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ABSTRACT

Hair follicle morphogenesis is triggered by recigabinteractions between hair follicle
germ (HFG) epithelial and mesenchymal layers. Here,developed a method for
large-scale preparation of HF@svitro via self-organization of cells. We mixed mouse
epidermal and mouse/human mesenchymal cells inesggm and seeded them in
microwells of a custom-designed array plate. Ov@rday culture period, cells initially
formed a randomly distributed single cell aggregaid then spatially separated from
each other, exhibiting typical HFG morphologicaltiees. These self-sorted hair follicle
germs (ssHFGs) were shown to be capable of effitiain-follicle and shaft generation
upon intracutaneous transplantation into the batkaide mice. This finding facilitated
the large-scale preparation of approximately 5,808FGs in a microwell-array chip
made of oxygen-permeable silicone. We demonstridtadthe integrity of the oxygen
supply through the bottom of the silicone chip veascial to enabling both ssHFG
formation and subsequent hair shaft generatioralllyjrspatially aligned ssHFGs on the
chip were encapsulated into a hydrogel and simettasly transplanted into the back
skin of nude mice to preserve their interveningcegaresulting in spatially aligned hair
follicle generation. This simple ssHFG preparatamproach is a promising strategy for

improving current hair-regenerative medicine teghes.



1. INTRODUCTION

Hair loss is a common disorder that affects memeim, and children in response
to various factors, including age, disease, andicaktteatment. In fact, approximately
50% of men and 25% of women worldwide experienaégldair loss by the age of 50
years [1]. The current treatment for severe hass loonditions, such as androgenic
alopecia, predominantly relies on translocatiora gfatient’s remaining hair follicles to
alopecic areas [2]. However, this approach is &ohito cases in which adequate
autologous hair follicles are available. The hyesia that hair follicles can be
reconstituted from dissociated and expanded hbicl&sderived stem cells has thus been
explored, based on our current understanding offbllicle developmentn vivo [3, 4].
During embryonic development, reciprocal interatsiobetween epithelial and
mesenchymal germ layers stimulate hair follicle pmagenesis [5, 6]. Many researchers
have attempted to recapitulate these interactiongitro using a range of different
strategies and approaches [4, 7, 8]. Successful-fdlicle regeneration via
cotransplantation of epithelial and mesenchymal pebpulations in a mixed cell
suspension has been possible for the last few decd@-12]. While these cells
spontaneously organize themselves at transplantaties and replicate the anatomical

features and positions observed to occun wivo [9-12], the efficiency of hair generation



has been limited probably due to insufficiency pitleelial-mesenchymal interactions
[4].

Recent studies have shown that hair generationieifty can be improved by
fabricating a mesenchymal-cell aggregate and ttan8pg this aggregate with or
without epithelial cells [13-17]. An even highenét of efficiency was more recently
achieved using a sophisticated organ-germ cultpproach, in which epithelial and
mesenchymal cell pellets were separately prepaeedentrifugation and then merged to
provoke epithelial-mesenchymal interactions jusbrpto transplantation [18]. These
compartmentalized aggregates, named bioenginedfé&tsHwvere shown to induce the
regeneration of functional hair follicles and o$asiated host tissues and characteristics,
including the arrector pili muscle, nerve fibersdaepeated hair cycles. This technique
represents a promising new approach to hair regeémermedicine. However, it is
currently limited by the need to manually prepdne bioengineered HFGs under a
microscope. This labor-intensive task is impradtgigen that treating a single human
patient may require hundreds of thousands of ledlicles.

Thus, in the present study, we developed a simpté @ractical method for
simultaneously preparing a large number of HFGgewfinding of the present study was
that, while epithelial and mesenchymal cell popatet initially formed a mixed single

aggregate, they subsequently spontaneously segpafaim each other inside the



aggregate and adopted a compartmentalized, HFGHilegphology during the
subsequent 3 days of culture. We examined whehwsset self-sorted HFGs (ssHFGSs)
were able to generate hair follicles vivo and subsequently attempted large-scale
preparation of ssHFGs via this novel self-orgamat technique using a
custom-designed microwell array ‘HFG chip’. Finallye investigated the effects of
modulating the oxygen supply to the HFG chip onabiity of the HFGs to self-organize

and generate hair folliclea vivo.

2. MATERIALSAND METHODS
2.1. Materials and reagents

The materials utilized for HFG chip fabrication lmded cycloolefin plates
(ZEONOR; Zeon, Japan), epoxy resin (Nissin Resapad), polydimethylsiloxane
(PDMS) prepolymer solution and curing agent (ShsueSilicone, Japan), angb-cm
cell culture dishes (TPP, Japan).

