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Delayed wound healing in many chronic wounds has been linked to the degradation of
fibronectin (FN) by abnormally high protease levels. We sought to develop a proteolytically
stable and functionally active form of FN. For this purpose, we conjugated 3.35 kDa poly-
ethylene glycol diacrylate (PEGDA) to human plasma fibronectin (HPFN). Conjugation of
PEGDA to HPFN or HPFN PEGylation was characterized by an increase of approximately
16 kDa in the average molecular weight of PEGylated HPFN compared to native HPFN in
SDS-PAGE gels. PEGylated HPFN was more resistant to a chymotrypsin or neutrophil elas-
tase digestion than native HPFN: after 30 min incubation with a chymotrypsin, 56 and 90%
of native and PEGylated HPFN respectively remained intact. PEGylated HPFN and native
HPFN supported NIH 3T3 mouse fibroblast adhesion and spreading, migration and focal ad-
hesion formation in a similar manner. Fluorescence microscopy showed that both native and
PEGylated HPFN in the culture media were assembled into extracellular matrix (ECM)
fibrils. Interestingly, when coated on surfaces, native but not PEGylated HPFN was
assembled into the ECM of fibroblasts. The proteolytically stable PEGylated HPFN
developed herein could be used to replenish FN levels in the chronic wound bed and
promote tissue repair. VC 2013 American Institute of Chemical Engineers Biotechnol. Prog.,
29: 493–504, 2013
Keywords: fibronectin, polyethylene glycol, proteolysis, adhesion, spreading, migration, focal
adhesion, fibrillogenesis, chymotrypsin, neutrophil elastase

Introduction

Hard-to-heal wounds or chronic wounds afflict 3–6 million
Americans and their treatment is estimated to cost the US
tax payer 3 billion dollars annually.1 Chronic wounds have
an abnormally higher immune cell level than normal healing
wounds: the level of proteases such as neutrophil elastase is
higher in chronic wound beds than in wounds that heal nor-
mally.2–5 The high level of proteases leads to degradation of
fibronectin (FN) in the wound bed.2,6–9 FN is a key
component of the provisional extracellular matrix (ECM),
which is a scaffold for tissue repair. It attracts and binds dif-
ferent molecules and cells and thereby supports biological
responses associated with wound healing. These include
fibroblast migration into the wound bed, adhesion to the pro-
visional ECM, proliferation and ECM assembly and remod-
eling.10,11 Furthermore, proteolytic FN fragments stimulate
the production of more proteases by immune cells,12–14 lead-
ing to a destructive cycle of inflammation and FN degrada-
tion in chronic wounds. Stabilizing FN may be key to
promoting tissue repair in chronic wounds.

FN is a dimer with a molecular weight of 230–270 kDa. It
is composed of repeating units or repeats, that are classified
as types I, II, and III (Figure 1A). These repeats harbor
intermolecular binding sites that mediate cell adhesion,
migration, proliferation, and ECM assembly at the wound
site.15 The cell-binding domain of FN found in the ninth and
tenth type III repeats, III9–10, supports interactions with
cells.16,17 In the wound context, FN has two physical forms:
a secreted soluble form in wound exudates and blood
plasma, and a fibrillar form in the provisional ECM that is
assembled by fibroblasts.18 The fibrillar form of FN comes
from intermolecular FN-FN interactions in the type III
repeats (Figure 1A). A strategy to stabilize FN needs to take
into account these multiple functional sites in FN.

In this study, we have developed a conjugate of polyethyl-
ene glycol (PEG) and human plasma FN (HPFN) that is
proteolytically stable and biologically active. Protein
PEGylation has been used in the pharmaceutical industry to
stabilize protein therapeutics.19–21 HPFN is incorporated into
the provisional ECM in the wound bed after injury and is an
integral part of the scaffold needed for tissue repair.22–24

HPFN was purified from blood plasma then conjugated to
PEG Diacrylate (PEGDA) at reduced cysteine residues. Cys-
teine residues are concentrated in the 70 kDa amino-terminal
of HPFN25 whereas the type III repeats, which make up two
thirds of FN by weight have only two cysteines.26 Type III
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repeats also harbor binding sites for cell adhesion recep-
tors,16,17 other FN molecules27–31 and growth factors.32,33

These responses are important in wound healing. Therefore,
PEGylating on cysteine residues leaves the type III repeats
unperturbed. We found that PEGylated HPFN was more pro-
teolytically stable than native HPFN in the presence of a

chymotrypsin or neutrophil elastase. PEGylated HPFN
coated on surfaces supported cell attachment and spreading,
cell migration and focal adhesion formation in a comparable
manner to native HPFN similarly treated. The findings with
respect to adhesion and focal adhesion formation were dem-
onstrated in NIH 3T3 mouse fibroblasts as well as in human
dermal fibroblasts. Interestingly, PEGylated HPFN was
assembled into an ECM by mouse fibroblasts when present
in its soluble form but not when coated on a surface. HPFN,
on the other hand, was assembled into an ECM when coated
on surfaces or in the culture medium. These novel findings
present an approach by which HPFN can be modified to be
proteolytically stable, without perturbing its ability to bind
cells and other FN molecules.

