
Research Article

Shiqi Fan#, Zhen Tan#, Zhiyu Peng, Shilei Li, Haoyuan Lei, Yuxiang Qin, Hongyuan Fan,
Yuanhua Lin*, and Changchun Zhou

Customized 3D printed porous titanium scaffolds
with nanotubes loading antibacterial drugs for
bone tissue engineering

https://doi.org/10.1515/rams-2024-0030
received December 13, 2023; accepted May 14, 2024

Abstract: Due to the uncertainty of trauma or infection,
customized bone substitutes are often required in clinic.
Meanwhile, excessive use of antibiotics may lead to drug
resistance. Therefore, the design of anti-infection bone
tissue engineering scaffold is of very important. In this
study, porous titanium alloy bone tissue engineering scaf-
folds were designed and fabricated by 3D printing. TiO2 nano-
tubes were further constructed on the scaffolds through
electrochemical anodic oxidation, achieving the drug loading
and anti-infection functions. The micron-level bionic pores
were fabricated by the 3D printing process, and the secondary
nanoscale-level nanotubes were achieved through the anodic
oxidation process. Thereafter, the micro–nano structured
porous bone tissue engineering scaffolds are presented.
This structure features that the drug release rate can be
regulated by loading the anti-infection drug minocycline

and coating them with poly(lactic-co-glycolic acid) (PLGA)
in the nanotubes. According to the results, the micro–nano
composite porous scaffold showed uniform and controllable
micro–nano pores, it may load anti-infection drugs and
shown anti-infection ability. In addition, the PLGA coating
may delay the drug release and maintain a sustained anti-
infection function for the scaffold in a week. This study
provides new ideas for designing antibacterial bone tissue
engineering scaffold.
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1 Introduction

Now the world is seeing an increasing number of scaffold
surgeries year by year, which poses a great challenge to the
traditional scaffold industry [1]. Due to individual differ-
ences between patients, there are different requirements
for scaffolds, including scaffold shape and size. An ideal
bone tissue scaffold should have the similar structure and
mechanical properties with native bones [2–4]. Scaffolds
with a suitable 3D porous structure and excellent surface
bioactivity are regarded as ideal bone tissue scaffolds.
After a scaffold is embedded into body, interconnected
pores can serve as channels for the transfer of nutrients
and the discharge of metabolic waste [5,6]. Selective laser
melting (SLM) is an additive manufacturing technology. It
instantaneously melts and solidifies metal powder using laser
along designed paths to form the desired parts [7–10]. SLM
technology has been widely used in biomedicine and aero-
space fields because of its high forming precision and com-
plex structure forming.

Titanium and its alloys have been used as bone scaf-
folds for decades largely due to their corrosion resistance
and appropriate biomechanical properties [11–16]. Bone
scaffolds not only provide mechanical support and func-
tion but also serve as the matrix for the interactions among
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various proteins and cells. These interactions determine
the degree of bone integration and the healing velocity of
bones around a scaffold. Titanium alloy is biologically inert
and difficult to connect directly with human bone tissue,
which may loosen the scaffold or even cause a surgical
failure. For the above reason, as the first part of contact
with the surrounding tissue, the surface of scaffold plays
an important role in determining the future of scaffolds.
Anodic oxidation is a surface treatment method suitable
for titanium alloy. According to the findings of many stu-
dies, anodic oxidation generates regular nanomorphology,
also known as nanotubes. Nanotubes can enhance the
bioactivity of scaffolds, improve cell adhesion and prolif-
eration, and reduce bacterial adhesion [17–21]. Different
from other surface treatment methods, anodic oxidation
preserves the internal biomechanical stability of titanium
alloy scaffolds. With a tubular shape, nanotubes have great
potential for drug loading [22,23].

