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Abstract: This study describes the fabrication of two types of

multilayered films onto titanium by layer-by-layer (LBL) self-

assembly, using poly-L-lysine (PLL) as the cationic polyelec-

trolyte and deoxyribonucleic acid (DNA) as the anionic poly-

electrolyte. The assembling process of each component was

studied using atomic force microscopy (AFM) and quartz

crystal balance (QCM). Zeta potential of the LBL-coated

microparticles was measured by dynamic light scattering. Ti-

tanium substrates with or without multilayered films were

used in osteoblast cell culture experiments to study cell pro-

liferation, viability, differentiation, and morphology. Results

of AFM and QCM indicated the progressive build-up of the

multilayered coatings. The surface morphology of three

types of multilayered films showed elevations in the nano-

scale range. The data of zeta potential showed that the sur-

face terminated with PLL displayed positive charge while the

surface terminated with DNA displayed negative charge. The

proliferation of osteoblasts on modified titanium films was

found to be greater than that on control (p < 0.05) after 3

and 7 days culture, respectively. Alamar blue measurement

showed that the PLL/DNA-modified films have higher cell vi-

ability (p < 0.05) than the control. Still, the alkaline phospha-

tase activity assay revealed a better differentiated phenotype

on three types of multilayered surfaces compared to non-

coated controls. Collectively our results suggest that PLL/

DNA were successfully used to surface engineer titanium via

LBL technique, and enhanced its cell biocompatibility. VC 2012

Wiley Periodicals, Inc. J Biomed Mater Res Part A: 100A: 2176–2185,

2012.
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INTRODUCTION

It is well known that the surface properties of a biomaterial,
such as surface topography, roughness and chemical compo-
sition play a crucial role in success on placement in a bio-
logical environment. In particular, activity and behavior of
osteoblasts contacting material surface, both in vitro and in
vivo, are influenced by surface properties with precise
regard to microtopography and roughness.1–3 Critical to the
long-term success of orthopedic and dental implants is the
development of a stable direct connection between bone
and surface implant, which must be structural and
functional.4

Commercial pure titanium (cpTi) and its alloys have
been extensively used in dental and orthopedic fields for its
excellent biocompatibility, good implant fixation due to the
surface reactive oxide, and a high degree of mechanical
strength and corrosion resistance.5,6 However, titanium is
only passively integrated with bone and cannot directly bind
to bone. The biological performance of implants strongly
depends on the first interaction occurring when implant

surfaces come into contact with a biological environment.7

Surface modification is a usual way to control such interac-
tion by modifying the surface properties, such as the chemis-
try, surface charge, and topography of material surfaces, to
enhance bone growth and improve initial stability of bone-
contacting implants. The layer-by-layer (LBL) self-assembly
technique, described by Decher and Hong8 in 1991, allows
nanoscale control over deposition of a large variety of func-
tional materials in hybrid multilayered films. The electro-
static attraction between positively and negatively charged
molecules seems to be a good choice as a driving force for
multilayer build up.9 The multilayer built by the LBL method
afford a more stable coating than that prepared by physical
adsorption because of the electrostatic attractions between
layer-to-layer and layer-to-substrate. The LBL self-assembly
of polyanions and polycations into multilayered coatings has
emerged as a versatile, inexpensive yet efficient technique to
‘‘build" biologically active surfaces in recent years.10,11

In this study, LBL self-assembly of poly-L-lysine (PLL)
and deoxyribonucleic acid (DNA) was used to fabricate
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bioactive coatings on titanium films. PLL is well known not
only for its good biocompatibility12 but also due to its easy
conjugation with bioactive molecules.13,14 This polycation is
extensively studied for its applications in drug delivery sys-
tems,15 tissue engineering,16 microarray glass slide coat-
ing,17 and conjugation with alginate in microencapsula-
tion.18 PLL is also used in LBL assembly of some negatively
charged proteins19,20 in recent years. PLL is highly charged
at neutral pH, and the protonated amino group (ANH3

þ) of
PLL and the polyanion can be attracted by the ion-pair. So,
we chose PLL as the polycation for the assembling on
titanium.

