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ABSTRACT

Three-dimensional (3D)-printed porous Ti6Al4V implants play an important role in the reconstruction of bone
defects. However, its osseointegration capacity needs to be further improved, and related methods are inade-
quate, especially lacking customized surface treatment technology. Consequently, we aimed to design an
omnidirectional radiator based on ultraviolet (UV) photofunctionalization for the surface treatment of 3D-
printed porous Ti6Al4V implants, and studied its osseointegration promotion effects in vitro and in vivo, while
elucidating related mechanisms. Following UV treatment, the porous Ti6Al4V scaffolds exhibited significantly
improved hydrophilicity, cytocompatibility, and alkaline phosphatase activity, while preserving their original
mechanical properties. The increased osteointegration strength was further proven using a rabbit condyle defect
model in vivo, in which UV treatment exhibited a high efficiency in the osteointegration enhancement of porous
Ti6Al14V scaffolds by increasing bone ingrowth (BI), the bone-implant contact ratio (BICR), and the mineralized/
osteoid bone ratio. The advantages of UV treatment for 3D-printed porous Ti6Al4V implants using the omni-
directional radiator in the study were as follows: 1) it can significantly improve the osseointegration capacity of
porous titanium implants despite the blocking out of UV rays by the porous structure; 2) it can evenly treat the
surface of porous implants while preserving their original topography or other morphological features; and 3) it
is an easy-to-operate low-cost process, making it worthy of wide clinical application.

1. Introduction

the bioinert nature of Ti6Al4V, osteoinduction of the 3D-printed porous
implant surface is insufficient, the exposure of Ti6Al4V to air further
reducing its bioactivity [10]. Hence, further improvements in the
osteoinduction of 3D-printed porous Ti6Al4V is critical to broaden its

The treatment of bone defects has been a challenge for orthopedists
[1,2]. Globally, over 2.2 million bone graft surgeries are performed
annually to reconstruct bone defects in orthopedics, neurosurgery, and
dentistry [3]. A three-dimensional (3D)-printed porous Ti alloy implant
was developed and proven to be advantageous in reconstructing bone
defects, including accuracy in shape and size with no need for bone
grafting, meeting the needs for patient-specific design and immediate
stability [4,5]. Further, its porous features favor bone ingrowth [6,7]
and avoid stress shielding [8,9] of the solid implant. However, owing to
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range of applications, such as the treatment of bone defects in poor
quality bone beds or infective bone defects.

To date, various methods have been developed to enhance the
osseointegration of 3D-printed porous Ti6Al4V implants. One method is
the incorporation of autologous skeletal stem cells or autogenous bone
into porous implants [11,12]. However, taking autologous bone marrow
from the iliac intraoperatively causes extra surgical trauma to patients.
Other methods include surface modification by calcium phosphate-like
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Abbreviations
ALP alkaline phosphatase
3D three-dimensional
BI bone ingrowth
BICR bone-implant contact ratio
CAD computer-aided design
CLSM confocal laser scanning microscopy
DMEM  Dulbecco’s modified Eagle’s medium
EBM electron beam melting
EDS energy-dispersive X-ray spectrometer
FE-SEM field emission scanning electron microscope
HU hounsfield units
oM osteogenic medium
PBS phosphate buffered saline
rhBMP-2 recombinant human bone morphogenic protein 2
ROI regions of interest
SEM scanning electron microscope
uv ultraviolet
XPS X-ray photoelectron spectroscopy
micro-CT micro-computed tomography
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implant contact by changing the biological and biochemical properties
of titanium [17-19]. It has been reported that titanium surfaces undergo
a significant decrease in osseointegration capability after processing,
which is associated with the disappearance of hydrophilicity [20], the
progressive contamination of hydrocarbons [21], and the electrostatic
status change on titanium surfaces over time [22]. Long-preserved ti-
tanium surfaces could be recovered by UV treatment and showed even
better biocompatibility than the freshly prepared surfaces—particularly
in protein adsorption and osteoblast attachment, proliferation, differ-
entiation, and mineralization, as well as the in vivo capability of
osseointegration [23]. Photofunctionalization has been widely used in
dentistry in recent years [24]; however, to date, UV treatment has not
been attempted in 3D-printed porous Ti6Al4V implants, and the corre-
sponding effects and related mechanisms are unknown. Moreover, there
is no UV irradiation equipment specifically for 3D-printed porous
Ti6Al4V implants currently available. As UV photofunctionalization is
effective on various titanium surfaces without altering their original
topography or other morphological features, we specially designed a
device targeted at the UV treatment of 3D-printed porous Ti6Al4V im-
plants for osseointegration improvement [17-23].

