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Characteristics of a Corneal
Stromal Equivalent1
Cell matrix interactions are important in understanding the healing characteristics of
cornea after refractive surgery or transplantation. The purpose of this study was to c
acterize in more detail the evolution of biomechanical and optical properties of a stro
equivalent (stromal fibroblasts cultured in a collagen matrix). Human corneal stro
fibroblasts were cultured in a collagen matrix. Compaction and modulus were determ
for the stromal equivalent as a function of time in culture and matrix composition.
corneal stromal fibroblasts were stained fora-smooth muscle actin expression as
indicator of myofibroblast phenotype. The nominal modulus of the collagen matrix
364641 Pa initial and decreased initially with time in culture and then slowly increas
to 177675 Pa after 21 days. The addition of chondroitin sulfate decreased the contra
of the matrix and enhanced its transparency. Cell phenotype studies showed dy
changes in the expression ofa-smooth muscle actin with time in culture. These resu
indicate that the contractile behavior of corneal stromal cells can be influenced by
matrix composition and time in culture. Changes in contractile phenotype after com
tion of the contraction process also indicate that significant cellular changes pe
beyond the initial matrix-remodeling phase.@DOI: 10.1115/1.1589773#
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Introduction
Postoperative changes in corneal curvature and the deve

ment of corneal haze are the two principal problems associ
with refractive surgery@1#. The wound healing response of th
cornea is also a significant factor in the outcome of penetra
keratoplasty~corneal transplantation! @2#. A recent study deter-
mined that fibroblast-mediated growth of the stroma was resp
sible for the refractive instability observed after refractive surg
@1#. Specifically, stromal thickening within the photoablation ce
ter resulted in myopic regression. Other studies have determ
that the haze observed after refractive surgery results from pe
nent phenotypic changes in the stromal fibroblasts@3–5#. As such,
characterizing the wound healing response of the cornea, sp
cally, the contractile interactions between cell and matrix is i
portant in developing new methods to deal with poor outcomes
these procedures.

A variety of different approaches have been pursued to mo
and characterize factors that influence the wound healing resp
for stromal fibroblasts. Specifically, factors that produce the p
notypic changes observed during wound healing are of inter
Masur and colleagues showed that the fraction of stromal fib
blasts expressing myofibroblast phenotype was inversely pro
tional to the density of cells in monolayer culture@6#. Other stud-
ies have examined the role of soluble factors such as TGF-b @7#
and IL-1 @2# in inducing the myofibroblast phenotype for mon
layer culture of stromal fibroblasts.

Other investigators have examined cell-matrix interactions
culture as a model of wound healing. Roy and colleagues@8#
observed that the force exerted by corneal fibroblasts during
gration across the surface of a collagen matrix was minimal
most of the force generation resulted from the contractility
non-mobile cells. Other investigators have examined compac
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of the matrix resulting from stromal fibroblasts cultured in a c
lagen gel. Specifically, fetal calf serum was observed to enha
the contraction of the matrix@9–12#. Hepatocyte growth factor
platelet derived growth factor and epidermal growth factor
also associated with increasing contraction of the matrix for s
mal fibroblasts cultured in a collagen gel@9,13#.

Recent studies by Freyman and colleagues@14–16# showed
that contractile force and cell phenotype are influenced by
compliance of the matrix. Therefore, it is critical to consider t
mechanical properties of the matrix that is used for thein vitro
study of corneal wound healing. Collagen gels are considera
more compliant than the native stromal matrix, and the init
compliance of the gels cannot easily be altered@17#. In addition,
little has been done to characterize biomechanical and op
properties of these cell1matrix composites and connect thos
macroscopic properties to molecular level characteristics.

