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Claremont, CA
. Cell matrix interactions are important in understanding the healing characteristics of the
Melinda L. Borene cornea after refractive surgery or transplantation. The purpose of this study was to char-
Department of Biomedical Enginegring, acterize in more detail the evolution of biomechanical and optical properties of a stromal
University of Minnesota, equivalent (stromal fibroblasts cultured in a collagen matrix). Human corneal stromal
312 Church Street SE, fibroblasts were cultured in a collagen matrix. Compaction and modulus were determined
Minneapolis, MN 55455 for the stromal equivalent as a function of time in culture and matrix composition. The
. % corneal stromal fibroblasts were stained farsmooth muscle actin expression as an
A"|30“ HUbEl indicator of myofibroblast phenotype. The nominal modulus of the collagen matrix was
Department of Mechanical Engineering, 36441 Pa initial and decreased initially with time in culture and then slowly increased
University of Minnesota, to 177+75 Pa after 21 days. The addition of chondroitin sulfate decreased the contraction
111 Church Street SE, of the matrix and enhanced its transparency. Cell phenotype studies showed dynamic
Minneapolis, MN 55455 changes in the expression atsmooth muscle actin with time in culture. These results
indicate that the contractile behavior of corneal stromal cells can be influenced by both
matrix composition and time in culture. Changes in contractile phenotype after comple-
tion of the contraction process also indicate that significant cellular changes persist
beyond the initial matrix-remodeling phasgdOl: 10.1115/1.1589773
Introduction of the matrix resulting from stromal fibroblasts cultured in a col-

Postoperative changes in corneal curvature and the devellﬁgen gel. S_pecifically, fetal_ calf serum was observed to enhance
ment of corneal haze are the two principal problems associaft§ contraction of the matrif9—12. Hepatocyte growth factor,
with refractive surgenf1]. The wound healing response of thePlatelet derived growth factor and epidermal growth factor are
cornea is also a significant factor in the outcome of penetratigsO associated with increasing contraction of the matrix for stro-
keratoplasty(corneal transplantation2]. A recent study deter- mal fibroblasts cultured in a collagen dél,13].
mined that fibroblast-mediated growth of the stroma was respon-Recent studies by Freyman and colleagli®$é—16 showed
sible for the refractive instability observed after refractive surgemat contractile force and cell phenotype are influenced by the
[1]. Specifically, stromal thickening within the photoablation cencompliance of the matrix. Therefore, it is critical to consider the
ter resulted in myopic regression. Other studies have determingdchanical properties of the matrix that is used for ithaitro
that the haze observed after refractive surgery results from perrgﬁjdy of corneal wound healing. Collagen gels are considerably

nent phenotypic changes in the stromal fibroblg8ts5]. As such, ore compliant than the native stromal matrix, and the initial
characterizing the wound healing response of the cornea, specifi- . . -
cally, the contractile interactions between cell and matrix is inf_ompllance of the gels cannot eas_lly be_ altered]. I_n addition, )
portant in developing new methods to deal with poor outcomes fiitle has been done to characterize biomechanical and optical
these procedures. properties of these cefimatrix composites and connect those
A variety of different approaches have been pursued to modBRCroscopic properties to molecular level characteristics.

and characterize factors that influence the wound healing responsBrevious experiments in our lab have used a native fibrillar
for stromal fibroblasts. Specifically, factors that produce the pheellagen sponge matrix to study the behavior of human stromal
notypic changes observed during wound healing are of interefibroblasts alone and co-cultured with epithelial and endothelial
Masur and colleagues showed that the fraction of stromal fibrge|ls [18]. We found that stromal fibroblasts are able to migrate
blasts expressing myofibroblast phenotype was inversely propg{roughout and populate the collagen matrix, as well as produce
tional to the density of cells in monolayer cult@. Other stud-  gyiraceliular matrix components such as collagen and proteogly-
ies have examined the role of soluble factors such as BGF} cans. In general, these studies showed evidence of a normal

