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Polydopamine coating promotes early osteogenesis in 3D printing
porous Ti6Al4V scaffolds
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Background: Titanium implants are widely used in orthopedic and dental for more than 30 years. Its stable
physicochemical properties and mechanical strength are indeed appropriate for implantation. However, the
Bioinertia oxidized layer and higher elastic modulus often lead to the early implantation failure.

Methods: In this study, we proposed a simple design of porous structure to minimize the disparity between
scaffold and natural bone tissue, and introduced a one-step reaction to form a polydopamine (PDA) layer on
the surface of titanium for the purpose of improving osteogenesis as well. The porous scaffolds with pore size
of 400 pm and porosity of 44.66% were made by additive manufacturing. The cell behavior was tested by
seeding MC3T3-El cells on Ti6Al4V films for 15 days. The biomechanical properties were then analyzed
by finite element (FE) method and the in vivo osteogenesis effect was accordingly evaluated by implanting
the scaffolds for 5 weeks in rabbits.

Results: According to the achieved results, it was revealed that the immersion for 40 min with dopamine
could significantly improve the cell adhesion. The proposed method for design of porous structure can avoid
the stress shielding effect and bone growth inside the PDA coating scaffolds, which were observed at the
early stage of bone healing process.

Conclusions: It can be concluded that the proposed PDA coating method is effective in promoting early
osteogenesis, as well as being easy to operate, and can be helpful in the future clinical application of titanium

implants.
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Introduction

In tissue engineering, scaffolds are momentous in supporting
cell attachment, proliferation, and differentiation. For
bone tissue engineering, load-bearing and bong-contacting
are necessary for scaffolds to provide the osteoconductive
and osteoinductive characteristics for bone remodeling, as
well as bone ingrowth during the fracture healing process,
prosthesis osseointegration, and distraction osteogenesis (1).
Mechanical function and high-level of mechanical stresses
can be restored with ideal scaffolds (2). Titanium and its
alloys with excellent mechanical properties, satisfactory
biocompatibility, and chemical stability are regarded as
appropriate implant materials in orthopedic and dental
applications (3,4). For more than 30 years, artificial bones
and joints, plates, and screws made by titanium alloys have
been widely used in clinics as orthopedic implants and
substitute materials for hard tissues (5-7), however, there
are currently some difficulties and limitations that should
be solved. Compared with other metallic materials, the
elastics modulus of titanium alloys is closer to that of cortical
bones and cancellous bones, however, the disparity between
these kinds of materials are reported at the range of 7 to
10 times (8,9). This huge modulus mismatch plays a vital role
influencing stress shielding, which may cause osteoporosis
and fracture around the implants (10). The porous designs
have been employed to overcome this problem and mimic
the elasticity modulus and yield strength of natural bone
(11,12). The interconnected pores with pore size ranging
from 100 to 500 pm have been proved appropriate for
exchanging nutrients, vascularization, and bone ingrowth
(13,14). Several in vivo studies on rodents have demonstrated
that the porous structure can improve the interfacial bond
between the implant surface and the surrounding tissue,
promote the vascularization and bone ingrowth, and provide
mechanical stability at early stage after being embedded
(11,15,16). However, the fine and stable physicochemical
properties make titanium alloys difficult to machining,
especially for fabricating porous structures. Traditional
fabrication processes, such as powder sintering, plasma spray
coating, fiber bonding, and phase separation, are difficult to
control the pore characteristics, including pore size, pore
shape, and pore size distribution (17,18).

