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Abstract
Background Bone grafts are widely used in orthopaedic
procedures. Autografts are limited by donor site morbidity
while allografts are known for considerable infection and
failure rates. A synthetic composite bone graft substitute
poly(2-hydroxyethyl methacrylate)-nanocrystalline hydroxyapatite (pHEMA-nHA) was previously developed to stably
press-fit in and functionally repair critical-sized rat femoral
segmental defects when it was preabsorbed with a single low
dose of 300 ng recombinant human bone morphogenetic
protein-2/7 (rhBMP-2/7).
Questions/purposes To facilitate clinical translation of
pHEMA-nHA as a synthetic structural bone graft substitute,
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we examined its ability to encapsulate and release rhBMP-2
and the antibiotic vancomycin.
Methods We analyzed the compressive behavior and
microstructure of pHEMA-nHA as a function of vancomycin incorporation doses using a dynamic mechanical
analyzer and a scanning electron microscope. In vitro
release of vancomycin was monitored by ultraviolet-visible
spectroscopy. Release of rhBMP-2 from pHEMA-nHAvancomycin was determined by ELISA. Bioactivity of the
released vancomycin and rhBMP-2 was examined by
bacterial inhibition and osteogenic transdifferentiation
capabilities in cell culture, respectively.
Results Up to 4.8 wt% of vancomycin was incorporated into
pHEMA-nHA without compromising its structural integrity
and compressive modulus. Encapsulated vancomycin was
released in a dose-dependent and sustained manner in phosphate-buffered saline over 2 weeks, and the released
vancomycin inhibited Escherichia coli culture. The pHEMAnHA-vancomycin composite released preabsorbed rhBMP-2
in a sustained manner over 8 days and locally induced osteogenic transdifferentiation of C2C12 cells in culture.
Conclusions pHEMA-nHA can encapsulate and deliver
vancomycin and rhBMP-2 in a sustained and localized
manner with reduced loading doses.
Clinical Relevance The elasticity, osteoconductivity, and
rhBMP-2/vancomycin delivery characteristics of pHEMAnHA may benefit orthopaedic reconstructions or fusions with
enhanced safety and efficiency and reduced infection risk.

Introduction
Autogenic and allogenic bone grafts [5] are used for surgical treatments of volumetric bone loss resulting from
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trauma or bone tumor resections [27, 29] and attempted
arthrodesis of the spine [25], wrist [41], foot and ankle
[39], and knee [38]. These methods are associated with
patient donor site morbidity (autografts) and multiple
complications (allografts), including delayed unions, poor
graft incorporations, infections, and need for revision
operations [3, 9, 10, 26]. Furthermore, the utilization of
autografts and allografts can be limited by both volume and
graft-defect size mismatches [23]. Adjuvant use of osteoinductive recombinant human bone morphogenetic protein2 (rhBMP-2), along with the allograft, has been effective in
augmenting graft healing. The clinical use of rhBMP-2,
which was approved by the FDA, has been primarily limited
to spine fusions and open tibial fractures [4, 16]. The negative side effects associated with high clinical doses of
rhBMP-2 delivered by collagen sponge carriers have been
major safety concerns. A recent review of the clinical uses of
rhBMP-2 revealed risks for adverse events that were 10 to 50
times the original estimates reported in industry-sponsored
studies [7]. Thus, the development of osteoconductive synthetic scaffolds capable of delivering safe doses of
osteogenic growth factors and antibiotics in a localized and
sustained manner, either as synthetic structural bone graft
substitutes or as auxiliary delivery vehicles, to enhance the
performance of allografts is highly desired [26].
A poly(2-hydroxyethyl methacrylate)-nanocrystalline
hydroxyapatite (pHEMA-nHA) composite exhibiting a
combination of osteoconductivity, elasticity for surgical
press-fitting, and an attractive retention/release profile for
protein therapeutics was recently developed [36]. It was
able to encapsulate or release rhBMP-2/7 heterodimer and
RANKL in a localized and sustained manner, while
reducing the minimal effective loading doses by two to
three orders of magnitude, compared to conventional
ceramic carriers [1, 21, 42]. Furthermore, when preabsorbed with a single dose of 400 ng rhBMP-2/7 and pressfit in a 5-mm critical-sized rat femoral segmental defect,
pHEMA-nHA led to the functional repair of the defect in 8
to 12 weeks [11].
pHEMA-nHA can also encapsulate and deliver vancomycin. Vancomycin is frequently used in orthopaedic
surgery for the prevention and treatment of infections
caused by gram-positive organisms and those unresponsive
to other antibiotics (eg, methicillin-resistant Staphylococcus aureus [MRSA]) [20, 31]. Compared to systemic
treatment, local antibiotics delivery can achieve considerably higher drug concentration at the infection site with
reduced systemic toxicity [15, 22]. A substantial release of
vancomycin from a synthetic carrier in the first few days
postoperation, followed by a sustained release of lower yet
meaningful doses over the course of a couple of weeks,
would be highly desired. It was shown that pHEMA-nHA
could encapsulate and locally deliver tetracycline in a
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sustained manner over 2 weeks [42]. Such a sustained local
delivery of antibiotics may also reduce the need for prophylactic systemic antibiotic administration.
We examined the ability of pHEMA-nHA to encapsulate and deliver rhBMP-2 and vancomycin to facilitate its
clinical translation as a synthetic bone graft substitute. Our
specific aims were to determine (1) the appropriate
encapsulation dose of vancomycin in pHEMA-nHA without compromising its structural and mechanical integrity,
(2) the vancomycin release profile under physiologic conditions over 2 weeks and the antibacterial efficacy of the
released vancomycin in vitro, and (3) the release of
rhBMP-2 from this synthetic composite and the osteoinductivity of the released rhBMP-2 in culture. This is the
first study evaluating the encapsulation and release characteristics of both rhBMP-2 and vancomycin from the
elastomeric and osteoconductive pHEMA-nHA synthetic
bone graft substitute.

