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Microporous Dermal-Like Electrospun Scaffolds
Promote Accelerated Skin Regeneration
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The goal of this study was to synthesize skin substitutes that blend native extracellular matrix (ECM) molecules
with synthetic polymers which have favorable mechanical properties. To this end, scaffolds were electrospun
from collagen I (col) and poly(e-caprolactone) (PCL), and then pores were introduced mechanically to promote
fibroblast infiltration, and subsequent filling of the pores with ECM. A 70:30 col/PCL ratio was determined to
provide optimal support for dermal fibroblast growth, and a pore diameter, 160 pm, was identified that enabled
fibroblasts to infiltrate and fill pores with native matrix molecules, including fibronectin and collagen 1. Me-
chanical testing of 70:30 col/PCL scaffolds with 160 um pores revealed a tensile strength of 1.4 MPa, and the
scaffolds also exhibited a low rate of contraction (< 19%). Upon implantation, scaffolds should support epi-
dermal regeneration; we, therefore, evaluated keratinocyte growth on fibroblast-embedded scaffolds with
matrix-filled pores. Keratinocytes formed a stratified layer on the surface of fibroblast-remodeled scaffolds, and
staining for cytokeratin 10 revealed terminally differentiated keratinocytes at the apical surface. When im-
planted, 70:30 col/PCL scaffolds degraded within 3—4 weeks, an optimal time frame for degradation in vivo.
Finally, 70:30 col/PCL scaffolds with or without 160 pm pores were implanted into full-thickness critical-sized
skin defects. Relative to nonporous scaffolds or sham wounds, scaffolds with 160 um pores induced accelerated
wound closure, and stimulated regeneration of healthy dermal tissue, evidenced by a more normal-appearing
matrix architecture, blood vessel in-growth, and hair follicle development. Collectively, these results suggest

that microporous electrospun scaffolds are effective substrates for skin regeneration.

Introduction

KIN IS OFTEN DAMAGED as a result of physical insult,
burns, diabetic ulcers, and other traumatic events. Fre-
quently, the wound can heal on its own; however, large wounds
require surgical intervention. Current treatments for skin repair
include the use of autograft, allograft, or xenograft tissues.
Autografted skin is the gold standard therapy; however, the
amount of donor skin is in limited supply, and the quality of
donor skin is sometimes compromised. Allograft and xenograft
tissues are substitutes for autograft; however, these materials
present disadvantages such as graft rejection, scar formation,
contraction, and potential disease transmission."* Accordingly,
intensive research is aimed at developing synthetic skin-
mimetic materials that serve as temporary supports, while si-
multaneously inducing the regeneration of native skin tissue.**
Many engineered skin substitutes incorporate molecules
found within the native extracellular matrix (ECM). ECM is
critical for the guidance of cells and proper tissue formation
during the wound-healing process. Collagen I is an abundant

dermal ECM molecule, and it is widely used in regenerative
scaffolds. However, collagen-based materials often have
inadequate tensile properties due to collagen’s fast degra-
dation rate and poor mechanical characteristics.’ In order to
circumvent this issue, collagen I is either chemically cross-
linked or mixed with synthetic polymers that add mechan-
ical strength and flexibility. Poly(e-caprolactone) (PCL) is
an FDA-approved degradable polymer that is commonly
blended with collagen I to create scaffolds with a tunable
degradation rate and increased tensile strength.® While many
methods can be used to generate collagen/PCL composites,
electrospinning is emerging as a promising technology.
Electrospinning offers a simple method for producing scaf-
folds that can be tailored to mimic the biochemistry and
three-dimensional structure of native ECM.” Electrospun
scaffolds composed of PCL and collagen I support cell ad-
hesion and proliferation, possess favorable biomechanical
characteristics, have a high surface-to-volume ratio, and are
composed of a nanofibrous structure with interconnected
pores, similar to native ECM 310
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One of the main limitations of electrospun scaffolds is
that the pores created by the nanofibrous mesh have small
diameters which impede cell infiltration, hindering scaffold
remodeling and wound healing.''™"* A number of reports
have highlighted the importance of porosity within skin-
mimetic materials in facilitating fibroblast, endothelial, and
stem cell infiltration; nutrient transport for better graft
survival; and neovascularization.'*™'® On the other hand, if
pores are too large, cells may have a difficult time filling the
void with ECM. Excessive porosity or large pore diameters
may also compromise scaffold mechanical properties. The
most effective pore diameter for tissue regeneration is likely
to be influenced by other scaffold properties such as the
presence of integrin ligands for cell attachment and migra-
tion (e.g., collagen), scaffold stiffness, and degradation
characteristics (e.g., amenability to endogenous enzymatic
or hydrolytic processes).