Minocycline (MH) is one of the tetracycline antibiotics
with a broad spectrum of anti-infection effects, including
gram-positive and gram-negative bacteria, anaerobic bacteria,
rickettsia, and mycoplasma. When bone replacement sur-
geries are performed, there is a risk of bacterial infection at
the surgical site. MH, being effective against a wide range of
bacteria, can help prevent and treat such infections. As for the
mechanism of action, MH inhibits bacterial protein synthesis
and prevents aminoacyl–tRNA binding during bacterial trans-
lation in particular. Besides, MH can suppress the activity of
collagenase, succinic dehydrogenase, thrombin, and some
other enzymes, thereby protecting against inflammation and
tissue damage. Controlling inflammation at the surgical site is
crucial for the proper healing of bones after replacement. MH
can help modulate the inflammatory response, supporting the
overall healing process. PLGA is the abbreviation of poly
(lactic-co-glycolic acid) and is a kind of biodegradable polymer.
It is composed of the copolymer of lactic acid and glycolic acid,
and therefore has complex polymer structures. It has been
widely used in the fields of medicine and biotechnology
[24,25]. PLGA can be tailored to achieve controlled drug
release. The polymer degrades over time, releasing the encap-
sulated drug gradually. This controlled release profile is cru-
cial in maintaining therapeutic drug concentrations at the site
of action, optimizing treatment efficacy while minimizing
potential side effects. PLGA is compatible with a wide range
of drugs, including antibiotics like MH. This allows for the
encapsulation of MH within PLGA particles or coatings, facil-
itating its controlled release at the bone replacement site.

In this study, we proposed a method to enhance the
anti-infection function of titanium alloy scaffolds by 3D
printing (additive manufacturing) and surface modifica-
tion. The research ideas and experimental methods of

this study are shown in Figure 1. In this study, the Solid-
works software was used to design micron-level porous
scaffold models and then output the models for SLM 3D
printer. After acid treatment, a layer of nano-scale pores
was constructed on the surface by electrochemical anodic
oxidation, so that the scaffolds have a composite structure
in both micron scale and nano-scale. In the process of
anodic oxidation, the appearance of nanotubes is regulated
by changing the anodic oxidation voltage and anodic oxi-
dation time, and the scaffold appearance is analyzed by
X-ray diffraction (XRD) and scanning electron microscope
(SEM) to ensure the drug loading potential of nanotubes.
MH is then loaded into nanotubes and the nanotubes are
finally encapsulated using PLGA through physical cycling
[26,27]. The biological properties of the anti-infection scaf-
folds are evaluated in terms of drug release, cytotoxicity,
and bacterial adhesion.

2 Materials and methods

2.1 Design and 3D printing of porous
titanium alloy scaffolds

The porous titanium alloy scaffolds were designed by
means of Solidworks. Literature suggests that the ideal pore
size of a bone tissue engineering scaffold is 300–900 μm and
ideal porosity ranges within 60–95% [28]. Thereafter, as shown
in Figure 2, a diamond structure with pores of 660 μm and
struts diameter of 330 μm was used as the basic pore unit of
the scaffold, and the scaffold’s shape was a cylinder with a
height of 5mm and diameter of 10mm (Φ10 × 5mm). This
structure has good load bearing capacity and can smoothly
conduct stress to maintain the integrity of the structure and
function [29]. The scaffolds were made by SLM system (M2,
Concept laser, German). The selected Ti6Al4V powder with
diameter of 17–50 μmwas used as the printing raw materials.
The printer had a laser power of 90W and the laser scanning
speed was set to 500mm·s−1.

2.2 Surface modification and characterization
of the porous titanium alloy scaffolds

The residual printing powder on the porous scaffolds was
first removed by chemical corrosion (pickling) [30]. The
corrosive solution was hydrofluoric acid (HF) solution con-
sisting of 1 mL HF (40.0 wt%, Chengdu Chron Chemical
Reagent Factory, Sichuan, China) and 50mL deionized
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water. The scaffolds were put into the corrosive solution
for 15 min of reaction at room temperature. Then the cor-
roded samples were put into deionized water and treated
by ultrasonic waves for 5 min. This process was repeated
three times. After being washed with deionized water, the
scaffolds were put into absolute alcohol and then treated
by ultrasonic waves for 5 min. This process was also
repeated three times. The samples were dried in an oven
at a constant temperature of 60°C. Nanotubes were pre-
pared on the 3D-printed titanium alloy scaffolds by anodic
oxidation [31]. The printed porous titanium alloy scaffold
was used as the anode while a platinum plate (0.5 mm ×

