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Autologous engineered skin (ES) offers promise as a treatment for massive full thickness burns. Unfortunately, ES
is orders of magnitude weaker than normal human skin causing it to be difficult to apply surgically and subject to
damage by mechanical shear in the early phases of engraftment. In addition, no manufacturing strategy has been
developed to tune ES biomechanics to approximate the native biomechanics at different anatomic locations. To
enhance and tune ES biomechanics, a coaxial (CoA) electrospun scaffold platform was developed from poly-
caprolactone (PCL, core) and gelatin (shell). The ability of the coaxial fiber core diameter to control both scaffold
and tissue mechanics was investigated along with the ability of the gelatin shell to facilitate cell adhesion and skin
development compared to pure gelatin, pure PCL, and a gelatin-PCL blended fiber scaffold. CoA ES exhibited
increased cellular adhesion and metabolism versus PCL alone or gelatin-PCL blend and promoted the develop-
ment of well stratified skin with a dense dermal layer and a differentiated epidermal layer. Biomechanics of the
scaffold and ES scaled linearly with core diameter suggesting that this scaffold platform could be utilized to tailor
ES mechanics for their intended grafting site and reduce graft damage in vitro and in vivo.

Introduction

Burn injuries are all too prevalent in the U.S. with
*450,000 burn injuries and 3400 burn and fire related

mortalities reported in the U.S. in 2011 alone.1 Times of
military conflict see an increase in incidence of burn injuries
and 5–20% of military casualties are attributed to such in-
juries.2 Patient outcomes have improved in the past few
decades due to advances in areas of burn care such as in-
fection control.3–9 However, the standard treatment for full-
thickness burns, split-thickness autograft (AG), is deficient
for massive burn injuries. In large burns, sparse availability
of uninjured skin prevents rapid closure of the wound re-
sulting in increased scar tissue formation or mortality. Tis-
sue engineered skin (ES) offers promise as an adjuvant burn
therapy when autograft is not readily available and numerous
tissue ES replacements have been created.10–20 Autologous
ES provides several advantages over conventional therapy
including reduction in donor site area required to permanently
close wounds. For example, conventional grafting expands
donor skin by about 1:4. In contrast, ES have been shown to
heal *60 times the area of the initial skin biopsy collected
from the patient.20 Thus, the potential clinical impacts of ES
are substantial. Unfortunately, autologous ES does not com-
pletely mimic the physical and biological properties of native
human skin.

Current collagen-based models of ES are greater than
three orders of magnitude weaker than normal human
skin,18,21 resulting in increased susceptibility to damage by
mechanical shear during fabrication and early engraftment,
difficulty during surgical application, and suboptimal bio-
mechanical function when compared with native tissue.
Methods to improve ES mechanics would not only aid in the
manufacturing process but may provide superior functional
outcome for patients. Human skin exhibits significantly
different mechanical properties based on anatomic location
and the ability to control ES mechanics would allow engi-
neers to approximate the mechanics of ES to the graft site.
For example, forehead skin is stiffer, thicker, and less elastic
than skin at the ventral forearm22 and ten times more rigid
than cheek skin.23 Skin at the palms and feet exhibit sig-
nificantly less elasticity than other locations,24 skin at the
abdomen and postauricular has been reported to display a
six-fold increase in immediate distension and retraction
compared with the ankle and a greater than 10-fold increase
compared with the palm.24 Additionally, dorsal finger skin is
two to four times harder than ventral fingers, forearms, face,
chest, and lower legs.25 Thus, ability to tailor mechanical
properties of ES would allow for the selection of the prop-
erties that better suit the target area and patient.

