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Abstract
Although titanium (Ti) and Ti-based alloy have been widely used as dental and orthopedic implant materials, its bioinertness
hindered the rapid osseointegration. Therefore, it is recommended to acquire ideal topographic and chemical characteristics
through surface modification methods. 3D printing is a delicate manufacture technique which possesses superior
controllability and reproducibility. While aspirin serve as a well-established non-steroidal anti-inflammatory agent. Recently,
the importance of immune system in regulating bone dynamics has attracted increasing attention. We herein superimposed
the aspirin/poly (lactic–co–glycolic acid) (ASP/PLGA) coating on the 3D-printed Ti-6Al-4V surface with uniform micro-
structure to establish the Ti64-M-ASP/PLGA substrate. Scanning electron microscopy (SEM), x-ray photoelectron
spectroscopy (XPS) and contact angle test confirmed the successful fabrication of the Ti64-M-ASP/PLGA substrate, with
increased wettability and sustained release pattern of ASP. Compared with the Ti64 base material, the Ti64-M-ASP/PLGA
substrate showed enhanced M2 and depressed M1 genes and proteins expressions in macrophages. The novel Ti64-M-ASP/
PLGA substrate also displayed enhanced osteoblast proliferation, adhesion, extracellular mineralization ability and
osteogenic gene expressions when cultured with macrophage conditioned medium in vitro. Furthermore, rat femora
implantation model was used for in vivo evaluation. After 4 weeks of implantation, push out test, micro-computed
tomography (micro-CT) and histological analyses all confirmed the superior osseointegration capabilities of the Ti64-M-
ASP/PLGA implant than the other groups. Our study revealed the synergistic role played by 3D-printed micro topography
and immunoregulatory drug aspirin in promoting osteogenesis in vitro and accelerating osseointegration in vivo, thus
providing a promising method for better modifying the implant surface.
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1 Introduction

Achieving ideal osseointegration is crucial for implant
success in both dental and orthopedic fields. Ti and Ti-
based alloy have been extensively used as implant materials
for decades because of their excellent biocompatibility,
appropriate mechanical properties and corrosion resistance
[1]. However, their inherent bioinertness impaired the rapid
initial cell adhesion and subsequent osseointegration [2].
Since surface micro-structure of implant material plays a
crucial role in achieving satisfied biocompatibility, numer-
ous surface modification methods have been employed to
improve the bioactivity of Ti alloys including sandblast [3],
plasma spraying [4], sol-gel method [5], etc. It has been
reported that bone cells are prone to adhere to surface with
200–500 μm pore size [6]. In addition, it is suggested that
pore size around 300 μm can promote the formation of new
bone and capillaries [7]. Therefore, it is promising to fab-
ricate 300 μm sized concave micro-structure on the Ti alloy
to promote osteoblast cell adhesion and subsequent osteo-
genic ability.

The main problem for fabricating such micro-
architecture lies in that traditional manufacture methods,
such as power sintering, foam fabrication and plasma spray
coating, are unable to produce highly controlled, repro-
ducible surface topography as designed [8]. Fortunately,
with the advent of 3D-printing technique, this problem can
be solved and the structure design can be precisely con-
trolled by adjusting computer-assisted design and computer-
assisted manufacturing (CAD/CAM) parameters [9].
Herein, we prepared the uniform 300 μm concave micro-
structure on the Ti alloy surface using selective laser
melting (SLM) method.

Although many research concerning 3D-printed Ti and Ti-
alloy implants have been performed, most of them focused on
the mechanical aspect instead of surface micro-structure of the
implants [10–12]. However, after implant is inserted into the
bone, cells firstly contact with the implant surface, which will
determine the cell response such as cell adhesion, prolifera-
tion, differentiation and osseointegration [13]. Therefore, in
this work, we fabricated the 3D-printed Ti alloy surface with
evenly arranged 300 μm sized concave micro-structure and
explore the influence of the modified surface on cells.

When evaluating the cell reactions of biomaterials,
plenty of studies focused on osteoblast cells [14] and
mesenchymal stem cells [15]. However, the discrepancy
between in vitro and in vivo experiment for implant mate-
rials is frequently observed [16]. The reason lies in that the
in vivo environment has not been fully appreciated and
some potential crucial elements, such as immunomodula-
tory aspect, are ignored [17, 18]. Recently, much attention
has been paid to the importance of immune response during
osteogenesis at the implant-tissue interface [19].

Macrophages, one of the main cell types of immune cells
[20], contact with implant surface firstly after implant
insertion [21]. Therefore, we herein tend to reveal the
important roles macrophages play during osseointegration
process.

Moreover, aspirin (ASP) is an inexpensive, chemically
stable non-steroidal anti-inflammatory drug (NSAID)
[22, 23]. Besides its long-term application as a painkiller after
operation [24], ASP also plays an important role in anti-
inflammatory effect [25] and osteogenic differentiation [26].
Since oral administration of ASP will reduce the drug con-
centration reaching the local inflammatory area [22], local
application is recommended. In the case of local administra-
tion, on one hand, the short half-life of ASP requires repeated
administration for maintaining long-term efficacy [27]. On the
other hand, ASP overdoses can give rise to adverse drug
reactions including ulcers and gastric damage [28]. We pre-
viously reported that the icariin/aspirin composite coating on
the TiO2 nanotube surface could induce immunomodulatory
effect of macrophage and improve osteoblast activity [29].
However, the release period of aspirin only lasted 7 days.
Therefore, it is necessary to construct a local drug delivery
system to achieve sustained release of ASP to exert its long-
term function and avoid adverse effects at the same time.