0.5 mm × 0.1 mm) was used as the cathode, and the distance
between the two electrodes was set to 20 mm. Ethylene
glycol solution containing 0.5 wt% NH4F and 10 vol% deio-
nized water was selected as the electrolyte. In order to
observe the effect of anodic oxidation voltage and oxida-
tion time on the nanotube morphology, we obtained three
groups of data by setting the voltage to 50, 60, and 70 V,
respectively, and the anodic oxidation time to 1 h at room
temperature and collected another three groups of data by

maintaining the voltage at 60 V and setting the anodic oxi-
dation time to 15 min, 30 min, and 1 h, respectively. Three
scaffolds of each different type are used in this research to
mitigate errors. Finally, all the prepared porous scaffolds
were put into a muffle furnace for 2 h of heat treatment to
eliminate internal stress and enhance the bonding force
between nanotubes and their substrate.

Due to the influence of liquid flow on the diffusion of
ions, the anodization within the pores of a porous scaffold
may be slower than the external contact surface of the
scaffold. Therefore, in this article, the surface inside the
scaffold pores is referred as the “inner surface,” while
the externally accessible surface is referred as the “outer
surface.” The microscopic structure of the inner and outer
surface and the crystallinity of these scaffolds were char-
acterized. The experiments were performed using a SEM
(JSE-5900LV, Japan) and the voltage was set to 5.0 kV. The
diameter of nanotubes was measured and recorded by the
software ImageJ. Then the main components on the sample
surface were determined by XRD after 1 h of anodic oxida-
tion at the voltage of 60 V [32].

Figure 1: Research idea and experimental methods of the porous titanium alloy bone tissue engineering scaffolds loaded with drugs for anti-infection
function application.
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2.3 Drug loading treatment of the porous
titanium alloy scaffolds

After 1 h of anodic oxidation at the voltage of 60 V under an
aseptic condition away from light, the heat-treated scaf-
folds were immersed into 1 mg·mL−1 MH solution and
kept in the solution for 2 h. These scaffolds were taken
out of the solution and the coating surfaces were quickly
washed with phosphate-buffered saline (PBS) solution to
remove the residual drug outside the nanotubes. PLGA
was then used to control the drug release rate. PLGA solu-
tion of 10 μL with a concentration of 10 mg·mL−1 was added
to the surface of the scaffold. After the solution was
immersed in the hole of the scaffold, it was put into a
drying oven to dry. The process was repeated four times.
The scaffolds were put into a hot air oven at the interval
between the coatings and then dried. Four specimens of
each type of scaffold were used to mitigate test errors.
Spectrophotometry was adopted to measure the drug
release rate of these scaffolds. After the completion of
the preparation experiment, each sample was immersed
in 5 mL of PBS solution (0.01 M, pH 7.4) at 37°C. About 3 mL
of the solution was replaced after every 5 h and supple-
mented with same volume of PBS. Three repeated sam-
ples were recorded at each time point to learn about the
experiment results more accurately. The amount of MH
released from the nanotubes was measured by UV–vis
spectrophotometer at 360 nm.

2.4 Cytotoxicity test

The experiments were performed using MC3T3-E1 preos-
teoblastic cells, and the experiments were divided into
three groups, each group includes five samples to mitigate
errors, which is named as: scaffolds only treated by anodic
oxidation (blank), scaffolds loaded with MH, and scaffolds
loaded with MH and coated with PLGA (MH/PLGA). MC3T3-
E1 cells were seeded in 24-well plates at a density of 4 × 104

cells/scaffold in α-MEM medium (Hyclone, USA) containing
1% penicillin/streptomycin (Hyclone, USA). The cells were
cultured under 5% CO2 at 37°C, and the culture medium
was changed every other day. After 1, 4, and 7 days of culture,
cells were visualized by laser scanning confocal microscopy
(Zeiss, SM 800, Germany) using fluorescein diacetate (Sigma),
rhodamine phalloidin (Sigma) and 4ʹ,6-diamino-2-phenylindole
(Sigma) as fluorescent dyes. Meanwhile, cell counting kit-8
(CCK-8; Beyotime, Shanghai) was used for cell counting.

