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Fibrillar fibronectin (FN) has the crucial role of attracting and attaching cells as well as
molecules that mediate tissue repair during wound healing. A previous study demonstrated
higher extracellular staining of FN fibrils in cells cultured on surfaces tethered with an equi-
molar mixture of a FN binding domain and FN’s cell binding domain, III1-2 and III9-10
respectively, than on surfaces with III9-10 alone. The effect of varying surface amounts of
III1-2 and III9-10 on the quantity of FN fibrils formed by NIH-3T3 fibroblasts was examined.
GST tagged III1-2 and III9-10 were conjugated to polyurethane surfaces and ELISAs were
used to identify the experimental design space or the range of concentrations of GST-III1-2
and GST-III9-10 that demarcated the limits of protein loading on the surface. When
GST-III1-2 was fixed and GST-III9-10 varied within the design space, the amount of FN fibrils
measured by immunoblotting detergent insoluble cell lysates was dependent on the ratio of
III9-10 to III1-2. When the total protein concentration was fixed and the mixture composition
of GST-III1-2 and GST-III9-10 varied such that it optimally covered the design space, a para-
bolic relationship between FN fibril amount and the ratio of III9-10 to III1-2 was obtained.
This relationship had a maximum value when the surface was bonded to equal amounts of
III1-2 and III9-10 (P \ 0.05). Thus the ratio of III9-10 to III1-2 can be utilized to direct the
quantity of FN fibrils formed on surfaces. VVC 2012 American Institute of Chemical Engineers
Biotechnol. Prog., 28: 862–871, 2012
Keywords: fibronectin, cell binding domain, fibronectin binding domain, fibronectin fibril,
extracellular matrix

Introduction

Skin tissue is held together by a cellular scaffold or
extracellular matrix (ECM) that is important for homeostasis.
This ECM is assembled by cells from secreted fibronectin
(FN), collagen Types I, III, and VI as well as proteogly-
cans.1,2 In the event of an injury, fibrillar FN plays the crit-
ical role of recruiting and binding cells and molecules that
lead to tissue and ECM repair.3 A deficiency in fibrillar FN
in chronic wounds has been linked to impaired healing and
may be due to proteolysis of FN by molecules produced by
immune cells.4–6 The products of proteolysis stimulate the
immune system further and increase the degradative atmos-
phere. Current treatments for chronic wounds rely on decel-
lularized ECMs.6 However, the chemical treatments used to

harvest these ECMs may retard their activity in wound
healing. Synthetic materials that accelerate the assembly of
FN into fibrils may reduce soluble FN available for proteo-
lytic degradation and reset the healing clock in chronic
wounds.

FN is a dimeric protein composed of multiple functional
domains that bind cells, through transmembrane intergrin
receptors.7 It also binds ECM components and other FN
molecules.7 FN fibril formation is initiated when cells bind
to the cell-binding domain in the ninth and tenth Type III
repeats, III9-10, through interactions with a5b1 integrins.8,9

Cell spreading leads to conformational changes in attached
FN10 that are thought to expose cryptic FN-FN binding sites.
Native and cryptic FN binding sites have been identified in
the first two Type III repeats, III1-2.

11,12 III1-2 is important
for FN fibril formation because cells cultured with recombi-
nant FN that is missing III1-2 are unable to form FN fibrils.9

Furthermore, antibodies against III1-2 inhibit FN fibril forma-
tion.13,14 FN fragments have been used extensively to map
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sites that are important for FN fibrillogenesis7 but there are
no published studies on how synthetic materials can be used
to direct FN fibril formation.

We recently reported that fibroblasts cultured on nonfoul-
ing polyurethane surfaces derivatized with equal amounts of
III1-2 and III9-10 had higher staining intensity of FN fibrils
than fibroblasts cultured on surfaces with III9-10 alone.

15 This
work provides a continuum to our previous study by investi-
gating the influence of surfaces derivatized with different
amounts of III1-2 and III9-10 on FN fibril formation by fibro-
blasts. The key to understanding the relationship between dif-
ferent surface amounts of III1-2 and III9-10, and cellular
responses is the judicious choice of levels of experimental
factors during experimental design. We have determined a
design space marked by the limits of protein loading on the
surface and used two experimental approaches to examine the
influence of varying amounts of glutathione S-transferase
(GST) tagged III1-2 and III9-10, in the design space, on FN
fibril formation. In the first design, the concentrations of
GST-III1-2 were fixed and the concentrations of GST-III9-10
were varied over the experimental range. This approach
allowed us to identify that the ratio of III9-10 to III1-2 corre-
lated to FN fibril amount. In the second design approach, we
used a statistical approach to optimally sample GST-III1-2 and
GST-III9-10 concentrations within the design space. Maximum
coverage of the design space established that FN fibril amount
is dependent on the ratio of III9-10 to III1-2 and has a maxi-
mum when the ratio of III9-10 to III1-2 is one. The biological
responses of cell spreading and FN fibril amount fit well-
defined mathematical relationships but follow different trends
with the ratio of III9-10 to III1-2. Thus, the ratio of III9-10 to
III1-2 can be used to engineer instructive biomaterials for FN
fibril formation as therapeutics for chronic wounds.

