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� A temperature-sensitive Platelet-rich
Plasma (PRP) induced fibrin gel
interpenetrated with the GelMA on a
detachable transdermal microneedle
(MN) for hair regrowth.

� Duo-role PRP: temperature-induced
fibrin gel as microneedle’s enhanced
network and GFs reservoir for
microneedles to promote hair
regrowth.

� PRP-released GFs can be anchored
into a GelMA/PRP matrix with an
increased lifespan for a truly
controlled release.

� The application of PRP-MNs has
promising effects and more cost-
effective for hair regrowth due to the
synergistic effect of multiple GFs.

� PRP-MNs can benefit many other
applications, such as oral and
maxillofacial surgery, refractory
wound, skin disease and
rejuvenation, and reproductive
medicine.
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Introduction: Alopecia concerns more than half our adult population. Platelet-rich plasma (PRP) has been
applied in skin rejuvenation and hair loss treatment. However, the pain and bleeding during injection and
the troublesome for fresh preparation of each action limit PRP’s in-depth applying dedication to clinics.
Objectives: We report a temperature-sensitive PRP induced fibrin gel included in a detachable transder-
mal microneedle (MN) for hair growth.
Results: PRP gel interpenetrated with the photocrosslinkable gelatin methacryloyl (GelMA) to realize sus-
tained release of growth factors (GFs) and led to 14% growth in mechanical strength of a single micronee-
dle whose strength reached 1.21 N which is sufficient to penetrate the stratum corneum. PRP-MNs’
release of VEGF, PDGF, and TGF-b were characterized and quantitatively around the hair follicles (HFs)
for 4–6 days consecutively. PRP-MNs promoted hair regrowth in mice models. From transcriptome
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Growth factor reservoir
 sequencing, PRP-MNs induced hair regrowth through angiogenesis and proliferation. The mechanical and
TGF-b sensitive gene Ankrd1 was significantly upregulated by PRP-MNs treatment.
Conclusion: PRP-MNs show convenient, minimally invasive, painless, inexpensive manufacture, storable
and sustained effects in boosting hair regeneration.
� 2023 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Alopecia is becoming a worldwide concern for the public, which
is a hair disorder marked by the progressive miniaturization of hair
follicles (HFs) and a shortening anagen phase, resulting in a reduc-
tion in scalp hairs [1]. Although alopecia does not affect physical
health, it negatively affects the social and psychological well-
being of patients, causing reduced quality of life. Early diagnosis
and treatment can significantly delay the progression of alopecia
and improve prognosis. Treatments include pharmaceuticals, such
as Minoxidil and Finasteride, which require long-term patient
compliance with varying effectiveness [2,3]. Common side effects
include sexual dysfunction, depressive alteration of mood, and skin
irritation [4,5]. Surgical effectiveness is influenced by the surgeon’s
proficiency and is only suitable for patients with sufficient donor
hairs [6,7]. Additionally, unnatural hairline and donor area scars
are frequently reported concerns [8].

Platelet-rich plasma (PRP) is a platelet concentrate extracted
from autologous blood. The clinical efficacy of PRP depends mainly
on the concentration of platelets and their growth factors (GFs)
(VEGF, PDGF, TGF-b, etc.), especially during the healing process,
where they are responsible for the proliferation, differentiation,
chemotaxis, and tissue morphogenesis [9]. Once activated, multi-
ples types of GFs are released from PRP, which can promote telogen
HFs to re-enter the hair cycle, PRP has gradually become an effec-
tive and promising option for hair loss treatment [10–12]. In bed-
side, PRP is injected into the scalp through a hypodermic needle
(30-32G) [10]. However, it is painful and causes bleeding. Besides,
it must be freshly prepared for usage. PRP needs to be applied
under the operation of physicians after giving patients surface
anesthesia. These concern the clinical application of PRP.

MNs are micron-scale needles used for drug delivery, with a
length between 500 and 1000 lm. MNs are developing rapidly as
non-invasive transdermal drug delivery, vaccination, patient mon-
itoring, and disease diagnosis [13,14], with the advantages of being
painless, minimally invasive, and easy to operate. In addition, the
application of MNs does not result in the loss of PRP by diffusion
in the deep dermis caused by uneven control of the syringe depth.
MNs can be effectively confined to the superficial dermis, achieving
a high concentration of PRP sustained release around the HFs.

Recently, researchers have started to focus on MNs for hair
regrowth by achieving local delivery of exosomes [15], valproic
acid [16], finasteride [17], or nanozyme [18], avoiding the side
effects associated with the systemic application of drugs. Although
these MNs strategies have achieved some therapeutic effects, MN
matrices closely matched with the microenvironment of HF for
comprehensive regulation of hair regrowth and with the lowest
cost need to be developed. PRP is autologous in origin and easy
to obtain. More essentially, GFs can meet the comprehensive regu-
lation of hair regrowth. However, PRP has not been reported about
the hair application in combination with MNs due to its limitations
of liquid form and difficult storage.

In our study, we developed a temperature-sensitive PRP
induced fibrin gel as MN’s enhanced network and GF reservoir
which was then interpenetrated with the photocrosslinkable gela-
tin methacryloyl (GelMA) on a detachable transdermal MN for hair
regrowth. (Scheme 1). Gelatin is a natural hydrogel close to the
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dermis composition where the HFs are located [19]. After applied
to the skin and the base detached, the MNs can be targeted to reach
the HFs bulge area and hair bulb where 2 kinds of HFs stem cells
are located. HF bulge stem cells determine the proliferation and
lineage differentiation of HF epidermal components [20]. The DP
determines the size of HFs and the transition of the hair cycle
[21]. We also explored the PRP temperature-sensitive characteris-
tic to produce the gelation of the fibrin network and quantify the
released GFs. With these attributes, PRP-released GFs can be
anchored into a GelMA/PRP-induced fibrin matrix with an
increased lifespan for a truly controlled release [22]. To advance
our understanding of PRP-MNs, transcriptome sequencing was
conducted and revealed that the PRP-MNs induced hair regrowth
through angiogenesis and proliferation. The mechanical and TGF-
b sensitive gene Ankrd1 was studied.

