Materials Today Bio 25 (2024) 101010

Contents lists available at ScienceDirect =i
materialstoday

_ _ BIO
Materials Today Bio ;

journal homepage: www.journals.elsevier.com/materials-today-bio

materilstoday

ELSEVIER

From static to dynamic: The influence of mechanotransduction on skin
equivalents analyzed by bioimaging and RNAseq

Katharina Kaiser %, Sofie M. Bendixen ?, Jens Ahm Sgrensen ", Jonathan R. Brewer "

2 University of Southern Denmark, Department of Biochemistry and Molecular Biology, Campusvej 55, Odense M, 5230, Denmark
Y Odense University Hospital, Research Unit of Plastic Surgery, Odense C, 5000, Denmark

ARTICLE INFO ABSTRACT

Keywords:
Skin-on-a-chip
Artificial skin
Mechanotransduction
Microfluidics

In this study, we explore the impact of mechanical stimuli on skin models using an innovative skin-on-a-chip
platform, addressing the limitations of conventional transwell-cultured skin equivalents. This platform facili-
tates cyclic mechanical stimulation through compression and stretching, combined with automated media
perfusion. Our findings, using bioimaging and bulk RNA sequencing, reveal increased expression of Keratin 10
and Keratin 14, indicating enhanced skin differentiation and mechanical integrity. The increase in desmosomes
and tight junctions, observed through Claudin-1 and Desmoplakin 1 & 2 analysis, suggests improved keratinocyte
differentiation due to mechanical stimulation. Gene expression analyses reveal a nuanced regulatory response,
suggesting a potential connection to the Hippo pathway, indicative of a significant cellular reaction to me-
chanical stimuli. The results show the important influence of mechanical stimulation on skin model integrity and
differentiation, demonstrating the potential of our microfluidic platform in advancing skin biology research and

pharmaceutical testing.

1. Introduction

The skin as the body’s largest organ plays an important role in pro-
tecting against pathogens, external forces, and other harmful factors [1].
Since the first in vitro skin containing dermal and epidermal layers was
developed in 1981 [2], skin-equivalents have been established as useful
tools in biological studies and as alternatives to animal testing, and
research to increase the morphological relevance of the models has come
into focus [3,4]. In recent years, the importance of controlling the
spatiotemporal conditions of skin-equivalents has been discussed, as the
skin is always exposed to stimuli such as shear stress, stretching, and
compression, which are not given in conventional skin-equivalents [5].
More focus has been placed on generating models with different
chemical and physical stimuli and so-called Skin-on-a-chip (SOC)
models have been designed to establish a finely controlled environment
during the cultivation period [5-10]. The main advantage of the SOC
technique is the relatively simple and inexpensive method and the
ability to successfully reproduce the skin, compared to alternatives such
as 3D printing and organoids [11,12].

The skin is constantly exposed to various types of mechanical forces,
a phenomenon that has only been considered when developing
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organotypic skin models in recent years. It has been found that physical
stimulation in cell cultures triggers biochemical signaling pathways and
the cells respond with modified gene and protein expression, and
changes in the differentiation and proliferation of the cells [13-20]. A
variety of different 2D cell culture stretching devices have been estab-
lished, but results from 2D experiments are unlikely to fully depict the
processes occurring in vivo since the crosstalk between fibroblasts and
keratinocytes and the impact of the 3D micro-environment is not taken
into consideration [10,21,22]. In recent years, several skin equivalents
have been developed with the aim of testing the effects of mechanical
forces on the skin [5,10,11,23-26]. Results observed in these studies
varied widely, depending on the stimuli, cell sources, and the matrix
scaffold. Specifically, several studies have developed skin equivalents to
explore the effects of mechanical forces on skin behavior, utilizing
diverse techniques to apply mechanical stress [5,10,11,23-26].

For instance, Mori et al. [5] developed a perfusable and stretchable
3D culture system, while Tokuyama et al. [10] and Kim et al. [11] uti-
lized mechanical stretching to induce changes in skin equivalents. Jung
et al. [23] introduced a novel approach combining mechanical stress
with air exposure, and Lim et al. [24], along with Varone et al. [25] and
Jeong et al. [26], further expanded on these methods with devices
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designed to simulate various mechanical stimuli, including cyclic
stretching and mimicking circadian rhythm impacts.

The outcomes of these mechanical stimulations have shown varied
effects on skin models, such as changes in epidermal thickness [5], cell
proliferation [11], and even signs of aging [24] depending on the
method and duration of stress applied. This variation shows the chal-
lenge in creating skin models that accurately reflect the dynamic nature
of human skin under mechanical forces.

In this study, we assessed the effect of mechanical stimuli in the form
of cyclic uniaxial compression and stretching as well as media perfusion
on simple skin equivalents composed of a N/TERT-1 keratinocyte cell
line and a dermis composed of human dermal fibroblasts and Rat Tail
Collagen. The morphology of the skin equivalents was evaluated by H&E
staining. After confirming the proper structure of the skin equivalents,
bulk RNA sequencing was performed to investigate transcriptome
changes. Subsequently, the expression and localization of proteins
necessary for maintaining the tissue integrity were characterized using
immunofluorescence. Although studies have been conducted on me-
chanical stress in skin equivalents, most microfluidic platforms
employing mechanical stimulation were reliant on gravity-driven media
flow and electric-motor-driven actuation. Here, we employ the use of a
pneumatically driven mechanical stimulation platform with pump-
driven media flow, making it an automated setup without the neces-
sity of frequent media changes.

