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Bone Morphogenetic Protein-2 (BMP-2) plays an important role in stimulating new bone formation, and
has been utilized in clinical bone repair by implantation. In this study, we report a nanoparticulate (NP)
system for BMP-2 delivery based on bovine serum albumin (BSA) NPs stabilized with a poly(ethylene
glycol) modified polyethylenimine (PEI–PEG) coating. PEI–PEG with different PEG substitutions were
synthesized, and the cell viability assay showed PEG substitution greatly reduced the cytotoxicity of the
native PEI. Furthermore, PEI–PEG coated BSA NPs demonstrated smaller size and decreased zeta
potential compared to PEI-coated NPs. The bioactivity of the encapsulated BMP-2 and the toxicity of PEI–
PEG coated NPs were examined by the alkaline phosphatase (ALP) induction assay and the MTT assay,
respectively, using human C2C12 cells. The results indicated that BMP-2 remained bioactive in NPs and
PEI–PEG coating was advantageous in reducing the NP toxicity as compared to PEI. A 7-day pharma-
cokinetics study showed the BMP-2 retention in PEI–PEG coated NPs was similar to the uncoated NPs,
but lower than that of the PEI-coated NPs. The osteoinductivity of BMP-2 delivered in NPs was deter-
mined by subcutaneous implantation in rats, and the results revealed that PEI–PEG coated BSA NPs
induced significant de novo bone formation after implantation, while PEI-coated NPs demonstrated much
less bone formation. We conclude that BMP-2 delivered by PEGylated PEI-coated BSA NPs displays
favorable biocompatibility and promotes new bone formation after implantation.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Bone morphogenetic proteins (BMPs) play an essential role in
bone formation and healing. They are capable of eliciting new bone
formation at ectopic and orthotopic sites in various animal models
[1–8]. Due to the inherent limitations and variability of biologically
derived grafts in repair of bone defects, recombinant BMPs are
increasingly utilized as an alternative approach to stimulate new
bone formation in clinical repair. With the validation of efficacy and
safety of BMPs for bone repair [9–15], BMP-2 and BMP-7 were
recently approved by FDA for spinal fusion (InFUSE� Bone Graft)
and bone fracture treatment (OP-1� Implant) in humans. Design of
improved delivery systems is the next challenge for bringing more
potent osteoinductive devices into clinical practice. Towards this
end, biomaterials and delivery systems that can minimize the
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diffusion of BMP-2 away from the application site will be beneficial
to obtain satisfactory bone induction, especially in higher mammals
[16,17]. Preclinical studies have demonstrated a correlation
between the osteoinductivity of BMP-2 and its retention in various
carriers in vivo [18–20]. Based on these observations, it was sug-
gested that the enhancement of protein retention in carriers [18] as
well as local release [19] could potentially improve the perfor-
mance of BMP-2 function at the implantation site.

The current delivery system in which BMP-2 is implanted
soaked in collagen matrices, though successful in preclinical and
human clinical trials, has displayed some drawbacks [21]. Initial
burst release is a concern when BMP-2 is simply absorbed into
carriers, which will result in less retention time period for BMP-2.
By physical entrapment or covalent binding of BMP-2 to the carrier,
the initial burst release could be suppressed, making it possible to
prolong the local retention time and providing a sustained release.
However, the difficulty in retaining the protein bioactivity limits
the utilization of covalent coupling approaches to the carrier.
Alternatively, bone growth factors have been physically entrapped
in microparticles, nanoparticles (NPs), liposomes, hydrogels, or
foams as a sustained release formulation [22]. As an efficient and
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Fig. 1. Cytotoxicity of PEI and different PEI–PEG conjugates on human C2C12 cells. PEI
showed strong cytotoxicity at >5 mg/mL, with only 5% cell viability being retained at
20 mg/mL. However, the PEI–PEG conjugates exhibited reduced cytotoxicity as the PEG
substitution was increased.
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simple delivery system developed in 1980s, nanoparticulate
delivery systems are now beginning to be explored for BMP
delivery [23–28]. The nanoparticulate systems have the potential to
release the entrapped drugs over a prolonged time while
preserving the drug’s bioactivity. Such systems can be employed for
local application after surgery, as well as systemically delivered via
intravascular injection [29]. We previously reported that recombi-
nant human BMP-2 could be encapsulated in NPs constructed from
serum albumin [24]. The NPs were coated with polyethylenimine
(PEI) for stabilization, giving an encapsulation efficiency of >90%
and BMP-2 retaining its bioactivity after release in vitro. The BMP-2
release from NPs was controlled by the PEI coating concentrations
[24]. However, the osteoinductive activity of BMP-2 encapsulated in
NPs was not readily achieved in a rat ectopic model, and we
attributed this undesirable result to the toxic effect of the PEI on
locally present cells [28].

Poly(ethylene glycol) (PEG) substitution on polymers is an estab-
lished method for increasing polymer biocompatibility, as well as
minimizing interactions among molecular and particulate species by
providing steric stabilization [30,31]. In this report, we designed
a new formulation of the serum albumin NPs by utilizing PEGylated
PEI for NP coating in order to reduce the toxicity of coating and
increase the biocompatibility of NPs under in vivo conditions. N-
hydroxysuccinimidyl-poly(ethylene glycol)-maleimide (NHS-PEG-
MAL) was employed as a linker to attach the PEG moiety onto the
primary amines of PEI [32]. The BMP-2 encapsulated, PEI–PEG coated
NPs were evaluated for BMP-2 osteoinductive activity and pharma-
cokinetics in a rat ectopic model by subcutaneous implantation.
2. Materials and methods

