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Electrical stimulation of human follicle dermal papilla cells to promote
hair regeneration

1. Introduction

Hair loss is a prevailing and distressing problem for both
men and women around the world. Hair follicles (HFs) are
complex mini-organs that form during embryonic skin
development stages, and cannot regenerate on their own after
damages caused by diseases, chemotherapy or severe burn
injuries®. Current clinical treatments for hair loss are limited to
pharmaceutical drugs and autologous transplantation. However,
both approaches have their limitations, such as low
effectiveness, side effects or the inability to increase the total
hair numbers. In recent years, approaches through tissue
engineering and regenerative medicine have attracted

growing interest in the research field for hair
regeneration.

Hair developments and hair growth cycle requires
epithelial-mesenchymal  cell interactions. Among the

mesenchymal cells, dermal papilla cells (DPC) have been
proved to be crucial for this process. DPC functions are critical
to excrete molecular signaling to surrounding matrix and bulge
area. In order to manufacture adequate amount of hair follicles
by few dermal papillae extracted from the patients, cell
expansion techniques are desired?. However, the problem of
drastic loss of DPCs’ hair induction ability along cell expansion
process remains as the biggest challenge. Efforts have been
made to maintain the intrinsic properties of the DPCs during its
expansion, including mimicking in vivo environment for DPCs
such as 3D culture and/or spheroid culture approaches® or
providing extracellular matrix materials such as collagen®.

Electrical stimulation treatment has been applied to male
patients’ scalp, demonstrating increased hair number compared
to placebo groups in clinical trials®. However, the application of
electrical stimulation in vitro for the purpose of maintaining and
promoting DPC functionalities has not been well studied. On
the other hand, the application of electrical stimulation for the
culture of neural and muscular cells have been developed, as
they are seen to be prone to electrical signals. Among such
studies, conductive polymers such as polypyrrole (PPy) have
attracted increasing interest to be used as culturing surface due
to its inherent biocompatibility compared to the traditional
conductors such as gold and platinum®.

In this experiment, we fabricated the electrical stimulation
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culture device using PPy and optimized the conditions of
electrical stimulation to achieve the optimal human DPC
(hDPC) functionality. The stimulated hDPCs were then formed
the hair follicle germs through the method developed in Fukuda
Lab and transplanted into the back of the nude mouse to
analysis the in vivo hair generating ability.

2. Results and Discussion

2.1 Fabrication of the electrical stimulation device and
study of the experiment conditions
We have fabricated the electrical stimulation devices as
shown in Figure 1A&B. The electrical stimulation devices
consist of two major parts, a cell culture chamber fixed onto the
A

Electrical stimulation (ES)

Counter electrode
Human dermal

papilla cells (hDPCs)

Working electrode

B
Chamber
SN S
Polypyrrole
(PPy) layer
4 - Cr/Au layer
- Glass
Cc
(i)
= X
E
g 0 005 0f0 015 o020 lme(s)
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Figure 1 (A)Schematic of the device set-up for electrical
stimulation. (B) Illustration (left) and photo (right) of the cell
culture chamber assembly for the electrical stimulation device. (C)
Design of the electrical stimulation protocols (i) and the potential
response from different stimulation currents (ii).



working electrode, and the counter electrode, which is attached
to the lid of the culture chamber. The culture chamber has a
dimension of 10mm x 20mm. The working electrode was
fabricated by first sputter coating a gold layer on to a glass slide
(using chromium as adhesive layer), followed by electrical
polymerizing polypyrrole (PPy) on the gold layer. The culture
chamber was then glued directly onto the PPy surface. The
counter electrode was made of platinum mesh.

Electrical stimulation was performed by applying a biphasic
waveform of 100ms pulse (50ms x 2) with 100ms interphase
open circuit potential (5Hz) using an Autolab Potentiostat
(Figure 1C-i). The voltage waveform in response to the
stimulation current was also recorded, and it showed that with
the highest current (1.0mA/cm?) set-up in this experiment, the
voltage was under 1V, which is unharmful to the cells (Figure
1C-ii).

