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Abstract

Background: Human epidermal stem cells (hESCs) play an important role in re-epithelialization

and thereby in facilitating wound healing, while an effective way to activate hESCs remains to

be explored. Calcium silicate (CS) is a form of bioceramic that can alter cell behavior and promote

tissue regeneration. Here, we have observed the effect of CS on hESCs and investigated its possible

mechanism.

Methods: Using a mouse full-thickness skin excision model, we explored the therapeutic effect of

CS on wound healing and re-epithelialization. In vitro, hESCs were cultured with diluted CS ion

extracts (CSIEs), and the proliferation, migration ability and stemness of hESCs were evaluated.

The effects of CS on the epidermal growth factor (EGF), epidermal growth factor receptor (EGFR)

and extracellular signal-related kinase (ERK) signaling pathway were also explored.

Results: In vivo, CS accelerated wound healing and re-epithelialization. Immunohistochemistry

demonstrated that CS upregulated cytokeratin 19 and integrin β1 expression, indicating that CS

improved hESCs stemness. In vitro studies confirmed that CS improved the biological function of

hESCs. And the possible mechanism could be due to the activation of the EGF/EGFR/ERK signaling

pathway.

Conclusion: CS can promote re-epithelialization and improve the biological functions of hESCs via

activating the EGF/EGFR/ERK signaling pathway.
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Highlights

• Calcium silicate is a biodegradable Si-containing bioceramic; it can accelerate cutaneous wound healing and facilitate
re-epithelialization.
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• In vivo study showed that calcium silicate increases the stemness of hESCs.
• Calcium silicate improved the proliferation and migration ability of hESCs and enhanced stemness of hESCs in vitro.
• The possible mechanism of calcium silicate exerts its role by upregulating the EGF/EGFR/ERK signaling pathway.

Background

Skin is a protective organ that lies between the inner body and
the external environment. As the outmost barrier, skin is vul-
nerable to various injuries [1]. Following wounding, skin ini-
tiates the healing process, which includes re-epithelialization,
collagen deposition and angiogenesis [2]. The promotion of
re-epithelialization helps restore the skin barrier function,
thereby facilitating wound closure [3]. Therefore, improving
the reconstructive strategies of epithelial tissues is of great
value [4].

Human epidermal stem cells (hESCs), characterized by
stemness and slow cycling, have been recognized as important
reservoirs for epidermal regeneration during wound healing.
Following injury, hESCs at the injured site are rapidly acti-
vated, subsequently initiating the re-epithelialization process
[5]. Concurrently, neighboring hESCs are recruited to the
wound site and participate in the process. Therefore, improv-
ing the biological functions of hESCs would benefit wound
healing. However, direct stem cell therapy remains controver-
sial [6]. It is of practical need to explore new methods that
could alter stem cell behavior and thereby promote wound
healing.

In tissue engineering, biomaterials have been widely
proved to be able to alter the epigenetic status of cells
and influence their behavior, which serves as a vital role
in tissue repair, replacement and regeneration [7,8]. Although
exact details remain to be studied, the extracellular signal-
related kinase (ERK) has been proved to play an important
role in biomaterial-induced differentiation of stem cells
[9]. Katayama et al. demonstrated that enamel matrix
derivative could induce mesenchymal stem cells (MSCs)
osteoblastic differentiation and promote tissue regeneration
via the upregulation of the ERK signaling pathway [10].
Moreover, the downregulation of the ERK signaling pathway
in hESCs resulted in delayed wound healing [11]. Calcium
silicate (CS) is a Ca-, P- and Si-containing bioceramic,
which could facilitate tissue regeneration. Calcium silicate
is biodegradable. After implantation, the Si ion could be
detected in urine, blood, kidney, liver, and the biodegradation
rate reached 97.17% after 26 weeks in vivo [12,13]. Yu
et al. demonstrated that CS could promote angiogenesis
by increasing the secretion of vascular endothelial growth
factor (VEGF) and basic fibroblast growth factor (bFGF)
[14]. Therefore, we reckoned that CS might be beneficial to
skin wound healing. In addition, the impact of CS on hESCs
has to date not been reported. Based on this, we hypothesized
that CS exerts its promoting effect in re-epithelialization by
the secretion of epidermis growth factor (EGF) as well as
maintaining the stemness of epidermal cells.

