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Bone morphogenetic protein-2 (BMP-2) is used clinically to promote spinal fusion, treat complex tibia fractures,
and to promote bone formation in craniomaxillofacial surgery. Excessive bone formation at sites where BMP-2
has been applied is an established complication and one that could be corrected by guided tissue regeneration
methods. In this study, anti-inflammatory polymers containing salicylic acid [salicylic acid-based poly(anhydride-
ester), SAPAE] were electrospun with polycaprolactone (PCL) to create thin flexible matrices for use as guided
bone regeneration membranes. SAPAE polymers hydrolyze to release salicylic acid, which is a nonsteroidal
anti-inflammatory drug. PCL was used to enhance the mechanical integrity of the matrices. Two different
SAPAE-containing membranes were produced and compared: fast-degrading (FD-SAPAE) and slow-degrading
(SD-SAPAE) membranes that release salicylic acid at a faster and slower rate, respectively. Rat femur defects
were treated with BMP-2 and wrapped with FD-SAPAE, SD-SAPAE, or PCL membrane or were left un-
wrapped. The effects of different membranes on bone formation within and outside of the femur defects were
measured by histomorphometry and microcomputed tomography. Bone formation within the defect was not
affected by membrane wrapping at BMP-2 doses of 12 mg or more. In contrast, the FD-SAPAE membrane
significantly reduced bone formation outside the defect compared with all other treatments. The rapid release of
salicylic acid from the FD-SAPAE membrane suggests that localized salicylic acid treatment during the first
few days of BMP-2 treatment can limit ectopic bone formation. The data support development of SAPAE
polymer membranes for guided bone regeneration applications as well as barriers to excessive bone formation.

Introduction

Bone morphogenetic protein-2 (BMP-2) is used to
promote bone regeneration in spinal fusions, tibia

fractures, and oral maxillofacial bone healing.1–4 Although
BMP-2 can be beneficial in regenerating bone, BMP-2
treatment can cause ectopic bone formation by inducing
bone formation outside of the target volume and into sur-
rounding tissues.5–11 Adverse effects of BMP-2 use have
been documented in patients undergoing spinal fusion, in-
cluding pain, limited range of motion, difficulty swallowing,
and difficulty breathing.12–15 In some cases, corrective sur-
gical procedures were required to treat the adverse effects of
BMP-2 use. A retrospective study showed that BMP-2 use
in cervical spinal fusion procedures resulted in signifi-
cantly longer hospital stays and higher mortality rates.16

Developing methods to better regulate BMP-2 activity
and limit the volume in which BMP-2 acts could increase

the clinical efficacy of BMP-2 while reducing the incidence
of adverse events.

Porous polytetrafluoroethylene (PTFE) and other mem-
branes have been used as physical barriers in guided bone
regeneration procedures for augmentation of the maxilla or
mandible.17,18 PTFE membrane is used as a physical barrier
to soft tissue ingrowth that preserves the presumptive site of
bone formation.19 A second surgery is needed to remove the
PTFE membrane once healing is complete. Biodegradable
and bioresorbable membranes have been tested for guided
bone regeneration efficacy in various animal models, in-
cluding long bone segmental defects.20

Given the established efficacy of using membranes for
guided bone regeneration, we considered whether a similar
approach could be used to limit or restrict BMP-2 activity to
a defined volume of interest. Nonsteroidal anti-inflammatory
drugs (NSAIDs) can delay or prevent bone formation by in-
hibiting cyclooxygenase-2 (COX-2).21–25 However, exogenous
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BMP-2 treatment can overcome the effects of NSAIDs in bone
repair.26,27 Thus, we tested a novel method to promote healing of
femur segmental defects in rats by using a salicylic acid-based
poly(anhydride-ester) (SAPAE) membrane as a physical barrier
and localized salicylic acid (SA) delivery system to restrict
BMP-2 activity to a specified region. SAPAE is a polymer that
hydrolyzes to release SA (Fig. 1A), which is an NSAID that can
reduce bone formation.28 For this study, fast-degrading SAPAE

(FD-SAPAE) and slow-degrading SAPAE (SD-SAPAE)
polymers were used that release SA at faster and slower
rates, respectively. The SAPAE polymers were mixed with
polycaprolactone (PCL) to produce flexible membranes.
The efficacy of FD-SAPAE and SD-SAPAE membranes at
reducing BMP-2-induced ectopic bone formation, while si-
multaneously allowing bone formation, in rat femur defects
was evaluated.