2. Methods
2.1. Design and manufacturing of stretchable device

A detailed description of the protocol for chip development can be
found elsewhere [27]. 3D-printed molds were filled with PDMS base
mixed in a ratio of 20:1 with the cross-linking agent and cured for 45 min
at 80 °C. The top compartments with the pressure chambers were glued
together using a thin layer of PDMS. Inlet and outlet holes were punched
using a 2 mm biopsy puncher, and the membrane was sandwiched be-
tween the top compartment and.

The bottom channel using silicon glue (MED6215, NuSil), clamped
together between two glass slides, and cured for 30 min. Inlet and outlet
tubing (PTFE, 1/32" OD) was attached, and tubing was connected to the
pressure chambers. The chip was autoclaved prior to use.

2.2. Cell culture and construction of skin equivalents

HDF were maintained in Dulbecco’s Modified Eagle Medium
(DMEM) (D0819, Sigma) supplemented with 10% FBS (F7524, Sigma)
and 1x Penicillin-Streptomycin (P/S) (15,140, Gibco), and passaged
using Trypsin-EDTA. Immortalized N/TERT-1 keratinocytes were grown
in Keratinocyte Serum Free Medium (KSFM) (21,068-028, Gibco) sup-
plemented with Human Recombinant Epidermal Growth Factor and
Bovine Pituitary Extract (37,000,015, Gibco), 1x P/S, and a final con-
centration of 0.4 mM CacCl2 (C-34006, Sigma). For passaging, cells were
trypsinized and blocked in 45% DMEM, 45% Hams F12, and 10% FBS,
followed by pelleting and resuspension in supplemented KSFM. Only
cells of passages 2-5 were used to generate the models. To avoid sample
contraction the chips were coated with polydopamine as described in
Refs. [27,28]. This resulted in covalent bonding between the collagen
and the polydopamine on the chip surface, thereby preventing sample
contraction. Prior to setting up the models, the well of each chip was
functionalized with 1 mg/ml polydopamine in 10 mM Tris (pH 8) for 24
h. The polydopamine was removed and the wells were washed twice
with 1x PBS, before drying the chips for 1 h. The gel-neutralizing solu-
tion was prepared by mixing 20 pL NaOH (52770, Sigma) with 30 pL
7.5% Sodium Bicarbonate (S8761, Sigma) and 100 pL EBSS (E7510,
Sigma). For full-thickness models, HDF were trypsinized and resus-
pended in FBS to a concentration of 3 x 10° cells/mL. The gel neutral-
izing solution, 50 pL of FBS (+ HDF for full-thickness models), and 800
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pL Rat tail collagen (3 mg/mL, produced in-house) were mixed and 221
pL were dispensed into each chip. For transwell cell cultures, 250 pL
were used per well. The dermis was incubated for 30-45 min to allow
the gels to polymerize. For SOCs, the bottom channel was flushed with
growth media. Keratinocytes were trypsinized and resuspended in
growth media. 3 x 10° cells were added per chip, and 3.36 x 10° cells
were added to each transwell. All models were changed to 3D media
(60% CnT-Prime Full-thickness 3D Airlift Medium (CnT-PRFTALS
CELLNTEC) + 40% DMEM (2168-028 Gibco) + 1x P/S) after 2 days,
followed by introduction to the ALI after an additional 24 h. For trans-
well models, a spacer was added to the plate to allow more media to be
added to each well and the media was changed three times a week. SOCs
were attached to 0.5 pL/min flow on day 3 and the media was replaced
twice in the syringe pumps during the growth of the models.

2.3. Cyclic mechanical loading

Dynamic SOCs (dSOC) were attached to a dynamic stimulus on day 6.
As described in Ref. [27], Uniaxial mechanical loading was applied with
a CETONI Nemesys Syringe Pump at 0.01 Hz and 10% displacement
from day 6 onward (stretch and return speed: 5%/sec, compression time:
48 s, relaxation time: 48 s). See figure supplementary figure Al for more
details. As a control, models were grown in transwells to observe the
development without dynamic stimulation and without flow (called
Transwell FTM), and in the static chip without stimulation but with flow
(FTMSOC). The skin equivalents were extracted from the chip and
snap-frozen in OCT using 2-methylbutane in liquid nitrogen on day 13.
Samples for immunofluorescent labeling and HE staining were sliced
into 10 pm sections using a cryotome (Shandon Cryotome, Thermo
Fisher).

2.4. Skin samples

The research conducted in this project utilized human skin acquired
from surgical operations at Odense University Hospital (OUH), with
approval granted by the Southern Denmark Regional Research Ethics
Committee. In this study, samples were obtained from three female
donors. These included thigh skin from a 27-year-old donor, back skin
from a 40-year-old donor, and abdominal skin from a 66-year-old donor.
Following initial cleaning, the skin samples were stored at —80 °C. All
tissue collections complied with both Danish national laws and the
Helsinki Declaration. Ethical clearance for the use of these samples was
provided by the Regional Research Ethics Committee of Southern
Denmark. Donor identities were kept anonymous, and tissues were ob-
tained after receiving written informed consent.