Mechanical testing of the epidermis and dermis in na-
tive human skin and in ES showed dramatic differences in
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properties between the two tissues. The greatest disparity was
measured in the dermal component where the elastic modulus
of the dermis in ES (22.3–33.9 kPa)26 was three orders of
magnitude less stiff than reported values for native human
dermis (15.6–60.8 MPa).27–30 In contrast, the average modu-
lus of the epidermis in normal human skin (5.0 – 1.7 MPa)
was approximately double that of ES (2.4 – 1.1 MPa)31 sug-
gesting that the dermis/scaffold is the most suitable target for
biomechanical enhancement. Numerous prior studies have
been completed that aim to improve ES mechanics via scaf-
fold properties.18 Chemical cross-linking32–35 and polymer-
blends18,36–39 were investigated and show that the maturation
and viability of the ES were critical to overall mechanical
function and ES mechanics was not solely dependent on
scaffold mechanics. Thus, a scaffold platform that can be
mechanically tuned without altering cellular function and
tissue development is needed to enhance and tailor the me-
chanics of ES.

Coaxial (CoA or core-shell) electrospinning offers the
ability to alter the mechanical properties of the scaffold
while maintaining a continuous biologically active shell
with which cells interact given surface chemistry.40,41 The
goal of this study was to use coaxial electrospinning to
develop a cell-scaffold system capable of providing ES with
tunable biomechanics. To achieve this goal, polycapro-
lactone (PCL)-gelatin coaxial electrospun scaffolds were
investigated as a potential scaffold platform for skin manu-
facturing. While gelatin is known to offer biocompatibility,
its fairly weak mechanical properties often require rein-
forcement in the application of wound healing.42–44 Con-
versely, PCL offers significant scaffold strength, while its
hydrophobicity has been shown to decrease cell viability.45,46

As a result, gelatin and PCL have previously been blended
in an effort to compensate for their shortcomings.47–50

However, even slight additions (greater than 1%) of PCL to
a biopolymer affected ES development and, as a result, no
significant increase in ES strength was observed,18 most
likely due to cellular interactions with PCL. In this study,
the effect of core diameter of coaxial fibers (PCL core,
gelatin shell) on cellular adhesion, scaffold, and ES me-
chanical properties and ES morphogenesis was investi-
gated and compared with electrospun gelatin, PCL, and
gelatin-PCL blended scaffolds.

Materials and Methods

Scaffold fabrication

Electrospinning solutions were made as described previ-
ously.40 Briefly, gelatin (Sigma-Aldrich) or polycapro-
lactone (PCL; Sigma-Aldrich; Mn = 42,500) were dissolved
in 1,1,1,3,3,3-hexafluoro-2-propanol (HFP; Sigma-Aldrich).
A total of seven scaffolds were made including four coaxial,
pure gelatin, pure PCL, and a 1:1 PCL-gelatin blend.
Coaxial scaffolds (CoA-S, CoA-M, CoA-L, and CoA-XL)
were all spun with a 12 wt/vol.% solution of gelatin in HFP
for the shell of the fiber and the PCL core concentrations
were varied from 8 to 12 w/v% (Table 1). The flow rate of
the gelatin shell was 4 mL/h for all coaxial scaffolds and the
flow rate of the core ranged from 1 to 2 mL/h (Table 1).
Coaxial scaffolds were electrospun at a potential of 15–
20 kV onto 9 · 9 cm aluminum foil covered grounding
plates. The three control solutions in HFP, PCL (14 w/v%),

gelatin (12 w/v%), and a blend of the two (Blend, 12 w/v%),
were electrospun at flow rates of 15, 12, and 12 mL/h re-
spectively at a voltage of 26, 23, and 19 kV respectively
onto an 8.5 cm2 grounded plate at a distance of 20 cm. Prior
to use, all scaffolds were removed from the aluminum foil,
and cross-linked in a 7 mM solution of ethanol and N-(3-
dimethylaminopropyl)-N¢-ethylcarbodiimide hydrochloride
(EDC; Sigma-Aldrich Co.) to stabilize the gelatin. Scaffolds
were soaked in 70% ethanol to disinfect and to render the
PCL scaffolds wettable. Following disinfection, scaffolds
were rinsed in sterile HEPES buffered saline with five ex-
changes of fluid and then soaked in culture medium for a
minimum of 3 h prior to use.

