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Abstract

Background: Promoting rapid wound healing with functional recovery of all skin appendages is

the main goal of regenerative medicine. So far current methodologies, including the commonly

used back excisional wound model (BEWM) and paw skin scald wound model, are focused on

assessing the regeneration of either hair follicles (HFs) or sweat glands (SwGs). How to achieve

de novo appendage regeneration by synchronized evaluation of HFs, SwGs and sebaceous glands

(SeGs) is still challenging. Here, we developed a volar skin excisional wound model (VEWM) that

is suitable for examining cutaneous wound healing with multiple-appendage restoration, as well

as innervation, providing a new research paradigm for the perfect regeneration of skin wounds.

Methods: Macroscopic observation, iodine–starch test, morphological staining and qRT-PCR anal-

ysis were used to detect the existence of HFs, SwGs, SeGs and distribution of nerve fibres in the

volar skin. Wound healing process monitoring, HE/Masson staining, fractal analysis and behavioral

response assessment were performed to verify that VEWM could mimic the pathological process

and outcomes of human scar formation and sensory function impairment.

Results: HFs are limited to the inter-footpads. SwGs are densely distributed in the footpads,

scattered in the IFPs. The volar skin is richly innervated. The wound area of the VEWM at 1, 3, 7

and 10 days after the operation is respectively 89.17% ± 2.52%, 71.72% ± 3.79%, 55.09 % ± 4.94%

and 35.74% ± 4.05%, and the final scar area accounts for 47.80% ± 6.22% of the initial wound.

While the wound area of BEWM at 1, 3, 7 and 10 days after the operation are respectively

61.94% ± 5.34%, 51.26% ± 4.89%, 12.63% ± 2.86% and 6.14% ± 2.84%, and the final scar area

accounts for 4.33% ± 2.67% of the initial wound. Fractal analysis of the post-traumatic repair site for
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VEWM vs human was performed: lacunarity values, 0.040 ± 0.012 vs 0.038 ± 0.014; fractal dimen-

sion values, 1.870 ± 0.237 vs 1.903 ± 0.163. Sensory nerve function of normal skin vs post-traumatic

repair site was assessed: mechanical threshold, 1.05 ± 0.52 vs 4.90 g ± 0.80; response rate to pin-

prick, 100% vs 71.67% ± 19.92%, and temperature threshold, 50.34◦C ± 3.11◦C vs 52.13◦C ± 3.54◦C.

Conclusions: VEWM closely reflects the pathological features of human wound healing and can be

applied for skin multiple-appendages regeneration and innervation evaluation.

Key words: Wound healing, Animal model, Multiple appendages, Innervation, Regeneration evaluation, Hair follicles, Sweat gland,
Sebaceous gland

Highlights

• The volar skin of C57BL/6 mice consists of HFs, SeGs and SwGs, and is richly innervated.
• VEWM closely reflects the pathological features of human wound healing, including filling-based healing of human wounds,

the pathological outcomes of human scar formation and sensory function impairment after wounding in humans.
• VEWM can be applied for skin multiple-appendages regeneration and innervation evaluation.

Background

Skin, the largest organ of the human body with an area of
1.5–2.0 m2 and a weight of 3.5–10 kg for an adult, is the
interface between the internal organs and the external envi-
ronment and plays a crucial role in maintaining physiological
homeostasis [1]. Human skin tissue has a complex structure
comprising the epidermis, dermis and subcutaneous tissue,
along with appendages such as hair follicles (HFs), sweat
glands (SwGs) and sebaceous glands (SeGs). The skin serves
a multitude of diverse functions, as a barrier and defence
against foreign agents, and in thermoregulation, lubrication,
vitamin production, pigmentation, protection against ultra-
violet light, immunological surveillance, sensations of pain
and touch, and, most importantly, stem cell niches [2,3]. The
skin is highly susceptible to injuries such as burns, trauma,
surgical incisions, and metabolic and autoimmune diseases,
which result in chronic wounds or scars that not only impair
the physiological functions of the skin but can also cause
psychological issues and may even lead to death. It has been
estimated that burns account for $7.5 billion, chronic wounds
for ∼$50 billion and scars for nearly $12 billion of healthcare
costs each year in the USA [4], while in China, the cost
for managing chronic wounds was ∼$8010 per capita in
2018 [5].

Skin appendages and nerves are essential to maintain the
normal physiological functions of the skin. HFs are involved
in physical defence, thermal insulation, social communica-
tion, and so on. SwGs primarily secrete water containing
electrolytes and play an important role in the regulation of
temperature homeostasis and water–salt metabolism balance.
SeGs produce sebum that lubricates the skin. Cutaneous
innervation involves various sensory and motor nerves. Sen-
sory nerve fibres distributed on the skin can be classified into
three groups: (1) unmyelinated C group fibres, responsible for
pain, touch and temperature sensation; (2) A-δ fibres involved
in the perception of mechanical stimuli and rapid-onset pain;
and (3) A-β fibres that respond to light, tactile pressure and

proprioception [6]. The skin also has some motoneurons that
mainly regulate skin functions such as SwG secretion and
vasoconstriction by secreting neurotransmitters, neuromod-
ulators and neuropeptides [7].