2.5. Immunofluorescence and histology staining

The slices were fixed in —20 °C Methanol for 15 min, followed by
three washing steps in 1 x PBS. For immunofluorescence, the samples
were blocked for 30 min in a blocking buffer composed of 1% bovine
serum albumin (BSA) (A7030-10G, Sigma-Aldrich) in 1 x PBS. The
samples were then incubated overnight at 4 °C with the primary anti-
body (Cytokeratin 14 (CK14; ab7800, Abcam), Cytokeratin 10 (CK10;
ab76318 m Abcam), Desmoplakin (DSP; ab16434, Abcam), Claudin
(CLDN; ab180158, Abcam), Ki67 (ab245113, Abcam)) diluted in
blocking buffer and washed 3 times in 1x PBS. The secondary antibodies
(Alexa Fluor 635 anti-mouse (A31575, Invitrogen) and Abberior STAR
488 anti-rabbit (2-0012-006-5, Abberior) were added, incubated for 1 h
at room temperature, and washed three times in 1xPBS. The samples
were mounted using Prolong Diamond Antifade Mountant with DAPI
(P36962, Invitrogen). The mounted skin slices were imaged using a
Nikon A1l confocal microscope with a Plan Apo 4 100x Oil objective.
Immunolabelings shown here were acquired in z-stacks with 5 steps and
a step size of 0.125 pm. For each step, 3 x 3 fields of view were stitched
together with 10% overlap. For analysis purposes, z-stacks were
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acquired with a 1 pm step size and a total of 5 steps, and a single field of
view. The contrast of the displayed images was individually adjusted
using ImageJ to enhance the visualization of structures within the
samples. It is important to note that this adjustment was not for quali-
tative assessment of intensity differences, as a separate quantitative
analysis was conducted for that purpose.

For histological analysis, the samples were fixed for 15 min in —20 °C
Methanol, stained with hematoxylin and eosin, and mounted in Prolong
Antifade Diamond (P36961, Invitrogen). Imaging took place on a Nikon
Ti2 widefield microscope with NIS software and a Nikon Andor Zyla
monochrome camera. A 60x/1.20 water objective and a 20x/0.75 air
objective were used for image acquisition. Three transmitted light im-
ages with blue, green, and red filter cubes in the light path were taken to
generate the color images.

2.6. Image analysis
Images were analyzed as follows.

2.6.1. Epidermis thickness analysis

To analyze the influence of stretching stimuli on the epidermal layer,
the thickness of the epidermal layer was measured in ImageJ. Five im-
ages were taken per triplicate using a 20x/0.75 air objective. The
thickness was determined by measuring the entire area of the model and
dividing it by the length of the basal layer.

2.6.2. Cytokeratin analysis

To analyze the influence of stretching stimuli on cytokeratins, the
intensity of Cytokeratin 14 and Cytokeratin 10 was measured. For this,
maximum intensity projections were created from images and the mean
intensity was measured of a 100 pm area. The analysis was done in
ImageJ. In total, three biological replicates were imaged in five different
Xy positions, and three squares were measured per image (n = 45). The
intensity of Cytokeratin 14 and Cytokeratin 10 was measured to analyze
the influence of stretching stimuli on cytokeratins.

To see whether stretching and flow have an impact on the cytoker-
atin distribution throughout the epidermis, ImageJ was used to extract
line plots (width of line: 300) across the viable part of the epidermis.
Five images were taken per biological triplicate, and 4 line plots were
drawn across each image (n = 60). For visualization, the data was
normalized in RStudio, and the datasets were binned to 100 values to be
able to compare epidermis layers of different thicknesses.

To evaluate the stratification, trapezoidal numerical integration was
done on the mean lines produced in the line plots in the range 50-100 of
the epidermis. The area between the two curves was calculated and
termed the differentiation index.

2.6.3. Proliferation index analysis

The proliferative capacities of the skin equivalents were evaluated by
Ki67 labeling. Post image acquisition, the files were analyzed in NIS-
Elements Analysis Software using General Analysis 3 (GA3). The chan-
nels were processed by shading correction and denoising. The DAPI
signal was subsequently thresholded to be able to filter the nuclei. The
Ki67-signal in the Cy5.5 channel was detected if it was co-localized in
the nuclei. The proliferation index was calculated as follows:

Ki67 — positive cells

Proliferation Index =—————————
DAPI — positive cells

Five images with five z-steps were analyzed per biological triplicate.

2.6.4. Desmoplakin and Claudin analysis

Desmoplakin and Claudin were analyzed by measuring the mean
intensity of a line crossing the cell junction of a maximum intensity
projection in ImageJ (length 1 pm, width 100 pixels). Five lines were
drawn per image and five images were analyzed per biological triplicate
(n=175).
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2.7. RNA-isolation and sequencing analysis

To isolate the RNA, a protocol was followed from the RNeasy Mini
Kit (74104, Qiagen). Skin equivalents were removed from the transwells
and chips and stored in RNAlater (AM7020, Invitrogen) at 4 °C over-
night and followed by storage at —20 °C until further use. The full-
thickness models were homogenized in the RLT buffer provided in the
kit using a p1000 pipette. For the subsequent steps, the protocol in the
kit was followed for RNA isolation. The RNA concentration was
measured on a NanoDrop spectrophotometer and the quality was
analyzed with a Fragment Analyzer 5200 (Agilent). Libraries were
constructed using the NEBNext Ultra RNA Library Prep Kit (Illumina,
New England Biolabs), and the NovaSeq 6000 platform was used for
RNA sequencing. Reads were aligned to the human genome using STAR
[29] and DESeq2 [30] was used with default settings in the
Next-Generation Sequencing HOMER pipeline. This was done to
pinpoint differentially expressed genes. Visualization and statistical
analysis were conducted in R.