2.5 Anti-infection function test

The inhibitory effect of different samples on gram-positive
microorganisms (Staphylococcus aureus) was detected by
zone of inhibition (ZI). First, the samples were divided into
two groups: scaffolds loaded with drug (MH) and scaffolds
loaded with MH and then coated with PLGA (MH/PLGA).
Three scaffolds from each group were placed in normal

Figure 2:Modeling of scaffold: (a) porous diamond unit, which was used for construction of the main body of porous scaffolds and (b) 3D modeling of
the bone tissue engineering scaffold.
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saline and immersed for 3 days. Three scaffolds in each
group were without immersion. The immersed scaffolds
were rinsed with PBS once before the experiment and dried
in a vacuum drying oven. A total of 12 scaffolds were used
for subsequent experiments. These 12 samples were placed
on LB solid agar Petri dishes containing approximately 104

CFU S. aureus per plate so that the coated side of the mate-
rial was in contact with the inoculated agar. Then, incuba-
tion was performed at 37°C for 24 h, and finally a zone was
formed as an indicator of anti-infection activity. We con-
ducted ZI statistical analysis using the software ImageJ.

2.6 Statistical analysis

All experimental data expressed as mean ± standard were
calculated based on at least three independent experiments.
Statistical analyses were carried out using OriginPro 2022
(OriginLab Corporation, USA). Data were analyzed using
GraphPad Prism software (GraphPad Software Inc.) by
Student’s t-test (unpaired and two-tailed), one-way or two-
way analysis of variance (ANOVA), followed by Tukey
post-hoc test. Statistical differences were shown with three
significance levels: *p < 0.05, **p < 0.01, and *** p < 0.001.

3 Results and discussion

3.1 Microstructures and the surface
characteristics of the porous scaffolds

Refer Figure 3(a) for the particle size of titanium powder
used for printing and see Figure 3(b) for the appearance

and dimensions of the finished scaffold. We observed a high
degree of sphericity from the spherical powder, with the
particle size roughly ranging from 15 to 45 μm. SEM images
of lower magnification before and after pickling are shown
in Figure 4. It can be observed that scaffold surface is
smooth after pickling because the pickling process has
removed the residual titanium powder particles that were
left by the printing process and had not been fully melted.
The residual titanium powder particles may cause harm to
the human body, and the pickling process helps improve the
scaffold surface quality [33].

When conducting experiments at different anodic oxi-
dation voltages, we observed significant differences in the
results, as shown in Figure 5. When the voltage is 50, 60,
and 70 V, the diameter of nanotubes is 102, 128, and 152 nm
after anodic oxidation for 1 h, and the diameter of nano-
tubes increases with the rising anodic oxidation voltage.
The corresponding semi-quantitative results showed sig-
nificant differences between the groups. The above results
indicate that the diameter of nanotubes generated by
anodic oxidation is positively correlated with the applied
voltage, and can be precisely controlled by regulating the
anodic oxidation voltage [34–36]. As shown in Figure 6, we
can observe that holes begin to appear on the scaffold sur-
face after the scaffold is anodized for 15 min at the voltage
of 60 V. A dense non-conductive oxide layer is generated on
the scaffold surface due to oxidation reactions after anodic
oxidation starts. With the continuous oxidation reaction, the
oxide layer on the metal surface is gradually thickened, thus
blocking current flow and slowing down the thickening pro-
cess of oxide layer. Since Al and V exist in the alloy, the local
electrical field density is not uniform and fluorine ions were
gathered at the location with large electric field, which is
helpful for the chemical dissolution of TiO2. Then holes are
formed on the oxide layer through dissolution. After 30min

Figure 3: Raw materials and printing scaffold: (a) SEM image of titanium powders used for 3D printed and (b) appearance and dimensions of the
obtained 3D printed scaffold.
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of anodic oxidation, we can observe that the outline of nano-
tubes is gradually formed. After all, the barrier layer at
the pit bottom becomes thinner, the electric field density
increases and more fluorine ions are accumulated. The

accumulation further accelerates the dissolution rate of
TiO2, and small holes gradually grow into small pores.
Unoxidized conductive titanium covered with a thick
non-conductive oxide layer can be observed from the

Figure 4: SEM images of scaffolds before and after pickling: (a) appearance of the surface microstructures of the 3D printed scaffold before acid
pickling, (b) appearance of the surface microstructures of the 3D printed scaffold after acid pickling, which shows a smooth surface and no residual
powder remained on the surface of the scaffold.

