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Abstract
Rete ridges consist of undulations between the epidermis and dermis that enhance the mechanical
properties and biological function of human skin. However, most human skin models are
fabricated with a flat interface between the epidermal and dermal layers. Here, we report a
micro-stamping method for producing human skin models patterned with rete ridges of
controlled geometry. To mitigate keratinocyte-induced matrix degradation, telocollagen–fibrin
matrices with and without crosslinks enable these micropatterned features to persist during
longitudinal culture. Our human skin model exhibits an epidermis that includes the following
markers: cytokeratin 14, p63, and Ki67 in the basal layer, cytokeratin 10 in the suprabasal layer, and
laminin and collagen IV in the basement membrane. We demonstrated that two keratinocyte cell
lines, one from a neonatal donor and another from an adult diabetic donor, are compatible with
this model. We tested this model using an irritation test and showed that the epidermis prevents
rapid penetration of sodium dodecyl sulfate. Gene expression analysis revealed differences in
keratinocytes obtained from the two donors as well as between 2D (control) and 3D culture
conditions. Our human skin model may find potential application for drug and cosmetic testing,
disease and wound healing modeling, and aging studies.

1. Introduction

An undulating interface exists between the epidermal
and dermal layers in human skin, which enhances
layer adhesion as well as skin elasticity [1, 2]. These
features, known as rete ridges (or pegs), are typically
50–400µminwidth and depth [3–5]. Epidermal stem
cells are typically concentrated in the tips or troughs
of the rete ridges [6, 7].When human skin is damaged
by wounds, chronic disease, or aging, its rete ridge
architecture flattens leading to a reduction in bio-
mechanical function [1, 8–10]. Hence, the generation
of human skinmodels that contain rete ridges of con-
trolled geometry would be of great interest for drug
testing, disease modeling, and understanding aging
effects.

To date, most traditional and bioprinted human
skin models consist of a flat interface between
the epidermal and dermal layers [11–15]. However,

microfabrication methods have recently been used
to pattern rete ridges, including stamping [3, 4, 16],
laser ablation [5, 17], and casting into molds [18].
Most stamps are limited in depth and lack roun-
ded features.Moreover, human skinmodels produced
using these stamps focus on one cell type and hence
do not fully recapitulate the complex 3D microen-
vironment in native skin [8]. Laser ablation meth-
ods can damage cells seeded within the matrices
being patterned [5, 17]. Photo-patterning of methac-
rylated gelatin (GelMA) and poly(ethylene glycol)-
diacrylate (PEGDA) has also been explored to create
human skin models with rete ridge structures [18].
However, keratinocytes seeded on these extracellular
matrices and cultured in vitro do not assemble into
multilayered epidermis or deposit their own base-
ment membrane [18]. Moreover, it is quite difficult
to retain patterned rete ridge structures in skin mod-
els due to matrix remodeling and degradation [19].
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For example, keratinocytes produce matrix metallo-
proteinases (MMPs), while fibroblasts and myofibro-
blasts exert forces that accelerate these deleterious
processes [19–28].

Here, we report a micropatterning method to
create human skin models replete with rete ridges
between their epidermal and dermal layers. Using
3D printed stamps coupled with micromolding, we
produced rete ridges composed of rounded fea-
tures of controlled geometry and periodicity in
the dermal layer. We studied the effects of col-
lagen composition and crosslinking on pattern
retention during longitudinal culture and found
that telocollagen gels crosslinked with 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide (EDC) are
resistant to cell-induced degradation. We further
observed that epidermal cells seeded on the dermal
layer expressed cytokeratins, basement membrane
proteins, and proliferation markers. These models,
replete with rete ridges, resisted rapid penetration of
the cytotoxic benchmark chemical sodium dodecyl
sulfate (SDS) [29] and compatibility with kerat-
inocytes from both a neonatal donor and an adult
diabetic donor. These 3D-printed stamps offer the
potential of a wide range of structures and geomet-
ries. Our biomimetic human skin models may find
potential application in drug and cosmetic testing,
disease modeling, and aging studies.

2. Results

2.1. Patterning human skin models with rete
ridge-like structures
We generated human skin models with rete ridge-
like features using silicone stamps (figure 1). The
stamps are produced using 3D printed molds that
contain a periodic array of ridges of varying height,
width, and center-to-center spacing. We implemen-
ted a ridged stamp geometry to enable reproducible
pattern formation and cross-sectional imaging of the
resulting skin models (figure S1), in which the ridge
depth ranged from 200 µm to 500 µmwith center-to-
center spacings of 350–500 µm. Each stamp is manu-
ally pressed into the dermis layer, which contains col-
lagen and fibrinogen. In our first model, primary
human neonatal dermal fibroblasts are dispersed in
the gel, while our second model is stamped without
cells, crosslinked, and then seeded with dermal fibro-
blasts. The stamps rest on the top of 12 well plate
Transwell inserts, while contacting a collagen and fib-
rin pre-gel solution to enable patterning and removal.
The stamping process results in undulating features,
akin to rete ridges observed in native skin. Fibrin
is included in these matrices to increase the pat-
tern fidelity of stamped features. Next, we formed
an epidermal layer by seeding primary human ker-
atinocytes on top of the dermal layer. This model