3. Results
3.1. Generated skin equivalents

In total six different types of skin equivalents were created. An
overview can be found in Table 1. Full-thickness equivalents (FTM) were
generated by incorporating human dermal fibroblasts (HDF), whereas
epidermis equivalents (EM) constituted only of a collagen matrix for the
dermal part. Flow was applied on models grown in the fabricated
microfluidic platforms (SOC and dSOC), and mechanical stimuli in the
form of cyclic mechanical loading were only applied to dynamic chips
(dSOC). The cyclic uniaxial compression and stretching of the chip
simulates cyclic mechanical loading of the skin, similar to the forces
exerted on skin due to the slow bending of a joint. The samples were
cycled at a frequency of 0.01 Hz and with a displacement of 10 %, see
supplementary figure Al. To avoid sample shrinkage due to collagen
contraction, an issue which has confounded multiple skin models [31],
the chips were coated with polydopamine as described in Refs. [26,27].
This resulted in tight cohesion of the skin models to the chip due to
covalent bonding between the collagen and the polydopamine on the
chip surface, leading to negligible or no sample shrinkage. A represen-
tative photo of a sample can be seen in supplementary figure A2.

3.2. Histological characterization of models

A full-thickness and an epidermis model were generated under
different mechanical stimuli (see Fig. 1). The morphology of the models
was evaluated to see if flow solely or flow and mechanical stimuli
together affect the epidermis. Representative images of the epidermis
can be seen in Fig. 2A. As seen in the figure, the epidermis is made up of
several nucleated cell layers covered by the stratum corneum. It was
observed that the dermis was firmly attached to the PDA coated mem-
branes. This led to detachment of the epidermis from the dermis during
the postprocessing, as shown in supplementary figure A3.

The epidermal thickness of skin equivalents was measured in the
H&E stainings by measuring the area of the epidermis in the skin section
and dividing it by the length of the basal layer. The results are shown in
Fig. 2B. A significant difference could be found in the models subjected
to mechanical stimuli (dEMSOC and dFTMSOC) compared to the stan-
dard transwell cultures, as well as between SOC and dSOC. A significant
change in thickness was found when mechanical stimuli was applied,
but no significant change in thickness was measured from the applied
flow alone. It was found that the epidermis of the full-thickness models
was on average thicker than the epidermis-only counterpart. The
thickness of non-compressed equivalents was significantly thicker than
native skin. While the thickness of the epidermis in the dFTMSOC
showed no significant difference to native skin, the epidermis in the
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(a) SOC (b) dSOC (c) final dSOC

Fig. 1. Design of the microfluidic chips. (a) Drawing of the SOC. (b) Drawing of the dSOC (c) The final dSOC. Figures taken from Ref. [27]. Scale bar: 10 mm.
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Fig. 2. (A) H&E staining of skin equivalents and native skin. Skin sections of 15 pm thickness were stained with hematoxylin and eosin. Images were acquired using a
60x objective. Images were cropped, rotated, and adjusted for brightness. Scale bars are 50 pm. (B) Analysis of the epidermal thickness of full-thickness and
epidermis models. The area of H&E-stained sections was measured and divided by the length of the model using ImageJ to obtain the average thickness. The native
skin is an average of the three donors. A Mann-Whitney U test was performed on the samples. Data comprises 15 measurements per sample type (3 sample replicates

x 5 images). NS p > 0.05, *p < 0.05, **p < .01, ***p < .001.

dEMSOC model was significantly thinner than the ex vivo epidermis (p 3.3. Differential gene expression and gene ontology analysis

<.001).
To identify the transcriptional response to mechanical stimulation,

we sequenced mRNA from the epidermis and full-thickness models.
Epidermis (n = 3) and full-thickness (n = 3) equivalents were grown on
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each platform, but due to insufficient RNA isolation of the epidermis
equivalents, only the full-thickness samples were analyzed. Analysis of
differentially expressed genes (DEGs) revealed differences between
FTMSOC and transwell culture, with 2 genes being significantly induced
(FDR < 0.05) and 23 genes significantly repressed (Fig. 3A).

Additionally, more profound differences were found between
dFTMSOC and transwell culture showing 71 and 117 genes significantly
induced and repressed, respectively. DEGs for all model-comparisons are
shown in Supplementary Materials. Hierarchical clustering of samples
revealed similar changes in gene expression between dFTMSOC and
FTMSOC, setting them both apart from the transwell culture (Fig. 3B).
This was further visualized by a total of 19 shared genes being regulated
between dFTMSOC and FTMSOC, leaving only 6 uniquely regulated
FTMSOC DEGs (Fig. 3C).

Clustering of the total 194 genes that changed significantly across the
FTM equivalents (FDR < 0.05) revealed two clusters; one composed of
significantly down-regulated genes (blue, n = 121) and one of signifi-
cantly up-regulated genes (red, n = 73) compared to transwell culture
(Fig. 4A). Of these, 98 and 71 genes were found to be dFTMSOC-specific
in the down- and up-DEG cluster, respectively, illustrating the more

FTMSOC vs. FTM

A
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profound differences found for dFTMSOC vs. transwell culture. All 19
shared genes present in FTMSOC and dFTMSOC were found to be down-
regulated, indicating, to some extent, a common transcriptional pro-
gram across conditions.

