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Microenvironments on Epidermal Morphogenesis
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Topographic features at the dermal-epidermal junction (DE]) provide instructive cues critical for modulating
keratinocyte functions and enhancing the overall architecture and organization of skin. This interdigitated
interface conforms to a series of rete ridges and papillary projections on the dermis that provides three-dimensional
(3D) cellular microenvironments as well as structural stability between the dermal and epidermal layers during
mechanical loading. The dimensions of these cellular microenvironments exhibit regional differences on the surface
of the body, and quantitative histological analyses have shown that localization of highly proliferative keratinocytes
also varies, according to the regional geometries of these microenvironments. In this study, we combined photoli-
thography, collagen processing, and biochemical conjugation techniques to create microfabricated dermal epidermal
regeneration matrices ({DERMs) with features that mimic the native 3D cellular microenvironment at the DE]. We
used this model system to study the effect of the 3D cellular microenvironment on epithelialization and basal
keratinocyte interaction with the microenvironment on the surface of the uDERMs. We found that features closely
mimicking those in high-friction areas of the body (deep, narrow channels) epithelialized faster than features
mimicking low-friction areas. Additionally, when evaluating P1 expression, an integrin involved in epidermal
morphogenesis, it was found that integrin-bright expression was localized in the depths of the features, suggesting
that the uDERMs may play a role in defining cellular microenvironments as well as a protective environment for the
regenerative population of keratinocytes. The outcomes of this study suggest that phDERMSs can serve as a robust
biomimetic model system to evaluate the roles of the 3D microenvironment on enhancing the regenerative capacity
and structural stability of bioengineered skin substitutes.

Introduction

B IOENGINEERED SKIN SUBSTITUTES were the first functional
engineered tissues to be made commercially available.'™
While clinical studies have shown that bioengineered skin
substitutes can restore damaged skin, many limitations still
exist, including the time to achieve definitive wound closure,
the generative capacity of the bioengineered skin substi-
tute, contracture of the wound site leading to scarring, and
mechanically induced epithelial shearing or graft failure.®™"!
A common design feature to current bioengineered skin
substitutes is a flat interface at the dermal-epidermal junc-
tion (DE]). In native skin, the DEJ is not flat, but rather
conforms to a series of three-dimensional (3D) rete ridges
and papillary projections of the dermis, ranging 50-400 pm
in width and 50-200 pm in depth, which provide structural
integrity to the skin and defines the cellular microenviron-
ments, critical for the proper functioning of the basal and
suprabasal keratinocytes located in these regions.'*"

The 3D cellular microenvironments or microniches at the
DE]J correlate with the spatial organization of keratinocyte
markers for proliferation and terminal differentiation. Basal
keratinocytes adhere at the DE]J through B; integrins, which
are involved in regulating stratification and the initiation of
terminal differentiation.'*° Basal keratinocytes with the
highest proliferation potential express higher levels of B,
than other basal keratinocytes.” > Studies have shown that
basal keratinocytes with increased levels of B, integrin ex-
pression are localized in regions of the microenvironment,
depending on the body location. Areas of the body that are
subject to excess shear stress or friction, such as the palms of
the hands and the soles of the feet, contain numerous narrow
and deep rete ridges, and P; integrins are localized to the
deepest portion of their microenvironments. In areas that are
subject to less friction, such as the breast, scalp, and foreskin,
the microenvironmental features at the DE] are wider and
shallower than high-friction areas, and Pl integrin expres-
sion is localized to the tip of the papillary projections.”****
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Understanding how the structural cues of the cellular
microenvironments ~ modulate  keratinocyte  functions
through cell-cell adhesions and extracellular matrix protein
adhesions as well as enhancing the overall architecture, or-
ganization, and mechanical stability of the tissue is a critical
component for enhancing the performance of bioengineered
skin substitutes. In this study, we used photolithography to
create microfabricated dermal epidermal regeneration ma-
trices (WDERMs) with features mimicking the native topo-
graphical microenvironments or microniches at the DEJ to
study the effect of physical features on basal keratinocyte
functions. The morphology of the formed epidermis, the
thickness of the epithelial layer, proliferation, and localiza-
tion of B1 integrin were evaluated to determine the effects of
the 3D microenvironments in creating a robust bioengi-
neered skin substitute.

