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Effect of Biomaterial Electrical Charge on Bone
Morphogenetic Protein-2-Induced In Vivo Bone Formation

Maurits G.L. Olthof, MD,1–4 Diederik H.R. Kempen, MD, PhD,5 Xifeng Liu, PhD,1,2 Mahrokh Dadsetan, PhD,1,2

Marianna A. Tryfonidou, DVM, PhD,3 Michael J. Yaszemski, MD, PhD,1,2

Wouter J.A. Dhert, MD, PhD,3,4 and Lichun Lu, PhD1,2

Biomaterials that act as both protein delivery vehicle and scaffold can improve the safety and efficacy of bone
morphogenetic protein-2 (BMP-2) for clinical applications. However, the optimal scaffold characteristics are not
known. The osteoinductive and osteoconductive capacity of a fixed electrically charged surface is thus far
unexplored. Therefore, in this study, we aim to investigate the effect of different electrical states on BMP-2-
induced bone formation in oligo[(polyethylene glycol) fumarate] (OPF) hydrogels. Neutral, negatively, or posi-
tively charged scaffolds were fabricated using unmodified OPF (neutral charge), sodium methacrylate crosslinked
OPF (negative charge), or [2-(methacryloyloxy) ethyl] trimethylammonium chloride crosslinked OPF (positive
charge), respectively. To allow investigation of surface charge for different BMP-2 release rates, three BMP-2
release profiles were generated by protein encapsulation into poly(lactic-co-glycolic acid) microspheres and/or
adsorption on the OPF composite. Release of radiolabeled 125I-BMP-2 was analyzed in vitro and in vivo and bone
formation was assessed after 9 weeks of subcutaneous implantation in rats. Negatively charged OPF generated
significantly more bone formation compared with neutral and positively charged OPF. This effect was seen for all
three loading methods and subsequent BMP-2 release profiles. Along with charge modifications, a more sustained
release of BMP-2 improved overall bone formation in OPF composites. Overall, this study clearly shows that
negative charge enhances bone formation compared with neutral and positive charge in OPF composites.

Keywords: electrical charge, bone morphogenetic protein-2 release, biomaterials, bone tissue engineering,
oligo[(polyethylene glycol) fumarate], poly(lactic-co-glycolic acid)

Impact Statement

Biomaterials can play a dual role in bone regeneration: they enable local sustained delivery of growth factors, such as bone
morphogenetic protein-2 (BMP-2), while they provide structural support as scaffold. By better imitating the properties of native
bone tissue, scaffolds may be both osteoconductive and osteoinductive. The latter can be achieved by modifying the electrical
charge of the surface. The present work uses tunable oligo[(polyethylene glycol) fumarate] hydrogel and demonstrates that
negative charge enhances BMP-2-induced bone formation compared with neutral or positive charge. Altogether, this indicates
that tissue-specific surface charge modifications of biomaterials hold great promise in the field of tissue regeneration.

Introduction

Bone morphogenetic protein-2 (BMP-2) is a potent

osteoinductive growth factor, which has shown im-
pressive results in many preclinical bone regeneration
studies.1 Despite these encouraging results, clinical use of

BMP-2 is complicated by its short biological half-life, lack
of long-term stability, and tissue selectivity.2 Therefore,
local delivery of BMP-2 is essential for the effectiveness of
growth factor. Several studies showed that local BMP-2
retention in carriers improved its osteoinductive capacity
compared with injection of the carrier-free growth factor
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solution.3–5 Consequently, many BMP-2 vehicles are under
development to enhance the osteoinductive potential.

The newly developed biomaterials should not only
function as a local BMP-2 delivery vehicle but also as a
scaffold to support cell attachment, proliferation, and dif-
ferentiation. These scaffold properties can act synergisti-
cally with the growth factor during bone regeneration and
optimizing scaffold properties can improve the safety and
efficacy of BMP-2 in future clinical applications. However,
there is no consensus on the optimal scaffold characteristics
for bone tissue engineering purposes. Development of an
optimal interface between bone and biomaterials has taken
place for many years.6,7 Many studies have investigated the
optimal bone/implant interface by alteration of biomaterial
surface properties such as surface physical properties,8,9

surface chemistry,10 surface charge,11,12 and surface func-
tionalism.13–15 Recently, surface charge generation by
electrical polarization has drawn much attention.

Piezoelectricity is charge that is generated due to applied
stress to a material or vice versa.16 Previous research showed
that the piezoelectric characteristics of bone directly influence
bone formation.11,17–19 Whereas bone can grow more effi-
ciently under compression, tension can cause resorption. Even
more so, when an electrical current was supplied, higher
amounts of bone were observed at the negatively charged
pole.20 When these piezoelectric characteristics were applied
to biomaterials (barium titanate [BaTiO3], hydroxyapatite
[HAp]/BaTiO3, and poly(l-lactide) [PLLA]), in vivo results
showed improved osteointegration in all biomaterials.21–23 A
more permanent electrically polarized material, such as Tef-
lon, showed accelerated osteointegration and bone first formed
at the negative pole, growing toward the positive pole.12,24

Furthermore, electrically polarized bioactive HAp showed
improved osteointegration at the negatively charged surface
pole.25–27 Since electrical polarization showed improved
bone formation at negatively charged surfaces of different
biomaterials, functionalizing polymer surface with fixed
negative electrical charge could in theory enhance any bio-
material’s osteoconductive and osteoinductive properties.

Previously, oligo[(polyethylene glycol) fumarate] (OPF)
networks were modified with charged small monomers
containing negative (sodium methacrylate [SMA]) and
positive (2-(methacryloyloxy) ethyl)-trimethyl ammonium
chloride [MAE]) charges to create hydrogels with different
charges.28 The monomers were successfully incorporated in
the polymer networks and Zeta potential measurements
showed that the polymer networks were electrically charged
and conductive, which increased with higher concentrations
of monomers.28 The modified hydrogels became sensitive to
the pH and ionic strength of their environment.

Furthermore, cells cultured on the modified hydrogels not
only remained viable but cellular behavior was also influ-
enced by the modification. Whereas positively charged OPF
promoted in vitro neurite outgrowth of primary nerve cells,
negative charge stimulated in vitro attachment of chon-
drocytes.28,29 Although the charge modifications influence
in vitro cell behavior, it is not known whether charge also
plays a role in three-dimensional (3D) in vivo tissue formation.

