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Uniaxial Strain Regulates Morphogenesis, Gene Expression,
and Tissue Strength in Engineered Skin

Heather M. Powell, Ph.D.,1,2 Kevin L. McFarland, M.S.,1 David L. Butler, Ph.D.,3

Dorothy M. Supp, Ph.D.,1,4 and Steven T. Boyce, Ph.D.1,4

Mechanical properties of engineered tissues should ideally match those of the tissues that are replaced. Engineered
skin (ES) is often orders of magnitude weaker than normal skin, which can lead to damage during application and
improper function after engraftment. Hypothetically, application of strain during culture of ES may lead to
improved mechanical properties. ES comprised of electrospun collagen scaffolds, human dermal fibroblasts, and
epidermal keratinocytes were fabricated and cultured at the air–liquid interface. ES was loaded in vitro into a strain
apparatus, strained to 0% (restrained), 5%, 10%, 20%, or 40%, with unstrained ES as a control, and cultured for
10 days. ES cultured under 10% and 20% strain were significantly stronger than unstrained controls. ES cultured
under 20% strain showed upregulation of many genes encoding structural extracellular matrix proteins, including
collagen type I alpha 1 and fibronectin 1. Mechanical stimulation significantly increased epidermal cell prolifer-
ation and enhanced epidermal differentiation with 5%, 10%, and 20% strain. Improved strength in the 10% and
20% strain groups is likely a result of increased extracellular matrix production coupled with enhanced epidermal
differentiation. These improvements to ES may facilitate surgical application, prevent damage during trans-
plantation, and may result in improved functional outcomes after engraftment.

Introduction

Tissue engineering has provided many alternate thera-
pies, including cultured allogeneic and autologous en-

gineered skin (ES),1–4 to conventional wound closure in
patients suffering massive burn injuries where donor sites are
limited and require multiple harvesting procedures. Auto-
logous ES has been shown to generate greater surface area
expansion from donor skin than conventional methods, grow
with the patient, and have a microanatomy that is similar to
native skin.2,5,6 Although these therapies provide significant
benefits, currently available skin substitutes are one to two or-
ders of magnitude weaker than normal human skin (NHS).6–12

Improvements to the mechanical properties of ES can facilitate
handling of ES during surgical application and can prevent
damage from excessive tensile forces after grafting.

A majority of studies have focused on altering the me-
chanical properties of the scaffold to improve the strength of
ES. Chemical crosslinking methods have been utilized to slow
degradation rates and improve mechanical properties of col-
lagen scaffolding used for ES.13–16 Although chemical cross-
linking has been shown to improve biochemical stability and
mechanical strength compared with noncrosslinked colla-

gen,12,17,18 this increase in scaffold strength does not always
correlate with significant increases in tissue strength.12 For
example, the tensile strength of ES generated from 1-ethyl-3-3-
dimethylaminopropylcarbodiimide hydrochloride (EDC)-
crosslinked collagen sponges was more than an order of
magnitude weaker than published values for native human
skin strength.9,10,12 Thus, ES strength is not directly propor-
tional to the strength of the polymer scaffolds used.12,19 A
combination of superior biological properties, including cell
viability and tissue morphogenesis, and scaffold properties are
necessary to generate a high-strength engineered tissue.

Mechanical stimulation has been widely used to promote
the in vitro formation of engineered tissues such as blood
vessels, heart patches, bone, and cartilage.20–24 For instance,
mechanically stimulated mesenchymal stem cell-seeded col-
lagen constructs were significantly stiffer than their non-
stimulated counterparts.25 Intermittent hydrostatic pressure
increased cellular proliferation and glycosaminoglycan con-
tent in engineered articular cartilage.26 In dermal substitutes
comprised of fibroblasts on collagen scaffolds, cyclic strain
resulted in increased proliferation and thicker tissue con-
structs.27 Straining monolayer cultures of keratinocytes to
20% elongation increased proliferation, increased keratin 6
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production, and decreased keratin 10 production.28 Al-
though mechanical stimulation of the proper magnitude and
duration has been shown to have positive effects on many
tissues, little is known regarding the effects of mechanical
stimulation on three-dimensional ES containing both fibro-
blasts and keratinocytes.

In this study, the effects of mechanical strain on ES de-
velopment, mechanical properties, and gene expression were
evaluated. Multicellular, three-dimensional ES was fabri-
cated and strained during culture (Fig. 1). Tissue organiza-
tion, morphogenesis, cellular proliferation, strength, and
gene expression in the resultant ES were assessed.

Materials and Methods

Collagen scaffolds

Collagen scaffolds were prepared from acid-soluble col-
lagen from bovine hide (Kensey Nash, Exton, PA). Collagen,
solubilized in hexafluoropropanol (Sigma-Aldrich, St. Louis,
MO) at a concentration of 10% (wt=vol), was electrospun at a
potential of 30 kV onto a grounding plate that was posi-
tioned 20 cm from the tip of the needle. Electrospun scaffolds
were physically crosslinked by vacuum dehydration at
1408C for 24 h and then chemically crosslinked in a solution
of 5 mM EDC (Sigma-Aldrich) in 100% ethanol for 24 h. The
scaffolds were then disinfected in 70% ethanol for 24 h and
rinsed thoroughly following a procedure previously de-
scribed29 for the preparation for cell inoculation.

Fiber orientation

The morphology of the electrospun collagen scaffold was
examined by scanning electron microscopy (FEI Sirion,
Hillsboro, OR). The as-spun scaffold was mounted onto
aluminum stubs, sputter coated with gold–palladium, and
imaged in secondary electron mode with a 5 kV accelerating
voltage. To evaluate the changes in scaffold morphology
as a result of mechanical strain, scaffolds were left floating in
N-2-hydroxyethylpiperazine-N0-2-ethanesulfonic acid buf-
fered saline (HBS) or loaded into custom-designed strain
devices (Fig. 1). Scaffolds were cut into strips (2 cm�6 cm),
loaded into the strain devices with the scaffolds held in place

by compression between the grips, and strained to 0%, 5%,
10%, 20%, or 40%. All scaffolds were incubated for 1 week in
HBS. The scaffolds were then rinsed for 2�5 min with
phosphate-buffered saline, dehydrated in a graded alcohol
series, and dried in a graded ethanol:hexamethyldisilazane
(Ted Pella, Redding, CA) series.29 The dried samples were
mounted and examined via scanning electron microscopy as
earlier, with the principal axis of strain oriented vertically
within the field of view. Images were collected and fiber
orientation with respect to the principal direction of stress
was calculated from at least 300 fibers from each group
quantitatively via Image J software (http:==rsbweb.nih
.gov=ij=). Fiber orientation was binned (58=bin) and plotted
as frequency per bin.