Poly lactic-co-glycolic acid (PLGA), which serve as a
green, environmentally friendly and degradable material
[30], is widely used as a drug-loading material [31]. PLGA
has favorable mechanical properties [32] and drug-carrying
capacity [33] which can be used as a non-toxic coating
material on metal surface [34] and achieve effective drug
dose during local administration [35]. Thus, we employed
PLGA to acquire controlled release of ASP.

In the present study, we deposited the ASP/PLGA coating
on the 3D-printed Ti-6Al-4V alloy with uniform concave
micro-structured surface to fabricate the Ti64-M-ASP/PLGA
substrate. The release profile of the established ASP coating
was evaluated. Afterwards, the cell proliferation, cytotoxicity,
cell morphology and pro-inflammatory (M1) and pro-
regenerative (M2) marker gene and protein expressions of
macrophages were evaluated. In addition, osteoblast cell
responses including cell proliferation, cytotoxicity, cell mor-
phology, osteogenesis-related gene level and cell calcification
were analyzed when cultured with macrophage conditioned
medium (CM). Furthermore, animal experiment was utilized
to confirm the in vivo osseointegration effects.

Our hypothesis is that the ASP/PLGA coating can induce
macrophage M2 polarization and construct ideal immune
microenvironment to promote bone regeneration. The
established Ti64-M-ASP/PLGA substrate could combine
the ASP/PLGA coating with the preexisted micro-structured
surface to acquire the functionalized composite surface and
generate synergistic effects to promote osteoblast osteo-
genesis and facilitate osseointegration.
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2 Material and methods

2.1 Specimen fabrication

2.1.1 Fabrication of microstructure using 3D-printing
technique

The 3D models designed using Magics software (ver.
19.0, Materialise company, Leuven, Belgium) were dis-
played in Fig. 1A. Disc form models (Fig. 1A, a–d)
(diameter, 14 mm; thickness, 1.5 mm) were designed for
in vitro test, while cylinder form models (Fig. 1A, e–h)
(diameter 1.5 mm; height, 2 mm) were designed for
in vivo experiment. Both 3D discs and cylinder-shaped
models without special surface structure were named as
Ti64 (Fig. 1A-a, b, e, f). While the models with evenly
distributed 300 μm-diameter concave micro-structures
were annotated as Ti64-M (Fig. 1A-c, d, g, h). All
designed models were saved in STL format and fabri-
cated by selective laser melting system (SLM, EOS
M290, Munich, Germany), with printing power of
200 W, laser scanning speed of 950 mm/s and laser spot

diameter of 100 μm under inert argon atmosphere. All
samples were ultrasonically cleaned in acetone, ethyl
alcohol and deionized water for 10 min successively and
dried in air.

2.1.2 Construct ASP coating on the micro-structured Ti alloy
surface

ASP and PLGA was provided by Sigma-Aldrich (St.
Louis, MO, USA). The 10 mg/ml ASP and 30 mg/ml
PLGA solution were prepared by resolving the solute in
acetone, respectively and mix to acquire a homogeneous
solution. PLGA and ASP/PLGA coating were super-
imposed onto the Ti64-M surface using drop-coating
method. Briefly, 100 μl PLGA solution were spread on the
Ti64-M surface evenly, and repeated 4 times to construct
the Ti64-M-PLGA surface. The Ti64-M-ASP/PLGA sub-
strate was fabricated by applying 100 μl ASP solution on
the Ti64-M surface evenly and repeated 4 times firstly.
Then, 100 μl PLGA solution were superimposed to the
ASP coated surface, repeated 4 times to obtain the Ti64-
M-ASP/PLGA substrate.

Fig. 1 Designed 3D models and fabricated entities of different samples. A 3D models of Ti64 and Ti64-M. Figure b, d, f, h are the top view of
figure a, c, e, g, respectively. B Macro surface morphology of different samples. Scale bars indicate 5 mm (a–d) and 2 mm (e–h)
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2.2 Surface characterization and drug release test

The macro surface morphology of various samples was
observed using stereomicroscope (S9i; Leica Micro-
system, Tokyo, Japan), while scanning electron micro-
scopy (SEM; SU8010, Hitachi, Tokyo, Japan) was used to
observe the micro surface topography of different sam-
ples. X-ray photoelectron spectroscopy (XPS; AXIS
Nova; Kratos Analytical, Manchester, UK) was used to
detect the elemental composition and valence states of
various surfaces. The hydrophilicity was tested by
dynamic contact angle tester (JAW-360A, Chongda
intelligent technology, Xiamen, China). All samples were
measured for three times.

The high-performance liquid chromatography system
(HPLC; 1100 Series; Agilent Technologies, Santa Clara,
CA, USA) were used for detecting drug release profiles of
ASP. Supernatant from each group were collected every day
and continued for 30 days. The concentration of ASP was
analyzed according to the calibration curve.

