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Abstract
Perlecan, a heparan sulfate proteoglycan, is widely distributed in developing and adult tissues and
plays multiple, important physiological roles. Studies with knockout mouse models indicate that
expression of perlecan and heparan sulfate is critical for proper skeletal morphogenesis. Heparan
sulfate chains bind and potentiate the activities of various growth factors such as fibroblast growth
factor 2 (FGF-2). Previous studies indicate that important biological activities are associated with
the heparan sulfate-bearing domain I of perlecan (PlnDI; French et al. J. Bone Miner. Res. 17, 48,
2002). In the present study, we have used recombinant, glycosaminoglycan-bearing PlnDI to
reconstitute three-dimensional scaffolds of collagen I. Collagen I fibrils bound PlnDI much better
than native collagen I monomers or heat-denatured collagen I preparations. Heparitinase digestion
demonstrated that recombinant PlnDI was substituted with heparan sulfate and that these heparan
sulfate chains were critically important not only for efficient integration of PlnDI into scaffolds, but
also for FGF-2 binding and retention. PlnDI-containing collagen I scaffolds to which FGF-2 was
bound sustained growth of both MG63, an osteoblastic cell line, and human bone marrow stromal
cells (hBMSCs) significantly better than scaffolds lacking either PlnDI or FGF-2. Collectively, these
studies demonstrate the utility of PlnDI in creating scaffolds that better mimic natural extracellular
matrices and better support key biological activities.

INTRODUCTION
THE EXTRACELLULAR MATRIX (ECM) consists of a complex mixture of proteins and glycoproteins serving
multiple functions.1,2 During tissue repair the ECM serves as a platform to supply growth
factors that modulate such diverse processes as angiogenesis, cell migration, cell proliferation,
cell differentiation, and wound healing.1-3 These characteristics of ECM provide opportunities
to improve biological activities of scaffolds used for tissue-engineering (TE) applications. The
development of new classes of biomaterials for TE has focused on the design of biomimetic
materials. In many cases, these materials utilize immobilized ECM components or peptide
sequences derived from biologically active sequences within ECM proteins in concert with the
basic materials.4,5 In addition, extensive studies have been performed to improve the design
strategies for TE scaffolds.5-8

Heparan sulfate proteoglycans (HSPGs) in ECM have a wide range of biological activities and
functions including modulation of cellular growth,2,3 development,9 angiogenesis,10,11 and
tissue regeneration.2,3,12 Perlecan (Pln) is an important HSPG expressed in many extracellular
matrices and basement membranes. Mutations in or genetic ablation of perlecan causes severe
defects in various developmental systems including the skeleton.13 Pln has a protein core of
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approximately 400 kDa and consists of five distinct domains.14 Domain I is unique to Pln and
contains three consensus SGD motifs that act as glycosaminoglycan (GAG) attachment
sites.15 Through GAG chains attached to domain I, Pln can function as a ligand reservoir for
storage and release of heparin-binding growth factors, such as fibroblast growth factor 2
(FGF-2) and vascular endothelial growth factor (VEGF), and also can protect these proteins
from inactivation by proteolytic digestion.16-19 Pln also functions as a coreceptor for
FGF-2,20,21 and regulates FGF activity in vitro and in vivo through its heparan sulfate (HS)
chains.19,21-23 HS chains support growth factor binding to HSPGs.3,5,21-23 The benefits of
including HS as a component of biomimetic materials are under study.4,5,7,8 These
observations, along with previous studies mapping important biological activities of Pln to
GAG-bearing domain I (PlnDI), suggest that inclusion of PlnDI is likely to improve biological
activities of TE scaffolds.

Collagen I is a major structural protein in ECM. Collagen I is secreted as procollagen, which
after proteolytic cleavage yields the triple-helical monomer composed of two α1 and one α2
chains.24,25 These monomers self-assemble in a regular staggered fashion into fibrils.24,25 It
has been shown that HSPGs and HS can bind to natural fibrils, under physiological salt and
pH conditions in vitro.26-28 In addition, HSPG and HS binding depends on the triple-helical
and fibrillar conformation of collagen I fibrils.28,29 Furthermore, HS and HSPG binding
requires a collagen structure that is optimal when collagen is in a fibrillar configuration.26,28

Thus, collagen I fibrils are ideal candidates with which to study the interaction with HS and
HSPG. Collagen I has been used as a natural material for TE scaffolds30; however, it frequently
has been used as a monomer8,31-34 and in denatured forms.35,36

Others have attempted to improve biological activity and growth factor delivery by TE
scaffolds by covalently attaching GAG and heparin to collagen I scaffolds, using chemical
procedures.31-34,37 We hypothesized that PlnDI would bind both FGF-2 and collagen I fibrils
in a self-assembling fashion. These complexes were predicted to promote binding and better
release of heparin-binding growth factors. In the present study, we used FGF-2 to assess such
growth factor binding and biological activity of a scaffold including various forms of collagen
type I and PlnDI. The results suggest that PlnDI used in conjunction with collagen I scaffolds
improves FGF-2 binding and better sustains cell growth than do collagen I scaffolds alone.

