Bone formation on carbon nanotube composite
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Abstract: The effects of a layer-by-layer assembled carbon
nanotube composite (CNT-comp) on osteoblasts in vitro and
bone tissue in vivo in rats were studied. The effects of CNTcomp on osteoblasts were compared against the effects by
commercially pure titanium (cpTi) and tissue culture dishes.
Cell proliferation on the CNT-comp and cpTi were similar.
However, cell differentiation, measured by alkaline phosphatase activity and matrix mineralization, was better on the
CNT-comp. When implanted in critical-sized rat calvarial

INTRODUCTION

Carbon nanotubes (CNTs) are a promising material as a substrate for tissue engineering or for use as an implant material. Composites of CNT, due to high electrical conductivity
and physical strength,1 can be used for prosthetic neural
devices or as implantable scaffolds in bone-tissue engineering. Electrical stimulus through CNTs enhances bone healing.2,3 CNT composites can be fabricated to match mechanical properties of bone.4,5 Even though the properties are
promising, currently CNTs are not widely used in biomedical
applications due to uncertainty about its safety.6–8
CNTs can be single-walled (SWCNT) or multiwalled
(MWCNT). Adverse effects of unreﬁned SWCNTs include
accelerated oxidative stress, decreased cell viability, and
altered cell morphology.7,9 Other adverse effects of SWCNTs
include induction of apoptosis and decrease of cellular adhesion.10 Adverse effects of nonfunctionalized MWCNTs
include the release of pro-inﬂammatory cytokine.11 Intratracheal inhalation of CNT particles in mice and rats can cause
pulmonary toxicity.12,13 These adverse effects may be due to
lack of purity and functionalization. Puriﬁed SWCNTs do not
create short-term toxic effects on cardiac-muscle cells.14
Chemically functionalized CNTs and their surface charges
had a positive impact on neuronal growth.15,16 CNT ﬁbers
of larger diameters and lower surface energies had positive
effects on cell attachment and proliferation.17 SWCNTs were
superior than MWCNTs in allowing spreading of osteoblastlike cells.18
To reduce the toxicity, control the dispersion of free CNT
particles, and duplicate the shape of the body part to be

defect, the CNT-comp permitted bone formation and bone
repair without signs of rejection or inﬂammation. These data
indicate that CNT-comp may be a promising substrate for
use as a bone implant or as a scaffold for tissue engineering.
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replaced, CNT particles can be coated with different substrates to form composite. Coating substrates include polymers,19–21 hydroxyapatite,22 or collagen.23 An ideal implantable composite should induce tissue growth, and also have
good mechanical properties. A composite with collagen may
not have physical properties or a modulus of elasticity similar to that of bone. Hydroxyapaptite coating can be brittle,
but this limitation can be reduced by incorporating polymers.24 With a polymer coating, the modulus of CNT composites can be matched to that of bone.4,25 The use of CNTbased biomaterials for bone tissue engineering is still in its
infancy. In particular, the effects of CNT-polymer composites
in vivo have not been adequately demonstrated. We therefore evaluated the response of osteoblast in vitro and tissue
in vivo to a polymer coated single-walled CNT composite
(CNT-comp).
Currently, titanium-based materials are the most common materials used in dental implants and for repairing
bone defects. Although titanium-based materials are tissue
compatible, their physical and mechanical properties are not
similar to native bone. Ceramic-coated metallic implants
that are currently used in various clinical applications have
elastic moduli 10 times higher than those of most hard tissues.26 Hence, using metallic materials to repair bone
defects cause the bone to be insufﬁciently loaded. This process, known as stress-shielding, affects bone remodeling and
healing, resulting in increased bone porosity or atrophy.27,28
These disadvantages of current implant materials highlight
the need for developing new materials, such as a composite
of CNTs.
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In this study, we report on the biocompatibility of
chemically functionalized CNTs as a composite with polymers. We used these CNT-composites (CNT-comp) to test
osteoblast proliferation and morphology, and osteoblast differentiation by measuring alkaline phosphatase (ALP) activity and matrix mineralization. These results were compared
to osteoblast responses on commercially pure titanium
(cpTi), which is a frequently used implant substrate, and to
tissue culture (TC) dishes. Response of CNT to bone in noncritically sized defects has been shown to be favorable.29,30
We therefore, in addition to the in vitro tests, conducted a
in vivo bone-tissue compatibility study of CNT-comp in a
critically sized defect in rat calvaria.
MATERIALS AND METHODS