In the present study, we proposed the selective laser
melting (SLM), a kind of three-dimensional (3D) printing
technology, to fabricate the porous titanium scaffolds. The
Ti6Al4V powder can completely melt under the high-
energy density laser and form 3D entities after cooling.
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Compared with selective laser sintering (SLS), this rapid
technique can avoid the non-design micro pores and
improve the mechanical strength of the printing entities.
The nanolaser beam with diameter of 30 pm with layer
thickness of 50 pm can build up porous structures in any
complexity to reduce the weight and keep enormous
strength for the purpose of bone tissue repairing (19). The
internal and external shape of 3D printing product made
by SLM can be closer to the computer aided design (CAD)
model, ensure that the scaffold pore characteristics can fix
the requirements of bone formation. Fine and precisely
controlled porous structures with pore size ranging from
300 to 700 pm can be produced by SLM technology (11,20).
The unique and mechanically strong osteoconductive
scaffolds made by this technology are suitable for repairing
cortical bone defects due to the fully interconnected
structures. Several researchers have employed this method
to fabricate porous scaffolds for bone tissue engineering in
rats model and rabbit model (21-23).

Except for the mechanical properties, the key point to
successful implantation is the long-term osseointegration of
the scaffolds and bone surface (24). Although the structural
design can partially solve the issues in biomechanics, the
porous titanium requires sufficient ability in inducing
osseointegration of surface to promote bone growth into
the inner pores of scaffolds. Unfortunately, the inherent
Bioinertia of titanium cannot meet the requirement to
achieve the early osseointegration (25). The biological
inertia proved to be double-edged for titanium implants. On
the one hand, the layer of dense titanium dioxide (TiO,) film
develops on the surface of titanium alloys, providing strong
corrosion resistance and stable biochemistry properties,
and causes titanium to be attractive for application in hard
tissues. On the other hand, this Bioinertia oxidized layer
hinders the direct interaction between the implant and
bone tissue, leading to the implantation failure (26,27). To
address this issue, surface modifications with some bioactive
substances, such as calcium (Ca), zinc (Zn), graphene,
bone morphogenetic protein-2 (BMP-2), and Arg-Gly-Asp
(RGD) peptides, have been applied to improve the biological
performance of porous titanium scaffolds (24,28-30).
The physical adsorption on titanium alloys introduced
by electrostatic interactions are simplicity, flexibility, but
instability. The reversible interactions can be easily reversed
post implantation (31,32). The chemical conjugation
between substrate surfaces and grafting molecules is the key
factor for stable covalent modifications (33). The traditional
covalent modification methods for titanium surfaces contain
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disadvantages such as, complex chemical reaction as well
as being time-consuming process (34,35). However, the
underwater adhesive proteins containing 3,4-dihydroxy-
L-phenylalanine (DOPA) from mussel protein have
demonstrated universal applicability to form strong adhesive
interaction with various material surfaces, including
polymers, metals, and ceramics (36-39). The catechol
groups of dopamine can simply form a polydopamine
(PDA) layer on the surfaces of titanium in an alkaline
environment, and it plays vital roles in adhesion and surface
modification (40). In addition, the PDA coating is one of the
most advantageous features among its extensive chemical
properties associated with bone regeneration by improving
the interfacial properties of implants (41). According to a
number of previous studies, the PDA coating can stimulate
initial cell adhesion and proliferation, and increase the
expression of bone-related genes (42,43). Additionally, the
PDA can integrate inorganic hydroxyapatite (HA) crystals
on surface of titanium and bioceramics via a simple reaction
in a simulated body fluid (42-44).

According to the above-mentioned statements, the
present study aimed to explore the early bone formation
ability of Ti6Al4V porous scaffolds coating by PDA. For
reducing the effect of structural design on bone formation,
we proposed a simple porous structure with pore size of
400 pm and porosity of 44.66%. To observe the cell
behavior affected by PDA coating, the mouse pre-osteoblast
cell line MC3T3-E1 were seeded on the Ti6Al4V films
for as long as 15 days. The finite element (FE) simulation
was then used to analyze the stress of the implants and
the surrounding bone tissue. Eventually, an in vivo study
on rabbits was conducted to evaluate the effect of bone
formation at early stage of bone healing process.

Methods

The experiment was divided into three parts: in vitro test,
FE simulation, and iz vivo test. All methods in this study
were carried out in accordance with relevant guidelines and
regulations. All experimental protocols in this study were
approved by the ethics committee of Drum Tower Hospital
affiliated to Medical School of Nanjing University.

