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Abstract

Fibrin-based hydrogels have been widely used in various tissue engineer-
ing because of their biocompatibility, biodegradability, tunable mechani-
cal characteristics and nanofibrous structural properties. However, their
ability to support stem cells for hair follicle neogenesis is unclear. In this
study, we investigated the effect of fibrin hydrogels in supporting skin-
derived precursors (SKPs) in hair follicle neogenesis. Our results showed
that SKPs in fibrin hydrogels with high cell viability and proliferation, the
stemness of SKPs could be maintained, and the expression of hair induc-
tion signature genes such as akp2 and nestin was enhanced. Moreover,
hair follicle reconstruction experiments showed de novo hair genesis in
mice and the hairs persisted for a long time without teratoma formation.
More importantly, the blood vessels and sebaceous glands were also
regenerated. Our study demonstrated that fibrin hydrogels are promising in hair follicle regeneration and have potential application in
clinical settings for alopecia and wound healing.
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Introduction
injection therapy includes mesotherapy and platelet-rich plasma

(PRP) injection. Mesotherapy is used to directly inject a solution
with a variety of nutrients into the subcutaneous HF using an in-
strument, based on the pressure of water and oxygen, so that the
HF can fully absorb nutrients. The current drugs injected with
mesotherapy have limitations, and these generally include
growth factors, nutrients (such as vitamins), plant extracts (saw
palmetto extract) and trace elements, among others, which have
little effect on the hair loss caused by HF injury. PRP is rich in a
variety of growth factors, such as IGF, epidermal growth factor
(EGF) and VEGF, which can effectively promote HF survival [11].
However, recent clinical trial data suggest that PRP might not be
effective as a treatment for androgenic alopecia, and in addition,

A hair follicle (HF) is an important appendage of the skin, and itis
formed based on the signals derived from the dermis during skin
morphogenesis [1-3]. Hair is derived from HFs and is involved in
thermoregulation, physical protection, sensory activity, social
interactions and other important bodily functions [4]. Hair loss
(alopecia) is caused by various factors, such as the environment,
heredity and pressure, and has become increasingly common
worldwide, affecting individuals’ physical, psychological and so-
cial well-being [5-7]. The main treatments for hair loss include
the oral or local application of drugs, subcutaneous injection
therapy, microneedle administration and HF transplantation, but
these technologies have limitations and side effects to some ex-
tent. FDA-approved treatments for hair loss include oral finaste-

ride and the topical application of minoxidil solution [8].
However, finasteride can cause side effects such as erectile dys-
function and impaired fertility [9]. Owing to the poor solubility of
minoxidil in water or other organic solvents that are immiscible
with water, ethanol and propylene are often used as solvents,
which results in poor skin permeability and can lead to side
effects such as skin irritation, scaling and dryness [10].
Considering these adverse consequences, the combination of
subcutaneous injection therapy and microneedle administration
can solve some problems to a certain extent. Subcutaneous

a definitive link between the concentration of growth factors in
PRP and the rate of hair growth has not been demonstrated [12].
Moreover, the use of a microneedle combined with minoxidil,
growth factors and topical steroid drugs can also be effective for
the treatment for hair loss. However, this technology is not very
mature, and in a small number of patients treated with micro-
needles, tension in the heart, inflammation and enlarged lymph
nodes, among other negative effects, can be induced [13]. HF
transplantation is an effective treatment method that changes
the distribution of HFs on the scalp without increasing their
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number. Its setback is the lack of hair donors, and hair loss is of-
ten progressive, leading to various challenges [14].

