
Introduction

Nanoparticulate colloid systems have been employed in 
drug delivery and targeting systems, since they have the 
potential of selective targeting of drugs to specific tissues 
and cells (Schäfer et al., 1992; Wang et al., 2005; Owens 
& Peppas, 2006). Albumin is an endogenous protein 
suitable for the preparation of particulate drug delivery 
systems due to its natural biodegradability, biocompati-
bility, and non-toxicity in physiological systems (Merodio 
et al., 2001; Segura et al., 2005; Dreis et al., 2007). Size and 
surface characteristics of nanoparticles (NPs), includ-
ing surface charge and hydrophilicity, can significantly 

influence the distribution of administered formulations 
in the body (Owens & Peppas, 2006). The surface proper-
ties of albumin NPs may be mediated through adsorption 
or conjugation with other compounds, such as targeting 
ligands with antibodies and poly(ethylene glycol) (PEG) 
polymers. PEG is an amphiphilic polyether diol, which 
is non-toxic and has been approved by FDA for human 
intravenous, oral, and dermal application. PEG has also 
been widely used to improve the solubility (Bronich 
et  al., 1998) and biocompatibility of macromolecules 
(Tang et al., 2003; Sung et al., 2003), to prevent particu-
late aggregation, and to reduce their interaction with 
blood components (Ogris et al., 1999). A large volume of 
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Abstract
A polymeric conjugate of polyethyleneimine-graft-poly(ethylene glycol) and 2-(3-mercaptopropylsulfanyl)-
ethyl-1,1-bisphosphonic acid (PEI-PEG-thiolBP) was prepared and used for surface coating of bovine serum 
albumin (BSA) nanoparticles (NPs) designed for bone-specific delivery of bone morphogenetic protein-2 
(BMP-2). The NP coating was achieved with a dialysis and an evaporation method, and the obtained NPs were 
characterized by particle size, ζ-potential, morphology, and cytotoxicity in vitro. The particle size and surface 
charge of the NPs could be effectively tuned by the PEG and thiolBP substitution ratios of the conjugate, the 
coating method, and the polymer concentration used for coating. The PEG modification on PEI reduced the 
toxicity of PEI and the coated NPs, based on in vitro assessment with human C2C12 cells and rat bone marrow 
stromal cells. On the basis of an alkaline phosphatase (ALP) induction assay, the NP-encapsulated BMP-2 
displayed full retention of its bioactivity, except for BMP-2 in PEI-coated NPs. By encapsulating 125I-labeled 
BMP-2, the polymer-coated NPs were assessed for hydroxyapatite (HA) affinity; all NP-encapsulated BMP-2 
showed significant affinity to HA as compared with free BMP-2 in vitro, and the PEI-PEG-thiolBP coated NPs 
improved the in vivo retention of BMP-2 compared with uncoated NPs. However, the biodistribution of NPs 
after intravenous injection in a rat model indicated no beneficial effects of thiolBP-coated NPs for bone tar-
geting. Our results suggested that the BP-conjugated NPs are useful for localized delivery of BMP-2 in bone 
repair and regeneration, but they are not effective for bone targeting after intravenous administration.
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research has shown that PEG modification on biomol-
ecules can effectively reduce reticuloendothelial system 
(RES) clearance and prolong blood circulation time 
of the biomolecules (Soppimath et  al., 2001; Harris & 
Chess, 2003; Owens & Peppas, 2006). PEGylated human 
serum albumin (HSA) NPs were studied by Mishra et al. 
(2006) for brain targeting delivery of an antiviral drug, 
azidothymidine, and enhancement of brain localization 
of azidothymidine was observed for transferrin anchored 
PEGylated albumin NPs. Lin et  al. (1994, 1997, 1999) 
reported preparation of HSA NPs sterically stabilized with 
PEGylated copolymers. The existence of a hydrated steric 
barrier surrounding the NPs was verified and the surface-
modified particles were shown to reduce plasma protein 
adsorption compared with unmodified surfaces.

For the development of a bone-targeting drug delivery 
system, another critical requirement is imparting the NPs 
with strong bone affinity. Bisphosphonates (BPs) have 
been proven to be a class of molecules with exceptional 
affinity to bone mineral hydroxyapatite (HA), and have 
been used as bone-targeting agents for several classes 
of drugs (Wang et al., 2005). Successful targeting of BP 
conjugates were obtained with several proteins, includ-
ing lysozyme, BSA, and IgG (Uludag & Yang, 2002; Bansal, 
Gittens, & Uludag, 2004; Bansal et al., 2005). Upon sys-
temic injection, significantly increased bone deposition 
(as much as sevenfold) of the BP conjugated proteins was 
observed. However, the direct coupling of BPs to proteins 
might be problematic for sensitive proteins, since the 
covalent conjugation of BPs to proteins may result in 
loss of their native bioactivity. As an alternative, BPs can 
be conjugated to polymeric materials, such as polylactic-
co-glycolic acid (PLGA) (Choi & Kim, 2007), poly[N-(2-
hydroxypropyl)methacrylamide] (PHPMA) (Wang et al., 
2003), polyethyleneimine (PEI), and poly-l-lysine (PLL) 
(Zhang et al., 2007), which might be a preferable platform 
for delivering sensitive therapeutic agents to bone once 
the therapeutic agents are appropriately formulated with 
such polymers.

We recently optimized a coacervation procedure for 
the preparation of BSA NPs (Wang et al., 2008), and pro-
posed PEI-stabilized BSA NPs for the delivery of growth 
factors [e.g., bone morphogenetic protein-2 (BMP-2)]. 
This system was shown to reasonably control the release 
rate of encapsulated proteins with full retention of the 
bioactivity of the released protein (Zhang et  al., 2008). 
However, the toxicity of PEI and its undesirable capac-
ity to aggregate particles were two concerns when it 
was used to coat the albumin NP surfaces. PEG modi-
fication of PEI might be advantageous in this respect. 
PEG-modified PEI has been studied for improved gene 
delivery (Ogris et al., 1999; Tang et al., 2003; Sung et al., 
2003), and showed that PEG modification of PEI reduced 
its toxicity and increased their solubility. In addition, PEG 
with dual functional groups at its terminal ends offer the 

possibility of further conjugating bioactive agents or tar-
geting moieties to PEI.

In the present study, PEI was substituted with PEG 
(PEI-PEG), which was then conjugated with a thiolBP 
(2-(3-mercaptopropylsulfanyl)-ethyl-1,1-bisphosphonic 
acid; PEI-PEG-thiolBP) for bone targeting. The PEI-PEG 
and PEI-PEG-thiolBP were used for NP coating via simple 
electrostatic interaction between the negatively charged 
BSA surfaces and the cationic PEI backbone. The PEG 
chains were expected to coat and stabilize the BSA/PEI 
core, and present thiolBP ligands on the surface. The 
physicochemical and biological properties, including 
particle size, surface charge, cytotoxicity, and BMP-2 
activity, were characterized in vitro, as well as bone min-
eral affinity in an implant and an intravenous injection 
model in rats.