The goal of the current study was to develop an electro-
spun scaffold that integrates a number of features which are
critical for effective tissue repair, including a cell-instructive
biochemical composition; suitable mechanical properties
and degradation rate; and pores of sufficient size to enable
cell infiltration and scaffold remodeling. Electrospun scaf-
folds composed of collagen I/PCL blends with varying pore
diameters were evaluated for fibroblast-directed ECM de-
position. Pores were created mechanically, based on an
adaptation of a device used in the cosmetics field to stim-
ulate skin regeneration. Specifically, a paddle-like device
composed of numerous micro-diameter needles (Dermas-
tamp) creates small injuries in the facial skin, which, con-
sequently, promotes wound healing. Modeling this process,
pores were created in electrospun scaffolds with micro-
diameter needles, and a pore size that supported ECM de-
position was identified. Microporous scaffolds implanted
into full-thickness skin wounds were found to promote more
rapid skin regeneration than standard electrospun scaffolds.
Compared with other technologies for increasing scaffold
pore size, the generation of a commercial press device with
a defined needle diameter offers a technically straight-
forward and cost-effective strategy for introducing well-
controlled and reproducible pores in sheets of electrospun
materials.

Materials and Methods
Preparation of electrospun scaffolds

One hundred percent PCL, 50:50 col/PCL, and 70:30 col/
PCL scaffolds were synthesized by dissolving collagen I and
PCL into hexafluoroisopropanol (HFP) solvent (Sigma),
resulting in a solid weight of 7.5% of the total solution
weight. Calf skin collagen I was purchased from MP Bio-
medicals, and 100,000 Da PCL was purchased from Scien-
tific Polymer Products. Solutions were taken up into a 3-cc
syringe with a 27-gauge needle, and a syringe pump (Har-
vard Apparatus) was used to eject the solution at a constant
2mL/h rate toward an aluminum foil-covered collecting
plate that rotated at 20 rotations/min. Scaffolds were placed
in a desiccator for 24h to remove any residual HFP. In-
dividual scaffolds were punched from the larger electrospun
sheet using a Humboldt Boring Machine (Fisher). Scaffolds
were placed in CellCrowns (Scaffdex), and micropores were
created mechanically using either an acupuncture needle
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(scaffolds with 160 um pores) or a Dermastamp device
(scaffolds with 250 pm pores, Dermastamp purchased from
Alibaba.com). For cell culture studies, scaffolds were ster-
ilized by soaking in 70% ethanol before use.

Cell culture

Immortalized J2 mouse fibroblasts were a generous gift from
Louise Chow (University of Alabama at Birmingham [UAB]).
Green fluorescent protein (GFP)-expressing J2 cells were gen-
erated by stable transduction with lentivirus particles obtained
from the UAB Virology Core facility. GFP-J2 fibroblasts were
cultured in Dulbecco’s modified Eagle’s medium that was
supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin/amphotericin ~ solution  (Invitrogen).
Primary human fibroblasts and keratinocytes harvested from
neonatal foreskin were obtained from the Skin Cell Culture
Core facility at UAB. Human fibroblasts were cultured in fi-
broblast basal medium that was supplemented with insulin,
FBS, fibroblast growth factor, gentamicin, and amphotericin
(Lonza). Keratinocytes were cultured in serum-free keratino-
cyte medium that was supplemented with L-glutamine, epider-
mal growth factor, and bovine pituitary extract (Gibco).

Cell growth on scaffolds

GFP expressing J2 fibroblasts were seeded onto scaffolds
that were held in place by CellCrowns and allowed to grow
for 3 or 10 days. Scaffolds were then removed from the
CellCrowns, placed on microscope slides, and rinsed with
phosphate-buffered saline (PBS). Cells were fixed in 4%
paraformaldehyde for 15min and permeabilized in 0.2%
Triton-X 100 for 15 min. All steps were followed by three
washes in PBS. The samples were coverslipped and imaged
by confocal microscopy.

To quantitatively evaluate cell proliferation, 5x 10* GFP-
expressing J2 fibroblasts were seeded onto scaffolds and
allowed to grow for varying time points ranging from 1 to
21 days. The samples were then rinsed in PBS, frozen in
liquid nitrogen, and pulverized using a cryo-pulverizer.
Cells were lysed in 50 mM Tris buffer (pH 7.4) containing
150 mM NaCl, 1% Triton X-100, 1% deoxycholate, 0.1%
SDS, 5SmM EDTA, and 0.5% Igepal. Lysates were then
homogenized and centrifuged at 15,000 g for 20 min at 4°C,
and supernatants were collected for analysis. Solution
fluorescence of the lysates (reflecting GFP) was measured
using a BioRad Versafluor fluorometer. For western blot-
ting, lysates were mixed with NuPAGE lithium dodecyl
sulfate (LDS) and sample reducing agent (Invitrogen) and
resolved in a BioRad precast gel at 100 V. The proteins were
transferred overnight to a polyvinylidene fluoride (PVDF)
membrane at 4°C. The membrane was blocked with 10%
bovine serum albumin for an hour. An anti-GFP monoclonal
antibody (Roche) and an HRP-conjugated secondary anti-
body (Cell Signaling) were used. Imaging was performed on
a BioRad ChemiDoc imaging system.

Cell viability on scaffolds

Human fibroblasts (lacking any fluorescent tag) were see-
ded on the surface of scaffolds and allowed to grow for 1, 7,
14, and 21 days. Scaffolds containing fibroblasts were then
submerged in a live/dead cell imaging solution for 15 min that
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stains live cells green and dead cells red (Life Technologies).
The scaffolds were subsequently imaged on a Nikon confocal
microscope. Cell counting was performed by automatic de-
tection using the Volocity image analysis software program
in order to determine the number of live and dead cells.