To elucidate the main processes driven by mechanical stimulation,
we performed a gene ontology (GO) analysis (FDR < 0.05) of the shared
[19], down-dFTMSOC-specific (98), and up-dFTMSOC-specific (71)
genes (Fig. 4B). Due to the limited number of FTMSOC-specific DEGs, no
analysis was performed for these gene-groups. For the shared and
down-dFTMSOC-specific genes it was found that they were enriched for
processes mainly associated with inflammation. Among the
down-dFTMSOC-specific processes, type I interferon regulation, cell
differentiation, and regulation of response to external stimulus were
enriched, containing genes such as STATI (Signal Transducer and
Activator of Transcription 1), VEGFA (Vascular Endothelial Growth
Factor A), F2 (Coagulation Factor II, Thrombin), IFIT1-3 and 5 (Inter-
feron-Induced Protein with Tetratricopeptide Repeats 1-3 and 5) and
CXCL10 (C-X-C Motif Chemokine Ligand 10). In addition, Anion trans-
membrane transport was found to be significant only forthe
down-dFTMSOC genes, containing genes like SLC4A11 (Solute Carrier

dFTMSOC vs. FTM
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Fig. 3. Transcriptional changes upon mechanical stimuli. (A) Log2FC of all expressed genes in FTM conditions related to transwell culture. Significantly induced and
repressed genes (FDR < 0.05) are shown in red with indication of gene numbers. (B) Distance plot of FTM equivalents based on all DEGs (FDR < 0.05) found between
(d)FTMSOC and transwell culture. (C) Venn diagram of 19 shared genes between FTMSOC and dFTMSOC experiments (FDR < 0.05). DEG, differentially expressed
genes; FDR, false discovery rate; FC, fold change. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)
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Family 4 Member 11) and SLC12A9 (Solute Carrier Family 12 Member
9), both important for maintaining cellular ion balance and volume.

We further found the GO analyses of the up regulated dFTMSOC-
specific DEGs as being enriched for cell-regulatory processes such as
peptidyltyrosine phosphorylation (PTPN11 (Protein Tyrosine Phospha-
tase, Non-Receptor Type 11) and VTN (Vitronectin)), platelet-derived
growth factor receptor signaling pathway (CBL (Casitas B-Lineage
Lymphoma), FER (Fer Kinase) and RDX (Radixin)), and mitotic spindle
assembly (KIF2A (Kinesin Family).

Overall, we identified transcriptional changes in response to me-
chanical stimulation across full-thickness equivalents with genes asso-
ciated with immune-related processes being significantly down
regulated and genes associated with cell-regulatory processes being
significantly up regulated compared to transwell culture.

3.4. Immunofluorescence of models

After observing changes in gene expression in the models due to
perfusion and uniaxial mechanical stimuli, the next step was to evaluate
changes in protein expression and localization. To ensure that the
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models developed properly, antibody labeling with Cytokeratin 14
(CK14), Cytokeratin 10 (CK10), Desmoplakin 1 & 2 (DSP1&2), Claudin
1 (CLDN1), and Ki67 was performed.

The expression of CK14 and CK10 in reconstructed skin was found to
resemble that of ex vivo skin. While CK10 expression was confined to the
suprabasal layers in all models, CK14 was found in the basal cell layer,
confirming the proper differentiation of the epidermal keratinocytes
(see Fig. 5A) [32].

An intensity analysis based on the immunolabeling was performed to
draw conclusions about the expression of CK14 and CK10 in static
models vs. flow and dynamic models (Fig. 5B). A significant difference
could be found between static models grown in transwells and models
grown in SOC or dSOC for both CK14 and CK10. No significant differ-
ence in protein expression could be found between models grown in SOC
and models grown in dSOC, except for the CK14 expression in the
epidermis model.

To study the distribution of CK14 and CK10 throughout the
epidermis, lines were drawn through the viable epidermis from the basal
layer to the apical side. The intensity plots were normalized to a range of
0-1 and binned to a length of 100 to allow a comparison of the intensity
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Fig. 5. (A) Immunolabeling of Cytokeratin 10 and 14 in epidermal and full-thickness skin equivalents. Organotypic cultures grown under different conditions were
cut into 15 pm sections on a cryotome and immunolabelled for CK10 and CK14. Nuclei were stained using DAPI. Images shown are deconvolved maximum intensity
projections of stacks, which were cropped, rotated and contrast adjusted for optimal visualization. The stratum corneum is oriented towards the top of the field of
view and the basal cell layer is located at the bottom. The intensity of the images is adjusted to visualize the structures. Scale bars are 20 pm. (B) Intensity analysis of
CK14 and CK10. Maximum intensity projections were created, and the mean intensity of a 100 pm2 square was measured. Three biological replicates were imaged
five times, and 3 squares were measured per image. The ex vivo data is an average of the three donors. Data consists of 45 measurements per sample type (3 sample
replica x 5 images x 3 regions of interest). A Mann-Whitney U test was performed on the samples. NS p > 0.05, *p < .05, **p < .01, ***p < .001.
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according to the position in the epidermis. The mean and standard de-
viation of the normalized and binned datasets are plotted in Fig. 6.
Native skin showed a bigger difference in the expression of CK14 and
CK10 in the upper viable layers compared to the models. It appears that
the relative intensity of CK10 increases sooner in models without dy-
namic stretching, as a plateau is reached before reaching 50% of the
epidermal layer. CK14 expression is found in the basal layer, and all the
way up into the apical direction in all models.

The keratin differentiation index based on the line plot analysis
showed an increase in differentiation in SOC and dSOC cultivated skin
equivalents. It was found that native skin had a higher degree of keratin
differentiation than the skin equivalents.

