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Impact of substrate stiﬀness on dermal papilla
aggregates in microgels
Justin J. Y. Tan,a Jie Kai Tee,a,b Keat Onn Chou,a Shi Ya Au Yong,a Jing Pan,c
Han Kiat Ho,a,b Paul C. L. Hoa and Lifeng Kang *†a
Interaction between cells and the extracellular environment plays a vital role in cellular development. The
mechanical property of a 3-dimensional (3D) culture can be modiﬁed to mimic in vivo conditions. Dermal
papilla (DP) cells are shown to gradually lose their inductivity in hair cycle development in a 2-dimensional
culture. They are shown to partially restore their inductivity when transferred into a 3D microenvironment.
In this study, a microarray fabricated from three diﬀerent concentrations of poly-ethylene-glycol-diacry-
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late 3500, namely 5%, 10% and 15% w/v, yielded increasing substrate stiﬀness. The impact of varying substrate stiﬀness was tested for DP cell viability, attachment, and selected hair inductive markers. DP aggregates were shown to be viable and exhibited greater spreading with increasing substrate stiﬀness.
Moreover, DP aggregates cultured on a softer substrate showed a greater fold change of gene and
protein expressions than those cultured on a harder substrate.

Introduction
Androgenetic alopecia (AGA) is characterized by a progressive
and patterned transformation of thick, pigmented terminal
scalp hairs into short, fine, hypo-pigmented vellus-like hairs.1
Clinicians have long resorted to transplanting hair follicles to
treat AGA.2 However, possible damage to grafts may be attributed to factors including mechanical injury resulting from
crushing by forceps, desiccation during extraction, dehydration, chemical solutions used for storage, heat and hypoxia.3
These factors, combined with a dearth of donor hair follicles,
greatly compromise the quality and the quantity of viable hair
follicles available for transplantation.
To this end, current technologies have explored the possibility of regenerating hair follicles in vitro for transplantation.2
The ability to induce hair follicle neogenesis in hairless skin is
retained in cultured dermal papilla (DP) cells (a major component of hair follicles) but not their inductive ability, which
tends to be lost during passaging.4–6 When removed from their
in vivo microenvironment to culture in a 2-dimensional (2D)
environment, DP cells are shown to gradually lose their induc-
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tivity in hair cycle development.7 However, they partially
restore their inductivity when transferred from the 2D environment and cultured in a 3-dimensional (3D) matrix.8–10
To preserve the inductivity of DP cells, many researchers
turned to 3D culturing to produce environments that imitate
in vivo extracellular matrices. This is because the interaction
between cells and the extracellular environment plays an
important role in cellular morphology and development.11
Current models have explored the use of several ultra-low
attachment substrates to facilitate the self-assembly of DP cells
into 3D organoid microtissues. Yen et al. exploited the diﬀerences in surface adhesiveness of DP cells and keratinocytes on
poly(ethylene-co-vinyl alcohol) (EVAL) substrates to create
heterotypic hybrid microtissues with a central DP core and
keratinocytes preferentially sorted to the periphery, resulting
in the upregulation of keratin 6 and other markers suggesting
epidermal diﬀerentiation towards a follicular fate.12 Hsieh et al.
have demonstrated the use of another low attachment material,
namely, a polydimethylsiloxane (PDMS) microarray to produce
large quantities of 3D DP microtissues expressing DP markers
such as α-smooth muscle actin (α-SMA) and neural cell adhesion
molecule (NCAM).13 Huang et al. used hydrophilic polyvinyl
alcohol (PVA), which is poorly adhesive to DP cells, thereby
encouraging greater compaction of cells to produce denser aggregates with relatively good cell viability and expressing important
DP markers such as versican and alkaline phosphatase.10
However, the eﬀects of substrate stiﬀness on DP expression of
hair inductive gene and protein markers are not well-elucidated.
In this article, we show that DP cells respond to one of the
key parameters of in vivo microenvironmental stimuli, namely
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mechanical stiﬀness. In our group, we used poly-ethyleneglycol-diacrylate (PEGDA) to fabricate microgels to mimic
the hair follicular microenvironment.14,15 The mechanical
stiﬀness of the microgels can be varied by changing the PEGDA
concentration to produce a range of microgels with increasing
stiﬀness.16 In native tissues, DP cells are located at the base of
hair follicles.17 It was reported that the mechanical stiﬀness of
hair follicles was found to be softer at the base than at the
upper segments, with an elastic modulus of approximately
30 kPa.18 Therefore, we hypothesize that soft hydrogels can
better preserve the inductivity of DP cells than hard hydrogels.
In this study, microgels are prepared by using PEGDA with
varying stiﬀness and their eﬀects on the DP cell viability, morphology, and gene/protein expressions are investigated (Fig. 1).