Materials and methods

Materials

ThiolBP was synthesized as described previously (Bansal 
et al., 2005). Branched PEI (MW ∼25  kDa), BSA, ascorbic 
acid, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazo-
lium bromide (MTT), p-nitrophenol phosphate (p-NPP), 
and picrylsulfonic acid solution (TNBS; 5% w/v) were 
obtained from Sigma-Aldrich (St. Louis, MO, USA). The 
heterobifunctional PEG derivative, maleimide PEG 
N-succinimide ester (NHS-PEG-MAL; MW 3500  Da) 
was obtained from JenKem Technology (Allen, TX, USA). 
Recombinant human bone morphogenetic protein-2 
(BMP-2) was expressed in Escherichia coli and purified as 
described previously (Nickel et al., 2001). Na125I (in 0.1 M 
NaOH) was purchased from GE Healthcare (Piscataway, 
NJ, USA). Synthetic HA was prepared according to the 
method described in Zhang et al. (2007). Sterile saline 
(0.9% NaCl, non-pyrogenic) used for implantation 
and injection was obtained from Baxter Corporation 
(Toronto, ON, Canada). The Spectra/Por dialysis tubing 
with molecular weight cut-off (MWCO) of 12–14 kDa 
was acquired from Spectrum Laboratories (Rancho 
Dominguez, CA, USA) and used in all dialysis proce-
dures. Dulbecco’s modified Eagle’s medium (DMEM), 
Hank’s balanced salt solution (HBSS), GlutaMax-1, peni-
cillin (10,000 U/mL), and streptomycin (10,000 µg/mL) 
were from Invitrogen (Carlsbad, CA, USA). Fetal bovine 
serum (FBS) was from Atlanta Biologics (Atlanta, GA, 
USA). All tissue culture plasticware were from Corning 
(Corning, NY, USA). Distilled/de-ionized water (ddH

2
O) 

used for buffer preparation and dialysis was derived from 
a Milli-Q purification system (Millipore, Billerica, MA, 
USA). Skelite™ implants, a multiphase calcium phos-
phate matrix (67% Si-stabilized tricalcium phosphate 
and 33% HA), were obtained from Millenium Biologix 
Inc. (Mississauga, Ontario, Canada).
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Synthesis of PEI-PEG-thiolBP

The thiolBP was conjugated to branched PEI by using 
heterobifunctional PEG derivative (NHS-PEG-MAL) as 
shown in Scheme 1. The NHS-PEG-MAL and thiolBP were 
separately dissolved in 0.1 M phosphate buffer (pH 7.2), 
and mixed at equal volumes under constant shaking at 
400 rpm for 1 h to obtain the NHS-PEG-thiolBP. Various 
volumes of NHS-PEG-thiolBP were then added to a PEI 
solution at 2 mg/mL (the feed ratios shown in Figure 2) 
in 0.1 M phosphate buffer (pH 7.2), and incubated for 3 h 
at room temperature while stirring. For comparison, PEI-
PEG was synthesized by reacting NHS-PEG-MAL with 
PEI (both in 0.1 M phosphate buffer) with different molar 
ratios. The final products, PEI-PEG-thiolBP or PEI-PEG, 
were purified by dialyzing against excess 0.1 m carbon-
ate buffer (pH 10.0, ×3) and against distilled/de-ionized 
water (ddH

2
O, ×2).

Analysis of PEI-PEG-thiolBP

The PEG graft ratio on the PEI backbone was determined 
from 1H-NMR spectra (analyzed after dissolving the 
polymer in D

2
O). The BP conjugation efficiency (i.e., the 

average number of thiolBP per PEI) was calculated by 
dividing the thiolBP concentration by the PEI concentra-
tion in the samples. PEI concentrations were determined 

by a copper/PEI complex assay (Perrine & Landis, 1967; 
von Harpe et al., 2000). For this, 100 μL of samples was 
added to 100 μL of 20 mM CuSO

4
 solution, and the 

mixture was diluted to 500 μL with 0.1 M acetate buffer 
(pH 5.4). Known concentrations of native PEI served as 
the calibration standards, and the absorbance was read 
at 630 nm by a UV spectrophotometer (Ultrospec@2000; 
Pharmacia Biotech). A phosphate assay described by 
Ames (1966) was used to determine the thiolBP content 
in the samples. An aliquot of 50 µL of sample was mixed 
with 30 μL of 10% Mg(NO

3
)

2
 in 95% ethanol in glass tubes 

and ashed over a flame. After boiling in 300 μL of 0.5 N 
HCl for 15 min, 600 μL of (NH

4
)

6
Mo

7
O

24
 (0.42% w/v in 

1 N H
2
SO

4
) and 100 μL of ascorbic acid (10% w/v) were 

added to the tubes and the samples were incubated at 
37°C for 1 h. The absorbance was determined at 820 nm, 
and a calibration curve based on known concentrations 
of thiolBP was used to calculate the concentrations of 
conjugated BP.

In vitro HA affinity of polymers

The mineral affinity of the polymers was investigated by 
using a HA binding assay. An aliquot of 100 µL of poly-
mer sample was diluted to 500 µL with phosphate buffer 
(pH 7.0) to give 0.1 m phosphate concentration. The diluted 
samples were then added to 1.5 mL microcentrifuge tubes 
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Scheme 1.   ThiolBP conjugation to PEI via NHS-PEG-MAL.
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containing 5 mg of HA in duplicate. As a control (i.e., 0% 
of binding), the samples were incubated in tubes without 
HA. The tubes were incubated at room temperature on 
an orbital shaker for 3 h, and centrifuged to separate the 
supernatant from the HA. A TNBS assay (Bullock et al., 
1997) was used for the assessment of polymer concentra-
tions in solution (based on amine groups). For this, 20 µL 
of the supernatant or control samples, or 20 µL of water 
as background, 130 µL of 0.1 M phosphate buffer (pH 
7.0) and 850 µL of 1 mM TNBS in borate buffer (pH 9.4) 
were added to a cuvette, and the samples were incubated 
for 1 h at 37°C. The absorbance of the solutions was read 
at 367  nm. The percentage of bound polymer to HA (% 
HA binding) was calculated by using the absorbance in 
supernatant and control as: 100% × (Absorbance of con-
trol − Absorbance of supernatant)/(Absorbance of control 
− Absorbance of background).

Preparation of polymer-coated NPs

The BSA NPs were prepared by a coacervation method 
as described in our previous study (Wang et al., 2008). 
Briefly, 10 mg/mL BSA solution was first mixed with 
equal volume of 10 mM phosphate buffer (pH 7.4) for 
15 min under constant stirring at 600 rpm. Then, acetone 
was added dropwise to the BSA solution as a desolvat-
ing agent until an acetone:water volume ratio of 4:1 was 
reached, followed by further stirring over 2  h. The result-
ing BSA NP suspension was retained in the acetone/water 
system for polymer coating.

Two methods were utilized for the preparation of pol-
ymer-coated NPs, namely a dialysis and an evaporation 
method. In the dialysis method, an appropriate amount 
of PEI, PEI-PEG, or PEI-PEG-thiolBP was dissolved in 
10 mM phosphate buffer solution (pH 7.4). An aliquot 
of BSA NP suspension was mixed with the same volume 
of polymer solution at various concentrations (1–12 µM; 
see figure legends for exact values). The final polymer 
concentrations in the NP suspension were 0.5–6 µM. As 
a control, the uncoated BSA NPs were incubated with 
10 mM phosphate at the same dilutions. The mixture 
was incubated at room temperature for 1  h, and then 
dialyzed against 1 mM NaCl (×3) to remove the acetone. 
For the evaporation method, an aliquot of BSA NP sus-
pension was mixed with PEI-PEG or PEI-PEG-thiolBP as 
described earlier, the polymer was dispersed in a mixture 
of acetone/water (4:1) and the acetone was evaporated in 
a flowhood by constant stirring overnight.

