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A B S T R A C T

Up to today, in vivo studies are the gold standard for testing of new therapeutics for cutaneous wound healing.
Alternative in vitro studies are mostly limited to two-dimensional cell cultures and thus only poorly reflect the
complex physiological wound situation. Here we present a new three-dimensional wound model based on a
reconstructed human epidermis (RHE). We introduce impedance spectroscopy as a time-resolved test method to
determine the efficacy of wound healing non-destructively by focusing on the barrier function of the RHE as a
main feature of intact skin. We assessed the skin barrier quantitatively and qualitatively by calculating the
transepithelial electrical resistance (TEER), by fitting an equivalent circuit and by analyzing the single char-
acteristic frequency. Upon wounding using a 2 mm biopsy punch, the impedance dropped significantly to 3.5%
of the initial value. Impedance spectroscopy thereby proved to be a sensitive tool to distinguish between wounds
of different sizes. The glucose and lactate concentration in the medium revealed an acute stress reaction of the
wounded RHE (wRHE) in the first days after wounding. During monitoring of reepithelialization over fourteen
days, the barrier fully recovered. Microscopy and histology images correlate well with these findings, revealing
an active wound closure mostly completed by day seven after wounding. These wounded epidermal models can
now be applied in therapeutic screenings and with the help of rapid screening by impedance spectroscopy,
expensive and time-consuming imaging and histological methods as well as the use of animal models can be
reduced.

1. Introduction

The reepithelialization step is crucial for wound recovery and for
the human skin to regain functionality (Martin, 1997; Safferling et al.,
2013), but might be impaired or even completely absent such as in the
case of diseases or chronic wounds. Reepithelialization thus remains a
point of focus in clinical research. However, most research in the field
of wound healing is still performed using animal models or conven-
tional 2D cell cultures employing cell lines or primary skin cells. Ty-
pically, reepithelialization is studied in 2D scratch assays, where a cell
free area is generated in a confluent monolayer of keratinocytes, either
by scratching using a pipette tip (Chen et al., 2014; Chmielowiec et al.,
2007; Liang et al., 2007; Liu et al., 2009; Menger et al., 2011), removal
by biopsy punch (Gonzalez-Andrades et al., 2016) or by taking a cy-
linder-shaped place holder during cell seeding, which is removed later
after a confluent cell layer is reached (Liu et al., 2009). Most wound

healing assays focus on the cellular migration as the limiting process
and the closure of the scratch wound is monitored microscopically
during further culture (Stamm et al., 2016). Compared to the situation
in vivo, 2D cell cultures lack functionality such as the distinct high
barrier present in vivo and biological appearance of the human skin,
given by the stratification of the keratinocytes and the formation of a
multilayered model including the strata basale, spinosum, granulosum,
and corneum. As an alternative, human skin equivalents such as re-
constructed human epidermis (RHE) can serve as functional test sys-
tems to study wound healing on a cellular level. RHE reveals all of these
layers and has already been used as a test system in multiple applica-
tions such as risk assessment (Kandárová et al., 2006; Schäfer-Korting
et al., 2008). Moreover, reepithelialization has been investigated in
these models but also in wound healing studies in vitro (Chen et al.,
2014; Deshayes et al., 2018; Egles et al., 2010; Safferling et al., 2013). A
popular technique to generate wounds in 3D RHE is, similar to 2D cell
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culture models, by the positioning of a place holder or spacer in the
middle of the skin equivalent, leaving a circle-shaped hole cell-free
during tissue maturation (Bullock et al., 2007; Deshayes et al., 2018).
Despite the advantage that the thin and easily breaking cell culture
membrane underneath the cells remains unaffected, no actual
wounding takes place. Hence, we suspect activation of keratinocytes to
be different since an actual process of wounding is missing.

Here, we introduce a new in vitro model for epidermal wound
healing (EWH) based on RHE grown on a cell culture membrane.
Following tissue maturation, the RHE models are wounded using a
biopsy punch. Apart from standard analysis techniques such as mon-
itoring of ongoing wound closure in phase contrast and laser scanning
microscopy as well as in histological staining of cross sections, we
present impedance spectroscopy (Groeber et al., 2015) as a sensitive
tool to quantitatively measure the wound closure and the restoration of
the epidermal barrier. With this method, it is now possible to observe
the development of the skin barrier non-destructively for each model
over a culture time of 14 days post wounding.