Materials and Methods
Production of uDERMs

To mimic the microtopography found at the DEJ, photo-
lithography was used to create a master silicon wafer.® To
create negative replicate molds, a polydimethylsiloxane sili-
cone elastomer (PDMS, Sylgard 184; Dow Corning Corp.)
was poured onto the surface of the wafer (10:1 base to curing
agent), degassed to remove trapped air bubbles, and allowed
to polymerize. The PDMS was then carefully separated from
the silicon wafer (Fig. 1).

Acid-soluble type I collagen (CI) was extracted from rat
tail tendons, which were received from animals euthanized
for other protocols (approved by the Worcester Polytechnic
Institute, Worcester, MA and Institutional Animal Care and
Use Committee).”?® The CI was lyophilized and re-
suspended at a concentration of 10mg/mL in 5mM HCl
(Sigma Aldrich). The CI solution was then self-assembled
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using 5xDulbecco’s modified Eagle’s medium (DMEM; In-
vitrogen) with 0.22M NaHCO; and 0.1M NaOH (Sigma)
and incubated at 37°C for 18 h on circular negative replicated
PDMS molds to create the microfabricated portion of the
pDERMs (Fig. 1C).%

A collagen—glycosaminoglycan (GAG) coprecipitate con-
taining collagen (5mg/mL) and GAG (0.18 mg/mL) was
prepared.”® The collagen-GAG coprecipitate was placed into
an aluminum weigh boat, lyophilized, and crosslinked using
thermal dehydration at 105°C in a vacuum of <200 mtorr for
48h. The collagen-GAG sponges were cut into rectangles
approximately 7 cm? (2.5-cm width x 3-cm length) and placed
in a desiccator until use.

After self-assembly of the microfabricated portion of the
uDERM was complete, a small volume (200 uL) of 10 mg/
mL solution of CI was neutralized using 5x DMEM con-
taining 0.22 M NaHCO; and placed directly on the back of
the microfabricated portion of the pDERM. This glue was
gently spread to cover the entire surface area. Immediately
following this step, a precut collagen-GAG sponge was
placed on top of the neutralizing CI and incubated at
37°C for 2h to facilitate complete self-assembly of the
CI and lamination of the two components (Fig. 1D).
Carbodiimide 1-ethyl-3-(3-dimethylaminopropyl) carbodii-
mide hydrochloride (EDC; Sigma) at a mole ratio of 5:1
EDC to carboxylic acid groups in CI was used to covalently
conjugate fibronectin (FN) to the pyDERM surface and to
crosslink the uDERM.?*"*! The nDERMs were removed from
the EDC solution and immediately placed into air/liquid
(A/L) interface culture devices,” and FN (BD Biosciences,
Bedford, MA) at 100 ng/mL was conjugated to the surface
of the pDERM overnight at room temperature (Fig. 1F).
Control phDERMs without FN conjugation were also pre-
pared. These controls received EDC and dPBS instead
of FN.
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Production of microfabricated dermal epidermal regenerative matrices (1DERMs) (A). Photolithography was used

to create a master pattern on a silicon wafer containing channels with a depth of 200 um and widths of 50, 100, 200, and
400 pm. Polydimethylsiloxane (PDMS) was cast on the microfabricated silicon wafer (B) and allowed to polymerize. The
PDMS pattern was inverted, and a collagen gel was cast onto the surface containing the negative replicate of the original
pattern (C). Once polymerized, another collagen gel was cast onto the back surface of the original collagen gel to laminate a
collagen—glycosaminoglycan sponge (D), creating a pDERM. The pDERM was then EDC crosslinked (E) and removed from
the PDMS. Fibronectin (FN) was then conjugated to the microfabricated surface of the pDERM (F). The pDERM was
sterilized, seeded with keratinocytes (G), and cultured. Color images available online at www.liebertpub.com/tea
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Culture of uDERMs

Neonatal keratinocytes (NHKs) were cultured as previ-
ously described.>** Neonatal foreskins were obtained from
nonidentifiable discarded tissues from the UMass Memorial
Medical Center, Worcester, MA, and were approved with an
exempt status from the New England Institutional Review
Board. After 5 days of culture, NHKs were detached using
0.05% Trypsin-EDTA (Invitrogen), and passage 2-3 NHKs
from multiple donors were used in all experiments.