Perfect skin regeneration is the holy grail being pursued
by researchers and clinicians. Here, ‘perfect’ means not only
rapid scar-free healing but also the regeneration of multiple
appendages and nerves present in the skin before wounding.
Current efforts for regenerating skin appendages and nerves
typically involve the use of various types of seeded cells, scaf-
fold materials, bioactive substances and signalling pathways.
Advances in technologies such as stem cells, reprogramming,
microfluidics, organoids, 3D printing and smart biomaterials
have helped in achieving promising results in both in vivo
and in vitro single-appendage and multi-appendage regener-
ation [8–13]. In addition, our understanding of the molecular
mechanisms involved in scar formation and appendage or
nerve regeneration during wound healing, such as Cxcl12,
engrailed-1 (En1), trps1, CX3CR1, interleukin (IL)-1β and
Lef1, has also improved [14–22]. Although at present, autol-
ogous skin grafting is considered the gold standard treatment
for severe skin wounds, further work on the developments
mentioned above may make it possible to regenerate perfect
skin in the foreseeable future.

The aim of skin-wound treatment has changed from
single-appendage regeneration to the regeneration of multiple
appendages and nerves. However, a suitable animal model to
evaluate the regeneration effect is yet to be developed. This
study aims to develop a volar skin excisional wound model
(VEWM) using the C57BL/6 mouse to evaluate the effects
of simultaneous regeneration of multiple skin appendages
(HFs, SwGs and SeGs) and nerves of the skin. In rodents,
wound healing occurs through contraction, which is difficult
to simulate in humans, as in the latter, wound healing occurs
through a filling process. We hope that the results of the
present study may help in providing a solution to this
formidable challenge and give rise to a new research paradigm
for achieving perfect skin regeneration.
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Methods

Animals

Non-pregnant female C57BL/6 mice (8–10 weeks old) were
purchased from SiBeiFu Bioscience (Beijing). Human scar
tissues were obtained from the Department of Burns of the
Fourth Medical Center of Chinese PLA General Hospital.
Experimental protocols were approved by the Ethics Com-
mittee at the Fourth Medical Center of PLA General Hospital
and were in compliance with Institutional Animal Care and
Use Committee guidelines (approval No. 2019-X15–50). The
mice were housed (five per cage) under standard conditions
and were provided with rodent water and food. All mice
were acclimated to the environment for 1 week before the
experiment.

Well-established protocol for the VEWM

The mice were anesthetized for 10 min in a chamber prefilled
with 2.5% isoflurane in 100% oxygen before the surgery
was performed. Stable anaesthesia was maintained during
the subsequent surgical procedures using 2.0% isoflurane
and 40% oxygen in the hand-line nozzle of an anaesthesia
unit containing an ether–air mixture (RuiWoDe, China). The
volar skin surface of the hindpaw was cleaned and sterilized
with povidone-iodine, followed by rinsing with 75% (vol/vol)
ethanol. The mouse was placed on a sterile sheet.

The volar skin of the mouse hindpaw was observed
to determine the position of the intended wound. Taking
the proximal plantar side of the mouse hindpaw as the
needle-entry point, a microsyringe (KangDeLai, China) was
used to stir up the full-thickness skin and inject 30 μl of
normal saline containing thrombin (2 U/ml), factor XIII
(10 U/ml) and CaCl2 (10 mM) (Sigma). After waiting
for 2 min, a hole-punch apparatus (DeLi, China) with an
adjustable aperture was used to punch the hindpaw volar
skin to determine the location and size of the intended
wound. Along the punched boundary, the operator cut off
the full-thickness skin within the determined range using
microsurgical instruments (ChengHe, China), taking care not
to damage the subcutaneous fascia. After making the wound,
bleeding was stopped using a sterile gauze or cotton ball for
20 min.

One side of a prefabricated silicone ring was coated with
a small amount of biological glue (3 M, USA) and then
placed so that it surrounded the wound. The silicone ring was
secured with a single suture of 4–0 non-absorbable medical
silk thread (JinHuan, China). Next, small-molecule drugs
or a hydrogel drug-controlled release system loaded with
drugs acting on the wound surface and Tegaderm™ sterile
transparent dressing (3 M, USA) were applied to seal the
wound. The wound sites were covered using a self-adhering
elastic bandage (VetWrap, 3 M, USA).