DNA, the repository of genetic information with individ-
ual-specificity is an intriguing novel coating material for bio-
materials. Irrespective of its genetic information, the struc-
tural properties of DNA give this unique, natural compound
potential for use as a biomaterial coating.21 Finally, the
high-phosphate content in DNA might, via the high affinity
of phosphate for calcium ions,22,23 beneficially affect the
deposition of calcium in the bone formation process. The
use of DNA as a functional biomaterial, instead as a carrier
for its genetic information, has already been used with such
as poly(ethylenimine),24 poly(dimethyldiallylammonium
chloride),25 and poly(allylamine hydrochloride).26 Ren
et al.27 fabricated DNA films through LBL deposition and
released DNA as a DNA delivery system for multilayer films.
Only very recently, van den Beucken et al.21 described the
effect of multilayered DNA coating on titanium substrates
following the deposition of calcium phosphate and the
osteoblast-like cell behavior. So, we chose the LBL coating of
titanium prosthesis with PLL/DNA pair and focused on the
different bioactivity of every layer terminated with PLL or
DNA. In previous work, we have constructed and character-
ized PLL and DNA multilayered structure via LBL technique,
and studied the ability of protein adsorption and biomimetic
mineralization of multilayered films on titanium surfaces.28

The purpose of this study was to evaluate the effect of this
PLL/DNA coating on cell viability, cell morphology, and alka-
line phosphatase (ALP) activity. The surface characteristics
of the LBL implants, including surface morphology and
roughness, surface charge and the films thickness, were ana-
lyzed by atomic force microscopy (AFM), dynamic light scat-
tering (DLS), and quartz crystal microbalance with dissipa-
tion technique (QCM-D), respectively.

MATERIALS AND METHODS

Materials
Commercial pure titanium (cpTi, U10 � 1.5 mm2, 99.7%)
was gained from Baoji Special Iron and Steel (Shanxi Prov-
ince, China). PLL (MW 30–70 kDa), N-[2-hydroxyethyl] pi-
perazine-N0-[2-ethanesulfonic acid] (HEPEs, free acid, high
purity grade) was purchased from Sigma. DNA (fish sperm,
sodium salt) was obtained from AppliChem (Germany). All
reagents were used as received.

Preparation of titanium surfaces
Titanium disks were burnished with 240, 400, 800, 1500,
and 2000 grit silicon carbide paper, washed ultrasonically

with distilled water, acetone, ethanol, and distilled water in
turn and dried in air at room temperature. Then the sam-
ples were immersed in 5M NaOH at 80�C for 6 h, rinsed
ultrasonically with distilled water for three times, subse-
quently, dipped in distilled water for 24 h and dried in air.
The disks treated above were marked as TiOH.

Preparation of polyelectrolyte multilayer films
The assembling process was according to the previous
study.28 The first layer of PLL was adsorbed onto the Ti
surfaces by immersing the titanium substrates in 1 mg/mL
PLL/HEPEs buffer (20 mM HEPEs, 75 mM NaCl, pH 7.4) for
15 min, and then washed with distilled water, dried in air at
room temperature. The PLL-covered substrates were then
immerged in 1 mg/mL DNA/HEPEs buffer (20 mM HEPEs,
75 mM NaCl, pH 7.4) for 15 min, then washed and dried.
The process of the third layer was repeated as the first
layer. These disks were marked as Ti/P, Ti/P/D, and Ti/P/
D/P, respectively. All samples were dried in a vacuum desic-
cator under room temperature for at least 12 h before the
measurements. Figure 1 shows the schematic construction
of PLL-DNA multilayered films.

Characterization by atomic force microscopy
The roughness of the samples was characterized by AFM
(CSPM5000, Being, China) in tapping-mode at ambient tem-
perature. Typical scan sizes were between 10 � 10 lm2.
Image analysis software (WSxM free software) was used to
generate micrographs and quantitatively compare surface
roughness, using root mean-square (RMS) calculations, a
roughness denotation based on the standard deviations
(SD) of the z-value (vertical direction).

QCM-D measurement
The QCM-D (USI-System, Japan) was used for the evaluation
of the LBL assembly process. As a sensor, titanium-coated
QCM-D sensor crystal (14 mm diameter) was used. The tita-
nium sensor crystals were cleaned before measurement in
an UV/ozone chamber for 15 min. The crystal resonant fre-
quency (Df) and the dissipation factor (DD) of the oscillator
were measured simultaneously at a fundamental resonant
frequency (5 MHz) and at a number of overtones, including
35 MHz.