Preparation of ES

ES was prepared from adult human keratinocytes (HK)
and fibroblasts isolated from skin from elective reduction
mammoplasty, which was obtained with approval of the
University of Cincinnati Institutional Review Board. The
cells were grown in selective growth media30 and cryopre-
served at passage 0 (primary culture) or passage 1, providing
a stock of cells for the ES. For inoculation, electrospun col-
lagen scaffolds were measured and placed on top of a
polyprolylene mesh (N-terface; Winfield Labs, Richardson,
TX) and a polyvinyl alcohol sponge (Merocel; Medtronic,
Minneapolis, MN). Human fibroblasts were inoculated onto
the electrospun scaffolds at a density of 5.0�105 cells=cm2

and incubated at 378C and 5% CO2 in UCMC 160 medium30

for 1 day. Scaffolds were again measured and then inocu-
lated with HK at a density of 1.0�106 cells=cm2. One day
following HK inoculation (ES incubation day 1), the cell–
scaffold constructs were placed onto a perforated stainless
steel platform covered by a cotton pad to establish an air–
liquid interface (Fig. 1).

Mechanical stimulation

ES, at culture day 3, was cut into 2 cm�6 cm strips and
loaded into the strain devices (Fig. 1). ES on N-terface was
loaded into each strain device with the epidermal side facing
up (i.e., in contact with air) such that the distance between

FIG. 1. Experimental timeline for the inoculation, application of uniaxial strain, and subsequent culture of ES. Inset:
Photograph of custom-designed static strain devices. Scale bar¼ 2 cm. ES, engineered skin.
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the grips was between 53 and 55 mm (Loriginal) after the ES on
N-terface was pulled tight. The N-terface was then cut from
the device to ensure that it would not interfere with the
application of strain. ES was strained to 0% (restrained
with no additional strain), 5%, 10%, 20%, or 40% strain
([Lengthfinal�Lengthoriginal]=Lengthoriginal�100¼% strain)
and placed into separate bioassay dishes (Corning, Corning,
NY). Medium was added to the assay dish until it reached
the bottom of the ES in order to establish an air–liquid in-
terface. Strips of ES were kept on the lifting platforms as a
positive control (Fig. 1). All ES were kept in culture for a total
of 10 days with medium exchanged every other day.

Histology

Biopsies for histology from test samples were collected at
day 10, embedded in OCT� compound (Sakura Finetek,
Torrance, CA) and cryosectioned to *7 mm thickness using
standard histological procedures. Sections were stained with
hematoxylin and eosin and imaged with light microscopy.
Bright-field images were collected with SPOT Advanced
Imaging software (Diagnostic Instruments, Sterling Heights,
MI), with a total of nine samples per condition.

To observe basement membrane formation, epidermal
differentiation markers, integrin expression, and extracellu-
lar matrix (ECM) synthesis, biopsies were collected at day 10
for cryosectioning. The cryosections were fixed in methanol
for 8 min followed by acetone for 2 min. After fixation, the
samples were immunostained for human involucrin (Sigma-
Aldrich), human laminin 5 (Biodesign International, Saco,
ME), human loricrin (Covance, Emeryville, CA), human
CD44 (Santa Cruz Biotechnology, Santa Cruz, CA), or hu-
man fibronectin (Chemicon International, Billerica, MA) and
were detected with fluorescent secondary antibodies (In-
vitrogen, Carlsbad, CA). The labeled sections were examined
via epifluorescence microscopy (Nikon Microphot FXA,
Melville, NY) and images were collected with SPOT Ad-
vanced imaging software, with a total of four specimens per
group per antibody.

Bromo-deoxyuridine labeling

To determine the proportion of cells in the in vitro skin
substitutes that were actively proliferating, ES pieces were
exposed to medium containing 65mg bromo-deoxyuridine
(BrdU) for 24 h prior to sample collection. The samples were
taken at day 10 in vitro, embedded in OCT compound, and
processed for cryosectioning. The slides were then fixed in
methanol for 8 min, followed by acetone for 2 min, and rehy-
drated in phosphate-buffered saline. The sections were co-
labeled with anti-BrdU-fluorescein isocyanate antibody (BD
Biosciences, Franklin Lakes, NJ) and anti-pan-cytokeratin
antibody (Invitrogen) by overnight incubation at 48C. The
double-labeled sections were then examined microscopically,
with a total of 40 fields of view per group. The number of
BrdU-positive cells per microscopic field was recorded and
data presented as the number of BrdU-positive cells per field
(meanþ standard error of the mean [SEM]).

ECM gene expression

After 10 days in culture, biopsies from strained and un-
strained control ES were collected and RNA was isolated

using RNeasy Mini Kits (Qiagen, Valencia, CA). RNA was
converted to biotin-labeled cRNA using the TrueLabeling-
AMP 2.0� Kit (SuperArray Bioscience, Frederick, MD) with
biotin-UTP (PerkinElmer, Boston, MA). The labeled cRNA
was hybridized following the manufacturer’s instructions to
the ECM and Adhesion Molecules Oligo Array (SuperArray
Bioscience), which can simultaneously analyze the expres-
sion of 113 genes. The expression data were analyzed using
GEArray Expression Analysis Suite software (SuperArray
Bioscience); expression levels were normalized based on
signal intensity of control oligonucleotides spotted on the
microarray membranes.

