As shown in Fig. 7E, the skin wound healing
cells reached 60.9% and 45.8%, respectively, while the migration rate rate was significantly accelerated. Quantification results demonstrated
remained at 35.5% in the control group (Fig. 5G and H). These results that the wound healing rate with 4-day exposure to Nano-Se achieved a
collectively indicate that stromal growth-stimulated Nano-Se activity is regeneration rate of 16.19% compared to that of 5.54% in the control
conserved between zebrafish and homo species. group; this difference continued growing, and until 10-day Nano-Se

exposure, the wound healing rate reached 76.0%, while the control
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Fig. 6. (A) Representative images for caudal fin regeneration in adult zebrafish, the adult zebrafish were treated with Nano-Se (100 nM) and LGK974 (10 nM) (an
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**REp < 0.0001, #: Significant difference between LGK974 and LGK974-+ Nano-Se group, #P < 0.05, ##P < 0.01, ###P < 0.001, ####P < 0.0001, n.s: not
significant difference between LGK974 and LGK974+Nano-Se group, N.S: Not significant difference compared with control group).

group showed only 54.71% (Fig. 7F).

2.6. The toxicity effects of Nano-Se on zebrafish

To test the toxicity of Nano-Se used, zebrafish embryos were
employed, and the results demonstrated that both the mortality rate and
hatching rates revealed negligible acute toxicity after exposure to
different concentrations of Nano-Se (Fig. S15). In addition to acute
toxicity, the toxicity of nano-Se against adult zebrafish was also evalu-
ated, and the body length and weight of adult zebrafish remained un-
changed in the presence of nano-Se (Figs. S15G and S15F). These results
indicate that nano-Se exhibits a fin regeneration-promoting effect at
nontoxic doses and that the toxicity is lower than that of selenium salt
(Fig. S16).

3. Discussion

The correlation of Se and tissue regeneration has been issued; how-
ever, there is still no direct or solid evidence regarding whether Se could
benefit and how Se benefits tissue regeneration. Herein, we demon-
strated that nano-Se promotes tissue regeneration at a nontoxic dose in
vivo and in vitro. The regeneration-stimulating activities of Nano-Se are
conserved across nonmammalian vertebrates (zebrafish), rodents (rats),
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and primates (human cells). Mechanistically, VEGFR signaling-mediated
angiogenesis and Wnt/FGFR signaling-mediated stromal growth play
crucial roles during tissue regeneration accelerated by Nano-Se. More-
over, our results demonstrated that Nano-Se also benefits the regener-
ation of refractory wounds in hyperglycemic animals, including
zebrafish and rats. Our results highlight Nano-Se as a potential candi-
date for tissue regeneration-related disorders, including hyperglycemia-
related refractory wounds.

Epidemiological studies have suggested the correlation of Se defi-
ciency and poor prognosis of the spinal cord [46] and liver regeneration
[47]. However, there is still no direct evidence that selenium benefits
tissue regeneration. This study is one of the leading investigations that
revealed the tissue regeneration stimulating activity of Nano-Se.
Recently, Nano-Au-containing hydrogels [48,49] demonstrated anti-
bacterial activity [50] and thus accelerated tissue regeneration. How-
ever, Nano-Au also inhibits VEGF-induced choroid-retina endothelial
cell migration [51], which is critical for tissue regeneration. Another
nanomaterial, sulfur nanoparticles (Nano-S), also demonstrated excel-
lent antibacterial activity [52-54], which plays a positive role during
tissue regeneration. In our study, neither Nano-Au nor Nano-S (100 nm,
almost the same size as Nano-Se) significantly promoted tissue regen-
eration. One of the probable reasons is that bacterial infection is negli-
gible around the wound. Selenite also did not exhibit a significant effect
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on tissue regeneration, which may be attributed to its low bioavailability
[55]. Nano-Se has been extensively investigated due to its antioxidative,
anticancer, and anti-inflammatory activities; however, Nano-Se exhibi-
ted these activities at the toxic dose [56-58]. The regeneration accel-
erating activity of Nano-Se is exerted at a nontoxic dose range according
to this study, which demonstrated the unique property of Nano-Se for
tissue regeneration.

Tissue regeneration is a complex process involving multiple cell
types and various signaling pathways. The signaling pathways involved
in tissue regeneration mainly include WNT [59], FGF [60], IGF [61],
BMP [62], Notch [63], Hippo [64], Hedgehog [65], and VEGF [66]. The
cell types involved in regeneration depend on the type of regenerating
tissue. For instance, skin regeneration can be roughly divided into
stromal regeneration and angiogenesis [67]. In this study, we found that
WNT and FGF signaling were involved in and crucial for
Nano-Se-induced stromal growth. The importance of these two signaling
pathways has been stressed in zebrafish and mouse studies [68,69].
Thus, the results of our study are consistent with previous investigations.
In addition, angiogenesis is vital for tissue regeneration. Angiogenesis is
usually driven by VEGFs, a subset of well-known growth factors [70].
Our results also indicate that Nano-Se promoted angiogenesis in a VEGF
signaling-dependent manner, consistent with previous studies. Taken
together, Nano-Se accelerated tissue regeneration through classical
WNT/FGF  signaling-induced  stromal growth and  VEGF
signaling-induced angiogenesis.

