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ABSTRACT: Hair loss, a common and distressing symptom, has
been plaguing humans. Various pharmacological and nonpharmacological treatments have been widely studied to achieve
the desired eﬀect for hair regeneration. As a nonpharmacological
physical approach, physiologically appropriate alternating electric
ﬁeld plays a key role in the ﬁeld of regenerative tissue engineering.
Here, a universal motion-activated and wearable electric
stimulation device that can eﬀectively promote hair regeneration
via random body motions was designed. Signiﬁcantly facilitated
hair regeneration results were obtained from Sprague−Dawley rats
and nude mice. Higher hair follicle density and longer hair shaft length were observed on Sprague−Dawley rats when the
device was employed compared to conventional pharmacological treatments. The device can also improve the secretion of
vascular endothelial growth factor and keratinocyte growth factor and thereby alleviate hair keratin disorder, increase the
number of hair follicles, and promote hair regeneration on genetically defective nude mice. This work provides an
eﬀective hair regeneration strategy in the context of a nonpharmacological self-powered wearable electronic device.
KEYWORDS: hair regeneration, motion-activated device, physical approach, rats and nude mice, growth factors
dysfunction, hypertrichosis, and fetus defect.5,7,10 As an
alternative of taking medication, hair transplant may help
patients grow new hair, but several rounds of surgery are
needed, which are associated with high cost, discomfortness,
and time commitment.7 Therefore, non-invasive, nonpharmacological, cost-eﬀective, and convenient approaches are always
desired for treating hair loss. Currently, several promising
nonpharmacological treatments such as thermal, laser, and
electrical stimulation have been developed and are gradually
moving into clinical investigation/practice.8,11−13 Among
them, electric stimulation can induce a non-invasive biological
eﬀect named electrotrichogenesis (ETG). Though the optimal
ETG parameters have not been clinically conﬁrmed,

A

lopecia, commonly known as hair loss, is classiﬁed as a
dermatological disorder due to a growth factor
deﬁciency and/or hair cycle disorder.1−3 It is a
common disease for both men and women throughout the
world. In the United States, about 35 million men and 21
million women suﬀered from hair loss in 2015.4 Currently,
major treatments for hair loss include topical treatments, oral
medicine, and hair transplant to re-establish healthy hair
growth cycles.5−7 Due to the non-invasive nature and high
absorbability, topical treatments are the most common choice
by patients. Minoxidil (MNX) and oral ﬁnasteride are the two
drugs approved by the United States Food and Drug
Administration and widely used to prevent and treat hair
loss.3,7 However, since MNX and ﬁnasteride could only reduce
hair loss instead of signiﬁcantly increasing the number of hair
follicles (HFs), patients are thus required to continuously
apply drugs for lasting eﬀects.8,9 Moreover, MNX and
ﬁnasteride may induce severe side eﬀects such as sexual
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Figure 1. Design and working principle of the motion-activated electric stimulation device (m-ESD). (a) Schematic conﬁguration of the mESD consisting of an OTG and interdigitated dressing electrodes. (b) Enlarged-view scheme of the key components of the OTG including
the CTE layer and CGE layer. (c) Optical image of the m-ESD stretched to show two functional layers of the OTG. (d) Geometric
parameters of the gold CTE and copper CGE. The red dotted line is the central axis along the length direction. (e) Working principle of the
OTG by sliding reversibly along any direction; (i) to (iv) represent diﬀerent stages of charge transfer. (f) Representative voltage outputs of
the OTG with diﬀerent geometric parameters.

alternating electric ﬁeld (EF) in the range of 0.1−10 V/cm and
frequencies of <15 Hz are commonly used, which imposes
negligible tissue damage.14,15 ETG could enhance the inﬂux of
calcium ions into the dermal papilla cells via voltage-gated
transmembrane ion channels, facilitate ATP synthesis in
mitochondria, activate protein kinases, and stimulate protein
synthesis and cell division.8,16,17 As a result, the ETG eﬀect is
believed to be able to regulate secretion of multiple hair growth
factors, promote HF proliferation, prolong the anagen stage,
and ultimately promote hair regeneration.8,18,19Although stateof-the-art extracorporeal treatment apparatuses have miniaturized their sizes to accommodate themselves to wearable
devices, the entire system remains bulky and inconvenient for
daily treatment as restricted by battery capacity and output
current.20−22
Here, a universal motion-activated and wearable electric
stimulation device (m-ESD) that can eﬀectively promote hair
regeneration via random body motions was designed.
Signiﬁcantly facilitated hair regeneration results were obtained
from Sprague−Dawley (SD) rats and nude mice. Higher HF

density and longer hair shaft length were observed on SD rats
when the m-ESD was employed. We also showed that m-ESD
can promote HFs proliferation and improve the secretion of
vascular endothelial growth factor (VEGF) and keratinocyte
growth factor (KGF) and thereby alleviate hair keratin
disorder, increase the number of HFs, and promote hair
regeneration on genetically defective nude mice. While rats and
nude mice models were used in this study, human
reconstructed skin in a mouse model will be a valuable next
step to evaluating the human HFs generation eﬀect under this
kind of electric stimulation.23,24