The QCM-D frequency shift was recorded after adsorp-
tion of each layer. A change in frequency shift indicates ei-
ther adsorption or desorption of mass on the resonator sur-
face. Negative frequency shift corresponds to deposition of
mass and positive shift indicates removal of mass. The fre-
quency shift (Df) is related to the adsorbed mass (Dm)
according to the Sauerbrey equation.29 At 5 MHz, a fre-
quency shift of 1 Hz corresponds to a mass change of �
17.7 ng/cm2. This relation is applicable strictly to suffi-
ciently thin, rigid films.30 A second measurement parameter,
dissipation (D), gives qualitative information about the
viscoelastic properties of the adsorbed layer.

HEPEs solution was introduced into an axial flow cham-
ber comprising a T-loop to thermally equilibrate the sample
at 37 6 0.1�C. The sequence of injections into the QCM-D cell
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for an experimental run was as follows: 2 mL of PLL/HEPEs
solution, 2 mL of HEPEs solution, 2 mL of DNA/HEPEs solu-
tion, 2 mL of HEPEs solution, and 2 mL of PLL/HEPEs
solution.

Zeta potential measurements
PLL-DNA multilayers were fabricated on titanium powder
nanoparticles (80 nm). The general principle of alternating
the surface remains the same as on a flat surface. Surface
charges were measured by DLS using a zeta potential ana-
lyzer (Nano-ZS90, Malvern Instruments, UK). The mixture of
titanium powder nanoparticles and HEPEs buffer (0.1 mg/
mL) was agitated using a vortex to disperse the particles
uniformly. For multilayers assembling, a polycation solution
PLL/HEPEs was added till 1 mL mark to provide sufficient
amount of charged species and stored for 15 min (incuba-
tion time). The mixture was shaken gently to prevent set-
tling down of the particles and then centrifuged at a speed
of 5000 rpm for 10 min. The supernatant was taken out
leaving � 100 lL of solution in tube to minimize the loss of
particles. HEPEs buffer was added till the 1 mL mark, and
the particles were redispersed using the vortex mixer. Then
a polyanion solution DNA/HEPEs was added and stored for
15 min, shaken, and centrifuged. With that another PLL
layer was assembled as described above. Steps from centrif-
ugation to redispersion were repeated three times to wash
away additional polyelectrolytes. Results are presented as
mean 6 SD from triplicate experiments of three measure-
ments per sample.

Osteoblast culture
Osteoblasts were isolated from neonatal (<1 day old) rat
calvarias, using a standard procedure as described previ-

ously,31 after which cells were cryopreserved. Before the ini-
tiation of an experiment, cells were thawed and cultured in
a-minima essential medium (Gibco), supplemented with
15% v/v fetal bovine serum (FBS, Gibco). All assays were
performed with cells of the third culture passage. Before the
assays, cells were detached using 0.25% w/v trypsin and
0.05% EDTA solution for 3 min, and at the end of the incu-
bation period, complete culture medium was added to neu-
tralize trypsin and EDTA. Then cells were harvested and
centrifuged (5 min, 1200 rpm), resuspended in 500 lL of
culture medium and counted using a cell counting plate.
Before in vitro assays, all samples were sterilized using a
UV-irradiation treatment (254 nm; 2 h). Cells were seeded
onto titanium substrates (Ti, Ti/P, Ti/P/D, and Ti/P/D/P)
with a density of 2 � 104 cells/cm2 into 24-well plate
(Sigma, Aldrich) and incubated at 37�C in 5% CO2. The cul-
ture medium was renewed every two days. All adhesion
experiments have been done in triplicate: each experimental
point is presented as the mean of three measures on three
titanium disks.

Cell viability assay
Cell viability was assessed using a fluorescent indicator dye,
Alamar blue. Briefly, at 3 and 7 days after seeding, the me-
dium was aspirated and the cell layer was washed with
PBS. And then 300 lL of dye solution (10% v/v FBS/ 10%
Alamar blue/ 80% M199) was added to each well, and cells
were incubated at 37�C for 4 h. Subsequently, 200 lL of sol-
ubilization/stop solution in each well was added into 96-
well plates (Sigma). Finally, the absorbance of each well was
measured at 570 nm wavelength with an automatic micro-
plate (ELISA) reader (Molecular Devices, Sunnyvale, CA).
Measured absorbance values were corrected using three

FIGURE 1. Schematic construction of PLL-DNA multilayered films via a LBL technique. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

2178 GAO ET AL. CHARACTERIZATION AND CELL BEHAVIOR OF TITANIUM SURFACES

www.sp
m.co

m.cn



parallel samples. Normalization of the data was performed
to the results of the blank samples. The absorbance of the
blank well, which contained no material extracts, was
regarded as 100%, and the percentage of absorbance for
each well was calculated.