Skin is one of the regenerable organs in adults; however, it also
demonstrates regeneration disorders under pathological situations, such
as diabetic feet [71]. According to clinical statistics, approximately 25%
of patients with severe hyperglycemia have refractory wounds, mainly
diabetic feet, which is currently a bottleneck in the clinic [72]. Our re-
sults revealed that Nano-Se benefits regeneration in
hyperglycemia-related refractory wounds in both zebrafish and rat
models. There are several approaches to establish a hyperglycemia
model in zebrafish [73]. Herein, we combined STZ intraperitoneal in-
jection and overdiet to induce severe hyperglycemia in models. One of
the reasons is that diabetic feet mainly occur in severe diabetic patients,
in which the p-cells have already been distorted (type I) or exhausted
(type II). STZ reduces the functions of B-cells, while an overdiet accel-
erates the accumulation of blood sugar [74]. By combining these two
approaches, we established hyperglycemia-related refractory wounds in
both zebrafish and rat models, which are similar to clinical patients. In
this manner, we showed that Nano-Se benefits regeneration in
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hyperglycemia-related refractory wounds in vivo.

Taken together, we highlighted Nano-Se as an accelerator for tissue
regeneration under both physiological and pathological conditions at its
nontoxic doses. Mechanistically, Nano-Se triggers WNT/FGF signaling-
dependent stromal growth and VEGF signaling-dependent angiogen-
esis, which is one of the classical mechanisms during tissue regeneration
(Fig. 8). Our findings support the regeneration-promoting activity of
Nano-Se, especially in diabetic patients.

4. Conclusion

In summary, we illustrated PEG modification methods for hydro-
soluble Nano-Se synthesis. By zebrafish screening, we first reported that
Nano-Se not only promotes tissue regeneration through the VEGFR,
FGFR and Wnt signaling pathways but also promotes the repair of skin
under hyperglycemic conditions, and the effect of Nano-Se on tissue
regeneration in diabetic rats was verified. This work demonstrates the
possibility of applying PEG modification to synthesize hydrosoluble
nano-Se and, more importantly, provides zebrafish as an in vivo model
for screening the novel biological activity of nanomaterials. This
research is not only the first discovery of a new function of Nano-Se:
promoting tissue regeneration; it also provides a new treatment idea
for the regeneration of clinical skin tissue. In future work, we will
conduct in-depth research on the appropriate pharmaceutical formula-
tions and toxic effects of Nano-Se to provide a foundation for human
clinical therapy.

5. Materials and methods
5.1. Materials

Selenium (Se), sulfur (S), MS-222,6-coumarin and streptozocin (STZ)
were purchased from Sigma-Aldrich Chemical Co., PEG200 was pur-
chased from Sangon Biotech Co. Ltd. and used without further purifi-
cation. PTK787, AZD4547, and LGK974 were purchased from MedChem
Express Co. DMEM was purchased from Gibco Co. Ltd. FBS was pur-
chased from Biological Industries Co. Ltd. The BeyoClick™ EdU Cell
Proliferation Kit was purchased from Beyotime Biotechnology Co., Ltd.
Ultrapure Milli-Q water was used in all experiments.
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Fig. 8. Diagram of the tissue regeneration accelerated by Nano-Se through promoting stromal growth by FGFR/Wnt signal pathway and angiogenesis by VEGFR

signal pathway.
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5.2. Cell lines

Cell lines, including human umbilical vein endothelial HUVECs,
human skin fibroblast HFFs, and mouse embryonic fibroblast Balb/c 3T3
cells, were purchased from American Type Culture Collection (ATCC,
Manassas, VA, USA).

5.3. Zebrafish transgenic lines and zebrafish maintenance

The transgenic line (flil: EGFP/gatal: mCherry), in which blood
vessels were labeled with green fluorescence and blood was labeled with
red fluorescence, was used to observe fin blood vessel regeneration. The
transgenic line (corola: EGFP) in which inflammatory cells are labeled
with green fluorescence was used to observe the fin regeneration rate of
Nano-Se-treated hyperglycemic zebrafish. Adult zebrafish were main-
tained in a water circulation system, the water temperature was main-
tained at 28 °C, the conductivity was adjusted to 500-550, and the pH of
the culture water was adjusted to 7.5-8.0.