FIG. 1. Polymer structures and femur defect model. Shown are structures for (A) salicylic acid, (B) the FD-SAPAE
polymer, and (C) the SD-SAPAE polymer. Hydrolysis sites for the FD-SAPAE and SD-SAPAE polymers are shown using
blue arrows. (D) The schematic summarizes the steps (i, ii) used to create and stabilize the femur defect, (iii) treat with
BMP-2 applied using a collagen sponge (blue), and (iv) wrap with the guided bone regeneration membrane (green).
(E) Shown are intraoperative images of (i) an exposed rat femur, (ii) femur with segmental defect and fixator in place, (iii)
defect filled with collagen sponge and half-wrapped with membrane, and (iv) defect with the collagen sponge (not visible)
wrapped twice with the membrane and ready for wound closure. FD-SAPAE, fast-degrading SAPAE; BMP-2, bone
morphogenetic protein-2; SAPAE, salicylic acid-based poly(anhydride-ester); SD-SAPAE, slow-degrading SAPAE. Color
images available online at www.liebertpub.com/tea
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Materials and Methods

Membrane preparation and characterization

Polymers. PCL-SAPAE membranes were synthesized
according to previously described methods.29–32 The FD-
SAPAE polymer (poly[1,6-bis(o-carboxyphenoxy) hex-
anoate]) had an average molecular weight (Mw) of 13,400,
polydispersity index (PDI) of 1.7, and a glass transition
temperature (Tg) of 46�C (Fig. 1B). The SD-SAPAE poly-
mer was synthesized using 2,2¢-bis(o-carboxyphenoxy)-
pentanoate and had a Mw of 26,100, PDI of 1.4, and Tg of
70�C (Fig. 1C). All chemicals and reagents, including PCL
(70,000–90,000 g/mole), were purchased from Sigma-
Aldrich (Milwaukee, WI) and used as received. PCL density
was given by Sigma-Aldrich as 1.145 g/mL. SAPAE poly-
mer density was measured gravimetrically.33

Membrane production. Electrospun membranes were pr-
oduced by mixing each SAPAE with PCL in dichloro-
methane and dimethylformamide (1:1 volume ratio) to 25%
total polymer weight (w/v). Each polymer mixture was
transferred to a 10-mL syringe with a blunt 18G stainless
steel needle (Popper & Sons, Inc., New Hyde Park, NY).
The syringe was placed in a syringe pump set to a 5 mL/h
flow rate. Positive voltage was applied to the needle tip,
between 8 and 15 kV, as required to maintain steady fiber
extrusion from the needle. Samples were spun onto a ro-
tating mandrel covered with aluminum foil with a nega-
tively charged collecting plate (5 kV) placed behind the
mandrel. The mandrel was 15 cm from the needle and ro-
tated at 60 rpm, which did not cause fiber alignment (data
not shown). Membranes were cut to size and sterilized by
gamma irradiation (18 gray) for in vivo testing.

Membrane morphology. Membrane samples were sput-
ter coated with Au/Pd (SCD 004 Sputter Coater; Bal-Tec,
Balzers, Liechtenstein) and observed by scanning electron
microscopy (AMRAY 1830I; AMRAY, Inc., Bedford, MA).
Average fiber diameter was determined using ImageJ, and
images were taken from 4 areas of each sample with 25 fiber
measurements per image.34 Membrane porosity was deter-
mined as described previously.33

Mechanical testing. The electrospun PCL, FD-SAPAE,
and SD-SAPAE membranes were cut into dog-bone shapes
with an approximate 5 mm minimum width and subjected to
uniaxial tensile loading at room temperature (EnduraTEC
ELF 3200 Dynamic Mechanical Analyzer; Bose Corp., Fra-
mingham, MA). Data were collected using WinTest software
(Version 4.1; Bose Corp.). The minimum sample width and
thickness were recorded before testing. Strain was ramped at
0.05 mm/s with an initial displacement of 5 mm between
clamps and increased until membrane failure. Membranes
were tested dry and after soaking in phosphate-buffered saline
(PBS) for 30 min. Stress was calculated using a Poisson co-
efficient of 0.45.33 Elastic moduli were determined from the
slopes of best-fit lines for the initial linear portion of the
graphs.

Salicylic acid release. Four pieces of each membrane
(5 · 5 mm) were weighed and then immersed in 1 mL of PBS
with gentle shaking at 37�C. The PBS was collected and

replaced with 1 mL of fresh PBS at time points ranging from
1 h to 28 days. SA in each PBS sample was measured by
absorbance following separation on an Eclipse XDB-C18
column (4.6 · 150 mm) using a Dionex DX-500 system
(Sunnyvale, CA). The SA in 25mL of each PBS sample was
separated isocratically using 75% PBS and 25% acetonitrile
at a flow rate of 0.3 mL/min. SA eluted at 5.2–5.4 min, and
the area under the A303nm curve for each sample peak was
determined using Chromeleon 6.7 software. Data were
compared to SA standards to determine the amount of SA in
each sample.

Water retention and swelling. Pieces of each membrane
type (5 · 5 mm) were weighed and then submerged in PBS
for 28 days. The membrane pieces were removed, blotted
dry, and weighed after 1, 2, 4, 8, and 24 h and at 2, 4, 8, 9,
10, 14, 21, and 28 days.