Scanning electron microscopy of scaffolds

Scaffolds were dried in a desiccator for 24 h, gold plated,
and imaged using a Philips XL-30 scanning electron mi-
croscopy with an accelerating voltage of 10kV.

Cell invasion into pores and matrix deposition

Human fibroblasts were preloaded for 24h with red
fluorescent nanocrystals (Qtracker 655; Invitrogen), seeded
onto scaffolds, and cultured for 10 days. Scaffolds were
subsequently cut into strips, embedded in optimal cutting
temperature (OCT) gel, frozen, and sectioned with a cryo-
stat. Nuclei were stained with Hoechst. Matrix deposition
was evaluated by phase-contrast imaging using a dissecting
microscope, or scaffolds were stained for specific matrix
molecules. Collagen was stained using a Picrosirius Red kit
(Polysciences, Inc.), and fibronectin was detected using an
anti-fibronectin antibody (Abcam), followed by Alexa-488
conjugated secondary antibody (Molecular Probes). Fi-
bronectin and collagen deposition was validated by immu-
noblotting (primary antibodies from Abcam).

Keratinocyte stratification
on fibroblast-remodeled scaffolds

Human fibroblasts were seeded on the scaffold surface
and allowed to grow for 10 days. At this time point, human
keratinocytes were seeded onto the fibroblast-embedded
scaffolds and allowed to adhere for 24 h. Scaffolds were
then placed on top of a wire mesh and media was filled to
the level of the scaffold, positioning the keratinocyte layer at
the air-media interface. Scaffolds were grown at the air—
liquid interface for 10 days, and were then OCT embedded,
frozen, and sectioned. Sections were stained with hema-
toxylin and eosin (H&E). In addition, scaffolds were im-
munostained for cytokeratin 10 (CK-10; Abcam).

Mechanical testing

Human foreskin fibroblasts were seeded onto 70:30 col/
PCL scaffolds with or without mechanically generated pores
and cultured for 7, 14, and 21 days. At each time point,
the diameters of the scaffolds were measured with calipers.
The difference in diameter from the original diameter was
measured, and the percent contraction was calculated. The
procedure was reproduced without seeded fibroblasts in order
to compare the contraction of scaffolds with or without cells.

Tensile strength and strain were measured for scaffolds
of varying col/PCL ratios, with or without 160 um pores.
The scaffolds were first soaked in PBS to ensure adequate
hydration, and then, samples were analyzed using an MTS
858 mini Bionix mechanical test machine by applying a
displacement strain rate of 5Smm/min, a time interval of
100Hz, a 100-N load cell, and using MTS pneumatic con-
troller grips. A dog-bone-shaped die was used to cut scaf-
folds. Scaffold thickness and grip distance were measured
and taken into account before testing.
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Degradation of scaffolds in vivo

All animal procedures were performed under the guide-
lines approved by the Institutional Animal Care and Use
Committee (IACUC) at the University of Alabama at Bir-
mingham. Three 15-mm-diameter full-thickness wounds
were created in the backskin of a Sprague-Dawley rat (i.e.,
each rat received a total of three wounds placed linearly on
the backskin). One of the wounds was implanted with a
70:30 col/PCL scaffold, another with a 50:50 col/PCL scaf-
fold, and the third was covered with gauze (sham) (n=35
rats). Scaffolds were stained with Dil dye (Invitrogen) be-
fore implantation. At 7, 14, and 26 days, tissues were har-
vested, OCT embedded, and sectioned. Fluorescent pictures
were taken, and the areas of the remaining scaffold were
measured using NIS Elements BR software.

Wound closure and histology

As described earlier, each rat received three 15 mm-
diameter full-thickness wounds on the backskin. One wound
was implanted with a 70:30col/PCL scaffold containing
160 um pores; the second wound was implanted with a
70:30 col/PCL scaffold lacking micropores; and the third
wound was covered with gauze as a sham control (n=35).
Top-view photos of the rat backskin containing the three
side-by-side wounds were taken at 7, 14, and 21 days, and
unhealed wound areas were measured by Image J analysis.
Tissues were harvested at these same time points, paraffin
embedded, sectioned, and stained with H&E. Representative
images were taken to highlight blood vessel formation, hair
follicle development, and dermal matrix architecture. In
addition, whole field H&E stained sections were taken with
an Olympus VS120, and the junction between the normal
and abnormal-appearing tissue was designated. The area of
abnormal dermal tissue area was measured by Image J
analysis.