Fourier transform infrared spectroscopy

Attenuated Total Reflectance-Fourier Transform Infrared
(ATR-FTIR) spectroscopy of all scaffold types was obtained
on a Nicolet Nexus 670 benchtop FTIR spectrometer and a
Continuum microIR microscope (Thermo Scientific), using
a germanium crystal. IR spectra were obtained over a wa-
venumber range of 600–4000 cm- 1 at a resolution of 8 cm- 1.
Scaffolds were imaged following a 24 h drying period in a
vacuum oven held at 40�C. Scaffold compositions were as-
sessed qualitatively by comparing absorbance peaks associ-
ated with electrospun PCL (1724 cm- 1 carbonyl, 1240 cm- 1

asymmetric COC stretching, 1190 cm- 1 OC-O stretching,
1170 cm- 1 symmetric COC stretching, and 1157 cm- 1 C-O
and C-C stretching in the amorphous phase) and gelatin
(amide bonds at 1650 and 1540 cm- 1). Representative ab-
sorbance versus wavenumber- 1 peaks were plotted for each
scaffold type. Data are shown only from 1800 to 1000 cm- 1

to provide more detail for visual comparison.

Cell culture

Human epidermal keratinocytes (CK) and dermal fibro-
blasts (CF) were simultaneously isolated from surgical dis-
card tissue. Adult female breast skin for culture of human
cells was obtained under a protocol approved by the Ohio
State University Institutional Review Board. All CFs were
cultured in DME (Invitrogen) supplemented with 4% fetal
bovine serum (Invitrogen), 5 mg/mL bovine insulin (Sigma),
10 ng/mL epidermal growth factor (EGF; PeproTech),
0.5 mg/mL hydrocortisone (Sigma), and 0.1 mM L-ascorbic
acid-2-phosphate (Sigma). CK were cultured in 153 (Sigma)
supplemented with 5 mg/mL bovine insulin (Sigma), 1 ng/
mL EGF, 0.5 mg/mL hydrocortisone, and 0.2 vol% bovine
pituitary extract (Gemini BioProducts). Cells were isolated
and cryopreserved at passage 0 (primary culture) and with
passage 1 providing a stock of cells for the ES.

Table 1. Concentrations and Feed Rates

for Coaxial Scaffolds

Scaffold
name

PCL core solution
concentration

(wt./vol.%)

PCL core
solution feed
rate (mL/h)

CoA-S 8 1
CoA-M 12 1
CoA-L 10 2
CoA-XL 12 2

PCL, polycaprolactone.
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Cell adhesion

Relative strength of human dermal fibroblast (CF) and
human epidermal keratinocyte (CK) adhesion to the coaxial
fibers (CoA-S and CoA-XL) was compared with Gelatin,
PCL, and Blend fibers using a parallel-plate assay as previ-
ously described.51 Of the coaxial scaffolds, only CoA-S and
CoA-XL were tested as the goal was to determine whether
the gelatin shell improved adhesion versus PCL and the
Blend and whether the thickness of the shell altered strength
of adhesion. Fibroblasts and keratinocytes were stained with
CellTracker� Green CMFDA (Invitrogen) according to
manufacturer’s protocol, harvested, and inoculated at 15,000
cells/cm2 onto scaffolds electrospun onto microscope slides.
Samples (n = 4 per cell line and scaffold type) were incubated
in a humidified chamber at 37�C with 5% CO2 for 90 min,
loaded into a parallel-plate device, and subjected to a shear
stress of 500 dynes/cm2 for 5 min. Strength of adhesion was
quantified by imaging slides using fluorescent microscopy
(Nikon Eclipse LV150) before and after shear stress exposure
(n = 7), with average percent cells remaining – standard error
of the mean being reported. All images were captured along
the center line of the device and 10 mm inside of each port
where the fluid velocity and surface shear profiles were pre-
viously determined to be uniform.51