;r;/%rl %:_Lﬁt[uzr]elr(])flr;?r%cr;naﬁ ftirgtiomg?sbroblast phenotype for moNo3y ound healing response occurring within this three-dimensional

Other investigators have examined cell-matrix interactions ffP/l2gen matrix. The current series of investigations provide more
culture as a model of wound healing. Roy and colleagigds nformation on the biomechanical and optical characteristics of
observed that the force exerted by corneal fibroblasts during riie stromal equivalenfcells+matrix). Specifically, these studies
gration across the surface of a collagen matrix was minimal at@bked at the changes in the modulus and transparency of the
most of the force generation resulted from the contractility aftromal equivalent as a function of time in culture. Furthermore,
non-mobile cells. Other investigators have examined compactia have correlated these macroscopic properties with the expres-

sion of a-smooth muscle actin as a marker for fibroblast pheno-
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554055&52)(; %1?6%5'483?4 ET]ai'irPnUbeD'Rl?li%Ufmrn-edl;i on in HGLANAL OF erties of the stromal equivalent with native tissue; &B)da con-
BIOMOECHALII\IIGCALyENGelNE(I)EeRH\?G el\iangscripf ?ececi)ve%ubyctieoBioengineering Divi- nection between the molecular and macroscopic properties in the
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Materials and Methods An effective modulus for the samples was found by dividing
] ) ] ~ the nominal stress by the nominal strain as shown in(Eg.The
Cell Isolation. Human tissue unsuitable for transplantatiortress and strain values used for finding the modulus were taken at
was obtained from the Minnesota Lions Eye Bank with approvgdter time points when the system can be considered to be in an
of the local Institutional Review Board. Corneas were exciseshuilibrium mechanical state and all interstitial flow effects are
from whole globes and corneal cells extracted according to pu§one. The collagen sponges reached a final equilibrium state by 50

lished method$19]. Stromal fibroblasts were isolated from cormin and the collagen gels reached a final equilibrium state by 5
neas stripped of both endothelium and epithelium. The corngas.

were placed in a solution of collagena®€e30 mg/mL; Sigma; St.

Louis, MO) overnight at 37°C. The stromal fibroblasts were

washed and resuspended in fibroblast culture medium consisting o

of DMEM-F12/HAM basal medium(Sigma; St. Louis, MQ Modulus (Pa)= — =

supplemented with 10% fetal bovine seri8ummit Biotechnol- €

ogy; Ft. Collins, CQ and 1% penicillin/streptomycifGibco; AThickness(mm)/Thickness(mm)

Grand Island, NY. Cells were plated in T150 tissue culture flasks (1)

at a seeding density of 8900 cells/cprior to culture on sponges

and gels. The cells used for these studies were between passages$duantification of Contraction. Images of the stromal

and 5. equivalent were taken at various time points during the 25-day
) culture period using a Javelin Ultrachip Hi Res charge-coupled

Collagen Sponge Preparation. Collagen sponges were pre-geyice (CCD) camera while still in sterile culture. Images ob-

pared from Bovine type-I dermal collagen, as described in mofgined were then analyzed using NIH Image to determine the pro-

detail in a previous publicatiofi8]. Collagen dispersions of 0.5% jected surface area of the sample as a measure of lateral matrix

w/v were prepared from the ground collagen by slow blending @pntraction. Control studies showed that collagen gels or sponges

the collagen/HO+HCI mixture (pH3.0) at 4°C for 1 min fol- without cells did not exhibit changes in cross-sectional area with

lowed by exhaustive de-aeration. The dispersion was poured ifji@e.

a dish or pan, lyophilized at 30°C, and dehydrothermallpHT) o ] )

cross linked in a vacuum oven at 110°C in a vacuum of 2.5 torr Quantification of Transparency. The fraction of light trans-

for 5 days. The sponges were sterilized using gamma irradiatiBHitted (Fr) through the cornea has traditionally been measured as