Materials and Methods

Purification of HPFN

HPFN was isolated from frozen human plasma obtained
from the blood bank at Rush Hospital. Human plasma was
thawed at 37�C, centrifuged to remove residual cells and
precipitates, and then passed through an agarose sepharose
4B column (Sigma-Aldrich, St Louis, MO). The sepharose
column flow-through was passed through a column packed

with gelatin agarose beads (GE Healthcare Biosciences,
Pittsburgh, PA). The gelatin column was washed with phos-
phate buffered saline (PBS, Fisher Scientific, Pittsburgh,
PA). Bound HPFN was eluted with 6 M urea in PBS. The
optical density of HPFN at 280 nm was used to determine
its concentration. The molecular weight of HPFN was char-
acterized through sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and silver staining. The yield
of HPFN was approximately 30 mg of protein for 150 mL of
human plasma. HPFN was dialyzed at 4�C overnight in PBS
before the studies described below were conducted.

Synthesis and characterization of PEGylated HPFN

The procedure of Elbert et al.34 was used to convert 3.35
kDa PEG (Sigma-Aldrich) to PEGDA for HPFN conjugation.
The hydroxyl groups in PEG were reacted with acryloyl
chloride (Sigma-Aldrich) to form terminal acrylates. The
acrylation of PEG was confirmed by the presence of charac-
teristic acrylate peaks at 5.8, 6.1, and 6.4 ppm in 1H NMR
(CDCl3) spectra in an Avance Bruker model AQS 300 MHz
spectrometer (Bruker BioSpin Corporation, Billerica, MA).
Conjugation of PEGDA to HPFN was done through a Mi-
chael reaction as shown in Figure 1B. First, [1] or HPFN at
a concentration of 90 lg/mL was mixed with [2], b-mercap-
toethanol (BME, Sigma-Aldrich), and incubated for 15 min
at 37�C. The molar ratio of HPFN to BME was 1:10,000.
Then an equal volume of [3], 4% (w/v) PEGDA solution,
was added to the mixture of BME and HPFN. The solution
was then incubated for 15 min to 3 h at 37�C. The final con-
centration of HPFN and PEGDA was 45 lg/mL and 2%

Figure 1. HPFN PEGylation.

(A) Domain structure of a monomer of HPFN showing type I, II, and III repeats as rectangles, circles and ovals respectively. Intramolecular disulfide
bridges (***) are found in the 70 kDa amino-terminal and in the carboxy-terminal type I repeats as well as in the dimerization domain (-S-S-). Free
sulfhydryls (1) are found in the hydrophobic core of III7 and III15. Binding sites for cells and FN are shown on top. (B) Scheme for the PEGylation
of HPFN 1. BME 2 was used to disrupt disulfide bonds exposing them for conjugation with PEGDA 3. Unreacted acrylate groups were quenched
with excess BME 2. (C) SDS-PAGE and silver staining characterization of reduced HPFN and the products of HPFN PEGylation at different time
points. The molecular weight markers in kDa are shown on left. Molecular weight of Bands (i), (ii), and (iii) is presented in Table 1.
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(w/v), respectively and the molar ratio of HPFN to PEGDA
used was 1:33,000.

The extent of PEGylation was monitored by carrying out
SDS-PAGE analysis of the aliquots of the reaction mixture
at different time points. These were collected, placed on ice,
mixed with a reducing electrophoresis buffer, and electro-
phoresed in a 7% polyacrylamide gel. The reducing electro-
phoresis buffer contained 6.6% (w/v) sodium dodecyl sulfate
(SDS, Fischer Scientific), 33% (v/v) glycerol (Fisher Scien-
tific) and 0.33 M Dithiothreitol (DTT, Sigma-Aldrich). The
volume ratio of sample to the reducing electrophoresis buffer
was 3:1. The proteins in the gels were visualized by silver
staining after electrophoresis. The gels were imaged in a
Chemidoc XRS imaging system (Biorad, Hercules, CA) and
Quantity One software (Biorad) was used for densitometric
analysis. For functional assays of cell adhesion and FN fibril
formation, HPFN was PEGylated for an hour, placed on ice,
mixed with 1 mM BME to quench the acrylate groups and
dialyzed against PBS overnight at 4�C to remove unbound
PEGDA and BME. Hydrolysis between PEGDA and proteins
is a function of temperature and pH. The half-life of the
bond between PEGDA and protein at 37�C is 3.5 days.34

The hydrolysis of PEG was minimized by conducting subse-
quent experiments with PEGylated HPFN immediately after
dialysis.

Proteolysis of PEGylated HPFN

The proteolysis of PEGylated HPFN was carried out using
TLCK treated a chymotrypsin from bovine pancreas (Sigma-
Aldrich) or recombinant human neutrophil elastase (Innovative
Research, Novi, MI). Each protease was added to 40 lg/mL
PEGylated HPFN or 40 lg/mL HPFN in PBS and incubated
at room temperature for 30 min. The total volume was 1 mL.
The mass ratio of a chymotrypsin to HPFN was 1:25 and that
of neutrophil elastase to HPFN was 1:360. A 100 lL volume
of the reaction mixture was sampled before a chymotrypsin
addition and at 2.5, 5, 7.5, 10, 12.5, 15, 17.5, 20, and 30 min
after the addition of a chymotrypsin. Similarly, a sample was
collected before and after 1, 2.5, 5, 7.5, 10 15, and 30 min
the addition of neutrophil elastase. Proteolysis at specific time
points was inhibited by the addition of 2 mM phenylmethyl-
sulfonyl fluoride (PMSF, Fisher Scientific). Each aliquot was
mixed with a reducing electrophoresis buffer, boiled and then
electrophoresed on a 7% SDS-PAGE gel. The products of
proteolysis of HPFN and PEGylated HPFN were visualized
after electrophoresis by silver staining. The gels were imaged
and densitometric analysis was conducted to determine the
amount of intact protein present at different time points.