Alkaline phosphatase activity assay
After the selected incubation periods, the samples were
washed by PBS and transferred to a new 24-well polysty-
rene culture plate. About 200 lL of Triton X-100 (1% w/v)
was added to each well to make the cells disruption. After
incubated in the incubator for 2 h, the 24-well plate was
placed into a refrigerator to be frozen at –80�C for 2 h. Af-
ter running three freeze–thaw cycles to homogenize the sol-
utions, 50 lL of the solutions was used for the ALP activity
test. ALP substrate solution (200 lL; 4-NPP, ELPN-500, Bio-
Assay Systems) was added to each solution, and the solu-
tions were mixed at room temperature in 3 min. The ab-
sorbance of each solution was measured at a wavelength of
405 nm by an ELISA Reader.

Cell morphology
After being cultured for 3 and 7 days, the cells adhered to
the samples were washed with PBS. Subsequently, cell fixa-
tion was carried out for 12 h at 4�C with 2.5% glutaralde-
hyde in 0.8M PBS. After thorough washing with PBS, the
samples were dehydrated using a series of graded ethanol
(ethanol/water, v/v, 30, 50, 70, 90, 95, and 100%) and deal-
coholized through sequential washings in 50, 70, and 100%
ethyl acetate (remainder ethanol, v/v). Finally, the samples
were dried using a vacuum desiccator under room tempera-
ture for at least 12 h. The samples were sputter coated with
gold and examined using scanning electron microscopy
(SEM) (FEI Quanta 200, The Netherlands).

The cell-surface interaction was investigated with a fluo-
rescence microscope (DMIL, Leica, Germany). The adhered
cells were fixed in 2.5% glutaraldehyde solution in PBS for
10 min at room temperature. The samples were then
dipped in Rhodamine123 (Sigma) solution containing 1%
PBS for 30 min at room temperature, washed with abun-
dant water, dried, and then measured with a fluorescence
microscope.

Statistical analyses
All data were expressed as means 6 SD for n ¼ 3. Single
factor analysis of variance (ANOVA) technique was used to

assess the statistical significance of results between groups.
The statistical analysis was performed with the software Or-
igin (version 7.0) at a confidence level of 95%.

RESULTS

Atomic force microscopy
Figure 2 shows the AFM height images of control and LBL-
coated titanium films. Further analysis of the surface rough-
ness, the RMS roughness values of each sample during the
build-up of the films are shown in Table I. The data dis-
played that the RMS roughness values of the surface with
PLL as the outmost layer were significantly higher than that
with DNA as the outmost layer, which can explain the differ-
ent images seen from the Figure 2. Furthermore, the three-
dimensional images of the morphology of PLL/DNA multi-
layered titanium substrates and NaOH-modified titanium
are displayed in Figure 3. The modified surfaces showed dif-
ferent morphology and structure from control titanium with
a smooth surface (not shown). It was observed that lots of
island-like domains on the modified surfaces and the dimen-
sions of the islands showed some difference on each film.
Correspondingly, the RMS roughness values changed, as
shown in Table I, which agreed with the observation.

QCM-D measurement
The QCM-D measurement whose principle is based on im-
pedance analysis was performed in order to obtain more
detailed information about the assembling process. The
adsorption of PLL and DNA resulted in a decrease in the
normalized frequency and an increase in the dissipation for
the overtone 7 as shown in Figure 4. The PLL layer revealed
a more rapid frequency decrease than the following layers
during 4-h assembling process, which indicates a greater
amount of first PLL layer assembled onto the titanium. The
frequency change and mass of the outermost-layer of
each sample was calculated by the Sauerbrey equation in

FIGURE 2. AFM tapping mode height images of control and LBL-modified titanium films: (a) control (Ti), (b) TiOH, (c)Ti/P, (d) Ti/P/D, and (e) Ti/

