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accuracy and excellent cell behaviors is required. However, the partially melted or un-melted powders
must be removed in the post-process. In this study, the effects of unfused metal powders on the biocompat-
ibility of 3D printed Ti alloy scaffolds were analyzed by co-culture with MC3T3-E1 cells and RAW 264.7
cells, and the surface treatment strategy was proposed. Results showed that surface treatment can enhance
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MC3T3-E1 cells ibility and osteogenesis of MC3T3-E1 cells, and promoted the polarization of macrophages to M1 type. In
RAW 264.7 cells summary, the removal of metal powders on the 3D printed scaffolds plays an important role in the biolog-
ical performance, which provided a promising strategy for the application of Ti implants.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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lic biomaterials have become an interesting approach to improve
long-term fixation of Ti devices. The development of bioactive Ti
scaffolds for bone regeneration remains a challenge which needs
the design of Ti implants with enhanced osseointegration. 3D
printing technology is able to process complex or personalized
scaffolds to better match the bone tissue, which stands for one of
the development direction of new metal medical devices [3,4]. Pre-
vious researches have proved that porous structures were benefi-
cial to osteoblastic adhesion, proliferation and differentiation [5].
Porous materials bone implants have network pores that allow
cells to grow in and ensure proper vascularization [6]. It was
reported that the pore size affects the adhesion and proliferation
of osteoblasts. When the pore diameter is greater than 200 pm,
the size is the most suitable for osteosynthesis and angiogenesis,
and an excessively small pore size will affect the proliferation of
osteoblasts and angiogenesis [7,8]. However, larger pore size may
lead to negative effects of cell-to-cell connection and osteogenesis
[9,10]. Moreover, the pore shape has a significant effect on the bio-
logical properties of scaffolds [11]. Experiments have shown that
rhomboid holes can promote bone insertion more than round ones,
and the rhomboid holes have better mechanical properties due to
their supporting role [3,12].

However, 3D printing technology uses metal powder as the raw
material, which often results in incomplete melting of the powder
or attachment of the powder on the product structure [13-17].
Hence, there may be residual powders attached on the Ti scaffolds
in the manufacturing process. When these Ti alloys were implanted,
the powders released by the metal implant inevitably deposited into
the surrounding tissue, leading to aseptic loosening of the implant or
osteolysis around the prosthesis, which, over time, can lead to heart,
kidney disease and even cancer in humans [18-24].

Various studies have shown that the behavior of osteoblasts
was affected by powder size [25]. When the powder size is smaller
than 10 pm, the metal powder will enter the osteoblast, and affect
the release of osteoblast factor resulting in osteolysis [26]. If the
metal powder is within the range of 10 ~ 100 pum, the cell prolif-
eration can be affected by the interaction between powders and
cells [27], and if the diameter of Ti alloy powder was higher than
100 pum, the growth of osteoblasts can be seriously hindered
[28]. Other studies have reported that the accumulation of Ti alloy
powder in the body would lead to the toxicity and can seriously
harm the health of the individual [23]. Ti powders exhibited toxi-
city to cells at all used concentrations (0.1-1 mg/mL), while the
range from 0.6 to 1 mg/mL to can cause enough damage [23]. In
the study on the effects of different concentrations of Ti particles
on osteoblasts, the concentration of Ti powders ranging from 0.1
to 0.5 mg/mL was low concentration, and ranging from 0.6 to
1 mg/mL was high concentration [23].

The shedding of these residual powders not only inhibit bone
formation, but also stimulates inflammation [29-31]. Macrophages
play a major role in the immune response affecting implants, such
as regulating bone remodeling, tissue repair, and tissue response to
biomaterials [32]. Macrophages have high plasticity after activa-
tion and can differentiate into classically activated (M1 phenotype)
and alternatively activated (M2 phenotype) depending on environ-
ment stimuli [33]. After the Ti alloys are implanted into the bone,
the shed Ti alloy powders had an immune reaction with macro-
phages [34]. At the early stage of inflammation, macrophages
polarize into M1 type, mainly secreting pro-inflammatory factors
and chemokines. With the repair of tissue damage, macrophages
are activated as type M2, and the increase of M2 type macrophages
can enhance the release of osteogenic factors, secrete anti-
inflammatory factors, reduce inflammatory response, and promote
new bone formation as well as tissue healing [35]. Copper (Cu) is
known to be an essential trace element in the human body [36].
It not only participates in cell function and protein synthesis but
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also promotes angiogenesis and proliferation and differentiation
of osteoblasts [37-39]. Furthermore, Cu plays an important role
in physiological repair processes such as wound healing and new
bone formation [40,41]. In addition, several studies have proofed
that copper can inhibit the expression of pro-inflammatory cytoki-
nes and increase the secretion of anti-inflammatory cytokines in
macrophages [28,42].