Unlike other organs that can only be formed in the embryonic
stage, HFs can periodically regenerate through interactions be-
tween epithelial and dermal stem cells [15]. Based on this, several
methods have been used for HF regeneration, including HF stem
cell activation through small molecules and drugs, tissue engi-
neering and 3D bioprinting. Seminal studies have reported that
papillae isolated from the rat, guinea pig vibrissa and humans
could induce HF formation when implanted into the recipient’s
non-hairy skin, which indicated that the dermal papilla can re-
program non-hairy epidermis to follicular fate [16-18]. Kageyama
et al. [19] fabricated collagen-enriched dermal papilla cell aggre-
gates, namely hair beads, which could promote HF regeneration
in recipient nude mice. Kang et al. [20] bioprinted a multilayer
composite structure containing fibroblasts, human umbilical
vein endothelial cells, dermal papilla cells and epidermal cells to
facilitate regeneration of new tissue-engineered HFs in vivo. Skin-
derived precursors (SKPs) have been applied for HF regeneration
in several studies because of their similarity to dermal papilla
cells [18, 21]. Reconstruction of functional HF and sebaceous
glands could be achieved through the transplantation of epider-
mal stem cells (Epi-SCs), SKPs and Matrigel in nude mice [3].
However, above all, HF regeneration relies on stem cells and bio-
materials, which are critical factors in tissue engineering.

Scaffolds created from biomaterials are intended to mimic an en-
vironment required for stem cells to survive, differentiate and form
functional tissue structures [22]. The properties of scaffolds, includ-
ing stiffness, size, chemical structures, surface area and others will
determine the fate of the stem cells. Therefore, it is critical to find
suitable scaffold materials for stem cell-induced organogenesis.

Fibrin is a key blood component responsible for hemostasis, and
a biopolymer of the monomer fibrinogen has been widely used to
engineer various tissues owing to its biocompatibility, biodegrad-
ability and tunable mechanical and nanofibrous structural proper-
ties [23, 24]. Fibrin, alone or in combination with other materials,
has been used as a biological scaffold for stem or primary cells to
regenerate adipose tissue, bone, cardiac tissue, cartilage, liver, ner-
vous tissue, ocular tissue, skin, tendons and ligaments [24]. Tan et
al. [25] applied a fibrin hydrogel co-embedded with bone marrow
mesenchymal stem cells and vascular endothelial growth factor to
accelerate skin injury repair. It was also reported that fibrin-gelatin
hydrogels could comprise excellent biopaper for in vivo skin bio-
printing [26]. However, whether fibrin hydrogels have potential to
support stem cells for HF regeneration is unclear. In this study, fi-
brin hydrogels were developed based on thrombin and fibrinogen
as these can rapidly form a network structure in the presence of
calcium ions. The results of this study on the role of fibrin hydro-
gels in supporting SKPs in HF neogenesis showed that SKPs in fibrin
hydrogels had high cell viability and proliferation and that their
stemness of SKPs could be maintained. Moreover, the expression of
hair-induction signature genes, such as akp2 and nestin was en-
hanced. Furthermore, HF reconstruction experiments showed de
novo hair genesis in mice. Our study provides a promising strategy
for HF regeneration, with potential applications in the clinical set-
ting of alopecia and wound healing.

Methods
Preparation of fibrin hydrogels

Fibrin hydrogels were prepared through Solutions A and B;
100mg fibrinogen (Yeasen, China) was dissolved in 1mL 1.8%

saline/sodium chloride solution, and 10mg aprotinin (Sigma,
USA) was dissolved in ddH,0 with the concentration of 170 mg/
mL (100x, stock solution), calcium chloride (Sigma, USA) was dis-
solved in ddH,0 and the concentration is 42.1mM (10x, stock so-
lution), 500 U thrombin (sigma, USA) was dissolved in 5mL
42.1mM calcium chloride solution (10x, stock solution). The fi-
brinogen solution and the aprotinin solution was mixed to form
Solution A, in which the final concentration of aprotinin is
3.4mg/mL. The thrombin solution was diluted to 20 U/mL to
form Solution B. The Solution A was mixed with Solution B in vol-
ume ratio of 1:1 to form fibrin hydrogels at room temperature,
the gelation time is approximately 30s. The cell pellet was sus-
pended with Solution A, which contains 80 mg/mL fibrinogen so-
lution and then mixed with thrombin. The final concentration of
fibrinogen is 40mg/mL, the aprotinin is 1.7mg/mL and the
thrombin is 10U/mL.

