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Efficient immobilization of bone morphogenetic protein-2 (BMP-2) onto matrix is of crucial importance
in the development of BMP-2-based bone tissue scaffold/implant. This often ties with precise control of
desirable protein conformation and retention of protein activity. Recently, great attentions were paid to
the regulation of protein conformation by tailoring the nanoscale surface properties. In this contribution,
with hydrophilic COOH- and hydrophobic CH3-terminated single-walled carbon nanotubes
(SWNTs-COOH and SWNTs-CH3) as models, we investigated the nanoscale interface-induced changes
of adsorption dynamics, conformation, and bioactivity of recombinant human BMP-2 (rhBMP-2). Our
data showed that SWNTs-COOH and SWNTs-CH3 bound rapidly to and induced unfolding of rhBMP-2
molecules, which promoted their interactions with corresponding receptors on cell surface and thus
enhanced their bioactivities. In contrast, rhBMP-2 showed stronger affinity to the COOH-terminated
surface than that terminated with CH3 groups, while better enhanced bioactivity on the SWNTs-CH3

surfaces. After released from SWNTs, the unfolded rhBMP-2 refolded and their activities from
SWNTs-COOH and SWNTs-CH3 were reduced to 90% and 70% of the native rhBMP-2, respectively. Based
on these results obtained, a model of the binding characteristics of rhBMP-2 onto SWNTs with different
chemistry is presented. This study demonstrates the possibility of simple tailor-made nanoscale chemical
surfaces to modulate the binding, conformation and bioactivity of BMP-2, allowing fabrication of
BMP-2-based bone tissue scaffolds with high osteoinductivity and low BMP-2 dosage.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

As one of the transforming growth factor (TGF-b) superfamily,
bone morphogenetic protein-2 (BMP-2) has been considered as
the most notable cytokines to enhance bone formation and bone
tissue reconstruction. Since 2002, recombinant human BMP-2
(rhBMP-2) has been approved by US Food and Drug Administration
to use in clinics for fracture healing, spinal fusion, and implant fix-
ation [1,2]. Unfortunately, due to their poor solubility, short biolog-
ical half-life, and rapid local clearance under physiological
conditions in vivo, rhBMP-2 often exhibits poor localized therapeu-
tic efficacy so that large dosage are generally unavoidable [3,4]. To
address these problems, rhBMP-2 were currently encapsulated in
some localized and sustained releasing matrix, mimicking their
surface-associated behaviors in native physiology [5,6]. However,
efficient immobilization of rhBMP-2 onto carriers with low dosage
and desirable in vivo regenerating action stays as a major challenge
in bone regeneration research and practice [6,7]. The required
BMP-2 level in humans, even the FDA-approved collagen sponge-
incorporated ones, is much higher (over six orders of magnitude
higher) than what is used in in vitro cell level evaluation and
in vivo animal studies [2,6].

The surface-induced regulation of the conformation and func-
tion of proteins have recently attracted great attentions [8–11].
These changes are strongly dependent on both the nature of the
adsorbed proteins and the physicochemical characteristics of the
solid surfaces, including chemistry [8], size [9] and curvature
[10]. Such surface-mediated protein changes become increasingly
important at the nanoscale for their comparable size to proteins.
For example, Karajanagi et al., found that upon adsorption on sin-
gle-walled carbon nanotubes, both a-chymotrypsin and soybean
peroxidase underwent obvious structure change, resulting in
nearly 99% and 50% deactivation, respectively [11]. With silica
nanoparticles of various diameters and curvatures as models, BSA
was found to become less ordered on large nanoparticles, while
Fg subgroups were denatured to a greater extent on small nano-
particles [8]. Poly(acrylic acid)-conjugated Au nanoparticles could
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induce the unfolding of fibrinogen and thus promoted Mac-1
receptor activation and inflammation [9]. Given the role played
by the nano-scaled surface in the regulation of the microstructure
and bioactivity of the proteins, it is desirable to modulate the sur-
face properties of the substrate to realize desirable immobilization
of rhBMP-2. However, till now, relatively little is known about the
structure, function, and spatial orientation of rhBMP-2 on the ad-
sorbed matrixes and how such surface changes tailor the confor-
mation and bioactivity of rhBMP-2.

