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Calvarial Bone Regeneration Is Enhanced by Sequential
Delivery of FGF-2 and BMP-2 from Layer-by-Layer Coatings
with a Biomimetic Calcium Phosphate Barrier Layer

Gloria Gronowicz, PhD; Emily Jacobs, PhD? Tao Peng, MD, PhD? Li Zhu, MD?
Marja Hurley, MD? and Liisa T. Kuhn, PhD?

A drug delivery coating for synthetic bone grafts has been developed to provide sequential delivery of multiple
osteoinductive factors to better mimic aspects of the natural regenerative process. The coating is composed of a
biomimetic calcium phosphate (bCaP) layer that is applied to a synthetic bone graft and then covered with a poly-
L-Lysine/poly-L-Glutamic acid polyelectrolyte multilayer (PEM) film. Bone morphogenetic protein-2 (BMP-2)
was applied before the coating process directly on the synthetic bone graft and then, bCaP-PEM was deposited
followed by adsorption of fibroblast growth factor-2 (FGF-2) into the PEM layer. Cells access the FGF-2
immediately, while the bCaP-PEM temporally delays the cell access to BMP-2. In vitro studies with cells derived
from mouse calvarial bones demonstrated that Sca-1 and CD-166 positive osteoblast progenitor cells proliferated
in response to media dosing with FGF-2. Coated scaffolds with BMP-2 and FGF-2 were implanted in mouse
calvarial bone defects and harvested at 1 and 3 weeks. After 1 week in vivo, proliferation of cells, including Sca-
1+ progenitors, was observed with low dose FGF-2 and BMP-2 compared to BMP-2 alone, indicating that
in vivo delivery of FGF-2 activated a similar population of cells as shown by in vitro testing. At 3 weeks, FGF-2
and BMP-2 delivery increased bone formation more than BMP-2 alone, particularly in the center of the defect,
confirming that the proliferation of the Sca-1 positive osteoprogenitors by FGF-2 was associated with increased
bone healing. Areas of bone mineralization were positive for double fluorochrome labeling of calcium and
alkaline phosphatase staining of osteoblasts, along with increased TRAP+ osteoclasts, demonstrating active
bone formation distinct from the bone-like collagen/hydroxyapatite scaffold. In conclusion, the addition of a
bCaP layer to PEM delayed access to BMP-2 and allowed the FGF-2 stimulated progenitors to populate the
scaffold before differentiating in response to BMP-2, leading to improved bone defect healing.

Keywords: calcium phosphate, fibroblast growth factor-2, bone morphogenetic protein-2, bone tissue engi-
neering, polyelectrolyte multilayer

Introduction wound healing/infection, bone, cartilage, muscle, teeth, and

cancer, and have shown some efficacy both in vitro'™ and

THE NATURAL PROCESSES of tissue development or tissue
repair involve the sequential synthesis, secretion, and
assembly of different matrix components, growth factors, and
other proteins to guide cell migration, proliferation, differ-
entiation, and eventually cell death. Combinations of growth
factors that aid different steps of regeneration are thus an-
ticipated to synergistically enhance tissue regeneration. Sev-
eral different types of delivery systems for multiple growth
factors have been developed as potential therapeutics for

in vivo®8; however, their success has been limited.

For some combinations of molecules, solution spiking
experiment has shown that there is a need for sequential,
rather than codelivery of growth factors from biomaterials to
avoid conflicting cell signals.” Many of the drug delivery
systems developed thus far, including microspheres,' nano-
particles,” and hydrogels,” result in codelivery profiles when
multiple biomolecules are delivered. Natural biological
processes involve the temporal presentation of factors in a
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sequential and carefully controlled manner by cells. Thus,
there is need for a drug delivery system that enables se-
quential delivery of multiple growth factors.

Fibroblast growth factor-2 (FGF-2) and bone morphoge-
netic protein-2 (BMP-2) are two molecules that are best de-
livered to cells sequentially due to the differing biologic
activities of these two factors.” The FGF family of growth
factors consists of 22 members and FGF-2 has been studied
primarily in bone.”'® FGF-2 stimulates osteoprogenitor cell
proliferation'' and plays an important role in maintaining
bone mass.'> When FGE-2 is present at high doses or con-
tinuously during bone healing, it inhibits bone formation.'!!?

FGF-2 was selected for these studies because of its syn-
ergistic effects when used with BMP-2. FGF-2 increases
BMP-2 sensitivity of osteoprogenitor cells by upregulating
BMP-2 receptor expression and BMP-2 levels.'*'* Recently,
low concentrations of BMP-2 were able to enhance calvarial
bone defect repair in transgenic mice overexpressing FGF-
2,5 further confirming that FGF-2 can augment BMP-2-
induced bone repair. We reasoned that delivery of FGF-2
initially to stimulate osteoprogenitor proliferation may pre-
clude the use of a high dose of BMP for bone regeneration.'®
BMP-2 is anabolic for bone formation, but clinical studies
have shown that high doses of BMP-2 can cause inflamma-
tion, ectopic bone formation, osteolysis, seroma formation,
and possible increase in the risk of malignancy'”'®; thus,
there is a need to increase efficacy of lower doses of BMP-2.

Our studies in young mice using a codelivery biomaterials
system (polyethylene glycol hydrogel on a collagen/hy-
droxyapatite scaffold) for FGF-2 and BMP-2 failed to show
a synergistic effect from the two molecules,"® leading us to
develop a sequential delivery system for FGF-2 and BMP-2.
We have recently reported that a poly-L-Lysine/poly-L-
Glutamic acid polyelectrolyte multilayer (PEM) film de-
posited above a biomimetic calcium phosphate (bCaP) layer
enables sequential delivery of multiple factors.”* PEM is a
layer-by-layer buildup of oppositely charged polyelectro-
lytes, a polyanion (—) and polycation (+), to form a thin film
that acts as a reservoir to retain bioactivity of electrostati-
cally adsorbed molecules.?’