In vitro test

Substrate preparation and PDA coating
Ti6Al4V films with diameter of 14 mm and thickness of

1 mm were ultrasonically cleaned three times in acetone,
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ethanol, and deionized water (dH,O) before use. For the
PDA coating, the films were immersed into a dopamine
solution (2 mg/mL, 10 mM Tris-HCI buffer, pH =8.5;
Sigma-Aldrich, MO, USA) at room temperature (43). The
coating process was carried out for 40 min. The PDA-
coated films were then ultrasonically rinsed with dH,O
three times to remove the unattached dopamine molecules
and dried with nitrogen gas. The PDA coating was
characterized by a scanning electron microscope (SEM;
Hitachi Ltd., Tokyo, Japan) and an energy dispersive
spectrometer (EDS; Hitachi Ltd., Tokyo, Japan).

Cell culture

Mouse pre-osteoblast cell line MC3T3-E1 (Subclone 4)
were obtained from Nanjing University and cultured in a
humidified incubator with 95% air and 5% CO,. They were
maintained in minimum essential medium o (a-MEM; Gibco,
USA) with 10% fetal bovine serum (FBS; Gibco, USA) and
plated with a cell density of 20,000 cells/cm” onto the PDA-
coated films in a 24-well cell culture plate. The cells were then
cultured at 37 °C for 1, 3, 5, 7, and 15 days. Cells cultured on
the unmodified Ti films were set as control groups.

Assessment of cell viability

Cell compatibility assays were performed using Cell
Counting Kit-8 (Sigma-Aldrich, MO, USA). MC3T3-E1
cells were cultured on unmodified Ti films and PDA-coated
Ti films. After each time point, mixture of 50 pL. CCK-8
reagent with 450 pL culture medium was added to each well
plate and incubated for another 2 h at 37 °C. Then, 100 pL
suspensions were extracted to a 96-well plate, and the
absorbance at 450 nm was determined using a microplate
reader.

The films were sputter-coated with platinum and
then observed under SEM. The cell-films were washed
with phosphate buffered saline (PBS), fixed with 3%
glutaraldehyde at 4 °C overnight, and treated with the
1% osmium tetroxide for 1 h. After that, the films were
dehydrated using ethanol solution (50, 75, 95, and
100 wt%), freeze-dried, and observed by SEM.

Immunofluorescence staining

Supernatants were removed and Ti substrates with
MC3T3-E1 cells were washed with PBS twice. Then, those
were fixed with 4% paraformaldehyde (Sigma-Aldrich, MO,
USA) for 20 min and permeabilized with 0.1% Triton X-100
(Sigma-Aldrich, MO, USA) for 5 min, which followed by
incubation with 2% bovine serum albumin (BSA) blocking
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Table 1 The properties of materials used in FE simulation
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Materials Density (kg/ms) Young’s modulus (GPa) Yield modulus (MPa) Poisson’s ratio
Ti6AI4V 4,430 105 830 0.31
Bone 1,700 7.8 85 0.3

FE, finite element.

buffer for 30 min. The cells were stained with FITC-
phalloidin (1:200; Sigma-Aldrich, MO, USA) at 37 °C for
60 min in the dark. After washing with PBS, the cells nuclei
were counter-stained with 4°,6-diamidino-2-phenylindole
(Sigma-Aldrich, MO, USA). The stained cells were then
observed with a Leica TCS-SP5 confocal microscope (Leica
Microsystems, Wetzlar, Germany).

FE simulation and the load and boundary constrains
We herein designed two FE simulation tests. The first
FE simulation test was designed to observe the stress
transmission of the structure. The bottom of cylinder base
was immobilized, and a vertical force (100 IN) was applied
on the top of the porous scaffold and the solid scaffold. The
surfaces between the base and porous scaffold/solid scaffold
were defined as a kinematic constrain and allowed the plate
to uniquely move in the vertical direction.