Materials and Methods

Substrate preparation and characterization

Polyurethane substrates were prepared and characterized
as described in Ref. 15. Polyurethane surfaces were first acti-
vated for peptide binding by reaction with zirconium tetra(-
tert-butoxide) vapor (Sigma-Aldrich, St. Louis, MO) which
is compound 1 in Figure 1A. This results in a metal oxide
layer on the surface of polyurethane (Surface 2, Figure 1A).
The metal oxide was sequentially reacted with phosphonic
acid (a kind gift from Jeffrey Schwartz, Princeton Univer-
sity) and p-nitrophenyl chloroformate (Sigma-Aldrich): mole-
cules 3 and 4, respectively, in Figure 1. Phosphonic acid
conjugation was carried out by suspending the polyurethane
substrates in 0.1 mM of phosphonic acid in absolute ethanol
and allowing the solution to evaporate at ambient tempera-
ture. After which, chloroformate coupling was carried out by
immersing the substrates in 1 mg/mL of the p-nitro phenyl
chloroformate in diethyl ether in a moisture free environ-
ment. A dry environment is essential in this step to avoid the
spontaneous hydrolysis of phenyl chloroformate by water.
Changes in surface chemistry were monitored by contact
angle measurements. The contact angle is the angle which
the water–air interface makes with the solid surface. Changes
in surface chemistry are often accompanied by changes in
the wetting properties of a surface and subsequently changes
in contact angle.16 Contact angles near zero indicate good
wetting and a hydrophilic surface, whereas contact angles
greater than 90� indicate poor wetting and a hydrophobic
surface. The contact angles were measured in a contact angle
meter (ChemInstruments, Mentor, OH).

After chloroformate treatment, the substrates were
immersed in phosphate-buffered saline at pH 8 containing

Figure 1. Derivatizing and characterizing polyurethane surfaces with GST-III1-2 and GST-III9-10.

A: Polyurethane surfaces were functionalized using the method of15 by reacting with zirconium tert-butoxide (1) to form a layer of zirconium oxide
(2). This was reacted with phosphonic acid (3) and nitrophenyl chloroformate (4) to form the activated surface (5). GST-III1-2 and GST-III9-10 (6)
were then attached to the functionalized surfaces through coupling lysine residues with the surface carbonate. B: Bound GST-III1-2 and GST-III9-10
at different solution concentrations were detected using ELISAs with polyclonal R184 and monoclonal 7.1 antibodies specific to III1-2 and III9-10,
respectively. The broken line is a fit of III1-2 and III9-10 ELISA absorbances. C: Control ELISA study of FN and GST-III9-10 on activated surfaces
detected with 7.1 antibodies. Solution concentrations corresponding to surface saturation are marked by the broken lines. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]
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the protein solutions and incubated for 1 h at room tempera-
ture. The surfaces were passivated with 100 mM Tris-HCl at
pH 8. The protein solutions consisted of GST fusions of FN
domains: GST-III1-2 and GST-III9-10. The GST recombinant
proteins were purified from a bacterial expression system as
described in Refs. 15 and 17. The bacteria were a kind gift
from Dr. Jean Schwarzbauer, Princeton University. Solution
concentrations were varied from 0 to 4 lM in Dulbecco’s
phosphate-buffered salt solution (PBS, Mediatech, Manassas,
VA). All the studies were conducted with the GST-fusion
proteins.

Detection of FN domains by enzyme-linked
immunosorbent assays

Enzyme-linked immunosorbent assays (ELISAs) were
used to detect the amount of protein bound on the activated
polyurethane surfaces. Functionalized polyurethane samples
were placed in a 24-well plate and blocked with 1% bovine
serum albumin (BSA) in PBS (Fisher Scientific, Pittsburg,
PA) for 1 h at 37�C. The samples were then incubated with
polyclonal R184 antibodies and monoclonal 7.1 antibodies
(both a kind gift from Dr. Schwarzbauer) in 1% BSA in
PBS. R184 and 7.1 bind III1-6 and III9-10, respectively. After
three washes with 1% BSA in PBS, the samples were incu-
bated with biotinylated goat anti-mouse IgG, HþL (Pierce,
Rockford, IL) or goat anti-rabbit IgG, HþL (Pierce) for 1 h
at 4�C. The samples were washed, and then streptavidin,
b-galactosidase conjugate (Invitrogen, Grand Island, NY), at
1:500 dilution in a 1% BSA in PBS solution containing 1.5
mM MgCl2 and 2 mM b-mercaptoethanol (Sigma-Aldrich),
was used to bind biotin. After washing the samples six times
with 1% BSA in PBS, 1 mg/mL of p-nitrophenyl b-D-gal-
acto-pyranoside (Sigma-Aldrich) was added and the samples
were incubated for an hour at room temperature. During this
period, the optical density at 405 nm was determined at 10-
min time intervals using an ELx800 plate reader (BioTek
Instruments, Winooski, VT). Negative controls consisted of
the functionalized surfaces without GST-III1-2 or GST-III9-10.

Experimental design

The design space or the range of experimental concentra-
tions pertaining to the relevant GST-III1-2 and GST-III9-10
mixture concentrations was identified from ELISA data. The
upper limit of the design space was marked by the saturation
concentration of GST-III1-2 and GST-III9-10 on the surface,
whereas the lower limit was zero. Two experimental designs
were used. In the first design, GST-III1-2 concentration was
fixed and GST-III9-10 varied. The total bulk mass concentra-
tion of the protein was kept constant and at surface saturation
point by adding GST. In the second approach, a coverage
design was used.18 The coverage design generates possible
GST-III1-2 and GST-III9-10 concentrations that optimally cover
the design space. Such designs are a common feature in
‘‘black-box’’ experiments where the relationship between the
outcome and the experimental factors is unknown.19 The cov-
erage design was implemented by the R package ‘‘fields,’’20

which helps to identify 24 points that are well spaced based
on an averaged distance metric. Each point in the design con-
sists of a pair of values, which identify mixture concentrations
of GST-III1-2 and GST-III9-10. We chose 24 points as these
correspond to the number of samples that can be accommo-
dated in a 24-well culture plate.