5.4. Synthesis and Characterization of Nano-Se

Nano-Se was synthesized by dissolving 20 mg of gray Se powder in
10 mL of PEG200 solution under magnetic stirring for 15 min at room
temperature when the solution turned from colorless to dark brown, but
there was still a large amount of gray selenium at the bottom of the
solution. Next, the dark brown solution was incubated at 200-220 °C for
30 minutes to observe that the solution became red brown and that the
gray selenium was completely dissolved. Then, an equal volume of
water (4 °C) was immediately added to the reaction solution, and the
reaction solution was brown-red to rose-red. Finally, the solution was
filtered with a 0.22 pm filter membrane to obtain a red Nano-Se solution.

Transmission electron microscopy (TEM) samples were prepared by
dispersing the samples onto a holey carbon film on copper grids. The
micrographs were obtained on a Tecnai G220 (Shimadzu, Japan) at 200
keV. A dynamic light scattering (DLS) particle size analyzer (Malvern
2000, USA) was used to determine the hydrophilic diameters of the
particles. The concentration of Se was detected by inductively coupled
plasma-atomic emission spectrometry (ICP-AES) (Thermo Scientific,
iCAP 7400, USA). All the measurements were performed at room tem-
perature if not specially mentioned.

5.5. Zebrafish fin regeneration model

Wild-type adult zebrafish and transgenic adult zebrafish (4-8 months
old) were anesthetized in 0.1% MS-222, and caudal fins were amputated
using a scalpel. Then, the experimental group was treated with Nano-Se
every other day for 8 days. Finally, zebrafish were anesthetized with
0.1% MS-222, and fin regeneration length was collected by fluorescence
microscopy (Mingmei Optoelectronics Technology Co. Ltd.) for analysis
at different time points. Regeneration rate of zebrafish caudal fin treated
with Nano-Se. (3 independent biological repeats with a total n = 29);
Regeneration rate of adult zebrafish caudal fin treated with Nano-S,
Nano-Au, Nano-Se (3 independent biological repeats with a total n =
15); Regeneration rate of fin angiogenesis treated with Nano-Se through
VEGEFR (3 independent biological repeats with a total n = 13); Regen-
eration rate of caudal fin regeneration treated with Nano-Se through
FGFR; (4 independent biological repeats with a total n = 15); Regen-
eration rate of caudal fin regeneration treated with Nano-Se through
Wnt pathway (3 independent biological repeats with a total n = 12). All
animal experiments complied with the Arrive guidelines and were car-
ried out in accordance with the National Institutes of Health Guide for
the Care and Use of Laboratory Animals.

5.6. Skin wound healing model of SD rats

SD rats were provided by Guangdong Medical Laboratory Animal
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Center. Adult SD rats were anesthetized with pentobarbital sodium.
After the rats were anesthetized, a skin perforator with a diameter of 8
mm was used to construct a skin wound healing model on the backs of
the rats. After the wound healing model was constructed, different
concentrations of nano selenium were administered subcutaneously at
the wound site. Acquired images and ImageJ were used to quantify the
wound healing rate based on five different fields of vision. (3 indepen-
dent biological repeats with a total n = 15).The animals were main-
tained in accordance with the Guide for the Care and Use of Laboratory
Animals issued by the National Institutes of Health and approved by the
Laboratory Animal Ethics Committee of Jinan University.

5.7. Extraction and purification of total RNA from zebrafish regenerated
fin tissue and bioinformatics analysis

After tail-cutting 30 wild-type (WT) zebrafish, they were randomly
divided into two groups: one group was cultured in system aquaculture
(control group, n = 15), and the other group was treated with Nano-Se
(100 nM) every other day for 8 days. Then, the regenerated fins were
collected. Total RNA was obtained with an RNeasy Micro Kit according
to standard operating procedures. After electrophoresis, the RNAClean
XP Kit and RNase-Free DNase Set were used to purify total RNA. Only
high-quality RNA samples (0D260/280 = 1.8-2.0, RIN >9.5, 28S5:18S =
1.6-2.4) were used to construct a sequencing library, Illumina HiSeq
X10 was used, and RNA purification was performed at Shanghai Bohao
Biotechnology Co. Ltd. reverse transcription, library construction, and
sequencing. For bioinformatics analysis, the expression level of each
transcript was calculated based on the number of fragments per million
exons per million map reading (FPKM) method. RSEM is used to quan-
tify gene abundance. The R statistical software package DESeq2 (fold
change >2 and P value < 0.05) was used to identify differentially
expressed genes, with a false discovery rate (FDR) cutoff value < 0.05.
KEGG functional enrichment analysis showed that differentially
expressed genes were significantly enriched in the KEGG signaling
pathway. KEGG enrichment analysis was performed by KOBAS 2.1.1.