Experimental
Polydimethylsiloxane (PDMS) stamp fabrication
Prepolymer siloxane elastomer base solution was mixed with
the curing agent Sylgard 184 (Dow Corning Corporation,
Midland, USA) at a 10 : 1 ratio by mass. The PDMS prepolymer
mixture was poured onto a silicon master with an SU-8 photoresist coating patterned with an array of 200 µm (diameter)
microwells and degassed for 20–25 min in a vacuum chamber
to remove any air bubbles before curing at 70 °C for 2 h. The
PDMS layer was peeled oﬀ from the silicon master and cut to a

suitable size. The resulting PDMS stamp had patterns corresponding to the silicon master in the form of micropillars with
diameters of 200 µm each, and was imaged using a stereomicroscope (Nikon SMZ25, Japan).
PEGDA microwell array fabrication
UV-photocrosslinkable PEGDA (Jenkem Technology, USA) with
a molecular weight (MW) of 3500 Da was mixed with the
photoinitiator Irgacure 2959, 2-hydroxy-4′-(2-hydroxy-ethoxy)-2methylpropiophenone (HHEMP) (Sigma-Aldrich, USA) and
diluted with 1× PBS to form a prepolymer solution comprising
the photoinitiator of the respective % w/v as reported in
Table 1. The ratio of PEGDA : HHEMP for each substrate was
kept constant at 20.
The patterned PDMS stamp was placed on an evenly distributed film of prepolymer solution on a 3-trimethoxysilyl propyl
methacrylate (TMS-PMA) (Sigma-Aldrich, USA)-treated cover
slip, with 2 coverslips placed on both sides as spacers.
Photopolymerization was achieved by irradiating the set-up
with UV light of 320–500 nm and at an intensity of 4.96
W cm−2 for 30 s using the OmniCure®Series 2000 curing
station (Lumen Dynamics, Canada) as previously optimized.
After photopolymerization, the PDMS stamp was peeled from
the fabricated hydrogel microwell arrays, which were submerged in 70% ethanol for 2 h to remove excess prepolymer
solution. Hydrogel microwell arrays were subsequently washed
thrice and stored in sterile PBS under aseptic conditions prior
to cell seeding. The microwell arrays were then assessed for
their suitability to be used in the seeding of the DP cells.
Rheology determination of PEGDA hydrogels

Fig. 1 Schematic representation of the workﬂow. The PEGDA composition was varied to yield gels of varying stiﬀness. Microwells were
microfabricated to enable DP cells to form microspheres. Their cell viability and substrate adhesion behavior were observed, and subsequently
their expression of key inductive genes was quantiﬁed and compared.

Table 1

The flat surface of the PDMS stamp was placed on an evenly distributed film of prepolymer solution on an untreated glass
slide, with 2 coverslips placed on both sides as spacers.
Photopolymerization was performed using the same conditions
mentioned earlier. The rheological property of the PEGDA
hydrogel samples was measured using a modular rheometer
MCR302 (Anton Paar, Austria) with an 8 mm diameter parallelplate (PP08). The PEGDA sample was loaded onto the stand and
trimmed to fit the shape of the parallel-plate, before commencing on an amplitude sweep test. The amplitude sweep test was
conducted at a constant angular frequency of 10 rad s−1 with a
logarithmic shear strain ramp from 0.01% to 100%. The upper
plate was lowered very slowly while monitoring the normal force
and was stopped at a limit normal force of 0.25 N. The test
temperature was maintained at 37 °C by using a Peltier temperature device. Three replicates of each PEGDA composition are

Fabricated PEGDA 3500 microwell arrays and their corresponding components

Substrate

Composition
of PEGDA (%w/v)

Weight of
PEGDA (mg)

Volume of
HHEMP (μL)

Final
volume (μL)

Final conc. of
HHEMP (%w/v)

Ratio of
PEGDA : HHEMP

S1
S2
S3

5
10
15

50
100
150

950
900
850

1000
1000
1000

0.09
0.18
0.27

20
20
20
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used for the rheological measurement. The information
obtained from the flow diagram of the PEGDA substrates was
then used to approximate the elastic moduli of the substrates to
compare with the elastic moduli of the hair follicles.18–20
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G* ¼ G′ þ iG″