MATERIALS AND METHODS
Materials

Recombinant human FGF-basic (FGF-2) and biotinylated mouse anti-human FGF-2 antibody
were obtained from & Systems (Minneapolis, MN). Biotinylated rabbit anti-human FGF-2
antibody was purchased from Research Diagnostics (Flanders, NJ). Rabbit anti-FGF-2 was
obtained from Chemicon International (Temecula, CA). Rabbit anti-mouse PlnDI was a gift
from R. Timpl (Max-Planck-Institut für Biochemie, Martinsried, Germany). Collagen type I
solution (prepared from rat tail tendon, 3.6-10.9 mg/mL) in 0.02 N acetic acid was purchased
from BD Biosciences (Bedford, MA). Heparinases I, II, and III, chondroitinase AC,
dexamethasone, bovine serum albumin (BSA), Tween 20, and D-(+)-glucose were obtained
from Sigma-Aldrich (St. Louis, MO). L-Ascorbic acid-2-phosphate was purchased from Wako
Pure Chemical Industries (Japan). Protein quantitation assay reagent (Coomassie Plus-200
protein assay reagent), NeutrAvidin (horseradish peroxidase conjugated) (NA-HRP,
NeutrAvidin-HRP), 3,3′,5,5′tetramethylbenzidine (TMB, 1-Step Ultra TMB-ELISA),
Coomassie Plus-200 protein assay reagent, blocking buffer (SuperBlock blocking buffer), and
chemiluminescence substrate (SuperSignal West Dura extended duration substrate) were
purchased from Pierce Biotechnology (Rockford, IL).
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Methods
Preparation of recombinant perlecan domain I. Recombinant perlecan domain I (PlnDI) was
prepared as described previously,38 with some modification. Briefly, complementary DNA
(cDNA) encoding domain I of perlecan (amino acid residues 22-194) was inserted in frame
behind the leader sequence of the basement membrane protein, BM-40. This construct then
was inserted into the pCEP-Pu vector and stably transfected into 293 EBNA cells, according
to the manufacturer’s instructions (Invitrogen, Carlsbad, CA). Positive clones were selected
with puromycin (100 μg/mL) and the production of PlnDI by stable transfectants was verified
by indirect immunoflouresence employing perlecan domain I-specific antibodies, and by dot-
blot analysis of conditioned medium (see below).

To generate PlnDI-containing conditioned medium, clones expressing PlnDI were cultured in
Nunc cell factories (Nalge Nunc International, Naperville, IL). Serum-free conditioned
medium was collected every other day for 10 days, and stored at −20°C. After the filtration of
cell debris, the conditioned medium was concentrated and partially purified with a spiral-
wound membrane cartridge with a 10,000 molecular weight cutoff (Amicon, Beverly, MA).
The medium then was applied to a diethylaminoethyl (DEAE)-cellulose column (2.5 × 10 cm;
Bio-Rad, Hercules, CA), equilibrated with 0.05 M Tris-HCl (pH 8.6), 2 M urea, 0.25 M NaCl,
2.5 mM EDTA, 0.5 mM phenylmethylsulfonyl fluoride (PMSF), and 5 mM benzamidine. After
extensive washes with the equilibration buffer, PlnDI was eluted with 0.5 M NaCl, in 0.05 M
Tris-HCl (pH 8.6), 2 M urea, 2.5 mM EDTA, 0.5 mM PMSF, and 5 mM benzamidine. PlnDI
purity was assessed by NuPAGE gel electrophoretic analysis (4-12% [w/v] Bis-Tris with
morpholinoethanesulfonic acid [MES; Invitrogen]) according to the manufacturer’s
instructions, followed by Western blot analysis with PlnDI-specific antibodies.

FGF-2 binding to PlnDI. A dot-blotting format was used to determine whether PlnDI was
functionally active in binding FGF-2. Briefly, PlnDI was digested with chondroitinase AC or
heparinases I, II, and III for 4 h at 37°C. Three micrograms of undigested or digested PlnDI
was blotted onto nitrocellulose, and subsequently blocked with 5% (w/v) fat-free milk powder
in blocking buffer for 4 h at 4°C. After washing with blocking buffer, 100 ng of FGF-2 was
added to each well of the blotting apparatus and incubated for 4 h at room temperature. The
membrane then was removed from the blotting apparatus, and blocked with 3% (w/v) BSA in
blocking buffer for 4 h at 4°C, before incubation in biotinylated rabbit anti-FGF-2 antibody
(0.1 μg/mL) for 1 h at room temperature. After this incubation, the membrane was washed in
0.05% (v/v) Tween 20 in phosphate-buffered saline (PBS-T), and incubated with NA-HRP for
20 min at room temperature. After washing with PBS-T, the bound antibody was detected via
enhanced chemiluminescence. The binding of FGF-2 to PlnDI was evaluated by densitometry
and expressed as individual density values (IDVs).

PlnDl binding to collagen I fibrils. To monitor PlnDI binding to collagen I fibrils, the binding
assay was performed essentially as described previously26,39 with some modification. Briefly,
collagen I fibrils were generated by dialyzing a collagen type I solution (3.60 mg/mL) in 0.02
N acetic acid for 18 h against PBS at 4°C. PlnDI was biotinylated with sulfo-NHS-LC-biotin
[sulfosuccinimidyl-6-(biotinamido) hexanoate], using an EZ-Link Sulfo-NHS-LC-
Biotinylation kit (Pierce Biotechnology) according to the manufacturer’s instructions.

For the binding analysis, biotinylated PlnDI (3 μg), digested or undigested with heparinases I,
II, and III and/or chondroitinase AC, was added to a 200- μL solution of PBS containing 3%
(w/v) BSA and 20 μg of collagen I fibrils in a 500- μL polyethylene microcentrifuge tube and
then blocked with 3% (w/v) BSA for 1 h at room temperature. After a 2-h incubation with
biotinylated PlnDI at room temperature, collagen I fibrils were collected by centrifugation for
10 min at room temperature. To remove trapped biotinynated PlnDI from the collagen I fibrils,
pellets were resuspended in 200 μL of PBS by brief sonication on ice, and then centrifuged for
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5 min at 10,000 × g in a microcentrifuge. This wash step was repeated three times. Collagen I
fibrils then were resuspended and incubated with NA-HRP (1 μg/mL) in 200 μL of blocking
buffer for 40 min at room temperature. After washing with PBS, the pellets were reacted with
25 μL of TMB for 5-8 min. Two hundred microliters of solution was finally transferred to each
well of 96-well plate for optical density (OD) measurement at 450 nm.

