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Nanoparticle (NP)-based delivery has gained importance for improving the potency of
therapeutic agents. The bovine serum albumin (BSA) NPs, obtained by a coacervation pro-
cess, was modified by electrostatic adsorption of cationic polyethylenimine (PEI) to NP sur-
faces for delivery of bone-inducing growth factor, bone morphogenetic protein-2 (BMP-2).
Different concentrations of PEI were utilized for coating BSA NPs to stabilize the colloidal
system and to control the release of BMP-2. The NPs were characterized by size and zeta
potential measurements, as well as by Scanning Electron Microscopy and Atomic Force Mi-
croscopy. The encapsulation efficiency was typically [90% in all NP preparations. In vitro
release kinetics showed that the PEI concentration used for coating the NPs efficiently con-
trolled the release of BMP-2, demonstrating a gradual slowing, sustained release pattern
during a 10-day study period. The bioactivity of the encapsulated BMP-2 and the toxicity of
the NPs were examined by the alkaline phosphatase (ALP) induction assay and the MTT
assay, respectively, using C2C12 cells. The results indicated that PEI was the primary deter-
minant of NP toxicities, and BSA NPs coated with 0.1 mg/mL PEI demonstrated tolerable
toxicity, retained the bioactivity of BMP-2, and efficiently slowed the release rate of BMP-2.
We conclude that BMP-2 encapsulated in BSA NPs might be an efficient way to deliver the
protein for in vivo bone induction.
Keywords: albumin nanoparticles, polyethylenimine, bone morphogenetic protein-2,
controlled release

Introduction

Bone-inducing growth factor, bone morphogenetic pro-
tein-2 (BMP-2), plays a critical role in bone healing by
means of its ability to stimulate differentiation of mesen-
chymal cells to an osteo-chondroblastic lineage.1 After
Wozney et al. reported the nucleotide sequence of first
bone morphogenetic proteins in 1988,2 various BMPs were
produced in abundance with the use of recombinant gene
technology. The therapeutic applications involving the
recombinant BMPs demonstrated robust efficacy in the
treatment of bone diseases. For example, BMP-2 showed
good ability to heal critical size defects in rat, rabbit, sheep,

dog, and primate models,3–7 and it has become part of a
new treatment modality in orthopaedic practice.8 Unlike the
traditional surgical repair that necessitates the use of auto-
grafts, stimulation of local bone healing via the delivery of
BMPs can fulfill the aim of bone repair without morbidity
associated with the surgical techniques. However, BMP-2 is
a low-molecular-weight peptide9 and it exhibits a short in
vivo half-life. The clinical BMP-2 administration was
focused on local delivery by incorporating the protein into
a carrier matrix to provide a slow delivery formulation.10

The delivery mechanism has relied on adsorption of the
protein in collagenous biomaterials; slow protein desorption
from the implanted biomaterial has provided the necessary
concentration at the local site. The collagen sponge
appeared to be the most effective matrix in animal studies,
and it remains the only FDA-approved recombinant human
BMP-2 carrier in clinical practice.11,12
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A better way to control the BMP-2 delivery is to encapsu-
late the protein in nanoparticles (NPs) so that the physico-
chemical properties of the particles can control the BMP-2
release more precisely. Nanoparticulate drug delivery system
may provide a promising mechanism, not only for local
application, but also for targeted bone stimulation via intra-
vascular injection. The colloidal micro/nanoparticles were
originally explored for delivery of other cytokines. For
example, erythropoietin, NGF, and IL-2 were formulated in
poly(lactic acid)/poly(D,L-lactic-co-glycolic acid) (PLA/
PLGA) particles for delivery.13 Drawbacks of these materials
include low encapsulation efficiency and rapid initial release
of proteins, as well as the need for special formulations to
maintain protein stability.14 Current techniques often produce
NPs by employing harsh organic solvents, synthetic poly-
mers, or surfactants having high toxicity or immunological
activity.15 More recently, BMP-2 was encapsulated in 20–
40 lm particles of dextran-glycidylmethacrylate/poly(ethyl-
ene glycol).16 BMP-2 was shown to remain bioactive after in
vitro release, which displayed a burst release for all particles
prepared. Another study investigated the BMP-2 nanospheres
prepared by a coacervation-co-precipitation method,17 with
the use of polysaccharide/N,N-diethylaminoethyl dextran/
BSA to form particles stabilized by phosphatidylcholine. The
size of the particles ranged from 160 to 250 nm, but BMP-2
release from these particles was not investigated in that
study.

NPs based on natural biopolymers will be more advanta-
geous over particles made of synthetic materials. Bovine
serum albumin (BSA) is a physiological protein that
was widely used for NP preparation by different techni-
ques.18–21 BSA NPs are considered suitable for drug deliv-
ery because they are naturally biodegradable, nontoxic, and
nonantigenic. The BSA NPs can be easily prepared under
mild conditions by coacervation, or controlled desolvation
processes.22–24 To improve NP stability, BSA NPs is typi-
cally crosslinked by glutaraldehyde.25–27 The glutaralde-
hyde reacts with free amines on BSA, and possibly with
any amines on the encapsulated drug, which could
adversely affect the drug integrity. The potential toxicity of
glutaraldehyde is also a concern for in vivo delivery. As an
alternative to glutaraldehyde, we considered the possibility
of stabilizing BSA NPs with polyethylenimine (PEI).
Branched PEI, because of its high density of positive
charges, was expected to readily adsorb to the surface of
BSA particles. The PEI coating could provide a means of
controlling release rate of the encapsulated BMP-2. In this
study, we explored the feasibility of such an approach by
entrapping BMP-2 in BSA NPs and coating the particles
with PEI. The results indicated that BMP-2 encapsulated in
BSA NPs retained its bioactivity, and was released from
the NPs as a function of PEI coating on the particles.