Preparation of CNT-comp
SWCNTs (1–2 nm in diameter and 50 lm in length) were
functionalized in a 3:1 mixture of concentrated sulfuric and
nitric acid. The nanotube suspension was ﬁltered using a
membrane (0.22 lm pore size) under vacuum to remove
soot, metallic particles, and shorter SWCNTs. Longer
SWCNTs, aggregates and bundles were eliminated with the
aid of ultrasonication and centrifugation. The ﬁnal concentration of SWCNT in aqueous solution was 0.06 wt %. Polycaprolactone (PCL) sheets (0.6 mm thick) were cleaned
with a mixture of isopropanol/water (1:1 volume) for an
hour and then washed thoroughly with deionized water. Oxygen plasma (50 sccm O2 ﬂow rate, 50 W power) was
applied to the PCL sheets for 1 min to negatively charge the
surface. Two bilayers of positively charged polydimethyldiallylammonium (PDDA) and negatively charged polystyrene
sulfonate (PSS) were deposited on the PCL sheets using
layer-by-layer self-assembly to enhance the charge density.
The concentrations of PDDA and PSS were 1.4 and 0.3 wt %,
respectively, in 0.5M sodium chloride and the dipping time
was 10 min for both polyelectrolyte solutions. Polyethyleneimine (PEI) and SWCNTs were deposited alternately to produce [(PDDA/PSS)2(PEI/SWCNT)6]10PEI on the PCL sheets.
The PEI concentration was kept at 1 wt %, and dipping times
were 10 and 15 min for PEI and SWCNT, respectively.
Hardness test
The CNT-comp samples were tested at 10 arbitrarily
selected points using a NanoIndenter XP (MTS Nano Instruments Innovation Center, Oak Ridge, TN) to calculate the
hardness and the modulus.31 For nanoindentation tests on
coating/substrate systems, a 10% rule of thumb is widely
used, that is, the indentation depth must be less than 10% of
the coating thickness if the properties of the composite are
to be extracted without the data being inﬂuenced by the substrate (in this case PCL, which has a modulus of 300 MPa).
Commercially pure titanium
Commercially produced 22 mm diameter titanium disks
(cpTi) were kindly provided by Dr. PanJian Li (DePuy, Warsaw, IN). The disks were processed by glass bead blasting in
the same manner as clinical implants.
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Human osteoblast cultures
Human fetal osteoblast 1.19 (hFOB) cells32 were a gift from
Dr. Thomas Spelsberg (Mayo Clinic, Rochester, MN). Cells
were cultured in 100 mm dishes (Corning, Corning, NY) in
aMEM media (Life Technologies, St. Louis, MO) and 5% bovine serum complex (Fetalplex, Gemini, Woodland, CA) at
34 C in the presence of 5% carbon dioxide. At conﬂuence,
cells were trypsinized using 0.5% trypsin-EDTA (Invitrogen,
Grand Island, NY), counted using a Z1 Coulter Counter
(Coulter Electronics, Hialeah, FL), and plated in six-well
dishes (Corning) at 50,000 cells/well. The day of plating
was considered day 0 of the experiment.
Scanning electron microscopy
Morphology, spread, and distribution of the hFOB cells on
the substrates were examined by scanning electron microscopy (SEM). Cells on the disks were ﬁxed with glutaraldehyde in cacodylate buffer and then treated with osmium tetroxide in cacodylate buffer. The cultures were dehydrated
in sequential concentrations of ethanol. After critical point
drying, cells were sputter-coated with 10 nm of gold/palladium before examining them with a JEOL JSM 6320FV ﬁeld
emission scanning microscope (JEOL USA, Peabody, MA). We
did not perform SEM on the cells grown on the TC surfaces.
Cellular proliferation
hFOB cells were cultured for 8 days, and then the wells
were washed twice to remove nonattached cells. The substrate disks were transferred to new wells to count only the
cells attached to the disks. Cells on tissue culture dishes
(TC) were positive controls. Attached cells were trypsinized