ð1Þ

Storage modulus G′ and loss modulus G″ are related to
complex shear modulus G* in eqn (1). The storage modulus is a
measure of stored energy in the material, and the loss modulus
is a measure of energy loss during the test. The first term
usually relates to elasticity while the second relates to viscosity.
G* is therefore a term with a real and an imaginary component.
Loss tangent ¼ tan δ ¼

G′′
G′

ð2Þ

To calculate the complex shear modulus, the loss tangent is
first calculated using eqn (2). Phase angle δ, which is the
phase lag between the shear stress and the strain measured
during the testing, is then calculated from the loss tangent.

through 0.22 µm pore Corning filter units (Corning
Incorporated, USA). Culture medium was changed every 3 days
and cells were passaged when flasks were 80–90% confluent.
Cell seeding and aggregate formation
Expanded DP cells were seeded into the microgels using the
wiping method as previously reported.23 Briefly, 15 µL DP cell
suspension (12 million cells per mL) were pipetted along the
edge of a cover slip, which was then slowly wiped across each
array. Microwell arrays seeded with DP cells were left to stand
for 5 min for the cells to settle into the microwells, before being
cultured with culture medium in a humidified incubator at
37 °C and 5% CO2. Aggregate formation inside the microwells
was observed and imaged using an inverted microscope (Leica
DM IL, Germany). 2D DP cultures were also carried out in Petri
dishes (Thermo Scientific, USA) to serve as a comparison
against 3D DP cultures. To mimic the same number of cells in
the microwell arrays for the 2D DP culture, an estimate was
obtained from the equation published in an earlier work.23

G′ ¼ G* cos δ

ð3Þ

Cell viability using a live/dead assay

G″ ¼ G* sin δ

ð4Þ

The cell viability of seeded microwell arrays was assessed using
a live/dead staining kit (Invitrogen Corporation, USA) on day 2.
DP cells were incubated in 4 µM ethidium homodimer (EthD)
and 2 µM calcein acetoxymethyl ester (calcein-AM), diluted in
phosphate buﬀered saline (PBS), for 10 min at 37 °C and subsequently imaged using a fluorescence microscope (Nikon
Eclipse Ti-U, Japan, ex: 545–565 nm). Live cells appear green
due to enzymatic conversion of calcein-AM to fluorescent
calcein while dead cells appear red after binding of EthD to
nucleic acids in cells with damaged plasma membranes. To
quantify cell viability, fluorescence intensities for both green
and red colors were measured using Imaris software. Cell
viability was calculated as the percentage ratio between green
fluorescence reading and the sum of green and red fluorescence readings.

The complex shear modulus is related to the storage
modulus and the loss modulus in eqn (3) and (4). It can be calculated by substituting phase angle δ into either eqn (3) or (4).
Both equations will give the same value of the complex shear
modulus.
G*  G′  G if tan δ < 0:2
If the loss tangent is less than 0.2, then the loss modulus
will be very small, and the complex shear modulus will be
approximately equal to the storage modulus. This G* value can
be a good approximate for shear modulus G.20,21
E ¼ 2Gð1 þ νÞ

ð5Þ

Elastic modulus (E) is related to shear modulus in eqn (5),
where ν is Poisson’s ratio. Poisson’s ratio is the ratio of
the lateral and the longitudinal strains when the material is
sheared. Poisson’s ratio of most hydrogels is assumed to be
around 0.45–0.5, meaning the E ≈ 3G.
Cell culture
The immortalized dermal papilla cell line was donated by
Professor Mike Philpott and Dr Adiam Bahta from Queen Mary
University London for this work. The cell lines were previously
isolated and immortalized from dermal papilla cells obtained
from scalp biopsy.22 The immortalized human dermal papilla
cell line ( p33) was manipulated under aseptic conditions and
maintained in a humidified incubator at 37 °C and 10% CO2.
Culture media consisted of Dulbecco’s modified Eagle’s
medium (DMEM) (Invitrogen Corporation, USA) supplemented
with 10% fetal bovine serum (FBS) (Invitrogen Corporation,
USA) and 1% penicillin–streptomycin (10 000 U mL−1 penicillin and 10 mg mL−1 streptomycin, PAN-Biotech GmbH,
Germany). All media components were sterilized via filtration