In the present study, we explored the therapeutic effect
of CS on wound healing and re-epithelialization in vivo.
Subsequently, we investigated the effects of CS on hESCs
behavior in terms of proliferation, migration and stemness.
Moreover, the role of CS on the EGF and epidermal growth
factor receptor (EGFR)-mediated ERK signaling pathway
was also evaluated.

Methods

Mouse skin wound model and treatment with CS

The study protocol was approved by the Ethics Commit-
tees of PLA General Hospital. Forty 12-week-old female
Balb/c mice were used in this study. The mice were anes-
thetized with 4% chloral hydrate before operation. After
shaving, a 1 cm diameter full-thickness skin excision was
performed on the back of each mouse. The mice were ran-
domly divided into treatment group and control group. The
treatment group were applied with CS-containing cream (the
mixture of 0.015 g CS powder and 0.035 g artificial cell
healing membrane) while the control group were smeared
with 0.035 g artificial cell healing membrane. The cream was
given at day 0, 3 and 5. At day 4, 7, 10, 14, five randomly
chosen mice in each group were euthanized by cervical dislo-
cation, the wounds were photographed and skin specimens
were harvested. The wound closure rate was calculated as
% of wound closure = 100 × (initial wound area − unhealed
wound area)/initial wound area.

The measurement of Si ion in wound tissue

The mouse skin tissue around the wound area was collected
at day 7 after surgery. After being weighed, the sample was
dissolved in 5 mL HNO3 and 1 mL HClO4. The solution
was diluted with deionized water to 10 mL and the silicon
content was measured with inductively coupled plasma mass
spectrometry (ICP-MS).

Histological analysis and immunohistochemistry

staining

After fixing with 4% paraformaldehyde for 24 h, the collected
specimens were dehydrated, embedded in paraffin and sec-
tioned into 6 mm slices. The tissue sections were incubated
with hematoxylin and eosin (H&E). Masson’s trichrome
was stained to estimate the collagen deposition. Besides, the
immunohistochemistry staining for cytokeratin 19 (CK19)
and integrin beta-1 (ITGβ1) were used to evaluate the stem-
ness of hESCs. All the slices were observed under the micro-
scope.
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Cell culture and phenotype identification

The hESCs from human skin were purchased from Otwo
Biotech Inc. (Shenzhen, China) and cultured in EpiLife
medium (Gibco, M-EPI-500-CA) supplemented with 1%
human keratinocyte growth supplement (HKGS) (S-001-
5). Cell phenotype was detected by flow cytometry. Briefly,
after the cells were fixed, permeabilized and blocked, they
were incubated with CK19 and ITGβ1 for 30 min, followed
by incubation with goat anti-mouse secondary antibody
for 30 min. The fluorescence was detected by a flow
cytometer. The antibodies including anti-cytokeratin 19
(CK19; ab7754), anti-integrin beta-1 (ITGβ1; ab24693) and
goat anti-mouse IgG (H + L) (ab96879) were obtained from
Abcam.

Ion extracts preparation and ion concentration

determination

The calcium silicate ion extracts (CSIEs) were prepared as
previously described [15]. Briefly, the CS powder and the
EpiLife medium were mixed in a 1:5 scale and incubated
for 24 h. After centrifugation and filtration, the CSIEs were
stored at 4◦C for the downstream experiments. To determine
the optimum dilution rate in hESCs, CSIEs were diluted with
EpiLife media in the ratios of 1/32, 1/64, 1/128 and 1/256.
The ion contraction of Ca, P and Si in each diluted product
was detected by inductively coupled plasma-optical emission
spectroscopy (ICP-OES).

Cell viability measurement

The effect of CSIEs on cell viability was determined by a
cell counting kit-8 (CCK-8) assay (Dojindo, Japan). Briefly,
hESCs were seeded in 96-well plates and cultured in the
diluted CSIEs products. One group that cultured in EpiLife
medium was employed as control. After 1, 3, 5 and 7 days,
10 μL CCK-8 solution and 100 μL EpiLife medium were
added to each well and incubated for 1 h. The absorbance at
450 nm of each well was measured with a microplate reader
(BioTek, VT, USA).