Materials and Methods

Materials

Bovine serum albumin (BSA), 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT), the ALP sub-
strate p-nitrophenol phosphate (p-NPP), 1,3,4,6-tetrachloro-
3a,6a-diphenylglycouril (TCDG), and branched PEI (Mw �
25,000 by LS, Mn � 10,000 by GPC) were obtained from
Sigma-Aldrich (St. Louis, MO). Recombinant human bone
morphogenetic protein-2 (BMP-2, from E.coli.) was pre-

pared as described earlier.28 Fluorescein isothiocyanate
(FITC) was obtained from Pierce (Rockford, IL). Na125I (in
0.1 M NaOH) was obtained from GE Healthcare (Piscat-
away, NJ). Dulbecco’s modified eagle medium (DMEM),
Hank’s balanced salt solution (HBSS), penicillin (10,000 U/
mL solution), and streptomycin (10,000 lg/mL solution)
were from Invitrogen (Carlsbad, CA). Fetal bovine serum
(FBS) was from Atlanta Biologics (Atlanta, GA). All tissue
culture plasticware was from Corning (Corning, NY). The
Spectra/Por dialysis tubings with 12–14 kDa and 100 kDa
cut-off were acquired from Spectrum Laboratories (Rancho
Dominguez, CA). Distilled/deionized water (ddH2O) used
for buffer preparations were derived from a Milli-Q purifi-
cation system.

Preparation of BMP-2 encapsulated, PEI-coated BSA NPs

BSA NPs were prepared by a coacervation method, or
desolvation, as described previously,29–31 except the cross-
linker glutaraldehyde was eliminated in this process. Briefly,
250 lL of 10 mg/mL BSA solution (50 mg of BSA dis-
solved in 5 mL ddH2O) was added to 250 lL of 10 mM
NaCl solution (pH ¼ 7.0) in a glass vessel under constant
stirring (600 rpm) at room temperature. The stirring was
allowed to proceed for 15 min. Then, 72 lL of 0.5 mg/mL
BMP-2 in ddH2O was added into the above 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 3 h. The
BMP-2 encapsulated BSA NPs so formed were coated with
different PEI concentrations (see Legends for exact concen-
trations). Specially, different concentrations of PEI in
0.5 mM NaCl solution were added to the above NPs solution
by a volume ratio of 1.25 to 1. The coating was allowed to
proceed for 1 or 4 h under shaking. The coated NPs were
extensively dialyzed (MWCO: 12–14 kDa) against phosphate
buffered saline (pH ¼ 7.3, 3�) and, for the bioactivity stud-
ies, then against DMEM with 1% penicillin/streptomycin
(1�). The dialyzed buffer was exchanged every 3 h. All sol-
utions used for NP preparation were sterilized by passing
through 0.20 lm sterile filter (SARSTEDT, Nümbrecht, Ger-
many) before use, and the manufacture process was carried
out under sterile conditions.

For the determination of the percentage of BSA trans-
formed into NPs before coating, the NPs were separated
from the supernatant by centrifugation at 10,000 rpm for
10 min at room temperature. The amount of BSA in the su-
pernatant was determined by the Bradford protein assay.32

To 50 lL of the supernatant, 1 mL of the protein reagent
was added, and the samples were analyzed spectrophoto-
metrically at 595nm. A calibration curve was based on
known concentrations of BSA standards. The yield of BSA
in the NPs was calculated as: 100% � {(initial amount of
BSA – BSA amount in the supernatant)/(initial amount of
BSA)}.

Particle size and zeta potential

The mean particle size and polydispersity index of the
PEI-coated and uncoated BSA NPs were determined by
dynamic light scattering at 258C with a Zetasizer 3000 HS
(Malvern Instruments, UK) using a 633 nm He-Ne laser at a
scattering angle of 908. The surface charge of the coated and
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uncoated BSA NPs were investigated by measuring the elec-
trophoretic mobility of the particles using the zeta potential
modus of the same instrument at 258C. The samples for
measurement were prepared after appropriate dilution and
suspended in 1 mM NaCl solution. Both particle size and
zeta potential measurements were measured for three batches
of particles, each measurement being the average of 3 runs.

Scanning electron microscopy

Scanning electron microscopy (SEM) was used to study
the morphology of the NPs. The samples were first dialyzed
(MWCO: 100 kDa) against ddH2O (3�), then centrifuged at
8,000 rpm for 10 min (3�) to remove any free BSA and
PEI. The pellet was then redispersed in ddH2O. Three micro-
liter of the sample was added onto a clean silica surface, and
dried under room temperature with natural convection. The
prepared samples were, then, scanned on a JOEL Jamp-
9500F SEM.

Atomic force microscopy

MFP-3D atomic force microscopy (AFM) (Asylum
Research, Santa Barbara, CA) was used for the AFM studies
of PEI-coated BSA NPs. AC240TS cantilever was used
throughout all AFM measurements. The oscillation ampli-
tude of the scanning tip was registered at 0.6 V and the fre-
quency of the oscillation was in the range of 60–70 kHz. All
AFM imaging was under conventional ambient tapping
mode. The scan rate was typically 0.5–1.0 Hz, and the sam-
ple size was 512 � 512 pixels. Images were processed and
analyzed by the Igor Pro imaging software (version 5.04B).
The NP samples were sonificated for 5 min and then 1.5 lL
of the sample was dropped onto the mica surface (PELCOR

Mica Discs; TED PELLA, Redding, CA), and imaged after
drying under room temperature.