Previous experiments in our lab have used a native fibri
collagen sponge matrix to study the behavior of human stro
fibroblasts alone and co-cultured with epithelial and endothe
cells @18#. We found that stromal fibroblasts are able to migra
throughout and populate the collagen matrix, as well as prod
extracellular matrix components such as collagen and proteo
cans. In general, these studies showed evidence of a no
wound healing response occurring within this three-dimensio
collagen matrix. The current series of investigations provide m
information on the biomechanical and optical characteristics
the stromal equivalent~cells1matrix!. Specifically, these studie
looked at the changes in the modulus and transparency of
stromal equivalent as a function of time in culture. Furthermo
we have correlated these macroscopic properties with the exp
sion of a-smooth muscle actin as a marker for fibroblast phe
type. These properties are important because they allow:~1! the
determination of the factors that influence the biomechanical
optical properties of the matrix;~2! direct comparison of the prop
erties of the stromal equivalent with native tissue; and~3! a con-
nection between the molecular and macroscopic properties in
stromal equivalent.
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Materials and Methods

Cell Isolation. Human tissue unsuitable for transplantati
was obtained from the Minnesota Lions Eye Bank with appro
of the local Institutional Review Board. Corneas were excis
from whole globes and corneal cells extracted according to p
lished methods@19#. Stromal fibroblasts were isolated from co
neas stripped of both endothelium and epithelium. The corn
were placed in a solution of collagenase~0.30 mg/mL; Sigma; St.
Louis, MO! overnight at 37°C. The stromal fibroblasts we
washed and resuspended in fibroblast culture medium consi
of DMEM-F12/HAM basal medium~Sigma; St. Louis, MO!
supplemented with 10% fetal bovine serum~Summit Biotechnol-
ogy; Ft. Collins, CO! and 1% penicillin/streptomycin~Gibco;
Grand Island, NY!. Cells were plated in T150 tissue culture flas
at a seeding density of 8900 cells/cm2 prior to culture on sponges
and gels. The cells used for these studies were between passa
and 5.

Collagen Sponge Preparation. Collagen sponges were pre
pared from Bovine type-I dermal collagen, as described in m
detail in a previous publication@18#. Collagen dispersions of 0.5%
w/v were prepared from the ground collagen by slow blending
the collagen/H2O1HCl mixture (pH 3.0) at 4°C for 1 min fol-
lowed by exhaustive de-aeration. The dispersion was poured
a dish or pan, lyophilized at230°C, and dehydrothermally~DHT!
cross linked in a vacuum oven at 110°C in a vacuum of 2.5
for 5 days. The sponges were sterilized using gamma irradia
~17,500 rads! prior to use in culture experiments. Sponges p
pared with the glycosaminoglycans, chondroitin sulfate~CS!
~Sigma; St. Louis, MO! and hyaluronic acid~HA! ~Lifecore Bio-
medical, Inc.; Minneapolis, MN!, were added to the collagen ma
trix in a 1:10 weight ratio and 1:5 weight ratio, respectively, b
fore being dispersed in the hydrochloric acid solution as
previous studies@20,21#.

Cells Cultured on Collagen Sponges. Stromal fibroblasts
were cultured in six-well culture plates~Costar, Cambridge, MA!
on collagen sponges. Collagen sponge pieces of approximate
mm in diameter and 1.2 mm thick were prepared as descr
above and seeded at a density of 53104 cells/cm3. All collagen
sponges were hydrated with 150mL of fibroblast culture media
prior to seeding of cells. The cells were seeded in the center o
porous side of the collagen sponge and allowed to sit at 37°C
1–2 h to facilitate attachment of cells. Then the stromal equiva
was supplemented with 1 ml of fibroblast culture media. All c
tures were fed with 4 mL of fresh media every other day for
duration of culture. The stromal equivalents were removed fr
culture at specific time points throughout the period of culture
determine transparency, contraction and cell phenotype as
scribed below.

Cells Cultured in Collagen Gel. Collagen gels were pre
pared from Vitrogen 100~Cohesion Technologies; Palo Alto, CA!
with an initial collagen concentration of 3 mg/ml. A 10X pho
phate buffered saline solution and 0.1M NaOH were added
chilled Vitrogen 100 stock solution in a ratio of 1:8 andpH ad-
justed to 7.4. The neutralized collagen solution was seeded
stromal fibroblasts at a density of 53104 cells/cm3, cast into
wells of a 24-well plate at a thickness of 1.2 or 1.7 mm and pla
at 37°C to initiate gelation.