is cultured for 4 d in media on a Transwell mem-
brane followed by an additional 10 d at the air–
liquid interface to promote the formation of a strat-
ified epidermis. We found that structures stamped
in atelocollagen–fibrin matrices quickly collapsed in
the presence of keratinocytes and fibroblasts, while
telocollagen–fibrin matrices are more robust (figure
S2).We therefore used telocollagen–fibrinmatrices in
our biomimetic human skin models. Without cross-
linking the telocollagen–fibrin matrices, rete ridges
with slight undulations persist after the 14 day culture
period. By contrast, crosslinked telocollagen–fibrin
matrices retained much of their original patterned
rete ridges over this same period (figures 1(B) and
(C)).

Next, we explored the effects of collagen crosslink-
ing and stamp geometry on rete ridge formation in
these biomimetic human skin models. When dermal
layers composed of telocollagen–fibrin matrices and
fibroblasts are seeded with keratinocytes and cultured
for 14 d, their patterned rete ridges diminish over
time (figures 2 and S3). Skin models patterned with
smaller ridges evolved to a nearly flat surface, while
those with the larger ridges retained slight undula-
tions that persisted over a 14 day culture period. These
features are quantified by their interdigitation index
[30], i.e. the ratio of the dermal–epidermal barrier
length to the straight-line length. In all cases, the
interdigitation index decreased rapidly over the first
four days (figures 2(E) and S3). Interestingly, in the
absence of keratinocytes, the patterned rete ridges
within the dermal layer persisted over this same cul-
ture period (figure S4), indicating that keratinocytes
play an important role in pattern degradation.

To improve rete-ridge retention, we fabricated
a second skin model by crosslinking the stamped
telocollagen–fibrin gel with EDC,which has been pre-
viously shown to stabilize collagen gels [3–5, 16, 17].
Specifically, we first stamped the telocollagen–fibrin
matrix in the absence of dermal fibroblasts, because
the crosslinking process will kill fibroblasts encapsu-
lated in this matrix. Next, we crosslinked the gel with
EDC and seeded fibroblasts on top of these patterned,
crosslinked matrices. Since the fibroblasts are unable
to penetrate the crosslinked matrix, they grew on the
matrix surface (figures S5(A) and (B)). We allowed
the fibroblasts to grow for 4 d (figures S5(C) and
(D)) before subsequently seeding the dermal layer
with keratinocytes. Using immunofluorescent stain-
ing with confocal imaging, we directly observed that
the rete-ridge structure persists over the 14 day cul-
ture period with keratinocytes (figure 2). We also
quantified their interdigitation index as a function of
rete-ridge depth and consistently found that cross-
linked matrices retained the rete ridge morphology
over all feature sizes patterned during this longitud-
inal period (figures 2(F) and S6). We found that the
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Figure 1. Patterning human skin models with rete ridge-like structures. (A) Schematic illustration of the stamping, cell seeding,
and longitudinal culture method. (B) Cross-sectional, immunofluorescent images of keratinocytes seeded on EDC-crosslinked,
collagen (acellular) layer as a function of culture time (days 0–14) patterned with 500 µm deep features. (C) Cross-sectional,
immunofluorescent images of keratinocytes seeded on a fibroblast-laden, dermal layer (collagen without crosslinks) as a function
of culture time (days 0–14) patterned with 500 µm deep features. Wheat germ agglutinin (green), 4′,6-diamidino-2-phenylindole
(DAPI) (blue). Scale bars 500 µm.

Figure 2. Biomimetic human skin models composed of crosslinked matrices retain rete ridge features. (A)–(D) Cross-sectional,
immunofluorescent images of skin models at days 0 and 14 with or without EDC crosslinking stamped with: (A) 200 µm deep
features, (B) 300 µm deep features, (C) 400 µm deep features, and (D) 500 µm deep features. (E), (F) Interdigitation index,
defined as the length of the dermal–epidermal interface divided by the straight-line distance, as a function of time for all features
sizes (E) without crosslinking and (F) with crosslinking. n= 3–7. Error bars indicate one standard deviation. Wheat germ
agglutinin (green), DAPI (blue). Scale bars 500 µm.
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average epidermal thickness at the final timepoint of
the non-crosslinked models was 107 ± 19 µm and
crosslinked models was 163± 20 µm.