We herein studied the nanotube surface-induced changes on
the conformational structure and bioactivity of rhBMP-2. Single-
walled carbon nanotubes (SWNTs) with unique geometry and tun-
able hydrophilicity were selected as the model substrate because it
is a widely used model to investigate such protein-nanoscaled sur-
face interaction [11,12]. The adsorption dynamics, the secondary
structure, and thereby the bioactivities of rhBMP-2 on both hydro-
phobic CH3-terminated and the hydrophilic COOH-terminated
SWNTs (SWNTs-CH3, SWNTs-COOH) were investigated in details.
Based on our best knowledge, this is the first study that examines
how rhBMP-2 interacts with nanoscale surfaces with defined
chemistry and topography. For comparison, the adsorption behav-
iors of BSA were also studied in this study.
2. Experimental

2.1. Materials

Recombinant human bone morphogenetic protein (rhBMP-2,
purity >95%, IEP = 8.1) was generously provided by Shanghai
Rebone Biomaterial Co. Ltd. (Shanghai, China). BCA kit and 2-(4-
amidinophenyl)-6-indolecarbamidine dihydrochloride (DAPI)
were purchased from Beyotime Biotech. (Jiangsu, China). High pur-
ity SWNTs-CH3 were obtained from Timesnano (purity >95%).
C2C12, a myoblastic precursor cell with osteoblastic potential,
was purchased from American Type Culture Collection (ATCC).
Anti-BMP-2 antibody (R&D Systems Inc., Minneapolis, USA) and
FITC-conjugated goat-anti-mouse IgG were obtained from Sigma–
aldrich (CA, USA). All chemicals were of analytical grade.
2.2. Characterization

The zeta-potentials of the native protein, SWNTs-COOH and
SWNTs-CH3 were measured by a Zetasizer Nano ZS instrument in
neutral environment at 25 �C. TEM and high-resolution TEM
(HRTEM) were performed on a transmission electron microscope
(JEM-2100, Japan) with a field emission gun operating at 200 kV.
2.3. Adsorption behavious of protein onto SWNTs

To improve the dispersion, SWNTs were pretreated by an organ-
ic phase/aqueous phase replacement approach according to the
previous reports [11]. SWNTs were dispersed in PBS with the con-
centration of 1 mg/mL by sonicating for 10 min. The SWNTs aliquot
was then exposed to the protein solution (0.1–1.0 mg/L) freshly
prepared in PBS. The mixture was moved to a shaker (at
100 rpm) for further incubation at 25 �C to prevent autolysis. After
incubation, the complex of substrate and protein were centrifuged
at 10,000 rpm using a micro-centrifuge and the supernatant was
removed. The amount of protein loaded onto the substrate was
determined by measuring the difference of the concentrations of
protein in the solution or supernatant before and after SWNTs
exposure.
2.4. Conformational assessment of rhBMP-2

Infrared analysis of surface-bound protein was conducted using
a Golden Gate ATR accessory in a Nicolet 6700 spectrometer. The
rhBMP-2 adsorbed onto SWNTs were lyophilized and the lyophi-
lized protein-substrate composite (1 mg) was ground to IR grade
KBr of powder (�40–50 mg). About 30 mg of pellet was transferred
into the FT-IR chamber. The FT-IR spectrum of the unfunctionalized
SWNTs-CH3 and SWNTs-COOH were obtained in an identical man-
ner. The spectrum of the bare substrate was subtracted from that
of the corresponding protein-bound substrate to obtain the spec-
trum of the adsorbed protein.

