Fabrication of a 3D hair follicle-like hydrogel by soft lithography
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Abstract: Hair follicle transplantation is often used in the
treatment of androgenetic alopecia (AGA). However, the only
source of hair follicles is from human donors themselves,
which limits the application of this approach. One possible
solution is to reconstitute hair follicle from dissociated cells.
Currently, a number of microscale technologies have been
developed to create size and shape controlled microenvironments in tissue engineering. Photopolymerizable PEGDA
hydrogels are often selected as promising scaffolds in engineered microtissues due to their biocompatibility and adjustable mechanical properties. Here, we fabricated an array of
PEGDA microwells with center islets that mimic the architecture of human hair follicles using soft lithography. Dermal

and epithelial cells were seeded in different compartments of
the microstructured mould to mimic mesenchymal and epithelial compartmentalization in native hair follicles. We demonstrated that these compartmentalized microstructures
support cell proliferation and cell survival over 14 days, and
spreading of dermal fibroblasts was observed. This hydrogel
micromould provides a potentially useful tool for engineering 3D hair follicle-mimicking complex cultures in vitro.
C 2013 Wiley Periodicals, Inc. J Biomed Mater Res Part A: 00A:000–
V

000, 2013.
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INTRODUCTION

The human hair cycle consists of three main phases—anagen
(growth phase), catagen (involutional/regression phase), and
telogen (resting phase). The anagen phase of human scalp
typically lasts for 2–6 years which is the determinative factor
of hair length. Catagen usually lasts for 2–3 weeks, while telogen 3 months. Changes in the hair cycle result in hair growth
disorders,1 the most frequent being androgenetic alopecia
(AGA), commonly known as male pattern baldness.2 AGA
affects approximately 50% of men and 20–53% of women by
age 50 years.3 Currently, the available treatment for AGA
involves the use of drugs such as minoxidil and ﬁnasteride.4,5
However, hair fall resumes upon withdrawal of the drugs and
side effects accompany the treatment. An alternative solution
to treat AGA is using surgical procedure to transplant grafts
containing hair follicles.6 Although this method is effective in
hair regeneration, there is no other alternative of harvesting
hair follicles other than from human donors.7
To this end, several studies have attempted to reconstitute hair follicle-like structures from dissociated cells. In
humans, hair follicle regeneration is a result of epithelial–

mesenchymal cell interactions, which is widely accepted and
considered as essential for hair follicle morphogenesis.8,9
Signals from the condensed mesenchymal cells in the dermal
papilla (DP) are thought to induce the proliferation of epithelial cells. The proliferated epithelial cells grow downward
to encapsulate the condensed mesenchymal cells, followed
by hair follicle formation.10 Previous studies have shown
hair follicle-like structures can form by combining a population of hair follicle inductive dermal cells with a population
of follicular epidermal cells in an animal model.11,12 Using
homospeciﬁc mouse or rat cells or heterospeciﬁc mouse–rat
combinations, normal appearing hairs can be reconstituted.12,13 Plucked human hair follicles can also be maintained in a growing state for some days in tissue culture.14
However, human mesenchymal dermal papilla and epithelial
hair follicle cells cannot be recombined to form normal hair
follicles de novo in tissue culture because the human mesenchymal cells lose their hair inductivity during culture and
human epidermal cells may not maintain sufﬁcient differentiation ability over time.13,15,16 So far, the closest structures
to human hair follicle have been obtained by co-grafting
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foreskin-derived human keratinocytes and murine DP cells
onto nude mice 13. However, hair follicles formed in xenografts of human and murine cell components are not suitable for hair transplantation due to the immune rejection.17,18
The failure to form better differentiated and organized follicles is believed to be due to the lack of communication
between the mesenchymal and epithelial cells.3,19
With the increasing progress in microscale technologies,
new approaches have been developed to investigate cell
behaviors in microenvironments for cellular biology and tissue engineering applications.20 Microscale technologies such
as soft lithography, photolithography, ﬂow lithography, and
bioprinting have enabled the construction of diverse
synthetic microstructures to incorporate cells.21–26 Microstructures are expected to provide cells with a suitable
microenvironment, sufﬁcient nutrient transport, and mechanical integrity.20,27,28 In particular, three dimensional
(3D) microstructures can be readily made using photocrosslinkable polymers with adjustable mechanical properties,
microarchitecture, and alterable chemical compositions.23,29
Soft lithography, which employs elastomeric stamps fabricated from patterned silicon wafers to print or mold materials, is commonly used in 3D microstructure fabrication.30
In this study, microstructured scaffolds were fabricated
in which hair follicle inductive dermal cells can be positioned and grown close to, but separated from epidermal
cell populations by soft lithography. The mould resembles
the physiological architecture of hair follicle [Fig. 1(A)]. Poly(dimethylsiloxane) (PDMS) stamps were fabricated from
patterned silicon masters and then the stamps were
employed to mold poly(ethylene glycol) diacrylate (PEGDA)
microwells with center islets on a glass slide by UV crosslinking [Fig. 1(B)]. Epithelial cells and dermal cells were immobilized in different locations of the microstructure for tissue culturing. Such a scaffold can serve as a potential
platform for hair follicle regeneration in vitro.
EXPERIMENTAL