Coating efficiency with FITC-PEI

In one study, the amount of FITC-PEI coated on BSA
NPs was determined by fluorescence measurements. To
obtain the labeled polymer, a stock solution of FITC
(10 mM in DMSO) was added to PEI solution (10 mg/mL in
ddH2O) for 2.5 h to give a final concentration of 0.1 mM
FITC, after which the samples were dialyzed (MWCO: 12–
14 kDa) against ddH2O (3�) to remove the unreacted
FITC.33 Different concentrations of FITC-PEI were used to
coat BSA NPs. The PEI-coated NPs (1 h and 4 h coating)
were first dialyzed (MWCO: 100 kDa) against ddH2O (3�),
centrifuged (3�) for 10 min at 8,000 rpm to remove ethanol,
free BSA, and uncoated PEI, and then redispersed in ddH2O.
A 200 lL of the aliquot in the duplicate was then added to
black 96-well plates (NUNC, Rochester, NY) and the fluo-
rescence (kex: 485 nm; kem: 527 nm) was determined with a
multiwell plate reader (Thermo Labsystems, Franklin, MA).
The amount of FITC-PEI coated on the BSA NPs was calcu-
lated based on a calibration curve generated by using the
FITC-PEI in ddH2O. The calibration curve was also gener-
ated in a mixture of FITC-PEI and BSA solution (0.5 and
1.0 mg/mL of BSA, respectively), and the results showed
that they were comparable to the calibration curve generated
in ddH2O (data not shown). The coating efficiency of FITC-
PEI was calculated as: 100% � {(final FITC-PEI of the pel-
let)/(initial FITC-PEI for coating)}.

Encapsulation efficiency and in vitro release of BMP-2

To determine the encapsulation efficiency and in vitro
release of BMP-2, BMP-2 was labeled with 125I by using the
Iodo-Gen procedure.34 Microcentrifuge tubes were coated
with TCDG (200 lL of 20 lg/mL TCDG in chloroform),
and 20 lL of BMP-2 solution (10 lg of BMP-2) was added
to the coated tubes, along with 50 lL of 0.1 M phosphate
buffer (pH ¼ 4.5) and 20 lL of 0.2 mCi of Na125I. After
reacting for 25 min, free 125I was separated from the radiola-
beled BMP-2 using a Sephadex G-25 column. After precipi-
tating an aliquot of the purified samples with 20%
trichloroacetic acid (TCA), the counts in the supernatant and
the pellet was determined with a c-counter (Wizard 1470;
Wallac, Turku, Finland), and it was confirmed that the iodin-
ated samples contained \4% free 125I. To determine the
encapsulation efficiency, 125I-labeled BMP-2 was first diluted
by ddH2O (1:5), and then mixed with BSA solution as
described earlier to prepare the NPs. Five hundred microliter
of 125I-labeled BMP-2 encapsulated BSA NPs, uncoated and
coated with different concentrations of PEI, were then added
into the microcentrifuge tubes in triplicate. The samples
were centrifuged at 5,500 rpm for 10 min. The counts in the
supernatant and pellet were determined by a c-counter, and
the encapsulation efficiency (EE) was calculated as: EE ¼
100% � {(counts in the pellet)/(counts in the pellet þ counts
in the supernatant)}.

The NPs containing 125I-labeled BMP-2 was used to mea-
sure the release rate of BMP-2 in vitro. The NPs were coated
with PEI concentrations of 0.6, 0.3, 0.1, and 0 mg/mL for
1 h for this study. The release experiment was performed by
incubating the NPs (in triplicate) in 1 mL DMEM with 1%
penicillin/streptomycin at 378C � 18C and under constant
shaking. At indicated time points, the samples were centri-
fuged at 5,500 rpm for 10 min. The counts in the supernatant
and the pellet were determined separately by a c-counter.
One milliliter of fresh release medium was added back to
the pellet to maintain a constant volume during release pe-
riod. To test for free iodine in the supernatant, an aliquot of
the purified samples was precipitated with 20% TCA after
each centrifugation. The counts in the TCA supernatant and
the pellet were determined by a c-counter, and 125I-labeled
BMP-2 released to the supernatant was calculated
accordingly.

Toxicity of BSA NPs by MTT assay

The MTT dye reduction assay35 was used to assess the cy-
totoxicity of PEI-coated NPs. Various concentrations of PEI
were coated on BMP-2 encapsulated BSA NPs for 1 h. After
coating, the samples were first dialyzed (MWCO: 12–
14 kDa) against phosphate buffered saline (pH ¼ 7.3; 3�),
followed by dialysis against DMEM with 1% penicillin/
streptomycin (1�). The samples were then centrifuged at
8,000 rpm for 10 min, and the supernatant was removed.
The same volume of fresh DMEM with 1% penicillin/strep-
tomycin was added to the pellet, which was sonicated for 20
min. An aliquot of the supernatant and the suspended pellet
was incubated with human C2C12 cells grown on 48-well
plates (in triplicate). After 48 h incubation, 100 lL of sterile
filtered 5.0 mg/mL MTT solution in HBSS were added to
0.5 mL cell culture medium in each well. The plates were
incubated in the dark for 2 h, the supernatant was aspirated,
and 0.5 mL DMSO was added to each well. Then the plates
were incubated for 5 min and mixed to dissolve the crystals.
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The optical density of the crystals was measured by an
ELISA reader at 570 nm. The untreated cells served as the
reference. The mean optical density was used as a measure-
ment of cell number/well.