Mechanical Testing. In order to determine the modulus, un
confined stress-relaxation tests were performed on the stro
equivalent using an 895 Micro-Bionix Test System~MTS Systems
Corporation; Eden Prairie, MN!. The sample was placed betwee
two impermeable plates and submerged in phosphate buffere
line solution at room temperature. A small compressive strain
approximately 15% was quickly applied to the sample. This c
stant strain was maintained for no more than one hour while
force exerted by the sample was recorded.
440 Õ Vol. 125, AUGUST 2003
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An effective modulus for the samples was found by dividi
the nominal stress by the nominal strain as shown in Eq.~1!. The
stress and strain values used for finding the modulus were take
later time points when the system can be considered to be in
equilibrium mechanical state and all interstitial flow effects a
gone. The collagen sponges reached a final equilibrium state b
min and the collagen gels reached a final equilibrium state b
min.

Modulus ~Pa)5
s

«
5

Force~N!Y Area ~m2)

DThickness~mm!YThickness~mm)

.

(1)

Quantification of Contraction. Images of the stroma
equivalent were taken at various time points during the 25-
culture period using a Javelin Ultrachip Hi Res charge-coup
device ~CCD! camera while still in sterile culture. Images ob
tained were then analyzed using NIH Image to determine the
jected surface area of the sample as a measure of lateral m
contraction. Control studies showed that collagen gels or spon
without cells did not exhibit changes in cross-sectional area w
time.

Quantification of Transparency. The fraction of light trans-
mitted (FT) through the cornea has traditionally been measured
a method for determining the amount of light scattering in t
cornea. Previous studies had demonstrated that the fractio
light transmitted through a normal transparent cornea is a func
of wavelength~0.98 for red light~700 nm! and 0.90 for blue light
~400 nm!! @22–25#. We developed a system to measure light tra
mission through the cells1matrix while allowing the system to
remain in a sterile culture environment. The samples were view
through an inverted microscope~Nikon Eclipse T200! equipped
with narrow band pass filters at 400620 and 700610 nm. Images
obtained from a camera mounted on the microscope were
lyzed with Image Pro Plus software to obtain the optical dens
of the sample. The index of light transmission was defined as
fraction of the optical density of the image through the sam
divided by the optical density of the media alone.

Comparing the light transmission through two freshly isolat
rabbit corneas validated this method of transparency meas
ment. All animals were treated according to the standard AR
Statement for the Use of Animals in Ophthalmic and Vision R
search. One cornea was placed in fibroblast culture media and
other in PBS. The fraction of light transmitted through the
samples was compared to the values obtained by Farrell and
colleagues for wavelengths tested@22#. For the cornea suspende
in media, the values obtained for light transmission at both 4
and 700 nm are not statistically different than the cited valu
(p.0.1). For the cornea suspended in PBS, the 700-nm valu
not statistically different than the cited value (p.0.1); however,
the 400 nm value is slightly lower (p50.01).

HistologyÕImmunohistochemistry. The stromal equivalents
were prepared by standard histology techniques@26#. Samples
were first drop fixed in a glutaraldehyde fixative for less than 2
~1% glutaraldehyde solution in distilled water buffered topH7 ),
rinsed thoroughly to remove all glutaraldehyde and stored in 1
neutral buffered formalin@27#. The samples were then embedd
in paraffin, sectioned on an American Optical~Buffalo, NY! mi-
crotome at 6mm, mounted on slides, and stained with Hematox
lin and Eosin~H&E!, which stains the cell nuclei dark blue/purp
and collagen pink.

For those fixed paraffin embedded sections stained
a-smooth muscle actin expression, sections were deparaffini
rehydrated, placed in a citrate buffer (pH 6.0) for 20 min at 37°C
and then permeabilized in 0.1% Triton X~Sigma; St. Louis, MO!
in PBS. Samples were immersed in 10% normal sheep seru
Transactions of the ASME



u

e

i

a

r
6

o
l
w
n

du-
an
gen

he
ntly
gen

ith
ce

ture

on-
s

cted
.
h or

r-
bro-
the

ta-
en
oitin

ore
nm

-
on-
he

d the
ly
col-

o-
n to
ted
nc-
lly

of

d

block nonspecific binding and then incubated with the mo
monoclonal primary antibody toa-smooth muscle actin~Sigma;
St. Louis, MO!. Sections were then incubated with FITC-label
sheep anti-mouse IgG~Sigma; St. Louis, MO!, rinsed and cover
slipped with anti-fade glycerol. Samples were photographed
mediately with a SPOT camera~Diagnostic Instruments; Sterling
Heights, MI!. Rat aortic smooth muscle cells grown on cover sl
were used as a positive control fora-smooth muscle actin, and
cover slips stained with secondary antibody only were used
negative control. A cell was specified as positive fora-smooth
muscle actin if any stress fibers stained positive in the cell.

