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ABSTRACT

Human skin equivalents (HSEs) serve as important tools for mechanistic studies with human skin cells, drug
discovery, pre-clinical applications in the field of tissue engineering and for skin transplantation on skin defects.
Besides the cellular and extracellular matrix (ECM) components used for HSEs, physical constraints applied on

Collagen hydrogel

3D-printed culture system
Tissue organization
Keratinocyte differentiation
Extracellular matrix production
Mechanical stimulus

Finite element simulation

the scaffold during HSEs maturation influence tissue organization, functionality, and homogeneity.

In this study, we introduce a 3D-printed culture insert that exposes bi-layered HSEs to a static radial constraint
through matrix adhesion. We examine the effect of various diameters of the ring-shaped culture insert on the
HSE's characteristics and compare them to state-of-the-art unconstrained and planar constrained HSEs.

We show that radial matrix constraint of HSEs regulates tissue contraction, promotes fibroblast and matrix
organization that is similar to human skin in vivo and improves keratinocyte differentiation, epidermal strati-

fication, and basement membrane formation depending on the culture insert diameter.

Together, these data demonstrate that the degree of HSE's contraction is an important design consideration in
skin tissue engineering. Therefore, this study can help to mimic various in vivo skin conditions and to increase
the control of relevant tissue properties.

1. Introduction

Human skin equivalents (HSEs) are highly relevant in vitro culture
systems to investigate fundamental cellular behavior and functions of
the skin. Reconstituted from cells and extracellular matrix (ECM) com-
ponents, HSEs are used to mimic native tissue with the aim to uncover
biological processes in health and disease conditions, and to develop
novel treatment options or tissue replacements [1-3]. Many biological
processes (e.g., growth, remodeling) and in vivo skin conditions are
characterized by different structural and functional properties [4-6].
Besides the integration of donor-specific cells in HSEs, such properties
can be modulated through matrix interventions, including changing the
matrix protein concentration [7-9], alterations in chemical cross-linking
[10], changing polymerization conditions [11] or through applying
external mechanical loadings [12-15]. As cells are embedded within the
matrix, such interventions not only affect the matrix properties but also

indirectly affect cellular morphology and behavior [16]. The cells in
response remodel the matrix, resulting in a complex feedback system
[17-24]. While all these techniques allow modulating the properties of
the matrix, applying external mechanical constraints to HSEs enable a
modulation without affecting the initial biochemical composition of the
matrix.

To expose HSEs to mechanical stress and strain, cell-populated sin-
gle-protein matrices (e.g. collagen type I or fibrin) are commonly
anchored or glued to rigid support structures using adhesion or pinching
techniques [25-27]. In contrast, commonly cultured free-floating tissue
constructs are free of external mechanical stresses [28]. As an alterna-
tive, early studies have employed a tissue construct whose matrix is
planarly restrained at the bottom through membrane adhesion. While
free-floating tissue models contracted to a minimal size with tissue of
low cell-matrix tension, the planarly restrained tissue models resulted in
tissue of higher cell-matrix tension and different morphological
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structure [29-33]. Further studies have shown an interdependence of
mechanical matrix constraints and cellular functions [34]. These find-
ings have sparked the development of a variety of approaches that
expose HSEs to different static or dynamic mechanical cues. These ap-
proaches vary significantly in their applied anchoring techniques and
geometries, as well as in the applied mechanical stimuli (see Supple-
mentary F for a detailed overview and classification of existing ap-
proaches along various design axes). In the simplest form, static physical
constraints expose tissue constructs to an external static stress and hence
limit the degrees of freedom of tissue deformation [15,26,27,35]. The
magnitude of the resulting stress depends on the geometry of the
anchoring structure [36,37], its material properties [38] or on the
magnitude of the externally applied force that results in an additional
static elongation of the tissue [38-40]. However, only a few studies
investigate the effect of varying constraint magnitudes [38-40]. While
John et al. (2010) and Derderian et al. (2005) have studied the effect of
multiple levels of bi-axial constraint in dermal-only HSEs, Powell et al.
(2010) have studied the effect on bi-layered HSEs under multiple levels
of uniaxial stretch.

In this work, we investigate the effect of various levels of radial
constraints on the characteristics of bi-layered, collagen-based HSEs.
Therefore, we developed a 3D-printed, ring-shaped culture insert that
enables the adhesion of HSEs via its hydrophilic surface. Varying the
diameter of the ring-shaped culture insert allows us to expose the HSE to
distinct levels of radial area constraints. We compare three levels of
radially constrained (RC) HSEs to state-of-the-art unconstrained free-
floating (FF), and planar constrained (PC) HSEs. Our experimental re-
sults demonstrate that solely varying the diameter of the culture insert
leads to significant changes in the HSE's organization, maturation, and
homogeneity. In fact, dermal organization, epidermal stratification, and
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basement membrane formation positively correlate with the culture
insert diameter. Our findings have important implications on the design
of collagen-based HSEs and can help to increase the reproducibility of
HSE fabrication.

2. Materials and methods

2.1. Design and fabrication of a novel culture system for peripheral
attachment of HSEs

We developed a culture system that allows guiding the magnitude of
radial contraction of HSEs during culturing. To achieve this goal, we
introduced a hydrophilic culture insert that enables a minimally-
invasive peripheral hydrogel attachment. The system is fully custom-
izable and can be adapted to any culture plate. It consists of two parts,
the culture insert (Fig. 1a) and the insert holder (Fig. 1b). The culture
insert is composed of a lower ring for hydrogel attachment, an upper
ring for stabilization, as well as three hangers with anchoring knobs that
enable a fixed position of the culture insert in a commercially available
transwell insert (culture area: 113 mmz; Corning) and in the custom
designed insert holder (Fig. 1c). By varying the diameter of the lower
ring, the effect of the boundary conditions on the HSE can be varied.
Culture inserts were produced in three different sizes: Small (S): 11.3
mmz; Medium (M): 33.9 rnrnz; Large (L): 67.8 mm? (Supplementary A,
A). The insert holder (Supplementary A, B) is compatible with
commercially available deepwell plates (Fig. 1c) and enables convenient
medium change as well as culture of the HSE at the air-liquid interface
(ALID) (Fig. 1d). All parts of the culture system were designed with a
commercial computer-aided design (CAD) software (Autodesk Fusion
360) and fabricated with a 3D-printer (XFAB 2000, DWS Systems) using
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Fig. 1. Schematics of the culture system and overview of the human skin equivalent (HSE) fabrication process.