Figure 5: SEM images of nanotubes generated after 1 h of anodization at different voltage levels: (a) 50 V, (b) 60 V, and (c) 70 V. (d) Semi-quantitative
results of the diameter of nanotubes. (Two-tailed t-test or one-way ANOVA with Tukey, *p < 0.05, **p < 0.01, and ***p < 0.001, error bars represent SD,
n ≥ 3 independent experiments).
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pore wall region. As the pores grow, these regions pro-
trude, and the electric field density increases greatly due
to the underlying conductive titanium. This effect accel-
erates the chemical dissolution. Since the non-conductive
layer near the holes is thicker than that in the relatively
distant regions, the dissolution rate is higher at the more
distant locations. After 1 h of anodic oxidation, we finally
observed the nanotubes with a good morphology, indi-
cating a balance between the chemical dissolution at
the bottom of nanotubes and the chemical solution at
the mouth of nanotubes. Under such circumstance, the
length of nanotubes stops increasing. These experimental
results show that anodic oxidation voltage and anodic
oxidation time have a significant effect on the growth
and morphology of nanotubes, which provides a good
condition for the subsequent drug loading of these scaf-
folds. Due to the formation of nanotubes, the scaffold sur-
face becomes rougher, which significantly improves the
surface roughness of the scaffolds. The surface with
higher roughness shows better cell adhesions compared
to smoother surface [37]. Moreover, rough surfaces can
reduce the relative movement between the material and
surrounding tissue, thereby relieving friction and irrita-
tion, reducing the inflammatory response caused by the
material, improving the wetting properties of the mate-
rial and making it easier to contact with biological fluids.
A rough surface is important for such applications as
medical devices, biosensors, and drug delivery systems
because it can increase the interfacial area between
materials and biological fluids to increase the efficiency
of adhesion [36,38].

The scaffold after 1 h of anodic oxidation at 60 V was
taken as a sample and the surface properties of this scaf-
fold were tested. The XRD pattern shows that differently
from the scaffolds not treated through anodic oxidation,
the surface of the scaffolds after anodic oxidation has gen-
erated TiO2 nanotubes with anatase structure, as shown in
Figure 7. Titanium dioxide is a naturally occurring oxide of
titanium and is commonly found in three main crystal
structures: rutile, anatase, and brookite. The anatase struc-
ture is one of these crystal structures, and it has distinct
physical and chemical properties. Anatase is characterized by
tetragonal crystal symmetry, meaning its unit cell has a four-
fold rotational symmetry axis. The crystal lattice arrangement
in anatase is different from that of rutile and brookite. The
nanotubes with anatase structure are proved to have better

Figure 6: Morphology of nanotubes formed after anodization at a voltage of 60 V for varying durations: (a) low-magnification appearance of
unanodized sample, (b) low-magnification appearance after 15 min of anodic oxidation, (c) low-magnification appearance after 30 min of anodic
oxidation, (d) low-magnification appearance after 1 h of anodic oxidation, (e) micro-surface morphology of unanodized sample, (f) micro-surface
morphology after 15 min of anodic oxidation, (g) micro-surface morphology after 30 min of anodic oxidation, and (h) micro-surface morphology after
1 h of anodic oxidation.

Figure 7: XRD pattern of the scaffold before and after anodic oxidation.
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physical and chemical properties and contribute more to the
osseointegration of orthopedic scaffolds [39,40].