This journal is © The Royal Society of Chemistry 2018

Cell attachment assay
Diﬀerent wells from a 24 well plate (Greiner bio-one, Austria)
were coated with 300 µL PEGDA at concentrations of 5% (S1),
10% (S2) and 15% (S3) and cured under UV light of
320–500 nm and at an intensity of 4.96 W cm−2 for 30 s using
the OmniCure®Series 2000 curing station. Wells that were not
coated with PEGDA were used as a reference control for 2D cell
culture. These are normal, non-treated wells in the 24 well
plate. DP cells were seeded at 50 000 cells into the respective
wells and incubated for 6 h and 24 h, respectively. Non-adherent cells were washed away with PBS 6 h and 24 h after cell
seeding. Attached cells were detached by trypsin/EDTA and
counted by using a hemocytometer in 500 µl per sample.
mRNA extraction
mRNA was extracted from cells using an RNeasy mini kit in
accordance with the manufacturer’s instructions. The concentration of mRNA was determined using a Nanodrop 1000
Spectrophotometer (Thermo Scientific, USA). Reverse transcrip-
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tion of total mRNA was performed at 1 μg total mRNA in 20 μL
final volume using random primers and avian myeloblastosis
virus reverse transcriptase. The concentrations of complementary deoxyribonucleic acid (cDNA) after reverse transcription
were also determined using a Nanodrop spectrophotometer.

performed by one-way analysis of variance (ANOVA). The diﬀerence was statistically significant at a p-value of <0.05.

Quantitative real-time polymerase chain reaction (PCR)

Fabrication of a PEGDA hydrogel microarray

Quantitative real-time PCR reaction was performed using a
Rotor-Gene Q real time PCR cycler (Qiagen, Germany). Primers
from Integrated DNA Technologies, Singapore were used for
PCR reactions. The primer sequences were designed using
Primer3 (http://frodo.wi.mit.edu/) and Primer-BLAST (http://
www.ncbi.nlm.nih.gov/tools/primer-blast/).
A beta actin primer was also included as an internal
loading control. Each reaction mixture was prepared using
10 μL QuantiFast SYBR Green PCR master mix, 4 μL cDNA template and 1 μM of each primer in a total reaction volume of
20 μL. The PCR was run for 40 cycles and the thermal cycling
conditions were as follows: initial heat activation at 95 °C for
10 minutes; denaturation for 10 seconds at 95 °C; and combined primer annealing and extension for 60 seconds at 60 °C.
The fluorescence signal was measured at the end of each
extension step. After the amplification, a melting peak analysis
with a temperature gradient from 72 °C to 95 °C was performed. Fluorescence emission readings were analyzed using
Rotor-Gene Q software (Qiagen, Germany). The data were
presented as the fold increase of the target gene expression,
normalized to the housekeeping gene beta-actin.

The polydimethylsiloxane (PDMS) stamp was fabricated using
a silicon master with an SU-8 photoresist coating patterned
with microwells according to the steps outlined in Fig. 2A. The
PEGDA hydrogel microwell arrays were then fabricated on the
top of 3-trimethoxysilyl propyl methacrylate (TMS-PMA) treated
coverslips, using the PDMS stamp as a mold, as shown in
Fig. 2B, via ultraviolet (UV) initiated crosslinking of diacrylate
groups, from prepolymer solution containing 5%, 10% or 15%
w/v PEGDA MW 3500 and the corresponding amounts of the
2-hydroxy-4′-(2-hydroxy-ethoxy)-2-methylpropiophenone
(HHEMP) photoinitiator. Using the PDMS stamp as a mold,
microwells with a diameter of 200 µm each were formed as
shown in Fig. 2C (cross-sectional view of the PEGDA microarray). In general, our methods allowed consistent and rapid
fabrication of PEGDA hydrogel microwell arrays: firstly, a
single PDMS stamp was used to fabricate all the hydrogel
microwell arrays, thus ensuring consistency in the size and
shape of the molded microwells and secondly, fabrication via
UV photo-polymerization takes only 30 s for each microwell
array. Each hydrogel microarray contained 15 by 15 microwells,
hence allowing the seeding and subsequent formation of
225 DP aggregates.

