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Abstract. Angiogenesis is critical for peri-implant bone regeneration and
osseointegration. Endothelial cells (ECs) play an important role in angiogenesis
during the early stage of bone formation. Nerve growth factor (NGF) is also
reported to function as an angiogenic growth factor. The effects of NGF on ECs
seeded on titanium surfaces are unclear. This study was done to investigate the
influence of NGF on peri-implant angiogenesis in vitro and in vivo. We used two
different titanium surfaces. ECs seeded on these surfaces were treated with
indicated concentrations of NGF or vascular endothelial growth factor (VEGF).
Proliferation, differentiation, morphological features, and amounts attached were
assessed. Chicken embryo chorioallantoic membrane (CAM) was adopted to
evaluate the effect of NGF in vivo. The results showed that NGF could promote
EC proliferation on both titanium surfaces (F1d = 2.083, P = 0.156; F3d = 30.857,
P = 0.0002; F5d = 4.440, P = 0.041; F7d = 11.065, P = 0.001). NGF and the SLA
surface upregulated mRNA of NGF, TrkA, and p75 expression (FNGF = 11.941,
P = 0.003; FTrkA = 28.514, P = 0.004; Fp75 = 7.725, P = 0.01). In vivo, the
supernatants of the NGF-treated group could promote neovascularization in CAM
(F = 17.662, P = 0.009). This study demonstrated that NGF could enhance EC
proliferation, gene expression on different titanium surfaces, and
neovascularization in CAM. This provides novel information in relation to the
promotion of early dental implant osseointegration.
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Dental implants are a reliable treatment
for the replacement of missing teeth.
Early stage peri-implant bone formation
is an important factor for the success of

dental implants. Angiogenesis is a
critical process during the formation of
new bone, bone regeneration, and
osseointegration.1 Bone mineralization

and ossification are tightly coupled with
angiogenesis2. The formation of blood
vessels is one of the earliest events dur-
ing bone repair.3
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Nerve growth factor (NGF), first in-
vestigated over 60 years ago, is known
for its important role in the central and
peripheral nervous system.4 NGF was the
first discovered nerve growth-promoting
factor.5 Evidence has shown that it has
effects not only on neuronal cells but also
on several non-neuronal cells.6 NGF
functions by binding to its two receptors:
one is the high-affinity receptor, tyrosine
kinase receptor A (TrkA), and the other is
the low-affinity receptor, neurotrophin
receptor p75 (p75).7 The discovery of
the TrkA and p75 receptors in non-neural
tissues,8 including endothelial cells
(ECs),9 indicates that the influence of
NGF is not restricted to the nervous
system.10

ECs play a pivotal role in the osseointe-
gration of dental implants. ECs have been
regarded as an important initiator of the
development, remodelling, and repair of
bone for a long time.11 When bone is
injured, there is always a hypoxic milieu
around the fracture caused by the disrup-
tion of blood vessels (oxygen supply).
Hypoxia can regulate the production of
key modulators by osteoblasts that influ-
ence EC proliferation,12 and at the same
time, induce the secretion of osteogenic
growth factors by ECs.13,14

The effects of NGF on ECs have been
studied widely, but the responses of ECs
on implant surfaces with different micro-
topographies remain unknown. Hence, we
chose two titanium surfaces for this study,
the sandblasted with large-grits, acid-
etched surface (SLA) and the polished
titanium surface (PT). The SLA implant
surface is the most widely used in clinics
for its advantages in improving osseointe-
gration.15,16 PT was the first clinically
available dental implant surface (Bråne-
mark), and is still used widely in animal
experiments due to its low cost and sim-
plicity of manufacture.17 The purpose of
this study was to further investigate the
function of NGF in peri-implant angiogen-
esis in vitro and in vivo.

Materials and methods

Reagents

Recombinant human beta-NGF and re-
combinant rat vascular endothelial growth
factor (VEGF) were purchased from R&D
Systems (Minneapolis, MN, USA). Foetal
bovine serum (FBS), Dulbecco’s modified
Eagle medium (DMEM), and trypsin were
purchased from HyClone (Logan, UT,
USA). Cell counting kits (CCK-8) were
purchased from Dojindo (Mashiki-machi,
Kumamoto, Japan).

Cell culture

A clonal cell line – human umbilical
vein endothelial cells (HUVECs), a gift
from Dr. Yao – was cultured in DMEM
containing 10% FBS and 1% penicillin–
streptomycin, and incubated at 37 8C with
5% CO2.