In our previous study, a series of Ti-xCu alloys with different Cu
contents (3, 5 and 7 wt%) were fabricated and systematically stud-
ied. The results demonstrated that Ti-5Cu alloy exhibited extre-
mely strong antibacterial properties, good biological
compatibility and osteogenic ability, as well as the most excellent
ductility and corrosion resistance [43]. Based on previous studies,
Ti5Cu scaffolds were used in the present study. This study empha-
sizes on the potential impact of the unfused metal powders should
be seriously considered when 3D printed Ti alloy scaffolds are used
as implants. The biological behaviors of MC3T3-E1cells and RAW
264.7 cells were evaluated by co-culture with Ti alloy scaffolds
before and after removing attached powders. The biological
responses of MC3T3-E1 cells and RAW 264.7 cells to different con-
centrations of metal powders were also assessed to further demon-
strate the effect of the residual powders on 3D printed Ti alloy
scaffolds. This study aims to provide a theoretical basis for better
and more systematic assessment of the biological response of 3D
printed metal implants containing residual powders for potential
orthopedic application.

2. Materials and methods
2.1. Material preparation

Scaffold samples with a size of 10 x 10 x 2 mm was prepared
by 3D printing technology using mixture powders consisting of
Cu and Ti. 3D Systems (ProX DMP 200, US) were processed with
a laser beam with a wavelength of 1070 nm using TC4 and Ti5Cu
powders (Avimetal powder metallurgy technology Co., Ltd, China)
with a diameter ranging from 20 to 40 um. Our previous study
compared different laser processing parameters and selected the
optimal parameters in this study: laser power of 260 W, laser spot
size of 70 um, scanning distance of 45 um, and the layer thickness
of 45 um [44]. The specimens were subsequently immersed in
diluted hydrofluoric acid solution with a concentration of 40% in
an ultrasonic bath for 1 min to remove the un-melted metal pow-
ders. Fig. 1 illustrates the flow diagram of the present study.

All samples were divided into four groups: unetched Ti6AI4V
(TC4), unetched Ti5Cu (Ti5Cu), etched Ti6Al4V (ETC4), etched
Ti5Cu (ETi5Cu). The specimens were ultrasonically etched with
acetone, ethyl alcohol, distilled water for 10 min and then steril-
ized at 121 °C for 20 min.

2.2. Surface characterization

2.2.1. Microstructure and phase composition

The structural morphologies of Ti alloy scaffolds were charac-
terized by an optical microscope (KMM-800, Shanghai SiChangYue,
China) and scanning electron microscope (SEM, Zeiss, Germany)
equipped with EDS. The phase composition of the coatings was
analyzed by an X-ray diffractometer (XRD, Philips PW1700) at a
scanning speed of 5°/min ranging from 10° to 80° with using CuKo
radiation.

2.2.2. Roughness measurement
The average three-dimensional roughness (Sa) of unetched and
etched samples was detected by the white-light interferometer
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Fig. 1. Flow diagram of the study: (A) Preparation of Ti alloy scaffolds; (B) Behaviors of MC3T3-E1 cells and RAW 264.7 cells on Ti alloy scaffolds before and after surface
treatment; (C) The biological responses of MC3T3-E1 cells and RAW 264.7 cells to metal powders.

(Phase shift MicroXAM-3D, ADE, USA). Three samples were taken
for each group and three randomly selected areas per sample.

2.3. Cell culture

2.3.1. MC3T3-E1 cells

The MC3T3-E1 cells were cultured in alpha minimum essential
medium (a-MEM) supplemented with 10% (v/v) fetal bovine serum
(FBS) and 1% penicillin and streptomycin in a humidified atmo-
sphere at 37 °C with 5% CO,. When the monolayer reached sub-
confluence, the cells were sub-cultured by 0.25% trypsinization.
The third or fourth generations were used in subsequent experi-
ments. MC3T3-E1 cells were used in the tests of cell proliferation,
cytotoxicity, early osteogenic and apoptosis.

2.3.2. RAW 264.7 cells

RAW 264.7 cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% (v/v) heat-inactivated
fetal bovine serum and 1% penicillin and streptomycin. The culture
was maintained in an incubator with 5% CO, at 37 °C. RAW 264.7
cells were used to the test of cell proliferation and polarization.

2.4. Cells cultured on Ti alloy scaffolds

2.4.1. Cell proliferation and cytotoxicity test

The CCK-8 assay (US Everbright Inc., Silicon Valley, USA) was
performed to evaluate the viability of MC3T3-E1 cells. The cells
were cultured at a concentration of 1 x 10* cells/mL and then
seeded on all samples in a 12-well culture plate (Corning, China)
in a humidified atmosphere with 5% CO, at 37 °C. After incubated
for 1d, 3d, 5d and 7 d, respectively, the culture media was
removed and these samples were rinsed with phosphate buffered
saline (PBS) twice. A 10% (v/v) concentration of CCK-8 reagent
was added and the samples were incubated in a dark incubator
for 2 h at 37 °C. Afterwards, 100 pL of medium from each well
was moved to a 96-well culture plates, and the 450 nm optical
density (OD) was used with an Enzyme standard instrument
(Tecan, Austria). The cell relative growth rate (RGR) was calculated
according to Eq. (1):

RGR(%) = ODexperimentalgroup/ODcontrolgroup x 100% (1)
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2.4.2. Cell apoptosis assay

