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Summary

Impaired wound closure is an increasingly crucial
clinical challenge. Recently, wound healing has
shifted towards innovative treatments that exploit
nanotechnology, biomaterials, biologics and pho-
totherapy. Here, we constructed an engineered
MG1363-pMG36e-mCXCL12 strain with pMG36e plas-
mid encoding stromal cell-derived factor 1α (named
CXCL12) and evaluated the synergistic effects of
light-emitting diode (LED) yellow light and MG1363-
pMG36e-mCXCL12 on scald wounds in mice. The
results indicated that the combined treatment with
LED yellow light with mCXCL12 delivering strain
accelerated wound closure, tissue remodelling, re-
epithelialization and hair follicle regeneration and
inhibited over-inflammation oppositely in the central
and surrounding wounds by macroscopic,
histopathologic and immunohistochemistry parame-
ters. Furthermore, combination therapy increased
the epidermal growth factor and Ki67-positive cells
and upregulated beta-catenin (β-catenin), cellular-
myelocytomatosis (c-Myc), wingless-type MMTV
integration site family member 1 (Wnt1), Jagged 1,
neurogenic locus notch homolog protein 1 (Notch 1)

and hairy and enhancer of split 1 (Hes 1) protein levels
of the Wnt and Notch signalling pathways. It also facil-
itated collagen fibrogenesis and deposition and
improved the activities of hydroxyproline, superoxide
dismutase and glutathione peroxidase in scalded
granulation tissue, in addition to reducing the inflam-
matory factors interleukin 1 beta (IL-1β) and tumour
necrosis factor alpha (TNF-α). The combined treat-
ment effectively reduced skin pathogens Ralstonia
and Acinetobacter to further reduce the risk of infec-
tion. Overall, combination of LED yellow light and
MG1363-pMG36e-mCXCL12 represents a potential
strategy for the treatment of cutaneous wounds.

Introduction

Skin burn is a common form of skin trauma, which refers
to the tissue damage caused by high-temperature liquid,
steam, hot metal, electric current, laser or chemical sub-
stances (Shi et al., 2017). According to the World Health
Organization (WHO), approximately 300 000 people die
from burn injuries each year, which has become the top
15 global disease burdens (Lunawat et al., 2016; Lang
et al., 2019). According to the degree of burn injuries, it
can be divided into three degrees: first-degree burns
only to the epidermis, second-degree burns only to the
dermis and third-degree burns only to the whole cortex
(Santos et al., 2017).
Current treatment of burn injuries includes drug, physi-

cal, radiation, laser and surgical treatment (Hamblin et al.,
2016; Oh, 2019; Shi et al., 2020). However, these meth-
ods still have many shortcomings, such as expensive,
high side effects, prone to scar hyperplasia and blocking
pores (Hamblin et al., 2016). Therefore, it is particularly
urgent to find a treatment with good curative effects,
safety, non-toxic side effects and reasonable price. Wound
repair involves the participation of many kinds of cells and
cytokines and contains coagulation, inflammation, prolifer-
ation and remodelling (Su et al., 2019). Studies have found
that during the repair of deep second-degree skin burns,
the body first undergoes a coagulation reaction to form a
protective film that can prevent the invasion of pathogenic
microorganisms (Rees et al., 2015).
Meanwhile, it also releases many cell growth factors,

whose prominent role is to recruit granulocyte and
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monocyte cells, fibroblasts into the wound and enhance
the repair ability of tissue cells (Thones et al., 2019).
Neutrophils begin to proliferate in large numbers about
6 h after trauma and reach the peak on the second days
(Phillipson and Kubes, 2019). Then, macrophages enter
the scalded surface, phagocytize cell fragments and
secrete cell growth factors to promote granulation tissue
formation. The remodelling phase of wound healing
mainly involves reconstructing connective tissue, wound
contraction and scar formation (Kim and Nair, 2019).
Recently, more and more clinical studies have shown