Characterization of polymer-coated NPs

The zeta (ζ) potential of the NPs was investigated by 
laser Doppler anemometry using the Malvern Zetasizer 
3000HS (Malvern Instruments Ltd, UK) at 25°C. Before 
the analysis, the polymer-coated NPs were diluted to a 

BSA concentration of 0.1 mg/mL with 1 mM NaCl. An 
electric field of 150 mV was applied to observe the elec-
trophoretic velocity of the particles. The particle sizes and 
size distributions of the NPs were measured by photon 
correlation spectroscopy (PCS) using the same instru-
ment. The measurements were carried out at 25°C using 
a 633  nm He–Ne laser at a scattering angle of 90°. The 
reported sizes and ζ-potentials were derived from three 
independent batches of NP preparations.

Atomic force microscopy (AFM) was used to observe 
the size and morphology of the PEI-PEG-thiolBP coated 
BSA NPs (MFP-3D; Asylum Research, Santa Barbara, 
CA, USA). The NP sample was appropriately diluted to 
visualize individual particles and 5 µL of the diluted sam-
ple was dropped onto the surface of PELCO Mica Discs 
(TED PELLA, Inc., Redding, CA, USA), and observed in a 
tapping mode by AC240TS cantilever after drying under 
room temperature. Images were processed and analyzed 
by the Igor Pro imaging software (version 5.04B).

Cytotoxicity of polymers and NPs by MTT assay

Two types of cells, human C2C12 myoblast cells and primary 
rat bone marrow stromal cells (BMSCs), were used for the 
assessment of the cytotoxicity of the polymers and polymer-
coated BSA NPs. Both cells were cultured in an osteogenic 
medium, where the basal medium (high-glucose DMEM, 
10% FBS, 100 µg/mL streptomycin, and 100  U/mL penicil-
lin) was supplemented with 50 µg/mL ascorbic acid, 100  nM 
dexamethasone, and 5 mM β-glycerolphosphate. The poly-
mers and polymer-coated NPs (prepared as described ear-
lier) were dialyzed once more against high-glucose DMEM 
containing 100 µg/mL streptomycin and 100  U/mL penicil-
lin. An aliquot of polymer or NP dispersion (10% of the final 
volume) was then incubated with the cells grown in 24-well 
tissue culture plates (in triplicate). After 72 h incubation in 
a humidified atmosphere with 95%/5% air/CO

2
 at 37°C, 

100 µL of the MTT solution (5 mg/mL in HBSS) was added 
to the 500 µL culture medium in each well. The cells were 
incubated for further 2  h, the supernatant was removed 
carefully, and 500 µL of dimethyl sulfoxide (DMSO) was 
added to the cells to dissolve the formazan crystals formed. 
The optical density of the solution was measured by an 
ELx800 plate reader (Bio-Tek Instruments Inc., Winooski, 
VT, USA) at 570  nm. Untreated cells served as reference and 
were taken as 100% viability.

BMP-2 bioactivity by kinetic ALP assay

A kinetic ALP assay was used to determine the bioactivity of 
BMP-2 encapsulated in the NPs. To prepare BMP-2 contain-
ing NPs, a certain amount of BMP-2 was first mixed with 
BSA solution, and then coacervated by acetone and coated 
with the polymers as described earlier. Following NP fab-
rication, all particles were dialyzed in the same manner as 
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described in the MTT procedure. Human C2C12 cells and 
rat BMSCs were incubated (in triplicate) with the NPs at 
the estimated concentration of 1 µg/mL of BMP-2 per well 
in 24-well plates (1 mL medium/well). The ALP assay was 
performed after the incubation of C2C12 cells for 3 days, 
and rat BMSCs for 7 days, based on optimal procedures 
developed in Wang et al. (2008). To perform the ALP assay, 
the cells were washed with HBSS solution and lysed with 
400 µL of ALP buffer (0.5 M 2-amino-2-methylpropan-1-ol 
and 0.1% (v/v) Triton X-100; pH 10.5). After 2 h, 200 µL of 
1.0 mg/mL ALP substrate (p-NPP) was added to 200 µL of 
the cell lysate, and the rate of change in the optical den-
sity was determined with a plate reader by measuring the 
absorbance (405 nm) at intervals of 90 sec for eight cycles. 
Untreated cells and cells treated with 1 µg/mL of free BMP-2 
served as negative and positive controls, respectively. The 
kinetic ALP activity was expressed as the change of optical 
density of the wells per unit time (mAbs/min).

In vitro HA affinity of BMP-2 containing NPs

To determine the in vitro HA affinity of NPs, 125I-labeled 
BMP-2 was encapsulated in the BSA NPs and the binding 
ability was assessed based on the 125I counts. Labeling of 
BMP-2 with 125I was performed as described previously 
(Gittens et al., 2004), and it was confirmed that the radioio-
dinated BMP-2 contained <4% free 125I at the time of encap-
sulation. To prepare BMP-2 encapsulating NPs, 125I-labeled 
BMP-2 (diluted in ddH

2
O) was first mixed with BSA solu-

tion, and then coacervated by acetone and coated with the 
polymers by the evaporation method as described earlier.

The mineral affinity of the NPs was investigated by 
using a HA binding assay as described previously for the 
polymers. In this case, counts in the supernatant and 
HA precipitate were separately determined by a gamma 
counter. The percentage of HA-bound NPs (% HA binding) 
was calculated as follows: 100% × (count in HA precipi-
tate)/(count in supernatant + count in HA precipitate).

In vivo retention of BMP-2 encapsulated in NPs

Six to eight weeks old female Sprague-Dawley rats were 
purchased from Biosciences (Edmonton, AB, Canada). 
The rats were acclimatized for 1 week under standard 
laboratory conditions (23°C, 12 h of light/dark cycle) 
before the study. While maintained in pairs in sterilized 
cages, rats were allowed free access to food and water for 
the duration of the study. All procedures involving the 
rats were approved by the Animal Welfare Committee at 
the University of Alberta.

The polymer-coated BSA NPs were prepared for implan-
tation in 24 rats in four study groups. The study groups con-
sisted of (1) BMP-2 in BSA solution, (2) BMP-2 in BSA NPs, 
(3) BMP-2 in PEI-PEG coated NPs, and (4) BMP-2 in PEI-
PEG-thiolBP coated NPs. The appropriate solution for each 

study group was soaked into Skelite™ implants for ∼10 min 
(50 µL of 125I-labeled BMP-2 formulation per implant). The 
exact counts in the added 50 µL solution was determined by 
using a gamma counter and used as a measure of implanted 
BMP-2 dose. Once rats were anesthetized with inhalational 
Metofane™ (Janssen Pharmaceuticals Inc., Toronto, ON, 
Canada), two wet implants were implanted subcutaneously 
into bilateral ventral pouches in each rat. At indicated time 
points, two rats were euthanized with CO

2
, the implants 

were recovered, and the counts associated with the excised 
implants were quantified by using a gamma counter. The 
amount of BMP-2 retention, expressed as the percentage 
of implanted dose, was calculated as follows: 100% × (recov-
ered count in implant)/(initial count in implant). The results 
were summarized as mean ± SD (n = 4) of % BMP-2 retention 
in the implants at each time point.