PEM films were first introduced 20 years ago for bio-
medical applications to functionalize surfaces and render
them more biomimetic.”*** Single bioactive growth factors
have been successfully delivered from PEM systems, in-
cluding osteogenic factors, such as FGF-2, BMP-2, and
transforming growth factor beta 1, without the loss of bioac-
tivity.®?*=° During the layer-by-layer buildup, the molecules
of a PEM film rearrange and thus, incorporated bioactive
molecules will also rearrange and get relocated throughout the
PEM film.*' The mixing of the bioactive molecules in PEM-
only coatings makes sequential delivery not possible.

The lack of temporal separation of biomolecules in PEM
was successfully overcome by the addition of a bCaP barrier
layer to the PEM design.20 A delayed access for 3 days was
observed in an in vitro cell culture system, but it was un-
known if the bCaP-PEM coating could be applied to three-
dimensional (3D) scaffolds and function to deliver multiple
factors in vivo. In this work, we show the benefit of se-
quential delivery from the bCaP-PEM delivery system on
in vivo bone formation in adult mice when used to deliver
FGF-2 followed by BMP-2 in a critical-sized defect mouse
model of bone healing.
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Materials and Methods
Cell culture

Mouse mesenchyme-derived progenitor cells were obtained
from the femurs of CD1 female mice (3—4 months old) pur-
chased from Jackson Laboratory (Bar Harbor, ME) as described
previously.? Briefly, aseptically harvested femoral diaphyses
that had epiphyses removed and marrow flushed out were
chopped into 1 mm? fragments, washed, exposed to collagenase
IT (Invitrogen) for 1.5h and then washed and seeded into a
100 mm culture dish, and incubated at 37°C in 5% CO,. Bone
chips were initially cultured in Dulbecco’s modified Eagle
medium (DMEM) (Cat#11995; Gibco) supplemented with
10% FBS (Gibco/Invitrogen, Rockville, MD), 100 U/mL of
penicillin-G (Sigma-Aldrich, St. Louis, MO), and 100 mg/mL
of streptomycin (Sigma-Aldrich) and replaced twice per week.

After 12—14 days, the cells growing out from the bone
fragments reached near confluence and were used for ex-
periments at passage 1. NIH3T3 mouse embryonic fibroblast
cells were obtained from American Type Culture Collection
(ATTC, CRL-1658, Manassas, VA) and cultured in the same
media as the primary cells. At ~80% confluency, both types
of cells were trypsinized with 0.25% trypsin and 0.1% EDTA
(Gibco) in phosphate-buffered saline (PBS), centrifuged, re-
suspended, and seeded at 10,000/(:m2 in 100 mm dishes for
experiments with FGF-2.

Ratios of heat-inactivated FBS (hiFBS) and non-hiFBS
were tested to determine conditions that supported cell pro-
liferation as measured by Alamar Blue, while providing
minimal background effects to evaluate effects of FGF-2
addition to the cultures. A total of 10% serum in DMEM
medium with antibiotics was used and the effects of 10%,
9%, 8%, 6%, and 5% hiFBS on cell viability were tested. Cell
viability was negatively affected with more than 8% hiFBS
and the addition of 2% non-hiFBS did not obscure effects on
cells from FGF-2 (data available upon request); thus, this
ratio of hiFBS:FBS was selected for the studies shown here.

Carrier-free FGF-2 (Cat#233-FB/CF; R&D Systems,
Minneapolis, MN) or vehicle was spiked into the medium
(S pL of working stock diluted from 100 pg/mL in 0.1%
BSA in saline) on day 1, 3, and 5. FGF-2 doses of 0, 0.0016,
0.016, or 0.16 ng/mL were used. Cells were harvested on
day 7 for flow cytometry studies.

Fluorescence-activated cell sorting

Cells were trypsinized and washed in PBS containing
0.2% bovine serum albumin and 0.1% NaNj. Aliquots
containing 10° cells were incubated with 100 pL of appro-
priately diluted antibodies and isotype control antibody for
30min at 4°C in the dark. The surface antigen panel was
selected based on the literature for murine-derived mesen-
chymal stem cells.**** The following monoclonal antibodies
were used for cellular surface staining according to manu-
facturer’s protocols: CD11b (PerCP Cy5.5), CD31 (FITC),
and CD45 (Alexa Fluor 700) for hematopoietic cells and
CD29 (PE/Cy7), CD44 (Alexa Fluor647), CD166 (PE), and
Sca-1 (Pacific Blue) indicators of mesenchyme-derived
progenitor stem cells. Antibodies were purchased from
eBioscience and Biolegend (San Diego, CA).

Cells were fixed with 2% paraformaldehyde in PBS. Re-
lative fluorescence intensities were determined on a 4-decade
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log scale by flow cytometric analysis, using an LSRII (Becton
Dickinson, San Jose, CA). At least 1 to 300,000 cell events
were collected per sample. Analysis was carried out with
FlowJo software (Version7.6.5).