FGF-2 binding to PlnDI-collagen fibril complexes. PlnDI (3 μg), undigested or digested with
heparinases I, II, and III, was bound to collagen I fibrils (20 μg) to form two different
complexes: digested PlnDI/collagen I (D-PF) and undigested PlnDI/collagen (PF) fibrils.
Collagen I fibrils alone (F), and collagen I fibrils digested (D-F) with heparinases I, II, and III,
were used as controls. D-PF, PF, D-F, and F then were incubated with 50 ng of FGF-2 in 200
μL of 3% (w/v) BSA for 2 h at room temperature. After washing, these samples were reacted
with biotinylated mouse anti-FGF-2 antibody (20 ng/mL) in 200 μL of 1% (w/v) BSA plus 2%
(v/v) heat-inactivated normal goat serum for 2 h at room temperature. After washing with PBS,
these samples then were incubated with NA-HRP (1 μg/mL) in 200 μL of blocking buffer for
40 min at room temperature, and pelleted by centrifugation. The pellets were reacted with TMB
followed by washing with PBS as described above. Two hundred microliters of solution was
transferred to each well of a 96-well plate for OD measurement at 450 nm.

• Fabrication of collagen I scaffolds and binding of PlnDI to scaffolds. Collagen I
scaffolds were prepared, employing three different forms of collagen I: collagen I
monomer, denatured collagen I fibrils, and collagen I fibrils. Each scaffold was made
as follows:

• Collagen I fibrils: 8 volumes of collagen I fibril suspension (10 mg/mL) and 2 volumes
of collagen I dispersion (10 mg/mL) in 0.02 N acetic acid were mixed on ice, and
diluted with PBS to 7 mg/mL of collagen I fibril suspension.

• Denatured collagen I fibrils: Collagen I fibrils (10 mg/mL) were denatured at 56°C
for 30 min, and then mixed with collagen I dispersion (10 mg/mL) in 0.02 N acetic
acid on ice, and diluted with PBS to 7 mg/mL of collagen I fibril suspension.

• Collagen I monomer: Collagen I dispersion in 0.02 N acetic acid (10.9 mg/mL) was
diluted with 0.02 N acetic acid to 7.0 mg/mL of collagen I dispersion.

After addition of D-(+)-glucose (9 mM) and deaeration of the suspension under vacuum to
remove entrapped air bubbles, 200 μL of each form of collagen I solution was poured into
individual polyethylene molds (Nunc-Immuno Modules; Nalge Nunc International) at -40°C
for 24 h and then lyophilized for 48 h. The scaffolds then were cross-linked as described
previously.40,41 The scaffolds were placed inside an ultraviolet (UV) cross-linking chamber
(Stratalinker 2400; Stratagene Cloning Systems, La Jolla, CA) for 3 h at a distance of 4.5 in.
from a bank of five UV bulbs with a primary emission at 254 nm.

For the PlnDI-binding assay, biotinylated PlnDI (3 μg), undigested or digested with heparinases
I, II, and III, was incubated with each scaffold in 200 μL of PBS for 2 h at room temperature,
after blocking with 3% (w/v) BSA in PBS for 1 h at room temperature. After washing
extensively with PBS, employing a Vortex mixer (Scientific Industries, Bohemia, NY), the
scaffolds were incubated with NA-HRP (1 μg/mL) in 3% BSA (w/v) in PBS for 40 min at
room temperature, and then reacted with TMB. The OD at 450 nm was determined as described
above.

FGF-2 binding to collagen I scaffolds. Collagen I fibrils were incubated with PlnDI at a ratio
of 30 μg of PlnDI to 10 mg of collagen I fibrils in 1 mL of PBS to form PF complex. After
washing with PBS extensively, the PF complex was used to prepare scaffolds (PF-scaffolds)
as described above. Natural fibrils of collagen I alone were used to prepare collagen I fibril
scaffolds (F-scaffolds). After treatment (or no treatment) with heparinase I, II, and III for 4 h,
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each scaffold was incubated with 50 ng of FGF-2 in 500 μL of PBS for 2 h after blocking with
3% (w/v) BSA in PBS. The binding of FGF-2 to PF- and F-scaffolds was detected with a
biotinylated anti-FGF-2 antibody (20 ng/mL) in 500 μL of 1% BSA (w/v) and 2% (v/v) heat-
inactivated normal goat serum in PBS for 2 h at room temperature, and finally reacted with
NA-HRP (1 μg/mL) in 3% (w/v) BSA in PBS for 40 min at room temperature, and then reacted
with TMB. The OD at 450 nm was determined as described above.

Immunolocalization of PlnDI and FGF-2 in collagen I scaffolds. Immunostaining was used to
demonstrate the distribution of PlnDI in PF-scaffolds, and the effect of PlnDI associated in PF-
scaffolds on immobilization of FGF-2. PF-scaffolds and F-scaffolds were produced as
described above. After blocking with 3% (w/v) BSA in PBS, each of the PF-scaffolds and F-
scaffolds was incubated with 50 ng of FGF-2 in 500 μL of 3% (w/v) BSA in PBS for 2 h. After
washing with PBS, the samples, PF-scaffolds and F-scaffolds, were fixed briefly in 4% (w/v)
paraformaldehyde in PBS for 30 min. After washing with PBS, the samples were embedded
in O.C.T. medium (Sakura Finetek, Torrance, CA), frozen on dry ice, and then sectioned in a
cryostat. Sixty-micron sections of the samples were mounted on gelatin-coated coverslips
blocked with DAKO serum-free protein block (DakoCytomation, Carpinteria, CA) and
incubated with antibodies specific for PlnDI (diluted 1:200) or FGF-2 (diluted 1:200) for 1 h
at 37°C. After washing with PBS, the sections were incubated with goat anti-rabbit IgG
conjugated with Alex Fluor 568 (Molecular Probes, Eugene, OR), diluted 1:50 in PBS, for 40
min at 37°C, and subsequently observed by confocal microscopy.