(17,500 rad prior to use in culture experiments. Sponges pré method for_ determm_lng the amount of light scattering in the

pared with the glycosaminoglycans, chondroitin sulfa@S) —cornea. Prejwous studies had demonstrated that th(_e fractlon of

(Sigma; St. Louis, M@and hyaluronic acidHA) (Lifecore Bio- light transmitted through a r_lormal transparent cornea is a functlon

medical, Inc.: Minneapolis, MN were added to the collagen ma-Of wavelength(0.98 for red light(700 nm and 0.90 for blqe light

trix in a 1:10 weight ratio and 1:5 weight ratio, respectively, bel400 nm) [22—25. We developed a system to measure light trans-

fore being dispersed in the hydrochloric acid solution as p&pission through the celismatrix while allowing the system to
previous studie$20,21]. remain in a sterile culture environment. The samples were viewed

through an inverted microscopélikon Eclipse T200 equipped
Cells Cultured on Collagen Sponges. Stromal fibroblasts with narrow band pass filters at 48@0 and 70&10 nm. Images
were cultured in six-well culture platé€ostar, Cambridge, MA obtained from a camera mounted on the microscope were ana-
on collagen sponges. Collagen sponge pieces of approximatelyiiZed with Image Pro Plus software to obtain the optical density
mm in diameter and 1.2 mm thick were prepared as describefithe sample. The index of light transmission was defined as the
above and seeded at a density of 50" cells/cn?t. All collagen fraction of the optical density of the image through the sample
sponges were hydrated with 150 of fibroblast culture media divided by the optical density of the media alone.
prior to seeding of cells. The cells were seeded in the center of theComparing the light transmission through two freshly isolated
porous side of the collagen sponge and allowed to sit at 37°C f@bbit corneas validated this method of transparency measure-
1-2 h to facilitate attachment of cells. Then the stromal equivalement. All animals were treated according to the standard ARVO
was supplemented with 1 ml of fibroblast culture media. All culStatement for the Use of Animals in Ophthalmic and Vision Re-
tures were fed with 4 mL of fresh media every other day for theearch. One cornea was placed in fibroblast culture media and the
duration of culture. The stromal equivalents were removed froather in PBS. The fraction of light transmitted through these
culture at specific time points throughout the period of culture gamples was compared to the values obtained by Farrell and his

determine transparency, contraction and cell phenotype as @elleagues for wavelengths teste2®]. For the cornea suspended
scribed below. in media, the values obtained for light transmission at both 400
) and 700 nm are not statistically different than the cited values

Cells Cultured in Collagen Gel. Collagen gels were pre- (p>0.1). For the cornea suspended in PBS, the 700-nm value is

pared from Vitrogen 100Cohesion Technologies; Palo Alto, CA not statistically different than the cited valup>*0.1); however,

with an initial collagen concentration of 3 mg/ml. A 10X phosthe 400 nm value is slightly lowemp(=0.01).

phate buffered saline solution and 0.1M NaOH were added to . . .

chilled Vitrogen 100 stock solution in a ratio of 1:8 apéh ad- ~ Histology/Immunohistochemistry. The stromal equivalents

justed to 7.4. The neutralized collagen solution was seeded wigre prepared by standard histology technig[@@]. Samples

stromal fibroblasts at a density ofx&L0% cells/cn?, cast into Were first drop fixed in a glutaraldehyde fixative for less than 24 h

wells of a 24-well plate at a thickness of 1.2 or 1.7 mm and placéd” glutaraldehyde solution in distilled water bufferedptd7 ),
at 37°C to initiate gelation. rinsed thoroughly to remove all glutaraldehyde and stored in 10%

neutral buffered formalihn27]. The samples were then embedded
Mechanical Testing. In order to determine the modulus, un-in paraffin, sectioned on an American Opti¢Buffalo, NY) mi-