2. Materials and methods

2.1. Generation of wounded reconstructed human epidermis

For the generation of RHE, human epidermal keratinocytes (hEK)
were isolated from foreskin biopsies obtained from juvenile donors
under informed consent according to ethical approval granted by the
local ethical committee (approval number IGBZSF-2012-078) and the
written confirmed consent of their guardians. Following the isolation of
keratinocytes according to a previously described process (Groeber
et al., 2016), cells were cultured in EpiLife® medium supplemented with
Human Keratinocyte Growth Supplements and 1% penicillin/strepto-
mycin (all from Life Technologies, Germany) in a humidified incubator
at 37 °C and 5% CO2 up to passage two. RHE models were generated
according to the open source method described by Groeber et al.,
(2016). In brief, hEK were detached, suspended in EpiLife® medium
supplemented with Human Keratinocyte Growth Supplement, 1% pe-
nicillin/streptomycin and 1.44 mM calcium chloride (Sigma-Aldrich,
Germany), and seeded on 12-well transwell inserts (0.4 μm pore size;
Greiner Bio-One GmbH, Germany) at a total cell count of 5 × 105 hEK
per insert. After 24 h culture at submerged conditions, the RHE cultures
were shifted to air-lift culture and the cell culture medium was ex-
changed to EpiLife® air-liquid-interface medium additionally supple-
mented with 73 μg/ml L-ascorbic acid 2-phosphate and 10 ng/ml ker-
atinocyte growth factor (both from Sigma-Aldrich, Germany). RHE
models were cultured for 14 days and medium was changed three times
a week. On day 14, RHEs were injured locally in the center of the insert
without destroying the cell culture membrane using dermal biopsy
punches with diameters between 2 and 8 mm (pfm medical ag, Ger-
many). For detaching the wounded area, the models were incubated on
0.05% Trypsin/EDTA (Life Technologies, Germany) for 2.5 min and
washed thoroughly with fetal calf serum (Biochrom, Germany) and
EpiLife® medium. The resulting wounded reconstructed human epi-
dermis (wRHE) models were kept in culture for another 14 days with
medium renewed three times a week.

2.2. Impedance spectroscopy and analysis

For impedance spectroscopy measurement, RHEs and wRHEs were
positioned between a working (1.04 cm2 surface area) and a counter
(4.52 cm2) electrode in a custom-made measuring system with stainless
steel or nanostructured titanium nitride (TiN) electrodes previously
described (Groeber et al., 2015; Schmitz et al., 2018). To achieve
electrical coupling between the tissue and the electrodes, the inner and
outer compartments were filled with EpiLife® medium supplemented
with 1% penicillin/streptomycin and 1.44 mM calcium chloride. Im-
pedance was measured with the impedance spectrometer LCR

HiTESTER 3522–50 (HIOKI E.E. Corporation, Japan) in a frequency
range from 1 Hz to 100 kHz with 40 sampling points logarithmically
distributed over the spectrum by applying a sinusoidal alternating
current perturbation signal with 0.2 V limited to 3 mA. The measure-
ment was operated with a custom-made LabVIEW user interface (Na-
tional Instruments, USA). Impedance measurements were performed on
day 14 of RHE culture before wounding as well as directly after
wounding, and repeated on day 1, 3, 7, 10, and 14 after wounding.
Impedance data was analyzed following three different approaches.
First, the TEER1000 Hz (in Ωcm2) was calculated by linear regression of
the impedance spectrum after clearing out the blank spectrum for an
empty cell culture membrane without RHE and subsequent multi-
plication of the impedance Z (in Ω) at 1000 Hz by the culture area of the
RHE (1.13 cm2). Second, an equivalent circuit modeling the biological
system was fitted employing a complex non-linear least squares algo-
rithm in MATLAB (MathWorks, USA). In doing so, the tissue's resistance
RRHE (in Ω) and capacitance CRHE (in μF) were obtained (Groeber et al.,
2015). Third, a single characteristic frequency fc,s (in Hz) was calcu-
lated according to White et al., only in our case at the maximum dif-
ference of the measured amplitude ΔA of the impedance or the max-
imum difference of the measured absolute impedance ΔZ and the
corresponding spectrum of the blank measurement (White et al., 2013).
The computed fc,s was compared for RHE and wRHE with different
wound sizes as well as for both electrode materials applied in this study.

2.3. Imaging of wound area and reepithelialization

The quality of the generated wounds and the subsequent re-
epithelialization of the wound area was monitored employing phase-
contrast microscopy. Cultures of wRHE were put in a sterile petri dish
and photos of the wound area were taken directly after wounding and
on the following days until wound closure, using a 4-fold objective with
matching phase filter at the EVOS® XL Core (Life Technologies,
Germany). Wound area, the mean Feret diameter, roundness and cir-
cularity of the wound were determined with NIH ImageJ software
(National Institute of Health, USA), whereby wound perimeters were
encircled with the freehand selection tool. Surface topography scanning
of the wRHE in micrometer range was performed with VK-X210 3D
Laser Microscope (Keyence Corporation, Japan) enabling three-di-
mensional optical and geometrical analysis. Pictures were taken with a
violet laser of 408 nm wavelength and an objective lens with 20x
magnification. Image analysis was performed using the VKX100/200
Analyzer Software (Keyence Corporation, Japan). Geometrical analysis
enabled measurement of 3D parameters such the wound volume that
cannot be assessed using 2D phase-contrast microscopy.