Cell cycle

A DNA content quantitation assay was employed to deter-
mine the cell cycle. The hESCs were cultured in the 1/64,
1/128, 1/256 CSIEs diluted products and the EpiLife medium
for 72 h. Then, the cells were collected and fixed in 70%
ethanol overnight. Subsequently, the cells were treated with
100 μL RNase A solution for 30 min and then mixed with
400 μL PI staining solution for 30 min. The fluorescence was
detected with a flow cytometer and the percentage of cells in
each phase was calculated.

Cell proliferation assay

The EdU proliferation assay was carried out to detect the
DNA synthesis. The cells were plated in 6-well plates and
cultured in the specified medium as previously described.

After incubation with 10 μM 5-ethynyl-2′-deoxyuridine
(EdU) (BeyoClick EdU 594, Beyotime) for 2 h. Subsequently,
the cells were fixed, permeabilized, washed and incubated
with 0.5 mL click addictive solution for 30 min. Hoechst
33342 were stained to reveal the nuclei. The percentage of
proliferative cells was by a fluorescence microscope. The
EdU positive cells glow red while the nuclei glow blue under
the microscope. The percentage of EdU positive cells was
calculated.

Cell migration assay

For the scratch assay, hESCs were seeded in the 6-well
plates and cultured in EpiLife medium supplemented with
1% human keratinocyte growth supplement for 12 h. The
culture medium was then changed to EpiLife medium without
any supplement, and hESCs were cultured until reaching
90–100% confluence. Then, the monolayer in each well
was scratched by a P200 pipette tip, washed with PBS and
incubated with the specified medium. The pictures were taken
at 0 h and 12 h to evaluate the migration area.

For the transwell assay, cells were suspended in EpiLife
medium (without HKGS) and 100 μL cell suspension
was added into the upper chamber of transwell 24-well
plates (Corning) with a 8.0 μm polycarbonate membrane.
Then 500 μL complete medium (containing 1% HKGS)
supplemented with or without 1/64 CS CSIEs was added
to the lower chamber. After 24 h, the cells that remained on
the upper surface of the filter membranes were swabbed and
those that had migrated to the lower surface were stained
with 0.5% crystal violet for 10 min. The stained cells were
observed under an optical microscope.

Quantitative real-time polymerase chain reaction

(qRT-PCR)

qRT-PCR was carried out to determine the difference in gene
expressions. Briefly, cells were seeded to the 6-well plate and
cultured by the specified medium for 3 days. Total RNA
was extracted with TRIZOL reagent (invitrogen), cDNA
was synthesized by FastKing gDNA Dispelling RT SuperMix
(TIANGEN, China) and qRT-PCR was conducted by PreMix
Plus SYBR Green (TIANGEN, China). Glyceraldehyde
3-phosphate dehydrogenase (GAPDH) was used as an
internal standard. The primer sequences are as follows:
EGF, forward, 5′-GTCTGCGTGGTGGTGCTTGTC-3′
and reverse, 5′- TGCGACTCCTCACATCTC TGCTC-3′;
EGFR, forward, 5′- GTGTGCCACCTGTGCCATCC-3′
and reverse, 5′- GCCACCACCAGCAGCAAGAG-3′; KRAS,
forward, 5′- AGTTGGAGCTGGTG GCGTAGG-3′ and
reverse, 5′- TACTCCTCTTGACCTGCTGTGTCG-3′; Raf-
1, forward, 5′- CTATGCGTCGTATGCGAGAGTCTG-3′
and reverse, 5′- GGTGC TGACCATGTGGACATTAGG-3′;
ERK1, forward, 5′- CATTGTGCAGGACCT GATGGAGAC
-3′ and reverse, 5′- GTTGGCGGAGTGGATGTACTTGAG
-3′; GAPDH, forward, 5′- TATGACAACAGCCTCAAGAT
−3′ and reverse, 5′- AGTCC TTCCACGATACCA −3′.
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Figure 1. CS accelerates wound healing in vivo. (a) Healing progression of the wound from day 4 to day 14. (b) Masson’s trichrome staining of mice tissue at day