Materials and Methods
Hydrogel monomer 2-hydroxyethyl methacrylate (HEMA)
(Sigma-Aldrich Co, St Louis, MO, USA) was distilled
under reduced pressure, and crosslinker ethylene glycol
dimethacrylate (EGDMA) (Sigma-Aldrich) was stored
´
with a 4-Å molecular sieve before use. Porous aggregates
of hydroxyapatite (HA) nanocrystals (Alfa Aesar, Ward
Hill, MA, USA) were used as received. We purchased the
recombinant protein rhBMP-2 and an rhBMP-2 Quantikine1 ELISA kit (R&D Systems, Minneapolis, MN, USA)
and reconstituted it per the vendor’s instructions. Vancomycin powder (99%; APP Pharmaceuticals, Schaumburg,
IL, USA) and the alkaline phosphatase (ALP) staining kit
(Leukocyte Alkaline Phosphatase Kit; Sigma-Aldrich)
were used as received.
We prepared pHEMA-nHA-vancomycin composite
grafts by crosslinking HEMA with 2 wt% EGDMA in the
presence of 50 wt% HA and 2.4, 4.8, 9, or 13 wt% vancomycin powder. Specifically, vancomycin was dissolved
in the mixture of HEMA, EGDMA, and viscous solvent
ethylene glycol and thoroughly mixed with the HA powder
before aqueous solutions of radical initiators ammonium
persulfate (480 mg/mL) and sodium metasulfite (180 mg/
mL) were added to initiate the polymerization. The mixture
was solidified at room temperature overnight in borosilicate glass tubing with an inner diameter of 3.8 mm. The
polymerized composites were retrieved from the glass
tubing, cut into 4.0-mm-long cylindrical segments, and
equilibrated in Type 1 Ultrapure Milli-Q1 water (EMD
Millipore, Billerica, MA, USA) for 24 hours to remove
ethylene glycol and radical initiators before being subjected to mechanical testing and cell culture studies.