Labeling of DSP1 & 2 and CLDN1 showed the location of the des-
mosomes and validated the proper formation of tight junctions (see
Fig. 7). The mean intensity of maximum intensity projections of cell
junctions was measured for both DSP1&2 and CLDN1 by drawing a line
across the cell junction (length 1 pm, width 100 pixels). Five lines were
drawn per image. A higher mean intensity of CLDN1 was found in
dEMSOC compared to EM and EMSOC. In full-thickness models, a slight
increase in CLDN1 was found in FTMSOC compared to FTM, and the
intensity in dFTMSOC was higher than in FTMSOC. Analysis of DSP 1 &
2 showed a statistical difference between the static cultures and the
mechanically stimulated dSOC, as well as between SOC and dSOC cul-
tures. However, interestingly, no difference was observed between the
epidermal and full-thickness models. (see Fig. 8).

The proliferation marker Ki67 was detected in all viable layers of the
epidermis in all models (see supplementary Figure A4). A GA3 analysis
was performed in NIS Analysis software to determine the proliferation
index. The nuclei were counted for DAPI and Ki67, and the ratio of Ki67-
positive nuclei to DAPI-stained nuclei was calculated.

It was found that the application of flow significantly changed the
proliferation index for both epidermis equivalents and full-thickness
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equivalents (see Fig. 9). A comparison of SOC and dSOC showed sig-
nificant differences for epidermis equivalents, whereas no significant
difference could be found in full-thickness equivalents. A closer look at
the expression of Ki67 in native skin revealed statistical differences in
the proliferation index between the three ex vivo samples (p < 0.001). A
boxplot comparing the data for the different skin origins is attached in
supplementary Figure A5 (see Table 1).
A summary of the main results can be found collected in Table 2.

4. Discussion

This study aimed to evaluate the effect of flow and dynamic cyclic
mechanical stimuli on reconstructed skin. The thickness of the epidermis
of the fabricated models was measured and compared. It was found that
equivalents grown on SOC devices exhibited no significant change in
epidermal thickness compared to conventional transwell cultures. The
application of mechanical stimuli resulted in a significant decrease in
thickness compared to those in static transwell cultures. These findings
correlate to results published by Jeong et al., who discovered a signifi-
cant decrease in epidermal thickness by compressive stimulation [26].
Our observations are contrary to the increases in epidermal thickness
observed in stretched skin models by other researchers [5,10]. This may
be due to the mode of stimulation, as previously discussed by Kim et al.
[11].

However, it is important to consider which forces are applied to the
cells during the cyclic mechanical loading. Assuming a constant cell
volume, initial compression results in cell deformation. As the cell is
compressed along the compression axes it expands (ie. is stretched)
along the perpendicular axes to conserve volume. This is indicative of
both compressive and tensile forces during compression. Similarly,
subsequent relaxation or uniaxial stretching of the skin applies tensile
forces in the direction of displacement and compressive forces in
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Fig. 6. Line plot analysis of CK10 and CK14 and the calculated Keratin Differentiation Index. Line plots were drawn (width of line: 300) for maximum intensity
projections, the intensity was normalized, and the distance was binned to fit on a scale from 0 to 1 and 0 to 100 respectively. X-axis shows the relative distance from
the bottom of the basal layer and Y-axis shows the relative intensity. CK14 is shown in light pink and CK10 is shown in green. The line presents the mean, the shaded
area shows the standard deviation. Three lines were drawn per image, and five images were taken for each biological triplicate. Keratin Differentiation Index.
Trapezoidal numerical integration was performed on the lines. For each sample type, the area between CK14 and CK10 expression was calculated for the suprabasal
layers of the epidermis to determine the differentiation level. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)
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Fig. 7. Immunolabeling of DSP 1 & 2 (RED) and CLDN1 (GREEN) in epidermal and full-thickness skin equivalents. Organotypic cultures grown under different
conditions were cut into 15 pm sections on a cryotome and immunolabelled. Nuclei were stained using DAPI. Images were acquired using a 100x objective and the
shown figures are deconvolved maximum intensity projections of stacks, which were cropped and rotated for better visualization. The stratum corneum is oriented
towards the top of the field of view and the basal cell layer is located at the bottom. The contrast of the images is adjusted to visualize the structures. Scale bars are 20
pm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

perpendicular directions. It is also interesting to consider what is to be
defined as the resting state for the skin models which are exposed to
cyclic loading for prolonged intervals. As the skin model adapts to the
stimuli over time the most relaxed state would be an intermediate po-
sition not one of the extremes. This would correspond to in the case of an
elbow that the resting position would be when the arm is slightly bent. In
summary, these observations suggest that in experiments involving
prolonged cyclic loading, different initial displacement directions
(stretching or compression) may impart similar mechanical stimuli.
Therefore, the variations observed could be attributable to other
experimental factors, such as the specific skin models used.

The next aim was to observe changes in gene expression in our
equivalents as a result of dynamic perfusion and mechanical stress. Bulk
RNAseq revealed differences in the gene expression between models
grown on the microfluidic platform and models grown on conventional
transwell systems. More profound differences were seen for dFTMSOC

compared to transwell culture than for FTMSOC. This elucidate that the
transcriptome profiles may be more profoundly altered by mechanical
stimulation than flow. Upregulated DEGs were mostly involved in cell-
regulatory processes, whereas downregulated DEGs were involved in
immune-related processes.