2.2. Protein expression and basement membrane
formation in biomimetic skin models
To evaluate their protein expression, we stained
these biomimetic human skin models for cytoker-
atin 14 and cytokeratin 10, which are expected to be
expressed in the basal and suprabasal layers of the epi-
dermis, respectively (figures 3(A) and (E)). In models
composed of both crosslinked and non-crosslinked
matrices, we observed that cytokeratin 14 expression
occurs at the basal layer, while cytokeratin 10 expres-
sion occurs in the middle of the epidermis, as expec-
ted. We also stained for basement membrane pro-
teins, laminin and collagen IV (Col IV), which are
expressed at the interface between the dermal and
epidermal layers in both the crosslinked and non-
crosslinkedmatrices (figures 3(B) and (F)). Basement
membrane proteins are known to maintain mechan-
ical integrity of human skin when subjected to shear
forces [8].

Other studies have reported that markers for epi-
dermal stem cells may be preferentially expressed in
the tips or troughs of rete ridges [4, 31–33]. To assess
this phenomenon in our biomimetic human skin
models, we stained for p63, a putative epidermal stem
cell marker [34], and Ki67, a proliferation marker.
Both p63 and Ki67 are expressed in the basal layer
of the epidermis for both the crosslinked and non-
crosslinked models (figures 3(C)–(E) and (H)). This
finding is indicative of a functional epidermis, in
which basal layer cells actively proliferate, while cells
in upper layers lose their ability to proliferate as they
undergo keratinization. However, we did not observe
a higher density of epidermal stem cells or prolif-
erative cells at the tips of the ridges. Interestingly,
we observed spherical growths of proliferative cells
in the middle of some of the wells in the EDC-
crosslinked samples (figures 2 and 3(E)–(G), day 14
+ crosslinking, 200 µm and 500 µm). These struc-
tures stain brightly for actin (figure 3(E)) and Col IV
(figure 3(F)) with many nuclei positive staining pos-
itive for p63 (figure 3(G)). We hypothesize that these
structures arise due to cell growth inward from the
rete ridge walls. However, additional work is needed
to elucidate the origin of such architectures.

2.3. Adult diabetic human skin model with rete
ridges
To demonstrate the generality of our approach, we
created a diabetic human skin model composed of
primary keratinocytes obtained from an adult dia-
betic patient, age 70. These cells are seeded on
a dermal layer containing fibroblasts in a non-
crosslinked telocollagen–fibrinmatrix patterned with
400 µm rete ridges (control) and crosslinkedmatrices

patternedwith ridges ranging from200µmto 500µm
in depth. In all cases, the adult diabetic keratino-
cytes formed a multilayered, confluent epidermis
(figure 4). The interdigitation index for the adult
diabetic skin model is significantly lower compared
to the models with neonatal keratinocytes patterned
with the same ridge depth of 400 µm (figure 4(F)).
However, when adult diabetic donor keratinocytes are
cultured on crosslinkedmatrices, their interdigitation
indices are nearly the same as human skin models
composed of neonatal keratinocytes (figure 4(G)).

We also investigated whether these adult dia-
betic human skin models exhibit a differentiated epi-
dermis. As described previously, we stained these
models for cytokeratin 10 and 14 (figures 5(A) and
(E)). Again, we find that cytokeratin 14 is expressed
in the basal layer, while cytokeratin 10 is expressed in
the upper layers of the epidermis.When adult diabetic
donor keratinocytes are seeded on telocollagen–fibrin
matrices without crosslinks, the epidermis layers are
thinner compared to those formed using neonatal
keratinocytes, which resulted in a lower expression of
cytokeratin 10 (figure 5(A)). By contrast using cross-
linked matrices, the adult diabetic epidermal layers
exhibited a similar thickness as those produced using
neonatal keratinocytes with a continuous cytoker-
atin 10 band forming at the top of each model
(figure 5(E)). We also stained for laminin and Col
IV to determine whether adult diabetic donor kerat-
inocytes form a basement membrane in these mod-
els (figures 5(B) and (F)). We observed similar base-
ment membrane protein production to the neonatal
keratinocytes. Finally, we stained these adult diabetic
skin models for the proliferative markers, p63 and
Ki67 (figures 5(C), (D), (G) and (H)). Akin to mod-
els based on neonatal keratinocytes, p63+ and Ki67+

cells line the basal layer of the epidermis. Hence,
our adult diabetic human skin models exhibited sim-
ilar epidermal protein expression patterns to those
formed using neonatal keratinocytes.

