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ABSTRACT

Introduction: Regenerative medicine is a promising approach for hair loss; however, its primary challenge
is the inductivity of human dermal papilla cells (DPCs), which rapidly lose hair growth-inducing proper-
ties in 2D culture. Despite extensive research efforts to construct DPCs, current 3D microenvironments
fabricated to restore hair inductivity remain insufficient.

Objectives: Here, we aimed to fabricate ECM-enriched controllable vascularized dermal papilla (DP)
spheroids that highly mimic in vivo DPCs microenvironments to restore their hair inductivity.

Methods: We employed layer-by-layer (LbL) self-assembly using gelatin and alginate to construct nanos-
cale biomimetic ECM for DPCs, with Ca?* as a cross-linking agent to create controllable DP spheroids.
DPCs were also co-cultured with human umbilical vein endothelial cells to construct vascularized DP
spheroids. Immunofluorescence staining and angiography was used to detect angiogenesis in vitro and
in vivo. RNA sequencing and in vivo implantation were employed to investigate DPCs signature.
Results: LbL technology enabled DPCs to aggregate into controllable DP spheroids of size and cell num-
bers similar to those of primary DP. Vascularization prevented hypoxia-induced necrosis and functioned
in association with host vessels post-transplantation. Compared with traditional 3D culture, nanoscale
ECM and vascularization were found to restore the transcriptional signature of DPCs and triple hair
induction efficiency following engraftment.
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Conclusion: Our novel biomimetic developmental tissue engineering strategy is a crucial step toward the
recovery of human DPC hair inductivity, which would enable the rapid clinical application of large-scale
hair regeneration platforms.
© 2022 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

Tissue engineering has become a promising approach for repair-
ing damaged organs, and a useful platform for drug testing and dis-
ease modeling [1-3]. As a kind of mini organ with periodic
regeneration and abundant sources, the hair follicle (HF) offers
an attractive model for regenerative medicine. In addition, the
number of patients experiencing hair loss is gradually increasing
with an increasingly younger population being affected, whereas
current treatments for hair loss, including medication and autolo-
gous hair transplantation, are limited and challenged by the inabil-
ity to regenerate de novo HFs [4-5]. Therefore, tissue engineering of
new HFs presents a promising solution for treating hair loss [6].

HFs are an ectodermal organ, composed of mesenchyme and
epithelium. Dermal papillary cells (DPCs), as a highly specialized
mesenchymal cells, are essential for HF cycling and morphogenesis
[7]. In vivo, DPCs are surrounded by the extracellular matrix (ECM)
and blood vessels, clustered into a specialized three-dimensional
(3D), spherical structured dermal papilla (DP). Meanwhile, the
application of HF tissue engineering as a viable therapeutic strat-
egy requires a large number of DPCs with hair inductivity, a prop-
erty that is rapidly lost in 2D culture due to the absence of the 3D
microenvironment [8-9]. In an attempt to restore the inductive
characteristics of DPCs, various approaches have been adopted to
construct DP spheroids, such as hanging drop culture [10], low-
adhesion biomaterial surfaces [11-12], and hydrogel culture [13-
15]. Together these methods provide limited nutritional support,
ECM imitation, or mass production of spheroids. Indeed, none have
successfully mimicked the DPC niche in vivo, which comprises
precisely-sized spheroids, rich in ECM and blood vessels. Further-
more, previous studies reported that approximately 12 hairs/50
spheroids could be generated by transplanting human DP aggre-
gates into nude mice [12,16]. Therefore, enhancing the HF induc-
tivity of cultured human DPCs remains a priority for advancing
the bioengineering field of clinical HF regeneration.

Here, we attempted to develop an in vitro culture system with
precisely-sized spheroids, rich in ECM and blood vessels that can
mimic the in vivo niche to restore human DPCs biological function.
To facilitate the construction of precisely controllable spheroids
and the specific ECM for DPCs, we employed the layer-by-layer
(LbL) self-assembly technology, which provides a potential
approach for cell surface engineering. This entails a fabrication
technique for coating cells with thin-film by depositing multi-
coating layers of oppositely charged material-polycations and
polyanions [17-18]. Due to its unique advantages, LbL technology
has been widely used in various biomedical applications, including
targeted gene therapy [19-20], biosensors [21-22], controlled drug
delivery [23-24], and tissue engineering [25-27]. Polysaccharides
and protein-based multilayer film are specifically considered to
be a promising method for engineering nano-biomimetic ECM
[28]. Due to their biocompatibility and biodegradability, alginate,
a natural polysaccharide derived from algae, and the protein
derivative, gelatin, have been broadly applied in ECM engineering
[29-32]. Further, as the cell surface is coated with polyelectrolytes,
single cells can aggregate into cell spheroids under ionic cross-
linking [33]. As such, we chose gelatin and alginate to coat DPCs
for ECM engineering in our study. Ca®* as a cross-linking agent
was used to make a controllable DP spheroid to better imitate nat-
ural intercellular DPCs structures.
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Currently, the primary limitation in tissue engineering is the
lack of adequate vessel systems, that is vascularization [34]. Hence,
due to insufficient nutrition and oxygen supply, cells in the 3D cul-
ture system typically undergo progressive necrosis in the center of
spheroids, thereby reducing cell characteristics and functions [35].
Although studies have confirmed the presence of hypoxia-induced
cell necrosis within DP spheroids [16], there is insufficient infor-
mation to provide a reasonable solution to this critical issue. More-
over, recently, studies have focused on the use of spheroids as
vascularized microtissue in tissue engineering [36-37], as vascu-
larization is not only a potential strategy for rapidly establishing
sufficient blood perfusion after implantation, but it also promotes
the functionality of co-cultured cells [38], including vascularized
pancreatic beta-cell spheroids, which promote insulin secretion,
and neurovascularization, which enhances the function of engi-
neered neural implants [39]. However, the current research has
not yet constructed vascularized DP spheroids. whether vascular-
ization can promote DPC function, connect with host vessels after
transplantation, and improve HF induction efficiency, requires fur-
ther investigation. Here, we constructed vascularized DP spheroids
to elucidate these questions.