The second FE simulation test was designed to analyze
the stress of the scaffold and surrounding bone tissue after
implantation. The bottom of the bone was immobilized,
and a vertical force was applied on the top of the bone. As
the weight of an adult rabbit is within 3-5 kg, the applied
force was set to 50 N. The surfaces between scaffold and
bone was defined as the first FE simulation test.

Furthermore, the elastic modulus of the porous structure
was simulated by Abaqus/Explicit FE code (SIMULIA,
Rhode Island, USA) with a compression speed of 0.5 mm/
min under the load of 100 kN.

FE model operation

The geometry of Ti6Al4V porous scatfold and assembly
unit used in the first FE simulation test were made by
Materialise Magics 19.0 software (Materialise, Leuven,
Belgium). The geometry of bone used in the second FE
simulation test was reconstructed by MIMICS 19.0 software
(Materialise, Leuven, Belgium) using the data of a rabbit
femur, and the hole was used to assemble the scaffold that
was obtained by a Boolean Operator in Magics software. All
the data were exported as STL files, and the meshing was
operated by Materialise 3-matic 11.0 software (Materialise,
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Leuven, Belgium). The finished models were imported and
assembled in the Abaqus 2017 (SIMULIA, Rhode Island,
USA). The porous scaffold and the solid scaffold were
consumed as Ti6Al4V, and the cylinder base was consumed
as bone material. All the materials were considered isotropic
and liner-elastic. The material parameters were selected
form the literature, as shown in Table 1 (45,46).

In vivo test

3D printing and scaffolds preparation

The scaffolds used in the in vivo test were 6 mm height
with diameter of § mm, and the 3D entities were
fabricated by a SLM 3D printing machine (EOSINT
M280, EOS Ltd., Munich, Germany). The laser power in
SLM process was 180 W and the layer thickness was 0.03
mm. The surface topography of the 3D printing scaffolds
was observed by SEM. According to the standard [ISO
13314:2011 (47)] for compression of porous and cellular
metals, the compression modulus of the scaffold was tested
using an electronic universal testing machine (CMT5105;
MTS System Corp., MN, USA) equipped with a 100
kN load cell, and a compression speed of 0.5 mm/min.
The porosity of the scaffolds was calculated by using the
formula: P=(V,-V)/Vx100%. Here, V, represents the
apparent volume of the solid Ti6Al4V cylinder and V
represents the absolute volume of the porous scaffolds. All
the numerical values of the volume were obtained in the
Magics 19.0 software.

The scaffolds were ultrasonically cleaned three times
in acetone, ethanol, and dH,O before use. For the PDA
coating, the scaffolds were operated as same as the substrate
preparation part. For the control group, the scaffolds were
just cleaned by acetone, ethanol, and ultrasonically rinsed
with dH,O three times, and then dried with nitrogen gas.

Experimental animals and operation procedure

A total of 6 male New Zealand rabbits with the weight
of 3 kg were enrolled into the experiment. All the rabbits
were kept in a 12:12 h light-dark cycle in the animal house
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of Drum Tower Hospital affiliated to Medical School
of Nanjing University, and all surgical procedures were
performed under anesthesia of lidocaine and propofol. All
the PDA coating scaffolds were implanted into the right
femur condyle, and the control scaffolds were implanted
into the left femur condyle. The cefuroxime sodium was
intramuscularly injected for 3 d after operation to avoid
infection, and the calcein was intramuscularly injected at the
4th week after operation. All the rabbits were sacrificed at
the 5th week after operation to measure the effect of early
bone formation.

Micro computed tomography (CT) analysis and 3D
reconstruction

The femurs were scanned in a VivaCT-80 micro-CT
system (Scanco Medical, Briittisellen, Switzerland) at 70 kV,
145 pA, field of view (FOV) of 63.9 mm, and a nominal
isotropic image voxel size of 62.4 pm. The obtained
images were converted to DICOM files for the following
analysis. The bone volume/total volume was measured in
the software of micro-CT system. The 3D reconstruction
of scaffold and new bone was operated by MIMICS 19.0
software. To avoid the impact of metal artifact, we used a
high voltage and the same threshold value to segment the
titanium and bone tissue.

