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Abstract: Porous, nowoven fibrous gelatin scaffolds were
prepared using electrospinning. Electrospun scaffolds with
varying fiber diameter, interfiber distance, and porosity
were fabricated by altering the concentration of the electro-
spinning solution. Solution concentration was a significant
predictor of fiber diameter, interfiber distance, and porosity
with higher solution concentration correlated with larger
fiber diameters and interfiber distances. The potential of
electrospun gelatin as a scaffolding material for dermal and
epidermal tissue regeneration was also evaluated. Interfiber
distances >5.5 lm allowed deeper penetration of human
dermal fibroblasts into the scaffold, whereas cells in scaf-
folds with more densely packed fibers were able to infiltrate
only into the upper regions. Scaffolds with interfiber distan-

ces �10 lm exhibited well-stratified dermal and epidermal
layers including a continuous basal keratinocyte layer.
These scaffolds were shown to form a keratinized layer like
in normal skin, which acts as a barrier to infection and fluid
loss. Interfiber distances between 5 and 10 lm appear to
yield the most favorable skin substitute in vitro, demonstrat-
ing high cell viability, optimal cell organization, and excel-
lent barrier formation. These results demonstrate the feasi-
bility of electrospun gelatin as a scaffold for dermal–epider-
mal composite skin substitutes. � 2007 Wiley Periodicals,
Inc. J Biomed Mater Res 84A: 1078–1086, 2008
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INTRODUCTION

Scaffolds for tissue engineering play a critical role
in regenerating functional tissues and organs.
Ideally, a scaffold will provide a substitute extracel-
lular matrix (ECM) upon which cells can attach, pro-
liferate, and organize as in natural tissue. It is gener-
ally recognized that both biochemical composition
and microstructure of the scaffold affect cellular ac-
tivity and organization.1

As the native ECM is comprised largely of pro-
teins from the collagen family, emphasis has been
placed on fabricating scaffolds from collagen and
collagen-based composites.2–4 Gelatin, a biopolymer
derived from native collagens, is potentially useful
as a scaffolding material due to its low immunoge-
nicity, biodegradability, biocompatibility, and low
cost. Gelatin is widely used as a dressing for wound

healing5–9 and as a scaffold for dermal tissue engi-
neering.10–12 Gelatin can be formed via electrospin-
ning into fibrous scaffolds at a scale similar to native
ECM, which makes these scaffolds conducive for tis-
sue engineering.5,13,14 Electrospun gelatin and gelatin
blends have been previously shown to support the
growth of human embryonic palatal mesenchymal
cells15 and rat cardiac myoblasts.16 Acellular electro-
spun gelatin tubes have also been implanted into the
belly of the vastus lateralis of rats17 and were associ-
ated with a large inflammatory response. Acellular
gelatin sponges used as wound dressings have also
been associated with acute inflammatory responses
in a wound healing model.9 However, if these
sponges were populated with fibroblasts no signifi-
cant negative immune response was detected and
the wounds were re-epithelialized within 2 weeks.9

Thus, the use of electrospun gelatin scaffolds for a
skin substitute model containing high densities of
both fibroblasts and keratinocytes is not expected to
elicit an acute inflammatory response if used in vivo.

In addition to material composition, pore size, pore
orientation, fiber structure and fiber diameter of scaf-
folds affect proliferation, cellular organization, and
subsequent tissue morphogenesis.18–21 Scaffold pore
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size influences cell morphology and phenotypic
expression,22–24 the extent of cell migration,25 DNA
synthesis,23 and tissue ingrowth.26 Proper regulation
of scaffold pore size has been reported to control
wound contraction in full-thickness dermal defects.27

Scaffold fiber diameter has also been shown to affect
cellular behavior. For example, nanofibrous chitin
scaffolds exhibited an increase in fibroblast and kera-
tinocyte attachment and spreading compared with a
commercially available microfibrous chitin scaffold.28

The preferred scaffold morphology is dependent on
cell type and target tissue to be repaired.25,29–32