The mice were placed under a warming lamp until they
fully recovered from anaesthesia and were then housed in
individual cages in a clean facility. The animals were checked
daily to ensure that their bandage was still on.

Photographing and harvesting wound tissue

The transparent dressing was uncovered and photographs of
the individual wounds were taken at appropriate times. At the
culmination of the experiment, the mice were sacrificed by
isoflurane overdose and cervical dislocation and imaged with
a high-resolution digital camera (Canon DS126601, Japan).
It is easy to overlook that ruler reference is necessary when
taking photographs for subsequent data analysis. The volar
skin was cut off with microdissection scissors and unfolded
with the epidermis facing up. Then, the specimens were fixed
in 4% paraformaldehyde, embedded in paraffin, and cut
into 5-μm-thick sections for haematoxylin and eosin (H&E),
Masson and immunofluorescence staining.

Measurement and analysis

The hairs on the volar skin were counted under a microscope.
Two investigators performed the procedure separately, and
the average value was reported. Wound closure was calcu-
lated using the following formula: area of actual wound/area
of original wound × 100 [23]. The pixel area was obtained
by using Photoshop. Closure fractions were normalized to
day 0 for each mouse sample. Investigators were blinded to
treatment group identity during the analysis. A H&E staining
kit and a Masson staining kit (Solarbio Science & Technology,
China) were used for histological analysis according to the
manufacturer’s instructions. Fractal analysis was performed
using the ImageJ plug in ‘FracLac’, according to the protocol
previously described [24].

Visualization of skin appendages in mouse volar skin

The dissected volar skin from the mouse hindpaw was incu-
bated in Dispase II (Solarbio, China) for 24 h at 4◦C, as
previously described [25,26]. Next, the epidermis was peeled
away from the underlying dermis. Epidermal whole-mount
preparations were stained with 0.1% solution of Nile Blue A
(Sigma, USA) for 1 min and with 0.5% Oil Red O (Sigma,
USA) for 10 min, which stain the eccrine gland ducts and
sebaceous glands, respectively. When observed under a stere-
omicroscope with a camera, the eccrine gland ducts were
dyed blue while the HF-associated sebaceous glands were
dyed red.

Immunofluorescence staining

Tissue sections were fixed in 4% paraformaldehyde (PFA)
and blocked with phosphate-buffered saline + 0.1% Tween
(PBST) + 10% goat serum before incubating in primary
antibodies at 4◦C overnight and in secondary antibodies at
room temperature for 2 h. PBS was used to rinse the sections
between steps. The following primary antibodies were used:
anti-alpha 1 sodium potassium ATPase (1 : 400, ATP1a1,
ab7671, Abcam, USA), anti-LHX2 (1 : 500, ab184337,
Abcam, USA) and anti-fatty acid synthase (1:400, FASN,
ab128870, Abcam, USA). The secondary antibodies were
used: goat antimouse IgG H&L (Alexa Fluor 488) (1 : 200,
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ab150113, Abcam, USA). The images were captured with a
Leica fluorescence microscope.

RNA extraction and qRT-PCR

At least 10 mice were used. The harvested volar skin or
wound samples were collected and washed with PBS, and
then the protruding footpads (FPs) or flat inter-footpads
(IFPs) were divided with a scalpel. Total RNA was extracted
with Trizol (Invitrogen, USA) using the standard protocol.
The PrimeScript RT reagent kit (TaKaRa, Japan) was used
to synthesis cDNA. qPCR was conducted using SYBR Green
Supremix (Bio-Rad, USA) on QuantStudio™ 5 real-time PCR
instruments, according to the manufacturer’s instructions.
Data were analysed using the 2 −��Ct method. The
quantification of target genes was normalized using primers
that amplified the β-actin mRNA. The following primer
information was used: mouse-β-actin-F, CATGTACGTTGC-
TATCCAGGC; mouse-β-actin-R, CTCCTTAATGTCACG-
CACGAT; mouse-En1-F, CTACTCATGGGTTCGGCTAAC;
mouse-En1-R, CTTGTCTTCCTTCTCGTTCTTT; mouse-
LHX2-F, GAATACCCAGCACACTTTAACC; and mouse-
LHX2-R, CATCGTTCTCGTTACAGCTAAG.

Iodine–starch sweat assay

The iodine–starch sweat assay was conducted by referring
to the method described in a previous study [27]. Here, 2%
(w/v) iodine/ethanol solution was applied to the volar surface
of the mice under anaesthesia. After drying, the surface was
coated with 1 g/ml of starch/castor suspension. Then, sweat
secretion was stimulated by subcutaneously injecting acetyl-
choline chloride (2.5 mg/kg). Representative images were
taken when the black dots became stable. Two researchers
counted the black dots independently under a stereomicro-
scope and recorded the average value.