3.2 Drug loading results of the scaffolds

After the scaffolds were finished and loaded with MH, the
top view of the nanotubes and the morphological changes
before and after drug loading were observed by means of
SEM. As shown in Figure 8(a), the nanotubes before drug
loading are composed of densely arranged tubular struc-
tures, and the top of them is in an open state, presenting a
highly ordered layered structure. The morphology of the
nanotubes after immersed in MH solution is shown in
Figure 8(b) and the gaps between nanotubes are filled
with MH. In order to slow down the drug release, the nano-
tubes loaded with MH are further covered with PLGA. The
top morphology of the composite coating (nanotube/MH/
PLGA) is shown in Figure 8(c). The surface is smooth and
glossy andwe cannot observe any tubular structure. Further
studies have verified the successful deposition of MH in the
nanotubes [41].

Drug release kinetics is one of the important factors to
control the therapeutic effects and side effects of drugs.
The in vitro drug release behavior of the scaffolds only
loaded with MH and of the scaffolds loaded with MH and
then coated with PLGA was evaluated during the experi-
ments. As shown in Figure 9, the experimental results show
that the two types of scaffolds have different behaviors in
terms of drug release. For the scaffolds only loaded with
MH, the burst drug release behavior appeared within 25 h,
and the drug release rate increased rapidly and then gra-
dually stabilized after the burst drug release. For the scaf-
folds loaded with MH and then coated with PLGA, the
initial release rate was lower, the release amount in 24 h
was 48% of that from the scaffolds not coated with PLGA
and only a small amount of drug was released. There was a
significant difference in drug release between the two

scaffolds at each time point. Then the release was steadily
accelerated and tended to be consistent at last, with no
significant difference in drug release between the two scaf-
folds at each time point. These results indicate that the
scaffolds coated with PLGA on the surface can effectively
reduce drug release rate.

3.3 Cytotoxicity test of the porous titanium
alloy scaffolds

CCK-8 experimental results are shown in Figure 10. In the
experiment, the growth and survival of MC3T3-E1 preosteo-
blastic cells were affected by different scaffold materials.
First of all, in the blank scaffolds, the number of cells
showed a stable growth trend, indicating that the scaffold
material has no significant effect on cell growth and sur-
vival. However, massive cell deaths occurred on the first
day and cells increased steadily on the fourth and seventh
day on the scaffolds only loaded with MH. However, they
were significantly different from the blank scaffolds at the
same period. Cytotoxicity was caused by the burst release

Figure 8: SEM images of the scaffold surface morphologies: (a) scaffolds are not loaded with drug, (b) scaffolds are loaded with MH, and (c) scaffold
are loaded with MH and coated with PLGA.

Figure 9: Drug release curve of the porous titanium alloy scaffolds.
(Two-tailed t-test or one-way ANOVA with Tukey, *p < 0.05, **p < 0.01,
and ***p < 0.001, error bars represent SD, n ≥ 3 independent experiments.).
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of MH, resulting in massive cell death especially in the
initial culture phase. The cell growth on the scaffolds
coated with PLGA (MH/PLGA) was slight on the first day
and many dead cells were detected on the fourth day. This
situation may be caused by the harmful substances released

by the degradation of PLGA and the substances produce
an adverse effect to cells. However, the number of cells
increased steadily on the seventh day, indicating that the
substances from the degradation of PLGA had been fully
released or the cells had gradually adapted to the environ-
ment and begun to grow again. A similar conclusion was
obtained from the results of a cell survival experiment, as
shown in Figure 11. In the experiment with blank scaffolds,
the number of cells increased gradually, and almost no dead
cells appeared. In the experiment on the scaffolds only
loaded with MH, the fact that there were fewer viable cells
than the other two groups were observed on the first day.
This fact resulted from the toxicity caused by MH in the
scaffolds. In the subsequent experiments, we observed an
increasing number of cells since the fourth day, indicating
that cells could still continue to proliferate on the scaffolds
only loaded with drug. Although fewer viable cells were
observed on the first day, the death rate of cells decreased
gradually and the number of cells was gradually restored to
a normal level in the subsequent experiments. For the

Figure 10: Cell CCK-8 results of different porous titanium alloy scaffolds.
(Two-tailed t-test or one-way ANOVA with Tukey, *p < 0.05, **p < 0.01,
and ***p < 0.001, error bars represent SD, n ≥ 3 independent
experiments).