BMP-2 bioactivity by kinetic ALP assay

A kinetic ALP assay was performed to determine the bio-
activity of encapsulated BMP-2.36 Human C2C12 cells,
grown in 48-well plates, were first incubated with the NPs
(supernatant and suspended pellet), which were processed as
described in the MTT assay. After 72 h of incubation, the
C2C12 cells were washed with HBSS (2�) and lysed with
200 lL ALP buffer (0.5 M 2-amino-2-methylpropan-1-ol
and 0.1% (v/v) Triton-X; pH 10.5). After 1 h of lysis, 200
lL of 1.0 mg/mL ALP substrate (p-nitrophenol phosphate)
was added to the lysed cells. The changes in optical density
(kabsorbance: 405 nm) were determined in a multiwell plate
reader at an intervals of 1.5 min for eight cycles. The kinetic
ALP activity was expressed as the change in optical density
of the wells per unit time (mAbs/min). All results were
expressed as mean � standard deviation (SD) of triplicate
wells.

Data analysis

All data shown in the figures are summarized as mean �
SD of the specified number of replicates. The number of in-
dependent experiments (n) was specified for each figure in
the legends. Where indicated, statistical differences between
group means were analyzed by the two-sided Student’s t-test
or single factor analysis of variance (ANOVA, Microsoft
Office Excel 2003).

Results and Discussion

A new formulation of BMP-2 in NPs was pursued by first
eliminating the glutaraldehyde used in a typical BSA NP
fabrication process. The reason for this was the possibility of
glutaraldehyde crosslinking the protein amines to the BSA
matrix, producing a protein-conjugate, which could affect the
protein release and bioactivity. This was noted for the encap-
sulation of recombinant IFN-c, a cytokine of the Th1-type
cellular immune response, with albumin NPs. The IFN-c
inside the BSA matrix completely abrogated its bioactivity,
whereas the adsorbed IFN-c on the glutaraldehyde cross-
linked NPs retained its bioactivity.26 A previous study per-
formed by the same group,27 in which no release of IFN-c
was observed from the glutaraldehyde crosslinked BSA NPs,
also highlighted the need to eliminate glutaraldehyde in the
BSA NP fabrication process. In addition to proteins, glutaral-
dehyde crosslinking was also problematic for the small mo-
lecular drug doxorubicin, which gave only �8% free drug
release in a 3-day study period due to drug conjugation to
the BSA matrix.25 This incomplete release of drug was also
reported by another group studying the glutaraldehyde cross-
linked albumin microspheres for the release of adriamycin.37

We, therefore, turned to branched PEI, which is known to
display exceptional affinity to anionic surfaces. This physical
interaction between PEI and BSA matrix should not affect
the BMP-2 integrity during encapsulation and at the same
time control the release of BMP-2 through the network of
BSA-PEI matrix formed on the NP surface. The properties
of NPs formed from such a process were first investigated,

followed by the BMP-2 release kinetics and bioactivity in
vitro.

Characterization of PEI-coated BSA NPs

To examine the influence of PEI coating, BSA NPs were
prepared by changing the PEI concentration during the coat-
ing process as well as the contact time between the NPs and
the PEI. Using PEI concentrations of 0.1, 0.3, 0.6, and
1.0 mg/mL, the size of the NPs was observed to gradually
increase as the PEI coating concentration was increased;
from 150 nm for the uncoated NPs, to �230, �280, �330,
and �400 nm for 0.1, 0.3, 0.6 and 1.0 mg/mL PEI, respec-
tively (Figure 1A). A coating time of 1 or 4 h did not seem
to make a difference in the size of the particles (Figure 1A).

Figure 1. The mean particle diameter (A), polydispersity index
(B), and zeta potential (C) of BSA NPs coated with
different PEI concentrations (n 5 3).

Three independent batches for each coating concentration were
used for measurements, and each measurement was performed
in 3 runs. The mean particle diameter increased from �150 nm
for uncoated BSA NPs to �400 nm for the highest PEI coating
concentration (1.0 mg/mL). The zeta potential of the coated
NPs increased dramatically as compared to uncoated NPs, and
slightly increased as PEI concentration was increased from 0.1
to 1.0 mg/mL for both 1 and 4 h coating times.
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With higher PEI concentration, the availability of more PEI
presumably facilitated the formation of a thicker and more
intensive layer of a PEI-BSA network on NP surfaces.38 The
coating appeared to be rapid, because it seemed to be com-
plete within 1 h of contact between the NPs and the PEI.
The extent of PEI coating controlling the size of NPs was
also reported for a preparation of PLA/PLGA NPs, where
PEI was used to reduce the interfacial surface energy
between the particle surface and the aqueous media.39 Coat-
ing by using 1.0 mg/mL PEI led to relatively significant var-
iations in the NP size (see large SDs in Figure 1A), probably
because of higher aggregation of the BSA NPs with the
availability of abundant PEI capable of forming linkages
among the particles. The polydispersities of the NPs are
summarized in Figure 1B for three independent batches of
NPs. The relatively high polydispersity of NPs was attributed
to two possible reasons: (1) the manual performance of the
desolvation process by adding the desolvating agent, ethanol,
to the protein solution drop by drop as mentioned by other
groups before29; (2) some aggregation of particles formed
for PEI coated NPs, or unstable particles disassociated for
uncoated NPs during the dialysis process. There was no sig-
nificant difference in the polydispersity of NPs from different
PEI concentrations used for coating (ANOVA).

The zeta-potential of the particles increased significantly

as a result of PEI coating (Figure 1C), from �10 mV for

uncoated NPs to þ21–29 mV for the PEI coated NPs. A

slight increase from þ21 to þ29 mV was exhibited for

coated NPs as the PEI concentration was increased from 0.1

to 1.0 mg/mL. This was indicative of increased PEI adsorp-

tion with increased concentration, an observation consistent

with increasing particle size in this concentration range.