2.1. Materials

BSA, branched PEI (Mw w 25,000 by light scattering, Mn w 10,000 by gel perme-
ation chromatography), Alkaline phosphatase (ALP) substrate p-nitrophenol
phosphate (p-NPP), 2-amino-2-methyl-1-propanol (AMP), o-cresolphthalein,
8-hydroxyquinoline, trichloroacetic acid (TCA), picrylsulfonic acid solution (TNBS;
5% w/v) and calcium standards were obtained from Sigma–Aldrich (St. Louis, MO, USA).
N-hydroxysuccinimidyl-polyethylene glycol-maleimide (NHS-PEG-MAL, 3.4 kDa) was
obtained from NEKTAR (Huntsville, AL, USA). Recombinant Human BMP-2 (from E. coli)
was prepared as described before [33]. Na125I (in 0.1 M NaOH) was obtained from GE
Healthcare (Piscataway, NJ, USA). Metofane� (methoxyflurane) was obtained from
Janssen Inc. (Toronto, ON, Canada). Sterile saline (0.9% NaCl, non-pyrogenic) was
obtained from Baxter Corporation (Toronto, ON, Canada). Fluorescein isothiocyanate
(FITC) was obtained from PIERCE (Rockford, IL, USA). Hemostatic Absorbable Collagen
Sponge (ACS, Helistat�) was obtained from Integra Life Sciences Corporation (Plains-
boro, NJ, USA). Dulbecco’s Modified Eagle Medium (DMEM), penicillin (10,000 U/mL)
and streptomycin (10,000 mg/mL) were from Invitrogen (Carlsbad, CA, USA). Fetal
bovine serum (FBS) was from Atlanta Biologics (Atlanta, GA, USA). Triton X-100 was
obtained from Serva Feinbiochemica (Heidelberg/NY, USA). All tissue culture plastic-
ware was from Corning (Corning, NY, USA). The Spectra/Por dialysis tubing with
12–14 kDa and 100 kDa molecular weight cut-off (MWCO) was acquired from Spec-
trum Laboratories Inc. (Rancho Dominguez, CA, USA). Where indicated, in-house
prepared distilled/de-ionized water (ddH2O) used for buffer preparations and dialysis
was derived from a Milli-Q purification system (Millipore; Billerica, MA, USA).
2.2. Preparation of PEI–PEG conjugate [32]

The PEI–PEG conjugates were prepared by reacting PEI with desired concen-
trations of NHS-PEG-MAL. Briefly, the NHS-PEG-MAL was dissolved in 100 mM,
pH¼ 7.0 phosphate buffer (see Fig. 1 for exact NHS-PEG-MAL concentrations), and
PEI solution (3.6 mg/mL in 100 mM, pH¼ 7.0 phosphate buffer) was added to the
above solution at a volume ratio of 1:1. The samples were incubated for 2.5 h at room
temperature, then dialyzed (MWCO: 12–14 kDa) against 100 mM phosphate buffer
(pH¼ 5.0, �2), and subsequently dialyzed against ddH2O (�2). The dialyzed buffer
was exchanged every 3 h. The PEI content in PEI–PEG conjugates was determined by
the copper (II)/PEI assay [34,35] and the amine content by the TNBS assay [36]. The
extent of PEG substitution was determined based on the reduction of primary amine
content in PEI samples as follows: 100%� [(initial amine concentration)� (final
amine concentration)]/(initial amine concentration).
2.3. Preparation of NPs

The details of NP preparation process were previously described [24]. Briefly,
250 mL of 10 mg/mL BSA solution was added to 250 mL of 10 mM NaCl solution
(pH¼ 7.0) in a glass vial under constant stirring (600 rpm) at room temperature. The
mixing was allowed to proceed for 15 min and 72 mL of 0.5 mg/mL BMP-2 solution (in
ddH2O) was added into this solution. This aqueous phase was then desolvated with
dropwise addition of 3.0 mL of ethanol after 2 h of incubation. The mixture was
stirred (600 rpm) under room temperature for another 3 h. Different concentrations
of PEI–PEG (see Fig. 2 for exact concentrations) in 0.5 mM NaCl solution were added
to the obtained NP suspensions by a volume ratio of 1.25:1 (polymer to NPs). The
coating was allowed to proceed for 1 h on an orbital shaker (450 rpm) and the
coated NPs were extensively dialyzed (MWCO: 100 kDa) against 1 mM NaCl (�3). For
the bioactivity studies, the coated NPs were dialyzed (MWCO: 12–14 kDa; this was
chosen to avoid the BMP-2 loss due to release during the dialysis) against phosphate
buffered saline (1� PBS, pH¼ 7.3, �3), and then against DMEM with 1% penicillin/
streptomycin (�1). The dialyzed buffer was exchanged every 3 h. All solutions used
for NP preparation were sterilized by passing through 0.20 mm sterile filter (SAR-
STEDT, Aktiengesellschaft & Co., Germany) before use, and the manufacturing
process was carried out under sterile conditions.

2.4. Characterization of NPs

The mean particle size and polydispersity index of the NPs were determined by
dynamic light scattering at 25 �C with a Zetasizer 3000 HS (Malvern Instruments
Ltd., UK) using a 633 nm He–Ne laser at a scattering angle of 90� . The surface charge
of the coated and uncoated BSA NPs were investigated by measuring the electro-
phoretic mobility of the particles using the zeta potential modulus of the same
instrument at 25 �C. The samples for measurement were prepared after appropriate
dilution and suspended in 1 mM NaCl solution. The particle size and zeta potential
measurements were performed in triplicate.

Atomic force microscopy (AFM) was performed on the NPs dialyzed against
ddH2O to remove salt crystals. The NP suspensions were sonicated for 5 min and
then 1.5 mL of the sample was added onto the mica surface (PELCO� Mica Discs; TED
PELLA, Inc.; Redding, CA, USA), and imaged under room temperature after drying
[24]. MFP-3D AFM (Asylum Research, Santa Barbara, CA, USA) was used for the AFM
studies, and images were analyzed by the IgorPro imaging software (version 5.04B).

2.5. Coating efficiency of NPs with FITC-PEI–PEG and FITC-PEI

The amount of polymer coated on NPs was determined by using FITC-labeled
polymers for NP coating. To obtain the labeled polymer, PEI (10 mg/mL) was first
reacted with FITC as described before [24] and the obtained FITC-PEI was then reacted
with different concentrations of MAL-PEG-NHS as in Section 2.2. The FITC-PEI–PEG
conjugates so formed were dialyzed (MWCO: 12–14 kDa) against 100 mM phosphate
buffer (pH¼ 5.0), and subsequently against ddH2O to remove the unreacted MAL-
PEG-NHS. The NPs were prepared as described in Section 2.3 and after 1 h coating, the
NPs were dialyzed (MWCO: 100 kDa) against 1 mM NaCl (�2) and ddH2O (�1),
centrifuged for 30 min at high speed (BHG Hermle Z230 M Centrifuge) to remove
ethanol, free BSA and uncoated polymer, and then re-dispersed in ddH2O. A 200 mL
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Fig. 2. The mean particle diameter (A), polydispersity index (B) and zeta potential (C) of PEI–PEG and PEI-coated BSA NPs. The polymer concentrations were based on the PEI
content derived from the TNBS assay. Two independent batches for each coating concentration were prepared for assessment, and each measurement was performed in triplicate
runs. PEI–PEG coated BSA NPs exhibited reduced size compared with the unmodified PEI-coated NPs at the same coating concentration. The zeta potential of PEI–PEG coated NPs
decreased correspondingly compared with the PEI-coated NPs (* p< 0.001).
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aliquot in duplicate was then added to black 96-well plates (NUNC; Rochester, NY,
USA) and the fluorescence (lex: 485 nm; lem: 527 nm) was determined with a mul-
ti-well plate reader. The amount of polymer recovered in NPs was calculated based on
a calibration curve generated with known concentrations of FITC-labeled polymers in
ddH2O. The coating efficiency of polymer was calculated as: 100%� {(final FITC-
polymer of the pellet)/(initial FITC-polymer for coating)}.

