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a  b  s  t  r  a  c  t

Skin  wound  healing  represents  a critical  medical  topic.  For  its ideal  case,  the injured  tissue  can  repair
quickly  without  scars.  In  this  paper,  an  ECIS  device  was  developed  using  nano-grooves  to  simulate  internal
extracellular  matrix  (ECM)  with  75 nm  in depth  and  200  nm  in  width  of  grooves  and  ridges.  HFF  and  HaCaT
cells  were  cultured  but  only HFF  cells  could  orient  along  the nano-grooves.  In the  cell migration  and  pro-
liferation  occurred  during  the  wound  healing,  HFF  and  HaCaT  cells  both  presented  increased  normalized
impedance  (NI) values  at the  characteristic  frequencies  of  977  Hz  and  1465  Hz,  respectively.  Compared
to  flat  electrodes,  nano-grooves  electrodes  generated  less  intense  impedance  signals  in  HFF  cell  migra-
tion  and  proliferation,  and  HaCaT  cell  migration,  but more  intense  ones  in HaCaT  cell  proliferation.  Cell
images  were  captured  simultaneously  and the statistical  analysis  demonstrated  that  the nano-grooves
electrode  could  accelerate  the migration  while  slow  down  the  proliferation.  After  establishing  the  corre-
lations  between  impedance  response  and  cell  behaviors,  it could  be found  that  the NI  values  increased  all
linearly  the  rising  of recovery  degree  and  cell  number.  Under  the  equal  changes  of  recovery  degree  and

cell  number  on  nano-grooves,  HFF  cells  produced  the  both  declined  impedance  signals,  because  of  the
elongation,  while,  HaCaT  cells  created  the  same  and  deduced  NI  variation  rates,  due  to the unchanged
morphology  and aggregation  growth,  respectively.  Our work  provides  a  useful  approach  for  the  clini-
cal  monitoring  of skin  wound  healing  in  a real-time  and  label-free  manner,  potentially  promoting  the
development  of  regenerative  medicine.

©  2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Skin is an important protective barrier for various tissues and
rgans in the body that ultimately blocks foreign bodies and
athogens from entering. Skin further prevents the loss of body
uids and helps in the regulation of body temperature. Once a skin
ound is generated, the dermal fibroblasts and the keratinocytes
igrate to the wound and proliferate for a quick healing [1,2]. Dur-

ng this process, fibroblasts produce a large amount of collagen and
ften arrange disorderly, leading to the inevitable formation of scar
issue [3–5]. As a consequence, it is crucial to search the ways of
ccelerating wound healing while avoiding scar formation, as well
s a method to monitor this process.

In recent decades, cell behaviors during wound healing have

een investigated, however, most of them were performed on two-
imensional (2D) topographies, offering the advantages of easy
peration and low cost [6,7]. However, these methods exhibit

∗ Corresponding author.
E-mail address: fzhang@chem.ecnu.edu.cn (F. Zhang).

ttp://dx.doi.org/10.1016/j.snb.2017.04.183
925-4005/© 2017 Elsevier B.V. All rights reserved.
significant limitations mostly due to the differences from the envi-
ronments in vivo. The extracellular matrix in the human body
contains of various nano-scaled three-dimensional (3D) structures,
which affect a series of cell behaviors [8–10]. Compared to 2D
topographies, 3D topographies especially in nano-scale, may simu-
late the natural environment in the human body [11]. They have an
obvious “contact guidance” phenomenon, in which cells could ori-
entate along the nanostructures [12,13]. Furthermore, they could
control and induce the directions and speeds of cell migration and
proliferation [14–16], which plays an important role in the pro-
cess of wound healing. An increasing amount of research groups
have focused on the investigation of cell behaviors on various
3D topographies [17], in which fluorescence microscopy, scanning
electron microscopy (SEM) and atomic force microscopy (AFM) are
commonly used [18,19]. However, these methods usually involve
complicated preparative steps and are often destructive to cells.
More importantly, these methods rely on endpoint determination

and may  not provide dynamic information.