Formation of ES

Cross-linked scaffolds (9 · 9 cm) were seeded with human
primary dermal fibroblasts (CF) at a density of 5 · 105 cells/
cm2 and epidermal keratinocytes (CK) at a density of 1.0 · 106

cells/cm2. After inoculation of CF, the cell-scaffold construct
was incubated, floating in a 150 mm diameter tissue culture
dish (BD Falcon) at 37�C and 5% CO2 in DME supplemented
with 1 mM strontium chloride (Sigma), 2mg/mL linoleic acid
(Sigma), 5mg/mL bovine insulin, 20 pM triiodothyronine
(Sigma), 0.5mg/mL hydrocortisone (Simga), 0.1 mM ascorbic
acid-3-phosphate, 0.76 nM progesterone (Sigma), and 10 ng/
mL EGF52 for 1 day followed by inoculation of CK. One day
after inoculation of CK, the tissue was placed on a perforated
stainless steel frame with a cotton sheet in between the frame
and tissue. Progesterone and EGF were removed from culture
medium 3 days after CK inoculation. The ES was then cul-
tured for up to 21 days at the air–liquid interface by placing
the ES on a perforated stainless steel lifting frame, covered
with a thin, permeable cotton pad (Whatman, GE Healthcare)
to aid in wicking medium to the dermis.

Tensile testing

Tensile testing was used to quantify the mechanical
properties of acellular scaffolds and ES (n = 6 for each
condition). Acellular scaffolds were prepared for mechani-
cal testing by cross-linking each scaffold in a 7 mM solu-
tion of N-(3-dimethylaminopropyl)-N¢-ethylcarbodiimide
hydrochloride (EDC; Sigma-Aldrich Co.) and 100 mL of
pure ethanol for 24 h, hydrated using HEPES buffered saline
(HBS), and punched into dog-bone-shaped tensile speci-
mens with a width of 4 mm and gauge length of 20 mm. ES
was cultured for 19 days prior to tensile testing. The samples
were secured in the grips of a tensile tester (TestResources
100R) and loaded until failure at a rate of 2 mm/s to prevent
scaffold dehydration. Data from samples that did not break

within the gauge length were discarded. Ultimate tensile
strength (UTS) and stiffness were measured and reported as
mean – standard deviation.

Cellular metabolism

A modified MTT assay was performed to quantify the
cellular metabolic activity within the ES. At culture days 7,
13, and 19, 4 mm punch biopsies were removed (n = 6 per
group and n = 6 per time point) and immediately assessed
following a protocol previously described.53 Briefly, 0.5 mL
of a sterile-filtered solution of 0.5 mg MTT/mL PBS was
added to each well of a 24-well plate, containing one 4 mm
punch. The biopsies were incubated in the MTT solution for
3 h at 37�C and 5% CO2. After 3 h, the MTT solution was
aspirated from the well, 0.5 mL methoxyethanol was added
to each well (Fisher Scientific), and the solution was agi-
tated on a rocking plate for 3 h to dissolve the formazan
crystals. The amount of MTT-formazan product released
was measured at 590 nm on a microplate reader with values
reported as mean optical density – standard deviation.

Surface electrical capacitance

Surface electrical capacitance (SEC) was performed to
quantify the surface hydration of the ES. Surface hydration
has been previously reported to be an accurate, reproducible
method to nondestructively assess barrier function in skin
where barrier function is inversely proportional to SEC. On
culture days 7, 13, and 19, SEC measurements (n = 6 per
scaffold) were collected from the ES using a NOVA dermal
phase meter (DPM 9003; NOVA Technology). Results are
expressed as SEC – standard deviation.

Immunohistochemistry

Biopsies were taken from the ES for histology at day
19. The biopsies were embedded in OCT resin and stored
at - 80�C until sectioning. For immunostaining, slides
were fixed in methanol for 8 min, rehydrated in PBS, and
incubated in primary antibodies for human involucrin
(Molecular Probes) at 4�C overnight. The following day
the sections were stained with the appropriate secondary
antibody along with DAPI for 1 h at room temperature.
Sections were rinsed with PBS, mounted with glycerin, and
cover-slipped. The stained sections were imaged using an
Olympus FV1000 Multi-Photon confocal microscope.