Preparation of biomimetic calcium
phosphate/polyelectrolyte multilayer-coated
collagen/hydroxyapatite scaffolds

Collagen/hydroxyapatite scaffold. A clinically used bone
graft substitute, Healos® (DePuy Synthes Spine, Raynham,
MA), was used as the base scaffold for these studies and was
obtained from the manufacturer as a sheet that was then cut to
size for the mouse experiments. Healos is a porous, fibrous
scaffold made of 70% collagen and 30% hydroxyapatite and
is nearly radiolucent allowing for discrimination of new bone
formation by microcomputed tomography (micro-CT). Using
a 3.5 mm biopsy punch (Integra Miltex, York, PA), scaffolds
were cut out of a sheet of Healos that had been trimmed to
1 mm thickness and then UV sterilized for 10 min on each
side before BMP-2 adsorption and deposition of the calcium
phosphate and PEM layers. This scaffold size was selected
since it is the same size as the mouse calvarial bone defect.

Application of BMP-2 and bCaP. BMP-2 (2 ng) (Biolog-
ics Corp., Indianapolis, IN) was applied to the porous
Healos scaffolds by pipetting 2 uLL of 1 mg/mL stock made
in PBS on each scaffold and allowing it to adsorb for 1h at
room temperature without drying completely. A two-step
SBF method®* was then used to deposit a carbonated apatite
layer over the BMP-2. As described previously, an amor-
phous CaP layer was first allowed to nucleate on the scaffold
by immersion in SBFx5 Solution A, which was then covered
by a uniform nanocrystalline bone-like carbonated apatite
layer by immersion in SBFx5 Solution B, and visualized by
scanning electron microscopy (SEM).**

The 3.5 mm diameter X | mm thick Healos scaffolds (up to
10) were added to 300 mL of SBFx5 Solution A in a beaker
equipped with a stir bar. The beaker was covered with plastic
film with 20-30 holes punched into it and placed on a stir plate
(~130rpms) in a 37°C oven. After ~24h, the beaker was
removed from the oven and sonicated (with scaffolds still in
reacted Solution A) for 10s to remove loosely bound crystals.
Scaffolds were transferred to another beaker containing 300 mL
of Solution B SBFx5.>* After 16 h with stirring in a 50°C oven,
scaffolds were sonicated in reacted Solution B for 10 s and then
rinsed thrice with saline before initiating PEM coating.

BMP-2 enzyme-linked immunosorbent assay (ELISA)
analysis of reacted Solution A and Solution B was used to
determine the BMP-2 dose on the scaffold. It was found that
~65% of total BMP-2 loading on scaffold was washed off
in the 300 mL volume of SBFx5 Solution A. The BMP-2
dose remaining on the bCaP-PEM scaffolds after bCaP de-
position was thus 0.7 pg.

Scanning electron microscopy. The uniformity and
morphology of the bCaP deposited on and within the porous
scaffolds after Solution A and Solution B precipitation were
characterized using SEM (JSM—5900LV; Jeol USA, Inc.,
Peabody, MA). After the coating process, the scaffolds
(N=3) were cut in half, allowing the examination of the
coating within the pores in cross-section. Previous charac-
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terizations of the mineral formed by this deposition process
had confirmed the reliable precipitation of a single phase of
carbonated apatite with a distinctive morphology®*>*; thus
X-ray spectroscopy and chemical composition were not re-
peated for this study, and SEM and micro-CT were only
used to confirm the bCaP coating throughout the scaffold.

Application of PEM and FGF-2. To form the layer-
by-layer PEM coating, the bCaP-coated scaffolds were
alternately immersed for 10 min in 300 pL of 1 mg/mL poly-
L-Glutamic acid or poly-L-Lysine solution in saline with three
saline rinses between. Loosely bound or unbound polyelec-
trolytes must be completely rinsed out before changing to the
alternate polyelectrolyte solution to maintain the layer-by-
layer buildup and avoid particulate precipitation. Simple
immersion in saline was not adequate for the electrolyte so-
lution to be rinsed out of the pores deep within the scaffold;
thus a centrifuge step was employed to remove the PEM so-
lutions from the pores between each solution change.

The scaffold was placed in a 1.5 mL centrifuge tube with
a 0.65 pm filter-membrane insert (Cat# UFC40DV25; EMD
Millipore, Billerica, MA). These microcentrifuge tubes are
made up of two compartments separated by a membrane.
This allows the sample to rest on the filter insert submerged
in electrolyte or rinse solutions until tubes are centrifuged
for ~10s at 1000rpm. Centrifugation forces the excess
solution out of the pores of the scaffold and through the
membrane, leaving the scaffold ready for the next solution
immersion. This procedure was repeated until 30 bilayers of
PEM were adsorbed (1 bilayer = PLGlut+PLLys). The bCaP
barrier and number of PEM bilayers were selected based on
previous in vitro data showing that PEM with a bCaP barrier
layer enabled sequential delivery of multiple factors.*

After PEM application, a 100 pg/mL frozen stock of FGF-
2 was diluted with saline without BSA to a 5 pg/mL working
stock and 2 pLL (10 ng) was applied to each scaffold that had
been spun nearly dry by centrifugation in the filter tubes and
allowed to bind for 1h, while sealed at room temperature.
The scaffold was then put in 300 uL DMEM (Cat# 11995;
Gibco/Invitrogen) for 1h and then centrifuged in the filter
tubes just before implantation to remove the DMEM. The
absence of BSA in the FGF-2 solution was critical to increase
the binding affinity of FGF-2 to the charged polyelectrolyte
components in PEM. Enzyme-linked immunosorbent assay
(human FGF-2 ELISA; R&D Systems, Minneapolis, MN)
measurements of the DMEM rinse solution were used to
determine FGF-2 dose remaining on the scaffold and was
found to be 50% or 5ng. The thickness of the bCaP-PEM
layer is ~ 16.3+2.2 um based on our previous publication.*”

In vivo osteogenesis assays with a mouse
calvarial defect model

All animal experimental procedures were approved by the
Animal Care and Use Committee of UConn Health Center,
Farmington, CT, before initiating animal studies. Transgenic
Type I collagen female reporter mice at 4—7 months of age
(with a CD1 background and Col 3.6-cyan fluorescence)®”
were bred in-house and used for the bone regeneration
studies due to their enhanced capability for identifying bone
formation. Mice in this age range were used because they
are considered skeletally mature.*®
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Mice were anesthetized with 90 mg/kg ketamine and
9 mg/kg xylazine through intraperitoneal injection. In each
mouse, a single, critical-sized 3.5 mm diameter hole®” was
created in the center of one of the two parietal bones using a
trephine and avoiding cranial sutures, which can inhibit
bone formation. A coated scaffold with or without growth
factors was placed in the defect. The periosteum and sub-
cutaneous tissue were closed with sutures, followed by su-
turing the skin incision.