Considering the previous research on electrically charged
materials, we hypothesized that a negative charged surface
would better improve in vivo bone formation than positive
or neutral charged surfaces. Therefore, the aim of this study

is to investigate the effect of negative and positive charge on
bone formation in OPF networks. Furthermore, the OPF
hydrogels were used as BMP-2 delivery vehicles. Since the
hydrogel charge could also affect BMP-2 release and hence
influence bone formation, BMP-2 was incorporated in the
differentially charged OPF scaffolds by protein adsorption
and/or encapsulation into poly(lactic-co-glycolic acid)
(PLGA) microspheres to vary the release kinetics. A pre-
vious study showed differential release of biologically ac-
tive BMP-2 using this method in OPF.30 This method
allowed us to investigate the effect of surface charge on
bone formation for different BMP-2 release rates.

Materials and Methods

Experimental design

OPF hydrogels (22.5% w/w) with a 75% (w/w) porosity
containing 2.5% (w/w) PLGA microspheres were used for
the BMP-2 containing implants as well as the BMP-2 un-
loaded controls. To analyze the effect of charge on BMP-2
release and bone formation, SMA (Sigma-Aldrich, St. Louis,
MO) or MAE (Sigma-Aldrich, St. Louis, MO) were cross-
linked into the OPF hydrogel to obtain either a fixed negative
or positive charge, respectively (Fig. 1A, C). By adjusting
the % of adsorbed BMP-2 on the composite matrix and
BMP-2 encapsulated in PLGA microspheres, the release of
BMP-2 could be adjusted from a burst to sustained release
profile (Fig. 1B). BMP-2 was 100% encapsulated in micro-
spheres, 50% encapsulated in microspheres, and 50% ad-
sorbed on the hydrogel or 100% adsorbed on the hydrogel.

The three different charge modifications (-OPF: neutral,
unmodified; n-OPF: negative, SMA crosslinked; and p-OPF:
positive, MAE crosslinked) and three loading methods
(Msp: 100% microsphere loading, Cmb: combination of
50% microsphere and 50% adsorption loading, and Ads:
100% adsorption loading) resulted in nine different com-
posites (Fig. 1D). For every charge modification, an implant
without BMP-2 loading was included (controls), resulting in
a total of 12 different composites. The effect of composite
charge and BMP-2 incorporation methods on BMP-2 release
was evaluated in vitro and in vivo by using BMP-2 radi-
olabeled with 125I. The in vivo bioactivity of the released
BMP-2 was investigated by analyzing bone formation after
9 weeks of subcutaneous implantation in rats.

BMP-2 radio iodination

Carrier-free Na125I was obtained from PerkinElmer life
and Analytical Sciences (Boston, MA). To study the release
profiles of BMP-2, a fraction of the incorporated BMP-2 was
radiolabeled with 125I, using the chloramine-T method as
previously described.31 The radiolabeled BMP-2 was sepa-
rated from the free 125I by 24-h dialysis (10 kDa molecular-
weight cutoff (MWCO); SpectraPor 7, Rancho Dominguez,
CA) against 0.01 M phosphate-buffered saline (PBS) at pH
7.4 (Sigma-Aldrich). The 125I-BMP-2 dialysate was concen-
trated in a Millipore device (10 kDa; MWCO, Billerica, MA)
and the purity was determined by trichloroacetic acid pre-
cipitation. The final 125I-BMP-2 preparation contained 99.7%
precipitable counts, which indicated the percentage of cova-
lently bound 125I to the BMP-2. Thereafter, 125I-BMP-2 was
mixed with nonlabeled BMP-2 (1:5.3 hot:cold ratio) and
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incorporated into the composite formulations. A previous
study of our group showed biologically active 125I-BMP-2
after labeling using a similar technique.32

Microsphere fabrication

PLGA with a lactic to glycolic ratio of 50:50 (Mw 52 kDa;
Lakeshore Biomaterials, AL) was used to fabricate micro-
spheres using water-in-oil-in-water (W1-O-W2) double emul-
sion solvent extraction technique, according to a previously
described method.33 Briefly 0, 50, or 100mL of 3.7 mg/mL
BMP-2-125I-BMP-2 solution was emulsified with 250 mg
PLGA 50:50 dissolved in 1.25 mL of dichloromethane using a
vortex at 3050 rpm, to obtain 0%, 50%, or 100% BMP-2

loading into microspheres, respectively. The solution was re-
emulsified in 2 mL of 2% (w/v) aqueous poly(vinyl alcohol)
(PVA, 87–89% mole hydrolyzed, Mw = 13,000–23,000;
Sigma-Aldrich) to create the double emulsion and added to
100 mL of a 0.3% (w/v) PVA solution and 100 mL of a 2%
(w/v) aqueous isopropanol solution. After 1 h of slowly stir-
ring, the PLGA microspheres were collected by centrifugation
at 2500 rpm for 3 min, washed three times with distilled
deionized water (ddH2O), and freeze-dried to a free-flowing
powder. After freeze-drying, the morphology of the micro-
spheres was observed by electron microscopy (SEM; S-4700,
Hitachi Instruments, Tokyo, Japan) at 5.0 kV. The PLGA
microspheres used in this study lose *80% of their mass
within 4 weeks after implantation.34

FIG. 1. Schematic design of (A) mechanism research question, (B) BMP-2 loading methods, (C) OPF charge modifi-
cations, and (D) all OPF formulations. BMP-2, bone morphogenetic protein-2; MAE, -(methacryloyloxy) ethyl)-trimethyl
ammonium chloride; SMA, sodium methacrylate; OPF, oligo[(polyethylene glycol) fumarate]; PLGA, poly(lactic-co-
glycolic acid); -OPF, unmodified OPF, n-OPF, negatively charged OPF, SMA crosslinked, p-OPF, positively charged OPF,
MAE crosslinked. Color images are available online.
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Fabrication of composites

OPF was synthesized using polyethylene glycol with an
initial molecular weight of 10 kDa according to previously
describes method.28 OPF (44.4% w/w), N-vinyl pyrrolidone
(NVP; 13.3% w/w Sigma-Aldrich St. Louis, MO), Irgacure
2959 (0.2% w/w; Ciba-Specialty Chemicals, Tarrytown,
NY), and H2O (42.1% w/w) solution was mixed with
SMA (200 mg, 8.2% w/w, Sigma-Aldrich St. Louis, MO),
MAE (225 mg, 10.3% w/w; Sigma-Aldrich St. Louis, MO),
or no additive to create hydrogels with a fixed negative (n-
OPF), positive (p-OPF), or neutral charge (-OPF), respec-
tively. To create the composites, the OPF/NVP/SMA, OPF/
NVP/MAE, or OPF/NVP paste (22.5% w/w) was mixed
with NaCl salt particles (75% w/w, sieved to a maximum
size of 300 mm) and PLGA microspheres (2.5% w/w).