Master fabrication
Photomasks were designed using AutoCAD 2010 and
printed on chromium coated soda lime glasses at Inﬁnate
Graphics PTE LTD (Singapore). Silicon wafers were spincoated with the epoxy negative photoresist SU-8 2050
(MicroChem Corp., Newton, MA) at 2200 rpm, yielding the
desired ﬁlm thickness of 50 lm. Wafers were soft-baked at
65 C for 1 min, followed by a second baking at 95 C for
10 min. For crosslinking of the photoresist, the coated
wafers were exposed to UV light of 350–400 nm for 65 s
through a photomask on a single-side mask aligner (SVC,
Model H94-25). Subsequently, the wafers were post-exposure baked at 65 C for 1 min and then at 95 C for 6 min.
The photoresist-patterned silicon masters were developed
using SU-8 developer, rinsed with isopropyl alcohol for 10 s,
and air dried with pressurized nitrogen. The pattern of protruding rods was analyzed using an optical microscope
equipped on the aligner. For secondary spin-coating, patterned silicon masters were spin-coated with negative photoresist SU-8 2075 (MicroChem Corp., Newton, MA) at
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1000 rpm, yielding the desired ﬁlm thickness about 200
lm. Wafers were soft-baked at 65 C for 7 min, followed by
a second soft-baking at 95 C for 60 min. After aligning the
patterned master with the second photomask by the crosses
on each of them, the coated wafers were exposed to UV
light of 350–400 nm for 90 s through the second photomask by using the aligner. Subsequently, the wafers were
post-exposure baked at 65 C for 6 min and then at 95 C for
15 min. The photoresist-patterned silicon masters were
developed using SU-8 developer, rinsed with isopropyl alcohol for 10 s, and air dried with pressurized nitrogen. Four
different dimensions of microwells were obtained with center islets in accordance with the design of photomasks (50
lm with 16 lm islet, 100 lm with 33 lm islet, 200 lm
with 66 lm islet, and 400 lm with 133 lm islet).
PDMS-stamp fabrication
Poly(dimethylsiloxane) (PDMS) stamps were fabricated by
curing a 10:1 mixture of silicone elastomer base solution
and curing agent Sylgard 184 (Dow Corning Corporation,
Midland, USA) on a patterned silicon master. The PDMS
elastomer solution was degassed for 20–30 min in a vacuum chamber and cured at 70 C for 2–4 h before the PDMS
stamps were peeled from the silicon masters. The generated
PDMS replicas had patterns corresponding to the silicon
master with protruding columns and were subsequently
used for molding of PEGDA microwells.
To identify outlines of PDMS stamps, a slice of the PDMS
stamp was cut using a blade and treated the surface by
using oxygen plasma for 3 min (Harrick Scientiﬁc, USA).
Then, the slice was immersed in 5 lg/ml Rhodamine B
(Alfa Aesar, Lancaster, UK) and observed under a ﬂuorescent
microscope (Nikon Ti, Japan, ex: 545–565 nm).
Microwell fabrication
Microwell arrays were fabricated using UV-photocrosslinkable PEGDA (Aldrich Chemistry, USA and Jenkem Technology, USA) of different average molecular weights (MWs;
575, 700, and 3500 Da) mixed in a 0.2% (w/v) ratio of the
photoinitiator 2-hydroxy-4’-(2-hydroxy-ethoxy)-2-methylpropiophenone (Irgacure 2959, Aldrich Chemistry, USA) on a 3(trimethoxysilyl) propyl methacrylate (TMS-PMA, Sigma,
USA) treated glass slide. A patterned PDMS stamp was
placed on an evenly distributed ﬁlm of precursor solution
on a glass slide. To optimize the conditions for PEGDA
hydrogel photopolymerization, we determined the minimum
duration of UV exposure required for the formation of
designed microwell arrays at various UV intensities. After
polymerization, the PDMS stamp was peeled from the substrate. All photopolymerizations were performed using the
OmniCureV Series 2000 curing station (320–500 nm; Lumen
Dynamics, Canada).
R

