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Abstract

Non-healing bone defects present tremendous socioeconomic costs. Although successful in some
clinical settings, bone morphogenetic protein (BMP) therapies require supraphysiological dose
delivery for bone repair, raising treatment costs and risks of complications. We engineered a
protease-degradable poly(ethylene glycol) (PEG) synthetic hydrogel functionalized with a triple
helical, a2p1 integrin-specific peptide (GFOGER) as a BMP-2 delivery vehicle. GFOGER-
functionalized hydrogels lacking BMP-2 directed human stem cell differentiation and produced
significant enhancements in bone repair within a critical-sized bone defect compared to RGD
hydrogels or empty defects. GFOGER functionalization was crucial to the BMP-2-dependent
healing response. Importantly, these engineered hydrogels outperformed the current clinical
carrier in repairing non-healing bone defects at low BMP-2 doses. GFOGER hydrogels provided
sustained in vivo release of encapsulated BMP-2, increased osteoprogenitor localization in the
defect site, enhanced bone formation and induced defect bridging and mechanically robust healing
at low BMP-2 doses which stimulated almost no bone regeneration when delivered from collagen
sponges. These findings demonstrate that GFOGER hydrogels promote bone regeneration in
challenging defects with low delivered BMP-2 doses and represent an effective delivery vehicle
for protein therapeutics with translational potential.
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Introduction

Over 1 million bone grafting, bone excision and fracture repair surgeries are performed
annually in the US at a cost of approximately $5 billion [1-4]. While autografts are the gold
standard therapy for non-healing bone defects, these grafts are limited by low availability as
well as donor site pain and inflammation [5]. More recently, bone morphogenetic protein
(BMP) therapies have emerged as promising alternatives to autografts and allografts. While
BMP therapy has been successful in stimulating bone repair, the BMP doses used clinically
are orders of magnitude higher [6] than physiological concentrations of BMP, resulting in
high costs of treatment and complications such as ectopic bone formation, nerve injuries and
inflammation [5, 7, 8, 9, 10]. Therefore, there is an unmet clinical need for improved BMP
delivery vehicles which promote bone healing at low delivered BMP doses to enable safe,
cost-effective and efficacious BMP treatments.

Hydrogels, water-swollen cross-linked polymer networks, offer tremendous advantages as
vehicles for protein delivery due to their high cytocompatibility, low inflammatory profile,
tailorable mechanics and biofunctionality, and injectable delivery method [11-13]. In
particular, poly(ethylene glycol) (PEG) hydrogels are attractive because they resist non-
specific protein adsorption, providing a ‘clean-slate’ background onto which desired
biofunctionalities may be incorporated [14]. In addition, PEGs are widely used in FDA-
approved therapeutic products as covalent modifiers of proteins and lipids [15], indicating a
history of safety in patients. This has led to increasing research interest in delivering protein
therapeutics such as BMP-2 and BMP-7 from synthetic and natural hydrogels to improve
bone healing [16-19].

We have recently established PEG hydrogels cross-linked via maleimide groups as an
alternative cross-linking chemistry to address limitations associated with other widely used
PEG hydrogel polymerization chemistries such as free-radical polymerization [20]. The
maleimide reactive group is extensively used in peptide bioconjugate chemistry because of
its fast reaction kinetics and high specificity for thiols at physiological pH. Maleimide-based
cross-linking of PEG hydrogels has significant advantages over other cross-linking
chemistries, namely well-defined hydrogel structure, stoichiometric incorporation of
bioligands, increased cytocompatibility, improved cross-linking efficiency, and reaction
time scales appropriate for in situ gelation for in vivo applications [20]. Additionally, the
base macromer exhibits minimal toxicity and inflammation in vivo and is rapidly excreted
via the urine [21] — important considerations in establishing the safety and translational
potential of these hydrogels.