2.4. Measurement of glucose and lactate concentration as well as lactate
dehydrogenase liberation in cell culture medium

Additionally, glucose and lactate concentrations of RHE and wRHE
media were measured to reveal possible influences of wounding and
wound closure on glucose consumption and lactate production. Besides,
lactate dehydrogenase (LDH) liberation was determined as a marker for
cell degradation. For collecting supernatants of wRHE and RHE, models
were exposed to 1 ml fresh cell culture medium for 24 h. Medium
samples were taken directly before wounding (d0), as well as on day 1
(24 h after wounding), 3, 7, 10, and 14 after injury. LDH liberation,
glucose and lactate concentrations were measured using the Cedex Bio
Analyzer (Roche Diagnostics GmbH, Germany). By subtracting the
measured glucose concentrations from the medium baseline con-
centration (6.44 mM), the glucose consumption (in mM for 24 h) was
calculated. To elucidate the rate of glucose consumption compared to
lactate production, the lactate concentration (in mM for 24 h) was
subtracted from the obtained glucose consumption.
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2.5. Histological staining and immunofluorescence

At multiple time points during culture, wRHE models were fixed in
Roti Histofix® (Carl Roth GmbH, Germany) and embedded in paraffin
before cutting 3 μm cross sections for histological staining. Hematoxylin
& eosin (H&E; Morphisto, Germany) staining allowed for assessment of
the general morphological architecture on bright-field images, obtained
by a KEYENCE BZ 9000 microscope (Keyence Corporation, Japan).
Three consecutive images were taken to generate a merged overview
image of the whole wound region, showing approximately 25% sur-
rounding tissue at the wound margin, and 75% wound area. For im-
munofluorescence staining tissue sections were hydrated. In case of
primary antibodies E-cadherin and claudin-1, the sections were sub-
jected to antigen retrieval in citrate buffer at pH 6 and 100 °C for
25 min. Unspecific binding sites were blocked with 5% donkey serum
(Life Technologies, Germany) for 20 min. The primary antibody solu-
tions (keratin 10 (K10), 1:100 (Abcam, United Kingdom); keratin 14
(K14), 1:1000 (Sigma-Aldrich, Germany); keratin 17 (K17), 1:500
(Abcam, United Kingdom); E-cadherin, 1:100 (BD Biosciences, United
States of America); claudin-1, 1:600 (Life Technologies, Germany))
were applied and incubated for 16 h at 4 °C, followed by the incubation
of the secondary antibody solutions coupled with Alexa Fluor® 647 or
Alexa Fluor® 488 (donkey anti rabbit or donkey anti mouse; all from
Life Technologies, Germany) for 60 min at room temperature. After
washing, the cell nuclei were counterstained with 4’,6-diamidino-2-
phenylindole (DAPI) in Fluoromount-G DAPI mounting medium (Life
Technologies, Germany) and fluorescence images were taken em-
ploying the KEYENCE BZ 9000 microscope.

2.6. Statistical analysis

All impedance data was tested for normality using the Shapiro-Wilk
test. If normality was proven, one-way or two-way ANOVA employing
Dunnett's, Tukey's or Sidak's multiple comparisons test was performed
for analysis of quantitative data, whereby a p-value < 0.05 was con-
sidered significant. Depending on the experiment, statistics were either
calculated comparing the states directly before or after wounding, or
between the different data sets. The data shows mean values for 4 to 50
technical replicates of three independent test runs (3 donors), if not
stated differently. Repeatability between technical replicates and in-
dependent test runs is depicted as standard deviation. The specific
statistical test for each analysis is stated in the respective figure

captions. Statistics were computed in GraphPad PRISM 6 software
(GraphPad Software Inc., USA).

3. Results

3.1. Standardized wounds can be generated in reconstructed human
epidermis using a biopsy punch

After fourteen days of tissue maturation at the air-liquid interface,
RHEs were injured locally using dermal punches of varying diameters
and kept in culture for another two weeks (Fig. 1 A). To quantify the
repeatability of the process, images of the resulting wounds were taken
with phase-contrast microscopy and subjected to image analysis (Fig. 1
B).

Fig. 1 C depicts the results for 50 wounds generated with the 2 mm
dermal punch (theoretical wound area 3.14 mm2), showing consistent
values for all wounds with a mean wound area of 3.41 mm2 and
2.15 mm Feret diameter, a measure for the distance between two par-
allel lines tangential to the wound area. Additionally, mean circularity
and roundness of 0.98 and 0.95 were calculated according to equations
(1) and (2). Between all generated wounds only little derivations can be
observed resulting in standard deviations of 0.162 for the area, 0.059
for the Feret diameter, 0.018 for circularity, and 0.029 for roundness.

