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Objective: This study aims to investigate the adsorption of low density lipoprotein (LDL) on a titanium

surface and to explore its effect on osteoblast behaviors. Materials and methods: LDL adsorption on

a titanium surface was analyzed using LDL assay and X-ray photoelectron spectroscopy (XPS). Physical

properties, including topography, surface roughness and wettability of a control smooth titanium surface

and a LDL pre-adsorbed titanium surface, were assessed. Subsequently, the adhesion, proliferation and

differentiation abilities of MC3T3-E1 cells (an osteoblast-like cell line) on the surfaces of control titanium

and LDL pre-adsorbed titanium were investigated. Results: LDL assay and XPS confirmed LDL adsorption

on the titanium surface. The maximum adsorption of LDL on the titanium surfaces was observed after

150 minutes of incubation. In comparison with the control smooth titanium surface, the roughness and

hydrophilicity of the LDL pre-adsorbed titanium surface were significantly altered. Furthermore, in vitro

studies demonstrated that LDL adsorption obviously attenuated the adhesion, proliferation and

differentiation of MC3T3-E1 cells on the titanium surface. Conclusion: LDL could adsorb on a titanium

surface. Meanwhile, LDL adsorption changed the characteristics of the titanium surface, which, in turn,

negatively regulated osteoblast behaviors.
1. Introduction

Titanium and its alloys are extensively applied in dental
implants owing to their advantages of excellent biocompati-
bility, great tensile strength, and recognizable corrosion resis-
tance.1 The surface properties of titanium indicate the existence
of amorphous TiO2, which is known as a stable oxide layer with
a thickness between 3 and 7 nm.2 Blood (plasma) inltration
occurs during the rst process of contact with an implant
surface once a dental implantation is nished.3 It is well known
that, immediately aer plasma contact, rapid adsorption of
plasma proteins onto the biomedical material takes place.4 In
bone-to-implant binding, adsorption of blood-derived proteins
onto the implant surface can inuence subsequent cell attach-
ment, spreading, proliferation, differentiation and regulation of
material–cell interactions.5,6 Thus, the exploration of protein
adsorption on a titanium surface is necessary to elucidate the
factors inuencing dental implant success.

Protein adsorption, such as human serum protein on TiO2, is
of great importance due to their presence in plasma and
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potential functions in wound healing and inammatory
response.7 Previous reports have investigated several blood-
derived proteins existed in plasma, such as bronectin, serum
albumin and collagen. The potential effects of their adsorption
on titanium surface and osteoblasts in vitro have been identi-
ed.8–10 These proteins can concentrate on the interface
between implant surfaces and the surrounding matrix. In
addition, the adsorption of bronectin is considered to be
affected by the wettability of implant surface, with greater
binding observed on hydrophobic surfaces.11,12

Low density lipoprotein (LDL), one of plasma lipoproteins, is
considered as a macro-molecular assembly of proteins and
lipids in blood.13 It consists of triglycerides, cholesteryl esters
and apolipoprotein B-100 (apoB-100). ApoB-100 is one of the
largest monomeric proteins with 4536 residues.14 In hyperlip-
idemia, plasma concentration of LDL tends to be excessive.
Hyperlipidemia induced by high-fat (HF) diet is characterized
by elevated lipids in the bloodstream.15 Some studies have
indicated that hyperlipidemia can signicantly interfere with
the process of implant osseointegration, decreasing bone
formation and strength of bone-to-implant interface, as well as
increasing implant loss. This may eventually lead to adverse
consequences in dental implant therapy.16,17 However, recent in
vivo studies also pointed out that high LDL is a neglected bio-
logic risk factor in dental implant osseointegration.18,19 Since
the effect of high LDL on bone development or implant remains
controversial, more studies have been performed to illustrate
RSC Adv., 2019, 9, 18589–18598 | 18589
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the relationship between high level of LDL and osteoblast
behaviors.20–22 At the cellar level, osteoblasts are able to bind,
internalize and degrade LDL by SR-B receptors. Meanwhile, they
can oxidize LDL into oxidized-LDL (ox-LDL), which has been
proved to inhibit osteoblast differentiation and result in adverse
effects on bone formation.23 Furthermore, it has been found
that ox-LDL is negatively associated with bone mineral density,
leading to osteoporosis in post-menopausal women.24 Conse-
quently, the potential role of LDL in the interaction between the
implant surface and surrounding matrix should be claried,
especially in hyperlipidemia patient.