In this study, we developed an innovative biomimetic approach
to efficiently generate HF by reconstructing the physiological 3D
conformation of DPCs in an attempt to mimic the in vivo DP niche.
We employed the LbL technique to construct nanoscale ECM for
DPCs and Ca?* as a cross-linking agent to generate precisely con-
trollable 3D DP spheroids. Furthermore, DPCs were co-cultured
with human umbilical vein endothelial cells (HUVECs) to construct
vascularized DP spheroids. We then explored how HUVECs influ-
ence the function of DPCs. Our approach permits the precise for-
mation of controllable vascularized DP spheroids in a
physiologically relevant ECM, as well as initiation of
DPC — HUVEC interactions, which highly mimic the in vivo DP
niche to restore the transcriptional signature of intact DPCs and
promote HF formation. Therefore, this method presents a novel
bioengineering strategy to achieve a reproducible, highly regener-
ative HF for clinical application. Moreover, this method allows for
the study of regulatory mechanisms between endothelial cells
and DPCs.

Materials and methods
Ethics statement

All mouse care and handling were carried out with the approval
of the Institutional Animal Care and Use Committee of Southern
Medical University, (Approval no. L2017048). Under the approval
of the Medical Ethical Committee of Southern Medical University,
human HFs were obtained from hair transplantation surgeries via
follicular unit extraction (FUE). Informed consent was obtained
from all participants.

Preparation of human DPCs, HUVECs and newborn mice epidermal
cells (EPCs)

The human HFs were microscopically separated to obtain the
DP region and subsequently digested at 37 °C for 1 h with 0.2 % col-
lagenase (Sigma-Aldrich, St. Louis, MO, USA) with shaking every
20 min. After centrifugation and washing, primary DP were trans-
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ferred and cultured with 10 % fetal bovine serum (FBS; Gibco). Cells
at passage four (P4) were obtained for subsequent experiments.
HUVECs were purchased from Sciencell.

For isolation of EPCs, the skin of newborn C57BL/6] mice was
removed, washed with PBS, and digested at 37 °C for 1 h with
0.1 % dispase (ThermoFisher Scientific, Waltham, MA, USA). For-
ceps were then used to separate the skin sample into the epidermis
and dermis, after which the epidermis was cut into pieces and
digested with 0.05 % trypsin (Gibco) for 5-10 min. Digestion was
stopped with 10 % FBS solution, and the sample was filtered with
a 40 pm strainer. After centrifugation for 5 min at 300 x g and
washing by DPBS, EPCs were obtained.

LbL coating of individual DPCs

A total of 2 x 10° DPCs were added into a 15 mL centrifuge tube.
Subsequently, 0.1 % gelatin (1 mL; Invitrogen, Carlsbad, CA, USA)
solution was added and gently shaken on ice for 10 min. The super-
natant was then discarded after centrifugation for 5 min at 300 x g.
Then, the cell precipitates were washed twice, 0.1 % alginate (1 mL;
Sigma-Aldrich) solution was added as the second coating layer. The
same steps were then followed to apply another layer of gelatin
and alginate, resulting in four-layered LbL nano-coated DPCs.

Establishment of LbL-DP spheroids (LbL-DP) and vascularized DP
spheroids (vascular DP)

For the preparation of LbL-DP, LbL nano-coated DPCs were
resuspended and added to a 96-well low-adhesive plate. To each
well,1uL of 0.1 M CaCl, solution was added. For vascular DP, LbL-
DPCs and LbL-HUVECs (prepared with the same procedure as for
LbL-DPCs) were mixed at different cell ratio and added to a 96-
well low-adhesive plate. To each well,1uL of 0.1 M CaCl, solution
was added. Uncoated DPCs were added to a 96-well low-
adhesive plate at 1 x 10* cells/well in 200 uL medium, and the
spheroids with a diameter of approximately 200 um were chosen
as the control group (con-DP).

Preparation of fluorescently labeled materials

Commercially available gelatin-FITC was purchased from Invit-
rogen. To prepare alginate-rhodamine B, rhodamine B (20 mg;
Invitrogen), 1-hydroxy-2, 5-pyrrolidinedione (NHS; 35 mg; Biovi-
sion, Milpitas, CA, USA), and 1-ethyl-3-(3(dimethylamino) propyl)
carbodiimide (EDC; 40 mg; ThermoFisher Scientific) were added
to 2 mL of DPBS and incubated for 30 min. Then ethylenediamine
was added and stirred for 12 h, followed by dialysis and lyophiliza-
tion to obtain rhodamine B-ethylenediamine powder. Next, 4 mL of
0.1 % alginate was mixed with the rhodamine B-ethylenediamine
powder, and stirred for 12 h at RT. The mixture was then dialyzed
and lyophilized to acquire alginate-rhodamine B powder.

Transmission electron microscopy (TEM)

Samples were fixed with 2.5 % glutaraldehyde (Macklin, Shang-
hai, China) at 4 °C for 4 h and subsequently dehydrated and dried.
After slicing into ultrathin sections, the cells were stained with
uranyl acetate and lead citrate. Samples were then photographed
using a Tecnai-10 microscope (Philips, Amsterdam, Netherlands).