2.4. Biomimetic human skin models are robust
Onepotential application of these biomimetic human
skin models is to study the effects of pharmaceuticals,
cosmetics, or occupational hazards on skin in vitro.
We therefore subjected our models to a common test
method for skin irritation [29]. We applied SDS to
the top of these skin models after 14 d of culture and
then incubated them at 37 ◦C for 18 h. Uponwashing,
we measured their cell viability. Models composed of
crosslinked matrices seeded with either neonatal or
diabetic adult donor keratinocytes exhibited similar
cell viability levels after SDS treatment (figure 6), with
the latter samples exhibiting slightly lower cell viab-
ility at each concentration. Importantly in all cases,
these models meet the gold standard of 50% cell viab-
ility for this treatment indicating that their epidermal
layer inhibits the rapid penetration of SDS.
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Figure 3. Protein expression and basement membrane formation in biomimetic human skin models. (A)–(D) Telocollagen–fibrin
skin models. (E)–(H) EDC-crosslinked telocollagen–fibrin skin models. (A) and (E) Cross-sectional immunofluorescent images
of cytokeratin 14 (green), cytokeratin 10 (white), actin (red), and DAPI (blue) on biomimetic human skin models at day 14
stamped with 400 µm deep features. (B) and (F) Cross-sectional immunofluorescent images of collagen IV (green) laminin
(white), actin (red), and DAPI (blue) on biomimetic human skin models at day 14 stamped with 400 µm deep features. (C) and
(G) Cross-sectional, immunofluorescent images of p63 (white), actin (red), and DAPI (blue) on biomimetic human skin models
at day 14 stamped with 400 µm deep features. (D) and (H) Cross-sectional, immunofluorescent images of Ki67 (white), actin
(red), and DAPI (blue) on biomimetic human skin models at day 14 stamped with 400 µm deep features. Scale bars= 100 µm.

2.5. Gene expression in biomimetic human skin
models
To assess their transcriptional differences, we
measured the gene expression of triplicate samples
of keratinocytes cultured in a monoculture (without

fibroblasts) for 4 days. As a control, neonatal and
diabetic adult donor keratinocytes are cultured in
2D to about 80% confluency. Each of these kerat-
inocytes are also cultured on non-patterned and pat-
terned (with 400 µm rete ridges) telocollagen–fibrin
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Figure 4. Adult diabetic human skin model with rete ridges. (A) Cross-sectional, immunofluorescent image of biomimetic
human skin model using adult diabetic donor keratinocytes at day 14 without crosslinking stamped with 400 µm deep features.
(B)–(E) Cross-sectional immunofluorescent images of biomimetic human skin model using adult diabetic donor keratinocytes at
day 14 with EDC crosslinking stamped with: (B) 200 µm features, (C) 300 µm features, (D) 400 µm features, and (E) 500 µm
features. (F) Interdigitation index for diabetic donor keratinocytes and neonatal donor keratinocytes cultured on
telocollagen–fibrin gel without crosslinking and stamped with 400 µm deep features. p= 0.003 from a two-tailed t-test with
n= 4 for the adult diabetic donor cells and n= 6 for the neonatal donor cells. (G) Interdigitation index for adult diabetic and
neonatal keratinocytes cultured on stamped and EDC crosslinked telocollagen and fibrin gels. No significant difference was
observed between adult diabetic donor and neonatal keratinocytes p> 0.4, n= 3−5, two-tailed t-test. Error bars indicate one
standard deviation. Wheat germ agglutinin (green), DAPI (blue). Scale bars 500 µm.

matrix with and without EDC crosslinker for 4 days.
A heatmap of the full data set is provided in figure
S7. We focused on differences between neonatal
and diabetic adult donor keratinocytes seeded on
EDC-crosslinked and stamped telocollagen–fibrin
matrices (figures 7(A) and (D)). We observed MMPs
are expressed at higher levels in the neonatal keratino-
cytes, while tissue inhibitor of metalloproteinases 2
(TIMP2) is expressed at a higher level in adult diabetic
keratinocytes. Several integrins are also expressed
at higher levels in these biomimetic human skin
models (a total of 14/60 genes are overexpressed
in neonatal keratinocytes, while 11/60 genes were
overexpressed in adult diabetic cells). Next, we com-
pared keratinocytes grown in 3D culture on a non-
patterned (flat) telocollagen–fibrin matrices to those
grown in 2D culture (figures 7(B) and (E)). 10/60
genes are expressed a higher level in 3D culture,
while 8/60 genes are expressed higher in 2D culture.
Importantly, several integrins are expressed at higher
levels in 2D culture, consistent with their role in cell
proliferation [35]. These data suggest that some ker-
atinocytes in 3D have already differentiated by day
4. We also find that cadherin-1, a cell-cell adhesion
marker, is expressed at higher levels in the 3D model.
Interestingly, comparing the gene expression of

neonatal keratinocytes grown on flat versus stamped,
crosslinked matrices revealed that only 5/60 genes
exhibited differences (figures 7(C) and (F)). Hence,
the transcriptional differences observed for kerat-
inocytes in 2D versus 3D culture is much larger
than those observed between different 3D culture
conditions.

3. Discussion

We have developed biomimetic human skin models
with controlled rete ridgeswith epidermal and dermal
layers on engineered telocollagen–fibrin matrices in
the absence and presence of crosslinks. The former
models enable fibroblast cells to be readily incorpor-
ated in the dermis layer, but patterned rete ridges flat-
ten over time due to the lack ofmechanical robustness
in the absence of crosslinks. By contrast, the cross-
linked models are more durable with patterned rete
ridges persisting over longitudinal culture, but lack
fibroblasts in the dermal compartment.