Statistical analysis

All data were analyzed using SigmaPlot 3.10 (Systat
Software, Inc.). Differences between the groups were ana-
lyzed using One-Way ANOVA with a post hoc test of Tu-
key. Correlations were determined using the Pearson’s
correlation coefficient. p-values less than 0.05 were con-
sidered statistically significant.

Results

Physical and mechanical properties
of acellular scaffolds

All electrospun scaffolds were comprised of continuous
fibers with no beading or fiber bonding at the junctions
(Fig. 1). Fibers within the coaxial and gelatin scaffolds
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were more ribbon-like in morphology than the PCL or
Blend (Fig. 1). In their as-spun condition, the gelatin and
coaxial fibers appear to be similar in diameter and signifi-
cantly smaller than PCL or the PCL-gelatin blend. Quantita-
tive analysis of fiber diameter in the hydrated state revealed
that the gelatin fibers were significantly larger than all other
groups (Fig. 2). No significant difference in fiber diameter
was found among the coaxial groups (Fig. 2). The thickness of
the core in the coaxial fibers increased with solution con-
centration and flow rate (Fig. 2). Using confocal analysis, the
core of the coaxial fibers was shown to be continuous with no
observable mixing between the shell and core (Fig. 1D–G,
inset). As expected, ATR-FTIR analysis of PCL showed
strong peaks at 1724 cm - 1 (carbonyl) and 1157–1240 corre-
sponding to stretching of COC, OC-O, C-C, and C-O bonds
(Fig. 3). The PCL samples had little background and greater
absorbance than all other samples. The gelatin sample showed
characteristic peaks at 1650 and 1540 cm- 1 corresponding to
amide bonds (Fig. 3). Characteristic peaks for PCL and gel-

atin were both seen in the blend samples, however, the in-
tensity of these peaks were dampened. For the coaxial
samples, the height of the amide bond peaks decreased as the
shell thickness decreased (i.e., going from CoA-S to CoA-XL;
Fig. 3). Characteristic PCL peaks were observed in all coaxial
samples with no significant change in peak height (Fig. 3).

The mechanical properties of the gelatin scaffold were
significantly lower than all other scaffolds while the PCL
was stronger and stiffer than all other scaffolds ( p < 0001).
With the addition of a thin, submicron PCL core within the
gelatin fibers, mechanical properties of the scaffold were
significantly enhanced (Fig. 4). From no core (gelatin) to a
*3.65 mm diameter core (CoA-XL), the strength increased
over 5.5-fold and stiffness increased over 25-fold (Fig. 4).
The Blend was stronger than CoA-S and CoA-M but less
stiff than CoA-L and CoA-XL (Fig. 4). Both UTS and linear
stiffness scaled positively with increasing core diameter
(CoA-S to CoA-XL).

Cell adhesion

The percent of fibroblasts and keratinocytes remaining
after shear exposure was significantly decreased for cells on
PCL and Blend scaffolds (Fig. 5A, B). There was no sta-
tistical difference in adhesion between gelatin and the co-
axial scaffolds for both fibroblasts and keratinocytes.

ES viability, differentiation, and organization

Cellular metabolism on the pure PCL scaffold was signif-
icantly lower than all other scaffolds at all time points with
the exception of the blend scaffold on day 7 (Fig. 6A).
Coaxial scaffolds maintained cellular metabolism at a level
equivalent to the pure gelatin scaffold for 13 days followed by
a slight reduction in the CoA-XL group at day 19 (Fig. 6A).

To assess epidermal differentiation and barrier formation,
surface hydration was measured using electrical capacitance
(SEC). At culture day 7, ES was moist with no statistically
significant difference among the groups (Fig. 6B). By day
13, no statistically significant differences between the ES
grown on coaxial and gelatin scaffolds was observed and all
were significantly decreased from blend and PCL samples.