Scanning electron microscopy (SEM)

Samples were fixed with 2.5 % glutaraldehyde (Macklin, Shang-
hai, China) at 4 °C for 4 h, and subsequently dehydrated with etha-
nol. The cells were then sprayed with gold and photographed using
a JSM-6330F (JEOL, Tokyo, Japan).
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Zeta potential

The zeta potential of uncoated DPCs and DPCs coated with dif-
ferent layers of LbL was determined using the Zeta potential
analyzer.

Live and dead cell staining

On days 3, 7, and 14 of culture, all samples were stained at 37 °C
for 20 min using a Live/Dead Viability Kit (Invitrogen, L3224). A
motorized inverted microscope (IX73, Olympus, Tokyo, Japan)
was then applied to obtain images.

Immunofluorescence

The cultured DPCs and DP spheroids were fixed with 4 %
paraformaldehyde. Then they were permeabilized in 01 % Triton
X-100 (Beyotime, Wuhan, China) and blocked with 1 % BSA (Bey-
otime). The samples were then treated with primary antibodies
against Ki67 (1:250, Abcam; Cambridge, MA, USA), alkaline phos-
phatase (ALP) (1:200, Abcam), p-catenin (1:100, Abcam), a-SMA
(1:200, Abcam), and CD31 (1:50, Abcam) at 4 °C for 16 h. Samples
were subsequently treated with Alexa Fluor488- (1:250, Abcam) or
Alexa Fluor647-conjugated secondary antibodies for 70 min at RT.
Images were characterized using a confocal laser scanning micro-
scopy (CLSM) (LSM880, Cari Zeiss, Jena, Germany) or fluorescence
microscope (IX71 FL, Olympus).

Quantitative real-time polymerase chain reaction (qRT-PCR)

Total RNA was isolated from samples using TRIzol (Invitrogen).
The SYBR PrimeScript RT-PCR kit was used to synthesize cDNA
from 2 mg of RNA, according to the manufacturer’s instructions.
The SYBR PrimeScript RT-PCR kit was used on the Stratagene
MX3005P QRT-PCR system (Agilent Technologies, Santa Clara, CA,
USA) according to the manufacturer’s procedures. The primer
sequences are listed in Table S1.

Western blotting

Cell lysates were electrophoresed on a 2 % sodium lauryl sul-
fate-polyacrylamide gel. After blocking with 3 % BSA, the mem-
brane was then treated with the following primary antibodies:
ALP (1:800, Abcam), B-catenin (1:800, Abcam), a-SMA (1:800,
Abcam), HIF1a (1:800, Abcam), IL-1B (1:800, Abcam), IL-6 (1:800,
Abcam), TNF-a (1:800, Abcam), and RIP3 (1:800, Abcam) for 12 h
at 4 °C. Appropriate secondary antibodies were then added
(1:1000, Abcam) and incubated at RT for 70 min. Blots were ana-
lyzed using Odyssey infrared fluorescence scanning imaging sys-
tem (Li-COR Biosciences, Lincoln, NE, USA).

In vivo vascularization detection

First, DPCs were labeled by DID using the Multicolor Cell-
Labeling kit (5 pL DID for 100 mL solution; Invitrogen V22889)
for 20 min. The DPCs were then washed with DPBS twice for sub-
sequent experiments. The procedure of labeling HUVECs with DIL
(Invitrogen) was the same as that described above. The fluores-
cently labeled DPCs and HUVECs were used to prepare vascular
DPs (40 aggregates/site), which were combined with 1.44 x 10°
newborn mice EPCs and transplanted subcutaneously into nude
mice. After 3 weeks, 5 % FITC-labeled dextran (50 pL; molecular
weight: 150,000 Da; Sigma-Aldrich) was injected into mice tail
veins. Nude mice were sacrificed 30 min later, frozen sections
(20 um/section) were taken from the transplantation site and pho-
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Fig. 1. Generation of LbL-DPCs by applying the LbL technique. (A) Schematic illustration of the fabrication of LbL-DPCs coated with gelatin (red) and alginate (green). (B) DPCs
coated by gelatin-FITC (green) and alginate-rhodamine B (red). DAPI (blue); scale bars: 20 pm. (C) CLSM image displaying maintenance of the biomaterial following
application of LbL coating. DAPI (blue); gelatin-FITC (green); scale bars: 20 pm. (D) TEM images comparing coated and uncoated DPCs. Red arrows indicate the biomaterials on
the cell surface. (E) According to different coating layers, the corresponding zeta potential changes: (0) uncoated DPCs, (1) DPCs coated with gelatin, (2) DPCs coated with
gelatin/alginate, (3) DPCs coated with (gelatin)2/alginate, (4) DPCs coated with (gelatin)2/(alginate)2.

tographed with a confocal microscope (LSM880, Cari Zeiss, Jena,
Germany).

In vivo fluorescence imaging

Gelatin-FITC coated DPCs was used to construct LbL-DP or vas-
cular DP for in vivo fluorescence signal tracking. LbL-DP or vascular
DP (40 aggregates/site) and 5 x 10° epidermal cells were injected
subcutaneously into the dorsal sites of athymic nude mice. On 1, 3,
and 7 days after injection, gelatin-FITC was detected using the In
vivo FX Pro imaging system (Bruker, Madison, WI, USA).

