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Off-the-shelf availability in large quantities, drug delivery functionality, and modifiable chemistry and mechanical
properties make synthetic polymers highly suitable candidates for bone grafting. However, most synthetic
polymers lack the ability to support cell attachment, proliferation, migration, and differentiation, and ultimately
tissue formation. Incorporating anionic peptides into the polymer that mimics acidic proteins, which contribute to
biomineralization and cellular attachment, could enhance bone formation. Therefore, this study investigates the
effect of a phosphate functional group on osteoconductivity and BMP-2-induced bone formation in an injectable
and biodegradable oligo[(polyethylene glycol) fumarate] (OPF) hydrogel. Three types of OPF hydrogels were
fabricated using 0%, 20%, or 40% Bis(2-(methacryloyloxy)ethyl) phosphate creating unmodified OPF-noBP and
phosphate-modified OPF-BP20 and OPF-BP40, respectively. To account for the osteoinductive effect of various
BMP-2 release profiles, two different release profiles (i.e., different ratios of burst and sustained release) were
obtained by varying the BMP-2 loading method. To investigate the osteoconductive effect of phosphate modi-
fication, unloaded OPF composites were assessed for bone formation in a bone defect model after 3, 6, and 9
weeks. To determine the effect of the hydrogel phosphate modification on BMP-2-induced bone formation, BMP-
2 loaded OPF composites with differential BMP-2 release were analyzed after 9 weeks of subcutaneous im-
plantation in rats. The phosphate-modified OPF hydrogels (OPF-BP20 and OPF-BP40) generated significantly
more bone in an orthotopic defect compared to the unmodified hydrogel (OPF-noBP). Furthermore, the phosphate
functionalized surface-enhanced BMP-2-induced ectopic bone formation regardless of the BMP-2 release profile.
In conclusion, this study clearly shows that phosphate functional groups improve the osteoconductive properties
of OPF and enhanced BMP-2-induced bone formation. Therefore, functionalizing hydrogels with phosphate
groups by crosslinking monomers into the hydrogel matrix could provide a valuable method for improving
polymer characteristics and holds great promise for bone tissue engineering.

Keywords: bone tissue engineering, osteoconduction, bone morphogenetic protein 2, oligo[(polyethylene
glycol) fumarate], phosphate functional groups

Introduction

SYNTHETIC POLYMERS ARE extensively used in tissue en-
gineering.! Off-the-shelf availability in large quantities,
drug delivery functionality, and modifiable chemistry and
mechanical properties make synthetic polymers suitable
candidates for bone grafting. However, most polymers

were originally developed for nonbiological applications
and therefore lack the ability to support cell attachment,
proliferation, migration, and differentiation, and ultimately
tissue formation.”

To mimic the bone extracellular matrix, enable direct
biomineralization, and stimulate bone tissue formation, pre-
vious research has focused on incorporation of hydroxyapatite

IDepartment of Orthopedics, University Medical Center, Utrecht, The Netherlands.

Departments of “Physiology and Biomedical Engineering and *Orthopedics, Mayo Clinic College of Medicine, Rochester, Minnesota.
“Department of Clinical Sciences of Companion Animals, Faculty of Veterinary Medicine, Utrecht University, Utrecht, The Netherlands.
Department of Biomechanical Engineering, Faculty of Mechanical, Maritime, and Materials Engineering, Delft University of Tech-

nology (TU Delft), Delft, The Netherlands.

SDepartment of Orthopaedic Surgery, Onze Lieve Vrouwe Gasthuis, Amsterdam, The Netherlands.