=circularity wound area
wound perimeter

4
2 1

=roundness wound area
Feret diameter
4

2 2

3.2. Increasing wound diameters can be detected via impedance
spectroscopy

To test, whether impedance spectroscopy is sensitive enough to
detect tissue defects of different sizes in RHE, wounds were generated
with increasing diameters. Starting with 2 mm (2.8% of total culture
area), then 3 mm (6.3%), followed by 4 mm (11.1%), 5 mm (17.4%),
6 mm (25.0%), and finally 8 mm, the wound size was increased up to
44.4% of the culture area. Impedance was measured directly before
wounding and after each wounding step. After subtraction of the
measured values for an empty cell culture membrane, the TEER1000 Hz

in kΩcm2 was calculated that showed to be a predictive value to three

Fig. 1. Generation and culture of standar-
dized wounded reconstructed human epi-
dermis.
A: Scheme for generating and culture of
wounded reconstructed human epidermis
(wRHE). Models were wounded on day 14
of culture using a dermal punch and kept in
culture for monitoring of wound closure for
another 14 days. B: Phase-contrast micro-
scopy image of wound generated with 2 mm
dermal punch. After removal of the tissue
within the wound area only the blank
membrane was left and the wound margin
is visible, allowing analysis of wound geo-
metry. C: Results of geometrical analysis of
50 wounds (2 mm diameter). All para-
meters, wound area, Feret diameter, circu-
larity and roundness, showed robust values
with only small standard deviations
(n = 50; mean values ± SD).
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dimensional tissue constructs (Lotz et al., 2018). Moreover, impedance
spectra were fitted using an equivalent circuit as previously described
(Groeber et al., 2015) and depicted in Fig. 2 A. This analysis resulted in
the RRHE in kΩ, CRHE in μF, and NCRHE (arbitrary unit) allowing detailed
analysis of the models’ resistive and capacitive behavior.

With increasing wound size, the TEER1000 Hz as well as the RRHE
decreased significantly from 7.12 kΩcm2 to 25.24 Ωcm2 (−99.65%)
and 15.28 kΩ to 18.41 Ω (−99.88%), respectively, whereas the highest
declines by −95.72% (TEER1000 Hz) and −98.27% (RRHE) were ob-
served after the first wounding with the 2 mm dermal punch compared
to the impedance levels before wounding (Fig. 2 C and D). CRHE started
at 0.075 μF and only changed little (+0.19 μF) with the 2–5 mm lesions
(Fig. 2 E). The enlarging of the wound diameter to 6 and 8 mm resulted
in a significant jump in CRHE to 6.18 and 46.35 μF, respectively. At the
same time, the ideality NCRHE of the capacitance decreased to
0.54, showing a growing non-ideality of the CRHE. All data underlying
the graphs in Fig. 2 is listed in detail in supplementary table 1.

3.3. Phase-contrast and laser scanning microscopy reveal ongoing
reepithelialization over culture time

Wound closure was monitored using 2D phase-contrast microscopy.
Images were taken and showed decreasing mean wound areas over 14
days (Fig. 3 A, D). Although most wounds were fully reepithelialized
within 7 days, we could observe clear variances between the donors
(supplementary figure 6 A). Taking the mean wound area on day 0 of
3.41 mm2 and the average area of 1.79 mm2 on day 3, the re-
epithelialization rate can be calculated according to Laplante et al.,
resulting in 171 μm per day (Laplante et al., 2001).

To get insights on the volume of the lesions, the surface of seven
wounds was scanned over 14 days of culture post wounding via laser
scanning microscopy (Fig. 3 B, C, E). The 3D images confirmed mostly
completed wound healing in one week, whereby the maximum depth of

the wound, noted at the front edge of the 3D images in Fig. 3 C, con-
tinued to decrease remarkably from day 0 to day 7, reaching the un-
wounded level (yellow color code) on day 7 after wounding. This de-
velopment was concomitant with the decreasing wound area and
wound volume calculated from the 3D images (Fig. 3 E). Nevertheless,
the wound margin was still visible (red circle), as an elevated area after
full wound closure on day 14 (Fig. 3 C).

3.4. Histological analysis shows progress of reepithelialization

The images of cross sections of wRHEs through the wound centers
showed the ongoing wound closure with culture time after wounding
(Fig. 4). Directly after wounding the wound edge was clearly visible
while only the stratum corneum showed the original cutting edge
within the following days. Most wounds were fully closed between day
3 and 7 after wounding with one or more cell layers in the wound
center. Starting from the wound edges, keratinocytes began to differ-
entiate within the wound, forming the characteristic epidermal layers
proven with immunofluorescence staining for basal keratinocyte
marker keratin 14 (K14) in combination with the differentiation marker
keratin 10 (K10). Positive staining for keratin 17 (K17), a marker for
activated, migrating hEK (Freedberg et al., 2001; McGowan and
Coulombe, 1998; Paladini et al., 1996) showed up at the wound edges
between day 0 and 3 after wounding and disappeared during further
culture. In addition to the shown images, Supplementary Figs. 3 and 4
present the absence of positive staining offside the wound and
staining for cell-cell-adhesion (E-cadherin) and tight-junctions markers
(claudin-1).