In vivo hair regeneration assay

The mice were anesthetized with sodium pentobarbital
(1.3 mg/kg). DPCs/ DP spheroids with newborn mice EPCs in
50 uL DMEM subcutaneously injected in the dorsal side. Three
weeks after in vivo transplantation, the injection sites were pho-
tographed with a stereomicroscope. The grafted areas were har-
vested, fixed, and embedded. Subsequently, samples were cut
into sections (4 pm) and stained by hematoxylin and eosin (HE).
Representative sections were then selected to be imaged and
analyzed.
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RNA sequencing

TRIzol was used to isolate total RNA from each sample. Each
sample was a mixture of cells from three different donors.
Sequencing libraries were generated using NEBNext®UltraTM
RNA Library Prep Kit for Illumina® (NEB, Ipswich, USA) according
to the manufacturer’s instructions. Briefly, mRNA was purified
from total RNA using magnetic beads attached by poly-T oligo.
The mRNA was fragmented into small pieces and then reverse
transcribed into cDNA to produce the final cDNA library. Library
preparations were sequenced on an Illumina Hiseq 2500 platform
and paired-end reads were generated.

Statistical analysis

All data analyses were conducted using GraphPad Prism soft-
ware (GraphPad, version 7.0) or SPSS software (SPSS, version
18.0). One-way analysis of variance (ANOVA) was used to compare
different groups. The data are presented as mean + standard devi-
ation (SD). Each experiment was performed in triplicate. In partic-
ular, in vivo HF regeneration studies were performed in triplicate
using cells from three different donors (biological replicates). For
the assessment of in vivo hair generation efficiency, n = 10 under
each condition were assessed. p < 0.05 was considered significant.
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Fig. 2. LbL coating maintains DPC properties without damaging the cells. (A-B) On 3 d and 7 d of culture, DPC and LbL-DPC were Live and dead stained to assess cell viability.
Live (red); dead (green); scale bars: 200 pm. (C-D) On 3 d and 7 d of culture, DPC and LbL-DPC were stained with Ki67 immunofluorescence to detect cell proliferation. DAPI
(blue); Ki67 (green); scale bars: 100 um. (E) The qRT-PCR results showed ALP, s-catenin, and o-SMA mRNA expression. Relative fold expression of the DPCs is presented. (F)
Western blot results showed ALP, B-catenin, and o-SMA protein expression. (G) Immunofluorescence staining 7 d post-coating to detect ALP, B-catenin, and o-SMA
expression. DAPI (blue); ALP, B-Catenin, and o-SMA (red); Scale bars: 50 um. (H) Morphological changes in DPCs and LbL-DPCs assessed by SEM. Scale bars: 20 pm. NS, not

significant; **p < 0.01.

Results
Appropriately coated DPCs and their characteristics

ECM not only provides necessary signal transduction, but also
provides physical support for cells and plays a vital role in cell
function and growth [40-41]. Moreover, cytokine signal transduc-
tion in a cell-cell, cell-ECM or cell-niche manner, often occurs at
the nanoscale [42]. To construct nanoscale ECM for DPCs, we ini-
tially extracted, cultured, and identified DPCs (Figure S1). We
subsequently applied the LbL technique to coat the DPCs with
gelatin/alginate (Fig. 1A). Gelatin-FITC and alginate-rhodamine B
were applied uniformly on all cells via LbL nano-coating, and each
respective coating exhibited green or red fluorescence (Fig. 1B).
Further, the duration that the coating materials remained on the
cell surface was observed using DPCs coated with (gelatin-FITC)-
alginate-gelatin-alginate (Fig. 1C). The fluorescence intensity
gradually decreased from 0 to 10 days, indicating that the coating
material could be maintained for approximately 10 days.

In addition, TEM was conducted to demonstrate the presence of
nano-matrix coating on LbL-DPCs compared to uncoated DPCs
(Fig. 1D). Zeta potential analysis showed cell potential changes
(5 mV, —40 mV) in response to different levels of biomaterial with
the oppositely charged polyelectrolytes combining and depositing
together (Fig. 1E). These results confirm that LbL coating has been
successfully applied to DPCs.

LbL coating enabled DPCs to maintain cell viability and properties

Next, we examined how the LbL coating affects DPCs. Live and
dead staining was conducted at 3 d and 7 d post-coating (Fig. 2A).
The results demonstrated that over a dynamic period, LbL coating
had no significant effect on DPC viability (p > 0.05; Fig. 2B).
Immunostaining for Ki-67 was also conducted at 3 d and 7 d post-
coating, no significant differences were detected (p > 0.05; Fig. 2C
and D). These results demonstrate that LbL coating with gelatin/al-
ginate did not affect the DPCs viability or proliferation.

Additionally, gqRT-PCR and western blot experiments demon-
strated that the LbL coating maintained the signature genes/pro-
teins expression including ALP and B-catenin, while inhibiting
alpha-smooth muscle actin (o-SMA), a protein expressed in 2D
cultured DPCs, but not in DP in vivo (Fig. 2E and F). The
immunofluorescent staining results further validated these
observations (Fig. 2G) demonstrating that LbL coating did not affect
DPC properties.

To evaluate the morphological changes of cells, we applied SEM
analysis of the uncoated and LbL-coated DPCs at different time
points post-coating (Fig. 2H). The results demonstrated that the
attachment of LbL-DPCs was slower than that of DPCs, and LbL-
DPCs exhibited a more spheroid-like morphology, whereas the
uncoated DPCs were broadly stretched. These results suggest that
LbL-coated DPCs may morphologically exhibit more in vivo-like
3D structures.
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Fig. 3. Controllable DP spheroid formation. (A) Schematic diagram of the preparation of LbL-DP by coating DPCs with gelatin (red) and alginate (green), followed by Ca?*
cross-linking. (B) Effects of different cell densities on DP spheroid formation 3 days after seeding. LbL-DPCs (0.10-1 x 10* cells/well) aggregated into one spheroid in a regular
manner, while the uncoated DPCs formed multiple spheroids (con-DP) of non-uniform size. Scale bars: 100 um. (C) Effects of different cell densities on the size of DP
spheroids. (D) Representative images showing the comparison between the LbL-DP (0.36 x 10* cells/well) and the primary DP. 3D CLSM imaging revealed spherical structures
of LbL-DP. DAPI (blue); B-catenin (green). (E) The sizes of LbL-DP showed no significant difference when compared to primary DP (p > 0.05). (F) The attachment, migration,
and growth of LbL-DP was similar to that of freshly isolated primary DP. Scale bars: 100 um; NS, not significant.