that probiotics are related to the host’s health (Krishnan
et al., 2016). Probiotics refer to the living bacterial prepa-
ration and their metabolites that can improve the host’s
micro-ecological balance and play a beneficial role in
improving the host’s health level and health status (Wil-
liams, 2010). The metabolites of these bacteria, butyric
acid, propionic acid and acetic acid can inhibit the
growth and reproduction of pathogenic bacteria, among
which Lactobacillus and Lactococcus are the most
widely used strains (Johnson et al., 2015). As a kind of
food-grade bacteria, Lactococcus lactis has been widely
studied. It has the characteristics of rapid growth, simple
metabolism, no endotoxin production, no spore produc-
tion, no inclusion body formation, no extracellular pro-
tease production and a monolayer membrane that is
easy to secrete exogenous proteins, relatively few intra-
cellular and extracellular proteins, and easy to purify,
and often used as a delivery vector of therapeutic pro-
teins, DNA and vaccine antigens (Cano-Garrido et al.,
2014; Geldart et al., 2015).
Various cytokines are involved in the skin wound-

healing process, including pro-inflammatory factors inter-
leukin 1 beta (IL-1β) and tumour necrosis factor alpha
(TNF-α), chemokines, epidermal growth factor (EGF)
and transforming growth factor (TGF). The chemokine
CXCL12 (stromal cell-derived factor 1α) is expressed
rapidly in response to tissue injury and effectively
enhances wound healing and reduces tissue scar forma-
tion by recruiting and proliferating macrophages (Rab-
bany et al., 2010). Burn injuries will destroy the skin’s
barrier function, increase the risk of wound infection and
make it easy to have systemic inflammatory reaction,
sepsis and multiple organ dysfunction syndrome (Grice
and Segre, 2011; Fan et al., 2019). Interestingly, L. reu-
teri has been used as a carrier to load chemokine
CXCL12 to treat wounds, and this recombinant bacteria
accelerated wound healing by stimulating the prolifera-
tion of keratinocytes and improving the bioavailability of
CXCL12 under acidic conditions (Vagesjo et al., 2018).
Moreover, with the rise of light-emitting diode (LED)

spectroscopy in the beauty industry, the use of light ther-
apy to assist wound treatment has become a hot topic in
recent years (Rathnakar et al., 2016; Chang et al.,

2018). Previous studies have shown that LED with differ-
ent wavelengths plays a different role in medicine. For
example, red light of the spectrum 630–770 nm can
effectively relieve wound pain and promote wound heal-
ing (Li et al., 2016; Rocha Mota et al., 2018), whereas
violet and blue light peaking at 405–470 nm can sterilize
wounds (Dos Santos et al., 2018). Yellow light at 570–
600 nm can stimulate collagen synthesis to tighten the
skin (Jagdeo et al., 2018; Oh and Jeong, 2019). How-
ever, there are few studies on yellow light-assisted
wound healing.
In the present study, engineered MG1363-pMG36e-

mCXCL12 was constructed, and a skin scald animal
model was developed to study the potential of the
combination of MG1363-pMG36e-mCXCL12 and light-
therapy LED yellow light as a skin scald drug, via moni-
toring the effects on wound healing, inflammatory factors
and skin microbiota.

Results

Construction and verification of the engineered MG1363-
pMG36e-mCXCL12

The codon-optimized murine CXCL12 (NM_021704.3)
was inserted into vector pMG36e with a signal peptide
sequence (amino acid sequence: MNAKVVVVLVLVL-
TALCLSDG) and then electrically transformed into L. lac-
tis subsp cremoris (strain MG1363) to produce the
MG1363-pMG36e-mCXCL12 strain. The ELISA result
indicated that about 94 pg ml-1 mCXCL12 was produced
by MG1363-pMG36e-mCXCL12, and 100% and 83% of
the plasmids were still existed in the engineered bacteria
after 7 day and 30 days, respectively (Y. Kong, X. Zhao,
Z. Liu, and T. Chen, unpublished data).