The pDERMs were sterilized using 70% ethanol and ex-
cessive sterile water rinses, and then were preconditioned
with a seeding medium consisting of a 3:1 mixture of
1xDMEM (high glucose) and Ham’s F-12 medium supple-
mented with 107'® M cholera toxin, 0.2 pg/mL hydrocorti-
sone (Calbiochem), 5 pg/mL insulin, 50 png/mL ascorbic acid
(Sigma), and 100IU/mL and 100 pg/mL penicillin-strepto-
mycin. Keratinocytes were seeded using this medium at
500,000 cells/cm? and allowed to adhere for 2h in 10% CO,
at 37°C. After 2h, the seeding medium containing 1% fetal
bovine serum (FBS) was placed in each well, completely
submerging the pDERMs. After 24h, the NHK seeding me-
dium was removed, and the ptDERMs were submerged for
an additional 48 h in an NHK priming medium composed of
an NHK seeding medium (with FBS) supplemented with
24 uM bovine serum albumin (BSA), 1.0mM L-serine (Sig-
ma), 10 pM L-carnitine (Sigma), and a mixture of fatty acids,
including 25 pM oleic acid (Sigma), 15 pM linoleic acid (Sig-
ma), 7 M arachidonic acid (Sigma), and 25 pM palmitic acid
(Sigma).® After 48h in a priming medium, the nDERMs
were cultured for 3 or 7 days with an A/L interface medium
composed of a serum-free NHK priming medium supple-
mented with 1.0ng/mL EGF (Fig. 1G). As controls, yuDERMs
without FN treatment and decellularized dermis (DED) were
cultured in parallel using the same process; however, DED
was not sterilized, but placed directly into sterile A/L in-
terface culture devices, and NHKs were seeded on the pap-
illary surface. Previous immunohistochemical analyses
demonstrated that DED, prepared using rapid freeze-thaw
cycles described previously, retains key proteins of the basal
lamina, including laminin, collagen IV, and collagen VILA

Quantitative morphometric analysis of uDERMs

To measure the surface features of the tDERMSs, a series
of unseeded pPDERMs were embedded in Paraplast
(McCormick Scientific) and sectioned in a plane perpendic-
ular to the surface of the basal lamina. Slides were hema-
toxylin and eosin (Richard Allen Scientific) stained. For each
sample, the depths of the channels and the widths of the
channels were measured using Image] software (Fig. 2A)
(downloaded from http://rsb.info.nih.gov). Values are re-
ported as mean+SEM.

Epidermal thickness and graft morphology

Epidermal thickness and graft morphology of the
uDERMs were evaluated after 3 or 7 days of A/L interface
culture using hematoxylin and eosin. Measurements of the
channel depth, channel widths, and epithelial thickness in
each channel were made. Additionally, the epidermal
thickness of the flat region adjacent to the channels (papillary
plateau) was measured. For each pDERM, multiple
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FIG. 2. Topographical measurements of the surfaces of
uDERMs. The topography of the pnDERMs was measured
using histological sections and quantitative image analysis.
(A) utDERM section stained with eosin. The insert illustrates
the measurements made for depths (D) and widths (W) of
the channels. These values were averaged and plotted in (B)
(width) and in (C) (depth) against specified channel widths.
Values are reported as averagesSEM. n=4 for 50-um
channels, and n =5 for 100-, 200-, and 400-um channels. Color
images available online at www liebertpub.com/tea
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measurements were made, since each nDERM contained
multiple channels. For epithelialized DED and native tissues,
the thickness of the epidermal layer was measured in the rete
ridges and on the papillary plateaus. The dimensions of the
rete ridges were also measured.