Cellular responses are mediated through proteins and
protein ligands. It is generally believed that the initial event in
the interaction between material surfaces and blood is protein
adsorption onto the surface.25 The relationship between the
adsorption of specic proteins and the surface reactivity of
materials has not so far been fully explicated. As a risk factor of
hyperlipidemia, LDL was speculated to induce adverse effects
during the process of dental implant osseointegration.
However, to the best of our knowledge, scientic evaluations on
the surface characteristics of titanium surface aer LDL
adsorption have not been reported. Therefore, in the present
study, we hypothesized that early osteoblast behaviors could be
affected by LDL pre-adsorbed titanium surface. The existence of
LDL adsorption on titanium surface in vitro was explored and
the osteoblast behaviors on pre-adsorbed titanium surface were
investigated. Such information would promote the under-
standing of potential inuence of hyperlipidemia on dental
implant treatment.
2. Materials and methods
2.1. Specimen preparation

Commercially pure titanium (99.5 wt% purity, Shanghai, China)
was applied in this study. All specimens were polished using
waterproof silicon carbide paper from #400, #600, #800, #1000,
#1200 to #1500, followed by ultra-sonically cleaning with
ethanol and distilled water. Subsequently, samples were dried
in an oven at 65 �C for 24 h. All samples were disinfected by
disinfecting pan and dried for 24 h.
2.2. Evaluation of LDL adsorption capacity

Adsorption percentage was calculated in accordance with the
following equation:

AP ¼ ½C�B � ½C�A
½C�B

� 100%:

In this equation, adsorption percentage was represented by AP.
[C]B was the concentration before adsorption. [C]A was the
concentration aer adsorption. LDL was purchased from Yi-
Yuan Limited Liability Company (Guangzhou, China). Protein
purity was identied using agarose gel electrophoresis accord-
ing to manufacturer's instructions. LDL was diluted to 100 mg
ml�1 by phosphate-buffered saline (PBS), and then transferred
onto the surface of titanium specimens in a 96-well plate.
Subsequently, they were incubated in a 5% CO2 humidied
18590 | RSC Adv., 2019, 9, 18589–18598
environment at 37 �C for 180 min. The concentration of LDL
was determined in strict accordance with a LDL assay kit (Jian-
Cheng Bioengineering Institute, Nanjing, PRC). Measurements
were conducted for three times for each time point.
2.3. Analysis of surface characterization

According to the concentration of LDL (0, 50, 100 and 200 mg
ml�1), titanium specimens were divided into four groups.
Titanium specimens of different groups were immersed in 0, 50,
100 and 200 mg ml�1 LDL solutions respectively, and then
incubated in a 5% CO2 humidied atmosphere at 37 �C for an
optimal time, which was determined by above adsorption test.
Aer that, samples were washed with deionized water and dried
in a vacuum oven at room temperature. The surface chemical
composition of each sample was analyzed by X-ray photoelec-
tron spectroscopy (XPS, Thermo Scientic Escalab 250Xi, USA)
utilizing a monochromatic Al Ka electrode at 15 kV and 150 W
with a 45� take-off angle. Survey and high-resolution spectra
were obtained using pass energies of 160 and 40 eV, respec-
tively. Reference binding energy of each element was obtained
from the National Institute of Standards and Technology XPS
Online Database (http://srdata.nist.gov/xps/). Spectra were cali-
brated by adjusting the binding energy of C 1s to 284.8 eV.