The cell apoptosis was quantified by FCM analysis using
Annexin V-FITC/PI apoptosis detection kit (US Everbright Inc., Sili-
con Valley, USA) according to the manufacture’s protocol. MC3T3-
E1 cells were seeded onto the different sample surfaces at a density
of 1 x 10° cells/well in 12-well plates. After incubated for 3 d and 7
d, the cells were washed two times with pre-cooled PBS, digested
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with 0.25% trypsin (without EDTA) and transferred into EP tubes.
The cells were then washed in ice-cold PBS, re-suspended in
100 pL binding buffer and incubated with 5 pL Annexin V-FITC
and 5 pL propidium iodide (PI) for 15 min at 4 °C in the dark.
Finally, 400 pL of binding buffer was added to each tube, the cells
apoptosis was analyzed with flow cytometer (BD, LSRFortessa,
USA).
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Fig. 2. SEM images of Ti alloy scaffolds (A-d): (A, a) TC4; (B, d) ETC4; (C, c¢) Ti5Cu; (D, d) ETi5Cu. The morphology of Ti5Cu samples before and after etching under optical
microscope (E, F) and the morphology under SEM (e, f): (E, e) Ti5Cu; (F, f) ETi5Cu. SEM images (G, H) and the corresponding EDS results (g, h) of Ti5Cu samples before and after
etching: (G, g) Ti5Cu; (H, h) ETi5Cu. XRD patterns of TC4 and Ti5Cu samples before and after etching (I). The surface roughness of Ti alloy scaffolds (]).
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2.4.3. ALP activity

MC3T3-E1 cells were seeded onto different sample surfaces at a
density of 1 x 10° cells/well into 12-well plates. After 24 h culture,
the culture medium was replaced with an osteogenesis-inducing
solution, which was changed every 2 d. After 7 and 14 days of cul-
ture, the activity of alkaline phosphatase (ALP) was analyzed with
Alkaline Phosphatase Assay Kit according to the manufacturer’s
instructions (Beyotime, China), and the total protein concentration
was measured by a BCA protein assay kit (Beyotime, China). The
ALP activity of each sample was normalized as ALP/total protein.

2.4.4. Alizarin red staining

MC3T3-E1 cells were seeded onto different sample surfaces at a
density of 1 x 10° cells/well into 12-well plates. After 24 h culture,
the culture medium was replaced with an osteogenesis-inducing
solution, which was changed every 2 d. After 28 and 35 days of cul-
ture, cells were washed, fixed and then incubated with Alizarin Red
S Staining Kit for Osteogenesis according to the manufacturer’s
instructions (Beyotime, China). Finally, the amount of Alizarin
red bound to the calcium nodules was quantified by dissolving
the stained sample into 1% cetylpyridinium chloride (CPC) solution
and reading the optical density at 562 nm using microplate reader
(Infinite M200, Tecan, Austria).

2.4.5. Macrophage proliferation

RAW 264.7 cells were seeded onto the surface of all samples at a
concentration of 1 x 10° cells in 12-well plates. After incubated for
24 h, 48 h and 72 h, respectively, the culture media was removed
and the samples were etched with PBS two times. The cells were
then incubated with CCK8 solution for 2 h and the optical density
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was measured by microplate reader (Infinite M200, Tecan, Austria)
at 450 nm.

2.4.6. Macrophage polarization

The polarization state of macrophages in response to the
implant microenvironment was determined by flow cytometric
analysis. RAW 264.7 cells were seeded onto the surface of all sam-
ples at a concentration of 1 x 10° cells/well. After cultured for 24 h,
cells were washed and then incubated for 30 min with APC-
conjugated CD86 (Thermo Fisher Scientific, 17-0862-81) and PE-
conjugated CD206 (Thermo Fisher Scientific, 12-2061-80). Finally,
the results were acquired using a flow cytometer (Becton Dickin-
son, America).

2.5. Cell responses to metal powders

2.5.1. Preparation of metal powders

The metal powders in this study were the starting material from
which the scaffolds are manufactured. The real powder concentra-
tion on the surface of unetched samples was determined by
calculating the weight loss before and after etching. The calcula-
tion formula was Eq. (2):

C=(W; -W, - AW)/V (2)

where C (mg/mL) is the concentration of metal powders, W,
(mg) is the weight of the unetched scaffold sample, W, (mg) is
the weight of the etched scaffold sample, AW (mg) is the weight
loss of the etched scaffold sample before and after etching within
the same time, V (mL) is the volume of the immersion solution.
The highest concentration value of the powder was 3 mg/mL by
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Fig. 3. (A) Optical density of MC3T3-E1 cells measured by CCK8 test and (B) relative growth rate (RGR) and cytotoxicity level at different detection period (n =5, * p < 0.05).

5



Z.Yi, Y. Liu, Y. Ma et al.

calculating the weight loss before and after etching. Based on
above, TC4 powders and Ti5Cu powders (named PTC4 and PTi5Cu)
with three concentrations of 0.5 mg/mL, 1 mg/mL and 3 mg/mL
were selected to further demonstrate the effect of the residual
powders on the biological properties of scaffold samples. The pow-
ders were initially submerged for 48 h in 70% ethanol and dried in
an aseptic incubator. Then the solution of metal powders was pre-
pared by adding the required amount of metal powders into the
cell culture media.