(a) The culture insert was designed for peripheral attachment of the HSE at the lower ring. (b) The insert holder enables easy medium change and culture of the HSE
at the air-liquid interface. (c¢) The upper ring and the three hangers with anchoring knobs ensure a fixed position of the culture insert within a commercially available
transwell insert (left) and the insert holder (right) during dermis seeding and culture, respectively. (d) Schematics and timeline of the HSE fabrication process.
Transwell inserts were treated to be non-adhesive for radially constrained (RC) and free-floating (FF) conditions. The dermal equivalent was produced by mixing
primary human dermal fibroblasts (HDFs) with collagen type I and cultured in Dermis-Medium (D-M). The 3D-printed culture insert was transferred to the insert
holder in RC conditions before seeding of human epidermal keratinocytes (HEKs). HEKs were seeded on top of the dermal layer on day 4 and cultured in Epidermis-
Medium 1 (E-M1). Two days later, HSEs were cultured in Epidermis-Medium 2 (E-M2). HSEs were lifted and incubated at the air-liquid interface (ALI) on day 8 and

cultured in Epidermis-Medium 3 (E-M3) for further 18 days until fixation.
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the acrylic polymer Vitra 413 (DWS Systems). Printed culture inserts
and holders were coated with 10 pm parylene C using Parylene P6 coater
(Diener) for a defined and biocompatible surface. The coated products
were sterilized by autoclaving at 120 °C. The sterilized culture inserts
were activated with oxygen plasma at 100 W for 1 min directly before
usage to increase the surface hydrophilicity.

2.2. Cell isolation and cell culture

Primary HDFs and HEKs were isolated from adult abdominal healthy
skin. Native human skin biopsies were provided by the plastic surgery
department of the University Hospital Zurich with the assistance of the
SKINTEGRITY.CH biobank. All samples used were surplus materials
from routine surgeries. Informed consent had been obtained from all
patients, and all experiments were conducted according to the principles
set out in the WMA Declaration of Helsinki and the Department of
Health and Human Services Belmont Report. The use of material for
research purposes had been approved by the local ethic commission
(KEK Nr. 2017-00688).

Biopsies were stored before use in Hank's balanced salt solution
(HBSS, Gibco) supplemented with gentamycin (5 pg/ml, Gibco). Cell
isolation and culture of HDFs and HEKs were adapted from a previously
published protocol [41]. Skin pieces were incubated in 9 U/ml dispase II
(10 mg/ml, Roche, Cat. No. Roche 04942078001), HBSS and genta-
mycin (5 pg/ml, Gibco) at 4 °C overnight. The day after, the epidermis
was peeled off from the dermis.

The epidermis was digested in 0.1 % trypsin (Gibco), 0.02 % EDTA
(Sigma) in phosphate-buffered saline without Mg?* and Ca?* (PBS™,
Gibco) for 5 min at 37°, before carefully pipetting up and down.
Digestion was stopped by adding HBSS, and the suspension was filtered
through a cell strainer (70 pm, Corning) and centrifuged at 1200 rpm
and 4 °C for 5 min. HEKs were resuspended in keratinocyte medium
(800'000 cells/60 cmz, Gibco) and cultured at 37 °C and 5 % CO,.
Culture medium was exchanged every other day. HEKs were splitted at a
confluency of max 70 %.

The dermis was minced in small pieces and incubated in collagenase
(1 mg/ml, Sigma), 0.5 mM CaCl, in PBS™ for 2 h at 37 °C. Following
vortexing every 20 min, the cell suspension was filtered with a cell
strainer (70 pm, Corning) and centrifuged at 1200 rpm for 5 min. The
cell pellet was resuspended and cultured in Dulbecco's Modified Eagle
Medium (DMEM, Gibco) supplemented with 5 % heat-inactivated fetal
bovine serum (FBS, Gibco) and 1 % antibiotics (penicillin-streptomycin,
Sigma) at 37 °C, 5 % CO-. The day after, fibroblasts were washed with
PBS™ before medium was changed. HDFs were splitted when they
reached 80 % confluency. From thereon, medium was changed every
other day.