2.6. Cytotoxicity of polymers and polymer-coated NPs

The MTT dye reduction assay was used for cytotoxicity assessment. The
toxicity of PEI and PEI modified with 3 and 1 mM NHS-PEG-MAL (the PEG
substitutions were 20.0 and 11.1 PEG/PEI, respectively) were examined in this
study. The polymer concentrations were based on the PEI content derived from
the TNBS assay. The polymers dissolved in ddH2O solutions were added to human
C2C12 cells grown in 48-well plates (in triplicate) with 0.5 mL tissue culture
medium (DMEM supplemented with 10% FBS and 1% penicillin/streptomycin).
After 48 h incubation, the MTT assay was performed as described before [24]. In
order to determine the cytotoxicity of coated NPs, the NPs were prepared as
described above, and then coated with 0, 0.03, 0.1 and 0.3 mg/mL PEI or PEI–PEG
for 1 h on an orbital shaker. The samples were then dialyzed against 1� PBS
(pH¼ 7.3; �3), and then DMEM with 1% penicillin/streptomycin (�1). Human
C2C12 cells grown in 48-well plates were incubated for 48 h with various
concentrations of NPs (in triplicate) and the MTT assay was performed as
described before [24].



Table 1
Experimental groups for osteoinduction study conducted in the rat subcutaneous
implant model.

Implant
set

Group BMP-2
dose per
implant
(mg)

Number of
animals
(number of
implants)

Harvest
(days)

Analysis

G1 ACS 0 3 (6), 3 (6) 10, 16 weight,
ALP, Ca2þ,
Micro-CT

G2 ACSþ BMP-2/BSA
NP

3 3 (6), 3 (6) 10, 16 weight,
ALP, Ca2þ,
Micro-CT

G3 ACSþ 0.1 mg/mL
PEI–PEG coated
BMP-2/BSA NP

3 3 (6), 3 (6) 10, 16 weight,
ALP, Ca2þ,
Micro-CT

G4 ACSþ 0.1 mg/mL
PEI-coated BMP-2/
BSA NP

3 3 (6), 3 (6) 10, 16 weight,
ALP, Ca2þ,
Micro-CT
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2.7. Assessment of ALP induction by NP formulations of BMP-2

The activity of BMP-2 in NP formulations was assessed in vitro by determining its
ability to induce ALP activity in human C2C12 cells. The cells were grown in 48-well
plates for w24 h before the addition of NP samples. The NPs were prepared as
described above, and then coated with 0, 0.03, 0.1 and 0.3 mg/mL PEI or PEI–PEG for
1 h on an orbital shaker. The samples were then dialyzed against 1� PBS (pH¼ 7.3;
�3), and then DMEM with 1% penicillin/streptomycin (�1). Different volumes of NP
suspensions (50 to 6.25 mL) were added to the C2C12 cells to obtain the final BMP-2
concentrations of 0.5, 0.25, 0.125 and 0.0625 mg/mL. The NPs were incubated with
the cells for 72 h and a kinetic ALP assay was performed to determine the bioactivity
of encapsulated BMP-2 as described before [24].

Prior to in vivo ectopic bone formation, the NP formulations were also tested in
vitro for ALP activity induction. The NPs for this assay were prepared by adding
120 mL of 1.0 mg/mL BMP-2 in ddH2O to 125 mL of 10 mg/mL BSA solution and 12.5 mL
of 100 mM of NaCl in a glass vial (9.6% w/w BMP-2 in BSA), which was allowed to
stir at 600 rpm for 1 h. Then, 1.0 mL of ethanol was added dropwise to the mixture,
and stirred for 3 h at 600 rpm to form the NPs. The NPs were coated with 0.1 mg/mL
PEI or 0.1 mg/mL PEI–PEG (20.0 PEG/PEI), which were dissolved in 0.5 mM NaCl
solution. The volume ratio of NPs to polymer for coating was 1:1. The coating was
allowed to proceed for 1 h on an orbital shaker. The uncoated sample was processed
the same way as the coated samples, except by adding 0.5 mM NaCl solution to the
NPs. The NPs were dialyzed against 1� PBS (pH¼ 7.3; �3) and DMEM (1% of
penicillin/streptomycin) (�1). Different volumes of NP suspensions (giving 1.0–
0.125 mg BMP-2/mL) were incubated with human C2C12 cells grown in 48-well
plates and the kinetic ALP assay was performed after 72 h incubation of NPs with
the cells [24].

2.8. Pharmacokinetics study

The BMP-2 in pharmacokinetics studies was labeled with 125I as described in
[37]. The iodinated sample was confirmed to contain <5% free 125I after TCA
precipitation. After iodination, 30 mL of 125I-labeled BMP-2 was first diluted with
210 mL of ddH2O, and then mixed with BSA solution for NP preparation. Briefly,
250 mL of 10 mg/mL BSA solution was added to 25 mL of 100 mM NaCl solution in
a glass vial under constant stirring (600 rpm) for 15 min at room temperature. Then,
240 mL of 125I-labeled BMP-2 in ddH2O was added to this solution. This solution was
desolvated with dropwise addition of 2.0 mL of ethanol and mixed (600 rpm) at
room temperature for 3 h. The NPs were then coated with 0.1 mg/mL PEI or 0.1 mg/
mL PEI–PEG (20.0 PEG/PEI), which were dissolved in 0.5 mM NaCl solution, at
a volume ratio of 1:1. The uncoated NPs were processed under the same condition
with 0.5 mM NaCl solution. The coating was allowed to proceed for 1 h on an orbital
shaker and the samples were dialyzed (MWCO: 12–14 kDa) against 1� PBS
(pH¼ 7.3; �2).