Tensile testing

The mechanical properties of mechanically stimulated and
control ES were assessed via uniaxial tensile testing to failure
(n¼ 18 for each group). In addition, human skin from elec-
tive reduction mammoplasty was obtained with approval of
the University of Cincinnati Institutional Review Board to
quantify the mechanical properties of NHS (n¼ 4). ES and
NHS were cut into dog-bone–shaped specimens with a
gauge length of 20 mm and width of 4 mm. Specimens were
mounted into the grips of a material testing system (Test-
Resources) with a 5-N load cell for ES and a 1000-N load cell
for NHS and tested to failure at a strain rate of 2 mm=min to
avoid specimen dehydration during testing. Samples that
did not break within the gauge length were discarded and
samples that delaminated during testing were recorded.
Percent elongation at failure, ultimate tensile strength (UTS),
and stiffness values were measured and reported as meanþ
SEM.

Statistical analysis

For quantitative assays, repeated measures analysis of
variance and Tukey post hoc tests were used to determine
statistical significance as a function of mechanical stimula-
tion. The data were presented as meanþ SEM, with p< 0.05
considered statistically significant.

Results

Mechanical strain had a profound effect on the orientation
of fibers within the acellular scaffold. The control, non-
strained scaffolds had a random fiber orientation with ap-
proximately the same number of fibers oriented in all
directions (Fig. 2). As the percent strain increased, there was
a dramatic increase in fiber alignment in the direction of
principal stress. At 40% strain, 87.9% of the fibers were þ208
of the principal direction of stress (oriented vertically in the
images).

Histological evaluation of the ES at culture day 10 re-
vealed that all groups had excellent cellular organization.
Fibroblasts densely populated the collagen scaffold of all the
ES (Fig. 3). The epidermis was well stratified, with a con-
tinuous layer of basal keratinocytes and stratum corneum
formation present in all conditions. No gross difference in
tissue organization was found between nonstimulated and
stimulated skin. However, the epidermis of the static group
was observed, in general, to be slightly thinner than that
of the mechanically stimulated groups (Fig. 3). Analysis of
cell proliferation via BrdU labeling revealed statistically
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significant increase in cell proliferation in mechanically
stimulated groups ( p< 0.05; Fig. 4) compared with the con-
trol. Mechanically stimulated groups were not statistically
different from one another.

Uniaxial tensile testing of the nonstimulated and me-
chanically stimulated ES after 10 days in culture indicated a

significant improvement in strength of ES cultured under
10% and 20% static strain, but all groups were significantly
weaker than NHS (Table 1). Linear stiffness scaled positively
with mechanical stimulation (Table 1). The 10%, 20%, and
40% were significantly stiffer than the static, 0%, and 5%
groups but not different from one another (Table 1). Average

FIG. 2. Histograms of collagen fiber alignment as a function of increasing strain in scaffolds incubated in HBS for 10 days:
(A) free floating; (B) restrained within the grips of the strain apparatus with no additional strain (0%), or strained to (C) 5%,
(D) 10%, (E) 20%, or (F) 40%. Fiber orientation was measured with respect to principal direction of stress (08). Angles were
blotted in bins of 58=bin, with percentage of alignment defined as fraction of fibers within þ208 to the direction of stress.
Scanning electron micrographs of the electrospun collagen scaffolds are shown as insets. Scale bar¼ 2mm.

FIG. 3. Histological sections of ES at day 10 with (A) no applied strain (free standing), (B) 0% strain (restrained), (C) 5% strain,
(D) 10% strain, (E) 20% strain, and (F) 40% strain. No significant differences in cellular organization, fibroblast density, or cell
penetration into the collagen scaffolds were seen amongst the groups. The epidermis of the 0–40% strain groups appeared
thicker than that of the static group. Scale bar¼ 100mm. Color images available online at www.liebertonline.com=ten.
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percent elongation at failure was lowest in the 40% group
and scaled inversely with magnitude of mechanical strain
(Table 1); however, there was no statistical difference among
the groups.

Gene expression of ECM proteins and adhesion molecules
in ES was assessed at the end of the 10-day culture period
(7 days after the mechanical stimulus was applied) in the
static, 0%, 20%, and 40% strain groups, as the 5% and 20%
groups’ mechanical properties were not significantly differ-
ent than those of the 0% and 10% groups, respectively. The
application of 20% strain at day 3 resulted in an upregulation
of many genes for ECM and adhesion molecules, including
collagen type I alpha 1, laminin alpha 2–5, and integrins
alpha 3, 4, and 5, compared with unstrained controls (Fig. 5
and Table 2). However, the relative change in gene expres-
sion between the control and stimulated groups was modest
and typically ranged between a twofold upregulation and a
twofold downregulation. For example, relative gene ex-
pression levels for collagen type I alpha 1 and collagen type
XII alpha 1 were 2.85-fold and 1.43-fold greater in the 20%
group than the control. Gene expression for fibronectin 1 was
1.78-fold greater in the 20% group (Table 2). A 3.34-fold and
2.04-fold upregulation of the gene encoding CD44, the main

FIG. 4. Quantification of actively proliferating cells in ES at
day 10. n¼ 6 per group. BrdU, bromo-deoxyuridine.

Table 1. Mechanical Properties of Normal Human

Skin and Engineered Skin at Culture Day 10

Linear stiffness
(N=mm)

Ultimate tensile
strength (kPa)

Percent elongation
at failure

Static 0.022� 1.8 e� 3 391.1� 50.8 114.1� 10.5
0% 0.028� 2.7 e� 3 387.4� 45.4 106.4� 5.7
5% 0.030� 2.4 e� 3 532.1� 26.4 109.3� 10.3
10% 0.033� 2.0 e� 3a 592.8� 35.6b 104.5� 8.8
20% 0.035� 2.3 e� 3a 599.0� 67.5c 100.5� 6.9
40% 0.035� 3.0 e� 3a 404.5� 53.7 92.17� 4.9
NHS 2.325� 0.30d 2873.5� 743.6d 70.0� 3.4e

ap> 0.05 versus static.
bp< 0.05 versus static and 0%.
cp< 0.05 versus static, 0%, and 40%.
dp< 0.001 versus all.
ep< 0.05 versus static.