A critical consideration in the design of protein delivery systems for regenerative medicine
is the incorporation of extracellular matrix (ECM)-mimetic adhesive ligands. Many
orthopaedic biomaterials utilize ECM-inspired peptides which promote integrin-ECM
interactions to direct desired host cell responses [16, 22, 23] as these interactions regulate
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cell survival, proliferation, migration and differentiation [24-26]. In particular, the
interaction of a2f1 integrin with collagen I is a crucial signal for osteoblastic differentiation
and mineralization [27-32]. The hexapeptide sequence Gly-Phe-Hyp-Gly-Glu-Arg
(GFOGER), residues 502-507 of the a.1(I) chain of type I collagen, serves as the major
recognition site for a2f1 integrin binding [33-35]. Our group has previously engineered a
synthetic collagen I-mimetic GFOGER-containing peptide,
GGYGGGP(GPP)sGFOGER(GPP)5GPC, which recapitulates the triple helical structure of
native collagen (Fig. S1) and binds a2p1 integrin with high affinity and specificity [36].
GFOGER peptide coatings on plastic, titanium and poly(caprolactone) support equivalent
levels of a2p1 integrin-mediated cell adhesion as native collagen | [36], promote
osteoblastic differentiation in vitro [22, 37], improve fixation of metal implants to rat
cortices [22], and enhance bone healing in rat femur defects [38]. In contrast to the collagen
I-mimetic GFOGER peptide, the widely used bioadhesive RGD peptides bind primarily to
the avPB3 integrin and do not have intrinsic osteogenic properties [39-41].

We hypothesized that presentation of the pro-osteogenic a2p1 integrin-specific GFOGER
peptide to host cells combined with sustained release of low doses of BMP-2 would direct
endogenous stem cell differentiation in vivo and promote bone healing. Therefore, we
synthesized matrix metalloproteinase (MMP)-degradable PEG-maleimide hydrogels
functionalized with GFOGER and incorporating recombinant human BMP-2. In order to test
this hypothesis, we implanted protease-degradable GFOGER-modified PEG hydrogel
BMP-2 carriers within critical-sized, non-healing murine radial bone defects in order to
evaluate their effects on bone regeneration.

Materials and Methods

GFOGER-modified PEG hydrogel synthesis

GFOGER peptide, GGYGGGP(GPP)sGFOGER(GPP)sGPC (Activotec), four-arm,
maleimide-end functionalized (>95%) PEG macromer (PEG-MAL, 20 kDa, Laysan Bio),
GRGDSPC (RGD adhesive peptide), and GCRDVPMSMRGGDRCG (VPM) cross-linker
peptide (AAPTEC), and rhBMP-2 (R&D Biosystems) were used. 4% wt/v PEG-MAL
hydrogels were synthesized by reacting PEG-MAL with adhesive peptides (RGD or
GFOGER) followed by mixing in BMP-2 and VPM cross-linker at a volume ratio of 2:1:1:1
at the required concentrations to obtain the desired final concentrations of the adhesive
peptide (0.5 - 2.0 mM) and BMP-2 (0.03, 0.06 or 0.3 pg per 1.5 pL hydrogel implant). The
concentration of VPM used for the synthesis of each hydrogel was calculated to match the
number of cysteine residues on the peptide cross-linker with the number of free (unreacted)
maleimide groups remaining in the adhesive peptide-functionalized PEG-maleimide
solution. The mixture of peptide-functionalized PEG-maleimide, BMP-2 and VPM cross-
linker was incubated at 37 °C for 2—6 hours to allow for cross-linking before adding PBS to
the hydrogels. For in vitro studies, thin gel discs were fabricated by covering polymerizing
gel solutions with sterile Sigmacote-treated coverslips. For in vivo studies, hydrogel (1.5 L)
was cast within 4-mm long polyimide tube sleeves with laser machined 200 um diameter
holes to improve nutrient transport and cell invasion into the defect. All hydrogels used for
in vivo studies contained 4% (wt/v) PEG-maleimide and 2.0 mM adhesive peptide. Collagen
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sponges were cut with a 1 mm diameter biopsy sponge and placed within the polyimide
sleeves, injected with a BMP-2 solution at an equivalent dose as was loaded in the GFOGER
hydrogels and incubated for 10 minutes at room temperature to allow for adsorption to the
collagen sponge prior to implantation.

In vitro assays

hMSCs (Lonza) were cultured in MSCGM (Lonza) and seeded (10,000 cells/cm?) on
hydrogel surfaces. Cells were cultured for up to 21 days in osteogenic media (Lonza). After
3 days of culture in osteogenic media, cells were incubated in 2 pM calcein and 4 uM
ethidium homodimer for 30 minutes for Live/Dead staining and imaged on a Zeiss
fluorescence microscope. At 14 days hMSCs were lysed and assayed for alkaline
phosphatase activity (ALP) by incubating with MUP substrate. hMSCs were scraped in
PBS, transferred to cold 50 mM Tris-HCI and sonicated to lyse the cells. The total protein
content for each lysate sample was determined using a BCA assay kit (Thermo Scientific).
Samples were diluted to the same total protein content before assaying for ALP. Samples
and ALP standards were loaded into a 96-well plate, then incubated with MUP substrate at
37 °C for 1 hour and read at 360 nm excitation/465 nm emission. Mineral deposition at 21
days post-induction was assayed by Alizarin Red staining and extraction. Cells were fixed in
10% formalin, rinsed in water and incubated in 2% Alizarin Red solution for 20 minutes.
After 4 washes in water, the stained cells were scraped in 10% acetic acid and heated to 85
°C for 10 minutes. The supernatant was collected after centrifugation, neutralized with 10%
ammonium hydroxide and read at 405 nm.