5.8. Localization of Nano-Se in the caudal fin of adult zebrafish

Nano-Se was labeled with 6-coumarin with green fluorescence. Wild-
type adult zebrafish (4-8 months old) were anesthetized in 0.1% MS-
222, and caudal fins were amputated using a scalpel and treated with
Nano-Se@6-coumarin for 1 hour. Then, Nano-Se@6-coumarin was
removed, and the distribution of green fluorescence in the tail fin of
zebrafish was collected at different time points.

5.9. Scratch test assay

The digested cells were inoculated at a dilution of 4 x 10* cells/well
into a six-well plate, incubated in a 37 °C 5% CO; incubator for 24 hours
to form a monolayer, and then treated with DMEM (0.5% FBS) for 12 h
for starvation. A line was then scratched on the culture using a tip (200
uL pipet) orthogonal to the mark on the plate, and the six-well plate was
shaken carefully with PBS to remove floating or dead cells. Nano-Se was
diluted with 0.5% starvation medium to different concentrations, and
the same volume was added to each well and cultured for 24 hours.
Images were acquired with a microscope, and ImageJ was used to
quantify cell migration activity. The average migration rate was calcu-
lated based on five different fields of vision. (3 independent biological
repeats with a total n = 9).

5.10. CCKS8 assay

The digested cells were inoculated at a dilution of 2 x 10° cells/well
into a 96-well plate and incubated in a 37 °C 5% CO- incubator for 24
hours. Then, the cells were treated with DMEM (0.5% FBS) for 24 h for
starvation and to remove the medium. Nano-Se was diluted with 0.5%
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starvation medium to different concentrations, and the same volume
was added to each well. The cells were cultured for 48 hours, and the
medium was removed. Next, 100 pL/well CKK-8 solution was added for
1 h. Finally, the absorbance of each well at 450 nm was measured with a
microplate analyzer. (3 independent biological repeats with a total n =
9).

5.11. Invitro cytotoxicity of Nano-Se

HUVECs and HFF cell lines were used to evaluate the in vitro toxicity
of Nano-Se. The dose of Nano-Se was set at 0, 0.625, 1.25, 2.5, and 5 pM,
and the in vitro toxicity of Nano-Se was determined by the CCK-8 assay
(5.10 for the experimental method). Finally, PRISM software was used to
calculate the LD50 of nano-Se with three replicates in each group.

5.12. BeyoClick™ EdU assay

A total of 3 x 10° cells/mL were added to a 12-well plate, incubated
in a 37 °C 5% CO2 incubator for 12 hours, treated with DMEM (0.5%
FBS) for 24 h for starvation and medium removal. Then, the cells were
treated with different concentrations of Nano-Se for 48 hours. Finally,
the cells were treated according to the instructions of the BeyoClick™
EdU kit, and five different fields of view were randomly selected to
determine the cell proliferation rate. Proliferation rate = number of
proliferating cells/total number of cells x 100%

5.13. Establishment of a hyperglycemic zebrafish tail fin regeneration
model

Adult zebrafish were anesthetized and divided into two groups: the
control group (2 times a day) and the overeating (6 times a day) + STZ
group (injected once every other day for the first two weeks and once a
week for the next two weeks with a high-fat diet) (3 independent bio-
logical repeats with a total n = 24). When it lasted for a month, a scalpel
was used to cut off a quarter of the zebrafish tail from the bifurcation to
successfully construct a cut tail model. Then, the zebrafish were treated
with Nano-Se (100 nM) (3 independent biological repeats with a total n
= 12). Finally, adult zebrafish were anesthetized, and fin tail regenerates
were collected by fluorescence microscopy (Mingmei Optoelectronics
Technology Co., Ltd.) for analysis at different time points.

5.14. Evaluation of nanose on the developmental toxicity of zebrafish

Wild-type juvenile zebrafish (24 hours after fertilization) were
placed into 24-well plates, and each well contained 10 strips. Then,
Nano-Se was treated with 0 nM, 50 nM, 100 nM, and 200 nM every other
day. The number of zebrafish that survived and hatched in each well was
recorded every 24 hours until 96 hours. The heartbeat of each zebrafish
in each group was counted (times/min), and the zebrafish body length in
each group was measured at 96 hours. Adult wild-type zebrafish were
divided into two groups and treated with 0 nM or 100 nM Nano-Se every
other day for 8 days. Finally, the length and weight of zebrafish in each
group were collected.

5.15. Statistical analysis

The data are expressed as the mean + standard deviation (SD). Data
were analyzed using GraphPad Prism 8.0 software (one-way ANOVA or
two-way ANOVA, (*) for p < 0.05, (**) for p < 0.01, (***) for p < 0.001,
and (****) for p < 0.0001).
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