Gross examination and measurements of wound size

In this experiment, scalded mice were randomly divided
into groups C, L, LC, Y, LY and LCY, with 16 mice in
each group. Changes in the wounds’ overall appearance
were observed on days 0, 2, 6, 10, 14 and 18 after
scalding. Four mice were killed in each group on days 3,
9 and 15, and skin tissue was taken for experimental
analysis (Fig. 1A). The results illustrated that the LCY
group had the best treatment effect during the healing
cycle (Fig. 1B), with a healing rate of 99.11% on the
18th day, followed by the LC group (92.99%), the LY
group (86.35%) and the L group (77.35%) (Fig. 1C). No
significant difference in the wound-healing rate was
observed between the C and Y groups (Fig. 1B and C),
indicating that LED yellow light alone has little effect on
wound healing, whereas its combination with MG1363-
pMG36e-mCXCL2 accelerated the wound-healing pro-
cess in the LCY group.
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MG1363-pMG36e-mCXCL12 and LED yellow light
synergistically inhibit inflammatory responses in scalded
skin

To further observe the effects of MG1363-pMG36e-
mCXCL12 and LED yellow light on the regeneration of
wound epidermis and dermis, skins of animals in each
group were sampled on days 3, 9 and 15. Epidermal
damage and a large number of inflammatory cells were
found in each group on the 3rd day, and numerous
inflammatory cells were also identified in the C, Y, L and
LY groups on the 9th day (Fig. 2A). The inflammatory
cells were reduced, and the dermis was gradually
repaired in the LCY and LC groups, especially for the
LCY group, in which connective tissue was well reconsti-
tuted and some keratinous epithelium and dermal cells
were arranged regularly on the 15th day (Fig. 2A).
We also detected the expression of IL-1β and TNF-α,

since the damaged tissue underwent a slow-onset per-
sistent inflammatory response, focusing on the release
of pro-inflammatory factors IL-1β and TNF-α after skin
damage. The levels of IL-1β and TNF-α were dramati-
cally increased. However, treatment using MG1363-
pMG36e-mCXCL12 greatly mediated the organismal

response of the host to the inflammatory response, as
MG1363-pMG36e-mCXCL12 could restore the IL-1β and
TNF-α to a normal level with the assistance of LED yel-
low light in the LCY group (Fig. 2B and C).

MG1363-pMG36e-mCXCL12 and LED yellow light
synergistically accelerate re-epithelialization of scalded
skin

Cell proliferation and differentiation play a vital role in the
proliferation stage of wound healing, and therefore, we
evaluated the effects of the MG1363-pMG36e-mCXCL12
on the regeneration of wound epidermis and the growth
of granulation tissue sequentially and of LED yellow light
synergistically. Compared with the N group, the immuno-
histochemistry results showed that skin injury decreased
the numbers of EGF- and Ki67-positive cells, and the
treatments increased the number of EGF- and Ki67-
positive cells on the wound surface of the mice, particu-
lar in the LC and LCY groups (Fig. 3A). Furthermore,
compared with the standard group, the protein levels of
beta-catenin (β-catenin), cellular-myelocytomatosis
(c-Myc) and wingless-type MMTV integration site family
member 1 (Wnt1) in deep second-degree scalded mice

Fig. 1. Combination of MG1363-pMG36e-mCXCL12 and LED yellow light promotes wound closure.
A. Experimental scheme for scald wound mice. The scald mice were randomly divided into six groups (n = 16 per groups); after scalding, the
mice were treated immediately for 14 days. Scald areas were evaluated on days 0, 2, 6, 10, 14 and 18. Then, the mice were sacrificed on the
3rd, 9th and 15th days.
B. Gross appearance of scald wound.
C. Wound-healing rate (n = 4 per group; two-way ANOVA with Bonferroni post-test, **P < 0.001, ***P < 0.0005). The C group was treated
with saline, the L group with MG1363, the LC group with MG1363-pMG36e-mCXCL12, the Y group with LED yellow light irradiation, the LY
group with MG1363+LED yellow light irradiation and the LCY group with MG1363-pMG36e-mCXCL12+LED yellow light irradiation.
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were significantly decreased, but the combination of
MG1363-pMG36e-mCXCL12 and LED yellow light syner-
gistically reversed the status of critical proteins in Wnt
pathways in the LCY group (Fig. 3B). Similarly, it also
greatly enhanced the protein levels of Jagged 1, neuro-
genic locus notch homolog protein 1 (Notch 1) and hairy
and enhancer of split 1 (Hes 1) in the Notch signalling
pathways (Fig. 3C).