RESULTS AND DISCUSSION
The m-ESD consists of two modules: an omnidirectional
triboelectric generator (OTG) acting as the electric pulse
generator and a pair of interdigitated dressing electrode
providing spatially distributed EF (Figure 1a). The detailed
fabrication process of the m-ESD is depicted in Figure S1. The
structure details and key components of the OTG are
B
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Figure 2. Voltage output performance of the omnidirectional m-ESD. (a) Voltage output of the m-ESD stretching at diﬀerent directions,
velocities, and distances (d is the displacement distance and R represents the electrode radius). (b) Voltage peaks with regard to diﬀerent
displacement distances. (c) Schematic setup of the m-ESD system for hair regeneration. (d) Optical image of a SD rat wearing the m-ESD.
(e) Voltage output recorded from the m-ESD on an active rat (awakened) and driven by a commercial shaker, respectively. (f) Stability and
durability tests of the m-ESD.

are shown in Figure S2b−d. A typical m-ESD where the CTE
and CGE layers were stretched apart from each other is shown
in Figure 1c.
The mechanical behavior of the m-ESD was evaluated ﬁrst.
Three-dimensional ﬁnite element analysis (FEA) showed that
when the m-ESD was stretched along the length directions, the
strain was primarily distributed on the Ecoﬂex bands rather
than on the PET substrates (Figure S3a). This ensures the
stress subjected by the device can eﬀectively induce the desired
displacement of the OTG module. The uniaxial stretching
behaviors were tested along length and width directions to
generate electric pulses. The movements in the length and
width directions generated nearly the same force−distance
curves with a slope of only 0.08 N/mm (Figure S3b),
indicating excellent stretchability and symmetrical mechanical
responses. Both computational and experimental measure-

illustrated in Figure 1b. The OTG had two triboelectric layers,
which were connected by soft Ecoﬂex bands. The Ecoﬂex band
had a very small modulus (34.9 kPa) (Figure S2a), which
allowed arbitrary stretching, bending, and twisting within
∼900% strain limit.25,26 A pair of concentric gold (Au)
electrode arrays on a nanostructured polytetraﬂuoroethylene
(PTFE) ﬁlm were designed as the charge transfer electrode
(CTE) to collect the electrostatic charge generated during the
movements. The CTE and interdigitated electrode were
mounted on a polyethylene terephthalate (PET) substrate as
the CTE layer. An array of concentric copper (Cu) ring
electrodes was fabricated on a square PET acting as the bottom
triboelectric layer for triboelectric charge generation (CGE).
The entire OTG was encapsulated by polyimide ﬁlms. The
characterization results of the m-ESD cross section, the
thickness of Au electrode, and the surface of the PTFE ﬁlm
C
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Figure 3. Hair regeneration eﬀect of SD rats under the stimulation of the m-ESD. (a) Schematic illustration of HFs in skin. (b)
Histomorphology schematic of the hair cycle including anagen, catagen, and telogen stages. (c) Schematic diagram of a series of
interdigitated electrodes (1−4) with diﬀerent gap widths. (d) Optical images of the rat with removed hair (day 0, left) and after 2-week
treatment (right). (e) EF-stimulated hair shaft length as a function of the EF intensity (n = 6). (f) Top and side views of EF distribution (gap
width is 1 mm) simulated by ±150 mV. (g) EF strength at diﬀerent distances perpendicular to the plane of the interdigitated electrode (gap
= 1 mm). All data in (e) are presented as mean ± s.d.

envelops were generated. Numbers of the electric pulse in each
envelop were 2, 3, 5, and 6, respectively, consistent with the
value of nG (Figure 1f). When nT = 4 and dT = 1.25 mm, VPP
was ∼340 mV. VPP reached the maximum of 430 mV when nT
= 6 and dT = 830 μm. VPP then declined to 300 mV and 200
mV as dT reduced to 500 and 420 μm, respectively. The
reduction of VPP could be attributed to the reduced surface
area for charge collection. Considering the suitable VPP and
frequency, the OTG electrode with a dG of 1 mm (dG = 2dT = 1
mm, nG = 5, nT = 10) and a VPP of 300 mV was chosen for
further animal studies. In addition, the pulse width of output
was kept at 20 ms, which was within the reported pulse width
range that could provide an eﬀective stimulation with minimal
side eﬀects.8,18,29−31
The omnidirectional pulse generation capability of the mESD was then investigated under three diﬀerent electrode
traveling distances (d = 0.5R, 1.0R, and 2.0R, where R is the
electrode radius). The relationships between the voltage,
moving velocity, and directions were plotted for each d (Figure
2a). Similar plots were received for all three d, suggesting VPP
was not sensitive to the distance of traveling. The number of
peaks in each voltage envelop increased from 3 to 5 to 10 as d
increased from 0.5R to 1.0R to 2.0R, respectively (Figure 2b).
A strong relationship between VPP and velocity can be clearly
identiﬁed. For each d, VPP increased monotonically from 80
mV to 720 mV, as the velocity raised from 0.05 to 0.4 m/s.
This was consistent with other literature reports that higher
velocity facilitates eﬃcient charge separation.32−34 Most
importantly, the equal-voltage lines in each plot exhibited a
quasi-circular shape, conﬁrming that VPP was nearly the same
when the m-ESD moves along all possible directions in plane.
This result demonstrated that our m-ESD was able to produce
stable voltage pulses in response to random lateral motions,
which is perfect for interfacing with body movements.