2.3 Behaviors of macrophages cultured on different
samples

2.3.1 Cell culture

RAW 264.7 macrophage cells (American Type Culture
Collection, ATCC, Manassas, VA, USA) were cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM; Gibco,
Carlsbad, CA, USA) supplemented with 10% fetal bovine
serum (FBS; Gibco, Carlsbad, CA, USA) and 100 μg/ml
penicillin and 100 μg/ml streptomycin (Gibco, Carlsbad,
CA, USA) in an incubator (Thermo Fisher Scientific, MA,
USA) with 5% CO2 at 37 °C. All samples used for cell
culture were sterilized by irradiation with 25 kGy Cobalt 60
for 30 min, then were placed in 24-well plate. Cells were
seeded at a density of 1 × 104 per well. Lipopolysaccharides
(LPS, 1 µg/mL; Sigma-Aldrich, MO, USA) were added to
each well after 24 h, this point was defined as day 0.

2.3.2 Cell proliferation

The cell proliferation ability was tested by a cell counting
kit-8 assay (CCK-8, New Cell and Molecular Biotech,
Suzhou, Zhejiang, China) on day 1, 3, 5, 7, following the
manufacturer’s instructions.

2.3.3 Cytotoxicity

On 1, 3, 5 and 7 days, the cytotoxicity of different samples
was measured using the Lactate dehydrogenase kit (LDH
kit; Solarbio, Beijing, China), in accordance with the
manufacturer’s instruction.

2.3.4 Cell Morphology

After 24 h of incubation, samples were fixed with 2.5%
glutaraldehyde solution (Solarbio, Beijing, China) at 4 °C
overnight, and 1% osmic acid 1 h, respectively. Then
samples were dehydrated by sequential ethanol solutions,
dried by critical point dryer (EM CPD030, Leica Micro-
systems, Wetzlar, Germany). After gold sputtering, cell
morphologies were observed and photographed by SEM
(SU8010, Hitachi, Tokyo, Japan).

2.3.5 Pro-inflammatory (M1) and pro-regenerative (M2)
marker gene expression

On day 3, Total RNA from cells on various surfaces was
extracted by TRIzol (Thermo Fisher Scientific, Waltham,
MA, USA). Nanodrop spectrophotometer (NanoDrop
Technologies, Wilmington, DE, USA) was used to detect
the RNA concentration and purity at 260 nm. Mouse
mRNA encoding genes for interleukin-6 (IL-6), interleukin-
1 beta (IL–1β), transforming growth factor-beta (TGF-β)
and heme oxygenase-1 (HO–1) were selected,
glyceraldehyde–3–phosphate dehydrogenase (GAPDH)
was used as an internal control. Reverse transcription and
quantitative real-time polymerase chain reaction (qPCR)
was performed and data were calculated by the 2−ΔΔCt

method. Primers for interested genes and the housekeeping
gene were shown in Table 1.

2.3.6 Enzyme-linked immunosorbent (ELISA) assay

The pro-inflammatory (M1) and pro-regenerative (M2)
marker protein expression levels in cell supernatant were
further measured by enzyme-linked immunosorbent
(ELISA) kits (ImmunoWay, TX, USA). The concentrations
of proteins including interleukin-6 (IL-6), interleukin-1beta
(IL–1β), transforming growth factor-beta (TGF-β) and heme
oxygenase-1 (HO–1) were determined by OD values and
calculated by standard curve.

2.4 Behaviors of MC3T3-E1 cells on various surfaces
cultured with macrophage CM

2.4.1 Preparation of macrophage CM and osteoblast cells
culture

Macrophages were seeded on various surface and stimu-
lated with LPS (1 µg/mL) for the initial three days. The
macrophage culture medium was daily collected and 1:1
mixed with osteoblast medium (alpha MEM with 10% FBS
and 1% penicillin- streptomycin) to obtain macrophage CM.
MC3T3-E1 preosteoblast cells (ATCC, Manassas, VA,
USA) were cultured in CM with 5% CO2 at 37 °C.
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2.4.2 Cell proliferation

The CCK-8 kit was used for cell proliferation ability eva-
luation on day 1, 3, 5 and 7.

2.4.3 Cytotoxicity assay

The LDH kit was employed to examine cytotoxicity on 1, 3,
5 and 7 days.

2.4.4 Cell morphology

MC3T3-E1 cells were seeded on different samples at a
density of 1 × 104 cells per well in 24-well plate and
observed on 24 h by SEM.

2.4.5 Osteogenesis-related gene levels

MC3T3-E1 cells were cultured for 14 days on different
samples and extracted by TRIzol to detect the
osteogenesis-related gene expression levels. Mouse

mRNA encoding genes for runt-related transcription
factor-2 (Runx-2), alkaline phosphatase (ALP), collagen
type 1 alpha 1 (COL1A1), osteopontin (OPN) and osteo-
calcin (OCN) were selected, GAPDH was used as an
internal control. Reverse transcription and qPCR were
performed, and results were calculated by the 2−ΔΔCt

method. Target genes and the housekeeping gene primers
were shown in Table 2.

2.4.6 Alizarin Red S (ARS) Staining and quantification

MC3T3-E1 cells were cultured for 21 days on different
samples. After that, samples were rinsed twice with PBS
and stained with 2% Alizarin red S (Sigma-Aldrich St.
Louis, MO, USA) for 30 min at 37 °C. A stereomicroscope
(S9i; Leica Microsystem, Tokyo, Japan) was used to take
picture of each group. 10% cetylpyridinium chloride (CPC;
Sigma-Aldrich) was used for quantification analysis. Each
sample was incubated with 1 mL of CPC for 30 min. After
that, 100 μL aliquots containing the extracted dye were
shifted to a new 96-well plate to read the absorbance by
microplate reader at 562 nm.