Radial defect surgery

All animal experiments were performed with the approval of the Georgia Tech Animal Care
and Use Committee with veterinary supervision and within the guidelines of the Guide for
the Care and Use of Laboratory Animals. B6129SF2/J wild-type male mice (8-10 week old,
Jackson Laboratories) were anesthetized under isoflurane, and fur was removed from the
right forelimb. The forelimb was then swabbed with chlorohexidine and alcohol and a 1.5-
cm incision was made in the skin. Muscle tissue overlying the ulna and radius were blunt
dissected, and 2.5 mm defects were made in the right radius using a custom-machined bone
cutter, while leaving the ulna intact. Hydrogel or collagen sponge placed within polyimide
sleeves were implanted into the defect by fitting the sleeve over the radius at the proximal
and distal ends of the defect, so that the hydrogel or collagen sponge filled the defect space.
The incision was then closed with vicryl suture and wound clips. Mice were provided with a
single dose of slow-release buprenorphine for pain relief and were monitored post-surgery
for signs of distress, normal eating habits and movement.

BMP-2, GFOGER in vivo retention

GFOGER and BMP-2 were labeled with Vivotag 680 and Vivotag 800 IR dyes respectively.
Labeled GFOGER and BMP-2 were incorporated into PEG hydrogels and implanted into
mice as described earlier. GFOGER peptide and BMP-2 retention within the defect site
(n=6) was analyzed by scanning mouse forelimbs (FMT 4000) on the 680 or 790 laser
channels (Perkin EImer, 1 mm source density, 65 source points per scan). The signal was
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quantified by placing 3D regions of interest markers around the forelimb, using a 0 nM IR
dye threshold and normalizing to the day 0 value.

Faxitron/uCT imaging and mechanical testing

Radial defects were imaged with the MX-20 Radiography System (Faxitron, 23kV energy
setting, 15 s scan time). For uCT scanning, a 3.2 mm length of the radius centered around
the 2.5 mm radial defects was scanned in anesthetized, live subjects using a VivaCT system
(Scanco Medical, 145 pA intensity, 55 kVp energy, 200 ms integration time, and 15 pm
resolution). Bone formation was evaluated by contouring 2D slices to include only the
radius and applying a Gaussian filter (sigma = 1, support = 1, threshold = 540 mg HA/ccm).
3D uCT reconstructions display the full 3.2 mm length of radius scanned. However, in order
to ensure that only new bone formation was measured, quantification of bone volume and
mineral density within the defect was performed by evaluating only the middle 2.0 mm of
defect.

Torsion to failure testing was performed on 8 week radial defects (n=5-9) as described [42]
with modifications. The radii and ulnae were excised post-euthanasia, wrapped in PBS-
soaked gauze and stored at =20 °C. On the day of testing, the bones were thawed and potted
in woods-metal within potting blocks. After the ulna was cut, the potting blocks were tested
using a Bose Electroforce ELF 3200 system. The radius was torqued to failure at a rate of 3
degrees per second and the torque was measured using a 0.07 N-m torque sensor
(Transducer Techniques) (Fig. S3).

Histology and stem cell recruitment

For histology, bones were fixed in 10% neutral-buffered saline, decalcified and embedded in
Immunobed or MMA. Sections (2 um thick) were deplasticized and stained with Safranin-O/
Fast Green. To quantify osteoprogenitor cell recruitment, radii were excised 7 days post-
surgery. Cells were harvested by a 45 min collagenase | incubation of tissue and stained
with anti-CD45 (FITC) and anti-CD 90 (APC) antibodies (Biolegend) and analyzed by flow
cytometry (Accuri C6 cytometer, FlowJo software) to determine the proportion CD457/
CD90* cells in the defect.