The advantages of UV functionalization for 3D-printed porous
Ti6A14V implants are as follows: first, the functionalization of UV light
has little effect on the original topography or other morphological fea-
tures of the porous implant itself, and the surface of the porous implant

Fig. 1. The interior view of the omnidirectional UV radiator. The black arrow indicates the 3D printed porous Ti6Al4V scaffolds. The white arrow indicates the
ultraviolet led bead of 270 nm. The red arrow indicates the ultraviolet led bead of 365 nm.

or biomolecule coatings [13-15], a complicated process with limited
osseointegration enhancing effects. The combined use of exogenous
recombinant human bone morphogenic protein 2 (rhBMP-2) with
3D-printed porous Ti6Al4V implants has also been attempted to improve
osseointegration [16]. However, the hBMP-2 product results in enor-
mous additional fees for patients.

Photofunctionalization, which involves the use of ultraviolet (UV)
treatment to modify titanium surfaces, has been shown to enhance bone-
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is evenly treated. Second, UV functionalization can improve the per-
formance of titanium metal in many respects, including anti-
contamination [21], anti-bacterial [25] and anti-rust capabilities [26].
UV functionalization is also easy to operate, requiring less equipment
and lower cost, making it worthy of wide clinical application. Consid-
ering the positive role of UV functionalization in osteointegration, we
hypothesized that it may be a promising candidate for the realization of
optimal designs, as mentioned above. In this study, we characterized



C. Yin et al.

Bioactive Materials 7 (2022) 26-38

Fig. 2. Comparison of contact angles between GC (A) and GU (B) groups.
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Fig. 4. Elementary composition characterized by EDS of GC (A) and GU (B) group. The atomic mass percentage of C (C), O (D), Ti (E), Al (F), and V (G) elements on
the inner surface of the GC and the GU group determined by EDS. The content of carbon (elemental C) on the inner surface of the GU group was significantly lower
than that of the GC group (*P < 0.05), and there was no significant difference between the other elements.

and analyzed the 3D printed porous Ti6Al4V scaffold and investigated
its effects on cell proliferation and osteoblast differentiation in vitro. We
also validated the osseointegration of the scaffold in a rabbit bone defect

model.
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Table 1
Comparison of C elements in different chemical environments in the two
groups.

GC (%) GU (%)
Cc-C 87.45 81.72
c-0 6.13 14.8
Cc=0 6.42 3.48
Table 2
Comparison of O elements in different chemical environments in the two groups.
GC (%) GU (%)
O-Ti (TiOy) 44 53.9
0-C 51.92 41.4
0=C 4.08 4.69

2. Materials and methods
2.1. Sample preparation

The porous Ti6Al4V scaffolds used in this study were prepared using
electron beam melting (EBM) additive manufacturing technology.
Ti6Al4V scaffolds (diameter, 5 mm; length, 6 mm; pore size diameter,
400 pm; porosity, 73%) were created using computer-assisted design
(CAD) software (Magics, Materialize, Belgium). This architecture was
adopted because a previous study had demonstrated such pore size to be
beneficial for the ingrowth of bone and vessels [14].