Table 2 Primers for
osteogenesis-related genes

Gene Gene bank ID DNA primer Sequence Size (bp)

Runx-2 NM_009820.5 Forward 5′-CAAGAAGGCTCTGGCGTTTA-3′ 82

Reverse 5′-TGCAGCCTTAAATGACTCGG-3′

ALP NM_007431.3 Forward 5′-ATCTTTGGTCTGGCTCCCATG-3′ 106

Reverse 5′-TTTCCCGTTCACCGTCCAC-3′

COL1A1 NM_007742.4 Forward 5′-TAAGGGTCCCCAATGGTGAGA-3′ 203

Reverse 5′-GGGTCCCTCGACTCCTACAT-3′

OPN NM_009263.3 Forward 5′-CTCACATGAAGAGCGGTGAG-3′ 174

Reverse 5′-TCTCCTGGCTCTCTTTGGAA-3′

OCN NM_007541.3 Forward 5′-GGACCATCTTTCTGCTCACTCTG-3′ 131

Reverse 5′-GTTCACTACCTTATTGCCCTCCTG-3′

GAPDH NM_008084.3 Forward 5′-GGTGAAGGTCGGTGTGAACG-3′ 233

Reverse 5′-CTCGCTCCTGGAAGATGGTG-3′

Table 1 Primers for pro-
inflammatory (M1) and pro-
regenerative (M2) marker genes

Gene Gene bank ID DNA primer sequence Size (bp)

IL-6 NM_031168.2 Forward 5′-CCAGAGATACAAAGAAATGATGG-3′ 88

Reverse 5′-ACTCCAGAAGACCAGAGGAAAT-3′

IL-1β NM_008361.4 Forward 5′-TGTGCAAGTGTCTGAAGCAGC-3′ 129

Reverse 5′-TGGAAGCAGCCCTTCATCTT-3′

TGF-β NM_011577.2 Forward 5′-TTGCTTCAGCTCCACAGAGA-3′ 183

Reverse 5′-TGGTTGTAGAGGGCAAGGAC-3′

HO-1 NM_010442.2 Forward 5′-GCCGAGAATGCTGAGTTCATG-3′ 86

Reverse 5′-TGGTACAAGGAAGCCATCACC-3′

GAPDH NM_008084.3 Forward 5′-GGTGAAGGTCGGTGTGAACG-3′ 233

Reverse 5′-CTCGCTCCTGGAAGATGGTG-3′
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2.5 In vivo experiments

2.5.1 Surgical procedures

The experiment in this study were approved by the Animal
Ethics Welfare Committee (AEWC) of Tianjin Hospital of
Itcwm Nankai Hospital (approval no. NKYY-DWLL-2020-
147). Thirty-six male Sprague Dawley (SD) rats were ran-
domly divided into four groups (Ti64, Ti64-M, Ti64-M-
PLGA and Ti64-M-ASP/PLGA). Each group performed
three kinds of experiments including push-out test, micro-
CT and histological analyses (n= 3 for each experiment).
The animals were housed in an environment of 25 °C and
55% humidity in a 12 h alternating light-dark cycle. Sur-
gical procedures were carried out under standard anesthetic
and analgesic protocols by intraperitoneal administration of
sodium pentobarbital (50 mg/kg body weight). The right
hind limbs of rats were shaved and the mid-diaphysis of the
femora was exposed. Then, a hole was carefully made
perpendicular to the surface of the femur using a motorized
dental drill (Φ= 1.5 mm). After that, the implant was
inserted into the femur, and the skin and muscle tissues
were cleaned and sutured subsequently. Rats were sacrificed
4 weeks after implantation and the bones tissue containing
implants were harvested and stored at 10% buffered for-
malin at 4 °C.

2.5.2 Push-out test

To evaluate the strength of bone-implant integration, push-
out test was carried out. Briefly, three randomly selected
rats in each group were sacrificed after 4 weeks of opera-
tion. A mechanical testing machine (Bose ElectroForce
3230; Bose Corporation, USA) with a push rod of 1 mm in
diameter was used. The displacement of the implant
towards the surrounding bone was at the speed of 1 mm/min
until the implant was completely pushed out. Then the load
displacement curve was recorded, and the peak value was
regarded as the bonding strength value.

2.5.3 Micro-computed tomography (micro-CT) analysis

The rat femora including embedded implants from four
groups were harvested and scanned by vivaCT 80 micro-CT
scanner (Scanco Medical, Brüttisellen, Switzerland). The
samples were scanned at 90 kV with the resolution of 10 μm
and an exposure time of 200 ms. The 3D images were
reconstructed using Nrecon software (ver. 1.6, Skyscan
company, Kontich, Belgium). The cylinder-shaped area
1 mm in diameter around the implant is defined as the
volume of interest (VOI). Then, quantitative analyses
including BV/TV (bone volume/total volume), Tb.Th (tra-
becular thickness), Tb.N, (trabecular number) and Tb.Sp

(trabecular separation) were performed using the CTAn
program from the Skyscan company (ver. 1.17, Kontich,
Belgium). Each group contains three samples.