The surface roughness of each sample was measured using
an optical prolometer (MicroXamTM, Phase-Shi, UP, Rtec co,
USA). The scanning area on each sample was 50 mm � 50 mm.
The surface wettability of each sample was evaluated from
contact angle by measuring the droplet of pure water on the
substrate using Automatic Contact Angle Meter Model SL200B
(Kenuo, USA) in an ambient environment. All measurements
were performed in triplicate.
2.4. Cell culture

MC3T3-E1 cells, an osteoblast-like cell line, were chosen in this
study. The cells were purchased from Chinese Academy of
Sciences Cell Bank (Shanghai, China). The cells were cultured in
a-Minimum Essential Medium (a-MEM, Gibco, Carlsbad, CA,
USA) supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin, and maintained in a humidied
atmosphere of 5% CO2 and 95% air at 37 �C. The medium was
changed every two days. Cells were passaged on reaching 80%
conuence for subsequent use.
2.5. Cell adhesion assay

To observe the morphology of cells growing on titanium spec-
imens, MC3T3-E1 cells (5 � 103 cells per well) were seeded on
different samples pre-adsorbed with 0, 50, 100 and 200 mg ml�1

LDL in 96-well plates. Aer culturing for 4 h, each sample was
rinsed with PBS and xed with 4% paraformaldehyde in PBS for
10 minutes at room temperature. Subsequently, each sample
was stained with rhodamine phalloidin (Cytoskeleton, USA) at
room temperature in the dark for 30 minutes. Aerwards, each
sample was stained with 40,60-diamidino-2-phenylindole (DAPI)
(Beyotime, Shanghai, China) in the dark for 30 seconds. The
morphology of adherent MC3T3-E1 cells in ve random elds
This journal is © The Royal Society of Chemistry 2019
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Table 1 Primer sequences of target genes for real-time PCR used in
this study

Gene Primer sequence (F: forward; R: reverse)
Product size
(bp)

Runx2 F: CCGAAATGCCTCCGCTGTTATG 194
R: TCTGTCTGTGCCTTCTTGGTTCC

OCN F: CACCTAGCAGACACCATGAGGAC 180
R: GACTGAGGCTCCAAGGTAGCG

b-actin F: GTGCTATGTTGCTCTAGACTTCG 174
R: ATGCCACAGGATTCCATACC
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on each sample were observed under a laser scanning confocal
microscope (LSM710, Zeiss, Germany) at 400� magnication.

2.6. Cell proliferation assay

Cell proliferation assay was performed to assess cell viability on
different titanium specimens pre-adsorbed with 0, 50, 100 and
200 mg ml�1 LDL using CCK-8 assay. MC3T3-E1 cells (2 � 103

cells per well) were seeded on samples in 96-well plates. Aer
culturing for 1, 2 and 3 days, 100 mL of culture medium con-
taining 10 mL of CCK-8 solution (Beyotime, Shanghai, China)
was added to each well and then incubated for 2 h. The absor-
bance at 450 nm was measured by a microplate reader (Spec-
tramax190, MD, USA). Each experiment was performed in
triplicate.

2.7. Alkaline phosphatase (ALP) activity assay

MC3T3-E1 cells (2 � 105 cells per well) were seeded on different
samples pre-adsorbed with 0, 50, 100 and 200 mg ml�1 LDL in 6-
well plates for ALP activity assay. Aer 7 and 14 days of incu-
bation, samples was washed with PBS and the cells on samples
were lysed with radio-immunoprecipitation assay buffer (Beyo-
time, Shanghai, China) at 4 �C for 30 minutes. Subsequently,
the lysates were centrifuged at 12 000 rpm at 4 �C for 10minutes
to remove cellular debris and the liquid supernatants were then
collected. ALP activity was obtained using an ALP Assay Kit
(Jian-Cheng Bioengineering Institute, China). Total protein
content was determined by a BCA protein assay kit (KeyGEN
BioTECH, Nanjing, China). Aer protein content normalization,
ALP activity relative to control was calculated. Each experiment
was performed in triplicate.