2.2 Investigation and optimization of the electrical
stimulation conditions

We have cultured the hDPC on the PPy surface compared to
gold and tissue culture plate (TCP). After 6h, cells attached to
all the surfaces, and showed no obvious difference in the
morphology. During a 3-day culture, the cell proliferation was
significantly slower on the PPy surface. However, the gene
expression of ALP showed significant increase for the cells
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Figure 2 (A)Cell morphology after culturing 6h on TCP, gold, and
PPy surfaces. (B) Cell proliferation on TCP, gold and PPy surfaces.
(C) ALP gene expression of cells culture on TCP (no electrical
stimulation), and on gold and PPy surface after electrical
stimulation. P<0.001
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being electrically stimulated on the PPy surface, compared to
those stimulated on gold surface and un-stimulated cells culture
on TCP.

We further studied hDPC electrically stimulated on PPy under
different stimulation conditions and characterized the results
using ALP gene expression (Figure 3). We have stimulated the
cells on DO (6h after cell attachment), D1, D2 and D3, and it
showed that the electrical stimulation was most effective on D1
and D2 after cell seeding. Thereafter, we have performed
electrical stimulation on D1 with a series of different
stimulation currents, periods and frequency applied to the
hDPC. Although the difference between different stimulation
currents was not significant, they have all demonstrated higher
gene expression than the un-stimulated cells. Furthermore, it
was shown the optimal electrical conditions were achieved with
5000 cycles (16min) and at a frequency of 5Hz (Figure 3C&D).

A B
S i e
9 20
[ % 2.04
o »
O 45 O 5
o 5
3 [+ %
@ 1.0 ﬁ 1.0
e o
05| .= 05|
o . ®
& on o 00!
o -) 02
ES tlmlng (day ES current (mA

C D
= !—| l—|
o 20| 5 20!
7 ‘o
[]
o 15 o 15
o o
o [« %
g 1.01 E 10
@ Q
;__ 051 = 05/
5 5
[ @ o
x *° o ES()

ES perlod min) Frequency Hz

Figure 3 ALP gene expression of hDPC after electrical stimulation
at different timing (A), and with different current (B), overall period
(C) and frequency (D). P<0.001

2.3 Co-culture hDPC with embryonic mice epithelial cells to
form hair follicle germs

To demonstrate the effect of electrical stimulation on hDPCs
in terms of trichogenic ability in vivo, we co-cultured hDPCs
stimulated at the optimal condition with embryonic mouse
epithelial cells (mEC) in the U-bottom 96 well plates to form
hair follicle germs (Figure 4). At the seeding density of 1 x 10*
of hDPCs and 1 x 10* mECs per well, uniform spheroid
structures were formed, with the mECs in the out layer
surrounding the hDPC and no obvious difference was observed
between the hair follicle germs formed with stimulated (ES(+))
and un-stimulated (ES(-)) hDPCs (Figure 4A right). After
transplantation, both hair follicle germs formed with stimulated
and un-stimulated hDPCs showed hair regeneration, compared
to no hair regenerated from transplanting mECs alone. However,
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the hair follicle germs with stimulated hDPCs generated twice
amount of hairs than the un-stimulated ones, 40 hairs (ES(+))
on average vs 19 hairs (ES(-)) per 10 hair follicle germs
transplanted.
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Figure 4 (A) Co-culture of hDPC with mEC to form hair follicle
germs. (B) Photos of the transplantation side from the back of the
nude mouse, and the number of hairs generated from every 10 hair
follicle germs formed with un-stimulated ES(-) and stimulated
ES(+) hDPCs. P<0.001
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3. Conclusion and Future Plan

In this study, we demonstrated the capability of culturing and
electrically stimulating hDPCs on the surface of conductive
polymer polypyrrole. The electrical stimulation conditions were
optimized, and hDPCs showed improved functionality with the
optimal stimulation condition. Furthermore, we produced hair
follicle germs using hDPCs and mECs, and transplanted onto
the back of nude mice. Hair follicle germs with stimulated
hDPCs demonstrated enhanced trichogenic ability after
transplantation.

In the future, we will continue this work to investigate the
mechanism as how the electrical stimulation affects and
promotes the hDPC functions. Approaches such as addition of
ion channel inhibitors and transcriptome analysis will be
explored to achieve this goal.
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