ments conﬁrmed the OTG module can move freely along all
diﬀerent directions with minimal force requirements. In
addition, the m-ESD was robust and could endure repeated
twisting and stretching (Figure S4). This ensures a high
potential for the application on irregular skin surfaces. In
addition, cell viability test was conducted to conﬁrm that the
m-ESD encapsulated by polyimide ﬁlm is noncytotoxic and
biocompatible (Figure S5).
The electric pulses were controlled by designing the
geometric parameters of CTE and CGE. As shown in Figure
1d, the ring width of CGE (dG) was twice as that of CTE (dT),
while the ring number of CTE (nG) was half of that of CGE
(nT). The working principle of the OTG is illustrated in Figure
1e. CTE contained two sets of electrodes and the open-circuit
peak-to-peak voltages measured between them was deﬁned as
VPP. Initially, when CGE slides against the triboelectrically
negative PTFE layer, negative and positive charges are induced
and evenly distributed on the PTFE and CGE surfaces,
respectively.27,28 Further placing the CGE under any set of
CTE would lead to local charge unbalance. Under open circuit
condition, the unbalance local charge would generate an
electric potential diﬀerence between the two sets of CTE (VPP
≠ 0, stage i and (iii). As the CGE moved in between the two
sets of CTE, the overall charge distribution is balanced and the
electric potential reaches zero (VPP = 0, stages ii and iv).
Therefore, a periodic and cyclic alternating voltage output can
be obtained while the two-layers of m-ESD stretched back and
forth.
The CTE area was kept constant at 2 × 2 cm2, and nT was
designed to be 4, 6, 10, and 12. Correspondingly, the outputs
of four diﬀerent CTE conﬁgurations (dT = 1.25 mm, 830 μm,
500 μm, and 420 μm) (Figure S6) were investigated at a
stretching velocity of 0.1 m/s for 1 cm displacement. As the
CGE moved against CTE back and forth, electric pulse
D
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Figure 4. Hair regeneration eﬀect of SD rats under diﬀerent treatment methods. (a) Comparison of hair regeneration under the inﬂuence of
m-ESD, Minoxidil (MNX), vitamin D3 (VD3), and normal saline (NS); top: as-shaved rat; bottom: after 3-week treatment. (b) H&E staining
of the epidermis under diﬀerent treatment methods and time (scale bar = 200 μm). (c) Heat map of the hair shaft length from the four
diﬀerent treatment methods (m-ESD, MNX, VD3, and NS) as a function of time. (d) Final hair shaft length of rats in the four experimental
groups (n = 6). (e) HF proliferation of diﬀerent groups over time (n = 3 for each group). The inset shows the HF proliferation percentage at
the third week. (f) Hair proliferation percentage as a functional of treatment time (red dots) in comparison to the reported results by electric
stimulation with diﬀerent treatment parameters and MNX. All data in (e) are presented as mean ± s.d. In (d) and the inset of (e) (box
plots), dots are the mean, center lines are the median, box limits are the lower quartile (Q1) and upper quartile (Q3), and whiskers are the
most extreme data points that are no more than 1.5 × (Q3 − Q1) from the box limits. Statistical analysis was performed by two-tailed
unpaired Student’s t tests; n.s., nonsigniﬁcant (P > 0.05); *P < 0.05, **P < 0.01, ***P < 0.001.

performance was monitored ﬁrst when the rat was at its normal
activity (Figure 2e and Movie S1). The voltage output from
the rat’s movements had a VPP of 320 mV, similar to the
voltage output induced by a computer-controlled shaker. This
further conﬁrmed that our m-ESD could eﬀectively convert
random body motions into stable electric pulses. The longterm stability of our m-ESD was tested by a commercial shaker.
After 28 days of continuous operation, all the devices showed
good structural integrity without any observable defects. The
nearly unchanged voltage amplitude conﬁrmed the excellent
stability and durability of the m-ESD (Figure 2f and Movie