Results

Fabrication and characterization of temperature-controlled PRP and
GelMA

A temperature-controlled PRP was prepared under a cryogenic
environment (4℃). Red blood cell (RBC), platelet (PLT), and white
blood cell (WBC) concentrations of the whole blood and PRP
groups were summarized in Table 1. Hematology analysis showed
that the majority of RBC andWBC were removed by PRP procedure,
while the platelet distribution peak and width remained
unchanged (Fig. 1A). However, PRP becomes fragile and loses bio-
logical activity after leaving the physiological environment. Thus,
PRP lyophilization for preserving stable PRP effect and increasing
concentration was utilized. To verify the GFs concentration of
PRP lyophilization, we set 2 groups for ELISA protein quantifica-
tion: (i)activated-PRP (a-PRP, the activated platelets in PRP release
multiple GFs) was obtained by incubating PRP at 37 ℃ for 15 mins,
(ii) freeze-dried product from inactivated PRP (FD-PRP, PRP
remained inactivated under 4℃) (Fig. 1B). PRP contains mainly
platelet-derived GFs, including VEGF, PDGF, TGF-b1, IGF-1, and
EGF [9,23]. In particular, PDGF is the most predominant in PRP
and plays a crucial role in the development of dermal papilla for
hair regrowth [10,24]. TGF-b1 induces the anagen phase of the hair
cycle and regulates angiogenesis [25]. Additionally, VEGF promotes
angiogenesis, an essential factor in hair regrowth [26]. PDGF-BB,
VEGFA, and TGF-b1 were detected by ELISA in 2 groups (Fig. 1C).
Interestingly, FD-PRP was able to release more GFs than a-PRP,
which showed a significantly higher concentration of
8683 ± 591 pg/ml in PDGF-BB. This finding confirmed that PRP
lyophilization can retain GFs stably and efficiently for our follow-
up experiments.

Thermal and photocrosslink induced GelMA/PRP formation

A PRP-induced fibrin gel can be obtained by activating platelets
to convert fibrinogen into a fibrin network under 37℃. Because of
the thermal-sensitive PRP activation characteristic, we find that
PRP gel had the following advantages, (i) the temperature-
controlled characteristic allows us to manipulate MN shaping
and GF release through thermal inducement; (ii) the autologous
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Scheme 1. A temperature-controlled PRP induced fibrin gel interpenetrated with the photocrosslinked GelMA as sustained PRP therapy for hair regrowth through a base-
detachable MN system.

Table 1
Blood cell count of whole blood and PRP.

PLT(*106/mL) RBC(*106/mL) WBC(*106/mL)

Whole blood 218.7 ± 53.1 5273.3 ± 193.6 4.2 ± 0.3
PRP 1182.7 ± 170.8 23.3 ± 12.5 0.4 ± 0.2
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PRP fibrin scaffold is highly biocompatible and has a great potential
for vascularizing.

Gelatin was modified by methacrylic anhydride, as shown in
Fig. 1D, which enables it to be photocrosslinked by the photoinitia-
tor (LAP). FTIR and 1H-NMR analyses were performed to character-
ize synthesized GelMA. The FTIR showed the peaks at
1450 cm�1(amide III), 1547 cm�1 (amide II), 1645 cm�1 (amide I),
and 3308 cm�1 (hydroxyl group) as in Fig. 1E. Amides (I to III) cor-
responded respectively to the C = O bond vibrations, the bending of
the N–H bonds, and the C-N and N–H plane vibrations [27]. The
GelMA had been synthesized successfully according to these
results. 1H NMR was used to verify the methacrylation of gelatin.
The 1H-NMR spectrum of GelMA (Fig. 1F, red curve) showed 2
new signals at 5.4 ppm and 5.6 ppm (area a) that were attributed
to the methacrylamide groups [28]. Another new signal appeared
near 1.8 ppm (area c), which belonged to a function of methyl
methacrylate grafting on the structure of gelatin. These indicated
that methacrylic anhydride was grafted successfully. The graft
ratio of e-amino groups of gelatin was defined as the degree of
methacrylation(DM). The lysine methylene signal (2.9 ppm, area
b) was integrated to obtain the areas of GelMA and gelatin [29].
The DM of the GelMA could be calculated as the previous report
[28], showing that the synthesized GelMA reached a high DM
about 73%.

TNBS assay was used to determine the free amino groups,
which can quantify DM as well. Non-modified gelatin was
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determined to be 0.321 ± 0.024 (mmol/g), consistent with the pre-
vious report [30]. GelMA remained 29.4% unreacted free amino
groups compared to gelatin, which could quantify DM as 70.6%.
The results of both methods showed that GelMA with efficient
DM can be a suitable matrix for microneedle fabrication.