Protein diffusion. A Franz cell (PermeGear, Hellertown,
PA) was used to measure protein diffusion across each
membrane. Air trapped in the membranes was removed by
soaking the membranes for 5 min in PBS under vacuum
and then sonicating the vacuum flask containing the
membranes for 1 min. Each membrane was then placed in
the Franz cell to measure diffusion of bovine serum albu-
min (BSA, 10 mg/mL in PBS, Mw of 66.5 kDa) across the
membrane into PBS. Samples of 100 mL were collected
from the Franz cell at 0, 1, 2, 4, and 8 h, and BSA con-
centration was measured using the bicinchoninic acid
(BCA) method.35 For FD-SAPAE, the membrane also was
tested 4 h after being wetted under vacuum, followed by
1 min of sonication.

Femur defect model

Surgical procedure. Male Sprague-Dawley rats weigh-
ing *450 g were used (Taconic Farms, Inc., Germantown,
NY). Femur segmental defects were made as described
previously.36 Rats were treated preoperatively with enro-
floxacin (22.7 mg/kg, intramuscular injection) and bupre-
norphine (0.05 mg/kg, subcutaneous injection). The rats
were anesthetized with ketamine (60 mg/kg) and xylazine
(10 mg/kg) by intraperitoneal injection. The right hind limb
was shaved, scrubbed with povidone–iodine, and draped.

A 4-cm incision was made on the lateral surface of the
thigh, followed by blunt dissection of the musculature to
expose the femur. The periosteum on the mid-diaphysis of
the femur was scraped away. A custom fixator comprising
two small stainless steel plates connected with a high-den-
sity polyethylene plate was applied to the femur to stabilize
the femur and anchor the membrane to the bone.36 A 5-mm
defect was created using a sagittal saw. The defect space
was irrigated with saline, and then filled with a collagen
sponge soaked in a recombinant human BMP-2 solution.
The membrane was wrapped around the femur twice to
enclose the defect space (Fig. 1D, E). No membrane was
used in the control group. The wound was closed in layers
using resorbable sutures, and topical antibiotic cream was
applied to the incision site.

Rats were treated with enrofloxacin for 2 days after sur-
gery to prevent infection. Weekly radiographs were taken to
ensure proper fixation and to monitor healing. All animals
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were euthanized 4 weeks postsurgery. All animal procedures
were approved by the Rutgers New Jersey Medical School
Institutional Animal Care and Use Committee.

Bone morphogenetic protein-2 dosage and deliv-
ery. Clinically, BMP-2 is delivered using collagen sponge
as the carrier.4,37,38 Previous experiments have shown that
collagen sponge provides for controlled logarithmic release
of BMP-2 in rats for at least 1 week.39 For this study, re-
combinant human BMP-2 (Medtronic, Inc., Minneapolis,
MN) was diluted with BMP-2 buffer (5 mM glutamate,
5 mM sodium chloride, 2.5% glycine, and 0.5% sucrose, pH
4.5) to final concentrations of 35, 120, or 240 mg/mL.40,41

One hundred microliters of diluted BMP-2 was evenly pi-
petted onto 15 · 15 · 2.75 mm Helistat absorbable collagen
sponges (Integra Life Sciences, Plainsboro, NJ) to deliver
3.5, 12, or 24 mg of BMP-2. All of the BMP-2 solution was
absorbed by the collagen sponge. Controls used a collagen
sponge treated only with BMP-2 buffer. The saturated col-
lagen sponge was inserted into the femoral defect, and then
wrapped with a membrane as described above.

Outcome measurements

Microcomputed tomography. Three-dimensional micro-
computed tomography (microCT) images were used to
measure bone volume (BV; mm3) within and outside (ec-
topic) the defect site. The right femur was excised, fixed in
10% formalin, and transferred into 70% ethanol before
scanning. Samples were scanned using a Bruker Skyscan
1172 scanner (Micro Photonics, Inc., Allentown, PA) at
70 kVp, 142 mA, and 12 mm voxel size with a 0.5-mm alu-
minum filter to reduce beam hardening. Images were re-
constructed with NRecon and analyzed with CTAn software
provided by the manufacturer. Two different volumes of
interest were analyzed; (i) the defect bone volume defined
by the proximal and distal edges of the defect and extending
laterally to the peripheral margin of the original femur and
(ii) the ectopic bone volume defined as total new bone
volume minus defect bone volume. microCT analysis was
not done for the BMP-2 dose–response experiment.