Biodistribution of the BMP-2 containing NPs

The BSA NPs containing 125I-labeled BMP-2 were pre-
pared as previously described and 30 rats were utilized 
for the five study groups: (1) free BMP-2 in saline, (2) 
BMP-2 with BSA in saline solution, (3) BMP-2 in BSA 
NPs, (4) BMP-2 in PEI-PEG coated NPs, and (5) BMP-2 
in PEI-PEG-thiolBP coated NPs. An aliquot of 300 µL of 
the sample was first counted by using a gamma counter 
to determine the injected dose, and then administered 
intravenously (IV) to the rats via tail vein injection over 
∼30 sec. The rats were killed at designed time points, long 
bones (tibia and femur), both kidneys, a portion of the 
liver, spleen, thyroid, and blood samples were collected, 
and counted by using a gamma counter. The biodistribu-
tion was analyzed based on the percentage of injected 
dose corrected according to the weight of the collected 
organs. Results are expressed as mean ± SD (n = 6 for 
femur, tibiae, and kidney, n = 3 for other tissues).

Statistical analysis

All experimental data were collected in triplicate at 
least, and expressed as mean ± standard deviations 
(SD). Statistical analysis was performed using two-
sided unpaired Student’s t-test or one-way ANOVA test. 
Differences were considered statistically significant with 
a P-value <0.05.

Results

Synthesis and characterization of PEI-PEG-thiolBP 
conjugate

The heterobifunctional NHS-PEG-MAL, which contains 
a thiol-reactive maleimide group and an amine-reactive 
NHS ester, was used for conjugating thiolBP onto PEI 
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(Scheme 1). ThiolBP was first coupled onto PEG to form 
NHS-PEG-thiolBP via the reaction between thiol group 
of thiolBP and the maleimide on NHS-PEG-MAL. Then, 
NHS-PEG-thiolBP was grafted onto PEI by reacting with 
primary amines of PEI. Successful grafting of NHS-PEG-
MAL or NHS-PEG-thiolBP onto PEI was confirmed by 1H-
NMR (Figure 1). The extent of PEG grafting was determined 
from the relative peak area of –CH

2
CH

2
O– (δ: 3.64 ppm) of 

PEG to –CH
2
CH

2
N– (2.5–3.1 ppm) of PEI. Using a variety of 

PEG/PEI ratios up to 150:1, the results indicated that the 
substitution of NHS-PEG-MAL or NHS-PEG-thiolBP on 
PEI was comparable to the PEG/PEI feed ratio (data not 
shown). The appearance of peak at 1.88  ppm (–CH

2
– of 

thiolBP) and the decrease or disappearance of maleimide 
signals at 5.85 and 6.25  ppm in 1H-NMR spectrum (Figure 
1B and C) indicated successful coupling of thiolBP to PEG-
grafted PEI to some extent.

To obtain conjugates with different thiolBP substitu-
tions, different concentrations of NHS-PEG-MAL was first 
reacted with excess thiolBP (thiolBP/PEG ratio of 1.5:1 and 
4:1), and then reacted with PEI at PEG/PEI mole ratios of 
10-150. As shown in Figure 2A, the thiolBP substitution 
efficiency was increased linearly from 5 to 24 thiolBP/
PEI for feed ratio of thiolBP/PEG 1.5:1, as the PEG/PEI 
molar ratio was increased from 25 to 150, and from 7 to 33 
thiolBP/PEI for feed ratio of thiolBP/PEG 4:1, as the PEG/
PEI molar ratio increased from 10 to 50. This indicated 
that only a fraction of the thiolBP (<20%) was reacted with 
NHS-PEG-MAL and conjugated onto PEI branches. The 
obtained substitution pattern was similar to our previ-
ous study, where thiolBP was conjugated onto PEI using 
succinimidyl-4-(N-maleimidomenthyl) cyclohexane-1-
carboxylate (SMCC) as the linker (Zhang et al., 2007).

In order to investigate the effects of PEG and thiolBP 
conjugation on the HA affinity of PEI, the HA affinity of 
PEI-PEG and PEI-PEG-thiolBP was examined in 0.1 M 
phosphate buffer (pH 7.4) and the results were sum-
marized in Figure 2B. The unmodified PEI displayed sig-
nificant HA affinity in phosphate buffer (>95% binding). 
The PEGylated PEI with low degree of substitution (<100 
PEG/PEI) did not show significant loss in HA affinity, 
but at higher grafting ratio (>100 PEG/PEI), the ability to 
bind HA was reduced significantly (P < 0.05). However, 
the PEI-PEG-thiolBP conjugates recovered the mineral 
affinity (>97%) equivalent to unmodified PEI irrespective 
of the higher PEG substitution degree.

Particle size and ζ-potential

The uncoated BSA NPs had a ζ-potential of −12.1 ± 2.7 mV 
in 1 mM NaCl. The ζ-potential of polymer-coated NPs grad-
ually increased as a function of polymer/BSA ratio. This 
was the case whether dialysis (Figure 3A) or evaporation 
method (data not shown) was used for acetone removal. 
The ζ-potential of the PEI-coated particles reached to a 

plateau (∼20 mV) above a certain concentration, which 
was consistent with our previous study (Wang et al., 2008; 
Zhang et al., 2008). Reaching a plateau value was indica-
tive of the excess polymer in solution that was not bound 
to the NPs. The ζ-potential of PEI-PEG (150 PEG/PEI) 

A

PEG

PEI

6.0 5.0 4.0 3.0 2.0

B

PEG

PEI

6.0 5.0 4.0 3.0 2.0

C

PEG

PEI

6.0 5.0 4.0 3.0 2.0

Figure 1.  1H-NMR spectrum of PEI-PEG (A: 100 PEG per PEI) and 
PEI-PEG-thiolBP (B: 100 PEG and 18 thiolBP per PEI; C: 50 PEG 
and 33 thiolBP per PEI) in D

2
O. The peak at 3.6 ppm was assigned to 

–CH
2
CH

2
O– from PEG, and the peaks at 2.5–3.1 ppm to –CH

2
CH

2
N– 

from PEI. Graft degree of PEG was determined from the relative peak 
area of PEG to PEI. Appearance of peak at 1.88  ppm (B and C) and 
disappearance of the maleimide peaks at 5.85 and 6.25 ppm (C) indi-
cated that thiolBP was successfully conjugated to PEI.

Jo
ur

na
l o

f 
D

ru
g 

T
ar

ge
tin

g 
D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
U

ni
ve

rs
ity

 o
f 

A
lb

er
ta

 o
n 

07
/1

6/
10

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



BP-conjugated NPs lack bone targeting after systemic administration    7

coated NPs decreased as compared with PEI coated NPs, 
having a maximum of ∼14 mV. The PEI-PEG-thiolBP (24 
thiolBP/PEI) reduced the ζ-potential more significantly 
and eventually maintained the NPs at neutral ζ-potential 
after 4 µM or higher coating concentration. Using a range 
of PEI-PEG-thiolBP conjugates with different extent of thi-
olBP conjugation, the ζ-potential was found to inversely 
depend on the thiolBP substitution (Figure 3B); at 4 µM 
coating concentration, the conjugates with higher thiolBP 
substitution led to lower ζ-potential.

Two methods used to prepare the polymer-coated 
BSA NPs were compared with respect to the obtained 
particle sizes and size distributions (Figure 4). The size 
of NPs suspended in acetone/water was 43.7 ± 4.6 nm, 
and narrowly distributed, with a polydispersity index 
(PDI) of 0.105 ± 0.059 in diameter. After removing the 

acetone by dialysis, the zeta-average size and PDI of 
uncoated NPs were increased to 157.6 ± 21.8 nm and 
0.463 ± 0.013, respectively. The PEI-PEG-thiolBP 
coated NPs had a size of 130.6 ± 13.9 nm, and PDI of 
0.365 ± 0.095. Both the uncoated and coated NPs dis-
played two separate peaks for the size distribution, the 
left one (peak 1) being ∼60 nm and the right one (peak 
2) >200 nm (Figure 4B and C), indicating the presence 
of large aggregates in the samples. For the evaporation 
method, the average sizes of the uncoated and coated 
NPs were 117.5 ± 5.3 nm and 77.3 ± 2.0 nm, respectively, 
which were smaller than their counterparts from the 
dialysis method. For the coated NPs, although there 
was a decrease for zeta-average size from the dialysis 
method to evaporation method, the mean size of the sin-
gle peak in Figure 4E was comparable to the first peak in  
Figure 4C. The peak in the larger size range disappeared 
for the evaporation method, which indicated no aggre-
gates for the PEI-PEG-thiolBP coated BSA NPs.