Mice were given 0.08 mg/kg buprenorphine through in-
tramuscular injection for pain management for 3 days post-
surgery. Mice were euthanized by asphyxiation with carbon
dioxide after 1 or 3 weeks postsurgery and calvarial bones
were harvested. The 1-week time point was selected to
evaluate early proliferative effects from FGF-2; therefore all
mice in these groups (N=3 mice/group) received peritoneal
cavity injections of 3 pg/g EdU (5-ethynyl-2-deoxyuridine,
a nucleoside analog of thymidine, Click-iT EAU imaging
kit, C10339; Invitrogen) 1 day before euthanasia.

Tissue sections were immunostained to detect Sca-1 and
CD166 positive cells, which are progenitor cell markers and
shown to be the primary cell population responding to FGF-
2 in our in vitro studies. All mice in the 3 week time point
groups received peritoneal cavity injections of 3 pg/g cal-
cein and alizarin complexone calcium labels before sacrifice
at 7 days and 1 day, respectively. For the calvarial defect
studies, four mice/group were used for test groups and five
mice were used for the negative control.

Tissue immunofluorescence staining

Calvarial bones were harvested and fixed in 10% neutral
buffered formalin solution at 4°C for 2-3 days and prepared
for cryohistological analysis, as described previously, to
determine if the newly formed bone was positive for Type I
collagen expression and a variety of immunostains associ-
ated with bone formation.*® Cross-sections were cut per-
pendicular to the plane of the bone surface and were
obtained from the center of the defect to best examine the
central area of the defect that is the most difficult to heal.
After a section was imaged for endogenous fluorescent
signals (scaffold and bone mineral calcium staining, and
Collagen Type I-cyan GFP-positive cells), the cover slide
was removed by brief soaking in PBS and then processed for
additional staining.

For alkaline phosphatase (AP) and tartrate-resistant acid
phosphatase (TRAP) staining, the sections were first stained
for the TRAP activity using ELF97 (E6589; Life Tech) as
the fluorescent substrate (yellow). The same slides were
placed again in PBS and then stained for the AP activity
using fast red substrate (#F8764-5G; Sigma-Aldrich,) and
DAPI (#D-1306; Mol Probes), and reimaged.

The TRAP signal was segmented with a filter optimized
for tetracycline (HQ409sp, 425dcxr, HQ555/30, set lot C-
104285; Chroma Technology Custom). The alizarin com-
plexone mineralization line was captured utilizing a TRITC
filter (49005ET; Chroma Technology), and FITC was cap-
tured with a YFP filter (49003; Chroma Technology). The
fluorescent images were captured by an AxioCam MRm
Rev.3 monochromatic camera, whereas the chromogenic
sections were recorded with a Hitachi HV-F202 brightfield
camera.
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For immunohistochemistry of progenitor cell markers Sca-
1 and CD-166, sections were incubated with primary anti-
body against CD166 (1:250, Cat#14-1661-81; eBiosicience)
and Sca-1 (1:250, catalog Cat#122501; Biolegend) overnight
at 4°C. Section were washed with PBS and a secondary an-
tibody anti-rat IgG TRITC (1:500, Cat#26-4826-82; eBio-
sicience) was added, and slides were incubated at room
temperature for 1h in a dark humidified chamber. Sections
were counterstained with DAPI and coverslipped with PBS
and glycerol. Images of a single section taken in the middle of
the defect were analyzed by ImageJ to determine percentage
of positive immunostained area relative to DAPL.

X-ray and micro-CT imaging

Mineralized bone volume within the retrieved calvarial
defect sites was quantified using conebeam microfocus
X-ray computed tomography (LCT40; ScancoMedical AG,
Bassersdorf, Switzerland) as described previously.'® Serial
tomographic images were acquired at 55kV and 145 pA,
collecting 1000 projections per rotation at 300 ms integra-
tion time on fixed tissue samples before decalcification for
histology. Three-dimensional 16-bit grayscale images were
reconstructed using standard convolution back-projection
algorithms with Shepp and Logan filtering, and rendered
within a 16.4 mm field of view at a discrete density of 244,141
voxels/mm?> (isometric 16-um voxels). Segmentation of bone
from scaffold and marrow and soft tissue was performed in
conjunction with a constrained Gaussian filter to reduce noise.

New bone was analyzed by selecting volumetric regions
manually by visual inspection of each two-dimensional (2D)
cross-section to include all new bone formation, whether it
formed within the circular defect space or grew from the
adjacent original calvarial bone surface. Calvarial bone
samples were X-rayed using a Faxitron MX-20 X-ray cab-
inet (Faxitron). Images were acquired using a 28 kV setting
for 4-s exposure at a distance of 20.9 cm from the source.
The images were then captured and stored using the Faxi-
tron DX software (version 1.00).