Histology and histomorphometry. Following microCT,
samples were dehydrated through grades of ethanol, cleared in
xylene, and embedded in poly(methyl methacrylate). Sagittal
sections were cut, polished, and stained with Stevenel’s blue
and Van Gieson’s picrofuchsin for soft and mineralized tissue,
respectively.42 Digital images were captured using an Olym-
pus SZ-40 microscope (Olympus Corporation of America,
Center Valley, PA) and a SPOT Idea camera (Diagnostic In-
struments, Inc., Sterling Heights, MI). New bone area (BA;
mm2) and new bone area per total area (BA/TA; %) were
measured in the defect and ectopic bone regions for each
sample using ImagePro Premier 9.0 Software (Media Cyber-
netics, Inc., Rockville, MD). The defect bone area was defined
by the proximal and distal edges of the defect and extended
laterally to the peripheral margins of the original femur. The
ectopic bone area was defined as total new bone area minus
defect bone area.

Statistical analyses. The BMP-2 dose–response data were
analyzed using a three-way ANOVA and post hoc Fisher’s tests

to isolate effects between groups. BMP-2 dose, membrane use,
and bone formation location (defect and ectopic) were the in-
dependent variables, while bone area was the dependent vari-
able. For membrane comparisons, microCT and histological
data were compared separately using two-way ANOVA and
post hoc Fisher’s tests to isolate effects between groups.
Membrane type and bone formation location were the inde-
pendent variables, while bone area for the histomorphometry
data and bone volume for the microCT data were the dependent
variables. Statistical calculations were performed using
SigmaPlot version 12.5 software (Systat Software, Inc., San
Jose, CA).

Results

Membrane characteristics

SAPAE-PCL electrospun membranes were produced
using 0, 20, 40, 60, 80, or 100 weight percent SAPAE.
Membranes were tested for fiber diameter, porosity, and
tensile testing to determine elasticity (data not shown).
The elastic modulus of the FD-SAPAE (250 kPa) and SD-
SAPAE (425 kPa) membranes peaked at 40% SAPAE
and 60% PCL. Prewetting the membranes had no signifi-
cant effect on the elastic modulus. Consequently, the 40%
SAPAE and 60% PCL membranes were used in the sub-
sequent studies. Fiber diameter was 0.60 – 0.27 and
0.96 – 0.42 mm for the FD-SAPAE and SD-SAPAE mem-
branes, respectively. Percent porosity [(1 - (membrane
density/material density)) · 100%] was 69.13% – 0.08%
and 74.59% – 0.08% for the FD-SAPAE and SD-SAPAE
membranes, respectively.

The ability of the FD-SAPAE, SD-SAPAE, and PCL
membranes to retain water was evaluated over a period of
28 days (Fig. 2A, B). The PCL membranes did not retain
water. The FD-SAPAE membrane rapidly gained water
weight between 2 and 8 h (Fig. 2A), and then slowly started
to lose weight between 8 h and 28 days (Fig. 2B). The SD-
SAPAE membranes experienced nearly no change in weight
until day 2, after which the SD-SAPAE membranes steadily
gained water weight (Fig. 2B).

SA release from each membrane (25 mm2) was mea-
sured at 1, 2, 4, 8, and 24 h (Fig. 2C), and then daily for 28
days (Fig. 2D). On average, 51 mg of SA was released from
each FD-SAPAE membrane between 0 and 3 days, while
an additional 9 mg of SA was released from each FD-SA-
PAE membrane between days 4 and 28. In contrast, most
of the SA released from the SD-SAPAE membranes oc-
curred after day 9. Less than 1 mg of SA was released from
each SD-SAPAE between 0 and 9 days, while 9.5 mg of SA
was released from each SD-SAPAE membrane between
days 10 and 28.

Membrane permeability was assessed by measuring dif-
fusion of BSA across each membrane. BSA concentrations
reached equilibrium in less than 24 h when each membrane
type was tested as a diffusion barrier (data not shown). The
rapid gain in water weight for the FD-SAPAE membrane
suggests that membrane fibers swell with water, which could
affect diffusion of BSA across the membrane. However,
when the FD-SAPAE membrane was prewetted for 4 h be-
fore assessing BSA diffusion across the membrane, no in-
crease in time required to reach equilibrium was detected.
Because the active form of BMP-2 has a Mw (26 kDa) less
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than BSA (66.5 kDa), the membranes are not expected to
inhibit BMP-2 diffusion.

Disposition of the animals

The different experimental groups, the number of rats used
in each, and sample disposition are summarized in Table 1.
Fifty-five animals underwent surgery for this study. Four rats

were euthanized because of fixation failure and were ex-
cluded from the study. Four histological samples were not
used due to poor specimen processing. Only samples from the
12-mg BMP-2 dose groups were used for microCT analysis.
No infections or other postsurgery complications were noted
in any of the animals used for analysis.