Microwell stability
To ﬁnd stable microwell arrays molded on TMSPMA-treated
glass slides, prepolymer solutions of various PEGDA concentrations (10, 20, 40, and 80% w/v) were used to fabricate
microwell arrays. The stability of microwells on the glass
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FIGURE 1. Schematic representation of hair follicle-like mould fabrication. A: There are two types of cells which are necessary for hair follicle
generation. Blue dots represent mesenchymal cells which can induce the proliferation of epithelial cells (red dots). The scale bar represents
100 lm. (David A. Whiting. Histology of the Human Hair Follicle. In: Ulrike Blume-Peytavi, Antonella Tosti, David A. Whiting, Ralph M. Trüeb,
editor. Hair Growth and Disorders: Springer-Verlag Berlin Heidelberg; 2008. p 107–123. With kind permission of Springer ScienceþBusiness
Media.) B: Microwell fabrication: (i) silicon master manufacturing, (ii) PDMS stamp production, and (iii) hydrogel wells fabrication. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

slides was assessed by immersing microarrays in phosphate-buffered saline (PBS, Vivantis, KL, Malaysia) in 37 C,
5% CO2 humidiﬁed incubator and analyzing the integrity of
the arrays over time. In all cases, dilutions were made in
1 PBS. Experiments were conducted in triplicates.
Mechanical testing
Polymerization was performed as described for microwell
fabrication. Samples were incubated in PBS at 37 C, 5%
CO2 humidiﬁed incubator for 24 h to make gels swell to
reach equilibrium.31 Young’s modulus of PEGDA hydrogels

were obtained by probing ﬂat surfaces by nanoindentation,
using a Triboindenter (Hysitron, Minneapolis, MN). We
chose a spherical indenter tip (R  50 lm) for nanoindentation studies, using a peak load of 25 lN, a loading/
unloading rate of 5 lN/s, and a holding time at peak load
of 2 s. The Young’s modulus was determined as the slope
of the linear region upon unloading. Sixteen indentation
curves were performed within a 600 lm  600 lm area
at a lateral separation of 150 lm. During the nanoindentation test, the hydrogels were kept in PBS solution to avoid
dehydration.