Fig. 1G showed the two-step fabrication of the GelMA/PRP-
induced fibrin matrix. Briefly, GelMA and PRP were mixed first,
then PRP was induced to form the first fibrin network through
thermally controlled self-assembly at 37℃. GelMA was finally pho-
tocrosslinked to make the second network. PRP turned to a gel
state after thermal induced fibrin network formation(Fig. 1H).
The scanning electron microscope (SEM) images showed the
microstructures of the PRP, GelMA, and GelMA/PRP hydrogels
had interconnected porous microstructures (Fig. 1I). The PRP-
induced fibrin gel was only constituted by a loosely distributed
network, while the GelMA/PRP matrix was constituted by thick
and uniformly packed dual networks. In conclusion, these results
confirmed the successful formation of the GelMA/PRP matrix.

Fabrication and characterization of the PRP-MNs system

A four-step filling process was applied to form the detachable
PRP-MNs (Fig. 2A). Briefly, Microneedle molds were prepared in a
10 � 10 array with 900 lm in height using PDMS. GelMA/PRP
matrix containing photoinitiator (LAP) was first casted into the
needle cavities under 37℃ to form a fibrin network and dry. After
the concentrated matrix was photocrosslinked, the base was cov-
ered with PVA to form a detachable patch. The desiccated PRP-
MNs patch was shown in Fig. 2B, C, in which GelMA/PRP matrix
as yellow parts were observed in each tip. SEM (Fig. 2D) demon-
strated that each microneedle has an intact and uniform morphol-
ogy. It provided a pyramidal shape with a sharp tip and a base
diameter of 400 lm. GelMA-MNs were fabricated to be the



Fig. 1. Fabrication and characterization of PRP, thermal sensitive PRP-induced fibrin, and penetrated GelMA. (A) Hematology analysis showed the difference between whole
blood (left) and PRP (right). (B) Photographs showed the PRP and FD-PRP products. (C) ELISA protein quantification of GFs of a-PRP and FD-PRP groups (TGF-b1, PDGF-BB, and
VEGF) (n = 3). ** P < 0.01, ns = no significance. (D) Illustration of GelMA synthesis. (E) FTIR spectra of GelMA showed characteristic peaks. (F) 1H-NMR spectra of gelatin and
GelMA demonstrated different signal areas. (G) Illustration of the GelMA/PRP formation composed of the dual network. (H) Macroscopic observation of temperature and
photocrosslink-induced GelMA/PRP formation. (I) SEM images of PRP-induced fibrin gel, GelMA, GelMA/PRP.
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comparison, without filling of PRP. To confirm its ability to break
through the stratum corneum barrier, the mechanical properties
of PRP-MNs from different ration of GelMA/PRP (1:1; 1:2; 1:3)
and simple GelMA-MNs were measured by stress–strain gauge
under dynamic force (Fig. 2E). As shown in Fig. 2F, S1, the pressure
versus displacement map demonstrated that PRP-MNs with a ratio
of GelMA/PRP = 1:2 showed highest breaking force of 1.21 N per
microneedle, since the induced fibrin network in PRP enhanced
this [31]. The PRP-MNs exhibited sufficient stiffness for skin inser-
tion(>0.17 N per microneedle) [32].

To obtain an optimal release and dissolution, we performed
in vitro characterization experiments of PRP-MNs (Fig. 2G). PRP-
MNs from three different donors were tested for dissolution ability
and showed no significant difference (Fig.S2). Furthermore, the
blend of GelMA and PRP in different proportions accelerated the
dissolution of PRP-MNs. The GelMA/PRP = 1:3 group displayed
the fastest dissolution, the GelMA/PRP = 1:1 group degraded
slowly, and the GelMA/PRP = 1:2 group could achieve sustained
release over 4 days. The PVA base dissolved rapidly within tens
of minutes in PBS solution at 37℃. In the next 6 days, the
GelMA/PRP matrix gradually degraded and released GFs (Fig. 2H).
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As noted, GelMA/PRP = 1:2 group could achieve sustained release
over 4 days and was selected as the optimal MNs formulation
accordingly. In addition, 3 GFs from the PRP-MNs were measured
by ELISA. As shown in Fig. 2I-K, PRP-MNs released GFs rapidly from
the interconnected porous microstructures to reach an effective
concentration in 24 h. The GFs gradually released during PRP-
MNs’ degradation after 4–6 days. The ion-interaction allows basic
GFs(such as TGF-b1 [33], VEGF [34], and PDGF [35]) that carried
positive charges to be immobilized in GelMA, which carried nega-
tive charges in the GelMA backbone under physiological pH [36,37]
(Fig. 2L, M). Besides, with the attribute of fibrin network, GFs could
be further anchored for a truly controlled release [22]. The results
showed that the PRP-MNs system achieved sustained and con-
trolled release profiles of GFs.

To test the mechanical properties of the PRP-MNs for a suitable
in vivo application, we inserted PRP-MNs into the skin of mice and
removed the base after 1–2 h (Fig. 3A). A 10x10 array of microp-
ores were noted at the administration site without any other skin
damage. The micropores gradually became invisible within 1 h and
completely disappeared within 24 h after base removal. As shown
in Fig. 3B, the needles rehydrated and separated from the PVA base