There was a small increase of the zeta potential as the coat-

ing time was increased from 1 to 4 h, but this was not sig-

nificant and it paralleled the effect of coating time on

particle size.

Using the Bradford protein assay, we obtained [90%
BSA transformation into the NPs after ethanol desolvation.
This was in agreement with earlier results of Langer and
Weber et al.29,40 The amount of PEI adsorption on BSA NPs
was directly quantified by using a FITC-labeled PEI polymer
and measuring the extent of adsorbed fluorescence on NPs.
The results were summarized as PEI amount (lg) adsorbed
on NPs (Figure 2A). As the PEI concentration was increased,
the amount of adsorbed PEI was increased as expected.
There was no difference in the adsorbed PEI between 1 and
4 h for PEI coating concentration of 0.1 mg/mL, but a differ-
ence was noted for other PEI concentrations. Between the
lowest and highest PEI concentrations used in this study,
�2-fold and �3-fold increase in PEI coating were seen for
1 h and 4 h coating time, respectively. The effect of such an
increase did not have a corresponding consequence in size
and/or charge of the NPs. The PEI coating efficiency (Figure
2B) was dependent on the PEI concentration; as expected,
coating with 0.1 mg/mL PEI demonstrated the highest coat-
ing efficiency (�45%) among all PEI concentrations. The
coating efficiency was increased by 4–6% as the coating
time was increased from 1 to 4 h for other PEI concentra-
tions. The highest coating efficiency obtained with the lowest
PEI concentration was consistent with our previous results of
PEI adsorption to hydroxyapatite: the percentage of hydroxy-
apatite adsorption was decreased as the PEI concentration
increased; the total amount of binding, however, increased
with the increasing PEI concentration in the medium.33 It

was interesting to note that FITC-labeled PEI continued to
adsorb to BSA NPs from 1 to 4 h, even though this was not
immediately clear from size and charge measurements. It is
likely the adsorbed PEI was penetrating into the interior of
the NPs during this time without affecting the size or surface
properties.

As shown in Figure 3, the NPs generally possessed spheri-
cal shapes and smooth surface characteristics after analysis
by SEM and AFM. Figures 3A,B are SEM images for par-
ticles coated with 1.0 and 0.1 mg/mL PEI, respectively.
Although more uniform particles were evident for coating
with the lower PEI concentration, coating with higher PEI
concentration resulted in some nonspherical particles, typi-
cally appearing as elongated particles. Presumably, this
resulted from fusion of two separate spherical particles. This
might also be the underlying mechanism for increased sizes
of the particles measured by the dynamic light scattering.
Figures 3C,D are height-mode AFM images for 1.0 and
0.1 mg/mL PEI coating, respectively. Larger particles for
coating with 1.0 mg/mL PEI were also evident in comparing
these two images. Figure 3E is the amplitude-mode AFM

Figure 2. The quantification of PEI coating on BSA NPs, as
measured by adsorption of FITC-labeled PEI (n 5
3).

The fluorescence of the PEI adsorbed on BSA NPs was meas-
ured as a function of PEI coating concentration, and converted
to mass (lg) of PEI adsorbed (A) based on FITC-PEI calibra-
tion curve. The amount of PEI adsorbed on the NPs was
increased with the PEI concentration and the coating time. The
coating efficiency on BSA NPs was calculated from the
adsorbed PEI and the initial PEI in solution (B). Note that coat-
ing concentration of 0.1 mg/mL PEI gave the highest coating
efficiency among the PEI concentrations used.
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image for 0.1 mg/mL PEI coated BSA NPs with BMP-2
encapsulated (14.4 lg/mg bulk BSA). Encapsulating BMP-2 in
the NPs did not increase the size of the particles (Figure 3E).

The particle size and surface charge are two main proper-
ties that can influence biodistribution of colloidal carriers
upon administration.41 This is not likely to be a critical issue

when NPs are used for local delivery of proteins after im-
plantation, but it will be a significant issue when NPs are

injected systemically. A positive surface charge of the NPs

is regarded beneficial for penetrating plasma membrane42;

however, it is a major disadvantage after systemic adminis-

tration because cationic NPs can bind nonspecifically to cell

Figure 3. SEM images of BSA NPs coated with 1.0 mg/mL PEI (A) and 0.1 mg/mL PEI (B); AFM images (height-mode) of BSA NPs
coated with 1.0 mg/mL PEI (C), 0.1 mg/mL PEI (D) and an amplitude-mode image of PEI (0.1 mg/mL)-coated BSA NPs
with BMP-2 encapsulated (E).

Larger diameter NPs were evident in the samples coated with the higher PEI concentration.

950 Biotechnol. Prog., 2008, Vol. 24, No. 4



surfaces and activate the complement system.43 In addition,

particulates are rapidly opsonized with serum proteins,44

leading to preferential uptake of particles by the cells of the

reticuloendothelial system and rapid clearance. These

adverse effects associated with the use of cationic NPs in

vivo can be reduced with smaller NPs45,46 and lower surface

charges.44 It was reported that the extent of opsonization

decreased as the size of the particles decreased from 800 to

200 nm, and no enhancement of phagocytic uptake was

recorded at particle sizes below 200 nm.41 However, par-

ticles below 100 nm were able to cross the fenestration in

the hepatic sinusoidal endothelium, leading to a hepatic

accumulation instead of long circulation times. Though de-

formity of particles was considered to be a factor for cross-

ing endothelial fenestration,47 the albumin-based particles

are regarded as a solid particle matrix. One study investi-

gated in vivo distribution of surface-modified albumin NPs

in rats, and observed no differences in blood circulation

times and organ accumulation among positive, negative, and

neutral surface charged NPs.48 Evaluating in vivo biodistri-

bution of the PEI-coated BSA NPs was beyond the scope of

this study, but it appears that BSA NPs coated with lower

PEI concentrations might be more desirable for systemic

administration due to reduced size, reducing the chances of

opsonization. It remains to be seen whether in vivo biodistri-

bution will be unaffected by the extent of PEI coating, as

suggested in Ref. 48, or whether PEI will impart a unique

biodistribution pattern to the BSA NPs.