10 post-injury. The collagen fiber was stained in blue. Scale bar: 200 μm, 100 μm. (c) The statistical analysis of wound closure area in control and CS (+) group

(n = 5). ∗∗∗p < 0.001. (d) The statistical analysis of relative collagen density in control and CS (+) group (n = 5). ∗∗∗p < 0.001. (e) The average content of Si ion in

1 g skin tissue in control and CS (+) group. ∗p < 0.05. CS calcium silicate, d day, Si silicate

Western blot analysis

Proteins were extracted by RIPA buffer (Invitrogen) and
separated by 12% SDS-PAGE gels and transferred onto the
Polyvinylidene Fluoride (PVDF) membrane. The blots were

blocked with 5% non-fat dried milk, incubated with primary
antibodies at 4◦C overnight, and goat anti-mouse secondary
antibody at 37◦C for 2 h. The primary antibodies included
anti-cytokeratin 19 (CK19; ab7754), Keratin 19 Mouse mAb
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Figure 2. CS accelerates re-epithelialization. (a) H&E staining of mice tissue at day 4, 7 and 10 after surgery. Scale bar: 500 μm. (b) The statistical analysis of

the epidermal gaps in each group (n = 5). ∗∗p < 0.01. (c) H&E staining of mice tissue at day 10 and 14 post-injury. The arrows indicate the thickness of the neo-

epidermis. Scale bar = 500 μm. (d) The statistical analysis of the thickness of the neo-epidermis in the control and CS (+) groups (n = 5); ∗ p < 0.05; ∗∗p < 0.01. CS

calcium silicate, d day, H&E hematoxylin—eosin staining

(CST 4558 T), anti-integrin beta-1 (ITGβ1; ab24693) and
anti-integrin beta-1 (ab179471). The bonds were developed
by ECL kit (Solarbio) and exposure by the ImageQuant LAS
4000 system.

Statistical analysis

All the data are shown as the mean ± SD. Statistical
analysis was performed with SPSS Statistics (IBM, Armonk,
NY). Two-way ANOVA was employed for comparison
among groups at different time points. One-way ANOVA
with Student–Newman–Keuls test was used for pairwise
comparisons within a group, p < 0.05 was considered
statistically significant. The result of the CCK-8 assay
did not coincide with normal distribution. Therefore, a
Kruskal-Wallis ANOVA was used for comparisons within
groups.

Results

CS accelerates cutaneous wound healing in mice

A mouse full-thickness skin wound model was used to eval-
uate the effects of CS on wound healing in vivo. There
was no significant difference in the wound area between

the two groups at day 0. At day 7 and day 10, the mean
wound area of the CS group was significantly smaller than
that of the control group (p < 0.01). At day 14, all wounds
in the CS group attained complete closure, whereas there
remained detectable unhealed wound in the control group
(Figure 1a, b). Masson’s staining demonstrated enhanced col-
lagen deposition at day 10 (Figure 1c, d), with more collagen
fibers in the wounds of CS-treated animals compared with
those in the control group, which also confirmed acceler-
ated wound-closure progress in the CS group. The Si ion in
local wound tissue was also tested. At day 7, the average
content of Si ion was 0.98 μg in 1 g skin tissue in the CS
group compared with 0.23 μg in the control group (p < 0.05)
(Figure 1e). These data indicate that CS can promote wound
healing.

CS accelerates re-epithelialization

The rate of re-epithelialization of both groups is presented
in Figure 2. The epidermal gaps were smaller in the CS
group at days 7 and 10 after wounding, which suggested
a more rapid re-epithelialization rate (p < 0.01, Figure 2a, b).
Regarding the thickness of neo-epidermis, at day 10, it
was thicker in the CS group (133.2 ± 19.45 μm) than
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Figure 3. CS increases the stemness of hESCs in vivo. (a) Images of immunohistochemistry staining of CK19 and ITGβ1 at day 10 after surgery. CK19 positive cells

were around the hair follicles and stained in brown. ITGβ1 positive cells were inside the epidermis and stained in brown. Scale bar: 20 μm. (b) The expression

level of ITGβ1 and CK19. (c) The relative expression intensity of ITGβ1 and CK19 in control and CS (+) groups of the immunohistochemistry staining. ∗∗p < 0.01.