The resulting mixture was forced into a cylindrical mold
with a diameter of 3.5 mm and exposed to UV light (365 nm
at intensity of *8 mW/cm2 black-Ray Model 100AP, Up-
land, CA) to crosslink the composites for 40 min in total. The
composite implants were cut into 6-mm-long rods and im-
mersed in sterile ddH2O water to leach out the salt. After blot
drying, additional BMP-2 was absorbed into certain com-
posite matrices accordingly to the experimental design. To
analyze the morphological features of the OPF hydrogels,
dry (directly after crosslinking) and hydrated samples were
freeze-dried and observed by scanning electron micros-
copy (SEM) at 5 kV.

The biomaterial characteristics, including surface chem-
istry, mechanical properties, swelling ratio, zeta potential,
and conductivity, were investigated in a previous study.28 The
zeta potential of the used OPF modifications in this study is
-1.75 – 0.7 mV, -5.44 – 0.6 mV, and 3.7 – 1.1 mV for -
OPF, n-OPF, and p-OPF, respectively. The bioactivity of
the released BMP-2 was reported previously and showed a
similar bioactivity of the microsphere-encapsulated and
hydrogel-adsorbed growth factor after 9 weeks of release.30

Also, the released BMP-2 generated a similar biologic re-
sponse compared with freshly added BMP-2 of corre-
sponding dose in vitro. The degradation rate of the OPF
hydrogel is reported previously and showed minimal in vitro
degradation of crosslinked hydrogels with an OPF:NVP
ratio >0.3 after 21 days in PBS.35 Furthermore, histology
showed a still visible porous structure of OPF after 9 weeks
of implantation, as opposed to a fully resorbed Infuse� ab-
sorbable collagen sponge (Medtronic, Minneapolis, MN).30

In vitro BMP-2 release

The in vitro release of BMP-2 was analyzed as previously
described.32 Briefly, composite implants placed in a 12-well
transwell culture system were exposed to consecutive 7-day
W20–17 cell line cultures in Dulbecco’s modified Eagle’s
medium/nutrient mixture F-12 Ham 1:1 mixture (DMEM/
F12, Sigma-Aldrich) supplemented with 10% fetal bovine
serum and 1% penicillin. The W20 clone 17 cell line is a
mouse bone stromal line, known to respond to BMP-2 with
an increase in alkaline phosphatase activity.36 The transwell
was transferred into a new culture after 7 days and the me-
dium was analyzed for radiolabeled 125I-BMP using a gamma
counter. After 9 weeks, the scaffolds were collected to de-
termine the remaining activity. The 125I activity was cor-

rected for decay and normalized to the starting amount. To
analyze the in vitro BMP-2 release, the counts/min were
correlated to the amount of released BMP-2.

Animals and surgical procedure

Thirty 12-week-old male Harlan Sprague Dawley rats
were used for this study according to an approved protocol
by the local Animal Care and Use Committee.

Surgery was performed under sterile conditions and
general anesthesia (45/10 mg/kg ketamine/xylazine). After
shaving and disinfecting the surgical sites, four subcuta-
neous pockets were created in each limb and filled with
125I-BMP-2-labeled implants. Two subcutaneous pockets
in the thoracolumbar region were used to implant the controls
(implants without BMP-2 loading). A total of six implants
were used per rat with a total of *16 mg BMP-2 per rat.
The implants were randomized for application site using a
randomized block design per charge modification. Acet-
aminophen (160 mg in 5 mL added to one pint water bottle)
was given as postoperative analgesia for the duration of 1
week. Fluorochrome markers calcein green (10 mg/kg, in-
traperitoneal) and tetracycline (10 mg/kg, intraperitoneal)
were administered at 3 and 6 weeks postoperative, re-
spectively. After 9 weeks, the rats were euthanized by CO2

asphyxiation to collect the implants for assessment of bone
formation by microcomputed tomography (mCT) and sub-
sequent histological analysis.

In vivo BMP-2 release

Four scintillation probes connected to digital scalers, as
described previously,33 were used for noninvasive determi-
nation of in vivo 125I-BMP-2 release kinetics. Directly after
wound closure, the 125I-BMP-2 activity was measured to
obtain the starting implanted dose. At each subsequent time
point (biweekly the first week, weekly from week 1 on-
ward), the rats were anesthetized using isoflurane (induction
4%, maintenance >1.5%) to measure the local 125I-BMP-2
activity over two 1-min periods with two different detectors.
To determine the BMP-2 release, the 125I-BMP-2 mea-
surements were corrected for radioactive decay and back-
ground activity. The 125I-BMP-2 activity was normalized
to the starting implanted dose to determine the retained
125I-BMP-2 dose and released amounts.

In vivo bone formation

mCT was used to measure the total bone volume of all
implants, including the negative controls without BMP-2.
Ex vivo scanning of the scaffolds was performed using a
Scanco mCT 35 scanner (Scanco Medical, Switzerland) at
10 mm resolution. Global thresholding at 57 was applied in
ImageJ (version 2.0.0) to quantify the bone formation
(BoneJ, plugin of ImageJ) within implants.

Histology

The samples were dehydrated in graded series of ethanol
and embedded in methyl methacrylate for qualitative as-
sessment by histology. Sections were stained with Gömöri
trichrome staining for evaluation of general tissue re-
sponse and bone formation.37 Gömöri trichrome stains bone
green, osteoid red, fibrous tissue pink, and fat cells white.
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Unstained sections were used for fluorescence imaging of
calcein green and tetracycline.

Statistical analysis

Statistical analysis was performed using SPSS 22.0 soft-
ware (SPPS, Inc., Chicago, IL). In vitro (n = 3) and in vivo
results (n = 10) are given as means – standard deviations
(SDs). The 3D mCT reconstructions were shown for the
median value of each group. 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%. All
data sets were tested for outliers using residuals, for nor-
mality of the residuals using the Shapiro–Wilk test and for
homogeneity of variances using the Levene’s test. Non-
parametric data were analyzed with Kruskal–Wallis and
Benjamini–Hochberg post hoc tests. Parametric data were
analyzed with univariate analysis of variances followed by
Benjamini–Hochberg post hoc (homogeneous variances) or
Games–Howell post hoc (unequal variances). Differences
were considered significant for p < 0.05. Based on in vitro
bioactivity assays, >25 ng BMP-2/mL was considered a bi-
ologically relevant difference for in vitro BMP-2 release.