JOURNAL OF BIOMEDICAL MATERIALS RESEARCH A | MONTH 2013 VOL 00A, ISSUE 00

3

Cell culture
Human dermal ﬁbroblast (HDF) and human adult low calcium high temperature (HaCaT) keratinocyte cells were
manipulated under aseptic conditions and maintained in a
humidiﬁed incubator at 37 C with a 5% CO2 atmosphere.
Media components were ﬁltered through 0.22 lm pore
Corning ﬁlter units (Corning Incorporated, USA). Culture
media consisted of Dulbecco’s modiﬁed Eagle’s medium
(DMEM, Invitrogen Corporation, USA) supplemented with
10% fetal bovine serum (FBS, Invitrogen Corporation, USA),
1% 10,000 U/mL penicillin and 10 mg/mL streptomycin
(PAN-Biotech GmbH, Germany).
Cell seeding
Using a previously reported method, cells were seeded into
the microwells.32 Brieﬂy, 20 lL of cell media (1–12 million
cells per mL) was pipetted along the edge of a microscopy
glass coverslip which was then slowly wiped across a microwell array. The coverslip was wiped across the array at
1.0 mm/s and the array was placed in a humid enclosure to
avoid evaporation of the isolated droplets in the microwells.
Cell viability after seeding process was assessed using a
Live/Dead stain kit (Invitrogen Corporation, USA). Cells
were incubated in 4 lM ethidium homodimer (Ethd) and
2 lM calcein-AM in PBS for 10 min at 37 C. Live cells were
stained green due to enzymatic conversion of the nonﬂuorescent cell-permeant calcein-AM to ﬂuorescent calcein.
Dead cells were stained red after binding of Ethd to nucleic
acids of membrane-compromised cells. The number of
cells was counted manually using ImageJ (http://rsbweb.nih.gov/ij/).
Cell encapsulation
To fabricate cell-laden microwells, HDF cells were trypsinized and mixed with 10% (w/v) PEGDA prepolymer solutions with different average MW (PEGDA 575, PEGDA 700,
and PEGDA 3500) containing 0.2% (w/v) photoinitiator at 2
 106 cells/mL. Then, following the microwell fabrication
process, 60 lL cell suspensions were transferred on a TMSPMA treated glass slide and a patterned PDMS stamp was
placed on the cell suspension, followed by UV photocrosslinking. After photopolymerization, the cell-laden microgels
were transferred into tissue culture petri-dishes containing
DMEM culture medium. Cell-laden microgels were cultured
over 14 days in a humidiﬁed incubator at 37 C with 5%
CO2 atmosphere and fed with medium every 2–3 days. Cell
viability was assessed by the Live/Dead assay.
Cell distribution in 3D microstructure
Polymerization was performed as described for cell encapsulation. Immediately following hydrogel formation, glass
slides with patterned microstructures were transferred in
DMEM culture medium at 37 C with 5% CO2 atmosphere
for 1 h. Then, the cell-laden hydrogels were incubated in 4
lM Ethd and 2 lM calcein-AM in PBS for 30 min and the
microwells were imaged using a Nikon SMZ 1500 stereomicroscope (Nikon, Japan) to characterize cell distribution in
the 3D microstructure.
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Statistics
Data were compared using ANOVA followed by Bonferroni’s
post-hoc test using a GraphPad Prism 5.0 software (San
Diego, USA).
RESULTS AND DISCUSSION