To characterize the effect of channel dimensions on the
epidermal thickness, the epidermal thicknesses were mea-
sured in channels with widths that were within+2 SEM of
the topography validation width measurements, for each
specified channel width. Data points were excluded from all
other channels from this analysis. These data points were
then individually normalized to the depth of their channel.
The normalized data from each specified channel width were
then averaged and reported as a mean value+SEM. Sample
values for the 50-, 100-, 200-, and 400-um-width channels
were n=>5,5, 6,and 11 at 3 days, respectively, and n=5, 6, 15,
and 13 at 7 days, respectively. At both 3 and 7 days, n=4 for
DED, and n=4 for foreskin tissue.

Keratinocyte proliferation

Proliferation of basal NHKs was evaluated after 3 or 7
days of A/L interface culture by measuring the presence of
Ki67, a cell cycle-associated antigen. A prediluted mouse
anti-human Ki67 antibody (Zymed Laboratories) was used
in conjunction with biotinylated anti-mouse IgG (Vector
Laboratories, Inc.) at 1:200. The Vectastain Elite ABC Kit
(Vector Laboratories) and Vector NovaRED Substrate Kit
were then used to detect positive expression of the antibody.
The number of Ki67-positive basal cells and the total basal
cell number were counted over the length of the basal lamina
in each channel and for control tissues, over the entire image.
The data from each specified channel width were averaged
and reported as the mean value + SEM. Samples for 50-, 100-,
200-, and 400-um-width channels were n=5, 6, 7, and 10 at 3
days, respectively, and n=5, 6, 10, and 11 at 7 days, re-
spectively. At both 3 and 7 days of A/L interface culture,
n=4 for epithelialized DED. Samples for foreskin tissue were
n=>5. Only one sample of breast control tissue was obtained,
and three images of the sample were evaluated and reported
as the mean + standard deviations. Breast tissue was not in-
cluded in statistical analyses. Human foreskins and breast
tissue were obtained from nonidentifiable discarded tissues
from the UMass Memorial Medical Center, Worcester, MA,
and were exempt from the New England Institutional Re-
view Board review.

f+ integrin expression

The expression of B, integrin for basal NHKs was evalu-
ated on pDERMs, epithelialized DED, and human tissues,
using immunohistochemistry. Anti-CD29 (BioGenex) was
applied at a concentration of 1:100, and goat anti-mouse
(Alexa Fluor 546; Invitrogen) secondary antibody was used
at a dilution of 1:100. After secondary antibody incubation,
the sections were rinsed, and Hoechst nuclear reagent (In-
vitrogen) was added at 0.06 mM. Each section was imaged
using the same exposure time, and the images were analyzed
using Image] software. Following previously published
methods, the greatest fluorescence intensity recorded was
subdivided into three regions, the dullest (bottom 1/3), the
brightest (top 1/3), and the remaining (middle 1/3). Cells
that had intensity values in the top 1/3 around their pe-
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rimeter were considered integrin-bright.*'**** The number
of cells that were integrin-bright was counted as well as the
total number of basal cells.

Statistical analyses

Sigma Stat Version 3.10 (Systat Software, Inc.) was used to
evaluate statistical differences. To determine if the means of
two different samples were significantly different, either a
Student’s t-test or the Mann-Whitney Rank Sum Test was
used, depending on if the samples were drawn from a nor-
mally distributed population with equal variance. For both
the Student’s t-test and the Mann—-Whitney Rank Sum Test, a
p-value<0.05 indicated a significant difference between the
means of experimental groups. To determine statistical dif-
ferences among the means of three or more experimental
groups, a One-Way Analysis of Variance (ANOVA) was
used when the samples were drawn from a normally dis-
tributed population with equal variance. When the data
were not normally distributed, a Kruskal-Wallis One-Way
ANOVA on ranks was performed. When a statistical differ-
ence was detected among the group means, a Turkey posthoc
analysis was performed for both the One-Way ANOVA
and Kruskal-Wallis One-Way ANOVA on ranks. A p-
value <0.05, for both variance tests, indicated a significant
difference between the groups.

Results
Development of uDERMs

To investigate the role of the cellular microenvironments
on epithelialization and the regenerative capacity of bioen-
gineered skin substitutes, we developed a process to create a
dermal scaffold with defined topographical features. The
topographical features of WDERMs were analyzed using
quantitative morphometric analyses of histological sections
before cell seeding. Depths and widths of the channels were
measured (Fig. 2). The widths for each channel were mea-
sured (Fig. 2B) and found to be 60.8 +3.8 for the 50-pm-width
channels, 101.2+2.4 for the 100-pm channels, 197.1+13.5 for
the 200-um channels, and 315.7+27.9 for the 400-um-width
channels. The depth for each channel was also measured and
found to be approximately 150 um (Fig. 2C).