P/D/P. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

TABLE I. Determination of Surface Roughness [RMS (in nm)

6 SD]

Samples RMS 6 SD (nm)

Control 9.27 6 0.5
TiOH 56.4 6 4.8
Ti/P 41.6 6 3.2
Ti/P/D 33.2 6 2.8
Ti/P/D/P 43.9 6 3.9

ORIGINAL ARTICLE

JOURNAL OF BIOMEDICAL MATERIALS RESEARCH A | AUG 2012 VOL 100A, ISSUE 8 2179

www.sp
m.co

m.cn



Table II. Figure 5 showed the curves of the mass and thick-
ness of PLL and DNA layer with time in the assembly pro-
cess. In the figure, it was labeled the absolute values of
each assembled layer during the assembling process. The
results of mass and thicknesses of each layer measured
from QCM (Fig. 5) have been shown to be in good corre-

spondence with data calculated through Sauerbrey equation
(see Table II), thus suggesting that relatively uniform mono-
layers are formed.

Zeta potential measurements
Before the zeta potential measurements, the stepwise
growth of the multilayer shells onto titanium nanoparticles
at pH 7.4 was monitored by following the diameter changes
for the nanoparticles after each deposition step (Fig. 6).
Data showed that the sizes of all nanoparticles were in
measuring size range of the zeta potential. Figure 7 dis-
played the variation in the zeta potential for the deposition
of PLL/DNA multilayer shells on titanium nanoparticles. The
pH of the PLL solutions (in HEPEs buffer at pH 7.4) was
lower than the isoelectric point (pI ¼ 9.74) so that PLL
brought an excess of positive charges while DNA (pI ¼ 4–
4.5) was negatively charged. The control titanium nanopar-
ticles have a zeta potential of -51 6 4.2 mV. The zeta

FIGURE 3. Three-dimensional images of the morphology of PLL/DNA multilayered coating on titanium substrates. (a) TiOH, (b)Ti/P, (c) Ti/P/D,

and (d) Ti/P/D/P. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

FIGURE 4. Real-time monitoring of the formation of PLL/DNA multi-

layer films on QCM electrodes in pH 7.4 PLL, DNA, and HEPEs buffer

solution. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

TABLE II. Maximal Variations of Frequency and Mass of the

Outermost Layer of Each Sample

Samples –Dfmax (Hz) Dm (ng cm�2)

Ti/P 83.659 6 0.195 1485.056 6 3.461
Ti/P/D 32.057 6 0.368 569.012 6 6.532
Ti/P/D/P 20.646 6 0.513 366.467 6 9.425

2180 GAO ET AL. CHARACTERIZATION AND CELL BEHAVIOR OF TITANIUM SURFACES

www.sp
m.co

m.cn



potential alternated with each new PLL and DNA assem-
bling and became positive (þ10 6 2.1 mV) or negative (-5
6 5.1 mV) respectively, which indicated that the multilayer

surfaces were being charge-overcompensated in each
adsorption step thereby facilitating adsorption of the next
oppositely charged polypeptide to form the multilayer film
onto titanium nanoparticles. These results also illustrated
the electrostatic attraction between cationic PLL and anionic
DNA.

Cell viability assay
To assess potential effects of multilayered films on cell via-
bility, the mitochondrial redox activity was assessed using
Alamar blue assay. Figure 8 shows the values of cell viability
on LBL-modified titanium surfaces (Ti/P, Ti/P/D, and Ti/P/
D/P) and uncoated titanium surfaces (Ti) after 3 and 7 days
incubation, respectively. From the figure, it can be seen,
along with the time the number of cells of each sample sur-
face gradually increased, indicating that the property of the
sample surface is conducive to cell proliferation. Viability of
the cells adhered to the three kinds of LBL-modified tita-
nium films displayed a significant difference (p < 0.05)
compared to the control sample in this study. To’th et al.10

FIGURE 6. Three times measurements of size distribution and the average diameter of titanium nanoparticles modified and control in the HEPEs

solution with a concentration of 1.0 mg/mL. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

FIGURE 5. The curves of the mass and thickness of each layer with

time in the assembly process. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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revealed that the terminating layer in polyelectrolyte multi-
layer films would influence the cell adhesion and cell viabil-
ity. The result in this study also indicated that PLL or DNA
as terminating layer in polyelectrolyte multilayer films is
biocompatible and nontoxic for biomedical materials.