confined stress-relaxation tests were performed on the strorgedtome at Gum, mounted on slides, and stained with Hematoxy-
equivalent using an 895 Micro-Bionix Test SystéMiTS Systems lin and Eosin(H&E), which stains the cell nuclei dark blue/purple
Corporation; Eden Prairie, MNThe sample was placed betweerand collagen pink.
two impermeable plates and submerged in phosphate buffered sa&or those fixed paraffin embedded sections stained for
line solution at room temperature. A small compressive strain afsmooth muscle actin expression, sections were deparaffinized,
approximately 15% was quickly applied to the sample. This conehydrated, placed in a citrate buffggH 6.0) for 20 min at 37°C
stant strain was maintained for no more than one hour while thed then permeabilized in 0.1% Triton(®igma; St. Louis, MQ
force exerted by the sample was recorded. in PBS. Samples were immersed in 10% normal sheep serum to

Force{N)/Area (m?)
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block nonspecific binding and then incubated with the mouse —@— Coliagen sponge
monoclonal primary antibody ta-smooth muscle actifSigma; 1 —{J— Colagen sponge+CS
e CoRagen Gel

St. Louis, MO. Sections were then incubated with FITC-labeled
sheep anti-mouse IgGigma; St. Louis, MQ rinsed and cover
slipped with anti-fade glycerol. Samples were photographed im-
mediately with a SPOT camef®iagnostic Instruments; Sterling
Heights, M). Rat aortic smooth muscle cells grown on cover slips
were used as a positive control farsmooth muscle actin, and
cover slips stained with secondary antibody only were used as a
negative control. A cell was specified as positive tesmooth
muscle actin if any stress fibers stained positive in the cell.
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Biomechanical Properties. The compressive stress as a func-
tion of time for a stromal equivalent showed an increase in stress
applied with time followed by a decline over approximately 60
min. The modulus for the collagen matrix based on Hg.was _. . . .
364+41 Pa. A similar behaviofstress as a function of timevas Fig. 3 Normalized projected area of stromal equivalents as a

. - . function of time and matrix composition (collagen sponge ma-
observed when the matrix was seeded with cells and cultifigd 1) n=6.
1). When analyzed for the modulus, a decrease in modulus was
observed over the next 2 to 3 dafmost-seedingfollowed by a

ZI:?W gctl.er?;?nlg dtSE;n;td;lugaovse\r,\,glseaz1-?0‘5%“22; pir;%d;;umgauilibrium state more rapidly than collagen sponges. The modu-
9. 9 Y pp y ' _lus for the stromal equivalent with collagen gel was roughly an

which is still considerably lower than the initial modulus Mea5rder of magnitude smaller than those observed for the collagen

sured prior to seeding of the matrix with cells. -
. ; . ponge(10.3+12.9 Pa at day 7 and 1164.7 Pa at day 14 in
Similar studies were performed on the stromal equivalents Coriﬁlture. The variability of the compressive strain tests for the

posed of collagen gel with stromal fibroblasts. A 15% strain valuti omal equivalent composed of a collagen gel was significantly
was ap_plled but the t_ot_al duration of the compression testing wj %her than the stromal equivalent composed of the collagen
approximately 10 min(in contrast to 60 min for the collagen sponge

spongé. Our initial studies indicated that collagen gels reached & We were also interested in the compaction of the matrix with

time as an indicator of matrix remodeling. The projected surface
areas of the stromal equivalent decreased with time in culture