(d) The relative protein level in control and CS (+) groups. The results were normalized to GAPDH expression. ∗ p < 0.05; ∗∗p < 0.01. CK19 cytokeratin 19, CS

calcium silicate, GAPDH glyceraldehyde 3-phosphate dehydrogenase, hESCs human epidermal stem cells, ITGβ1 integrin beta-1

in the control group (105.4 ± 15.91 μm), indicating an
accelerated re-epithelialization progression (p < 0.05). At
day 14, the new epithelium of the CS group exhibited well-
arranged and regularly distributed keratinocytes throughout
the epithelium, which achieved the re-epithelialization. By
contrast, the histological morphology of the neo-epidermis in
the control group was irregularly arranged and hyperplastic
(Figure 2c, d). These results accordingly confirmed that CS
enhanced epithelial regeneration.

CS increases the stemness of hESCs in vivo

Cellular stemness affects the biological functions of hESCs
and thereby influences the re-epithelialization rate. CK19 is
a specific marker for the bulge stem cell, which resides in
the hair follicle. ITGβ1 is the marker for the interfollicular
epidermis stem cells (HFSCs) population that is located in
the basal layer of the epidermis [16,17]. During wound heal-
ing, the progenitors are rapidly activated and participate in
the re-epithelialization process [5]. At day 10, CK19 stain-
ing around the hair follicles in the CS group was stronger
than that in the control group (Figure 3a, c). Concurrently,
ITGβ1 staining inside the epidermis was also stronger in
the CS group than in the control group. The expression of
ITGβ1 and CK19 in mouse skin tissue was also detected
by Western blot analysis. As Figure 3b shows, ITGβ1 and

CK19 expression were significantly enhanced in the CS group
compared with the control group (p < 0.05). These data
suggested that CS increased hESCs proliferation and stemness
in vivo.

Identification of hESCs and the effects of CSIEs

dissolution products on hESCs proliferation

Flow cytometry revealed that the cells expressed a positive
phenotype for CK19 and ITGβ1 (Figure 4a), which are
specific molecular markers for hESCs [17]. The data
showed that the cell morphology and phenotype described
hESCs.

The CCK-8 assay was used to investigate the effects
of CSIEs on hESCs viability and cytotoxicity. At days
5 and 7, the OD value of the 1/64 and 1/128 CSIEs
dissolution products were higher than that in the other
two groups (Figure 4b), showing that the 1/64 and 1/128
CSIEs dissolution products promote cell viability. To
investigate the effect of CSIEs on cell cycles, the DNA
content was determined by flow cytometry and the three
cell subpopulations (G0/G1, S and G2/M) were calculated. A
decreased G0/G1 subpopulation and accordingly increased
S and G2/M subpopulations were shown in the 1/64
and 1/128 groups, indicating enhanced cell proliferative
abilities in these two groups (Figure 4c, d). This result
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Figure 4. Identification of hESCs and the effects of CSIEs dissolution products on hESCs proliferation. (a) Flow cytometry demonstrated that the cells expressed

a positive phenotype for CK19 and ITGβ1. (b) The statistical analysis of CCK-8 assay that reveals hESCs viability in four concentrations of CSIEs dilutions and

EpiLife medium as a control (n = 5). ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. (c) Flow cytometric analysis of cell cycle. (d) The percentage of hESCs in the G0/G1, S and

G2/M phases, respectively (n = 5). (e) EdU positive cells (red) and nuclei (blue) in 1/64, 1/128, 1/256 CSIEs dilutions and EpiLife medium. Scale bar: 50 μm. (f) The

statistical analysis of the percentage of EdU positive cells (n = 5). ∗ p < 0.05, ∗∗∗p < 0.001. CCK-8 cell counting kit-8, CK19 cytokeratin 19, CSIEs calcium silicate ion

extracts, EdU 5-ethynyl-2′-deoxyuridine, G1 first gap, G2 second gap, hESCs human epidermal stem cells, ITGβ1 integrin beta-1, M mitosis, OD optical density,