Statistics

For in vitro studies, analysis of variance (ANOVA) fol-
lowed by Newman—Keuls multiple comparison tests were
performed. At least three independent experiments from
different isolations of cells from bones, from at least three
mice were performed. The statistical analysis of the two
groups in the 1-week in vivo results was performed by un-
paired two-tailed Student #-test with p <0.05 considered sta-
tistically significant. The three in vivo 4-week samples were
analyzed by ANOVA followed by Tukey’s multiple com-
parisons test with significance set at p<0.05. Data are ex-
pressed as mean £ SD.

Results

As way to understand a possible mechanism of action of
FGF-2 on bone progenitor cells, in vitro studies with murine
bone chip outgrowth cells and NIH3T3 murine fibroblast
control cells were conducted in which FGF-2 was spiked
into the media. Fluorescence-activated cell sorting (FACS)
analysis for a panel of typical mesenchymal stem cell markers
was performed on day 0 (DO) and day 7 after 6 days of FGF-2
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TABLE 1. SURFACE MARKER ANALYSIS OF MESENCHYME-DERIVED PROGENITOR CELLS FROM MOUSE BONE
FRAGMENTS AND NIH3T3 FIBROBLASTS (3T3) BEFORE AND AFTER FGF-2 TREATMENT

Day and ng/mL FGF-2 Cell type CDI11b% CD31% CD45% CD29% CD44%
DO 0.0 MDPC 543+2.1 0.0 643+2.1 94.0+3.0 84.0t16.2
3T3 0.0 0.0 0.0 99.6+£0.2 27.7+£53
D7 0.0 MDPC 31.7t14.6 0.0 28.5£16.9 87.7+0.7 50.0+£26.3
3T3 0.0 0.0 0.0 >99.5 8.1+6.2
D7 0.0016 MDPC 322+16.5 0.0 29.7+17.7 91.7+2.6 50.0+26.3
3T3 0.0 0.0 0.0 >99.5 83+7.0
D7 0.016 MDPC 29.8+£12.5 0.0 28.6113.2 92.1t4.6 69.4+£23.7
3T3 0.0 0.0 0.0 >99.5 59168
D7 0.16 MDPC 27.0+£10.2 0.0 23.9+14.2 91.5+4.2 72.21+20.4
3T3 0.0 0.0 0.0 >99.5 15.2+9.3

FGF-2, fibroblast growth factor-2; MDPC, mesenchyme-derived progenitor cell.

exposure (Table 1). Neither cell type expressed the hemato-
poietic marker CD31 at the two time points tested. The
macrophage marker, CD11b, was expressed at 54% on DO in
the progenitor cells from mouse bone chips, but decreased to
32% by D7, while NIH3T3 fibroblasts did not express
CD11b. CD45, another hematopoietic cell marker, was also
positive in the bone chip cells, but negative in the NIH3T3
fibroblasts. The cells from mouse bone chips are primary cells
and hematopoietic cell contamination is unavoidable, yet can
be reduced with repeated cell culture passaging that was not
conducted in these studies.*

Regarding the murine MSC markers, CD29 was highly
expressed in both cell cultures. CD44 was 84% on DO in the
cells from mouse bone and remained at 50% or higher over
time. However, the NIH3T3 fibroblasts had 28% CD44 on
DO and this percentage decreased to 8% by D7. On DO, the
NIH3T3 fibroblasts also expressed a small percentage of
Sca-1 and CD166, 25.2% and 3.1%, respectively, which was
less than in the cell cultures derived from mouse bone,
30.0% and 12.4%, respectively (Fig. 1A, B).

When both cell types were stimulated with different con-
centrations of FGF-2, none of the hematopoietic or MSC
markers shown in Table 1 were affected significantly by
FGF-2 in cells from mouse bone or the NIH3T3 fibroblasts.
Varying doses of FGF-2 (0.0016, 0.016, or 0.16 ng/mL) had
no significant effect on CD166 and Sca-1 in NIH3T3 fibro-
blasts. However, the primary cells from mouse bone dem-
onstrated a significant dose-dependent increase in CD166 and
Sca-1 positive cells due to FGF-2 supplementation (Fig. 1A
and B, respectively).

In order for the bCaP barrier layer coating to be applied
uniformly within the pores of the commercially available
bone graft, it was necessary to stir each of the two simulated
body fluid solutions and allow the scaffolds to move freely
through the solution during bCaP deposition. The micro-CT
images and SEM images (Fig. 2) show successful deposition
of the coating throughout the scaffold. The scaffold density
increased uniformly after incubation in the SBFx5 solutions
relative to the as-received scaffold (Micro-CT images in
Fig. 2i vs. v). The SEM micrographs (Fig. 2B) show that the
porous fibrous structure of the scaffold is retained after bCaP
deposition and at the highest magnification, the presence of
the bCaP nanocrystalline coating is visible relative to the
control as-received sample (Fig. 2B-viii vs. iv).

To ensure PEM solutions uniformly coated the internal
pores of the bCaP-coated scaffolds, it was necessary to spin

out each solution at every step of the process by placing the
sample on a filter insert in a microcentrifuge tube.