The m-ESD was then applied to rats for hair regeneration
studies. As schematically shown in Figure 2c, the m-ESD was
attached to the backside of the rat. The CGE layer was aﬃxed
to the head of the rat, and the CTE layer was aﬃxed to the
neck and back area. Based on this setup, all random
movements of the head and neck could generate electric
pulses with similar amplitudes. These electric pulses were
transmitted to the stationary dressing pad and provide
alternating EFs to the exposed skin to stimulate hair
regeneration. A SD rat wearing the m-ESD for hair
regeneration test is shown in Figure 2d. The voltage output
E
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Figure 5. Hair regeneration eﬀect of nude mice under stimulation of m-ESDs. (a) Optical images of nude mice at diﬀerent treatment times.
(b) H&E staining of longitudinal slices of the epidermis under diﬀerent stimulation time (scale bar = 200 μm). (c) Heat map of the hair shaft
length as a function of time under the treatment regions of m-ESD, MNX, VD3, and NS. (d) Final hair shaft length of nude mice in diﬀerent
treatment groups (n = 6). (e) HF proliferation percentage of diﬀerent treatment groups as a function of time (n = 3). Inset shows the HF
proliferation percentage at the 18th day. All data in (e) are presented as mean ± s.d. In (d) and the inset of (e) (box plots), dots are the
mean, center lines are the median, box limits are the lower quartile (Q1) and upper quartile (Q3), and whiskers are the most extreme data
points that are no more than 1.5 × (Q3 − Q1) from the box limits. Statistical analysis was performed by two-tailed unpaired Student’s t
tests; n.s., nonsigniﬁcant (P > 0.05); *P < 0.05, **P < 0.01, ***P < 0.001.
F
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S2). The highly ﬂexible and stretchable device also induced
minimal inﬂuences to the rat’s normal daily behavior (Movie
S3).
A typical hair growth begins inside the avascular HF and
depends on the nutrition supplied by blood vessels (Figure
3a).35 Hair undergoes periods of cyclic anagen (growth),
catagen (regression), and telogen (resting) stages (Figure
3b).36,37 It is known that the EF can act on the skin and
promote HF proliferation and hair regeneration. Meanwhile,
dermal papilla cells of HF are believed to be the most
susceptible to the eﬀects of electric stimulation in the skin.17,18
In order to verify that the EF induced by our m-ESDs can
promote HF transformation from the telogen stage to the
anagen stage to achieve rapid hair regeneration, systematic
experimental study of hair regeneration based on SD rats was
conducted. First, the back hair of 7 week-old SD rats was
shaved and treated with removal cream, which brought the hair
follciles to the telogen stage.38,39 To ensure the suitable
distribution and intensity of EFs for systematic research,
electrodes with diﬀerent gaps (8 mm, 4 mm, 1 mm, and 0.5
mm) were employed to create an EF parallel to the shaved skin
surface (Figure 3c). Considering that the VPP is 300 mV at a
velocity of 0.1 m/s, the corresponding peak-to-peak EF
strengths were 0.375, 0.75, 3, and 6 V/cm, respectively. Both
hair coverage (Figure 3d) and hair length (Figure 3e)
measurements revealed that the 3 V/cm EF had the most
signiﬁcant hair regenerative eﬀect. This optimal EF might be
attributed to the mostly facilitated calcium inﬂux under
favorable EF strength, which provides better stimulations to
cell proliferation, hair growth factor secretion, and hair
regeneration.13,14 FEA simulation (Figure 3f,g) showed that
there was no signiﬁcant attenuation for EF strength within 4
mm deep into the skin surface. This thickness of insulating
polyimide ﬁlm was 20 μm, which was almost 2 orders of
magnitude less than the distance that the EF can eﬀectively
penetrate (4 mm). Therefore, the electric intensity applied on
skin tissue was almost unchanged. As a control, rats wearing
sham m-ESDs were monitored for 2 weeks, and no obvious
signs of hair regeneration were observed (Figure S7). We also
showed that the hair regeneration exactly followed the EF
distribution, as evidenced by a W-shaped hair pattern when a
W-shaped electrode was used (Figure S7).
The hair regeneration eﬃcacy of our m-ESD was further
compared to conventional hair regeneration medicines
including MNX, vitamin D3 (VD3), and normal saline (NS)
(n = 3 for each group). The four diﬀerent treatments were
applied to four regions on the back of SD rats as shown in
Figure 4a and Figure S8. After 3 weeks of treatment, hair in the
m-ESD region was signiﬁcantly longer and denser than the
other three treated regions (Figure 4a, bottom). Hematoxylin
and eosin (H&E) staining were conducted on the rat skin
samples to reveal the hair regeneration behavior as a function
of time (Figure 4b). According to the histomorphometric
classiﬁcation of diﬀerent stages (Figure 3b), anagen HFs are
morphologically distinct from those in the telogen stage.
Compared to the control groups (MNX, VD3, and NS), HFs
under m-ESD transformed from the telogen stage to the
anagen stage in the ﬁrst week, while HFs in other groups
maintained in the telogen stage. Heat map illustrates the
regeneration trend of the hair shaft in the four regions. It is
obvious that the m-ESD induced a much faster hair
regeneration rate compared to the other three groups (Figure
4c). The average hair shaft length measured after 3 weeks of

treatment revealed that the hair shaft at the m-ESD region was
15.4 ± 2.1 mm, signiﬁcantly longer than those in the control
groups (8.7 ± 1.2 mm for MNX, 6.9 ± 0.9 mm for VD3, and
3.4 ± 0.4 mm for NS, Figure 4d). HF proliferation percentage
was calculated from the H&E lateral skin slices (Figure S9) at
diﬀerent time points to study the HF proliferation eﬀect in
diﬀerent stimulation regions. According to others’ previous
work,13,18,40 the HF proliferation in Figure 4e and Figure 5e
was calculated according to the formula: PHF = (Di − DNS)/
DNS × 100%, where Di represents the density of HF in the mESD, MNX, and VD 3 groups, respectively, while D NS
represents the density of HF in the NS group (Figures S9
and S14). As shown in Figure 4e, the HF density in the m-ESD
region quickly rose to 76% in the ﬁrst week and reached as
high as 96% proliferation after 3 weeks; whereas, MNX and
VD3 induced a much slower proliferation rate and only reached
68% in the same 3-week frame. In addition, compared to the
reported electrical stimulation and MNX approaches for
clinical hair regeneration, our m-ESD demonstrated more
rapid and generally more eﬀective hair proliferation with a
much shorter treatment time (Figure 4f).16,18,19,41−43 This
analysis conﬁrmed that the self-generated electric pulses from
m-ESD could signiﬁcantly promote hair regeneration and HF
proliferation in SD rats.
After conﬁrming the positive eﬀect on hair regeneration on
SD rats, we further investigated how the electric pulses from mESD can inﬂuence the hair regeneration on genetically
defective nude mice with a 21-day hair cycle.40,44 The nude
mice lack fur development due to deﬁciency of growth factors.
On the skin of nude mice, the hair shafts bend and coil at the
sebaceous gland and fail to penetrate the epidermis.45,46 In
order to match the body size, the m-ESD for nude mice was
made smaller than that for the SD rats, while they had the
same electrode conﬁguration and geometry (Figure S10a).
Since the VPP was only related to the moving velocity, the nude
mice could generate similar electric pulses as the rats’ device
under their regular movements (Figure S10b, Movies S4 and
S5), and the m-ESD on nude mice exhibited a good stability
(Figure S10c and Movie S6). The m-ESD-stimulated hair
regeneration behavior was investigated during the 21-day
growth period, in comparison to the treatments of MNX, VD3,
and NS (n = 4 for each group). For the model of nude mice,
the dorsal hair of nude mice was observed until completion of
a hair growth cycle. The hairs disappearing was a result of hair
growth entering the catagen and telogen phases.40,44 Following
catagen, follicles lie dormant in the telogen phase, and HF
stem cells are activated at the telogen-to-anagen transition to
initiate a new round of hair growth.47 This phenomenon
suggests that our electrical stimulation only facilitates hair
growth but had minimal inﬂuences to the natural hair growth
cycle. Longitudinal photos clearly showed that the m-ESD
yielded signiﬁcantly longer hair with higher density and longer
appearing time than other control regions (Figure 5a and
Figure S11). It should be noted that the location on the mice
back had negligible impacts to the hair regeneration (Figure
S12). The H&E staining of longitudinal slices of skin in
diﬀerent stimulated regions (m-ESD, MNX, VD3 and NS) was
conducted at diﬀerent treatment time points (Figure 5b and
Figure S13). After 3 days of treatment, the hair at the m-ESDcovered region transformed from the telogen stage to the
anagen stage, while the hair in control regions still remained at
the telogen stage. From day 6 to day 12, the hair at the m-ESD
region still remained at the anagen stage; whereas the HFs
G
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Figure 6. Growth factor expression in skin of nude mice under stimulation of m-ESDs. (a) Confocal imaging of the KGF expression as a
function of time for diﬀerent treatments. (b) Fluorescence intensity of KGF quantitative expression (n = 3). (c) Confocal imaging of the
VEGF expression as a function of time for diﬀerent treatments. (d) Fluorescence intensity of VEGF quantitative expression (n = 3). All data
in (b) and (d) are presented as mean ± s.d.