819



820

(HA) or other calcium phosphates in synthetic polymers. This
major inorganic component of natural bone has been shown
to enhance attachment of osteoblasts to synthetic orthopedic
implants (osteoconductivity)® and may drive osteogenic dif-
ferentiation of adult human stem cells (osteoinductivity)f"5

In general, calcium phosphate mineral coating is time-
consuming and results in slow growth of crystalline or
amorphous biominerals, which lack adhesion and structural
relationship with the polymer substrate.®

Therefore, more recent studies have focused on devel-
oping a more structural bond between the biominerals and
polymer substrate, which will ensure a higher level of in-
tegration with the newly formed bone.”'°

Hydrogels are excellent candidates for designing highly
functional tissue engineering scaffolds mimicking the che-
mical structure of bone. Hydrogel characteristics such as the
intrinsic elasticity and high water retention capacities re-
semble the major extracellular component of bone, that is,
collagen."! Furthermore, the three-dimensional assembly of
hydrogels makes the surface chemistry highly controllable by
copolymerization with different monomers displaying multiple
functional groups. Since the polymerization chemistry is water
compatible, it is possible to incorporate anionic peptides that
mimic acidic proteins that can enhance bone mineralization.'?
Therefore, this study investigates the effect of a phosphate
functional group on osteoconductivity and Bone Morpho-
genetic Protein-2 (BMP-2)-induced bone formation in an
injectable and biodegradable polyethylene glycol (PEG)-
based hydrogel. Oligo(PEG) fumarate (OPF) physical and
chemical properties can be modified by incorporation of small
cationic or anionic monomers.">

Incorporation of bis(2-(methacryloyloxy)ethyl) phosphate
(BP) into OPF showed improved mineralization and osteo-
blast precursor cell attachment, proliferation, and differenti-
ation in vitro.'* Furthermore, BMP-2-induced bone formation
may be influenced by differential release profiles in several
biomaterials.">™'® In a previous study, differential BMP-2
release was obtained by modifying the ratio of BMP-2 en-
capsulated in poly(lactic-co-glycolic acid) (PLGA) micro-
spheres and adsorbed on the hydrogel.'® To account for the
effect of differential BMP-2 on bone formation, two release
profiles were investigated for every phosphate modification.
Since the in vitro cellular function was enhanced in
phosphate-containing OPF hydrogels, this study investigates
the effect of phosphate functional groups on osteoconduction
and BMP-2-induced bone formation in vivo.
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Materials and Methods
Experimental design

To investigate the effect of phosphate modification on
osteoconduction and BMP-2-induced bone formation, OPF
hydrogels modified with 0%, 20%, or 40% BP (OPF-noBP,
OPF-BP20, and OPF-BP40, respectively) were used. The
composites containing PLGA microspheres were used unloaded
or BMP-2 loaded. Since BMP-2 release profiles could influence
osteoinduction in the various composites, the effect of different
release profiles on bone formation was analyzed. To obtain
differential in vivo BMP-2 release profiles, the protein was
either adsorbed on the hydrogel surface and encapsulated in
PLGA microspheres (Combined-Cmb, combined burst and
sustained release profile) or adsorbed on the hydrogel surface
(Adsorbed-Ads, mainly burst release profile) (Table 1).16

To investigate the osteoconductive effect of phosphate
modification, unloaded OPF composites were assessed for
bone formation in a bone defect model after 3, 6, and 9
weeks. For the orthotopic site, an additional group was ad-
ded without implant to show that the femoral defect was
critical sized. (Table 1) To determine the effect of the hy-
drogel phosphate modification on BMP-2-induced bone for-
mation, BMP-2-loaded composites with differential BMP-2
release and corresponding unloaded controls were analyzed
after 9 weeks of subcutaneous implantation in rats.

Microsphere fabrication

PLGA with a lactic to glycolic ratio of 50:50 (M,, 52 kDa;
Evonik, AL) was used to fabricate microspheres using water-
in-oil-in-water (W 1-O-W?2) double-emulsion-solvent-extraction
technique according to a previously described method."®
Briefly, 50 L of 4 mg/mL. BMP-2 solution or 100 uL of
ddH,0O was emulsified with 250 mg PLGA 50:50 dissolved in
1.25mL of dichloromethane using a vortex at 3050 rpm, to
create PLGA microspheres loaded with 0.68 pg BMP-2/mg
PLGA (Cmb) and unloaded microspheres (Ads). The solution
was reemulsified in 2mL of 2% (w/v) aqueous poly(vinyl al-
cohol) (PVA, 87-89% mole hydrolyzed, Mw = 13,000-23,000;
Sigma Aldrich) to create the double emulsion and added
to 100mL of a 0.3% (w/v) PVA solution and 100 mL of a 2%
(w/v) aqueous isopropanol solution. After 1h of slowly stir-
ring, the PLGA microspheres were collected by centrifugation
at 2500 rpm for 3 min, washed thrice with distilled deionized
water (ddH,0), and freeze dried to a free-flowing powder.