Epidermal thickness and graft morphology
are influenced by uDERM features

The effect of the cellular microenvironments on epidermal
thickness was analyzed at 3 or 7 days of A/L interface cul-
ture on pDERMSs. Surfaces conjugated with FN (Fig. 3C, D)
had continuous, stratified layers of cells, regardless of topo-
graphical geometry, whereas control surfaces without FN
conjugation did not (Fig. 3A, B). When comparing grafts
cultured with FN at various time points, the geometric fea-
tures influenced the thickness of the epidermal layer that
formed on the surfaces of the skin substitutes. At 3 days of
A/L interface culture, channels with widths of 50 um had
noticeably thicker epidermal layers than channels with
widths of 200um (Fig. 3C, D, respectively). Epidermal
thickness normalized to the depth of the channel at 3 days of
A/L interface culture for the 50 um channels was statistically
greater than the thickness measured for the 100-um-width,
200-um-width, and 400-um-width channels (Fig. 4).
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The epidermal layer on the uDERMs in the 50-um-width
channels was similar in the thickness and morphology to the
epidermal layer cultured on DED for 3 days at the A/L in-
terface (Fig. 3G). When quantifying epidermal thicknesses,
no statistical differences were found between the DED and
the 50-pm-width channels at 3 days (Fig. 4). At the 7-day A/
L interface culture time point for tDERMs, the 50-um-width
and 100-pm-width channels (Fig. 3E) had similar morphol-
ogies and epidermal thicknesses, and both channels had
notably thicker epidermal layers than comparable 200-pm-
width channels (Fig. 3F).

Epidermal thicknesses for the 50-pm-width and 100-pm-
width channels had similar values, and were both statisti-
cally different from the 200-um-width and 400-pm-width

2347

FIG. 3. Hematoxylin and eosin staining
of utDERMs and control tissues. To evaluate
the effects of FN and topography on
epithelialization, the epidermal thickness
was measured on uDERMs without FN
cultured for 3 days at the air/liquid (A/L)
interface (A and B, respectively), yuDERMs
with FN cultured for 3 days at the A/L
interface (C and D, respectively), and 7
days at the A/L interface (E and F) and
compared to keratinocytes cultured on
decellularized dermis (DED) cultured for
3 or 7 days at the A/L interface (G and H,
respectively) as well as foreskin and
breast control tissues (I and J, respectively).
Scale bars =50 um. Color images available
online at www.liebertpub.com/tea

channels at day 7 (Fig. 4). When comparing the epidermal
layers on hDERMs at 7 days of A/L interface culture with
DED (Fig. 3H) and native foreskin and breast skin (Fig. 31, ],
respectively), we observed that the 50-pm- and 100-um-
width channels have similar morphologies and thicknesses.
No statistical differences were found in epidermal thickness
between 50-um-width and 100-pum-width channels at 3 days.
Additionally, no statistical differences were found in epi-
dermal thickness between 50-pm-width and 100-pm-width
channels and the epidermal thickness of cells cultured for 7
days at A/L interface on DED or foreskin tissue (Fig. 4).
To compare epidermal thicknesses achieved independent
of the channel depth or the rete ridge height, we measured
the epidermal thicknesses on flat, control surfaces, the
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FIG. 4. Epithelial thickness measured and normalized to depth of channel. Epithelial thickness was measured in each
channel of each hDERM and normalized to the depth of the channel. * indicates p<0.05, one-way analysis of variance
(ANOVA), Turkey post-hoc analysis. The large dashed lines represent epithelial thickness of foreskin tissue, and the smaller
dashed lines represent epithelial thickness on DED. Values are averages =SEM. n=>5 for both 50- and 100-pm channels at 3
and 7 days; n=6 and 15 for 200-um channels at 3 and 7 days, respectively, and n=11 and 13 for 400-um channels at 3 and 7

days, respectively.

papillary plateaus of the nDERMs. The epidermal thick-
nesses on papillary plateaus between all channels were av-
eraged and compared to thicknesses on the papillary
projections for epithelialized DED and foreskin tissue. At 3
days of A/L interface culture, hDERMs and epithelialized
DED were not statistically different from each other, but
different from native foreskin. At 7 days of A/L interface
culture, the epidermal thicknesses at the papillary plateau
were not statistically different between any measured tissues
(Fig. 5).