3.5. Wounding and ongoing reepithelization influence metabolic activity of
keratinocytes

The relation between glucose consumption and lactate liberation

Fig. 2. Impedance spectroscopy allows detection of different wound sizes.A: The equivalent circuit used to fit the measured impedance spectra of the reconstructed
human epidermis (RHE) models. B: List of different wound diameters and the consequent wound sizes. C–F show the results for transepithelial electrical resistances
TEER1000 Hz (C), fitted resistances RRHE (D) and capacitances CRHE (E) with ideality NCRHE (F) of reconstructed human epidermis wounded repeatedly with dermal
punches with increasing diameters. Data shown in comparison to levels measured directly before wounding. TEER1000 Hz and RRHE dropped significantly following
injury and decreased further with increasing wound diameter. CRHE was only altered slightly by wound sizes of 2–5 mm, but increased significantly with 6–8 mm
wound diameter with growing non-ideality of the capacity (n = 9; mean values ± SD; One-way ANOVA with Tukey's multiple comparisons test, *p < 0.05).
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Fig. 3. Wound closure can be observed in
phase-contrast and laser scanning micro-
scopy.
A: Exemplary phase-contrast microscopy
images of wound region for wounded epi-
dermal model over culture time post
wounding. B: Representative laser scans of
the lesion site in wRHE over culture time
after wounding. C: 3D display of the wound
region of wRHE from the day of wounding
until day 14 post wounding. The color code
signifies the depth of the wounds according
to the color scale on the left defined ac-
cording to a reference point on the intact
tissue. D: Mean wound area in percentage of
initial wound size for 21 wounds (3 biolo-
gical and 7 technical replicates) taken from
phase-contrast microscopy images. The
black spots above the chart show mean
wound sizes in mm2. E: 3D laser scanning
microscopy led to mean wound area and
wound volume in percentage of initial le-
sion size for seven wounds. Wound closure
was almost completed between day 7 and
14 after wounding, major progress hap-
pening in the first seven days after injury.
Mean values ± SD. . (For interpretation of
the references to color in this figure legend,
the reader is referred to the Web version of
this article.)

Fig. 4. Histological analysis of wound closure over
time.
Hematoxylin and eosin staining of cross sections
showing the center of wounds with 2 mm diameter
with ingrowing keratinocytes already one day after
wounding. Between day 3 and 7, most wounds were
closed with one or multiple layers of cells.
Immunofluorescence staining of the wound edges
visualizes the differentiation of the keratinocytes
within the wound over culture time in markers for
keratin 10 (K10, red) and keratin 14 (K14, green).
Positive staining for keratin 17 (K17, red) shows
activated keratinocytes at the wound borders. Cell
nuclei are labeled with DAPI. Arrow heads point to
the cutting edges of the wounds, white dashed lines
indicate the cell culture membrane. All scale bars
indicate 100 μm.
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can give information about metabolic activity of cells and, in case of
imbalances, reveal presence of cellular stress caused by e.g. sudden
need of energy-devouring proliferation or migration processes. Under
anaerobic conditions or if suddenly a higher amount of energy-rich ATP
is needed than can be supplied via the glycolysis, the enzyme lactate
dehydrogenase catalyzes the reversible conversion of pyruvate to lactic
acid (Fig. 5 A) to recycle NAD+ via the oxidization of NADH, which is
then available again for the glycolysis (Phypers and Pierce, 2006).

Within the supernatant of RHE and wRHE models, the glucose
consumption and lactate production was determined (see
Supplementary Fig. 5 for data for each donor underlying the graphs in
Fig. 5 B and C, supplementary tables 3-5 list all data underlying Fig. 5 B
and C) and used to calculate the relation between both values by sub-
tracting the lactate production from the glucose consumption (Fig. 5 B).

Starting from the same level before wounding with a mean ratio of
1.5 mM of glucose consumption and lactate production, the wRHE
models produced significantly more lactate than the unwounded RHE
models shifting the ratio to lower values for the wRHE, whereby donor
specific differences could be seen in changes of glucose consumption
and lactate production (see Supplementary Fig. 5). Fig. 5 C depicts the
average LDH levels measured in the cell culture supernatant, showing a
significant increase for wRHE in the first 24 h after wounding. How-
ever, in the following days after wounding, the level of LDH stayed well
beneath the test range of 20 U/l.