The reagents utilized used for cell isolation, wdf and analysis included 35-mm
cell strainer mesh (BD Biosciences), phosphatecbedf saline (PBS), trypsin,
penicillin-streptomycin mixed solution, Whbrant Dgkll-labeling solution, 1% bovine
serum albumin (BSA), Triton X-100 (Invitrogen, Gibvhd, CA, USA), dispase I,

collagenase type I, ethidium bromide, 4% formaldiehin PBS, Bouin solution, 10%



formaldehyde neutral buffer solution, t-butyl alobh(Wako Chemicals, Japan),
non-cell-adhesive round-bottom 96-well ‘Prime soef@6 U’ plates (Sumitomo Bakelite,
Japan), epidermal keratinocyte growth medium-2 (K&@rabo, Japan), Dulbecco’s
modified Eagle’s medium (DMEM), fetal bovine ser(ifBS), 25% glutaraldehyde, fast
blue RR salt, 3-hydroxy-N-(3-nitrophenyl)-2-naphtiide (Naphthol AS-BS),
4,6-diamino-2-phenylindole  (DAPI; Sigma, St. LouisMo, USA), and
rhodamine-phalloidin (Cytoskeleton, USA). The aatiles used in this study included
rabbit anti-versican (Millipore), rabbit anti-vimem, rabbit anti-cytokeratin 15 (K15), rat
anti-CD34 (Abcam, Cambridge, UK), rabbit anti-N-badn (Thermo Fisher), and
rabbit anti-hypoxia-inducible factor (HIF)al(Sigma) antibodies, as well as goat
anti-rabbit IgG (H+L) Alexa Fluor 488, goat anti-lgG (H+L) Alexa Fluor 488, and
goat anti-rabbit IgG (H+L) Alexa Fluor 555 highlyoss-absorbed secondary antibodies
(Invitrogen). Unless otherwise indicated, all otbkemicals were purchased from Wako

Chemicals.

2.2. Animals
Pregnant C57BL/6 and 5-week-old ICR nude mice wenmehased from CLEA

(Japan) and Charles River (Japan), respectively.m@luse care and handling was



conducted in strict accordance with the requiresesft the Animal Care and Use

Committee of Yokohama National University.

2.3. Preparation of mouse epithelial and mesenchymal cells

Embryonic mice (E18) were resected from a C57Blt&gpant mouse, and small
pieces of their back skin were then harvested uadmrrgical microscope. After being
aseptically treated with 4.8 U/mL dispase Il (6nithe epithelial and mesenchymal
layers of these skin samples were separated usewgers [19]. The epithelial layer was
treated with 100 U/mL collagenase type | (2 x 4@)mand 0.25% trypsin (10 min) at
37°C. The dermal layer was treated only with 10@l&bllagenase type | (2 x 40 min) at
37°C. Debris and undissociated tissues were remasag a cell strainer. After
centrifugation (1000 rpm, 3 min), the epithelialanesenchymal cells were resuspended
in DMEM or KG2, respectively, and counted. The teall types were then mixed and
cocultured in a mixed ‘DMEM/KG2’ culture medium theomprised DMEM and KG2

(1:1 ratio), supplemented with 10% FBS and 1% pHinistreptomycin.

2.4. Spontaneous ssHFG formation
Mouse embryonic epithelial and Whbrant Dil-labeletesenchymal cells were

separately suspended at a series of densitiesl(®54, 8, 16, or 32 x i@ells/0.1 mL)



in DMEM/KG2 culture medium. An epithelial cell stespsion and a mesenchymal cell
suspension (of equal density) were then mixed aeedded in one well of a

non-cell-adhesive round-bottom 96-well plate. Aferdays of culture, the resulting
ssHFGs were fixed with 4% formaldehyde in PBS,n&tdiwith DAPI, and observed

using a confocal laser-scanning microscope (LSM; 10& Zeiss, Germany) and a
fluorescent microscope (DP-71; Olympus, Japan)orhiter to analyze their alkaline

phosphatase (ALP) activity, the HFGs were fixed €0with 60% -citrate-buffered

acetone, washed with MilliQ water, and stained3@min at room temperature with ALP
dye (4% Naphthol AS-BS solution diluted with FaktebRR salt solution), according to
the manufacturer’s instructions. The stained ssHwW&® then observed using a digital
microscope (VHX-1000; Keyence, Japan). In ordeoliserve their fine structures, the
ssHFGs on the chip were also imaged using scangli@aciron microscopy (SEM;

Miniscope, Hitachi, Japan). To prepare samplesS$tea, the ssHFGs were washed with
PBS, fixed for 1 h with a mixed solution of 2.5%i@giraldehyde and 2% formaldehyde in
PBS, washed again with PBS, and dehydrated via—Q®® ethanol gradient, before
being washed three times with absolute ethanok fihal solution was then substituted
with 100% t-butyl alcohol, and the ssHFGs were edalt 4°C for 1 h and —20°C 1 h. The

ssHFGs were finally lyophilized, and SEM imagesevaken at 5-10 kV.



2.5. Inhibition of ssHFG formation

The ability of the epithelial/mesenchymal cells#df-organize to form HFGs was
evaluated in the presence of the cell-sorting imbitY-27632 [20]. Mouse epithelial and
Wbrant Dil-labeled mesenchymal cells were suspenideculture medium (4 x 0
cells/mL of each cell type) containing 31 Y-27632 and were seeded into a 96-well
plate. After 3 days of culture, the spatial digitibn of the cells was observed using a
fluorescent microscope, and the relative expredeiogls of genes associated with hair
follicle morphogenesis were evaluated via real-tireeerse transcription polymerase
chain reaction (RT-PCR) analysis. The achieved paieration efficiency (i.e., the
proportion of total transplantation sites obsert@dexhibit hair generation) was then

examined via the intracutaneous transplantatissBf-Gs into nude mice.