FIG. 2. Total fiber diameter and core diameter of hydrated
scaffolds.

FIG. 1. Scanning electron micrographs of monofilament and coaxial scaffolds. Gelatin (A), polycaprolactone (PCL) (B),
gelatin-PCL blend (C), CoA-S (D), CoA-M (E), CoA-L (F), CoA-XL (G). Inset: confocal images of individual coaxial
fibers showing gelatin (Red) and PCL (Green) Scale bar = 10mm, Inset scale bar = 5 mm. Color images available online at
www.liebertpub.com/tea
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There was again no statistical difference between gelatin and
coaxial scaffold samples at day 19, however, the CoA-M
sample was not significantly different from the blend sample
(Fig. 6B).

At day 19, all ES groups were embedded, cryosectioned,
and stained with DAPI and involucrin to assess cellular
organization and differentiation. ES formed using gelatin,

blend, and coaxial electrospun scaffolds were well popu-
lated by fibroblasts (Fig. 7A, C–G). In contrast, fibroblasts
were sparse in the PCL scaffold (Fig. 7B). Stratification of
the dermal and epidermal layers was observed in the gelatin
and coaxial scaffolds (Fig. 7A, D–G). However, epidermal
and dermal layers appeared to be intermixing in Blend and
PCL scaffolds with a poorly defined dermal–epidermal
junction (Fig. 7B, C). The basal layer of epidermal kerati-
nocytes, which is responsible for maintaining the epidermis,
was not present in ES from the Blend and PCL scaffolds
(Fig. 7B, C). Positive staining for involucrin, a suprabasal
marker of epidermal differentiation, was observed in all
coaxial and gelatin samples (Fig. 7A, D–G).

Mechanical properties of ES

The strength and stiffness of ES was greatest on PCL
(Fig. 8A, B); however, the strength of ES fabricated with
PCL was lower than that of the acellular PCL scaffold (3582.8 –
931.3 kPa vs. 1445.5 – 481.7 kPa, respectively) with no statisti-
cal difference in stiffness (0.7 – 0.1 N/mm vs. 0.9 – 0.4 N/mm,
respectively). The addition of a PCL core to the gelatin fibers
increased average ES strength and stiffness versus gelatin
alone with significant improvements in CoA-M, -L, and–XL
(Fig. 8A, B). Additionally, strength and stiffness of both the
acellular scaffolds and ES correlated linearly with coaxial
core diameter (Fig. 8C, D).

FIG. 3. Attenuated Total Reflectance-Fourier Transform
Infrared (ATR-FTIR) spectroscopy of all scaffold types.

FIG. 4. Ultimate tensile strength (UTS) (A) and linear
stiffness (B) of acellular scaffolds.

2750 BLACKSTONE ET AL.



Discussion

The mechanical properties of ES are important to prevent
graft damage in vitro and in vivo and to promote the greatest
level of function after engraftment. As the mechanics of the
dermal component of ES are dramatically lower than that of

native human dermis,26–30 targeting the scaffold component
for biomechanical enhancement is a logical choice for im-
provement of whole ES mechanics. A major drawback to prior
attempts to control the mechanics of ES via scaffold me-
chanics was that the alterations to the scaffold did not facilitate
proper cell adhesion and tissue development due to either the
toxicity of cross-linking agents33 or poor adhesion and cell
viability on synthetic polymers.18 The advantage of coaxial
electrospinning is that the shell provides a continuous bio-
polymer (i.e., gelatin) surface for cell interaction and prevents
the cells from interacting with the PCL core. This system of
shielding PCL with gelatin was shown to improve initial fi-
broblast and keratinocyte adhesion strength when compared
with PCL or a PCL-gelatin blend (Fig. 4). Other studies have
demonstrated the ability coaxial electrospun scaffolds have
to support cellular adhesion and proliferation. These stud-
ies found proliferation54,55 and adhesion55 to be improved on
coaxial scaffolds when compared with a 100% synthetic
polymer scaffold and proliferation on a collagen/PCL coaxial
scaffold was better than a collagen-coated PCL scaffold and
not significantly different than a 100% collagen scaffold.46