Results

Western blotting
Radioimmunoprecipitation assay (RIPA) buﬀer containing
0.1% sodium dodecyl sulfate (SDS), 0.5% sodium deoxycholate
and 1% NP-40 was added to the cells and incubated on ice for
15 min. Cell lysates were then loaded into 10% acrylamide gel
(Bio-Rad) and run at 130 V for 2 hours. The proteins were
transferred onto a PVDF membrane (Thermo Scientifc) at 100 V
for another 2 hours. Subsequently, the blots were blocked
with 5% bovine serum albumin (BSA) in Tris-buﬀered saline
containing 1% Tween-20 (TBST, 1st Base) for 1 hour before
overnight incubation at 4 °C with Axin-2 (2C10), BMP-4
(3H2.3), Noggin (2C10) and β-actin (C4) mouse primary antibodies (Santa Cruz). After washing three times with TBST, the
blots were further incubated with anti-mouse antibodies (Cell
Signaling) for 1 hour at room temperature. The blots were
further washed with TBST additional three times and developed
with a Western Lightning Plus-ECL reagent (PerkinElmer)
using a G:Box Gel imaging system (Syngene). Quantification of
band intensities was done using Image J software and normalized to housekeeping β-actin expression, and subsequently,
comparisons were made by normalizing individual values to
2D culture expression values. Experiments were performed for
at least three replicates.
Statistical analysis
Results were expressed as means ± standard deviation of at
least three independent experiments. Statistical analysis was
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Rheological determination of PEGDA hydrogels
The storage modulus of a higher concentration of the PEGDA
material in the hydrogel was found to be higher than that of a
lower concentration. There was statistical significance between
the storage moduli of the hydrogels of diﬀerent concentrations. The 5% hydrogels showed the longest linear viscoelastic region than the other hydrogels, thus having the
highest yield point, which is the maximum limit of a linear
viscoelastic region of a material, amongst the substrates. The
flow point of 10% hydrogels, which is the intersection of the
storage modulus G′ and loss modulus G″ curves, was also
found to be at a higher percentage of shear strain and a lower
G′ value than the flow point of 15% hydrogels. In contrast, the
storage modulus G′ and loss modulus G″ curves of 5% hydrogels did not intersect within the range of shear strain applied.
The estimated elastic moduli followed the same trend as the
storage moduli and statistical significance were also found
among the PEGDA hydrogels (Fig. 3).
Characterization of the microwells
The diameters of the microwells for substrates made from
varying compositions of PEGDA, namely S1 (5%), S2 (10%)
and S3 (15%), were measured on day 0 and day 2 after seeding
of the DP cells. The diameters of the microwells remained
non-significantly diﬀerent across S1–S3 over the course of
2 days ( p > 0.05). The measurements can be found in Table 2.

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Fabrication of PDMS stamps and PEGDA hydrogel microwell arrays. (A) A schematic diagram to illustrate fabrication of PDMS stamps using
silicone elastomer base solution with the curing agent Sylgard 184 on a silicon master patterned with microwells. (B) A schematic diagram to illustrate fabrication of hydrogel microwell arrays by placing PDMS stamps on PEGDA with the photoinitiator HHEMP on the top of TMS-PMA treated
coverslips. (C) (i) A top view of the PEGDA hydrogel microwell array at 5× magniﬁcation showing uniform wells with diameters of 200 µm each. (ii) A
cross section of a single PEGDA 3500 hydrogel microwell. The dimensions of the microwell are as follows: depth = spacing between microwells =
diameter = 200 μm. All scale bars represent 200 µm.

Cell viability
The cell viability of DP aggregates in the PEGDA hydrogel
microarray was determined using a live/dead staining assay.
Fig. 4A shows live/dead assay images of DP cell aggregates as
3D cultures in S1, S2 and S3, respectively. Cell viability was
quantified by measuring the percentage ratio of fluorescence
intensity from live cells over total fluorescence intensity from
live and dead cells. Overall cell viability remained high for day
2 and no statistically significant diﬀerence in cell viability was
observed between 3D cell aggregates across the diﬀerent

This journal is © The Royal Society of Chemistry 2018

PEGDA substrates over 48 h ( p > 0.05). This showed that the
PEGDA hydrogel microwells were biocompatible, making this
a suitable method for 3D culture of DP cells.
Cell attachment and spreading
DP cells generally exhibit lower attachment and spreading to
PEGDA hydrogels of lower stiﬀness. Fig. 4B(i) and (ii) show
that cells on 2D uncoated wells exhibited the greatest substrate
adherence and spreading as compared to S1–S3. Fig. 4C shows
the increasing extent of attachment and spreading behavior of
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Fig. 3 Rheology results of PEGDA hydrogel samples. (A)–(C) A ﬂow diagram of PEGDA 3500 5% (S1), PEGDA 3500 10% (S2) and PEGDA 3500 15%
(S3), respectively. (■) represents the storage modulus (G’) while (□) represents the loss modulus (G’’). (D) Comparison of estimated elastic modulus
(E) across various PEGDA compositions calculated with G’ and G’’ values within the linear viscoelastic region (LVE). All testing is carried out at a
physiological temperature of 37 °C (n = 3). Statistical signiﬁcance is determined using the ANOVA test. p < 0.001 is denoted with ***.