2.6. Intracutaneous transplantation of ssHFGs

Under anesthesia, ssHFGs were transplanted iniowtstab wounds prepared on
the backs of nude mice using a 20-G ophthalmicn¢da(Alcon, Japan), before the
transplantation sites were rubbed with ointment.e Timice were housed under
pathogen-free conditions with feediad libitum for up to 10 weeks. Transplanted sites
were observed every 2-3 days, and images of gexehnairs were taken using a digital

microscope (VHX-1000; Keyence) and digital camefmaugh, Olympus, Japan).



Hematoxylin-eosin (HE) and immunohistochemical $i@an and CD34) staining was
performed to characterize hair follicle stem c&Bsdays after transplantation. Cuticles of

generated hairs were observed via SEM at 5-10 kV.

2.7. HFG chip fabrication

The HFG chip was fabricated via micro-milling andlcing processes (Fig. 1A).
Briefly, microwell array configurations (diameté&rmm; pitch, 1.3 mm; depth, 500 pm)
in a 20 x 20 mm region were designed using CAD/Cgdftware (Vcave pro; Vectric
Co., UK), and the resulting data were sent to aprder-aided micro-milling machine
(MDX-540; Roland, Japan) to fabricate a negativdehiimmm a polyolefin plate. Epoxy
resin was poured onto this negative mold and c(#édh, room temperature) to produce a
positive mold. A PDMS solution (10:1 mix of a prelpmer solution and curing agent)
was poured onto the positive mold and cured invaem@3 h, 80°C). The thickness of the
PDMS substrate at the floor of the microwells wetstg 1.5 mm by adjusting the volume
of the utilized PDMS solution. The surface of thBNPS substrate, including the
microwells, was modified via exposure to a 4% phicd--127 solution for 6 h to render
it non-cell-adhesive. After substantial washinghwiilliQ water to remove excess

pluronic F-127, the PDMS substrate was used fdrcodure.
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2.8. Large-scale ssHFG preparation

Cell suspension solutions (2 mL) containing mousihelial and mesenchymal
cells (0.5 and 1.0 x £@ells/mL of each cell type) were poured into tHeG-chips and
incubated (37°C) in DMEM/KG-2 medium. After 3 dayfsculture, cell morphology and
function were evaluated via HE staining, RT-PCRJ anmunohistochemical analysis,
and cell aggregates were intracutaneously trantgalanto the back skin of nude mice.
All transplanted sites were observed using a digiiaroscope (VHX-1000; Keyence)
and digital camera (Tough; Olympus) for 21 daysrdftansplantation. As a comparison,
the same experiments were conducted using thealygpheroid-preparation ‘hanging
drop’ approach [21] and/or using HFG chips fabedatvith polymethyl methacrylate
(PMMA), which had the same number of microwellshesse fabricated using PDMS, but

almost no oxygen permeability [22].

2.9. Generation of spatially aligned hair follicles

To examine the feasibility of simultaneously trdasping ssHFGs in a spatially
aligned manner (Fig. 1B), mouse epithelial and melsgmal cells (2-mL solution, 2.5 x
10° cells/mL of each cell type) were seeded into a AP and cultured for 3 days. After
aspirating the culture medium, 1 mL of type | cgéta solution (3.0 mg/mL; Nitta Gelatin,

Japan) was poured onto the HFG chip. To aid hagdéirmechanical support mesh (Pip,

11



Japan) was placed onto the chip and allowed taiate into the collagen during the
subsequent incubation (40 min, 37°C). The resultiodpgen-gel sheet containing the
two-dimensionally aligned ssHFGs was then peeleel &f the HFG chip using tweezers.
The gel sheet was cut to allow separation of thesraf ssHFGs so that they were able to
be separately intracutaneously transplanted ineo lack skin of nu/nu mice. The

transplanted skin was histologically stained a2tedays.

2.11. Gene expression analysis

Total RNA was extracted from samples using an R)eami kit (Qiagen,
Netherlands), and cDNA was synthesized via reveesescription using a ReverTraAce
RT-gPCR kit (Toyobo, Japan), according to the maciirer’s instructions. gPCR was
performed using the StepOne Plus RT-PCR systemliggpBiosystems, Foster City, CA,
USA), with SYBR Premix Ex Taq Il (Takara-bio, Japaand primers for versican
(GACGACTGTCTTGGTGG, ATATCCAAACAAGCCTG), Nexin
(CCACGCAAAGCCAAGACGAC, GAAACCGGCCTGCTCATCCT), IGFbp5
(ATGAGACAGGAATCCGAACA, TCAACGTTACTGCTGTCGAA), TGFp2
(TCCCGAATAAAAGCGAAGAG, AAGCTTCGGGATTTATGGTG), Heyl
(TGTTCCATGTCCCCAACGAC, TGATGTCCGAAGGCACTTCC), HIFla

(CAGCTTCCTTCGGACACATAAG, CCACAGCAATGAAACCCTCCA), ah

12



GAPDH (AGAACATCATCCCTGCATCC, TCCACCACCCTGTTGCTGTA) [2324].
All gene expression levels were normalized to &¢i&APDH. Relative gene expression
was determined using thé"method and presented as the mean + standard oeviti
four independent experiments. Statistical evalmatmf numerical variables was
conducted using Student’s t-tests, and differena#s p values of less than 0.05 were

considered statistically significant.