2.5.4 Histological analysis

Three samples from each group were collected for histolo-
gical analysis. The rat femora samples with different kinds
of implants were immersed in 17% EDTA solution for
decalcification and then gradient dehydration by ethanol.
Then, samples were embedded into paraffin to cut into 4 μm
slices followed by hematoxylin and eosin (H&E) and
Masson staining. The samples were observed and photo-
graphed with microscope (Olympus IX73, Tokyo, Japan).

2.6 Statistical analysis

The experiments were repeated three times, and the data
were expressed as mean ± standard deviation (SD). The
one-way ANOVA followed by the Tukey post-hoc test was
employed to determine the statistical difference between
groups. Values of p < 0.05 was regarded as statistical sig-
nificance. The SPSS software, version 22.0 (SPSS, Chi-
cago, IL, USA), was used for statistics analyses.

3 Results and discussion

3.1 Surface characterization and drug release profile

Figure 1B showed the surface topography of different sur-
faces by stereomicroscope. Disc forms (Fig. 1B, a–d) of
different samples were used for in vitro test, while cylind-
rical implants (Fig. 1B, e–h) were prepared for in vivo
experiment. From the macro images, the surface of Ti64 is
flat and intact, and a concave structure can be observed
evenly distributed on the Ti64-M surface. While both the
Ti64-M-PLGA and Ti64-M-ASP/PLGA surfaces were
covered by a pale white film after PLGA and ASP/PLGA
coating application. The surface micromorphology images
were obtained with SEM (Fig. 2A). From the SEM images,
the Ti64 surface displayed some parallel stripes (Fig. 2A-a),
and the Ti64-M surface displayed evenly distributed uni-
form concave microstructure, with a diameter of about
300 μm produced on the surface, as designed (Fig. 2A-b).
While, on both the Ti64-M-PLGA and Ti64-M-ASP/PLGA
surfaces, the original concave microstructure was overlaid
by membrane of PLGA and ASP/PLGA, respectively, with
only slight contour visible (Fig. 2A-c, d). When observed
under higher magnification, needle-like ASP crystal struc-
ture was observed under the ASP/PLGA film for the Ti64-
M-ASP/PLGA substrate (Fig. 2A-h), compared to the
smooth and uniform PLGA film on the Ti64-M-PLGA
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Fig. 2 Surface morphology, chemical composition, hydrophilicity and
ASP release profile observation. A SEM images of different samples.
Figure e–h are the magnified SEM pictures of a–d, respectively. Scale
bars indicate 300 µm (a–d) and 10 µm (e–h), respectively. B, C XPS
results of different samples. D Contact angle measurement of different

samples. E ASP release profiles of the Ti64-M-ASP/PLGA substrate
detected by HPLC. Data are shown as the mean ± standard deviation
(n= 3). ∗ and # indicate statistical significance p < 0.05 vs Ti64 and
Ti64-M, respectively
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surface (Fig. 2A-g). These results demonstrated the suc-
cessful preparation of the designed surfaces.

As shown in XPS results (Fig. 2B, C), the spectra of the
Ti64 and Ti64-M surfaces include C, O, N, Ti, Al and V,
while Ti, Al and V peaks disappeared on the Ti64-M-PLGA
and Ti64-M-ASP/PLGA surfaces. This indicates that the
PLGA coating has completely overspread the original Ti64
alloy-based material. Moreover, the existence of O element
on the Ti64 and Ti64-M surfaces is due to the oxidation
reaction on the metal surface, whereas the distinctive peaks
of O1s and C1s observed on the Ti64-M-PLGA and Ti64-
M-ASP/PLGA surfaces were attributed to the deposition of
PLGA coating. In addition, since ASP (C9H8O4) have
relatively higher C and lower O element content than PLGA
([C5H8O5]n), the similarity XPS results between the Ti64-
M-PLGA and Ti64-M-ASP/PLGA substrates may be
explained by the total coverage of ASP in the PLGA
coating.

In addition to surface chemical composition and topo-
graphy, hydrophilicity also serve as a key parameter of
biomaterials in cell responses, including cell adhesion,
proliferation, and differentiation [36, 37]. Figure 2D dis-
played that the Ti64-M surface revealed the lowest contact
angle, which implied that the micro-structure significantly
enhances surface hydrophilicity. While contact angles also
decreased on both the Ti64-M-PLGA and Ti64-M-ASP/
PLGA surfaces, compared to the Ti64 surface. Previous
studies proved that wettability of implant surfaces not only
activate macrophages [38, 39] but also improve osteoblasts
osteogenesis [40]. Our results suggest that the increased

wettability of the Ti64-M-ASP/PLGA surface may con-
tribute to better cell responses.

Figure 2E-a displayed that ASP revealed sustained
release profile on the Ti64-M-ASP/PLGA surface during
the 30-day observation period. The cumulative release
amount reached 90% of the initial loaded ASP amount (Fig.
2E-b) until day 30. Moreover, daily concentration of ASP
during the initial 25 days maintained within the range of
0.2–4 mM (Fig. 2E-c), which was proved to be the effective
concentration to exert immunoregulatory function by our
preliminary experiment (data not shown). The results
reflected the controlled and stable released of ASP on the
Ti64-M-ASP/PLGA surface. This may promote the con-
version of macrophages from anti-inflammatory M1 type to
pro-regenerative M2 type, and build the foundation for its
immunoregulatory role to enhance osteoblast differentiation
and osseointegration.