FGF-2 release. Dry collagen I scaffolds, PF-scaffolds, and F-scaffolds were loaded with 10
ng of FGF-2 in 5 μL of PBS and then incubated for 2 h at room temperature to form PF-scaffolds
preloaded with FGF-2 (PF/FGF-scaffolds) and F-scaffolds preloaded with FGF-2 (F/FGF-
scaffolds). Samples (PF/FGF-scaffolds and F/FGF-scaffolds) were transferred to release
medium (Dulbecco’s modified Eagle’s medium [DMEM] plus penicillin [100 U/mL] and
streptomycin [100 μg/mL]), and incubated in 4°C. The release medium was harvested at 1 h,
6 h, 12 h, 24 h, 3 days, 1 week, 2 weeks, and 4 weeks, and stored at -40°C. The content of
FGF-2 in the release medium was determined in a sandwich ELISA (Quantikine bFGF ELISA;
& Systems), according to the manufacturer’s instructions.

Digestion of collagen I scaffolds loaded with FGF-2. After blocking with 3% (w/v) BSA in
PBS, PF-scaffolds and F-scaffolds were incubated with FGF-2 (50 ng/mL) in 500 μL of PBS
to form PF/FGF-scaffolds and F/FGF-scaffolds, respectively. After washing extensively with
PBS in a Vortex mixer, PF/FGF-scaffolds and F/FGF-scaffolds were treated with heparinases
I, II, and III for 4 h at room temperature or left untreated. The content of FGF-2 in the
supernatant was measured in a sandwich ELISA (Quantikine bFGF ELISA; & Systems)
according to the manufacturer’s instructions.

MG63 and hBMSC proliferation on scaffolds. PF-scaffolds and F-scaffolds were incubated
with recombinant human FGF-2 (rhFGF-2, 10 ng/mL) in DMEM supplemented with 5% (v/
v) fetal calf serum (FCS) for 2 h at room temperature to form PF/FGF- and F/FGF-scaffolds,
respectively. After washing with PBS extensively, the scaffolds, PF/FGF, F/FGF, PF, and F,
were placed in 24-well tissue culture dishes containing an MG63 (American Type Culture
Collection [ATCC], Manassas, VA) cell suspension (2 × 105/mL) in DMEM supplemented
with 5% (v/v) FCS. The 24-well plates were shaken gently at intervals of 30-40 min for 4 h.
Cell-seeded scaffolds then were transferred to new 24-well plates and incubated in DMEM
containing 1% (v/v) FCS at 37°C in a humidified atmosphere of 95% air and 5% CO2. Culture
medium containing 1% (v/v) FCS was changed every 3 days. Cultures were harvested on days
1, 3, 6, 9, and 12. Human bone marrow stromal cells (hBMSCs) were isolated and expanded
as previously described.42,43 Briefly, human bone marrow aspirates were obtained from the
iliac crest of health adult human donors after obtaining informed consent, and were resuspended
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in DMEM supplemented with 10% (v/v) FCS. The hBMSCs were selected on the basis of their
ability to adhere to the tissue culture plastic; nonadherent hematopoietic cells were removed
during medium replacement. The hBMSCs were expanded in DMEM supplemented with 20%
(v/v) FCS and cultured at 37°C in a humidified atmosphere of 95% air and 5% CO2. These
cells from 80-90% confluent monolayers were expanded through four passages. Using the same
method applied for MG63 cells, hBMSCs (2 × 105/mL) in DMEM supplemented with 10%
(v/v) FCS were seeded onto scaffolds (PF/FGF, F/FGF, PF, and F). The seeded scaffolds then
were transferred to new 24-well plates and incubated in DMEM containing 10% (v/v) FCS,
10 nM dexamethasone, and ascorbate 2-phosphate (50 μg/mL) at 37°C in a humidified
atmosphere of 95% air and 5% CO2 for 15 days. Culture medium was changed every 3 days.
Cultures were terminated on days 1, 5, 10, and 15. Proliferation of MG63 cells and hBMSCs
was determined by immunodetection of bromodeoxyuridine (BrdU) incorporation (Cell
Proliferation ELISA Biotrak System; Amersham Biosciences, Piscataway, NJ), according to
the manufacturer’s instructions with minor modifications. Cells seeded on scaffolds were
labeled with BrdU, and then incubated with peroxidase-labeled anti-BrdU antibody. After
washing extensively with washing buffer in a Vortex mixer to remove excess anti-BrdU
antibody, the scaffolds were incubated with TMB substrate to produce a colored solution. In
addition, the TMB substrate reaction was monitored so that the OD450 value remained in the
linear range of detection. The same volume of TMB with the same reaction time was used for
scaffolds obtained at all collection points. After 200 μL of colored solution was transferred to
each well of a 96-well plate, BrdU incorporation was measured by absorbance at 450 nm.

RESULTS
Production, purification, and characterization of PlnDI

For PlnDI production, 293 EBNA clones expressing high amounts of PlnDI were selected and
seeded in Nunclon cell factories (Nalge Nunc International, Rochester, NY) under serum-free
conditions. Conditioned medium was collected every other day for 10 days, yielding 10 L of
medium. Finally, PlnDI (∼0.35 mg/L) was isolated by DEAE-cellulose chromatography and
eluted with an NaCl gradient. Purity was assessed by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) followed by Coomassie blue staining and Western blot
analyses (Fig. 1). Fully glycosylated PlnDI migrated as a diffuse band, with an Mr ranging
from 35,000 to 90,000, that stained poorly with Commassie blue (not shown) and reacted poorly
with antibodies directed against the core protein (Fig. 1, lane 1). In contrast, pretreatment with
he-parinases I, II, and III, to selectively cleave HS chains yielded a product that migrated at
approximately 35,000 with much improved immunoreactivity (Fig. 1, lane 2). Pretreatment
with chondroitinase AC, to selectively cleave chondroitin 4- and 6-sulfate chains, yielded two
major bands migrating at approximately 30,000 and 22,000 (Fig. 1, lane 3). Pretreatment with
both heparinases and chondroitinase AC yielded bands with similar sizes as observed with
either enzyme alone (Fig. 1, lane 4). To verify the biological activity of PlnDI in vitro, murine
mesenchymal cells (C3H10T1/2 cell line) were plated on tissue culture surfaces coated with
PlnDI as previously described.44,45 Within a few hours of plating, these cells began to aggregate
and formed dense prechondrogenic nodules as observed previously with intact Pln and PlnDI
obtained from other sources (data not shown). Thus, these PlnDI preparations were considered
to be appropriately decorated with glycosaminoglycan chains and biologically active.