Proliferation assay

HUVECs were digested by 0.25% trypsin
with ethylenediaminetetraacetic acid
(EDTA) and re-suspended in DMEM con-
taining no FBS. Cells were then seeded in
96-well plates at a density of 104/well and
incubated at 37 8C with 5% CO2. After
12 h, the medium was replaced with
fresh DMEM containing 2% FBS with
or without NGF at concentrations of 0,
1, 10, and 100 ng/ml. The viability of
HUVECs was assessed with the CCK-8
assay on days 1, 3, 5, and 7. The optical
density (OD) values were measured at
450 nm using a microplate reader
(Varioskan Flash; Thermo Fisher Scien-
tific, USA). After this first step, the group
showing the best result was chosen to
repeat the CCK-8 assay, comparing this
with the VEGF (10 ng/ml) group as the
positive control.

Cell cycle assay

After 2 days of culture in different con-
centrations of NGF, HUVECs were
digested with trypsin. The collected
cells were then washed with phosphate
buffered saline (PBS), centrifuged twice
at 2000 � g for 5 min, and fixed with 70%
ice-cold alcohol at 4 8C overnight. Cells
were then centrifuged, washed with PBS,
and incubated in 100 ml RNase at 37 8C
for 30 min. Then 300 ml propidium iodide
was added and the cells were incubated for
30 min at 4 8C. The S-phase fraction of
total cells (SPF) and the DNA prolifera-
tion index (PI) of each sample were ana-
lyzed and calculated using flow cytometry
(Beckman Coulter, USA), according to the
following formulae: SPF (%) = S/(G0/
G1 + S + G2/M) � 100%; PI (%) = (S +
G2/M)/(G0/G1 + S + G2/M) � 100%.

Titanium surfaces

The titanium discs (14 mm in diameter
and 1.0 mm in thickness) used in this study
were made of commercial pure titanium
and supplied by Prof. Liu (National Engi-
neering Research Centre of Biomaterials,
Sichuan University, China). These titani-
um substrates have been examined and
used in many other studies by our

group.18–20 Briefly, for the smooth sur-
faces, the discs were polished with a se-
quence of silicon carbide papers. To
fabricate the SLA surfaces, the discs were
blasted with 300-mm alumina oxide par-
ticles and were then ultrasonically cleaned
and dried. The blasted samples were next
subjected to double chemical etching with
hydrogen peroxide and hydrochloric acid.
Before the in vitro tests, all titanium discs
were ultrasonically cleaned and sterilized
in an autoclave. The roughness of the
smooth surface was 2.59 Rz; the rough-
ness of the SLA surface was 11.9 Rz.

The HUVECs seeded on these two sur-
faces were divided into four groups: (1)
NGF + SLA group, in which cells were
seeded on the SLA surface and treated
with NGF; (2) SLA group, in which cells
were seeded on the SLA surface, but not
treated with NGF; (3) NGF + PT group, in
which cells were seeded on the PT surface
and treated with NGF; (4) PT group, in
which cells were seeded on the PT surface,
but not treated with NGF.

Cell proliferation on different titanium

surfaces

The titanium discs were placed into 24-
well plates (Costra, Coning). HUVECs
were seeded at a density of 5 � 104/well
and treated with 10 ng/ml of NGF. Cell
proliferation on the titanium surfaces was
evaluated by MTT assay on days 1, 3, 5,
and 7. The test was repeated with VEGF
(10 ng/ml) as positive control; cell prolif-
eration was evaluated by CCK-8 on day 3.

Cell attachment on different titanium

surfaces

The titanium discs were placed into 24-
well plates (Costra, Coning) and seeded
with HUVECs at a density of 104/well.
After 4 h and 24 h, 40,6-diamidino-2-phe-
nylindole (DAPI) staining was performed
to evaluate the amounts of attached
cells under a fluorescent microscope (five
visual fields for each sample); a scanning
electron microscope (SEM) was used to
evaluate the morphological features of
HUVECs on the titanium substrates.
Briefly, we fixed the cells with 2.5% glu-
taraldehyde for 2 h and dehydrated the
samples with an ascending series of etha-
nol. The samples, treated by dehydration
and coated with gold alloy, were then
viewed under the SEM.

Real-time polymerase chain reaction

(PCR)

HUVECs on titanium were collected with
trypsin/EDTA solution at 37 8C and 5%
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