Precisely controllable DP spheroids, rich in ECM are rapidly fabricated
using LbL coating

Previous research demonstrated that the 3D culture of human
DPCs only partially restores their transcriptional signature. Mean-
while, the HF induction efficiency and hair number were generally
influenced by the size/cell number of DP spheroid [12,43]. There-
fore, to construct size/cell number-controllable DP spheroids is
critical for human HF tissue engineering and future clinical
applications.

Here, we applied gelatin as a polycation and alginate as a polyan-
ion for nano-coating, and Ca?* as a cross-linking agent, to construct
the ECM-rich DP spheroid with controllable size. Since the isoelec-
tric point (IEP) at a neutral pH (7.4) differs, gelatin (IEP = 7-9) shows
a positive charge, while alginate exhibits a negative charge. Gelatin
was applied as the first layer on DPCs to provide cations, to which the
anionic alginate was added as the second layer. Gelatin and alginate
were sequentially deposited to the cell surface of the DPCs. When
CaCl, solution was added to the LbL-DPCs, the alginate was ionically
cross-linked by exposure to Ca*, and the LbL-DPCs aggregated to
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form a single spheroid (LbL-DP; Fig. 3A) through culture on a low-
adhesion plate for three days. The spheroid size increased with
increasing cell density in the LbL-DP. However, the uncoated DPCs
(as the control group) formed spheroids (con-DP) of non-uniform
size after three days (Fig. 3B and C). This method could precisely
control the size of DPC aggregates by adjusting the number of cells
inoculated. In addition, by observing the morphology of the spher-
oids at different time points, we found that the LbL-DP aggregated
most closely on day 3 (Figure S2). Thus, the optimum culture time
was three days. Further, when the number of cells inoculated was
3600, we successfully constructed DP spheroids with a diameter of
approximately 200 pm, similar to that of the primary DP isolated
by our research group (Fig. 3D and E). Previous studies have con-
firmed that the cell number of human DP is 3-4000 with a diameter
of 150-250 pum [10], which is consistent with the DP spheroids we
constructed in terms of cell number and diameter.

To verify whether the LbL-DP remained viable and intact after
transplantation in vivo, we carried out in vitro simulation experi-
ments. LbL-DP were injected into the culture plate using a micro-
pipette. The LbL-DP remained in a spherical shape and the cells
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Fig. 4. LbL-DP signature gene and protein expression and hair inductivity. (A) qRT-PCR results showed ALP, -catenin, and «-SMA mRNA expression, presented as relative fold
expression of the 2D cultured DPCs. (B) Western blot results showed ALP, B-catenin, and a-SMA protein expression. (C) Immunofluorescence staining 7 d post-coating to
detect the expression of ALP, B-catenin, and o-SMA in 2D cultured DPCs, con-DP, and LbL-DP. DAPI (blue); ALP, B-catenin, and a-SMA (red); Scale bars: 50 um. (D) Stereoscopic
images and HE staining of transplant sites three weeks post-injection. 2D cultured DPCs (1.44 x 10° cells/site), con-DP (40 aggregates/site), and LbL-DP (40 aggregates/site)
were co-transplanted with newborn mice EPCs. No hair was regenerated in 2D cultured DPCs, a small amount of de novo hair growth (yellow arrow heads) was induced by
con-DP and LbL-DP, whereas many HF-like structures were generated in LbL-DP (green arrow heads). Scale bars: 100 um (HE images) and 500 um (stereoscopic images). (E)
The LbL-DP population was most effective at inducing new hair growth. (F) LbL-DP also induces more HF-like structures than con-DP. (G) Live and dead staining of both con-
DP and LbL-DP. Progressive cell death occurred in both groups. Live (green); Dead (red); Scale bars: 50 um; NS, not significant; *p < 0.05; **p < 0.01; ***p < 0.001.

retained their ability to grow in vitro after passing through the
micropipette tip (Fig. 3F). The results showed that the structural
integrity and cell viability were preserved after LbL-DP injection.

LbL-DP partially restored the hair-inducing properties of human DPCs

To characterize intrinsic properties of LbL-DP related to HF
inductivity, we detected the major signature markers including
ALP, B-catenin, and o-SMA. Both the con-DP and LbL-DP restored
the expression of ALP and B-catenin, while suppressing that of o-
SMA. Expression of ALP and B-catenin in LbL-DP was higher than
that in con-DP (Fig. 4A-C). Even though these signature markers
are an indicator of LbL-DP hair inductivity in vitro, the hair induc-
tivity of LbL-DP needs further investigation in vivo. The interaction
between epithelial and mesenchymal components stimulates hair
follicle morphogenesis, and co-transplanting them can induce hair
regeneration. For in vivo implantation, the cells were divided into
three groups: P4-2D cultured DPCs (1.44 x 10° cells/site), con-DP
(40 ggregates/site) and LbL-DP (40 aggregates/site). Each group
with 1.44 x 10° newborn mice EPCs were injected subcutaneously
into the dorsal side. Surprisingly, after three weeks of implantation,
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although the LbL-DP formed the most hair, as expected, and was
superior to that of the con-DP and 2D cultured DPCs, the number
of regenerated hair was as low as 29 % of the injected LbL-DP, with
more producing HF-like structures, approximately 58 % (Fig. 4D-F).
Our experimental results are consistent with previous studies
showing very low hair-inducing efficiency of human DPCs, even
in DP spheroids [12,16].