FD-SAPAE membrane inhibits BMP-2-induced
ectopic bone formation

A dose–response analysis was used to determine whether
BMP-2-induced ectopic bone formation was dose-dependent
in the rat femur defect model and whether the FD-SAPAE
membrane would inhibit bone formation. Radiographs and
histological sections of femurs treated with 0, 3.5, 12, or
24mg of BMP-2 and without any membrane wrapping in-
dicated that maximal bone formation in and outside the
defect volume occurred with 12 mg of BMP-2 (Fig. 3).
Conversely, radiographs and histology indicated that the
FD-SAPAE membrane did not inhibit bone formation within
the femur defect at BMP-2 doses greater than 3.5 mg, but did
reduce ectopic bone formation.

Histomorphometry was used to quantify the amount of bone
formed within the defect region and ectopic bone formed
outside the defect region (Fig. 4). The 12-mg BMP-2 dose
produced the most new bone with 15.8 mm2 formed in the no
membrane group and 11.9 mm2 formed in the FD-SAPAE

FIG. 2. SAPAE membrane hydrolysis. FD-SAPAE, SD-SAPAE, and PCL membranes were cut into 5 · 5 mm squares and
weighed (n = 4). The membrane pieces were then incubated in PBS at 37�C for 28 days to measure the increase in membrane
weight (A, B) or salicylic acid release (C, D). To measure membrane wet weight, each membrane piece was removed from the
PBS at the indicated times, blotted dry, weighed, and then returned to the PBS. Shown are mean weights ( – SE) for the PCL
(circles), FD-SAPAE (squares), and SD-SAPAE (triangles) membrane pieces between 0 and 24 h (A) and 1 and 28 days (B). To
measure salicylic acid release, the PBS was collected and replaced at the times indicated. The amount of salicylic acid in each
sample was determined by HPLC and UV absorbance. Shown are the mean cumulative amounts of salicylic acid released ( – SE)
for membrane pieces between 1 and 24 h (C) and 1 and 28 days (D). PBS, phosphate-buffered saline; PCL, polycaprolactone.

Table 1. Summary of Group Sizes

BMP-2
dose (lg) Membrane X-rays Histomorphometry microCT

0 — 3 3 —
3.5 — 3 3 —
12 — 6 6 6
24 — 3 3 —
0 FD-SAPAE 3 2 —
3.5 FD-SAPAE 3 3 —
12 FD-SAPAE 9 8 9
24 FD-SAPAE 3 2 —
12 PCL 9 8 9
12 SD-SAPAE 9 9 9

BMP-2, bone morphogenetic protein-2; FD-SAPAE, fast-degrading
SAPAE; microCT, microcomputed tomography; PCL, polycaprolac-
tone; SAPAE, salicylic acid-based poly(anhydride-ester); SD-SAPAE,
slow-degrading SAPAE.
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membrane group. Most of the bone that formed in the 12-mg no
membrane group was ectopic with almost four times more
ectopic (12.6 mm2) than defect area new bone (3.2 mm2). In
contrast, only 1.4 times more ectopic bone (6.9 mm2) than
defect area new bone (5.0 mm2) was formed in the 12-mg FD-
SAPAE membrane group. The histomorphometry data were
compared using three-way ANOVA and post hoc Fisher’s tests
(Table 2). Bone formation was BMP-2 dose dependent
( p = 0.001) and independent of location (defect vs. ectopic) or
membrane use. Maximum bone formation occurred at a min-
imum BMP-2 dose of 12mg ( p = 0.003 vs. 3.5mg), which was
consistent with previous findings.41 In contrast, a significant
interaction was observed between use of the FD-SAPAE
membrane and the location of new bone formation. The
FD-SAPAE membrane significantly reduced ectopic bone
formation ( p < 0.001). The amount of ectopic bone was sig-
nificantly greater than defect bone in the unwrapped femurs
( p < 0.001), whereas no difference was detected in the FD-
SAPAE membrane-wrapped femurs ( p = 0.984).

Reduced ectopic bone formation with localized
SA delivery

The reduced ectopic bone formation observed in the femurs
wrapped with the FD-SAPAE membrane could be caused by
the FD-SAPAE membrane acting as a physical barrier or by SA
released from the membrane causing local inhibition of bone
formation.28 To distinguish between these possible mecha-
nisms, additional membranes were tested using the rat femur
defect model treated with 12mg of BMP-2. Four groups were
tested; (a) unwrapped femur defects as a control, femur defects
wrapped with (b) the FD-SAPAE membrane, (c) the PCL
membrane to act only as a physical barrier, or (d) the SD-
SAPAE membrane that should release less SA at the defect site.

Similar to the BMP-2 dose–response analysis, radiographs
and histological sections indicated that a large amount of
bone formed in the unwrapped femur defects and that the FD-
SAPAE membrane reduced ectopic bone formation without
affecting bone formation in the defect space (Fig. 5).