Results

Fibroblast growth on scaffolds with varying ratios
of collagen and PCL

Pilot studies were performed on electrospun scaffolds
with varying collagen I/PCL ratios to identify a base for-
mulation that supported fibroblast adhesion to the scaffold
surface and subsequent cell proliferation. Four formulations
were examined: (i) 100% collagen I; (ii) 70% collagen I and
30% PCL (70:30 col/PCL); (iii) 50% collagen I and 50%
PCL (50:50 col/PCL); and (iv) 100% PCL. Scaffolds com-
posed of 100% collagen I degraded within 24 h and were not
investigated further. The three other scaffold formulations
were seeded with GFP-expressing dermal fibroblasts, and
cells were visualized by confocal microscopy (Fig. 1A). All
three scaffolds supported some degree of cell attachment
and survival, although at 10 days there appeared to be a
greater number of cells on scaffolds composed of 70:30 col/
PCL. Fibroblasts on the 70:30 col/PCL scaffolds displayed
a well-spread morphology, and numerous mitotic figures
were present (Fig. 1B), confirming active cell proliferation.
Based on these data, further analyses of the 70:30 col/PCL
scaffolds were performed. To quantitatively assess cell
survival and proliferation, scaffolds with GFP-expressing
fibroblasts were homogenized at varying time intervals and
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FIG. 1. Fibroblast growth and proliferation on electrospun scaffolds composed of varying ratios of collagen I and poly(e-
caprolactone) (PCL). (A) Green fluorescent protein (GFP)-expressing J2 fibroblasts were seeded onto scaffolds and allowed to
grow for 3 or 10 days. Shown in the figure are representative images of cells grown on scaffolds of 100% PCL, 50% collagen
1:50% PCL (50:50 col/PCL) and 70% collagen 1:30% PCL (70:30 col/PCL). Scale bar=40 um. (B) Mitotic fibroblasts were
apparent on 70:30 col/PCL scaffolds (arrow). In this experiment, the electrospun scaffold was stained with Dil dye to label
scaffold fibers red. (C) GFP-expressing J2 fibroblasts were grown on 70:30 col/PCL scaffolds over a 21-day time interval, and
cell lysates were prepared at designated time points. Fluorometer readings were taken from lysates. (D) Western Blot for GFP
using lysates from the same samples used for fluorescence readings. As a negative control, homogenates were prepared from
scaffolds lacking seeded fibroblasts (*“‘no cells’’). Each sample represents a pooled group of lysates from six distinct scaffolds,

and two independent experiments were performed. Color images available online at www.liebertpub.com/tea

the fluorescence of the cell lysates (representing the GFP-
expressing cell fraction) was measured by fluorometry (Fig.
1C). Cell lysates were also immunoblotted for GFP (Fig.
1D). A substantial increase in relative cell number was
observed from 1 to 10 days, after which cell number sta-
bilized. Stabilization is likely due to cells reaching conflu-
ence on the scaffold surface.

We next evaluated cell viability on 70:30 col/PCL scaf-
folds by seeding primary human fibroblasts (not expressing
GFP) onto scaffolds, and then staining for both live (green)
and dead (red) cells after 1, 7, 14, and 21 days. We observed
minimal cell death over the 21 day time interval, and cells
appeared to reach confluence between 7 and 14 days (Fig.
2A), consistent with results in Figure 1. The respective
numbers of live and dead cells were quantified from mul-
tiple fields (Fig. 2B), which confirmed a low rate of cell
death at each time point.

Optimization of scaffold pore size

Having determined that 70:30 col/PCL scaffolds provided
good support for fibroblast growth, pores with diameters of
either 250 or 160 um were introduced into the scaffolds using
microneedles (Fig. 3). Human dermal fibroblasts loaded with
fluorescent nanocrystals were seeded onto the scaffolds and
allowed to migrate and proliferate for 10 days. A confluent

monolayer of fibroblasts formed on the surface of scaffolds
with 250 and 160 um diameter pores, indicating that sufficient
fibroblast-mediated matrix deposition occurred to allow
bridging across the top of the pores (Fig. 3C, F). However, it
was evident that the 160, but not 250, um pores were filled
with matrix. We also compared the capacity of fibroblasts to
fill the pores of scaffolds with varying col/PCL ratios. Fi-
broblasts were grown on either 70:30 or 50:50 col/PCL scaf-
folds with 160 um pores, and at 7 days, minimal pore-filling
was observed (Fig. 4A). However, at 14 days, there was ob-
vious matrix deposition within the 70:30, but not 50:50,
scaffolds. Magnified images at 14 days demonstrate that the
newly deposited matrix was fibrous in nature. These results
indicate that both the col/PCL ratio and pore diameter are
important parameters for fibroblast-directed matrix deposition.

Infiltrating fibroblasts fill scaffold pores with ECM

Fibronectin is a major constituent in provisional wound-
healing matrices,'” therefore immunostaining for fibronectin
was performed on the fibroblast-remodeled 70:30 col/PCL
scaffolds with 160 um pores. As shown in Figure 4B, a
substantial amount of fibronectin was present throughout the
pores. Scaffolds were also stained with picrosirius red, a dye
selective for fibrillar forms of collagen (e.g., collagens I and
III) that are abundantly secreted by fibroblasts. Extensive
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FIG. 2. Fibroblast viability on
70:30 col/PCL scaffolds. (A) Hu-
man fibroblasts (lacking GFP ex-
pression) grown on scaffolds for 1,
7, 14, or 21 days were stained for
either living (green) or dead (red)
cells. Scale bar=90 pm. (B) Values
represent means and standard error
of the means measured for four
distinct fields, detecting the amount
of living and dead cells at each
time point. Student’s z-tests were
used to compare the number of live
cells versus the number of dead