Telocollagen gels were shown to be superior to
atelocollagen gels in retaining the molded rete ridges.
One likely reason why telocollagen degrades more
slowly than atelocollagen is that the lattermatrix lacks
telopeptides, which are known to protect collagen
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Figure 5. Protein expression and basement membrane formation in adult diabetic human skin models. (A)–(D)
Telocollagen–fibrin skin models. (E)–(H) EDC-crosslinked telocollagen–fibrin skin models. (A) and (E) Cross-sectional
immunofluorescent images of cytokeratin 14 (green), cytokeratin 10 (white), actin (red), and DAPI (blue) on biomimetic human
skin models at day 14 stamped with 400 µm deep features. (B) and (F) Cross-sectional immunofluorescent images of collagen IV
(green) laminin (white), actin (red), and DAPI (blue) on biomimetic human skin models at day 14 stamped with 400 µm deep
features. (C) and (G) Cross-sectional, immunofluorescent images of p63 (white), actin (red), and DAPI (blue) on biomimetic
human skin models at day 14 stamped with 400 µm deep features. (D) and (H) Cross-sectional, immunofluorescent images of
Ki67 (white), actin (red), and DAPI (blue) on biomimetic human skin models at day 14 stamped with 400 µm deep features.
Scale bars= 100 µm.

from metalloproteinase cleavage and reduce the rate
of collagen degradation [36, 37]. In relatedwork using
EDC-crosslinked collagen, researchers have shown
that scaffold degradation is reduced [3–5, 16, 17].
Adding fibrin to these collagen matrices enhances
gelation initially, which improves the fidelity of the
patterned rete ridges.

Other efforts to create patterned human skin
models have been confined solely to epidermal layers
seeded with keratinocytes [3, 4, 16]. However, fibro-
blasts play an essential role in the dermis by pro-
ducing soluble factors that improve keratinocyte dif-
ferentiation as evidenced by a higher production of
basementmembrane proteins and a thicker epidermis

7
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Figure 6. Irritation test on biomimetic human skin models. Cell viability as a function of sodium dodecyl sulfate (SDS)
concentration introduced on day 14 for an 18 h treatment. Data are normalized to PBS control. Error bars indicate one standard
deviation. n= 3−4. ∗ p< 0.05, for a Tukey’s honest significant differences test between the four groups for each concentration.

Figure 7. Gene expression in biomimetic human skin models. (A) Volcano plot of gene expression comparing neonatal and
diabetic adult donor keratinocytes cultured on EDC-crosslinked, patterned telocollagen–fibrin matrices in 3D. Gray dots are
genes with p values> 0.05, blue dots are genes upregulated in adult diabetic keratinocytes, and red dots are genes upregulated in
neonatal keratinocytes. (B) Volcano plot of neonatal keratinocytes cultured on flat telocollagen–fibrin matrices in 3D compared
to those cultured in a 2D flask. Gray dots are genes with p values> 0.05, blue dots are genes upregulated in 3D culture, and red
dots are genes upregulated in 2D culture. (C) Volcano plot of neonatal keratinocytes cultured EDC-crosslinked, patterned and flat
telocollagen–fibrin matrices in 3D. Gray dots are genes with p values> 0.05, blue dots are genes upregulated in EDC stamped
culture, and red dots are genes upregulated in flat gel culture. (D)–(F) Subset of differentially expressed genes (p< 0.05) with
greatest ratios between (D) adult diabetic donor keratinocytes and neonatal keratinocytes cultured as a monoculture on
EDC-crosslinked, patterned telocollagen–fibrin matrix, (E) keratinocytes cultured on a flat telocollagen–fibrin matrix in 3D
versus the same cells in 2D culture, and (F) neonatal keratinocytes cultured on an EDC-crosslinked, patterned telocollagen–fibrin
matrix in 3D compared to cells grown non-patterned (flat) matrices. In (A)–(C), each dot represents the average of n= 3
biological replicates for a particular gene. In (D)–(F), green dots indicate individual biological replicates (n= 3), and black bars
indicate 95% confidence intervals.
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[38]. Othermethods, such as laser ablation, yield lim-
ited rete ridge or peg geometries and can damage
fibroblasts embedded in the matrix [5, 17]. The use
of photo-polymerizable GelMA and PEGDAmatrices
in rete ridgemolds have also been explored [18]. Akin
to our 3D printed stamping method, their approach
enables patterning of rounded rete ridge structures.
However, when keratinocytes were cultured on these
models in vitro, they did not develop a stratified and
differentiated epidermis. Rather, the epidermal layer
formed consisted of a single layer of keratinocytes loc-
ated on the tops of their rete ridge structures. Such
models would not be expected to resist SDS or other
irritant penetration compared to our approach.

Our 3D-printed molds enable rapid development
of different stamp geometries that mimic rete ridge
structures in different patient subpopulations, e.g.
young, old, healthy, and diseased [1, 8–10]. We high-
light approaches that generate skinmodels withmod-
est rete ridges for applications when fibroblasts or
other cell types are needed in a separate dermal com-
partment as well as those with pronounced rete ridges
features that are retained over long culture periods.
We provide quantitative data regarding the feature
degradation over time, which could be applied to
other biomimetic human skin models.