endothelial growth factor (VEGF), a major mediator of HF
growth and cycling, were studied.34,40 Both factors together
promote hair development and growth and increase HF
numbers and hair size.35,45 Many types of cells can secrete
growth factors for cell proliferation and diﬀerentiation.48−52 In
this work, the follicular dermal papilla cells play the most
crucial role in secreting growth factors and promoting hair
regeneration.35,45,53 KGF and VEGF expressions were
investigated from the HFs at diﬀerent treatment regions and
imaged at various time points from day 3 to day 15 (Figure
6a,c). KGF is a member of the ﬁbroblast growth factor (FGF)
family that speciﬁcally induces proliferation of a wide variety of
epithelial cells, including keratinocytes within the epidermis
and HFs.45,46 In the developing HF, KGF is localized to HF
and acts speciﬁcally on keratinocytes throughout the epithelial
compartment of the HF. Thus, ﬂuorescence intensity
represents the concentration of the KGF, and the follicular
epithelium (keratinocytes) has a stronger ﬂuorescence
intensity than that of follicular dermal papilla cells. Based on
the ﬂuorescence intensities, KGF and VEGF expression levels
could be quantiﬁed (Figure 6b,d). As shown in Figure 6b, in
the early anagen stage (day 3), no signiﬁcant diﬀerences of
KGF expression level were observed in diﬀerent stimulation
regions. At day 6, the KGF expression in the m-ESD region
exhibited a sharp increase and reached the maximum at day 9,
followed by a slight declination in the late anagen stage (day
12) and early catagen stage (day 15). Nevertheless, it
maintained the highest level throughout the entire testing
period. For the control regions, the KGF expression remained
at a signiﬁcantly lower level during most of the study period.
Though jumps of the KGF level were observed from the MNX

started to shrink in the control regions (MNX, VD3, and NS).
As the hair in the m-ESD region gradually entered the catagen
stage on the 15th day, the hair in control regions completed
the anagen stage on day 12 and completely entered the telogen
stage on day 15. These results showed that the m-ESD
stimulations could eﬀectively facilitate the transformation of
HFs from the telogen stage to the anagen stage and extend the
length of the anagen stage, that is, more fully developed hair
with longer lifetime. A heat map of the hair shaft length for
diﬀerent treatments further quantiﬁed that faster and
signiﬁcantly longer hair growth was promoted by the m-ESD
compared to other treatments (Figure 5c). After 9 days of
treatment, the hair shaft under m-ESD was 1.81 ± 0.15 mm,
nearly twice as long as those in the control groups (0.97 ± 0.17
mm and 0.93 ± 0.10 mm for MNX and VD3, respectively)
(Figure 5d). HF proliferation percentage of diﬀerent groups
over time (Figure 5e) was calculated from the H&E slices
(Figure S14). The HF density of the m-ESD group showed a
signiﬁcant improvement after 12 days and topped at 33% at the
18th day of treatment. In contrast, the HF proliferation
percentage in the MNX group and VD3 group remained at
nearly constant values of 11% and 7%, respectively. This
analysis further conﬁrmed that the m-ESD can enhance the HF
cell proliferation, even overcoming the genetic defect (e.g., hair
keratin disorder) to develop visible hair on nude mice.
The accelerated hair regeneration and improved HF
proliferation under the stimulation of m-ESD could be
attributed to the EF regulation of growth factors secretion.
To test this hypothesis, secretion of two main growth factors:
keratinocyte growth factor (KGF), an important endogenous
mediator of HF development and diﬀerentiation, and vascular
H
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understand the inﬂuences of the low-frequency alternating
electrical ﬁelds on the HFSC activities, the HFSCs will provide
valuable insights to this intriguing technology. In general, our
development provided an eﬀective hair regeneration strategy in
the context of a nonpharmacological self-powered wearable
electronic device. It is expected to be able to quickly evolve
into a practical and facile solution to address the hair loss
problem suﬀered by billions of people all over the world.