TABLE 1. CHARACTERISTICS OF STUDY CONDITIONS

N BMP-2 release BP (%w/w OPF), % Implantation site

Empty 8 — — Orthotopic

OPF-noBP 8/8 Unloaded 0 Orthotopic/subcutaneous
OPF-BP20 8/8 Unloaded 20 Orthotopic/subcutaneous
OPF-BP40 8/8 Unloaded 40 Orthotopic/subcutaneous
OPF-noBP-Cmb 8 Burst and sustained 0 Subcutaneous
OPF-noBP-Ads 8 Burst 0 Subcutaneous
OPF-BP20-Cmb 8 Burst and sustained 20 Subcutaneous
OPF-BP20-Ads 8 Burst 20 Subcutaneous
OPF-BP40-Cmb 8 Burst and sustained 40 Subcutaneous
OPF-BP40-Ads 8 Burst 40 Subcutaneous

BP, bis(2-(methacryloyloxy)ethyl) phosphate; OPF, oligo[(polyethylene glycol) fumarate].
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Fabrication of composites

OPF was fabricated using PEG with an initial molecular
weight of 10kDa according to previously described meth-
od.'"* The OPF composites were fabricated using a salt-
leaching method (Fig. 1A).

To create the OPF-noBP paste, OPF (0.5 g/mL), N-vinyl
pyrrolidinone (NVP, 0.15 g/mL; Sigma Aldrich, St. Louis,
MO), and Irgacure 2959 (12959, 0.002 g/mL; Ciba-Specialty
Chemicals, Tarrytown, NY) were dissolved in ddH,O. The
OPF-BP20 and OPF-BP40 hydrogels reflect 20% w/w OPF
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and 40% w/w OPF, respectively. To create the OPF-BP20
and OPF-BP40 paste, 200 or 400 mg BP was dissolved in an
aqueous solution (OPF [0.5g/mL], NVP [0.35g/mL], and
12959 [0.002 g/mL] in ddH,0). The OPF/NVP or OPF/NVP/
BP pastes (22.5% w/w) were mixed with NaCl salt particles
(75% wiw, sieved to a maximum size of 300 um) and PLGA
microspheres (2.5% w/w) to create the final paste for the
composite. The resulting mixture was forced into a cylin-
drical mold with dimensions of 3.0 pm diameter and 5.0 pm
length and exposed to a UV light (UV-Handleuchte lamp
A., Hartenstein, Germany, wavelength: 365 nm, intensity:

A % OPF Bis[2-(methacryloyloxy)ethyl]
3 hosphate
PLGA Microspheres | =~ - it
" £ TH N
on

. Nacl

Crosslink

OPF-noBP

OPF-BP20 =

OPF-BP40

FIG. 1.

Adsorption

(A) Scheme for the fabrication of the OPF composites. (B) SEM images of the OPF composites before salt

leaching with salt (red arrow) and microspheres (yellow arrow) depicted. OPF, oligo[(polyethylene glycol) fumarate];
PLGA, poly(lactic-co-glycolic acid); Msp, microspheres; OPF-noBP, unmodified OPF; OPF-BP20, 20% BP w/w OPF;
OPF-BP40, 40% BP w/w OPF; SEM, scanning electron microscopy. Color images available online at www.liebertpub.com/tea
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1.2mW/cm?, total: 2880 J/cm?, distance: 3cm) to crosslink
for 40 min. The composites were immersed in sterile ddH,O
to leach out the salt. After blot drying, additional BMP-2 was
loaded on the composite matrix by adsorption for the OPF-
Cmb and the OPF-Ads scaffolds.