using 0.5% trypsin-EDTA, and then counted with a Coulter
Counter. Cell counts were adjusted to account for the difference in the surface area between the disks and that of the
six-well TC dishes.
Alkaline phosphatase activity
On day 8 of culture, hFOB cells were lysed by scrapping in
500 lL of harvesting buffer per well (10 mM Tris Cl, 0.2%
NP40, and 2 mM phenylmethylsulfonyl ﬂuoride). The
extracted solution was sonicated and centrifuged. A commercially available kit (Stanbio, Boerne, TX) was used to
determine ALP activity of the supernatant. The optical density of the supernatant at 405 nm was measured with a
spectrophotometer (AD340, Beckman Coulter, Fullerton,
CA). The ALP activity was expressed as micromolar of pNP/
min/mg of protein.
Calcium content
The calcium content of the hFOB cell layer was assayed at 4
weeks of culture. The cell cultures were incubated twice for
30 min in 5% trichloroacetic acid (TCA). Calcium content in
the combined TCA washes was measured colorimetrically
with a calcium kit (Stanbio).
Energy dispersive spectroscopy
At 4 weeks of culture, all the test material surfaces were
completely covered with hFOB cells. Cells were ﬁxed with
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3% formaldehyde solution and dehydrated in a series of
increasing concentrations of ethanol solutions. Dried specimens were coated with carbon. Calcium and phosphorus
elements were mapped by SEM (JEOL 6500F), which was
connected to an energy dispersive spectroscopy (EDS).
Animal surgical procedure
Adult, male, Sprague-Dawley rats (250 gm body weight,
Harlan, Indianapolis, IN) were used in this study. All animal
procedures were approved by the Institutional Animal Care
and Use Committee at the University of Minnesota. Rats
were anesthetized with an intramuscular injection of ketamine (75 mg/kg) with xylazine (10 mg/kg). The hair over
the calvarium was shaved and cleaned. After the skin was
incised, a full-thickness circular critically sized defect (diameter of 1 cm) was made in the calvarium using an electrical
drill with a sterile round bur under irrigation with sterile
normal saline to avoid damage to the bone. A critically sized
defect will not completely heal with bone without any exogenous support.33 A sterilized CNT-comp disk of 1 cm diameter
was placed into the defect, the surgical site was irrigated
with sterile normal saline, and the wound was closed in
layers with resorbable sutures. In one group of rats, the surgical defect was prepared but no implant was placed. There
were three rats in each treatment group. All rats were examined daily for signs of infection or discomfort for 6 weeks.
Histological study
Six weeks after implantation of the disks, rats were sacriﬁced by CO2 asphyxiation. Block sections of the calvarium
containing the disks were harvested from the surgical sites
and ﬁxed in 10% neutral buffered formalin. Specimens were
then dehydrated for 9 days with a graded series of alcohols.
Following dehydration, specimens were inﬁltrated with a
light-curing embedding resin (Technovit 7200 VLC, Kulzer,
Wehrheim, Germany) for 20 days with constant shaking at
normal atmospheric pressure. The embedding resin was
polymerized by light (450 nm) with the temperature of the
specimens never exceeding 40 C. Tissue sections were then
prepared by modifying the cutting/grinding method of
Donath.34,35 Each section was cut to a thickness of 150 lm
on an EXAKT cutting/grinding system (EXAKT Technologies,
Oklahoma City). Slides were then polished to a thickness of
45 lm using the EXAKT microgrinding system followed by
alumina polishing paste. Tissue sections were stained with
Stevenel’s blue and Van Gieson’s picro fuchsin.
RESULTS