Figure 11: Test of viable/dead cells on the scaffolds loaded with drug: (a)–(c) viable/dead cell staining on the first day, (d)–(f) viable/dead cell staining
on the fourth day, and (g)–(i) viable/dead cell staining on the seventh day. The red dots are the dead cells and the green dots are the live cells.
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scaffolds coated with PLGA, fewer cells died on the first day
than for the scaffolds only loaded with drug. This is because
the release of PLGA is a slow process and will not cause
severe damage to cells. However, an increasing number of
dead cells was observed on the fourth day, indicating that
the degradation of PLGA released some loaded drugs and
produced some adverse effects on the cells. These effects
are within an acceptable range. According to the relevant
results, the scaffolds only loaded with MH can significantly
inhibit cell proliferation at beginning, but the cells are still
viable and will proliferate later. Differently from the scaf-
folds only loaded with MH, the scaffolds loaded with MH
and coated with PLGA can slow down the drug release to a
certain extent, thus achieving sustained drug release and
reducing the number of cell deaths in the early phase of
cell culture. Certainly, the presence of PLGA on the surface
of the scaffold also alters the mechanical properties of the
scaffold’s surface and has a certain impact on cell adhesion.
These findings confirmed some previous literature [42]. Con-
sidering the above, PLGA has an excellent effect in slowing
down drug release. It is expected to apply PLGA to the design
of drug delivery systems.

3.4 Anti-infection function test of the
scaffolds

The anti-infection test results are shown in Figure 12.
According to the results, both drug-loaded scaffolds have
anti-infection effects with obvious ZI before immersion
and the ZI diameter of MH scaffolds is greater than that of
MH/PLGA scaffolds. The corresponding semi-quantitative

results showed significant differences between the two
groups. ZI still appears on MH scaffolds after immersion.
However, the ZI is smaller and shows a lighter color than
before. It indicates that the release of MH is affected by
immersion. The loaded drug is released quickly, resulting in
a rapid decline in its anti-infection effect. Only a small
amount of drug solution still exists on the scaffold, showing
a very weak anti-infection effect. The corresponding semi-
quantitative results showed no significant difference between
the two groups. Before immersion, the MH/PLGA scaffolds
have an excellent anti-infection effect. After immersion, the
anti-infection effect can be preserved, indicating that the MH/
PLGA scaffolds have a certain sustained good anti-infection
activity and proving that the coating of PLGA can delay the
release of MH and maintain its anti-infection effect.

4 Conclusions

In this study, it was verified that anodic oxidation voltage
and anodic oxidation time could achieve a microscopic
regulation over the morphology of nanotubes. The experi-
mental results showed that the diameter of nanotubes was
positively correlated with anodic oxidation voltage and
times, the nanotubes with good morphology of about
128 nm diameter can be obtained after 1 h of anodic oxida-
tion at 60 V. These nanotubes showed a good drug loading
potential for anti-infection function design. We proposed
an effective drug loading method to control the slow
release behavior of MH loaded on nanotubes through
PLGA coatings. According to the results of SEM and drug

Figure 12: Anti-infection test results: (a) and (b) ZI of the two types of drug-loaded scaffolds before immersion, (c) and (d) ZI of the two types of drug-
loaded scaffolds after immersion for 3 days, and (e) semi-quantitative results of ZI diameters. (Two-tailed t-test or one-way ANOVA with Tukey, *p <
0.05, **p < 0.01, and ***p < 0.001, error bars represent SD, n ≥ 3 independent experiments).
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release experiments, the scaffolds loaded with MH and
coated with PLGA were successfully prepared and showed
good sustained drug release curve. As demonstrated by the
subsequent in vitro cell experiments, PLGA coating delayed
the drug release and effectively reduced the cytotoxicity.
The anti-infection test results showed that the drug-loaded
scaffolds with PLGA coating provided a sustained anti-
infection biofunction. This drug-loading scaffold can be
customized on an individual basis to meet the diverse
needs of different patients, and the drug-loading coating
is also relatively easy to implement, which proves benefi-
cial for practical applications. These results provided a
novel strategy to design the anti-infection functions of 3D
printed titanium alloy bone tissue engineering scaffolds.
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