To overcome these limitations, electrical cell-substrate
impedance sensing (ECIS) has gained increasing attention,
since it can real-time monitor the cell behaviors non-invasively

dx.doi.org/10.1016/j.snb.2017.04.183
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2017.04.183&domain=pdf
mailto:fzhang@chem.ecnu.edu.cn
dx.doi.org/10.1016/j.snb.2017.04.183
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nd quantitatively [20–24]. Giaever and Keese pioneered the
ulture of mammalian fibroblasts on a small gold electrode [25].

hen the cells attached and spread on the electrode, the current
as physically impeded, resulting in an increase of impedance.

ince then, cell parameters, including cell state, cell number and
ell viability, have been characterized by ECIS in the study of
ell attachment [26], cell proliferation [26–28], cell migration
29,30] and cell cytotoxicity [31,32]. However, ECIS monitoring has

ostly been performed on 2D topographies, with few literature
ources reporting impedance measurements on 3D topographies
n nano-scales.

In this study, ECIS was first used to monitor the process
f skin wound healing on nano-grooves topography, in which
he migration and proliferation of fibroblasts (HFF cells) and
eratinocytes (HaCaT cells) were investigated. Meanwhile, the cor-
elations between impedance responses and cell behaviors were
stablished with the assistance of microscopic analysis. Our work
ffers a convenient method to study the cell behavior on nano-
caled topographies, potentially promoting the development of
linical wound healing research with the purpose of accelerating
kin recovery with minimal scar formation.

. Materials and methods

.1. Materials and reagents

Polytetrafluoroethylene (PTFE) was provided by Shanghai
lastics Research Institute (China). Polydimethylsiloxane (PDMS,
ylgard 184) was purchased from Dow Corning (Shanghai, China).
t gauze was provided by Wuhan Gaoss Union Technology
o. Ltd., (China). Dulbecco’s modified eagle’s medium (DMEM),
inimum essential medium (MEM), fetal bovine serum (FBS), peni-

illin/streptomycin (P/S), trypsin/EDTA solution, and trypan blue
olution were purchased from Gibco (Shanghai, China). Glutamax,
on-essential amino acids (NEAA), sodium pyruvate solution, and
BS tablets were obtained from Invitrogen (Shanghai, China). The
olutions were prepared with deionized water (DI, 18.2 M� cm−1).

.2. Fabrication of nano-grooves topography

Nanoimprint lithography was used to produce nano-groove
opography on a clean and dried glass substrate (Fig. S1). Electron
eam evaporation was employed to coat a gold layer with 90 nm

n thickness and a 10 nm titanium layer was also deposited as an
dhesion layer between the glass slide and the gold layer. After-
ards, PMMA  (polymethyl methacrylate) and nanoimprint resist

TU-7 35) were successively spin-coated on the gold substrate.
hen, the nano-imprint template with 200 nm in width, 200 nm

n spacing and 110 nm in depth (Beijing Huidexin Technology Co.
td, China), was imprinted in the resist layer using a high precision
ano-imprinting machine, obtaining the transferred patterns. The
esidual resist layer and the underneath gold layer were removed
y reactive ion etching (RIE) and inductively coupled plasma etch-

ng, respectively, followed by the removal of the remaining resist
y RIE. Finally, the desired nano-grooves pattern was obtained on

 gold substrate.

.3. ECIS device assembly

The ECIS device was specially designed to facilitate simultane-
us cell impedance monitoring and microscopic analysis (Fig. 1).
olytetrafluoroethylene (PTFE) was selected as the material in the

anufacturing process of the cell culture chamber and baseboard

ue to its non-toxicity. The nano-grooves substrate with conductiv-
ty and transparence was used as working electrode (WE) with flat
old electrode as control. Pt gauze with large area was employed
Fig. 1. Schematic representation of ECIS device configuration in the side view. The
device consists of nano-grooves electrode (WE), Pt gauze (RE/CE), cell chamber,
baseboard, lid and sealing ring.

as counter electrode (CE) and reference electrode (RE), because of
its favorable stability characteristics. The area of CE/RE and WE is
7.06 cm2 and 0.28 cm2, respectively, and their ratio of 25 indicated
that the impedance changes were mainly caused by the working
electrode, which could improve the sensitivity of measurement. To
increase the tightness of device, a sealing ring made by PDMS was
placed between PTFE and the working electrode. All these parts
were assembled and tightened by screws.

Before cell seeding, all the parts of device were cleaned ultrason-
ically with ethyl alcohol and deionized water for 15 min, followed
by the sterilization at 120 ◦C for 20 min  and the treatment of ultra-
violet light for 1 h.