6–8-week-old female Sprague-Dawley rats were purchased from Biosciences
(Edmonton, Alberta). The rats were acclimated for 1 week under standard laboratory
conditions (23 �C, 12 h of light/dark cycle) prior to the beginning of the study. While
maintained in pairs in sterilized cages, rats were provided with standard commercial
rat chow, and tap water ad libitum for the duration of the study. All procedures
involving the rats were approved by the Animal Welfare Committee at the Univer-
sity of Alberta (Edmonton, Alberta). The ACS used for implantation was 1 cm� 1 cm
square cut from a 7.5 cm� 10 cm ACS (5.0 mm thickness). The dry sponges were
then soaked for 10 min with 50 mL of the following 125I-labeled samples: (1) BMP-2
in uncoated NPs, (2) BMP-2 in NPs coated with 0.1 mg/mL PEI–PEG (20.0 PEG/PEI),
and (3) BMP-2 in NPs coated with 0.1 mg/mL PEI. The exact counts in the added
50 mL samples were determined by a g-counter (Wizard 1470; Wallac, Turku,
Finland) prior to implantation, and used as the total implanted BMP-2 dose. Once
rats were anesthetized with inhalational Metofane�, two implants (duplicates of
the same type) were implanted subcutaneously into bilateral ventral pouches in
each rat. A total of twenty-seven rats were utilized for the three study groups; three
rats from each group were sacrificed at 1, 4 and 7 days post-implantation, respec-
tively. The rats were euthanized with CO2, the implants were recovered, and the
counts associated with the excised implants were quantified by using a g-counter.
The amount of BMP-2 retention, expressed as a percentage of implanted dose, was
calculated as: 100%� [(recovered counts in implants)/(initial counts in implants)].
The results were summarized as mean� SD of %implant retention of BMP-2 at each
time point.

2.9. Osteoinduction in rat subcutaneous implant model

The study groups used for implantation are summarized in Table 1. The four
study groups included: (1) control phosphate buffered saline; (2) uncoated BMP-2/
BSA NPs; (3) 0.1 mg/mL PEI–PEG (20.0 PEG/PEI) coated BMP-2/BSA NPs; and (4)
0.1 mg/mL PEI-coated BMP-2/BSA NPs. The BMP-2 encapsulated BSA NP formula-
tions were prepared as described in Section 2.7. This NP preparation ensured 3 mg of
BMP-2 in 50 mL of NP suspension after dialysis without further concentrating the
NPs. The NP samples were dialyzed against 1� PBS (pH¼ 7.3, �3). The ACS was cut
into 1 cm� 1 cm� 0.5 cm pieces, to absorb 50 mL of sample for each piece. For the
control ACS, 50 mL of phosphate buffered saline (1� PBS, pH¼ 7.3) was absorbed
into ACS (see details in Table 1), and allowed to soak for 10 min before implantation.
6–8-week-old female Sprague-Dawley rats were anesthetized with inhalational
Metofane� and two implants (duplicates of the same type) were implanted
subcutaneously into bilateral ventral pouches in each rat. There were twenty-four
rats utilized in this study, with each group containing 3 rats at each designated time
point (10 and 16 days). Rats were euthanized with CO2 at indicated time, and the
implants were recovered, weighed before further investigation. ALP assay, micro-CT
and calcium assay were carried out for the recovered implants.

2.9.1. ALP activity in implants [38]
The explants were incubated in 2.0 mL of 1� PBS (pH¼ 7.3) at 4 �C in 24-well

plates overnight with gentle shaking to remove any serum contaminants. The
explants were then transferred to 1.0 mL of 25 mM NaHCO3 (pH¼ 7.4) containing
0.01% Triton X-100 for a 72 h incubation at 4 �C with gentle shaking. After 72 h,
200 mL of the sample solutions (in duplicate) from each well were placed into a 48-
well-plate, and then 200 mL of p-NPP in ALP buffer (pH¼ 10.5, containing 0.1% of
Triton X-100) was added to each extraction solution. The changes in optical density
(labsorbance: 405 nm) were determined in a multi-well plate reader at an interval of
1.5 min for 8 cycles. The kinetic ALP activity was expressed as the change in optical
density of the wells per minute (mABS/minute). All results were expressed as
mean� SD of duplicate wells for each recovered implant.

2.9.2. Micro-computed tomography (micro-CT) imaging of explants
After the implants were evaluated using the ALP assay, the recovered

implants were imaged non-invasively at high resolution using a micro-CT imager
(Skyscan-1076, Skyscan NV, Belgium). Briefly, the recovered implants were
removed from the ALP buffer, and placed into 1.5 mL microcentrifuge tubes, and
loaded into the imager gantry along with volumetric micro-CT calibration
phantoms of known calcium phosphate density. Samples were scanned at 18 mm
resolution, using a tube voltage of 48 kVp and a current of 100 mA. The X-ray
beam was hardened using a 0.025 mm titanium filter in order to remove low
energy photons and reduce beam hardening and edge artifacts. An imaging step
of 0.35� (through 180� of rotation) was chosen in order to adequately sample the
low density mineralized explants, with an image acquisition frame averaging of 3,
and with a scan duration of 23 min per batch of 3 samples. The raw image data
were Gaussian filtered and reconstructed using a modified Feldkamp back-
projection algorithm, thresholded at an image to cross-section of 0.0004–0.0414
using vendor supplied NRecon reconstruction software (version 1.5.1). Recon-
structed images for each sample were quantified for percent bone volume using
vendor supplied histomorphometric image analysis software (CT-An, Skyscan NV,
Belgium). Reconstructed images were rendered into 3D representations using
vendor supplied CT-Vol software.

2.9.3. Assessment of calcium deposition in implants
After micro-CT evaluation, the explants were washed with 2.0 mL of 1� PBS

(pH¼ 7.3), and transferred to a new 24-well-plate with 1.0 mL of 0.5 N HCl per
well. The explants were gently agitated for 24 h to extract the mineralized calcium.
20 mL of the dissolved calcium solution was added to 50 mL of 28 mM 8-hydroxy-
quinoline in 0.5% (v/v) sulfuric acid, and then 0.5 mL of 0.37 mM o-cresolphthalein
in 1.5% (v/v) AMP was added to this solution. The absorbance was determined with
a multi-well plate reader at 570 nm. A standard curve based on known concen-
tration of calcium standards was used to convert the obtained absorbance values
into calcium concentrations. The level of calcification was summarized as the mean
concentration of calcium (mg/dL)� SD of duplicate wells for each recovered
implant.