Given the previously observed proliferative effects of
FGF-2 in vitro,” the proliferative effects of FGF-2 in vivo
when delivered from the bCaP-PEM coated scaffold with
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FIG. 1. Addition of FGF-2 to cultures of MDPCs from

mouse bone fragments and NIH3T3 mouse fibroblasts (3T3)
had different effects on Sca-1 and CD166 markers, as mea-
sured by flow cytometry analysis. (A) MDPC cultures had an
FGEF-2 dose-dependent increase in the expression of Sca-1 on
D7, compared to DO baseline and vehicle-treated D7 cultures.
3T3 cells did not respond to FGF-2 in a significant manner.
FGF-2 doses shown on graph legend are expressed in ng/mL.
**p<0.01. (B) MDPC exhibited an FGF-2 dose-dependent
increase in the expression of CD166 on D7, compared to DO
and vehicle-treated D7 cultures. 3T3 cells did not respond to
FGF-2 in a significant manner. FGF-2 doses expressed in
ng/mL. *¥p <0.01. FGF-2, fibroblast growth factor-2; MDPC,
mesenchyme-derived progenitor cell.
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FIG. 2. Micro-CT imaging and SEM confirm uniform coating of the collagen/hydroxyapatite scaffold by the bCaP
deposition method. (A) The as-received scaffold is nearly radiolucent and barely visible by Micro-CT (dotted lines outline
the scaffold), (i) while after bCaP coating, the scaffold became denser and radio-opaque throughout (v). (B) SEM images of
cross-sections of the scaffold at a variety of magnifications show that the porous structure is retained during bCaP deposition
(ii—viii). Fibers are present in as-received material (iii) and after bCaP coating (vii). The distinctive nanocrystalline structure
of the carbonated apatite layer formed by the bCaP simulated body fluid method can be seen in (viii) after the bCaP coating
process relative to uncoated scaffold (iv). bCaP, biomimetic calcium phosphate; micro-CT, microcomputed tomography;

SEM, scanning electron microscopy.

BMP-2 were evaluated at 1 week after implantation in the
mouse calvarial defect. Figure 3A shows a schematic of the
tissue cross-section taken through the calvarial bone defect
and scaffold that was studied. The box drawn around the
central defect area is the most difficult to heal and thus of
most interest. Figure 3B are images of the frozen histolog-
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ical sections labeled with DAPI and EDU, with a box indi-
cating the area of higher magnification shown in Figure 3C.
An increase in proliferating EdU-labeled cells was observed at
1 week in the center area of scaffolds with FGF-2 and BMP-2
relative to BMP-2 alone indicating successful delivery of
active FGF-2 from the bCaP-PEM coating (Fig. 3D).

FIG. 3. One-week evaluation of cell
proliferation resulting from in vivo
FGF-2 delivery by the bCaP-PEM
coated scaffold. (A) Schematic repre-
sentation of the 3.5 mm critical-sized
calvarial bone defect showing the his-
tological sectioning and central defect
region analyzed. (B) Fluorescence im-
ages of the entire calvarial defect
showing DAPI stained (blue) and EdU-
labeled (yellow) cells with white tri-
angles indicating original bone defect
edges. White box indicates area of

| higher magnification shown in (C). (C)

2 Higher magnification images show in-
creased EDU staining in scaffolds with
FGF-2 and BMP-2 compared to BMP-2
alone. (D) Quantified results from
Image J analysis of the histological
sections shown in (C). Scale bar=200
pm. BMP-2, bone morphogenetic
protein-2; PEM, polyelectrolyte multi-
layer. Color images available online at
www liebertpub.com/tea

FGF-2 + BMP-2
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To understand if the cells proliferating in response to FGF-2
delivery were the desired progenitor cells, immunohistoche-
mistry was conducted. There was a demonstrated increase
in Sca-1+ progenitor cells with FGF-2+BMP-2 compared
to BMP-2 alone (Fig. 4). While CD166+ progenitor cells
increased in vitro in response to FGF-2, positive CD166
staining was not observed in vivo at this dose of FGF-2
when delivered from the bCaP-PEM coated scaffolds.

The effects of FGF-2 and BMP-2 delivered from the
bCaP-PEM scaffold were evaluated at 3 weeks in the mouse
calvarial bone defect model. Examination of the freshly
excised tissue and radiographs combined with micro-CT
images qualitatively demonstrated increased bone formation
due to implantation of the sequential delivery system con-
taining both FGF-2 and BMP-2 relative to BMP-2 only or
scaffold alone (Fig. 5A). In addition, the 2D micro-CT
cross-sections show that more bone was formed in the center
of the defect when FGF-2 was present (Fig. 5A-iv). More
bone formation in the center of the scaffold also correlated
with the increased number of Sca-1+ cells in the center of
the scaffold (Fig. 4). Quantification of bone volume by
micro-CT shows a significant increase in total bone volume
with sequential delivery of FGF-2+BMP-2 in bone defects
compared to BMP-2 alone (Fig. 5B).

To distinguish true bone formation from the bone-like
calcium phosphate-coated scaffold, histological analysis
was conducted with a focus on verifying active osteoblast
deposition of bone using a combination of techniques. Ac-
tive bone mineralization was demonstrated by positive la-
beling with calcein (green) and alizarin complexone (red)
shown in Figure 6A, low magnification, and Figure 6B, high
magnification. Collagen reporter positive cells shown in
blue were found adjacent to the mineralization lines par-
ticularly in the BMP-2 and FGF-2+BMP-2 treated groups,
which had increased bone formation relative to the scaffold-
only control (Fig. 6B yellow arrows). The control scaffold
with vehicle alone did not stimulate bone healing as evi-
denced by a lack of Type I collagen reporter cells and
minimal calcium deposition (Fig. 6B first column).