2.3. Production and cultivation of HSEs

HSEs exhibiting static radial constraint (RC) were produced in three
different sizes (RC-S, RC-M, RC-L). Unconstrained (free-floating, FF) and
membrane-restrained (planar constraint, PC) HSEs were produced to
represent state-of-the-art HSEs. For the contraction assay, equivalents
without cells were produced additionally and served as negative control.
The production of collagen-based HSEs was modified from a previously
published protocol [42] and is shown in Fig. 1d. First, transwell inserts
with a 0.4 pm polycarbonate membrane (culture area: 113 mm?
Corning) were coated with 5 % BSA (Sigma) in PBS™ for 30 min @ 37 °C
to prevent hydrogel adherence in RC and FF conditions. 3D-printed in-
serts were placed into the transwell for the RC groups. A neutralization
buffer was prepared by supplementing DMEM with 30 % FBS, 3 %
glutamine (200 mM), 3 % penicillin-streptomycin and 15 % sodium
bicarbonate (7.5 %). Bovine collagen type I (5 mg/ml, Gibco) was
diluted to 3 mg/ml with PBS™. Cultured HDFs were harvested at passage
6 and resuspended at a concentration of 4.3 mio cells/ml in DMEM
supplemented with 10 % FBS and 1 % penicillin-streptomycin. All
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components were kept on ice before mixing. For a final volume of 4.65
ml (enough for 6 HSEs), 350 pl of the cell suspension were subsequently
mixed with 1.12 ml of the neutralization buffer and 3.18 ml type I
collagen (3 mg/ml). Per dermal equivalent, 750 pl of the solution with
250000 human dermal fibroblasts was seeded. After a 10 min incuba-
tion at room temperature (RT), dermal equivalents were kept in an
incubator at 37 °C for 1 h to allow polymerization. Dermal equivalents
were cultured in Dermis-Medium (D-M); DMEM supplemented with 10
% FBS, ascorbic acid (200 pg/ml, Sigma) and 1 % antibiotics for 3 days
before HEK seeding. On day 4, inserts were removed in the RC HSEs and
transferred from the transwell insert to the holder to allow easy medium
change. The control groups (PC and FF) were kept in the transwell in-
serts. Dermal equivalents were incubated at 37 °C for 1 h in HBSS.
Cultured HEKs were harvested at passage 2 and resuspended in DMEM
at a cell suspension of 30'000°000 cells/ml and kept at RT for 10 min.
HBSS was removed from the dermal equivalents, and 10 pl of the ker-
atinocyte suspension was seeded in the center on top of the dermal
equivalent in one droplet. HSEs were incubated for 45 min at 37 °C
before cultured in Epidermis-Medium 1 (E-M1); 3 parts DMEM, 1 part
HAM'S F12 Nutrient Mix (Gibco), 0.4 pg/ml hydrocortisone (Sigma-
Aldrich), 5 pl/ml ITES (Insulin-Transferrin-Selenium-Ethanolamine
100x, Gibco), 0.1 mM O-phosphorylethanolamine (Sigma-Aldrich),
0.18 mM adenine hydrochloride hydrate (Sigma-Aldrich), 0.004 nM
progesterone (Sigma-Aldrich), 2.4 mM calcium chloride dihydrate
(Sigma-Aldrich), 0.02 nM triiodo-L-thyronine sodium salt (Sigma-
Aldrich), 0.1 % chelexed newborn calf serum (Gibco), 200 pg/ml
ascorbic acid and 1 % penicillin-streptomycin. Two days later, HSEs
were incubated in Epidermis-Medium 2 (E-M2); 3 parts DMEM, 1 part
HAM'S F12 Nutrient Mix, 0.4 pg/ml hydrocortisone, 5 pl/ml ITES, 0.1
mM O-phosphorylethanolamine, 0.18 mM adenine hydrochloride hy-
drate, 0.004 nM progesterone, 2.4 mM calcium chloride dihydrate, 0.02
nM triiodo-L-thyronine sodium salt, 0.1 % non-chelexed newborn calf
serum, 200 pg/ml ascorbic acid and 1 % penicilllin-streptomycin. Two
days later, HSEs were lifted to the air-liquid interface (ALI) and cultured
for 18 days in Epidermis-Medium 3 (E-M3); 1 parts DMEM, 1 part HAM'S
F12 Nutrient Mix, 0.4 pg/ml hydrocortisone, 5 pl/ml ITES, 0.18 mM
adenine hydrochloride hydrate, 2.4 mM calcium chloride dihydrate,
0.02 nM triiodo-L-thyronine sodium salt, 2 % non-chelexed newborn
calf serum, 200 pg/ml ascorbic acid and 1 % penicillin-streptomycin.
Medium was changed every other day.

2.4. Finite element simulation

The FEM analysis was conducted using a custom written code in
COMSOL Multiphysics® 6.0 (COMSOL Multiphysics®, COMSOL AB,
Stockholm, Sweden). The material parameters used for all finite element
simulations are reported in Supplementary D, Table 3. The hydrogel was
modelled using the framework of porous media mechanics [43,44]. To
account for the specific nature of the collagen hydrogels, the model
accounts (1) for the spontaneous contraction of the gel independent of
the cells and (2) for the contraction induced by the presence of the fi-
broblasts. To account for the spontaneous contraction, we split the
deformation gradient F into a passive mechanical contribution F,, and
a contraction F, [45]

F =F,,F.. (€D)]

Therein F, represents the spontaneous contraction, which is assumed
isotropic. It is prescribed by

e 00
Fo={0 4 0], 2
0 0 2

with A = 0.8. The passive mechanical contribution of the gel is modelled
as a biphasic porous medium consisting of a solid and a liquid phase.
Assuming quasi-static conditions, the absence of body forces and
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incompressibility of each phase, the conservation of mass and mo-
mentum read [46,47]

div (v, +¢q) =0, (3a)

div (6) = 0. (3b)

Therein v; denotes the spatial velocity of the solid, g the flow of the
liquid, and 6 the Cauchy stress tensor of the mixture. To introduce the
active contraction of the cells, an additional term 6, is considered in the
stress tensor. The total stress then reads

6 =0,, —pl +o,. “4)

Therein o, results from the passive mechanical deformation of the
chosen strain energy function, p is the hydrostatic pressure of the liquid
phase and 6, is the active contribution of the fibroblasts. The latter is
assumed isotropic and modelled as

() 0 0
6,=| 0 oo 0 |. 5)
0 0 ()

The fibroblast stress o, = 4.5 kPa was chosen according to values in
the literature [48]. The elastic contribution to the stress is modelled
using a Rubin-Bodner model [49]. The values for the material parame-
ters of the Rubin-Bodner model are reported in Supplementary Table 3.
For a detailed description of the model, the reader is referred to the
literature [50,51]. Osmotic effects have been neglected in the present
implementation. The model parameters are selected based on experi-
mental data from literature [52]. The simulation starts from the initial
zero energy configuration. In a first step the spontaneous contraction is
applied and in a second step the force of the fibroblasts is activated. The
simulation runs until a new equilibrium is reached. The finite element
models are shown in Supplementary Fig. 1.

2.5. Hematoxylin and eosin staining (H&E)

For histological analysis, samples were fixed in 4 % para-
formaldehyde for 2 h at RT and embedded in Tissue-Tek O.C.T. com-
pound (Sakura). H&E-staining was performed on sections of 10 pm
following the instructions of the staining kit manufacturer (Biosystems).
The stained sections were imaged with a digital scanner (Pannoramic
250, 3DHistech).