Synthetic Graft Delivers BMP-2/Vancomycin

To pursue our first aim, we analyzed the compressive
behavior of pHEMA-nHA-vancomycin composites under
physiologic conditions as a function of the vancomycin
incorporation dose on the Q800 Dynamic Mechanical
Analyzer (TA Instruments, New Castle, DE, USA),
equipped with a submersion compression fixture. An
L-square was used to ensure the sanded top and bottom
surfaces of the cylindrical specimen were parallel to the
load cell before testing. The fully hydrated specimens
(after 24-hour equilibration in water) were compressed in
force-controlled mode in phosphate-buffered saline (PBS,
pH 7.4) at 37°C, ramping from 0.03 N to 10.0 N and then
back to 0.03 N at a rate of 3.0 N/minute for 10 cycles or
until sample failure was detected (n = 3). All stress-strain
curves presented were based on the engineering stress and
strain recorded assuming a fixed cross section of the
material as defined at the start of the test.
After the repetitive compressive loading-unloading,
macroscopically intact specimens were bisected longitudinally for further examination of the microstructures at the
cross section by a scanning electron microscope (SEM).
Specimens with the same content of vancomycin that did
not undergo compressive loading-unloading were also
bisected for the examination of microstructures at the cross
section. SEM micrographs were acquired on a QuantaTM
200 FEG MKII SEM (FEI Co, Hillsboro, OR, USA) under
the environmental mode with an accelerating voltage of
5 kV.
To pursue our second aim, we monitored the release of
vancomycin from each freshly prepared composite specimen (3.8 mm in diameter, 4.0 mm in height) in PBS (pH
7.4) at 37°C using ultraviolet-visible spectroscopy over
14 days, with replacement of fresh PBS (1 mL) for the
same specimen at each prescheduled time point. Specifically, at 0, 1, 2, 4, 6, 12, 24, 48, 96, 168, and 336 hours,
each specimen was retrieved from the 1-mL PBS solution
and place into fresh 1-mL PBS solution for continued
incubation. The PBS solutions collected at each time point
for various specimens were quantified for vancomycin
absorption at 280 nm. Three specimens (n = 3) were
examined for each vancomycin encapsulation dose at each
time point. A standard vancomycin concentration-absorption curve at 280 nm was generated for quantification.
The antibiotic activity of the vancomycin released from
the pHEMA-nHA-vancomycin composites was evaluated
by the ability to inhibit Escherichia coli culture. Warm
Luria broth (LB) (25 g/L)-agar (15 g/L) solution was
poured into a sterile plastic petri dish (100 9 15 mm) and
cooled to room temperature. The surfaces of the LB-agar
plates were coated with 100 lL E coli XL-2 solution
(absorbance at 600 nm = 0.256) with glass beads and
cultured at 37°C for 30 minutes before a composite graft
(3.8 mm in diameter, 4.0 mm in height) encapsulated with

0 (negative control), 2.4, or 4.8 wt% of vancomycin was
placed on the surface of the agar dish. The E coli culture
was continued at 37°C in a humidified incubator, and
pictures of the culture were taken at 6, 12, 24, and 48 hours
to monitor the clear zone that developed around each graft.
The diameters of the clear zones surrounding the grafts
(n = 3) were measured at each time point and reported as
mean ± SD.
To pursue our third aim, we determined the retention
and release of rhBMP-2 from pHEMA-nHA-vancomycin grafts containing 2.4 or 4.8 wt% vancomycin using a
BMP-2 ELISA kit. Ten microliters of rhBMP-2 solution
(30 ng/lL) was loaded to each composite (n = 3) to
achieve a final loading dose of 300 ng/graft carrier. Each
specimen was placed in 1 mL Milli-Q1 water and incubated at 37°C. The aqueous solution was collected at 0, 1,
2, 4, 6, 12, 24, 48, and 96 hours, and the BMP-2 released
to the solution at each time point was quantified and calibrated by the ELISA kit following the vendor’s instructions.
The bioactivity of the rhBMP-2 released from the
pHEMA-nHA-vancomycin graft containing 2.4 wt% vancomycin over 8 days was examined by the ability to induce
osteogenic transdifferentiation of myoblast C2C12 cells.
C2C12 cells, seeded at 5000/cm2 in a 24-well plate, were
allowed to attach overnight in Dulbecco’s Modified
Eagle’s Medium (DMEM; Mediatech Inc, Manassas, VA,
USA) supplemented with 10% fetal bovine serum (FBS;
Hyclone Laboratories, Inc, Logan, UT, USA) and 1%
penicillin-streptomycin (Mediatech) before being switched
to low mitogen medium (DMEM, 5% FBS, 1 mL/well; 24well plate), to which a graft containing 2.4 wt% vancomycin and freshly loaded with 300 ng rhBMP-2 was placed
(n = 3). The culture was continued for 4 days without
medium changes or any additional supplements of growth
factors. The graft was retrieved on Day 4 and the cells were
fixed and stained for osteogenic marker ALP using the
ALP staining kit. The retrieved graft was then placed in
another fresh C2C12 culture without additional supplements of rhBMP-2 until the cells were stained for ALP
after 4 days of culture.