2.2. Omnidirectional UV radiator design and UV treatment

Considering the blocking of UV rays by the porous structure of the
3D-printed porous Ti6Al4V implants, UV led beads were installed in
such a way as to create a device containing a (3 x 3 x 4 cm) irradiation
cube, in which the values of radiation intensity were more than 2 MW/
cm? (270 nm) and 30 MW/cm? (365 nm). These two intensities and
wavelengths of UV light have been proven to be effective in improving
osteointegration. The specially designed UV photofunctionalization
device is called an omnidirectional radiator. The distance between each
UV led bead being 5 mm. The led beads were evenly arranged to form a
(3 x 3 x 4 cm®) irradiation cube in which the scaffolds were irradiated,
as shown in Fig. 1. The simulated test values of the radiation intensity in
the space were more than 2 MW/cm? (270 nm) and 30 MW/cm?> (365
nm). UV Hg-Vapor lamp [2mw/cm? (250 + 20 nm ) and 0.1mw/
cm? ( 360 = 20 nm ) ] has been proved that it can be used as light source
to promote osseointegration [29,30]. Moreover, the UV LED beads have
been proved to be a good alternative light source to reduce the surface C
contamination [31]. Therefore, we choose 270 nm and 365 nm UV LED
beads as light sources, and their irradiation intensity meets or even ex-
ceeds the intensity requirements of the corresponding wavelength of the
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UV Hg-Vapor lamp. Meanwhile, the test of intensity by Tracepro70
(CHS) and the real measured value of optical power meter are all beyond
2 MW/cm? (270 nm) and 30 MW/cm? (365 nm). So they were chosen as
the light sources. The vital design principles of the omnidirectional UV
Radiator includes: 1) The irradiating energy at 270 nm is beyond 2
MW/cm?, and at 365 nm is beyond 30 MW/cm?; 2) Enough space for the
implants. In brief, Before UV treatment, all samples were kept in dark
place for 4 weeks to lose bioactivity as standard protocol [32]. then they
were treated for 15 min by UV photofunctionalization and sealed, fol-
lowed by high-pressure steam sterilization and drying within 24 h. For
simplicity, hereafter, the group of the Ti6Al4V scaffolds treated using
the omnidirectional UV radiator are denoted as GU, and the control
group of the Ti6Al4V scaffolds without any treatment are denoted as GC.

2.3. Wettability measurements

The contact angle of the 3D printed titanium alloy (10 in each group)
was measured and photographed using the session drop method, the
angle being measured using the direct measurement method, after
which statistical analysis was conducted.

2.4. Surface characterizations

After the treatment, a porous titanium alloy scaffold was cut from the
middle using a diamond saw, and the surface morphology of the porous
metal scaffold was analyzed using a field emission scanning electron
microscope (FE-SEM: s-4800, Hitachi). Furthermore, an energy-
dispersive X-ray spectrometer (EDS: DX-4, Philips, the Netherlands)
was used to analyze the elemental composition, and X-ray photoelectron
spectroscopy (XPS; 250xi, Thermo Scientific, USA) was used to analyze
the chemical composition of the sample surface. The crystal phase of the
surface was characterized using an X-ray diffractometer (XRD, D8 Focus,
Bruker) equipped with a CuKa radiation source (A = 1.54 A) between a
20 of 10° and 80°, the scan rate of XRD is 4°/min.

2.5. Cell proliferation on scaffold

After sterilization, the GU and GC samples (n = 4) were seeded with
rat bone marrow mesenchymal stem cells (Lonza, Walkersville) as
described previously [8]. The samples were first immersed in a culture
medium for 1 h and then placed in 24-well plates (Ultra Low). A cluster
plate (Costar, Corning) was added to 50 pL of culture medium con-
taining 1 x 10° cells. Dulbecco’s modified Eagle’s medium containing
10% FBS and 1% penicillin/streptomycin was added to the samples. The
cells were cultured in an incubator at 37 °C with 5% CO», and the culture
medium was refreshed twice weekly. After incubation for 3, 7, and 14
days, the viability of the cells cultured with the samples was assessed
using a Cell Counting Kit (CCK-8; Dojindo, Japan). At each time point,
the disks were rinsed three times in a phosphate buffered saline (PBS)
solution and incubated in 10% CCK-8 solution at 37 °C for 3 h.
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Fig. 6. Peak-differentiating and imitating diagram of XRD: (A). GC group. (B). GU group.
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Em GC
GU

Absorbance at 450nm
ALP Activity (U/mg)

Absorbance was measured at a 450 nm wavelength. The amount and
morphology of the cells on the scaffolds were identified using a scanning
electron microscope (SEM). To further investigate the cell viability on
the scaffolds, we stained the live cells with calcein AM and the dead cells
with propidium iodide (LIVE/DEAD cell viability kit, Dojindo) and
visualized the stained samples using confocal laser scanning microscopy.