2.6. Immunofluorescence staining

For immunofluorescence staining, samples were fixed in 4 % para-
formaldehyde for 2 h at RT and embedded in Tissue-Tek O.C.T. and
frozen. Sections of 10 pm thickness were dried for 5 min at RT and
subsequently washed in PBS. Samples were permeabilized twice with
PBS/0.1 % Triton X-100 for 5 min at RT. After washing twice with PBS
for 5 min, sections were incubated with 5 % BSA in PBS/0.1 % Tween 20
for 1 h at RT. Primary antibody was applied overnight at 4 °C. The next
day, sections were washed twice in PBS/0.1 % Triton X-100 for 10 min
at RT and once in PBS for 5 min. Secondary antibody and DAPI were
incubated for 1 h at RT. Sections were washed twice in PBS/0.1 % Triton
X-100 for 5 min, once in PBS for 5 min before mounting with fluo-
roshield histology mounting medium (Sigma, F6182). Details of primary
and secondary antibodies are included in Supplementary Table 1. All
fluorescence microscopy images were captured with an inverse confocal
laser scanning microscope (Leica SP8) or with a digital scanner (Pan-
noramic 250, 3DHistech). For comparison purposes, different sample
images of the same antigen were acquired under constant acquisition
settings.
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2.7. Quantitative analysis

2.7.1. Contraction assay

Macroscopic images were acquired every day during HSE culture
with an USB microscope (Toolcraft) and the MicroCapture Plus v3.1
software (ProScope). To quantify the global radial contraction, the area
of each HSE was measured at each timepoint with ImageJ (National
Institutes of Health, Bethesda, MD). The radial contraction at timepoint t
is defined as the area at the timepoint t (Ay) divided by the initial area of
each HSE (Ay) after polymerization.

2.7.2. Layer thickness measurements

Epidermal, dermal, and total thickness were measured in sections
stained with H&E (10 pm). For every sample, at least 3 sections in
different depths were analyzed. For each section, at least 3 measure-
ments were obtained. Measurements were performed using the QuPath
software [53].

2.7.3. Determination of basal keratinocytes per length epidermal equivalent

To obtain the relative quantity of basal keratinocytes per length, the
basal area was first manually segmented. In a further step, cells were
detected and counted using QuPath [53]. Finally, the number of cells
was normalized by length measurements that were obtained using
QuPath.

2.7.4. Epidermal and dermal cell proliferation

The proliferation rate of cells was quantified by counting Ki67-
positive nuclei in the dermis, or in the basal or low suprabasal
epidermis using QuPath [53]. For every sample, at least 3 sections in
different depths were analyzed.

2.7.5. Directionality and alignment analysis

To quantify the directional properties of cell nuclei and fibers, a
custom-made cross-platform script was developed. The script requires
the definition of regions of interests (ROIs) and tissue labels (e.g.,
dermis, epidermis) in QuPath [53]. Based on the assigned labels, the
script automatically exports relevant parts from QuPath and processes
them in Fiji. The in-plane orientation of vimentin-stained fibroblasts,
fibroblast nuclei and dermal ECM was computed using the OrientationJ
plug-in for ImageJ (National Institutes of Health, Bethesda, MD) over
three images for each condition. To compare the orientational distri-
bution across conditions, we aligned the dominant in-plane orientation
per condition to an angle of 0°. The custom-made scripts will be made
available upon request.

2.8. qRT-PCR

To separate epidermal from dermal equivalents, HSEs were incu-
bated in dispase (0.9 U/ml, Roche) for 30 min at 37 °C. The epidermal
equivalent was removed from the dermal equivalent by forceps.
Epidermal and dermal equivalent were snap-frozen in Trizol immedi-
ately after collection and stored at —80 °C until RNA isolation. Samples
were homogenized with a TissueLyser II (Qiagen) for 3 min at 30 Hz.
RNA was isolated using phenol/chloroform extraction according to the
manufacturer's protocol (TRIzol™ Reagent, Invitrogen). To generate
cDNA, RNA was reverse transcribed using Reverse Transcription System
(Promega). qRT-PCR was performed in triplicates on an Applied Bio-
systems ViiA 7 system (Thermo Fisher Scientific) using Fast SYBR™
Green Master Mix (4385612, Applied Biosystems™). The expression
level of each target gene was normalized to expression levels of the
RPL27 housekeeping gene. Fold change was normalized to the control
group (PC). The primers for qRT-PCR are listed in Supplementary
Table 2.
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2.9. Statistics and reproducibility

Statistical analysis was performed using GraphPad Prism 9. Datasets
were first tested for normal distribution using the Shapiro-Wilk test. All
data showing normal distribution were analyzed using a parametric test,
i.e. one-way ANOVA followed by Turkey's multiple comparison test.
Non-parametric data were analyzed using Kruskal-Wallis's tests fol-
lowed by Dunn's multiple comparison test. For each plot, the statistical
test applied is specified in the corresponding legend. Analysis of samples
was performed at least in triplicate and averaged. The difference be-
tween groups was regarded significant at P < 0.05. All analyses report
mean =+ standard deviation (SD). SD is shown using error bars for bar
plots and error bands for line plots.

3. Results

3.1. Radial constraint in HSEs influences macroscopic appearance and
tissue contraction

3.1.1. Macroscopic morphology of HSEs

We first analyzed the morphological appearance of HSEs after 26
days of culture. Representative macroscopic images (upper panel) and
H&E-stained cross-sectional views (lower panel) of the HSEs are shown
in Fig. 2a. Overall, all HSEs showed a bi-layered structure composed of a
dermal equivalent (pink) covered by a stratified epidermal equivalent
(purple).

a State-of-the-art

Biomaterials Advances 156 (2024) 213702

Cell-mediated collagen contraction is a characteristic of 3D cultures
[29]. Macroscopically, the planarly constrained (PC) and free-floating
(FF) samples had a trapezoidal shape (Fig. 2a, H&E panel) due to the
contraction of the less-constrained upper half of the HSEs. Moreover,
free of external physical constraints, the FF-HSEs contracted to the ex-
pected convex spheroid of minimal size [28,29,32]. The RC-HSEs con-
tracted to a slightly concave disk of the size of the corresponding lower
ring, i.e., S, M and L. Across all conducted experiments, all RC-HSEs
remained peripherally attached to the culture insert (indicated with
an arrow in Fig. 2a) and did not contract further than the size of the
lower ring of the corresponding culture insert, while within the PC
samples, the dermal layer remained adherent on the membrane surface
of the transwell insert for 3 out of 4 samples. The detached PC samples
were excluded from further analysis. Overall, the radially constrained
HSEs showed a characteristic macroscopic appearance (Fig. 2a). The
epidermal (Fig. 2b) and dermal (Fig. 2c) thickness in the H&E cross-
sections was measured, but no significant differences between the PC
and FF samples were observed. As expected, within the RC-HSEs, the
dermal thickness of the HSEs decreased with increasing culture insert
diameter (Fig. 2c), while an opposite trend was observed for the
epidermal thickness that significantly decreased in RC-S but increased to
a similar extent in the RC-M and RC-L samples (Fig. 2b).