2.4. Cell cultures

Human foreskin fibroblasts (HFF, Stem Cell Bank, Chinese
Academy of Sciences) were cultured in DMEM supplemented with
10% FBS, 1% (P/S), 1% glutamax, 1% NEAA and 1% sodium pyruvate
solution (100 mM).  Human Immortal Keratinocyte Cells (HaCaT,
Shanghai Bogoo Biotech Co. Ltd., China) were cultured in MEM
containing 10% FBS and 1% P/S. The cells were cultured in an
incubator (NuAire, USA) at 37 ◦C and 5% CO2 and detached with
0.25% trypsin/EDTA at 80% confluence, followed by centrifugation
(1000 rpm, 5 min) and resuspension. After staining with trypan blue
and counting, the cells were seeded in the sterilized ECIS device.

2.5. Real-time impedance monitoring

In the cell migration assay, a piece of PDMS was  put on the nano-
grooves to isolate a thin rectangular area in an effort to simulate
a wound before cell seeding [13]. HFF cells and HaCaT cells were
seeded with a density of 40,000 cell/cm2 that ensured confluence
the following day. As the cells reached confluence, PDMS was took
out, and the impedance was  then measured within 48 h from 1 Hz to
100 kHz [33] with a signal amplitude of 10 mV using electrochem-
ical station IGS4030 (Guangzhou Ingsens Sensor Technology Co.,
LTD., China). Every 12 h, the impedance signals were recorded. In
order to obtain cell proliferation information, HFF and HaCaT cells
were cultivated on nano-grooves with a density of 8000 cells/cm2

for 5 days and the impedance was measured every day. In order
to eliminate the influence of the medium on the impedance of
the system, the culture medium was  changed before impedance
detection.

2.6. Microscopic analysis
An inverted fluorescence microscope (Olympus IX51, Japan)
with a CCD camera was used for cell observation and images cap-
ture following impedance determination. In the migration assay,
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fter the removal of PDMS, cell images were captured every 12 h
nd this process continued for 48 h. For each moment, three images
ere recorded at least to calculate the mean value of the wound

ength. In the proliferation assay, the cells at 10 different parts of
he working electrode were photographed every 24 h during 5 days
nd the cell number was calculated by counting the cells in the
mages with the expression of the mean value.

. Results and discussion

.1. Characterization of nano-grooves

The nano-grooves composed of alternating lines of grooves and
idges. The dimensions of the nano-grooves were characterized by
canning electron microscopy (SEM) and atomic force microscopy
AFM, Fig. S2), illustrating that the depth of the nano-grooves was
pproximately 75 nm and the widths of both grooves and ridges
ere approximately 200 nm.

.2. Cell orientation on the nano-grooves topography

The ultimate goal of skin wound healing in clinical research is
he recovery at a high rate without production of scars, in which
kin fibroblasts and keratinocytes are the most significant func-
ional cells. Thus, HFF and HaCaT cells were cultivated on the
ano-grooves. As shown in Fig. 2A and B, HFF cells could be aligned
long the nano-topography, while no change on HaCaT could be
bserved. In order to analyze the alignment quantitatively, the

egree and the direction of cell elongation were evaluated based on
he images captured on the 2nd day of culture, which were selected
ccording to the cell selection principles [34,35]: The cells under-
ounted must be more than 300 and there is no contact between

ig. 2. HFF cells (A) and HaCaT cells (B) cultivated on nano-grooves electrodes at a densit
ata  of alignment angle � (D) and E value (E) for HFF cells on nano-grooves.
rs B 250 (2017) 461–468 463

cells. Fig. 2C demonstrates that each cell is outlined manually by
Photoshop and fitted to ellipse by Image J for the further analy-
sis. The degree of elongation (E) is defined by the ratio of length
and width of the cell, represented by the long and short axes of
the ellipse, respectively. If E > 4, the cell is regarded to be elongated
[35]. The direction of the elongation (�) is expressed by the angle
between long axis of the cell and nano-grooves. If � < 10◦, the cell
is considered to be aligned along the nano-grooves [34]. The sta-
tistical data (Fig. 2D) clearly shows that 90.61% of the cells exhibit
� < 10◦ and 8.84% of the cells feature 10◦ < � < 20◦. On the other hand,
there are 92.27% of cells with E > 4 and 4.97% with 3 < E < 4 (Fig. 2E).
These results demonstrate that HFF cells have an excellent elon-
gation and alignment performance along the nano-grooves, due to
the contact guidance. It has already been reported that fibroblasts
could secrete collagen during the healing process in the inflamma-
tory response phase [36], which are always in chaotic arrangement,
leading to the formation of scar tissue [3,4]. While, cell alignment
may  contribute to the ordered arrangement of collagen, thus reduc-
ing the formation of scars to some degree.