Cell culture

Mouse embryonic fibroblasts, NIH 3T3 fibroblasts (ATCC,
Manassas, VA) were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM, Fisher Scientific) supplemented
with 10% bovine calf serum (Fisher Scientific) at 37�C with
5% CO2. NIH 3T3 fibroblast passages 13–18 were used for
this study. The cells were grown to 80–90% confluency in
10 cm dishes.

Static adhesion assay

Glass coverslips were washed twice with 70% ethanol
(Fisher Scientific) and twice in PBS. They were then

incubated for 1 h at 37�C with either 40 lg/mL HPFN, 40
lg/mL PEGylated HPFN, 2% (w/v) PEGDA or PBS. The
glass coverslips were rinsed twice with PBS then incubated
with 1% (w/v) bovine serum albumin (BSA, Sigma-Aldrich)
in PBS for 30 min at 37�C. They were then rinsed with PBS
twice. NIH 3T3 fibroblast cells were trypsinized with 1 mg/
mL of TPCK trypsin (Fisher Scientific) for 5 min at room
temperature. TPCK trypsin was in 0.01% ethylenediamine-
tetracetic acid (EDTA, Fisher Scientific) in PBS. Trypsin
was inactivated by adding 0.5 mg/mL soybean trypsin inhibi-
tor (SBTI, Fisher Scientific) in PBS. The cells were isolated
by centrifugation then resuspended in serum free DMEM so-
lution. They were then added to the coated glass coverslips
and incubated for 1 h at 37�C in 5% CO2. A cell density of
4 3 104 cells per well was used. After incubation, the sam-
ples were washed twice with PBS, fixed with 3.7% (w/v)
paraformaldehyde (Fisher Scientific) in PBS for 15 min. The
cells were then washed twice with PBS and permeabilized
with 0.5% NP-40 (Fisher Scientific) in PBS in 15 min. The
samples were then washed twice with PBS and stained with
fluorescein conjugated phalloidin (Invitrogen, Carlsbad, CA)
and Hoechst 33258 (Fisher Scientific) in 2% (w/v) ovalbu-
min in PBS (Sigma-Aldrich) at a dilution of 1:50 and a con-
centration of 1 lg/mL respectively. Staining was carried out
at 37�C for 45 min. The samples were washed three times
with PBS followed by a last wash with deionized water
and then mounted for microscopy using prolong antifade
(Invitrogen, Carlsbad, CA).

Focal adhesion assays

Glass coverslips were placed in a 24-well plate incubated
with 40 lg/mL PEGylated or native HPFN in PBS, 2%
(w/v) PEGDA or PBS at 37�C. After 1 h, the coverslips
were washed with PBS and incubated with 1% (w/v) BSA in
PBS for 30 min. The coverslips were then washed twice
with PBS and incubated with NIH 3T3 fibroblasts at a
density of 2 3 104 cells per well in complete culture media.
Cells were incubated on the coverslips for 6 h. After incuba-
tion, the coverslips were washed twice with PBS and
then adherent cells were fixed by incubating them with 3.7%
(w/v) paraformaldehyde in PBS. The coverslips were washed
and then permeabilized by incubating them with 0.5%
NP-40 in PBS. After washing in PBS, the cells were stained
for vinculin by incubating them with monoclonal anti-vincu-
lin antibody mouse IgG1 isotype (clone hVIN-1, Sigma-
Aldrich). The antibody was used at a dilution of 1:200 in
2% (w/v) ovalbumin in PBS and incubation was carried out
for 30 min at 37�C. After incubation with the primary anti-
body, the cells were washed with PBS and incubated for
30 min at 37�C with goat anti-mouse IgG (H1L) fluorescein
conjugate (Invitrogen). The secondary antibody was used at
a dilution of 1:600 in 2% (w/v) ovalbumin. The coverslips
were then washed twice in PBS and once in deionized water.
They were then mounted with ProLong Gold Antifade
reagent and imaged.

In vitro wound healing (“scratch”) assay

Glass coverslips were coated with 45 lg/mL of PEGylated
or native HPFN in PBS. The controls consisted of uncoated
glass coverslips or coverslips coated with 2% (w/v) PEGDA.
Three coverslips were used for each treatment. The cover-
slips were then blocked with 1% (w/v) BSA in PBS for
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30 min and then washed three times with PBS. NIH 3T3
mouse fibroblasts were plated at a density of 2 3 105 cells
per mL in complete media, so that they became 80–90%
confluent in 18 h. Scratches were then made on the cell
monolayer with a 200 lL pipette tip. After scratching, the
cell monolayer was washed with PBS to remove cell debris
and then incubated with serum free media. Images of the
area surrounding the scratch were taken at 2, 4, 6, and 9 h
after incubation. The migration of the cells was determined
from the images taken by using ImageJ software to measure
of the distance which the cells at the edge of moving bound-
ary covered at specific time points.