Cell preparation

Mouse embryonic fibroblasts, NIH 3T3 fibroblasts (ATCC,
Manassas, VA) were grown to 80–90% confluence in 10 cm
dishes at 35�C with 5% CO2. Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% bovine calf serum
(BCS; Sigma-Aldrich, Co.) was used for maintaining the
cells. Cells at passages 15–34 were used for the experiments.
After achieving the desired confluence, the cells were
washed in PBS and trypsinized using 1 mg/mL of TPCK
trypsin (Fisher Scientific) in 0.01% ethylenediaminetetracetic
acid (Fisher Scientific) for 5 min at room temperature. Tryp-
sin was then inactivated by the addition of 0.5 mg/mL soy-
bean trypsin inhibitor (Fisher Scientific) in PBS. The cells
were isolated from the bulk solution in a pellet by centrifug-
ing for 5 min at 1,000 rpm. This procedure was repeated
twice to remove any residual trypsin. After the last spin, the
cells were resuspended in DMEM without serum.

Cell adhesion assays

NIH 3T3 fibroblasts in serum-free DMEM were added to
each sample in a 24-well culture plate. A cell density of 1 �
104 cells per well and a volume of 0.5 mL cells per well of
serum-free DMEM was used. The samples were incubated at
37�C with 5% CO2 for 1 h, and then washed twice with PBS.
The adherent cells were fixed in 3.7% paraformaldehyde
(Fisher Scientific) in PBS for 15 min at room temperature,
and then permeabilized with 0.5% NP-40 detergent (Fisher
Scientific) in PBS for 15 min at room temperature. The cells
were washed twice with PBS and then labeled with Hoechst
33258 (Fischer-Scientific) and fluorescein phalloidin (Invitro-
gen) at concentrations of 1 lg/mL and a dilution of 1:50 in
2% ovalbumin, respectively (Fisher Scientific). The samples
were incubated at 37�C for 30 min, washed with PBS three
times, and finally rinsed once with water. The samples were
then mounted onto glass slides using antifade media (Prolong
antifade, Invitrogen) and imaged.

Development and characterization of FN fibrils
in the ECM

Fibroblasts were plated on GST-III1-2 and GST-III9-10
functionalized surfaces at a density of 2 � 105 cells per well
in DMEM without serum. The volume of DMEM used was
0.5 mL per well. After half an hour, the media was changed
to DMEM supplemented with 10% BCS that had been
depleted of FN and culture was maintained for 24 h. FN was
depleted from BCS by affinity chromatography on a column
with Gelatin Sepharose 4B beads (GE Healthcare, Piscat-
away, NJ) and was validated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and immu-
noblotting analyses of the column flow through. FN fibrils in
the ECM were characterized by immunofluorescence micros-
copy or by immunoblotting. Immunofluorescence staining of
FN was carried out by washing the cells with PBS, fixing in
paraformaldehyde, and labeling with R457 antibodies at a
1:200 dilution (a gift from Dr. Schwarzbauer) and fluores-
cein goat anti-rabbit IgG (HþL) antibodies (Invitrogen). Im-
munoblotting studies of FN are described below.

Immunoblotting of FN in deoxycholate detergent
insoluble fractions

After 24 h of cell culture, the ECM was isolated by lysing
the cells in 150 lL of lysis buffer [2% deoxycholate detergent
(DOC), 0.02 M Tris-HCl, pH 8.8] as outlined in Ref. 21. The
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lysates were transferred to eppendorf tubes, and the ECM
was isolated in the pellet fraction by centrifugation. The
pellets were solubilized by dissolving them in 25 lL of
1% SDS (Fisher Scientific) in 25 mM Tris-HCl, pH 8. The
total protein concentration in the DOC soluble fraction was
determined through a bicinchoninic acid assay (BCA,
Pierce, Rockford, IL). FN in the DOC insoluble fraction
was analyzed by electrophoresis and then immunoblotting
with R184 antibodies. The amount of DOC insoluble mate-
rial resolved was normalized to total protein concentration
in the DOC soluble fraction before electrophoresis.

DOC insoluble material was electrophoresed in a 7% poly-
acrylamide gel and then transferred to Hybond ECL nitrocel-
lulose membrane (GE Healthcare). The membrane was
incubated with polyclonal R184 antibodies at a dilution of
1:1,000 and then with the secondary goat anti-rabbit IgG
(HþL), horseradish peroxidase conjugate antibodies (Invitro-
gen) at a dilution of 1:5,000. The chemiluminescent 250 kDa
FN bands were imaged and quantified through a Chemidoc
XRS imaging system (Biorad, Hercules, CA) and Quantity
One software (Biorad), respectively. A 25 ng amount of rat
plasma FN was used as a positive control in the immunoblots.
Rat plasma FN was purified by gelatin-affinity chromatogra-
phy of rat plasma (Lampire Biologicals, Ottsville, PA). The
quantity of FN in each sample was obtained by integrating
areas under the peaks defining each band in the immunoblot.
The dynamic range of the Chemidoc XRS imaging system is
four orders of magnitude, which corresponds to a pixel den-
sity of 65,535. To ensure that the readings obtained were in
the linear range and not saturated, a number of approaches
were used. First, a regression curve with purified rat plasma
FN at concentrations ranging between 0 and 200 ng was used
to confirm the linear range. Second, inbuilt software was used
to highlight bands that were saturated. Finally, imaging was
done at different exposure times.