Statistical analyses

Results

Error bars graphs represent SEM. Statistical comparisons between multiple groups were
made by one-way ANOVA with post-hoc Tukey tests for parametric data, by Kruskal Wallis
test with Dunn’s post-hoc test for non-parametric data (bridging scores), and by t-test for
comparisons of two groups in Graphpad. A p < 0.05 value was considered significant.

Synthesis of GFOGER/BMP-2 hydrogels

We synthesized MMP-degradable, GFOGER-functionalized hydrogels with encapsulated
BMP-2 in a facile two-step reaction (Fig 1). The terminal maleimide groups on the 4-armed
PEG macromer (Fig 1A and B) underwent a Michael addition reaction with free sulthydryl
groups on the cysteine residues of the GFOGER peptide, resulting in a GFOGER-tethered
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PEG-maleimide precursor (Fig 1B). The subsequent reaction of the GFOGER-
functionalized PEG-maleimide macromer with a bi-cysteine cross-linking peptide (VPM)
[43, 44], containing an MMP cleavage site, resulted in the formation of an insoluble cross-
linked PEG hydrogel network (Fig 1B). In this modular system, BMP-2 can be incorporated
into the hydrogel by physical entrapment during network cross-linking. In the presence of
cell-secreted proteases, the VPM cross-linker is cleaved, disrupting the PEG network and
releasing the entrapped BMP-2 (Fig 1B). We chose a peptide cross-linker which undergoes
rapid degradation in response to MMP in order to tailor the in vivo degradation rate of the
PEG hydrogels to obtain a half-life of 1-2 weeks. To determine the efficiency at which
GFOGER ligand was covalently tethered to PEG-maleimide, we measured the free
sulfhydryl groups in reaction mixtures of GFOGER and PEG-maleimide at varying
maleimide:GFOGER molar ratios. At a molar ratio higher than 5, ~ 100% of added
GFOGER was tethered to PEG-maleimide (Fig S2), providing precise control of GFOGER
density within the hydrogel.

In vitro cell activities on engineered hydrogels

We first evaluated the potential of GFOGER-functionalized PEG hydrogels to direct
osteoblastic differentiation in human mesenchymal stem cells (hMSCs). GFOGER-
functionalized hydrogels were compared to hydrogels modified with RGD peptides as RGD
is the most commonly used adhesive peptide in the biomaterials field. We tested the levels
of invitro osteoblastic differentiation of hMSCs cultured on hydrogel surfaces. GFOGER-
and RGD-functionalized hydrogels supported dose-dependent levels of hMSC adhesion and
spreading (Fig 2A), while significantly fewer cells adhered to PEG-only (no ligand) gels or
scrambled RDG peptide-modified gels and these cells remained rounded (Fig 2A). hMSCs
exhibited high viability on both GFOGER- and RGD-tethered hydrogels at 3 days in culture
(Fig 2B). Despite comparable levels of adhesion and viability on GFOGER- and RGD-
functionalized gels, hMSCs on GFOGER-functionalized hydrogels exhibited 94% and 40%
increases in alkaline phosphatase activity and Alizarin Red staining, respectively, compared
to RGD-presenting gels (Fig 2C).

Repair of non-healing bone defects

We evaluated the potential of GFOGER-functionalized hydrogels to promote bone repair in
a murine non-healing radial bone defect model [45]. If left untreated, this critical-sized
defect does not heal over the experimental period and provides a stringent bone repair model
analogous to non-healing, long bone defects in humans. To improve the ease of handling, we
pre-cast hydrogels within polyimide tube sleeves. The sleeve walls were laser machined
with holes to improve nutrient transport and cell migration across the sleeve walls as
including perforations within a mesh sleeve surrounding a BMP-containing hydrogel has
been shown to improve healing outcomes [46]. We implanted hydrogel constructs into 2.5
mm-long unilateral murine radial critical-sized defects (Fig 2D) and evaluated bone healing
by radiography and microcomputed tomography (UCT) at 4 and 8 weeks post-surgery.
Defects treated with GFOGER-functionalized hydrogels exhibited significantly improved
bone healing compared to those treated with no hydrogel (defects received an empty
polyimide sleeve implant) and RGD-modified gel implants (Fig 2E-H). Bone volume at 8
weeks for defects treated with GFOGER-functionalized gel was 140% and 150% higher
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than no hydrogel and RGD-presenting gel-treated defects, respectively (Fig 2F, G). There
was no difference in bone volume between RGD-modified gels and empty defects.
Furthermore, while minimal bone formation and no defect bridging was observed in all
subjects treated with RGD-functionalized gel and empty defect controls, several defects
treated with GFOGER-functionalized hydrogels were close to full bridging after 8 weeks
(Fig 2E-F). We scored the degree to which defects were bridged 8 weeks after implantation
according to the following criteria: 0 - defect is less than half bridged, 1 - defect is more than
half bridged, and 2 - defect is fully bridged. Bridging scores for GFOGER-functionalized
hydrogels were higher than RGD-presenting gels and empty defects (Fig 2H). These results
demonstrate that a2p1 integrin-specific GFOGER-functionalized hydrogels promote hMSC
osteogenic differentiation and enhance bone repair compared to conventional RGD-tethered
gels or treatment with no hydrogel.