2.6. Alkaline phosphatase activity

Osteoblast differentiation ability was assayed in vitro by testing the
alkaline phosphatase (ALP) activity of rat bone marrow mesenchymal
stem cells. The cell culture method and seeding protocol were the same
as those described above, except that the culture medium was replaced
with an osteogenic medium (OM, Lonza, Walkersville) containing 0.5%
ascorbate, 0.5% dexamethasone, and 1% f-glycerophosphate to induce
osteogenic differentiation. After culturing the cells for 7 days, ALP ac-
tivity was detected using an ALP assay kit (Beyotime, China). Cellular
ALP activity was normalized to the intracellular total protein level
determined using a MicroBCA protein assay kit (Pierce).
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Fig. 7. (A) Rat bone marrow mesenchymal stem cell
proliferation on the scaffolds of the GC and GU groups
on 1, 3, and 7 days (*p < 0.05). (B) SEM observations
of rat bone marrow mesenchymal stem cell prolifer-
ation on the scaffolds of the GC (i) and GU (ii) groups
after 7 days of culture. (C) F-acting Cytoskeleton
imaging of rat bone marrow mesenchymal stem cell
proliferation on the scaffolds of the GC (i) and GU (ii)
groups after 7 days of culture. (D) Live/Dead staining
results of the GC (i) and GU (ii) scaffolds after 3 days
of cell culture. Live and dead cells appear green and
red. (E) ALP activity of rat bone marrow mesen-
chymal stem cells on the scaffolds of the GC and GU
groups after 7, 14 days of culture (*p < 0.05).

e . GC

2.7. Mechanical test

To identify the effect of UV photofunctionalization on the compres-
sion strength of the 3D printed porous Ti6Al4V scaffolds (@ = 10 mm, H
=5mm, n =5), a universal mechanics testing machine (Landmark, MTS
Inc., MN, USA) was used to test the static compression before and after
UV treatment. The deformation rate during compression was 1.8 mm/s,
and the elastic modulus, yield strength, and compression strength were
analyzed.

2.8. Animal surgery and fluorescent labeling

To evaluate the in vivo osseointegration of the porous Ti64 implants,
27 UV-treated implants and 27 untreated implants were implanted into
the bilateral femur condyles of 27 healthy and mature male New Zea-
land rabbits. The animals were anesthetized by intramuscular injection
of ketamine (50 mg/kg). The skin was sterilized with 0.5% povidone
iodine, and the bilateral medial femur condyles were surgically opened.
A bone defect was created using a 5 mm diameter drill under irrigation
with saline, and the implant was then inserted onto the medial condyle
by press fitting. The incision was closed in layers with absorbable thread
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Fig. 8. Comparison of yield strength (A), elastic modulus (B) and compression strength (C) between the GC group and GU group. (D). Stress-strain curves of the GC

and GU group.

(PDS II, ETHICON). Intramuscular injections of penicillin were admin-
istered at a dose of 0.1 g/kg during surgery and postoperatively for 3
days.

To determine the process of osteogenesis on the scaffold following
implantation, in vivo sequential fluorescent labeling was performed to
label the regenerated bone at different time points. Calcein green (10
mg/kg, Sigma, USA) and tetracycline (30 mg/kg, Sigma, USA) were
injected subcutaneously at 3- and 7-weeks post-implantation, respec-
tively. After 8 weeks of implantation, all animals were euthanized, and
the samples with surrounding tissues were excised. The study animals
were bred at the Department of Laboratory Animal Science at Peking
University Health Science Center and were cared for according to the
principles of the Guide for the Care and Use of Laboratory Animals, after
obtaining approval from the Animal Ethics Committee of Peking Uni-
versity Health Science Center (approval no. LA2014214).

2.9. Micro-CT analysis

Six specimens from each group were scanned by micro-CT (Inveon,
Siemens Medical Solutions USA, Inc.) at a scanning rate of 6°/min and a
resolution of 9 pm. The X-ray source voltage was 80 kV, and the beam
current was 80 mA using filtered Bremsstrahlung radiation. A 1 mm
aluminum filter was used during the scanning. The micro-CT images
were then reconstructed using the Inveon Acquisition Workplace. The
newly grown bone was distinguished from soft tissue and metal implants
by partitioning different Hounsfield units (HU). The phase of the bone
was defined in the range of 1000-2250 HU. Two regions of interest
(ROIs) were determined in the workstation to characterize the growth of
new bone on the scaffold. They included (1) the peri-implant region at a
500 pm periphery around the scaffold and (2) the intraporous region
within the scaffold. The peri-implant bone fraction was defined as the
ratio of bone volume to the total volume of the region, while the
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intraporous bone fraction was defined as the ratio of bone volume to the
total volume of the pores.