2.5.2. The effect of metal powders on the cells

The cytotoxic effects and proliferation ability of metal powders
to MC3T3-E1 cells were evaluated using the CCK8 assay on1d, 3 d,
5d and 7 d. To determine the apoptosis rates of MC3T3-E1 cells
cultured with metal powders, flow cytometry was performed fol-
lowed by Annexin V-FITC/PI double staining after cultured for 3
d and 7 d. The effect of metal powders on the early osteogenic dif-
ferentiation of MC3T3-E1 cells was determined with ALP assay
after cultured for 7 d and 14 d. Staining with Alizarin Red S was
performed in order to observe calcium deposition after cultured
for 28 d and 35 d.

Macrophage activity co-cultured with metal powders was ana-
lyzed using CCK-8 assay on 24 h, 48 h and 72 h. The polarization
state of macrophages in response to metal powders was deter-
mined by flow cytometric analysis on 24 h.

2.6. Statistical analysis

All experiments were repeated at least three times for statistical
purpose. Statistical analysis was performed with SPSS 25.0 soft-
ware. Differences between groups were analyzed using one-way
analysis of variance (ANOVA) followed by Tukey’s test.

3. Results
3.1. The characterization of Ti alloy scaffolds

Fig. 2 shows the microstructures of TC4 scaffolds and Ti5Cu
scaffolds before and after etching. SEM analysis revealed that the
pore size of the scaffold was relatively uniform, with a rhomboid
porous structure. The scaffolds showed a three-dimensional struc-
ture with the pore size of about 500 pm. A large number of Ti alloy

TC4 ETC4

Ti5Cu
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powders were distributed on the surface of the Ti alloy scaffolds,
and the powder is more distributed in the connection parts of
the pores. It can be observed in Fig. 2C and D that the surface of
the etched Ti alloy scaffolds was smooth and the un-melted pow-
ders were absent on the etched Ti alloy scaffolds, indicating that
the surface treatment was successful for removing the un-melted
powders.

Fig. 2E, e, f and F shows the morphology of Ti5Cu samples before
and after etching under optical microscope (Fig. 2E and F) and high
magnification SEM (Fig. 2e and f). Obvious acicular o grains can be
observed on the surface before etching (Fig. 2E), and Ti,Cu precip-
itates were observed under high magnification SEM (Fig. 2e). A
small amount of o grains could still be observed (Fig. 2F). Small pits
appeared on the surface after etching (Fig. 2f). After surface treat-
ment (etching), observing the microstructure of the samples
(grinding and polishing treatment is required) will destroy the sur-
face morphology. The existing technology cannot observe the
microstructure in situ after etching, as shown in Fig. 2f. Fig. 2g
and h shows the EDS analysis of Ti5Cu samples before and after
etching. Result shows that the distribution of Cu was not affected
by etching, and only a small amount of Cu-containing phase is
preferentially dissolved.

Fig. 21 presents the XRD patterns of TC4 and Ti5Cu samples before
and after etching. All the samples exhibited «-Ti as a single phase,
and TiCu were detected in Ti5Cu and ETi5Cu groups. Fig. 2] shows
the surface roughness of TC4 scaffolds and Ti5Cu scaffolds before
and after surface treatment. The average three-dimensional
roughness (S,) of etched TC4 and Ti5Cu scaffolds was significantly
lower than that unetched TC4 and Ti5Cu scaffolds respectively
(p < 0.05). There was no significant difference between the Sa value
of TC4 and Ti5Cu scaffolds.

3.2. Cells cultured on Ti alloy scaffolds

3.2.1. Cells proliferation and cytotoxicity

The effects of Ti alloy scaffolds on the proliferation of MC3T3-E1
cells are shown in Fig. 3. It was found that the OD values of all
groups cultured with MC3T3-E1 cells increased gradually with
the culture time. At 1 d, the absorbance of ETC4 and ETi5Cu groups
were significantly higher than TC4 group (p < 0.05). At 3d, 5 d and
7 d, the absorbance of ETC4 and Ti5Cu groups were significantly
higher than TC4 group (p < 0.05), and the absorbance of ETi5Cu
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5 o a2z @ @2 5o
648

54 o
015 Joor 0.040

225

3d

Comp-Pl-A
Comp-Pl-A
Comp-Pl-A

@ 5 @1 @ 5 ot @2

192 0139

224 Foost

372

Comp-Pl-A
Comp-Pl-A

Comp-FITC-A Comp-FITC-A

Comp-FITC-A

Comp-FITC-A

Jot a2 5 Jor [ 5 o
029

7d

) 5 jot ) 5 o @
015 145

Comp-Pl-A
Comp-Pl-A
Comp-Pl-A

Comp-FITC-A Comp-FITC-A

Comp-PI-A
Comp-Pl-A

Comp.FITC-A Comp.FITC-A Comp-FITC-A

Fig. 4. Apoptosis of MC3T3-E1 cells cultured with Ti alloy scaffolds for 3d and 7 d.
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group was significantly higher than Ti5Cu group (p < 0.05). More-
over, at 5 d and 7 d, the absorbance of ETC4 group was significantly
higher than Ti5Cu group (p < 0.05). The cell toxicity grade (CTG)
was obtained according to the standard United States Pharma-
copeia [45]. From 1 d to 7 d of incubation, all groups showed grade
0 to 1 (no toxicity).