Histological analysis

After performing Micro CT analysis, the harvested femurs
were fixed in formalin at 4 °C overnight, then rinsed with
distilled water, dehydrated through graded alcohols, and
embedded in polymethyl methacrylate (PMMA) without
decalcification. Thin sections of 30 pm thickness were cut
using a diamond-coated saw (310 CP; EXAKT, Germany).
The sections were stained with Goldner trichrome
staining, and the green fluorescence were observed using a
fluorescence microscope (Olympus Corp., Tokyo, Japan).
The bone bridging was determined in these sections as
previously described (22,48). Briefly, the areas with bone
tissues and scaffolds were projected onto the X-axis, and
the stretches where bone formation had occurred were
summed up on this plane. The numerical value was given in
percentage of the defect width (5 mm).

Statistical analysis

The statistical analysis and exponential curve fitting were
performed using SPSS 19.0 software (SPSS Inc., IL, USA)
and IGOR Pro 6.12 software (WaveMetrics Inc., OR,
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USA). Data were presented as mean = standard deviation
(SD) and evaluated by an unpaired Student’s 7-test. P<0.05
was statistically considered

Results
Surface topography and EDS

The surface topography of Ti6Al4V film without and
with PDA coating were shown in Figure 14,B. The EDS
results of the two groups were shown in Figure 1C,D.
The composing elements of a composite surface element
are shown in Tuble 2. The adhesion of PDA coating was
observed by SEM, and an increase in the content of carbon
and oxygen demonstrated the existence of PDA as well.

Cell adbesion and cell viability

The CCK-8 result was shown in Figure 24, the cell viability
on PDA coating films was higher than the uncoated films at
1 day of culture and stayed equal with control group after
14 days. The cell morphology after seeding for 4 h was
observed by SEM and the results are shown in Figure 2B,C,
the PDA could stimulate cell adherence after 4 h. The
cell attachment on blank titanium plane and PDA coating
groups in Day 1 (Figure 2D,E), Day 7 (Figure 2F,G), and
Day 15 (Figure 2H,I) was demonstrated. All the cells were
attached to the Ti6Al4V substrate in different time points,
which implied that the concentration of dopamine and the
reaction time were appropriate. The immunofluorescence
staining has shown that the cell viability can maintain a
high-level after 15 d of culture.

FE simulation and 3D printing

The color changed from red to dark blue that represented
the stress variation from large to small on the stress
nephogram. The results of Figure 34,B showed that the
color around the scaffold was clearly different. The area of
sky blue around the solid scaffold was 2.358 mm’, and the
value increased to 5.792 mm” after the scaffold was changed
to porous structure. In addition, small area of cyan could
be observed at the bottom around the porous structure.
The same phenomenon was found in Figure 3C,D, and
the area surround the porous scaffold was green and red,
which implied that the stress was ranged from 0.8137 to
4.445 MPa according to the legend. The average stress
applied on the bone tissue around the implant was 1.28 MPa,

Ann Transl Med 2019;7(11):240 | http://dx.doi.org/10.21037/atm.2019.04.79



Page 6 of 14

e
10.0um

$3400 20 0KV 9 2mm x5.00k SE '8/17/2016 09:14

\

Ti A
(o)
@A

Li et al. PDA coating promotes early bone formation

-
3
'

E '8/17/2016

FE

R g g
09:247 %5 & 2 10Qum

2 4 6 8 10 12 14

keV

2 4 6 8 10 12 14

keV

Figure 1 The results of SEM and EDS. (A) The SEM image of Ti6Al4V film without PDA coating; (B) the SEM image of Ti6Al4V
film with PDA coating; (C) the EDS spectra of blank Ti6Al4V film; (D) the EDS spectra of Ti6Al4V film with PDA coating. PDA,
polydopamine; SEM, scanning electron microscope; EDS, energy dispersive spectrometer.