3.2 Behaviors of RAW 264.7 cells cultured on
different surfaces

3.2.1 Cell proliferation and cytotoxicity

The macrophages proliferation and viability on days 1, 3, 5
and 7 were evaluated by CCK-8 assay and LDH kit,
respectively. As shown in Fig. 3A, cells displayed a pro-
gressive duplication for all the surfaces over the 7-day
period. On day 5 and 7, all the other groups exhibited higher
cell proliferation than the Ti64 group, with statistical dif-
ferences (p < 0.05). Particularly, the Ti64-M-ASP/PLGA

Fig. 3 Effects of different samples on cell proliferation, cytotoxicity
and morphology of RAW 264.7 macrophages. A CCK-8 and B LDH
activity results of RAW 264.7 cells for 1, 3, 5 and 7 days. C SEM
images of RAW 264.7 cells after 24 h of incubation. Data are

expressed as the mean ± standard deviation (n= 3). ∗, #, and $ indicate
statistical significance p < 0.05 vs Ti64, Ti64-M and Ti64-M-PLGA,
respectively. Scale bars indicate 10 μm
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group evoked highest cell multiplication among all the
surfaces, which was probably due to the duration of aspirin
release, suggesting that addition of the ASP/PLGA coating
can significantly promote cell proliferation. Apart from the
action of aspirin, the concave structure of the surface of
Ti64 provided a micrometer scale surface topography,
which also played an important role in facilitating cell
proliferation.

In addition, the LDH results (Fig. 3B) showed that cells
survived on all the structures. There was no statistical dif-
ference from day 1 to 5 among groups, with only the Ti64-
M-ASP/PLGA group displayed less cell apoptosis than the
Ti64 group on day 5. On day 7, apoptotic cells in all groups
increased significantly than those on day 5, which may be
due to the rapid proliferation of macrophages to cause cell
contact inhibition and induce apoptosis. It’s worth noting
that the Ti64-M-ASP/PLGA group showed least apoptotic
cell number, among all groups on day 7, implying the best
cell survival, which might be correlated with the aspirin
delivery of the ASP/PLGA coating. Based on our results,
although all the surfaces possessed favorable cytocompat-
ibility in vitro, the concave microstructure and ASP/PLGA
coating, especially when combined, could promote cell
proliferation and inhibit cell apoptosis to some extent.

3.2.2 Cell morphology

As shown in Fig. 3C, SEM images of RAW 264.7 cell on
different surfaces were observed after 24 h of cultivation.
Cells adhered to the Ti64 and Ti64-M surfaces looked
spherical, with partially enlarged spreading areas, which
indicate M1 polarization. While cells on the Ti64-M-PLGA
substrate displayed well-spread shape, due to the property
of PLGA to improve cell adhesion. Particularly, cells on the
Ti64-M-ASP/PLGA substrate revealed elongated shape,
which indicated a tendency towards the M2-polarized
phenotype. It is well-accepted that M1 pro-inflammatory
macrophage revealed round-shape with enlarged spreading
area, while M2 pro-regenerative cells displayed slender
shapes [41]. Therefore, our data revealed that Ti64-M-ASP/
PLGA substrate could induce macrophages to transfer from
anti-inflammatory M1 type to pro-regenerative M2 type.
This phenomenon may be explained by that the sustained
release of aspirin from the ASP/PLGA coating could exert
immunoregulatory effects to shift the microenvironment
around implant from inflammatory phase to
regenerative phase.

3.2.3 Pro-inflammatory (M1) and pro-regenerative (M2)
Marker Genes Expression

As shown in Fig. 4A, reduced M1 and increased M2 gene
expressions were seen on the Ti64-M-PLGA surface,

compared with the Ti64 group, p < 0.05. This suggested that
the combined PLGA coating and micro-structured surface
may inhibit inflammation and promote regeneration, to
some extent. Most interestingly, the Ti64-M-ASP/PLGA
substrate observed substantially elevated M2 and reduced
M1 gene expressions, compared to all other groups,
p < 0.05. When subjected to different stimuli, macrophages
can switch between M1 and M2 phenotypes [42]. M1-type
macrophages mainly secrete pro-inflammatory cytokine,
such as IL-6, IL-1β, TNF-α, etc., while M2-type macro-
phages mainly secrete TGF-β, HO-1, IL-10 and other
wound healing cytokines [19]. It was reported that after
implant implantation, inflammation process lasts from sev-
eral hours to several days [43], and the inflammatory
cytokines start to decline 3 days post-implantation [44].
Therefore, we chose day 3 as the time point to detect gene
expression change. These results proved that the ASP/
PLGA coating could change macrophages from M1 to M2
phenotype, with obvious anti-inflammatory and pro-
regenerative effects, so as to exert its excellent immunor-
egulatory function.

3.2.4 Enzyme-linked immunosorbent (ELISA) assay

We further checked the expression levels of pro-
inflammatory (M1) and pro-regenerative (M2) marker pro-
teins by ELISA assays (Fig. 4B). Similar with the gene
expression tendency, for the Ti64-M-PLGA surface, the
combination of micro-structure and PLGA evoked
increased M2 proteins expression and slightly reduced M1
protein expression, compared to the Ti64 surface. Most
importantly, on the Ti64-M-ASP/PLGA substrate, the M2
protein levels increased significantly, and the M1 protein
levels obviously decreased. Our results implied that the
Ti64-M-PLGA surface could exert the pro-regenerative and
anti-inflammatory functions to some extent, while the Ti64-
M-ASP/PLGA substrate could achieve pro-regenerative and
anti-inflammatory effects remarkably, suggesting that the
ASP/PLGA layer revealed its superior immunoregulatory
function by transferring the LPS-induced macrophages from
M1 inflammatory stage to M2 restorative stage.