Behavioural response assessment for mouse volar skin

perception

Temperature sensitivity assay Paw-withdrawal temperature
was determined as described elsewhere [28]. The mice were
placed in a Von Frey chamber and acclimated for 30 min.
The thermal probe (MouseMet Thermal, Topcat Metrology
Ltd, USA) was preheated to 37◦C and carefully placed against
the intended volar surface of the mouse paw and a force of
∼1 g was applied. After contact, the probe was heated at a
rate of 2.5◦C/s. When the mouse removed its paw from the
probe, the temperature on the readout was recorded. Three
trials were conducted on each paw and the average value was
reported.

Mechanical sensitivity assay The mechanical threshold was
defined as the lowest force that resulted in at least three with-
drawals in five tests. The mice were acclimated for 30 min in a
Von Frey chamber before the test. The mechanical sensitivity
threshold was measured with calibrated Von Frey filaments

ranging from 0.01 to 6 g. The interval time was at least 30 s
between each trial to give the sensory receptors enough time
to return to baseline [29].

Response to pinprick The mice were acclimated for 30 min
in a Von Frey chamber. A 27-gauge needle was used to stab
the intended volar skin of the hindpaw, taking care not to
pierce through the skin. Every mouse underwent 10 trials
with at least 1-min intervals. A response was manifested
as paw withdrawal, shaking or licking and was reported
as a percentage of the total number of trials. When mice
did not give any response in 20 s, it was defined as no
response. The operators were blinded to group information
while performing the behavioural experiments.

Statistical analysis

Data were expressed as mean ± SD and analysed using
Graphpad Prism 9.3. The data were checked for normality
using the Shapiro–Wilk test. Discrepancy between the two
groups was determined using Student’s t-test. One-way
and two-way ANOVA with multiple comparison tests were
performed at multiple time points to compare the data
between the two groups.

Results

Volar skin of C57BL/6 mice containing HFs, SeGs and

SwGs

The gross morphology of the volar skin appendages was
examined through macroscopic observation, Oil Red O and
Nile Blue A double-staining, and iodine–starch tests. Hair
growth can be clearly observed in the volar skin of C57BL/6
mice. However, the hair growth was limited to the IFP area
only, and no hair was observed on the FPs (Figure 1a). The
iodine–starch test revealed SwGs as black dots. Notably, black
dots were seen not only on the two metatarsal, four interdig-
ital and five apical FPs, but also in the areas proximal to the
grooves transverse to the axis of each digit and in the areas
surrounding or between the interdigital pads (Figure 1b). This
result indicates that SwGs were densely distributed in the
FPs but scattered in the IFPs of the mice. SwGs and SeGs in
the pilosebaceous unit were labelled by Nile Blue A and Oil
Red O double-staining (Figure 1c). Based on the data from a
sample size of 40 mice, we determined the number of hairs
on their volar skin as 67.23 ± 11.09, the number of SwGs
in FPs as 77.25 ± 7.64 and the number of SwGs in IFPs as
3.95 ± 1.75 (Figure 1d). The results indicated that the volar
skin of C57BL/6 mice contains HFs, SeGs and SwGs.

The micromorphology of the mouse skin was observed
through H&E staining. Both HFs and SwGs can be seen
in the IFPs, whereas only SwGs were present in the FPs of
the mice (Figure 1e). This result can be further confirmed
by fluorescent staining: both the SwG-specific marker alpha
1 sodium potassium ATPase (ATP1a1) and the HF-specific
marker LHX2 were detected in the IFPs. LHX2 was not found
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Figure 1. The volar skin of C57BL/6 mice comprises HFs, SeGs and SwGs. (a) Gross phenotype of the volar skin of C57BL/6 mouse hindpaw. Hairs are present

in IFPs and not on top of the footpads (Scale bar: 1 mm&200 μm). (b) Representative images of iodine–starch sweat test on C57BL/6 mouse hindpaw. Sweat

spots appear both in IFPs and the footpads (Scale bar: 1 mm&200 μm). (c) Representative images of double-staining with Nile Blue A and Oil Red O for the volar

epidermal preparation of C57BL/6 mice. Blue SwG ducts stained with Nile Blue A are seen in the FPs or IFPs. Red HF-related SeGs stained with Oil Red O are only

seen in IFPs (Scale bar: 1 mm&5 μm). (d) Quantification of HFs and SwGs in the footpads and IFPs of C57BL/6 mouse hindpaw (n = 40). (e) H&E staining of the

volar skin in C57BL/6 mouse hindpaw. The purple boxed area shows SwGs in FPs, the black and red boxed areas show HFs and SeGs in IFPs (Scale bar: 1 mm, 100

μm&5 μm). (f–h) Single immunofluorescent staining of ATP1a1 (SwGs marker), LHX2 (HF marker) and FASN (SeGs marker) of the volar skin in C57BL/6 mouse
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in the FPs (Figure 1f, g). The SeG-specific marker fatty acid
synthase (FASN) can only be seen in IFPs, and its expression
can be seen close to HFs as well (Figure 1h). Genetic analysis
of skin appendages was conducted using qRT-PCR. The
expression of the SwG-related gene En1 in the volar skin
of the FP was significantly higher than that of the IFPs. In
addition, the expression of LHX2 was detected only in IFPs
and was lower than that in the back skin (Figure 1i, j).