By varying the BMP-2 loading method, two different
implants were created consisting of 50% of BMP-2 encap-
sulated in PLGA microspheres and 50% adsorbed on the
composite (OPF-noBP-Cmb, OPF-BP20-Cmb, and OPF-
BP40-Cmb: burst release combined with subsequent sus-
tained release), and 100% adsorbed on the composite (OPF-
noBP-Ads, OPF-BP20-Ads, and OPF-BP40-Ads: mainly
burst release).'® The loss of BMP-2 by the fabrication
method was objectivized in a previous study.'® This calcu-
lation was used to estimate the BMP-2 loss and adjust the
applied amount by adsorption. A similar BMP-2 dose and
composite fabrication method was used for all OPF com-
posites, which resulted in ~2pg BMP-2/implant.'® The
release profiles of the two different BMP-2 loading methods
is shown in Supplementary Figure S1 (Supplementary Data
are available online at www.liebertpub.com/tea). Although
this different incorporation process could influence BMP-2
bioactivity, the released BMP-2 remained to show in vitro
bioactivity comparable to a freshly added BMP-2 dose ad-
ded to the cell cultures.'®

Animals and surgical procedure

Thirty-two 16.0+1.2-week-old Harlan Sprague Dawley
rats (Envigo, Horst, NL) were used in this study according
to an approved protocol by the Dutch Central Committee for
animal care and use (protocol: AVD115002015111).

OPF-BP20

OPF-BP40 {4

FIG. 2.
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Before surgery, antibiotic prophylaxis (Terramycin/LA,
60 mg/kg; Pfizer, NL) and analgesia (Temgesic, 0.05 mg/kg)
were given subcutaneously. Surgery was performed under
sterile conditions and general inhalation anesthesia (iso-
flurane: induction 4%, maintenance ~ 1.5%). For the or-
thotopic site, the femur was exposed by a lateral approach
and a polyether ether ketone plate (length: 2.3 cm, thickness:
3mm, width: 3mm and 6 holes) was fixed to the cranio-
lateral site of the femur using three screws (length: 7 mm,
diameter 1 mm) at the proximal end and three screws
(length: 7mm, diameter 1 mm) at the distal end of the
plate. The periosteum over ~8 mm of the screw-free mid-
diaphysis was removed before removal of a 6-mm long bone
segment using a tailor-made saw guide and a wire saw
(RatFix, AO Foundation).

Following closure of the femoral wound, subcutaneous
pockets were created in the thoracolumbar region and filled
with BMP-2-loaded implants and corresponding unloaded
controls. Temgesic (0.05 mg/kg) was given subcutaneously
as postoperative analgesia for 3 days, twice daily. After 9
weeks, the rats were euthanized by CO, asphyxiation to
collect the implants for assessment of bone formation by
micro-computed tomography (u-CT) and subsequent histo-
logical analysis.

Quantification of bone volume

Micro computed tomography (nCT) was used to deter-
mine the total bone volume within the scaffolds in the
orthotopic and ectopic location. In vivo scanning under
general anesthesia (isoflurane: induction 4%, maintenance
~1.5%) was performed at 3, 6, and 9 weeks using a

SEM images of the OPF composites with pores (green arrow) and PLGA microspheres ( purple arrow) depicted.

PLGA, poly(lactic-co-glycolic acid); Msp, microspheres; OPF-noBP, unmodified OPF; OPF-BP20, 20% BP w/w OPF;
OPF-BP40, 40% BP w/w OPF; SEM, scanning electron microscopy. Color images available online at www.liebertpub.com/tea
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Quantum FX (Perker Elmer) scanner at 42 um3 voxel size,
3min scan time, 90kV tube voltage, and 180 pA tube
current. Ex vivo scanning after 9 weeks was performed to
analyze the subcutaneous implants. Global thresholding
was applied in ImageJ (version 2.0.0) to quantify the bone
formation (BoneJ, plugin of ImageJ) within the implants.
The results are given in bone volume (mm3) and % of bone
volume normalized to the total known defect volume.