Microscopy and image analysis

Before each incubation period, bright field images of the
cells at 10� and 20� magnification were collected using a
Carl Zeiss Axiovert 40CL microscope coupled to an Axiocam
ICM (Zeiss, Thornwood, New York). Fluorescent images of
NIH3T3 cells were obtained as part of the adhesion assay.
Two spectrally different filter sets were used to resolve the
Hoechst stained nuclei and fluorescein-phalloidin stained
actin filaments when assaying for cell adhesion and spreading,
respectively. Digital images were recorded by Axiovision
software (Zeiss). The images were quantified using Image J
software from the National Institutes of Health. Cell number
was determined by thresholding Hoechst stained images and
using the automated counter to count the cell nuclei. Outlines
of the cell nuclei were matched to the numbered nuclei to
minimize overlap error. Cell area was determined by thresh-
olding images of fluorescein stained actin filaments and using
inbuilt macros in Image J to evaluate highlighted stained
areas. Immunostained FN fibrils were imaged using the fluo-
rescein filter. Care was taken to keep imaging exposure times
and thresholding parameters constant during microscopy and
analysis so as to ensure that different treatments were imaged
and analyzed in the same manner.

Statistical analysis

Scatter plots of the experimental data were used to visual-
ize the relationship between biological responses and the

concentration of III1-2 and III9-10. Based on this exploratory
analysis, linear models were specified and fit using appropri-
ate scaling on both responses and predictors. The signifi-
cance and the coefficients in the linear models were
determined by analysis of variance (ANOVA) and t-tests. A
two-sided significance level of 5% for was used for t-tests,
and a 95% confidence interval was used for the mean of the
biological responses.

Results

Surface characterization

We recently reported on a strategy for derivatizing polyur-
ethane surfaces with FN domains III1-2 and III9-10.

15 In the
study by Chiang et al., we demonstrated that GST-III1-2 and
GST-III9-10 had similar binding affinity for activated polyur-
ethane surfaces and that activated polyurethane surfaces were
saturated with these domains at a solution concentration of 1
lM. We have used a similar approach to derivatize polyur-
ethane with mixtures of GST-III1-2 and GST-III9-10 (Figure
1A). We first verified the efficacy of coupling by monitoring
the contact angles of modified surfaces. The contact angles
for surfaces 1, 2, and 5 in Figure 1A were 64�–68�, 48�–54�,
and 80�–90�, respectively. We then varied the concentration
of GST-III1-2 and GST-III9-10 in solution (6a and 6b in Figure
1A) and used ELISAs to detect FN domains on the surface.
The broken line in Figure 1B represents a best fit for III1-2
and III9-10 ELISA absorbance data. GST-III1-2 and GST-III9-
10 are saturated on activated polyurethane surfaces at a solu-
tion concentration of 1 lM or 50 lg/mL.

To determine that surface saturation of GST-III1-2 and
GST-III9-10 at 1 lM is the limiting factor and not saturation
of the antibodies on the surface, we conducted a control bind-
ing study with FN. The concentration of GST-III9-10 and FN
in solution was varied and proteins bound to activated polyur-
ethane surfaces were detected via ELISA. Figure 1C shows
results obtained with monoclonal antibodies that bind III9-10
and FN. FN was saturated on the surface at solution concen-
trations of 0.1 lM or 50 lg/mL. FN has a molecular weight
�10 times higher than the molecular weight of GST-III9-10,
and therefore, the experimental molar solution concentration
at surface saturation is in agreement with the expected value
of one tenth the solution concentration of GST-III9-10 at sur-
face saturation. This finding with GST-III9-10 can be extended
to GST-III1-2 because both proteins are comparable in struc-
ture and in molecular weight. Moreover, we had previously
shown, through competitive binding assays with mixtures of
GST-III1-2 and GST-III9-10, that these two molecules exhibit
similar binding characteristics for activated polyurethane
surfaces.15 Therefore, the experimental design space for our
studies was defined by the concentration limits of GST-III1-2
and GST-III9-10 for surface saturation and had an upper bound
of 1 lM or 50 lg/mL and a lower bound of zero.

Relationships between the composition of III1-2 and III9-10
and the amount of FN in the ECM

We had previously demonstrated that cells cultured on
surfaces with a one to one ratio of III1-2 and III9-10 had
higher extracellular staining of FN than cells cultured on
III9-10 surfaces alone.15 We examined the effect of varying
GST-III1-2 and GST-III9-10 on the amount of fibrillar FN
formed by NIH 3T3 fibroblasts. Immunoblotting of FN in
the DOC insoluble fraction of cell lysates is the standard
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assay for measuring the amount of fibrillar FN associated
with cells.7 In the first approach, we examined the effect of
fixing GST-III1-2 and varying GST-III9-10 on the amount of
FN fibrils formed. We chose two concentrations of GST-III1-
2: a high concentration corresponding to 0.8 lM and a low
concentration corresponding to 0.2 lM. The concentration of
GST-III9-10 was varied at seven equally spaced intervals
from 0.1 to 0.8 lM when GST-III1-2 was 0.2 lM and from
0.025 to 0.2 lM when GST-III1-2 was 0.8 lM. Varying
GST-III9-10 is more informative than varying GST-III1-2 as
we had previously established that cells did not adhere to
surfaces with GST-III1-2.

15 We had also shown that the
highly hydrophobic carbonate terminated surface (Surface 5,
in Figure 1A) has reduced cell attachment compared with a
protein saturated surface when similar amounts of GST-III9-
10 are present.15 Therefore, it was essential to have a back-
ground to the bound GST-III1-2 and GST-III9-10 that was pro-
tein-like. Individual GST molecules provided this
background when total concentration of GST-III1-2 and GST-
III9-10 was less than the saturation limit of 50 lg/mL.