To visualize the innervation of the mouse volar skin,
anti-PGP 9.5 antibodies were used to label the cutaneous
nerve fibres. The superficial nerve plexus runs along the
dermis–epidermis junction in the dermis. Small sensory nerve
fibres sprout into the epidermis and reach its upper layers
(Figure 2a, b). Autonomic nerve fibres are the main fibres that
innervate the skin appendages, while motor nerve fibres inner-
vate the skin musculature (Figure 2a, b). Cutaneous nerve
fibres are responsible for the perception of a stimulus, such
as thermal and tactile sensation or pain, which is recog-
nized and transmitted by different nerve fibres. Behavioural
assessments were conducted to obtain the normal response
threshold, which can be used as a reference for evaluat-
ing cutaneous nerve injury or recovery. The threshold for a
temperature response was 51.06◦C ± 2.32◦C; the mechani-
cal stimulus threshold, used as an innocuous indicator, was
1.05 g ± 0.52 g; and the noxious stimulus index, defined as
the response rate to pinprick, was 100%. No significant dif-
ference was observed in the temperature threshold, mechan-
ical threshold and response rate to pinprick at two different
parts of the FP and IFP (Figure 2c–f).

Construction of the VEWM

The area of the volar skin of a C57BL/6 mouse is ∼2.3 ×
4.2 mm2. The position of the wound is highly important
in this model. Based on the results of a previous study, we
suggest that the wound should be located in an ellipse area
covering four interdigital FPs and the volar skin between them
(Figure 3a).

Surrounding tissues can provide a suitable microenvi-
ronment for organ regeneration. The regeneration of skin
appendages and nerves is inseparable from the nutritional and
structural information provided by the surrounding tissues,
including subcutaneous fat, fascia and muscles. Therefore,
while making the model, at least the dermis where the
appendages and peripheral nerves are located should be
removed and the damage to other tissues should be reduced
as much as possible. However, the volar skin on the hindpaws
of mice is tighter than that on other parts, making it difficult
to properly remove the dermis by conventional operation.
Therefore, we injected physiological saline containing

haemostatic ingredients into the subcutaneous tissue of the
mice before separating their subcutaneous tissue (Figure 3b).
A hole-punch apparatus with an adjustable aperture was used
to punch the hindpaw volar skin to determine the location
and size of the intended wound (Figure 3c–e). The wound
made by this method preserved the fascia quite well. In
addition, some adipose tissue can be seen on the surface,
which satisfies the requirement of the resection depth.

Haemostasis affects the loading of drugs or biomaterials
on wounds. Although the hindpaw volar skin of mice is
rich in blood supply, a good haemostasis effect could be
obtained (Figure 3f) when thrombin (2 U/ml), factor XIII
(10 U/ml) and CaCl2 (10 mM) were used, in conjunction
with pressing the wound for a certain period of time. Next, a
prefabricated oval silicone ring of ∼2 × 4 mm2 was applied
to the created wound to provide a defined space for the
intervention (Figure 3g). Finally, a sterile dressing was used to
seal the wound (Figure 3h, i) so that the drugs or biological
materials loaded into the wound were fixed and protected.
Of course, better protection can be achieved if suitable foot
covers are added and anti-bite collars are used.

VEWM closely reflects pathological features of human

wound healing

VEWM could mimic filling-based healing of human wounds
Wound closure mainly occurs through contraction in mice,
whereas it occurs through filling in humans. As shown by
the back excisional wound model (BEWM) in Figure 4a, b,
the wound area was 61.94% ± 5.34% on the first day after
the wound was created, 12.63% ± 2.86% on the seventh day,
and 6.14% ± 2.84% on the tenth day. Putting silicone rings
on the edge of the wound can effectively resist the shrinkage.
The back excisional wound splinting model (BEWSM) shows
that the wound area was almost unchanged on days 1 and 3
after the operation and then reduced to 55.68% ± 4.94% on
day 7 (Figure 4a, b). Fresh granulation tissue can be seen on
the wound base and edge, indicating that filling-based wound
healing in humans can be mimicked by inhibiting contraction
in mice. However, the BEWSM cannot completely eliminate
the influence of the intrinsic contractile potential on the heal-
ing process in mice. The final scar area in the BEWM accounts
for 4.33% ± 2.67% of the original wound area, compared
with 10.97% ± 3.30% for the BEWSM (Figure 4c). In addi-
tion to the influence of the mouse’s own hair cycle (17–
19 days), it is difficult for researchers to identify the location
of the initial wound, which also makes subsequent tissue-
level detection inconvenient. The VEWM will alleviate the
abovementioned challenges. The wound areas of the VEWM
on days 1, 3, 7 and 10 after operation are 89.17% ± 2.52%,