Dose response of BMP-2 in hydrogels in bone repair

Because GFOGER-modified PEG hydrogels supported great enhancements in bone healing,
we explored whether combining GFOGER gels with low doses of BMP-2 could yield
further improvements in bone healing and bridge critical-sized segmental defects. Five
groups were tested: implants containing no hydrogel (empty sleeve) as a negative control
and GFOGER-functionalized hydrogels lacking BMP-2 (0 ug) or incorporating increasing
BMP-2 doses (0.03, 0.06 and 0.3 pg, referred to as low, medium and high doses
respectively). There was minimal bone healing in defects treated with no hydrogel and high
levels of bone formation and almost complete bridging with treatment with GFOGER-
functionalized hydrogels without BMP-2 (Fig 3A-D). For the medium and high BMP-2
doses, defect bridging was observed by week 4 (Fig 3B (i)), and for all BMP-2 doses, bone
volumes were increased compared to no hydrogel implants, and bridging occurred by week
8 (Fig 3A-C). Even within defects treated with the low BMP-2 dose, bone volume was
200% higher than defects which received no hydrogel (Fig 3C). Treatment with all
GFOGER-functionalized hydrogels including those lacking BMP-2 resulted in increased
bridging scores compared to the no hydrogel treatment (Fig 3D). Histological analysis
revealed that PEG hydrogels were completely degraded by week 8, facilitating cell invasion
into the defects (Fig 3E). In addition, non-woven bone containing marrow compartments
was formed in defects treated with GFOGER-functionalized hydrogels but not in the no
hydrogel group (Fig 3E). Importantly, low dose BMP-2 treatment within GFOGER-
functionalized hydrogels induced bone defect bridging after 8 weeks without any structural
change to the adjacent ulna (Fig 3B (ii)). In mice receiving implants with the medium and
high BMP-2 doses, radial defect bridging also occurred, but was accompanied by
unintended alterations to the ulna (Fig 3B (ii)). Treatment with medium dose-BMP-2
resulted in expansion of the ulna around the radius, while for the high dose BMP-2 group,
the ulna completely encircled the radius and fused with the radius (Fig 3B (ii)). These results
highlight the adverse effects of excessive BMP-2 delivery, recapitulating off-target clinical
results in humans [47], and underscore the importance of precise control of the dose and
release mechanism of BMP-2.

Because BMP-2 release kinetics as well as scaffold degradation and cell invasion are
important factors which contribute to tissue healing in response to implantable biomaterials,
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we examined the retention times of near infrared (IR) dye-labeled GFOGER peptide and
BMP-2 in PEG hydrogels within the radial defect site using fluorescence molecular
tomography (FMT). BMP-2 was localized within the defect site over a prolonged period of
time (Fig 3F). The half-life for BMP-2 was 5.65 days and more than 20% of the initial
BMP-2 dose remained 14 days after surgery, indicating sustained release of BMP-2 from
GFOGER hydrogels in vivo (Fig 3F (ii)). The half-life of GFOGER peptide within the defect
site was considerably longer than BMP-2 at 11.0 days and is an indication of the retention
time of the bulk PEG polymer to which the peptide was tethered (Fig D (iii)). This result
confirms our targeted in vivo hydrogel degradation rate of 1-2 week half-life using the
MMP-cleavable VPM cross-linker. Because GFOGER-functionalized hydrogels
incorporating low-dose BMP-2 supported localized bone formation and bridging within the
radial defect without inducing any off-target alterations to bone volume or structure in the
ulna, we used GFOGER gels with low BMP-2 dose (GFOGER/low BMP-2) delivery in
subsequent analyses.