Assembly of exogenous HPFN into the ECM

Studies were conducted to compare the assembly of
HPFN and PEGylated HPFN into fibrils in the ECM when
the molecules were (i) coated on surfaces and (ii) present in
the culture media. For coating studies, glass coverslips in a
24-well plate were incubated with 40 lg/mL of PEGylated
or native HPFN overnight at 4�C. Control treatments con-
sisted of glass coverslips incubated with 2% (w/v) PEGDA
in PBS or PBS alone. The coated surfaces were washed
twice with PBS and incubated with 2 3 105 cells per well
for 24 h. The cells were maintained in complete culture
media. The coverslips were then washed twice with PBS,
fixed in 3.7 paraformaldehyde in PBS then washed in PBS.
To visualize cell nuclei and HPFN fibrils the coverslips were
first labeled with Hoechst 33258 and 7.1 mouse monoclonal
antibodies (Developmental Studies Hybridoma Bank, Iowa
city, IA). The stains were in 2% (w/v) ovalbumin in PBS.
The concentration of Hoechst 33258 was 1 lg/mL and 7.1
antibodies were used at a dilution of 1:100. The samples
were then washed twice with PBS and labeled with a sec-
ondary antibody, goat anti-mouse IgG (H1L) fluorescein
conjugates. The secondary antibody was used at a dilution of
1:600 as in 2% (w/v) ovalbumin. Labeling was carried out
for a further 30 min at 37�C. The samples were then washed
three times with PBS and once with water. They were then
mounted for microscopy using Prolong Gold antifade
(Invitrogen).

The incorporation of soluble exogenous HPFN or PEGy-
lated HPFN into fibrils in the ECM was conducted as
follows. Rat plasma FN was obtained from gelatin affinity
chromatography of rat plasma (Lampire Biologicals, Pipers-
ville, PA) and used to coat glass coverslips to facilitate cell
adhesion. The coating solution was 15 lg/mL of rat plasma
FN in PBS. Coating was carried out for 30 min at 37�C. The
surfaces were washed twice with PBS. NIH 3T3 mouse
fibroblasts were added at a density of 2 3 105 cells per well.
The cells were cultured in FN depleted medium, which was
supplemented with either 40 lg of PEGylated or native
HPFN. FN was effectively depleted from the culture media
by gelatin affinity chromatography. The controls consisted of
FN depleted culture media and FN depleted culture media
supplemented with 20 mg of PEGDA. The cells were
cultured for 24 h then fixed and stained for HPFN and cell
nuclei as previously described.

Fluorescence microscopy and image analysis

Imaging was conducted as follows: (1) Images of fluores-
cein and Hoechst stains from the adhesion assay were col-
lected using a Carl Zeiss Axiovert 40CL microscope coupled

to an Axiocam ICM (Carl Zeiss Microscopy, LLC, Thorn-
wood, New York). Images were analyzed by using ImageJ
software (National Institutes of Health). The number of posi-
tively Hoechst stained nuclei in a 103 field was used to
characterize cell attachment. The area of fluorescein stained
cystoskeleton at 203 magnification was used to quantify cell
spreading. Cell area was converted from pixelated units to
lm2 by Axiovision scaling software (Carl Zeiss). (2) All
focal adhesion images were obtained using the Zeiss LSM 5
Pascal confocal microscope (Carl Zeiss) with a 633 oil
objective, a low pass filter of 505 nm and excitation at 488
nm. Pinhole size and detector gain were maintained constant
when imaging all treatment types. (3) Focal adhesions were
identified as structures with a size of 1 lm and above. Focal
adhesions were counted for 20 cells of each coverslip treat-
ment type. (4) Fluorescence microcopy of HPFN in the
ECM, was conducted using a Carl Zeiss Axiovert 40CL
microscope with a fluorescein filter at 203 and 403 magni-
fication. Exposure times were kept constant when examining
different treatments.

Statistical analysis and data treatment

All the experiments were conducted three times with at
least two replications per treatment. Four randomly selected
regions per treatment were imaged and used to determine
cell attachment. This resulted in a data set of 12 measure-
ments for each treatment in an experiment. For the analysis
of cell spreading, 60 randomly selected cells from each treat-
ment were analyzed. A one-factor analysis of variance was
used to statistically evaluate the effect of each treatment on
cell attachment and spreading. A two-sided significance level
of 5% was used for student’s t-tests when comparing the
means of the treatments. P-values less than or equal to 0.05
were considered statistically significant. Similar analyses
were conducted for focal adhesion formation and cell
migration.

Results

PEGylation of HPFN

PEG was activated for protein binding by converting it to
PEGDA. We chose to use bifunctional PEGDA due to ease
of synthesis and characterization. The yield of acrylate con-
version obtained from 1H NMR spectra of PEGDA was
93%. This is comparable to yields reported by others.35–37

PEGylation was conducted by Michael reaction, which pref-
erentially binds the acrylate ends of PEGDA macromers to
thiols in cysteine residues. Cysteine residues make up 2.6%
of the total amino acid residues in HPFN. Most of the cys-
teines in HPFN are located in the 70 kDa amino-terminal
fragment (Figure 1A). With the exception of two cysteines
in the type III repeats,26 all the cysteines in HPFN are
involved in intramolecular or intermolecular disulfide bonds.
From the domain structure and amino acid sequence of
HPFN obtained from the UniProtKB/Swiss-Prot database
(UniProtKB/Swiss-Prot: P02751.4), we estimated that the
type III repeats comprise 70% of HPFN by mass. Thus, a
strategy that conjugates PEGDA to cysteine residues located
at the ends of HPFN would leave a major functional part of
HPFN unperturbed.