The lack of sufficient donor sites for the harvesting
of split-thickness autografts to treat extensive burn
injuries is a major impetus for designing bioengineered
skin. Tissue engineering has been utilized to generate
bioengineered skin replacements which generate
greater surface area expansion from donor skin than
conventional methods.33 The majority of bioengineered
skin substitutes are comprised of freeze-dried bio-
polymer sponges populated with dermal fibroblasts
alone34,35 or in conjunction with keratinocytes.36–38

However, freeze-drying is a labor intensive, costly pro-
cess that can produce sponges with significant struc-
tural heterogeneity.1,39 To overcome these difficulties,
electrospinning has been used to generate nonwoven,
homogeneous fibrous scaffolds from a wide variety of
synthetic and natural polymers.

The purpose of this study is to determine an opti-
mal morphology for an electrospun scaffold for skin
repair. Electrospun gelatin scaffolds were fabricated
with varying degrees of porosity, fiber diameter, and
interfiber distance. The physical properties of the
scaffolds were evaluated prior to cell inoculation
and the ability of the scaffold to support cell prolif-
eration, organization, and maturation was evaluated.

MATERIALS AND METHODS

Gelatin scaffolds

Nonwoven, fibrous gelatin scaffolds were prepared by
electrospinning a solution of gelatin type B (Sigma, St.
Louis, MO) and 2,2,2-trifluoroethanol (TFE; Sigma) at 10,
12, 14, or 16 wt/vol %. Solutions were electrospun onto a
9 3 9 cm2 grounding plate covered with aluminum foil at
a feed velocity and electrical potential of 8 mL/h and 28
kV for the 10% solution and 12 mL/h and 26 kV for 12–
16% solutions. Scaffolds were fabricated at an average
thickness of 200 lm by controlling the volume of solution
spun onto the grounding plate. Gelatin scaffolds were
physically crosslinked by vacuum dehydration40 at 1408C
and �100 kPa for 24 h then chemically cross-linked for
24 h at room temperature in 7 mM 1-ethyl-3-3-dimethyl-
aminopropylcarbodiimide hydrochloride (EDC) in pure
ethanol. Scaffolds were disinfected in 70% ethanol for 24 h,

rinsed twice for 24 h with phosphate buffer solution (PBS;
Sigma), four times for 15–20 min with Hepes-buffered
saline (HBS) solution, and twice for 15–20 min with cell
culture medium (UCMC 160)41 prior to cell inoculation.

Scanning electron microscopy

The morphology of each group of gelatin scaffolds was
examined via scanning electron microscopy (Hitachi S-
3000). Dry, as-spun gelatin scaffolds were mounted onto
aluminum stubs, sputter coated with gold–palladium, and
imaged in secondary electron mode with a 5 kV accelerat-
ing voltage. Fiber diameter of each scaffold group was
determined by image analysis with at least 300 fibers
measured per group. Average fiber diameter 6 standard
error of the mean (SEM) was reported. Interfiber diameter
was calculated by measuring the distance between a fiber
and the closest adjacent fiber within the same plane. A
minimum of 100 interfiber distances was calculated for
each group. Mean interfiber distance 6 SEM was reported.
Changes in scaffold morphology as a result of exposure to
media, were assessed by incubating the scaffolds in media
for 1 week with the media exchanged daily. Scaffolds were
then rinsed 2 3 5 min with PBS, a graded alcohol series
(50%, 70% for 5 min, followed by 80%, 95%, 100%, and
100% for 10 min), and dried in a graded ethanol:hexame-
thyldisilazane (HMDS; Ted Pella, Redding, CA) series (3:1,
1:1, and 1:3 for 30 min each, followed by pure HMDS
overnight). The dried samples were mounted and exam-
ined via scanning electron microscopy as earlier.

Scaffold porosity

The porosity of dry gelatin scaffolds was determined by
weighing electrospun disks and calculating the volume of
each disk (n ¼ 8 per group). The amount of free volume
or porosity was then calculated by comparing the density
of the electrospun disk to that of a theoretically solid gela-
tin disk of the same volume.