Unlike other researchers [4, 31–33], we did not
observe different markers for epidermal stem cells
localized in the tips or troughs of rete ridges. We
posit that this may be due to the lack of endothelial
cells pericytes, adipocytes, and other cell types, which
are present in vivo [6]. We also note that our cul-
ture conditions differ from those reported previ-
ously, in which keratinocytes were cultured under
media for between 1 and 4 d on collagen-coated
polydimethylsiloxane (PDMS) substrates [31, 32].
Differences in both culture conditions and substrate
stiffness could influence stem cell migration and
organization. Our skin models also contained rete
ridges, rather than peg-like features demonstrated
previously, whichmay influence stem cell localization
[31, 32]. However, 3D printed stamps with peg-like
features could be readily generated for future embod-
iments of these models.

Our ability to generate biomimetic skin mod-
els that incorporate adult diabetic keratinocytes may
have a potentially important clinical impact, since
nearly 40M people in the US alone have this disease.
Diabetic patients often exhibit inferiorwoundhealing
[39]. Keratinocyte proliferation and migration have
been shown to be impaired in diabetes models, but
their interactions with immune cells [40], fibroblasts
[41], and endothelial cells [42] have not been sys-
tematically studied. One limitation of our diabetic
skin model is that adult diabetic keratinocytes from
70 year old donor were compared to normal kerat-
inocytes from a neonatal donor. The next genera-
tion of biomimetic skin models should be developed
usingmatched cells from healthy and diseased donors

and expanded to study other disease states, such as
hyperglycemia [43].

In summary, we created a biomimetic human skin
model with rete ridges composed of epidermal and
dermal layers from both healthy and diseased ker-
atinocytes. We observed the expression of cytoker-
atins, basement membrane proteins, and prolifera-
tion markers. We also carried out irritation tests,
which demonstrate that the epidermis inhibits the
rapid penetration of SDS, a chemical irritant. Looking
ahead, we envision that our biomimetic human
skin models may find potential applications in drug
and cosmetics testing, disease modeling, and aging
studies.

4. Methods

4.1. Cell culture
Primary human neonatal dermal fibroblasts (ATCC,
PCS-201-010), primary human neonatal keratino-
cytes (ATCC, PCS-200-010), and primary human
adult diabetic keratinocytes (Lonza, CC-2926) were
used in this study. Fibroblasts were cultured in
low-serum fibroblast medium (ATCC, PCS-201-030
and PCS-201-041) and used in experiments from
passage number 4–7. Neonatal keratinocytes and
adult diabetic keratinocytes were cultured in CnT-
Prime medium (CellnTec) and used in experiments
from passage number 3–4. All cells were passaged
at approximately 80% confluency by washing with
phosphate buffered saline (PBS) without calcium and
magnesium and adding 0.05% trypsin–EDTA (ethyl-
enediaminetetraacetic acid) for 2–4 min. The tryp-
sin was neutralized using 5% fetal bovine serum
(FBS) in PBS without calcium and magnesium. Cells
were centrifuged at 150 g for 5 min. After passaging,
cells were used in experiments or used in contin-
ued culture by splitting 1:5 for fibroblasts or 1:3 for
keratinocytes.

4.2. Silicone stamp fabrication
Molds for silicone stamps were created using an
Envisiontec Aureus 3D printer. The printed molds
were washed in isopropyl alcohol once for 15 min
and then again overnight. After washing, the molds
were dried and heated in an oven at 80 ◦C for
15 min and cured by exposing to UV light for 5 min
(Omnicure).Molds were then plasma treated (Diener
Zepto-BL-W6) for 5 min and silanized in a vacuum
chamber overnight using trichloro(1H,1H,2H,2H-
perfluorooctyl)silane. After silanization, the molds
were ready for use. Ecoflex 00-50 (Smooth-On) was
formulated 1:1 (part A:part B) in a speed mixer at
2000 RPM for 1 min. This mixture was poured into
the printedmolds and degassed in a vacuum chamber
for 10 min. The Ecoflex was then removed from the
vacuum chamber and allowed to cure at room tem-
perature for 1 h followed by curing at 80 ◦C for at least
3 h.
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4.3. Biomimetic human skin models
Collagen (telocollagen, Advanced Biomatrix TeloCol-
10 #5226; atelocollagen, Advanced Biomatrix
FibriCol #5133) solutions were prepared by first
chilling centrifuge tubes on ice. Second, 10× PBS
with phenol red indicator (ATCC, PCS-999-001) was
added to the tubes at 1/10 the final volume of solu-
tion. Third, 1M NaOH was added to the tubes to
neutralize the collagen. Fourth, telocollagen or atelo-
collagen was added to the tubes after rinsing serolo-
gical pipettes and pipette tips with ice cold PBS. The
collagen was mixed by pipette until the solution color
became uniform at a pH of about 7–7.5. If bubbles
were introduced during the mixing step, the collagen
tubes were centrifuged at 4 ◦C and 300 g for 1 min to
remove the bubbles. Collagen tubes were kept on ice
until needed for the experiment.