3.2.2. Apoptosis of MC3T3-E1 cells

Apoptosis is normal physiological process of the cell death, and
apoptosis rate can reflect the adaptation ability of cells to different
surfaces. The lower left quadrant (Q4) represents living cells, the
upper right quadrant (Q2) contains late apoptotic cells and necrotic
cells, and the lower right quadrant (Q3) stands for early apoptotic
cells. Fig. 4 shows the apoptosis of MC3T3-E1 cells incubated with
untreated and treated Ti alloy scaffolds at different time points

Alo

B 2.5
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were examined by flow cytometry. At 3 d, the early apoptosis rate
of ETi5Cu group was 1.87%, which was significantly lower than that
of Ti5Cu group 4.8%. At 7 d, the early apoptosis rate of ETC4 group
was 1.43%, which was slightly lower than that of TC4 group 2 %,
and the early apoptosis rate of ETi5Cu group was 1.86 %, which
was lower than that of Ti5Cu group 2.15%.

3.2.3. ALP activity and Alizarin red staining

Fig. 5A shows ALP activity of MC3T3-E1 cells cultured with Ti
alloy scaffolds for 7 d and 14 d. It was found that ALP content of
all groups increased as osteogenic induction time prolonged. At
the time point of 7 d and 14 d, ALP content of ETC4 group and
ETi5Cu group were significantly higher than that of TC4 group
and Ti5Cu group (p < 0.05), respectively. At 14 d, ALP content of
Ti5Cu group and ETi5Cu group were significantly higher than that
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Fig. 5. (A) ALP activity of MC3T3-E1 cells cultured with Ti alloy scaffolds for 7 d and 14 d (n = 3, * p < 0.05). (B-D) Alizarin red staining of MC3T3-E1 cells cultured with Ti alloy
scaffolds for 28 d and 35 d: (B) The quantified optical density of Alizarin red; (C) Photographs of Ti alloy scaffolds after Alizarin red staining; (D) 10 x images under inverted

phase contrast microscope.
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Fig. 6. Optical density of RAW 264.7 cells cultured on different Ti alloy scaffolds at
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of TC4 group and ETC4 group (p < 0.05), respectively. In addition,
ALP content of ETi5Cu group was the highest among the four
experimental groups at 14 d. As shown in Fig. 5B, the quantified
optical density of Alizarin red was significantly higher in ETC4
and ETi5Cu groups compared to the TC4 and Ti5Cu groups. More-
over, stronger Alizarin red staining was observed in the wells co-
cultured with ETC4 and ETi5Cu scaffolds, and red granular precip-
itates were observed in the both groups under inverted phase con-
trast microscope (Nikon Corporation, Japan) (Fig. 5C and D).

3.2.4. Macrophages proliferation

Fig. 6 shows the optical densities of RAW 264.7 cells cultured on
different Ti alloy scaffolds. The absorbance of all the experimental
groups showed lower than the control group (p < 0.05). At 24 h, the
absorbance of ETC4 and ETi5Cu group showed significantly lower
than TC4 and Ti5Cu group (p < 0.05), respectively. At 48 h, the
absorbance of TC4 group showed significantly higher than ETC4,
Ti5Cu and ETi5Cu group (p < 0.05). At 72 h, there was no significant
difference among all the experimental groups (p greater than 0.05).

3.2.5. Macrophages polarization

Fig. 7 shows the expression of M1 marker CD86 and M2 marker
CD206 in RAW 264.7 cells cultured on different Ti alloy scaffolds
for 24 h. It was can be observed that the expression of CD86 in
ETi5Cu group was the lowest and in ETC4 group was the highest
among all groups. The expression of CD206 in the ETC4 group
was the lowest and in Ti5Cu group was the highest among all
groups. In addition, the expression level of CD86 in ETi5Cu group

TC4 ETC4

Ti5Cu
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was lower, while the expression of CD206 in that was at a higher
level.

3.3. Cell responses to metal powders

3.3.1. Cell proliferation and cytotoxicity test

Fig. 8 shows the optical densities of MC3T3-E1 cells cultured
with different metal powders were measured by the CCKS8 test.
At 1 d, there was no significant different among PTC4-0.5 mg/mL,
PTC4-1 mg/mL and PTC4-3 mg/mL group, the absorbance of
PTi5Cu-0.5 mg/mL group were significantly higher than PTi5Cu-
1 mg/mL group (p < 0.05). At 3 d, 5d and 7 d, the absorbance of
PTC4 and PTi5Cu groups decreased significantly with the increase
of powder concentration (p < 0.05).

3.3.2. Cell apoptosis assay

Fig. 9 shows the apoptosis of MC3T3-E1 cells cultured with
metal powders at different time points were examined by flow
cytometry. At 3 d, the early apoptosis rate of PTC4-0.5 mg/mL,
PTC4-1 mg/mL and PTC4-3 mg/mL group were 1.62%, 4.65%, and
5.82%, the early apoptosis rate of PTi5Cu-0.5 mg/mL, PTi5Cu-
1 mg/mL and PTi5Cu-3 mg/mL were 1.33%, 2.41%, and 6.42%. At
7 d, the early apoptosis rate of PTC4-0.5 mg/mL, PTC4-1 mg/mL
and PTC4-3 mg/mL group were 1.78%, 2.91%, and 3.34%, the early
apoptosis rate of PTi5Cu-0.5 mg/mL, PTi5Cu-1 mg/mL and
PTi5Cu-3 mg/mL were 0.8%, 1.53%, and 5.35%. The early apoptosis
rate of PTC4 and PTi5Cu groups increased significantly with the
increase of powder concentration.