To quantify if exposure to aqueous media alters scaffold
porosity, scaffolds were cross-linked, rinsed, and soaked in
HBS for 48 h. Porosity of hydrated gelatin scaffolds was
then calculated by measuring pore areas from histological
sections. Briefly, scaffolds from each solution concentration
were processed, embedded en face, and sectioned with
20 lm between sections. The pore area of four distinct
areas on 16 sections, each in a different plane of the sam-
ple, was assessed via image analysis (Image J). The poros-
ity of the sample was then calculated by multiplying the
total pore area by the thickness of the section, which was
subsequently divided by the total volume occupied by the
section. Mean wet porosity 6 SEM was plotted.

Permeability

Permeability of the hydrated scaffolds was defined as
the quantity of fluid able to pass through a given volume
of scaffold per second. Scaffolds (n � 12; 24 mm in diame-
ter and 1.5 mm thick) were placed between two meshed
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plastic support grids (Nuclepore Filtration Products, Pleas-
anton, CA), which held the gelatin scaffold in place with-
out compressing it. The mesh screens were placed into the
bottom of a clear polypropylene tube which was subse-
quent filled with 30 mL of medium. The time required for
5 mL of medium to flow through the scaffold, as indicated
by volume markings which were scribed onto the tube,
was recorded and permeability (K, m/s) of the scaffold
calculated as follows using Darcy’s Law:

K ¼ Q

A

l

Dh

� �

where Q is flow rate (m3/s), l is sample thickness (m), A is
flow area (m2), and Dh is the change in hydraulic head
over l (m).

Cell culture

Human keratinocytes (HK) and fibroblasts (HF) were
isolated simultaneously from fresh adult female breast or
abdominal skin obtained with Institutional Review Board
approval, and cells were grown in selective growth me-
dium.41 Cells and grafts fabricated from each biopsy were
maintained separately (strains 674, 707, and 737). For inocu-
lation, the area of the gelatin scaffolds was calculated by
measuring the width and length of the rectangular scaffold
(3 3 9 cm2). HF (passage 2) were inoculated onto rinsed
scaffolds at a density of 5 3 105 cells/cm2 and incubated
at 378C and 5% CO2 in cultured skin substitute (UCMC
160) medium.41 The fibroblast-populated scaffold was
incubated in growth media for 1 day. The area of each HF-
collagen substrate was measured again and scaffolds were
inoculated with HK (passage 2) at a density of 1 3 106

cells/cm2. The following day (incubation day 1) the HK-
HF-gelatin scaffold composites (i.e. electrospun gelatin
skin substitute, EGSS) were placed onto a perforated stain-
less steel platform covered by a cotton pad to establish an
air–liquid interface and cultured up to 21 days with the
medium replaced daily.

Histology

Biopsies for histology were collected at culture days 7,
14, and 21 and fixed in formalin for 1 h prior to processing
and paraffin embedding. Sections were stained with hema-
toxylin and eosin (H&E) and imaged with light microscopy.
Brightfield images were collected with SPOT Advanced
imaging software (Diagnostic Instruments, Sterling Heights,
MI) with a total of eight specimens per condition per time
point. To visualize and quantify the depth of cell penetra-
tion, biopsies were collected at day 7 and processed for
frozen sections (n ¼ 9 per group). Frozen samples were
fixed with methanol for 10 min, followed by acetone for 2
min. After fixation, the samples were rinsed 23 with PBS
and pretreated for 1 h with PBS containing 2% bovine se-
rum albumin and 2% normal goat serum, followed by
incubation overnight at 48C with the primary antibody for
bovine collagen type I (Chemicon International, Temecula,
CA). The sections were thoroughly rinsed with PBS then

stained with the appropriate secondary antibody for 1 h at
room temperature. Disks were subsequently incubated
with DAPI (1:5000; Invitrogen, Eugene, OR) for 10 min at
room temperature. Negative controls were performed for
nonspecific primary binding by incubating sections with a
polyclonal rabbit antibody for AQP3 (1:100; Invitrogen,
Eugene, OR) which is not present in the ESS and for non-
specific secondary binding by omitting the primary anti-
body staining and incubating the section in secondary anti-
body only. After rinsing with PBS and deionized water,
the double-labeled sections were examined via epi-fluores-
cence microscopy (Nikon Microphot FXA, Melville, NY)
at 103. Images were collected with SPOT Advanced imag-
ing software with a total of nine specimens per condi-
tion. Depth of penetration was determined by dividing
each field of view into five regions and measuring the
depth of the deepest penetrating cell per region and
the thickness of the collagen in that region. Average values
for each field of view were compiled for each sample and
the mean % penetration for each group was reported
6SEM.