The shared genes that were found to be down-regulated in both
FTMSOC and dFTMSOC compared to the static transwell were associ-
ated with GO-terms such as cytokine production, the cellular response to
interferon-1, and leukocyte and T cell-mediated immunity suggest a
general suppression of genes related to cellular stress in skin grown on
microfluidic chips compared to those cultivated in transwells [33,34].
This might indicate reduced cellular stress due to enhanced cellular
function in dynamic culture conditions. Such improvements could arise
because the chips with flow more closely emulate human physiological
conditions, as previously suggested in other models [35,36].

The downregulated of genes related to the "cellular response to type I
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**p < .01, ***p < .001.

interferon" found in dFTMSOC suggests a decrease in inflammatory re-
sponses [37]. Keratinocytes in healthy skin have been shown to consti-
tutively express interferons at a basal level, allowing for rapid induction
of interferon signaling if needed [38,39]. A decrease in this process
could suggest a slower response time to inflammation in dFTMSOC
cultures, however, this would need to be tested in the future.

10

Furthermore, the down-regulation of genes related to the "anion
trans-membrane transport" could be related to a controlled response to
maintain ion balance, cell volume, and skin barrier properties [40]. It is
also important to note that these processes most likely involve both
keratinocytes in the epidermis and fibroblasts in the dermis, contrib-
uting to overall tissue response [41].
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Table 1
Overview over fabricated skin equivalents.
Sample Abbreviation Platform HDF Flow Mechanical
stimuli
Epidermis Model EM Transwell
Epidermis-on-a- EMSOC SOC v
chip
dynamic dEMSOC dsocC v 4
Epidermis-on-a-
chip
Full-thickness FTM Transwell v
Model
Full-thickness-on- FTMSOC SOC v v
a-chip
dynamic Full- dFTMSOC dsocC v v v

thickness-on-a-
chip

In terms of mechanotransduction, development, and proliferation,
the upregulation of peptidyltyrosine phosphorylation, along with the
gene TEADI1, a key protein in the Hippo pathway, was observed. While
peptidyl-tyrosine phosphorylation is known to activate multiple
signaling pathways [42], it is, together with TEADI, involved in the
Hippo pathway [43]. This pathway is known to facilitate mechano-
transduction in skin, controlling tissue development, proliferation, and
homeostasis [44,45]. Taken together this could suggest that the me-
chanical stimulation of the skin models activates a response in the cells
be mediated by the Hippo pathway.

Additionally, the observed up-regulation of the "mitotic spindle as-
sembly" process lends support to heightened cell division rates, likely
aiding tissue repair and regeneration processes in response to the me-
chanical stress [46,47]. Conversely, the down-regulation of genes
related to the "positive regulation of response to external stimulus" im-
plies a regulatory mechanism that curtails excessive responses to me-
chanical stress, potentially to prevent overactivation. Similarly, the
down-regulation of the "response to type 1 interferon" pathway sug-
gests a balance between moderating immune responses and avoiding
overactivity, which could lead to excessive inflammation triggered by
mechanical stimuli [48].

The results of the RNAseq data in the context of mechanical stimu-
lation of the skin indicate a complex cellular response involving both up-
regulation and down-regulation of processes that promote tissue
development and repair, as well as mechanisms that ensure controlled
and balanced reactions. The results suggest that these processes work
together to strike a balance between tissue development and prolifera-
tion, while simultaneously implementing regulatory mechanisms to
prevent over activity, maintain homeostasis and structural integrity
[49].

To our knowledge, DESeq analysis has not been done on mechani-
cally stimulated skin equivalents. Others have previously measured gene
expression by real-time quantitative PCR [11,26]. In these studies, the
groups found an increase in gene expression for equivalents grown with
compressive stimulation, but an overall decrease in equivalents grown
under tensile stimulation. In the present study, a higher number of DEG
was found to be downregulated, despite the compressive stimulation.

It is interesting to note the observed reduction in immune and stress
responses due to prolonged mechanical stimuli. This observation might
suggest a form of regulatory control, wherein mechanical cues, after
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some time of stimulation, lead to a dampened immune or stress
response. Such regulation could be a mechanism to avoid overactivation
or to maintain tissue homeostasis under healthy dynamic conditions.
Further research in this area is necessary to understand how mechanical
stimulation can modulate immune responses in the skin. This could have
significant implications for treating skin diseases, particularly those
characterized by excessive or chronic inflammation.

Immunofluorescence evaluation of CK14, CK10, DSP1&2, CLDN1,
and Ki67 showed localization similar to that of native skin tissue.
Expression of CK14 in the basal layer and CK10 in the suprabasal layers
indicated a proper differentiation of the keratinocytes. Keratin is critical
for tissue integrity, as the filaments can withstand mechanical forces
well. Differences in the intensity of keratins could be found for models
grown on the chip compared to conventional transwell culture. Inter-
estingly, an increase in CK14 expression was found in dEMSOC models
compared to EMSOC, but no significant difference in CK10 expression in
EMSOC and dEMSOC culture could be found. No significant changes in
CK14 and CK10 expression could be found for dFTMSOC and FTMSOC
cultures. This could point towards increased production of CK14 and
CK10 due to the application of flow. This will have to be investigated
further. The distribution of CK14 and CK10 showed a higher epidermal
keratin differentiation in the upper strata of native skin compared to the
skin equivalents. The results also showed that flow and mechanical
stimuli can increase the keratin differentiation in the upper epidermis.