2.12. Histological and immunohistochemical staining

For histological staining, samples were washed WBS and fixed with Bouin
solution for 1 h at room temperature. After embaddn a paraffin block, thin (gm)
sections of each sample were cut and stained witlgelhematoxylin and eosin Y
solutions.

For immunohistochemical staining, samples were dfixevernight at room
temperature with 10% formaldehyde neutral buffdutsan, prior to the preparation of
frozen (8um) sections. The samples were blocked for 1 h @nrtemperature with a
solution containing 1% BSA and 0.01% Triton X-1GMPBS, incubated overnight at 4°C
with the indicated primary antibodies, and thentHer incubated for 3 h at room

temperature with the indicated secondary antibomliddocking solution. The samples

13



were finally incubated for 8 min in DAPI in PBS, foee being visualized and

photographed using a confocal laser-scanning neopes (LSM 700; Carl Zeiss).

3. Resultsand Discussion
3.1. Spontaneous ssHFG formation

Mouse embryonic epithelial and mesenchymal cellsrew®bserved to
spontaneously assemble and to form a single aggragéhe utilized non-cell-adhesive
96-well plates. The distribution of the two celpgs was initially random, however,
during the first day of culture, Whbrant Dil-labdlenesenchymal cells gradually migrated
toward peripheral portions of the aggregate (FAYi)2 Suppl. Movie 1). Interestingly,
the two cell types continued to separate from eatifer and thereby assumed
dumbbell-like configurations after 3 days of cuétufFig. 2A(ii)). These spatial
configurations are similar to those previously afsed in bioengineered HFGs that were
manually prepared by merging pellets comprisingttin cell types [18]. Furthermore,
the observed spatial separation of the two celesym the present study occurred,
irrespective of the number of cells included in traginal single aggregate, although
larger ssHFG aggregates tended to adopt spheriidderr than dumbbell-like

configurations (Fig. 2B(i)). Such spontaneous ‘seliting’ phenomena may be the same

14



as common mechanisms that govern developmentalhogenesis, pattern formation,
and tissue homeostasisvivo [7].

SEM imaging of the developing ssHFGs showed thebetcomposed of dense cell
aggregates at both ends of the dumbbell shapes2B{i)). Enzymatic ALP activity and
anti-versican antibody staining, as a known madtetermal papilla (DP) cells [10] and
an extracellular matrix typically produced by DRIeluring hair follicle development
and anagen-stage growth [23], respectively, wetectied in the mesenchymal cell side
of the generated ssHFGs (Fig. 2B(iii), 2C(ii)). @ersely, the cytokeratin 15 protein
marker of hair-follicle epithelial stem cells [2®jas observed only in the epithelial cell
side of the ssHFGs (Fig. 2C(i)). These results veemesistent with those of previous
studies, in which HFGs were manually prepared byging pellets of the two cell types
[18]. The detected DP and epithelial stem cellthm ssHFGs likely played important
roles in facilitating the development and/or maiiece of hair follicles and the hair
cycle, thereby enabling hair follicle generatioteatransplantation [26, 27].

N- and E-cadherin mediate cell-cell adhesion ineanelymal and epithelial cells,
respectively [28, 29]. To evaluate whether eithértteese cadherin molecules were
involved in the mechanisms underlying the obsespahtaneous cell separation during
HFG formation, the Y-27632 inhibitor was addedtie mixed-cell suspension solution

during seeding. Y-27632 is a selective inhibitor dhe Rho-associated
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coiled-coil-containing protein kinase (ROCK), anashbeen shown to both induce the
mesenchymal-epithelial transition and upregulata#herin expression in mesenchymal
cells [20, 30]. The results of this analysis shoted, in the presence of Y-27632, the two
cell types formed single aggregates during the diay of culture (Fig. 3A(i)). However,
after 3 days of culture, the two cell types weré campletely separated (Fig. 3A(ii)).
Although small clusters of mesenchymal cells wdrgeoved in the peripheral portions of
aggregates, the two cell types were much more widdtributed throughout the
aggregates than cells that were not treated wiv&32 (Fig. 2). Furthermore, the
expression levels of genes encoding proteins knimmwmark hair induction, including
versican, nexinlGFbp5 (encoding an insulin-like growth factor), aW@FA2 (encoding
transforming growth factg2), were downregulated in the presence of Y-2768% 8B),
likely due to the reduced rate of reciprocal epighenesenchymal cell interactions.
Immunostaining to detect N-cadherin in aggregatsstéd with versus without Y-27632
revealed that N-cadherin-positive cells were predamnt in mesenchymal cells and only
partially observed in the epithelial cell side gfjeegates in the absence of Y-27632 (Fig.
3C(ii)). The cells were in fact virtually absentifin aggregates in the presence of Y-27632
(Fig. 3C(i)). These results suggested that Y-27@&3&nregulated N-cadherin expression
in the mesenchymal cells, resulting in disruptihgedf-sorting for HFG formation. Thus,