MG1363-pMG36e-mCXCL12 and LED yellow light
synergistically increase collagen deposition and inhibition
of lipid peroxidation

In the process of deep scald wound repair, collagen
deposition and repair are the prominent manifestations.
Therefore, we performed Masson staining on the skin of
mice on the 9th day. As shown in Fig. 4A, the skin in the
C, L and Y groups had fewer stained collagen fibres
than normal skin, which were sparsely and unorderly
arranged. In contrast, the content of stained collagen

increased significantly in the LY, LC and LCY groups;
the collagen fibres in the skin were orderly arranged with
a more uniform density in the LCY group.
We further compared the protein levels of hydroxypro-

line (HyP), superoxide dismutase (SOD) and glutathione
peroxidase (GSH-Px) among all groups, and our results
indicated that skin wounding significantly reduced the
yields of HyP, SOD and GSH-Px, whereas MG1363-
pMG36e-mCXCL12 could reverse this trend; the combi-
nation of MG1363-pMG36e-mCXCL12 and LED yellow
light showed the best effect (Fig. 4B–D).

Synergistic effects of MG1363-pMG36e-mCXCL12 and
LED yellow light on skin microbiota

The skin microbiome maintains the skin barrier function,
regulating inflammation and stimulates the wound-
healing response. Therefore, we used 16S rRNA high-
throughput sequencing to explore the effects of
MG1363-pMG36e-mCXCL12 and yellow light treatment

Fig. 2. Effect of engineered combined with light on inflammation in the wound-healing process of scalded mice.
A. Stained with H&E stain of the wounds in the C, L, LC, Y, LY and LCY groups at 3, 9 and 15 days post-scald (n = 4 per group). Magnifica-
tion: ×100.
B. The gene levels of IL-1β and (C) TNF-α in skin tissues of experimentally scalded mice (n = 4 per group; one-way ANOVA Kruskal–Wallis
test, *P < 0.05, **P < 0.001). The N group was not scalded, C group treated with saline, L group treated with MG1363, LC group treated with
MG1363-pMG36e-mCXCL12, Y group treated with LED yellow light irradiation, LY group treated with MG1363+LED yellow light irradiation and
LCY group treated with MG1363-pMG36e-mCXCL12+LED yellow light irradiation.
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on the microbial composition of burns and scalds. Com-
pared with the standard group, scalding increased the
Shannon index (P < 0.05), and the groups LC and LCY
were conductive to restore the bacterial balance to

normal composition (Fig. 5A). Subsequently, we investi-
gated the two most common phyla; compared with nor-
mal mice, scalding reduced the abundance of
Proteobacteria (99.65 vs. 96.45%) and increased the

Fig. 3. Re-epithelialization of wound skin after treatment with engineered strains combined with light.
A. Skin wounds were IHC-stained for Ki67+ and EGF populations of the wounds in the C, L, LC, Y, LY and LCY groups on the 9 day post-
scald (n = 4 per group). The bar corresponds to 100 μm.
B. C. The relative protein expressions of β-catenin, c-Myc, Wnt1, Jagged 1, Notch 1 and Hes 1 compared with GAPDH were analysed by Wes-
tern blot of the wounds in the C, L, LC, Y, LY and LCY groups on the 9 day post-scald and normal mice (n = 4 per group; one-way ANOVA
Kruskal–Wallis test, *P < 0.05, **P < 0.001, ***P < 0.0005).