Surface electrical capacitance measurement

A definitive requirement for the closure and healing of
full-thickness skin wounds is the restoration of the epider-
mal barrier that protects the body from microbial infection
and loss of endogenous fluids. Studies have shown that
surface electrical capacitance (SEC) can be used as direct,
convenient, and inexpensive method to measure skin sur-
face hydration, which is inversely related to barrier func-
tion.42,43 SEC measurements were collected from the EGSS
grafts in vitro using the NOVA dermal phase meter (DPM
9003; NOVA Technology, Portsmouth, NH). On culture
days 7, 14, and 21, measurements were taken from three
sites on each ESS (24 grafts per group, 36 measurements
total) and the SEC values are expressed in mean pFarads
6 SEM. SEC readings from normal human skin were col-
lected from the volar forearm of healthy volunteers.43

MTT cell metabolism assay

To evaluate cell metabolism within the constructs, 4-mm
punch biopsies were collected from the EGSS at days 7, 14,
and 21 (3 punches/graft, 24 grafts total) and each placed
into a separate well of a 24-well plate. A modified MTT
assay was performed on the biopsy punches. Briefly,
0.5 mL of a sterile filtered solution of 0.5 mg MTT/mL
PBS solution was added to each well of a 24-well plate,
each containing one 4-mm punch. The biopsies were incu-
bated in the MTT solution for 3 h at 378C and 5% CO2.
After 3 h, the MTT solution was aspirated from the well
and replaced with 0.5 mL methoxyethanol (Fisher Scien-
tific, Fair Lawn, NJ) and agitated on a rocking plate for 3 h
to solubilize 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 6 SEM.
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Statistical analysis

For quantitative assessments of scaffold physical proper-
ties, regression analyses were performed. For quantitative
biological assays and the permeability assay, one-way
analysis of variance (ANOVA), followed by Tukey-Kramer
multiple comparison analysis was performed. The data
were presented as mean 6 SEM, and p < 0.05 was consid-
ered statistically significant.

RESULTS

Effect of solution concentration on
physical properties

Scanning electron micrographs reveal that the
morphology of the electrospun gelatin scaffold
changes as a function of solution concentration (Fig.
1). Higher solution concentrations, such as 14 and

16 wt/vol %, are comprised of a lower density of
larger fibers [Fig. 1(E–H)] compared with lower solu-
tion concentrations [Fig. 1(A–D)]. The morphology
of the scaffolds was altered by exposure to medium
(Fig. 1). In all groups, fibers swelled with exposure
to water, and within the 10% group a large number
of fibers which had become fused at their intersec-
tions were seen [Fig. 1(B)]. Quantitative assessment
of the scanning electron micrographs from as-spun
scaffolds supported the observation that fiber diameter
increased with solution concentration. The mean fiber
diameter in the 10% group was 0.57 6 0.01 lm,
whereas the 16% group had a mean diameter of 3.01
6 0.06 lm (Fig. 2). Regression analysis showed that
solution concentration was a significant predictor for
fiber diameter (p < 0.001). Fiber density also posi-
tively scaled with solution concentration with a max-

Figure 1. SEM micrographs of electrospun gelatin prior
to (A, C, E, F) and after hydration (B, D, F, H). (A, B) 10,
(C, D) 12, (E, F) 14, and (G, H) 16 wt/vol % gelatin scaf-
folds. Scale bar ¼ 10 lm.

Figure 2. Scatter plot of fiber diameter as a function of
electrospinning solution concentration.