Conditions that favor cell spreading activate mechanisms
involved in FN fibrillogenesis.22,23 After half an hour in se-
rum free culture media, the media was changed to media
with FN depleted serum and images were taken soon after
so as to visualize cell spreading on functionalized surfaces
(Figure 2A). There were clear morphological differences in
cell shape on the different treatments. At constant, GST-III1-
2 increasing GST-III9-10 resulted in better cell spreading
(Figure 2A). This was observed on surfaces with low and
high GST-III1-2 concentrations (0.2 and 0.8 lM). We did not
visually detect a difference in cell numbers at constant GST-
III1-2 and varying GST-III9-10 concentrations. However, there
were fewer cells on surfaces with a GST-III1-2 concentration
of 0.8 lM than there were on surfaces with a GST-III1-2
concentration of 0.2 lM (Figure 2A). After a 24-h culture
period, the cells were fixed and immunostained for extracel-
lular FN (Figure 2B). At low GST-III1-2, FN fibril density
was lower than at high GST-III1-2 concentration but staining
intensity was higher at low GST-III1-2 concentration. We
could not visually discern any differences in fibrillar FN

Figure 2. Microscopy of cells and extracellular FN on derivatized surfaces.

Surface chemistry was varied by keeping GST-III1-2 fixed at 0.2 lM and 0.8 lM and changing GST-III9-10 from 0.1 to 0.8 lM and 0.025 to 0.2
lM, respectively. NIH3T3 fibroblasts were cultured for half an hour in serum free media then 24 h at 37�C in FN depleted serum on derivatized
surfaces. A: Bright field 10� images of cells on surfaces after half an hour cell culture and a change of media. Scale bar ¼ 100 lm. B: Immunoflu-
orescence images of extracellular FN fibrils after the 24-h culture period. Scale bar ¼ 20 lm.

866 Biotechnol. Prog., 2012, Vol. 28, No. 3



structure between samples treated with different amounts of
GST-III9-10 and the same amount of GST-III1-2.

We measured the amount of fibrillar FN in the ECM of
cells cultured on the functionalized surfaces for 24 h. This is
present in DOC insoluble extracts of cell monolayers. DOC
insoluble material was extracted from cells cultured on the
derivatized polyurethane surfaces and immunoblotted for
FN. Figure 3A shows a FN immunoblot of extracted fibrillar
FN. The amount electrophoresed was normalized to cell
count before the samples were loaded onto a polyacrylamide
gel. This was done by using the total protein concentration
from BCA assays of the DOC soluble fraction. The DOC
soluble fraction contains lysed cells, and therefore, the thick-
ness of each band in the immunoblot in Figure 3A is an indi-
cator of the amount of fibrillar FN per cell. Figure 3A shows
the relationship between the amount of fibrillar FN with
changing GST-III9-10. At the low concentrations of GST-III1-
2 (0.2 lM), increasing GST-III9-10 from 0.1 to 0.8 lM
decreases the amount of fibrillar FN. On the other hand, at
high concentrations of GST-III1-2 (0.8 lM), increasing GST-
III9-10 from 0.025 lM to 0.2 lM increases the amount of
fibrillar FN. These changes were quantified by image analy-
sis software (Figure 3B). Figure 3B shows a reversal in the
relationship between FN fibril amount and the amount of
GST-III9-10 from low to high GST-III1-2. FN fibril formation
does not correlate with cell spreading because cell spreading
increases with increasing III9-10 concentration at both low
and high III1-2 concentrations (Figures 2A and 3B). The rela-
tionship between the amount of fibrillar FN and III1-2 and
III9-10 composition suggested that FN fibril amount was de-
pendent on the ratio between III9-10 and III1-2.

We examined the relationship between the logarithm of
the amount of fibrillar FN and the logarithm of the ratio of
concentrations of III9-10 to III1-2 in GST tagged III1-2 and
III9-10 mixtures (Log([III9-10]/[III1-2]). The logarithm transfor-
mation helps with scaling and provides a way of visualizing
possible relationships. Figure 3C shows the logarithm of FN
fibril amount vs. Log([III9-10]/[III1-2]). The data in Figure 3C
suggests a quadratic relationship between logarithm of the
response (amount of fibrillar FN) and Log([III9-10]/[III1-2]). We
examined this possibility through a regression analysis of the
standardized response:

yT ¼ y� ymð Þ=ry (1)

In Eq. 1, y is the logarithm of the amount of fibrillar FN
(Log-FN), yT and ym are the standardized Log-FN and mean
Log-FN, respectively, and ry is the standard deviation of y.
Standardization helps in comparing data from different
experiments. Figure 3C suggests a linear fit would be inap-
propriate and the data trends toward a quadratic fit. Such a
fit with

yT ¼ aþ bLog III9�10½ �= III1�2½ �ð Þ
þ c Log III9�10½ �= III1�2½ �ð Þf g2 (2)

results in estimates for a, b, and c of 0.82 (P-value of 0.00),
�0.55 (P-value of 0.00), and �0.42 (P-value of 0.00), respec-
tively, and an R2 value of 0.67. This fit is represented by the
dotted line in Figure 3C. Thus, the standardized logarithm of
the amount of fibrillar FN, yT, fits a quadratic relationship

Figure 3. The amount of FN in the ECM is dependent on the ratio of III9-10 to III1-2.