S synthesis

was further confirmed by EdU staining. The number of
EdU-positive cells clearly increased in the 1/64 and 1/128
groups (Figure 4e, f). Furthermore, the Ca, P and Si ion
concentrations in the diluted products were determined.
The Si ion concentration differed among each group, which
was 3.75 ± 0.05, 1.76 ± 0.02, 0.93 ± 0.02, 0.47 ± 0.01 and
0.05 ± 0.01 μg/mL in the 1/32, 1/64, 1/128, 1/256 group and
control group, respectively (Table 1). It has been reported
an optimal outcome will be obtained with an Si ion
concentration range of 0.7 to 1.8 μg/mL [15]. Considering the
results above, we used the 1/64 CSIEs dissolution products in
the subsequent experiments.

CSIEs facilitate hESCs migration

During wound healing, neighboring hESCs are recruited
to the wound area and participate in re-epithelialization,
therefore the migration ability is of vital importance. A
scratch assay was performed to assess the effect of CSIEs
on the migration of hESCs. The cellular migration area was

Table 1. The ion concentrations of each dilution and EpiLife

medium

Ca (μg/mL) P (μg/mL) Si (μg/mL)

EpiLife medium 3.37 ± 0.26 44.93 ± 0.52 0.05 ± 0.01
1/32 CS 8.68 ± 0.32 42.73 ± 0.28 3.75 ± 0.05∗
1/64 CS 6.02 ± 0.18 43.69 ± 0.49 1.76 ± 0.02∗
1/128 CS 4.74 ± 0.29 44.10 ± 0.32 0.93 ± 0.02∗
1/256 CS 4.04 ± 0.37 44.53 ± 0.21 0.47 ± 0.01∗

∗The difference in silicon ion concentration is statistically significant
compared with control group (p < 0.05). Ca calcium, CS calcium silicate,
P phosphorus, Si silicate

significantly increased in the 1/64 CSIEs group compared
with the control group, which demonstrated that CSIEs
evidently enhanced hESCs motility (Figure 5a, b). The pro-
migratory effect of CSIEs was further confirmed by the
transwell assay. The number of migrated cells in the 1/64
CSIEs group was significantly increased compared with
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Figure 5. CSIEs facilitate hESCs migration. (a) 0 and 24 h after scratch. Scale bar: 100 μm. (b) The statistical analysis of wound closure aera (n = 5). ∗∗∗p < 0.001.

(c) Transwell assay. The photographs were taken at 24 h after cell seeding. Scale bar: 100 μm. (d) The statistical analysis of the number of migrated cells (n = 5).
∗∗∗p < 0.001. CSIEs calcium silicate ion extracts, h hour, hESCs human epidermal stem cells

the control group (p < 0.01, Figure 5c, d). These results
demonstrated that CSIEs facilitate hESCs migration.

CSIEs enhanced stemness of hESCs in vitro

The stemness of hESCs determines the cellular biological
functions, including proliferation and migration. To deter-
mine whether CSIEs can affect stemness of hESCs in vivo,
ITGβ1 and CK19 expression was detected by Western blot
analysis. ITGβ1 and CK19 expression was significantly
enhanced in the CS group compared with that in the control
group (p < 0.05) (Figure 6). The data suggested that CSIEs
may exert their function by improving the stemness of hESCs.

CSIEs exert their role by upregulating the

EGF/EGFR/ERK signaling pathway

Studies have shown that CS can induce the activation of
growth factors, including bFGF, VEGF and EGF [14]. To
detect the effect of CS on hESCs and their signaling pathways
downstream, the expression of EGF and EGFR was detected.
Furthermore, we investigated the effect on the ERK signaling
pathway. The results indicated that CS upregulated EGF,
EGFR, Ras, Raf-1 and ERK1 gene expression. While AG
1478, a specific EGFR inhibitor, antagonized the effect on
EGFR, Ras, Raf-1 and Erk1. Erk1 protein expression in
the test group also significantly increased compared with