40 K (Fig. 3). Collagen gel samples contracted th 2% of their initial
30 \“-': - ..,5;;, 7? T area by approximate!y.d.ay 15 in culture. Co_llagen sponges con-
w ?WE"'& ~'¢{é1&.' g e e tract to 63-9% of their initial area by day 15 in culture, whereas
[ g ok 0y s# G, S q‘;‘&% collagen sponges augmented with chondroitin sulfate contracted
2 f TN et LY ~ to approximately 737% of initial area in the same time period.
g0 ¥ Collagen gels contracted more than the collagen sponges with or
o 0 . without chondroitin sulfate§<0.0001).
= : . . . .
£ 10 20 30 40 50 60= s P Optical Properties. Concurrent with the biomechanical char-
5 +10 ‘. . acterization, we also measured its transparency. For stromal fibro-
z 20 blasts cultured in a collagen matrix, there was a decrease in the
. - fraction of light transmitted as a function of time in cultuiféig.
-30 4). The fraction of light transmitted through collagen gels is sta-

tistically significantly less than that through either the collagen
sponge alone or the collagen sponge augmented with chondroitin
Fig. 1 Compressive stress as a function of time for a stromal sulfate at both 400 nmp(=0.01) and 700 nm<0.005). The
equivalent (collagen sponge matrix with cells ) after 7 days in  collagen sponge augmented with chondroitin sulfate allows more
culture. The sample was loaded at a 15% strain rate. light transmission than the collagen sponge alone at both 400 nm
(p=0.11) and 700 nmg=0.06). A comparison of light transmis-
sion values at day 24 in culture reveals that the addition of chon-

Time {(min)

4% droitin sulfate or hyaluronic acid has a significant effect on the

400 1 light transmission properties of the tiss(Eable 1. Specifically,

350 4 the collagen sponges augmented with proteoglycans increased the
= 300 fraction of light transmitted to approximately 50% of a freshly
o 250 - excised rabbit cornea and ten times more than that through a col-
=
5 200 lagen gel.
£ 150 _ + Cell Phenotype. As described in the Introduction, the pheno-

100 type of stromal fibroblasts in monolayer culture has been shown to

50 - be a function of the density of culture. As such, we were interested

o—_— in examining the cell content of the stromal equivalent as a func-
01234567809101112131415161718192021 1o of ime in culture. The total number of cells seeded initially
Da was approximately 1.7210°+ 3.6x 10* cells. The total DNA iso-
y lated from the stromal equivalent increased to almosi<x4.@
Fig. 2 Modulus as a function of time in culture for a stromal +3.5% 104_06”5 after one week in culture. The total number of
equivalent (collagen sponge matrix ). N=7 for day 0, 7, 14, and  cells remained constant up to 21 days in cult(Fg. 5.
21. For all other days, n=2. The fraction of cells expressing-smooth muscle actin changed
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Fig. 4 (a) Fraction of light transmitted, = F;, at 70 nm; and (b)
fraction of light transmitted,  F;, at 400 nm as a function of time
and matrix composition for the stromal equivalent (collagen
sponge matrix ). N=6.

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

Matrix F2
Excised rabbit cornea 0.997
Collagen spongechondroitin sulfate 0.570
Collagen spongehyaluronic acid 0.400
Collagen sponge 0.337
Gel 0.056
#Fraction of light transmitted
bDay 27
7.00E+05 -
6.00E+05 - (
£ 5.00E+05 -
2 _—I\}__I
5 4.00E+05
c
3 3.00E+05
'é 4
© 2.00E+05 |
1.00E+05 A
0.00E+00 . T . v "
] S 10 15 20 25
Time (days)

Fig. 5 DNA content of the stromal equivalent
sponge matrix ) as a function of time. N=3.

(collagen
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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 X 10%, 5X10% and 1X10° cells/cm?®.
N=4.

significantly with time in culture for the stromal equivalgicbl-
lagen sponge matrjx(Fig. 6). Prior to seeding in the collagen
matrix, a small sample of the cells in monolayer culture was
stained for the presence afsmooth muscle actin. Approximately
3% of the cells stained positive far-smooth muscle actin. After
seeding and culture in the matrix, the fraction of cells staining
positive for a-smooth muscle actin increased from day O to day 7
and then decreased again from day 7 to 14. The fraction of cells
staining positive fora-smooth muscle actin was influenced as
well by the initial seeding density of the cells. The percentage of
cells expressing--smooth muscle actin for an initial seeding den-
sity of 5x 10¢ cells/cn? varies with time(day 1 versus day 7, 21,
p<0.04 day 14 versus day 2p=0.03) over the time period
studied. For all initial seeding densities combined, the fraction of
cells expressingr-smooth muscle actin at day 1 and day 7 (
=0.03), day 1 and day 21p&0.02), and day 14 and day 21
(p=0.03) are all distinctly different. At day 14 in culture, the
fraction of cells that expressedsmooth muscle actin was signifi-
cantly higher for a seeding density o&110°> when compared to
1x 10" cells/cn? (p=0.004).