Contributions of GFOGER and BMP-2 to bone healing

A major advantage of the PEG-maleimide hydrogel platform is the ability to independently
control its modular components to examine their relative contributions to tissue repair. We
therefore systematically tested combinations of implants containing GFOGER peptide, low
BMP-2 dose, or the combination of both. Four groups were tested (Fig 4A): GFOGER/low
BMP-2 (PEG/GFOGER/BMP-2), GFOGER/no BMP-2 (PEG/GFOGER), no ligand/low
dose BMP-2 (PEG/BMP-2), and no ligand/noBMP-2 (PEG). GFOGER/low BMP-2
hydrogels supported robust healing and defect bridging within 8 weeks, while GFOGER/no
BMP-2 gels induced significant bone formation and almost complete bridging (Fig 4B-D,
S2). GFOGER/low BMP-2 gels displayed enhancements in bone volume, defect bridging
and maximum torque compared to groups lacking GFOGER (Fig 4B-E). BMP-containing
implants that lacked GFOGER (no ligand/low dose BMP-2) gels supported no defect
bridging and exhibited ~70% lower bone volume than GFOGER/low dose BMP-2 gels and
30% less bone volume than GFOGER/no BMP-2 gels (Fig 4C), indicating that the
GFOGER peptide is critical to the bone repair activity of the engineered hydrogel. Taken
together, these results demonstrate that GFOGER is critical to bone repair and BMP-2
further enhances the osseoreparative properties of these hydrogels.

Bone repair and osteoprogenitor recruitment compared to the standard carrier

In current clinical practice, BMP-2 is delivered by injecting a BMP-2 solution into collagen
foams prior to implantation. Therefore, in order to compare our engineered biomaterial to
the clinical standard, we examined the role of the delivery vehicle on bone formation in
response to 0.03 pg BMP-2 dose, the lowest dose tested in the dose-response study. Two
groups were compared: GFOGER hydrogels and collagen sponges loaded with 0.03 pug
BMP-2. uCT evaluation of bone volume within defects revealed that GFOGER/BMP-2
hydrogel implants improved bone healing compared to collagen sponge/BMP-2 implants by
200% and >300% at 4 and 8 weeks, respectively (Fig 5A, B). Defects treated with
GFOGER/BMP-2 hydrogels bridged consistently, whereas collagen sponge/BMP-2 treated
defects exhibited minimal bone healing (Fig 5A, B) with no bridging (Fig 5C). Importantly,
GFOGER/BMP-2 treated defects were mechanically robust and showed a 100% increase in
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maximum torque at 8 weeks compared to defects treated with collagen sponge/BMP-2 (Fig
5D). Notably, the maximum torque levels for the defects treated with GFOGER/BMP-2
were equivalent to the maximum torque of intact radii (3.2 + 0.3 mN-m), demonstrating that
the quality of the repair tissue is similar to native bone. Histological analysis at 8 weeks
showed fibrous tissue with almost no bone tissue formation for collagen sponge/BMP-2,
whereas defects treated with GFOGER/BMP-2 hydrogels exhibited abundant bone
formation as well as establishment of bone marrow in the center of the defect (Fig 5E). Both
the collagen sponge and PEG hydrogel were fully degraded by 8 weeks after implantation
(Fig 5E).

Because BMP-2 release kinetics greatly impact bone healing, we compared the release rates
of BMP-2 from GFOGER gels and collagen sponges in the bone defect using Vivotag800-
labeled BMP-2. GFOGER-functionalized hydrogels exhibited 30% higher levels of BMP-2
retained within the radial defect space at 1 day and 90% higher levels at 5 days post-
implantation compared to the collagen sponge (Fig 5F) by fluorescence molecular
tomography. Because BMP-2 is known to have chemotactic effects on mesenchymal stem
cells and osteoprogenitor cells [48], we evaluated the recruitment of CD457/CD90*
osteoprogenitor stem cells to the defect site following the implantation of GFOGER/BMP-2
hydrogels or collagen sponge/BMP-2 (Fig 5G). At 7 days post-implantation, there was a
300% increase in CD457/CD90* cells in defects treated with GFOGER/BMP-2 gels
compared to collagen/BMP-2 (Fig 5G). These results demonstrate that GFOGER-
functionalized PEG hydrogels delivering BMP-2 outperform the current clinical standard
delivery vehicle in terms of bone repair and provide sustained release of BMP-2 and
enhanced osteoprogenitor stem cell recruitment.