Results
The content of vancomycin had a direct impact on the
compressive behavior of the composite under physiologic
conditions (in PBS, pH 7.4, 37°C), with the stiffness of the
composites inversely correlated with the vancomycin
content (Fig. 1A). The grafts containing 2.4 and 4.8 wt% of
vancomycin could withstand the repetitive 0.675-MPa
compressive stress (or 26%–30% compressive strains) with
good shape recovery. SEM micrographs (Fig. 1B) of the
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cross sections of the composites after repetitive compressive loadings did not reveal any microfractures. By
contrast, the grafts encapsulating 9 to 13 wt% vancomycin
were not able to recover their original dimensions after the
same compressive loads (Fig. 1A), with major cracks
developing within the composites leading to macroscopic
failures (disintegration) of the specimens.
Vancomycin was released in a sustained and dosedependent manner (Fig. 2). Whereas the 9- and 13-wt%
composites released about 75% and 80% of the encapsulated vancomycin within the first 12 hours, respectively;
only 25% to 35% of encapsulated vancomycin was
released from the lower-content (2.4- and 4.8-wt%) composites within the same period of time. After the initial
burst release, an additional 35% to 45% of vancomycin was
released from the 2.4- and 4.8-wt% composites in a sustained manner over the course of 2 weeks. By contrast, the
release of vancomycin from the 9- and 13-wt% composites
reached 90% within the first 48 hours with little sustained
release thereafter. The antibiotic activity of the vancomycin release was evaluated by its ability to inhibit the E coli
culture. The mean diameters of the clear zone surrounding
the 2.4- and 4.8-wt% grafts by 48 hours were 13.00 ±
0.20 mm and 18.60 ± 0.34 mm, respectively (Fig. 3). No
clear zone developed surrounding the graft without preencapsulated vancomycin.
After an initial release of 5% and 10% of 300 ng
rhBMP-2 in PBS from the 4.8- and 2.4-wt% composites in
the first 12 hours, respectively, rhBMP-2 release plateaued,
with greater than 89% of the rhBMP-2 stably retained on

Fig. 1A–B (A) A graph shows the compressive stress-strain curves
of pHEMA-nHA-vancomycin composites (Vanco) as a function of
vancomycin encapsulation content. Ten continuous loading-unloading cycles (from 0.03 N to 10.0 N and back to 0.03 N, loading rate of
3.0 N/minute) were applied to the composite at 37°C in PBS (pH 7.4),
using a submersion compressive fixture. The content of vancomycin
had a direct impact on the compressive behavior of the composite,
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the 2.4-wt% composite by 24 hours and greater than 94%
of the rhBMP-2 stably retained on the 4.8-wt% composite
by 48 hours (Fig. 4A). An established BMP-2-induced
osteogenic transdifferentiation of myoblast C2C12 culture
model was used to evaluate the bioactivity of rhBMP-2
released from the grafts [17]. The BMP-2 released from the
2.4-wt% composite graft, preabsorbed with 300 ng
rhBMP-2 when it was placed in the C2C12 cell culture, led
to positive detections for ALP from cells surrounding the
graft on Day 4 (Fig. 4B, middle). Furthermore, when this
graft was retrieved and placed in a fresh C2C12 culture, the
remaining rhBMP-2 retained on the graft was able to again

Fig. 2 A graph shows the release kinetics of vancomycin from
pHEMA-nHA-vancomycin composites (Vanco) in PBS (pH 7.4) at
37°C as a function of time and vancomycin encapsulation content.
Vancomycin was released in a sustained and dose-dependent manner.

with the stiffness of the composites inversely correlated with the
vancomycin content. (B) SEM micrographs (original magnification, 95000) show cross sections of pHEMA-nHA-vancomycin
composites containing 2.4 wt% vancomycin before (left) and after
(right) the repetitive compressive loadings. The composites did not
reveal any microfractures after the loadings.

Synthetic Graft Delivers BMP-2/Vancomycin

Fig. 3 Images show the development of clear zones in E coli culture
surrounding pHEMA-nHA-vancomycin composites at 48 hours
(triplicates). The composites placed on each plate of E coli culture
contained 0, 2.4, or 4.8 wt% vancomycin. The mean diameters of the

clear zone surrounding the 2.4- and 4.8-wt% grafts by 48 hours were
13.00 ± 0.20 mm and 18.60 ± 0.34 mm, respectively, whereas no
clear zone developed surrounding the graft with 0 wt% vancomycin.

Fig. 4A–B (A) A graph shows the release kinetics of rhBMP-2 from
pHEMA-nHA-vancomycin as determined by ELISA. After an initial
release of 5% and 10% from the 4.8- and 2.4-wt% vancomycin
composites (Vanco) in the first 12 hours, respectively, rhBMP-2
release plateaued ([ 89% retained on 2.4-wt% composites by 24
hours, [ 94% retained on 4.8-wt% composites by 48 hours).
(B) Images (original magnification, 9100) show ALP staining of

C2C12 cultures after placing 2.4 wt% pHEMA-nHA-vancomycin
grafts preloaded with nothing (left) or 300 ng rhBMP-2 in culture for
4 days (middle) or 8 days (right). The staining was carried out on Day
4 for each culture. There are positive detections for ALP from cells
surrounding grafts preloaded with rhBMP-2 on Days 4 and 8 but none
from cells surrounding grafts without preabsorbed rhBMP-2.