Figure 1. (cont.) hindpaw. ATP1a1/LHX2/FASN, green; DAPI, blue. Similarly, the results show that HFs and SeGs are present in IFPs only and SwGs appear in

both IFPs and the FPs (Scale bar: 1 mm&50 μm). (i, j) Differential gene expression of SwGs (En1) and HFs (LHX2) in three tissues of the C57BL/6 mice (FPs,

IFPs, BS). For all qRT-PCR analyses, gene expression was normalized to the reference gene (β-actin). The mean and standard deviation ranges are plotted.
∗∗∗p < 0.05, ∗∗∗∗p < 0.01. IFPs inter-footpads, FPs footpads, HFs hair follicles, SwGs sweat glands, SeGs sebaceous glands, BS back skin, H&E haematoxylin

and eosin, ATP1a1 anti-alpha 1 sodium potassium ATPase, FASN anti-fatty acid synthase
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Figure 2. The volar skin of C57BL/6 mice is richly innervated. (a) H&E staining of the volar skin in C57BL/6 mouse hindpaw. The purple boxed area shows

HFs and SeGs in IFPs, the black boxed area shows muscle tissue in IFPs, and the red boxed area shows SwGs in IFPs (Scale bar: 1 mm&50 μm). (b) Single

immunofluorescent staining of PGP 9.5 (nerve marker) of the volar skin in C57BL/6 mouse hindpaw. PGP 9.5, green; DAPI, blue. The epidermis, skin appendages

(SwGs, HFs, SwGs) and muscle tissue in the volar skin of C57BL/6 mouse hindpaw are all richly innervated (Scale bar: 1 mm&50 μm). (c) Percent paw withdrawal

(five trials) in response to von Frey filament at different forces in C57BL/6 mice, n = 10. ns, means no statistical significance. (d) Mechanical threshold measured

in the range 0.01 to 6 g in C57BL/6 mice (n = 15). (e) Percent response (three trials) to pinprick on hindpaw in C57BL/6 mice (n = 12). (f) Thermal paw withdrawal

threshold measured with a thermal probe in C57BL/6 mice (n = 15). ns not significant, IFPs inter-footpads, HFs hair follicles, SwGs sweat glands, SeGs, sebaceous

glands, H&E haematoxylin and eosin
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Figure 3. Construction process of the C57BL/6 mice volar skin excisional wound model. (a) The position of the intended wound is an ellipse area (white

line) covering the four interdigital foot pads and the volar skin in between. (b) Physiological saline containing hemostatic ingredients was injected into the

subcutaneous tissue in advance to separate the subcutaneous tissue. (c–e) The hole punch apparatus (DeLi, China) with adjustable aperture was applied to

punch the hindpaw volar skin to clarify the location and size of the intended wound (Scale bar: 20 mm). (f) The wound made by this method. Well-preserved

fascia and some adipose tissue can be seen on the surface. (g) A prefabricated oval silicone ring of ∼2 x 4 mm was applied to the created wound to provide a

defined space for the intervention. (h, i) Sterile dressing was used to seal the wound, so that the drugs or biological materials loaded into the wound were fixed

and protected (Scale bar: 1 mm)

71.72% ± 3.79%, 55.09% ± 4.94% and 35.74% ± 4.05%,
respectively. Compared with the other two models (BEWM
and BEWSM), the VEWM shows signs of filling-based heal-
ing, and the curve is smoother than that achieved using the
other two models (Figure 4a, b). The final scar area accounts
for 47.80% ± 6.22% of the initial wound, which is signifi-
cantly higher than that of the other two models (Figure 4c).
Hence, the VEWM can simulate the filling-based healing of
human wounds. Moreover, the final scar area remains stable.
No significant reduction in the scar area was observed 30 days
after operation. In addition, the problem that the wound site
is easily influenced by its own hair cycle is avoided.

VEWM could mimic the pathological outcomes of scar
formation in humans We conducted H&E and Masson
staining to verify whether the VEWM could mimic the
pathological outcomes of scar formation in humans. In
normal skin, collagen was arranged in a basket-weave
pattern, whereas the fibres in scar collagen were arranged
in parallel (Figure 4d). Fractal analysis indicated that lattice
arrangement at the injury site was not different between the
VEWM scar tissues in humans and C57BL/6 mice: lacunarity
values 0.040 ± 0.012 vs 0.038 ± 0.014 and fractal dimension
values 1.870 ± 0.237 vs 1.903 ± 0.163 (Figure 4e, f). The
lacunarity values were used to quantitatively assess porosity,
while the fractal dimensions were used to quantitatively
assess complexity. The lacunarity values of the porous tissue
were higher than those of smoother tissues. The complex
arrangements of scar tissues have higher fractal dimension
values than those of the simpler arrangements.