Discussion

Bone grafts are widely used in clinical practice for spinal, foot and ankle fusions, revision
arthroplasties, and treating large, non-healing bone defects. Because the gold-standard
autograft treatments cause donor pain and are in limited supply [5] and processed allografts
exhibit limited bioactivity or risks of infection [2, 5, 49, 50], protein therapeutics are
becoming extensively used in the clinic. However, BMP treatments present cost limitations
[7] and clinical safety concerns [5, 8-10], primarily because suboptimal growth factor
carriers require BMP to be delivered at supraphysiological doses. Therefore, there is a strong
motivation to engineer protein therapeutic delivery systems which offer greater safety and
cost-effectiveness by reducing the therapeutic dose of growth factors required for healing of
critical sized bone defects.

Here, we engineered a hydrogel carrier functionalized with a collagen-mimetic, triple
helical, integrin-specific peptide (GFOGER) which significantly enhanced bone healing
compared to collagen sponges, the current clinical BMP-2 carrier. GFOGER-modified gels
incorporating low doses of BMP-2 promoted osteoprogenitor cell recruitment to the defect
site and produced robust repair and bridging of segmental bone defects within 8 weeks.
Importantly, the repair tissue had equivalent mechanical strength to native bone.
Furthermore, this result was achieved with GFOGER gels loaded with a low dose of BMP-2
which supported almost no bone formation within clinical standard collagen foam vehicles.
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These results show that GFOGER- gels produce superior healing outcomes compared to
current carriers for protein therapeutics. Follow-up studies with large animal models are
required to fully establish the translational potential of these delivery vehicles.

The improved healing induced by the GFOGER-tethered PEG gels compared to collagen
foams can be attributed to a combination of factors. First, in contrast to collagen foams [51],
GFOGER-functionalized materials enhance bone formation without cell or protein co-
delivery due to the intrinsic osteogenic bioactivity of the a2p1 integrin-specific GFOGER
peptide. Simple presentation of GFOGER within the hydrogel significantly enhanced bone
formation, outperforming other adhesive peptides such as RGD. Second, GFOGER gels
provided sustained release of encapsulated BMP-2 compared to the clinical collagen sponge
carrier. This improvement in BMP-2 release kinetics from GFOGER gels is due to effective
entrapment of BMP-2 within the tightly cross-linked hydrogel network and MMP-dependent
gel degradation. In contrast, collagen foams have large micron-scale pores and release
BMP-2 through protein desorption from scaffold surfaces, diffusion of BMP-2 from solution
trapped in the pores, and collagenase-mediated degradation of the foams. Third, GFOGER-
functionalized hydrogels support rapid MMP-mediated hydrogel degradation and cell
invasion that allows for replacement of the carrier with repair tissue. Indeed, we
demonstrated a 3-fold enhancement in the recruitment of osteoprogenitor cells for GFOGER
gels compared to collagen sponges.

The a2p1 integrin-specific PEG hydrogel BMP-2 carrier described in this study has
potential for clinical translation because it demonstrates superior bone healing compared to
the commonly used adhesive RGD peptide and collagen sponges and is a purely synthetic,
well tolerated, and tunable system. GFOGER gels supported 150% more bone formation
than RGD gels. Notably, the well-defined, synthetic nature of the GFOGER-functionalized
PEG hydrogel carrier makes it amenable to scale-up in production and well-regulated
quality control. Furthermore, the modularity of the PEG-maleimide hydrogels allows key
properties such as degradation rate as well as the density or combinations of adhesive
ligands and therapeutic proteins to be tuned to optimize or adapt the material for other
applications.