2.8. Real-time quantitative PCR

Expression levels of runt-related transcription factor 2 (Runx2)
and osteocalcin (OCN) genes of cells on different samples pre-
adsorbed with 0, 50, 100 and 200 mg ml�1 LDL were measured
using real-time quantitative PCR. MC3T3-E1 cells at a density of
2 � 105 cells per well were seeded on samples in 6-well plates.
Aer culturing for 7 and 14 days, total RNA in MC3T3-E1 cells
was isolated using TRIzol reagent (Invitrogen, Carlsbad, CA,
USA). Complementary DNA (cDNA) was synthesized according
to the instruction of PrimeScript RT Master mix (Takara,
Kusatsu, Japan). For real-time PCR assay, each cDNA was
amplied using SYBR Premix Ex Taq (Takara, Kusatsu, Japan)
via an ABI real-time PCR 7300 system (Applied Biosystems,
Foster City, CA, USA). All primer sequences used for target genes
were shown in Table 1. Expression levels of all target genes were
normalized to that of b-actin. Real-time PCR was performed in
triplicate for each group.

2.9. Western blotting

Protein expressions of Runx2 and OCN of cells on titanium
surfaces were examined by Western blotting. Aer culturing in
6-well plates on different samples pre-adsorbed with 0, 50, 100
and 200 mg ml�1 LDL for 3, 7 and 14 days, MC3T3-E1 cells (2 �
105 cells per well) were rinsed with cold PBS and protein
This journal is © The Royal Society of Chemistry 2019
samples were harvested by lysis in radio-immunoprecipitation
(RIPA) buffer. The concentration of extracted total proteins
was determined using the BCA protein assay kit (Key-GEN
BioTECH, Nanjing, China). Protein samples (20 mg) were sepa-
rated by electrophoresis and then transferred onto poly-
vinylidene uoride (PVDF) membranes (Millipore, Billerica,
MA, USA). Aer blocking with 5% non-fat milk for 1 h at room
temperature, the membranes were incubated with primary
antibodies against Runx2 (12556; CST, Beverly, MA, USA), OCN
(ab93876; Abcam, Cambridge, Ma, USA), and b-actin (BM0627,
Boster, Wuhan, China) at 4 �C overnight. On the next day, the
membranes were incubated with corresponding secondary
antibodies (ZB-2301, Goat anti-Rabbit IgG, ZSGB-BIO, Beijing,
China; AP124P, Goat anti-Mouse IgG, Millipore, USA) at room
temperature for 2 h. Aer that, the membranes were visualized
using the ECL Western Blot Kit (Millipore, USA). The protein
expressions were determined relative to that of b-actin. The gray
values of protein levels were quantied using the Photoshop
soware.
2.10. Statistical analysis

Experimental results were expressed as means� standard error.
SPSS 22.0 soware (IBM, Armonk, NY, USA) was used for the
statistical analysis. Data were analyzed by one way analysis of
variance (ANOVA) with Student–Newman–Keuls method for
multiple comparisons. The homogeneity of variance was tested
before performing ANOVA. P < 0.05 was considered statistically
signicant.
3. Results and discussion
3.1. Effect of time on LDL adsorption percentage