FIG. 3. Bone morphogenetic protein-2-induced bone formation occurs within the defect of FD-SAPAE membrane-
wrapped femurs. The dose–response effects of BMP-2 on bone formation within and outside rat femur defects were assessed
by radiographic (X-ray) and histological (histology) observations 4 weeks after surgery. BMP-2 doses used were 0, 3.5, 12,
and 24 mg applied to a collagen sponge inserted in the segmental defect. The defect was left unwrapped (no membrane) or
wrapped with the FD-SAPAE membrane (FD-SAPAE). Defect areas in the histology images are indicated using the hatched
yellow lines. Color images available online at www.liebertpub.com/tea
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Wrapping the defect site with a PCL membrane appeared to
enhance defect space bone formation, similar to the FD-
SAPAE membrane. However, the PCL membrane did not
prevent ectopic bone formation to the same extent as the FD-
SAPAE membrane.

The SD-SAPAE membrane appeared to have little effect
on bone formation. Ectopic bone formation in the SD-SAPAE
membrane-wrapped femurs appeared to extend further into

the surrounding soft tissue than any other treatment group,
although the amount of ectopic bone formed was similar to
the no membrane and PCL membrane groups. Gross dis-
section found that the SD-SAPAE membranes were asso-
ciated with aseptic fluid-filled voids contiguous with the
femur defect region and which had bone forming on the
peripheral margins (data not shown).

Defect and ectopic bone formation were measured by mi-
croCT and histomorphometric analyses (Fig. 6). The data were
analyzed by two-way ANOVA using membrane type and bone
formation location (defect or ectopic) as the independent
variables and bone area (histomorphometry) or bone volume
(microCT) as the dependent variable (Table 3). No significant
difference in defect bone area (4.4 mm2, mean for all groups)
or defect bone volume (8.1 mm3, mean for all groups) was
detected. However, the analyses found significant interactions
between membrane type and bone formation location. Post hoc
tests found significantly more ectopic bone than defect bone for
each group ( p £ 0.008), except the FD-SAPAE membrane
group ( p = 0.248 histomorphometry, p = 0.577 microCT). Si-
milarly, ectopic bone area (6.9 mm2 vs. 11.1–12.6 mm2) or
volume (5.2 mm3 vs. 16.5–26.7 mm3) was significantly less in
the FD-SAPAE membrane group compared with all other
groups ( p £ 0.012). Ectopic bone volume was also less in the
PCL membrane group compared with the no membrane group
(16.5 mm3 vs. 26.7 mm3, p = 0.005).

Discussion

The study assessed whether a composite membrane made
from slow- or fast-degrading SAPAE and PCL polymers
could serve as a guided bone regeneration membrane to pre-
vent ectopic bone growth at sites of BMP-2-induced bone
formation. Initial experiments confirmed previous studies that
12mg of BMP-2 produces a maximal bone formation response
in the rat femur defect model.41 Of the total bone formed, 71%
was located outside the femur defect in the 12-mg BMP-2 dose
group. Wrapping the defect with the FD-SAPAE membrane
reduced the amount of bone formed outside the defect to 43%
of the total new bone formed in the 12-mg BMP-2 dose group.

FIG. 4. The FD-SAPAE membrane reduces new bone
area outside the femur defect. Rat femur defects were
treated with increasing BMP-2 doses (0, 3.5, 12, and 24mg)
applied on a collagen sponge that was inserted into the
femur defect. The defect was then left unwrapped (no
membrane) or wrapped with the FD-SAPAE membrane.
Four weeks after surgery, mean new bone area ( – SE)
within (defect area, black bars) and outside (ectopic area,
white bars) the defects was calculated. Data were compared
by ANOVA (Table 2). The 12-mg BMP-2 dose produced the
most new bone. Wrapping the defect with the FD-SAPAE
membrane significantly reduced bone formation outside the
defect area (ectopic area; p < 0.001) without significantly
reducing new bone area within the defect.

Table 2. Three-Way ANOVA of Membrane and BMP-2 Dose Effects on Bone Formation

Membrane
dependence

Within no
membrane group

Within
FD-SAPAE group

Bone area location (defect vs. ectopic) p = 0.003 p < 0.001 p = 0.984

Location
dependence

Within
defect area

Within
ectopic area

Membrane effect on bone area
(none vs. FD-SAPAE)

p = 0.035 p = 0.490 p < 0.001

Membrane
dependence

Location
dependence

Dose
dependence

BMP-2 effect on bone area p = 0.855 p = 0.145 p < 0.001

0mg 3.5 mg 12mg 24 mg

Comparisons between BMP-2
doses (Fishers LSD)

vs. p = 0.102 p < 0.001 p = 0.007
vs. p = 0.003 p = 0.196

vs. p = 0.183
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The amount of bone formed in the defect volume of the FD-
SAPAE membrane-wrapped femurs (6.9 – 2.2 mm3; mean –
SE) was not statistically different from the unwrapped femurs
(11.2 – 2.7 mm3; b = 0.133). These data show that the FD-
SAPAE membrane can be used for guided bone regeneration.