FGF-2 binding to PlnDI
Dot-blot assays were employed to monitor FGF-2 binding to PlnDI. Briefly, PlnDI was
immobilized on nitrocellulose in its native form or after digestion with heparinases I, II, and
III or chondroitinase AC. Binding of FGF-2 to PlnDI was detected with FGF-2-specific
antibodies. Figure 2A and B shows a representative dot blot depicting FGF-2 binding to PlnDI.
No binding was observed to areas lacking PlnDI and digested with glycosaminoglycan lyases.
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In contrast, FGF-2 bound well to intact, chondroitinase AC-digested, but not heparinase-
digested, PlnDI. Figure 2C summarizes the densitometric analyses of these data. These results
demonstrate that FGF-2 binds well to PlnDI in an HS-dependent manner.

PlnDI binding to collagen I fibrils
Next, PlnDI binding to various collagen I forms was examined. The forms of collagen used
were collagen I fibrils and heat-denatured collagen I fibrils. Biotinylated PlnDI was used to
monitor binding in these assays. In suspension assays, biotinylated PlnDI bound well to
collagen I fibrils (Fig. 3A). Binding was not affected by predigestion of PlnDI with
chondroitinase AC (Fig. 3A), but was greatly reduced by predigestion with heparinases I, II,
and III. In solid-phase assays, the results were similar; however, wells coated with heat-
denatured collagen I fibrils did not bind biotinylated PlnDI (data not shown). Taken together,
these findings suggest that PlnDI binding to collagen I fibrils is HS dependent, and that collagen
conformation is also important.

FGF-2 binding to PlnDI associated with collagen I fibrils
Because PlnDI binding to both FGF-2 and collagen I fibrils was HS dependent, we determined
whether FGF-2 could bind to PlnDI when PlnDI was associated with collagen I fibrils. In this
experiment, PlnDI, either undigested or predigested with heparinases, was bound to collagen
I fibrils. Collagen I fibrils, undigested or digested with heparinases I, II, and III served as
controls. After blocking nonspecific protein binding, FGF-2 was incubated with each of these
preparations. Bound FGF-2 was detected with an anti-FGF-2 antibody. PlnDI-fibril complexes
bound significantly more FGF-2 (2 to 3-fold) than any of the other complexes (Fig. 3B) (p <
0.01). Dose-response studies demonstrated a molar ratio of FGF-2 to PlnDI binding of 1:44 at
saturating amounts of FGF-2 (data not shown). Similar to the results obtained for PlnDI binding
to collagen I fibrils, heparinase digestion of PlnDI markedly reduced binding. Collagen fibrils
alone bound significant amounts of FGF-2, but this did not appear to be HS dependent because
heparinase digestion of collagen fibrils had no effect on FGF-2 binding. Collectively, these
observations indicated that FGF-2 can bind to PlnDI-collagen I fibril complexes and that this
association is greatly improved or stabilized by the presence of HS chains.

Properties and binding capacity of collagen I scaffolds
Scaffolds prepared in these studies display a porous structure as described previously.46 An
immunohistochemical analysis was employed to compare the distribution of FGF-2 and PlnDI
binding in PF-scaffolds and F-scaffolds. As expected, PlnDI was not detected in F-scaffolds
(Fig. 4A). In contrast, PlnDI was distributed throughout PF-scaffolds (Fig. 4B). Staining of
PF-scaffolds and F-scaffolds incubated with FGF-2 with FGF-2 antibodies also suggested that
PF-scaffolds contained significantly more FGF-2 than did F-scaffolds and that FGF-2 was
distributed throughout the scaffold (Fig. 4C and D).

Subsequent experiments employing similarly treated scaffolds were carried out to analyze the
FGF-2-binding properties of PF-scaffolds after treatment with heparinases. As expected,
untreated PF-scaffolds immobilized more FGF-2 than did F-scaffolds (Fig. 5A) (p < 0.01).
Consistent with our previous observations, the binding of FGF-2 to PF-scaffolds after treatment
with heparinases was reduced to a level similar to that observed with F-scaffolds (Fig. 5A)
(p < 0.01). In contrast, heparinase digestion did not affect FGF-2 binding to F-scaffolds. Taken
together, these findings indicate that PlnDI stably associates with UV cross-linked collagen I
fibril scaffolds and greatly promotes HS-dependent FGF-2 binding.

To determine the effect of different collagen I forms on PlnDI binding, scaffolds were prepared
with collagen I monomer, denatured collagen I fibrils, or collagen I fibrils. Significantly more
biotinylated PlnDI bound to scaffolds prepared with collagen I fibrils than to scaffolds prepared
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with denatured collagen I fibrils or collagen I monomer (Fig. 5B) (p < 0.01). Monomer scaffolds
bound significantly more biotinylated PlnDI than did DF-scaffolds (Fig. 5B) (p < 0.01).
Nonetheless, scaffolds constructed of collagen I fibrils bound three to four times more PlnDI
than did monomer scaffolds. Pretreatment of PlnDI with heparinases greatly reduced binding
to collagen I fibril scaffolds (p < 0.01), but had no effect on binding to either collagen I monomer
or denatured collagen scaffolds. Collectively, these observations demonstrated that PlnDI
complexed best with scaffolds composed of collagen I fibrils and that HS was critically
important in stabilizing this interaction.

FGF-2 release
In addition to considering the FGF-2-binding capacity of these scaffolds we also examined the
stability of FGF-2 interaction. Scaffolds were loaded initially with 10 ng of FGF and release
from scaffolds was evaluated in vitro for up to 4 weeks (Fig. 6). An early burst of release was
observed with both scaffolds. Within 1 week 41 ± 2% (4.1 ± 0.2 ng) and 73 ± 4% (7.3 ± 0.4
ng) of FGF-2 were released from PF/FGF-scaffolds and F/FGF-scaffolds, respectively (Fig.
6). Nonetheless, the remaining FGF-2 associated with PF/FGF-scaffolds was more stable than
F/FGF scaffolds because only 48 ± 2% of FGF-2 was released from PF/FGF scaffolds, whereas
79 ± 3% of FGF-2 was released from F/FGF-scaffolds over the 4-week time course. Thus, even
after 4 weeks PF-scaffolds retained approximately 5 ng of FGF-2 whereas F-scaffolds retained
approximately 2 ng. It was concluded that PF/FGF-scaffolds would provide a more stable
reservoir of FGF-2 than would F/FGF-scaffolds.