Conclusion

This study highlights the bone regeneration potential of a synthetic PEG-maleimide
hydrogel functionalized with the a2p1 integrin-specific GFOGER peptide as a BMP-2
carrier. GFOGER-functionalized hydrogels displayed intrinsic osteogenic activity, provided
sustained release of BMP-2, underwent rapid degradation in vivo, bridged critical-sized bone
defects at low BMP-2 doses, and exhibited improved bone repair compared to the collagen
foams which are the clinical standard carriers. These findings underscore the effectiveness
of targeting pro-osteogenic integrins to enhance bone regeneration and establish the
GFOGER-modified PEG-maleimide hydrogel as an effective BMP-2 delivery vehicle with
significant translational potential.
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Protease-degradable integrin-specific GFOGER-modified PEG hydrogels are synthesized
with precise control of GFOGER density. (A) Chemical structure of branched 4-armed PEG-
maleimide. (B) Synthesis of GFOGER- and BMP-2-functionalized hydrogels.
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GFOGER-functionalized hydrogels promote differentiation and bone healing. (A) Calcein-
stained hMSCs on GFOGER- and RGD-tethered gels at varying densities ofligand and non-
adhesive controls 1 day after seeding, scale bar 50 pm, n=3. (B) Live/Dead stained hMSCs
on 2.0 MM GFOGER- and 2.0 mM RGD-presenting hydrogels 3 days after osteogenic
induction, scale bar 20 um, n=3. (C) ALP activity at 14 days, n=4 (top) and Alizarin Red
stain for mineralization of hMSCs at 21 days, n=4 (bottom). Hydrogels were pre-cast in a
polyimide sleeve with 200 um diameter holes along tube walls. (D) Pictures indicate (i) a
polyimide tube sleeve, (ii) radial defect with hydrogel-sleeve implant, hydrogel stained blue,
and (iii) excised radius and ulna with 2.5 mm radial defect (iii). (E) Radiographic images of
radial defects treated with hydrogel, scale bar 2 mm. (F) 3D uCT reconstructions (left) and
mineral density mappings on sagittal sections of the defects (right), scale bar 1 mm, n=5-6.
(G) UCT measures of bone volume within defects, n=5-6. (H) Bridging scores for defects
receiving implants containing no hydrogel, or hydrogels functionalized with RGD or
GFOGER, n=5-6, 0 — < half bridged, 1- > half bridged, 2 — completely bridged - 8 weeks
post-surgery. *p<0.05, **p<0.01 compared to RGD, #p<0.05, ##p<0.01 compared to No
hydrogel.
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Fig. 3.
GFOGER-functionalized PEG hydrogels with low-dose BMP-2 bridge radial segmental

defects without altering ulnar structure. (A) Radiographic images, white arrows indicate
space between ulna and radius which is not present in the high BMP-2 dose image, scale bar
2 mm. (B) 3D uCT reconstructions of (i) radius in sagittal view (left) with mineral density
mapping (right), and (ii) radius and ulna in transverse view. Yellow arrowheads indicate
boundary between the ulna and radius prior to implantation, red arrowheads indicate the
position of the ulna closest to the radius at 8 weeks, scale bar 1 mm. (C) uCT measures of
bone formation, n=6-7. (D) Scoring of defect bridging at 8 weeks, n=6-7. (E) Sections
stained with Safranin O/Fast Green at the center of defect, scale bar 50 pm. b - bone, bm -
bone marrow. (F) (i) Representative FMT images and FMT quantification of % implanted
dose retained in radial defect space over time in vivo for (ii) high dose BMP-2 labeled with
Vivotag 800 and (iii) GFOGER peptide labeled with Vivotag 680, n=6. * p<0.05, **p<0.01,
***pn<0.001 compared to defect receiving no hydrogel implant, # p<0.05 compared to
GFOGER hydrogel.
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Fig. 4.
GFOGER ligand and MMP-sensitive gel degradation are crucial to bone healing in response

to engineered hydrogel. (A) Cartoon of hydrogel formulations tested in this study, MMP x-
linker — MMP-sensitive cross-linker. (B) 3D PCT reconstructions (left) and mineral density
mappings on sagittal sections of the same defects (right), scale bar 1 mm. (C) uCT measures
of bone formation at 4 and 8 weeks post-surgery. (D) Bridging scores for defects 8 weeks
post-surgery. (E) Maximum torque values for radial samples 8 weeks after surgery. # p<0.05
compared to No ligand gels, $p<0.05 compared to No ligand/BMP-2 gels. n=5 for no ligand
and n=6-7 for other groups.
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BMP-2 delivery from GFOGER-functionalized gels improves bone regeneration compared
to collagen foams. (A) 3D uCT reconstructions of radii (left) and mineral density sagittal
sections (right), scale bar 1 mm. (B) uCT measures of bone volume in radial defects. (C)
Bridging score at 8 weeks post-implantation n=13. (D) Maximum torque values for 8 week
radial samples subjected to torsion mechanical testing to failure n=5-9. (E) Sections of 8
week radial samples stained with Safranin-O/Fast Green, scale bar 200um. (F) Retention of
infrared dye-labeled BMP-2 at implanted defect site in vivo n=6. (G) Quantification of
CD457/CD90™* osteoprogenitor cells present in defect 7 days post implantation, n=4-6. *
p<0.05, ***p<0.001 and ****p<0.0001 compared to Collagen foam/low dose BMP-2.
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