3.3.3. ALP activity and Alizarin red staining

Fig. 10A shows ALP activity of MC3T3-E1 cells cultured with
metal powders for 7 d and 14 d. It was found that ALP content of
all groups increased as osteogenic induction time prolonged. At 7
d and 14 d, ALP content of PTC4 and PTi5Cu groups decreased sig-
nificantly with the increase of powder concentration. As shown in
Fig. 10B, the quantified optical density of Alizarin red was signifi-
cantly higher in the PTC4-0.5 mg/mL and PTi5Cu-0.5 mg/mL
groups compared to the higher concentration groups. Moreover,
stronger Alizarin red staining was observed in the wells co-
cultured with lower concentration TC4 and Ti5Cu powders, and
red granular precipitates were observed in these groups under
inverted phase contrast microscope (Nikon Corporation, Japan)
(Fig. 10C and D).

3.3.4. Macrophage proliferation

Fig. 11 shows the optical densities of RAW 264.7 cells cultured
with metal powders at different time points. At 24 h, 48 h and 72 h,
the absorbance of PTC4-3 mg/mL showed significantly lower than
PTC4-1 mg/mL and PTC4-0.5 mg/mL groups (p < 0.05), the absor-
bance of PTi5Cu-3 mg/mL showed significantly lower than
PTi5Cu-0.5 mg/mL and PTi5Cu-1 mg/mL groups.
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Fig. 8. (A) Optical density of MC3T3-E1 cells measured by CCK8 test and (B) relative growth rate (RGR) and cytotoxicity level at different detection period (n = 5, * p < 0.05).

3.3.5. Macrophage polarization

Fig. 12 shows the expression of M1 marker CD86 and M2 mar-
ker CD206 in RAW 264.7 cells cultured with metal powders for
24 h. It was can be observed that the expression of CD86 in all
groups was at a higher level. The expression of CD206 in the
PTC4-0.5 mg/mL group and PTC4-1 mg/mL group was at a higher
level and in PTi5Cu-0.5 mg/mL group and PTi5Cu-1 mg/mL group
was at a lower level. In addition, the expression level of CD86 in
PTi5Cu-1 mg/mL group was higher, while the expression of
CD206 in that was at a lower level.

4. Discussion
4.1. The scaffold structures

Manufacturing of the 3D patient-specific metallic scaffold with
controlled architecture is possible by 3D printing technology. The
presence of pores provide space for cell migration, connection, pro-
liferation, and differentiation, thereby facilitating the growth of
cells, blood vessels, as well as tissues, and enhancing the ability
of bone integration. In this context, it is important to characterize
the size and shape of the pores in order to study its effect on bio-
logical behavior. Too large or too small pores have adverse effects
on cells [7]. Some studies showed that porous Ti structures with
controlled pore size in the range of 500 pm-1500 pm can be ben-

eficial for faster integration of porous implant with host bone tis-
sue [8]. In this study, all the porous samples had no adverse
effects on the proliferation and differentiation of MC3T3-E1 cells
and RAW 264.7 cells, indicating that the porous titanium alloy with
a rhomboid porous structure and the size of 500 pm in the current
work was suitable for cell growth.

In the 3D printing process, objects can be fabricated from ele-
mental powders based on the computer aided design models
[46]. Laser printing in a powder bed provides a possibility to fab-
ricate objects of any shape in one production step. However, in
the processing of 3D printing technology, the un-melted metal
powders adhered on the Ti alloy scaffolds during the solidifica-
tion process. As can be seen from Fig. 2, powders were trapped
on the connection part and the inner surface of the scaffold.
Hence, in the case of a cellular pore structure of a few hundred
micrometers, removal of the un-melted powders can be done by
chemical methods instead of the conventional post-processing
such as machining or vibro-abrasive machining. In this study,
the surface treatment based on hydrofluoric acid solution can
be successfully used to remove the residual powders attached
on Ti alloy scaffolds. Moreover, the distribution of Cu was not
affected by etching, and only a small amount of Cu-containing
phase is preferentially dissolved (Fig. 2g and h). Since the corro-
sion potentials of the Ti,Cu and the matrix are different, a cer-
tain amount of galvanic corrosion will inevitably occur. A