3.1.2. Global contraction of HSEs

A quantification of radial contraction over 26 days of the HSEs is
shown in Fig. 2d. The radial contraction is defined as the area at
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Fig. 2. Macroscopic analysis of HSEs shows an effect of radial constraint.
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(a) Representative macroscopic images (upper panel) and hematoxylin & eosin (H&E)-stained cross-sections (lower panel) of HSEs from all experimental groups after
26 days of culture: Planar constraint (PC), free-floating (FF), radial constraint S (RC-S), radial constraint M (RC-M) and radial constraint L. (RC-L). The depicted arrow
points to the location of the 3D-printed culture insert. Scale bars; 10 mm for macroscopic images and 2 mm for H&E cross-sections.

(b) Epidermal thickness of the produced HSEs after 26 days of culture was measured in H&E-stained sections. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001
(one-way ANOVA with Turkey's multiple comparison test). (¢) Dermal thickness of the produced HSEs after 26 days of culture was measured in H&E-stained sections.
*P < 0.05 and **P < 0.01 (Kruskal-Wallis test with Dunn's multiple comparison test). (d) Radial area contraction of HSEs over the total culture period (26 days).
Graphs show mean + standard deviation (SD; shadowed areas in (d) and error bars in the other graphs).
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timepoint t (A¢) divided by the initial area of each HSE after polymeri-
zation (Ap). The observed behavior can be divided into two phases of
contraction [54]. The greatest contraction rate was observed between
day 1 and day 4 for all HSEs. From day 1 the area gradually decreased in
the FF and RC samples, whereas the PC samples showed an irregular
contraction behavior. The observed radial contraction of the RC-HSEs
was limited by the size of the lower ring in the culture inserts which
were chosen to be at 20 % (RC-S), 50 % (RC-M) and 80 % (RC-L) of the

State-of-the-art
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initial area. Thereby, the RC-L sample was set as the maximal possible
HSE area which was confirmed by the contraction of the no-cell control
that radially contracted only minimally after day 3 and stabilized at
approximately 80 % of the initial area. Overall, HSEs stopped to radially
contract after day 6 of cultivation across all conditions and remained
stable for the rest of the culturing phase.
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Fig. 3. Fibroblasts and matrix fibers in radially constrained HSEs are more aligned than in conventional HSEs.

(a) Representative immunofluorescence staining of sections from HSEs after 26 days of culture and of normal human skin for vimentin, collagen type I and
fibronectin, and counterstaining of nuclei with DAPI. The depicted arrows indicate the direction of strain. Scale bars; 50 pm (b) Cell in-plane orientation of vimentin-
stained fibroblasts. The dominant in-plane orientation per condition is thereby aligned to an angle of 0°, whereas 90° is perpendicular to it. (¢) In-plane orientation of
fibroblast nuclei. The dominant in-plane orientation per condition is thereby aligned to an angle of 0°, whereas 90° is perpendicular to it. (d) In-plane orientation of
dermal ECM (collagen I). The dominant in-plane orientation per condition is thereby aligned to an angle of 0°, whereas 90° is perpendicular to it. (e) qRT-PCR using
RNA samples from different HSEs for COL1A1, COL1A2, FN1 and MMP]1 relative to RPL27.

Graphs show mean + SD. *P < 0.05, **P < 0.01 (one-way ANOVA with Turkey's multiple comparison test).



J. Polak et al.
3.2. Analysis of the dermal equivalent

3.2.1. Static radial constraint affects fibroblast morphology and alignment
in HSEs

Healthy or diseased native skin has a characteristic fibroblast
morphology and collagen fiber orientation [55,56]. Mechanical loading
influences dermal cell and ECM fiber alignment, gene expression and the
overall maturation of HSEs [41,57,58]. Cross-sections of the samples
were therefore immunostained with antibodies against vimentin and co-
stained with DAPI to visualize fibroblast morphology and nuclei orien-
tation within the dermis, respectively. As shown in Fig. 3a—c, in both PC-
and FF-HSEs, fibroblasts displayed a stellar shape with poor cell and
nuclei alignment. In contrast, in all RC samples, fibroblasts showed a
spindle shape morphology and were elongated and aligned with a
prominent orientation in the direction of the strain forces applied. Of
interest, higher culture insert diameter resulted in a more elongated
fibroblast morphology and in a stronger orientational alignment of fi-
broblasts and nuclei. Qualitatively, native skin showed cell and nuclei
alignment comparable to RC samples (Fig. 3a). We also quantified
fibroblast density (Suppl. Fig. 2A), which inversely correlated with the
thickness of the dermal equivalent (Fig. 2c). While the thickness of the
dermal equivalent decreased with an increasing culture insert diameter,
fibroblast density showed a positively correlated relationship with the
culture insert diameter. No significant difference in fibroblast prolifer-
ation was detected as revealed by Ki67 staining (Suppl. Fig. 2B).