Histology

After p-CT, tissues were fixed in formalin and dehydrated
in graded series of ethanol, and embedded in methylmetha-
crylate. Qualitative assessment was performed in 30 um thick

W3

Empty

OPF-noBP

OPF-BP20

OPF-BP40
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methylene blue-/basic fuchsin-stained sections for evaluation
of general tissue response and bone formation.

Statistical analysis

Statistical analysis was performed in SPSS 22.0 (SPPS,
Inc., Chicago, IL). In vivo results (n=8) are given as
means * standard deviations (SD). Before the in vivo study,
power analysis estimated that, to demonstrate a relevant
difference of at least 20% at an alpha of 0.05 and an SD of
1.4, the groups should be n=8 per condition at a power of
80%. The change in bone volume over time is calculated in
bone volume increase/week for every 3 weeks. All datasets
were tested for outliers using Hoaglin’s outlier labeling

FIG. 3. Three-dimensional u-CT recon-
structions of the bone defects after 3, 6, and
9 weeks. Empty, unfilled defect; OPF-noBP,
unmodified OPF; OPF-BP20, 20% BP w/w
OPF; OPF-BP40, 40% BP w/w OPF; u-CT,
micro-computed tomography.
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rule,° for normality of the residuals using the Shapiro-Wilk
test and for homogeneity of variances using the Levene’s
test. Parametric data were analyzed using univariate analysis
of variances followed by Benjamini Hochberg post-hoc.
Differences were considered significant for p <0.05.

Results
Composites characterization

Scanning electron microscopy (SEM) images of the OPF
hydrogels before salt leaching (Fig. 1B) showed microspheres
and salt particles embedded in the polymer matrix. Salt
leaching resulted in a highly porous interconnected network
with microspheres randomly distributed in the polymer matrix
for all hydrogel modifications (Fig. 2).

Animals

One rat died during surgery and another during in vivo p-
CT measurements due to overdose of used anesthetics.
Furthermore, in a third rat, bone defect could not be created
due to overdrilling of screw holes. These three rats had to be
excluded from further analysis.

Analysis of bone formation

Osteoconductivity. For the orthotopic application site,
p-CT showed nonbridging defects with bone ingrowth
proximally and distally to the critical sized defects (Fig. 3).
Significantly (p <0.04) more bone volume was observed in

OLTHOF ET AL.

the empty defect (13.5+5.6mm’> or 18%+0.1%) compared
to OPF-noBP (6.7£3.6mm’ or 9%+0.1%) after 3 weeks
(Fig. 4A). No differences were observed between OPF-BP20
(8.0£2.7mm’ or 11%+0.1%) and OPE-BP40 (9.7+ 6.7 mm>
or 13%+0.1%) for this time period. After 6 weeks, both the
empty defect (19.9+8.1 mm> or 26% +0.1%) and OPF-BP20
(17.9£6.6 mm? or 24% +0. 1%) contained more (p <0.02)
bone compared to OPF-noBP (9.1 £5.6 mm? or 12%+0.1%).
Subsequently, after 9 weeks, a higher (p <0.03) bone vol-
ume was observed in the empty defect, (24.0+9.1 mm® or
32%+12%) OPF-BP20 (25.9+9.8 mm® or 35% * 13%) and
OPF-BP40 (25.5+9.8 mm® or 34% + 13%) compared to OPF-
noBP (12.7+7.6mm’ or 17% +10%). No significant differ-
ences were seen between the empty defect, OPF-BP20 and
OPF-BP40.

To visualize differences in bone formation in time be-
tween groups, the difference in bone volume within each
group between time points was calculated (Fig. 4B). A
higher (p=0.04) bone formation rate was seen in the empty
defect compared to OPF-noBP after 3 weeks. After 6 weeks,
OPF-BP20 showed a higher (p=0.01) bone formation rate
compared to OPF-noBP. For the 9-week time point, a higher
(p=0.02) bone formation rate was seen in OPF-BP40
compared to both empty defect and OPF-noBP.