3.6. Reepithelialization can be monitored using impedance spectroscopy

Employing impedance spectroscopy, the epidermal barrier was es-
timated for three donors with 7 wRHE models each over a two-week
culture time post injury. Directly after wounding with the 2 mm biopsy
punch, impedance levels decreased significantly for both, TEER1000 Hz

and RRHE, by −97.0% and −99.4%, respectively (Fig. 6A–B).
As seen for the analysis of different wound sizes (Supplementary

Fig. 2), fc,s leaped to higher values around 1145 Hz with the 2 mm le-
sion (Fig. 6 D). With further culture of the wRHE models, the TEER1000
Hz increased again closing at 105.8% of the initial TEER1000 Hz measured
directly before wounding. RRHE remained lower with an average value
of 52.6% of the initial mean value 14 days after wounding (Fig. 6 B). In
the same time, fc,s decreased back to the initial level at 29 Hz, whereby
the strongest decline was measured between day 3 and 7 after
wounding, similar to the progress in TEER1000 Hz and RRHE, whereby
changes from day 0 to day 1 and 3 were already significant. On the
contrary, wounding did not alter the levels of CRHE while comparing
results from directly before and after injury (Fig. 6 C). Here, shifting
towards higher levels of CRHE was detected during the first 7 days after
wounding with peak values on day 7 (0.32 μF ± 0.23, equaling
531.6% of mean CRHE before wounding). Major changes could be ob-
served between day 3 and 7 post injury as it was also the case for
TEER1000 Hz and RRHE. In the second week of culture after wounding,
CRHE dropped again to comparable levels as measured directly before
wounding (110.5% of initial capacitances). Supplementary Fig. 6 re-
veals small differences in the recovery of the epidermal barrier for
wRHE of three different donors. All impedance data are listed in detail
in supplementary tables 6-8.

4. Discussion

RHE models have been widely used as test models for risk assess-
ment and have shown to be a highly predictive alternative to classical
animal models. However, these models have not yet been established
for efficacy testing of pharmaceutical compounds intended to foster
wound healing. Although these models still lack an active immune

Fig. 5. Wounding causes metabolic stress in reconstructed human epidermis. A: Schematic drawing of glucose metabolism depending on the presence of oxygen
according to Phypers and Pierce. In case of aerobic conditions, the intermediate metabolite pyruvate is converted to acetyl CoA and further oxidized in the
tricarboxylic acid cycle (TCA) and the electron transport chain (ETC) to carbon dioxide and water, energy-rich adenosine triphosphate (ATP) and nicotinamide
adenine dinucleotide (NAD+). Under anaerobic conditions or in case of cellular stress, the metabolic balance is shifted towards lactic acid fermentation and glucose is
converted reversibly via the enzyme lactate dehydrogenase (LDH) to lactate and NAD+ (adapted from Phypers and Pierce, 2006). B: Difference of glucose con-
sumption and lactate production of wounded and unwounded models over culture time after wounding. The glucose consumption is computed using the total glucose
concentration of the cell culture medium (6.44 mM) and subtracting the glucose concentration measured at the distinct time point. Wounding results in higher values
for lactate production, causing a significant shift towards lower ratios for wounded models compared to unwounded models in the first days after wounding. C: Levels
of LDH for wounded and unwounded models in cell culture supernatant showing a significant peak in LDH liberation after wounding. Mean values and standard
deviations shown for 3 biological and 4 technical replicates. Significances were calculated using two-way ANOVA with Sidak's multiple comparisons test, *p < 0.05.
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system and a dermal compartment, they provide a unique possibility to
investigate the response of keratinocytes in a highly controlled ex-
perimental setup. Thus, the aim of this study was to establish RHE with
defined wounds that can be employed to investigate reepithelialization.

4.1. Mechanical wounding using biopsy punches generates standardized
wounds in RHE models and elicits metabolic changes within keratinocytes

Following maturation, RHEs were wounded locally using a 2 mm
biopsy punch, which we could first demonstrate to be feasible using
RHE. With a surface area of 3.4 mm2, the wound area is approximately
3% of the total surface of the model. The generated wounds were highly
repeatable and represent a low-cost alternative to other accurate
techniques requiring expensive laboratory infrastructure, such as laser
ablation (Marquardt et al., 2015; Stamm et al., 2016). Histological
staining revealed a good quality of the epidermal architecture and an
intact cell culture membrane. Interestingly, the wound had a direct
effect on the keratinocytes resulting in a beginning healing process al-
ready after 24 h with first cells growing into the wound area in the
histological cross section staining. Cellular activation of cells at the
wound edge is shown by the presence of keratin 17 known to promote
contractility and facilitating migration (Freedberg et al., 2001;
McGowan and Coulombe, 1998; Paladini et al., 1996). Along with the
first days after wounding, the glucose to lactate ratio in the cell culture
medium decreased significantly, indicating an adaption of the kerati-
nocytes’ cell metabolism towards a stress-induced “anaerobic” meta-
bolism. With progressing wound closure, the cellular metabolism re-
turned to values similar to the control group of unwounded RHE around
day 7 after wounding. This could be a sign for less stress-associated
metabolism, since the wounds were mostly completely closed and an
ad-hoc high proliferative and migration action is not needed anymore.
A signal promoting the swift response by the keratinocytes might be
soluble factors such as LDH, for which we could see an increased