Fig. 2. Fabrication and in vitro characterization of PRP-MNs system. (A1-4) Schematic representation of the fabrication process of PRP-MNs. (B) Digital photograph of PRP-
MNs. Scale bar, 1 mm. (C) Microscopic photograph of PRP-MNs. Scale bar, 500 lm (left), 200 lm (right). (D) SEM image of PRP-MNs. Scale bar, 500 lm (left), 100 lm (right).
(E) Schematic representation of compressive test. (F) The force (per microneedle) versus displacement of the patch. The sudden drop was considered as the breaking force of
the MNs (arrows). (G) Schematic representation of in vitro characterization of PRP-MNs. (H) In vitro microneedle degradation test. Microscopic photographs of dissolvable
MNs in PBS at various times. In vitro cumulative release of VEGF (I), TGF-b1(J), and PDGF-BB (K) from the PRP-MNs patch at various times. Orange points represent mean ± SD
(n = 3). Error bars indicate SD. (L) Schematic representation of sustained release of PRP-MNs. The GFs from PRP are immobilized in the crosslinked GelMA through ionic and
physiochemical interaction. (M) SEM image showed GFs immobilized in GelMA/PRP. Scale bar, 5 lm. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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after removal. H&E staining revealed that the microneedle
remained in the skin, locating on the place where the HF stem cells
were (Fig. 3C). The skin post-administration of PRP-MNs showed
fast resealing without any erythema, which can prevent the infec-
tion of pathogenic microbes. At the same time, PRP-MNs can stay
in the hair area and release GFs sustainably.

For tracing the release and degradation of the PRP-MNs system
in vivo, we added Rhodamine B as a tracer to make RB-MNs
(Fig. 3D, E). The successful insertion was further confirmed using
RB-MNs, as shown in Figure Fig. 3F, where the skin of mice with
puncture sites was stained with the released dye. After removal
of the patch, RB-MNs resulted in an even distribution of the dye
in a 10X10 array, suggesting that the MNs system was able to
release in the skin (Fig. 3G, H). Over time, the color faded over
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24 h as the tracer dye diffused into the skin. In vivo fluorescent
imaging of mice treated with RB-MNs showed sustained fluores-
cence signal within 4–6 days (Fig. 3I). At 2d after administration,
the fluorescence intensity decreased by>60% compared to 0d. This
should be due to the sustained release of dye from the porous
microstructures of the GelMA/PRP matrix.

PRP-MNs induce hair regrowth in vivo.

Fig. 4A showed representative photographs of the hair regrowth
process using the 8-week-old shaved C57BL/6J mice model. The
study was performed by PRP-MNs, MNs (GelMA-MNs), PRP
subcutaneous injection, and the untreated group (NC). Both PRP-
MNs and PRP groups used the same dose of PRP. Fig. 4B illustrated



Fig. 3. In vivo penetration and release profile of PRP-MNs system. (A)Photographs of mouse applied with PRP-MNs and various times after removal. (B)Microscopic
photograph of PRP-MNs base after applied on the skin. Scale bar, 500 lm. (C) H&E staining image of the skin with PRP-MN inside and base removal. PRP-MN reached the hair
bulb (arrows). Scale bar, 200 lm. (D) Scheme of RB-MNs for in vivo release experiment. (E) Fluorescent photograph of RB-MNs. Scale bar, 200 lm. (F) Horizontal fluorescent
photographs of the skin showed successful penetration and diffusion of the RB-MNs. Scale bar, 500 lm. (G) In vivo dissolution and diffusion profile of the RB-MNs. Scale bar,
2 mm. (H) Magnified view of a single pore. Scale bar, 500 lm. (I) In vivo fluorescent imaging of dorsal skin treated with RB-MNs.
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Fig. 4. PRP-MNs induce hair regrowth in vivo. (A) The treated dorsal skin was photographed at 1, 10, 13, 15, and 17 days after the administration of PRP-MNs. (B) Schematic
representation of the animal experiments. (C) Hair phenotype transformed over time. (D) Percentage of hair coverage in the treated area.
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the design. In contrast to the other groups after 13 days, earlier hair
regrowth was initiated by PRP-MNs in the area of application. Hair
shafts were already observed approximately in 30% of the treated
area, while no hair shaft was found outside the treated area. As
shown in the time profile of the hair phenotype transformation
(Fig. 4C), subcutaneous PRP injections produced poorer efficacy
compared to the PRP-MNs, with the treated area just starting to
pigment after 13 days. Mice without any treatment or treated with
blank MNs showed no significant hair regrowth at 13 days, indicat-
ing that the hair follicles were still in the telogen or early anagen
phase of the hair cycle [38,39]. However, the MNs group showed
earlier pigment on the treated area compared to the NC group, sug-
gesting an effect of MNs on the initiation of the anagen phase. Hair
coverage measurements showed that PRP-MNs exhibited 77% hair
regrowth after 15 days (Fig. 4D). In contrast, the PRP group resulted
in only 52.3% hair regrowth, while the others had only 20.6% and
15.6%. Together, the results showed that PRP-MNs were the most
efficient in promoting the hair cycle anagen phase transformation.

Histological analysis further confirmed that PRP-MNs promoted
hair regrowth using HE staining of dorsal skin after 13 days
(Fig. 5A). Skins treated with PRP-MNs exhibited typical character-
istics of mid-late anagen, such as thickened dermis and enlarged
hair bulb extending into subcutis. Mice skin treated with PRP-
MNs and MNs showed no obvious damage on day 13 (Fig. 5B),
implying the high biocompatibility of the PRP-MNs system. By con-
trasting Fig. 3C with Fig. 5B, it revealed that the epidermal change
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induced by the PRP-MNs was reversible and that the normal epi-
dermal properties were not damaged. In addition, negligible
inflammation cells were found in the treated skin area by HE-
staining. The difference in hair density and morphology could be
clearly seen at the boundary between PRP-MNs treated, MNs trea-
ted, and untreated skin (Fig. 5B). The quantification analysis of the
hair density was the densest in the PRP-MNs group (761.4 ± 64.78
hairs/cm2), which had significant differences with other groups
(Fig. 5C). Evidenced by the proportion of distinct hair cycle stages,
PRP-MNs achieved the most effective promotion of the anagen
phase (Fig. 5D). Interestingly, MNs group also showed its potential
to promote hair regrowth both in density and morphology. These
results implied that PRP-MNs obtained the fastest induction of hair
regrowth, without irreversible skin damage.