The use of core diameter to tune the mechanical prop-
erties of the scaffold provides a platform for engineered
tissue development where mechanics can be altered with-
out any change to surface chemistry or scaffold architec-
ture. No significant difference in overall structure was
observed among the coaxial scaffolds with no change in
total fiber diameter. FTIR showed that there is a distinct
difference in chemistry between coaxial and blended
scaffolds. As the depth of penetration for this technique
is *2 mm, information from both the core and shell are
observed in all coaxial scaffold, however, the intensity of
the gelatin peaks scales positively with gelatin shell
thickness. As the core diameter of the fiber increased, the
UTS and stiffness of the scaffold increased likely due to a
simple increase in total fraction of the high strength PCL
within each fiber. This relationship between core diameter
and coaxial scaffold mechanics follows a prior study by
our lab that showed a linear relationship between core di-
ameter and scaffold strength and stiffness in a highly cross-
linked system.40

FIG. 5. Percent of fibroblasts (A) and keratinocytes (B)
remaining on monofilament and coaxial fibers after expo-
sure to 500 dynes/cm2 of shear stress for 5 min. CK, epi-
dermal keratinocytes; CF, dermal fibroblasts.

FIG. 6. MTT assay of cell metabolism in engineered skin as a function of scaffold type and time in culture (A). Surface
hydration measurements of engineered skin at days 7, 13, and 19 (B). Note the significant reduction in hydration in the
gelatin and coaxial groups by day 13.
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FIG. 7. Confocal images of engineered skin fabricated using gelatin (A), PCL (B), gelatin-PCL blend (C), CoA-S (D),
CoA-M (E), CoA-L (F), CoA-XL (G) scaffolds at culture day 19. Nuclei are stained with DAPI (Blue) and the suprabasal
epidermis with involucrin (Green). Dermal-epidermal junction outlined with dashed white line. Scale bar = 50mm. Color
images available online at www.liebertpub.com/tea

FIG. 8. UTS (A) and linear stiffness (B) of engineered skin fabricated with monofilament and coaxial scaffolds after 19
days in culture. Strength (C) and stiffness (D) of acellular scaffolds and engineered skin as a function of core diameter.
Color images available online at www.liebertpub.com/tea
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The ultimate goal of the study was to provide ES with
tunable mechanics and thus the ability of these scaffolds to
support cell viability and skin development is critical for the
clinical function of these grafts. Growth of skin on elec-
trospun gelatin was utilized as the positive control as skin
cells have been shown to grow best on a 100% protein
scaffold when compared with synthetic scaffolds56 and
electrospun gelatin scaffolds have previously been shown to
support ES development.57 All scaffolds were capable of
promoting cellular attachment and growth; however, sig-
nificantly lower cellular metabolism was observed in the
PCL scaffold at all time points compared with ES fabricated
with gelatin or coaxial scaffolds. Coaxial scaffolds sup-
ported cellular metabolism at the same level as the gelatin
scaffold at all time points with the exception of day 19
where a slight reduction in metabolism was seen on CoA-
XL. It is possible that the thinner gelatin shell in the CoA-
XL scaffold may have led to a more rapid degradation of the
shell and exposure of the PCL core in some areas of the
scaffold, lowering cell adhesion and viability in that region.
Lower cellular affinity has been previously reported on
synthetic scaffolds when compared with natural polymer
scaffolds.55,56,58 Despite the small decrease in cellular ac-
tivity on the CoA-XL scaffold versus the gelatin scaffold,
the scaffold was shown to form a well-stratified ES graft.