concentration directly after wounding. Moreover, a change of the
transepithelial potential as reported by Dubé et al. might be an addi-
tional biophysical cue responsible for the onset of the reepithelializa-
tion (Dube et al., 2010). Since, the wounding of the models seems to
elicit a specific cellular response, we think that a wounding of the
models is critical and that a generation of models with pre-formed holes
is significantly different to an acute wound situation.

4.2. Characterization of wounds using imaging tools and impedance
spectroscopy

The decreasing wound area during reepithelialization was measured
using 2D phase-contrast microscopy and 3D laser scanning imaging.
Using topographical laser scanning microscopy we could determine that
the entire wound area was covered by a monolayer of cells after seven
days and the wound volume decreased to 20% ( ± 16.8%). Although
laser scanning microscopy enabled us to monitor wound closure, no
quantitative data regarding tissue structure or barrier integrity could be
derived, being important parameters for describing tissue functionality.
Hence, we chose impedance spectroscopy as an additional non-invasive
and straightforward measuring technique for quantitative assessment of
the epidermal barrier (Groeber et al., 2015; Lotz et al., 2018). Im-
pedance spectroscopy performed directly before injury first of all en-
sured good quality of our RHE models with TEER1000 Hz between 5 and
12 kΩcm2. As previously demonstrated, RHE on day 14 of culture
shows fully differentiated epidermal layers with high impedance levels.
In the equivalent circuit for fitting of impedance data, these matured
RHE models can be described using one parallel connection of a re-
sistance and a non-ideal capacitance, whereby the ideality of the ca-
pacitor can be a measure of the surface roughness. Low capacitance
levels can be referred to the high capacitor thickness of matured RHEs
(Groeber et al., 2015). Since this technique works non-destructively, the
same RHE models can be measured several times in row, e.g. before and

Fig. 6. Reepithelialization can be monitored non-
invasively using impedance spectroscopy.
Mean results for transepithelial electrical resistance
TEER1000 Hz (A), fitted resistance RRHE (B) and ca-
pacitance CRHE (C) for 7 wounded epidermal models
of three donors. The models were wounded on day
14 of culture and impedance spectroscopy was per-
formed on multiple days during a two-week culture
post injury. All significances show comparisons to
day 0 after wounding. Both, TEER1000 Hz and RRHE
show significant decreases caused by the local lesion
as well as significant increases of impedance levels
over culture time with endpoint levels on day 28 of
culture (day 14 post wounding) similar to the state
before wounding. CRHE resulted in significant in-
creases within the first week of culture after
wounding and decreasing levels during the second
week after wounding. Analysis of the single char-
acteristic frequency fc,s (D) revealed decreasing fre-
quencies over time during reepithelialization, ending
at a level similar to fc,s before wounding, whereby
most changes happened between day 3 and 7 com-
parable to TEER1000 Hz and RRHE. (3 biological and 7
technical replicates, mean value ± SD; one-way
ANOVA with Dunnett's multiple comparisons test,
*p < 0.05).
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after wounding.
To assess if impedance spectroscopy is sensitive enough to detect

local defects in RHEs, we measured impedance levels directly before
and repeatedly after wounding with increasing wound diameters from 2
to 8 mm. TEER1000 Hz and RRHE showed significantly decreasing im-
pedance levels with every enlargement in wound size demonstrating
the high sensitivity to detect even small variances in wound size. The
capacitance did not change significantly for the 2–5 mm wound defects.
By increasing the wound diameter from 5 to 6 and 8 mm, the capaci-
tance increased significantly. With the loss of major parts of the model
for the 8 mm wound defects the total capacitor thickness of the RHE,
behaving reciprocally to the magnitude of the capacitance, decreases
(Groeber et al., 2015). The electrode surfaces are large compared to the
wound size and the total culture area. As major parts of the tissue had
been removed, most of the alternating current signal were short-
circuited via the open wound, which is essentially the cell-free mem-
brane. The highly porous insert membrane in the wound is character-
ized by a high surface roughness, a negligibly low capacitance and only
a small resistance. Since the equivalent circuit applied in our study does
not differ between the wound and the intact tissue, the results of the
capacitance and the ideality represent mean values over the whole in-
sert area, including the rim of the intact model and the wound. In order
to distinguish between the wound and the intact model surrounding it,
the equivalent circuit could be expanded by a resistance Rwound in
parallel to RRHE such as proposed by White et al., (2013).