Analysis of DSP1&2 and CLDN1 showed a significant increase in
intensity in dSOC models compared to SOC and transwell culture. No
significant difference was found between transwell and SOC culture,
except for an increase in the intensity of CLDN1 in FTMSOC compared to
FTM. This increase of CLDN1 in full-thickness equivalents correlates
with results published by Striiver et al., who observed an increase in
CLDN1 in perfused full-thickness culture [50]. Further investigations
need to take place to determine why we found differences between
full-thickness and epidermis-only models. Their group used a flow of
1.25-7.5 ml per hour compared to 30 pL per hour in our setup. The
results suggest that the perfusion of the skin equivalent was not enough
to affect tight junction and desmosome formation in epidermis-only
models, and that the increase in tight junctions might be mediated by
fibroblasts. In contrast, no difference was observed for the DSP1&2 in-
tensity between the epidermal and full-thickness models, indicating that
the crosstalk between keratinocytes and fibroblasts does not play a
significant role in their expression. Other similar studies have indicated
that perfusion and mechanical stimuli applied to skin equivalents can
lead to the development of a more mature basement membrane [10,50].
This finding is interesting in light of the epidermal detachment from the
dermis observed in our postprocessing phase. A more mature basement
membrane would typically suggest improved connectivity between the
dermis and epidermis. However, the detachment observed in our ex-
periments has not been seen in similar transwell skin culture experi-
ments that did not use PDA [51]. This implies that the detachment may
be specifically facilitated by the models binding to the PDA-coated
chips/membranes. Although detachment represents a drawback, the
use of PDA is crucial as it ensures that the models remain flat and
securely in place during mechanical stimulation.

Measuring the proliferation index revealed a significant decrease in
proliferation in epidermis equivalents grown on the dynamic platform
compared to transwell culture but revealed the opposite in full-thickness
models. It was found that the EM sample had a larger variance compared

Table 2

Overview of results. Shown are statistically significant changes compared to the static transwell system. In case of no statistically significant difference, a" =" is shown.
Sample Platform Thickness CK14 CK10 CLDN1 DSP1&2 Proliferation Index
EMSOC SOC = 1 1 = — 1
dEMSOC dsoc | ) ) ) T 1
FTMSOC SOC = 1 1 1 = 1
dFTMSOC dsoc l 1 1 1 1 1
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to the other skin equivalents, which could indicate a less mature skin
equivalent. The analysis of ex vivo skin samples from different body sites
and origins revealed significant differences between the three samples
(see supplementary Figure A5), explaining the large range displayed in
Fig. 9B. Others have previously reported numbers ranging from 10 % to
37.2 % in the stratum basale, all the way to 46% for labeling noted in the
basal and the three first suprabasal layers [52-57]. This variation found
in the literature supports the wide span of proliferation found in the
native skin samples and shows the general variability found between
human skin samples.

As noted earlier, the effects of mechanical stimulation on skin models
have varied, leading to changes in epidermal thickness [5], cell prolif-
eration [11], and aging signs [24], influenced by the cell and model used
as well as the type and length of stress applied. This diversity together
with the results in the present study, emphasizes the complexity in
developing skin models that truly mimic human skin’s response to me-
chanical stimuli and suggests a need for systematic studies, employing
various well-defined stimuli and durations, to better understand these
dynamics.

5. Conclusion

In this study, full-thickness and epidermis skin equivalents were
generated under static and dynamic growth conditions to observe the
impact of automated media flow and mechanical stimuli on the samples.
The generated skin equivalents exhibit several advantages over tradi-
tional transwell cultures, such as a more realistic microenvironment
with perfusion and mechanical stimulation, and a controlled environ-
ment. The microfluidic platform allows for a more automated culturing
process and offers the potential to replace animal models in the future.

The fabricated skin equivalents exhibit a structure and protein
localization similar to native skin and we found that dynamic media
perfusion increased keratins expression. We also noted a decrease in
epidermal thickness as a result of mechanical stimulation. Furthermore,
RNA sequencing analysis revealed a downregulation of genes related to
cellular stress in the dynamically cultured samples with automated
media flow. This suggests that the dynamic conditions may contribute to
improved cellular function in the skin equivalents. The results revealed a
significant impact of mechanical stimulation on the skin models,
affecting both gene expression and protein levels. Specifically, we
observed a notable alteration in gene expression patterns, characterized
by a complex interplay in up- and down-regulation of genes related to
maintaining tissue homeostasis compared to transwell cultured samples.
Specifically, up-regulation of key genes related to the Hippo pathway
were found suggesting that the mechanical stimulation of the skin
models activates a response in the cells mediated by this pathway.
Furthermore, the immunofluorescence results indicated improved dif-
ferentiation of keratin and an increase in the expression of tight junction
and desmosomal proteins in response to dynamic mechanical stimuli.
Collectively, these findings suggest that mechanical stimuli mediate an
increase in the mechanical integrity of the samples, and this could be
facilitated by the Hippo pathway.

Although the skin equivalents developed in this study exhibit limited
functionality, owing to their simple design in terms of cell sourcing and
scaffold choice, they mark a significant advancement towards devel-
oping biomimetic artificial skin. Growing these equivalents under dy-
namic conditions has enhanced our understanding of mechanical
interactions in skin models. Future work is needed to create more
complex equivalents to validate the findings obtained from these initial
models.

Additional information
The data and analysis required to reproduce the RNAseq findings

presented her are available to download from https://doi.org/10
.17632/m2wj5gzm6v.1. The data used for the image analysis is
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