2.5. Evaluation of the bioactivity of the rhBMP-2

C2C12 cells were cultured in 37.5 cm2 flasks with Dulbecco’s
modified Eagle’s medium (DMEM, we called growth medium) con-
taining 10% fetal calf serum, antibiotics (100 U/mL penicillin-G,
and 100 mg/mL streptomycin)) at humidified atmosphere of 5%
CO2/95% air until confluence, then detached with 0.25% trypsin/
0.03% ethylenediamine tetraacetic acid (EDTA), and the cell density
was calculated and used at the desired density in later
experiments.

Batch experiments were conducted to measure the ALP activity
of the free rhBMP-2, rhBMP-2 adsorbed onto the substrate
(SWNTs-COOH and SWNTs-CH3), and the rhBMP-2 released from
the complex (rhBMP-2/SWNTs-CH3 and rhBMP-2/SWNTs-COOH),
respectively. The concentration of rhBMP-2 of all the experiment
was kept at 2.5 lg/mL. A blank experiment with buffer only was
carried out. Each group was performed in quintuplicate.

ALP activity was measured using p-nitrophenyl phosphate (San-
gon, Shanghai, China) as the substrate as previously described.
Briefly, C2C12 cells were seeded at a density of 1.2 � 104 per well
into 96-well plates. After 24 h incubation in growth medium, cells
were washed with PBS twice and refreshed with 200 lL mainte-
nance medium (DMEM containing 2% fetal calf serum) in the pres-
ence of rhBMP-2 with or without SWNTs. After a 2 h incubation,
the maintenance medium including rhBMP-2/SWNTs was re-
moved, refreshed with 200 lL maintenance medium, and put back
to the incubator. At the end of 72 h incubation, 50 lL 1% Nonidet
P-40 (NP-40) solution was added to each well and wait for 1 h to
obtain cell lysate. Further, 0.1 mL of 1 mg/mL p-nitrophenyl phos-
phate substrate solution (pH = 9.0) composed of 0.1 M glycine,
1 mM MgCl2�6H2O was added and incubated for another 15 min
at 37 �C. The reaction was then quenched by adding 0.1 mL of
0.1 M NaOH. The absorbance of ALP was quantified at the wave-
length of 405 nm using a microplate reader (SPECTRAmax 384,
Molecular Devices, USA). ALP activity was expressed as 405 nm
OD value per min per total protein.

2.6. Binding to its receptor of cell surface of rhBMP-2 on SWNTs

Cells were pre-cultured on chamber slides with 0.01% poly-L-ly-
sine (PLL) for 24 h. After that, medium was supplemented with free
rhBMP2 and hydrophobic/hydrophilic SWNTs. After another 4 h
incubation, cells were then placed on ice for 5 min, washed twice
with ice cold PBS. Cells were fixed with 1% glutaraldehyde for
15 min at 4 �C. The BSA blocking buffer solution (3%) was then
added and samples were further incubated at 37 �C for 1 h. After
washing with PBS twice, cells were incubated with anti-BMP2 anti-
body (R&D Systems Inc., Minneapolis, USA) for 1 h at 37 �C and the
cultures were placed at 4 �C for 1 h. For rhBMP-2 staining, cells
were incubated with a dilution of FITC-conjugated goat-
anti-mouse IgG for 1 h at RT. DAPI solution was added to stain cell
nucleus for 5 min. After washing with PBS for 5 times with 3 min
interval, slides were covered with 50% glycerol in water.
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RhBMP-2 and cell nucleus were monitored with confocal laser
scanning microscope (Nikon A1R) inspired by blue and green light,
respectively.