The sizes of the NPs obtained as a function of coating 
concentration by dialysis method are summarized in 

A 

-20

-10

0

10

20

30

0 2 4 6 8 10 12
Coating conc. (μM)

ζ-
po

te
nt

ia
l  

(m
V

)

PEI PEI-PEG PEI-PEG-thiolBP

B

y = −0.58x + 8.6312
R2 = 0.9057

−20

−10

0

10

20

30

0 5 10 15 20 25 30
No. of thiolBP per PEI

ζ-
po

te
nt

ia
l (

m
V

)

Figure 3.  ζ-potential of BSA NPs coated by different concentrations 
of PEI, PEI-PEG, and PEI-PEG-thiolBP (0–12 µM) (A) and the effect of 
thiolBP substitution on PEI-PEG-thiolBP on ζ-potential of the NPs 
(B). The NPs were coated by the dialysis method. Results in (A) are 
expressed as mean ± SD from three independent binding experiment 
using PEI-PEG (150 PEG/PEI) and PEI-PEG-thiolBP (150 PEG and 24 
thiolBP/PEI) for coating. Results in (B) are expressed as mean ± SD 
from triplicate measurements for the NPs coated by 4 µM of PEI-PEG-
thiolBP with indicated numbers of thiolBP per PEI.
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Figure 2.  ThiolBP conjugation efficiency as a function of PEG/PEI 
molar ratio (A) and the influence of PEG substitution and thiolBP 
conjugation on HA affinity (B). The number of thiolBP per PEI was 
increased linearly from 6 to 24 as the PEG/PEI feed ratio increased 
from 25 to 150 for feed ratio of thiolBP/PEG 1.5:1 (diamond), and from 
7 to 33 for feed ratio of thiolBP/PEG 4:1 as the PEG/PEI molar ratio 
increased from 10 to 50 (square). The PEG substitution on PEI led to 
reduced HA affinity at high PEG grafting, whereas the PEI-PEG-thiolBP 
conjugates displayed mineral affinity equivalent to unmodified PEI (0 
PEG/PEI) at all PEG substitutions. Results are expressed as mean ± SD 
from three independent batches of experiments.
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8    Guilin Wang et al.

Figure 5. Using a PEI-PEG with 150 PEG/PEI, the mean 
size showed a dramatic change as a function of polymer 
concentration, an increase up to ∼380 nm for the lowest 
coating concentration (1 µM) and followed by a decrease 
to ∼200 nm for 2 µM coating and a plateau of ∼150 nm at 
>4 µM. The sizes of PEI-PEG-thiolBP coated NPs (24 thi-
olBP/PEI) increased slightly for the lowest concentration 
and then maintained at ∼130 nm.

The NPs were analyzed by AFM to confirm the size 
of the particles measured by PCS. As shown in Figure 6,  
the BSA NPs in acetone/water were uniform with the 
size of ∼50 nm, and generally spherical with smooth 
surface characteristics. The PEI-PEG-thiolBP coated 
NPs from the evaporation method showed a particle 
size of 50–70 nm, relatively rougher surfaces with no 
visible aggregates. The size of coated NPs obtained from 
these images was slightly smaller than that from PCS 
analysis, which was possibly due to the shrinkage of the 
particles during the drying process for the AFM sample 
preparation.

Cytotoxicity

Two types of cells, myogenic C2C12 cells and rat BMSCs, 
were used to assess the relative toxicity of the polymer 

conjugates (Figure 7A and B, respectively) and the 
polymer-coated NPs (Figure 7C and D, respectively). 
As shown in Figure 7A, the polymers did not show any 
toxicity on C2C12 cells at <4 µM. However, cell viabil-
ity was significantly (P < 0.05) decreased at higher PEI 
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Peak 1b Peak 2b

NPs
Particle sizea

(nm)
PDIa Area 

(%)
Mean 
(nm)

Area 
(%)

Mean 
(nm)

BSA NP in acetone/water 43.7 ± 4.6 0.105 ± 0.059 100 42.7

Dialysis method
Uncoated BSA NPs 157.6 ± 21.8 0.463 ± 0.013 67.5 64.0 32.5 290.7

PEI-PEG-thiolBP coated NPs 130.6 ± 13.9 0.365 ± 0.095 85.9 57.3 14 .1 395.1

Evaporation method
Uncoated BSA NPs 117.5 ± 5.3 0.676 ± 0.037 90.7 56.7 9.3 458.9

PEI-PEG-thiolBP coated NPs 77.3 ± 2.0 0.376 ± 0.025 100 57.9

a: results are expressed as mean ± SD (zeta-average) from three independent batches of NPs.    

b: data are taken from a typical measurement for each formulation. 

Figure 4.  Particle size analysis (A) and size distributions of uncoated BSA NPs (B, dialysis method; D, evaporation method) and 
PEI-PEG-thiolBP (4 µM) coated NPs (C, dialysis method; E, evaporation method). Note that obvious aggregation existed for the uncoated 
BSA NPs in (B) and (D), and the PEI-PEG-thiolBP coated NPs by dialysis method (C), whereas the coated NPs by evaporation method  
(E) displayed a narrow single peak.
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Figure 5.  Effect of coating concentration on particle size of 
polymer-coated BSA NPs. The NPs were prepared by dialysis method 
with 0–12 µM of PEI-PEG (150 PEG/PEI) or PEI-PEG-thiolBP (150 PEG 
and 24 thiolBP/PEI). Results are expressed as mean ± SD from three 
independent batches of NPs.
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BP-conjugated NPs lack bone targeting after systemic administration    9

concentrations (>8 µM) with >70% loss of cell viability. 
Conversely, PEI conjugates with PEG did not exhibit any 
cytotoxicity at a concentration of 8 µM, and it showed 
significantly improved cell viability as compared with 
PEI (P < 0.05) at the highest concentration tested. The 
incorporation of thiolBP did not impart any additional 
toxicity on the PEI-PEG. The cytotoxicity of the polymers 
on rat BMSCs (Figure 7B) displayed a pattern similar 
to that of C2C12 cells, where PEI was found to be most 
toxic, and thiolBP conjugation to PEG did not cause any 
additional toxicity, except for a slight loss of viability at 
higher concentrations compared with the control.

The effects of polymer coating on NP toxicity were inves-
tigated after coating the NPs with PEI, PEI-PEG (150 PEG/
PEI) and PEI-PEG-thiolBP (24 thiolBP/PEI-PEG). As shown 
in Figure 7C, only the PEI-coated NPs at the highest con-
centration (12 µM) displayed significant toxicity on C2C12 
cells. There was no significant difference in cell viability 
for NPs coated with PEI-PEG and PEI-PEG-thiolBP. For rat 
BMSC, the highest concentration of PEI (12 µM) showed 
significant toxicity again. Different from the C2C12 cells, 
the uncoated NPs showed some toxicity (∼20% decrease 
in viability), and all polymer coated NPs showed a further 
10–20% decrease in cell viability (P < 0.05; Figure 7D). 