Epidermal differentiation followed a similar trend as the
viability measurements with the gelatin, CoA-S, CoA-M,
CoA-L, and CoA-XL ES values of SEC approximating that
of normal human skin (150–300 DPM) by day 13. At days
13 and 19, the blend and PCL groups were considerably
wetter (i.e., higher SEC values and poor epidermal barrier
function) than CoA and gelatin groups at days 13 and 19.
Immunostaining for markers of epidermal differentiation
(involucrin) also showed that the epidermis was poorly
formed on PCL and blend scaffolds with no clear stratifi-
cation of the epidermis and dermis. In the gelatin and CoA
ES, a well-formed epidermis was seen with positive staining
for the suprabasal layer of the epidermis. The increase in
SEC values and malformed epidermis observed in both the
PCL and the PCL-gelatin blend ES has been observed in
similar studies of ES and has been attributed to deficiencies
in culture conditions that prevent the formation of a stable
epidermis.18 The development of the epidermis relies on the
formation of fibroblast dense dermis to support keratinocyte
attachment. As it was shown that fibroblasts adhere more
weakly to the PCL and blend, it is possible that a fraction of
cells did not initially adhere to the scaffold and lead to the
sparsely populated dermal layer seen in the ES.

UTS and linear stiffness of ES correlated linearly with
increasing core diameter following a similar trend line as the
acellular scaffolds. The addition of cells to the scaffold
followed by 19 days of maturation added *200 kPa to the
failure strength of each construct indicating that extracel-
lular matrix deposition and epidermal differentiation was
equivalent on the gelatin and coaxial scaffolds. In contrast,
ES fabricated with PCL showed a reduction in failure
strength when compared with the acellular scaffold likely
due to a combination of scaffold degradation and poor
epidermal differentiation. Structural proteins, including in-
volucrin and loricrin, are produced as skin matures, im-
parting biomechanical strength to the epidermis.59,60 The
absence of these proteins in a less differentiated epidermis

was shown to increase the susceptibility of murine skin to
damage.61,62 Additionally, the sparse population of fibro-
blasts in the dermis of the PCL and blend ES would lead to
relatively low levels of collagen and other matrix protein
deposition when compared with gelatin and CoA ES.

The use of core diameter to control scaffolds mechanics
and ES mechanics represents a technology platform that can
be easily used to develop tissues with tunable mechanics.
While the results of this study are promising, limitations to
the present study involve the use of PCL as the core mate-
rial. ES mechanics scaled positively with core diameter;
however, overall ES mechanics remained low compared
with normal human skin. Though it is not assumed that a
direct match of mechanical properties between ES and na-
tive human skin is needed to significantly reduce graft
damage during fabrication, shipping, and the early engraft-
ment phase, reaching values within one to two orders of
magnitude is hypothesized to facilitate ease of handling and
the development of more robust skin mechanics in vivo. As
the strength and stiffness of PCL are in the low range of
mechanical properties of common biodegradable polymers
used for biomedical applications,63 the level of strength and
stiffness we are able to attain is limited. Prior studies have
shown that the use of a polyethersulfone core can increase
the modulus of electrospun scaffolds greater than four-fold
when compared with PCL alone.64 Thus, the use of higher
strength core materials may assist in reaching values closer
to normal human skin. Although additional work is needed
to assess how in vitro biomechanical improvements translate
into in vivo mechanics following ECM remodeling, the
platform proposed currently increased in vitro mechanics in
a tunable manner improving handlability and eliminating
damage during in vitro fabrication.

Conclusions

The poor mechanical properties of the current generations
of ES lead to difficulties in surgical application and damage
during fabrication and in the early phases of engraftment.
Additionally, no strategies were previously available to tune
ES biomechanics to match the native biomechanics at dif-
ferent anatomic locations. The current study showed that
core diameter of PCL-gelatin coaxial scaffold facilitates the
tuning of mechanical properties in ES with no deleterious
effect on skin organization or function. This scaffold plat-
form could be utilized not only to improve ease of manu-
facture and use but may also result in improved mechanical
functionality post engraftment.
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