We suspected that the reason for the low hair induction effi-
ciency of DP spheroids was the hypoxia-induced necrosis inside
the spheroids. To verify this, we used live and dead staining to con-
tinuously observe the cell viability of cultured DP spheroids. We
found that con-DP and LbL-DP survived well on the first three days
of culture, with a small amount of cell death on the third day, with
a large number of cell deaths at the spheroid center on the 7th day,
and necrosis and disintegration of the entire spheroid on the 14th
day (Fig. 4G). The results of immunofluorescence of Ki67 also
showed that there were fewer proliferating cells in the con-DP
and LbL-DP during the first three days, and almost no cell prolifer-
ation on the 7th and 14th days post-culture (Figure S3). Further,
the gene expression of hypoxia-induced factor 1o (HIF1a) and
necrosis markers [tumor necrosis factors-o (TNF-o); receptor-
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Fig. 5. LbL-DP spheroids vascularized in vitro and formed blood perfusion in vivo. (A) Schematic illustration the fabrication of vascular DP using LbL coating and the in vivo
grafting to form blood perfusion and generate hair. (B) CD31 immunofluorescence staining of HUVECs showed clear vessel-like structures (arrow heads) inside the spheroids
after three days of culture. DAPI (blue); CD31 (red); Scale bars: 50 um. (C) CLSM images show new HF (yellow dotted line) generated after DP in vivo transplantation for three
weeks. DPCs were labeled with DID in blue to form DP (white dotted line), which represents the DP spheroids constructed in vitro; HUVECs were labeled with DIL in red,
which represents the vessels constructed in vitro; mouse blood was labeled with green fluorescence. The red-labeled HUVECs were only found in the blue-labeled DP and

were perfused with green fluorescent-labeled mouse blood. Scale bars: 100 um.

interacting kinase 3 (RIP3)] were upregulated in both con-DP and
LbL-DP, and increased with culture time (Figure S4). This confirms
that hypoxia leads to progressive necrosis of cells at the center of
the spheroids.

Generation of vascular DP

In order to solve the problem of cell necrosis and low hair induc-
tion efficiency of the DP spheroids, vascularization seems to present
a perfect solution, which not only improves hypoxia but also
restores signal interaction between cells similar to the internal state
to further improve cell function. To generate vascular DP, we mixed
LbL-coated HUVECs with LbL-DPCs and inoculated with Ca?* cross-
linking (Fig. 5A). Thereafter, we co-cultured DPCs and HUVECs at dif-
ferent cell ratios (5:1, 3:1, 1:1, 1:3, 1:5), and finally chose the 3:1
DPCs to HUVEC ratio for the formation of vessel-like structures
inside the spheroids (the total cell number was 3600; Figure S5).
After three days of culture, we stained the endothelial cell marker
CD31 with immunofluorescence to trace angiogenesis inside the
spheroids. Whether in 2D or 3D immunofluorescence imaging, clear
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vessel-like tubular structures were successfully constructed inside
the spheroids (Fig. 5B and Figure S6).

Further, we used different fluorescent markers to label DPCs
and HUVECs (DPCs as blue by DID and HUVECs as red by DIL) to
verify whether the vessels constructed in vitro can be transplanted
in vivo to exert blood perfusion functions. Next, the fluorescent-
labeled DP spheroids combined with EPCs were transplanted
in vivo. After three weeks 5 % FITC-labeled dextran (0.05 mL) was
injected into nude mice via tail vein, and the blood was marked
with green fluorescence, in order to visualize microvessels by con-
trast enhancement of the blood plasma. CLSM images show that
vascular DP successfully promoted new hair growth, and the red-
labeled HUVECs were found in the blue-labeled DP, and was per-
fused with green-labeled mouse blood (Fig. 5C). In addition, vascu-
larization promoted the in vivo degradation of the coating
materials due to increased blood perfusion (Figure S7). Our
method not only successfully constructed the vascular DP
in vitro, but also connected with the host blood vessels and formed
blood perfusion after transplantation in vivo. This laid the founda-
tion for HUVECs to regulate DPC function both in vitro and in vivo.
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Immunofluorescence co-staining of CD31 and Ki67 showed that the proliferating cells were DPCs, not CD31-labeled HUVECs. DAPI (blue); Ki67 (green); CD31 (red); *p < 0.05;

**p < 0.01.

Vascularization promotes cell survival and proliferation of DP
spheroids

Excitingly, we confirmed that vascular DP can significantly
reduce cell death by live/dead staining. Even after the spheroids
were cultured for 14 days in vitro, there was no obvious cell death
in vascular DP, whereas LbL-DP exhibited necrosis and disintegra-
tion (Fig. 6A). Through morphological observation, we found that
the vascular DP gradually contracted in the early stage of culture
and gathered most closely on the third day, which was similar to
LbL-DP. However, afterward, the vascular DP gradually increased
spheroid size with cellular proliferation, but LbL-DP size did not
change significantly (p > 0.05) until spheroid necrosis and disinte-
gration on the 14th day (Figure S2). The Ki67 immunofluorescence
further confirmed that the entire vascular DP maintained a high
proportion of proliferating cells during in vitro culture, whereas
the LbL-DP exhibited a small amount of cell proliferation at the
edge of the spheroids in the first three days, with almost no prolif-
erating cells after culture for seven days (Fig. 6B and C). We simul-
taneously applied immunofluorescence co-staining to confirm that
the proliferating cells in the vascular DP were DPCs, excluding the
false positive results, due to HUVEC proliferation (Fig. 6D).