HPFN was PEGylated by a two-step process involving
incubation with BME to disrupt disulfide bonds, followed by
incubation with PEGDA (Figure 1B). The incubation with
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BME was carried out at 37�C for 15 min. The products of
the second incubation were treated with a reducing electro-
phoresis buffer and resolved in a polyacrylamide gel. DTT
in the reducing electrophoresis buffer quenched unreacted
acrylate groups and reduced disulfide bonds. Figure 1C
shows the gel resulting from electrophoresis before the addi-
tion of PEGDA to HPFN, and at different time points after
the addition of PEGDA to HPFN. The markers in Figure 1C
were used to generate a plot of logarithm of molecular
weight versus distance migrated. From this plot, the molecu-
lar weight of HPFN and the products of HPFN PEGylation
at different time points were determined. Table 1 shows the
molecular weight of HPFN prior to the addition of PEGDA
and 45 min after the addition of PEGDA. During PEGylation
Band (i) in Figure 1C, became thicker and more intense with
time. The range of molecular weight associated with this
band changed from 264 to 288 kDa before PEGDA addition
to 264–308 kDa, 45 min after incubation with PEGDA
(Table 1). The average molecular weight of HPFN (Band (i)
in Figure 1C) increased from 272 to 288 kDa, 45 min after
the addition of PEGDA to HPFN. The increase in molecular
weight of HPFN corresponds to the conjugation of up to 10
PEGDA molecules per monomer of HPFN. The range in
molecular weight of PEGylated HPFN is consistent with
HPFN being tethered to different amounts of PEGDA
molecules.

The appearance of a band with an average molecular
weight of 488 kDa after the addition of PEGDA was
observed [Figure 1C, Band (ii)]. We also observed an accu-
mulation of products with bands close to the boundary
between the stacking and resolving gels [Figure 1C, Band
(iii)]. The 488 kDa band disappeared after 60 min. It is
unlikely that Band (ii) in Figure 1C consists of dimeric
HPFN due to its size. It is more likely that it corresponds to
the conjugation of approximately sixty molecules of PEG to
a HPFN monomer. The protein sequence of human FN has
at least 63 cysteines (UniProtKB/Swiss-Prot: P02751.4).
Band (iii) in Figure 1C has a molecular weight of over 2,000
kDa (Table 1) and may consist of multiple HPFN molecules
covalently linked to each other by bifunctional PEGDA
molecules. The most abundant product of HPFN PEGylation,
based on band intensity, was associated with the 288 kDa
band (Figure 1C, Band (i)). Accumulation of the 288 kDa
band reached steady state after 60 min. We, therefore, chose
to examine the activity of PEGylated HPFN conjugates at
the 60-min time point.

The products of HPFN PEGylation after 60 min were
quenched with BME and dialyzed in PBS prior to functional
analysis. Attempts to quantify the concentration of PEGy-
lated HPFN conjugates by BCA analysis, optical density or
silver staining resulted in higher than expected protein con-
centration, which were attributed to the tethered PEGDA.
The concentration of PEGylated HPFN was matched to that
of HPFN by conducting parallel studies with HPFN where

PBS buffer was used instead of PEGDA during conjugation.
As PEGylated HPFN conjugates did not precipitate from so-
lution after centrifugation at high speed, the molar amount
of soluble PEGylated HPFN and HPFN were comparable.
The concentration of HPFN after dialysis was determined by
optical density and BCA assays, and was then matched to
the concentration of PEGylated HPFN. Hydrolysis of the
ester bond between PEG and HPFN has been reported to
take place over several days at 37�C.34 Therefore, the studies
to assess the stability and activity of PEGylated HPFN out-
lined below were conducted immediately after dialysis of
PEGylated HPFN.

Proteolytic cleavage of PEGylated HPFN by
a-chymotrypsin

The proteolytic stability of PEGylated HPFN in the pres-
ence of a chymotrypsin or neutrophil elastase was measured.
Figures 2A,B show SDS-PAGE gels of PEGylated HPFN and
HPFN at different time points after the addition of a chymo-
trypsin. There were fewer cleaved protein fragments in the gel
for PEGylated HPFN (Figure 2A) than for HPFN (Figure 2B).
Additionally, the amount of intact PEGylated HPFN under-
went a significantly smaller time dependent change than the
amount intact HPFN. Figure 2C shows the quantity of intact
PEGylated HPFN or HPFN at 0, 15, and 30 min after protease
addition. The data in Figure 2C was obtained from densitomet-
ric analyses of silver stained polyacrylamide gels. Thirty
minutes after protease addition the proportion of intact protein,
relative to the zero time point, was 56 and 90% for HPFN and
PEGylated HPFN, respectively. PEGylated HPFN was also
more proteolytically stable in the presence of neutrophil elas-
tase than native HPFN (Figures 2D–F). Clearly, PEGylation of
HPFN inhibits the degradation of HPFN by a chymotrypsin
and neutrophil elastase.