Isolation and culture of Epi-SCs and SKPs

The Epi-SCs and SKPs were isolated from neonatal dorsal skin of
C57BL/6 mice 1-3 days after birth as described previously [27, 28].
The dorsal skin was collected and cut into 2-3 mm? slices and
digested with 0.3% Dispase II (Sigma, USA) for 60min at tissue
culture incubator. The epidermis and dermis were manually sep-
arated and the epidermis was treated with 0.035% collagenase I
(Sigma, USA) for 60min at tissue culture incubator. After diges-
tion, the mixture was filtered with a 70 um cell strainer, and then
centrifuged for Smin to obtain the Epi-SCs for transplantation.
The dermis was treated with 0.35% collagenase I (Sigma, USA) for
~ 60min at tissue culture incubator and filtered with a 70 pm cell
strainer. The cell suspension was centrifuged and washed with
culture medium for two times, cultured in 10-cm non-treated
dishes with SKP growth medium and incubated at 37°C in a 5%
CO;, tissue culture incubator. The SKP growth medium was com-
posed of Dulbecco’s modified Eagle’s medium/F12 (Gibco, USA) in
a ratio of 3:1, B27 (Gibco, USA), EGF (Peprotech, USA) and basal fi-
broblast growth factor (bFGF, Peprotech, USA). The final concen-
tration of EGF is 20ng/mL and the bFGF is 40 ng/mL.

Scanning electron microscopy analysis

The interior morphology of fibrin hydrogels was detected by
scanning electron microscopy (SEM) and the samples were pre-
pared as previously described [29]. Briefly, the fibrin hydrogels of
20, 40 and 80mg/mL were quick-frozen in liquid nitrogen, sliced
into 100 um slices and then lyophilized for 72h by a freeze-drier
(LyoQuest-85 PLUS, Telstar, Spain). Subsequently, all the samples
were sputter coated with gold and visualized through SEM
(Phenom, China).

Cell proliferation assay

The SKPs proliferation in fibrin hydrogels were evaluated on
alarm blue assay (Yeasen, China) following the manufacture’s
protocol. Briefly, the SKPs in fibrin hydrogels were cultured in 96-
well plates and incubated with 200 puL alarm blue working solu-
tion (alarm blue solution: fresh culture medium =1:10) for 4h.
After incubation, the supernatant solution of all the samples
were added to a new 96-well plate and measured the OD value at
570 and 630nm wavelengths (Epoch2, BioTek, USA). The prolifer-
ation rate was calculated and normalized by the OD value on Day
1. The samples were then washed with PBS (Gibco, USA) and
replaced with fresh culture medium. Each sample was detected
atDays 1,4 and 7.
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Cell viability

Cell viability of SKPs in fibrin hydrogels was measured through
trypan blue stain assay and live/dead staining (KGAF001, KeyGEN
BioTECH, China). The SKPs before and cultured in fibrin hydro-
gels for 3days were collected and suspended with PBS (Gibco,
USA). The cell suspension and 0.4% trypan blue stain solution
(Solarbio, China) were mixed at a ratio of 9:1 and the cell viability
were automatically calculated in Countstar (Countstar Rigel S2,
China). For live/dead staining, the cells were washed with PBS
and then incubated with staining solution (PBS: Calcein-AM:
PI=1000:1:1) for 10 min in the dark and then was visualized im-
mediately by a fluorescence microscope (Nikon, Eclipse Ti2-U,
Japan).

Alkaline phosphatase activity

The alkaline phosphatase (AP) activity in SKPs and SKPs encapsu-
lated in fibrin hydrogels was examined on AP staining kit as pre-
viously described [30]. Briefly, SKPs and SKPs in fibrin hydrogels
were fixed in 4% paraformaldehyde (PFA) for 10 min at room tem-
perature, following washing with PBS. After that, the samples
were incubated with 5-bromo-4-chloro-3-indolylphosphate in
conjunction with nitro blue tetrazolium (Beyotime Biotechnology,
Shanghai, China) solutions at RT for 4h in the dark. The samples
were visualized immediately by a phase-contrast microscope
(Nikon, Eclipse Ci-S, Japan).