Fig. 1 illustrated the percentage of LDL adsorption on titanium
surface at different adsorption intervals during 180 min incu-
bation. The adsorption percentage increased with the prolon-
gation of adsorption time. At 2.5 h (150 min), it reached an
optimal condition and the adsorption capacity of LDL was
about 41%. For this reason, in the following experiments of this
study, 150 min had been selected as the optimal time for LDL
pre-adsorption on titanium surface. Similar with other studies,
it was reported that the optimal time for LDL adsorption was
within the range of 1.5–3 h.26,27 Several metal materials,
including alloys (stainless steel and Ti6Al4V) and pure metals
(Ti, Al, Mo, Co, Ni and Ta), adsorbed only very low amounts of
RSC Adv., 2019, 9, 18589–18598 | 18591
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Fig. 1 Effect of adsorption time on adsorption percentage.
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protein at the initial stage of exposure to the protein solution,
and then the amount adsorbed rising gradually to reach
a steady value.28 LDL is a principal transporter for cholesterol in
the blood. LDL adsorption kinetics suggested that LDL
adsorption on titanium surface was restricted to the availability
of binding sites.28 The adsorption capacity reached maximum
once binding sites were occupied. ApoB-100 is the only protein
component of LDL.29 Thus, it can be reasonably supposed that
LDL adsorbed on titanium surface via its protein moiety apoB-
100.
3.2. Characterization of titanium surface

3.2.1 XPS analysis. XPS survey spectra acquired for
different titanium surfaces pre-adsorbed with 0, 50, 100 and 200
mg ml�1 LDL were displayed in Fig. 2. Aer LDL adsorption,
carbon (C), nitrogen (N), oxygen (O) and titanium (Ti) were
detected on the titanium surfaces. The peaks of C 1s and N 1s
Fig. 2 XPS survey spectra of different titanium surfaces pre-adsorbed
with 0, 50, 100 and 200 mg ml�1 LDL.

18592 | RSC Adv., 2019, 9, 18589–18598
increased signicantly, whereas the peaks of Ti 2p and O 1s
showed gradually declining trend as the concentration of LDL
increasing. XPS high-resolution spectra of Ti 2p, O 1s, N 1s and
C 1s on different titanium surfaces were displayed in Fig. 3. The
peak of Ti 2p3/2 was detected at 458.6 eV, indicating the exis-
tence of TiO2 compound (Fig. 3(a)). O 1s peak was found at
530.1 eV, which corresponded to the oxide phase of titanium
(Fig. 3(b)). In concurrence with other investigators, the peak
separation and peak position indicated the presence of TiO2,
with an oxidation state of 4+.4 Furthermore, the binding energy
of N 1s was found at 400.0 � 0.1 eV, which was representative
for protein nitrogen (Fig. 3(c)). In this study, C 1s spectra were
tted by two main peaks, which were shown as dotted lines in
Fig. 3(d). Peak 1 was set at 284.8 eV for –H–, and peak 2 was at
286.2 eV for –C–N–. For the control group without LDL
adsorption, adventitious C and N peaks originated from the
laboratory environment.

As shown in XPS survey and high-resolution spectra (Fig. 2
and 3), the results indicated that LDL adsorbed to titanium
surface and the titanium oxide was covered aer LDL adsorp-
tion. Previous studies have reported that titanium oxide played
an implant role in the protein adsorption on titanium
implants.2,6 There was a clear trend for enhanced LDL adsorp-
tion along with the increase of LDL concentration in this
study. N 1s signal is specic to the protein. Generally, C 1s
spectra consist of different peaks because of many functional
groups existing in protein molecules.4 Such groups are carbon
singly bonded with oxygen or nitrogen, or carbon bonded with
one or two (NH2–), etc. The adsorbed protein amount can be
monitored by the experimental area ratio of N 1s and Ti 2p
peaks, N 1s/Ti 2p.30 Higher value of this ratio indicated more
adsorbed protein.