Results

Biomechanical Properties. The compressive stress as a fun
tion of time for a stromal equivalent showed an increase in st
applied with time followed by a decline over approximately
min. The modulus for the collagen matrix based on Eq.~1! was
364641 Pa. A similar behavior~stress as a function of time! was
observed when the matrix was seeded with cells and cultured~Fig.
1!. When analyzed for the modulus, a decrease in modulus
observed over the next 2 to 3 days~post-seeding! followed by a
slow increase in the modulus over the 21-day time period stud
~Fig. 2!. The modulus at 21 days was approximately 177675 Pa,
which is still considerably lower than the initial modulus me
sured prior to seeding of the matrix with cells.

Similar studies were performed on the stromal equivalents c
posed of collagen gel with stromal fibroblasts. A 15% strain va
was applied but the total duration of the compression testing
approximately 10 min~in contrast to 60 min for the collage
sponge!. Our initial studies indicated that collagen gels reached

Fig. 1 Compressive stress as a function of time for a stromal
equivalent „collagen sponge matrix with cells … after 7 days in
culture. The sample was loaded at a 15% strain rate.

Fig. 2 Modulus as a function of time in culture for a stromal
equivalent „collagen sponge matrix …. NÐ7 for day 0, 7, 14, and
21. For all other days, nÄ2.
Journal of Biomechanical Engineering
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equilibrium state more rapidly than collagen sponges. The mo
lus for the stromal equivalent with collagen gel was roughly
order of magnitude smaller than those observed for the colla
sponge~10.3612.9 Pa at day 7 and 11.6614.7 Pa at day 14 in
culture!. The variability of the compressive strain tests for t
stromal equivalent composed of a collagen gel was significa
higher than the stromal equivalent composed of the colla
sponge.

We were also interested in the compaction of the matrix w
time as an indicator of matrix remodeling. The projected surfa
areas of the stromal equivalent decreased with time in cul
~Fig. 3!. Collagen gel samples contracted to 762% of their initial
area by approximately day 15 in culture. Collagen sponges c
tract to 6369% of their initial area by day 15 in culture, wherea
collagen sponges augmented with chondroitin sulfate contra
to approximately 7367% of initial area in the same time period
Collagen gels contracted more than the collagen sponges wit
without chondroitin sulfate (p,0.0001).

Optical Properties. Concurrent with the biomechanical cha
acterization, we also measured its transparency. For stromal fi
blasts cultured in a collagen matrix, there was a decrease in
fraction of light transmitted as a function of time in culture~Fig.
4!. The fraction of light transmitted through collagen gels is s
tistically significantly less than that through either the collag
sponge alone or the collagen sponge augmented with chondr
sulfate at both 400 nm (p50.01) and 700 nm (p,0.005). The
collagen sponge augmented with chondroitin sulfate allows m
light transmission than the collagen sponge alone at both 400
(p50.11) and 700 nm (p50.06). A comparison of light transmis
sion values at day 24 in culture reveals that the addition of ch
droitin sulfate or hyaluronic acid has a significant effect on t
light transmission properties of the tissue~Table 1!. Specifically,
the collagen sponges augmented with proteoglycans increase
fraction of light transmitted to approximately 50% of a fresh
excised rabbit cornea and ten times more than that through a
lagen gel.

Cell Phenotype. As described in the Introduction, the phen
type of stromal fibroblasts in monolayer culture has been show
be a function of the density of culture. As such, we were interes
in examining the cell content of the stromal equivalent as a fu
tion of time in culture. The total number of cells seeded initia
was approximately 1.72310563.63104 cells. The total DNA iso-
lated from the stromal equivalent increased to almost 4.43105

63.53104 cells after one week in culture. The total number
cells remained constant up to 21 days in culture~Fig. 5!.