Mice for isolating cells and animal experiments

CS7BL/6 (7-8 weeks old) and BALB/c nu/nu mice (4-5 weeks old)
were purchased from Slac & Jingda Corporation of laboratory ani-
mals, Changsha, China. The animals were in a temperature-
controlled environment (20°C =+ 1°C) and with free access to
receive food and water throughout the experiment. This study
and all animal procedures were performed with the approval of
the Animal Ethics Committee of Hunan Normal University and
followed the National Institutes of Health guidelines for the per-
formance of animal experiments.

Real-time PCR analysis

The relative expression of the samples was detected by real-time
PCR (gPCR). Total RNA of the samples was extracted and purified

(GAPDH) was set as an internal control. The primers used were
listed in Table 1.

HF neogenesis

HF reconstruction model was used to evaluate the effect of fibrin
hydrogels in supporting stem cells for HF genesis as previous de-
scribed [30]. Full thickness skin wounds were created on the back
of BALB/c nu/nu mice (4-5 weeks old) through skin biopsy punch
with diameters of 2, 5 and 10 mm; before that, the mice were
anesthetized with sodium pentobarbital (50 mg/kg). The wounds
were injected with appropriate volume fibrin hydrogels, which
the fibrinogen concentration is 40 mg/mL or Matrigel contained
5x 107/mlL Epi-SCs and 1 x 10%/ml SKPs. After transplantation,
the mice were covered with Tegaderm (3M, USA) transparent
dressing and self-adhering elastic bandage. After transplantation
for 4 weeks, some of the mice were sacrificed, the hairs were ob-
served under dissecting microscope (SMZ745, Nikon, Japan)
and the wound tissue samples were harvested for histological
analysis.

Immunofluorescence staining

Fresh skin tissue samples were harvested and fixed at 4% PFA
overnight, dehydrated through 10, 20 and 30 sucrose gradient for
12h. The samples were embedded in Tissue Freezing Medium
(SAKURA Tissue-Tek® OCT Compound, USA) and stored at -80°C.
SKPs samples were fixed at 4% PFA for 30 min and dehydrated in
10, 20 and 30 sucrose gradient for 30 min. The frozen tissue sec-
tions of the skin and SKPs samples were incubated with blocking
buffer (3% BSA, 10% goat serum) for 2h at room temperature,
and incubated with specific primary antibodies at 4°C overnight.
The primary antibodies were listed in Table 2. After incubation,
excess primary antibodies were washed with PBS and then incu-
bated with TRITC/cy3 or FITC-conjugated secondary antibody for
2h at RT. The cell nucleus was stained with 4, 6-diamidino-2-
phenylin-dole (DAPI) for 10 min at RT, washed with PBS, and the
samples were visualized by confocal microscope (C2, Nikon,
Japan).