ALP activity
ALP activity was used as a biochemical marker for deter-
mining osteoblast phenotype and was considered as an im-
portant factor in determining bone-forming ability and min-
eralization.32 Figure 9 shows ALP activity of cells on LBL-
modified titanium films and uncoated titanium films after 7
days. The ALP activity of cells on the three kinds of LBL-
modified titanium surfaces was statistically higher than on
control surface (p < 0.05). This result indicated that, to
some extent, ALP activity of osteoblast cells was influenced
by LBL modification, and bone-forming ability was enhanced
by LBL treatment.

Cell morphology
Cell adhesion, spreading, and migration on substrates are
the first sequential reactions when coming into contact with
a material surface, which is crucial for cell survival. Figure
10 shows the morphology of cells on LBL-modified surfaces
and control titanium. After 3 days incubation, cells ran-
domly adhered and spread on both control titanium and
LBL-modified titanium, without preferred directions. Osteo-
blasts attached on control titanium displayed spindle-like
feature morphology [Fig. 10(a)] while that attached on LBL-
modified titanium films were fully spread [Fig. 10(b–d)]. Af-
ter 7 days incubation, osteoblasts cultured on all surfaces
were flattened, polygonal in shape, and fully spread, exhibit-
ing multilayer proliferation (Fig. 10). On modified surfaces,
cells significantly connected and overlapped, which would
eventually lead to a complete confluence and the surfaces
were fully covered by a continuous sheet of cells. Qualita-
tively, the LBL-modified titanium surface is more favorable
for the cell attachment than the control titanium.

Figure 11 shows the differences in the initial cell
spreading/migration evaluated by the analysis of focal adhe-
sion using actin labeling. Osteoblasts adhered to LBL-modi-
fied titanium surfaces were fully spread with many bundles
of actin microfilaments [Fig. 11(b–d)]. Cells attached to con-
trol titanium film also displayed small focal adhesion and a
few thin actin microfilaments [Fig. 11(a)].

DISCUSSION

The aim of this study was to fabricate and characterize
PLL/DNA multilayered films via the LBL self-assembly tech-
nique. The choice of DNA as the anionic polyelectrolyte
relates to the structural properties of the DNA molecule and
their potential beneficial effects in implantology rather than
to the encoded genetic information. As the cationic polyelec-
trolyte, PLL was used. In our study, we focused on the role
of surface properties of a biomaterial, such as surface topog-
raphy, roughness, and chemical composition, in success on
placement in a biological environment.

FIGURE 8. Evaluation of cell viability estimated by the Alamar blue

assay of osteoblastic cells cultured on Ti/P, Ti/P/D, and Ti/P/D/P tita-

nium substrates after 3 and 7 days incubation, compared with control

titanium (Ti), *p < 0.05.

FIGURE 9. Osteoblast alkaline-phosphatase-specific activity after 7

days incubation on Ti/P, Ti/P/D, and Ti/P/D/P titanium surfaces and

control titanium (Ti), *p < 0.05.

FIGURE 7. Variation in the zeta potential for the deposition of PLL/

DNA multilayer shells on titanium nanoparticles. The zeta potential

measurements were performed in HEPEs buffer at pH 7.4.
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The RMS roughness values (Table I) show that, as
expected, statistically significant differences in surface
roughness are due to the alkali treatment and LBL modified.
Furthermore, RMS roughness values of the surface with PLL
as the outmost layer were significantly higher than that
with DNA as the outmost layer. Shi et al.33 demonstrated
that, in the absence of NaCl, the DNA molecules were lying
flat on the PLL layer and only one layer of DNA resided on
top of the PLL layer. What’s more, NaCl made the DNA
strands fold into coiled configurations which should allow a
greater number of DNA molecules to pack onto the PLL
layer. The gradual growth of the islands was assumed by
additional LBL deposition of polyelectrolytes onto islands.
This maybe explains the different RMS roughness values
between the surface with PLL and DNA as the outmost

layer. Rigoberto et al.34 demonstrated that the roughness
and feature size of the multilayer films changed with
increasing thickness and that the thicker layers tended to
produce larger feature sizes with increased roughness.