Western-blot analysis exhibited that the protein expression level
of PCNA, VEGFA, and b-catenin strongly increased after treatment
with PRP-MNs, PRP, and MNs (Fig. 5E). These proteins were associ-
ated with proliferation, angiogenesis, and hair cycle activation
[26,40,41].

PRP-MNs promote hair regrowth and angiogenesis via Ankrd1
activation

Furthermore, we assessed hair regrowth by immunofluores-
cence of Ki67, CD31, and b-catenin (Fig. 6A). Ki67 was mostly
expressed in proliferating hair matrix cells [42]. PRP-MNs group



Fig. 5. Hair regrowth evaluation. (A) HE-stained sections of dorsal skin from the PRP-MNs group after 13 days exhibited more mature and denser HFs than other groups. Scale
bar, 50 lm. (B) Overall view sections from treated area to the outside. Scale bar, 50 lm. (C) Hair density was significantly higher in PRP-MNs than in other groups. Each bar
represents the mean ± SD (n = 5). *P < 0.05, ** P < 0.01, ****P < 0.0001. (D) Percentage of hair follicles in each phase. PRP-MNs had the highest proportion of mid-late anagen
hairs and the lowest proportion of telogen hairs. Each bar represents the mean ± SD (n = 5). (E) Western-blot analysis revealed that PRP-MNs induced peak expression of
PCNA, VEGFA, and b-catenin.
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expressed significantly more Ki67 positive cells than PRP and NC
groups (Fig. 6B). Vessel density revealed that PRP-MNs promoted
angiogenesis most during hair regrowth, assessed by CD31
(Fig. 6C) [26]. Also, b-catenin staining showed that PRP-MNs most
induced hair morphogenesis (Fig. 6D) [41]. These data indicated
that PRP-MNs promoted hair regrowth and telogen-anagen
transition.

To fully investigate the molecular changes caused by the appli-
cation of PRP-MNs to mouse skin at an early stage (24 h), RNA was
collected for transcriptome sequencing following treatment of four
groups (PRP-MNs, MNs, PRP, NC; each group was pooled from
three replicates at the same condition). The analysis revealed that
the PRP-MNs group underwent significant upregulation of multiple
regulatory genes compared to the NC group (Fig. 7A). Although a
large proportion of the differentially expressed genes (DEGs) were
the same, there were more DEGs in the PRP-MNs versus NC groups
compared to the MNs and NC groups (Fig. 7B). According to gene
set enrichment analysis (GSEA), the biological process of gene
ontology (GO) enrichment differed significantly between PRP-
MNs and NC groups (Fig. 7C). The application of PRP-MNs signifi-
cantly upregulated the transcription of genes associated with
angiogenesis, cytokine stimulation, cell activation, proliferative
signaling, and protein metabolism. In addition, the MNs group
has significant upregulation of genes related to angiogenesis, pro-
liferative signaling, trauma stimulation, organ regeneration, and
extracellular matrix remodeling. In agreement with our previous
experiments, this indicated that PRP-MNs activated GFs, angiogen-
esis, and hair proliferation-related signals.

Based on the above function categories, screening for relevant
DEGs further selected 96 genes with significant changes. We
noticed that angiogenesis and proliferative signaling related genes
were upregulated in the PRP-MNs, MNs, and PRP groups compared
96
to the NC group (Fig. 7D), with PRP-MNs expression being the
highest, which was consistent with our previous hair regrowth
experiments. To confirm whether these altered genes interact with
each other, we processed the protein-protein interaction (PPI) net-
work with the STRING database (Fig. 7E). A strong correlation was
found between the function of angiogenesis (Ret, Thbs1, Tnf), GFs
stimulus (Ankrd1, Itga4), and PI3K signaling (Ptpn6) in PRP-MNs
versus NC. To further validate key regulators in response to GFs
stimulus (Ankrd1, Thbs1) and MAPK cascade (Itgb1), RT-PCR was
performed among four groups (Fig. 7F), which demonstrated better
hair regrowth microenvironment after PRP-MNs application.
Among them, Ankrd1 was significantly upregulated and reported
as a mechanical and TGF-b sensitive gene in previous studies
[43]. All these data suggest that PRP-MNs promote angiogenesis
and hair proliferation at the transcriptome level.

Discussion

The platelets in PRP can release multiple GFs [9,44], binding to
HF stem cells in the bulge area, which is responsible for hair cycle
regulation and hair differentiation, thus activating the hair into the
anagen phase [23,45]. Also, GFs promote the proliferation of der-
mal papilla cells; elevate the expression of b-catenin, prolonging
the anagen phase and delaying its transition to the catagen phase
[46]. To date, some clinical trials include PRP, HF stem cells, and
adipose-derived mesenchymal stem cells (AD-MSCs) injections
have shown that autologous regenerative treatments can promote
hair regrowth in alopecia patients, making them the novel and
effective treatment options for hair loss [47–50]. However, it was
reported that the bioactivity of GFs in platelets was maintained
for only 6 h when PRP was prepared under conventional condi-
tions, after which it decreased in a time-dependent manner [51].