FIG. 5. Heat map of gene expression in ES at day 10 cul-
tured with or without mechanical stimulation. Expression
levels for many genes were not detectable in the static, 0%, or
40% groups, but were upregulated in the 20% ES group.
Color images available online at www.liebertonline.com=ten.

TENSION REGULATES ENGINEERED SKIN PROPERTIES 5

http://www.liebertonline.com/action/showImage?doi=10.1089/ten.tea.2009.0542&iName=master.img-003.jpg&w=238&h=170
http://www.liebertonline.com/action/showImage?doi=10.1089/ten.tea.2009.0542&iName=master.img-004.jpg&w=192&h=565


Table 2. Genes Expressed in Engineered Skin

Normalized expression values Fold change vs. static

Ref. seq. no. Symbol Gene name Static
0%

strain
20%
strain

40%
strain 0% 20% 40%

NM_006988 ADAMTS1 A disintegrin and metalloproteinase with
thrombospondin Motifs 1

1.33 0.84a 0.95a 2.28 0.628 0.714 1.708

NM_000610 CD44 CD44 molecule (Indian blood group) 0.62a 2.07 0.64a 1.26 3.338 1.037 2.041
NM_003278 CLEC3B C-type lectin domain family 3, member B 0.56 1.01 0.55a 0.61a 1.788 0.980 1.075
NM_001843 CNTN1 Contactin 1 1.20 3.00 2.24 1.55 2.491 1.859 1.284
NM_004370 COL12A1 Collagen, type XII, alpha 1 3.25 2.20 4.65 3.05 0.676 1.431 0.938
NM_030582 COL18A1 Collagen, type XVIII, alpha 1 3.59 3.70 5.77 3.70 1.030 1.605 1.031
NM_000088 COL1A1 Collagen, type I, alpha 1 0.78a 1.93 2.21 0.32a 2.489 2.853 0.412
NM_001846 COL4A2 Collagen, type IV, alpha 2 3.54 3.34 3.35 3.14 0.943 0.945 0.887
NM_001847 COL4A6 Collagen, type IV, alpha 6 1.38 1.74 1.32 1.53 1.268 0.958 1.111
NM_001848 COL6A1 Collagen, type VI, alpha 1 3.67 3.69 6.00 3.76 1.008 1.637 1.026
NM_001849 COL6A2 Collagen, type VI, alpha 2 1.14 0.63a 0.76a 0.82a 0.558 0.666 0.717
NM_004369 COL6A3 Collagen, type VI, alpha 3 3.67 3.53 5.13 3.77 0.962 1.399 1.028
NM_001851 COL9A1 Collagen, type IX, alpha 1 2.23 2.65 4.15 2.32 1.186 1.859 1.037
NM_001903 CTNNA1 Catenin (cadherin-associated protein),

alpha 1, 102 kDa
3.26 3.18 4.45 3.27 0.975 1.368 1.004

NM_002026 FN1 Fibronectin 1 3.37 3.67 5.98 3.83 1.090 1.776 1.138
NM_000201 ICAM1 Intercellular adhesion molecule 1 (CD54) 2.55 2.98 3.53 2.01 1.166 1.381 0.785
NM_012211 ITGA11 Integrin, alpha 11 1.38 2.10 1.68 1.50 1.526 1.220 1.089
NM_002204 ITGA3 Integrin, alpha 3 (antigen CD49C) 3.35 3.47 5.61 3.46 1.035 1.676 1.033
NM_000885 ITGA4 Integrin, alpha 4 (antigen CD49D) 2.33 2.69 4.11 2.10 1.151 1.760 0.901
NM_002205 ITGA5 Integrin, alpha 5 (fibronectin receptor,

alpha polypeptide)
3.35 3.33 5.38 3.03 0.994 1.604 0.902

NM_000632 ITGAM Integrin, alpha M 0.60a 0.52a 1.30 0.54a 0.873 2.171 0.906
NM_002211 ITGB1 Integrin, beta 1 (fibronectin receptor,

beta polypeptide)
3.64 3.56 5.49 3.66 0.979 1.508 1.004

NM_000213 ITGB4 Integrin, beta 4 3.56 3.52 5.76 3.55 0.989 1.617 0.996
NM_002213 ITGB5 Integrin, beta 5 3.57 3.53 5.62 3.62 0.990 1.575 1.015
NM_000889 ITGB7 Integrin, beta 7 1.35 1.44 2.59 1.05 1.059 1.914 0.774
NM_000426 LAMA2 Laminin, alpha 2 (merosin, congenital

muscular dystrophy)
1.27 1.83 1.88 1.16 1.448 1.487 0.912

NM_000227 LAMA3 Laminin, alpha 3 2.47 2.17 4.17 2.38 0.880 1.689 0.964
NM_002290 LAMA4 Laminin, alpha 4 3.38 3.30 5.17 3.56 0.975 1.528 1.052
NM_005560 LAMA5 Laminin, alpha 5 2.85 2.91 3.84 3.11 1.019 1.345 1.092
NM_002291 LAMB1 Laminin, beta 1 3.67 3.62 4.95 3.71 0.987 1.347 1.010
NM_002421 MMP1 Matrix metallopeptidase 1

(interstitial collagenase)
3.66 3.53 4.84 3.20 0.966 1.323 0.876

NM_002425 MMP10 Matrix metallopeptidase 10
(stromelysin 2)

2.14 2.39 3.34 2.67 1.117 1.561 1.248

NM_004995 MMP14 Matrix metallopeptidase 14
(membrane-inserted)

1.00a 0.47a 1.00a 1.07 0.472 1.001 1.071

NM_002428 MMP15 Matrix metallopeptidase 15
(membrane-inserted)

0.70a 0.67a 1.00a 1.27 0.959 1.425 1.803

NM_004530 MMP2 Matrix metallopeptidase 2 (gelatinase A) 3.68 3.68 5.07 3.72 0.999 1.377 1.010
NM_002423 MMP7 Matrix metallopeptidase 7

(matrilysin, uterine)
3.01 3.42 5.70 3.44 1.133 1.891 1.142

NM_000442 PECAM1 Platelet=endothelial cell adhesion
molecule (CD31 antigen)