Discussion

Biomechanical Properties. The modulus of the stromal
equivalent measured in this investigation ranged from 94 to 366
Pa depending upon the time in culture. The modulus of the col-
lagen gel was one order of magnitude less and exhibited large
variability. In contrast, the bulk modulus of the native cornea
ranges from X 10° Pa to 2. 10° Pa[28,29. Thus, the stromal
equivalents studied in this investigation had a much lower modu-
lus than native tissue although the stromal equivalent with a col-
lagen sponge matrix was closer in its properties than the collagen
gel. The rapid drop in the modulus after short periods of cult@re
to 3 day$ must reflect a rapid degradation of the matrix resulting
from interactions with the cells.

The compaction of the stromal equivalent as a function of time
observed in this study is similar to that observed by other inves-
tigators[9—11,13. The contraction of a collagen sponge was sig-
nificantly less than a collagen gel for the same initial number of
stromal fibroblasts. The measurements of both the modulus and
matrix compaction provide insights into the matrix remodeling
observed duringn vitro culture of the cells. Specifically, the com-
paction of the matrix observed during roughly the first week of the
experiment would seem to produce an increase in the modulus of
the matrix resulting from an increase in local collagen concentra-
tion [10]. However, the actual modulus is observed to decrease
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over that same period of time followed by a slow increase. Thehe changes in the percentage of cells expressirgmooth
transformation from a keratocyte to repair fibroblasts or myofibranuscle actin with time in culture is consistent with the observa-
blast is associated with an increase in production of matrix meten of ongoing matrix remodeling beyond the initial matrix com-
alloproteinase$MMP’s) [2]. Thus, proliferation and migration of paction period. Specifically, the modulus continues to change be-
stromal fibroblasts with a repair fibroblast phenotype may result yond the initial compaction period. Taliana and colleaduds12]

the observed decrease in modulus due to enhanced matrix degtzserved differences in the expressionaeémooth muscle actin
dation. The observation by Roy and colleagues that migratifigr stromal fibroblasts cultured in a collagen gel during a 30 day
cells exert minimal forces on the matrix during migration suggesgsilture period. One potential explanation may result from the up-
that the compaction of the matrix observed resulted from contra@gulation of MMP production observed in wounded corngds

tion of stationary stromal fibroblasts exhibiting myofibroblast phdf matrix degradation is accelerated in three-dimensidnalitro
notype[8,30]. Thus, the interactions appear to be more complesulture, the stromal fibroblasts may be degrading, depositing and
than previously thought. Additional studies will be needed to exhen compacting the extracellular matrix on a cyclical basis after
amine in more detail the interplay between cellular proliferatiohe initial compaction phase has been completed. Further studies
migration, matrix remodelingdeposition, degradation, and com-may focus on a broader range of phenotypic markers and micro-
paction and the resulting biomechanical properties. This type dsnechani_cal environment as a function of time in culture and cul-
experimental system may provide an important opportunity fgre environment.

study not only the evolution of biomechanical properties but also

the relationship between those properties and cellular behaviorAgknowledgments

nin vitro environment. . . .
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construct. A recent study by Ventura and colleagues described
methods for quantifying transparency of native corngesitro  References
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ences in transparency of corneal cells cultured in a collagen ma-" «syomal Wound Healing Explains Refractive Instability and Haze Develop-
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