induce the localized osteogenic differentiation of C2C12
cells in 4 more days (8 total days) (Fig. 4B, right). As
expected, no ALP expression was detected from the culture
treated with grafts without preabsorbed rhBMP-2 (Fig. 4B,
left).

synthetic bone graft substitute. Our specific aims were to
determine (1) the appropriate encapsulation dose of vancomycin in pHEMA-nHA without compromising its
structural and mechanical integrity, (2) the vancomycin
release profile under physiologic conditions over 2 weeks
and the antibacterial efficacy of the released vancomycin
in vitro, and (3) the release of rhBMP-2 from this synthetic
composite and the osteoinductivity of the released rhBMP2 in culture.
There are a number of limitations to our study. First, the
release profiles established for both vancomycin and
rhBMP-2 under static in vitro conditions will likely differ
from those under in vivo scenarios where the specimens
will be subjected to dynamic mechanical loadings. Second,
we chose E coli for the examination of antibacterial
activities of the vancomycin locally released from the

Discussion
Synthetic bone grafts that possess both the structural and
biochemical microenvironments of natural bone, while
having the ability to encapsulate and sustainably release
antibiotics and protein therapeutic factors, are highly
desired in orthopaedic care. We examined the ability of
pHEMA-nHA to encapsulate and deliver rhBMP-2 and
vancomycin to facilitate its clinical translation as a
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synthetic bone graft substitute. Although this is a good
model for proof-of-concept evaluations, it is necessary to
also address the efficacy of the locally released vancomycin in inhibiting more clinically relevant bacteria such as S
aureus or MRSA in followup studies. Finally, the ultimate
success of this synthetic bone graft substitute would be
most appropriately evaluated using a suitable animal longbone defect infection model.
We showed by way of direct encapsulation of up to 4.8
wt% vancomycin and 50 wt% nHA within crosslinked
pHEMA hydrogel that pHEMA-nHA-vancomycin composites could be prepared with good structural integration
and desirable elastomeric properties. The resulting composites were able to withstand repetitive 25% compressive
stains under moderate compressive loads (0.675 MPa) with
excellent shape recovery under physiologic conditions.
Such a property represents an advantage for the surgical
handling and manipulation of the synthetic bone graft to
enable convenient and stable press-fitting within a defect.
Unlike many existing drug delivery systems that either
release encapsulated vancomycin too slowly (eg, 0.6%
total release over 5 weeks, including a 0.2% burst release
in the first hour from a 40-g packet of Palacos1 R cement
powder loaded with 1 g vancomycin) [30] or too quickly
(80%–100% release within 5 days from pHEMA) [2], the
pHEMA-nHA-vancomycin composites (2.4 and 4.8 wt%
vancomycin) exhibited an attractive release profile, with
35% and 50% releases in the first 2 days followed by a
steady, continued release that totaled 60% and 80% release
over 2 weeks, respectively. This is consistent with a literature report wherein nHA-containing composite scaffolds
led to a more sustained release of vancomycin (eg, a
composite of calcium sulfate and nHA named PerOssal1)
[33]; it does not, however, possess the surgical compressibility of pHEMA-nHA-vancomycin. In addition, we
showed the released vancomycin remained bioactive and
was able to inhibit the E coli culture in an encapsulated,
dose-dependent manner. These combined properties would
allow us to rationally select the initial vancomycin
encapsulation dose to exert control over both the mode
(burst release versus sustained release) and the overall
quantity of the released antibiotics to meet the needs of
both short-term higher-dose (eg, for acute osteomyelitis)
and long-term sustained-dose (eg, for chronic infections)
treatments.
The importance of sustained release of rhBMP-2 from a
drug carrier in promoting more robust bone formation is
well recognized [18, 19]. Clinically, rhBMP-2 delivered
via collagen sponge carriers (INFUSE1 Bone Graft) is
FDA-approved for use in posterior-lateral spine fusion,
open tibia fracture, and specific craniofacial applications to
expedite bone fusion or healing [16]. In current clinical
practice, however, rhBMP-2, in the order of milligrams, is
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typically used to induce fusion [13, 24]. The burst release
of high-dose rhBMP-2 from collagen sponge carriers can
lead to rapid diffusion of the proteins away from the defect
site, increasing the risk for both systemic and local side
effects, as well as wastefully inflating the cost of the
treatment [15]. Such high initial dosage could also result in
local bone overgrowth, inflammation response, periimplant
bone resorption, and radically increased risks of postoperative complications [13, 35]. Complications related to
high-dose rhBMP-2 (up to 2.1 mg/level) when used in
anterior cervical fusion included postoperative edema,
which resulted in an increased rate of readmission, dysphagia, and reintubations that resulted in tracheotomies
[28, 35]. Recently, major osteolysis (69%) and back pain
were also reported in patients undergoing transforaminal
lumbar interbody fusion procedures utilizing higher dosages of rhBMP-2 (4.2–8.4 mg for single-level fusion,
12 mg for multilevel fusion [8]). Also, in patients undergoing anterior lumbar interbody fusion, heterotopic bone
formations were reported [34, 40] that resulted in neurologic deficits. Therefore, it is highly desired to deliver
rhBMP-2 via a synthetic bone graft with enhanced retention and more sustained release profile to reduce the
minimal effective loading dose of the osteogenic therapeutic proteins. Here, we demonstrated the 2.4- and 4.8wt% pHEMA-nHA-vancomycin composites could stably
retain 89% and 94%, respectively, of 300 ng rhBMP-2
preabsorbed on the 64-mg graft, even after 48-hour incubation in PBS. This was accomplished by taking advantage
of the large surface area of the nHA component, which is
known to exhibit high affinity for a wide range of proteins
[12, 37].
In addition, using a BMP-2-induced osteogenic transdifferentiation of a myoblast C2C12 cell culture model, we
showed the preabsorbed, single dose of 300 ng rhBMP-2
can be released from the pHEMA-nHA-vancomycin graft
in a localized and sustained manner over 8 days, a time
frame critical for initiating effective injury repair and graft
healing [6, 32]. The loading dose of 300 ng rhBMP-2/64mg graft accomplished by the pHEMA-nHA-vancomycin
was more than two orders of magnitude lower than those
reported for other literature carriers [1]. For instance, a
recently reported rhBMP-2 delivery system based on tricalcium phosphate-chitosan scaffolds required a loading
dose of 50 lg rhBMP-2/graft to induce osteogenic transdifferentiation of C2C12 cells using the same cell culture
model [1]. Reduction of the minimal effective loading
dose, combined with the localized and sustained release
profile accomplished by pHEMA-nHA-vancomycin, can
potentially reduce both local and systemic side effects and
the overall cost of the scaffold-assisted BMP-2 therapy.
In summary, we demonstrated up to 4.8 wt% of vancomycin can be encapsulated in the pHEMA-nHA without