1.94 1.33 1.01a 1.02a 0.687 0.522 0.525

NM_003005 SELP Selectin P (granule membrane
protein 140 kDa, CD62)

2.47 1.23 3.44 1.46 0.497 1.396 0.592

NM_003118 SPARC Secreted protein, acidic,
cysteine-rich (osteonectin)

3.70 3.70 5.87 3.66 1.000 1.585 0.987

NM_000358 TGFBI Transforming growth factor,
beta-induced, 68 kDa

3.52 3.63 5.13 3.52 1.030 1.456 1.001

NM_003247 THBS2 Thrombospondin 2 2.69 1.53 3.75 0.79a 0.568 1.396 0.293
NM_007112 THBS3 Thrombospondin 3 1.90 0.71a 3.49 1.95 0.376 1.842 1.030
NM_003248 THBS4 Thrombospondin 4 1.20 0.30a 0.82a 0.70a 0.248 0.684 0.586
NM_002160 TNC Tenascin C (hexabrachion) 1.51 1.03 1.21a 0.60a 0.686 0.801 0.401

The values shown are normalized expression values for genes that were expressed in at least one sample analyzed, and the ratios of gene
expression in 0%, 20%, or 40% strain compared with static culture.

aSpots were considered ‘‘absent.’’
Ratios highlighted in light gray indicate more than twofold increase from static condition. Ratios highlighted in dark gray indicate more

than twofold decrease from static condition. Ratios based on one or more ‘‘absent’’ calls should be interpreted with caution.
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cell surface receptor for hyaluronate, was found in the 0%
and 40% groups, respectively; however, the 20% group had
similar expression levels to the unstrained control. Laminin-5
gene expression increased with the application of 0% strain,
reached peak expression levels at 20% strain, and fell to
control levels with the application of 40% strain (Table 2).

Immunohistochemistry was used to examine expression
differences at the protein level. There were no qualitative
differences in CD44 protein expression between stimulated
and nonstimulated groups, despite a 3.34-fold upregulation
in gene expression in the 0% strain group compared with the
control. CD44 was present only within the epidermis in all
groups of ES (Fig. 6). A continuous layer of laminin-5 was
present in all groups at the dermal–epidermal junction
(Fig. 6), with a slightly thicker layer of laminin-5 present in
the 5%, 10%, and 20% groups. Immunostaining for fibro-
nectin 1, a high-molecular-weight ECM glycoprotein that
binds to integrins, indicated that fibronectin was present
within the dermis of all ES (Fig. 6). The static, 0%, and 40%
strain groups did not show any positive staining for fibro-
nectin directly below the dermal–epidermal junction,
whereas dense staining for fibronectin was seen throughout

the dermis of the 10% and 20% strain groups (Fig. 6). Positive
staining for involucrin, a cytoplasmic protein precursor of
the epidermal cornified envelope, was present in all groups
and within all the epidermal layers except for the basal cell
layer (Fig. 7). In contrast, loricrin, a major component of the
cornified envelope of terminally differentiated keratinocytes,
was not present or was localized in small areas in the static,
0%, and 40% strain groups (Fig. 7). Staining for loricrin was
positive in a continuous layer of keratinocytes within the
upper epidermis of the 5%, 10%, and 20% groups (Fig. 7).
Loricrin was more prevalent in the 40% group than the
control or 0% groups but was not a continuous layer (Fig. 7).

Discussion

Mechanical forces are key regulators of tissue homeostasis
and are essential for tissue formation, remodeling, and nor-
mal function. Mechanical forces also play a central role in the
physiology of normal skin and in wound healing. This study
demonstrated that mechanical stress impacts the biopoly-
mer scaffold structure, gene expression, and morphogenesis
of ES.

FIG. 6. Immunostaining for CD44, laminin-5, and fibronectin 1 in ES at day 10. Dashed white line in each panel indicates the
dermal–epidermal junction. Scale bar¼ 100 mm.

FIG. 7. Immunostaining for the nucleus (DAPI) and epidermal markers of differentiation, involucrin and loricrin, in ES at
culture day 10 and in normal adult human skin. Dashed white line in each panel indicates the dermal–epidermal junction. Scale
bar¼ 100 mm. DAPI, 40,6-diamidino-2-phenylindole; NHS, normal human skin. Color images available online at www
.liebertonline.com=ten.
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Collagen fiber alignment within the acellular scaffold was
significantly enhanced in response to mechanical strain. A
change in fiber orientation to become more aligned with the
principal direction of stress was expected. This response is
also seen in collagen fibers within tissues. Uniaxial strains of
5% or greater in the preferred fiber direction in small intes-
tinal submucosa resulted in increased collagen fiber orien-
tation in the direction of stress.31 Collagen fibers within
bovine pericardium altered their peak orientation angle in a
strain-dependent manner, with a 30% strain resulting in
collagen fiber orientation shifting from 1358 to 908 (direction
of stress).32 In this study, a significant change in average fiber
orientation was seen at 10% strain and small amounts of
alignment were seen in the 0% strain group, which is in
contrast to published data that suggest a minimum of 5%
strain is required to induce permanent change in fiber ori-
entation. The increase in fiber alignment in the 0% group
may be a result of the drying process used to prepare the
samples for evaluation on the scanning electron microscope.
During the dehydration step, the scaffolds contracted
slightly (*5%) adding to the effective strain the scaffold
experienced.

Histological evaluation of the ES at day 10 revealed that
there was no significant difference in cellular organization,
fibroblast density, or cell penetration among the groups
(Fig. 3). However, the epidermis appeared thicker in the mec-
hanically stimulated groups, which correlated with BrdU-cell
proliferation data that indicated the keratinocytes within the
mechanically stimulated ES were significantly more prolif-
erative (Fig. 4) than the control (static) group. Increased
keratinocyte proliferation seen in the ES agrees with previous
monolayer culture studies where cyclic strain led to in-
creased cell proliferation compared with no load.28,33–37

Significant improvements to UTS of ES were seen in the
10% and 20% strain groups, with average strength scaling
positively with the magnitude of strain applied up to 20%
(Table 1). Fiber alignment has previously been shown to
have a profound effect on the mechanical properties of
acellular scaffolds. When fibers were aligned parallel to the
direction of applied force, their UTS showed significantly
improved yield stress and modulus in proportion to the
alignment.38 Although ES cultured under 10% and 20% static
strain was significantly stronger than nonstimulated con-
trols, it is unlikely that simple scaffold fiber reorientation was
solely responsible for the observed increase in mechanical
strength, as the strength of the ES is, on average, an order of
magnitude stronger than the acellular scaffolds. In addition,
the scaffold with the highest amount of fiber alignment, 40%
strain, did not result in improved strength compared with
the control (Table 1); only linear stiffness was improved
which is highly dependant on fiber orientation.