VEWM could mimic sensory function impairment after
wounding in humans A behavioural response assessment

was performed to demonstrate that the VEWM could mimic
the sensory function impairment occurring after a wound
in humans. Compared with the normal volar skin, the post-
traumatic repair site showed obvious symptoms of sensory
nerve-function damage: the withdrawal rate of mechanical
stimulation decreases (Figure 4g), the threshold of mechanical
stimulation increases (1.05 g ± 0.52 g vs 4.90 g ± 0.80 g)
(Figure 4h) and the response to pinprick rate decreases (100%
vs 71.67% ± 19.92%) (Figure 4i). Notably, the temperature
threshold is not significantly different from that of the
normal volar skin (50.34◦C ± 3.11◦C vs 52.13◦C ± 3.54◦C)
(Figure 4j).

Discussion

BEWMs of mice are widely used as a mature animal model for
evaluating hair follicle regeneration [11,30–34]. SeGs often
depend on HFs to exist. Therefore, this model can also be
used to evaluate the regeneration of SeGs [35,36]. However,
this rodent-based model has a drawback too: the rodents in
which most research about wound healing and regeneration
has been performed differ from humans in important ways.
Their skin is loose, whereas that of humans is tight. Their
wounds heal by contraction, i.e. such wounds pull together
rather than filling in [19,37]; therefore, it becomes necessary
to use an anti-constriction ring (BEWSM). However, as the
volar skin of rodents is relatively dense and it does not show
any obvious contraction behaviour during the wound-healing
process, an anti-contraction ring is not needed, which is why
we chose the volar skin to establish our model.

Unfortunately, the BEWSM cannot be used to study SwGs.
Previous studies have demonstrated that SwGs are restricted
to the volar skin in mice and rats [26,38]. It is difficult to
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Figure 4. VEWM closely reflects the pathological features of human wound healing. (a) Changes in the wound closure areas of different animal models (BEWM,

BEWSM, VEWM). The silicone ring of BEWM was placed around the wound to facilitate observation, while the silicone ring of BEWSM was fixed around the

wound by suture to prevent contraction (Scale bar: 5 mm). Statistical analysis of the healing of skin defect (b) and scar area (c); n = at least four wounds. (d) H&E

and Masson staining of the scar tissue formed after wound healing in C57BL/6 mouse hindpaw and human forearm skin. The middle red box shows normal skin

without trauma in the marginal portion of the C57BL/6 mouse hindpaw volar skin (Scale bar: 50 μm&500 μm). Lacunarity values (e) and fractal values (f) derived

from the cyan channel of Masson-stained sections; mean ± SD, n = 8 optical fields. Lacunarity values quantitatively assess the porosity. Fractal dimensions

quantitatively assess the complexity. Porous tissue has higher lacunarity values than smoother tissue and complex arrangements have higher fractal score

values than simpler ones. (g–j) Evaluation of nerve function in normal skin and posttraumatic repaired skin. (g) Percent paw withdrawal (five trials) in response

to von Frey filament at different forces in C57BL/6 mice, n = 10. (h) Mechanical threshold measured in the range of 0.01 g to 6 g in C57BL/6 mice (n = 15). (i) Percent

response (five trials) to pinprick on hindpaw in C57BL/6 mice (n = 12). (j) Thermal paw withdrawal threshold measured with a thermal probe in C57BL/6 mice

(n = 15). The mean ± SD ranges are plotted, ∗∗∗p < 0.05, ∗∗∗∗p < 0.01; ns, not significant. BEWM back excisional wound model, BEWSM back excisional wound

splinting model, VEWM volar skin excisional wound model, H&E haematoxylin and eosin
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Figure 5. Summary of the characteristics and evaluation of the application of the various models. A yellow line indicates that the model can be used but has

significant disadvantages, a green tick indicates that it can be applied, while a red cross indicates that it cannot be applied. BEWM back excisional wound model,