Osteoinductivity.  Subcutaneously, no bone volume was
seen in the scaffolds without BMP-2 (data not shown in
graph). No significant differences in bone volume were
observed between the different BMP-2 loading methods.
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FIG. 4. Amount of newly formed bone in the orthotopic defect after 3, 6, and 9 weeks of implantation, (A) shown in
volume mean * Standard deviation (rnmg) The bone formation rate every 3 weeks (mm /week) (B). *Significant difference at
p <0.05. Empty, unfilled defect; OPF-noBP, unmodified OPF; OPF-BP20, 20% BP w/w OPF; OPF-BP40, 40% BP w/w OPF.
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While the phosphate-modified composites generated more
(p<0.001) bone compared to unmodified composites, no
differences were seen between OPF-BP20 and OPF-BP40
composites (Fig. 5).

Histology

Osteoconductivity. After 9 weeks of orthotopic im-
plantation, no signs of persistent inflammatory response
were observed across all groups (Fig. 6). In the empty de-
fect, an interposition of muscle tissue was observed at the
center of the defect with bone ingrowth distal and proximal
in the defect. Unmodified OPF-noBP showed little cellular
infiltration with large total area of void volume (>50% pore
volume) and minimal woven bone ingrowth at the edges of
the defect. In both phosphate-modified OPF-BP20 and OPF-
BP40 composites, proper cellular and blood vessel infiltra-

A

NoBP BP20

Cmb

Ads
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tion (>75% pore volume) were observed with woven com-
bined with lamellar bone regeneration in direct contact with
the hydrogel surface.

Osteoinductivity. After 9 weeks of subcutaneous im-
plantation, unloaded OPF-noBP and OPF-noBP-Ads
showed similar tissue formation as the orthotopic location,
with minimal cellular infiltration and a large area of void
volume (>50% pore volume) (Fig. 7). Only in OPF-noBP-
Cmb, minimal woven bone was observed. Unloaded OPF-
BP20 and OPF-BP40 showed substantial cellular infiltration
(>75% pore volume) without bone formation. Regardless of
the BMP-2 release profile, the BMP-2-loaded OPF-BP20
and OPF-BP40 composites showed substantial bone for-
mation, with woven bone in direct contact with the hydrogel
surface.

BP40

FIG. 5. Three-dimensional p-CT recon-
structions of the implants after 9 weeks (A).
Amount of newly formed bone after 9 weeks
of subcutaneous implantation (B), shown in
mean volume +SD (mm?). *Significant dif-
ference at p <0.05. OPF-noBP, unmodified
OPF; OPF-BP20, 20% (w/w) BP in OPF;
OPF-BP40, 40% (w/w) BP in OPF. Cmb,
combined BMP-2 release; Ads, mainly
BMP-2 burst release; pu-CT, micro-
computed tomography. All implants
contain 2 ug BMP-2.

. = = ' |
]
E 40 T
[+4]
T Il
o
s 20l !
=
Q
m
c L L} L L} T T
0 =] =] e
TS S S S
Q° Q O Q 1€ )
& & A VN
3 o Q 4
& &KL K



826

Empty

FIG. 6. Representative methy-
lene blue-/basic fuchsin-stained
histological sections of the im-
plants after 9 weeks of orthotopic
implantation. In the empty defect
(A, B), there was interposition of
muscle (Mu) and fat (Fa) tissue in
the center of the empty femoral
defect with limited ingrowth of
bone (Bo) from the distal and
proximal osteotomy sides. The un-
modified OPF-noBP (#) (C, D)
showed minimal cellular infiltra-
tion and much void volume (Vo)
with minimal bone ingrowth at the
edges of the defect. In both
phosphate-modified OPF-BP20 (E,
F) and OPF-BP40 (G, H), good
cellular and blood vessel infiltra-
tion (>75% pore volume) were
observed with bone regeneration in
direct contact with the hydrogel
surface (#). Empty, unfilled defect;
OPF-noBP, unmodified OPF; OPF-
BP20, 20% BP w/w OPF; OPF-
BP40, 40% BP w/w OPF. Color
images available online at
www.liebertpub.com/tea