Increases in gene expression of many structural compo-
nents of the ECM, including collagen type I alpha 1, collagen
type XII alpha 1, fibronectin 1, and laminin-5, were seen in
the 20% strain group compared with the static, 0%, and 40%
groups. Increases in ECM synthesis as a result of mechanical
stimulation have been seen in a wide array of cell types. For
example, an increase in ECM production, including collagen
type I, was found in fibroblasts cultured on flexed mem-
branes.39,40 Although the magnitude of gene upregulation in
collagen type I alpha 1, collagen type XII alpha 1, fibronectin
1, and laminin-5 was small (between 1.3 and 2.8 times the

control), the additive effect of these changes may have re-
sulted in a stronger, more dense ECM. It has been proposed
that increased ECM production is one of the contributing
factors to the increase in mechanical strength seen in the 10%
and 20% groups. However, it is unlikely that it is the sole
contributing factor.

Much of the tensile strength of ES is attributed to a
well-formed epidermis.8 Within the epidermis the protein
envelope of the cornified epidermis, consisting of structural
proteins including involucrin, loricrin, and trichohyalin, im-
parts biomechanical strength to the epidermis.41,42 When
loricrin is absent from the cornified envelope, the skin is
more susceptible to damage by mechanical stress as seen in
loricrin-deficient mice.43,44 Immunostaining for involucrin, a
marker of epidermal differentiation, revealed no major dif-
ferences in the amount or localization among the groups.
Loricrin was either not seen or present in low quantities in
the static, 0%, and 40% strain groups. In contrast, the 5%,
10%, and 20% groups had a thick continuous layer of loricrin
in the upper epidermis in a pattern similar to NHS, sug-
gesting appropriate terminal differentiation and epidermal
barrier formation in vitro. A possible mechanism for changes
in loricrin production in response to midlevel strain (5–20%)
may be an increase in ion channel activity. Mechanical strain
has been shown to increase ion channel activity, allowing
Ca2þ, Kþ, and Naþ cations to pass through these chan-
nels during intervals of stretch.45,46 Production of loricrin
mRNA has been shown to be dependent on extracellular
Ca2þ levels.47 Increases in external Ca2þ concentration in-
duce increases in intracellular Ca2þ concentrations which are
required for keratinocyte differentiation.48 Thus, mechanical
stretch may activate Ca2þ ion channels, leading to an increase
in intracellular Ca2þ and more rapid keratinocyte differen-
tiation.

In contrast, the application of 40% strain to the ES did not
result in a significant increase in loricrin production or an
increase in mechanical properties. Immunostaining of the
40% ES for loricrin revealed that loricrin was present at far
lower levels than the midlevel strains and exhibited noncon-
tinuous, punctuate staining. A shift in balance between dif-
ferentiation and proliferation in the early stages of ES culture
may be responsible for this phenomenon. The application of
40% strain likely generated significantly greater tension than
that of normal resting skin. When increased tension was ap-
plied to normal skin, such as through the use of a tissue ex-
pander, a complex series of events ensued, resulting in cell
growth and tissue regeneration.49 It is possible that the ap-
plication of 40% strain to the newly forming ES caused the
epidermal keratinocytes to proliferate greatly in order to re-
store physiologic levels of tension, as shown in Figure 4. The
amount of proliferation required to return the 40% strained ES
to physiological levels of strain (between 5% and 12% strain)
would have been far greater than in the groups where mid-
level strain was applied. This could result in a delay of kera-
tinocyte differentiation and subsequently minimal amounts of
loricrin production by culture day 10. This reduced level of
differentiation within the epidermis coupled with lower ECM
protein production could result in weaker ES.

The current data suggest that static strain during culture
can improve the strength of ES. It is postulated that a com-
bination of enhanced scaffold organization, increased pro-
duction of ECM proteins as a result of upregulation of genes
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encoding structural ECM proteins, and enhanced epidermal
differentiation is responsible for these observed improve-
ments. Although the increased strength of ES may facilitate
more facile surgical application and prevent damage during
transplantation and dressing changes, additional studies are
required to investigate themolecular mechanisms behind these
changes to fully exploit the benefit of mechanical stimuli.

Acknowledgments

H.M.P. thanks the Shriners Hospitals for Children for a
Postdoctoral Research Fellowship (grant no. 8450) and The
Ohio State University for supporting these studies. The au-
thors thank Deanna Leslie within the Histology Core Facility
at the Shriners Hospitals for Children—Cincinnati for histo-
logical preparation and the Campus Electron Optics Facility at
The Ohio State University for the use of their scanning elec-
tron microscope. This study was supported by grants from the
Shriners Hospitals for Children (grant nos. 8507 and 8450).

Disclosure Statement

No competing financial interest exists.

References

1. Compton, C., Butler, C.E., Yannas, I., Warland, G., and
Orgill, D.P. Organized skin structure is regenerated in vivo
from collagen-GAG matrices seeded with autologous kera-
tinocytes. J Invest Dermatol 110, 908, 1998.

2. Boyce, S.T., Kagan, R.J., Yakuboff, K.P., Meyer, N.A., Rie-
man, M.T., Greenhalgh, D.G., and Warden, G.D. Cultured
skin substitutes reduce donor site harvesting for closure of
excised, full-thickness burns. Ann Surg 235, 269, 2002.

3. Pham, C., Greenwood, J., Cleland, H., Woodruff, P., and
Maddern, G. Bioengineered skin substitutes for the man-
agement of burns: a systematic review. Burns 33, 946, 2007.