3.2.2 Surface wettability and surface roughness. Fig. 4
displayed the contact angles of different titanium surfaces with
or without LDL adsorption. According to the American Society
for Testing and Materials (ASTM) D7334-08 specications,31

a surface is hydrophilic when the water contact angle is less
than 45� or hydrophobic when the contact angle exceeds 90�. As
shown in Fig. 4, the control smooth titanium surface without
LDL adsorption showed hydrophobicity, with a contact angle of
67.08�. LDL pre-adsorbed titanium surfaces were signicantly
more hydrophobic than that of control titanium surface, except
for 50 mg ml�1 LDL adsorption. The correlation between surface
wettability and protein binding was reported as a result of the
presence of water molecules.32 Water molecules rst reach the
hydrophilic TiO2 surface and occupy adsorption sites during the
process of protein adsorption. Aer that, protein adsorption
occurs. Most abundant lipid species in LDL are triglycerides
and cholesteryl esters assumed to reside in the core of the
particle. However, different phospholipids are supposed to be
located on the titanium surface. Combined with experimental
and theoretical data from Murtola, et al.,33 apoB-100 protein is
encapsulated around lipid droplets of about 20 nm in size to
construct LDL models. Therefore, LDL adsorption on titanium
surface via its protein moiety apoB-100 might make titanium
surface hydrophobic in our work.
This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra03173a


Fig. 3 XPS high-resolution spectra of different titanium surfaces pre-adsorbedwith 0, 50, 100 and 200 mgml�1 LDL: (a) Ti 2p; (b) O 1s; (c) N 1s; (d)
C 1s.
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Fig. 5 presented the three-dimensional surface topography
and surface roughness values of different samples with or
without LDL adsorption. Three-dimensional images revealed
that the control titanium surface was obviously rougher than
LDL pre-adsorbed titanium surfaces. Correspondingly, signi-
cant changes of roughness values were found between LDL pre-
Fig. 4 Contact angles of different titanium surfaces pre-adsorbed
with 0, 50, 100 and 200 mg ml�1 LDL.

This journal is © The Royal Society of Chemistry 2019
adsorbed titanium surfaces and control titanium surface. It is
well known that surface roughness has a signicant impact on
cell response.34 The decline of surface roughness may have
impacts on cell response. So we further investigated the cell
adhesion, proliferation and differentiation on LDL pre-
adsorbed titanium surfaces.

3.3. Cell adhesion and spreading

Aer 4 h cell culture, the morphology of MC3T3-E1 cells varied
on different samples with or without LDL adsorption (Fig. 6(a)).
As shown in Fig. 6(a), the synapse of MC3T3-E1 cells on LDL pre-
adsorbed substrates was obviously shorter than those on the
control substrate. It revealed that LDL pre-adsorbed titanium
surfaces suppressed the attachment of osteoblasts. Other
studies have found that the effects of different proteins on cell
attachment were observed to be signicantly different.11,35,36 It
was observed that titanium surfaces adsorbed with bronectin
signicantly enhanced cell attachment.35 However, titanium
surfaces adsorbed with albumin had no obvious effect on cell
attachment.11 As is well known, protein adsorption on the
biomaterial surface is the initial biological response, which can
elicit a variety of cell responses.36 In this work, attenuation of
cell spreading on LDL pre-adsorbed titanium surfaces might
inuence the following cell proliferation.
RSC Adv., 2019, 9, 18589–18598 | 18593
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Fig. 5 (a) The three-dimensional surface topography of titanium surfaces pre-adsorbed with 0, 50, 100 and 200 mg ml�1 LDL; (b) the surface
roughness of different titanium surfaces pre-adsorbed with 0, 50, 100 and 200 mg ml�1 LDL.
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3.4. Cell proliferation

Cell proliferation was measured by CCK-8 assay, and the results
were presented in Fig. 6(b). With the prolongation of incubation
time, MC3T3-E1 cells proliferated on all samples. Aer 2 and 3
days of culture, compared with the control titanium surface,
Fig. 6 (a) Fluorescence images of MC3T3-E1 cells spreading on four sub
incubation (magnification 400�); (b) after culturing for 1, 2 and 3 days, cel
pre-adsorbed with 0, 50, 100 and 200 mg ml�1 LDL were analyzed by CC
on different titanium surfaces pre-adsorbed with 0, 50, 100 and 200
differences between different groups (P < 0.05).