Fig. 4. Effect of engineered strains combined with light on collagen generation in the wound-healing process of scalded mice.
A. Stained with Masson stain in the C, L, LC, Y, LY and LCY groups on the 9th day post-scald (n = 4 per group). Magnification: 100. Levels of
(B) hydroxyproline (C) superoxide dismutase and (D) glutathione peroxidase in the scald wounds. Scald wounds were collected from each
group on day 9 after injury (n = 4 per group, one-way ANOVA Kruskal–Wallis test, *P < 0.05, **P < 0.001).
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division of Firmicutes (0.23% vs. 3.47%) (Fig. 5B). At the
genus level, compared with the standard group, mice in
the scalding group showed an increased relative abun-
dance of Ralstonia (12.03% vs. 19.89%) and Achineto-
bacter (0.12% vs. 4.37%), and treatment with LC and
LCY effectively reversed this trend (Fig. 5C). Moreover,
abundance of Lactococcus increased in groups L, LC,
LY and LCY. Based on the results of the PCoA, all sam-
ples in group C deviated significantly from those in group
N, whereas 3/5 samples in group LC and 1/5 samples in
group LCY were far from those from group N (Fig. 5D).
These results suggest that the microbial composition
was changed after scalds, but the use of MG1363-
pMG36e-mCXCL2L in both the LC and LCY groups
restored a new microbial balance, making it closer to
normal mouse microbiome.

Discussion

Scalding is a common accidental injury in daily life, usu-
ally caused by contacting scalding liquids or metals
(Evers et al., 2010). If the scalded wound is not treated
in time, it is likely to cause skin necrosis and leave
sequelae (Palmieri and Romanowski, 2017). Ointment,
cream, biological and abiotic dressings, as well as antibi-
otics, are recommended for 1st-, 2nd- and 3rd-degree
burns; however, the abuse of drugs increases the risk of
antibiotic resistance and fungal infections, even slowing
wound healing and increasing the depth of the burn
(Bielefeld et al., 2013; Garg and Singh, 2019). Here, we
developed a technology to treat scalded skin in a mice
model using engineered L. lactic MG1363 with a plasmid
encoding mCXCL12 combined with yellow light, which

Fig. 5. Effects of engineered strains combined with light on scald skin microbiota.
A. Shannon diversity.
B. Microbial composition at the phylum level.
C. Microbial composition at the genus level.
D. PCoA of β diversity index. Scald skin microbiota were collected from each group on day 10 after injury (n = 5 per group; one-way ANOVA
Kruskal–Wallis test, *P < 0.05, **P < 0.001).
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significantly accelerated the healing of skin wounds and
improved the speed of wound contraction, epithelial for-
mation and maturation.
The inflammatory response is a comprehensive mani-

festation of the interaction of several factors such as
pro-inflammatory and anti-inflammatory ones after tissue
injury and plays an important role in the initial phase of
wound healing (Nishio et al., 2008; Carter et al., 2014).
During healing, the released IL-1β and TNF-α initiate
inflammation (Pasparakis, 2009). In this study, we
observed that the combined treatment of MG1363-
pMG36e-mCXCL12 and yellow light decreased the num-
ber of inflammatory cells, accelerated reepithelization
and wound closure (Fig. 2A), reduced excessive inflam-
mation and down-regulated the mRNA levels of IL-1β
and TNF-α (Fig. 2B and C), suggesting that this technol-
ogy could alleviate scald symptoms by inhibiting the pro-
inflammatory response.
Cell proliferation and differentiation play a significant

regulatory role in the process of scald repair, and Ki67+ is
one of the primary markers of cell proliferation (Graefe
et al., 2019). After skin injury, platelet aggregation will
occur locally, and subsequently, the aggregated platelets
and damaged keratinocytes release EGF, which promotes
the proliferation, differentiation and maturation of ker-
atinocytes, and further acts on dermal fibroblasts to
encourage secretion collagen (Eming et al., 2014). We
observed an increase in wound epidermal growth factor
and Ki67+ cells in the LCY treatment group (Fig. 3A). Fur-
thermore, the protein expression levels of β-catenin,
c-Myc, Wnt1, Jagged 1, Notch 1 and Hes 1 in the Wnt and
Notch signalling pathways were also upregulated (Fig. 3B
and C). These findings indicate that our technology pro-
motes skin tissue proliferation and epidermal differentia-
tion by increasing EGF levels and upregulating the Wnt
and Notch signalling pathways (Barrientos et al., 2008).
During wound healing, connective tissue mainly con-