and VD3 treated regions (day 12 for MNX, day 6 for VD3), the
high expression levels cannot be maintained for a sustained
period. As the only endogenous growth factor for normal
development and diﬀerentiation of HFs, KGF could stimulate
keratinocytes within HFs and sebaceous glands to eliminate
genetic keratin disorder. Therefore, m-ESD was able to
motivate the hair to penetrate the epidermis, promoting
eﬀective hair regeneration with visible dense hair on the skin of
nude mice.
The VEGF expression exhibited a diﬀerent trend during the
testing period. As shown in Figure 6d, the VEGF expression in
m-ESD region rapidly increased shortly after the stimulation.
Up to day 6, its level was signiﬁcantly higher than all the other
control areas. Nevertheless, a constant decrease of VEFG
expression in m-ESD region was observed after day 9, whereas
MNX brought the VEFG level up to a similar level from the
late anagen stage (day 12). When entering the catagen stage
(day 15), all the m-ESD, MNX, and VD3 regions exhibited a
similar VEGF expression level, and the NS treated region had
negligible VEGF remaining. The high VEGF level at the
anagen stage is particularly important to enhance the
perifollicular vascularization to meet the increased nutritional
needs of HFs to achieve fast hair growth and increased HF
density. These results conﬁrmed that compared to conventional MNX and VD3, simulations from our m-ESD can more
eﬀectively promote growth factor secretion and further prolong
endogenous signaling to achieve accelerated hair regeneration.

EXPERIMENTAL SECTION
m-ESD Fabrication. PET (100 μm) and nanostructured PTFE
substrates (50 μm) were prepared and sputtered with Au ﬁlm (230
nm) to fabricate the interdigitated electrode and CTE, respectively.
The CTE was installed on the PET substrate as the CTE layer, then
the concentric Cu ﬁlm (20 μm) was attached on a square PET
substrate as the CGE layer. The two layers were assembled together
and encapsulated with biocompatible polyimide ﬁlm (20 μm). The
top and bottom triboelectric layers were connected with Ecoﬂex
bands 6 × 3 × 0.4 (L × W × T) mm3. A schematic ﬂowchart of the
speciﬁc fabrication process is shown in Figure S1. Due to the diﬀerent
body sizes of SD rats and nude mice, m-ESDs with diﬀerent
parameters match the body sizes. Device dimensions are 6 × 4 (L ×
W) cm2 for SD rats and 2.5 × 1.5 (L × W) cm2 for nude mice. In
particular, the PTFE surface was treated by reactive ionic etching to
introduce nanostructured features to enhance the electrical output.
Speciﬁcally, 5 nm Au was sputtered on PTFE ﬁlm ﬁrst. Then the
PTFE ﬁlm was treated in an inductively coupled plasma chamber with
mixed etching gases of Ar, O2, and CF4 for 30 s.54,55
Computational and Experimental Mechanical Properties of
m-ESDs. The computational mechanical properties were simulated
by FEA, which ensures the reliability of the device (Figure S3a). For
the experimental mechanical properties, using an Ecoﬂex strip with 30
mm original length and 0.4 mm thickness, which was stretched to 120
mm, the strain was calculated according to the formula strain = ΔL/L
(Figure S2a). For the m-ESDs, the top and the bottom layers were
ﬁxed and stretched along opposite directions. The m-ESD of SD rats
was stretched by 1 cm (Figure S3b).
Cell Morphology and Immunoﬂuorescence Staining. After
3T3 cells were cultured on encapsulation or cell plates in 24-well
plates, cell morphology was observed directly using an inverted optical
microscope (Nikon Eclipse Ti−U, Japan). The cytoskeleton and
nucleus were stained with Texas red-X phalloidin (591/608 nm) and
blue ﬂuorescent Hoechst (352/461 nm) (ThermoFisher Scientiﬁc),
respectively. The samples were ﬁxed with 2−4% formaldehyde for 15
min and then rinsed three times with prewarmed PBS. The samples
were incubated with Texas red-X phalloidin (100 nM) and Hoechst
(50 nM) for 30 min at 37 °C. After staining, cells were rinsed with
prewarmed buﬀer for 3 times and imaged using a Nikon A1RS
confocal microscope (Figure S5a).
MTT Assay. After 3T3 cells were cultured on the packaging ﬁlm
on 24-well plates, a 3-{4,5-dimethylthiazol-2-thiazolyl}-2,5-diphenyl2H-tetrazolium bromide (MTT) assay (ThermoFisher scientiﬁc) was
performed to examine cell proliferation. After incubation at 37 °C in a
humidiﬁed atmosphere with 5% CO2 for up to 3 days, 100 μL of
MTT solution was added to each well. After 4 h of incubation, the
medium was removed, and DMSO (500 μL/well) was added to
dissolve the precipitated fomazan. The optical density (n = 3) of the
solution was evaluated using a microplate spectrophotometer at a
wavelength of 490 nm (Figure S5b).
Electrical Output Performance Test and EF Simulation.
Open-circuit voltage was monitored when the m-ESD was stretched
by commercial shaker and when the rat wearing the m-ESD was
awakened. Open-circuit voltage was measured by a portable
oscilloscope (Agilent, DSO1012A, internal resistance = 1 MΩ). The
intensity and distribution of the EF in a real biological environment
was simulated by ANSYS HFSS with an environmental dielectric
constant of 80.
Animals and Diets. All animal experiments were conducted
under a protocol approved by the University of Wisconsin