spontaneous HFG formation was most likely regulétedadherin-mediated cell-sorting.
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Unlike our findings, previous studies showed thatakinocytes and adult DP cells
formed a core-shell structure via cell sorting [17$ explain the mechanisms of cell
sorting, the differential adhesion hypothesis wasppsed based on thermodynamic
principles [31]. The hypothesis states that (i)l @elhesion in multicellular systems
depends on energy differences between differerstyys cells and (ii) an aggregate of
cells is motile enough to reach a configuration thmimizes the interfacial energy of the
system. Computer simulations based on the hypathesealed that two types of cells
with distinct adhesivities formed an aggregate cosep of more adhesive cells at the
core and less adhesive cells in the outer layeasofrirast, when the adhesivity between
heterogeneous cell types was weak compared witbetlhetween homogeneous cell
types, cells separated from each other in a siagégegate and eventually formed two
attached homogeneous aggregates [32]. Thus, bgérimmental phenomena can be
explained by this hypothesis. Aggregates with duefidike configurations may

potentially promote hair regeneration because elmthcyst formation fails in hairs

emerging from the skin [18]. We will investigatestiphenomenon in our future studies.

3.2. Transplantation of ssHFGs
The ability of the produced ssHFGs to generatewas examined by grafting them

into the back and scalp skins of nude mice aftéays of culture (Fig. 1B). At 18 days
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after transplantation, the ssHFGs were found teehgenerated black hairs at both the
back and scalp transplantation sites (Fig. 4A)eXamine the effects of cell number on
the ability of single ssHFGs to generate hair, weppred and transplanted ssHFGs
comprised of varying cell numbers. The resulthaf inalysis showed that transplanting
an increased number of cells resulted in the génaraf a greater number of hairs (Fig.
4B, C(i)). Although transplantation of a single §€kigenerated more than one hair shatft,
this is not considered a practical drawback bechusgan scalp hairs emerge as closely
clustered units consisting of two, three, four, aathetimes even five hairs, comprising a
follicular unit [33]. The hair generation efficiepgi.e., the ratio of the number of hair
generated sites to the total number of transplasited) was also improved by increasing
the number of cells within each single ssHFG (BiQ(ii)). A previous study, in which
ssHFGs were manually prepared under a microscaggrted a hair generation
efficiency of 38% (1.5 x IDcells/HFG) [18]. In contrast, our approach achitas
increased efficiency (65% + 15%, 1.6 x*X&lls/ssHFG), likely because the produced
ssHFGs were formed via the same mechanisms knoagctain vivo during embryonic
development and thus were undamaged by centrifugatid/or other manual operations.
The generated hair follicles were next analyzed wWwath HE and
immunohistochemical staining (Fig. 5A, 5B). Versicand the hair-follicle epithelial

stem cell marker CD34 were observed in the hairllpapnd bulge regions of the

18



generated hair follicles, respectively (Fig. 5B)vivo, the hair follicle is a regenerating
organ that undergoes a repeated cycle of growginession, and rest phases governed by
epithelial/mesenchymal interactions [34]. The léngt the hair cycle period, which
varies with species, body part, and season, isailgi2—6 years for human scalp hairs,
and 25 days for mouse hairs [35, 36]. The hairdie generated via transplantation in
the present study underwent two cycles of hairtgirafvth and removal within a 56-day
period and thereby exhibited the typical cycle gefior murine hairs (Fig. 5C). Indeed,
the cycle was repeated according to this time gdefar approximately 180 days,
representing the complete murine life cycle (n €dta not shown). Furthermore, SEM
analysis revealed that the generated hair shaftbiged morphological characteristics
(including hair cuticles) comparable to those aiuna hairs from C57BL/6 adult mice
(Fig. 5D).

To further investigate the role of epithelial ceils hair generation, ssHFGs
comprised of only mesenchymal (but not epitheliablls were generated, and
transplanted into the back skin of nude mice. Tlesenchymal cells were observed to
form single spherical aggregates during 3 daysibbéie, irrespective of cell number (1—
64 x 16 total cells/aggregate; Fig. S1A). These aggregiitegenerate black hairs by 18
days after transplantation (Fig. S1B), but bothrtheber of generated hairs and the hair

generation efficiency were reduced compared witls¢hachieved via transplantation of
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mixed-cell ssHFGs comprised of any cell number .(BgC). Finally, we transplanted
mesenchymal/epithelial cell aggregates (8 X fdial cells/aggregate, 1:1 ratio of
mesenchymal:epithelial cells), that were eitheat#d or untreated with Y-27632, into the
back skin of nude mice. We found that the hair gatien efficiency was significantly
decreased (by approximately 50%) in the presenseisebsence of the inhibitor. These
results suggested that spontaneous ssHFG forniatioresenchymal/epithelial cells was

crucial to achieve optimal hair generation.