BEWSM back excisional wound splinting model, PSWM paw skin scald wound model, VEWM volar skin excisional wound model, HFs hair follicles, SwGs sweat

glands, SeGs sebaceous glands, IBM injectable biomaterials, TES tissue-engineered skin

regenerate SwGs at a site that does not have SwGs itself. The
hindpaw scald model of mice is the most commonly used
one for assessing SwG regeneration [39–42] and is simple to
operate. Although scalding inactivates the epidermis of the
FP, it retains its structural integrity. As a result, it remains
conducive to the attachment and protection of intervening
components such as cells and can also prevent infection.
Nevertheless, several limitations of the scald model have been
reported. Firstly, it is difficult to control the degree of scalding
of the FP. Ideally, a full-thickness scald model with com-
plete destruction of SwGs and minimal damage to the sub-
cutaneous tissue and surrounding environment is expected.
Our research has shown that when the heat is insufficient,
some SwGs will remain. Consequently, it becomes difficult to
determine whether the restored SwGs are regenerated under
the influence of intervention measures or are a result of the
repair of the residual SwGs. For now, it is difficult to answer
this question for regenerative-capacity assessment. Previous
studies based on this model have also raised several questions
[43]. When the heat is excessive, the damage is massive and
will lead to loss of the tissue environment that can support
regeneration. In extreme cases, the entire paw of the mouse
may become necrotic and fall off, making it almost impossible

to obtain a qualified full-thickness, third-degree scald model
that can be used for the evaluation of SwG regeneration.
The description of temperature applied during modelling in
the literature is not very clear and ranges from 65◦C for
5 s to 65◦C for 15 s, or full-thickness third-degree burns,
or second-degree burns [39–42]. In addition, the paw-scald
model cannot simulate most clinical and research scenarios
apart from scalds, such as skin defects caused by trauma,
burn wounds after debridement and tissue engineering skin
evaluation. Some studies have used a mouse volar trauma
model to assess the regeneration of SwGs [44,45]. Although
these studies did help in the overall understanding of the
phenomenon, the lack of specific details such as wound
location, depth, haemostasis, anti-infection and intervention
load, limit its wide application.

Our study results confirmed that the volar skin of
C57BL/6 mice comprises HFs, SeGs and SwGs and is
richly innervated. The VEWM could mimic the pathological
progress and outcomes of scar formation and sensory
function impairment after wounding in humans, which lays
a theoretical foundation for the establishment of an animal
model for perfect skin regeneration after injury. The new
VEWM not only allows simultaneous evaluation of multiple
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appendages and nerve regeneration but also addresses the
major defect of the volar scald wound mode, i.e. the presence
of SwG residues, while minimizing damage to the surround-
ing tissue environment. Moreover, our research describes
the model construction process and index quantification
method in detail to devise a protocol that is beneficial for
the standardization and wide application of the model.

Loss of sensory function in scars after burn is common.
The evaluation of skin sensory nerve regeneration has been
carried out on the BEWM of mice [46,47], and the A-
β, A-δ and C type fibres are tested by using neurometres,
instruments to release electrical stimulations of different fre-
quencies (2000, 250 and 5 Hz, respectively), using two self-
adhesive electrodes for linking the wound and the tail [46].
This quantification method is poorly sensitive because of the
long distance between the wound and the tail, resulting in a
high rate of false negatives. Our research group used the func-
tional recovery behavioural evaluation method of the classical
model sciatic nerve injury for evaluating skin wound sensory
nerve regeneration. We replaced the intermediate index with
the endpoint index, which made the evaluation more scientific
and reliable. The values of mechanical stimulus threshold and
response rate to pinprick are sometimes contrary to the results
reported above. This is because the symptoms of chronic
sensory disability following a deep-skin wound not only cause
sensibility losses, but also cause itching, paraesthesia and
mechanical allodynia [48]. Our data show that the temper-
ature sense is the fastest to recover after a deep-skin wound,
which is consistent with reports in other literature [49]. This
phenomenon needs to be investigated further.

The VEWM can be used under various research scenarios
related to skin-regeneration assessment. The characteristics
and application scenarios of various models are summarized
in Figure 5. Note that our model was established using the
hindpaw of C57BL/6 mice. It is not recommended to gen-
eralize it to the forepaws of mice and rats because of the
differences in the physiological structure of the volar skin of
the forepaw and hindpaw, as well as that between mice and
rats [50].

Our new model has several limitations also. Firstly, the
volar area of mice is limited and the diameter of the wound
surface of the model is ∼3 mm. In addition, it is necessary to
protect the surrounding tissue from unnecessary damage as
much as possible. Hence, some experience in microsurgery
may be required during modelling. It cannot be used for
engineering large volumes of skin tissues; if this is required,
large animals such as pigs may be an alternative. Moreover,
the volar skin of the mouse is rich in blood supply. Therefore,
it becomes essential to quickly achieve effective haemostasis.
Finally, despite these limitations, the hindpaw volar scald
model is still the best choice for research on burns.

Conclusions

The volar skin of C57BL/6 mice consists of HFs, SeGs and
SwGs, and is richly innervated. VEWM closely reflects the

pathological features of human wound-healing and can be
applied for skin multiple-appendages regeneration and inner-
vation evaluation.
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