Figure 3. Mean interfiber distance and a function of solu-
tion concentration.
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imum average interfiber distance of 11.84 6 0.47 lm
occurring in the 16% group (Fig. 3).

Porosity of dry scaffolds was inversely related to
scaffold concentration with an average porosity of
93.5% 6 0.2% in the 10% group and 89.3% 6 0.4%
in the 16% [Fig. 4(A)]. Exposure to HBS for 48 h sig-
nificantly reduced scaffold porosity in all groups as
revealed by histological evaluation. The relationship
between scaffold concentration and porosity was
inverted in the hydrated scaffolds [Fig. 4(B)]. The
16% group was the most porous (62.8% 6 1.0%) and
the 10% group was the least porous (39.5% 6 1.3%).
The porosity of both dry and hydrated scaffolds cor-
related to solution concentration [Fig. 4(A,B), p <
0.001], however, the porosity of the dry scaffolds
was more faithfully predicted by solution concentra-
tion (r2 ¼ 0.708). Scaffolds fabricated from higher
concentration solutions were also more permeable
with the 16% group significantly more permeable
than all other groups (Fig. 5).

Co-culture of HK and HF on ES gelatin scaffolds

Histological images showed dense populations of
fibroblasts present in all groups at days 7, 14, and 21
(day 14; Fig. 6). A thick epithelium with basal kerati-
nocytes was present in the 10, 12, and 14% groups
[Fig. 6(A–C)] but not evident in the 16% group. The
16% group was not well stratified and only a thin
epithelium existed [Fig. 6(D)]. While fibroblasts were
present in all groups, the distribution of fibroblasts
was variable and dependent on scaffold morphol-
ogy. Dense layers of cells in the upper third of the
ES gelatin scaffold were present at 10 and 12 wt/vol
% gelatin, whereas with 14 and 16%, cells densely
occupied the majority of the scaffold (Fig. 7). Nega-
tive controls revealed low levels of nonspecific bind-
ing of the primary antibody to the epidermis only.
Thus, the gelatin scaffolds were identified by both
positive staining for collagen and by morphology
which is distinct in structure from the epidermis
(Fig. 7, white dashed line). Cells within the 10% scaf-
fold penetrated 61.99% 6 3.195% of the collagen
sponge, whereas cells within the 16% scaffold pene-
trated the scaffold to significantly greater extent
(85.18% 6 2.447%, p < 0.001). The 12% scaffold did
not enhance cell penetration (63.55% 6 2.953%) com-
pared with the 10% and cells penetration within this
scaffold was significantly impeded compared with
the 14% (75.48% 6 2.958%) and 16% (p < 0.05).

As the ESS matured at the air–liquid interface, the
epithelium keratinized (Fig. 6, arrows), began to
form an epidermal barrier, and caused the surface of
the material to dry. SEC measurements on all groups
at day 7 revealed that the surface of the skin substi-
tutes was still moist and had not yet fully matured.
By day 14, the expected reduction in surface hydra-
tion occurred in all groups, with the least reduction

Figure 4. Scatter plot of porosity measurements from (A)
dry and (B) hydrated electrospun scaffolds as a function of
solution concentration.

Figure 5. Permeability of hydrated gelatin scaffolds. Note
significant increase in scaffold permeability in the 16%
group.
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seen in the 16% group (Fig. 8). After culturing for 21
days at the air–liquid interface, all groups, except
16%, were within normal human skin levels (Fig. 8).
The 16% group did not undergo normal barrier for-
mation as evidenced by high SEC levels at day 21.
These results correspond to histological images
where only a thin epithelium lacking stratification
was present [Fig. 6(D)].

Analysis of cell metabolism via MTT revealed a
statistically significant difference in cell metabolism
between the 12% group and the 16% group at day 7
(p < 0.05; Fig. 9). By day 14, the 10, 12, and 14%
groups had significantly higher MTT values than the
16% group (p < 0.05; Fig. 9). At day 21, the 12%
group had the highest average MTT value which
was statistically different than the 14 and 16% group.