Synthetic Graft Delivers BMP-2/Vancomycin

compromising the structural integrity and elastomeric
property of the synthetic bone graft. The resulting composites were able to release vancomycin in a sustained manner
over 2 weeks and, when preabsorbed with a single dose of
300 ng rhBMP-2, could exert their osteoinductive properties
in cultures in a localized and sustained manner over 1 week.
The retention and localized release of osteoinductive protein
factors can potentially lower the effective BMP-2 dosage
needed for fusion, thereby lowering cost and minimizing
complications associated with higher concentrations of
BMP-2. These properties, combined with previously demonstrated in vivo efficacy of pHEMA-nHA in treating
critical-sized femoral segmental defects in rats [11], open the
possibility of the use of the synthetic graft in conjunction
with vancomycin and low doses of rhBMP-2 to benefit a
wide range of orthopaedic reconstruction procedures,
including spine surgery, attempted arthrodesis, and tumor
reconstruction.
Acknowledgments The authors thank Jonathan Smits BS for his
assistance with SEM.

References
1. Abrarrategi A, Moreno-Vincent C, Ramos V, Aranaz L, Sanz
Casado JV, Lopez-Lacomba JL. Improvement of porous betaTCP scaffolds with rhBMP-2 choitosan carrier film for bone
tissure application. Tissue Eng Part A. 2008;14:1305–1319.
2. Anderson EM, Noble ML, Garty S, Ma HY, Bryers JD, Shen TT,
Ratner BD. Sustained release of antibiotic from poly(2hydroxyethyl methacrylate) to prevent blinding infections after
cataract surgery. Biomaterials. 2009;30:5675–5681.
3. Arrington ED, Smith WJ, Chambers HG, Bucknell AL, Davino
NA. Complications of iliac crest bone graft. Clin Orthop Relat
Res. 1996;329:300–309.
4. Bostrom MP, Camacho NP. Potential role of bone morphogenetic
proteins in fracture healing. Clin Orthop Relat Res. 1998;
355(suppl):S274–S282.
5. Bostrom MP, Seigerman DA. The clinical use of allografts,
demineralized bone matricies, synthetic bone graft substitutes and
osteoinductive growth factors: a survey study. HSS J. 2005;1:
9–18.
6. Bourque WT, Gross M, Hall BK. A reproducible method for
producing and quantifying the stages of fracture repair. Lab Anim
Sci. 1992;42:369–374.
7. Carragee EJ, Hurwitz EL, Weiner BK. A critical review of
recombinant human bone morphogenetic protein-2 trials in spinal
surgery: emerging safety concerns and lessons learned. Spine J.
2011;11:471–491.
8. Clellan J, Mulconrey D, Forbes R, Fullmer N. Vertebral bone
resorption after transforaminal lumbar interbody fusion with bone
morphogenetic protein (rhBMP-2). J Spinal Disord Tech. 2006;
19:483–486.
9. Decoster TA, Gehlert RJ, Mikola EA, Pirela-Cruz MA. Management of posttraumatic segmental bone defects. J Am Acad
Orthop Surg. 2004;12:28–38.
10. Delloye C, Cornu O, Druez V, Barbier O. Bone allografts: what
they can offer and what they cannot. J Bone Joint Surg Br.
2007;89:574–580.