Microwell fabrication
The silicon wafer was patterned with the photoresist SU-8
to form microwells with center islets resembling the architecture of hair follicles [Fig. 1(B)]. Four dimensions (50,
100, 200 and 400 lm) were chosen based on histological
studies of the hair follicle, which showed that a human hair
follicle is approximately 150–200 lm in diameter at its
root.2 The ratio between the diameter of the center islet
and the diameter of the microwell is 1:3, since the diameter
of the mesenchymal condense enclosed by hair matrix cells
is nearly one third of the diameter of lower hair bulb. The
side views of PDMS patterned from the silicon master were
shown in Figure 2(A) (i–iv). The PDMS stamps ﬁlled with
rhodamine B solutions showed the microwell diameters
(MD), the microwell heights (MH), and the height of center
islets (IH) [Fig. 2(A)]. Microwells of various diameters were
fabricated from PEGDA precursor solutions by using these
PDMS stamps [Fig. 2(B) (i–iv)]. As a widely used biomaterial, PEGDA is hydrophilic and photocrosslinkable.33 In addition, the porous form of PEGDA hydrogel was reported not
to conﬁne the mobility of cells and support epithelial–mesenchymal cell interactions.20 To increase the bonding of the
polymer–glass interface, the glass substrates were acrylated
using TMS-PMA. This surface treatment introduced terminal
acrylate functional groups on the glass, providing anchoring
sites for the PEG acrylates.34
The design of microstructure may inﬂuence cell function.
Eukaryotic cells contain geometry-sensing tools in their
cytosol which recognize the change of membrane curvature.
35
Membrane curvature is closely related to cell growth, division, and movement.36 In our study, although the microwell
is not exactly the same as the architecture of hair follicle,
our design follows the dimension of hair follicle and facilitates the cell distribution in a similar way to that in the
hair follicle. In the early anagen, the mesenchymal cells lie
beneath the epithelial cells while the rapidly proliferating
epithelial cells enclose the mesechymal cells. The use of the
microstructure described here will immobilize these two
types of cells at designated locations, which can better
mimic their spatial relationship in vivo.
Microwell stability
To test the stability of microwells over time, the microwells
were immersed in 1 PBS buffer and monitored daily. Microwells were deemed as ‘‘unstable’’ if they detached from
the underlying glass slide. During the study, cracks developed in some microwell arrays but these cracks did not
affect all microwells on an array. Hence, two different criteria were established to describe the microwell stability,
namely ‘‘stability by counting’’ and ‘‘overall stability’’. For
overall stability, microwell arrays were deemed as ‘‘unstable’’ once one or more cracks or detachments occurred from
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FIGURE 2. Different dimensions of PDMS stamps and corresponding hydrogel microwells. A: Cross-sectional images of PDMS stamps (i–iv microwell diameters: 56, 93, 180, and 388 lm) stained by rhodamine B, where MD represents microwell diameter; MH represents microwell height;
IH represents islet height. B: i–iv: images of microwells with various diameters fabricated by 10% (w/v) PEGDA. All scale bars represent 100 lm.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

underlying glass substrate [Supporting Information Fig.
1(A)]. Overall stability may be employed when the integrity
of whole microwell arrays is essential in this study. For stability by counting, the number of individual damaged microwells was counted every day and the overall percentage of
stable microwells was calculated [Supporting Information