Modulation of cell adhesion by PEGylated HPFN

We studied the functionality of PEGylated HPFN by con-
ducting adhesion assays. We compared the adhesive response
of NIH 3T3 mouse fibroblasts on surfaces coated with
PEGylated HPFN to the response on HPFN coated surfaces
in serum free media. The serum free environment was neces-
sary in the adhesion assays to eliminate the contribution of
growth factors and other ECM proteins present in serum on
cell adhesion. Glass surfaces were coated with PEGylated
HPFN or HPFN, then cell adhesion assays were conducted
on the coated surfaces. PEGDA and uncoated glass surfaces
were used as controls. Fluorescence microscopy of adherent
cells demonstrated that mouse fibroblasts had robust cell
attachment and spreading on surfaces coated with the PEGy-
lated HPFN and native HPFN (Figure 3A). Cells attached on
uncoated glass surfaces or surfaces coated with PEGDA.
However, these cells had poor spreading when compared
to cells on HPFN or PEGylated HPFN coated coverslips
(Figure 3A). Quantitative analysis of cell attachment showed
significantly greater cell attachment (Figure 3B) and spread-
ing (Figure 3C) in cells cultured on surfaces treated with ei-
ther PEGylated or native HPFN compared to cells cultured
on untreated surfaces or surfaces coated with PEGDA. There
was no significant difference in cell attachment or cell
spreading between surfaces coated with PEGylated HPFN
compared to native HPFN. Similar findings were obtained
with the use of human dermal fibroblasts indicating that this

Table 1. Molecular Weight Distribution of the Products of HPFN

PEGylation: (A) before and (B) 45 min After the Addition of

PEGDA to Reduced HPFN

Treatment
Band

Position

Molecular Weight (kDa)

Average Range

(A) Before PEGDA (i) 272 264–288
(B) After PEGDA (i) 288 264–308

(ii) 488 409–495
(iii) 2044 861–3.92 3 103
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observation was not specific to mouse fibroblasts (Supporting
Information Figure S1). Therefore, conjugation of PEG to
HPFN did not perturb its ability to mediate cell adhesion.

Formation of focal adhesions on glass coated with
PEGylated HPFN

The engagement of adhesion receptors with FN coated on
surfaces is followed by clustering of proteins such as vincu-
lin into structures known as focal adhesions. We investigated
whether vinculin was localized in focal adhesions of NIH
3T3 mouse fibroblasts by immunofluorescence microscopy.
Focal adhesions were identified as aggregates with a size of
1 lm or larger. Figure 4A shows that there were numerous
focal adhesions in cells cultured on surfaces coated with
PEGylated and native HPFN after 6 h. Qualitatively, cells
cultured on control PEGDA coated surfaces as well as glass
surfaces had fewer and shorter focal adhesions. The number
of focal adhesions per cell was comparable for PEGylated
and native HPFN (Figure 4B). The same observations were
made with human dermal fibroblasts (Supporting Information
Figure S2). Hence, PEGylation of HPFN did not significantly
perturb its ability to mediate focal adhesion formation on
coated glass surfaces.

Cell migration on surfaces coated with PEGylated HPFN

Migration of fibroblasts into the wound bed is important
for wound healing. We conducted in vitro scratch wound
assays on fibroblasts cultured on glass surfaces coated with
HPFN, PEG-HPFN or PEGDA. Cell culture was conducted
in complete media and the migration assays were carried out
in serum free media. After the creation of the scratch on the
cell layer, we observed that the moving front formed
“fingers” that reached out and migrated over the cell free
surface (Figure 5A). The distance between “fingers” at oppo-
site ends of the scratch was used to quantify migration over
a period of 9 h. Two hours after the formation of a scratch
on the cell layer, migration over glass surfaces coated with
PEGylated or native HPFN was significantly higher than on
surfaces coated with PEGDA (Figure 5B). This is inline with
the observation of poor cell attachment on surfaces coated
with PEGDA. Six and nine hours after the formation of a
scratch on the cell layer, cells on the PEGylated and native
HPFN migrated a longer distance than cells on PEGDA
coated surfaces but this difference was significant only at the
6 h time point. Collectively, the data demonstrate that PEGy-
lation of HPFN does not perturb its ability to mediate fibro-
blast migration on two-dimensional surfaces.

Figure 2. Effects of proteolysis of PEGylated and native HPFN.

HPFN was PEGylated for 60 min, then dialyzed overnight to remove unbound BME and PEGDA. a chymotrypsin (A, B, and C) or neutrophil elas-
tase (D, E, and F) was added to native and PEGylated HPFN. SDS-PAGE analysis of the products of a chymotrypsin (A and B) and neutrophil elas-
tase (D, E) cleavage at different time points. (C and F) Densitometric quantification of intact HPFN and PEGylated HPFN at zero, 15 and 30 min
time points. The data has been normalized by dividing the band volume obtained with the zero time point. Error bars represent the range of two
replicates.
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The assembly of PEGylated HPFN conjugates into an ECM

FN is assembled by fibroblasts into ECM fibrils when
immobilized on surfaces or when present in the culture
media. Many cell types in culture, including mouse fibro-
blasts, can incorporate exogenous HPFN into their ECM. FN
fibril formation in NIH 3T3 mouse fibroblasts cultured on
surfaces coated with HPFN and PEGylated HPFN was char-
acterized by immunofluorescence microscopy. Antibodies
that bind specifically to HPFN were used to detect HPFN in
the ECM. Glass surfaces coated with PEGDA as well as
uncoated surfaces were used as negative controls. There
were no HPFN fibrillar structures visualized in mouse fibro-
blasts cultured on surfaces coated with PEGylated HPFN
(Figure 6A). However, fibroblasts organized HPFN
coated on surfaces into fibrillar structures at the cell periph-
ery (Figure 6B). Labeling of HPFN with the 7.1 antibodies
was specific because the antibodies could detect the adsorbed
HPFN in the background (insets of Figures 6A,B) but not on
PEGDA coated or uncoated surfaces (Figure 6C,D). HPFN
fibrils were not observed in cells cultured on uncoated surfa-
ces or surfaces coated with PEGDA. PEGylation of HPFN
inhibits its incorporation into ECM fibrils when it is coated
on a surface.