Fig. 6. PRP-MNs upregulated protein expression of hair regrowth. (A) Immunofluorescence images of Ki67, CD31, and b-catenin after 13 days. Scale bar, 200 lm. (B) PRP-MNs
group expressed the highest Ki67 protein after 13 days. Ki67 expression was higher in MNs or PRP than in the NC group, and there was no difference between the MNs and
PRP groups. (C) Vessel density was significantly higher in PRP-MNs, MNs, or PRP than in the NC group, whereas there was no difference between the PRP-MNs and PRP groups.
(D) PRP-MNs significantly increased b-catenin expression. Each bar represents the mean ± S.D (n = 5). **, p < 0.01, ***P < 0.001, ****P < 0.0001 relative to the NC group; ##,
p < 0.01 relative to PRP group.
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Despite recent advances in the field, complications and side effects
of PRP application still need to be overcome, including headaches,
erythema, drowsiness, mild pain, scalp sensitivity, and temporary
swelling [52,53].

Recent studies confirmed that hair regrowth required vascular-
ization support [26] and that reduced HF angiogenesis was associ-
ated with some types of hair loss [54–56]. Most previous studies
used only single pro-angiogenic GF, and some studies used plural
pro-angiogenic GFs in concert [26,57,58]. Based on the bionic prin-
ciple, the study characterized that angiogenesis was precisely reg-
ulated by different GFs at different stages, and therefore the
synergistic effect of multiple GFs was more favorable for vascular-
ization [59]. However, the combined use of multiple recombinant
GFs makes the experiment complex and costly until the PRP solved
this challenge. PRP derives from patients’ own blood and contains a
group of pro-angiogenic GFs in physiological proportions, which is
more cost-effective. Recent studies characterized that PRP had
promising effects on HF vascularization [60,61]. Here we found
that mice showed significantly higher hair regrowth efficiency
and vascularization density after the application of PRP-MNs. The
expression of angiogenesis-related genes was upregulated signifi-
cantly in the PRP-MNs group compared to other groups, which
was consistent with the results of histological experiments.

Here we developed a temperature-sensitive PRP induced fibrin
gel interpenetrated with the GelMA on a detachable transdermal
MN to provide enhanced network and GF reservoir. Based on the
fact that the natural PRP fibrin scaffold has a great potential for
vascularizing [62] and GelMA is close to the dermal composition,
making it highly biocompatible, functional, and degradable for hair
microenvironment [81–83]. The temperature-controlled character-
istic allows us to manipulate MN fabrication and GF release
through thermal inducement. Besides, the GelMA/PRP anchored
the GFs’ release in a controlled way with interconnected porous
microstructures from dual network. It was worth mentioning that
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PRP-MNs penetrated the mouse skin and reached the dermis
where the HF stem cells were located for sustained release of
GFs. PRP-MNs based on the multifunctional tissue-engineered
material GelMA/PRP show their great potential in the minimally
invasive percutaneous treatment of alopecia or aesthetics.

In addition, there was growing evidence that HFs could regener-
ate from wounds, called wound-induced hair neogenesis (WIHN)
[63–66]. b-catenin was upregulated during the wound re-
epithelialization, leading to the development of embryonic HF
epithelial cells [63,67]. Interestingly, here we found that the MNs
group had more significant hair regrowth compared to the NC
group. b-catenin expression was higher in the MNs group. Mean-
while, transcriptome analysis showed that the MNs group was
upregulated in the gene sets of angiogenesis, MAPK, and PI3K sig-
naling, suggesting that the microtrauma caused by MNs may acti-
vate local hair regrowth. AnkRD1 plays important roles in cardiac
development, fibrosis, inflammation, mechanosensing, and wound
healing [43]. The skin perceived stronger mechanical force from
the microtrauma due to PRP-MNs intervention, and AnkRD1 acted
as a gene related to mechanotransduction. In addition, the expres-
sion of TGF-b sensitive gene AnkRD1 was elevated due to the TGF-b
from PRP [68]. The mechanical force could induce the formation of
mild angiogenesis and skin fibrosis, suggesting that AnkRD1 might
link biomechanical force to angiogenesis in skin [69]. In general,
our understanding of the mechanisms behind the unique phe-
nomenon of MNs induced hair neogenesis is expanding, and more
research should involve MNs-inducedWIHN to advance our under-
standing of MNs for hair regrowth.

The combination of GelMA/PRP matrix and detachable MNs
provides a favorable microenvironment for hair development sup-
ported by comprehensive GFs and microtrauma, which is easily
manufactured and stored. MNs are micron-scale needles used for
drug delivery that are painless, minimally invasive, and easy to
manipulate, unlike microneedling therapy (also known as percuta-



Fig. 7. Transcriptome sequencing analysis of the DEGs among PRP-MNs, MNs, PRP, and NC groups. (A) Volcano plot of DEGs (FDR < 0.01, Log(FC) > 1) comparing PRP-MNs
versus NC. Red dots indicate increased expression and green indicates decreased expression after PRP-MNs application. (B) Venn diagram illustrating DEGs comparing PRP-
MNs versus NC and MNs versus NC. (C) Selected upregulated 20 enrichment GO biological process terms of the GSEA analysis. The color represents the P value. (D) Heatmaps
of the significantly altered genes from four groups by category. (E) Visualized PPI analysis of the DEGs. The size of a node in an interworking network is proportional to the
number of edges connected to the node. (F) RT-PCR results showed the expression of Ankrd1, Thbs1, and Itgb1 after different treatments (n = 3). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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neous collagen induction), which has been reported in some clini-
cal studies to cause pain and bleeding [70,71]. In addition to hair
regrowth, PRP-MNs can benefit many other applications, such as
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oral and maxillofacial surgery, refractory wound, skin disease and
rejuvenation, and reproductive medicine [72–74]. A recent study
demonstrated that MNs could deliver to precise areas of visceral
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damage with the assistance of a customized apparatus [75]. This
may create new opportunities for future applications of PRP-MNs
in human organs.
Conclusions