QCM-D is a simple and highly sensitive mass sensor by
which a wide range of interfacial adsorption reactions can
be monitored, on a variety of supports, in real time. The
quartz crystal is swept with potential perturbations of dif-
ferent frequencies close to the quartz crystal resonance fre-
quency.35 This sweep is done as a function of time enabling
the measurement of mass changes occurring on the quartz
crystal electrode surface. Frequency shift versus time curves
(Fig. 4) clearly showed the LBL buildup process of the PLL/
DNA coating. With each injection of the PLL or the DNA so-
lution, there was a shift in the crystal frequency, indicating

FIGURE 10. SEM images showing the morphology of osteoblasts on samples: (a) Ti, (b) Ti/P, (c) Ti/P/D, and (d) Ti/P/D/P.

FIGURE 11. Fluorescent light microscopic images of osteoblast cells on samples: (a) Ti, (b) Ti/P, (c) Ti/P/D, and (d) Ti/P/D/P. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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the adsorption mass and thickness of the PLL or the DNA
molecules onto the crystal surface (Fig. 5). The ladder form
of the QCM traces proved that the LBL structure of the
PLL/DNA membrane and the adsorption of PLL and DNA
were both stable, since a little frequency shift occurred with
the rinsing of the HEPEs buffer. The adsorption of both PLL
and DNA were found to be quick as the frequency shift was
sharp and coincided with the injection while PLL or DNA
would take few minutes to reach equilibrium.

Cell adhesion, spreading, and subsequent proliferation
are closely related to the surface properties of the substrate,
such as composition, roughness, wettability, and morphol-
ogy. Anselme et al.36,37 have suggested that these surface
properties have a direct effect on osteoblast attachment,
proliferation, and differentiation. We can find that when
cells were cultured on thin films of titanium implant materi-
als assembled with PLL or DNA, the effects of material com-
position were significant. The presence of function groups,
amino group (ANH2), phosphate group (APO4), and
hydroxyl group (AOH) on the coatings surface, may pro-
mote the interaction of materials with bone cells by provid-
ing the site for calcium and phosphate nucleation.38

Besides chemical composition, it is well known that sur-
face roughness and morphology play an important role in
biological responses of biomaterial surfaces.39 SEM enabled
us to highlight intimate contact between cells and con-
cerned biomaterials. Wirth et al.40 found that the osteoblast
adopted three different morphologies. First, the cells are
spherical and fix themselves to the substrate by way of thin
filopodes. Second, when the cells are well fixed, they remain
round and emit flattened cytoplasmic prolongations. Third,
when the cells spread, they take on a much flattened form.
In our case, osteoblasts also appeared different shapes from
spindle-like feature to sheet feature morphology. Osteoblast
proliferation is increased for rough surfaces. These results
are in agreement with Degasne et al.41 who found that the
cell attachment rates were significantly higher on titanium
discs with irregular surfaces.

In addition, we measured the surface charges of tita-
nium powders that modified and noncoated. Electron do-
nor/acceptor character of abiotic surfaces seems to be more
easily correlated to cell behavior than pure hydrophobic-
ity.42 The positively charged PLL and negatively charged
DNA may influence the osteoblast cells behavior. But surface
charge might not have an obvious effect on cellular
adhesion. The results presented here supported that cell ad-
hesion and ALP activity were governed by surface chemistry
and roughness. Thus, both surface chemistry and roughness
may play important role in determining cell response than
the type of topography.

CONCLUSIONS

In our work, PLL and DNA were used to modify the tita-
nium surface by LBL self-assembly technique for the pur-
pose of improving the bone-forming ability of titanium
implants. We have demonstrated the successful formation of
biocompatible PLL/DNA multilayer films both on planar ti-
tanium substrates and titanium nanoparticles. LBL self-as-

sembly using PLL/DNA as the coating pair can successfully
improve the bioactivity of titanium surface.

In vitro investigation, both SEM and fluorescence micros-
copy confirmed that cells adhered to this modified surface
have a more flattened morphology and better cell–cell/cell–
substrates interactions than that to control titanium. The
sample Ti/P/D/P displayed much more amount of cells and
much more cells connected and overlapped. Alamar blue
and ALP tests also demonstrated the consistent results that
such surface engineering and surface roughness were bene-
ficial to improve the cell biocompatibility of titanium
implants. Cell adhesion and ALP activity were found to be
both governed by surface chemistry and roughness.
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