Z.Yi, Y. Liu, Y. Ma et al. Materials & Design 213 (2022) 110350

PTC4-0.5mg/mL PTC4-1mg/mL PTC4-3mg/mL

P
0085

10

Q2 5 |1

oo o]
032 340 o018

a2 5 ot
0 472

669 "3

3d

Comp-PI-A

Q3
162

Comp-FITC-A

Comp-PI-A

Q3
465

Comp-Pl-A

Q3
582

Comp-FITC-A Comp-FITC-A
PTi5Cu-0.5mg/mL PTi5Cu-1mg/mL PTi5Cu-3mg/mL CON
5 o a2 5 o a2 5 o @2 5 o a2
" Jooss 260 " Foos 225 " For 818 " Joosr 372
b ] < < <
g g 3 g
2 i Y 4
5 13 5 5
o o o o
a3 a3
133 642
- e
105 105
Comp-FITC-A Comp-FITC-A Comp-FITC-A Comp-FITC-A
PTC4-0.5mg/mL PTC4-1mg/mL PTC4-3mg/mL
L @2 5 o @ e a2
048 2410 10" Fo67 196 0418 291
104 -
7 h < <
g z 3
g g g
8 5 s
)
10° 4
a3 I
291 I |
Lk |
10°
) Comp-FITC-A . Comp-FITC-A X
PTi5Cu-0.5mg/mL PTiSCu-1mg/mL PTi5Cu-3mg/mL
5 ot @2 5 ot @2 5 ot @2 5 ot a2
" Joas 092 " oz 173 " Jos7 331 ' Jo2s 332
|D4 -
< < = < <
& g g g
i 3 i 3
5 | -3 3 ] 5
8 g 3 3
2
10° 3
Q3 EX @3 Q3
080 0 ; 153 8§35

Comp-FITC-A Comp-FITC-A

Comp-FITC-A Comp-FITC-A

Fig. 9. Apoptosis of MC3T3-E1 cells cultured with metal powders for 3 d and 7 d.

similar phenomenon is also introduced in the document [47].
But, the galvanic corrosion of Cu-containing Ti alloy can be
ignored because the passive film of Ti alloy has a good protective
effect. Besides, the surface roughness of the scaffolds sample
decreases after etching. This is because powders on the surface
of the sample make the sample uneven and has large undula-
tions, while the sample relatively smooth due to small pits
appear on the sample surface after etching. Therefore, the sur-
face treatment in this study has no significant effect on the
microstructure of the sample, but only achieved the effect of

removing powder and reducing the surface roughness of the
sample.

4.2. In vitro cytocompatibility of MC3T3-E1 cells

One of the problems of biomaterials used is the surface contam-
ination with residues or powders within the production process.
These powders can accumulate in the tissue surrounding the
implant, which can cause related cells such as osteoblasts, macro-
phages and osteoclasts to interact in various fashions, resulting in
implant failure. Studies found that the powder produced by
implants can lead to osteolysis of bone tissue [48-50]. In order to
demonstrate the effect of surface residual powders on the biologi-
cal properties of scaffold samples, this study further explored the
role of different concentrations of metal powders on MC3T3-E1
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inverted phase contrast microscope.

cells and RAW 264.7 cells. Results showed that the absorbance of
etched samples (including ETC4 and ETi5Cu scaffolds) were signif-
icantly higher than unetched samples (including TC4 and Ti5Cu
scaffolds). Similar results have also been shown in the increased
roughness of the samples. However, the surface roughness of the
sample decreases after etching in this study. Moreover, high con-
centrations of metal powders significantly inhibited proliferation
of MC3T3-E1 cells, showing cytotoxicity, and the higher the con-
centration could increase the toxicity grade (Fig. 8). Therefore,
these results indicated that the etched sample can promote cell
proliferation mainly due to the removal of surface powders. The
level of apoptosis rate reflects the state of cells on the surface of
the material. In this study, the early apoptosis rate of PTC4 and
PTi5Cu groups increased significantly with the increase of powder
concentration, which consistent with the phenomenon that the

11

apoptosis rate in etched groups (including ETC4 group and ETi5Cu
group) showed lower than that in unetched groups. Moreover, the
apoptosis rate of the 3 mg/mL powder group was always higher
than that of the scaffolds sample group. This is because, on the
one hand, the release of solid alloy ions was less than the release
of metal powder [51], thus promoting the apoptosis of osteoblasts.
On the other hand, the existence of powder particles induces cell
apoptosis.

ALP as one of the early markers of osteogenesis, can directly
reflect early stages of osteoblast differentiation and maturation
[52]. In this study, the ALP activity of the samples with removal
of the un-melted powders from their surface showed higher than
that of the untreated samples, which is consistent with the results
of the high and low concentration powder group (Fig. 10). As
shown in Fig. 10A, ALP activity of the cells treated with 1 mg/mL
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and 3 mg/mL of metal powders in the experimental group was sig-
nificantly lower than that of the control group, so the metal pow-
ders inhibited early osteogenic differentiation of MC3T3-E1 cells.
This may because when co-culture with metal powders, MC3T3-
E1 cells were directly exposed to metal powders, resulting in
reducing the expression of factors related to osteoblast differenti-
ation and weakened mineralization ability [53,54]. In addition,
ALP content of PTC4 and PTi5Cu groups decreased significantly
with the increase of powder concentration, indicating the inhibi-
tory effect of high-concentration powder on osteogenesis was
more significant. Calcified nodules are the latter expression of
osteogenic phenotype of osteoblasts in vitro culture. Stronger Ali-
zarin red staining was observed in the etched groups than
unetched groups. Moreover, all powder groups had fewer numbers
of nodules and lighter Alizarin red staining, which indicated that
the powder on the surface of the sample can significantly inhibit
the osteogenic mineralization ability of the MC3T3-E1 cells. More-
over, material characterization showed etching had no significant
effect on the microstructure of the sample. Therefore, the etched
samples showed the better cytocompatibility mainly due to the
removal of surface powders.