The greatest new bone formation occurred in the FGF-
2+BMP-2 samples compared to controls of BMP-2 only and

FIG. 4. One-week im- A BMP-2
munostaining evaluation of
progenitor cell recruitment
from in vivo FGF-2 delivery
by the bCaP-PEM coated
scaffold. (A) Fluorescence im-
ages of DAPI (blue) and Sca-1
(red) stained cells in mouse
calvarial bone defects show
increased Sca-1 staining with
the addition of FGF-2 to BMP-
2 compared to BMP-2 alone.
(B) Graph showing quantified
results from Image J analysis
with significant increase of
Sca- 1+ progenitor cells com-
pared to BMP-2 alone in the
center of the scaffold. Color
images available online at
www.liebertpub.com/tea

DAPI + Sca-1

Sca-1
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scaffold without growth factors. The presence of new bone
in the implanted scaffold was further confirmed in the
nonfluorescent toluidine blue-stained sections (Fig. 6C). The
areas of active mineralization exhibited increased AP
staining, which indicates the presence of osteoblasts and
active bone formation (Fig. 6D). TRAP staining was most
intense in the areas adjacent to the original bone defect,
demonstrating active osteoclasts involved in bone and
scaffold resorption and bone remodeling (Fig. 6E).

Discussion

These studies with a novel bCaP-PEM coating capable
of sequential delivery applied to a commercially available
bone graft substitute demonstrate that FGF-2 delivery
followed by BMP-2 increases bone regeneration in adult
mouse calvarial bone defects more than delivery of BMP-
2 alone. Both the in vitro studies with mouse bone chip
outgrowth cells and the in vivo studies with this new
coating technology suggest that the main mechanism for
this anabolic effect is the early FGF-2-induced prolifera-
tion of a pool of osteoprogenitors, particularly Sca-1
positive cells.

FACS was used to characterize the in vitro cell cultures of
mouse bone chip outgrowth cells and their changes in re-
sponse to FGF-2. FGF-2 uniquely expanded the Sca-1 and
CD-166 positive populations in the in vitro cultures of the
bone chip outgrowth cells. In vivo, Sca-1+ labeled osteo-
progenitors were found to be more prevalent in the center of
the scaffold early in bone regeneration at 1 week when FGF-
2 was delivered with BMP-2 compared to scaffolds with
BMP-2 alone. This was followed by the observation of in-
creased bone formation in the center of the scaffold at 3
weeks, verifying the importance of the Sca-14 progenitors in
bone healing and the role of FGF-2 in stimulating bone
formation by proliferation of these cells.

The positive results obtained in this study were due to the
capacity of the bCaP coating to sequentially deliver the
factors and prevent concurrent release of FGF-2 and BMP-2.
Our previous in vivo calvarial defect studies'® demonstrated
that concurrent codelivery of 2 ug BMP-2 and 5ng FGF-2

FGF-2 + BMP-2

P=0.022
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0.204 |

0.154
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0.054

% Sca-1 Expression Area

BMP-2  FGF-2 + BMP-2
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FIG. 5. In vivo mouse calvarial bone defect repair at 3 weeks after implantation of bCaP-PEM coated collagen/

hydroxyapatite scaffolds treated with vehicle, BMP-2, and BMP-2 and FGF-2. (A) (i) Photographs of freshly excised
calvarial bones, (ii) radiographs, (iii) representative three-dimensional micro-CT reconstructions, and (iv) corre-
sponding two-dimensional micro-CT scans from which bone volume was determined. Examples of new bone formation
are circled. (B) Significant increases in new bone volume in the defect area were observed with BMP-2 and FGF-2
compared to BMP-2 only and control. Mean * standard deviation is plotted.

should be avoided because it did not increase bone forma-
tion in mice of a similar age to those used in this study. Our
previous in vitro studies also showed inhibition of osteo-
genesis from concurrent codelivery of FGF-2 and BMP-2 in
bone chip outgrowths from young mice.”

Other groups have also shown that codelivery of FGF-2
and BMP-2 from colloidal gelatin gels can have inhibitory
effects on in vivo bone formation when compared to BMP-2
alone.*® Nakamura et al. hypothesized that high-dose FGF-2
stimulated inhibitors of BMP-2 signaling (Smad 6) or stim-
ulated osteoclastogenesis that led to decreased bone forma-
tion or bone density.*' Inhibition of bone regeneration was
also seen when FGF-2 and BMP-2 were administered as
bolus injections without a biomaterial in a rat mandible de-
fect: codelivery of factors was significantly worse at inducing
bone apposition compared to BMP-2 alone, and was com-
parable to the control that was not treated with any growth
factors.*? In contrast, the sequential delivery of FGF-2 first
followed by BMP-2 when spiked into cell cultures has been
shown to result in an enhanced in vitfro osteogenesis over
codelivery or single factor delivery, providing a sufficiently
low dose of FGF-2 in the nanogram range used.”

The main challenge in achieving positive results in vivo
from FGF-2 and BMP-2 has been the lack of a delivery

system capable of sequential delivery of factors without an
initial partial low-dose delivery of the second factor at time
zero. Many reports about multifactor drug delivery systems
claim sequential delivery profiles, when upon closer exam-
ination, it can be seen that both factors are released si-
multaneously, but at different rates, 40> 46-49 Notably, Lei
et al>® developed sequential delivery core-shell micro-
spheres, in which FGF-2 and BMP-2 were encapsulated in
either the core or the shell. Their in vitro studies demon-
strated that the truly sequential delivery of first FGF-2 from
the shell and then BMP-2 from the core induced osteogenic
differentiation of human MSCs better than the growth fac-
tors delivered in parallel. This study has now shown in vivo
efficacy of a cell-free sequential delivery, bCaP-PEM sys-
tem, which stimulated endogenous cells.