Nevertheless, PEG substitution on PEI reduced PEI toxicity 
at high concentration and the toxicity of the PEI-PEG or 
PEI-PEG-thiolBP coated NPs were considered tolerable for 
in vivo studies.

Bioactivity of encapsulated BMP-2

The change of ALP activity is a well-demonstrated hallmark 
of osteogenesis phenomena in physiological tissues or cells. 
Myogenic C2C12 cells (Zhang et al., 2008) and rat BMSCs 
(Varkey et al., 2006) both display stimulated ALP induction 
as a result of BMP-2 treatment. In this study, we utilized both 
types of cells to evaluate the bioactivity of NP-encapsulated 
BMP-2, and the results were summarized in Figure 8. The 
exact contents of BMP-2 in NPs were not determined in 
this study. We assumed full retention of BMP-2 amount in 
the NPs, based on our previous study (Zhang et al., 2007), 
which indicated >90% encapsulation efficiency, and tested 
our NP-encapsulated BMP-2 against an equivalent amount 
of free BMP-2. For the C2C12 cells (Figure 8A), no activity 
was noted for the untreated cells after 3 days incubation. All 
NP-encapsulated BMP-2 showed significant ALP activity, 
and the numbers were equivalent to or higher than the cells 
treated with free BMP-2, except for the NPs coated with 
highest concentration of PEI, which might have induced 
some toxicity to the cells. Different from the C2C12 cells, 
the untreated rat BMSCs (Figure 8B) showed a strong back-
ground in ALP activity, whereas all NP-encapsulated BMP-2 
formulations showed significant increase in ALP activity on 
day 7 (P < 0.05 compared with untreated control), which 
were equivalent to free BMP-2.

Bone mineral affinity of polymer-coated NPs

The mineral affinity of different NPs was investigated both 
in vitro and in vivo. For in vitro study, the extent of the 
polymer-coated NP binding to HA was determined after 
encapsulating 125I-labeled BMP-2 in the NPs. As shown 
in Figure 9A, the free BMP-2 could adsorb onto the HA 
by itself to some extent (∼60%) either in water or in 0.1 M 
phosphate buffer (pH 7.4). All NP-encapsulated BMP-2 
evaluation displayed a higher HA affinity (∼90%) in both 
buffers. The binding assay did not indicate any significant 
difference in HA affinity among the NPs investigated.

The in vivo mineral affinity was also examined in 
a rat subcutaneous implant model (Figure 9B and C). 
Commercially available Skelite™, a microporous scaffold 
used in clinical osteoconductive bone repair, was used 
as an implant. 125I-labeled BMP-2 was used to deter-
mine the retention of NPs in the implants. In one batch 
of NPs (Figure 9B), the retention of free BMP-2, BMP-2 
encapsulated in BSA NPs, PEI-PEG coated NPs, and 
PEI-PEG-thiolBP coated NPs after 2 days implantation 
were 51.2 ± 3.4%, 66.3 ± 6.7%, 73.8 ± 7.9%, and 83.3 ± 4.5%, 
respectively. The PEI-PEG-thiolBP coated NPs displayed 
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Figure 6.  AFM images of BSA NPs in acetone/water (A) and PEI-PEG-
thiolBP coated BSA NPs (B) prepared by using evaporation method for 
coating. The images are 2 × 2 µm in scale and representatively selected 
from a large series of images generated from AFM.
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enhanced BMP-2 retention compared to the free BMP-2 
and uncoated BSA NPs (P < 0.05). For another batch 
(Figure 9C), after 2 days, the retention of free BMP-2 (in 
BSA solution) was 37.4 ± 3.4%, while the BMP-2 retention 
in uncoated, PEI-PEG coated and PEI-PEG-thiolBP coated 
BSA NPs were 55.4 ± 4.9%, 64.8 ± 4.0%, and 72.2 ± 3.0%, 
respectively. At day 10, the retention of BMP-2 for the latter 
three groups were 33.0 ± 6.5%, 43.7 ± 7.4%, and 39.7 ± 8.7%, 
while that of free BMP-2 was 20.0 ± 3.5%. During the study 
period, the BMP-2 retention in the three NP formulations 
was significantly higher than free BMP-2 (P < 0.05), but 
only at day 2, the PEI-PEG-thiolBP coated NPs showed 
significantly improved BMP-2 retention than the uncoated 
ones (P < 0.05). The PEI-PEG-thiolBP coated BSA NPs had 
slightly higher BMP-2 retention than PEI-PEG coated ones 
till day 7, and lower at day 10, but the difference between 
the two groups was not significant (P > 0.05).

Biodistribution of the BMP-2 containing NPs

To determine the feasibility of targeting NPs to bones, the 
NP formulations prepared with 125I-labeled BMP-2 were 
intravenously injected in rats via tail vein, and analyzed for 

biodistribution at day 1 and day 4 after injection (Figure 
10A and B). Thyroid had the highest uptake of radioactivity 
after 24 h where 10–25% of the injected dose was localized. 
This was ∼100 times higher than the deposition at other 
organs and reflected the presence of free iodine in circula-
tion. Kidney, liver, and spleen also showed obvious uptake 
except for the uncoated BSA NPs in spleen. The retention 
of the BMP-2 in blood after one day injection was drasti-
cally depressed (<0.02%). Although both the in vitro and in 
vivo binding results showed improved HA affinity for the 
NP-encapsulated BMP-2 as compared with free BMP-2, the 
NPs did not indicate any superior bone-targeting (<0.03% 
for all groups), and there was no significant difference in 
bone (femur and tibiae) deposition of the NPs. Instead, 
the PEI-PEG and PEI-PEG-thiolBP coated BSA NPs had a 
significantly higher deposition in spleen compared with the 
uncoated ones.

Similar experiments were performed independently 
with NPs coated with thiolBP and alendronate (after thi-
olation) conjugate of PEI-PEG; however, the results were 
essentially the same as before (data not shown), and no 
beneficial effects were noted on bone deposition for any 
of the BP-coated NPs.
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Figure 7.  Cytotoxicity of polymer conjugates on (A) C2C12 cells, and (B) rat BMSCs, and polymer-coated BSA NPs on (C) C2C12 cells, and (D) rat BMSCs. 
The conjugates used for coating were 150 PEG/PEI for PEI-PEG, 150 PEG, and 24 thiolBP/PEI for PEI-PEG-thiolBP). The concentrations shown were 
equivalent to the polymer concentrations used for coating the BSA NPs. Untreated cells served as reference and were taken as 100% viability. Results 
are expressed as mean ± SD from triplicate wells. Statistically significant (P < 0.05) groups compared to control (*) and other groups (#) are indicated.
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Discussion

Coupling of thiol group to maleimide is a convenient 
method for PEG conjugation to thiolBP, as the reaction is 
site-specific, easy to control, and leads to a stable 3-thio-
succinimidyl ether linkage. Since branched PEI contains a 

combination of primary, secondary, and tertiary amines, 
and 31% of the amino groups (∼180 for 25 kDa PEI) are 
primary amines (von Harpe et  al., 2000), ample PEG 
chains can be coupled to PEI via the amine-reactive NHS 
ester. A stoichiometric reaction between the NHS-PEG-
MAL and PEI at their predetermined molar ratios was 
reported previously (Tang et al., 2003). In this study, we 
also observed 100% conjugation efficiency of NHS-PEG-
MAL or NHS-PEG-thiolBP to PEI. Although the 1H-NMR 
spectrum confirmed successful conjugating of thiolBP to 
PEG-grafted PEI, the relevant signals of thiolBP and male-
imide were much weaker than the broad H-signals of PEG 
and PEI residues, which made it difficult to accurately cal-
culate the thiolBP content in the samples. Therefore, the 
conjugation efficiency of thiolBP was based on organic 
phosphate assay and it was found to be relatively lower 
than expected, which was likely due to the formation of 
disulfides among thiolBPs, leading to the reduction of 
available free thiols. Therefore, excess thiolBP was needed 
for saturation of the maleimide on the PEG.