CONCLUSION
In this work, we developed a self-powered omnidirectional mESD for accelerated hair regeneration on SD rats and nude
mice. The m-ESD driven by irregular head motions generated
consistent AC voltage pulses, which was directly used as a noninvasive EF to stimulate hair regeneration via a pair of
interdigitated dressing electrodes. On shaved SD rats, the mESD was able to facilitate hair transformation from the telogen
stage to the anagen stage and thereby accelerate hair growth
rate and promote HF proliferation. Compared to the other
conventional pharmacological MNX and VD3 treatments, the
hair growth rate in the m-ESD region was 0.73 mm per day
(0.41 mm/day for MNX and 0.33 mm/day for VD3), and the
ﬁnal hair shaft length under m-ESD was 1.8 times and 2.2
times longer than those treated by MNS and VD3, respectively.
Meanwhile, the HF density from m-ESD stimulating was 141%
of the MNX and VD3 regions.
Importantly, the m-ESD stimulation could overcome the
genetic keratin disorder and achieve eﬀective hair regeneration
on nude mice. This phenomenon can be attributed to a
paracrine mechanism of hair growth factors (VEGF and KGF).
KGF, as the only endogenous growth factor for HF
development and diﬀerentiation, exhibited a higher expression
level under m-ESD in the entire anagen stage, which can
eﬀectively normalize keratin diﬀerentiation to stimulate
keratinocytes within HFs, eliminate genetic keratin disorder,
and further develop visible hair with longer lifetime. VEGF
showed a rapid increase from the beginning of the anagen
stage, oﬀering an advantage for induction of angiogenesis, and
can enhance perifollicular vascularization to meet the increased
nutritional needs of HFs for rapid cell division during anagen
stage, leading to high hair growth rate and HF density. In
addition, hair follicular stem cells (HFSCs) also play an
important role in hair regeneration, such as reversing the
pathological mechanism and regenerating HFs. To further
I
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Institutional Animal Care and Use Committee. 7−8 week-old female
Sprague−Dawley rats and nude mice were acquired from Envigo
(New Jersey, USA). All animals were housed in separated cages in a
temperature-controlled room (22 °C) with a 12 h light/dark cycle
with free access to water and Purina PMI-certiﬁed rodent chow 5002
(LabDiet, MO, USA).
Hair Shaving and Removal. A 15 cm2 area of the hair from the
dorsal portion of all the SD rats was shaved with electric hair clippers.
Then the hair removal cream was evenly applied to the back. After 10
min, the back was cleaned with PBS solution.
Fixing Device on the Back of Animals (Rats and Mice). In
brief, anesthesia was induced by inhalation of 2−5% isoﬂurane and
maintained with 2% isoﬂurane. Following anesthesia, animals were
ﬁxed in a prone position. The back of animals was scrubbed with
iodine scrub and then alcohol prior to surgery. The device was placed
on the back of the animals. The bottom layer of the m-ESD was
sutured on the head skin of the animal, and the edge of the m-ESD
was sutured on the back skin of the animal. For the m-ESD group, the
two triboelectric layers were connected normally to the electrode. For
the sham group, the device was sewed with insulated wires connecting
to the electrode. The entire procedure lasted approximately 10 min.
Drug Application. 5% MNX solution was purchased from
Kirkland Signature. The natural liquid VD3 was purchased from
Advanced Trichology. 0.2 mL was applied to the treatment area of the
respective groups once a day, and a control group received no
treatment. The hair regeneration of rats was monitored at days 7, 14,
and 21, while for mice, hair regeneration was monitored at days 3, 6,
9, 12, 15, and 18 after the beginning of topical treatment. At each time
point, rats and nude mice were sacriﬁced, and skin samples were
collected for tissue sectioning and staining. Digital pictures of skin and
hair were also taken, and hair samples were collected for qualitative
and quantitative analysis.
Histological Staining of Skin Samples. Skin samples were
collected from the back of rats and nude mice after m-ESD, MNX,
and VD3 treatment. Control skin on the back was also collected with
no treatment at the same time points. Tissues were embedded in
Optimal Cutting Temperature compound (Sakura Fintek) and frozen
overnight. Sectioning and H&E staining of all skin samples were
performed by the University of Wisconsin-Madison Experimental
Pathology laboratory. H&E slides were observed directly using an
inverted optical microscope (Nikon Eclipse Ti−U, Japan).
For immunoﬂuorescent staining, frozen skin samples of 10 μm
thickness were ﬁxed with cold acetone for 5 min, washed with cold
PBS, and then blocked with 2% donkey serum for 1 h at room
temperature. Slices were then incubated with rabbit-antirat/mouse
VEGF antibody (Thermo Fisher) or rabbit-anti rat/mouse KGF
antibody (Thermo Fisher) at 4 °C overnight. After washing with cold
PBS for three times, slices were then stained with Alaxa488-labeled
donkey-anti-rabbit antibody (Thermo Fisher) for 1 h. After three
rounds of washing with cold Biotechnology and covered with cover
slides for imaging using a Nikon A1R confocal microscope (Nikon
instruments).
Quantitative Analysis of KGF and VEGF Expression Levels.
ImageJ software (version 1.52e) was used to quantify the expression
levels of KGF and VEGF based on their ﬂuorescent intensities, which
were averaged over at least three diﬀerent areas of a slide and
expressed as mean ± standard deviation.
Statistical Analysis. Statistical analysis was performed by twotailed unpaired Student’s t tests; n.s., nonsigniﬁcant (P > 0.05); *P <
0.05, **P < 0.01, ***P < 0.001. In box plots, the dot is the mean,
center line is the median, box limits are the lower quartile (Q1) and
upper quartile (Q3), and whiskers are the most extreme data points
that are no more than 1.5 × (Q3 − Q1) from the box limits.