sists of fibroblasts and collagen, and the collagen con-
tent has an immediate impact on the wound repair
process (Kulshrestha et al., 2019). We observed that
collagen in scalded skin was evenly distributed in the
LCY group (Fig. 4A). The increase in the level of HyP (a
precursor amino acid of collagen synthesis and the HyP
content of granulation tissue that represents the collagen
level) in the wound (Fig. 4B) further indicated that LCY
treatment could regulate the production of collagen and
increase the level of collagen fibres and collagen in the
skin, which was beneficial to wound repair (Liang et al.,
2019). In addition, higher levels of SOD and GSH-Px
were observed in the LCY group, indicating that the
combination of MG1363-pMG36e-mCXCL12 and yellow
light could upregulate the activity of the oxidative
defence system in scalded tissues and protect the body
from oxidative stress damage, thereby reducing infection

levels (Parihar et al., 2008). We studied the symbiotic
skin bacteria in animal skin, which are the basis for
maintaining the skin barrier and preventing infections by
pathogenic bacteria and other microorganisms (Zhou
et al., 2010). There is considerable evidence that skin
surface microorganisms can affect wound healing
(Thomas-Virnig and Allen-Hoffmann, 2012; Yoon et al.,
2018). Our results indicated that scalds change the
microbial diversity on the skin, and LCY treatment
helped to restore the new dynamic balance of the micro-
biota (Fig. 4), effectively inhibiting the relative abun-
dances of Ralstonia and Acinetobacter, which could
increase the risk of wound infection, leading to non-
healing wounds or other complications (Ryan and Adley,
2014; Wong et al., 2017).
In the present study, we constructed the engineered

bacteria MG1363-pMG36e-mCXCL12. They could effec-
tively accelerate wound healing via increased antioxidant
activity, as evidenced by the increase in SOD and GSH-
Px levels, enhance cell proliferation and differentiation
through the Wnt and Notch signalling pathways and
accelerate collagen synthesis through increased HyP
expression, they also restored the disturbed microbiota,
with the assistance of LED yellow light. Although our
study is limited by the small number of mice, this
approach provides an efficient novel alternative to treat
cutaneous wounds.

Experimental procedures

Strains and plasmids

According to the host bacteria L. lactis, the DNA sequence
of murine CXCL12 (NM_021704.3) was codon-optimized,
and we added a signal peptide sequence at the front of
the sequence. All gene fragment sequences were synthe-
sized at Sangon Biotechnology Co., Ltd., Shanghai,
China. This fragment was inserted into vector pMG36e
(prokaryotic expression vector), using XbaI and Pst I
restriction enzyme to produce plasmid pMG36e-
mCXCL12. Subsequently, L. lactis subsp cremoris (strain
MG1363) was electrically transformed with the plasmid
pMG36e-mCXCL12 to produce the MG1363-pMG36e-
mCXCL12 strain on the GM17 plate (Hope Bio, Qingdao,
China, M17 medium containing 5% glucose) with ery-
thromycin (100 µg ml-1). Then, we used a live count to test
plasmid stability over time without antibiotic culture. The
mCXCL12 capability via direct expression was verified
using the ELISA Kit for the stromal cell-derived factor 1
(Cloud-Clone, Wuhan, China).

Bacterial culture

Strains L. lactis MG1363 and MG1363-pMG36e-
mCXCL12 grown overnight in GM17 medium. The
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overnight culture was reinoculated at a 1:100 dilution in
fresh medium and grown to OD600 = 0.5. Bacteria were
centrifuged at 3000 rpm for 6 min and washed three
times with sterile saline. Subsequently, there were
diluted with sterile saline to 109 CFU ml-1.