3.2.2. Static radial constraint regulates expression of ECM proteins and
tissue orientation

We next analyzed the effect of differently sized culture insert diam-
eter on the fiber alignment of the extracellular matrix (ECM) proteins
collagen type I and fibronectin (Fig. 3a). In line with the effect on fi-
broblasts, we observed poor alignment of the fibers in PC and FF samples
(Fig. 3d). In contrast, RC samples showed a prominent fiber direction
that converged with increasing diameter to the main stress direction
(Fig. 3d). Finally, we measured the relative expression of dermal ECM
genes, including the genes encoding collagens Ial and —2 and fibro-
nectin (COLIA1, COL1A2, FN), and expression of matrix metal-
loproteinase 1 (MMP1). We observed an increase in COLIA1 and
COL1A2 expression in RC samples that was dependent on the culture
insert diameter (Fig. 3e), while no significant differences in FN expres-
sion was observed. Interestingly, the RC-L samples showed similar
expression levels for COLA1, COL1IA2 and FN as the PC samples.
Expression of MMP1, which encodes the major collagen degradation
enzyme, was significantly downregulated in the PC and RC-M and RC-L
[39]. We further measured the relative gene expression of the myofi-
broblast marker gene a smooth muscle actin (ACTA2). At the time point
of fixation (day 26), the differences in ACTA2 expression were not sig-
nificant (Suppl. Fig. 2C, D), suggesting that radial constraint does not
trigger pathological myofibroblast differentiation.

3.3. Analysis of the epidermal equivalent and of the basement membrane

3.3.1. Radial physical constraint of HSEs enhances stratification of
keratinocytes

We next analyzed the effect of differently sized culture insert diam-
eter on the structure of the dermal equivalent and on keratinocyte dif-
ferentiation by H&E-staining (uppermost panel), immunofluorescence
staining, and qRT-PCR analysis (Fig. 4). The H&E-stained sections
(Fig. 4a) showed the characteristic layers of the stratified epidermis in
all HSEs and in normal skin. Across all produced HSEs, we observed a
basal layer (stratum basale) with cuboidal-shaped keratinocytes, a
spinous layer (stratum spinosum) with circular-shaped keratinocytes, as
well as granular and cornified layers (stratum granulosum and stratum
corneum). In comparison to the state-of-the-art HSEs (PC, FF) and RC-S,
RC-M and RC-L showed a denser cornified layer, suggesting improved
stratification.
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We then assessed the expression and localization of known markers
for keratinocyte differentiation and skin tissue homeostasis [59]. Like
normal skin, all HSEs showed Ki67 and keratin 14 (K14) expression in
the basal layer similar to human skin in vivo [60]. Although radial
constraint in HSEs resulted in an increased thickness of the epidermal
equivalent (Fig. 2b), there was no significant difference in the number of
Ki67" keratinocytes (Fig. 4b) or in the relative K14 gene expression
(Fig. 4c) at the time point of fixation. Moreover, the junctional markers
E-cadherin and its cytoplasmic partner p-catenin, as well as connexin 43
(CNX43) were correctly localized at cell-to-cell contacts (Fig. 4a)
[61-65]. PC and RC-M and RC-L showed a better junctional organiza-
tion. Of interest, only RC-L HSEs lacked CNX43 localization in the basal
keratinocytes like in native skin.

We further evaluated the expression and localization of keratin 10
(K10), a marker for early keratinocyte differentiation, and of loricrin
(Lor), a marker of late keratinocyte differentiation with an important
role in epidermal barrier function [66-68]. Interestingly, radial
constraint in HSEs influenced epidermal maturation. In particular, RC-M
and RC-L showed stronger loricrin staining than state-of-the-art samples
PC and FF (Fig. 4a), whereas the RC-S showed lowest expression of
loricrin, indicating that the terminal differentiation process is dependent
on the size of the culture insert. This observation is in line with the
relative gene expression of LOR (Fig. 4d), confirming the observed sig-
nificant differences in terminal differentiation of epidermal keratino-
cytes and epidermal stratification.

3.3.2. Static radial constraint in HSEs improves basement membrane
continuity

As in native skin, all HSEs showed expression and correct localization
of laminin 5 (Lam5), a major component of the basement membrane
(Fig. 4a). In comparison to state-of-the-art samples (PC, FF) however,
radially constrained samples showed a stronger expression of laminin 5.
Moreover, RC-M and RC-L showed a more continuous layer of laminin 5-
expressing cells than the remaining HSEs. The density of basal kerati-
nocytes, i.e., number of basal keratinocytes per length (Fig. 4e), was
similar in the state-of-the-art samples (PC, FF), whereas differences were
observed across the RC samples. The density of keratinocytes increased
with culture insert diameter.

Overall, the data suggest that the extent of radial constraint applied
to the HSE influenced epidermal homeostasis and keratinocyte
differentiation.

3.4. Computational simulation of strain, stress and principal directions in
HSEs

A finite element study of all configurations was performed to
investigate the spatial mechanical properties of the skin equivalents
generated under the different conditions. The results of the computa-
tional analyses are shown in Fig. 5 for the final state of the process.
Fig. 5a shows cross-sections of cultures with all configurations, with the
magnitude of the radial component of the Cauchy stress tensor and the
radial component of the Green-Lagrange strain tensor as well as the
directions of the largest (red) and second largest (green) principal strain.
In the PC sample, a mechanical restriction from the bottom surface is
introduced [69]. Two areas can be distinguished in the sample. Close to
the surface are large positive radial strains. They decrease quickly with
increasing distance from the surface and change to compressive radial
strains for the upper part of the sample. The radial component of the
stress tensor remains in a low regime throughout the whole sample. The
first principal strain (red) shows no preferred direction, while the second
principal strain (green) is negative and aligned with the bottom in the
center of the specimen. The FF sample, which is not restricted in its
natural deformation, contracts homogeneously as expected [29,70].
High compression strains and low stresses are seen in the whole sample.
Both principal strains show no preferred orientation. Possible in-
homogeneities, which can occur during the production process, are not
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Fig. 4. Radial constraint improves keratinocyte differentiation, epidermal stratification, and basement membrane formation in HSEs.

(a) Representative H&E (uppermost panel) and immunofluorescence (IF) stainings of sections from HSEs and normal skin. Stratum basale (SB), stratum spinosum (SS),
stratum granulosum (SG) and stratum corneum (SC). Samples were stained with antibodies against Ki67 (red), vimentin (Vim, green), keratin 14 (K14), p-catenin, E-
cadherin, connexin 43 (Cnx43), keratin 10 (K10), loricrin (Lor) and laminin 5 (Lam5). Scale bars H&E: 200 pm, IF: 100 pm. (b) Percentage of Ki67" basal kera-
tinocytes. (c-d) qRT-PCR using RNA samples from isolated epidermal layers of HSEs for K14 and LOR. (e) Quantification of the number of basal keratinocytes per
length (100 pm).