Differences in vivo release BMP-2 were considered clini-
cally relevant at >100 ng BMP-2.38,39

Results

BMP-2 labeling and incorporation

Labeling of the BMP-2 with 125I resulted in an activity
per mass of 6.1 mCi/mg. The microspheres were loaded with
either 2.9 or 1.3 mg BMP-2/mg PLGA. A schematic dem-
onstration of the fabrication of PLGA microspheres is
shown in Figure 2A. The composite scaffold characteristics
are summarized in Table 1. The different loading methods
resulted in comparable BMP-2 loading per scaffold. How-
ever, OPF modifications aiming at electrical charge resulted
in significant ( p < 0.01) differences in BMP-2 loading
within these OPF groups due to differences in loss of BMP-
2 during the fabrication process. To correct this, the release
kinetics was normalized to the starting amount of BMP-2
loading for each individual composite in vitro and in vivo.
SEM of the PLGA microspheres, performed after freeze-
drying, showed a smooth surface similar for unloaded and
BMP-2-loaded microspheres (Fig. 2B, C). The diameter of
the microspheres varied between 5 and 85 mm. Figure 2D

FIG. 2. (A) Water-in-oil-in-water (W1-O-W2, W/O/W) fabrication of microspheres. SEM images of (B) PLGA micro-
spheres and (C) PLGA microspheres loaded with BMP-2. SEM images of OPF hydrogel (D) before and (E) after the salt
leaching process. Photograph of (F) dried OPF hydrogel before salt leaching and (G) hydrated OPF hydrogel after salt
leaching. Msp, microspheres; PLGA, poly(lactic-co-glycolic acid); SEM, scanning electron microscope. Color images are
available online.
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shows SEM images of the hydrogels before salt leaching,
with microspheres and salt particles embedded in the
hydrogel matrix. Salt leaching resulted in randomly dis-
tributed microporous hydrogels with the microspheres
embedded in the hydrogel matrix (Fig. 2E). Typical hydro-
gels before and after salt leaching are shown in Figure 2F and
G, respectively.

In vitro release kinetics

Effect of charge modification. For the % BMP-2 release
per time point, the OPF charge modifications affected the
in vitro BMP-2 release overall significantly. Whereas -OPF
composites released significantly ( p < 0.01) more BMP-2
compared with n-OPF and p-OPF, p-OPF released signifi-
cantly ( p < 0.01) less compared with n-OPF within 3 days.
Subsequently, n-OPF released more ( p < 0.01) BMP-2
compared with -OPF and p-OPF from week 2 to 6, while
p-OPF released less ( p < 0.01) BMP-2 compared with -OPF
and n-OPF from week 3 to 6. Corresponding overall cu-
mulative release profiles are shown in Figure 3A.

Post hoc analysis of charge modifications showed sig-
nificant differences within OPF-Msp, OPF-Cmb, and OPF-
Ads groups. For OPF-Msp composites with a more sustained
release profile, -OPF-Msp released significantly ( p < 0.02,
week 0.5 (W0.5): 27.5% – 2.0%, W1: 11.6% – 1.0%) more
BMP-2 compared with n-OPF-Msp (W0.5: 11.0% – 1.1%,
W1: 8.6% – 1.3%) and p-OPF-Msp (W0.5: 16.5% – 2.1%,
W1: 8.3% – 0.7%) composites during the first week.
Whereas n-OPF-Msp released more ( p < 0.01) BMP-2
compared with -OPF-Msp and p-OPF-Msp, p-OPF-Msp
released less ( p < 0.01) compared with -OPF-Msp at 3 and 4
weeks. Corresponding OPF-Msp cumulative release profiles
are shown in Figure 3B.

For OPF-Cmb composites with a combination of burst
and sustained release profile, n-OPF-Cmb showed a lower
( p < 0.03, 20.9% – 1.9%) BMP-2 burst release compared
with -OPF-Cmb (33.6% – 5.2%) and p-OPF-Cmb (28.1% –
2.3%) composites after 3 days. Whereas n-OPF-Cmb re-
leased more ( p < 0.01) BMP-2 compared with -OPF-Cmb
and p-OPF-Cmb, p-OPF-Cmb released less ( p < 0.01) com-
pared with -OPF-Cmb at 3 and 4 weeks. Furthermore,

n-OPF-Cmb released significantly ( p < 0.006) more BMP-2
compared with p-OPF-Cmb at 2 and 5 weeks. For the re-
maining period, p-OPF-Cmb released less ( p < 0.006) BMP-2
during week 6 and 7 and more BMP-2 during week 8 and 9
compared with the other OPF-Cmb composites. The corre-
sponding cumulative release profiles for OPF-Cmb compos-
ites are shown in Figure 3C.

For OPF-Ads composites, with a larger burst release, n-
OPF-Ads showed a significantly smaller BMP-2 burst
release ( p < 0.01, 32.4% – 5.3%) compared with the other
-OPF-Ads (49.2% – 4.9%) and p-OPF-Ads (49.1% – 3.7%)
composites after 3 days. Subsequently, p-OPF-Ads released
more ( p < 0.01) BMP-2 compared with -OPF-Ads and n-
OPF-Ads at 1 week. From week 2 onward, n-OPF-Ads
released significantly ( p < 0.02) more BMP-2 compared
with the other OPF-Ads composites. p-OPF-Ads released
significantly ( p < 0.04) less BMP-2 compared with the
other OPF-Ads composites at 4 and 5 weeks. The corre-
sponding cumulative release profiles for OPF-Ads com-
posites are shown in Figure 3D.

Effect of loading method. Overall, the BMP-2 loading
method significantly affected the in vitro growth factor re-
lease. OPF-Msp released significantly ( p < 0.05) less BMP-2
compared with OPF-Cmb and OPF-Ads until week 3, while
OPF-Ads released significantly ( p < 0.01) more BMP-2
compared with OPF-Cmb. For the remaining period, OPF-
Msp and OPF-Cmb released significantly ( p < 0.01) more
BMP-2 compared with OPF-Ads. The corresponding overall
cumulative release profiles are shown in Figure 3E.

Post hoc analysis of the loading effects showed signifi-
cant differences within the -OPF, n-OPF, and p-OPF groups.
For the -OPF composites, within the first 3 days BMP-2
burst release was significantly ( p < 0.05) different between -
OPF-Msp (27.5% – 2.0%), -OPF-Cmb (33.6% – 5.2%), and -
OPF-Ads (49.2% – 4.9%). Whereas -OPF-Ads released
significantly ( p < 0.05) more BMP-2 compared with the
other -OPF composites until week 2, -OPF-Msp and -OPF-
Cmb release rates were significantly ( p < 0.01) higher
compared with -OPF-Ads from week 5 onward. The corre-
sponding -OPF cumulative release profiles are shown in
Figure 3F.