3.3. Microfabrication of the HFG chip for the large-scale preparation of ssHFGs

An HFG chip with ~300 round-shaped microwells (Fd§., 6B) was fabricated via
a two-step molding process (Fig. 1A). A proper atygupply is critical for cell growth,
particularly when cells form three-dimensional aggtes and when interspaces between
aggregates are limited by the need to preparege laumber of aggregates within a
discrete space [37]. Since the chip was fabricatdg gas-permeable PDMS, it was
expected that oxygen would be supplied to the sgdighe culture medium from both
above and below (i.e., through the PDMS floor @& thip). In fact, PDMS has been
estimated to exhibit an oxygen diffusion coeffi¢giand oxygen solubility level 1.5- and
10-fold greater than those exhibited by culture ined\water), respectively [38]. Given

that it is also noncytotoxic, transparent, easiliedo be sterilized via autoclaving, and
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well suited to microfabrication, this material Hasen widely used in various scientific
fields to date, e.g., in lab-on-a-chip and tissugireering approaches [22, 39, 40].

To characterize the effects of oxygen supply maehrnaon ssHFG formation and
gene expression, we cultured cells on both an oxpgemeable PDMS HFG chip
(oxy(+)), and a chip with the same configuratioryt instead fabricated using
non-oxygen-permeable PMMA (oxy(-)). Initially, theo seeded cell types aggregated as
expected. On the PDMS oxy(+) chip, the cell typgsasated from each other and formed
ssHFGs during the subsequent 3 days of culture @B@)). In contrast, the cells seeded
in the PMMA oxy(-) chip formed poorly delineatedgaggates, in which limited or no
spatial separation of the two cell types was olexer{Fig. 6D(ii)). These results
suggested that an adequate oxygen supply wasatritic proper ssHFG formation.
Nevertheless, at a lower cell density (4 % ¢6lls/HFG), ssHFG formation was partially
successful, even using the PMMA oxy(-) chip, altifothe aggregates prepared using
the PMMA oxy(-) chip were not able to generate dien transplanted into nude mice
(data not shown).

Next, we further examined the expression levelsliéf and the four known hair
induction-associated marker genes found to be upatsgl on the ssHFGs generated in
96-well plates (Fig. 3B) using cells seeded in exy@nd oxy(-) chips at a density of 4 x

10* cells/ssHFG. The results showed that the expnessid all four hair
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induction-associated marker genes was downregulatedlls cultured on the PMMA
oxy(—) compared with that of cells cultured on tRBMS oxy(+) chip (Fig. 6E).
Conversely, the expression ldfF-1a, which is known to mediate cellular responses to
hypoxia [38], was twice as high in PMMA oxy(-)- than PDMS oxy(+)-cultured cells
(Fig. 6E). This result was further supported by dbserved increase in HiFlprotein
immunostaining of aggregates generated using thdMRMxy(-) versus the PDMS
oxy(+) chips (Fig. 6F).

To further confirm these results, we next placed BDMS oxy(+) chip in a
multigas incubator under controlled conditions %8,200%, or 21% oxygen (Fig. S2A).
The expression levels of versican atiéF-1a in cells grown under these conditions were
positively and negatively correlated with increaseggen supply, respectively (Fig.
S2B), again suggesting that an adequate oxygenyswag required for the trichogenic
functions exhibited by HFGs generated using theg-e)xghip.

To date, the ‘hanging drop’ approach has been melyti used to generate
spheroids and embryoid bodies [21]. Thereforehm present study, drops of culture
medium containing 8 x £@&ells were placed on the lids of culture dishes] the cells
were subjected to hanging drop culture for 3 dayg.(S3). Although this technique
should facilitate sufficient supply of oxygen teetbultured cells, only small aggregates,

and no ssHFGs, formed during the culture periods Tikely reflected the fact that the
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volume of culture medium was dramatically limitedthis culture method, potentially
resulting in a shortage of nutrients and/or cyt@osariations in the pH of the culture
medium.

Taken together, these results suggested that PDa4Saw optimal material for the
fabrication of HFG chips capable of supporting ldrge-scale preparation of ssHFGs.
Furthermore, we demonstrated that, due to the stypand scalability of the utilized
fabrication processes and configurations, the PDMBG chip was suitable for
expansion to comprise ~5,000 microwells. Using #panded chip, we were able to

successfully prepare and collect ~5,000 spherggitemates (Fig. S4).

3.4. Transplantation of spatially aligned ssHFGs

ssHFGs were prepared in a dense and spatiallyateguinanner on the HFG chip.
We hypothesized that their transplantation in tkéene arrangement may be both
beneficial to and practical for human hair regetnenatherapy. By considering the
average number of hair shafts generated from sisgf=Gs (Fig. 4C), a cell seeding
density was chosen such that the prospective geufsitair shafts would be roughly the
same as that on the human head. A collagen sojutsamforced with an embedded
surgical mesh to improve handling, was poured atds the HFG chip after ssHFG

formation (Fig. 7A). Successful transfer of the E&4 to the hydrogel layer was
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confirmed by their removal from the HFG chip whia hydrogel was peeled away (Fig.
7A(i, ii)). Since the back skin of nude mice remm®d a small and somewhat wrinkled
transplantation area, the hydrogel sheet was tmsmall pieces comprising ~10 ssHFGs
in a column-arrangement, each of which was thamspianted into the nude mice (Fig.
1B). At 18 days after transplantation, a high dgnsif hairs was observed at the
transplantation sites (Fig. 7B), and the generhtedfollicles were aligned in a straight

line, as demonstrated by histochemical stainingtably, the distance between the
generated hair follicles was less than one-terdih ofi the originally distance between
ssHFGs located on the HFG chip (Fig. 7C). Althougfther studies are needed to
confirm and clarify these observations, one poatnéixplanation is that collagen

shrinkage may have been induced after transplantaif any of a number of proteinases

(including collagenas&nown to functionin vivo [41].