Fig. 1(B)]. Partially detached microwell arrays were still
useful if only a few microwells are damaged because of the
cracks. Most microwells made of 80% (w/v) PEGDA solution detached partially when incubated in 1 PBS for 1 or
2 days, while microwells made of 10 and 20% (w/v) PEGDA
remained stable for up to 10 days. Microwells made of 40%
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(w/v) PEGDA solution showed inconsistent stability for different dimensions of microwell arrays.
Diluted prepolymer solution [<40% (w/v) PEGDA]
formed stable microwells. The reason for the results can be
explained by the gel swelling upon exposure to an aqueous
environment. When hydrophilic polymeric networks are
placed in contact with water, they usually swell due to
favorable thermodynamic interaction of macromolecular
segments with water molecules.37–39 Thus, higher concentrations of prepolymer solutions [^40% (w/v) PEGDA]
allowed rapid water uptake and swelling which created
stress across the glass–polymer interface and led to detachment of the microwell array. The results are consistent with
those reported by Hannes-Christian Moeller et al. 37
Mechanical properties
To further understand the mechanical properties of microwell arrays, nanoindentation studies were performed to
measure the stiffness of PEGDA hydrogels. After the stability
test, only 10 and 20% (w/v) PEGDA were chosen for the
cell-encapsulation study due to their high stability. Therefore, the stiffness of these hydrogels were measured. To
assess the homogeneity of the hydrogel, the stiffness of
microwell bottom and hydrogel surface were tested. Indentation results showed that there were no signiﬁcant differences between the stiffness of microwell bottoms and
hydrogel surfaces (Fig. 3). It was also shown that the
Young’s modulus of 20% (w/v) PEGDA was signiﬁcantly
higher than that of 10% (w/v) PEGDA, as increasing the
PEGDA concentration increased the number of reactive diacrylate groups in the polymerization, thereby leading to
increase crosslink densities of hydrogel samples.
Tissue culture
In this study, HDF and HaCaT cells were used instead of DP
and primary keratinocytes which are involved in epithelial–
mesenchymal interactions in the hair follicle in humans. The
DP is a group of specialized dermal ﬁbroblast cells, derived
from the embryonic mesoderm.40 However, compared with
HDFs, papilla cells exhibit a shorter in vitro survival time
and papilla cells may lose their hair inductivity during culture.13 It was reported that HDFs may also exert DP-like activity including hair inductivity.41 On the other hand, the
immortalized HaCaT cell line was employed as a keratinocyte model in this study due to its ease of propagation and
to establish our hydrogel tissue culturing system.42
To fabricate complex tissues, co-culture of different cell
types in physiologically relevant geometrical patterns is
required. In addition, quantitative control of these cells
within scaffold is also important.43 The number of HDF cells
in the gel was controlled by preparing different densities of
cell suspensions prior to microwell fabrication. For the
quantitative control of HaCaT cells, a wiping technique,
established in our previous study, was employed. 32 This
wiping method produced relatively uniform distribution of
cells in the microstructures and accurately predicted cell
seeding densities.32 Using this method, we seeded various
densities of HaCaT cells (1–12 million cells per mL) inside
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FIGURE 3. Mechanical properties of PEGDA hydrogels with varying
gel percentage and thickness. A: Representative nanoindentation
curves from 10% (w/v) PEGDA microwell bottom, 10% (w/v) PEGDA
hydrogel, 20% (w/v) PEGDA microwell bottom, and 20% (w/v) PEGDA
hydrogel. B: Young’s modulus for 10% (w/v) PEGDA microwell bottom, 10% (w/v) PEGDA hydrogel, 20% (w/v) PEGDA microwell bottom,
and 20% (w/v) PEGDA hydrogel. Young’s modulus of 20% (w/v)
PEGDA was significantly higher than that of 10% (w/v) PEGDA (***p <
0.001) while there were no significant differences between Young’s
modulus of microwell bottoms and surfaces for both concentrations of
PEGDA. The scale bar represents 100 lm. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

microwells [Fig. 4(A–E)]. Similar to previous study, the number of cells in the microwells increased with the cell seeding
density [Fig. 4(F)]. The difference is that a broader range of
cell densities was selected. Hence, this wiping method was
veriﬁed to be also useful in high cell densities when more
cells were retained within the microwells. From Figure 4(F),
the linear least-squares ﬁt has a slope of 4.00 for d ¼ 200
lm while the slope in previous study was 7.62 for d ¼ 229
lm.32 This may be due to the difference in microwell diameters and patterns. The new design has a center islet in the
middle of the microwell which may have inﬂuenced the
capacity of the microwell in docking cells.
Some center islets were covered by HaCaT cells when initial cell solution concentration was increased to 12 million
cells per mL. It was shown in Figure 4 that the number of
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FIGURE 4. Various densities of HaCaT cells seeded on the top of microwell arrays. A–E: Representative images of HaCaT cells stained with calcein-AM fluorescent dye in the microwells with different cell seeding densities. F: The average number of cells per well increased with increasing initial cell concentration (n ¼ 3). Scale bars represent 200 lm. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

HaCaT cells increased with seeding cell density. The average
number of cells per well at low seeding cell densities was
tested because cells were discernible at such concentrations.
For the actual biological studies, further increase of the seeding cell concentrations will be needed to ensure all center
islets are covered by epithelial cells, using the linear
relationship.
To test the cell compatibility with the moulds, the viability of HDF cells and HaCaT cells by Live/Dead assays was
ascertained. From the results, HDF cells in the control group
(before UV exposure) and the experimental group (after UV
exposure) were all stained in green (live cells) and red