Table 1. Composite Implant Characteristics

Composite name

BMP-2 loading Initial
activity/implant

(lCi)
BMP-2/implant

(lg)Hydrogel Microspheres

-OPF-Msp 0% Adsorbed 100% Loaded 3.66 – 0.79 4.71 – 1.02
-OPF-Cmb 50% Adsorbed 50% Loaded 3.48 – 0.15 4.58 – 0.2
-OPF-Ads 100% Adsorbed 0% Loaded 3.75 – 0.2 4.88 – 0.25
n-OPF-Msp (negative charge) 0% Adsorbed 100% Loaded 2.98 – 0.45 3.83 – 0.58
n-OPF-Cmb (negative charge) 50% Adsorbed 50% Loaded 2.71 – 0.17 3.57 – 0.22
n-OPF-Ads (negative charge) 100% Adsorbed 0% Loaded 3.04 – 0.08 3.96 – 0.11
p-OPF-Msp (positive charge) 0% Adsorbed 100% Loaded 2.37 – 0.32 3.05 – 0.41
p-OPF-Cmb (positive charge) 50% Adsorbed 50% Loaded 2.29 – 0.14 3.01 – 0.18
p-OPF-Ads (positive charge) 100% Adsorbed 0% Loaded 2.48 – 0.12 3.23 – 0.16

Msp, 100% BMP-2 loaded in PLGA microspheres; Cmb, 50% BMP-2 loaded in PLGA microspheres, 50% BMP-2 adsorbed on the hydrogel;
Ads, 100% BMP-2 loaded on the hydrogel; -OPF, unmodified OPF; n-OPF, negatively charged OPF; p-OPF, positively charged OPF.

BMP-2, bone morphogenetic protein-2; Msp, microspheres; OPF, oligo[(polyethylene glycol) fumarate]; PLGA, poly(lactic-co-glycolic
acid).
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FIG. 3. The effect of charge modifications (A–D) and BMP-2 loading method (E–H) in OPF hydrogels on 125I-BMP-2
release kinetics, shown in % cumulative BMP-2 release. Graphs represent the overall effect (A, E) and effect within groups
(B–D and F–H). One letter indicates a significant difference at p < 0.05, and two letters indicate a significant difference at
p < 0.01. Significantly different BMP-2 release is indicated between a: all formulations, b: p-OPF versus -OPF and n-OPF, c:
n-OPF versus -OPF and p-OPF, d: -OPF versus n-OPF and p-OPF, e: n-OPF versus p-OPF, f: -OPF versus p-OPF, h: OPF-
Ads versus OPF-Cmb and OPF-Msp, i: OPF-Ads versus OPF-Msp, j: OPF-Cmb versus OPF-Ads. OPF, oligo[(polyethylene
glycol) fumarate]; Msp, 100% BMP-2 loaded in PLGA microspheres; Cmb, 50% BMP-2 loaded in PLGA microspheres,
50% BMP-2 adsorbed on the hydrogel; Ads, 100% BMP-2 loaded on the hydrogel; -OPF, unmodified OPF; n-OPF,
negatively charged OPF; p-OPF, positively charged OPF. Color images are available online.
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For n-OPF composites, n-OPF-Msp released the least
( p < 0.45; W0.5: 11.0% – 1.1%, W1: 8.0% – 1.3%, W2:
8.2% – 1.1%) and n-OPF-Ads released the most ( p < 0.01;
W0.5: 32.4% – 5.3%, W1: 17.3% – 2.7%, W2: 15.0% – 1.2%)
BMP-2 during the first 2 weeks. n-OPF-Msp and n-OPF-Cmb
released significantly ( p < 0.01) more BMP-2 compared with
n-OPF-Ads at 6, 8, and 9 weeks. For the n-OPF composites,
the corresponding cumulative release profiles are shown in
Figure 3G.

For the p-OPF composites, p-OPF-Msp released the least
BMP-2 ( p < 0.01; W0.5: 16.5% – 2.1%, W1: 8.3% – 0.7%)
and p-OPF-Ads the most ( p < 0.01; W0.5: 49.1% – 3.7%,
W1: 24.5% – 0.7%) during the first week. BMP-2 re-
lease from p-OPF-Msp and p-OPF-Cmb was significantly
( p < 0.01) higher compared with p-OPF-Ads from week 5 to
9. The corresponding cumulative release profiles are shown
in Figure 3H.

Animals

Five rats died one day after surgery, probably due to
oversensitivity to xylazine, since no health problems were
observed in the remainder of the rats after xylazine was
lowered. Eight implants were removed by the rats from the
subcutaneous pocket during the follow-up and were lost.
This resulted in group sizes of p-OPF-Msp n = 10; p-OPF-
Cmb and p-OPF-Ads n = 9; -OPF-Msp and -OPF-Cmb n = 8;
-OPF-Ads, n-OPF-Cmb, and n-OPF-Ads n = 6; and n-OPF-
Msp n = 5. No BMP-2 unloaded controls were removed
during follow-up.

In vivo BMP-2 release

Effect of charge modification. Overall, charge modi-
fications affected the in vivo BMP-2 release significantly.
p-OPF showed a significantly ( p < 0.01) smaller burst release
compared with -OPF and n-OPF within 3 days. Subsequently,
p-OPF released more ( p < 0.02) compared with the other
composites at week 4 and 5. The corresponding cumulative
overall release profiles are shown in Figure 4A.

Post hoc analysis of the charge modifications showed
significant differences in OPF-Msp, OPF-Cmb, and OPF-
Ads groups. For OPF-Msp with a more sustained release
profile of BMP-2, p-OPF-Msp released significantly
( p < 0.01, 33.6% – 7.4%) less BMP-2 compared with -OPF-
Msp (52.1% – 6.1%) and n-OPF-Msp (46.4% – 6.9%) within
3 days, while releasing more ( p < 0.009) at 4 and 5 weeks.
Furthermore, n-OPF-Msp released more ( p < 0.03) BMP-2
compared with p-OPF-Msp at week 2. For OPF-Msp com-
posites, the corresponding cumulative release profiles are
shown in Figure 4B.

In OPF-Cmb composites with a combination of burst and
sustained release profile, p-OPF-Cmb released the least
( p < 0.01, 42.5% – 4.7%) BMP-2 and -OPF-Cmb the most
( p < 0.01, 65.2% – 2.6%) BMP-2 within 3 days. n-OPF-Cmb
released significantly ( p < 0.04) more BMP-2 compared
with both OPF-Cmb composites at week 2 and compared
with -OPF-Cmb at week 3. Subsequently, p-OPF-Cmb re-
leased more ( p < 0.01) BMP-2 compared with the other
OPF-Cmb composites at week 4 and 5. The corresponding
cumulative release profiles for OPF-Cmb composites are
shown in Figure 4C.

For OPF-Ads composites with a burst release profile, p-
OPF-Ads showed a significantly ( p < 0.01, 78.9% – 5.5%)
smaller burst release compared with n-OPF-Ads (81.4% –
3.6%) within 3 days. Subsequently, p-OPF-Ads released more
( p < 0.03) BMP-2 compared with the other OPF-Ads com-
posites at week 1. The corresponding OPF-Ads cumulative
release profiles are shown in Figure 4D.