We previously reported on PEI-coated BSA NPs, and 
observed cationic particles with size >200  nm (Wang 
et  al., 2008; Zhang et  al., 2008). The size and surface 
charge of the NPs were expected to decrease by using 
PEG-substituted PEI as a result of surface shielding by 
PEG. As in our previous studies, physical adsorption was 
suitable for coating NPs with PEG-modified polymers 
given the cationic backbone in these polymers. The 
positively charged PEI backbone was expected to bind 
on NP surfaces, whereas the PEG and thiolBP chains 
to extend to the NP exterior. The hydrophilic PEG sur-
face not only screened the highly positive charge of the 
adsorbed PEI, but also effectively stabilized the BSA NPs 
by reducing particle aggregation. The negatively charged 
thiolBP made the NPs coated with PEI-PEG-thiolBP dis-
play a low ζ-potential. Under this circumstance, neutral 
particles usually show a tendency to agglomerate. Even 
though PEI-coated cationic surfaces were expected 
to reduce NP aggregation, PEI-PEG-thiolBP coating 
resulted in smallest particles despite having almost 
neutral surfaces. The presence of the surface PEG chains 
might have prevented aggregation by a steric repulsion 
mechanism.

Since the particle sizes from PCS measurement were 
analyzed based on the seventh moment of diameter (Finsy 
& De Jaeger, 1991), it might be extremely sensitive to the 
presence of any larger aggregates, which was evident in 
some samples (Figure 4). For example, <10% of larger 
particles can increase the zeta-average size of uncoated 
NPs prepared by evaporation method from <60  nm to 
>100  nm. As shown in Figure 4A, the PDI of the different 
NPs was typically higher than 0.3, which indicated that 
the NP dispersions were somewhat polydispersed. The 
appearance of two peaks in size distributions indicated 
obvious aggregates. For the dialysis method, the coating 
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Figure 8.  ALP activity of NP-encapsulated BMP-2 on (A) C2C12 cells 
and (B) rat BMSCs. Results are expressed as mean ± SD from tripli-
cate wells. The conjugates used for coating were 150 PEG/PEI for PEI-
PEG, 150 PEG, and 24 thiolBP for PEI-PEG-thiolBP. The concentrations 
shown were equivalent to the polymer concentrations used for coating 
the BSA NPs. All the NP-encapsulated BMP-2 showed equivalent or 
highest ALP activity compared to free BMP-2, except for the C2C12 
cells treated with NPs coated with higher concentration of PEI.
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of PEI-PEG-thiolBP decreased the extent of aggregation 
(peak 2 area decreased from 32.5% to 14.1%), but could 
not completely prevent it. The evaporation method was 
advantageous for this purpose by displaying only a single 
peak at <60  nm. Compared with the BSA NPs in acetone/
water, the uncoated BSA NPs after removing acetone was 
15–20  nm larger (peak 1), which was likely due to the 
swelling of the particles. However, after adsorbing a layer 

of PEI-PEG-thiolBP, which has a coiled PEG chain less 
than 10  nm in length (Garbuzenko, Barenholz, & Priev, 
2005), their sizes remained comparable to those in the 
acetone/water coacervation system. The unchanged sizes 
of NPs even after coating implied that ionic anchoring of 
the positively charged conjugate on the negatively charged 
surface might prevent NPs from swelling and aggregating 
after removing the coacervation agent acetone.
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Figure 9.  In vitro HA affinity (A) and in vivo implant retention (B, Day 2; C, Day 2–10) of 125I-labeled BMP-2 in different NP formulations. The 
in vitro binding was performed in either ddH

2
O or 0.1 m phosphate buffer (pH 7.4). All NPs displayed higher HA binding and in vivo reten-

tion of NP-encapsulated BMP-2 than the free BMP-2 and BMP-2 in BSA solutions (P < 0.05). However, no difference was seen among the HA 
affinity of various NPs in vitro (A). In the implant model (B and C), PEI-PEG-thiolBP coated NPs showed the highest retention among all NP 
formulations until day five post-implantation (P < 0.05 vs. free BMP-2 and uncoated NPs), though there was no significant difference from the 
PEI-PEG coated NPs (P > 0.05). At day 10, the BMP-2 retention was decreased for all groups, and the coated NPs retained the highest amount 
of BMP-2 (>40%) in implants (n = 4 implants at each time point).

Jo
ur

na
l o

f 
D

ru
g 

T
ar

ge
tin

g 
D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
U

ni
ve

rs
ity

 o
f 

A
lb

er
ta

 o
n 

07
/1

6/
10

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



BP-conjugated NPs lack bone targeting after systemic administration    13

Significant toxicity is well established for PEI with 
high molecular weight (Godbey, Wu, & Mikos, 2001), 
although the reasons for PEI toxicity are not completely 
clear. PEGylation of PEI effectively reduced the toxicity 
of PEI, and this was likely due to the shielding effects on 
the net charge of the PEI backbone. Two types of cells 
were used in this study to test the toxicity of the polymer 
and particles. C2C12 cells are particularly suitable for 
assessing BMP-2 activity, whereas they are more robust 
than primary cells and their BMP-2 response is more 
predictable. BMSCs derived from rats were also used 
since the intended use of our formulations is to deliver 
BMP-2 and one of the primary targets of BMP-2 is stem 
cells at the bone marrow environment. Both the C2C12 
cells and BMSCs indicated reduced PEI toxicity after PEG 

substitution. In our recent study, the potential of using 
BSA NPs for localized bone regeneration was affirmed, 
and the PEI coating on the BSA NPs displayed improved 
BMP-2 retention in implant. However, the surface coating 
of PEI at higher concentrations impaired the efficacy of 
BMP-2 to induce bone formation in a rat subcutaneous 
model (Zhang, Doschak, & Uludag, 2009). The reduced 
toxicity of PEGylated PEI might be alternative for future 
study.

Maintenance of the native bioactivity of an osteogenic 
growth factor is essential for a NP formulation designed 
for local or systemic administration of growth factor. Our 
previous study (Wang et al., 2008) indicated that PEI and 
PLL coated BSA NPs can fully retain the BMP-2 activity 
after encapsulation. PEI was shown to be a relatively toxic 
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component of the NPs (Zhang et al., 2009), but PEG sub-
stitution on PEI was shown to reduce toxicity when this 
polymer was used for NP coating (Zhang et al., 2010). In 
this study, we further evaluated the effect of BP modi-
fication of NPs on the activity of encapsulated BMP-2. 
The myogenic cells (C2C12 cells) showed a significant 
BMP-2 activity with the NPs decorated with thiolBP, 
which confirmed there was no adverse effect of the pres-
ence of BPs on BMP-2 induced osteogenesis response. 
The positive effects with the primary cells (rat BMSCs), 
which are directly relevant to physiological osteogenesis, 
also provide encouraging prospect for in vivo testing of 
the proposed NPs. Direct measurement of BMP-2 release 
from the NP formulations were not performed in this 
study. Based on previous results (Zhang et al., 2009), we 
anticipate most BMP-2 (>50%) to be released from the 
NPs in 1 week time under the cell culture conditions. 
Whether the NPs are internalized or whether the inter-
nalized BMP-2 exerts a significant bioactivity remain to 
be investigated.