To determine whether FGF-2 could be released from PF/FGF-scaffolds via enzymatic cleavage
of HS chains, PF/FGF-scaffolds were incubated with and without heparinases and FGF-2
release was determined by sandwich ELISA. As summarized in Fig. 7A, the results suggest
that heparinase treatment releases significantly more FGF-2 from PF/FGF-scaffolds relative
to PF/FGF-scaffolds not treated (Fig. 7A) (p < 0.01). F-scaffolds bind much lower amounts of
FGF-2 and release is not influenced by heparinase treatment (p > 0.05). We concluded that
heparinase treatment promoted FGF-2 release, presumably because of FGF-2 binding to HS
chains of PlnDI in association with collagen I scaffolds. Thus, degradation of HS chains might
provide a means to modulate FGF-2 release from PF/FGF-2 scaffolds in vivo.

PlnDI-containing scaffolds enhance rhFGF-2 activity
To determine the effects of rhFGF-2 bound to PlnDI associated with collagen I scaffolds on
cell proliferation, the human osteoblastic cell line MG63 and hBMSCs were used. BrdU
incorporation was measured as an index of cell proliferation. For MG63 cells, no significant
differences were observed through 6 days of culture; however by day 9, significant differences
were noted in BrdU incorporation for cells seeded on PF/FGF-scaffolds (Fig. 7B) (p < 0.01).
In addition, MG63 cells seeded on PF/FGF-scaffolds displayed the highest level of BrdU
incorporation compared with other kinds of scaffolds (PF-scaffolds, F/FGF-scaffolds, F-
scaffolds, and negative control) (p < 0.01) on days 9 and 12 (Fig. 7B) whereas the level of
BrdU incorporation by MG63 cells seeded on F-scaffolds was lower than on PF/FGF-, PF-,
and F/FGF-scaffolds (p < 0.01) on days 9 and 12 (Fig. 7B). In contrast, no significant
differences were detected between PF-scaffolds and F/FGF-scaffolds (p > 0.05) at all
observation times (Fig. 7B). For hBMSCs, no significant differences in BrdU incorporation
were detected among cells seeded on any of the scaffolds (p > 0.05) at day 1 (Fig. 8); however,
by day 5, a significant difference was noted between PF/FGF-scaffolds and F/FGF-scaffolds
(p < 0.01). The hBMSCs seeded on PF/FGF-scaffolds displayed the greatest BrdU
incorporation whereas the BrdU incorporation of hBMSCs seeded on F-scaffolds was modest
(Fig. 8). As was the case for MG63 cells, BrdU incorporation by hBMSCs seeded on PF-
scaffolds and F/FGF-scaffolds was similar on days 10 and 15 (Fig. 8) (p > 0.01). Therefore,
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PlnDI incorporation into collagen I scaffolds not only promoted the proliferation of both MG63
cells and hBMSCs in PF-scaffolds, but also enhanced FGF-2 activity.

DISCUSSION
Scaffolds used for TE should facilitate cell attachment and proliferation, and ultimately
promote differentiated cell functions.4,6,30,47 To improve biological activity of scaffolds, ECM
component utilization in TE devices provides one approach that might better promote
interactions between scaffolds and cells and potentially improve tissue morphology and
regeneration. The HSPG perlecan (Pln) influences biological processes by interacting with a
large number of physiologically important molecules. A key Pln function is its ability to interact
with growth factors, such as FGF-2, and to regulate their activities through its GAG chains
attached on domain I.19,21-23 The large size and complexity of Pln makes production and use
of the intact molecule impractical; however, the ability to conveniently prepare domain I
(PlnDI) with attached GAG chains coupled with the maintenance of key biological activities
in this portion of Pln9,38,44,48 makes this an attractive alternative for use in TE applications.

Recombinant PlnDI expressed in and purified from transfected 293 EBNA cells displayed large
size heterogeneity. Digestion with GAG lyases demonstrated that the PlnDI core protein
contained both HS and chondroitin sulfate, as seen in other expression systems.38 Pln regulates
FGF-2 activity in vitro19 and in vivo19,21 via HS chains on its domain I. Some studies indicate
that FGF-2 interacts with HS sequences consisting of a hexasaccharide containing 2-O-sulfated
iduronic acid and N-sulfated glucosamine.49 Furthermore, Pln isolated from different cell types
differs significantly in its ability to interact with FGF-2, apparently because of the difference
in HS sequences.50,51 We used a dot-blot assay to verify that FGF-2 could bind to the
recombinant PlnDI used in these studies. FGF-2 binding to PlnDI was both robust and HS
dependent.

Previous studies have demonstrated that HS and heparin interact with collagen I fibrils and
promote cell attachment27 and angiogenesis.28 HS binding to collagen I relies on an N-terminal
basic triple-helical domain and fibrillar configuration of collagen.26 Heat-denatured collagen
fibrils fail to interact with HS and heparin.26,28 In the present experiment, biotinylated PlnDI
was used to evaluate the binding to collagen I fibrils. The interaction between PlnDI and
collagen fibrils was observed both in suspension and solid-phase assays and was HS dependent
in both cases; however, denatured collagen I fibrils failed to interact with PlnDI in solid-phase
assays (data not shown). Consistent with this observation, we found that PlnDI bound to
scaffolds prepared with collagen I fibrils much better than to scaffolds prepared with denatured
collagen I fibrils. Scaffolds constructed with collagen I monomers bound significantly more
PlnDI than did scaffolds constructed with denatured collagen, but significantly less then
scaffolds constructed with collagen I fibril preparations. Thus, it appears that the fibrillar
configuration of collagen I and multiple binding sites, that is, increased avidity, for HS within
collagen I fibrils both contribute to optimal PlnDI binding and retention.