2.10. Histological examination

Twelve samples were retrieved for fluorescence and histological
analyses at 8-weeks post-surgery. Samples were fixed in 10% formalin
for 14 days and dehydrated in serial concentrations of ethanol (70%,
85%, 95%, and 100%) for 3 days. The specimens were embedded in
methyl methacrylate and cut using an EXAKT system (EXAKT Appara-
tebau, Norderstedt, Germany). Ground sections of 40-50 pm were pre-
pared as described previously [34].

The unstained sections from six samples of each group were analyzed
under a fluorescent microscope. The bones formed at the third and
seventh weeks were marked with green labels (from calcein green) and
orange labels (from tetracycline), respectively. The sections from
another six samples of each group were stained using the Goldner tri-
chrome staining method, in which the implant was stained black and the
cartilage purple. Osteoid, a sign of active direct bone formation, was
stained orange-red, and mature mineralized bone was stained green.
Quantitative analysis was performed using the Image-Pro Plus software
based on two middle longitudinal sections of each block regarding the
bone ingrowth (BI) and bone-implant contact ratio (BICR). Conse-
quently, 12 slices were analyzed for each group. BI was defined as the
percentage of new bone within the pores. The BICR was measured as the
fraction of the surface area of the implant in contact with the bone.

2.11. Push-out test

A universal testing machine (Landmark, MTS Inc. MN, USA) was
used to measure the push-out force between the implant and the bone.
Twelve samples from each group were carefully cut at a tangential angle
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Fig. 9. Micro-CT images of the porous implants 8 weeks after in vivo implantation. Ti, bones in the peri-implant region, and those within the 3D-AVIs are labeled
white, green, and pink, respectively. (A) Side view of the GC group. (B) Top view of the GC group. (C) Side view of the GU group. (D) Top view of the GU group. (E)
Quantitative results of bone fractions in the intraporous region of the scaffolds in the GC (black) and GU (grey) groups; *p < 0.05 (n = 6 per group).

to the long axis of the implant to expose its inner side, and the periosteal
bone at the outer side was removed prior to testing. A custom-designed
special holder was applied to fix the sample to ensure loading alignment.
The push-out procedure was then conducted at a constant rate of 1.5
mm/min. The end point of the test was the presence of an abrupt drop in
the push-out force, the maximal load being documented as the push-out
force.
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2.12. Statistical analysis

For all experiments, values for statistical analysis were reported as
the mean + SD. An independent-sample t-test was performed to test the
significant differences in the in vitro results, whereas the significant
differences in the in vivo results were determined by a nonparametric
test (Mann—Whitney) using SPSS (17.0 version). Statistical significance
was set at p < 0.05.



C. Yin et al.

— 50~ ~ 100+

B = C &w
- =~ 804

O 30 ” T 604

(14 X g

20 40

30

10 20

10

3. Results
3.1. Hydrophilicity test

As shown in Fig. 2, the contact angle of the GU group (6 = 60.3° +
0.05°) was significantly lower than that of the GC group (6 = 90.1° +
2.41°) (p < 0.05), indicating the hydrophilicity of the GU group was
significantly higher than that of the GC group in the contact angle test.

3.2. Physi-chemical characterization

Fig. 3 shows the changes in the surface morphology of the 3D printed
titanium alloy scaffolds before and after the UV-functionalization
treatment. Compared with the GC group, the microtopography of the

Bioactive Materials 7 (2022) 26-38

Fig. 10. (A) Goldner trichrome staining
(representative images) of the GC(i) and GU
(i) group. (B) Quantitative results of the BI
and BICR of the scaffolds in the GC and GU
groups (n = 10). (C) Mineralized bone and
osteoid ratios of the GC and GU groups (n =
10). (D) Fluorescence labeling (representa-
tive fluorescent micrographs) of the
osseointegration within the pores of the
scaffolds in the GC(i) and GU(ii) group (blue
arrows indicate titanium struts, and green
and yellow bands denote newly formed bone
indicated by calcein and tetracycline,
respectively).
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scaffolds surface in GU group become more rough. As shown by Fig. 4,
the EDS results suggest that the content of carbon (elemental C) on the
inner surface of the GU group was lower than that of the GC group.
Overall, the scaffolds treated with UV functionalization showed surface
morphology changes and reduced C content. The chemical composition
and state of the components after UV treatment were investigated by
XPS, as shown in Fig. 5. Based on the survey spectrum, the major ele-
ments were O, Ti, and C. The chemical environment of the C and O el-
ements and the relative proportions of the elements in different chemical
environments were obtained and are shown in Tables 1 and 2. Three
peaks could be obtained by peak-differentiating and imitating toward
the narrow sweep spectrum of C elements: the corresponding binding
energy of C-C, C-O, and C—=0 peaks were 284.82, 286.41, and 288.41
eV, respectively. Similarly, three peaks could be obtained by peak-
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Fig. 11. Typical pushing-out force (A) and displacement curves (B) of the porous scaffolds following implantation for 8 weeks; *p < 0.05. (C) 3D Micro-CT images

show the implantation site of the implant.