OPF-noBP

OPF-BP20

OPF-BP40

Discussion

This study clearly shows that the phosphate functionalized
surface-enhanced BMP-2 induced ectopic bone formation.
Even more so, phosphate functional groups enhance the os-
teoconductive characteristics of OPF in an orthotopic defect.

Incorporation of phosphate functional groups increased the
osteoconductive properties of OPF. Since bonelike minerals
have shown to be a prerequisite for osteoconduction,® bio-
mineralization is thought to be the important underlying
mechanism. Natural biomineralization of collagen fibrils can
be mimicked by incorporation of functional anionic groups
within the polymer network.?' Anionic groups with strong
affinity to calcium can both adsorb HA and trigger the phys-
iologic process of nucleation. This provides a strong interaction

OLTHOF ET AL.

between the organic matrix of the polymer substrate with the
inorganic phase of natural bone. Several anionic functionalized
groups, including carboxyl, phosphate, phosphonate, hydroxyl,
and sulfate groups, showed strong adhesion to HA and im-
proved biomineralization and cellular adhesion to the synthetic
polymer in vitro.'> Various polymers functionalized with
phosphate groups showed improved peptide specificity for
bone-like minerals and improved biomineralization.?***

Although the in vitro results of phosphate-modified syn-
thetic hydrogels have been promising, no in vivo studies
were available studying the effect of functionalized phos-
phate groups on bone formation. The improved in vivo
osteoconductive properties of phosphate-modified OPF in
this study show that phosphate-functionalized polymers hold
great promise for bone regeneration.
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Unloaded

Cmb

Ads

Similar bone formation was seen for the empty defect
compared with the phosphate-modified hydrogels in the
absence of BMP-2. While the bone formation in the empty
defect started at a high rate and decreased rapidly over time,
the bone growth in the phosphate-functionalized hydrogels
started at a low rate, but was stable over time. The osteo-
conductive properties of the phosphate-modified hydrogels
allow slow ingrowth of bone into the polymer porous
structure without interposition of the tissue environment into
the defect, while interposition of muscle and fat tissue could
have prohibited the empty defect from bridging. The un-
modified OPF-noBP showed that nonosteoconductive ma-
terials in bone defects allow minimal bone ingrowth and
have a negative influence on bone regeneration.
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FIG. 7. Representative
methylene blue-/basic
fuchsin-stained histological
sections of the implants (#)
after 9 weeks of subcutane-
ous implantation. Unloaded
OPF-noBP composites (A,
D) showed minimal cellular
infiltration with much void
(Vo) volume (>50%). While
OPF-noBP-Ads (M, P)
showed no bone formation,
minimal bone was observed
in OPF-noBP-Cmb (G, J).
Unloaded BP-modified com-
posites (B, C, E, F) showed
substantial cellular infiltra-
tion without bone tissue.
BMP-2-loaded BP-modified
composites (H, I, K, L, N, O,
Q, R) showed substantial
bone formation (Bo) with
woven bone in direct contact
with the polymer surface.
noBP, unmodified OPF;
BP20, 20% BP w/w OPF,
BP40, 40% BP w/w OPF.
Unloaded, not loaded with
BMP-2; Cmb, combined
BMP-2 release; Ads, mainly
BMP-2 burst release. Color
images available online at
www.liebertpub.com/tea

Phosphate functional groups enhanced BMP-2-induced
ectopic bone formation. Previous studies showed that the
surface of PEG-based hydrogels is not well suited for cellular
attachment and biomineralization.'*>> Also, in this study, the
unmodified hydrogel showed a limited amount of ectopically
formed bone and inferior osteoconductive properties com-
pared to empty defects and phosphate-modified OPF.