Besides measuring TEER1000 Hz and RRHE, White et al. introduced a
single characteristic frequency fc,s, indicated, in our case of application,
by the maximum difference between the measured impedance and a
blank reference spectrum. According to White et al., fc,s increases with
the increasing number of pinholes in their model. Similar to these ob-
servations we could see that fc,s also increases with the growing dia-
meter of the wound for both electrode materials. This frequency-de-
pendent behavior of the impedance for wounded skin shows the
importance of not only regarding one TEER value at a frequency of
choice, but analyzing the full impedance and phase angle spectrum, e.g.
by fitting an equivalent circuit. Overall, our results show that im-
pedance spectroscopy is sensitive enough to detect wound defects in
matured RHE cultures.

4.3. Reepithelialization can be monitored non-invasively employing
impedance spectroscopy

Over a time period of fourteen days after wounding, the impedance
of wRHE of three donors was measured repeatedly and the TEER1000 Hz,
RRHE, and CRHE results were compared to the values before and directly
after wounding. Models of all donors increased in impedance values
with most changes happening between day 3 and day 7 after wounding
concurrent to the major progress in wound closure seen in the H&E
staining of cross sections. Two weeks after wounding, impedance levels
were recovered to comparable levels as before wounding. As seen in
H&E staining of cross sections of wRHE models, the wound areas were
fully closed and all the epidermal layers except for the stratum corneum
were of comparable thickness to the intact epidermis surrounding the
wounds. With the development of the lipid-rich stratum corneum in the
wound area, the wRHE models regained in barrier function leading to
the increase in the impedance levels. The single characteristic fre-
quency fc,s went back to low frequencies similar to before wounding,
again with most changes happening between day 3 and 7 after
wounding, but changes already detectable within the first days after
wounding. In contrast to the TEER1000 Hz and the RRHE values, the ca-
pacitance CRHE did not change after wounding and remained constant
until day 3, where, according to phase-contrast microscopy and H&E
images, the wound was still partially open. Seven days after wounding,
the high peak and following decreasing behavior of CRHE until day 14
can be explained by the increasing capacitor thickness. Starting with a
thin monolayer in the center of the lesion on day 7 after wounding, the

growing cell layers in the wound during reepithelialization and the
reciprocal relation between capacitance and capacitor thickness
(Groeber et al., 2015) effect this decreasing capacitance to a final value
similar to the initial capacitance before wounding. The high standard
deviation of the capacitance on day 7 after wounding shows the
non-uniform progress of wound closure for the different models. The
wound is still dominating the progress of the electric field, as the
thinner newly formed epidermis within the wound area is characterized
by a smaller impedance than the surrounding intact tissue. Thus, the
higher capacitance of the thinner tissue is overweighing the otherwise
low capacitance of the intact tissue surrounding the wound. Although
all donors showed proper reepithelialization in all aspects of this study,
wound healing efficacy proved to be donor-dependent in terms of
reepithelialization rate, imbalance of glucose consumption and lactate
production, as well as recovery of the skin barrier.

Non-invasive monitoring of wound closure by electrotechnical
methods for in vitro skin models has been described before for other
electrical parameters. For example, Dubé et al. showed that the trans-
epithelial potential can be used as a quantitative tool to measure wound
closure based on the characteristic endogenous electric field of skin
(Dube et al., 2010). However, their approach required larger model
sizes and wound diameters (6 mm), as the electrode had to be posi-
tioned in the center of the wound. Here, impedance spectroscopy has
decisive advantages. It can be applied for rapid screening of high
numbers of technical replicates without the need for multiple mea-
surement points per model. In addition, the total size of the model as
well as the wound diameter are reduced to a minimum, lowering ex-
perimental costs. The concept of observing wound healing via im-
pedance is not completely new. In the past, in vivo studies using
bioimpedance measurement with adhesive electrodes on e.g. needle
puncture or scratch wounds showed the applicability of impedance to
determine the state of wound healing (Kekonen et al. 2015, 2017;
Solmaz et al., 2016). So far, 2D in vitro studies working with impedance
spectroscopy to analyze wound healing were limited to HaCaT cells
grown directly on electrode surfaces and thus lacking the 3D archi-
tecture of human epidermis (Cui et al., 2017; Mondal et al., 2016). To
our knowledge, this is the first in vitro study on epidermal wound
healing employing 3D reconstructed human epidermis and impedance
spectroscopy as a tool to monitor reepithelialization non-invasively by
focusing on the epidermal barrier as a key function of intact skin.

5. Conclusion

We could establish a novel in vitro wound model for the screening of
different active compounds intended to foster the reepithelialization
process. Moreover, we could demonstrate that impedance spectroscopy
provides a suitable method to monitor the healing process providing
information regarding wound closure, thickness of the formed epithe-
lium and the barrier function of the healing models.
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