Fig. 3. The AFM image of PEI–PEG (20.0 PEG/PEI) coated NPs. The polymer concen-
tration used for coating was 0.3 mg/mL. Distinct, relatively-uniform spherical particles
were evident in the AFM image, with some particles displaying tails.
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2.10. Statistical analysis

All quantitative data were expressed as the mean� standard deviation (SD). In
the pharmacokinetics study, statistical analysis was performed by unpaired Stu-
dent’s t-test. In the ectopic bone formation study, statistical analysis was performed
by the non-parametric Mann–Whitney–Wilcoxon test. Where indicated, statistical
differences between group means were analyzed by single factor analysis of variance
(ANOVA) or Kruskal–Wallis one-way analysis of variance (for non-parametric test).
A value of p< 0.05 was considered statistically significant.

3. Results

3.1. PEG conjugation to PEI and resultant polymer cytotoxicity

By reacting the primary amines on PEI with the NHS functional
group in NHS-PEG-MAL [32], a series of cationic copolymers were
synthesized with 3.4 kDa PEG substitution on 25 kDa branched PEI
(Scheme 1). The extent of PEG substitution was expected to be
controlled by the NHS-PEG-MAL:PEI ratio during the reaction. With
NHS-PEG-MAL:PEI ratios of 42:1, 14:1 and 4.2:1, the PEG substitu-
tions obtained were 20.0, 11.1 and 4.2 PEG/PEI, respectively.

The cytotoxicity of the PEI–PEG conjugates and the unmodified
PEI was determined on C2C12 cells (Fig. 1). The PEI with the lowest
PEG substitution (4.2 PEG/PEI) did not significantly reduce the
cytotoxicity, while the PEI with the highest PEG substitution (20.0
PEG/PEI) reduced the cytotoxicity significantly, with 78.6% cell
viability at the highest concentration of 20 mg/mL tested. The
moderately-modified PEI (11.1 PEG/PEI) showed some reduction in
PEI toxicity. Since the PEI with the lowest PEG substitution (4.2
PEG/PEI) did not display reduced cytotoxicity, this polymer was
eliminated from the subsequent studies.

3.2. Characterization of PEI–PEG coated NPs

The feasibility of PEI–PEG coating on NPs was explored next by
using PEI–PEG conjugates with 20.0 and 11.1 PEG/PEI. Three
polymer concentrations used for coating were 0.03, 0.1 and
0.3 mg/mL and the sizes of the NPs obtained are summarized in
Fig. 2. With 0.03 mg/mL PEI, large aggregates resulted after the
coating process (Fig. 2A), presumably due to the bridging floccu-
lation among the formed particles [39]. However, PEI–PEG with
20.0 PEG/PEI effectively protected particles from aggregation
(154.5�1.3 nm), but not the PEI–PEG with 11.1 PEG/PEI
(634.6� 88.6 nm). With 0.1 mg/mL PEI, the size of the NPs was
215.2� 5.2 nm, whereas PEI–PEG coating gave NPs of
136.8� 6.1 nm and 175.1�3.2 nm in the case of 20.0 and 11.1 PEG/
PEI, respectively. The polydispersity indices for the NPs were
similar at this concentration (0.23–0.27; Fig. 2B). The NP sizes did
not change at the coating concentration of 0.3 mg/mL polymer
PEI

HN N

NH2

o x+y

N

O

O

CH2CH2O CH2CH2 C
O

O

NHS-PEG-MAL

p

Scheme 1. Reaction scheme for NHS-PEG-MAL substitution on PEI. PEG segment was linked
yield an amide linkage.
(p> 0.20 by ANOVA). A typical AFM image (Fig. 3) for the 0.3 mg/
mL PEI–PEG (20.0 PEG/PEI) coated NPs indicated spherical parti-
cles with 100–180 nm in size.

The zeta potential of the coated NPs increased from �16 mV to
>10 mV (Fig. 2C). At 0.3 mg/mL, PEI coating produced the highest
zeta potential among all the groups (29.7 mV) while the zeta
potential of PEI–PEG coated NPs were 25.2 and 18.6 mV with 11.1
and 20.0 PEG/PEI coating, respectively (p< 0.001 by ANOVA). The
reduction in zeta potential was consistent with the reduced
cationic nature of PEI–PEG, as compared with PEI, used for NP
coating.

The amount of polymer adsorbed onto NPs was determined by
employing FITC-labeled polymers for coating (Fig. 4A). As the
polymer concentration was increased, the amount of PEI adsorbed
was clearly increased, unlike the PEI–PEG coating that showed
relatively small increase with increasing polymer concentration.
PEI–PEG coating resulted in 2.5–5.2 fold lower polymer coating as
compared with the amount of PEI adsorbed onto the NP surfaces.
The coating efficiency of polymers was dependent on the polymer
concentration (Fig. 4B), significantly decreasing as the polymer
HN N
o
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N

NH2

yN
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PEI-PEG

to the PEI backbone after the reaction of NHS functional group with primary amine to
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concentration used for coating was increased. The PEI demon-
strated higher coating efficiency than the PEI–PEG polymers at the
coating concentrations employed.
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3.3. Cytotoxicity of polymer-coated NPs

The cytotoxicity of the PEI and PEI–PEG coated NPs on C2C12
cells are shown in Fig. 5. The polymer concentrations tested for NP
coating were 0, 0.03, 0.1 and 0.3 mg/mL and different volumes of
resultant NP suspensions (50, 25, 12.5 and 6.25 mL) were incubated
with C2C12 cells. The results showed that the PEI–PEG coated NPs
exhibited significantly reduced toxicity compared with the PEI-
coated NPs at 50 mL of NP suspensions of 0.3 mg/mL polymer
coating (p< 0.001): w7% cell viability was obtained for NPs coated
with PEI, while w12% and w45% cell viability was obtained for NPs
coated with 11.1 and 20.0 PEG/PEI polymers, respectively. No
significant difference in toxicity was observed for NPs when NP
suspensions were �12.5 mL at 0.3 mg/mL polymer coating, with
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Fig. 4. (A) Amount of polymer coating on BSA NPs, as measured by adsorption of FITC-
labeled polymers to the NPs (n¼ 2). The PEG was conjugated to FITC-PEI at different
concentrations (1 and 3 mM) and the fluorescence adsorbed was measured as a func-
tion of polymer concentration, and then converted to mass (mg) of polymer adsorbed
based on a calibration curve. The PEI amount adsorbed on the NPs was increased with
the PEI concentration, while PEI–PEGs showed a small increase in adsorption as
a function of polymer concentrations. (B) The efficiency of polymer coating was
decreased as the polymer concentration increased, with the PEI giving the highest
coating efficiency and PEI-PEG conjugates displaying lower coating efficiencies.