cells. *Represents significant dif- Bx s *
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FIG. 3. [Infiltrating fibroblasts fill 160 um, but not 250 pm, pores with matrix. (A, B) Scanning electron microscopy (SEM)
images of scaffolds with 250 um pores. (C) Human dermal fibroblasts were preloaded with red fluorescent nanocrystals, and
seeded onto porous scaffolds. Samples were counterstained with Hoescht. Fluorescent images were overlaid with phase-
contrast images to show the scaffold area. (D, E) SEM images of scaffolds with 160 um pores. (F) Fibroblasts loaded with
red nanocrystals migrated into the 160 pm pores and deposited matrix. Samples were counterstained with Hoescht. Yellow
brackets indicate a pore. Color images available online at www.liebertpub.com/tea
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FIG. 4. Extracellular matrix is deposited into the pores of
70:30 col/PCL scaffolds, but not 50:50 col/PCL scaffolds.
(A) Top view images of matrix deposition within pores at 7
and 14 days. Magnified images of 14-day samples reveal a
fibrous matrix within pores of 70:30 col/PCL scaffolds. (B)
Fibronectin deposition within 70:30 col/PCL scaffolds with
160 pm pores was detected by immunofluorescent staining
(green). Red staining reflects fibroblasts preloaded with red
nanocrystals. (C) Picrosirius Red was used to stain collagen in
70:30 col/PCL scaffolds with 160 um pores. (D) Immuno-
blotting for fibronectin, collagen I, and B-tubulin was per-
formed on homogenates prepared from microporous 70:30 col/
PCL scaffolds with adherent fibroblasts grown for 7, 14, or 21
days. The “no cells” negative control homogenate was pre-
pared from scaffolds that were not seeded with fibroblasts.
Color images available online at www.liebertpub.com/tea

collagen deposition was observed (Fig. 4C). The deposi-
tion of collagen I and fibronectin was further validated by
immunoblotting homogenates prepared from fibroblast-
embedded scaffolds (Fig. 4D).

Scaffold mechanical properties

We next examined the effect of introducing pores on the
mechanical properties of the scaffolds. Scaffolds with varying
col/PCL ratios, with or without introduced pores, were ana-
lyzed for tensile strength and strain (Table 1). Comparable
tensile strength and strain were observed for 70:30 and
50:50 col/PCL scaffolds, although both had lower values than
100% PCL. The addition of 160 pm pores had little effect on
tensile strength for 100% PCL and 50:50 col/PCL scaffolds;
however, strength of the microporous 70:30col/PCL sub-
strates was diminished to 1.4 MPa. Nonetheless, this value
seems reasonable for therapeutic applications given that na-
tive skin exhibits a tensile strength of 5-30 MPa.'®

Wound contraction is a natural part of healing; however,
excessive contraction of dermal substitutes used for large
wounds can lead to scarring, pain, and joint immobility. To
address this issue, 70:30 col/PCL scaffolds with or without
micropores were incubated in media over a 21-day time
period and contraction was evaluated by measuring scaffold
diameter (Fig. 5). Contraction occurred within the first 2
weeks for both scaffold types, and then stabilized. Scaffolds
with micropores exhibited a maximal contraction of 18%
within 21 days, while scaffolds without micropores had a
19% contraction. We subsequently evaluated contraction for
scaffolds seeded with fibroblasts. Fibroblast-containing
scaffolds without micropores had a maximal contraction rate
of 17%, whereas microporous fibroblast-embedded scaffolds
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TABLE 1. TENSILE TESTING OF Porous
AND NONPOROUS SCAFFOLDS
Tensile strength
Scaffold (MPa) Strain
100% PCL—No pores 4.25+0.96 0.44+0.20*
100% PCL—Pores 4.32+0.50 0.62£0.03
50/50 col/PCL—No pores 2.87£0.75 1.09+£0.25
50/50 col/PCL—Pores 2.90£0.70 1.30+0.15
70/30 col/PCL—No pores 2.17+0.33* 1.14+0.14%
70/30 col/PCL—Pores 1.40£0.32 0.56%0.16

Stress/strain values were calculated from tensile testing per-
formed on scaffolds. Three different scaffold compositions, with or
without pores, were evaluated. Values represent the means and
standard deviation from six distinct scaffolds per group.

“Represents p <0.05 compared with porous scaffolds of the same
scaffold formulation.

PCL, poly(e-caprolactone).

exhibited 13% contraction. These results demonstrate that
the introduction of micropores into electrospun scaffolds
does not increase the degree of scaffold contraction. Al-
though one cannot directly compare with rates of scaffold
contraction in vivo, the values observed for the microporous
electrospun scaffolds seem acceptable, given that some
clinical products have a contraction rate of approximately
50% when grafted.'?"