Table 2 Diameters of the hydrogel microwells (n = 18, 6 wells from
each sample, total 3 samples for each PEGDA 3500 substratum)

Average diameters of hydrogel
microwells (µm) ± SD

PEGDA 3500 hydrogel
of increasing stiﬀness

S1
S2
S3

Day 0

Day 2

188.37 (±5.59)
190.16 (±2.14)
188.59 (±2.54)

187.36 (±3.84)
191.52 (±4.39)
188.80 (±3.06)

DP cells when cultured on flat hydrogels as well as in 3D
microwells. Fig. 4B(ii) shows the number of DP cells remaining
on the respective substrates 6 h and 24 h post-incubation after
washing. The number of adhered cells after washing with
phosphate buﬀered saline (PBS) on uncoated PEGDA wells was
significantly more than the numbers of cells seeded on the top
of the PEGDA substrates of varying concentrations ( p < 0.05).
The number of cells seeded on S3 showed a greater number of
adhered cells after washing as compared with cells seeded on
S1 and S2 at 24 h but not at 6 h, suggesting that the DP cells
take a longer time to adhere to the substrate, hence a higher
number of cells remaining in the wells post-washing at 24 h as
compared to 6 h for the hydrogel substrates. However, S1–S3
still showed much fewer number of adhered cells as compared

1352 | Biomater. Sci., 2018, 6, 1347–1357

to those cultured on 2D uncoated wells because of the hydrogels’ inherent “low-attachment” characteristic towards cells as
compared to the normal, untreated wells in the 24-well plate.
An observation under a light microscope shows that DP cells
exhibited increasing degrees of cell spreading when seeded on
the top of PEGDA substrates of increasing stiﬀness.
Quantitative real-time polymerase chain reaction (PCR)
The qPCR results were obtained and compared using ΔΔCT
analysis to obtain the fold change diﬀerence of each individual
genes between DP cells grown in 3D hydrogels and 2D cultures.
Fig. 5 shows that qPCR results had higher fold changes for the
expression of most of the genes in the 3D model than in the 2D
culture. DP cells grown in PEGDA 3500 15% gels (S3) exhibited
expression of the genes similar to that in the 2D culture.
Statistical significance fold changes for most of the gene
markers of DP cells grown on PEGDA 3500 5% and 10% substrates were much higher than those of 15%. Statistical significance was not found between fold changes of the 10% (S2) and
5% substrates (S1), except in the case of BMP6 and Noggin.
Western blotting
Western blotting was employed to determine the protein
expression of selected key markers for DP inductivity – i.e., Axin2,

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 (A) Live/dead staining for aggregates on PEGDA gels of varying stiﬀness. Cell viability in each aggregate is determined as a percentage of
green intensity (calcein AM) over the sum of green and red (ethidium bromide) intensities, indicating live and dead cells, respectively (n = 12). (B) (i)
An image of DP cells on a 2D uncoated well without a hydrogel substrate; (ii) number of DP cells remaining on PEGDA hydrogels of increasing
stiﬀness from S1 to S3 as compared to 2D uncoated wells at 6 h and 24 h incubation, respectively. Statistical signiﬁcance is determined using the
one-way ANOVA test followed by post-hoc Turkey HSD. p < 0.05 is denoted with *. (C) The morphology of the DP seeded on ﬂat hydrogels of
increasing stiﬀness at 24 h and the morphology of DP aggregates in PEGDA hydrogels of increasing stiﬀness at 48 h. Scale bar = 200 μm.