Ecoflex stamps were sterilized by autoclaving
and submerged in deionized water. If bubbles were
present near the features of the stamps, the autoclaved
beaker was briefly sonicated in a water bath until the
bubbles were removed (about 10 s). The stamps were
removed from the beaker and placed face down in a 24
well plate filled with 2%wt/vol Pluronic F127 (BASF)
to coat the silicone in a thin layer of this triblock
copolymer. This step reduced the likelihood of bubble
formation and prevented the collagen and fibrin gels
from sticking to the stamps. The stamps soaked in the
2% Pluronic F127 solution for at least 5 min and then
placed in a 24 well plate filled with PBS to soak until
needed. The stamps were hydrated by soaking in PBS
to reduce the risk of introducing bubbles in biomi-
metic human skin models during patterning.

Fibrinogen (Millipore, #341573) was prepared in
advance by deposition in a 60 mm dish followed by
dissolving it in PBS without magnesium and calcium
at 37 ◦C for 2 h at a concentration of 80 mg ml−1.
The fibrinogen was aliquoted and stored at −20 ◦C.
Prior to experiment, the fibrinogen was thawed and
warmed to 37 ◦C.

Fibroblasts were passaged and counted using Cell
Countess (Thermo Fisher). Fibroblasts were split into
separate centrifuge tubes so that each sample would
have approximately 1–2million cells ml−1. Cells were
centrifuged at 150 g for 5min and resuspended briefly
in the 80 mg ml−1 fibrinogen. Thrombin was added
to the collagen solution to a final concentration of
0.5 U ml−1, and then the cells in fibrinogen were
added to the collagen solution. The final concentra-
tions of all the components were: 7.9 mg ml−1 telo-
collagen or atelocollagen, 4.6 mg ml−1 fibrinogen,
0.5 U ml−1 thrombin, 1–2 million cells ml−1. The
pipette tips were rinsed in ice cold PBS before mix-
ing the cells in the collagen solution. 295 µl of this
solution was added to a 12 well plate Transwell insert,
and then the Ecoflex stamps were placed on top of the
solution. The stamps were designed so that they res-
ted on top of the Transwell inserts while contacting
the collagen pre-gel solution. When the 12 well plate

was filled with stamped samples, the plate was placed
in a 37 ◦C incubator for 90 min to allow the colla-
gen and fibrinogen to gel. After 90 min, the stamps
were removed and CnT–FTAL (full thickness airlift)
medium was added on the samples. When the kerat-
inocytes were confluent (either the same day or the
next day after preparing the stamped gels), keratino-
cytes were passaged and added on top of the gels at
400 000 cells per insert.

Samples were then cultured in CnT–FTAL
medium for the duration of culture, with media
changes every 2–3 d. During the first 4 days of cul-
ture, 2 ml of medium was added below the insert,
and 0.5 ml of medium was added above the gel. On
the fourth day following the addition of keratino-
cytes, samples were moved to the air–liquid inter-
face by placing a 3 mm silicon rubber spacer below
the Transwell® inserts. 2.5 ml of medium was added
below the inserts, and any excess medium above the
gel was aspirated when samples were treated at the
air–liquid interface.

Samples were fixed by removing medium and
adding 4% formaldehyde in PBS for 1 h and then
washed in PBS three times, 10 min each wash and
maintained PBS with 0.05% sodium azide for storage
before staining.

For the EDC-crosslinked skin models, collagen
solutions and Ecoflex stamp preparation steps were
as described above, with the exception that fibro-
blast cells were not incorporated in the matrix during
the stamping process. Thrombin and fibrinogen were
added to the collagen solution, which was then pipet-
ted into Transwell® inserts. The stamps were applied
on top of the collagen solutions to induce rete ridges.
The underlying matrix was then gelled in an incub-
ator at 37 ◦C for 90 min. After removing the stamps,
2.5 ml of 14 mg ml−1 EDC in 100% ethanol was
added to each patterned matrix to induce crosslink-
ing. These matrices were crosslinked at room temper-
ature for 24 h and then washed twice in 100% eth-
anol for 10 min and soaked in 70% ethanol for 24 h.
They were then washed in PBS twice for 10 min and
soaked in this solution for 24 h. Finally, they were
washed once more in PBS and then in CnT–FTAL
medium and placed in the incubator to equilibrate
before seeding them sequentially with fibroblasts and
keratinocytes. Fibroblasts were passaged and seeded
at 500 000 cells on each matrix. Fibroblasts were cul-
tured for 4 d on these matrices before adding kerat-
inocytes at 400 000 cells per skin model. The human
skin models were cultured as described above, in the
same manner as the non-crosslinked samples, using
either neonatal or diabetic adult donor keratinocytes.