3.3 Behaviors of MC3T3-E1 cells on various surfaces
in conditioned medium from macrophage

3.3.1 Cell proliferation and cytotoxicity

Cell proliferation ability of MC3T3-E1 osteoblast cells seeded
on different samples for 1, 3, 5 and 7 days was evaluated by
CCK-8 kit. As shown in Fig. 5A, the cell number cultured on
different surfaces revealed no statistically significance on day 1.
On day 3, the cell proliferation on the Ti64-M-ASP/PLGA
substrate was higher than the other groups, with statistical
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difference. While on day 5 and day 7, the Ti64-M and Ti64-M-
PLGA group revealed higher cell proliferation than the Ti64
group. Particularly, the Ti64-M-ASP/PLGA substrate displayed
the highest cell proliferation, with statistically significance.

The cytotoxicity of MC3T3-E1 cells seeded on different
samples was evaluated by LDH kit and the results were
shown in Fig. 5B. On day 1 and day 3, there was no sta-
tistical difference among different groups. On day 5, the
Ti64-M-ASP/PLGA group showed lower cytotoxicity than
the Ti64 group, with statistical difference. While on day 7,
consistent with the cell proliferation results, the Ti64-M-
ASP/PLGA substrate revealed the lowest cytotoxicity than
the other surfaces, with statistically difference.

Our results showed that both PLGA and ASP could
improve MC3T3-E1 cells proliferation and displayed no
cytotoxicity. Most importantly, the Ti64-M-ASP/PLGA
group showed best proliferative activity and least cyto-
toxicity among groups, indicating that aspirin released from
the ASP/PLGA layer might improve osteogenesis at an
early stage after implantation.

3.3.2 Cell morphology

After 24 h of incubation, the cell morphology of MC3T3-E1
cells on different samples were obtained by SEM as shown
in Fig. 5C. Cells on Ti64 and Ti64-M surfaces both

Fig. 4 Relative pro-inflammatory (M1) and pro-regenerative (M2)
marker genes and proteins expression in RAW 264.7 macrophages
cultured with different samples. Gene expression levels (A) and Pro-
tein secretion level (B) of M1 and M2 markers after 3 days of

incubation. Data are expressed as the mean ± standard deviation
(n= 3). ∗, #, and $ indicate statistical significance p < 0.05 vs Ti64,
Ti64-M and Ti64-M-PLGA, respectively
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displayed spindle shape. While cells on the Ti64-M-PLGA
surface revealed better spread-out morphology than the
Ti64 and Ti64-M surfaces, with more filopodia and lamel-
lipodia stretching out and adhered to the surfaces. Particu-
larly, cells on the Ti64-M-ASP/PLGA substrate displayed
the best well-spread morphology, with numerous well-

distributed filopodia and lamellipodia extending in multiple
directions and attached tightly into the underlying surface. It
is reported that immune cells play vital roles in modulating
bone dynamics, which can regulate the osteogenic micro-
environment and promote osteogenesis [19]. Our results
implied that the established Ti64-M-ASP/PLGA surface

Fig. 5 Effects of different samples on cell proliferation, cytotoxicity,
morphology and osteogenesis-relate genes expression of MC3T3-E1
cells. A CCK-8 and B LDH activity results of MC3T3-E1 cells for 1,
3, 5 and 7 days. C SEM images of MC3T3-E1 cells after 24 h of
culture. D Osteogenesis-related gene levels of MC3T3-E1 cells after

14 days of incubation. Data are expressed as the mean ± standard
deviation (n= 3). ∗, #, and $ indicate statistical significance p < 0.05
vs Ti64, Ti64-M and Ti64-M-PLGA, respectively. Scale bar indicates
10 μm
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could promote osteoblast adhesion under the existence of
macrophage CM, this might due to the anti-inflammatory
effect of aspirin, which promotes osteogenic differentiation
by regulating the transformation of macrophages to
M2 type.

3.3.3 Osteogenesis-related genes expression

Figure 5D showed the expression of osteogenesis-related
genes in osteoblasts after 14 days of incubation with various
surfaces. The gene levels of ALP, COL1A1, OCN and OPN
in cells cultured on the Ti64-M and Ti64-M-PLGA surfaces
were higher than that on the Ti64 group (p < 0.05). This
indicated that both micro structure and PLGA could pro-
mote osteogenesis to a certain degree. Remarkably, osteo-
blast cells on the Ti64-M-ASP/PLGA substrate revealed the
highest levels of osteogenesis-related genes including Runx-
2, ALP, COL1A1, OPN and OCN among all the surfaces,
which implied the best osteogenic ability for the established
Ti64-M-ASP/PLGA substrate. Previous study reported that
the pro-regenerative M2 phenotype macrophages may pro-
mote osteogenesis in osteoblast cells [45]. Earlier in this
article, we mentioned that Ti64-M-ASP/PLGA substrate
invoked the shift from M1 towards M2 polarization in
macrophages. Previous study also revealed that aspirin
could inhibit macrophage activation in the early stages of
inflammation and promote osteoblast differentiation and
osteogenic activity [46]. Consistent with previous studies,
the up-regulation of bone-related genes suggested that the
ASP/PLGA coating layer of the Ti64-M-ASP/PLGA sub-
strate could induce the shift to M2 phenotype macrophages,
so as to improved osteogenesis in osteoblast cells.