Graphs show mean + SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (one-way ANOVA with Turkey's multiple comparison test).
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Fig. 5. FEM analysis of tissue deformation, principal strain direction and overall stiffness of collagen-based HSEs.
(a) Spatial distribution of magnitude of the radial component of the strain tensor, magnitude of the radial component of the stress tensor, and principal strain
direction for all configurations. The radially constrained samples show a region of high radial strain and radial stress with a preferred radial direction of the largest

(red) and second largest (green) principal strains.

(b) Average magnitude of the radial component of the strain tensor in the different regions,
(c) average magnitude of the radial component of the stress tensor in the region of interest and (d) average stiffness in radial direction in the region of interest.

captured by the homogenized finite element simulation [70]. In the RC
samples, the boundaries of the sample in contact with the treated surface
are fixed. The RC samples show a distinct difference in spatial me-
chanical properties compared to the state-of-the-art procedure. Espe-
cially, in the middle of the sample, the physical constraint of the insert
strongly alters the stress and strain in the radial direction within the
sample. All radially constrained samples show a positive radial strain
with higher radial stress in the middle region. Further, the second largest
principal strain is oriented in radial direction in the center region of the
sample. The results of the average values for the magnitude of the radial
component of the strain tensor, the magnitude of the radial component
of the stress tensor, and the stiffness in radial direction in the regions of
interest are shown in Fig. 5b—d. Two regions, a region in the center of the
specimen (center region) and at the boundary (boundary region) are
distinguished. The exact location of the regions is indicated in Supple-
mentary Fig. 1. As expected, our analysis shows that the magnitude of
the induced change of the component of the strain in radial direction
differs only little between all three radially constrained samples. On the
other hand, the diameter of the radial constraint influences the homo-
geneity of the induced mechanical stress and strain. The larger the
insert, the more homogeneous the induced strain, which is visible in

Fig. 5a and Supplementary G. While for RC-S and RC-M samples a
gradient from the center to the upper and lower boundary exists, the
components of the stress and strain tensors in radial direction are con-
stant for the RC-L sample and have a stronger influence on the boundary
regions. In fact, the computational analysis shows that for RC-S almost
no external mechanical stimulus is present at the epidermal surface
(upper boundary).

4. Discussion

In this study, we took an approach to guide the tissue contraction of
collagen-based HSEs to a defined final area by using 3D-printed culture
inserts that enable the adhesion of the HSE:s to its surface. We varied the
diameter of the ring-shaped culture insert to apply different configura-
tions of radial matrix constraint in bi-layered HSEs. We investigated the
HSE's characteristics with respect to tissue structure and function and
compared the resulting HSEs to state-of-the-art HSEs - unconstrained
free-floating (FF) and planar constrained (PC) HSEs.
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4.1. A simple and customizable tool for radial matrix constraint in skin
engineering

In scaffold-based HSEs, the biomaterial that is used to generate the
dermal layer is considered as the key component. Due to its abundance
within native dermis and its high biocompatibility, collagen type I
hydrogels are widely used as scaffold in HSEs [25]. However, such
collagen-based hydrogels are susceptible to cell-mediated matrix
contraction and often show poor mechanical stability [71,72]. This
contraction mechanism causes irregular shape deformations that man-
ifest in heterogenous HSEs with respect to their morphological and
mechanical properties [10,35,73]. HSEs are therefore often adhered to a
surface, such as porous membranes of commercial transwells [29],
porous silicon sheets [74] or polycaprolactone (PCL) nanofiber mesh or
anchors [35,75], leading to a trapezoidal shape of the tissue. Such
surface-adherent tissue constructs are thereby exposed to a planar
constraint with the aim to allow epidermal seeding and to stabilize
collagen-based constructs during tissue maturation.

For a more homogenous tissue construct, HSEs were adhered bi-
axially to polymer anchors either via porosity [38] or O plasma treat-
ment of parylene C-coated polymer anchoring structures [26,76]. Both
techniques allow stable fixation of the HSE to the anchoring structure.
Similar to recent work, the culture system described here was designed
with a circular shape [27,41]. However, in contrast to previous studies
proposing radial constraint by pinching approaches, the culture system
described here enables the HSE to adhere reliably to the culture insert
via its hydrophilic surface (Supplementary F). Additionally, by changing
the diameter of the ring-shaped culture insert, different magnitudes of
area constraint can be achieved in the HSE. The HSE is mechanically
stable during culture, thereby facilitating a user-friendly handling of
HSEs. The system is further easily modifiable, produced at low-cost and
fast by using additive manufacturing. Finally, most culture systems
developed in recent years are sterilizable only by ethanol cleaning and
UV light irradiation [26,35,39]. Our culture system is sterilizable by
autoclaving at 120 °C, which enables sterile long-term culture of HSEs as
well as the reusage of all parts.

4.2. Effects of various tissue constraints on HSE quality

Mechanical loading plays an important role in regulating cell
phenotype as well as cell and ECM alignment [15,31,77]. Exposing skin
constructs to physical constraint was shown to modulate the tissue's
shape, homogeneity, and organization, as well as cellular functionality
[15,26,27,35]. While various approaches have demonstrated this
capability, only few studies have considered varying the magnitude of
the applied loading conditions. These studies have shown that the
observed effects in tissue organization and cellular functionality are
dependent on the magnitude of the applied mechanical stimuli. These
studies report the effect of varying the magnitude of uniaxial or biaxial
adherence on dermal [38,40], epidermal [78] or bi-layered skin con-
structs [39]. In the following sections our results will be compared to
these studies.