Effect of loading method. Overall, the BMP-2 loading
method influenced the in vivo growth factor release signif-
icantly in a similar trend as in vitro. Whereas OPF-Msp
released less ( p < 0.01) BMP-2 compared with OPF-Cmb
and OPF-Ads, OPF-Ads released more ( p < 0.01) BMP-2
compared with OPF-Cmb within 3 days. From week 2 to 5,
OPF-Msp and OPF-Cmb released significantly ( p < 0.01)
more BMP-2 compared with OPF-Ads. OPF-Ads released
significantly ( p < 0.01) less BMP-2 compared with OPF-
Msp and OPF-Cmb from week 2 to 4. The corresponding
overall cumulative release profiles are shown in Figure 4E.

Post hoc analysis of loading methods showed significant
differences in OPF-Msp, OPF-Cmb, and OPF-Ads groups. In
-OPF, -OPF-Msp released the least ( p < 0.03, 52.1% – 6.1%)
BMP-2 and -OPF-Ads released the most ( p < 0.01, 81.4% –
3.6%) BMP-2 at 3 days, 2 weeks, and 3 weeks. -OPF-Msp
and -OPF-Cmb released more ( p < 0.03) BMP-2 compared
with -OPF-Ads at 4 and 5 weeks. For the -OPF composites,
the corresponding cumulative release profiles are shown in
Figure 4F.

For n-OPF, significant different burst releases were seen
with n-OPF-Msp releasing the least ( p < 0.01, 46.4% – 6.9%)
and n-OPF-Ads releasing the most ( p < 0.01, 86.7% – 5.2%)
BMP-2 within 3 days. n-OPF-Msp and n-OPF-Cmb released
more ( p < 0.04) BMP-2 compared with n-OPF-Ads from
week 1 to 5. The corresponding cumulative release profiles
for n-OPF composites are shown in Figure 4G.

For p-OPF, significantly different burst releases were
seen with p-OPF-Msp releasing the least ( p < 0.01, 33.6% –
7.4%) and p-OPF-Ads releasing the most ( p < 0.01, 78.9% –
5.5%) within 3 days. p-OPF-Msp and p-OPF-Cmb re-
leased significantly more ( p < 0.03) BMP-2 compared with
p-OPF-Ads from week 2 to 5 and at week 7. The corre-
sponding p-OPF cumulative release profiles are shown in
Figure 4H.

lCT analysis

In all unloaded implants (not containing BMP-2), no bone
formation was observed. Overall, n-OPF (48.4 – 47.2 mm3)
showed significant ( p < 0.001) greater bone formation com-
pared with -OPF (10.5 – 20.8 mm3) and p-OPF (4.9 –
15.8 mm3; Fig. 5A). Also in individual groups with different
BMP-2 loading methods and subsequent release profiles, n-
OPF contained significantly ( p < 0.05) more bone volume
compared with the -OPF and p-OPF groups (OPF-Msp group:
n-OPF 48.4 – 47.1 mm3, -OPF 12.3 – 18.5 mm3, and p-OPF
10.1 – 25.6 mm3; OPF-Cmb group: n-OPF 56.3 – 43.6 mm3, -
OPF 15.9 – 28.9 mm3, and p-OPF 3.8 – 6.6 mm3; and OPF-Ads
group: n-OPF 40.5 – 57.5 mm3, -OPF 0.8 – 1.8 mm3, and p-
OPF 0.06 – 0.09 mm3; Fig. 5B). Normalizing bone formation
by released BMP-2 (mm3/mg) showed similar results (Sup-
plementary Fig. S1).
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FIG. 4. The effect of charge modifications (A–D) and BMP-2 loading method (E–H) in OPF hydrogels on 125I-BMP-2
release kinetics in vivo, shown in % cumulative BMP-2 release. Graphs represent the overall effect (A, E) and effect within
groups (B–D and F–H). One letter indicates a significant difference at p < 0.05, and two letters indicate a significant
difference at p < 0.01. Significantly different BMP-2 release is indicated between a: all formulations, b: p-OPF versus -OPF
and n-OPF, c: n-OPF versus -OPF and p-OPF, d: -OPF versus n-OPF and p-OPF, e: n-OPF versus p-OPF, f: -OPF versus p-
OPF, h: OPF-Ads versus OPF-Cmb and OPF-Msp, i: OPF-Ads versus OPF-Msp, j: OPF-Cmb versus OPF-Ads. OPF,
oligo[(polyethylene glycol) fumarate]; Msp, 100% BMP-2 loaded in PLGA microspheres; Cmb, 50% BMP-2 loaded in
PLGA microspheres, 50% BMP-2 adsorbed on the hydrogel; Ads, 100% BMP-2 loaded on the hydrogel; -OPF, unmodified
OPF; n-OPF, negatively charged OPF; p-OPF, positively charged OPF. Color images are available online.
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Fully or partially loading BMP-2 in microspheres showed
a significant ( p < 0.04) increase in bone formation compared
with fully adsorbing the BMP-2 on the composite (OPF-Msp
19.2 – 32.1 mm3, OPF-Cmb 21.7 – 34.4 mm3, OPF-Ads
11.8 – 34.2 mm3; Fig. 5C). Within OPF charge modifica-
tions, this trend was observed for p-OPF, with p-OPF-Msp
and p-OPF-Cmb showing significantly ( p < 0.008) more
bone formation compared with p-OPF-Ads (Fig. 5D). No
significant effect of microsphere loading was seen within -
OPF and n-OPF.

The 3D reconstructions confirm these data, showing dif-
fuse bone formation in the pores of n-OPF (Fig. 6D–F) and
minimal bone formation in -OPF (Fig. 6A–C) and p-OPF
(Fig. 6G–I).

Histology

In -OPF, histological analysis showed minimal fibrous
tissue ingrowth in the unloaded negative controls (Fig. 7A, E).
No bone formation and a mild inflammatory response were
observed in these composites. -OPF-Msp showed ingrowth
mainly consisting of fibrous tissue, osteoid, and woven

bone with a minimal inflammatory response (Fig. 7B, F).
More tissue ingrowth was seen in -OPF-Cmb showing
a similar inflammatory response and tissue ingrowth as
-OPF-Msp (Fig. 7C, G). In -OPF-Ads, minimal fibrous
tissue in growth was seen with a minimal inflammatory
response (Fig. 7D, H).