The CNT-comp was developed using the layer-by-layer (LbL)
technique. Surfaces were created by alternately exposing a
substrate to a positively (PDDA or PEI) and negativelycharged molecules (PSS and SWNT). This step was repeated
until the desired number of bilayers (anionic-cationic pairs)
was achieved. By controlling the pH of the solution, concentration of polymer, the molecular weight of the polymer, and
the time of deposition, the thickness of the depositing layer
can be precisely controlled. The thickness of a single bilayer
in this study was approximately 85 Å, as measured by a
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FIGURE 1. High magniﬁcation scanning electron micrograph of CNTcomp surface. Bar ¼ 100 nm. The nanotubes are visible on the surface
as crisscrossing linear structures. There is a layer of PEI coating the
nanotubes.

surface proﬁler and an ellipsometer. CNT-comp sheets were
cut into disks (15 mm diameter) for experiments. The topmost PEI layer is 40 Å thick, and the CNTs were visible on
the SEM image (Fig. 1). There is no cluttering of CNTs, and
individual nanotubes were randomly oriented.
A 10-layered CNT-comp sample ([PDDA/PSS)2(PEI/
SWCNT)6]10PEI) gave a lower hardness (0.1 6 0.02 GPa)
and modulus (2.5 6 0.4 GPa) than cortical bone.36,37 When
the number was increased to 120 CNT-comp layers ([PDDA/
PSS)2(PEI/SWCNT)6]20PEI), the hardness (0.14 6 0.05 GPa)
and modulus (6.17 6 2.40 GPa) increased. These results are
consistent with those in the literature.38 Several researchers36,37,39,40 using similar technique have reported the modulus of trabecular and cortical bone to be of the same order
of magnitude as the 120-layered CNT-composite. Also, these
authors have reported that the nanoindented modulus and
bulk modulus had similar values.
A successful tissue engineering substrate should promote cell attachment and proliferation. Scanning electron
microscopy study showed that attachment and morphology
of hFOB to CNT-comp and cpTi were time dependant. (Fig.
2) At 1 h after plating, osteoblasts on the substrates were
round [Fig. 2(A,B)] At 24 h, cells had spread to assume
roughly rectangular shape. Cells were wider on cpTi compared to those on CNT-comp [Fig. 2(C,D)], which can be
attributed to the rougher cpTi surface.41 At 72 h after plating, layered cells covered the surfaces [Fig. 2(E,F)]. Layering
of osteoblasts is a marker of cell differentiation42 and precedes matrix mineralization. At 4 weeks [Fig. 2(G,H)], the
surfaces were fully covered with cells and matrices, and the
underlying surface characteristics were not visible. Inability
to visualize the underlying substrate surfaces at 4 weeks
was probably due to layering of cells, collagen deposition,
and mineralization of the matrix. While cell spread happened earlier (up to 24 h) on the rough cpTi surfaces, by 4
weeks, matrix deposition did not appear to be signiﬁcantly
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FIGURE 2. Selected scanning electron micrographs of hFOB cultured on cpTi and CNT-comp at different times of culture. Bar ¼ 10 lm. At 1 h,
cells (arrows) were round. At 24 h on cpTi, the cells (arrows) were wider than those on CNT. Cells (arrows) on CNT were spindle shaped. The
cells had started to form layer. At 72 h, the surfaces were covered with cells, and outlines of the cells are not identiﬁable. At week 4, all surfaces
were covered with cells and matrices. The outlines of cells were not visible.

different between the two surfaces. These results show that
both the surfaces were biocompatible at least for 4 weeks.
In addition to studying cellular morphology, we also
evaluated cellular proliferation (early response) and differentiation and matrix mineralization (late response) of hFOB
cells to the substrates. After 7 days of culture, cell count
was signiﬁcantly higher (p < 0.05) on the TC surface compared to CNT-comp or cpTi substrates (Fig. 3). There was
no statistical difference in cell proliferation on the CNTcomp compared to cpTi. The better response on TC surface
is likely from optimized culture surface for cell growth.
Cellular differentiation was measured by ALP activity, an
early differentiation marker.43 Cells on the TC and CNTcomp surfaces had similar levels of ALP activity, although
the cellular proliferation was lower on CNT-comp (Fig. 4).
The low cell proliferation but high ALP activity on the CNTcomp suggests that cells started to differentiate earlier on