18594 | RSC Adv., 2019, 9, 18589–18598
proliferation of MC3T3-E1 cells exhibited signicant reductions
on LDL pre-adsorbed titanium surfaces. Hamel et al.37 found
that native LDL particles may not alter the proliferation of MG-
63 cells. But another study of Kumagai et al.38 illustrated that
LDL had an important effect on cytotoxic activity of peritoneal
macrophages in mice. In the present study, LDL pre-adsorption
strates pre-adsorbed with 0, 50, 100 and 200 mg ml�1 LDL after 4 h of
l proliferations of MC3T3-E1 cells adhered to different titanium surfaces
K-8 assay; (c) the alkaline phosphatase (ALP) activity of MC3T3-E1 cells
mg ml�1 LDL after culturing for 7 and 14 days. * indicated significant

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 The mRNA levels of Runx2 and OCN in MC3T3-E1 cells on different titanium surfaces pre-adsorbed with 0, 50, 100 and 200 mg ml�1 LDL
were detected by real-time quantitative PCR analysis after 7 and 14 days of incubation. * indicated significant differences between different
groups (P < 0.05).
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titanium surface greatly inuenced proliferation of MC3T3-E1
cells. Interaction between LDL and titanium may be the cause
of changes in cell proliferation. It has been reported that tita-
nium exhibited oxidant activity, which could increase the
oxidation of LDL.39 Ox-LDL, as the oxidation product of LDL, is
known to be able to decrease the proliferation abilities of BMSC,
MG-63, MC3T3-E1 cells.40 Learning from the results, it was
found that LDL pre-adsorbed titanium surface played a negative
role on the proliferation of osteoblasts. Furthermore, cell
spreading, at the rst phase of cell/biomaterial interaction, acts
a key role in regulating cell proliferation.41
3.5. ALP activity

The consequences of ALP activity were shown in Fig. 6(c). Aer
culturing for 7 days, ALP activities of MC3T3-E1 cells on LDL
pre-adsorbed titanium surfaces signicantly decreased
compared with that of MC3T3-E1 cells on control titanium
surface. Aer culturing for 14 days, MC3T3-E1 cells on LDL pre-
adsorbed titanium surfaces exhibited more signicant reduc-
tions of ALP activities compared to the control group. ALP,
which is expressed in the early stage of osteogenic differentia-
tion, is an osteogenic marker of osteoblast differentiation. The
results indicated that osteoblastic functions of MC3T3-E1 cells
were signicantly altered aer LDL adsorption on titanium
surface. Protein adsorption is another critical determinant of
cell responses to biomaterials. Various cell behaviors are related
to the properties of adsorbed proteins on substrates. Previous
Fig. 8 Protein levels of Runx2 andOCN inMC3T3-E1 cells on different tit
detected by Western blotting after 3, 7 and 14 days of incubation.

This journal is © The Royal Society of Chemistry 2019
studies have shown that the interaction of osteoblast cells with
extra cellular matrix (ECM) proteins, collagen-1 (coll-1), bro-
nectin (FN) may inuence matrix mineralization, expressions of
osteogenic genes and ALP activity of osteoblasts in vitro.11,36,42

For example, FN played an important role in initial cell
attachment and spreading on biomaterials since it was able to
specially bind to integrin on cell membranes.43 However, having
insight into the role of adsorbed proteins on dental implant
surfaces is still a challenge.
3.6. Real-time quantitative PCR analysis

Osteogenic-related genes, including Runx2 and OCN, were
determined by the quantitative real-time PCR technique. As
shown in Fig. 7, the genes expression levels of Runx2 and OCN
inMC3T3-E1 cells on control titanium surface were signicantly
higher than those on LDL pre-adsorbed titanium surface aer
culturing for 7 and 14 days. With the increase of LDL concen-
tration, the gene expression levels exhibited gradual declining
trend. It demonstrated that LDL played a negative role on
expressions of bone formation-related genes aer its adsorption
on titanium surface.
3.7. Western blotting analysis