Figure 6. H&E stained cross-sections of skin substitutes made with (A) 10, (B) 12, (C) 14, and (D) 16 wt/vol % gelatin
scaffolds after 14 days in culture. Note the well-stratified dermal and epidermal layers in the 10, 12, and 14% groups and
lack of a well-formed epidermis in the 16 wt % group. Arrows point to cornified layers formed in the 10, 12, and 14%
group. Scale bar ¼ 50 lm.

Figure 7. Immunostained cross-sections of EGSS made with (A) 10, (B) 12, (C) 14, and (D) 16 wt/vol % gelatin scaffolds
after 7 days in culture. Red ¼ collagen; blue ¼ cell nuclei. Gelatin scaffolds were identified by both positive staining for
collagen and morphology. The upper surface of the gelatin scaffold is marked by the white dashed line. Note the high
density of cells present on the surface and in the upper portions of the collagen scaffold on the 10 and 12% (A, B) groups
compared with the more even distribution of cells throughout the scaffold in the 14 and 16% groups (C, D). Scale bar ¼
50 lm.
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These results were consistent with the histological
images, which showed much smaller populations of
keratinocytes on the 16% gelatin scaffolds.

DISCUSSION

Physical characterization of electrospun gelatin
scaffolds reveals that altering solution concentration
is an effective method for controlling scaffold mor-
phology. Several other factors can control electro-
spun scaffold morphology including feed velocity of
the solution, electric potential at the tip, distance
from the tip and the target, temperature, humidity,
and air velocity in the chamber.44–46 However, solu-
tion concentration is an easily controlled variable to
alter fiber diameter and porosity.

The quantitative data presented here demonstrate
that there are direct relationships among fiber diame-
ter, interfiber distance, and porosity of the hydrated
scaffold with large fiber diameters associated with
greater interfiber distances and porosities. Porosity
measurements of the hydrated scaffolds, in addition
to the as-spun material, are of particular interest as
the scaffolds may experience significant reductions in
porosity after exposure to aqueous media. The signifi-
cant loss of porosity when hydrated could be due to
swelling and partial degradation of the gelatin fibers.
For example, Zhang et al. reported partial degrada-
tion and swelling of glutaraldehyde vapor crosslinked
gelatin nanofibers when exposed to deionized water
at 378C for up to 6 days.5 The higher surface area to
volume ratio of thinner fibers allows them to swell
more rapidly than the more robust fibers and allows
fibers to fuse at their junctions, which was observed

presently [Fig. 1(B)] and in other studies.5 This pro-
cess could have lead to the larger percent decrease in
porosity upon hydration in the 10% (56.4%) compared
with the 16% group (30.3%).

Nutrient influx to cells and waste elimination are
crucial to any tissue. Cells in vivo rely on proximity
of blood capillaries for most of their mass transport
requirements. Cell-populated constructs in vitro have
no inherent nutrient supply from blood vessels, rely-
ing instead on diffusion for cell survival.47,48 Scaffold
permeability can greatly affect the ability of nutrients
and metabolites to diffuse through the collagen sub-
strate to the cells. Gelatin scaffolds fabricated from
16% solutions were highly permeable (0.0007 m2/s;
Fig. 5) when compared with the other groups. High
levels of porosity, larger interfiber distances, and
larger fiber diameters are all factors that lead to
greater permeability. Medium can easily filter through
a more porous scaffold with increased interfiber dis-
tances where the path of the medium is less tortu-
ous. The low surface area to volume ratio of the
larger fiber also generates less fiber swelling and
fiber degradation, which medium to more free space
through which medium can pass. However, cell me-
tabolism on scaffolds with large fiber diameters and
interfiber distances was reduced in comparison to
more dense scaffolds, which appears to contradict
the permeability results. Histologic evaluation of
the scaffolds indicated that there were lesser popu-
lations of cells on the 14 and 16% scaffolds. Thus,
the reduced cell metabolism in the 14 and 16%
groups at day 21 is not likely a result of poor nu-
trient influx and waste elimination but rather due
to lower cell number.