Table 2 The surface element content

Weight ratio % Weight ratio %

Element

(with PDA) (without PDA)
Carbon 5.46 2.06
Oxygen 9.73 5.75
Aluminum 4.63 5.08
Titanium 77.00 83.48
Vanadium 3.18 3.64

PDA, polydopamine.

and the average stress on scaffold was 1.102 MPa.

The compression modulus of the scaffold analyzed by
FE simulation and tested by an electronic universal testing
machine is shown in Figure 3E. The scaffold commenced
to yield at 258.98 MPa, and the elastic modulus was
11.2 GPa, which was close to the elastic modulus of
cortical bone.

The structure and the general view of scaffolds were
shown in Figure 3F,G. The pore size of the scaffolds was
approximately 400 pm, that would be close to the structural
design (Figure 3H,1).

© Annals of Translational Medicine. All rights reserved.

Early osteogenesis evaluation

All rabbits recovered well from anesthesia and the operative
procedure. No implant dislocation and incision infection
occurred during the experiment. Bone formation was
observed in both groups after 5 weeks of implantation
from the result of 3D reconstruction, and the volume was
significantly different between them (Figure 44,B). The
volume of regenerative bone tissue in PDA coating group was
9.559+0.286 mm’, and the rate of bone value/total value (BV/
TV) was 17.70. In control group, the corresponding values
were 7.187+1.577 mm’ and 13.66, respectively, which were
obviously lower than PDA coating group (Figure 4C). The
results of bone bridging were shown in Figure 4D, the newly
formed bone bridged the defect to 85.57%+4.274% in the
PDA coating group, and to 51.25%=4.703% in the control
group.

Sections used for histological analysis are shown in
Figure 5A. The Goldner trichrome staining and the
fluorescence microscopy proved this result as well (The
green fluorescence represented the newly formed bone
tissue in the fluorescence images). In PDA coating group,
the scaffold was surrounded by the blue-green, and green

Ann Transl Med 2019;7(11):240 | http://dx.doi.org/10.21037/atm.2019.04.79
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Figure 2 The results of cell behavior. (A) The CCK-8 results after 1, 7, and 15 d; (B,C) SEM micrographs showing MC3T3-E1 cell
morphology cultured on unmodified Ti films and PDA coating films after 4 h of adhesion; (D,E) immunofluorescence staining showing cell
morphology cultured on unmodified Ti films and PDA coating films after 1 d of adhesion; (F;,G) 7 d of adhesion, and (H,I) 15 d of adhesion.
Scale bar: 100 pm. PDA, polydopamine; SEM, scanning electron microscope.
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porous scaffold; (C) the general view of stress distribution after implantation with porous scaffold; (D) the internal view of stress distribution
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compression modulus of the porous scaffold, the black line represented the FE simulation result, and the blue line showed the compression
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the top view and (I) the lateral view of the scaffold. FE, finite element; SEM, scanning electron microscope.

© Annals of Translational Medicine. All rights reserved. Ann Transl Med 2019;7(11):240 | http://dx.doi.org/10.21037/atm.2019.04.79



Annals of Translational Medicine, Vol 7, No 11 June 2019

Page 9 of 14

3 Ti6AI4V scaffolds with dopa
157 B2 TiBAI4V scaffolds without dopa
*%k
10 4
o
[
€ e
. -
e
I%I
e
e
04

Bone volume

Fkk 3 TiBAI4V scaffolds with dopa
100 1 EER TiBAI4V scaffolds without dopa
B
o
£
et I
b e
e
] §= e
2 .
5 S
sl e
e

Bone bridging
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part represented the scaffold and the silver part represented the newly formed bone tissue. The bone volume/total volume in two groups (C),
the bone bridging in two groups (D). Data were shown as mean + SD, with **, P<0.01; ***, P<0.001. PDA, polydopamine.

fluorescence was observed in the pores of scaffold in both
sections, which indicated the bone growth inside the
scaffold (Figure 5B,C,D,E). In control group, the blue-green
and green fluorescence could be observed as well, however,
the distribution area was significantly smaller than PDA
coating group (Figure 5F,G,H,]I).