4. MacNeil, S. Progress and opportunities for tissue-engineered
skin. Nature 445, 874, 2007.

5. Boyce, S.T., Goretsky, M., Greenhalgh, D.G., Kagan, R.J.,
Rieman, M.T., and Warden, G.D. Comparative assessment
of cultured skin substitutes and native skin autograft for
treatment of full-thickness burns. Ann Surg 222, 743, 1995.

6. Boyce, S.T., Supp, A.P., Reed, M.A., and Kagan, R.J. Quan-
titative assessment of skin pliability after treatment of
full-thickness burns with cultured skin substitutes and split-
thickness autografts combined with Integra Artificial Skin�

or cadaveric allograft. J Burn Care Rehabil 26, S168, 2005.
7. Agache, P.G., Monneur, C., Leveque, J.L., and DeRigal, J.

Mechanical properties and Young’s modulus of human skin
in vivo. Arch Dermatol Res 269, 221, 1980.

8. LaFrance, H., Yahia, L., Germain, L., Guillot, M., and Auger,
F.A. Study of the tensile properties of living skin equiva-
lents. Biomed Mater Eng 5, 195, 1995.

9. Clark, J.A., Cheng, J.C.Y., and Leung, K.S. Mechanical
properties of normal skin and hypertrophic scars. Burns 22,

443, 1996.
10. Khor, H., Ng, K., Schantz, J., Phan, T.-T., Lim, T., Teoh, S.,

and Hutmacher, D.W. Poly(e-caprolactone) films as a po-
tential substrate for tissue engineering an epidermal equiv-
alent. Mater Sci Eng C 20, 71, 2002.

11. Khatyr, F., Imberdis, C., Vescovo, P., Varchon, D., and La-
garde, J.-M. Model of the viscoelastic behaviour of skin
in vivo and study of anisotropy. Skin Res Technol 10, 96,
2004.

12. Powell, H.M., and Boyce, S.T. EDC cross-linking improves
skin substitute strength and stability. Biomaterials 27, 5821,
2006.

13. Olde Damink, L.H.H., Dijkstra, P.J., Van Wachem, P.B., Van
Luyn, M.J.A., Nieuwenhuis, P., and Feijen, J. In vitro deg-
radation of dermal sheep collagen cross-linked using water-
soluble carbodiimide. Biomaterials 17, 679, 1996.

14. Angele, P., Abke, J., Kujat, R., Faltermeier, H., Schumann, Z.,
Mehrl, R., and Mueller, R. Influence of different collagen
species on physico-chemical properties of cross-linked col-
lagen matrices. Biomaterials 25, 2831, 2004.

15. Zhong, S.P., Teo, W.E., Zhu, X., Beuertnan, R., Ramakrishna,
S., and Yung, L.Y.L. Development of a novel collagen-GAG
nanofibrous scaffold via electrospinning. Mater Sci Eng C 27,

262, 2007.
16. Cornwell, K.G., Lei, P., Andreadis, S.T., and Pins, G.D.

Crosslinking of discrete self-assembled collagen threads:
effects on mechanical strength and cell-matrix interactions.
J Biomed Mater Res A 80A, 362, 2007.

17. Thompson, J.I., and Czernuszka, J.T. The effect of two types
of cross-linking on some mechanical properties of collagen.
Biomed Mater Eng 5, 37, 1995.

18. Ulubayram, K., Aksu, E., Gurhan, S.I.D., Serbetci, K., and
Hasirci, N. Cytotoxicity evaluation of gelatin sponges pre-
pared with different cross-linking agents. J Biomater Sci
Polym Ed 13, 1203, 2002.

19. Powell, H.M., and Boyce, S.T. Engineered human skin fabri-
cated using electrospun collagen-PCL blends: morphogenesis
and mechanical properties. Tissue Eng Part A 15, 2177, 2009.

20. Stegemann, J.P., and Nerem, R.M. Phenotype modulation in
vascular tissue engineering using biochemical and mechan-
ical stimulation. Ann Biomed Eng 31, 391, 2003.

21. Freyria, A.M., Yang, Y., Chajra, H., Rousseau, C.F., Ronziere,
M.C., Herbage, D., and El Haj, A.J. Optimization of dynamic
culture conditions: effects on biosynthetic activities of
chondrocytes grown in collagen sponges. Tissue Eng A11,

674, 2005.
22. Isenberg, B.C., Williams, C., and Tranquillo, R.T. Small-

diameter artificial arteries engineered in vitro. Circ Res 98,

25, 2006.
23. De Croos, J.N.A., Dhaliwal, S.S., Grynpas, M.D., Pilliar,

R.M., and Kandel, R.A. Cyclic compressive mechanical
stimulation induces sequential catabolic and anabolic gene
changes in chondrocytes resulting in increased extracellular
matrix accumulation. Matrix Biol 26, 323, 2006.

24. Datta, N., Pham, Q.P., Sharma, U., Sikavitsas, V.I., Jansen,
J.A., and Mikos, A.G. In vitro generated extracellular matrix
and fluid shear stress synergistically enhance 3D osteoblastic
differentiation. Proc Natl Acad Sci USA 103, 2488, 2006.

25. Nirmalanandhan, V.S., Rao, M., Shearn, J.T., Juncosa-
Melvin, N., Gooch, C., and Butler, D.L. Effect of scaffold
material, construct length and mechanical stimulation on the
in vitro stiffness of the engineered tendon construct. J Bio-
mech 41, 822, 2008.

26. Shin, H.J., Lee, C.H., Cho, I.H., Kim, Y., Lee, Y., Kim, I.A.,
Park, K.-D., Yui, N., and Shin, J.-W. Electrospun PLGA na-
nofiber scaffolds for articular cartilage reconstruction: me-
chanical stability, degradation and cellular responses under
mechanical stimulation in vitro. J Biomater Sci Polym Ed 17,

103, 2006.
27. Eastwood, M., Mudera, V.C., McGrouther, D.A., and Brown,

R.A. Effect of precise mechanical loading on fibroblast
populated collagen lattices: morphological changes. Cell
Motil Cytoskeleton 40, 13, 1999.