Table 2. Antibody information

by TRIzol (TAKARA, Japan), and the RNA concentration was Antibody name Detailed information
quantlﬁed by a Nanodrop (The.rmoHsher Sc1gnt1f1c, USA). The Nestin 1:100, ab11306, abcam, UK
first-strand cDNA was synthesized by the PrimerScriptTM RT Fibronectin 1:100. GTX112794 GeneTex. USA
Reagent Kit with gDNA Eraser (TAKARA, Japan) and oligo(dT) pri- BMP6 1:100, ab155963, abcam, UK
mers. The gPCR was performed on a SYBR Green Real-Time PCR CD31 1:30, GTX54379, GeneTex, USA
Mix (TAKARA, Japan) on an analytikJena gTOWER 3G system. Biotin 1:100, 20Raj1, eBioscience, USA
. . K1 1:100, 905601, BioLegend, USA
The relative expression of target genes was calculated through K14 1:100, 906004, Biolegend, USA
2-AACt method and glyceraldehyde-3-phosphate dehydrogenase
Table 1. The primers used for murine gene amplification
Genes Forward Reverse
GAPDH CGGAGTCAACGGATTTGGTCGTAT AGCCTTCTCCATGGTGGTGAAGAC
Nanog TCTTCCTGGTCCCCACAGTTT GCAAGAATAGTTCTCGGGATGAA
Oct4 CACCATCTGTCGCTTCGAGG AGGGTCTCCGATTTGCATATCT
c-Myc ATGCCCCTCAACGTGAACTTC CGCAACATAGGATGGAGAGCA
Sox2 TCCATGGGCTCTGTGGTCAAG TGATCATGTCCCGGAGGTCC
Fibronectin ATGTGGACCCCTCCTGATAGT GCCCAGTGATTTCAGCAAAGG
a-SMA TGAGCAACTTGGACAGCAACA CTTCTTCCGGGGCTCCTTATC
Bmp4 CAGGGAACCGGGCTTGAG CTGGGATGCTGCTGAGGTTG
Collagen I GCTCCTCTTAGGGGCCACT CCACGTCTCACCATTGGGG
Nestin GGTTCCCAAAGAGGTGTCCG CAGCAAACCCATCAGACTCCC
PDGF-a ACGCATGCGGGTGGACTC GATACCCGGAGCGTGTCAGTTAC
Akp?2 TCGGAACAACCTGACTGACCC CTGCTTGGCCTTACCCTCATG
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Hematoxylin—eosin staining

The regenerated wounds tissue samples were harvested and im-
mediately fixed at 4% PFA for 24 h, dehydrated with 70, 80, 90, 95
and 100% ethanol and then the dehydrated samples were embed-
ded in paraffin. Tissue sections were stained with stained by
hematoxylin-eosin (HE) staining kit (Baso, China) as per the
instructions. The cell nucleus stained with hematoxylin and the
cytoplasm stained with eosin, mounting, and detected with a
phase-contrast microscope (Eclipse Ci-S, Nikon, Japan) [27].

Statistical analysis

All experiments were repeated at least three times, and the
results were expressed as mean = SEM unless stated otherwise.
The groups were statistically compared using Student’s t-test
and the statistical significance was indicated in each bar, ns: not
significant, *P < 0.05, *P < 0.01, **P < 0.001.
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Results
Characterization of fibrin hydrogels

Figure 1A shows the schematic structure of the fibrinogen and
fibrin hydrogel formation process. The fibrinogen solution was
transparent, even when the concentration was increased to
80mg/mL (Fig. 1B), and the fibrinogen solutions at different con-
centrations immediately formed hydrogels after adding thrombin
solution at a 1:1 ratio (Fig. 1C), the gelation time is ~ 30s, which
is conducive to the subsequent experimental research. SEM
results suggested that the fibrin hydrogels had a porous network
structure. Moreover, the pore size decreased as the concentration
increased (Fig. 1D and E), and the swelling capacity of the fibrin
hydrogels also decreased (Fig. 1F). The porous structure is benefi-
cial for nutrient exchange, cell attachment and cell growth, and
the cells in fibrin hydrogels have the potential to reproduce the
complex structure of native tissues. Materials with higher viscos-
ity are more suitable for providing structural support for tissue
scaffolds, whereas materials with lower viscosity are more
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Figure 1. Characterization of fibrin hydrogels. (A) The schematic structure of fibrinogen and the fibrin hydrogel formation process. (B and C) Fibrinogen
solution in different concentration and fibrin hydrogel in different concentration. (D and E) SEM images of different concentration fibrin hydrogels.
Scale bar: 300 pm (D), 100 um (E). (F) Swelling capacity of different concentration fibrin hydrogels. (G) The viscosity of 80 mg/mL fibrinogen with a

change in the temperature.
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Figure 2. Evaluation of SKPs compatibility. (A) Morphology of SKPs in fibrin hydrogels. (B) Live and dead staining of SKPs in fibrin hydrogels cultured for
1day and 4 days, in which live cells are visualized with green and dead cells appear red. Scale bar: 100 um. (C) The viability of SKPs before and after
cultured in fibrin hydrogel for 3 days. (D) Cell proliferation of SKPs cultured in fibrin hydrogels for 1day, 4 days and 7 days.