(dead cells) colors [Fig. 5(A)]. Cells encapsulated in the fabricated gels were uniformly distributed in 3D microstructures [Fig. 5(A-vi)]. The comparison of cell viability before
and after polymerization showed that the fabrication process decreased cell viability [Fig. 5(B-i)]. Cell viability varied
with different PEGDAs after polymerization. PEGDA 3500
was the least toxic to the cell and cell viability was 88.4%
(62.6%, n ¼ 3) after photocrosslinking while cell viability
of PEGDA 575 and PEGDA 700 were 70.4 (61.8%, n ¼ 3),
and 73.8 (62.9%, n ¼ 3) respectively.
The synthesis of cell-laden microgels from cell-monomer
mixture requires UV exposure, photoinitiator, and PEGDA
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FIGURE 5. Encapsulating HDF cells (2  106 cells/mL) within microwell arrays and seeding HaCaT cells (4  106 cells/mL) on the top of microwell arrays respectively. A: (i): Cell viability (HDF) of the control group before UV exposure. (ii): Cell viability (HaCaT) of the control group before
cell seeding. (iii): Phase and fluorescent superimposed image after applying a Live/Dead assay to HDF cells which demonstrates HDF cells were
distributed uniformly in the gel. (iv): Phase and fluorescent superimposed image after applying a Live/Dead assay to HaCaT cells which demonstrates HaCaT cells were located in microwells. (v): 3D cell-laden microstructures. (vi): HDF cells stained with Ethd (red) and calcein-AM (green)
in the 3D microstructure. B: (i): Cell viability in various MW PEGDA hydrogels. Cell viability of PEGDA hydrogels after microwell fabrication
increased with increasing MW. PEGDA 575, PEGDA 700, and PEGDA 3500 were highly hydrated polymers containing 10% PEGDA in PBS. (ii):
Cell viability before and after cell seeding showed no significant difference. Initial cell concentrations ranged from 1 to 12 million cell per mL.
* and *** indicate p < 0.05 and p < 0.001 as compared to the viability of corresponding control group (n ¼ 3). All scale bars represent 100 lm.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

prepolymer, each of which is known to inﬂuence the viability of cells negatively when used at concentrations higher
than a threshold.44 The toxicity of UV light, photoinitiator,
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and PEGDA prepolymer on encapsulated cells was investigated, respectively. First, from the stability test, 10 and 20%
(w/v) PEGDA are preferable in cell-laden microwell
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fabrication. Therefore, HDF cells were subjected to 10 and
20% (w/v) PEGDA solutions (PEGDA 575, PEGDA 700, and
PEGDA 3500) for 2 h. It was found that PEGDA solution of
lower molecular weight was more cytotoxic to HDF and
HDF cells in PEGDA 3500 solution survived longer [Supporting Information Fig. 2(A)]. Secondly, to minimize the toxicity
of UV light, the minimum duration of UV exposure at various UV intensities was established, which was deemed to be
the time required for the microwell array formation with no
deformation. Then, HDF cells in PBS solution were exposed
to UV for minimum duration to analyze the effect of UV
alone. For the analysis of photoinitiator, HDF cells were suspended in 0.2% (w/v) photoinitiator for 2 h. The results
showed that UV exposure and photoinitiator did not affect
HDF viability on their own [Supporting Information Fig. 2(B,