Detailed fabrication process of the m-ESD; performance
characterization of the Ecoﬂex band and PTFE ﬁlm;
computational and experimental mechanical properties
of the m-ESD; mechanical compliance and robustness of
the m-ESD; biocompatible performance of the m-ESD;
four diﬀerent conﬁgurations of CTE and corresponding
CGE; images of the rat treated with sham m-ESD and mESD with interdigitated and W-shaped electrodes,
respectively; hair regeneration under diﬀerent stimulation methods; H&E staining of horizontal slices in
diﬀerent regions for SD rats; m-ESD for nude mice;
images of hair under the inﬂuence of m-ESD, MNX,
VD3, and NS with a hand-held digital microscope;
optical images of nude mice without treatment; H&E
staining of longitudinal slices of the epidermis under
diﬀerent stimulation time for nude mice; H&E staining
of horizontal slices over time for nude mice (PDF)
Movie S1: Voltage output performance on SD rats
(MP4)
Movie S2: Stability and durability of the m-ESD on SD
rats (MP4)
Movie S3: Normal daily behavior of SD rats (MP4)
Movie S4: Voltage output performance on nude mice
(MP4)
Movie S5: Normal daily behavior of nude mice (MP4)
Movie S6: Stability and durability of the m-ESD on nude
mice (MP4)
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(44) Müller-Röver, S.; Foitzik, K.; Paus, R.; Handjiski, B.; van der
Veen, C.; Eichmüller, S.; Mckay, I. A.; Stenn, K. S. A Comprehensive
Guide for the Accurate Classification of Murine Hair Follicles in
Distinct Hair Cycle Stages. J. Invest. Dermatol. 2001, 117, 3−15.
(45) Danilenko, D. M.; Ring, B. D.; Yanagihara, D.; Benson, W.;
Wiemann, B.; Starnes, C. O.; Pierce, G. F. Keratinocyte Growth
Factor Is an Important Endogenous Mediator of Hair Follicle Growth,
Development, and Differentiation. Normalization of the Nu/nu
Follicular Differentiation Defect and Amelioration of ChemotherapyInduced Alopecia. Am. J. Pathol. 1995, 147, 145−154.
(46) Mecklenburg, L.; Tychsen, B.; Paus, R. Learning from Nudity:
Lessons From the Nude Phenotype. Exp. Dermatol. 2005, 14, 797−
810.
(47) Alonso, L.; Fuchs, E. The Hair Cycle. J. Cell Sci. 2006, 119,
391−393.
(48) Botchkarev, V. A.; Kishimoto, J. Molecular Control of
Epithelial−Mesenchymal Interactions During Hair Follicle Cycling.
J. Invest. Dermatol. Symp. Proc. 2003, 8, 46−55.
(49) Yang, J. A.; Chung, H.-M.; Won, C.-H.; Sung, J.-H. Potential
Application of Adipose-Derived Stem Cells and Their Secretory
Factors to Skin: Discussion from Both Clinical and Industrial
Viewpoints. Expert Opin. Biol. Ther. 2010, 10, 495−503.
(50) Chong, H. W.; Park, G. H.; Wu, X.; Tran, T. N.; Park, K.; Park,
B. S.; Dong, Y. K.; Kwon, O.; Kim, K. H. The Basic Mechanism of
Hair Growth Stimulation by Adipose-Derived Stem Cells and Their
Secretory Factors. Curr. Stem Cell Res. Ther. 2017, 12, 535.
(51) Ramdasi, S.; Tiwari, S. K. Human Mesenchymal Stem CellDerived Conditioned Media for Hair Regeneration Applications. J.
Stem. Cells 2016, 11, 201−211.
(52) Kanji, S.; Das, H. Advances of Stem Cell Therapeutics in
Cutaneous Wound Healing and Regeneration. Mediators Inflammation
2017, 2017, 1−14.
(53) Goodman, L. V.; Ledbetter, S. R. Secretion of Stromelysin by
Cultured Dermal Papilla Cells: Differential Regulation by Growth
Factors and Functional Role in Mitogen-Induced Cell Proliferation. J.
Cell. Physiol. 1992, 151, 41−49.
(54) Yao, G.; Kang, L.; Li, J.; Long, Y.; Wei, H.; Ferreira, C. A.;
Jeffery, J. J.; Lin, Y.; Cai, W.; Wang, X. Effective Weight Control via
an Implanted Self-Powered Vagus Nerve Stimulation Device. Nat.
Commun. 2018, 9, 5349.
(55) Zhu, G.; Pan, C.; Guo, W.; Chen, C. Y.; Zhou, Y.; Yu, R.;
Wang, Z. L. Triboelectric-Generator-Driven Pulse Electrodeposition
for Micropatterning. Nano Lett. 2012, 12, 4960.

L

DOI: 10.1021/acsnano.9b03912
ACS Nano XXXX, XXX, XXX−XXX