In addition, it was reported that Cu could promote proliferation
and differentiation of osteoblasts, collagen deposition and calcifca-
tion of bone [55]. Other studies have demonstrated that Cu ions
has inhibitory effects on the proliferation of osteoblasts [56].
According to the results of the apoptosis experiment in this study,
an appropriate amount of Cu does not improve the apoptosis of
cells, this result is in line with the finding in the relevant studies
[57-59]. Furthermore, ALP activity of MC3T3-E1 cells in the

PTC4-0.5mg/mL PTC4-1mg/mL

PTi5Cu-0.5mg/mL
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Cu-bearing scaffolds groups was higher than that of Cu-free scaf-
folds groups, which indicated that the addition of Cu could pro-
mote early osteogenic differentiation of MC3T3-E1 cells and the
osteogenic performance could be further improved after the
removal of alloy powder. Based on the above results, we found that
ETi5Cu group with stable and higher proliferation rate, lowest
apoptosis rate and the best early osteogenic ability was more con-
ducive to cell proliferation.

4.3. Biological behaviors of RAW 264.7 cells

The alloy composition, structure and surface morphology of the
scaffold could affect the macrophage behaviors. RAW 264.7 cells as
the functional macrophage line are commonly used to study the
anti-inflammatory properties of drugs or biomaterials. Macro-
phages swallow damaged tissue fragments and release factors that
promote repair, thus initiating the process of tissue repair and
regeneration [60]. Therefore, macrophages are the key cells for suc-
cessful bone formation and remodeling. It was reported that reduc-
ing the number of macrophages would inhibit the production of
growth factors in the repair process, which adversely affect tissue
healing [61]. However, too many macrophages may cause a strong
immune response, which can easily lead to implant failure. In the
current work, the results of CCK8 assay showed that ETC4 group
and ETi5Cu group exhibited a slight inhibitory effect on cell prolif-
eration and viability of macrophages (Fig. 6), which was conducive
to subsequent repair and regeneration. In addition, lower concen-
trations of powder have a tendency to promote macrophage prolif-
eration (Fig. 11), which may be because the powder stimulates the
phagocytic function of macrophages, thus leading to the increase of
cell viability [62]. This explains the phenomenon that the prolifer-
ation of macrophages in surface treated group (including ETC4
group and ETi5Cu group) showed higher than that in untreated
group.

The osseointegration process around the implant is affected by
the polarization of macrophages [63]. Generally, M1 type macro-
phages are responsible for inducing and regulating the inflamma-
tory environment, promoting the generation and activation of
osteoclasts, and M2 type macrophages are responsible for anabo-
lism, which is beneficial to bone formation and mineralization
[64]. Studies have shown that the shedding of titanium particles
on the surface of the implant promotes the polarization of
macrophages to M1 type [31,65]. This is consistent with the results
of the influence of titanium alloy powder on the polarization of
macrophages in this study (Fig. 12). As shown in Fig. 12, the high
concentration of powders could induce macrophages to polariza-
tion toward M1 type. Moreover, it is widely accepted that the
residual powder is one of the main causes of aseptic loosening
[66]. In the present work, regardless of high concentration or low
concentration, residual powders can affect the proliferation and
polarization of macrophages. Moreover, Cu has been shown to
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decrease inflammation by inhibiting the proliferation of macro-
phages, and also by increasing macrophage production of anti-
inflammatory factors [42,67]. In this study, ETi5Cu group showed
promoting the conversion of macrophages to the anti-
inflammatory M2 phenotype. This is on the one hand due to the
removal of surface metal powder particles and on the other hand
attributed to the addition of Cu. Therefore, ETi5Cu possesses the
potential to reduce the inflammatory response by inhibiting the
proliferation of macrophages and promoting the polarization of
macrophages to M2 type.

5. Conclusions

In this study, the effects of the unfused metal powders on the
biological properties of 3D printed Ti alloy scaffolds were assessed
by co-culture with MC3T3-E1 cells and RAW 264.7 cells. The
results showed that the removal of residual powders on the scaf-
folds is a very important for the biological performance improve-
ment. The following conclusions can be drawn:

(1) Surface treatment enhanced the proliferation and differenti-
ation of MC3T3-E1 cells and inhibit cell apoptosis compared
with the untreated scaffolds.

(2) All scaffold samples showed no toxicity to MC3T3-E1 cells,
in particular, ETi5Cu scaffolds showed stable and higher pro-
liferation rate, lowest apoptosis rate and the best osteogenic
ability, which was more conducive to the growth of
osteoblasts.

(3) ETi5Cu possessed the potential to reduce the inflammatory
response by promoting the polarization of macrophages to
M2 type.

(4) The powders on the surface of 3D printed Ti alloy scaffolds
inhibited the proliferation and early osteogenic differentia-
tion of MC3T3-E1 cells, as well as promoted apoptosis.
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