PEI Concentration (mg/mL)

PEI Concentration (mg/mL)

0.3 0.1 0.03 0

C
e
l
l
 
V

i
a
b

i
l
i
t
y
 
(
%

)

0

20

40

60

80

100

120
50 µL
25 µL 
12.5 µL 
6.25 µL 

B

PEI-PEG (11.1 PEG/PEI)

PEI Concentration (mg/mL)

0.3 0.1 0.03 0

C
e
l
l
 
V

i
a
b

i
l
i
t
y
 
(
%

)

0

20

40

60

80

100

120
50 µL 
25 µL 
12.5 µL 
6.25 µL 

C
PEI-PEG (20.0 PEG/PEI)

Fig. 5. Cytotoxicity of polymer-coated BSA NPs. The PEI-coated NPs (A) and two PEI–
PEG coated NPs with 11.1 and 20.0 PEG/PEI (B and C, respectively) were assessed after
coating at 0, 0.03, 0.1 and 0.3 mg/mL. Different volumes of NP suspensions (6.25, 12.5,
25, and 50 mL) were incubated with C2C12 cells for toxicity assessment. At the highest
coating concentration (0.3 mg/mL), the PEI–PEG coated NPs demonstrated significantly
reduced toxicity than the PEI-coated NPs at 50 mL of NP suspensions (p< 0.001). There
was �70% cell viability at other coating concentrations with no apparent differences
among different NPs.
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�70% cell viability for all polymers coating. At 0.1 and 0.03 mg/mL
polymer coating, there was no significant difference in cell viability
between the NPs coated with PEI and PEI–PEG at the NP volumes
evaluated, with �70% cell viability demonstrated by all prepara-
tions. These results suggested that PEI–PEG coating reduced the
cytotoxicity of coated NPs when polymer concentration for coating
was higher than 0.1 mg/mL.
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3.4. In vitro bioactivity of BMP-2 encapsulated in NPs

The ALP induction activities of BMP-2 encapsulated in the
polymer-coated NPs are shown in Fig. 6. As in toxicity studies, the
polymer concentrations employed for NP coating were 0, 0.03, 0.1
and 0.3 mg/mL and 50, 25, 12.5 and 6.25 mL of NP suspensions were
incubated with human C2C12 cells. The results showed that at
0.3 mg/mL polymer coating, no ALP activity was observed for
unmodified PEI at all NP volumes tested, while significant ALP
activity was observed for PEI–PEG (11.1 PEG/PEI) at 12.5 and 6.25 mL
of NP suspensions. Some ALP activity was exhibited for PEI–PEG
(20.0 PEG/PEI) coated NPs even with 50 mL of NP suspension tested.
This was consistent with the cytotoxicity result, where PEG
substitution resulted in reduced toxicity. The PEI–PEG coated NPs
generally possessed much higher ALP activity than PEI-coated NPs
under the same conditions tested, except a nearly comparable ALP
activity was seen for PEI and PEI–PEG coating at 0.1 mg/mL polymer
concentration. The uncoated NPs showed relatively low ALP activity
in this study, which was likely to represent BMP-2 loss from the
unstable particles during the dialysis process.
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Fig. 6. The ALP induction by BMP-2 entrapped in PEI (A) and PEI–PEG (B and C) coated
BSA NPs. The extent of PEG substitution was 11.1 and 20.0 PEG/PEI in B and C,
respectively. The polymer coating concentrations tested were 0, 0.03, 0.1 and 0.3 mg/
mL. Different volumes of the NP suspensions (6.25, 12.5, 25, and 50 mL) were incubated
with C2C12 cells. The PEI–PEG coated NPs generally induced higher ALP activity than
the PEI-coated NPs under the same conditions tested, except a nearly comparable ALP
activity obtained at 0.1 mg/mL coating concentration.
3.5. NP implantation and in vivo ectopic bone formation

Prior to the subcutaneous implantation of BMP-2 containing NPs,
the toxicity and ALP induction by the NP formulations were deter-
mined in vitro (Fig. 7). Since an unacceptable level of toxicity was seen
with 0.3 mg/mL polymer coating and large aggregates were observed
at 0.03 mg/mL polymer coating, the NPs for implantation were
prepared at 0.1 mg/mL polymer coating concentration. No cell death
was observed under microscope after polymer-coated NPs were
incubated with human C2C12 cells for 48 h. The MTT results showed
that the uncoated NPs and 0.1 mg/mL PEI-coated NPs demonstrated
100–140% cell viability depending on the volume of NP suspension
added, and PEI–PEG coated NPs showed >80% cell viability at the
highest volume of NP suspension added (Fig. 7A). The observed
increase in cell viability could be due to increased cell numbers during
the 48 h incubation period, and/or increased mitochondrial succinate
dehydrogenase activity upon NP treatment. A dose-respondent ALP
activity was observed for all groups tested, and PEI–PEG coated NPs
exhibited the highest ALP activity, while PEI-coated NPs showed the
lowest ALP activity among all the groups (Fig. 7B).

The wet weights of the implants recovered on days 10 and 16
were similar among the study groups on each day, albeit lower on
day 16 by 20–40% (Fig. 8A). In order to compensate for the varia-
tions in explant weights, the ALP activity and calcium deposition
were normalized against the weights. There was significant
difference in ALP activity for the four study groups at both day 10
(p< 0.013) and day 16 (p< 0.001) (Fig. 8B). No evident ALP activity
was shown in the control ACS group, while the uncoated NPs and
PEI–PEG coated NPs demonstrated significant ALP activities at both
day 10 and day 16. There was no significant difference in ALP
activity between the PEI–PEG coated and uncoated NPs implants at
both time points (p> 0.63 for day 10 and p> 0.52 for day 16). The
implants loaded with PEI-coated NPs demonstrated marginal ALP
activity, which was significantly lower than the PEI–PEG coated NPs
on day 16 (p< 0.01).
There was significant difference in calcium deposition among
the four study groups at both day 10 (p< 0.05) and day 16
(p< 0.001) (Fig. 8C). A significant increase in calcification from
day 10 to day 16 was obtained for all three BMP-2 encapsulated
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NPs (p< 0.004). At day 16, calcification in the PEI–PEG coated NPs
implant was the highest among all the groups, with a significant
difference from the control and PEI-coated NPs implants
(p< 0.004), but not from the uncoated NPs implant (p> 0.42).
Note that a significant calcification was achieved by the PEI-
coated NPs at day 16 compared with the control (p< 0.004). The
correlation between the ALP activity and calcium deposition was
significant at day 16 (p< 0.0001, by 2-tailed Pearson correlation),
but did not reach to a significant level at day 10 (p> 0.05)
(Fig. 8D).