The HSEs established in this study can be classified by the type of
physical restraint imposed experimentally. The free-floating (FF) and
surface-restrained (PC) HSEs are state-of-the-art HSEs and served as
comparison to the here developed radially constraint (RC) HSEs. In line
with previous studies, all HSEs showed a characteristic contraction
behavior and final appearance caused by the physical constraint applied
[14,54]. FF- and PC-HSEs showed an overall heterogenous cell and fiber
orientation in the dermal equivalent [27] and a differentiated epidermal
equivalent. The contraction of radially constrained HSEs was limited by
the size of the culture insert and remained stable for the culturing phase.
Dermal fibroblasts and ECM fibers in the dermal layer were oriented in
the direction of the stress in the HSEs and comparable with other studies
applying physical constraint to HSEs [15,26,76]. Cell and fiber align-
ment was thereby promoted by the increasing culture insert diameter
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and resembled native skin more closely.

ECM turnover is part of healthy tissue maintenance where old pro-
teins are degraded, and new proteins formed. It was shown that by
applying additional external stress [39] or cyclic external stress to tissue
constructs [41,79] ECM production and tissue strength increased. A
recent study further showed that static physical constraint alone induced
the production of ECM proteins such as different collagens, elastin and
fibronectin, and simultaneously downregulated ECM degradation [27].
Our study shows additionally that ECM production depends on the ge-
ometry of the constraints and increases with increasing culture insert
diameter.

Further, it was previously shown that application of external stress
on bi-layered HSEs resulted in HSEs with a thicker and more differen-
tiated epidermal equivalent [75,76]. Moreover, significantly greater
expression levels of basement membrane components (i.e. laminin 5,
collagen IV/VII) and development of a continuous basement membrane
was reported [39,41,74]. Here, we show that applying static radial
constraint in HSEs already significantly influenced epidermal thickness
and epidermal maturation depending on the culture insert diameter. In
particular, radial constraint samples RC-M and RC-L showed a signifi-
cantly increased thickness of the epidermal equivalents and advanced
keratinocyte organization and differentiation as well as a continuous
basement membrane. In contrast, keratinocytes in the RC-S were not
terminally differentiated. We hypothesize that applying static radial
constraint not only improves HSE characteristics, but also promotes skin
homeostasis through the activation of mechano-sensitive proteins in
keratinocytes.

In healthy tissue, tissue remodeling and new matrix biosynthesis
result in mechanical unloading, whereas persistent mechanical loading
creates pathological conditions [80]. Since radial constraint in HSEs did
not trigger pathological myofibroblast differentiation or increased
fibroblast proliferation, and since no significant difference in the num-
ber of Ki67 " keratinocytes could be observed and the thickness of the
living epidermal equivalent remained within the range of the thickness
of normal human epidermis (75-100 pm) [81], we hypothesize that
radially constraining HSEs can accelerate HSE production without
inducing unphysiological cell behavior as for example seen in hyper-
proliferative skin diseases [82]. However, to fully understand the role of
mechano-sensitive molecules in the development of HSE characteristics,
further studies are needed.

4.3. Finite element analysis and biological response

Our finite element analysis (FEA) showed that the geometrical
characteristics of the boundary conditions associated with static radial
constraint affected the maximum principal strain and stress direction,
and the stiffness in the sample. As expected, we observed that the
identified second principal direction from our FEA (Fig. 5a) is in line
with the measured dermal cell and fiber directions (Fig. 3a-d). In
addition, we identified a dependence between the mechanical stimulus
at the epidermal surface (Fig. 5a—c) and the observed keratiocyte dif-
ferentiation (Section 3.3.1). However, several limitations must be
considered for the interpretation of our simulation results. As our pro-
posed FEA model contains several simplifications (i.e., effect of the
boundary condition, material model representation of spontaneous and
active contraction), it does not account e.g., for the synthesis of new
ECM proteins or the change of cellular functions. Hence, the stiffness
simulated in our FEA analysis (Fig. 5d) shows an anti-correlation pattern
with respect to the measured ECM production (Fig. 3e). Overall, the
strain differences observed between the three RC samples in the FEA
were larger than expected. However, explaining the differences between
the RC samples solely based on the matrix stiffness might be an over-
simplification of the mechanobiology. While there is a close dependence
of fibroblast function on stiffness [83], also other factors such as the
strain rate have been shown to be of importance [84]. In fact, fibroblast
proliferation and skin growth were shown to be stimulated by cyclic
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strain, thus underlying the importance of the deformation rate
[41,84,85]. Deformation rates are the highest in our system during gel
contraction in the first few days. A more detailed investigation of this
timespan could provide valuable insight into the mechanobiology of
dermal fibroblasts to understand the main cues for the biological dif-
ferences shown in this study.

Finally, this analysis provides an FEA model predicting the differ-
ences in strains and stresses in the different configurations. A direct
comparison of stresses and stiffnesses with native human skin would be
of great interest for further research. Due to the complex deformation
mechanism induced by the radial strain inserts, stresses and stiffnesses
predicted by the finite element simulation should be interpreted with
care. To enable a direct comparison of the biomechanical environment
induced by the radial constraints with native human skin, thus requires a
thorough experimental analysis of the nonlinear mechanical behavior of
the hydrogel at complex deformations.

5. Conclusion

Mechanical cues in skin are essential for many biological processes in
health and disease, and numerous in vivo conditions exhibit changes in
the tissue's mechanical properties. Regulating mechanical factors in
HSEs is therefore an important design consideration in tissue engi-
neering of skin. In this study, we exposed collagen-based, bi-layered
HSE:s to different levels of radial constraints by varying the diameter of a
ring-shaped culture insert. An increased diameter resulted in an
increased alignment of dermal tissue and increased ECM production.
Moreover, an increased diameter led to an increased thickness of the
epidermal layer, advanced keratinocyte organization, increased
epidermal differentiation, and a continuous basement membrane for-
mation. These findings highlight the importance of considering the level
of radial constraint as a design parameter in skin tissue engineering as it
can be used to modulate the characteristics of HSEs.

Finally, it is known that uncontrolled cell-induced contraction is one
of the major limitations of planarly constrained HSEs and can result in
high variability [73]. The reliable adherence of radially constrained
HSEs to the herein developed culture insert can help to increase the
reproducibility of in vitro HSEs by guiding tissue contraction to a
defined final area. Furthermore, compared to state-of-the-art HSEs,
using higher levels of radial constraint results in HSEs with increased
dermal organization as well as enhanced terminal differentiation and
junctional organization in the epidermal layer.
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