4. CONCLUSION

In the present study, we demonstrated the faboicatf a culture array chip for the
large-scale preparation of ssHFGs via a two-steldimg process. Seeding a mixture of
dissociated epithelial and mesenchymal cells ors thhip resulted in their
self-organization to form aggregates and subsegssiFGs. The supply of adequate

oxygen through the gas-permeable substrate udatirioate the chip was demonstrated
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to be essential for the spontaneous self-orgaoizati HFGs capable of generating hair
shafts after transplantation into the back or sséip of nude mice. Regularly aligned
hair follicles were generated by transferring ssldf@m the chip via a collagen gel that
enabled direct intracutaneous transplantation. INptéhe experiments conducted in the
present study utilized murine cells, and thus herrtstudies of human trichogenic cells
are required to assess the feasibility of this howethod for use in human
hair-regenerative medicine. In fact, preliminarguiés generated in the present study
showed that spontaneous cell separation and ssidftafion could be achieved by
seeding human keratinocytes and DP cells on the Elia We hope to extend these
preliminary analyses in the future in order to asge suitability of this method to the
culture of other potential human cell sources othbepithelial and dermal cell
populations, such as bulge epithelial stem andike@yte precursor (epithelial) cells, as

well as trichogenic dermal cells derived from st@nprogenitor cells.
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FIGURE LEGENDS

Fig. 1. Schematic representation of a method for the large-scale preparation of
self-sorted hair follicle germs (ssHFGs). (A) The HFG chip was fabricated via a
two-step molding process. First, an olefin plates wacro-milled to produce a plate with
300 round-bottomedp.0-mm) wells. These milled structures were thandferred to
epoxy resin, and the resulting positive mold wageced with polydimethylsiloxane
(PDMS) to produce an HFG chigB) Spontaneous formation and intracutaneous
transplantation of ssHFGs. Epithelial and mesencty®lls were mixed and seeded in a
96-well plate and HFG chip. In both culture vessiis two cell types formed a randomly
distributed aggregate during the first day of adfinowever, during the following 3 days
of culture, they spatially separated and adopte@{dpecific features. Within the chip,
HFG formation was observed to occur in an identicahner in almost all (~300) wells.
The generated HFGs were transplanted into micedtuate the ability to generate hair

follicles.

Fig. 2. Spontaneous HFG formation. (A) Changes to the spatial distribution of the two
cell types within the single aggregates. Mesenctyalls were labeled using Whbrant
Dil fluorescent dye prior to seeding. By overlayfhgrescent and phase-contrast images

of the ssHFGs, the two cell types were confirmetiédiomogeneously distributed one
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day (D1)(i) after seeding. However, after 3 days (B) they had clearly separated from
each other and formed ssHFGs, irrespective of tmmber of cells (1-64 x £0
cells/HFG) included in the original single aggregabcale bar: 20@m. (B) ssHFG
morphology after 3 days of culture. ssHFGs werealigzed via Whbrant Dil counter-
(mesenchymal cells) and DAPI staining (both celpey) (i), scanning electron
microscopy (SEM]Jii), and alkaline phosphatase (ALP) stainfig. Scale bar: 200m.
(C) Immunohistochemical counterstaining of ssHFG cmEsgions with green
fluorescent dye-conjugated antibodies against @adkn 15 (K15)i) and versicarii).

Mesenchymal cells are labeled in red by Whbrant Bdale bar: 100m.

Fig. 3. Effects of cell-sorting inhibition on ssHFG formation. (A) Changes to the
spatial distribution of the two cell types withimetsingle aggregates. Mesenchymal cells
were labeled using VWhbrant Dil prior to seedingpwing them to be differentiated from
epithelial cells in overlaid fluorescent and phasatrast images. Both cell types were
cultured in culture medium containing the ROCK bitar Y-27632. The two cell types
formed single aggregates after 1 day of cultunespective of the number of cells
cultured (1-64 x 10cells/HFG). The distribution of the two cell typgas homogeneous

1 day after seeding (D1) and remained so, even after 3 days of culture (D3)Scale

bar: 200um. (B) Effects of Y-27632 treatment on the expressiogesfes related to hair

27



induction. Error bars represent the standard dewisitcalculated from three independent
experiments. Numerical variables were statisticaltgluated using Student’s t-testp (*
< 0.05).(C) Cross-sections showing hematoxylin/eosin (HE) faunmrescent staining of
ssHFGs treated witft) or without(ii) Y-27632. The inset indicates a high-magnification

image. Blue, cell nuclei; green, N-cadherin.

Fig. 4. Hair shaft generation using ssHFGs composed of varying numbers of cells.