Western blotting analysis was performed to verify the expres-
sion levels of osteogenic-related proteins on titanium surfaces
with or without LDL adsorption. As shown in Fig. 8, MC3T3-E1
cells on LDL pre-adsorbed titanium surfaces expressed lower
anium surfaces pre-adsorbedwith 0, 50, 100 and 200 mgml�1 LDLwere

RSC Adv., 2019, 9, 18589–18598 | 18595
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Fig. 9 Quantification of protein levels of Runx2 and OCN using the Photoshop software. * indicated significant differences between different
groups (P < 0.05).
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protein levels of Runx2 and OCN than those on control titanium
surfaces aer culturing for 3, 7 and 14 days. The signicant
differences in the protein levels between different groups can be
18596 | RSC Adv., 2019, 9, 18589–18598
found from 3 days of incubation. Moreover, as the concentra-
tion of LDL rising, the protein expression levels of Runx2 and
OCN tended to decrease. Fig. 9 displayed the gray values of
This journal is © The Royal Society of Chemistry 2019
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protein levels quantied using the Photoshop soware. As
shown in Fig. 9, signicant differences were found between the
protein levels of Runx2 and OCN on titanium surfaces pre-
adsorbed with 200 mg ml�1 LDL and control titanium surface
for 3, 7 and 14 days.

Both quantitative PCR and Western blotting analysis
demonstrated that LDL pre-adsorbed titanium surface signi-
cantly down-regulated the expression levels of Runx2 and OCN
in MC3T3-E1 cells in comparison with those on control tita-
nium surface. Runx2 and OCN, as prominent osteogenesis
markers, were selected to analyze osteoblastic differentiation
activities in our work. Runx2 is expressed in the early stage of
osteogenic differentiation. OCN is recognized as a marker of
late-stage osteogenic differentiation and directly participates in
the mineralization process.44 From the results of Fig. 7 and 8, it
was believed that LDL down-regulated gene and protein
expressions of bone formation aer its adsorption on titanium
surface. Correspondingly, ALP activity of cells cultured on LDL
pre-adsorbed titanium surface was remarkably down-regulated.
This was in agreement with the adverse effect of LDL adsorption
on cell spreading and proliferation abilities. Furthermore, it has
been noticed that osteoblasts could bind, internalize and
degrade LDL while LDL adsorbed on titanium surface. This
might eventually lead to osteoblasts shedding, which was
adverse to bone formation.45

Talking about the results above, the LDL adsorption on
titanium surface was conrmed by LDL assay and XPS analysis,
and LDL pre-adsorbed titanium surface exhibited signicantly
worse in vitro bioactivity than that of control titanium surface.
Previous studies have reported that hyperlipidemia can signif-
icantly compromise implant osseointegration and cause poor
outcome in dental implant therapy.16,17 And that, it was found
that hyperlipidemia may negatively affect the implant stability
and decrease peri-implant bone regeneration.46 From our study,
it could be speculated that LDL adsorption on titanium surface
might be the possible original cause of hyperlipidemia-induced
poor implant osseointegration. Given this viewpoint, it is
necessary to control serum LDL level of hyperlipidemia patients
before dental implant treatment. However, the underlying
mechanism of LDL adsorption regulating osteoblast behaviors
and bone formation process required further investigations.

4. Conclusions

In the present study, we explored LDL adsorption on titanium
surface and conrmed that the maximum adsorption of LDL on
titanium surfaces occurred aer 150 min incubation. LDL
adsorption could signicantly change the roughness and
hydrophilicity of titanium surface. Furthermore, it was found
that LDL pre-adsorbed titanium surface exhibited deleterious
effects on the spreading, proliferation and differentiation of
osteoblasts.
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