3.3.4 Alizarin red S Staining

Figure 6 showed the Alizarin red S staining photographs
(Fig. 6A) and corresponding quantitative analysis (Fig. 6B)
of MC3T3-E1 cells cultured on different surfaces for
21 days. It was revealed that both Ti64-M and Ti64-M-
PLGA surfaces displayed more calcium nodules formation
than the Ti64 group. In addition, the Ti64-M-ASP/PLGA

substrate discovered most calcium nodules formation
among all the groups. Mineralized calcium nodules are a
sign of osteoblast differentiation and maturation, and it is
also the main morphological manifestation of osteoblast to
perform osteogenic function [47]. The largest amount of
calcium nodules formation on the Ti64-M-ASP/PLGA
substrate implied its highest osteogenic potential among all
groups. The controlled release of aspirin from the ASP/
PLGA coating contributed to the establishment of the pro-
osteogenic niche. Our results further verified the superior
osteogenic effects of the Ti64-M-ASP/PLGA substrate to
induce osteoblast maturation and mineralization compared
with other surfaces.

3.4 Evaluation of bone formation in vivo

3.4.1 Push-out test and radiographic evaluation

The bonding strength of bone-implant integration was
evaluated by the biomechanical push-out test 4 weeks post-
implantation. As shown in Fig. 7A, both Ti64-M and Ti64-
M-PLGA groups detected higher push-out force values,
compared to the Ti64 group, with statistical significance.
Particularly, the Ti64-M-ASP/PLGA group showed the
highest push-out force value among all groups. Our results
suggested that both microstructure and PLGA could pro-
mote osseointegration, to some degree. Most importantly,
superimposition of ASP on the micro-structured surface to
construct the Ti64-M-ASP/PLGA substrate revealed the
highest bone bonding ability in vivo. Thus, it was shown
that the combination of ASP and PLGA can improve the
bone binding strength of bone-implant interface to the
highest extent.

Figure 7B demonstrated the reconstructed 3D images
4 weeks after insertion, with gray-colored new bone formed
around the green-colored implants. The quantitative ana-
lyses were revealed in Fig. 7C. Among all groups, the
highest BV/TV ratio and Tb.Th and Tb.N values were
observed in the Ti64-M-ASP/PLGA group. While the
lowest Tb.Sp value was seen for the Ti64-M-ASP/PLGA
surface. Excellent bone-implant osseointegration is crucial

Fig. 6 In vitro Alizarin red S
staining in MC3T3-E1 cells
cultured with different samples.
A Alizarin red S staining and
B Quantitative analysis after
21 days of culture. Data are
expressed as the
mean ± standard deviation
(n= 3). ∗, #, and $ indicate
statistical significance p < 0.05
vs Ti64, Ti64-M and Ti64-M-
PLGA, respectively
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for the fixation stability and long-term longevity [48].
Collectively, the Ti64-M-ASP/PLGA substrate observed the
most favorable ability for bone ingrowth and maturation
among all groups. Obviously, our results proved the satis-
factory in vivo bone formation effects of the aspirin coating,
which revealed the best osteogenic capability for the Ti64-
M-ASP/PLGA group.

3.4.2 Histological assessments

Figure 8 displayed the decalcified samples of peri-implant
tissues around different groups stained with H&E and
Masson staining to evaluate new bone formation. H&E
staining in Fig. 8A showed that four weeks after implan-
tation, relatively little amount of new osteoid tissue was
seen around implants in the Ti64 group and Ti64-M group.
While more new osteoid tissue was discovered in the Ti64-
M-PLGA group than the Ti64 and Ti64-M groups. In par-
ticular, large amount of new osteoid tissue could be
observed in the Ti64-M-ASP/PLGA group, indicating its
superior bone formation ability. The Masson staining ima-
ges (Fig. 8B) revealed similar tendency with the H&E
staining results. Our results confirmed that the combination
of concave microstructure and ASP/PLGA coating could
synergistically promote bone formation, implying the best
bone formation ability of the Ti64-M-ASP/PLGA substrate.

4 Conclusion

In this study, we fabricated concave micro-structured 3D-
printed Ti64 surface with ASP/PLGA composite coating to
establish the Ti64-M-ASP/PLGA substrate. In vitro
experiments demonstrated that concave micro-structure and
ASP may exert synergistic effects to endow the established
Ti64-M-ASP/PLGA substrate with good biocompatibility
and the ability to subside inflammation and facilitate
regeneration in macrophage cells. The timely shift from M1
to M2 phenotype macrophages enable the Ti64-M-ASP/
PLGA substrate to display outstanding osteogenic ability in
osteoblasts cultivated with CM from macrophage cells.
More importantly, in vivo experiments indicated that the
established Ti64-M-ASP/PLGA implants were in favor of
bone ingrowth and maturation. In summary, this work
offers a novel biocompatible implant surface, which
superimposed the ASP/PLGA coating with the concave
surface, to create ideal pro-osteogenic immune micro-
environment for facilitating osteogenic ability in vitro and
promoting osseointegration in vivo.
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