Vascular DP further promotes hair induction of human DPCs
The primary issue in hair regeneration is the recovery of human

DPC function. To characterize the intrinsic properties associated
with HF inductivity in vascular DP, we examined the signature
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genes and proteins in vascular DP using qRT-PCR and western blot
analysis. ALP and B-catenin expression in vascular DP were signif-
icantly higher than that of LbL-DP and DPCs, and vascular DP and
LbL-DP suppressed the expression of a-SMA (Fig. 7A and B). The
results of immunofluorescence staining further verified the above
conclusions (Fig. 7C). These results confirm that vascularization
can further promote hair inductivity of DPCs in vitro.

Further, to determine whether vascular DP was able to promote
hair inductivity, P4-vascular DP (40 aggregates/site) mixed with
EPCs (1.44 x 10° cells/site) were implanted subcutaneously into
nude mice. Three weeks after transplantation, considerable hair
growth in the vascular DP was observed, but minor hair growth
in LbL-DP, with numerous HF-like structures, which is consistent
with the previous conclusion, hair growth was not induced in 2D
cultured DPCs (Fig. 7D). Furthermore, we found that hair induction
efficiency of the vascular DP was approximately 81 % of the
injected DP spheroids, whereas that of the LbL-DP was only 29 %
(Fig. 7E). The LbL-DP generated more HF-like structures (Fig. 7F).
In vivo experiments showed that vascular DP could significantly
enhance hair induction efficiency, as opposed to numerous HF-
like structures in the LbL-DP.

Improvement of HF induction by genetic reprogramming and anti-
hypoxia

To verify how vascularization promotes HF induction of DP
spheroids, we performed RNA sequencing on 2D cultured DPCs,
LbL-DP, and vascular DP three days post-culture at P4, as well as
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freshly isolated primary DP. The gene cluster heat map showed the
difference in gene expression between four groups (Fig. 8A). Corre-
lation analysis of gene expression levels showed that the correla-
tion coefficient between vascular DP and primary DP was as high
as 90 %, which was higher than 86 % in the LbL-DP and 83 % in
the DPCs (Fig. 8B). This suggests that vascularization better
restores DPC gene signature. In addition, by comparing differential
gene expression of LbL-DP and vascular DP in the tumor necrosis
factors (TNF) pathway (Fig. 8C), it was found that pro-
inflammatory cytokines (e.g., IL-1B, IL-6, and TNF) were signifi-
cantly down-regulated. Previous research confirmed that hypox-
ia-ischemia in tissues upregulates IL-18, IL-6, and TNF leading to
cell death [44]. Therefore, we hypothesize that vascularization
can prevent DP spheroid necrosis caused by hypoxia. To test this
hypothesis, we employed qRT-PCR and western blot analysis to
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detect the expression of HIF1a, inflammatory factors (IL-1B, IL-6),
and necrosis markers (TNF, RIP3). The results showed that vascu-
larization significantly reduced their expression (Fig. 8D and E).
These results confirmed that vascularization protects DP spheroids
from necrosis caused by hypoxia.

Discussion

Enhancing the HF inductivity of cultured human DPCs is one of
the major challenges facing the bioengineering field for clinical HF
regeneration [12]. Human DPCs transplanted as cell suspensions
generate negligible amounts of hair, while engineering DP micro-
tissues before in vivo transplantation was found to improve this
process. Here, we have constructed a 3D co-culture system that
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can precisely control the size of the spheroids and is rich in ECM
and vessels. This system can more reasonably and comprehen-
sively simulate the DPC microenvironment, thereby significantly
improving hair inductivity.

We applied biomaterial gelatin and alginate to coat individual
DPCs using LbL technology to construct nanoscale ECM. Our results
show that LbL coating does not cause damage to DPCs allowing
them to maintain their cellular properties. In addition, the results
from SEM demonstrated that LbL-coated DPCs exhibited in vivo-
like 3D structures, suggesting that LbL coating provided mechani-
cal support for DPCs to allow them to form a spherical state, similar
to in the in vivo cell microenvironment. Although LbL coating
maintained DPCs in a more spherical structure and down-
regulated the expression of o-SMA in 2D culture, there was no dif-
ference in ALP and B-catenin expression. In the aggregated state,
the LbL-DP significantly upregulated ALP and B-catenin expression
compared to con-DP, which may be due to nanoscale ECM coated
DPCs, which may be beneficial for both intercellular communica-
tion and bio-macromolecule transportation. The ECM is not only
the basis for cell growth, but also a dynamic participant in tissue
homeostasis and cellular crosstalk [45]. The application of native
ECM polysaccharides and proteins as scaffolds provides a similar
structure to natural ECM, mimicking the chemical and physical
properties of cellular ECM in vivo [46]. Additionally, gelatin is a
protein derivative and alginate is derived from algae [47], these
two biomaterial were excellent biomaterials for nanoscale ECM
engineering [48].
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Further, when CaCl; solution was added to LbL-DPCs, alginate
became ionically cross-linked by Ca?', enabling LbL-DPCs to
aggregate into a single spheroid. Compared with traditional
low-adhesion culture, our method can produce size/cell number-
controllable DP spheroids, and a rich ECM to promote hair induc-
tion. The size/cell number of DP spheroids are critical for the
bioengineering of HF regeneration. Previous studies have found
that both human and rodent DPCs can induce HF regeneration
when transplanted as spheroids. Small DP spheroids cannot induce
hair regeneration, large DP spheroids will generate multiple hairs,
and the diameter of the regenerated hair fibers does not change
with the size of the transplanted DP spheroids [12,16,49]. These
studies showed that the proper size of DP spheroids is vital for
HF regeneration, by not only improving HF inductivity, but also
regulating the hair number of single DP spheroids. Our method
can produce controllable DP spheroids, with size and cell number
similar to those of primary DP, and enables one DP spheroid to gen-
erate one hair shaft, which is beneficial for engineering clinically
usable HFs.