In vitro, a phosphate functionalization of OPF showed
significant improvement in cell attachment, proliferation,
and differentiation of osteoblast precursor cells. In vivo, no
ectopic bone formation was seen in the negative controls
without BMP-2, indicating phosphate-modified polymers
are not osteoinductive in an ectopic location. While mini-
mal bone formation was seen in BMP-2-loaded unmodified
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polymers, substantial bone formation was observed in BMP-
2-loaded OPF-BP20 and OPF-BP40 composites. Within the
phosphate modifications, a trend could be observed with a
more sustained BMP-2 release increasing bone formation in
noBP composites and a mainly burst release increasing bone
formation in BP-modified composites. However, the limited
effect on bone formation indicates that the effect of BMP-2
release profiles is supplementary to the effect of phosphate
modifications in these composites. Previous research also
showed that calcium phosphate coatings in combination
with BMP-2 improve bone formation in a synthetic polymer.*®

Since the BMP-2 release profiles were similar for the
different composites. In this study, the observed differ-
ence in BMP-2-induced bone formation could be explained
by cell-composite or BMP-2-composite interaction. It is tempt-
ing to hypothesize that an enhanced ectopic bone formation
is attributed to improved cell adhesion and proliferation.
Furthermore, the biomimetic surface of the phosphate-
modified hydrogels may have improved the adsorption of
certain cytokines and growth factors, which could have had
a synergistic effect with BMP-2 on bone formation.”” As
such, the improved BMP-2 osteoinductivity of phosphate-
modified hydrogels can help lower growth factor dose in
future clinical applications.

Crosslinking a phosphate-containing monomer into the
OPF hydrogel matrix provides an efficient and effective
method for functionalizing the hydrogel surface for bone
grafting. Coating techniques are widely used to improve the
biomimetic properties of synthetic polymers. Weak adhesion,
lack of structural integrity, and long processing time
make these techniques a method with minimum quality
and efficiency.®™®

Furthermore, these coated scaffolds are less suitable for
off-the-shelf products that can be shaped into the desired
size of a clinical bone defect. Therefore, studies focus on
encapsulating calcium phosphate microparticles into the
polymer matrix to mimic the bone inorganic phase.?®°
However, this method will not result in mimicking the
hierarchically structured HA nanocrystallites, seen in or-
ganic matrix of bone. Therefore, newer methods focus on
chemically altering the polymer interface.

While some methods involve chemical post processing
treatment, other methods incorporate monomers with func-
tional groups in the polymer matrix.'> While both methods
improve the integration of calcium phosphate with the polymer
surface and enhance biomineralization, preferably no time-
consuming postprocessing is needed. Functionalizing poly-
mers by incorporation of phosphate functional groups was
shown to be effective in several polymers.”*** This implies
that incorporation of phosphate-functionalized groups into
a polymer could be an efficient and effective method for
functionalizing polymers for bone grafting.

Incorporation of more phosphate functional groups than
20% w/w did not stimulate further osteoconduction and
BMP-2-induced bone formation. In vitro, higher amounts of
phosphate on the surface decreased the Ca/P ratio of the
adsorbed minerals.'* This could indicate that Ca** binds less
efficiently to a higher phosphate surface density and will not
contribute to a higher biomineralized surface. Furthermore,
increasing the phosphate content of OPF above 20% wt. did
not have an additional effect on the in vitro proliferation of
osteoblasts.'* These results may indicate that above a certain
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threshold density, a phosphate functionalized surface is not
contributing to an improved bone formation.

In conclusion, this study clearly shows that phosphate
functional groups improve the osteoconductive properties of
OPF. Furthermore, the phosphate-functionalized surface
enhanced bone formation in the context of BMP-2. There-
fore, functionalizing hydrogels with phosphate groups by
crosslinking monomers into the hydrogel matrix could
provide a valuable method for improving polymer charac-
teristics and holds great promise for bone tissue engineering.
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