FIGURE 3. Proliferation of hFOB on TC, cpTi and CNT-comp (n ¼ 6) at
day 7 of culture. Cells were plated at a density of 50,000 cells/well on
the substrates in six-well dishes. On day 7, cells grown on the substrates were trypsinized and counted in a Coulter counter. Error bars¼
SEM, (*p < 0.05).
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this surface. Despite the highest cell proliferation on TC, differentiation was not equally striking. These in vitro results
indicate that initial cell proliferation on a surface was not a
good indicator of subsequent differentiation.
With increased differentiation, the extracellular matrix of
the osteoblasts matures and initiates mineralization. A
marker for mineralization is calcium content in the culture.
At 4 weeks of culture, matrix calcium content was signiﬁcantly higher on CNT-comp surface (p < 0.05), indicating
greatest cell differentiation and maturation (Fig. 5). The TC
surface had signiﬁcantly lower amount of calcium content,
compared to both cpTi and CNT-comp, although it had the
highest cell proliferation on day 8.
To determine if the calcium to phosphate ratio in the
mineralized matrix was similar to that found in bone (i.e.,
physiologic), and to detect the distribution of cells and calcium in the culture, energy dispersive spectroscopy (EDS)
was performed. On surfaces with cells, calcium was detected
at peaks of 3.7 and 4 keV and phosphorus was detected at a
peak of 2.0 keV (Fig. 6). These peaks were not present on

FIGURE 4. Normalized ALP activity of hFOB cultured on TC, cpTi, and
CNT-comp on day 7. Cells on CNT-comp surface had highest ALP activity, indicating increased cellular differentiation. Error bars ¼ SEM.
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FIGURE 5. Calcium content at week 4 in cultures of hFOB on TC, cpTi,
and CNT-comp. Calcium was extracted from the culture and measured colorimetrically. Error bars ¼ SEM, (*p < 0.05).

surfaces without cells (data not shown). Using SigmaScan
Pro software (SPSS Science, Chicago, IL), we measured the
areas under the peaks of phosphorus and calcium. The ratio
of the areas of the calcium to phosphate peaks from the
CNT-comp samples was 3:2 (1.5), which is close to the theoretical ratio of calcium to phosphate [Ca10(PO4)6(OH)2, Ca/P
ratio ¼ 1.67] in bone. On cpTi, the ratio was lower (1.33)
suggesting, the calcium phosphate crystals formed on cpTi
were not similar to those formed in bone.
The distribution of calcium on the surfaces of the substrates was also examined using EDS. In Figure 7, the dots
represent locations of calcium crystals and the number of
dots were counted using Adobe Photoshop CS4 (Adobe Systems Inc, San Jose, CA). The number of calcium crystals on
CNT-comp (3993 6 17) was signiﬁcantly higher (p < 0.05)
than on cpTi (3165 6 26). This ﬁnding was consistent with
the biochemical assays that showed cpTi had the lowest
amount of calcium deposition.
Although our in vitro studies provided promising results
for CNT-comps, the in vivo effects of CNTs in bone are not
clearly known. To our knowledge, two publications have
reported the effects of implanted CNTs in bone.29,30 Both
the reports evaluated healing of noncritical sized defects. A

FIGURE 6. Electron dispersive spectroscopy (EDS) of substrates with
cells 4 weeks after cell plating. On cell-free surfaces, Ca and P had no
detectable peaks (data not shown). After culture, both cpTi and CNTcomp surfaces showed prominent peaks of Ca and P. The area under
the peak was measured by SigmaScan Pro.

critical sized defect would not completely close the defect
with bone without addition of scaffold. We, therefore, examined the biocompatibility of these materials in a critically
sized defect in the calvaria of 6-week-old rats (n ¼ 3 per
material). Six weeks after the implantation, histomorphometric analysis revealed that bony extensions formed in
close approximation to the CNT-comp [Fig. 8(A)]. Furthermore, there were no histological signs of inﬂammation or
rejection of the grafted CNT-comps. Several areas of the
CNT-comp were covered only with ﬁbrous tissues. The control animals, without any graft, did not show similar bony
extensions [Fig. 8(B)]. Examination under polarized light
[Fig. 8(C)] revealed patterns of collagen deposition and
bone formation.44 In addition, a ﬁbrous tissue formed in
close contact with the CNT-comp surface.
DISCUSSION