2.7. Statistical analysis

All numerical data were expressed as the mean ± standard
deviation, with similar results obtained in each experiment.
Statistical analysis was performed with one-way analysis of
variance (ANOVA). A value of p < 0.05 was considered statistically
significant.
Fig. 1. TEM images of (A) hydrophobic SWNTs-CH3, (B) hydrophilic SWNTs-COOH,
and (C) a magnified view of (B).
3. Results

3.1. Physicochemical properties of the SWNTs

TEM images (Fig. 1) revealed well-dispersed SWNTs-CH3 and
SWNTs-COOH in aqueous solution. The single bundle of SWNTs
were about 6–8 nm, comparable to the size of proteins. The zeta
potentials of the SWNTs-CH3 and SWNTs-COOH exhibited positive
and negative in nature (Table. S1). FTIR analysis (Fig. S1) confirmed
the existence of �COOH on SWNTs after –COOH functionalization
by showing a peak at 1650 cm�1, corresponding to the acid car-
bonyl stretching vibration [13]. A great reduction of contact angle
was also found (Table.S1) after this surface modification. But, the
specific surface area of the SWNTs had only slight alteration after
modification.

3.2. Protein under investigation

With a molecular weight of 26 kDa and three-dimension of
7 nm � 3.5 nm � 3 nm, BMP-2 is a homodimer linked with inter-
chain disulfide bridges in its biologically active form (Fig. S2).
The rigid cystine-knots consisting of three intrachain disulfide
bridges are formed between six cysteine residues and the inter-
chain disulfide bridges enable BMP-2 to show striking stability
[14,15].

It is well-established that BMP-2 signals through specific cellu-
lar receptors composed of two types of serine-kinase receptor
chains [16]. The ‘wrist’ epitope assembled around the central a-he-
lix binds the type I A (BMPR-I A) and typeI B (BMPR-I B) receptors
by activating the cellular SMAD 1/5 signaling pathway. While the
‘knuckle’ epitope located at the back of the hand near the outer fin-
ger segment binds to BMP-2 receptor type BMPR-II or ActR-II by
activating type. It is also believed that BMP-2 often activates its
cellular receptor via a high-affinity ‘wrist’ epitope-BMPR-IA inter-
action and a low-affinity ‘knuckle’ epitope-BMPR-II interaction,
especially the former. As indicated in Fig. S2, one monomer mainly
provides residues Val 26, Asp 30, Trp 31 from the long loop
connecting strands b2 and b3, and the other contributes residues
Ile 62, Leu 66, Asn 68 and Ser 69 in helix a3 [15]. Therefore, to
attain immobilized BMP-2 with high activity, it is necessary to
ensure the accessibility of these determinants for ligand–receptor
interactions.

3.3. Adsorption behavious of rhBMP-2 on SWNTs

Fig. 2 shows the isothermal adsorption profiles of rhBMP-2 onto
SWNTs-CH3 and SWNTs-COOH. From Fig. 2(A), it can be seen that
rhBMP-2 exhibited a very rapid adsorption toward both SWNTs-
CH3 and SWNTs-COOH, with almost 90% adsorption observed
within the initial 10 min.

Although the adsorption of rhBMP-2 on SWNTsCH3 and SWNTs-
COOH followed similar pseudo-saturation behavior as shown in
Fig. 2(B) and Fig. 2(C), the maximum loading of rhBMP-2 on the
two substrates were quite different. A near 3-fold increase of max-
imum loading was observed on the SWNTs-COOH surface (2.67 mg
rhBMP-2/ m2 SWNTs-COOH) than that on the SWNTs-CH3 surface
(0.64 mg rhBMP-2/ m2 SWNTs-COOH). This suggests that various
protein-surface interactions exist due to their different chemistry
of substrates. In contrast, BSA showed a slight higher adsorption
amount onto SWNTs-CH3 (0.99 mg BSA/m2 SWNTs-CH3) than that
onto SWNTs-COOH (0.78 mg BSA/m2 SWNTs-COOH) (Fig. S3(c)).
We believed that such different adsorption behavior was mainly



0 1 2 3 4 5
0

1

2

3

L
oa

di
ng

( m
g 

B
M

P-
2/

m
2  

SW
N

T
s)

Amount of BMP-2 exposed to substrate

(mg BMP-2/m2 SWNTs)

rhBMP-2 adsorbed onto SWNTs-COOH
 rhBMP-2 adsorbed onto SWNTs-CH3

C

B

A

Fig. 2. (A) Protein adsorption dynamics for rhBMP-2 adsorbing onto SWNTs (The
concentrations of rhBMP-2 were kept at 0.5 mg/mL. The loading-concentration
curve of rhBMP-2 on SWNTs surfaces on mass basis (B) and on surface area basis
(C). (The time for adsorption was kept at 30 min. The experiment was repeated
three times and the standard deviation was calculated (n = 3).