Basal keratinocyte proliferation capacity on uDERMs
is affected by microenvironmental features

The effects of microtopography on cell proliferation were
evaluated after 3 or 7 days of A/L interface culture. Foreskin
and breast tissues were also evaluated as native skin controls
(Fig. 6). At 3 and 7 days of A/L interface culture, the 50-
um-width channels had a low average percentage of Ki67-
positive cells (Fig. 7), with 40% of the channels having zero
Ki67-positive cells. When analyzing the 100-um-width channels
after 3 days of A/L interface culture, a similar percentage of
Ki67 cells was found as in the 50-pum-width channels. At 7 days
of A/L interface culture for the 100-pm-width channels, the
percentage of Ki67-positive cells increased (Fig. 7).

The 200-pym-width and 400-um-width channels had simi-
lar values and trends at both 3 and 7 days of A/L interface
culture with values statistically decreasing from day 3 to day
7 (Student’s t-test, p<0.05). Epithelialized DED exhibited an
increase in percentage of Ki67-positive cells from day 3 to day
7, similar to the 100-um-width channels. When analyzing na-
tive tissue controls, the basal keratinocytes of neonatal foreskin
were approximately 20% Ki67 positive, and basal keratino-
cytes in breast tissue were approximately 10% Ki67 positive.

Microenvironments of uDERMs control spatial
localization of f3;-integrin-bright basal NHKs

To determine localization of B;-bright NHKs on pDERMs,
epithelialized DEDs, and native foreskins, we utilized im-

munohistochemistry, coupled with quantitative digital im-
age analyses. Fluorescent intensity values were determined
for cell-cell borders similar to previously reported literature
for 3-day A/L interface cultures.?**** Native foreskin tissue
displayed B;-bright regions on the tips of the papillary pro-
jections (Fig. 8A-C). On the phDERMSs, B;-bright regions were
located in the channels. Analyses indicated that for the 100-
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FIG. 5. Epithelial thickness at the papillary plateau. The
thicknesses of the epidermal layers at the papillary plateaus
of uDERMs, at the epithelialized DED, and in native foreskin
were measured. No statistical differences were detected be-
tween the thicknesses of ptDERMs and epithelialized DED at
3 or 7 days of A/L interface culture (One-Way ANOVA with
Turkey post-hoc analysis). At 7 days, there were no statistical
differences between foreskin tissue and either the pnDERMs
or epithelialized DED (Kruskal-Wallis One-Way ANOVA on
Ranks). Values are averages*SEM. n=14 and 15 for
uDERMs at 3 and 7 days, respectively, n=4 and 7 for de-
cellularized dermis at 3 and 7 days, respectively, and n=4 for
foreskin tissues.
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FIG. 6. Histological representation of Ki67 expression of basal keratinocytes present on pDERMs and control tissues. To
evaluate the effects of topography on the presence of proliferating basal keratinocytes, Ki67, a marker for highly mitotic cells,
was used. The presence of Ki67-positive basal keratinocytes was evaluated on ptDERMs (A-D) cultured at 3 days at the A/L
interface. (A) represents channels with 50-um widths; (B) represents channels with 100-um widths; (C) represents channels
with 200-pm widths, and (D) represents channels with 400-um widths. The presence of Ki67-positive cells was also evaluated
on keratinocytes cultured on DED for 3 days at the A/L interface (E) and to foreskin tissue (F). Scale bars in all im-
ages=100 um. Color images available online at www .liebertpub.com/tea