3.3. Cell migration assay

The wound healing process mainly involves the migration and
proliferation of fibroblasts and keratinocytes [2]. The combination
effect of these two  cell types enables the wound to heal in time.
Therefore, studying the contributions of migration and prolifera-
tion respectively for wound healing is highly relevant.

In the cell migration assay, ECIS was employed to monitor the

respective impedance responses of HFF and HaCaT cells on the
nano-grooves during the recovery of a wound. From Fig. 3A and B,
it can be observed that the impedance increased continuously with
time for the two  cell types within 48 h. It is well known that ECIS is

y of 8000 cells/cm2, schematic representation of cell parameters (C), and statistical
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Fig. 3. Bode plot for the migration of HFF cells 

 frequency-dependent method. In order to improve the monitor-
ng sensitivity, 977 Hz and 1465 Hz were selected as characteristic
requencies for HFF and HaCaT cells, at which the corresponding
mpedance differed the most. In order to allow for a more uniform
omparison of impedance between the electrodes and between
xperiments, the impedance with cells at each point was  normal-
zed by the initial impedance of culture medium without cells,
btaining the normalized impedance (NI) [31]:

I =
Zcell − Zcell−free

Zcell−free
, (1)

here Zcell and Zcell-free represent the impedance of the system with
nd without cells in the device at the same conditions, respectively.

Fig. 4A shows the NI value changes of HFF cells in the migra-
ion process during wound healing on the nano-grooves and flat
lectrodes as control. With the prolongation of migration time, NI
alue increases from 0 to 0.0554 on the nano-grooves electrode
nd from 0 to 0.1145 on the flat electrode, indicating that HFF cells
n the nano-grooves electrodes produce smaller impedance signal
ith declined increasing speed, compared to flat electrodes. For
aCaT cells, the NI values change from 0 to 0.0490 and 0.0377 on

he nano-grooves and flat electrodes, respectively (Fig. 4B), which
hows that the impedance response of HaCaT cells is stronger on
he nano-grooves with the improved increasing rate.

The impedance signals and their variation reflects the heal-
ng degree. Thus, it is very important to establish the correlations
etween these two variables for a broader application of ECIS in
linical settings without the observation, the wound was imaged
fter impedance determination. Fig. S3 illustrates that after the
ound formation, HFF cells migrate to the wound and are nearly

onverged at 48 h on both electrodes even with the different ini-
ial wound gap. Similarly, the migration of HaCaT cells in 48 h
auses the almost confluence, although the nano-grooves electrode
xhibits a larger initial uncovered area than the flat electrode. In
etail, the wound length (L) decreases 3759 �m and 2666 �m on
he nano-grooves and flat electrode, respectively, attributed by the

igration of HFF cells (Fig. 4C). The results present an increase in
igration speed, due to the elongation and alignment of fibrob-

asts along the nano-grooves electrodes. In parallel, HaCaT cells
igrate 3411 �m and 2190 �m on the nano-grooves and flat elec-

rode, respectively (Fig. 4D), indicating that the nano-grooves could

lso accelerate the migration of keratinocytes, even with no effect
n the cell morphology. Therefore, it can be concluded that the
ano-grooves topography may  indeed improve the performance
f cell migration. Based on these data, the degree of wound heal-
d HaCaT cells (B) within 48 h on nano-grooves.

ing, represented by the recovery degree (R)% could be calculated as
follows:

R(%) = (L0 − Lt)/L0 (2)

where L0 is the initial length of wound and Lt is the length at a
determination moment [37].