In this study, a composite of chemically functionalized single-walled carbon nanotube with polymers using a layer-by-

FIGURE 7. Surface calcium mapping using EDS on substrates with cells 4 weeks after cell plating. The red dots indicate locations of calcium. All
the three substrates showed uniform distribution of calcium, while CNT-comp had higher amount of calcium compared to cpTi (p < 0.05). [Color
ﬁgure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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FIGURE 8. Histological sections through the cranium containing CNT-comp disks (A and C), and no substrate (B). (A) Shows an extension of
bone (black arrows) on one side of the CNT-comp disk (white arrow). A thin layer of ﬁbrous tissue was present between the bone and the disk.
There is no contact visible between the new linear bone and the edge of surgical defect. (B) Shows a cross section through a control animal
without any substrate. No new bone formation is seen in the defect. Only small projections of the osseous structures were visible at the margins
of the defects. The defect was closed with ﬁbrous tissue only. (C) is a polarized view of a histological section through a CNT-comp and the cranial bone. The bone adjacent to the disk is mature lamellar type, while the remaining bone is immature or irregular woven bone. [Color ﬁgure
can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

layer technique was fabricated. This CNT composite had
physical properties within the range of cortical and trabecular
bone. The CNT-comp was not toxic to the cells (in vitro) or
tissues (in vivo). During cell culture, both CNT-comp and cpTi
surfaces were covered by cells. However, calcium deposition
on the CNT-comp was higher than on the cpTi. These results
suggest that osteoblasts will proliferate and differentiate on
CNT comp surface as well as or better than cpTi. In vivo studies showed adequate bone formation around non-porous CNTcomposite. Bone formation may be improved if the CNT-comp
was porous to allow better transport of nutrients.
A composite of CNT with polymers can be created in
several ways.45,46 However, CNT-comps assembled using
layer-by-layer technique have been shown to provide better
mechanical properties than those fabricated with traditional
methods.4 We used PDDA, PEI, and PSS for the layer-bylayer assembly because of their charge densities and biocompatibility. In our fabrication method, the CNTs were
coated with a thin layer of PEI (4 nm), leaving parts of
the SWCNTs exposed to the cellular environment. Therefore,
the response of osteoblasts, as observed in our study, can be
attributed to CNT as well as polymers. Several researchers36,37,39,40 have reported that the lower bound of modulus
of trabecular and cortical bone to be of the same order of
magnitude as that obtained in this study. By changing the
number of CNT layers the mechanical properties can be varied. It is therefore possible to create a scaffold with similar
mechanical properties as bone for speciﬁc anatomic locations.
Several studies had reported that CNTs can be toxic to
some types of cells.7,10,47,48 Our several unpublished work
showed CNT being nontoxic. A hemolytic assay was conducted by incubating CNT-comp in oxalated rabbit blood.
After 1 h of incubation, the percent hemolyis was similar to
positive (0.1% sodium carbonate) and negative controls
(normal saline without CNT-comp). In an agar overlay assay,
mouse embryo ﬁbroblast cells (clone L-929) were coated
with agar. CNT-comp samples were placed directly on the
solidiﬁed agar overlay testing surfaces. Control surfaces
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were latex and polypropylene. Following 24–36 h of incubation, cells were evaluated microscopically for morphology.
This experiment also showed the effect of CNT-comp being
similar to the control surface. An MTT assay was conducted
using SWCNT particles in a culture of hFOB cells. In this
assay, the functionalized SWCNTs did not appear to be toxic.
The proliferation of hFOB cells on the CNT-comp indicated that this substrate was not toxic to the cells. Other
investigators have shown high cell proliferation on CNTs,
particularly on single-walled tubes.18,49,50 We compared the
cell proliferation on CNT-comp to those on TC and cpTi. The
high number of cells on TC surfaces can be attributed to
the surface of the culture dishes having been optimized for
cell growth. The cpTi surface was rougher than CNT-comp.
Rough surfaces are known to promote cell proliferation
compared to smooth surface.41
The early spread of cells is an indicator of initial biocompatibility, but it may not predict future differentiation of