Figure 6. CSIEs enhanced stemness of hESCs in vitro. (a) The expression

level of ITGβ1 and CK19. (b) The relative protein level in control and CS (+)

groups. The results were normalized to GAPDH expression. ∗ p < 0.05. CK19

cytokeratin 19, CS calcium silicate, CSIEs calcium silicate ion extracts, GAPDH

glyceraldehyde 3-phosphate dehydrogenase, hESCs human epidermal stem

cells, ITGβ1 integrin beta-1

that in the untreated group (p < 0.05) (Figure 7). There-
fore, activation of the EGF/EGFR/ERK signaling pathway
may be the underlying mechanism in CS promoting hESC0s
function.

Discussion

In this study, we have reported that CS featured a thera-
peutic function in mouse skin wounds repair by accelerating
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Figure 7. CSIEs exert their role by upregulating the EGF/EGFR/ERK signaling pathway. (a) The expression level of EGF assessed by RT-qPCR (n = 5). ∗ p < 0.05. (b)

The expression level of EGFR assessed by RT-qPCR (n = 5). ∗∗p < 0.01. (c) The expression level of KRAS assessed by RT-qPCR (n = 5). ∗ p < 0.05. (d) The expression

level of Raf-1 assessed by RT-qPCR (n = 5). ∗∗p < 0.01. (e) The expression level of ERK1 assessed by RT-qPCR (n = 5). ∗ p < 0.05, ∗∗p < 0.01. (f) The expression

level of ERK1 in each group. (g) The relative protein level in each group. The result was normalized to GAPDH expression. ∗∗p < 0.01. CSIEs calcium silicate ion

extracts, EGF epidermal growth factor, EGFR epidermal growth factor receptor, ERK extracellular signal-related kinase, GAPDH glyceraldehyde 3-phosphate

dehydrogenase, KRAS one of the key human members, Raf-1 C-Raf kinase, Ras protein subfamily, RT-qPCR quantitative reverse transcription polymerase chain

reaction

re-epithelialization. Furthermore, we investigated the mecha-
nism in vitro and found that (1) CS improved hESCs prolifera-
tion and migration ability; (2) CS upregulated the expression
of CK19 and ITGβ1 in hESCs and therefore increased the
cellular stemness; (3) the possible mechanism of CS facili-
tating wound healing may pertain to the upregulation of the
EGF/EGFR/ERK signaling pathway. Our results suggest that
CS improves hESCs biological functions and has a therapeutic
effect on wounds.

During the wound healing process, delayed re-epitheliali-
zation inevitably results in higher incidence of infection and
chronic wound formation. Therefore, accelerating wound
closure is both a critical and difficult problem in the field of
wound management [1,18]. In recent years, the application
of biomaterials for tissue engineering has gained increasing
attention. In particular, bioceramics have been reported to be
of practical value in soft tissue wound repair [19,20]. The

application of bioceramics on wounds also achieves promis-
ing outcomes. A recent study by Wang et al. revealed that
akermanite, a kind of bioceramics, has a therapeutic effect
on wounds [21]. The mechanisms of Si-containing bioma-
terials promoting wound repair may include (1) promotion
of cell proliferation, (2) alleviation of inflammatory reac-
tion, (3) stimulation of angiogenesis, and (4) anti-bacterial
effects [4]. CS is a Ca-, P- and Si-containing bioceramic
that can alter cellular behavior and promote tissue regener-
ation [22]. In this study, we have found that CS accelerates
wound closure in mice. Histological analysis also confirmed
a faster re-epithelialization rate. Therefore, we further inves-
tigated the mechanism of CS affecting re-epithelialization
in vitro.

The participation of hESCs in the re-epithelialization pro-
cess facilitated its proliferation and migration ability and thus
would be beneficial to wound closure [23]. Our study showed
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that CS enhanced hESCs viability, drove more cells into the S
and G2/M phases and thereby promoted cell proliferation.
In addition, the scratch assay and transwell assay showed
that CSIEs facilitated hESCs migration. These results suggest
that CS can influence the cellular microenvironment and
alter cellular behavior. In line with our results, previous
works have reported that CS enhanced the proliferation
and migration abilities of human umbilical vein endothe-
lial cells (HUVECs) and fibroblasts [14,15]. The effector
molecule is likely to be Si ion. CS achieves the optimum effect
when the Si ion concentration ranges from 0.7 to 1.8 μg/ml
[15].