pm-width channel (Fig. 8D, E, solid lines in 8E separates flat
from channel regions), 16.7% of the total basal keratinocyte
population in the channel were B;-bright. Similar analysis for
the 400-um-width channel indicated that 23% of the total
basal keratinocyte population in the channel were B;-bright
(Fig. 8F, G, solid lines in 8G separates flat from channel re-
gions). Additionally, it was found that the p;-bright regions
in the 400-um-width channels localized to the corners of the
channels as seen in Figure 8H and 1. When evaluating the
corner regions of the 400-pm-width channels (Fig. 8H, I), 50%
of the basal keratinocytes were B;-bright. When flat regions
of the pDERMs were evaluated (Fig. 8], K), p;-bright cells
were heterogeneously dispersed, and 30% of the total basal
keratinocyte population were B, bright. For epithelialized
DED (Fig. 8L, M), 15.6% of the total basal keratinocyte
population were B;-bright, and these cells were localized to

the rete ridges. In native foreskin tissue (Fig. 8A, B, C), 7% of
the total population of basal keratinocytes were B;-bright,
and these cells were localized to the tips of the dermal pa-
pillae. This localization finding is consistent with literature,
although our percentage of integrin bright cells was much
lower.*"** This outcome may be caused by a variation in the
fluorescence intensities that the samples were exposed to in
this study. Care was taken to not overexpose the regions;
thus, lower percentages of bright cells could be caused by
this factor.

Discussion

The 3D microenvironment at the DE]J creates a cellular
microenvironment that modulates keratinocyte functions
through cell-cell and cell-extracellular matrix protein
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FIG.7. Quantification of percent positive Ki67 cells/mm on
uDERMs and in native tissues. The percentage of Ki67-pos-
itive cells was counted over the length of the pDERMs. For
channels, the pDERM length was the perimeter of the
channel, which was approximately 350, 400, 500, and 700 pm
for 50-, 100-, 200-, and 400-um channels, respectively. For
tissues, the length ranged between 650 and 900 pm based on
the native topography of the basal lamina. Values are re-
ported as averages+SEM. n=5, 6, 7, 11, and 4 for 50, 100,
200, 400 pm, and DED at 3 days, respectively; n=4, 5, 11, 10,
and 4 for 50, 100, 200, 400 pm, and DED at 7 days, respec-
tively. n=>5 for foreskin tissue. ** indicates significant dif-
ferences, p<0.05, student’s t-test.

adhesions and proximal autocrine and paracrine cellular
signaling factors. Additionally, this topography is critical in
maintaining the structural integrity of skin. To date, there is
no bioengineered skin substitute that contains the 3D mi-
croenvironment located at the DEJ, and the papillary pro-
jections and rete ridges must form de novo after
transplantation. The formation of papillary projections and
rete ridges between epidermal and dermal components has
been reported after transplantation of composite bioengi-
neered skin substitutes; however, formation does not always
occur, and when it has been reported, inconsistencies in the
time of formation and the size of rete ridges exist.>>>" Fur-
thermore, bioengineered skin substitutes lacking the 3D mi-
croenvironment at the DE] have been reported to be fragile
and prone to accidental separation of epithelial and dermal
components during handling.*’ In this study, we developed
a uDERM that contains the 3D microenvironment found at
the DEJ and evaluated the role of the native microenviron-
ment in guiding the integration of transplanted cells and
their derivatives into a functional tissue equivalent.

The morphology of the epidermal layer on the FN-conju-
gated pnDERMs suggests well-differentiated epidermal layers
based on the cellular size and loss of nuclei from the stratum
corneum layer. Keratinocytes found in the basal layer are
cuboidal in shape, and as the cells progress to the stratum
corneum, they exhibit a more flattened morphology. In na-
tive skin, these morphological changes are accompanied by
changes in the expression of keratin proteins and water-
proofing lipids, which significantly enhance skin function by
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providing both a protective barrier against the environment
as well as structural integrity of the epidermis.*!