(A) Hair shafts were observed 18 days after transgiant of sSHFGs (comprising 8 x
10* cells/HFG) into the back and scalp skin of nudeeniThe inset in the right
photograph depicts a magnified view of the indidategion. Arrowheads indicate hair
shafts.(B) Low- and high-magnification stereomicroscopic irea@f murine back skin
18 days after the transplantation of ssHFGs conmgrifie indicated number of cel(€)
The number of generated hajisand generation efficiency achiev@d 18 days (D18)
after transplantation of ssHFGs comprising theaatid number of cells. The generated
hair number was defined as the number of hairsrgéeafrom one HFG. The generation
efficiency was defined as the ratio of the numbehair generated sites to the total
number of transplanted sites. For each cell nurotedition, four independent replicates
of 12 ssHFGs were transplanted after 3 days ofilError bars represent the standard

deviations calculated from three independent erpamis. Numerical variables were
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statistically evaluated using Student-Newman-Kéesss, where *, #, T, I, and § indicate

p<0.05versus 1 x £02 x 10, 4 x 16, 8 x 16, and 16 x 18cells/HFG, respectively.

Fig. 5. Morphology of the hairs and composition of the hair cycle generated via
ssHFG transplantation. (A) HE staining of skin cross-sections wi{thand without(ii)
ssHFG transplantatior{B) Immunohistochemical staining of generated hailidiels.
Blue, nuclei; green, CD34; red, versicé#6) Composition of generated hair cycle. A
specific ssHFG-grafted skin portion was observad2fanonths and photographed on
days (D) 18, 30, 42, and 57 after transplantaifb).The morphology ofyenerated and

natural hairs was compared via ster@pand scanning electron microscafyiii).

Fig. 6. Use of an HFG chip for the preparation of alargenumber of ssHFGs. (A) The
fabricated HFG chip(B) Cross-section of hemispherical wells in the HF@.clC)
ssHFGs formed in the chip after 3 days of cult®). Comparisons of HFG chips
fabricated using oxygen-permeable PDMS (oxy(+)) aod-oxygen-permeable PMMA
(oxy(-)). Epidermal and mesenchymal cells were sgeat 4 x 1®or 8 x 16 total
cells/chip) on oxy(+) and oxy(-) chips and analyzedphase-contrast imaging and HE
staining after 3 day{E) Expression of hair generation-related genes dg sekeded on

oxy(+) and oxy(-) chips, normalized to that@®APDH. Error bars represent the standard
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deviations calculated from three independent erpamis. Numerical variables were
statistically evaluated via Student’s t-tests €0.05).(F) Immunofluorescence staining
of ssHFGs generated using the PDMS oxy{})and PMMA oxy(-)(ii) chips. Blue,

nuclei; green, HIF4.

Fig. 7. Spatially aligned, simultaneous transplantation of ssHFGs. (A) Schematic
representation showing the ssHFGs being embeddedcilagen gel to enable their
transplantation. Representative photographs dei@ appearance prior {0 and after
(i) the collagen gel was removed from the HFG chipowheads indicate HFG$§B)
Generated hairs 18 days after the transplantatioccolitagen-embedded ssHFQE)
HE staining of cross-sections of the generated fodlicles. Epidermal layers were lost

during sectioning of samples.
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Supplementary Information

Fig. S1. Hair generation using mesenchymal (but not epithelial) cells. (A)

Mesenchymal-cell spheroids (consisting of different numbers of cells) after 3 days of

culture. Scale bar: 200 um. (B) Generated hairs 18 days after mesenchymal-cell spheroids

were grafted into the back skin of nude mice. (C) The number of generated hairs and hair

generation efficiency achieved by grafting mesenchymal cell spheroidsinto the back skin

of nude mice. Five experimental replicates were conducted for each cell number

condition.

Fig. S2. Hair follicle germs (HFGs) cultured under low-oxygen conditions. (A)

Schematic diagram of the experimental design used to produce low-oxygen culture

conditions. (B) Patterns of versican and HIF1la gene expression in HFGs maintained

under different concentrations of oxygen. Error bars represent the standard deviations

calculated from three independent experiments. O,, oxygen; CO,, carbon dioxide; No,

nitrogen.



Fig. S3. Hanging drop culture of a mixed suspension of epithelial and mesenchymal

cells. (A) Schematic diagram and (B) photograph of the utilized hanging drop culture. (C)

Microscopic image of the cells contained within a droplet, in which mesenchymal and

epithelia cells formed severa aggregates of varying dimensions. (D) Hematoxylin and

eosin staining of the cell aggregates contained within a droplet.

Fig. $4. Expansion of the HFG chip cultureto produce a large ¢10-cm chip culture,

comprising ~5,000 wells. (A) The fabricated ~5000-well HFG chip. (B) Mesenchymal

cell spheroids growing on the ~5000-well HFG chip after 3 days of culture. (C) Spheroids

collected from the ~5000-well HFG chip.

Fig. S5. Staining of ALP, K15, versican, and N-cadherin on freshly isolated

epithelial and mesenchymal cells. Epithelia cells exhibited a high level of K15

expression, and mesenchymal cells exhibited very low expression of Alkp and versican

Movie 1. Spontaneous aggregation and formation of hair follicle germs (HFGSs) on the

HFG chip.
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