Fibroblast-remodeled scaffolds support keratinocyte
growth and stratification

Re-epithelialization of the skin is a critical step in wound
healing, and maturation of the epidermis is known to be
dependent on a healthy supportive dermal layer.?' Hence,
we examined the capacity of fibroblast-embedded scaffolds
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FIG. 5. Contraction of 70:30col/PCL scaffolds with or
without 160 um pores and fibroblasts. Scaffolds were seeded
with fibroblasts, and scaffold diameters were measured at
varying time intervals to quantify contraction. The same ex-
periment was also performed without seeded fibroblasts. Values
represent means and standard deviation for five scaffolds per
group, and two independent experiments were performed. Stu-
dent’s r-tests were used to compare the percent change in scaf-
fold contraction of the various groups. *Represents significant
difference (p <0.01) relative to 7 day sample of the same group.
"Represents significant difference (p<0.05) compared with
scaffolds with fibroblasts for the same time point.
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FIG. 6. Keratinocytes proliferate and form a stratified epidermal layer on the surface of fibroblast-remodeled scaffolds.
(A) Fibroblast-remodeled 70:30 col/PCL scaffolds with 160 um pores were seeded with keratinocytes and allowed to grow
at the air-liquid interface for 10 days. Samples were stained with hematoxylin and eosin (H&E) to reveal the epidermal
layer. (B) 70:30 col/PCL microporous scaffolds lacking fibroblasts were seeded with keratinocytes and grown at the air—
liquid interface for 10 days. H&E staining showed that keratinocytes do not stratify on the surface of scaffolds without
embedded fibroblasts. (C) Fibroblast-remodeled scaffolds with an overlying keratinocyte layer were immunostained for
cytokeratin 10 (CK-10) (red), a marker for terminally differentiated keratinocytes. Color images available online at www

Jliebertpub.com/tea

to support keratinocyte growth. 70:30 col/PCL scaffolds
with 160 pm pores were seeded with dermal fibroblasts, and
the constructs were cultured for 10 days to enable matrix
deposition. Keratinocytes were then seeded onto the surface
of the scaffolds, and the substrates were grown at the air/
media interface for an additional 10 days. H&E staining
(Fig. 6A) suggested that keratinocytes proliferated and
formed a stratified epidermal layer on top of the micropo-
rous scaffold surface. Conversely, keratinocytes grown on
microporous 70:30 col/PCL scaffolds without embedded fi-
broblasts did not proliferate or stratify (Fig. 6B). To better
characterize the effects of the fibroblast-remodeled scaffolds
on maturation of the keratinocyte layer, fibroblast-embedded
constructs with an overlying keratinocyte layer (prepared as
in Fig. 6A) were immunostained for expression of CK-10, a
marker for well-differentiated keratinocytes. CK-10 ex-
pression was found selectively in the apical surface of the
keratinocyte layer, consistent with normal keratinocyte
differentiation (Fig. 6C). Thus, keratinocytes grown on
fibroblast-remodeled scaffolds recapitulate the normal cellu-
lar distribution and morphology of native epidermis.

Scaffold degradation and integration in vivo

Scaffolds are initially utilized as a support and an infra-
structure for the guidance of new tissue development.
However, as more mature skin tissue forms, scaffolds should
degrade within 3—4 weeks to avoid hindering complete tis-
sue healing.”> To measure scaffold degradation rate, 50:50
and 70:30 col/PCL scaffolds (acellular) were prestained with
a red fluorescent dye, and implanted into full-thickness skin
wounds created in the backskin of rats. Fluorescent and
phase-contrast images were taken of cross-sections from
wounded tissues. NIS Elements BR software was used to
quantify the area of scaffold remaining in the wound site. As
shown in Figure 7, the 70:30 col/PCL scaffolds degraded
more rapidly than 50:50 col/PCL scaffolds, with 70:30 col/
PCL scaffolds exhibiting nearly complete degradation by 26
days. There appeared to be faster integration of 70:30 col/
PCL scaffolds into the native tissue. These results suggest
that 70:30 col/PCL scaffolds are incorporated into newly

formed skin tissue and degrade within an optimal time in-
terval for a skin substitute.

Porous scaffolds promote faster wound closure
than scaffolds lacking micropores

Earlier studies suggested that 70:30col/PCL scaffolds
with 160 um pores provided the best balance between bio-
chemical composition, biomechanics, and biodegradability,
and a permissive pore diameter for fibroblast infiltration and
cell-directed matrix synthesis. We, thus, examined the effi-
cacy of the scaffolds in stimulating wound healing. Three
full-thickness critical-sized wounds were created in the
backskin of a rat. One was implanted with a 70:30 col/PCL
scaffold with 160 um pores, another with a 70:30 col/PCL
scaffold lacking micropores, and the third wound was cov-
ered with gauze (sham). Images were taken of the surface of
the skin to monitor the rate of wound closure (n=35, repre-
sentative image shown in Fig. 8A). Wound closure was
quantified at 7 and 14 days by measuring the area of un-
healed tissue. Data were normalized by comparing the area
of the scaffold-containing wound to the area of the corre-
sponding sham wound for each animal. At 7 days after im-
plantation, the amount of unhealed tissue associated with
scaffolds lacking micropores, relative to the sham, was 97%,
indicating that these scaffolds had a minimal effect on wound
healing (‘‘no-pores:sham ratio,”” Fig. 8B). In contrast, the
amount of unhealed tissue present in wounds with porous
scaffolds, relative to sham, was 67% at 7 days (‘‘pores:sham
ratio,” Fig. 8B). Strikingly, the no-pores:sham ratio of un-
healed tissue remained at 97% at 14 days (Fig. 8C), under-
scoring the poor performance of electrospun scaffolds with
insufficient porosity. For the wounds with microporous
scaffolds, the unhealed tissue area had decreased further to
40% at 14 days (relative to shams) (Fig. 8C).