Surface chemistry was varied by keeping the concentration of GST-III1-2 or [III1-2] fixed at 0.2 lM and 0.8 lM and changing GST-III9-10 concentra-
tion or [III9-10] from 0.1 to 0.8 lM and 0.025 to 0.2 lM, respectively. NIH3T3 fibroblasts were cultured for half an hour in serum free media then
24 h at 37�C in FN depleted serum on derivatized surfaces. Fibrillar FN was then isolated in DOC insoluble cell extracts, electrophoresed and im-
munoblotted. The amount electrophoresed in the different treatments was matched to total protein concentration in the DOC soluble fraction. A: Im-
munoblot of FN with R184 antibodies after SDS-PAGE. The bands correspond to the 250 kDa band of reduced FN. B: Image analysis of the
volume of FN band vs. [III9-10]. The y-axis in the figure represents the volume of each band divided with 5 � 107 (the volume of 25 ng of rat
plasma FN control). C: The logarithm of the volume of the FN band, Log-FN vs. Log([III9-10]/[III1-2]). The broken line is a quadratic fit to the ex-
perimental data.

Figure 4. A scatter plot of III1-2 and III9-10 concentrations
used to optimally sample the design space.

The design space is defined by a unit square with dimensions
defined by 0 \ [III1-2] \ 1 lM and 0 \ [III9-10]/(1 � [III1-2])
\ 1. The y-axis represents scaled [III9-10] ¼ ([III9-10]/
(1 � [III1-2])) and each point represents a mixture composition.
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with the logarithm of the ratio between III9-10 and III1-2 and
has a maximum when Log([III9-10]/[III1-2]) is equal to �0.65
or [III9-10]/[III1-2] is equal to 0.52. A 95% confidence interval
for the peak value of [III9-10]/[III1-2] is (0.30, 0.90). The F-
statistics on a lack of fit for the model yields a P-value of
0.00. We can, therefore, conclude that the quadratic model is
a significant fit. These results demonstrate that III1-2 influen-
ces the relationship between FN fibril amount and III9-10 and
this relationship is sensitive to the ratio between III9-10 and
III1-2. Because the ratio of III9-10 to III1-2 is important for FN
fibril amount, we examined the influence of the ratio of III9-10
to III1-2 on FN fibril amount, and the cellular responses of ad-
hesion and spreading in the entire design space.

Optimal sampling of surface amounts of III1-2 and III9-10
using a coverage design

A coverage design was used to optimally sample the entire
design space. The concentration of III1-2 in the design space
has a range between zero and 1 lM and the range of III9-10
in a mixture with III1-2 is between zero and 1-[III1-2] lM.
Therefore, the design space covers the concentration of III1-2
ranging from 0 to 1 lM and a scaled concentration of III9-10
ranging from zero to one where

scaled III9�10½ � ¼ III9�10½ �= 1� III1�2½ �ð Þ (3)

From a candidate set of 100 � 100 equally spaced points
on a unit square representing the design space, we used sta-
tistical software to select a subset of 24 points which best
covered the design space. Figure 4 shows the 24 mixture
compositions represented by the scaled III9-10 concentration

vs. III1-2 concentration. Figure 4 demonstrates that these
compositions uniformly cover the design space. It is impor-
tant to note that the concentrations of the FN domains are
the concentrations of the GST tagged FN domains. There-
fore, each point in Figure 4 corresponds to surface saturation
and total molar concentration of GST-III1-2 and GST-III9-10
of 1 lM. We had previously determined that the ratio of
III1-2 and III9-10 influences FN fibrillar formation (Figure
3C). Figure 4 varies the ratio of the two domains but, unlike
Figure 3C, keeps the total amount of the affinity tag GST
and the FN domains constant. Thus, the experimental design
reduces the system to two variables: the ratio of III9-10 to
III1-2 ([III9-10]/[III1-2]) and a cellular response.

Cell adhesion, cell spreading, and FN fibril formation on
surfaces treated with a coverage design

The cellular responses to activated polyurethane surfaces
treated with the coverage design were then determined. Cell
adhesion and spreading were evaluated through image analy-
sis of fluorescence micrographs of NIH3T3 fibroblasts cul-
tured for 1 h in media without serum (Figure 5A). The
adhesion and spreading assays were done at lower cell den-
sities than those used for FN fibril formation so that individ-
ual cells could be identified and analyzed. A quantitative
analysis of cell spreading is shown in Figure 5B. It demon-
strates that cell spreading increases with increasing ratio of
III9-10 to III1-2. This is in line with earlier observations that
at constant III1-2, increasing III9-10 resulted in better cell
spreading (Figure 2A). The relationship between cell adhe-
sion and the ratio of III9-10 to III1-2 is less well defined

Figure 5. Varying the ratio of III1-2 and III9-10 influences cell spreading.

Cell adhesion and spreading on surfaces treated with the coverage design in Figure 4. A: Immunofluorescence images of NIH3T3 fibroblasts after an
hour culture in serum free media. The blue and green colors correspond to Hoeschst stained nuclei and actin stained by fluorescein-phalloidin,
respectively. The numbers represent the solution concentrations in Figure 4. Scale bar ¼ 20 lm. Logarithm of cell area (B) and cell number (C) vs.
Log([III9-10]/[III1-2]). Error bars in (B) and (C) represent a 95% confidence interval of 47–109 cells per treatment and 16 fields per treatment,
respectively.
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(Figure 5C). When the ratio of the cell-binding domain to
the FN binding domain is less than 0.14, or Log([III9-10]/
[III1-2]) is less than �2, the number of adherent cells
increases with increasing ratio of III9-10 to III1-2. There is no
discernable relationship between cell adhesion and Log([III9-
10]/[III1-2]) when Log([III9-10]/[III1-2]) is greater than �2 due
to a large variation in cell numbers. These variations in cell
adhesion at higher ratios of III9-10 to III1-2 may be due to
other unaccountable factors that influence cell adhesion.
Nonetheless, experimental results indicate that cell spreading
on derivatized surfaces increases with the ratio of III9-10 to
III1-2.