Significant interspecies differences have not only been reported
between human and rodent HFs regarding hair cycle, hormonal
dependencies, and stem cell characteristics, but also in DPCs hair
inductivity. One notable difference is that after transplantation
in vivo, cultured rodent DPCs can self-aggregate, but not human
DPCs [50]. Human DPCs could not regenerate new hair after several
passages in 2D culture. Many studies have committed to solving
this problem through 3D-spheroid culture, thereby partially recov-
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ering the hair induction efficiency, but have not yet achieved effi-
cient results [12,16]. This is consistent with our results. The hair
induction efficiency in the con-DP was approximately 22 %,
whereas LbL-DP was only approximately 29 %. The low induction
efficiency of human DPCs has seriously hindered the progressive
research on human HF regeneration.

In this study, we aimed to improve hair induction efficiency of
human DPCs via the analysis of constructed DP spheroids, and
found that, during the culture process, the cells suffer progressive
hypoxia in the spheroid center, causing spheroid necrosis and dis-
integration. Therefore, to solve spheroid necrosis and construct a
more biomimetic DP spheroid, we co-cultured DPCs with HUVECs
to construct vascular DP. The results showed that vascular DP
formed clear vessel-like tubular structures after three days of
in vitro culture. Compared with the LbL-DP, vascularization did
not only significantly reduce DP spheroid necrosis, but also pro-
moted cell proliferation. With improved cellular proliferation, the
size of the spheroid gradually increased, surviving for up to 14 days
in in vitro culture, whereas LbL-DP exhibited necrosis and disinte-
gration. More importantly, after in vivo transplantation, the pre-
constructed vessels successfully connect with host vessels and
form blood perfusion to perform their functions and increase the
hair induction efficiency of LbL-DP from 29 % to 81 %. Our results
showed that Con-DP and LbL-DP had less hair growth, LbL-DP
induced more immature HF-like structures, and vascularization
further promoted the maturation of HF-like structures to induce
massive hair regeneration. This suggests that the biomimetic
ECM constructed by LbL coating only partially restores the function
of DPCs, whereas combined vascularization significantly enhances
the hair inductivity of DPCs. This solves the most critical issue of
engineering HFs, caused by insufficient hair induction efficiency
of human DPCs. Using our method, we generally generated 18 mil-
lion DPCs (P4) from 150 donor HFs, yielding enough cells to gener-
ate approximately 5000 new HFs, and presenting an efficient and
feasible strategy ready to be integrated with hair restoration
therapy.

Further, our results show that vascularization can not only pre-
vent cell necrosis caused by hypoxia, but also restores the DPCs
gene signature, with a similarity of 90 % to that of primary DP. Vas-
cularization provides sufficient oxygen and nutrition to the spher-
oids, and also restores the signal interaction between endothelial
cells and DPCs, thereby better promoting DPCs functions. More-
over, studies have confirmed that HF cycling and androgen alope-
cia were associated with vascularization levels of HFs. However,
due to the complexity of the internal microenvironment and the
lack of in vitro vascularization models, the specific mechanism
between the endothelial cells and the DPCs is still unclear. Vascu-
larized DP spheroids are not only a new strategy for tissue engi-
neering of HFs, but also provide a research platform to study the
interaction between endothelial cells and DPCs to elucidate poten-
tial mechanisms.

In this study, chimeric HFs consisting of human DPCs and
mouse EPCs were verified. However, further investigations apply-
ing human-derived cells, preferably from patients experiencing
hair loss, are needed. Previously, we have successfully applied
LbL technology to construct a biomimetic microenvironment for
human HF stem cells to expand them and reveal their plasticity
[31,51]. We, therefore, expect to apply the LbL technology to com-
bine human HF stem cells and vascularized DP spheroids to con-
struct controllable biomimetic HF germ in vitro, and transplant
in vivo to achieve human HF regeneration. In addition, growth fac-
tors/signal molecules loaded into LbL coating layers may further
increase hair production efficiency. Using our approach, combining
human HF stem cells and vascularized DP spheroids in co- cultures
in vitro or co-transplantations in vivo will be a promising solution
to achieving large-scale human HF regeneration.
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Conclusions

A key issue in hair regeneration medicine is the inductivity of
human DPCs after expansion culture. The preparation of large-
scale clinically available artificial HFs is also a critical concern.
The present study demonstrated that LbL technology was able to
construct nanoscale biomimetic ECMs for DPCs, and under the
cross-linking of Ca2*, DPCs aggregated into a single spheroid with
size and cell number similar to those of primary DP. After co-
culture with HUVECs, the spheroid necrosis caused by hypoxia
was solved, and DPC gene expression was restored. The size con-
trollable DP spheroids, rich in ECM and endothelial cells, more real-
istically and comprehensively simulate the in vivo
microenvironment of DPCs. Compared to conventional spheroid
cultures, nanoscale ECM and vascularization restores the DPCs
transcriptional signature, and in vivo transplantation of vascular-
ized DP resulted in almost a threefold increase in the number of
generated hair shafts. Our novel biomimetic developmental tissue
engineering strategy is a crucial step in the recovery of human DPC
hair inductivity and provides a new avenue for the fabrication of
microtissues for hair regenerative therapy.
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