The data obtained from the proliferation marker study
(Ki67) help to elucidate the trends from the epithelial thick-
ness experiments and suggest that a space-filling mechanism
can explain why epithelialization occurs more rapidly for the
narrow-width channels than the wider channels. The data
suggest that after initial seeding, a proliferative burst oc-
curred, similar to results seen during in vitro cultures of low-
density to high-density keratinocytes,**™*° as well as in the
in vivo wound-healing environment once a monolayer of
keratinocytes is formed and contact inhibition occurs.*® This
burst can be characterized by the basal cells undergoing two
to four mitotic divisions and committing to terminal differ-
entiation that leads to epithelialization.***>*” Since the 50-
pm-width channels have much smaller dimensions, they
require fewer cells to fill the topographic feature, followed by
the 100-, 200-, and 400-pm-width channels. At 3 days of A/L
interface culture (6 days of total culture), the 50-um-width
channels had a complete epithelial layer; however, the 100-,
200-, and 400-um-width channels did not. The Ki67 data
suggest that a proliferative burst occurred before the 3-day
time point, and this channel was in a steady state of prolif-
eration at the 3-day and 7-day time points, whereas the other
channels were still undergoing a proliferative burst to fill the
channel. At 7 days of A/L interface culture (10 days of cul-
ture), the 100-pm-width channels had the same epithelial
thickness as the 50-um-width channels and native skin;
however, the 200-um- and 400-um-width channels contained
a less-thick epidermis. The percentage of Ki67-positive cells
for the 200-um- and 400-um-width channels both decreased
at the 7-day time point and was statistically different from
the 3 days, which could indicate that the epithelial thickness
in these channels was at its maximum. To further support the
proposed mechanism, as well as to further explain the trends
observed, future studies will focus on collecting data at later
time points to evaluate whether the epithelial thickness of the
wider channels reaches similar thickness values as the 50-
um-width and 100-pm-width channels, epithelialized DED,
and native tissue. Additionally, studies to characterize the
expression of differentiation markers will help to understand
the differentiation status of the cells located in the channels.

Epidermal keratinocyte interactions with the underlying
matrix are critical for tissue organization and functionality.
As mediators of cell surface interactions at the DEJ, evalu-
ating the expression and localization of integrins, specifically
B1, on the surface of the cell can suggest renormalized ker-
atinocyte adhesion.*®4° Additionally, the amount and acti-
vation status of By integrins on the cell surface have been
used to distinguish the proliferative potential of keratino-
cytes as well as their commitment to terminal differentiation.

On the surface of the hDERMs, B integrin staining was
found pericellular, and differences between B, intensity lev-
els were observed. These data suggest a heterogeneous
population of basal keratinocytes, as seen in native skin,
demonstrating a population of proliferative cells and cells
that are committed to undergoing terminal differentiation.
Interestingly, Bq-bright cells were found primarily in the
channels of the hDERMs as well as in the rete ridges of
epithelialized DED. This finding suggests that the phDERMs
provide an environment for stem cell niche formation. To
further evaluate this hypothesis, the transmembrane protein
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LR1G1, recently identified as a strong marker for epidermal
stem cell localization,>*>! cytokeratin 19,5253 cytokeratin
15,2 and p63°>°* should be analyzed concurrently with B, to
evaluate the ability of the formation of stem cell niches and
regenerative capacity of tDERMs.

By integrin expression on pDERMs suggests a robust in-
teraction between basal keratinocytes and the underlying
dermal matrix; however, to fully assess whether this inter-
action can sustain keratinocyte growth and differentiation,
the evaluation of a basement membrane structure is re-
quired. The deposition and assembly of the basement
membrane occurs with the normalization of epithelial
growth, morphogenesis, and differentiation, and are medi-
ated by epithelial and mesenchymal factors.”>” Incorpora-
tion of dermal fibroblasts into the yDERMs is currently being
undertaken to evaluate the formation of a structured base-
ment membrane and the complete microenvironment found
at the DEJ.

Overall, this study has focused on developing a matrix
(uDERM) that provides the 3D features found at the DE]J and
demonstrates the effect of the native features on epithelial-
ization, proliferation, and keratinocyte localization. The data
demonstrate that channels with the narrowest openings had
enhanced epithelialization and were comparable to cultures
on DED. These small channels mimic rete ridges found in
areas of the body that undergo excessive friction, and in-
corporating these features may improve not only epithelial-
ization rates but also the cohesion between the dermis and
the epidermis after a mechanical stress. The data gathered
from this study also suggest the formation of a stem cell
niche that provides a protective environment from external
insults and warrants further evaluation of epithelial stem cell
markers to further support this claim.
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