As indicated in Fig. 4E and F, there is a good linear cor-
relation between the NI value and the recovery degree for
both HFF and HaCaT cells, irrespective of the electrode type
(flat or nano-grooves). The correlations for HFF cells could
be expressed as NI = 5.51 × 10−4 × R(%) + 5.52 × 10−4 with linear
regression coefficient R = 0.999 on the nano-grooves electrode,
and NI = 1.18 × 10−3 × R(%) − 9.01 × 10−4 with linear regression
coefficient R = 0.996 on the flat electrode. For HaCaT cells, the
NI value is correlated with the recovery degree using the
equations of NI = 5.10 × 10−4 × R(%) + 3.07 × 10−4 with a linear
regression coefficient R = 0.998 on the nano-grooves electrode
and NI = 5.20 × 10−4 × R (%) − 1.83 × 10−4 with a linear regression
coefficient of R = 0.999 on the flat electrode. Derived from these
quantitative correlations, as the wound healed at the same per-
centage, the NI value of HFF cells changes more slowly on the
nano-grooves than the flat electrode, while, HaCaT cells display the
almost same variation of the NI value on both electrodes. Hypothe-
ses are that HFF cells are elongated by the nano-grooves, thus
covering a smaller area compared to the flat surface upon healing
the wound at the same percentage, while, no influence on HaCaT
cell morphology by the nano-grooves generate the equal covered
areas. However, it is worth noting that wound healing at the same
percentage on the nano-grooves takes less time in this context. Con-
sequently, the NI value may  reflect the wound healing degree to
some extent.

3.4. Cell proliferation assay

In addition to cell migration, proliferation is another signifi-
cant factor in skin wound healing. The behaviors of HFF  cells and
HaCaT cells in the proliferation process were determined by ECIS in
5 days on the nano-grooves electrode with a flat electrode as con-
trol (Fig. 5). Fig. 6A shows the NI values of HFF cells at 977 Hz, caused
by the cell proliferation during the wound healing on nano-grooves
and flat electrodes with the increment of 0.1967 and 0.2396, respec-

tively. The trend of NI increase on the two electrode types is
basically the same: fast increase in the beginning while consistently
slowing down thereafter. But, the NI value of the nano-grooves
electrode grows more slowly than that of the flat electrode, ulti-
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Fig. 4. NI curves in the migration assay within 48 h for HFF cells at 977 Hz (A) and HaCaT cells at 1465 Hz (B), variation of wound length over time for HFF  cells (C) and HaCaT
cells  (D), and linear correlation between NI value and recovery degree for HFF cells (E) and HaCaT cells (F) on the nano-grooves and flat electrodes.

Fig. 5. Bode plot for the proliferation of HFF cells (A) and HaCaT cells (B) within 5 days on nano-grooves.
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ig. 6. NI curves in the proliferation assay within 5 days for HFF cells at 977 Hz (A)
aCaT  cells (D), and linear correlation between normalized impedance and cell num

ately resulting in a lower final NI value. For HaCaT cells, the NI
alues increase over time on both electrodes. However, the overall
rowth rate on the nano-grooves is much smaller, compared to the
at electrode (Fig. 6B).

From the photographs taken after the impedance measure-
ents (Fig. S4), it could be observed that the number of both HFF

nd HaCaT cells increases with the proceeding of cell prolifera-
ion on both nano-grooves and flat electrodes. The statistical data
n Fig. 6C show that the number of HFF cells on nano-grooves is
maller over 5 days. However, from Day 1 to Day 3, cell proliferate
n lower rate, while, in the later 2 days, cell number increases faster
n comparison with that on flat electrode. As mentioned above, HFF
ells could be elongated and aligned along the nano-grooves, thus
eading to the aligned cell division. Meanwhile, the division in the

ther directions is deduced to be limited. Consequently, in the first

 days, cell proliferation along the nano-grooves would cause the
arlier appearance of “contact inhibition” effect compared to that
n flat electrodes, resulting in the declined cell growth rate. Dur-
aCaT cells at 1465 Hz (B), variation of cell number over time for HFF cells (C) and
or HFF cells (E) and HaCaT cells (F) on nano-grooves and flat electrodes.