In n-OPF, the unloaded controls showed no bone forma-
tion with mainly ingrowth of fibrous tissue and a moderate
inflammatory response (Fig. 7I, M). n-OPF-Msp showed
tissue ingrowth of woven bone, fat cells, and fibrous tissue
with a mild inflammatory response (Fig. 7J, N). The bone
was formed on the scaffold surface with fat cells centrally in
the pores. Also, n-OPF-Cmb showed ingrowth of woven
bone on the surface of the scaffold with fat cells, fibrous
tissue, and a minimal inflammatory response (Fig. 7 K, O).
In n-OPF-Ads, tissue ingrowth was typed as a combination
of osteoid, bone, fat cells, and fibrous tissue accompanied
with a minimal inflammatory response (Fig. 7L, P). The
bone was seen in good contact with the scaffold and fat cells
centrally in the pores.

In the p-OPF, the unloaded control showed no bone for-
mation, with minimal fibrous tissue ingrowth and a mild

FIG. 5. Amount of newly formed bone after 9 weeks of subcutaneous implantation, shown in total bone volume (mm3).
Data represent the overall effect of OPF charge modifications (A), the effect within BMP-2 loading methods (B), the overall
effect of BMP-2 loading method (C), and the effect within OPF charge modifications (D). One symbol (*) indicates a
significant difference with p < 0.05, and two symbols (**) indicate a significant difference with p < 0.01 versus all other
implants within the groups unless specifically indicated otherwise. Msp, 100% BMP-2 loaded in PLGA microspheres; Cmb,
50% BMP-2 loaded in PLGA microspheres, 50% BMP-2 adsorbed on the hydrogel; Ads, 100% BMP-2 loaded on the
hydrogel; -OPF, unmodified OPF; n-OPF, negatively charged OPF; p-OPF, positively charged OPF. Color images are
available online.
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inflammatory response (Fig. 7Q, U). All BMP-2-loaded p-
OPF showed similar minimal tissue ingrowth consisting
mainly of fibrous tissue and very minimal osteoid with
calcifications (Fig. 7R–T, V–X). The inflammatory response
was typed as mild for these p-OPF composites.

Fluorescence markers calcein green (green) and tetracy-
cline (orange) showed the aspect of woven (Fig. 8D, E, G,
and H) and lamellar (Fig. 8A, B, and F) bone disposition
starting at various locations both early (3 weeks, calcein)
and late (6 weeks, tetracycline) in the pores of -OPF-Msp, -
OPF-Cmb, all n-OPF, p-OPF-Msp, and p-OPF-Cmb hy-
drogels (Fig. 8A, B, and D–H).

Discussion

Electrical charge modifications of OPF composite scaf-
fold had a significant effect on BMP-2 release and bone
formation. For microsphere-encapsulated BMP-2, p-OPF
decreased the burst release and released the BMP-2 in a
more sustained release manner in vivo. Regardless of the
BMP-2 loading method, significantly more bone formation
was seen in n-OPF compared with neutral and positive
charge. Other than electrical charge, the BMP-2 loading
methods also affected BMP-2 release and bone formation
significantly. Whereas BMP-2 adsorption on the composite
matrix mainly resulted in a large burst release with subse-
quent low-dose sustained release, BMP-2 encapsulation in
the microspheres decreased the burst release and resulted in
a more sustained release over time. The more sustained
BMP-2 release by microsphere encapsulation resulted in
significantly more bone formation compared with adsorp-
tion alone. All variables that influenced BMP-2 release and
bone formation are discussed in detail.

The biomaterial electrical charge influenced
BMP-2-induced bone formation

Regardless of the BMP-2 loading method, negatively
charged OPF augmented bone formation better than neutral
and positively charged OPF. In line with our results, pre-
vious studies showed superior mineralization and bone-like
cellular attachment in vitro and improved bone formation
in vivo on various negatively charged biomaterials and
natural bone.12,20,25–27,40–45 More recently, multiple stud-
ies investigated the underlying mechanism using polarized
HAp.25,26,43,45,46 A suggested theory is that the negatively
charged surface has high affinity with Ca2+, which will in
turn enhance biomineralization. The biomineralized sur-
face will attract several adhesion molecules that stimulate
bone-like cellular attachment to the biomaterial. In line
with this, several synthetic polymers showed improved
biomineralization, cell adhesion, and cell proliferation
when functionalized with anionic functional groups.47

Although this showed that electrical charge is an impor-
tant mechanism driving osteoconduction, it should be taken
into account that the biomaterial surface chemistry and
physical properties also play a role in this process. The
charge modifications of OPF required incorporation of an
additional compound and consequently modified the che-
mical structure of the biomaterial. For biomaterial surface
chemistry, it has been shown that apart from anionic func-
tional groups, the cationic amine group is associated with
improved biomineralization by strong affinity for phos-
phate.48 For biomaterial physical properties, studies inves-
tigating polarized HAp have shown that surface roughness
could potentially override the effect of surface charge.49

However, overall, this study and previous research strongly
indicate that functionalizing biomaterials with a negative

FIG. 6. Representative 3D mCT recon-
structions of the BMP-2 containing implants
after 9 weeks of subcutaneous implantation.
Msp, 100% BMP-2 loaded in PLGA mi-
crospheres; Cmb, 50% BMP-2 loaded in
PLGA microspheres, 50% BMP-2 adsorbed
on the hydrogel; Ads, 100% BMP-2 loaded
on the hydrogel; -OPF, unmodified OPF; n-
OPF, negatively charged OPF; p-OPF, pos-
itively charged OPF. Scale bars represent
1000mm. 3D, three dimensional; mCT, mi-
crocomputed tomography.
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surface charge has great potential for bone tissue engi-
neering.

Sustained BMP-2 release by microsphere
encapsulation augments bone formation compared
with sole adsorption of BMP-2 on the composite

Overall, a BMP-2 burst release ranging from 40% to
52% with subsequent sustained release generated signifi-

cant more bone in OPF composites compared with com-
posites with >80% of BMP-2 released within 3 days. This
highlights that timing of release is an important factor
influencing BMP-2-induced bone formation. Although
the beneficial effect of local BMP-2 retention by bioma-
terials on bone formation is evident,3–5,50 the optimal re-
lease rate remains unknown. So far, various BMP-2 release
profiles have shown good bone formation in several bio-
materials,3,5,32,51–55 but few studies have explored the