The fraction of cells expressinga-smooth muscle actin change

Fig. 3 Normalized projected area of stromal equivalents as a
function of time and matrix composition „collagen sponge ma-
trix …. NÐ6.
AUGUST 2003, Vol. 125 Õ 441
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Fig. 4 „a… Fraction of light transmitted, FT , at 70 nm; and „b…
fraction of light transmitted, FT , at 400 nm as a function of time
and matrix composition for the stromal equivalent „collagen
sponge matrix …. NÐ6.

Fig. 5 DNA content of the stromal equivalent „collagen
sponge matrix … as a function of time. NÄ3.

Table 1 Transparency of stromal equivalent „stromal fibro-
blasts in the specified matrix … at day 24 compared to excised
rabbit cornea

Matrix FT
a

Excised rabbit cornea 0.997
Collagen sponge1chondroitin sulfate 0.570
Collagen sponge1hyaluronic acid 0.400
Collagen sponge 0.337
Gel 0.056b

aFraction of light transmitted
bDay 27
442 Õ Vol. 125, AUGUST 2003
significantly with time in culture for the stromal equivalent~col-
lagen sponge matrix! ~Fig. 6!. Prior to seeding in the collagen
matrix, a small sample of the cells in monolayer culture w
stained for the presence ofa-smooth muscle actin. Approximatel
3% of the cells stained positive fora-smooth muscle actin. After
seeding and culture in the matrix, the fraction of cells stain
positive fora-smooth muscle actin increased from day 0 to day
and then decreased again from day 7 to 14. The fraction of c
staining positive fora-smooth muscle actin was influenced
well by the initial seeding density of the cells. The percentage
cells expressinga-smooth muscle actin for an initial seeding de
sity of 53104 cells/cm3 varies with time~day 1 versus day 7, 21
p,0.04 day 14 versus day 21,p50.03) over the time period
studied. For all initial seeding densities combined, the fraction
cells expressinga-smooth muscle actin at day 1 and day 7 (p
50.03), day 1 and day 21 (p50.02), and day 14 and day 2
(p50.03) are all distinctly different. At day 14 in culture, th
fraction of cells that expresseda-smooth muscle actin was signifi
cantly higher for a seeding density of 13105 when compared to
13104 cells/cm3 (p50.004).

Discussion

Biomechanical Properties. The modulus of the stroma
equivalent measured in this investigation ranged from 94 to
Pa depending upon the time in culture. The modulus of the c
lagen gel was one order of magnitude less and exhibited la
variability. In contrast, the bulk modulus of the native corn
ranges from 53105 Pa to 2.13106 Pa @28,29#. Thus, the stromal
equivalents studied in this investigation had a much lower mo
lus than native tissue although the stromal equivalent with a
lagen sponge matrix was closer in its properties than the colla
gel. The rapid drop in the modulus after short periods of culture~2
to 3 days! must reflect a rapid degradation of the matrix resulti
from interactions with the cells.

The compaction of the stromal equivalent as a function of ti
observed in this study is similar to that observed by other inv
tigators@9–11,13#. The contraction of a collagen sponge was s
nificantly less than a collagen gel for the same initial number
stromal fibroblasts. The measurements of both the modulus
matrix compaction provide insights into the matrix remodeli
observed duringin vitro culture of the cells. Specifically, the com
paction of the matrix observed during roughly the first week of
experiment would seem to produce an increase in the modulu
the matrix resulting from an increase in local collagen concen
tion @10#. However, the actual modulus is observed to decre