11. Filion TM, Li X, Mason-Savas A, Kreider JM, Goldstein SA,
Ayers DC, Song J. Elasteromeric osteoconductive synthetic
scaffolds with acquired osteoinductivity expedite the repair of
critical femoral defects in rats. Tissue Eng Part A. 2011;17:
503–511.
12. Gilbert M, Shaw WJ, Long JR, Nelson K, Drobny GP, Giachelli
CM, Stayton PS. Chimeric peptides of statherin and osteopontin
that bind hydroxyapatite and mediate cell adhesion. J Biol Chem.
2000;275:16213–16218.
13. Glassman SD, Howard J, Dimar J, Sweet A, Wilson G, Carreon
L. Complications with rhBMP-2 in posterolateral spine fusion: a
consecutive series of one thousand thirty-seven cases. Spine
(Phila Pa 1976). 2011;36:1849–1854.
14. Hanssen AD, Spangehl MJ. Practical applications of antibioticloaded bone cement for treatment of infected joint replacement.
Clin Orthop Relat Res. 2004;427:79–85.
15. Jeon O, Song SJ, Kang SW, Putnam AJ, Kim BS. Enhancement
of ectopic bone formation by bone morphogenetic protein-2
released from a herparin conjugated poly(l-lactic-co-glycolic
acid) scaffold. Biomaterials. 2007;28:2763–2771.
16. Jones AL. Recombinant human bone morphogenic protein-2 in
fracture care. J Orthop Trauma. 2005;19(10 suppl):S23–S25.
17. Katagiri T, Yamaguchi A, Komaki M, Abe E, Takahashi N, Ikeda
T, Rosen V, Wozney JM, Fujisawa-Sehara A, Suda T. Bone
morphogenetic protein-2 converts the differentiation pathway of
C2C12 myoblasts into the osteoblast lineage. J Cell Biol.
1994;127:1755–1766.
18. Kempen DH, Kruyt MC, Lu L, Wilson CE, Florschutz AV,
Creemers LB, Yaszemski MJ, Dhert WJ. Effect of autogous
BMSCs seeding and BMP-2 delivery on ectopic bone formation
in a microsphere/poly(propylene fumarate) composite. Tissue
Eng Part A. 2008;15:587–594.
19. Kim SS, Gwak SJ, Sim BS. Orthotopic bone formation by implantation of apatite-coated poly(lactide-co-glycolide)/hydroxyapatite
composite particulate and bone morphogenetic protein-2. J Biomed
Mater Res A. 2008;87:245–253.
20. Lee SH, Lee JE, Baek WY, Lim JO. Regional delivery of vancomycin using pluronic F-127 to inhibit methicillin resistant
Staphylococcus aureus (MRSA) growth in chronic otitis media
in vitro and in vivo. J Control Release. 2004;96:1–7.
21. Le Nihouannen D, Hacking SA, Gbureck U, Komarova SV,
Barralet JE. The use of RANKL-coated brushite cement to
stimulate bone remodelling. Biomaterials. 2008;29:3253–3259.
22. Li B, Brown KV, Wenke JC, Guelcher SA. Sustained release of
vancomycin from polyurethane scaffolds inhibits infection of
bone wounds in a rat femoral segmental defect model. J Control
Release. 2010;145:221–230.
23. McCall TA, Brokaw DS, Jelen BA, Scheid KD, Scharfenberger
AV, Maar DC, Green JM, Shipps MR, Stone MB, Musapatika D,
Weber TG. Treatment of large segmental bone defects with
reamer irrigator-aspirator bone graft: technique and case series.
Orthop Clin North Am. 2010;41:63–73.
24. McKay B, Sandhu HS. Use of recombinant human bone morphogenetic protein-2 in spinal fusion. Spine (Phila Pa 1976).
2002;27(16 suppl 1):S66–S85.
25. Montgomery DM, Aronson DD, Lee CL, LaMont RL. Posterior
spinal fusion: allograft versus autograft bone. J Spinal Disord
Tech. 1990;3:370–375.
26. Moore AR, Graves SE, Bain GI. Synthetic bone graft substitutes.
ANZ J Surg. 2001;71:354–361.
27. Muscolo D, Ayerza M, Aponte-Tinao L. Massive allograft use in
orthopedic oncology. Orthop Clinic North Am. 2006;37:65–74.
28. Naraghi F, Wolfer L, Lewis M, Palma C. BMP-2 dose correlates
with increase postoperative edema and swallowing complications
after cervical fusion. Spine J. 2006;6:7s–8s.