Encapsulation efficiency and BMP-2 release

The encapsulation efficiency and in vitro release of BMP-
2 was assessed by using 125I-labeled BMP-2 in BSA NPs.
The BMP-2 encapsulation efficiency was typically[90% for
all NPs prepared (Table 1), and it was even higher after PEI
coating of the NPs. A significant effect of PEI coating was
readily observed on the BMP-2 release kinetics, analyzed by
assessing the BMP-2 amount in the tissue culture release me-
dium (Figure 4A) or the BMP-2 amount retained in the NPs
(Figure 4B). A burst release of BMP-2 was evident for
uncoated NPs, where [70% of the BMP-2 content was
released into the medium within the first day. When NPs
were treated with PEI, a pronounced decrease in the BMP-2
burst release (\15% in 1 day) was seen, while the release
period was extended over the 10-day study period (Figure
4). Increasing the PEI concentration used for coating NPs
decreased the extent of BMP-2 release; the cumulative
release at the end of the 10 days was 51, 42, and 29% for
NPs coated with 0.1, 0.3, and 0.6 mg/mL PEI, respectively
(Figure 4A). The differences in accumulative release
between 0.6 and 0.3 mg/mL, and 0.6 and 0.1 mg/mL PEI

coating were significant (P \ 0.05), whereas the difference
between 0.3 and 0.1 mg/mL PEI coating was not. Taken to-
gether, an effective layer of PEI appeared to be formed
around the NP surfaces to control the BMP-2 release, and
treatment with higher PEI concentration allowed slower
release of BMP-2 with a minimal burst release. It is likely
that the effect of PEI coating was mediated by two mecha-
nisms, one in which the PEI coating physically reduced the
BMP-2 diffusion through the NP surface, and one in which
the PEI stabilized the particles, preventing premature disinte-
gration of the BSA NPs. The relative contribution of each
mechanism remains to be determined.

The 10-day, 29–51% cumulative BMP-2 release obtained
with the current PEI-coated BSA NPs was less than the
VEGF release obtained from NPs formed by VEGF-bound
dextran and PEI (�50% encapsulation efficiency with [10

Table 1. Encapsulation Efficiency Obtained by Using
125

I-labeled

BMP-2 (in Triplicate)

PEI concentration (mg/mL)

Encapsulation Efficiency

Before Coating After Coating

0.6 – 96.53 � 0.08
0.3 – 96.88 � 0.15
0.1 – 96.20 � 0.27

0 90.10 � 0.38 –

The coating time for all preparations was 1 h (n ¼ 2).

Figure 4. The release profile of BMP-2 from the PEI-coated
BSA NPs with different PEI coating concentrations.

The release was performed after encapsulating 125I-labeled
BMP-2 in BSA NPs and using a release medium of DMEM
containing 1% penicillin/streptomycin at 378C � 18C (A). PEI
coating time was 1 h and the results were expressed as the
mean � SD (triplicate) percentage of BMP-2 loaded in NPs. At
each time point, the amount of BMP-2 in the supernatant (A)
and the pellet (B) was determined after separating the superna-
tant from the NPs by centrifugation. There was a burst release
of BMP-2 for uncoated BSA NPs within hours of incubating
the NPs in the release medium. The burst release was effec-
tively suppressed by PEI coating. Note that the gradual reduc-
tion of BMP-2 release as the PEI coating concentration was
increased from 0.1 to 0.6 mg/mL. In case where SDs are not
seen, they are smaller than the symbols and this study was
repeated once more with similar results (n ¼ 2).
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days of �75% cumulative release).49 The ionic interaction
between anionic dextran sulfate and cationic PEI built up the
NPs in that system and effectively controlled the release of
VEGF. Chitosan and poly-L-lysine were also investigated in
that study as alternative polycations, but they all showed
similar VEGF release trends. However, the influence of PEI
concentration on particles formation and VEGF release was
not examined in that study. Similar approach for protein
delivery was also employed for the delivery of insulin and
amphotericin B,50,51 where 40–100% release were observed
in the study period depending on the ionic strength and the
nature of the release medium. BMP-2 is not readily soluble
at the physiological pH, and this may explain the lower
amount of BMP-2 release in our system. A lower release,
however, may be advantageous for in vivo application where
increased retention at implant site may give a more robust
bone induction.52

Toxicity of PEI-coated BSA NPs

The MTT assay was employed to determine the cytotoxic-
ity of the PEI-coated BSA NPs. Among the components of
the prepared NPs, only PEI was expected to display cytotox-
icity because cationic polymers strongly interact with anionic
cellular surfaces and might compromise the integrity of cel-
lular membranes.53 PEI is known to induce cytotoxicity
because of its unique architecture and an increased toxicity
was noted with high molecular weight and branching.54 Ini-
tial studies indeed showed a strong toxicity of the prepared
NPs on C2C12 cells, especially for particles coated with
high PEI concentrations (not shown). To elucidate the source
of the toxicity, BSA NPs were separated into two fractions
by centrifugation; a supernatant containing soluble BSA and
PEI molecules, and a pellet containing the NPs, and the cy-
totoxicity of these two fractions was evaluated separately.
The supernatant of the BSA NPs displayed differential cyto-
toxicity as a function of PEI concentration used for coating
(Figure 5A). A clear toxicity was evident for the two higher
PEI concentrations (1.0 and 0.6 mg/mL) while the toxicity
of 0.3 mg/mL PEI coating was dependent on the volume of
the supernatant added to the cells. The lowest concentration
of the PEI (0.1 mg/mL) did not indicate any additional toxic-
ity as compared to the uncoated NPs. In contrast, the pellet
containing the NPs from different preparations did not
reduce the viability of the cells, based on the relatively simi-
lar MTT absorbance for all PEI concentrations used for coat-
ing (Figure 5B). Two additional batches of NP preparations
were evaluated in the similar manners, and both batches
gave similar results as earlier (not shown).