BMP4 and Noggin. DP aggregates cultured on substrates S1, S2
and S3 – of increasing stiﬀness – were each normalized to the
expression of their corresponding housekeeping β-actin protein.
Comparisons in these protein expressions were made between 3D
DP aggregates cultured on substrates of varying stiﬀness as well
as against DP cultured on flat 2D cultures. Fig. 6 shows that the
expression of Axin2, BMP4 and Noggin all favours 3D DP aggregates cultured on a softer substrate (S1) as compared to stiﬀer
substrates (S2 and S3) and 2D cultures. The overall trend of
protein expression was observed to be highest in S1, followed by
S2 and S3, with S3 showing levels of protein expression similar to
those yielded from 2D cultures. Axin2 and Noggin expressions
were significantly higher in S1 as compared to the rest of the
other substrates and 2D culture, while BMP4 expression was significantly higher in S1 as compared to S3 and the 2D culture.

This journal is © The Royal Society of Chemistry 2018

Discussion
To consider whether the hydrogels were suitable for the
seeding of DP cells for further experimentation, the hydrogel
arrays were assessed visually, and their diameters measured
using a stereomicroscope (Nikon SMZ25, Japan) at day 0 and
day 2 as given in Table 2. The diameters of the microwells prepared from varying percentages of PEGDA – S1 (5%), S2 (10%)
and S3 (15%) – showed non-significance ( p > 0.05). As such,
these PEGDA 3500 hydrogels were deemed suitable to be used
in subsequent experimentation.
The viscoelastic properties of PEGDA 3500 hydrogels were
analyzed. A higher concentration of the PEGDA material in the
hydrogel component resulted in a higher G′ modulus. With
more PEGDA in prepolymer solution, the polymerization
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Fig. 5 The fold change of gene expression of 3D DP aggregates cultured on PEGDA hydrogels of increasing stiﬀness (S1 being the least stiﬀ and S3
being the stiﬀest) normalized to the DP in the 2D culture (n = 3). The fold change is determined by comparing the individual gene expression, corrected with beta-actin expression, for both the 2D and 3D culture. Statistical signiﬁcance is determined using the one-way ANOVA test followed by
post-hoc Turkey HSD. p < 0.05 is denoted with * or ‡ as compared with the 2D culture or between 3D cultures, respectively.

between PEGDA became more extensive.16 This resulted in a
hydrogel substrate that was stiﬀer than the one made with a
lower percentage of PEGDA. Statistical significance was found
between the storage moduli of the three compositions of
PEGDA 3500. This accentuated the fact that diﬀerent percentages of PEGDA would result in substrates of diﬀerent physical
properties. PEGDA 3500 15% hydrogels (S3) were displayed to
have shorter linear viscoelastic regions than PEGDA 3500 5%
(S1) or 10% hydrogels (S2); this meant that the former had
lower yield points than the latter. A higher yield point conferred strength to the hydrogels, allowing the hydrogels to
withstand deformation at higher shear stress and exhibiting
more elastic characteristics.24
The intricate relationship between the mechano-physical
properties of the hydrogels and the eﬀects of these properties
on DP cells was the main objective of this paper. It was
explored that the PEGDA hydrogels were generally non-toxic to
the DP aggregates, and increasing the stiﬀness of the PEGDA
hydrogels showed non-significant results to their cell viability.
The molecules from three well-established pathways of hair
follicle induction, namely, the WNT pathway, the BMP
pathway and the FGF pathway, were selected for this investigation.25 These molecules were known markers present within
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the human DP cells.25–27 They included ligands such as
Wnt5A, BMP2, BMP4, BMP6, FGF7 and FGF10, downstream
transcription factors such as AXIN2, and inhibitors such as
Noggin and SPRY4. The upregulation of these molecules was
seen essential for hair morphogenesis/regeneration as previously reported and their upregulation may imply that these
pathways were active and held in check by their respective
inhibitors.28–31
The WNT pathway was reported that its termination within
the DP drastically reduced proliferation of the progenitors
responsible for the regeneration of the hair shaft, leading to
its premature destruction phase in hair follicle cycling.28 BMP
signaling was known to control the initiation of the growth
phase in the hair follicle cycle and also in the regulation of
apoptosis-driven hair follicle involution in postnatal hair follicles.32 Many studies have proved the crucial role of FGF signaling in hair follicle development, such as FGF10 knockout
mice that failed to grow whiskers and no hair growth phenotype in mice ablated of a functional FGF7 gene.33,34 The interplay of these expressed hair inductive markers plays a huge
role in initiating the new hair cycle in DP cells.
Gene expression analysis has demonstrated that the WNT/
β-catenin activity in the DP regulates other signaling pathways

This journal is © The Royal Society of Chemistry 2018

View Article Online

Published on 29 March 2018. Downloaded by University of Sydney on 30/05/2018 02:42:09.