The micro-CT images for all the recovered implants at day 10
and day 16 are shown in Fig. 9A and B, respectively. There was no
evidence of bone formation in the control group at both time
points. At day 10, the uncoated NPs induced new bone formation
first as compared with other groups where sporadic calcification
in PEI–PEG coated NPs was observed. However, at day 16, PEI–
PEG coated NPs produced more extensive bone formation than
the uncoated NPs, while the PEI-coated NPs resulted in relatively
less bone formation. The deposited bone volume (mm3), based
on the quantitation of micro-CT images, mirrored the results of
the calcification assay with similar non-parametric statistical
results.
3.6. Pharmacokinetics analysis

The local retention of the implanted BMP-2 in different NP
groups during a 7-day study period is summarized in Fig. 10. There
was a gradual loss of BMP-2 from the implants in the 7 days post-
implantation for all study groups. The BMP-2 encapsulated in PEI-
coated NPs retained the highest amount of BMP-2 at day 1, as well
as the subsequent time points (p< 0.05 vs. uncoated and PEI–PEG
(20.0 PEG/PEI) coated NPs implants; ANOVA). There was no
significant difference in BMP-2 retention between the uncoated
NPs and the NPs coated with PEI–PEG (20.0 PEG/PEI) at all time
points tested.

4. Discussion

As a critical growth factor in bone formation and healing, BMP-2
has been extensively studied and carriers made from different
materials and geometries were employed for its delivery [40–42].
The main role of a delivery system for local bone induction is to
retain the growth factor at the site of implantation for a prolonged
time period, and protect the integrity of BMP-2 against interstitial
proteases. In order to overcome the initial burst release and
consequently low retention of BMP-2, we previously reported BMP-
2 entrapment in PEI-coated BSA NPs, where the release of BMP-2
was controlled by a PEI coating layer [24]. However, the PEI-coated
BMP-2/BSA NPs failed to elicit a robust bone formation when
implanted in the rat ectopic model. The most likely reason for this
observation was the cytotoxicity of PEI coating, which consequently
abolished the ability of BMP-2 to exert its osteoinductive activity on
target cells [28]. In this report, we aimed to design more biocom-
patible NPs by developing a new coating approach based on
PEGylated PEI.

The ample primary amines in PEI facilitated the introduction of
PEG onto PEI and the NHS moiety in NHS-PEG-MAL ensured
a conjugate with stable amide linkages. Moreover, the MAL group, if
desired, could be further modified with functional groups, for
example, with cell-specific peptides or bisphosphonates for
mineral affinity [32]. The MAL modification was not attempted in
this study. Less than 25% of PEI amines were modified with PEG in
this study. This was based on the concern of polymer coating onto
BSA NPs afterwards, since PEGylation was expected to weaken the
polyelectrolyte interactions between cationic polymer and the BSA
NPs as a result of lower charge density and the increased hydro-
dynamic PEG layer [31]. As expected, PEGylated PEI, either in its
soluble polymeric form or as part of the NP coating, demonstrated
reduced cytotoxicity as compared with the unmodified PEI. This
was the case when PEI–PEG was incubated with different cell lines
in independent studies as well [43,44]. Furthermore, PEI–PEG
coating influenced the physicochemical property of the resultant
NPs. The size and zeta potential were significantly reduced after
PEI–PEG coating, consistent with other reports when PEI–PEG was
utilized to form polynucleotide complexes [43–46]. Note that the
particle formation in the latter cases was driven by polyelectrolyte
complexation via electrostatic interactions. The PEG modification
minimized the aggregation of such complexes due to the increased
hydrophilicity of the particles. A similar mechanism was expected
to be responsible for the reduced NP sizes obtained with PEI–PEG
coating as a result of preventing particle aggregation. Coating
efficiency with PEI–PEG was significantly lower than the PEI,
resulting in lower zeta potential of the PEI–PEG coated NPs. Owing
to the dramatically reduced size and zeta potential, PEG-decorated
BSA NPs might also hold the potential of intravascular injection,
since such NPs are also expected to display the desirable ‘‘stealth’’
properties (i.e., reduced reticuloendothelial system uptake and
prolonged circulation time) [47–49].
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Fig. 8. In vivo osteoinductive effect of BMP-2 entrapped in BSA NPs. In all study groups, the amount of BMP-2 implanted was 3 mg except the control ACS group that had no BMP-2.
The PEI–PEG coated NPs employed a polymer with 20.0 PEG/PEI. (A) Wet weight of recovered implants at day 10 and day 16; (B) Normalized ALP activity for the study groups at day
10 and day 16; (C) Normalized calcium deposition for the study groups at day 10 and day 16; and (D) Correlation between the calcium deposition and ALP activity of the recovered
implants at day 10 and day 16. Note that a robust ALP induction and calcification was evident on day 16 in groups receiving uncoated and PEI–PEG coated NPs.
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The BMP-2 is able to stimulate both ectopic and orthotopic bone
regeneration as a result of local administration of the growth factor.
In this study, we chose to load BMP-2 encapsulated NPs into ACS for
the osteoinduction study. The ACS is one of the most extensively
studied BMP-2 carriers, with the appropriate porous structure that
allows vascularization and bone deposition. However, the control
over release kinetics was limited and initial burst release of BMP-2
is an inherent problem associated with this carrier, since BMP-2 is
simply adsorbed into ACS for implantation [50,51]. By loading ACS
with BMP-2 encapsulated NPs, the NP formulation has the potential
to control the BMP-2 release and possibly reduce the initial burst
release of BMP-2. This was shown to be the case with the PEI-
coated NPs and it is likely that the high cationic surface of the NPs
helped to facilitate the NP binding to ACS and to prolong its
retention locally. NPs coated with PEI–PEG seemingly did not
reduce the initial burst of BMP-2, possibly due to the reduced
interactions of NP with the ACS scaffold.