The FD-SAPAE membrane appears to limit ectopic bone
formation by releasing SA at the defect site. In vitro diffusion
studies found that BSA rapidly diffused across the mem-
branes (data not shown). Diffusion of BMP-2 across the
SAPAE membranes was not directly tested. However, it is

FIG. 5. Effects of membrane type on BMP-2-induced bone formation in rat femur defects. Four weeks after surgery, the
effects of not wrapping (no membrane) and wrapping femur defects with electrospun PCL, FD-SAPAE, or SD-SAPAE
membranes were qualitatively assessed by radiographic (X-ray), microCT, and histology (Histo.). All defects were treated
with 12 mg of BMP-2 absorbed on a collagen sponge. The PCL and FD-SAPAE membranes appeared to focus bone
formation within the defect, but only the FD-SAPAE membrane reduced bone formation outside the defect area. Defect
regions in the microCT and histology images are indicated using hatched yellow lines. microCT, microcomputed tomo-
graphy. Color images available online at www.liebertpub.com/tea

FIG. 6. Comparison of membrane effects on bone formation within and outside the femur defect. Rat segmental defects
were treated with 12 mg of BMP-2 on a collagen sponge and then left unwrapped (no membrane) or wrapped with
electrospun PCL, FD-SAPAE, or SD-SAPAE membranes. Four weeks after surgery, bone formation was measured by
histomorphometry (A) and microCT (B). Mean bone area or volume ( – SE) within the defect (black bars) and outside the
defect (ectopic, white bars) is shown. The data were compared by ANOVA (Table 3). Significant effects are noted as (*)
defect bone area or volume significantly less than ectopic bone area or volume, ({) ectopic bone area or volume significantly
less than all other groups, and ({) ectopic bone volume less than no membrane wrap.
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unlikely that an interaction between BMP-2 and the FD-
SAPAE membrane prevented BMP-2 from diffusing across
the membrane and thereby limited ectopic bone formation
since the FD-SAPAE and SD-SAPAE polymers have very
similar chemical structures (Fig. 1), and no significant re-
duction in ectopic bone formation was observed using the
SD-SAPAE membrane. Thus, it is unlikely that the FD-SA-
PAE membrane acts solely as a physical barrier to BMP-2
diffusion into the ectopic space.

The PCL membrane did limit ectopic bone formation
compared with the no membrane control, suggesting that a
physical barrier can be effective at reducing ectopic bone
formation. However, the FD-SAPAE membrane signifi-
cantly reduced ectopic bone formation better than the PCL
or SD-SAPAE membranes.

Since SA release from the SD-SAPAE membrane is de-
layed, the data suggest that the timing as well as dose of SA is
critical for reducing ectopic bone formation. By extrapolating
the amount of SA released from the FD-SAPAE membrane
in vitro (25 mm2) to the size of the membrane used to wrap the
femur defects (*615 mm2), we estimate that 433, 710, 110,
74, and 34mg of SA were released at the defect site during the
first, second, third, fourth, and fifth days after surgery, re-
spectively. Conversely, minimal SA was released from the
SD-SAPAE until 10 days after surgery. The estimated average
daily release of SA over 28 days from the FD-SAPAE and
SD-SAPAE membranes used to wrap the femur defects was
53 and 9mg, respectively. To place these values in context, the
therapeutic plasma concentration for orally administered SA
is 150–300mg/mL.43 While SA release during the first few

days after surgery was effective at reducing ectopic bone for-
mation, different SA doses during this period or an alternative
dosing duration may more effectively limit ectopic bone for-
mation without affecting bone formation within the defect.

The utility of SA for guided bone regeneration will likely
reflect the amount, onset, and duration of SA dosing, as well
as use of BMP-2 to induce osteogenesis. SA is a relatively
poor cyclooxygenase inhibitor. In interleukin-1 beta (IL-
1b)-stimulated A549 cells treated with 30 mM arachidonic
acid, greater than 100mg/mL of SA is required to inhibit
50% of COX-2 activity compared with 0.27 mg/mL of in-
domethacin.44 However, SA is an NSAID, which can inhibit
bone formation in high concentrations.28,45 In this experi-
ment, bone formation in the defect induced by 12 mg of
BMP-2 was not inhibited by SA released from the SAPAE
membranes. A previous study also found that BMP-2 could
overcome the inhibitory effects of ketorolac on osteogen-
esis during spinal fusion in rabbits.26

The mechanism by which BMP-2 treatment overcomes
the inhibitory effects of NSAIDs on osteogenesis is not
known. BMP-2 can induce COX-2 expression, and COX-2
activity can induce BMP-2 expression.46–48 These observations
suggest that NSAIDs can suppress endogenous BMP-2 ex-
pression to inhibit osteogenesis and that exogenous BMP-2
treatment circumvents this inhibition. However, exogenous
BMP-2-induced ectopic bone formation is reduced approxi-
mately fivefold in COX-2 null mice, suggesting that COX-2
has additional osteogenic functions than just promoting BMP-
2 expression.46 A balance between NSAID inhibition of cy-
clooxygenase activity and exogenous BMP-2 treatment may
be necessary to produce an optimal bone formation response
for directed tissue regeneration.