suitable for cell bioactivity [31]. We detected the viscosity of
80mg/mL fibrinogen with a change in the temperature, and
results showed that the viscosity decreased as the temperature
increased. Moreover, the viscosity was relatively low, it was < 0.1
Pa.s at 4°C (Fig. 1G). These results indicated that the solution has
good fluidity at room temperature, which is conducive to the uni-
form mixing of cells. All results indicated that the fibrin hydro-
gels are beneficial for cell survival.

Evaluation of SKP compatibility

SKPs were co-embedded in fibrin hydrogels and cultured for
7 days to detect cell viability and cell proliferation at different
time points. The SKPs in fibrin hydrogels adhered to the hydro-
gels and spread as the incubation time increased (Fig. 2A and B),
indicating that fibrin hydrogels benefit cell attachment. Trypan
blue assay results showed that the cell viability of SKPs in fibrin
hydrogels was ~80% (Fig. 2C), which was confirmed by live and
dead staining analysis (Fig. 2B). The SKP proliferation was evalu-
ated on Days 1, 4 and 7 using alarm blue assay, and the results
showed that the SKPs in fibrin hydrogels could proliferate
(Fig. 2D). These results suggested that the fibrin hydrogel scaf-
folds were able to provide a suitable 3D environment for the sur-
vival and growth of SKPs.

Cytological analysis of SKPs in fibrin hydrogels

To further evaluate the effect of fibrin hydrogels on SKPs, the
SKPs cultured in fibrin hydrogels for 3days were harvested for
immunofluorescence (IF) analysis. From the analysis, it was

observed that SKPs in fibrin hydrogels expressed high levels of fi-
bronectin, nestin and BMP6 (Fig. 3A and B), which are typically
markers of SKPs. The AP expression level is largely correlated
with the hair-inductive ability of DP cells [32]. SKPs have been ap-
plied for HF regeneration in many studies owing to their similar-
ity with dermal papilla cells [18, 21]; therefore, we examined the
influence of fibrin hydrogels on AP expression by performing an
AP staining assay. The staining assay results showed that SKPs in
fibrin hydrogels expressed high levels of AP, which were almost
the same as those in normal culture (Fig. 3C). Cell stemness is
self-renewal and differentiation ability of stem cells, and is a key
factor in their clinical application [33]. To evaluate the effect of fi-
brin hydrogels on SKP stemness and HF induction ability, the plu-
ripotency genes Oct4, Sox2, Nanog and c-Myc, and the HF
induction-associated genes were detected by gPCR after culturing
for 3days. The results revealed that the expression of the pluripo-
tency genes increased, except for Oct4 (Fig. 3D), and the expres-
sion of HF induction-associated genes Akp2 and Nestin increased,
whereas that of «-SMA, PDGF-o and Col-I decreased (Fig. 3E).
These results suggest that fibrin hydrogels can maintain the
properties of SKPs.

Fibrin hydrogels support stem cell for HF
neogenesis

The fibrin hydrogels were further evaluated through an HF recon-
struction model. The Epi-SCs, SKPs and fibrin hydrogels were
injected into wounds of 2-, 5- and 10-mm diameters, and stem
cells in Matrigel were used as positive controls. After 4 weeks, the
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E) Real-time PCR analysis of SKPs in fibrin hydrogels for 3 days for their expression of stemness genes and HF induction-associated genes.