It was of interest to determine whether PlnDI-collagen I fibril complexes provide improved
systems for growth factor binding, retention, and delivery. To test this, we used FGF-2 as a
prototypical HS-binding growth factor. The results revealed that significantly more FGF-2
bound to complexes of PlnDI and collagen I fibrils than to collagen I fibrils alone. The markedly
reduced FGF-2 binding observed with heparinase-digested PlnDI-collagen I fibril complexes
demonstrates that HS is critical for this interaction. Whereas studies examining the HS
structural features required for FGF-2 binding are available,52,53 no studies are available for
HS binding to collagen I fibrils. Thus, it is not clear if there are distinct binding sites on HS
chains for FGF-2 and collagen I fibrils. We observed low, but significant, binding between
FGF-2 and collagen I fibrils when compared with negative controls, an interaction that is not
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reduced by pretreatment with heparinases. The mechanism involved in the interaction between
FGF-2 and collagen I fibrils is not clear.

Growth factors and their carriers are needed for engineered tissue and design of TE
scaffolds.54 TE scaffolds can be designed to mimic natural ECM in order to regulate local
concentrations of growth factors at application sites and to protect them from
proteolysis.5,47,54 In our experiment, PF-scaffolds immobilized significantly more FGF-2 than
did F-scaffolds. This suggests that PF-scaffolds can be efficient carriers not only for FGF-2
within scaffolds, but also potentially for other heparin-binding growth factors, for example,
VEGF, hepatocyte growth factor (HGF), platelet-derived growth factor (PDGF), and heparin-
binding epidermal growth factor (HB-EGF).55 In addition, FGF-2 binding to PF-scaffolds was
greatly reduced after pretreatment with heparinase. These results indicate that the HS chains
of PlnDI in PF-scaffolds are involved in the immobilization of FGF-2.

Controlled release of growth factors from scaffolds has been explored in tissue engineering to
improve angiogenesis of implants, cell proliferation, and tissue regeneration.8,37,47,54 For these
purposes, isolated GAGs have been immobilized covalently to collagen I scaffolds to sustain
FGF-2 release.8,37,47 In the present study, GAG-bearing PlnDI formed complexes with
collagen I fibrils by a self-assembly process. This allowed us to avoid the use of chemical
reagents to provide a more natural, and potentially more biocompatible, complex. Our results
show that PF-scaffolds sustain FGF-2 release more effectively than do F- or H-scaffolds.
Prolonged growth factor release may be especially beneficial for application in tissue
engineering, such as that of cartilage and bone, which require weeks to months for new tissue
formation.

Both extracellular heparanases and proteases potentially could promote FGF release from these
scaffolds.2,3,18,54 Heparanase releases FGF-2 from Pln and modulates the bioavailability of
FGF-2.16 Thus, it is reasoned that FGF-2 release from PF/FGF-scaffolds would be promoted
by endogenous heparanases after scaffolds are implanted in vivo, a process that would be
compatible with host wound-healing processes. To test this hypothesis, PF/FGF-scaffolds were
treated with heparinases in vitro. This resulted in much reduced FGF-2 retention by these
scaffolds. Therefore, it is proposed that FGF-2 release from PF/FGF-scaffolds would be
promoted by heparanases expressed by cells penetrating or surrounding these scaffolds in
vivo.