Microporous scaffolds facilitate regeneration
of more normal-appearing skin tissue

Scaffolds were implanted into full-thickness critical-sized
skin wounds, and tissues were harvested for histology at 7,
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FIG. 7. 70:30 col/PCL scaffolds degrade more rapidly than
50:50 col/PCL scaffolds. (A) Scaffolds were stained a fluo-
rescent red with Dil and implanted into rat full-thickness
skin wound defects. At 7, 14, and 26 days, tissue was har-
vested, sectioned, and imaged to assess degradation (n=>5).
(B) The area of the remaining fluorescent scaffold was an-
alyzed using NIS Elements software. Student’s 7-tests were
used to compare the area of remaining scaffold of the var-
ious groups for all time points. *Significantly different
(p<0.05) than 50:50 scaffolds of the same day. *Significantly
different (p<0.05) than 7 and 14 days of the same group.
Color images available online at www.liebertpub.com/tea

14, and 21 days. H&E staining of the sham wounds showed
a dense matrix, absent of follicles or other structures, con-
sistent with scar tissue formation. For the wounds implanted
with scaffolds with or without micropores, as well as the
shams, the junction between the normal-appearing skin and
abnormal scar-like tissue was designated (Fig. 9A), and the
area of abnormal tissue was quantified (Fig. 9B). The area of
abnormal tissue was significantly smaller at every time point
in wounds implanted with 70:30 scaffolds with 160 um
pores as compared with scaffolds lacking micropores, or the
shams.

We also examined higher-magnification images to better
assess the quality of the newly formed tissue. Defects im-
planted with 70:30 col/PCL scaffolds with 160 um pores
supported the rapid formation of an overlying epidermal

2441

layer with finger-like projections into the dermis, which
function to strengthen the bond between the two layers of
skin (Fig. 10). It also appeared that microporous scaffolds
facilitated earlier infiltration of new blood vessels when
compared with defects implanted with standard electrospun
scaffolds or the shams. Another notable feature was the
architecture of the matrix. The newly formed matrix within
defects implanted with the microporous scaffolds had a
loose, wavy appearance, similar to native skin (Fig. 11).
Conversely, the matrix within defects implanted with scaf-
folds lacking micropores or shams was markedly more
compact. Finally, regenerated hair follicles were more nu-
merous in wounds implanted with the microporous scaffolds
(Figs. 10 and 11 and Table 2). These collective results
suggest that electrospun scaffolds with micropores not only
accelerate wound healing, but also stimulate greater regen-
eration of tissue approximating normal skin.

Discussion

There are numerous commercial skin graft products,
along with many in the research phase, intended for use in
the regeneration of damaged tissue.>*>** However, an ideal
skin graft material has yet to be developed.” Allogeneic or
xenograft materials can elicit clinical challenges such as
rejection, contraction, bleeding and infection, scar forma-
tion, and poor tissue formation,l’2 whereas synthetic skin
substitutes often lack sufficient biologic information for
effective scaffold integration. An optimal bioengineered
skin equivalent should assimilate a number of critical fea-
tures such as appropriate three-dimensional architecture,
tensile properties, degradation kinetics, and cell-instructive
biochemical cues.

Electrospinning is emerging as a promising approach for
synthesizing regenerative scaffolds due to the (i) relatively
low cost and simplicity of this technology; (ii) high capacity
for blending multiple types of molecules within an ECM-
like nanofibrous architecture; and (iii) tunable control of
scaffold biomechanics and degradation rate. A wealth of
literature has highlighted the suitability of electrospun
scaffolds to serve as supports for cells that are integral to
tissue repair, such as dermal fibroblasts or mesenchymal
stem cells.>*>2° However, the small pores created by the
electrospinning process restrict cell infiltration and scaffold
remodeling. In the current study, scaffolds were electrospun
with varying ratios of collagen I and PCL to identify a
formulation, 70:30 col/PCL, that provided the best support
for fibroblast growth, while maintaining sufficient tensile
strength, low contractility, and a suitable degradation rate.
Subsequently, pores were created mechanically, and an
optimal pore diameter, 160 um, was identified that enabled
fibroblast infiltration and complete filling of the pores
with fibroblast-secreted ECM molecules, including fibro-
nectin and collagen I. Functionality of fibroblast-remodeled
70:30 col/PCL porous scaffolds was evidenced by the find-
ing that keratinocytes cultured on the scaffold surface dif-
ferentiated and formed a stratified epidermal layer.

When implanted into critical-sized full-thickness skin
defects, 70:30 col/PCL scaffolds with 160 pm pores stimu-
lated more rapid and effective wound healing compared
with scaffolds lacking micropores or sham wounds. Wound
closure was accelerated in defects with the porous scaffolds,
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FIG. 8. More rapid wound closure is observed for critical-sized defects implanted with porous scaffolds. (A) Three side-
by-side full-thickness wounds were created in the backskin of a rat. One wound was implanted with 70:30 col/PCL scaffolds
with 160 um pores (““Pores’’), another wound was implanted with 70:30 col/PCL scaffolds lacking pores (‘“No Pores’’), and
the third wound was covered with gauze (““‘Sham’’). Shown in the figure are representative images of the backskin of
individual rats imaged at 7, 14, or 21 days after implantation. (B, C) The area of the unhealed wound at 7 and 14 days was
measured with image J software, and values for the wounds implanted with scaffolds were normalized to the area of the
sham for each animal (n=35 animals). Student’s 7-tests were used to compare pores:sham ratio with no pores:sham ratio.
*Significant difference (p <0.05) relative to no pores:sham group. Color images available online at www.liebertpub.com/tea