The bCaP-PEM coating delivery system is very different
from polymeric systems such as the core-shell microspheres
that freely release the factors in easily measurable quanti-
ties. The ELISA release studies could not detect release of
BMP-2 from bCaP-PEM coatings into media, most likely
due to the fact that the bCaP coating process leads to wash-
off of 70% of the initially adsorbed BMP-2 and the PEM
process further washes off any weakly bound BMP-2. Fac-
tors adsorbed below the bCaP-PEM require direct cell
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BMP-2 + FGF-2

A Control — scaffold

FIG. 6. Histology images of the mouse calvarial bone defect after 3 weeks of scaffold implantation demonstrate new bone
formation distinct from the original collagen/hydroxyapatite scaffold and enhanced bone formation in the central defect area
with the addition of FGF-2 to BMP-2. (A) Low magnification images of the entire defect have a white box that indicates the
region shown at high magnification in the rows below. The white triangles indicate the original bone defect edges. Only the
FGF-2+BMP-2 group had new bone present in the center of the defect. Scale bar =200 pm. (B) Active bone mineralization
during the last week of implantation is shown by calcein green and alizarin red complex one staining in the groups with
BMP-2, but not the control scaffold. Blue cells present in the BMP-2 and FGF-2+BMP-2 group are matrix-producing
osteoblasts as indicated by positive cyan Type I collagen reporter expression and their location adjacent to freshly stained
mineral (yellow arrows). (C) Toluidine blue staining confirms typical histological features of bone (marked with an asterisk)
in the areas with active mineral and ALP staining in the BMP-2 and FGF-2+BMP-2 groups. (D) Alkaline phosphatase
staining, ALP (red), is a feature of matrix-producing osteoblasts and found in the BMP-2 and FGF-2 and BMP-2 groups.
Cell nuclei stained blue with DAPI. (E) Tartrate-resistant acid phosphatase (TRAP) staining, (yellow) reveals substantial
osteoclast activity near the original defect edges in the scaffold-only group and the BMP-2 only group. The bone formation
in the central area of the FGF-2 treated groups does not yet have TRAP staining at the same level of the BMP-2 group,
indicating it is newer and less mature. Scale bar=200 pm for all high magnification images. TRAP, tartrate-resistant acid
phosphatase. Color images available online at www.liebertpub.com/tea

interaction with the coating to get access to the factors. The
bCaP-PEM is thus a highly localized delivery system that is
ideal for delivery of factors with unwanted side effects when
delivered systemically such as BMP-2.

One challenge with the use of bCaP on a collagen/
hydroxyapatite (Healos) scaffold as a component of a de-
livery system for osteoinductive factors is distinguishing the
new bone formation from the scaffold due to the similarity of
bone mineral with the scaffold components. In this case, the
Type I collagen reporter mice™ are an ideal model system to
use since verification of osteoblastic cellular activity can
easily be accomplished. Furthermore, the use of an ALP
immunostain and TRAP staining provided additional verifi-

cation of the appropriate osteoblastic cellular activity in
addition to mineral deposition and Type I collagen reporter
expression. This rigorous combination of methods ensures
that new bone formation can be conclusively demonstrated
as a distinct entity from the bCaP scaffold material.

The in vitro studies compared responses of two different
cell types to FGF-2 to identify which markers to look for in
the in vivo studies. Surprisingly, the studies resulted in the
discovery that the bone progenitor cells derived from bone
chip outgrowths could be distinguished from fibroblasts by
their expression of CD44, Sca-1, and CD166, but not by
CD29, which was expressed by both cell types. Sca-1 has
been identified as a marker for stem cells and progenitor



BIOMIMETIC DELIVERY OF FGF-2 AND BMP-2 FOR BONE REGENERATION

cells,’! while CD166 or activated leukocyte cell adhesion

marker is a stem cell marker that has been relatively ignored
in the bone field since its initial identification in 1998.°% In
these studies, only the bone chip outgrowth cells responded to
FGF-2 stimulation by increasing Sca-1+ and CD166+ popu-
lations, not the fibroblasts. Given the confusion in the field
regarding how to distinguish a progenitor cell that can make
bone from a nonbone forming fibroblast,> testing respon-
siveness to FGF-2 through Sca-1 and CD166 may be a useful
strategy for others attempting to isolate a population of bone
progenitor cells.

Conclusion

The sequential delivery of multiple biological factors in
the order that mimics the natural biological process is an
emerging strategy to enhance osteogenesis and tissue re-
generation. The bCaP-PEM coating process is a system
that enables highly localized, sequential delivery of fac-
tors. The PEM layer serves as a reservoir for a biomolecule
like FGF-2 intended to provide an initial tissue regenera-
tion cue such as cell migration or proliferation. The bCaP
barrier layer blocks the premature release of a different
bioactive factor; such as BMP-2, adsorbed to the scaffold
intended to provide a secondary cue to cells during the
regenerative process.

This study shows that bCaP-PEM can be applied through-
out 3D porous scaffolds, clinically used for bone grafting. The
sequential FGF-2/BMP-2 delivery profile from the bCaP-PEM
coating was able to increase bone formation in adult mice.
This is an improvement over our previous work in which a
polyethylene glycol hydrogel layer that co-delivered FGF-2
and BMP-2 inhibited bone formation in adult mice."

The mechanism behind the enhanced bone formation
from FGF-2 and BMP-2 was investigated through in vitro
testing with bone chip outgrowth cells combined with flow
cytometric analysis and 1-week in vivo calvarial bone
implant retrievals. These studies revealed an osteopro-
genitor cell population responding to FGF-2 that was
mirrored in the in vivo studies and supported the hypothesis
that expansion of an osteoprogenitor pool of cells before
delivery of an osteoinductive agent is an important strategy
to maximize bone formation. To summarize, biomimetic
delivery of multiple growth factors through a biomaterial
coating creates a cell-instructive scaffold that is a strategic
approach for maximizing osteoinduction that avoids com-
plications of cell-based therapy. This versatile coating
technique can be used to test the impact of sequential de-
livery of a variety of combinations of factors to enhance
bone tissue regeneration.
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