Figure 8. Surface hydration measurements at days 7, 14,
and 21. By day 14, the 10, 12, and 14 wt % groups have
approached normal human skin (NHS) SEC levels. [Color
figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

Figure 9. MTT assay of cell metabolism in skin substi-
tutes made with electrospun gelatin scaffolds at culture
days 7, 14, and 21. Note significant difference decrease in
cell metabolism in the 16% group versus the 12% group at
all time points.
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The application of cultured human fibroblasts and
keratinocytes to gelatin scaffolds reveals that all scaf-
folds are capable of sustaining cell growth and
attachment. A MTT assay was utilized to determine
cell metabolism within these constructs. As there are
two cell types within the scaffold with different lev-
els of metabolism in the culture media, a calibration
curve for absolute cell numbers would be challeng-
ing and likely inaccurate. These difficulties could be
increased due to differences in cell attachment, pro-
liferation, or mortality, and thus values for cell me-
tabolism were not extrapolated to absolute cell num-
bers. The 16% scaffolds have the lowest average cell
metabolism at all time points. It is possible that,
because the scaffolds are highly permeable and po-
rous, a percentage of the cell inoculum filtered
through the scaffolds without allowing sufficient
time for cell attachment. The distribution of fibro-
blasts in the deeper portions matrix indicated that it
is possible that a small percentage of cells either
passed directly through the scaffold or did not have
sufficient time to attach. The percentage of attached
cells has previously shown to be inversely correlated
to pore size.29 The lack of a thick epithelium and a
basal keratinocyte cell layer in the 16% groups may
also explain the low MTT values as the CK account
for roughly 67% of the initial cell population per cm2

and the keratinocytes are more metabolically active
than the fibroblasts in this model.

Cellular organization and maturation are essential
to development of composite dermal–epidermal sub-
stitutes that will be effective for wound healing. The
formation of a thick, well-stratified epithelium is a
key functional component of a skin substitute and is
essential to wound closure as it provides a barrier to
fluid loss and infection. However, a well-formed epi-
dermis is dependent on a viable, well-populated der-
mis. Thus, to provide the greatest benefits to patients
both the dermal and epidermal components need to
be viable and well organized. Presently, scaffold
morphology appears to control the organization of
skin substitutes with both dermal and epidermal
components. Electrospun scaffolds with a mean
interfiber distance of 9.8 lm or less demonstrated
organized dermal and epidermal layers. Interfiber
diameters greater than this are associated with
poorly formed epithelium. Large interfiber distances
allow cells to infiltrate the scaffold easily; however,
there appears to be some critical value over which
the fibroblasts do not form a dense continuous layer.
Cells were inoculated onto scaffolds based on sur-
face area, not volume. It is possible that as cell pene-
tration increases, as seen in the 16% group, the den-
sity of cells decreases because they are occupying a
larger volume of scaffold. Fibroblasts would then
not form a continuous cell sheet upon which the ke-
ratinocytes can attach. The poorly formed epidermal

layer seen in the 16% group correlates with a failure
to form an epidermal barrier as seen in the high SEC
values in Figure 7.

CONCLUSIONS

Electrospun gelatin scaffolds can be used as a sur-
rogate ECM for dermal tissue regeneration. The
physical properties of the scaffold, principally poros-
ity and interfiber distance, play a significant factor in
tissue morphogenesis. Fibers that are spaced greater
than 10 lm apart appear to allow too much initial
cell penetration, preventing fibroblasts from densely
occupying the upper portion of the scaffold to gener-
ate a dense layer upon which keratinocytes can
attach. Interfiber distances between 5 and 10 lm
appear to possess the preferred set of properties
including high cell viability, optimal cell organiza-
tion, and excellent barrier formation. Therefore, der-
mal substitutes fabricated from electrospun gelatin
have the potential to be therapeutic clinically and
may provide wound healing more efficiently than
the conventional techniques.

The authors thank Dr. David Witte within the Depart-
ment of Pathology at the Cincinnati Children’s Hospital
Medical Center for the use of their scanning electron mi-
croscopy facilities.
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