© Annals of Translational Medicine. All rights reserved.

Discussion

The results of the present study demonstrated that the
osseointegration ability of porous Ti6Al4V scaffolds
fabricated by SLM was improved by PDA with coating.
This method of operation was simple and appropriate
for early osteogenesis of titanium implants. A one-step

Ann Transl Med 2019;7(11):240 | http://dx.doi.org/10.21037/atm.2019.04.79



Page 10 of 14 Li et al. PDA coating promotes early bone formation

Section 1

Section 2

Section 2

Section 1

Figure 5 The results of histological analysis. The position of selected sections (A), the Goldner trichrome staining (B) and the green
fluorescence (C) of PDA coating group in section 1, the Goldner trichrome staining (D) and the green fluorescence (E) of PDA coating
group in section 2, the Goldner trichrome staining (F) and the green fluorescence (G) of control group in section 1, Goldner trichrome
staining (H) and the green fluorescence (I) of control group in section 2. In Goldner trichrome staining, the color of blue-green represents

the regenerating bony tissue. The green fluorescence represented the newly formed bone tissue in the fluorescence images. PDA,

polydopamine.

reaction not only can modify the surface properties of
titanium alloys, but also provide a stable layer to covalent
immobilization with drugs and proteins (39). The
mechanical reinforcement of PDA can be induced by the
covalent crosslinking with amines and/or catechol or metal
coordination, and the cell adhesion can be improved due to
an increase in immobilization of serum adhesive proteins
(30,49,50). The initial adhesion of MC3T3-E1 cell on the
titanium surface was significantly enhanced from a short-
time physical adsorption. The duration of reaction in
several studies were ranged from 4 to 24 h, although we
considered 40 min as an appropriate time-period (51-53).
According to the previous research, only few minutes
of dopamine deposition was sufficient to enhance cell
adhesion, the lengthy reaction time had slight effect on
cell attachment, which was consistent with Tsai et al.’s
study (49). This phenomenon is formed because the
thickness of PDA layer is a function of incubation time,
increasing over the time (36). The thickness of the PDA
layer can reach 50 nm after 24 h of reaction, and the
substrate may be completely covered with PDA layer (49).
It can be seen that the substrate film was partially coated by
the PDA layer after incubation for 40 min. The difference
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between the coating and exposure of the film may lead to
the difference in cell differentiation. In order to facilitate the
observation of the effect of PDA coating on cell behavior,
the Ti6Al4V substrate was selected to complete the cell
viability test. Although the reaction time was short and the
amount of PDA molecules were decreased, the mechanical
stability of the coating layer was strong enough for the
implantation applications. Previous studies have proved
that the PDA coating can maintain its adhesion properties
under strong ultra-sonication and other conditions, and
the catechol—Ti adhesion force was four times stronger
than biotin—streptavidin interactions (54-56). Additionally,
the degradation time of PDA layers was relevant to the
thickness of the layers in the physiological environment,
the amount of carboxylic acid and amino functions can be
maintained for more than 28 days according to the previous
research (57). Thus, shortening the duration of reaction in
dopamine solution is essential to minimize the thickness of
PDA layer, but without effecting the cell adhesion ability,
that would be crucial for the better application of this
universal surface modification technology.