The BPs are commonly used for the inhibition of 
osteoclast activities, and known for their unique phar-
macokinetic and biodistribution profiles favoring fast 
deposition and long residence in the skeleton tissues. 
Bone-targeted delivery of NPs has been attempted by sev-
eral groups based on BP molecules. Choi and Kim (2007) 
conjugated alendronate to PLGA NPs via PEG-PLGA 
block copolymers and found that alendronate-modified 
NPs had a strong and specific adsorption to HA, and the 
potency of HA adsorption was dependent on the content 
of alendronate and the block length of PEG. PEI itself 
displays significant interaction with charged surfaces 
(Radeva & Petkanchin, 1997; Meszaros et al., 2002), and 
our previous study also indicated a high affinity of PEI 
to bone mineral HA (Zhang et al., 2007). However, when 
conjugated with PEG, which has a negative effect on sur-
face adsorption and HA affinity (Wang et al., 2003, 2005), 
the PEG modified PEI dramatically decreases its inherent 
ability of binding to HA as a function of PEG substitution 
degree. The loss of HA affinity caused by PEG substitution 
could be offset via the further conjugation with BP. This 
was confirmed by our results, which indicated that the 
HA binding ability of PEI-PEG was decreased gradually 
from 95% of pure PEI to 75% for PEI-PEG with 150 PEG 
per PEI, whereas the PEI-PEG-thiolBP remained >97% 
HA binding regardless the PEG substitution degree.

The excellent HA affinity of PEI-PEG-thiolBP makes 
this polymer potentially suitable to target therapeutic 
agents to the bone, besides the advantages discussed 
earlier with respect to non-aggregation, masked sur-
face charge, and reduced toxicity. However, such an 
affinity should be retained after the PEI conjugates are 
adsorbed onto the NPs. From the HA binding results, all 
NPs displayed higher percentage of NP binding to the HA 
as compared with free BMP-2, but the polymer-coated 

NPs did not show any improvement in the HA affinity 
compared with the uncoated ones. However, the in vivo 
BMP-2 retention study showed superiority of the NPs 
coated with PEI-PEG-thiolBP, which gave higher reten-
tion at specific time points. On one hand, these results 
suggest that in vivo HA affinity by BP-conjugated NPs 
is better revealed. On the other hand, the differences 
between PEI-PEG and PEI-PEG-thiolBP were not as 
strong as expected, and might indicate that mineral 
affinity of the formulations was likely dominated by the 
same factors. Nevertheless, the improved retention of 
BP-decorated NPs in mineral-rich scaffolds suggests that 
the prepared NPs might provide a potential candidate for 
localized delivery system of BMP-2 for bone repair and 
regeneration when administered locally with mineral-
based scaffolds.

No beneficial effects of polymer coating was noted for 
NP targeting to bones after IV administration, despite 
strong evidence for NP binding to HA in vitro. The 
reasons for this observation remain to be elucidated. 
The organ accumulation of BMP-2 after 1 and 4 days of 
IV administration was estimated by assuming that the 
125I-labeling was stable on the protein in vivo. The distinct 
thyroid uptake (∼100 times higher than other organs) of 
radioiodine indicated a significant de-iodination of the 
125I-labeled BMP-2 during the study. It was reported 
that free iodine formed by rapid de-iodination of the 
radioiodinated proteins accumulated mainly in thyroid, 
stomach, lung, or spleen (Lin et al., 2009). However, this 
unavoidable artifact was not an impediment for the use 
of 125I labeling in studying protein targeting to bones, and 
should not be the reason for the lack of bone targeting 
observed in this study.

In vivo deposition of particles to hard tissue is more 
complicated than retention in implants and requires 
a long blood circulation time and site-specificity. A 
hydrophilic surface and small particle size (<100  nm) are 
expected requirements to avoid the reticuloendothelial 
system (Choi & Kim, 2007). The coating with PEI-PEG was 
designed for this purpose, and the size measurements 
indicated that the PEI-PEG-thiolBP coated BSA NPs 
(77  nm) exhibited hydrophilic surfaces. However, it is 
known that the fenestrated capillaries or sinusoids in the 
bone have pores of 80–100  nm (Tye et al., 2003). In order 
to extravasate and deposit in bones, the hydrodynamic 
diameters of the NPs should be <80  nm. The sizes of the 
smallest BSA NPs investigated in this study was close to 
80  nm; thus, the extravasation of these particles into the 
bone fluid might have been hampered. Other factors 
affecting biodistribution of NPs include surface prop-
erties, which are directly correlated to the interactions 
between the particles and components in the physiologi-
cal fluid. It is reported that negative charges influence the 
clearance of the particles from the blood circulation via 
kidney glomerular filtration and liver uptake (Moghimi, 
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Hunter, & Murray, 2001). The low surface charge of the 
PEI-PEG-thiolBP coated NPs might be also a factor influ-
encing the capture of these NPs by cells of the monocyte-
macrophage system (mainly the liver and spleen). The 
saturated calcium and iron ions in blood may bind to 
the BP-conjugated macromolecules to form chelate 
complex (Uludag, 2002), which would presumably be 
removed faster by the clearance organs. The strength 
and stability of non-covalent binding of polymers to a 
NP surface might be another issue. In circulation, the 
surface adsorbed polymers might dissociate from the NP 
surface and/or get displaced by plasma proteins, which 
may make the particles prone to phagocytosis. Even for 
the stably adsorbed polymers, the chemical breakdown 
processes of the polymeric texture, such as swelling, deg-
radation, and erosion, may decrease the steric shielding 
effect and induce surface changes favorable for opsoni-
zation, leading to uptake by RES. Salts and proteins in 
the serum may induce disassociation of surface coating 
and/or in vivo aggregation, which might also affect the 
biodistribution of the NPs.

In conclusion, thiolBP- and PEG-modified PEI 
was used to decorate BSA NPs to tune their particle 
size and surface charge, reduce the PEI toxicity, and 
improve their HA affinity. The polymer coating and BP 
decoration had no adverse effect on the bioactivity of the 
NP-encapsulated BMP-2. All the NPs displayed signifi-
cant in vitro HA affinity and in vivo retention for encap-
sulated BMP-2. The BP-conjugated NPs, with enhanced 
in vivo retention in mineral implants, are potential can-
didate for localized delivery system of BMP-2 for bone 
repair and regeneration. However, when administered 
intravenously, no beneficial effects were observed for the 
thiolBP-coated BSA NPs on the bone-targeting. Although 
successful targeting of BP-conjugated copolymer to bone 
was reported (Wang et al., 2003), NPs prepared with BPs 
were only tested in in vitro HA binding (Hengst et  al., 
2007; Choi & Kim, 2007; Anada et  al., 2009; Pignatello 
et  al., 2009), and none of these studies reported bone 
targeting in vivo. This includes several patents, which 
showed superior hydroxyapatite affinity of BP-derivatized 
NPs, but provided no results on the feasibility of bone tar-
geting by such NPs (Vail). To the best of our knowledge, 
this study was the first to report the evaluation of in vivo 
bone targeting of BP-modified NPs, and the unsuccess-
ful outcome calls for better understanding of the in vitro 
behavior of BP-decorated NPs with the hope of designing 
bone-seeking NPs.
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