Animal model

We purchased 112 6- to 8-week-old male C57BL/6 mice
from Si Lake King of Experimental Animal Co., Ltd.
(Changsha, Hunan, China). Mice were housed individu-
ally in cages, allowed free access to a standard diet and
water and were weighed in the Laboratory Animal Center
of Nanchang University. Ninety-six mice were randomly
selected for scalding. The remaining mice were assigned
to the normal control group (N).
Twenty-four hours prior to scalding, the hair on the

scalp was removed with electric hair clippers and treated
with depilatory cream. The second-degree scald wound
mice model was built with hot water (90°C for 10 s) on
the dorsal surface, and the size of the wound was
approximately 2.25 cm2 (1.5 × 1.5 cm). The mice were
immediately intraperitoneally injected with 1 ml kg-1 ster-
ile saline to prevent shock (Zhang et al., 2019).
The model mice were divided into six groups, with 16

mice per group at random. The C group was treated with
saline, the L group with 2 × 107 CFU of L. lactis
MG1363, the LC group with 2 × 107 CFU of L. lactis
MG1363-pMG36e-mCXCL12, the Y group with LED yel-
low light, the LY group with a combination therapy of
2 × 107 CFU MG1363 strain and LED yellow light, the
LCY group with a combination therapy of 2 × 107 CFU
of MG1363-pMG36e-mCXCL12 strain and LED yellow
light. We dabbed 20 µL of 109 CFU ml-1 of the corre-
sponding strain on the wound surface, using sterile
swabs. Light treatment consisted of light-emitting diode
(LED) yellow light at a distance of 20 cm from the wound
for 2 h. All treatments were applied twice a day, morning
and evening, for 2 weeks. On days 3, 9 and 15, four
mice per group were sacrificed, and the scalded skin
was excised. Part of the skin samples were used for his-
tological examination, and the remaining tissue samples
were stored at −80°C. The study was approved by the
Ethical Committee of the Nanchang Royo Biotech Co.
Ltd. (Nanchang City, China), and all experiments were
conducted in conformity to the approved guidelines (ID
number RYE2019043001).

Macroscopic analysis of scald wound

The scald areas were photographed on days 0, 2, 6, 10,
14 and 18 following the scald injury and analysed using
Image-Pro Plus 6.0. The wound-healing rate (x) was cal-
culated based on the equation in the main text, where

A = the original wound area and At = the detection area.

x ¼A�At

At
�100%:

Histological examination

Scald skin tissue samples were fixed in neutral buffered
formalin and embedded in paraffin, cut into 5-μm-thick
sections and stained with haematoxylin and eosin and
Masson-Goldner trichrome staining to visualize morpho-
logical features and fibrosis. For immunohistochemistry
(IHC) staining, primary antibodies anti-Ki67 (1:200; Ser-
vicebio, Wuhan, China; Cat# GB111499) and anti-EGF
(1:200; Bioss, Beijing, China; Cat# bs-2009R) were
used.

Real-time quantitative PCR

According to the manufacture’s protocol, total RNA was
extracted from the skin tissue using TRIzol Reagent
(Invitrogen, Carlsbad, CA, USA; Cat# 15596026). All
reagents for RT-qPCR were purchased from Takara Bio
(Otsu, Japan). All procedures were strictly performed
according to the manufacturers’ protocol. The RT-qPCRs
were performed using an ABI 7500 fast real-time PCR
system (Applied Biosystems, Foster City, CA, USA). The
amplification conditions were 95°C for 30 s, followed by
40 cycles of degeneration at 95°C for 5 s and 60°C for
34 s. The relative expression levels were calculated
using the 2−ΔΔCt method.
We used the following primers: primers 5’-GTGTCTTT

CCCGTGGACCTTC-3’ and 5’-TCATCTCGGAGCCT
GTAGTGC-3’ for IL-1β, primers 5’-GTGGAACTGGC
AGAAGAGGCA-3’ and 5’-AGAGGGAGGCCATTTGGGA
AC-3’ for TNF-α, and primers 5’-CTCGTGGAGTCTAC
TGGTGT-3’ and 5’-GTCATCATACTTGGCAGGTT-3’ for
GAPDH.