We next examined the assembly of exogenous PEGylated
HPFN in the culture media into ECM fibrils. Mouse fibro-
blasts were cultured in FN depleted media supplemented
with HPFN or PEGylated HPFN for 24 h. Interestingly, sup-
plemental PEGylated HPFN was assembled into ECM fibrils

by mouse fibroblasts in a comparable manner to HPFN (Fig-
ures 7A,B). Fibroblasts cultured in FN depleted media or in
FN depleted media supplemented with PEGDA did not posi-
tively stain for HPFN fibrils (Figures 7C,D). Thus, PEGy-
lated HPFN mediates cell attachment and spreading,
migration and focal adhesion formation. It is assembled into
an ECM by mouse fibroblasts when present in the culture
media, but not when coated on a surface.

Discussion

We present new evidence that PEGylation on reduced cys-
teines results in HPFN that is more proteolytically stable
than native HPFN. This PEGylated HPFN supports cell ad-
hesion, migration and focal adhesion formation in a compa-
rable manner to HPFN. Furthermore, PEGylated HPFN in
the culture media is assembled into ECM fibrils by mouse
fibroblasts in a comparable manner to HPFN. Interestingly,
HPFN and PEGylated HPFN differ in that native HPFN but
not PEGylated HPFN coated to surfaces is assembled into
ECM fibrils by adherent mouse fibroblasts. These new find-
ings of FN stabilization demonstrate the potential of a thera-
peutic strategy that utilizes proteolytically stable and
biologically active PEGylated HPFN in the chronic wound
bed to stimulate biological responses associated with tissue
repair.

The 70 kDa amino-terminal of HPFN was PEGylated on
cysteines leaving two-thirds of HPFN unperturbed. The type

Figure 3. Adhesive response of NIH 3T3 mouse fibroblasts cultured on surfaces coated with HPFN, PEGylated HPFN and PEGDA.

(A) Cells were cultured in serum free media for an hour on glass surfaces incubated with PEGylated HPFN, HPFN, PEGDA and buffer (ctrl), then
fixed and stained for nuclei (blue) and actin (green). Scale bar in A550 mm. Image analysis of: (B) the number of cells in a 103 objective and (C)
cell area under a 203 objective. The data in both B and C represents the mean of two replicates and four fields per treatment. Sixty cells in C were
analyzed. The error bars represent a 95% confidence interval of the standard error of the mean. “*” represents a statistically significant difference in
the mean. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]
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III repeats of HPFN, form the bulk of the protein by mass
and contain two free cysteines in the hydrophobic core of
the repeats.26,38 They also support cell adhesion in III9–10

and FN binding in III1–2, III4–5, III10, and III12–14.11,39,40

Thus, the 70 kDa amino-terminal but not the type III repeats
are perturbed in our approach to PEGylate HPFN. Both
human dermal fibroblasts and NIH 3T3 mouse fibroblasts
adhere to FN.41–45 Our finding that PEGylated HPFN is
comparable to HPFN, with respect to modulation of cell ad-
hesion in both cell types, demonstrates that the cell-binding
domain in III9–10 is functional after PEGylation. Moreover,

studies have shown that when III9–10 is coated on glass cov-
erslips it elicits a comparable level of focal adhesion forma-
tion to that of FN coated surfaces.45 Therefore, the
functionality of III9–10 after PEGylation is further supported
by our demonstration that both mouse and human fibroblasts
are able to form focal adhesions on both PEGylated and
native HPFN. A similar argument can be made for fibroblast
migration on FN. FN supports cell migration through interac-
tions in III9–10.46–48 We observed comparable amount of cell
migration on PEGylated and native HPFN, which we attrib-
ute to a biologically functional III9–10. Interestingly, whereas

Figure 4. Focal adhesion formation by NIH 3T3 mouse fibroblasts on surfaces coated with PEGylated and native HPFN.

(A) Fluorescence microscopy images of vinculin staining in NIH 3T3 mouse fibroblasts after 6 h of culture on surfaces coated with PEGylated
HPFN, HPFN and PEGDA as well as glass surfaces (ctrl). Arrows point to focal adhesions. (B) Number of focal adhesions per cell on native and
PEGylated HPFN. Scale bar 5 20 mm. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]

Figure 5. Cell migration on surfaces coated with PEGylated HPFN.

(A) Phase contrast images of NIH 3T3 fibroblasts on PEG-HPFN coated surfaces at 0 and 9 h after wounding. The moving front extended “fingers”
into the cell free area (arrows). Scale bar 5 100 mm. (B) The migration distance of cells in the “fingers” at both edges of the scratch were measured
at 2, 4, 6, and 9 h on PEG-HPFN, HPFN or PEGDA coated glass surfaces. Values represent means 6 standard error the mean of three independent
experiments. “*” represents a statistically significant difference in the mean.
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Figure 6. Assembly of PEGylated and native HPFN coated on glass surfaces into ECM fibrils.