C)]. Subsequently, each combination of UV intensity, PEGDA
solution and photoinitiator were tested and the optimal conditions for cell-laden microwell fabrication were found to be
10% (w/v) PEGDA in 0.2% (w/v) photoinitiator under 4.96
W/cm2 for 30 s. After cell encapsulation, the difference of
cell viability among different MW PEGDA may be due to an
increase in the free radical concentration produced from the
shorter chained PEGDA 575 and PEGDA 700 during the
crosslinking process. Furthermore, PEGDA 575 and PEGDA
700 allowed higher diffusion rates into the cells compared
to PEGDA 3500 which can adversely affect cell viability.45
For HaCaT cells, various cell densities (1–12 million cells
per mL) were applied on the top of microwells. Cells were
originally dispersed in the cell solution before cell seeding
[Fig. 5(A-ii)] while cells were retained in microwells after

FIGURE 6. HDF cell encapsulation in PEGDA 3500 hydrogel over 2 weeks. A: (i–iv): Phase contrast images of HDFs in microgels. After 72 h, cell
spreading was seen in the hydrogel and the morphology of cells continued to change over 2 weeks. Except Day 0, images of Day 3, Day 7, and
Day 14 were from the same location of the hydrogel. B: Quantification of cell viability by Live/Dead assay over 2 weeks. Cell viability decreased
consecutively on first 7 days, and then cell viability remained stable from Day 7 onwards around 48%. All scale bars represent 100 lm.
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cell seeding [Fig. 5(A-iv)]. After Live/Dead assay, cell viability of control group (before cell seeding) and experiment
group (after cell seeding) had no signiﬁcant difference [Fig.
5(B-ii)]. From the superimposed image, it was shown that
HaCaT cells were localized inside the microwells after seeding [Fig. 5(A-iv)]. The diameter of HDF cells (17.37 6 3.30
lm) was larger than that of HaCaT cells (10.77 6 2.04 lm)
and the diameter of HDF cells after cell encapsulation was
19.75 6 3.46 lm (Supporting Information Fig. 3). HDF cell
attachment may be developed inside the micro-mould which
leads to the size difference before and after cell encapsulation. It was demonstrated that two different types of cells
can be controlled at the designated locations of microwell
arrays, where HDF cells were uniformly distributed inside
the fabricated gels and HaCaT cells were seeded on the top
of microwells.
After microwell fabrication, the cells encapsulated in the
hydrogels were monitored for up to 14 days at the same
locations. Cell spreading was observed at the bottom of microwells after 72 h incubation and the morphology of cells
changed at Day 7 and Day 14 [Fig. 6(A)]. The reason that
cell spreading only occurred at the bottom of the microwell
may be that the bottom was made of a thinner layer of
PEGDA hydrogel which can minimize diffusion limitations
and provide more effective nutrient transport.20,37 PEGDA
3500 in our study showed long-term viability for cells
encapsulated over 14 days. From Live/Dead assays, it was
shown that cell viability decreased quickly in ﬁrst 3 days
from 84.4 to 59.2%, while it was stabilized around 48%
from Day 7 to Day 14 [Fig. 6(B)]. The initial decrease in cell
viability could be due to cell damage caused by residual
photocrosslinking factors encapsulated in hydrogels, such as
toxic free radicals formed during crosslinking process, unpolymerized photoinitiator, and PEGDA monomers. These toxic
factors may continuously diffuse into outside culture medium and eventually be removed after fresh medium was
added repeatedly. As a result, the cell viability was maintained at the same level after 7 days. It has been reported
that the addition of other factors into PEGDA gels can further improve cell development46,47 and this could be
explored for future studies.

CONCLUSION

In this study, a 3D microstructure was fabricated by
using a patterned PDMS stamp on a glass substrate. We
demonstrated that 10 and 20% (w/v) PEGDA hydrogel
microstructures are stable on the glass substrate and
their mechanical properties were characterized by nanoindentation. HDF and HaCaT cells were immobilized at
the designated locations of the microstructure, respectively. The number of HaCaT cells in the microwell
increased with increasing cell density and cell seeding
process did not compromise HaCaT cell viability. We also
demonstrated that HDF survived inside the hydrogels
over 14 days with observable cell spreading. Hence, this
microstructure can be potentially used for human hair
follicle regeneration in vitro.
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