The effect of varying the ratio of III1-2 and III9-10 on the

amount of FN in the ECM of NIH3T3 fibroblasts was deter-

mined by immunoblotting DOC insoluble cell extracts. To

account for bias due to differences in cell numbers, the

amount of DOC insoluble extracts electrophoresed from dif-

ferent treatments was matched to total protein concentration

in the DOC soluble fraction. For each of the 24 mixture

compositions defined by the coverage design in Figure 4, the

amount of DOC insoluble FN or fibrillar FN was quantified

as the intensity of the 250 kDa FN band divided by the in-

tensity of the 25 ng rat plasma FN band (Figure 6A). Scatter

plots of the amount of fibrillar FN vs. the logarithm of the

ratio of III9-10 to III1-2 in GST-tagged mixtures of the

domains, Log([III9-10]/[III1-2]), are presented in Figures

6B,C. Figure 6B shows that the amount of FN in the ECM

is dependent on the ratio of III9-10 and III1-2. Fibrillar FN

increases with the ratio of III9-10 to III1-2 to a maximum

value and then decreases with increasing ratio of III9-10 to

III1-2.

We examined whether the amount of fibrillar FN in the
ECM of cells cultured on surfaces treated with the coverage
design, could be fit to a quadratic relationship. The data in

Figure 6B was first standardized using Eq. 1 and then fit to
the quadratic in Eq. 2. The coefficients a, b, and c for
a quadratic fit of the transformed response, yT, are 0.64
(P-value of 0.00), �0.12 (P-value of 0.31), and �0.71 (P-
value of 0.00), respectively. The R2 value for this fit is 0.67,
and the F-test for lack of fit yields a P-value of 0.00 indicat-
ing the model is significant. The coefficient for b is not sig-
nificant as it has a P-value that is greater than 0.05, and
therefore, the hypothesis that b is zero should not be
rejected. Refitting the quadratic model (Eq. 2) without the
coefficient b gives

yT ¼ aþ c Log III9�10½ �= III1�2½ �f g2 (4)

The result of this fit is a curve whose maximum occurs at
zero. The experimental data in Figures 6B,C visually agree
with this model as the maximum amount of FN fibrils occurs
when the concentrations of III1-2 and III9-10 are equal. Fitting
Eq. 4 yields estimates for a and c of 0.64 (P-value of 0.00)
and �0.15 (P-value of 0.00), respectively. The R2 value of
this relationship is 0.67 and the F-statistic has a P-value of
0.00 indicating a significant fit. Figure 6C shows the model
fit (solid black line) and a 95% confidence interval (broken
lines). The amount of fibrillar FN is dependent on the ratio
of III9-10 to III1-2 and has a maximum when the two domains
are equal.

Cell density through cell–cell contacts influences a variety
of cell responses including the amount of FN in the
ECM.24,25 We examined if there was a correlation between
cell number and the amount of fibrillar FN. The total protein
concentration in the soluble DOC fraction was used to nor-
malize the DOC insoluble extracts from different treatments
before electrophoresis in the studies in Figures 3 and 6. It
contains intracellular proteins and is a measure of cell num-
ber at longer culture periods. A plot of logarithm of total

Figure 6. FN fibril formation is optimized when the ratio of the amount of III9-10 to III1-2 is equal to one.

NIH3T3 fibroblasts were cultured for 24 h at 37�C in FN depleted serum on derivatized surfaces treated III1-2 and III9-10 mixtures generated by the
coverage design. The amount of FN in the ECM was measured by immunoblotting DOC insoluble extracts. The amount DOC extract analyzed was
normalized to total protein concentration before loading the samples for electrophoresis. A: FN immunoblot after treatment with R184 antibodies.
The numbers 1–24 represent the surface coverage concentrations in Figure 4. M and rpFN are 250 kDa marker and 25 ng of rat plasma FN loading
control. The logarithm (B) and transformed logarithm (C) of the amount of fibrillar FN vs. Log([III9-10]/[III1-2] has a quadratic fit. The broken lines
in (C) represent a 95% confidence interval for the quadratic fit (solid line) of the experimental data.
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protein concentration derived from the DOC supernatants of
cells cultured on the coverage design for 24 h vs. the ratio
of III9-10 to III1-2 is shown in Supporting Information Figure
1. If the lowest protein concentration is excluded, the
remaining points have random scatter and there is no dis-
cernable relationship between protein concentration and log-
arithm of the ratio of III9-10 to III1-2. Moreover, a plot of the
logarithm amount of fibrillar FN vs. the logarithm of total
protein concentration (Supporting Information Figure 1B)
shows no correlation between the two variables. Cell density
does not introduce bias into the amount of fibrillar FN in our
experiments.

Two different experimental designs show that the surface
ratio of III9-10 to III1-2 influences the amount of fibrillar FN.
This has a peak value at a specific ratio of the two domains.
The coverage design which samples optimally in the design
space shows that the maximum in the amount of FN fibrils
formed occurs when equal amounts of III1-2 and III9-10 are
present on a surface. Cell spreading increases with increasing
ratio of III9-10 to III1-2. Cell spreading and the amount of
fibrillar FN can be directed on synthetic scaffolds by varying
the ratio of III1-2 and III9-10 on the surface.