These results were indicative of free PEI being present in
the NP preparations. The dialysis procedure used for remov-
ing free PEI apparently did not lead to complete removal of
the PEI, but a centrifugation process was successful to pre-
pare the NPs with no/little cytotoxicity. This was important
in further bioactivity testing of the NP preparations, because
any toxicity of NPs might lead to underestimation of the
BMP-2 bioactivity retained in the NPs. The PEI immobilized
on the BSA NPs was apparently not toxic, either because of
its low concentration or its immobilized state which pre-
vented its association with cellular surfaces. An independent
study on PEI based DNA-polyplexes reported a significant
proportion of the polymer utilized remained in free form;
this was in part responsible for cell dysfunction and cytotox-
icity. After purification of the PEI/DNA complex, the par-

ticles demonstrated reduced toxicity,55 which suggested that
the purification of the NPs could reduce the toxicity of the
PEI coating. It might be necessary to replace PEI in future
studies with more biocompatible cationic polymers, but for
the purposes of this study, PEI-coated NPs was further tested
to investigate whether BMP-2 activity was retained in the
NP formulations.

BMP-2 activity in PEI-coated BSA NPs

ALP is an early marker of osteoblast differentiation.56 We
used the BMP-2 induced ALP induction in C2C12 cells in
vitro as a measure of BMP-2 activity. We first measured the
ALP induction by four groups: (i) BSA NPs without BMP-2,
(ii) BSA/BMP-2 solution that was subjected to NP formation
process without the addition of ethanol so that no NPs was
formed, (iii) BSA NPs with encapsulated BMP-2, and (iv)
PEI (1.0 mg/mL)-coated BSA NPs with encapsulated BMP-2
(Figure 6). The BMP-2 loading in the above samples was

Figure 5. Cytotoxicity of BSA NPs coated with different PEI
concentrations.

The cell viability by the MTT assay was determined by using
C2C12 cells incubated with the supernatant (A) and the sus-
pended pellet (B) after separating the two fractions by centrifu-
gation. Cells were grown in 48-well plates (in triplicate) and
incubated with the samples for 48 h. Note that the observed
toxicity was dependent on the PEI concentrations. In the super-
natant, no toxicity was observed with uncoated BSA NPs but
significant toxicity was evident for PEI coating concentration
[0.3 mg/mL. The pellet separated from the supernatant, on the
other hand, gave no clear toxicity for all PEI concentrations.
Two additional batches of NP preparations were evaluated in
the similar manners, and both batches gave similar results as
above (n ¼ 3).
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14.4 lg BMP-2/mg bulk BSA. The samples were analyzed
without centrifugal purification. An equivalent BMP-2 activ-
ity was evident in two samples, the BMP-2/BSA mixture
and the BMP-2 entrapped in BSA NPs (Figure 6). For the
other two groups, BSA NPs without BMP-2 and PEI-coated
BSA NPs with encapsulated BMP-2, there was no detectable
activity. This was expected for the former group in the ab-
sence of BMP-2, as well as the latter due to excessive toxic-
ity of PEI at this coating concentration (see Figure 5A). This
study confirmed the retention of BMP-2 activity as a result
of entrapment in BSA NPs. The fact that a similar activity
was seen with and without NP formation suggests an equiva-
lent level of BMP-2 retention in these samples. We expected
almost complete entrapment of the BMP-2 in NPs based on
the obtained encapsulation efficiencies (see Table 1); we also
expected to retain a high amount of BMP-2 in the BSA solu-
tion after processing, because (i) the dialysis tubing used for
NP purification had a MW cut-off (12–14 kDa) smaller than
the MW of BMP-2 (�32 kDa), and (ii) the presence of
abundant BSA (�100-fold higher) should stabilize BMP-2 in
solution and prevent its loss due to adsorption to the dialysis
apparatus.

A subsequent study was performed by using BMP-2 con-
taining NPs that were coated with lower PEI concentrations.
The NP preparations were additionally fractionated into a su-
pernatant containing the soluble molecules and a pellet con-
taining the NPs before the bioactivity testing. The ALP
induction is shown in Figure 7A for the NPs before fractio-
nation, in Figure 7B for the pellet after fractionation and in
Figure 7C for the supernatant after fractionation. For the
unfractionated NPs, the ALP activity was induced as a func-
tion of NP volume added for uncoated BSA NPs and BSA
NPs coated with 0.1 mg/mL PEI. No significant difference
was evident between these two groups, indicating no adverse
effects of the 0.1 mg/mL PEI coating. For BSA NPs coated