FIG. 7. Gömöri trichrome-stained histological sections of -OPF unloaded (A, E), -OPF-Msp (B, F), -OPF-Cmb (C, G), -
OPF-Ads (D, H); n-OPF unloaded (I, M), n-OPF-Msp ( J, N), n-OPF-Cmb (K, O), n-OPF-Ads (L, P); and p-OPF unloaded
(Q, U), p-OPF-Msp (R, V), p-OPF-Cmb (S, W), p-OPF-Ads (T, X) after 9 weeks of subcutaneous implantation. The OPF
hydrogels (#) formed an interconnected porous network with fibrous tissue (Fb), fat tissue (Fa), bone (B), and osteoid (O)
ingrowth in the BMP-2-loaded composites. Whereas only small bony islands were seen in p-OPF, substantial tissue
ingrowth was seen in n-OPF with bone and osteoid growing on the surface of the hydrogel with fat cells centrally in the
pores. Much void (V) volume was seen in unloaded -OPF, -OPF-Ads, and all p-OPF composites. Scale bars represent
1000mm (A–D, I–L, and Q–T), 500 mm (E, G), and 200 mm (F, H, M–P, and U–X). Msp, 100% BMP-2 loaded in PLGA
microspheres; Cmb, 50% BMP-2 loaded in PLGA microspheres, 50% BMP-2 adsorbed on the hydrogel; Ads, 100% BMP-2
loaded on the hydrogel; -OPF, unmodified OPF; n-OPF, negatively charged OPF; p-OPF, positively charged OPF. Color
images are available online.
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relationship between BMP-2 release and bone formation in
biomaterials with similar chemistry and structure.4,56 Pre-
vious studies of our group showed the profound effect of
BMP-2 release profiles on in vivo bone formation.30,57

Whereas the amount subcutaneous bone formation was
correlated with BMP-2 burst release in phosphate-modified
OPF hydrogels, no difference was observed between BMP-
2 burst release and sustained release in an orthotopic defect
site. Although the effect of release on bone formation
may differ between different biomaterials and application
sites, the results of this study clearly show that tailoring
release within the biomaterial is important to optimize
bone formation.

Charge influenced BMP-2 release and hence may
have affected bone formation

For microsphere-encapsulated BMP-2, positive charge
decreased BMP-2 burst release and released the BMP-2 in
a more sustained manner compared with neutral and neg-
ative charge in OPF composites. As shown by the effect of
different BMP-2 loading methods, a more sustained release
can also enhance bone formation in these composites.
However, n-OPF generated more bone formation compared
with neutral and positively charged OPF-MAE within all
BMP-2 loading methods. Altogether, these findings indi-
cate that negative charge was the major determinant in
BMP-2-induced bone formation. Apart from influencing

bone formation in vivo, differentially charged biomaterial
surfaces affect BMP-2 release kinetics in vitro and in vivo.

Charge modifications affected the in vitro and in vivo
BMP-2 release differently

Whereas n-OPF resulted in a significantly lower burst
release and higher subsequent sustained release compared
with the other charge modifications in vitro, p-OPF resulted
in a significantly lower burst release and higher subsequent
sustained release compared with other charge modifications
in vivo. These differences highlight that in vitro conditions
do not mimic the complexity of the chemical, mechanical,
electrical, and biological in vivo environment. Specific
proteins and cells could have influenced the scaffold BMP-2
binding in the in vivo environment.58,59 So far, studies in-
vestigating in vivo BMP-2 release kinetics are sparse and
protein release from biomaterials is usually studied in an
in vitro environment. Although in vitro studies provide
useful information on scaffold/protein interactions, these
results and previous studies3,32,51,56,60–64 highlight that the
need for careful data interpretation is warranted.

Compared with the BMP-2 loading method, biomaterial
surface charge had limited effect on in vivo BMP-2
release kinetics

Fully adsorbing BMP-2 on the hydrogel surface resulted
in large burst release (>78%) after 3 days without relevant

FIG. 8. Fluorescence imaging of histological samples of BMP-2 containing OPF composites. Fluorescence markers
calcein green (green) and tetracycline (orange) showed aspects of woven (D, E, G, and H) and lamellar (A, B, and F) bone
disposition starting at various locations both early (3 weeks, calcein) and late (6 weeks, tetracycline) in the pores of -OPF-
Msp, -OPF-Cmb, all n-OPF, p-OPF-Msp, and p-OPF-Cmb hydrogels (A, B, and D–H). No fluorescence markers were
observed in -OPF-Ads and p-OPF-Ads (C, I). Scale bars represent 100 mm (B, C, and E–I) and 50mm (A, D). Msp, 100%
BMP-2 loaded in PLGA microspheres; Cmb, 50% BMP-2 loaded in PLGA microspheres, 50% BMP-2 adsorbed on the
hydrogel; Ads, 100% BMP-2 loaded on the hydrogel; -OPF, unmodified OPF; n-OPF, negatively charged OPF; p-OPF,
positively charged OPF. Color images are available online.
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differences between the differently charged surfaces. Since
the BMP-2 is adsorbed on the hydrogel, protein binding
is dependent on physiochemical interactions and ionic
complexation, hence highly sensitive to environmental
conditions.65 No relevant differences in this study between
the charged surfaces indicate that rapid desorption and
ion exchange in the in vivo environment override the ef-
fect of differential protein ionic complexation. Previous
studies show that adsorption on phosphorylated OPF,
poly(propylene fumarate), and collagen generated similar
large burst releases (>70%) after 3 days.30,55,66 Further-
more, when BMP-2 was adsorbed on acidic and basic
gelatin, large burst releases (>90%) after 3 days were ob-
served without relevant differences between the charged
biomaterials.63 On the contrary, studies on several ceram-
ics showed that protein adsorption could also generate a
more sustained in vivo release due to physiochemical in-
teractions between BMP-2 and biomaterials.39,67

Microsphere encapsulation and subsequent embedding in
the hydrogel matrix resulted in significant reduction of the
burst release (<66%) and subsequent sustained release for
all charge modifications. This is in line with previous studies
investigating in vivo BMP-2 release from PLGA micro-
spheres.30,32,56 While neutral and negatively charged hy-
drogels generated similar BMP-2 release kinetics,
positively charged hydrogels showed significantly lower
burst releases (<43%) for microsphere-encapsulated BMP-
2. By embedding the PLGA microspheres in different hy-
drogels, the BMP-2 was physically entrapped, creating an
extra diffusion barrier.

Since BMP-2 adsorption on the differentially charged
OPF showed no relevant differences in BMP-2 release ki-
netics, degradation of the additional diffusion barrier may
cause this difference. This was also seen in previous re-
search, where BMP-2 encapsulated in PLGA microspheres
with similar characteristics embedded in different bioma-
terials resulted in various BMP-2 release pro-
files.32,51,54,62,68,69 The difference in degradation rate
between the differentially charged OPF remains to be in-
vestigated.

Conclusion

In conclusion, negative charge enhanced bone formation
compared with neutral and positive charge in OPF com-
posites. The enhanced bone formation was seen for all three
loading methods and subsequent BMP-2 release profiles.
Although biomaterial surface charge had limited effect on
BMP-2 release, bone formation was also improved by sus-
tained release of BMP-2 from PLGA microspheres within
the OPF hydrogel.
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