Fig. 6 Fraction of stromal fibroblasts expressing a-smooth
muscle actin as a function time in culture for a stromal equiva-
lent „collagen sponge matrix …. Three different initial seeding
densities were studied: 1 Ã104, 5Ã104, and 1Ã105 cells Õcm3.
NÐ4.
Transactions of the ASME
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over that same period of time followed by a slow increase. T
transformation from a keratocyte to repair fibroblasts or myofib
blast is associated with an increase in production of matrix m
alloproteinases~MMP’s! @2#. Thus, proliferation and migration o
stromal fibroblasts with a repair fibroblast phenotype may resu
the observed decrease in modulus due to enhanced matrix d
dation. The observation by Roy and colleagues that migra
cells exert minimal forces on the matrix during migration sugge
that the compaction of the matrix observed resulted from cont
tion of stationary stromal fibroblasts exhibiting myofibroblast ph
notype@8,30#. Thus, the interactions appear to be more comp
than previously thought. Additional studies will be needed to
amine in more detail the interplay between cellular proliferatio
migration, matrix remodeling~deposition, degradation, and com
paction! and the resulting biomechanical properties. This type
experimental system may provide an important opportunity
study not only the evolution of biomechanical properties but a
the relationship between those properties and cellular behavio
an in vitro environment.

Transparency. The role of the cornea in the transmission
light to the anterior portion of the eye has led to interest in
optical properties of the stromal equivalent used in this invest
tion. There has been limited work quantifying transparencyin
vitro and the factors that influence the transparency of a cor
construct. A recent study by Ventura and colleagues descr
methods for quantifying transparency of native corneasin vitro
@31#. Typically, investigators have described qualitatively diffe
ences in transparency of corneal cells cultured in a collagen
trix ~for example, see Ref.@32#!. The results of this investigation
indicate that the transparency of the stromal equivalent wit
collagen sponge matrix is more transparent than stromal equ
lent with a collagen gel matrix. In addition, by supplementing t
collagen sponge matrix with proteoglycans, we have shown
we can increase light transmission to about 50% of that exhib
by a freshly isolated rabbit cornea~Table 1!. We found an inverse
relationship between the contraction of the collagen matrix
the resultant light transmission properties of the matrix. We h
also observed that the addition of a confluent layer of corn
epithelial cells improves the transparency of the cells cultured
collagen sponge~data not shown!. These results suggest that va
ous methods can be used to modulate the optical properties o
stromal equivalent. Further work is needed however to determ
the specific components of the transparency and the influenc
changes in culture and matrix on transparency. For example, J
and colleagues recently observed a significant cellular compo
to the transparency of the native cornea@3#. Specifically, they
observed that specific ‘‘crystallins’’ produced in the cells we
associated with higher transparency of stromal fibroblasts. O
investigators have looked at the role of matrix organization@23#
on transparency of the matrix. These studies will be essentia
the design of stromal equivalents with suitable transparency.

Phenotype. Masur and colleagues observed that when c
tured under low density, a greater percentage of stromal fib
blasts expresseda-smooth muscle actin@6#. We observed a similar
trend for cells in monolayer culture: an increasing percentage
cells expressinga-smooth muscle actin with decreasing dens
~data not shown!. The relationship between cell density an
a-smooth muscle actin expression did not change if the cells w
grown on a collagen film. In contrast, when cultured in a thr
dimensional matrix, this relationship did not hold true. A high
seeding density resulted in a higher percentage of cells expres
a-smooth muscle actin during the initial culture period. This o
come agrees at least qualitatively with Roy and colleagues
found that the contraction of the matrix did not result from m
grating cells@8,30#. The higher initial cell density would imply
that a smaller number of cells had to migrate in order to infiltr
the matrix. A larger percentage of cells would be involved
compacting the matrix, which requires a myofibroblast phenoty
Journal of Biomechanical Engineering
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The changes in the percentage of cells expressinga-smooth
muscle actin with time in culture is consistent with the obser
tion of ongoing matrix remodeling beyond the initial matrix com
paction period. Specifically, the modulus continues to change
yond the initial compaction period. Taliana and colleagues@11,12#
observed differences in the expression ofa-smooth muscle actin
for stromal fibroblasts cultured in a collagen gel during a 30 d
culture period. One potential explanation may result from the
regulation of MMP production observed in wounded corneas@2#.
If matrix degradation is accelerated in three-dimensionalin vitro
culture, the stromal fibroblasts may be degrading, depositing
then compacting the extracellular matrix on a cyclical basis a
the initial compaction phase has been completed. Further stu
may focus on a broader range of phenotypic markers and mi
mechanical environment as a function of time in culture and c
ture environment.
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