and the quality of the regenerated tissue was more similar to
native skin. In addition, a greater number of newly gener-
ated hair follicles were observed within wounds grafted with
microporous scaffolds. Given that stem cells are required for
the regeneration of hair follicles,’® these data imply that
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FIG. 9. Scaffolds with micropores promote more effective
tissue regeneration. (A) Cross-section of rat skin tissue un-
dergoing the wound-healing process. Black lines designate
areas of abnormal tissue morphology. (B) Graph depicts av-
erage abnormal tissue areas for scaffolds with or without
micropores or sham wounds. *Represents significant differ-
ence (p<0.01) compared with day 7 of the respective group;
Arepresents significant difference (p <0.05) relative to day 14
of the respective group; #represents significant difference
(p<0.02) relative to sham of the same day; and ~ represents
significant difference (p <0.05) relative to sham and no pore
samples of the same day. Error bars represent standard de-
viation. Color images available online at www.liebertpub
.com/tea

stem cells were recruited from the surrounding unwounded
skin tissue into the defect site. In the first week after
wounding, greater neovascularization was apparent in tis-
sues with implanted microporous scaffolds. Taken together,
these results underscore the importance of pore size for
proper tissue healing. Similar to our studies, Xiao et al.
reported that pores created in acellular dermal matrix
(ADM) from bovine skin were essential for the imbibition of
plasma from the wound bed to the outer surface. The ADM
was suggested to act as an inducer for the formation of a
“neodermis” by the infiltration of fibroblasts and blood
vessels.'*

Another advantage of scaffolds with mechanically gen-
erated pores is the feasibility for large-scale production. The
use of a press-like device with microneedles is amenable to
commercialization (as suggested by the Dermastamp de-
vice), and pores created in this manner have a homogeneous
and well-defined size and spacing. A number of alternative
electrospinning protocols have been developed to increase
scaffold pore size'**'°; however, these have primarily
been successful with scaffolds composed solely of synthetic
polymers. These variant protocols become more challeng-
ing when the scaffolds incorporate biologic molecules,
which is noteworthy given the extensive evidence pointing
to the importance of biolozg]ic molecules for optimal cell
survival and signaling.***®>" Moreover, it may be difficult
to achieve good reproducibility of pore size and distribution
when these alternate protocols are scaled up for commercial
distribution. An additional benefit of the mechanically
generated pores is that they are introduced after the syn-
thesis of electrospun sheets. This approach would synergize
with one of the key advantages of electrospinning, namely,
the capacity to tailor scaffold biochemical composition to
match tissue-specific ECMs. Mechanically created pores
can be introduced into any type of electrospun formulation.
For example, through the use of co-spinning from multiple
syringes, additional fibers composed of molecules such
as elastin can be incorporated,®®* while co-axial spinning
can be employed to deliver various growth factors and
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FIG. 10. Images (4x) of wound
healing at 7, 14, and 21 days after
implantation. Blood vessel forma-
tion is apparent in porous and
nonporous 70:30 col/PCL scaffolds
as early as 7 days (white arrow
indicates a representative blood
vessel). The epidermis in wounds
containing 70:30 col/PCL scaffolds
with 160 um pores forms finger-
like projections into the dermis,
similar to normal unwounded epi-
dermis. Hair follicle formation can
also be seen in wounds containing
microporous scaffolds (black ar-
rowhead indicates a representative
hair follicle). Color images avail-
able online at www.liebertpub
.com/tea

FIG. 11. Images (20X ) of wound
healing over a 21-day time period
show the structure of the matrix.
The structure of the matrix within
wounds implanted with 70:30 col/
PCL scaffolds with 160-pum pores
appears more similar to normal
skin, evidenced by a loose, wavy
matrix (yellow asterisk) and the
formation of new hair follicles.
Color images available online at
www.liebertpub.com/tea
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TABLE 2. NUMBER OF NEWLY FORMED HAIR FOLLICLES

Days Pores No Pores Sham
7 15 10 0
14 29 13 5
21 56 21 9

The number of hair follicles was counted in different samples
over a 21-day time frame. Five fields were chosen for each
specimen, and the number of newly formed hair follicles was tallied
(n=5 animals per group).

chemokines.***' The mechanical generation of pores is
compatible with these developing technologies, and it also
offers a simpler and better-controlled strategy for increasing
pore size when compared with methods such as the use of
sacrificial fibers or particles.

In conclusion, 70:30 col/PCL scaffolds with 160 um pores
support dermal fibroblast infiltration and ECM deposi-
tion, and they also serve as favorable substrates for kerati-
nocyte proliferation and stratification. When implanted
into full-thickness skin wounds, the microporous scaffolds
promote faster and better healing than scaffolds lacking
micropores. These results not only establish the critical
importance of scaffold pore diameter (even for scaffolds
with uncrosslinked, cleavable collagen I), but also highlight
a practical method for producing effective regenerative skin
substitutes.
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