218 Z. Li et al. / Biochemical and Biophysical Research Communications 440 (2013) 215–221
related to the inherent characteristics of BSA and rhBMP-2. As
listed in Table S1, at pH 7.4, rhBMP-2 is positive charged while
BSA is negative charged. In order to avoid undesirable protein–
protein interactions on the SWNTs surface, half of the maximum
loading amount of each protein adsorption onto the specific
substrate was taken in the following section.
3.4. Conformational assessment

The amide I band centered at 1700–1600 cm�1, largely due to
C@O stretching vibrations, was used for quantitative estimation
the secondary structural feature of protein. The secondary struc-
tural features were calculated from the amide I spectra using the
second-derivative method (see Suppoting information Fig. S4 for
the assignments of peaks to secondary structural elements) as pre-
vious reports [17]. The differences in secondary structure between
the free protein and the adsorbed proteins are presented by the
magnitudes of changes in a-helix and b-sheet content.

It can be seen from Table 1, upon adsorption, rhBMP-2 under-
went significant unfolding on both SWNTs. However, the variations
of the secondary structure were totally different. Specifically, after
adsorbed on SWNTs-CH3 surface, rhBMP-2 greatly lost the b-sheet/
b-turn characters (with only 11.8% remaining), but the a-helical
structure (19.3%) kept nearly intact. However, when adsorbed
onto the SWNTs-COOH surface, rhBMP-2 suffered reduction of
both a-helical (8%) and b-sheet content (13%) simultaneously. In
contrast, the sum of changes in a-helix and b-sheet/b-turn contents
of rhBMP-2 adsorbed onto the SWNTs-CH3 and SWNT-COOHs were
33.2% and 21%, respectively. This obvious disparity of unfolding
effect induced by varied SWNTs could attribute to the different
interactions between rhBMP-2 and the contacted substrates, which
is discussed in the following section.

3.5. Bioactivity changes of the rhBMP-2 adsorbed onto SWNTs

As an osteoinductive growth factor, the binding to its receptors
on cell surface is the first and essential step for the osteoinductive
process of rhBMP-2. So, here we investigated the binding of the
adsorbed-rhBMP-2 with its cellular receptor according to the
previous report [18]. The rhBMP-2 localized on the cell surface
was directly detected by the immunofluorescent staining via
anti-rhBMP-2 primary antibody and FITC-conjugated goat-
anti-mouse IgG. The cell nucleus was stained with DAPI served
for cell localization. As shown in Fig. 3(A) and (B), compared with
the free rhBMP-2 (Fig. S5), the fluorescence intensities of adsorbed
rhBMP-2 were greatly enhanced by both types of surfaces.

ALP, a typical osteoblast-specific marker, has been implicated as
a key factor in osteoblast differentiation and was widely used to
quantitatively investigate the bioactivity of rhBMP-2 [19]. There-
fore, we next tested the ALP expression levels of the rhBMP-2
before and after adsorbed at the same concentration. As shown
in Fig. 3(C), compared with the free rhBMP-2, ALP activity of
rhBMP-2/SWNTs-CH3 and rhBMP-2/SWNT-COOHs were increased
around 51% and 23%, respectively, exhibiting the similar trend with
the interactions of rhBMP-2-receptors on the surface.