newly regenerated hair-inclusive skin tissues in all wounds were
imaged under a dissecting microscope, and the relevant hair
shafts were counted. The average number of hair shafts in-
creased as the wound area increased in the fibrin hydrogel group,
which was similar to that in the Matrigel group (Fig. 4E). Fibrin
hydrogels marginally promoted more HF growth relative to that
observed for in the Matrigel group, without a significant differ-
ence (Fig. 4A and E). HE staining analysis also demonstrated that
the HFs regenerated along with the epidermis and dermis
(Fig. 4B). Additionally, the blood vessels also regenerated, which

was further confirmed through IF staining for CD31, a marker of
blood vessels [34] (Fig. 5C and D). Sebaceous glands are other im-
portant skin appendages, and thus, we detected the expression of
biotin, a specific sebaceous gland marker [3]. IF staining analysis
showed that the sebaceous glands regenerated in the wounds
(Fig. 5A and B). It has been reported that keratin 1 (K1) is
expressed in differentiated keratinocytes and that keratin 14
(K14) is expressed in Epi-SCs [35, 36]; therefore, the HFs were fur-
ther evaluated by performing IF staining for K1 and K14. The
results showed that the regenerated tissue contained the
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and each group (N> 3).

epidermis, dermis and HFs, and the epidermis was stratified,
which was similar to the natural skin (Fig. 4C and D). These
results indicated that fibrin hydrogels are suitable for de novo HF
regeneration and wound healing.

Biocompatibility evaluation

The biocompatibility of biomedical materials must be considered
and evaluated when they are applied. To detect the durability of
neogenic black hair shafts and the skin stem cell biocompatibility
with fibrin hydrogels, some mice were observed for 6 months af-
ter transplantation. Morphological images showed that the mice
still presented with the growth of thick hair even after 6 months
(Fig. 6A-C). HE staining analysis was applied to further evaluate
the regenerated tissue, and the results showed that the HFs
remained, although with some hair loss, and there was no tera-
toma formation (Fig. 6D). These results suggest that fibrin hydro-
gels are suitable for HF regeneration and wound healing in
clinical settings.

Discussion

An increasing number of people, especially at a young age, are
suffering from hair loss, which seriously affects their physical
and mental health. There are several treatments for hair loss;
among them, stem cell-based tissue engineering and regenera-
tive medicine are becoming the most thriving approach for the
treatment of hair loss, aiming to reconstruct functional HFs to re-
place or repair damaged or lost HFs [18]. Previous studies have
shown that many stem cell-based tissue engineering techniques
have achieved hair regeneration at the laboratory stage. For ex-
ample, pluripotent stem cells from adipose [37], bone marrow
[38], HF [39] and umbilical cord blood [40] multipotent stem cell
transplantation can regenerate HFs in the skin. However, due to
the limitations of these cells, such as tumorigenicity and infec-
tion transmission, tight regulations, short shelf life, and strict
production, transport and storage conditions, their widespread
application has been limited [41]. DP cells are widely used to
study hair regeneration. The induction of HFs by DP cells origi-
nates from embryonic development but is not limited to
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embryonic developmental stages, and DP cells from postnatal
skin can still promote dermal sheath cells and non-follicle-
associated fibroblasts during skin remodeling and wound healing
[42]. Nevertheless, the number of DP cells is very small, their
availability is limited, and it is difficult to maintain their HF-
inductive ability in vitro [43]. SKPs are pluripotent stem cells
extracted from rodent and human skin, and have been shown to
share the same niche as DP cells, as reported in previous studies
[21]. It is well known that DP cells are essential for the induction
of HF regeneration, and these functional properties of SKPs sug-
gest their potential application in the biogenesis of skin substi-
tutes for regenerating HFs [44]. In this study, we selected SKPs as
seed cells for tissue engineering.

Biological scaffolds have always been the focus of regenerative
medicine based on tissue engineering, in addition to seed cell se-
lection. In recent years, many researchers have selected various
biological scaffolds for HF regeneration. Dong et al. [45] selected