NIH 3T3 mouse fibroblasts were cultured in complete media for 24 h on glass surfaces coated with PEGylated HPFN (A), native HPFN (B),
PEGDA (C) or on uncoated surfaces (D). The cells were fixed and stained for with Hoechst for nuclei (blue) and with mouse monoclonal antibodies
specific for HPFN followed by fluorescein goat anti-mouse polyclonal antibodies (green). Scale bar 5 20 mm. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com]

Figure 7. Assembly of soluble PEGylated and native HPFN into ECM fibrils.

Cells were cultured in HPFN depleted media supplemented with 40 mg of PEGylated human HPFN (A), 40 mg human HPFN (B), 20 mg PEGDA
(C) or buffer (D) for 24 h. They were then fixed and stained for nuclei (blue) and with mouse monoclonal antibodies specific for HPFN followed by
goat anti-mouse polyclonal antibodies (green). Scale bar 5 20 mm. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com]
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both soluble and immobilized HPFN are assembled into
fibrils, soluble but not immobilized PEGylated HPFN is
assembled into fibrils in the ECM. As the 70 kDa amino-
terminal fragment forms binding interactions with a number
of type III repeats when coated on glass surfaces,31,49 it
maybe that PEGylation on this site disrupts FN-FN interac-
tions necessary for FN fibrillogenesis in the immobilized
form of the molecule.

An alternative mechanism to describe differences in FN
fibril formation between PEGylated and native HPFN coated
on surfaces is based on the exposure of cryptic binding sites
during fibrillogenesis. FN fibril formation is proposed to
occur when hidden or cryptic FN binding sites are exposed
by proteolysis or cell mediated extension.11 Fibrillogenesis
involving PEGylated HPFN coated on surfaces may favor
proteolysis for exposure of FN binding sites. As PEGylated
HPFN is more proteolytically stable than HPFN, then fibril
formation by proteolytic processing is retarded. Conversely,
fibril formation from soluble FN may favor cell-mediated
extension over proteolytic cleavage for exposure of cryptic
FN binding sites. As PEGylated HPFN binds cells to the
same extent as HPFN, the exposure of cryptic FN binding
sites by cell-mediated extension may activate fibril formation
in the same manner in HPFN as in PEGylated HPFN. FN is
secreted as a soluble molecule and converted to the fibrillar
form by cells. Therefore, fibril assembly of soluble PEGy-
lated HPFN is more biologically relevant than fibril forma-
tion on coated surfaces.

There is variability in FN structure and composition. FN
undergoes alternative splicing which leads to several iso-
forms of the protein.50–52 HPFN, compared to FN secreted
by tissue cells in the wound bed or cellular FN, undergoes
less splicing and is more homogenous.38 In the wound bed,
fibrillar FN in the ECM arises from both cells and
plasma.22–24 Fibrillar FN is more elongated compared to cel-
lular FN.53,54 We expect that PEGylation of cellular FN or
fibrillar FN will result in proteolytic stability of FN in the
wound bed ECM but may also result in additional biological
responses to those examined here. For example, one of the
alternatively spliced domains in FN, IIICS, is cryptic in FN
but is exposed when FN is cleaved by proteases.5,55 Subse-
quently, cleavage leads to exposure of binding sites for a4b1

integrins which then modulate cell adhesion and FN produc-
tion.56,57 Thus, the choice of PEGylation of HPFN over cel-
lular FN was due to the fact that it has less variability and
was subsequently easier to study.

The wound environment is complex and it involves multi-
ple players. By developing a simple model herein, we dem-
onstrate how FN can be stabilized without perturbing its
activity. Some of the simplifications made in this study are
justified as follows: (1) The protease a chymotrypsin was
selected due to ease of accessibility and because its cleavage
of FN in solution has been demonstrated49,58,59 and neutro-
phil elastase was selected because it is elevated in chronic
wounds . Both a chymotrypsin and neutrophil elastase are
members of the of serine proteases family of enzymes which
are elevated in the chronic wound bed.2,3 (2) HPFN was
used because it is incorporated in the wound bed ECM22–24

and is easy to isolate. (3) Fibroblasts are a relevant model
system because during wound healing they migrate from the
surrounding tissue, attach to the wound bed, and assemble
an ECM.15,60,61 (4) PEGDA was selected over PEG methac-
rylate for PEGylation due to ease of synthesis and characteri-
zation. Studies have shown that factors such as the site at

which the PEG molecule is grafted to the protein, the chem-
istry of attachment, the size of the PEG molecule and
branching in PEG may impact protein stability and
function.62,63 Given the numerous possibilities present, our
strategy of targeting cysteine residues and leaving more than
two-thirds of FN unperturbed, helps in narrowing the design
space for future studies in this area.

Our study demonstrates that FN can be stabilized against
proteolytic degradation by PEGylation and that PEGylated
FN supports cell adhesion. We also show that PEGylated FN
in culture media is assembled into FN fibrils. Our method
provides an avenue by which systematic variation of PEGy-
lation can be used to modulate proteolytic stability and func-
tional activity. This will in turn open the door to therapeutic
applications of stable and bioactive forms of FN in the
chronic wound bed.
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