4.4. Irritation test
After keratinocytes had grown for 14 d, 50 µl of
SDS at a concentration between 1 and 3 mg ml−1 in
PBS was applied to the top of each skin sample. 1×
PBS was applied as a negative control. Samples were
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incubated with SDS or PBS for 18 h in a 37 ◦C incub-
ator. Samples in Transwell® inserts were then washed
with PBS and moved to a separate 12 well plate with
1 ml of 0.5 mg ml−1 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) in CnT–
FTAL media in each well. The MTT viability assay
was run for 3 h on a hotplate held at 37 ◦C. Next,
thematrices were removed from the inserts and trans-
ferred to a new 12 well plate that contained 2.5 ml of
isopropanol per well and soaked for at least 18 h to
dissolve the purple formazan substrate. After the sub-
strate was completely dissolved, 50 µl of isopropanol
formazan solution was transferred from each well to
a 48 well plate, which was measured on a plate reader
using the absorbance setting at 490 nm.

4.5. Confocal microscopy
Cross-sections of the biomimetic human skin models
were obtained by removing them from the Transwell®
inserts and slicing them perpendicular to patterned
rete ridges. Samples were cut into small rectangular
pieces about 2 mm × 4 mm, which were placed in a
48 well plate for staining. Samples shown in figures 1,
2, 4, S2, S3, S4, and S5 were stained with wheat
germ agglutinin at 5 µg ml−1 and 4′,6-diamidino-
2-phenylindole (DAPI) at 0.2 µg ml−1 overnight and
washed in PBS with 0.05% sodium azide before ima-
ging. While samples shown in figures 3 and 5 were
first permeabilized in 0.5% Triton X-100 in PBS for
30 min, then blocked in 5% donkey serum, 0.1%
Triton X-100, and PBS overnight followed by incub-
ating with primary antibodies (listed below) for 2–
3 d in 5% donkey serum, 0.1% Triton X-100 and
PBS. They were then washed three times in PBS for
1 h per wash and incubated with secondary anti-
bodies (listed below), Actin Red 555 ReadyProbes
(Thermo Fisher), and DAPI for 1–2 d in 5% don-
key serum, 0.1% Triton X-100 and PBS. The samples
were then washed three times in PBS for 1 h each
wash before imaging on a laser scanning confocal
microscope (Zeiss). All primary and secondary anti-
bodies were purchased from Abcam. All primary
antibodies were diluted 1:200, and all secondary
antibodies were diluted 1:500. Primary antibodies
included cytokeratin 10 (rabbit, ab76318), cytoker-
atin 14 (mouse, ab7800), Ki67 (rabbit, ab15580), p63
(rabbit, ab124762), Col IV (mouse, ab6311), laminin
(rabbit ab11575). Secondary antibodies included
donkey anti-rabbit IgG H&L Alexa647 (ab150075)
and donkey anti-mouse IgG H&L Alexa488
(ab150105).

4.6. Image analysis
Images were analyzed using ImageJ. The interdigit-
ation index was measured using the segmented line
tool and tracing the boundary between the dermis
and epidermis layers of the skin models from one
end of the image to the other and comparing to a
straight line with the same start and end points. The

average thickness was measured using a threshold on
the green wheat germ agglutinin channel to identify
the epidermis (which was much brighter than the
dermis), calculating the area of the epidermis, and
dividing the area by the length of the epidermis.

4.7. Nanostring gene expression analysis
Monocultures of neonatal keratinocytes and adult
diabetic donor keratinocytes were grown on 2D
plastic dishes, flat and patterned telocollagen–fibrin
matrices with and without EDC-crosslinks. Each
sample was prepared as described above with 400 µm
rete ridges, but without fibroblasts. Keratinocytes
were seeded on these matrices at 400 000 cells per
insert and cultured for four days. RNeasy Mini RNA
extraction kits (Qiagen) were used to extract RNA
from cells grown on gels. 350 µl of buffer RLT was
pipetted up anddownon top of gel for 30 s. Buffer and
lysed cells weremoved to a tube and themanufacturer
protocol was followed to extract RNA. Keratinocytes
in 2D culture were passaged at about 80% conflu-
ence, centrifuged to a pellet, and the RNeasy manu-
facturer protocol was followed to extract RNA from
these pellets. RNA extracts were stored at −80 ◦C.
Total RNA was quantified using a Nanodrop ND1000
Spectrophotometer (Thermo Fisher Scientific, MA,
USA). 75 ng of RNA in 32 µl total volume was
loaded into each lane of an nCounter Sprint Cartridge
(NanoString Technologies) as per the manufacturer’s
instructions. Gene expressionwas quantified using an
nCounter Sprint Profiler (NanoString Technologies).
Datawere analyzed usingNanostring nSolver 4.0 soft-
ware, which normalized data to positive controls and
six housekeeping genes (ACTB, B2M, GUSB, HPRT1,
SDHA, and TBP). The run with adult diabetic donor
keratinocytes on a flat gel was removed from the ana-
lysis because quality control flags were raised by the
nSolver 4.0 analysis software.
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Data Facility at https://doi.org/10.18126/3A2C-
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