In the implantation study, 0.1 mg/mL polymer concentration
was chosen to coat the NPs as NPs coated at this concentration
demonstrated little toxicity and high ALP activity in vitro. The BMP-
2 loading in NPs was increased as compared to our previous study
(9.6% vs. 1.44% w/w [28]), so that a desired BMP-2 implant dose
could be achieved without the need for NP ‘concentration’ that was
attempted before [28]. The beneficial effect of the PEI–PEG coating
was obvious in this assay. In addition to the improved biocompat-
ibility of PEGylated PEI, which caused less toxicity in the
surrounding tissue, it is likely that smaller BSA NPs and a weaker
PEI–PEG coating on NPs might have led to faster BMP-2 release
locally. Our pharmacokinetics data did not reveal a gross difference
between the uncoated NPs and PEI–PEG coated NPs in BMP-2
release in situ, but it is probable that the difference might exist
within the scaffolds, which are not readily revealed by measuring
the total amount of BMP-2 in the recovered implants. Others
showed that it was possible to achieve NP modification with PEG
without affecting the release pattern of the drugs, as suggested by
one study on drug delivery to brain with albumin NPs [52]. This was
also implied by the PEI–PEG coated NPs, which yielded higher ALP
activity and more extensively calcium deposition than the uncoated
NPs at day 16.

It is difficult to compare the efficacy of different carriers for
BMP-2 delivery due to the variations in carrier geometries, BMP-2
loadings, animal species, ages and implantation sites, as well as the
explantation times reported in literatures [53]. Similar approach by
using NPs for BMP-2 delivery was conducted by Chung et al. [27],



Fig. 9. Micro-CT images of the implants recovered on 10 (A) and 16 (B) days post-implantation. Individual implants were shown in each study group. Calcification was most evident
on day 16 and for the groups receiving uncoated and PEI–PEG coated NPs. (C) The calculated bone volumes (mean� SD) for the scanned images.
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where the osteoinduction of BMP-2 loaded heparin-functionalized
poly(D,L-lactic-co-glycolic acid) (PLGA) NPs in fibrin hydrogel was
investigated in rat calvarial critical size defect model. Heparin was
entrapped onto the surface of PLGA NPs for specific complexation
with BMP-2, and then the BMP-2 loaded NPs were incorporated
into fibrin gel. At week 4, significantly higher bone formation was
found in the BMP-2 loaded NP-fibrin gel complex than the BMP-2
loaded fibrin gel without functionalized NPs, which suggested that
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a more controlled release of BMP-2 was achieved in the former
carrier. Another study by Wei et al. investigated the bone regen-
eration of BMP-7 encapsulated PLGA nanospheres in poly(L-lactic
acid) (PLLA) scaffold in rat ectopic model [54]. The BMP-7 con-
taining nanosphere-PLLA scaffold induced significant bone forma-
tion while passive adsorption of BMP-7 solution into PLLA scaffold
failed to generate bone at 6 weeks post-implantation. It was likely
due to the nanosphere-scaffold delivery system released and
localized BMP-7 for a desired duration at the implantation site,
while simple adsorption of BMP-7 into the scaffold seemed to give
a bolus or pulse release of BMP-7 with substantial loss of bioac-
tivity, which led to the failure of new bone formation. Encapsula-
tion of growth factors in NPs followed by combination with matrix
or scaffold as hybrid carrier for bone regeneration has been
demonstrated to be a successful strategy to achieve prolonged
release of bioactive growth factors [27,54–56]. The growth factor
release from the carriers can be tailored by the modification of NPs.
This is also a versatile approach that can be expanded to many
bioactive molecules.
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Fig. 10. Pharmacokinetics of BMP-2 in different BSA NP formulations in the rat ectopic
implant model. The results were summarized as the percent retention of the implanted
BMP-2 dose at three time points (days 1, 4, and 7). The PEI-coated BMP-2/BSA NPs gave
significantly higher BMP-2 retention at all time points as compared with the uncoated
BMP-2/BSA NPs and the PEI–PEG coated NPs (p< 0.05 by ANOVA). No apparent
differences in BMP-2 retention were noted between the uncoated and PEI–PEG coated
NPs.
It has been estimated that normal bone contains approximately
2 mg of BMP-2 per kilogram of pulverized bone [57]. Since BMP-2
has a very short half-life, w7–16 min [58], in systemic circulation,
and is rapidly degraded in vivo, a controlled and localized delivery
system for a small amount of BMP-2 would be appropriate for
effective bone regeneration. Currently the BMP-2 concentrations in
use (micrograms to milligrams) are supraphysiological, compared
with nanogram ranges of BMP-2 in vivo [57]. In addition to the
danger of excess bone formation, possible overflow of BMP-2 from
the implant may upregulate the BMP-2 inhibitors such as noggin or
sclerotin, and interfere with the bone induction process [59]. The
delivery system that releases BMP-2 at the appropriate dose and
kinetics can be advantageous for the growth factor therapy, and NP
formulations for this purpose have the potential to broadly benefit
clinical bone repair.

5. Conclusions

In this study, PEG substitution was shown to effectively reduce
the toxicity of PEI, and the PEI–PEG employed for BSA NP coating
dramatically reduced the size and zeta potential of NPs, compared
with the NPs coated with PEI. The higher PEG substitution on PEI
displayed a more pronounced effect in the reduction of NP size and
zeta potential. Effective bone formation in the rat ectopic model
was achieved with the BMP-2 encapsulated in BSA NPs coated with
0.1 mg/mL PEI–PEG (20.0 PEG/PEI), as determined by the higher
ALP activity and calcification in the recovered implants. The BMP-2/
BSA NPs coated with 0.1 mg/mL PEI demonstrated less bone
formation than the PEI–PEG coated NPs. The advantage of PEI–PEG
coated BMP-2/BSA NPs for bone formation was attributed to the
improved biocompatibility and physiochemical properties. Based
on the performance of the designed effective NP formulation, this
system can potentially benefit local bone regeneration as well as
targeted bone stimulation after intravascular injection. The NP
formulations of BMP-2 can be also combined with other matrices or
scaffolds for application to large orthotopic defect sites.
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Appendix

Figures with essential colour discrimination. Certain figures in
this article, in particular Fig. 3, may be difficult to interpret in black
and white. The full colour images can be found in the on-line
version, at doi:10.1016/j.biomaterials.2009.10.011.
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affinity to fetuin by bisphosphonate conjugation: a comparison of three
bisphosphonate conjugation schemes. Mol Pharm 2005;2:392–406.

[38] Varkey M, Kucharski C, Haque T, Sebald W, Uludağ H. In vitro osteogenic
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