TENSION REGULATES ENGINEERED SKIN PROPERTIES 9



28. Yano, S., Komine, M., Fujimoto, M., Okochi, H., and
Tamaki, K. Mechanical stretching in vitro regulates signal
transduction pathways and cellular proliferation in human
epidermal keratinocytes. J Invest Dermatol 122, 783, 2004.

29. Powell, H.M., and Boyce, S.T. Fiber density of electrospun
gelatin scaffolds regulates morphogenesis of dermal-
epidermal skin substitutes. J Biomed Mater Res A 84A, 1078,
2008.

30. Swope, V.B., Supp, A.P., and Boyce, S.T. Regulation of cu-
taneous pigmentation by titration of human melanocytes in
cultured skin substitutes grafted to athymic mice. Wound
Repair Regen 10, 378, 2006.

31. Gilbert, T.W., Sacks, M.S., Grashow, J.S., Woo, S.L.Y., Ba-
dylak, S.F., and Chancellor, M.B. Fiber kinematics of small
intestinal submucosa under biaxial and uniaxial stretch.
J Biomech Eng 128, 890, 2006.

32. Liao, J., Yang, L., Grashow, J., and Sacks, M.S. Molecular
orientation of collagen in intact planar connective tissues
under biaxial stretch. Acta Biomater 1, 45, 2005.

33. Boulton, T.G., Yancopoulos, G.D., Gregory, J.S., Slaughter,
C., Moomaw, C., Hsu, J., and Cobb, M.H. An insulin stim-
ulated protein kinase similar to yeast kinases involved in cell
cycle control. Science 249, 64, 1990.

34. Gomar, F.E., Bernd, A., Bereiter-Hahn, J., and Holzmann, H.
A mew model of epidermal differentiation: induction by
mechanical stimulation. Arch Dermatol Res 282, 22, 1990.

35. Takei, T., Rivas-Gotz, C., Delling, C.A., Koo, J.T., Mills, I.,
McCathy, T.L., Centrella, M., and Sumpio, B.E. Effect of
strain on human keratinocytes in vitro. J Cell Physiol 173, 64,
1997.

36. Kippenberger, S., Bernd, A., Loitsch, S., Guschel, M., Muller,
J., Bereiter-Hahn, J., and Kaufmann, R. Signaling of me-
chanical stretch in human keratinocytes via MAP kinases.
J Invest Dermatol 114, 408, 2000.

37. Pietramaggiori, G., Liu, P., Scherer, S.S., Kaipainen, A.,
Prsa, M.J., Mayer, H., Newalder, J., Alperovich, M., Mentzer,
S.J., Konerding, M.A., Huang, S., Ingber, D.E., and Orgill,
D.P. Tensile forces stimulate vascular remodeling and epi-
dermal cell proliferation in living skin. Ann Surg 246, 896,
2007.

38. Li, W.-J., Mauck, R.L., Cooper, J.A., Yuan, X., and Tuan, R.S.
Engineering controllable anisotropy in electrospun biode-
gradable nanofibrous scaffolds for musculoskeletal tissue
engineering. J Biomech 40, 1686, 2007.

39. Lambert, C.A., Soudant, E.P., Nusgens, B.V., and Lapiere,
C.M. Pretranslational regulation of extracellular matrix
macromolecules and collagenase expression in fibroblasts by
mechanical forces. Lab Invest 66, 441, 1992.

40. Philips, J.A., Vacanti, C.A., and Bonassar, L.J. Fibroblasts
regulate contractile force independent of MMP activity in
3D-collagen. Biochem Biophys Res Commun 312, 725, 2003.

41. Candi, E., Schmidtm, R., and Melino, G. The cornified en-
velope: a model of cell death in the skin. Nat Rev Mol Cell
Biol 6, 328, 2005.

42. Nemes, Z., and Steinert, P.M. Bricks and mortar of the epi-
dermal barrier. Exp Mol Med 31, 5, 1999.

43. Ishida-Yamamoto, A., and Iizuka, H. Structural organization
of cornified cell envelopes and alterations in inherited skin
disorders. Exp Dermatol 7, 1, 1998.

44. Koch, P.J., de Viragh, P.A., Scharer, E., Bundman, D.,
Longley, M.A., Bickenbach, J., Kawachi, Y., Suga, Y., Zhou,
Z., Huber, M., Hohl, D., Kartasova, T., Jarnik, M., Steven,
A.C., and Roop, D.R. Lessons from loricrin-deficient mice:
compensatory mechanisms maintaining skin barrier func-
tion in the absence of a major cornified envelope protein.
J Cell Biol 151, 389, 2000.

45. Wu, Q.Q., and Chen, Q. Mechanoregulation of chondrocyte
proliferation, maturation, and hypertrophy: ion-channel
dependent transduction of matrix deformation signals. Exp
Cell Res 256, 383, 2000.

46. Hu, H., and Sachs, M.F. Stretch-activated ion channels in the
heart. J Mol Cell Cardiol 29, 1511, 2007.

47. Hohl, D., Mehrel, T., Lichti, U., Turner, M.L., Roop, D.R.,
and Steinert, P.M. Characterization of human loricrin.
Structure and function of a new class of epidermal cell en-
velope proteins. J Biol Chem 266, 6626, 1991.

48. Li, L., Tucker, R.W., Hennings, H., and Yuspa, S.H. Chela-
tion of intracellular Ca2þ inhibits murine keratinocyte dif-
ferentiation in vitro. J Cell Physiol 163, 105, 1995.

49. De Filippo, R.E., and Atala, A. Stretch and growth: the
molecular and physiologic influences of tissue expansion.
Plast Reconstr Surg 109, 2450, 2002.

Address correspondence to:
Heather M. Powell, Ph.D.

Department of Materials Science and Engineering
The Ohio State University

116W 19th Ave.
243C Fontana Labs

Columbus, OH 43210

E-mail: powellh@matsceng.ohio-state.edu

Received: August 5, 2009
Accepted: October 20, 2009

Online Publication Date: December 16, 2009

10 POWELL ET AL.