The dissolvable and detachable MN array was prepared using a
double network matrix of thermal-sensitive PRP induced fibrin gel
and photocrosslinked GelMA. The fibrin from PRP enhanced the
mechanical ability of PRP-MNs and anchored the GFs’ release in a
controlled way. We verified a significant upregulation of genes
related to angiogenesis, cell activation, and proliferation signaling
after the application of PRP-MNs. Among them, the mechanical
and TGF-b sensitive gene Ankrd1 was significantly upregulated.
PRP-MNs provide a painless, minimally invasive, and sustainable
effect of PRP for hair regrowth.
Experimental section

Ethics statement

This study was approved by the Ethics Committee of Nanfang
Hospital (NFEC-2019–212). Volunteers provided written informed
consents before participating. Animals ethical approval was
obtained for all experimental procedures(NFYY-2021–0103).
Preparation and characterization of PRP

A temperature controlled PRP preparation procedure was used,
which inhibited coagulation in a cryogenic environment. Basically,
vein blood was collected from healthy volunteers under hypother-
mic conditions using precooled tubes. The PRP was obtained after a
two-step centrifugation procedure (200g for 10 min at 4 �C and the
next 1550g for 10 min at 4 �C). Subsequently, an appropriate
amount of plasma was reserved at the bottom for resuspension
of platelets and used as PRP. The a-PRP was obtained after being
incubated at 37 �C for 15 mins. The lyophilization procedure were
processed as described [76,77], the lyophilizing solution was added
before pre-freeze PRP at �80 �C for 12 h, then freeze-dried for 24 h.
FD-PRP stored at�20 �C until further use. The released supernatant
was collected and stored at �80 �C. Measurement of the concentra-
tion of 3 GFs (VEGF, PDGF-BB, and TGF-b1) in PRP using ELISA kits
(MultiSciences, Hangzhou). GFs in all kinds of PRP were assessed
for each of the three donors. All experiments were repeated thrice.
GelMA synthesis and characterization

Briefly, GelMA was synthesized in DPBS at 50 �C via the direct
reaction of gelatin with MA [78]. Once the reaction was stopped
by diluting with DPBS, the reaction mixture then was dialyzed
through a dialysis bag (12–14 kDa) with deionizedwater for 1 week
to completely remove low molecular weight impurities. After
lyophilization, GelMA was stored under refrigeration for further
use. GelMA was characterized by FTIR spectroscopy (Bruker VER-
TEX 70, Germany) in the wavelength range from 4000 to
650 cm�1. Synthesized GelMA and gelatin samples were dissolved
in deuterium oxide (D2O) and were collected proton nuclear mag-
netic resonance (1H NMR) spectra using a spectrometer (Bruker
400 M, Germany). The MestReNova 14.0 software was used to pro-
cess the data. The integrals of the peaks were collected after cor-
recting the reference and baseline.
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Preparation of MNs patch

The MNs were fabricated using a 10 � 10 array with 800 lm
tip-tip spacing PDMS micromold with 400 lm square base sides
and a height of 900 lm per needle cavity. Firstly, for the prepara-
tion of the PRP-MNs patch, 1 mL of GelMA/PRP (10 wt% / 20 wt%)
matrix containing 0.2 wt% lithium acylphosphinate salt (LAP) was
used to fill the needle cavities and centrifuged at 4000 rpm for
10 min. This PDMS micromold was kept in the incubator (37℃)
for 2–3 h to form a concentrated GelMA/PRP hydrogel and exposed
to 350 mW (cm2)-1 UV light (405 nm). Subsequently, 1 mL of PVA
solution (MW = 20,500 Da, 10 wt% in H2O) was deposited onto the
micromold and dried at an incubator overnight. The PRP-MNs
patch was detached from the micromold for further use after com-
plete desiccation. PRP was not added to the needle cavities during
the preparation of the GelMA-MNs(MNs group). Additional 2.5 mg
of Rhodamine B was added to make RB-MNs.
Compressive test

MNs mechanical strength was measured using a mechanical
test system under dynamic forces (Instron, USA). The curves
recorded the correlation between the force applied and the MNs
deformation. The mechanical strength of the MNs was profiled at
a constant movement speed (0.25 mm min�1) of the stainless steel
plate with the MNs tip placed vertically at a distance of 1.5 mm
and the maximum force set to 500 N. All tests were repeated thrice.
Sem

MNs were gold plated using a sputter plating machine (Pelco,
SC-7) and their surface morphology was evaluated by a field emis-
sion SEM (Hitachi S-3000 N, Japan).
Animal Experiments

8 weeks old male C57BL/6J mice were purchased from the
Experimental Animal Centre at Southern Medical University
(Guangzhou, China). Carefully remove the dorsum of mice with
depilated cream for further PRP-MNs application. The dorsum skin
along the torso was then stretched and held on the operating table
to facilitate insertion of the PRP-MNs. The PRP-MNs were pressed
firmly into the skin and held in place for 5 min to make the PRP-
MNs absorb enough liquid. The PRP-MNs shed automatically
within 2 h, leaving the PRP-MNs settled around the hair for further
sustained PRP release. PRP was injected subcutaneously in the PRP
group at the same dose as the corresponding PRP-MNs group. The
GelMA-MNs without PRP were applied to mice as MNs group. The
control group did not receive any treatment. Hair phenotype trans-
formed was obtained over time according to the literature [39].
The percentage of hair coverage in the treated area was quantified
using ImageJ software.
In vivo release study

RB-MNs were used to monitor the release of PRP-MNs. After
removing the RB-MNs patch, photographs of depilated mice skin
were obtained over time. In vivo fluorescence imaging of release
profile were detected by an in-vivo spectrum imaging system
(Spectral AMI, USA) on day0, 1, 2, 4, and 6. Use AMIView software
to analyze all fluorescence intensities.