We further explored and compared the bioactivity of rhBMP-2
after released from different substrates. It was found that, there
was striking distinction of the ALP expression of the rhBMP-2
released from the two different types of surface, as shown in
Fig. 3(D). The ALP expression of rhBMP-2 released from the
SWNTs-COOH surface was comparable to that of the native-like
rhBMP-2, while decreased by about 30% for those released from
SWNTs-CH3. Further compared the ALP expression of the
rhBMP-2 onto the SWNTs-CH3 and SWNTs-COOH (Fig. 3(C)) at
the same concentration, it can be concluded that the bioactivity
of rhBMP-2 exhibited nearly 2-fold reduction after released from
the SWNTs-CH3 matrix while preserved 75% of its activity for
SWNTs-COOH. These findings suggested that the rhBMP-2 mole-
cules, particularly those released from the SWNTs-CH3 surface,
were somewhat denatured after release, due to the refolding of
the rhBMP-2 in aqueous environment. This was confirmed by the
FTIR spectra and Far-UV circular dichroism data of rhBMP-2
released from the substrate (Table 1 and Fig. S6).



Table 1
Secondary structure of rhBMP-2 (free, adsorbed onto and released from SWNTs) as determined by FT-IR Spectroscopy.

Sample/Structure (%) b-Sheet/b-turn a-Helical Change of the folding structure

Free rhBMP-2 44.0 18.3 0
rhBMP-2 adsorbed onto SWNTs-CH3 11.8 19.3 33.2
rhBMP-2 adsorbed onto SWNTs-COOH 36.0 5.3 21.0
rhBMP-2 released from SWNTs-CH3 48.2 28.6 14.5
rhBMP-2 released from SWNTs-COOH 42.1 16.8 3.4

A B

C D

Fig. 3. Binding capacity of rhBMP-2 adsorbed onto SWNTs to its cellular receptor on cell surface. (A) rhBMP-2/SWNTs-CH3, (B) rhBMP-2/SWNTs-COOH. C2C12 cell were
pretreated with rhBMP-2/SWNTs-COOH or rhBMP-2/SWNTs-CH3 at 2.5 lg/mL rhBMP-2 in the culture medium for 2 h. RhBMP-2 was detected with anti-rhBMP-2 antibody
and FITC labeled anti-mouse IgG (green) and cell nuclei were stained with DAPI (blue) for cell orientation (400�). ALP activity of the complex of rhBMP-2/SWNTs (C) and the
rhBMP-2 after releasing from the complex of rhBMP-2/SWNTs (D). Cells were cultured for 2 h with the complex of rhBMP-2/SWNTs-CH3, rhBMP-2/SWNTs-COOH, and the
rhBMP-2 released from the complex of rhBMP-2/SWNTs-CH3 and rhBMP-2/SWNTs-COOH, respectively. ALP was measured after 72 h using soluble p-nitrophenylphosphate.
The value represents the mean ± standard deviation (n = 5). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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4. Discussion

In this study, the adsorption behavior, conformation and bioac-
tivity of rhBMP-2 adsorbed onto hydrophilic SWNTs-COOH and
hydrophobic SWNTs-CH3 were investigated. The results here indi-
cated that rhBMP-2 showed a much higher binding saturation
value onto the hydrophilic compared to the hydrophobic surface.
Moreover, an obviously adsorption-induced unfolding of rhBMP-
2 on both the SWNTs-COOH and SWNTs-CH3 surfaces were
observed. And the deformations on the SWNTs-COOH and
SWNTs-CH3 surfaces all facilitated the interactions between
rhBMP-2 and its receptors on cell surface and enhanced the corre-
sponding ALP expression, in particular for the SWNTs-CH3 surface.
But after released from the SWNTs-COOH and SWNTs-CH3 sur-
faces, the SWNTs-induced unfolding of rhBMP-2 disappeared and
the bioactivity of rhBMP-2 reduced to 90% and 70% of that of the
native rhBMP-2, respectively.