The SEM images, 3D reconstruction of micro CT
analysis, and the serial sections demonstrated that the pore
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size and the interconnectivity have been well controlled by
SLM. The pore size can be maintained as 400 pm, which
has been proved as the suitable size for bone formation (24).
These properties are conductive to nutrients and oxygen
exchange in the process of cell metabolism. In addition, the
space in porous structure plays a momentous role in bone
ingrowth and vascularization, which can lead to biological
fixation at early stage of bone healing (11). The results of
the in vivo study have confirmed this point of view. For
some early implantation failure in dental and orthopedics,
the implants with poor stability and lack of complete bone
ingrowth are high risk factors (58,59). The histological
evaluations demonstrated that new bone tissues were
evenly distributed inside and around the scaffolds, and the
PDA coating titanium scaffolds can acquire superior bone
ingrowth in a short time-period. In the present study, we
did not choose the long time points (e.g., 12 or 36 weeks),
because the early osteogenesis is vital in achievement of
mechanical stability at early stage. For rodents, duration of
recovery within 2 months or longer is enough to fully heal
the bone damage, and 4 to 5 weeks is effective and sufficient
for observing the early bone formation (60-63).

Implants that are designed with a porous structure can
decrease stiffness and avoid the stress shielding effect. The
elastic modulus of a simple porous structure was herein
calculated by FE simulation to match with the property
of cortical bone that led to a superior stress transmission
ability. Under applying of the equivalent force, we could
observe that the stress on the porous scaffold was 10 times
larger than that of solid scaffold. The stress on the porous
structure gradually decreased from top to bottom, while
the stress on the surrounding part gradually increased;
therefore, the stress shielding effect was effectively
decreased. In the second FE simulation test, we simulated
the stress on the bone and the porous scaffold under the
action of body weight. The peak stress on scaffold and
bone tissue was 19.82 and 4.45 MPa, respectively. The
average stress of scaffold and the surrounding bone tissue
were both between 1 and 2 MPa. Based on Frost’s research
(10), 1 to 2 MPa is the threshold for bone regeneration,
and the mentioned range will lead to gain in strength
in the bone. The microscopic fatigue damage in bone is
initiated if the stress increases to 20 MPa or above. The
design of porous structure was simple, however, it can
adequately match with the biomechanical requirements
of regenerative bone in the experiment. However, the
design process was far from real application. Evaluating
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the osteogenesis ability of the porous titanium scaffold
using bionic design based on Voronoi Tessellation or
triply periodic minimal surface (TPMS) is currently in
progress (18,64).

Compared with synthetic bone scaffolds, the mechanical
properties of porous titanium were more appropriate for
providing sufficient initial mechanical support. By a one-
step reaction with dopamine for short time-period, a proper
biocompatible PDA layer can coat the surface of titanium,
which not only can improve the early osteogenesis, but also
provide the potential of immobilizing of other molecules to
accelerate the bone healing process. The whole operation
process can be carried out in few hours, providing an
effective and novel treatment strategy. The dental implants,
screws, artificial joints, and other titanium implants can
be processed by PDA coating before or in the operation
procedure.

There were still a number of limitations in this study.
First, due to the lack of appropriate fixture, the push-
out test was missed in the design of experiment, however,
we have added this test in the osteogenesis evaluation
of TPMS-based porous scaffolds. Second, we did not
systemically analyze the specific relationship between the
thickness of PDA layer, the immersion time, and the cell
behavior, which is very significant for the results of surface
modification. This issue may be included in our future
research. Eventually, to minimize the potential factors
and precisely explore the effect of PDA coating on porous
titanium, we did not introduce BMP-2, growth factors, and
drugs in the experiment. The combination of PDA coating
with these components on scaffolds will be studied in the
future as well.

Conclusions

In summary, we have demonstrated that the porous
structure can be fabricated by SLM technology with
parameters optimized in the present study. The pore
characteristics can be precisely controlled as well. The FE
simulation results indicated that biomechanical properties of
the porous structure were appropriate for bone formation.
Scaffolds can achieve superior bone integration under
the coating of PDA. The bone ingrowth inside the PDA
coating porous Ti6AI4V scaffolds was observed at the early
stage of bone healing process. This simple and effective
method can be helpful in the future clinical application of
titanium implants.
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