the silk fibroin-sodium alginate scaffold to study its influence on
the induction ability of HF cells, proving that this composite scaf-
fold had a good biomimetic extracellular matrix (ECM) structure,
which could maintain the morphological shape of dermal papilla
cells and aggregate growth characteristics. However, this com-
posite scaffold did not regenerate blood vessels. Zhang et al. [46]
constructed a composite dressing with a polylactic acid fiber
membrane and zinc-silicon bioceramics, which could effectively
activate HF cells to participate in the re-epithelialization and
blood vessel formation of burned skin. However, since the liquid
in this dressing is stored in the ceramic powder in the middle
layer, it can only be transferred in one direction [46]. Although
other substances such as collagen—chitosan scaffolds and
leucine-activated nanohybrid biofilms had been proven to pro-
mote HF regeneration, they all had certain limitations [47, 48].
Based on the catalytic effect of thrombin on fibrinogen,
thrombin and fibrinogen were used as raw materials to form a
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Figure 6. Biocompatibility evaluation. (A) The morphological images of mice after transplantation of 6 months. (B and C) Representative images of the
hair genesis tissue after transplantation of 4 weeks and 6 months. Scale bar: 2mm. (D) HE staining images of regenerated tissue after transplantation for
6 months. Scale bar: 100 pm.

three-dimensional network structure with good biocompatibility
under the action of calcium ions. Fibrin is an ECM protein, which
plays a crucial role in the coagulation cascade and is a scaffold
for tissue repair after injury. It is formed by thrombin and CaCl,
polymerized fibrinogen, resulting in the formation of three-
dimensional network of fibrin fibers [49, 50]. Fibrin-based hydro-
gels proliferate, migrate and differentiate into specific tissues or
organs via ECM secretion, promoting efficient seeding and uni-
form distribution of cells, and resorbing gradually due to the ac-
tion of proteases [51, 52]. The gelation time of fibrin hydrogels
can be changed according to the special requirements based on
the composition and the concentration of the components.
Taking advantage of these physiological properties and cell-
material interactions, fibrin matrices have been widely applied in
tissue engineering and have been approved for biomedical use in
the USA [53-55]. The fibrin hydrogels in this study could be
formed in ~ 30s at room temperature, which is conducive to the
subsequent experimental research and increases the possibility
of clinical application.

This study found that fibrin hydrogels with Epi-SCs and SKPs
have a satisfactory effect in supporting HF neogenesis. We trans-
planted the SKPs into the fibrin hydrogel, and the SKPs adhered
well to the hydrogel and survived and proliferated, which was re-
lated to the porous network structure of fibrinogen. Furthermore,
SKPs in fibrin hydrogels maintained the expression of SKP
markers Bmpé6, fibronectin and nestin, and genes such as Akp2
and nestin, which are involved in the HF-inducing properties of DP
cells. At the same time, in our study, the vascular molecular
marker CD31, sebaceous gland marker biotin and HF marker ker-
atin were expressed in regenerated wound tissue. These results
suggested that fibrin hydrogels can support HFs and other regen-
erated appendages. The most prominent finding is that we ob-
served partially transplanted mice for 6 months, and they still

5 mm 10 mm

/" .

showed thick hair growth; this shows that the fibrin hydrogel has
extremely good biocompatibility. The question of whether the
regenerated HFs could be sustained for a long duration requires
more time and additional detection, which is also a key factor for
clinical applications. To realize the rapid proliferation of Epi-SCs
and SKPs from humans or to find new types of cells for human
HF regeneration, further study is needed. In conclusion, this
study demonstrated that fibrin hydrogel with Epi-SCs and SKPs is
a promising method for HF regeneration in a clinical setting.

Conclusion

Whether fibrin hydrogels could be applied for HF neogenesis was
determined through in vitro experiments and in vivo HF recon-
struction experiments. We demonstrated that SKPs in fibrin
hydrogels have high cell viability and proliferation, their stem-
ness could be maintained, and the expression of hair induction
signature genes, such as akp2 and nestin, was enhanced.
Moreover, HF reconstruction experiments showed de novo hair
genesis in mice, and components such as sebaceous glands and
blood vessels were also regenerated. Interestingly, the regener-
ated hairs could persist for a long time without teratoma forma-
tion. With further advances, the fibrin hydrogels with Epi-SCs
and SKPs comprise a potential therapeutic approach for alopecia
and wound healing.
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