Biomaterials Science

Fig. 6 Western blot analysis of Axin2, BMP4, Noggin and β-actin proteins from DP aggregates cultured on substrates of increasing stiﬀness,
i.e. S1, S2 and S3, and 2D cultures. Total cell lysates were extracted using
RIPA buﬀer containing 0.1% sodium dodecyl sulfate (SDS), 0.5% sodium
deoxycholate and 1% NP-40. Quantiﬁcation of the blots is summarized
into graphs. Images were scanned using a G:Box Gel imaging system
(Syngene) and quantiﬁed using Image J software. The data are expressed
as a ratio of each protein to the housekeeping β-actin protein, normalized to the 2D culture (mean ± SD). Statistical signiﬁcance is determined
using the one-way ANOVA test followed by post-hoc Turkey HSD.
p < 0.05 is denoted with *.

as well, including the FGF and the BMP signaling pathways.28
The interplay between genes of these pathways may suggest
that the upregulation of the markers of the WNT signaling –

This journal is © The Royal Society of Chemistry 2018
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primarily WNT5A and AXIN2 in the DP cultured in softer substrates – i.e., S1 and S2, might have influenced similar upregulation trends in the BMP and FGF signaling as well, giving rise
to their upregulation. In contrast, a weaker expression of
markers for the WNT signaling pathway in the DP aggregates
cultured on a stiﬀer substrate, i.e., S3, may have led to a
weaker overall expression in the markers for BMP and FGF signaling. As indicated in Fig. 5, a higher composition of PEGDA
in the hydrogels seemed to correlate with a weaker gene
expression by the DP cells. The results of gene expression were
confirmed with western blotting as shown in Fig. 6, whereby
the expression of Axin2, BMP4 and Noggin were more abundant
when the DP aggregates were cultured on a softer substrate as
compared to harder substrates. As demonstrated in Fig. 4C,
softer substrates encouraged DP aggregation while harder substrates resulted in greater attachment and spreading among
the DP cells and aggregates. Previous studies have shown to
correlate increasing cell spreading with increasing substrate
stiﬀness.35,36 Cells are known to spread more on stiﬀer gels as
proven in many hydrogels like polyacrylamide (PAA) gels and
polyethylene glycol (PEG) gels.37,38 On the other hand, the
phenomenon of tissue compaction is a known quality of cells
grown on substrates promoting intercellular aggregation.10
Substrates that promote greater intercellular aggregation tend
to produce aggregates which are rounder, more spherical and
more compact in nature. The diameters/sizes of these aggregates are reported to be reduced as a result of tissue compaction.39 The increase in cellular aggregation may explain the
higher upregulation of the gene expression within DP aggregates cultured on S1 rather than on S3. However, it is not clear
if better DP aggregation is the primary reason for the upregulation of essential pathways responsible for DP inductivity or the
DP aggregates generally responded better to softer substrates.
Stiﬀness of the ECM was shown to aﬀect the diﬀerentiation
of mesenchymal stem cells.37 Softer substrates were found to
be more supportive for adipogenic diﬀerentiation.40 Similarly,
the softer hydrogel might provide a better mimic of the DP-cell
native environment as the elastic modulus nearer to the bulb
of the hair was found to be much lower than upper segments
of a hair follicle, which was reported to be approximately 30
kPa (±23 kPa).18 The estimated elastic modulus of PEGDA 3500
15% (S3) was found to be higher than the elastic modulus of
the native hair follicle, so the 15% (S3) array was not ideal for
the DP cells. In contrast, the estimated elastic moduli of
PEGDA 3500 5% (S1) and 10% (S2) were much closer and
within the range of the elastic modulus of the native hair follicle, so the DP cells might have adapted to the soft substrates
and modulated their diﬀerentiations.

Conclusions
This work highlighted the eﬀect of mechano-physical properties of the substrate on the behavior and diﬀerentiation of
DP aggregates in 3D microgels. Expressions of important DP
inductivity markers relating to WNT, BMP and FGF signaling
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were shown to be more favorably expressed in DP aggregates
cultured on softer substrates. The intricacy of spatial cues the
matrix provides may have a deep impact on cell development.
By understanding this property, 3D cultures can serve a greater
purpose in enhancing the cellular response elicited from the
DP cells for future in vitro hair follicle engineering pursuits.
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