with 0.6 and 0.3 mg/mL PEI, however, the induced ALP ac-
tivity decreased as the volume of NPs increased, presumably
due to the toxicity of the higher amount of PEI in the me-
dium. Upon fractionation, free PEI was expected to be
removed from the preparation, so that bioactivity could be
tested in the absence of toxicity issues associated with the
PEI. In this case (Figure 7B), all PEI-coated NPs containing
BMP-2 gave significant activity in the pellet and the level of
ALP induction of BSA NPs coated with 0.1 mg/mL PEI was
significantly higher than 0.6 and 0.3 mg/mL PEI coating
(P\ 0.05) at the highest volume (100 lL) of suspended pel-
let added. For the samples coated with the higher PEI con-
centration (0.6 and 0.3 mg/mL), there was still a decline in
ALP activity at the higher volumes of samples added, indi-
cating continued toxicity even for the pellet fraction. It is
possible that a high concentration of PEI adsorbed onto the
NPs might directly damage the cells or be released into the
medium to manifest its toxic effect. The NPs with the lowest
PEI coating (0.1 mg/mL) gave a dose-response curve in the
ALP induction assay without any sign of toxicity. BMP-2
entrapped in uncoated BSA NPs gave a little activity in the
pellet fraction. This was presumably due to rapid release of
BMP-2 into the supernatant of NP preparations, which sug-
gested that the uncoated NPs are stable in ethanol, but rela-
tively unstable during the dialysis procedure. The ALP
activity was demonstrated when the supernatants of the same
samples were analyzed in the bioassay; the uncoated BSA
NPs gave a significant BMP-2 activity whereas the 0.6 and
0.3 mg/mL PEI-coated NPs gave nearly no BMP-2 activity
and 0.1 mg/mL PEI-coated NPs gave some activity. Presum-
ably, there was little release of BMP-2 for the 0.6 and
0.3 mg/mL PEI-coated NPs samples. It is possible that the
lack of BMP-2 activity is obscured by the toxicity of 0.3 and
0.6 mg/mL PEI samples (from Figure 5A), but this was not
valid for the 0.1 mg/mL PEI-coated sample because toxicity

Figure 6. The BMP-2 activity in different NP formulations, as measured by ALP induction assay with C2C12 cells (in triplicate).

The formulations used were a mixture of BSA and BMP-2 solution without NP formation (i.e., no ethanol addition), BSA NPs without any BMP-2,
BMP-2 encapsulated in uncoated BSA NPs, and BMP-2 encapsulated in BSA NPs coated with 1.0 mg/mL PEI. The bioactivities of BMP-2 in BSA
solution or in BSA NPs were comparable. No activity was seen in BSA NPs in the absence of BMP-2, and BMP-2 in NPs coated with 1.0 mg/mL
PEI gave no activity, presumably due to toxicity of this formulation. *P\ 0.05 at this volume added.
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of the original preparation was minimal, if any, with this
sample. In this case, some release of BMP-2 might have
been achieved during the 3-day C2C12 cell incubation study,
so that the BMP-2 was available during this time for the
ALP induction.

The results from the bioactivity studies indicated that BSA
NPs coated with 0.1 mg/mL PEI was the preferred formula-
tion. Such NPs provided a release formulation that was com-
patible with the mammalian cells in vitro. The BMP-2
entrapped in such a NP formulation was bioactive based on
the ALP induction assay with C2C12 cells. The bioactivity
studies also provided supportive evidence for the slower
release of the BMP-2 from these formulations, unlike
uncoated BSA NPs, which displayed the most BMP-2 activ-
ity in the supernatant and not in the pellet containing the
NPs. The fact that little BMP-2 was recovered from the su-
pernatant of NP formulations is encouraging for developing
an aqueous-based process for NP fabrication, because protein
loss due to release from NPs will be minimized during the
fabrication process. It remains to be seen whether this is true
for other bioactive proteins; BMP-2 is usually not soluble
under physiological conditions (i.e., ionic strength and pH)
and this might have helped with improved encapsulation effi-
ciency and a more-sustained release profile. More-readily
soluble proteins might behave differently in this respect. We
are aware that C2C12 cells are myogenic origin and more
studies will be needed to assess the bioactivity of the pro-
posed BMP-2 formulations with more relevant cellular phe-
notypes. For example, cells derived from bone marrow
cavity36 or osteoblastic cell lines such as mouse calvarial
MC3T3-E1 cells28 will need to be further explored to better
extrapolate the bioactivity results to physiological responses.

Conclusions

The bone-inducing growth factor BMP-2 was encapsulated
in albumin NPs, which were coated with the cationic poly-
mer, PEI, for better control of BMP-2 delivery kinetics. The
electrostatic interaction between the anionic albumin and cati-
onic PEI was sufficient to create an effective PEI coating on
the NPs. The size of spherical NPs ranged from �150 nm for
uncoated BSA NPs, and significantly increased up to 400 nm
as a function of PEI concentration used for coating the par-
ticles. The zeta-potential of the particles similarly increased
significantly as a result of PEI coating. The encapsulation ef-
ficiency was typically [90% in all NP preparations. In vitro
release of encapsulated BMP-2 was controlled by the PEI
coating of the NPs, providing a gradual reduction of BMP-2
release as the PEI concentration for coating was increased.
The cytotoxicity was a significant issue for NPs coated with
high concentrations of PEI, but it was possible to minimize
the toxic effect of PEI by using lower PEI concentration dur-
ing coating process. The overall results indicated that BMP-2
encapsulated BSA NPs coated with 0.1 mg/mL PEI gave tol-
erable toxicity, retained a robust ALP induction activity in
C2C12 cells, and efficiently slowed the release of BMP-2
from the BSA NPs. These studies established the foundation
for testing NP formulations for BMP-2 in animal models, and
in particular evaluating the effect of sustained-release formu-
lations on BMP-2 induced bone formation.
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cationic polymers and their bisphosphonate derivatives with hy-
droxyapatite. Macromol Biosci. 2007;7:656–670.

34. Gittens SA, Bansal G, Kucharski C, Borden M, Uludağ H.
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