It is recognized that stem cells are of vital importance in
the treatment of wounds [1]. One important factor that influ-
ences the effect of stem cells on wound healing is cellular stem-
ness [5]. Compared with earlier passages in cell culture, the
aged hESCs have a higher threshold for Wnt signaling acti-
vation, which resulted in the delayed re-epithelialization [5].
Therefore, enhancing the stemness of hESCs is of benefit for
wound healing [24]. CK19 and ITGβ1 are specific molecular
markers of epidermal stem cells [16,24]. Previous research has
demonstrated that increased expression of CK19 and ITGβ1
in hESCs showed a positive correlation with accelerated
wound closure [16]. Further study confirmed that hESCs with
heightened expression of CK19 and ITGβ1 increased colony-
forming efficiency and exhibited better proliferative potential
[24]. Moreover, ITGβ1 is crucial for epidermal cell migration,
which is vital for re-epithelialization [25]. In our experiment,
the expression of CK19 and ITGβ1 were upregulated both in
vivo and in vitro, suggesting that CS improved cell stemness.
In accordance with our finding, Wang et al. have reported
that Aker, with a similar structure to CS, can also improve
epidermal cell stemness by upregulating the Wnt/β-catenin
pathway [21]. The Wnt/β-catenin pathway is crucial for the
dedifferentiation process in epidermal cells [26]. In addition,
Guan et al. reported that CS has an activation function on
human urine-derived stem cells [27]. Therefore, we reckoned
that the possible mechanism of CS promoting hESCs stem-
ness may pertain to the upregulation of the Wnt/β-catenin
pathway.

Previous studies have demonstrated that CS can stimulate
the secretion of growth factors, such as VEGF, bFGF and EGF
in HUVECs, fibroblast and hESCs, which can promote cell-
to-cell communication and influence various cellular aspects,
such as biological characteristics, gene expression and pro-
tein synthesis [14,28]. Moreover, there is a combined action
between growth factors and integrins that can regulate cell
adhesion, proliferation, differentiation and migration via the
ERK signaling pathway [26]. Therefore, we examined the
molecular markers of the EGF/EGFR/ERK signaling pathway.
The result showed that the expressions of EGF, EGFR, Ras,
Raf-1 and ERK were upregulated in the CS group, while
the effect can be antagonized by AG1478, a specific EGFR
inhibitor. In accordance with our finding, Wang et al. also
showed that CS could upregulate the AMPK/ERK1/2 signal-
ing pathway and promoted bone regeneration [9]. These data

suggested that CS may exert its function by activating the
EGF/EGFR/ERK signaling pathway. On the one hand, the
ERK signaling pathway may help maintain the stemness in
hESCs. The ERK signaling pathway has long been proposed
as a critical pathway for cell dedifferentiation [24]. Grassian
et al. reported that the upregulation of ITGβ1 in epidermal
cells depends on Erk activity [29]. Moreover, Harrisingh et al.
reported that Ras/Raf/ERK signaling can drive Schwann cell
dedifferentiation [30]. On the other hand, the ERK signal-
ing pathway plays an important role in accelerating wound
healing. For example, Hu et al. reported that activation
of ERK1/2 signaling enhanced the functional properties of
fibroblasts and endothelial cells and thereby promoted cuta-
neous wound healing [31]. Moreover, the upregulation of
the ERK signaling pathway can promote the migration abil-
ity of keratinocyte, and thereby facilitate re-epithelialization
[2,32].

Conclusions

In this study, we have demonstrated that CS can effectively
promote wound healing and re-epithelialization in mice.
Besides, CS improved the hESCs proliferation, migration
ability and enhanced cellular stemness. The underlying
mechanism might be the upregulation of the EGF/EGFR/ERK
signaling pathway. Our findings suggest that CS may become
a promising therapeutic tool for cutaneous wound healing,
which could possibly be of practical use in the field of wound
management.
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