This noticeable surface chemistry-dependent conformation and
bioactivity of rhBMP-2 on SWNTs aroused our attentions. It is
well-recognized that the primary interactions between the protein
residue and the substrate surface are dependent on the electrostatic
potential, hydrophobic interaction and surface area of contact [20].
A high opposite electrostatic potential will strengthen the protein-
substrate interactions, so will the high hydrophobic interactions
and the large contact surface area. Just like other proteins, BMP-2
is comprised of many different amino acids with various polarities
and charges. Therefore, the protein chains may exhibit varied affin-
ity to hydrophobic and hydrophilic surfaces. BMP-2 is hydrophobic
in nature and its hydrophobic packing is the most abundant form of
subunit interactions in the BMP-2 dimer [21]. The high-affinity
binding of the ‘wrist’ epitope of BMP-2 and the BRI A receptor plays
an important role during the cellular response and almost 60% of
the contact surface area is provided by its hydrophobic residues
[22]. Therefore, consistent with the previous report [9], the
adsorption-induced unfolding might lead to the alteration of
ligand-receptor binding and thus the osteoactivity of BMP-2.

Based on the previous investigations and the results presented
here, a simple model was proposed, as illustrated in Fig. 4. In



Fig. 4. Schematic diagram of the interactions of rhBMP-2 and SWNTs with different surface chemistry.
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aqueous solution, in order to create strong interaction with water
molecules, rhBMP-2 molecule exhibits most of its polar groups
on the external surfaces. As a result, the majority of the hydropho-
bic ‘wrist’ epitope are buried within the hydrophobic core, which
might affect the bioactivity of rhBMP-2. If the protein molecule is
bound to SWNTs-CH3 or SWNTs-COOH surface, the conformation
of rhBMP-2 would change by partially unfolding. Due to the shape
of rhBMP-2, two possible adsorption orientations may be achieved
after adsorption: side-on, with its long axis parallel to the axis of
the substrates, or end-on, with its long axis perpendicular to the
axis of the substrates. In the case of SWNTs-COOH, the strong
interactions between the positively charged residues (Lys3, Lys5,
Lys8, Lys11, Lys15 and Arg7, Arg9) and negatively charged
SWNTs-COOH might give rise to a rapid binding and ensuing a
mixture of ‘‘side-on’’ and ‘‘end-on’’ orientations. The lower cover-
age of ‘‘end-on’’ orientation might lead to a relative high loading
amount. Meanwhile, since these positively charged residues
mainly concentrate near the a3-helical region and Trp 28, Trp 31
residues, the a-helical structure and Trp-based fluorescence were
greatly affected. But upon binding to the SWNTs-CH3, the hydro-
phobic amino acid groups from the outer layer most likely interact
with the hydrophobic surface and rhBMP-2 tends to show a ‘side-
on’ orientation. In this particular orientation, a large surface area of
contact is favorable for the surface interactions and thus led to a
low saturation loading and unfolding of b sheets/b turns. With
the unfolding of a-helical and b sheets, it is therefore possible that
the hydrophobic pocket on the rhBMP-2 molecule might be opened
to make the active sites of some rhBMP-2 accessible to the cellular
receptors. This favors the interactions of BMP-2 and cellular recep-
tors and thus enhancing ALP expression. Therefore, we hypothe-
sized that the opposite electrostatic potential between the
SWNTs-COOH and rhBMP-2 could contribute decisively to the
alteration of the conformation and bioactivity of rhBMP-2, while
the hydrophobic-hydrophobic interactions might play critical role
on the change of conformation and bioactivity of rhBMP-2 on the
SWNTs-CH3 surface.

Once released, rhBMP-2 proteins were exposed to water again
and tended to restore their native-type conformations. This
resulted in the decreased bioactivity. But it is not clear yet why
different conformation remaining for rhBMP-2 released from
SWNTs-COOH or SWNTs-CH3, and further investigations are
needed to reveal their conformational evolution difference.

In conclusion, we found the adsorption dynamics, changes of
conformation, orientation and the bioactivity of rhBMP-2 upon
adsorption on various SWNTs surface. It provides new routes
(e.g., via modulating the properties of the substrate) on the effi-
cient immobilization and dosage reduction of rhBMP-2. Further
understanding the interface between biomaterials and rhBMP-2,
the subsequent cell adhesion and tissue regeneration may be
regulated.
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