The mechanism by which SA released from the FD-SAPAE
membrane limits ectopic bone formation is likely to be com-
plex. SA can be an effective anti-inflammatory agent.43 Indeed,
we recently demonstrated that solvent-cast FD-SAPAE poly-
mer inhibited local inflammation at a parietal bone defect in
rabbits.49 However, the anti-inflammatory effects of SA can
occur independent of cyclooxygenase inhibition. SA has been
shown to affect transcription factors (NF-kB, AP-1, cMyc,
STAT1), IKK kinase, MAP kinases (Erk1/2, p38, JNK, and
p90RSK), cell cycle regulatory proteins, heat shock factors,
and lipoxygenase-dependent lipid peroxidation that could po-
tentially affect bone regeneration.43,50–52 SA can inhibit oxi-
dative phosphorylation, leading to reduced intracellular ATP
levels and secretion of adenosine, which can activate anti-
inflammatory purinergic pathways.53 In a mouse air pouch
model of carrageenan-induced inflammation, therapeutic mil-
limolar concentrations of SA inhibited inflammation in mice
lacking COX-2 or NF-kB activity, but the SA anti-inflamma-
tory activity was lost when wild-type mice were also treated
with adenosine deaminase or the adenosine A2 receptor an-
tagonist, 3,7-dimethyl-1-propargylxanthine.54 We suggest that
in the present model, locally high concentrations of BMP-2 in
the femur defect can overcome any SA-induced inhibition of
osteogenesis, but SA released into the ectopic space alters the
inflammatory response, which limits the amount or types of
cells necessary for bone formation.55,56

A significant advantage of using an SAPAE membrane for
guided bone regeneration is that membrane characteristics,
including SA release and membrane physical characteristics,
can be altered to optimize effectiveness. SA release rate and

Table 3. Two-Way ANOVA for Different

Membrane Effects on Bone Formation

p-Values from
Fisher’s LSD tests

No
membrane PCL

SD-
SAPAE

FD-
SAPAE

Two-way ANOVA of histomorphometric data: interaction
between location and membrane type, p = 0.034
Ectopic vs. defect

bone area
< 0.001 < 0.001 < 0.001 0.248

Defect bone area
No membrane vs. — 0.280 0.542 0.325
PCL vs. — 0.587 0.917
SD-SAPAE vs. — 0.662

Ectopic bone area
No membrane vs. — 0.603 0.419 0.003
PCL vs. — 0.765 0.007
SD-SAPAE vs. — 0.012

Two-way ANOVA of microCT data: interaction between
location and membrane type, p = 0.002
Ectopic vs. defect

bone volume
< 0.001 0.008 < 0.001 0.577

Defect bone volume
No membrane vs. — 0.349 0.195 0.233
PCL vs. — 0.683 0.771
SD-SAPAE vs. — 0.907

Ectopic bone volume
No membrane vs. — 0.005 0.063 < 0.001
PCL vs. — 0.270 < 0.001
SD-SAPAE vs. — < 0.001
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polymer pliability varies between different SAPAE poly-
mers.57–59 SAPAE polymers comprise SA joined by a linker
molecule. The kinetics of SA hydrolysis from SAPAE
polymers can be altered by changing the linker molecule as
shown previously and as shown here with the FD-SAPAE
and SD-SAPAE polymers (Figs. 1 and 4).59

Normally, SAPAE polymers are brittle. A previous study
showed that SAPAE polymer pliability and SA release can
be changed by copolymerization of different SAPAE mono-
mers.60 In this study, PCL was electrospun with the FD-
SAPAE or the SD-SAPAE polymer to improve the handling
characteristics of the electrospun membrane. Composite
membranes containing 60% PCL and 40% SAPAE were
found to have optimal handling characteristics, which in-
cluded sufficient pliability to wrap the femur defect. In vivo,
the histological processing of the resected femurs would have
dissolved any remaining polymer and therefore the status of
the membrane was not determined. In vitro, however, the
SAPAE-PCL membranes were physically intact after 28 days
in PBS (not shown) even though significant amounts of SA
had been hydrolyzed (Fig. 2). These data suggest that the PCL
polymer was still intact, which would be consistent with es-
tablished in vitro and in vivo degradation rates for PCL.61,62

The experiments clearly show that the FD-SAPAE
membrane reduced ectopic bone formation more than the
SD-SAPAE or PCL membranes. Additional experiments are
needed to understand the temporal and dose–response rela-
tionships between SA release and BMP-2-induced bone
formation and SA effects on osteoinductive or osteo-
conductive bone formation.
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