the cells. The hFOB cells were slow to spread on CNT-comp
compared to cpTi, but were able to differentiate on these
surfaces at day 7 and week 4 of culture. Previous work indicated that cell spread requires 6–8 h on smooth surfaces.41
In that study, it was shown that the cells spread wider and
earlier on rough surfaces compared to smooth surfaces.
After the cells spread on a surface, they assemble as
layers forming a nodule. The nodule is the center of initiation of mineralization. A round cell thus is not at a stage of
maturity or initiation of mineralization. Some reports have
misinterpreted round cell on MWCNT surface on day 5 of
culture as a mature osteocyte.18 It is highly unlikely that the
cells differentiated in 3 or 5 days into osteocytes. In addition, it was claimed that the cells were embedded in bone
matrix. When cells become embedded in extracellular matrix, the outlines of the cells are difﬁcult to identify, as
shown in our SEM images of 72 h and 4 weeks. A persistently round cell indicates that the host surface is not conducive for cell spreading. In the same study, cells did spread
on both SWCNTs and on control glass surfaces. In another
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study using MWCNTs coated with HA, hFOB cells were
claimed to differentiate to maturity on day 3.22 A maturity
by day 3 is unlikely as cells continue to proliferate for several days after plating.
Although the cellular proliferation was lower on CNTcomp, ALP activity of osteoblast cultured on CNT-comp was
similar to that on cpTi. The low cell proliferation and high
ALP activity on the CNT-comp suggest that cells started to
differentiate earlier on this surface. The TC, which had highest cell proliferation, had low ALP activity. These in vitro
results indicate that initial cell proliferation on a surface
was not a good indicator of subsequent differentiation.
Matrix mineralization was measured in two ways: total
calcium was measured biochemically, and surface calcium
was measured using EDS. The biochemical assays showed
signiﬁcantly higher calcium deposition on CNT-comp compared to the other substrates. EDS studies also conﬁrmed
that surface calcium was highest on CNT-comp.
In our study, we created a critical sized defect to evaluate the capacity of the CNT-comp to promote bone healing.
Bone formation was on only one side of the CNT-comp. In
addition, a ﬁbrous tissue formed in close contact with the
CNT-comp surface. In some histological sections (data not
shown), bone started forming from the edge of the defect
towards the center of the CNT-comp disk, while other sections showed bone formation without connection to the
edge of the defect. The apparently isolated bone was likely
connected to the edge of the defect but appeared isolated
due to orientation of the tissue slices and thus does not
indicate heterotopic ossiﬁcation. Although both the surfaces
of the CNT-comp disks were identically prepared, the nonporous nature of the CNT-comp disks may have restricted
the ﬂow of nutrients and endogenous bone stimulating factors, thus promoting bone formation only on the inner side.
In all the cases, the bone did not completely close the critical defect at 6 weeks after implantation. This may be due to
the relatively short period of healing. CNT-comp disks were
coated with polymer and have roughness only on the nanoscale. Rough surfaces induce better bone formation.51,52
Therefore, bone formation on CNT-comp may improve with
increased surface roughness. On polarized views, the presence of lamellar bone near the CNT-comp disk indicated
physiologic bone repair to heal the surgical defect.
CONCLUSION

CNT-composites have been developed to meet the mechanical properties of bone, speciﬁcally the modulus of elasticity.
Our results show that early in vitro response of cells (i.e.,
cell proliferation) may not be a good indicator of future success of biomaterials. Cell proliferation was highest on the
TC surface, but differentiation and matrix mineralization
was low. CNT-comp allowed better mineral formation compared to the TC or cpTi substrates. The EDS study conﬁrmed that the surface of CNT-comp was better in promoting matrix mineralization than cpTi surface. As the CNTcomp was compatible to cells, a porous or rough CNT-comp
disk may encourage even better cell proliferation and matrix
mineralization. In vivo studies showed that CNT-comp was
JOURNAL OF BIOMEDICAL MATERIALS RESEARCH A | JAN 2011 VOL 96, ISSUE 1

biocompatible and promoted bone formation. Thus, CNTcomposites may be promising materials for use in dental
implants and for repair of bone defects.
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