ing the later period, in spite of the contact inhibition along the
nano-grooves, there are still relatively many uncovered areas for
cell proliferation, thus the increasing rate of cell number is not
reduced too much. While, the cells on the flat surface would be
divided in random directions, leading to a faster increasing num-
ber. Once the contact inhibition occurs, the cell would proliferate
in a much declined rate. HaCaT cells exhibit the similar variation
trends (Fig. 6D), but with much more obvious distinction between
the two types of surface, most likely because the nano-grooves
are not suitable for HaCaT cell growth. The results obtained sug-
gest that the proliferation of both HFF and HaCaT cells are reduced
on the nano-grooves electrode. It is known that HFF cells secret-
ing collagen are the main cell type to cause scarring. The slowed
HFF cell proliferation could bring about the reduction of collagen,

avoiding an excessive accumulation around the wound site. There-
fore, the nano-grooves topography exhibits a positive effect on the
reduction of scar tissue.
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Fig. 6E and F highlights the correlations between NI val-
es and the cell numbers in the proliferation process. The
ood linearity of HFF cells could be presented by equa-
ions of NI = 2.79 × 10−5 × N(cells) + 1.42 × 10−3 with a linear
egression coefficient of R = 0.998 on the nano-grooves elec-
rode and NI = 3.18 × 10−5 × N(cells) − 1.18 × 10−2 with a linear
egression coefficient of R = 0.992 on the flat electrode. For
aCaT cells, the linear correlations could be expressed as
I = 4.49 × 10−6 × N(cells) + 5.51 × 10−2 with a linear regression

oefficient of R = 0.999 on the nano-grooves electrode and
I = 6.35 × 10−6 × N(cells) + 3.99 × 10−2, with a linear regression

oefficient of R = 0.996 on the flat electrode. The relatively smaller
lope on the nano-grooves could indicate the less increment of NI
alue under the same change of cell number, since the elongated
FF cells and the clustered HaCaT cells probably both occupy a

maller area, compared to the cells with normal morphology on the
at surface. These correlations show that the impedance response
ould represent the cell number to a certain degree. As such, it is
ossible to extend the impedance monitoring into the field of clinic
esearch.

. Conclusions

In this study, electric cell-substrate impedance sensing (ECIS)
as used for the first time to monitor the process of skin wound

ealing on the nano-grooves topography with dimensions of 75 nm
n depth and 200 nm in width, simulating the internal ECM. HFF
nd HaCaT cells, belonging to the fibroblasts and keratinocytes,
espectively, participate mainly in skin wound healing, were cul-
ivated on the nano-grooves electrodes, and HFF cells are found
o be elongated and aligned along the nano-grooves. Skin wound
ealing includes cell migration and cell proliferation. In the former
rocess, NI values of HFF and HaCaT cells at their characteristic

requency of 977 Hz and 1465 Hz, respectively, increase with the
rolongation of migration time during 48 h. However, HFF cells on
he nano-grooves generate a greater NI value variation than the
at electrode, while HaCaT cells show an opposite trend. With the
ssistance of microscopic analysis, indicating that nano-grooves
lectrodes could accelerate the speed of two cell types, NI values
ere correlated with recovery degree linearly. The results obtained

how that at the same healing percentages, the nano-grooves elec-
rode caused less NI value change for HFF cells, probably due to the
longated morphology on the nano-grooves. While for HaCaT cells,
he NI value changes are almost identical, since there is most likely
o difference in the cell morphology between the nano-grooves
nd flat electrodes. In cell proliferation experiments, the NI values
ithin 5 days for both HFF and HaCaT cells present a sustainable

ncrease over time on the nano-grooves electrodes, however, a
lower increase than on the flat electrodes could be determined.
icroscopic analysis indicates that HFF and HaCaT cells feature a

educed proliferation rate on the nano-grooves electrode. The lin-
ar correlation between the NI value and the cell number could
e established, indicating that the same number increasing of HFF
ells on the nano-grooves induces less NI value change than flat
lectrode. This finding is likely due to the fact that HFF cells were
longated on the nano-grooves, thus occupying a smaller area.
aCaT cells show the same comparison results as well. However,

he reason is that the cells grow in clusters. In summary, the accel-
rated migration and slowed proliferation of HFF and HaCaT cells
n the nano-grooves could contribute to a faster recovery of skin
ound with reduced formation of scar tissue. The establishment
f the correlation between impedance response and cell behaviors
elated to the wound healing shows the significance in the applica-
ions of ECIS to label-free and real-time monitoring of the clinical
kin wound healing process.
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