123

Li et al.
29. Ozaki T, Hillmann A, Bettin D, Wuisman P, Winkelmann W.
Intramedullary, antibiotic-loaded cemented, massive allografts
for skeletal reconstruction: 26 cases compared with 19 uncemented allografts. Acta Orthop Scand. 1997;68:387–391.
30. Penner MJ, Masri BA, Duncan CP. Elution characteristics of
vancomycin and tobramycin combined in acrylic bone cement. J
Arthroplasty. 1996;11:939–944.
31. Prokuski L. Prophylactic antibiotics in orthopaedic surgery. J Am
Acad Orthop Surg. 2008;16:283–293.
32. Raiche AT, Puleo DA. Cell responses to BMP-2 and IGF-I
release with different time-dependent profiles. J Biomed Mater
Res A. 2004;69:342–350.
33. Rauschmann MA, Wichelhaus TA, Stirnal V, Dingeldein E,
Zichner L, Schnettler R, Volker A. Nanocrystalline hydroxyapatite and calcium sulphate as biodegradable composite carrier
material for local delivery of antibiotics in bone infections.
Biomaterials. 2005;26:2677–2684.
34. Shah RK, Moncayo VM, Smitson RD, Pierre-Jerome C, Terk
MR. Recombinant human bone morphogenetic protein 2 induced
heterotopic ossification of the retroperitoneum, psoas muscle,
pelvis and abdominal wall following lumbar spinal fusion. Skeletal Radiol. 2010;39:501–504.
35. Shields LB, Raque GH, Glassman SD, Campbell M, Vitaz T,
Harpring J, Shields CB. Adverse effects associated with high-dose
recombinant human bone morphogenetic protein-2 use in anterior
cervical spine fusion. Spine (Phila Pa 1976). 2006;31:542–547.

123

Clinical Orthopaedics and Related Research1
36. Song J, Xu J, Filion T, Saiz E, Tomsia AP, Lian J, Stein GS,
Ayers D, Bertozzi CR. Elastomeric high-mineral content hydrogel-hydroxyapatite composites for orthopedic applications. J
Biomed Mater Res A. 2009;89:1098–1107.
37. Stubbs JT 3rd, Mintz KP, Eanes ED, Torchia DA, Fisher LW.
Characterization of native and recombinant bone sialoprotein:
delineation of the mineral-binding and cell adhesion domains and
structural analysis of the RGD domain. J Bone Miner Res. 1997;
12:1210–1222.
38. Su A, Chen W, Chen C, Chen T. Innovative trident fixation technique for allograft knee arthrodesis for high-grade
osteosarcoma around the knee. Jpn J Clin Oncol. 2009;39:
739–744.
39. Whitehouse MR, Lankester BJ, Winson IG, Hepple S. Bone graft
harvest from the proximal tibia in foot and ankle arthrodesis
surgery. Foot Ankle Int. 2006;27:913–916.
40. Wong D, Kumar A, Jatana S, Ghiselli G, Wong K. Neurologic
impairment from ectopic bone in the lumbar canal: a potential
complications of off-label PLIF/TLIF use of bone morphogenetic
protein-2 (BMP-2). Spine J. 2008;8:1011–1018.
41. Wood M. Wrist arthrodesis using dorsal radial bone graft. J Hand
Surg Am. 1987;12:208–212.
42. Xu J, Li X, Lian J, Ayers DC, Song J. Sustained and localized
in vitro release of BMP-2/7, RANKL, and tetracycline from
FlexBone, an elastomeric osteoconductive bone substitute. J
Orthop Res. 2009;27:1306–1311.