Discussion

The goal of ours study was to determine if the amount of
fibrillar FN assembled by cells could be synthetically manip-
ulated by varying the amount of FN and cell binding
domains, III1-2 and III9-10, immobilized on a surface. We had
previously reported on a surface chemistry strategy that
robustly immobilized these domains on polyurethane surfa-
ces. We used the same surface chemistry approach to inves-
tigate the effect of different amounts of III1-2 and III9-10 on
the amount of fibrillar FN, as well as to explore any correla-
tions between fibrillar FN amount, cell adhesion and cell
spreading. We used two experimental designs for these stud-
ies. In the first design, we fixed III1-2 and varied III9-10. In
the second strategy, we kept the solution concentration con-
stant and varied the amounts of III1-2 and III9-10. In the latter
strategy, we used a coverage design to obtain as wide a
range of mixture concentrations as possible. In both experi-
mental designs, the amount of fibrillar FN was dependent on
the ratio of III9-10 to III1-2 and had a peak value of one for
the coverage design. There was no correlation between cell
spreading, cell adhesion, and the amount of FN in the ECM
on surfaces derivatized with FN domains. Cell spreading
increased with increasing ratio of III9-10 to III1-2. At short
time periods, cell adhesion increased with increasing ratio of
III9-10 to III1-2 for low ratios of III9-10 to III1-2 but plateaued
at high ratios of III9-10 to III1-2 (III9-10 roughly equal to
seven times III1-2). At these high III9-10 to III1-2 ratios, a
mathematical relationship between cell adhesion and surface
composition could not be established graphically due to the
large variation in cell numbers. There may be other factors
at play in cell adhesion at high ratios of III9-10 to III1-2. At
longer time periods, there was no relationship between cell
adhesion and FN fibril amount.

One question that arises from this study is how surfaces
derivatized with III1-2 and III9-10 advance existing models of
the assembly of FN into fibrils. The challenge therein lies in
the fact that these models have been developed using full-
length FN, recombinant FN with one or more domains
deleted or soluble protein fragments,7 whereas our studies

were carried out with immobilized FN domains. As such, the
prevailing model of FN fibrillar assembly, which is depend-
ent on cell-mediated extension of full-length FN, does not fit
our surfaces which are conjugated with disconnected
domains. Moreover, the cell-mediated extension model of FN
suggests a link between cell spreading, cell adhesion, and the
amount of FN in the ECM but we observed no correlation
between cell spreading and the amount of fibrillar FN on III1-
2 and III9-10 derivatized surfaces. The link between cell-
spreading and FN fibril formation is dynamic,10 and our stud-
ies, which are based on end-point responses, may fail to cap-
ture these time dependent responses. The work by Xu et al.26

has parallels with our work with respect to the effect of mix-
ing FN and cell binding domains. They show synergy
between III1 and a fragment encompassing III9-10 in media-
ting the formation of FN fibrils in FN null fibroblasts.26

These cells cannot produce FN but can assemble it into fibrils
if FN is provided in the media. They also show that FN null
fibroblasts do not assemble a FN matrix on surfaces treated
with III9-10 alone. This finding is in agreement with our
observations because at high ratios of III9-10 to III1-2 we
found low amounts of fibrillar FN and the maximum amount
of FN occurred when III1-2 and III9-10 were present in equal
amounts. The work by Xu et al. also suggests that FN
domains required for optimal assembly of FN into an ECM
may be different from FN domains needed for optimal cell
adhesion or spreading. We show that the relationship between
cell spreading and surface mixtures of III1-2 and III9-10 is dis-
tinct to that of FN fibrillar formation on similarly treated
surfaces. Xu et al. suggest that an unknown receptor may
bind III1 and activate events associated with FN fibril forma-
tion. Although this is a possibility, our findings favor a mo-
lecular mechanism of FN fibril formation that is sensitive to
the ratio of immobilized III1-2 and III9-10.

In a previous study, we proposed that on a surface with
equal amounts of the FN binding and the cell-binding do-
main, III1-2 may sequester FN secreted by cells.15 Thus, one
III1-2 molecule may bind a number of FN molecules and pro-
vide for clustering of FN. The importance of clustering in
activating signaling pathways inside the cells has long been
established.27–30 Clustering brings molecules in close prox-
imity and increases the probability of binding events
between binding partners. Moreover, FN clustering has been
shown to precede actin mediated unfolding of FN mole-
cules.31 Cell attachment and spreading on the other hand are
wholly dependent on III9-10 concentration and cells do not
attach to III1-2.

15 Varying the ratio of III1-2 to III9-10 may
lead to differences in the cluster size and spacing of full-
length FN bound to III1-2. FN-III1-2 clusters may enhance
early events that initialize the formation of FN fibrils on
surfaces derivatized with both III1-2 and III9-10. This cluster-
ing mechanism may explain the different trends in the
responses of FN fibril amount and cell spreading with vary-
ing amounts of III1-2 and III9-10.

We demonstrate that by varying the ratio and quantities of
III1-2 and III9-10 on a surface one can directly impact the
amount of FN in the ECM of fibroblasts. This has relevance in
the design of wound dressing materials in chronic wounds. A
synthetic material with immobilized III1-2 and III9-10 may be
used as a synthetic ECM to selectively enhance FN fibril for-
mation and subsequently tissue repair in a chronic wound bed.
Unlike decellularized ECMs, this alternative approach pro-
vides an element of control of biological responses involved in
wound healing. Moreover, the mathematical relationships
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obtained from experimental data can be used as a predictive
tool in the design of synthetic scaffolds for tissue growth.
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