Table 2
Qrt-pcr primer sequences.

Ptpn6 Sequence (50->30)

Forward primer CTTGGCAGGAGAACACTCGT
Reverse primer TGCTCCCTACTGTTGGTCAC
Itgb1 Sequence (50->30)
Forward primer CAAAGGGATGGCAGAGAAGCT
Reverse primer CCAAAGCCAATGCGGAAGTC
Ankrd1 Sequence (50->30)
Forward primer AACGGAAAAGCGAGAAACTGC
Reverse primer GAAACCTCGGCACATCCACA
Thbs1 Sequence (50->30)
Forward primer TTGGCGATGTGACAGAAAATCA
Reverse primer TGAGCCAGTGAATCGTGGTG
b-actin Sequence (50->30)
Forward primer AGCAGTTGGTTGGAGCAAACATCC
Reverse primer ACAGAAGCAATGCTGTCACCTTCC

Y. Sun, L. Yang, L. Du et al. Journal of Advanced Research 55 (2024) 89–102
Histological and immunohistochemical analysis

Mice skins were excised and fixed in 4% paraformaldehyde
overnight, and paraffin-embedded. The skins were sliced into
5 mm pieces, deparaffinized, and rehydrated before staining.
Hematoxylin and eosin (Solarbio) were used to stain skin sections.
For immunostaining, sections were autoclaved in antigen retrieval
buffer (pH9.0 EDTA) and blocked with 10% donkey serum albumin
for 30 min. The sections were probed overnight at 4 �C with the
appropriate primary antibody targeting CD31 (1:1000 dilution;
Abcam), b-catenin (1:200 dilution; PTG), Ki67 (1:200 dilution;
Abcam), respectively. Then, Alexa Fluor 488- and 594- conjugated
IgG secondary antibodies (1:400 dilution; Life Technologies) were
used to incubate for another for 1 h and counterstained with DAPI
(1:500 dilution; Invitrogen). The H&E-stained and immunofluores-
cence images were captured using a BX63 microscope (Olympus).
According to the literature [39], the hair cycle of each HF was
determined.
Western blot analysis

Protein isolation from mice skins used protein lysis buffer with
protease inhibitors. The concentration was detected by BCA pro-
tein quantification assay. Separation of equal amounts of proteins
on SDS-PAGE and transferred to the PVDF membrane. The mem-
brane was blocked in 5% nonfat milk for 1 h and probed overnight
at 4 �C with the appropriate primary antibody targeting VEGFA, b-
catenin, PCNA (1:1000 dilution; PTG), and b-actin (1:8000 dilution;
Cell Signaling) respectively. Then, incubated the blots with anti-
rabbit IgG/HRP (1:1000 dilution; SeraCare) for 1 h and detected
by a chemiluminescent substrate (BLT GelView).
RNA-sequencing analysis

RNA was collected from each group with three replicates at the
same condition. NanoDrop 2000 (Thermo Scientific, USA) was
served to measure RNA concentration and purity. Then, 1 lg RNA
from each group was used as the input sample for sequencing.
RNA-sequencing libraries were prepared using NEBNext Ultra
RNA Library Prep Kit (NEB, USA) and sequenced on the Illumina
platform. The clean reads were acquired by removing reads con-
taining ploy-N and adapter. Fragments per kilobase of transcript
per million mapped fragments (FPKM) were utilized to quantify
gene expression. The data were accessible through Series
GSE204878 in GEO database. Differential expression analysis
between two groups was performed by edgeR (FDR < 0.01, Fold
Change � 2) [79]. The GSEA used GO biological process terms as
the set of interest genes and controlled for p value < 0.05 and q
value < 0.25 as the set of significantly enriched genes. Heatmap
visualization using pheatmap (1.0.12). Protein protein interaction
networks were based on the STRING database, using Cytoscape
to visualize the interaction functions of genes [80].
Quantitative RT-PCR analysis

HiScript III 1st Strand cDNA Synthesis Kit (Vazyme Biotech,
China) was used to reverse transcribe RNA to cDNA. Forward and
reverse primers were designed respectively (Table 2). Aliquots of
cDNA with ChamQ Universal SYBR qPCR Master Mix (Vazyme Bio-
tech, China) were analyzed in triplicate by qRT-PCR experiment
using CFX96 Touch Real-Time PCR Detection System (BioRAD,
USA). DDCT method was performed to quantify the gene expres-
sion and data was demonstrated by normalized relative fold
change.
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Statistical analysis

Data were reported as mean ± SD (n = 3 or more). Student’s t
test and one-way ANOVA were used to analyze statistics (Graph-
Pad Prism 6). Significant differences were labeled with *p < 0.05,
**p < 0.01, ***p < 0.001, and ****p < 0.0001.
Compliance with Ethics Requirements

This study was approved by the Ethics Committee of Nanfang
Hospital (NFEC-2019–212). Volunteers provided the written informed
consents before participating. 8 weeks old male C57BL/6J mice were
purchased from the Experimental Animal Centre at Southern Medical
University (Guangzhou, China) and ethical approval was also obtained
for all experimental procedures(NFYY-2021–0103).
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