Western blot analysis

Skin tissues were lysed in RIPA lysis buffer (Solarbio,
Beijing, China; Cat# R0010) and centrifuged at
13 000 rpm for 10 min at 4°C. Protein quantitation was
conducted using the Pierce™ Rapid Gold BCA Protein
Assay Kit (Thermo Fisher, Waltham, MA, USA; Cat#
A53226). Subsequently, 40 µg of proteins was separated
by sodium dodecyl sulphate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) on 10–15% gels and electro-
transferred to polyvinylidene difluoride membranes
(Millipore, Bedford, MA, USA; Cat# IPVH00010). After
blocking with 5% skim milk at room temperature for
1 hour (h), the membranes were incubated with specific
primary antibodies against Wnt 1 (1:1000; ProteinTech,
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Sanying Biotechnology, Wuhan, China; Cat# 27935-1-
AP), Notch 1 (1:1000; ProteinTech, Sanying Biotechnol-
ogy; 20687-1-AP), Jagged 1 (1:1000; Bioss; Cat#
bs-1448R), c-Myc (1:5000, sc-40; Santa Cruz Biotech-
nology, USA; Cat# sc-40), β-catenin (1:1000; Cell Signal-
ing Technology, Beverly, MA, USA; Cat# 3700S), Hes 1
(1:1000; Cell Signaling Technology; Cat# 11988S) and
GAPDH (1:2000; Cell Signaling Technology; Cat#
5174S) at 4°C overnight. After three washes, the mem-
branes were incubated with goat anti-rabbit (1:5,000;
ProteinTech, Sanying Biotechnology; Cat# SA00001-2)
or goat anti-mouse (1:5,000; Bioss; Cat# bs-40296G-
HRP) for 1 h at room temperature. Finally, the specific
proteins were detected using the Pierce™ ECL Western
Blotting Substrate (Thermo Fisher; Cat# 32209).

Activity analysis of hydroxyproline, superoxide dismutase
and glutathione peroxidase

The 10% scald skin tissue homogenate was prepared
with 0.86% saline and centrifuged at 3000 rpm for
10 min at 4°C. HyP, SOD and GSH-Px activities were
measured using commercial kits according to the manu-
facturer’s instructions.

High-throughput sequencing analyses

Microorganisms from the skin wound were collected with
sterile swabs on the 10th day (n = 5, per group). The
skin microbial DNA was extracted according to the oper-
ating instructions of the DNA extraction kit (Tiangen, Bei-
jing, China; Cat# DP302-02). The concentration and
quality of extracted genomic DNA were quantified using
a NanoDrop spectrophotometer.
The composition and diversity of the microbiota were

analysed by 16S rRNA high-throughput sequencing; 16S
rRNA genes of V4 regions were amplified using 515F:
5’-GTGCCAGCMGCCGCGGTAA-3’ and 806R: 5’-GGA
CTACHVGGGTWTCTAAT-3’ primers with barcodes. We
used the Illumina MiSeq platform to pair-end DNA frag-
ments in the community and the QIIME software (v. 1.8.0,
http://qiime.org/) to analyse the original sequencing data,
carrying out screening, processing and quality control
(GenBank accession number PRJNA727743) (Caporaso
et al., 2010). We merged the operational taxonomic unit
(OTU) division of the sequences obtained above accord-
ing to the sequence similarity of 97% and selected the
most abundant sequence in each OTU as the representa-
tive sequence of the OTU (Edgar, 2010). Subsequently,
we analysed the alpha diversity (Chao, ACE, Shannon
and Simpson diversity index) and beta diversity (Principal
coordinates analysis, principal co-ordinates analysis
(PCoA) and Nonmetric Multidimensional Scaling (NMDS))
through the QIIME software (v. 1.8.0) (Ramette, 2007).

The QIIME software was used to obtain the composition
and abundance distribution table of each sample at the
five classification levels of phylum, class, order, family and
genus; the results were presented through stacked his-
tograms.

Data analysis

Results were treated as biological replicates. Data nor-
mality was not separately assessed. Grubbs’ outlier test
indicated that no outlier was found. The Prism software
version 8.0 (GraphPad Software, San Diego, CA, USA;
RRID: SCR_004812) was used for statistical analysis.
Data are presented as mean � standard deviation (SD).
Statistical significance was analysed using one-way
analysis of variance (ANOVA) followed by the Kruskal–
Wallis test. Statistical significance was set at P < 0.05.
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