FGFs produce their mitogenic and angiogenic effects on target cells by signaling through cell
surface tyrosine kinase receptors. In addition, it is now generally recognized that HSPGs play
an important role in signaling by FGF family members apparently via interactions with both
FGFs and FGF receptors.20-22 Some studies have demonstrated that HS or heparin can enhance
the proliferation of certain cells, including endothelial cells37 and osteoblasts.56 MG63 cells
are an osteosarcoma cell line that has been used extensively as a model of osteoblast function
in the testing of biomaterials.44,57 In addition, hBMSCs derived from bone marrow are
attractive cell sources for engineered tissue constructs, such as bone and cartilage, and have
broad therapeutic potential.42,43 Therefore, both MG63 cells and hBMSCs were employed to
test the biological function of collagen scaffolds coated with PlnDI with or without FGF. PF/
FGF-scaffolds enhanced MG63 cell proliferation relative to other scaffolds tested on days 9
and 12 (Fig. 7B). In addition, hBMSC proliferation in PF/FGF-scaffolds was enhanced by days
5, 10, and 15 (Fig. 8). MG63 cell proliferation in PF-scaffolds was comparable to proliferation
in F/FGF-scaffolds on days 9 and 12 (p > 0.01; Fig. 7B). Similarly, hBMSC proliferation in
PF-scaffolds was not significantly different from the proliferation observed in F/FGF-scaffolds
by days 5, 10, and 15 (p > 0.01; Fig. 8). These observations suggest that PlnDI incorporated
into PF-scaffolds promotes the activity of heparin-binding growth factors in both an
osteoblastic cell line and primary cultures of bone marrow-derived cells. The increase in
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activity most likely reflects the ability of PlnDI to bind, concentrate, and retain the growth
factor at the material surface. When heparin-binding growth factors are produced by cells in
the scaffold, PlnDI also might serve to enhance autocrine/paracrine responses by concentrating
these molecules at the sites of production.
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FIG. 1.
Western blot of PlnDI. Expression of PlnDI in EBNA cells, purification, Western blotting, and
enzyme digestions were performed as described in Materials and Methods. Lane 1, undigested
PlnDI; lane 2, PlnDI digested with heparinases I, II, and III (HEPN); lane 3, PlnDI digested
with chondroitinase AC (CHON); lane 4, PlnDI digested with both HEPN and CHON; lanes
5-8, negative controls in which PlnDI was omitted. Numbers in the margin denote the migration
position of protein molecular weight markers (in kDa).
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FIG. 2.
Dot-blot analyses of FGF-2 binding to PlnDI. (A) Undigested PlnDI, and PlnDI digested with
heparinases I, II, and III (HEPN) or chondroitinase AC (CHON), were blotted in triplicate on
nitrocellulose membrane. (B) PBS, HEPN, and CHON only served as negative controls. FGF-2
binding was determined as described in Materials and Methods. (C) Bar graph summarizes
densitometric measurements performed on dot blot (A) above. Each bar indicates the mean ±
SD (n = 3).
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FIG. 3.
(A) PlnDI binding to collagen I fibrils. Binding of biotinylated PlnDI was determined as
described in Materials and Methods. The bar graph indicates means ± SD of triplicate
determinations of PlnDI, PlnDI digested with heparinases I, II, and III (HEPN), and PlnDI
digested with chondroitinase AC (CHON) to collagen I fibrils. Collagen I fibrils incubated in
PBS without binding interaction with PlnDI served as control. *p ± 0.01 relative to undigested
or chondroitinase-digested PlnDI. (B) FGF-2 binding to PlnDI associated with collagen I
fibrils. PlnDI and PlnDI digested with heparinases I, II, and III (HEPN) interact with collagen
I fibrils to form PF (PlnDI-fibrils) and D-PF (digested PlnDI-fibrils), respectively. These
complexes were used as matrices for FGF-2 binding. FGF-2 binding was determined by ELISA
as described in Materials and Methods. Each bar indicates the mean ± SD of triplicate
determinations.
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FIG. 4.
Immunofluorescence staining for PlnDI and FGF-2 located in collagen I scaffolds. PlnDI was
detected in scaffolds prepared with collagen I fibrils only (A and C) or PlnDI-collagen I fibril
complexes (B and D). Subsequently, these scaffolds were incubated with FGF-2, and binding
was detected by immunostaining with anti-Pln antibodies (A and B) or anti-FGF-2 antibodies
(C and D) as described in Materials and Methods.
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FIG. 5.
(A) PlnDI HS promote FGF-2 binding to PlnDI-collagen I fibril scaffolds. Collagen I fibril
scaffolds were prepared and complexed with (PF) or without (F) PlnDI as described in
Materials and Methods. Subsequently, the scaffolds were digested with heparinases as
indicated, followed by incubation with FGF-2 as described in Materials and Methods. FGF-2
binding was determined by ELISA as described in Materials and Methods. The bar graphs
indicate means ± SD of triplicate determinations in each case. (B) PlnDI binding to various
collagen I scaffolds. Binding of biotinylated PlnDI and collagen I scaffolds was determined as
described in Materials and Methods. Scaffolds were prepared with natural fibrils of collagen
I (F-scaffolds), collagen I monomers (M-scaffolds), or heat-denatured fibrils of collagen I (DF-
scaffolds). Subsequently, scaffolds were incubated with biotinylated PlnDI or biotinylated
PlnDI predigested with heparinases I, II, and III (HEPN) as indicated. The bar graphs indicate
means ± SD of triplicate determinations from a typical experiment.
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FIG. 6.
FGF-2 release from collagen I fibril scaffolds. Scaffolds constructed with collagen I fibrils and
complexed with (PF) or without (F) PlnDI were loaded with 10 ng of FGF-2 in 5 μL of PBS
to form F/FGF-scaffolds (○) and PF/FGF-scaffolds (•). FGF-loaded scaffolds then were
transferred to release medium (DMEM plus penicillin [100 U/mL] and streptomycin [100 μg/
mL]), and FGF-2 release was detected at the indicated times, using a sandwich ELISA as
described in Materials and Methods. The y axis refers to the percentage of 10 ng of FGF found
in the medium at each indicated time (e.g., 20% = 2 ng, 80% = 8 ng, etc.). The individual points
reflect means ± SD of triplicate determinations in each case.

YANG et al. Page 20

Tissue Eng. Author manuscript; available in PMC 2006 November 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIG. 7.
(A) Heparinase release of FGF-2 from collagen I scaffolds. Collagen I fibril scaffolds
complexed without (F) or with (PF) PlnDI were constructed and nonspecific protein-binding
sites were blocked with BSA as described in Materials and Methods. FGF-2 bound and released
was evaluated after treatment with or without heparinases I, II, and III (HEPN) as indicated.
PBS and F/FGF-scaffolds were treated with HEPN. PF-scaffolds and F-scaffolds not
preincubated with FGF-2 were used as negative controls. FGF-2 released to the medium was
detected in a sandwich ELISA as described in Materials and Methods. The bar graphs reflect
means ± SD of triplicate determinations in a typical experiment. (B) MG63 cell proliferation
in collagen I scaffolds. Scaffolds were formed with collagen I fibrils only (F) or in conjunction
with PlnDI (PF) and subsequently complexed without or with FGF-2 (FGF) as described in
Materials and Methods. These scaffolds then were seeded with MG63 cell suspensions (2 ×
105/mL) in DMEM supplemented with 5% (v/v) FCS. Cell-seeded scaffolds were transferred
to 24-well plates and incubated in DMEM containing 1% (v/v) FCS. Collagen I scaffolds
without cells were used as negative control. Scaffolds were collected at the indicated times
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postseeding and cell proliferation was determined by BrdU incorporation assay. The results
reflect means ± SD of triplicate determinations in each case.
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FIG. 8.
hBMSC proliferation in PlnDI-coated collagen I scaffolds. hBMSCs derived from human bone
marrow were expanded as described in Materials and Methods. Collagen I fibril scaffolds were
seeded with an hBMSC suspension (2 ×105/mL) in DMEM supplemented with 10% (v/v) FCS.
Cell-seeded scaffolds then were cultured as described in Materials and Methods. Cell-free
collagen I scaffolds served as a negative control. Scaffolds were collected on the indicated days
postseeding and cell proliferation was determined by BrdU incorporation assay as described
in Materials and Methods. The results reflect means ± SD of triplicate determinations in each
case.

YANG et al. Page 23

Tissue Eng. Author manuscript; available in PMC 2006 November 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