Table 3
Comparison of BI Increase Radio and BICR Increase Ratio by different
Treatments.

Photofunctionalization MAO [14] BMP-2 [16]

60%
171%

BI Increase Ratio
BICR Increase Ratio

136%
305%

120%
110%

differentiating and imitating the narrow sweep spectrum of O elements:
the corresponding binding energies of the O-Ti (TiO2), O-C, and O—C
peaks were 529.99, 531.89, and 532.99 eV, respectively.

The results suggest that the surface of the 3D printed porous titanium
alloy is composed of titanium dioxide and carbon oxide before and after
the UV treatment. To reveal the phase composition of 3D printed tita-
nium alloy scaffolds before and after UV light functionalization, XRD
was performed, the results of which are shown in Fig. 6. Multiple
diffraction peaks (one peak, Ti6Al4V) and a small amount of carbon (C)
from the titanium matrix can be observed in both groups. Ti6Al4V was
the main phase, the representative diffraction peaks being 26 = 35.921°,
20 =39.010°, 20 = 41.166°, 20 = 53.921°, 20 = 64.677°, 20 = 72.030°,
20 = 77.923°, and 20 = 79.549°, which correspond to (200), (002),
(201), (202), (220), (203), (222), and (401), respectively.

3.3. Cellular experiments in vitro

We evaluated the proliferation of rat bone marrow mesenchymal
stem cells on the two types of scaffolds by measuring the cellular
metabolic activity at different time points (1, 3, and 7 days). Our in vitro
cell research indicated that the GU group had good cytocompatibility
with rat bone marrow mesenchymal stem cells. As indicated in Fig. 7A,
the GU group showed significantly better proliferative activity than the
GC group (p < 0.05) in the first week. Next, the cell morphology on day 7
was measured by SEM and F-actin cytoskeleton imaging analysis. Under
SEM, the well-stretched rat bone marrow mesenchymal stem cells on the
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GU group scaffolds presented filiform shapes and spread out more
evenly on the substrate to form more collagen fiber attachment on the
scaffold surface than the CU group (Fig. 7B). The F-actin cytoskeleton
imaging analysis indicated that the rat bone marrow mesenchymal stem
cells on the GU group scaffolds proliferated better and extended more
pseudopodia than the CU group (Fig. 7C). Additionally, the cell viability
on day 3 was measured by live/dead staining analysis (Fig. 7D).
Generally, the rat bone marrow mesenchymal stem cells survived on all
these scaffolds, as no dead cells (red staining) could be observed.
Evidently, the cell density on the scaffolds of the GU group was higher
than that of the CU group. Further, as shown in Fig. 6E, the ALP activity
test showed that the GU group had higher ALP activity than the CU
group at 7 and 14 days, and the difference was statistically significant (P
< 0.05).

3.4. Effects of UV treatment on mechanical properties of the porous
Ti6Al4V scaffolds

Fig. 8 shows a comparison of the mechanical properties (yield
strength, elastic modulus, compression strength) between the GC and
GU group scaffolds, there being no significant difference between them
(p > 0.05).

3.5. Micro-CT analysis

To explore the effect of UV photofunctionalization on the in vivo
osseointegration of the porous scaffolds, we quantified bone formation
within it using micro-CT analysis. As shown in Fig. 9A, B, 9C, and 9D, the
Ti alloy and bones within the scaffolds were labeled white and green,
respectively. Overall, the GU group showed more bone formation. The
quantitative analysis results of the bone fraction in the intraporous re-
gion of the porous implants are shown in Fig. 9E. Compared with the GC
group (40.52 £ 6.59%), the bone fraction in the intraporous region was
significantly higher in the GU group (71.53 + 5.63%) (p < 0.05).
Consequently, UV photofunctionalization enhanced BI into porous
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scaffolds.
3.6. Histologic analysis

Representative histological images revealed the integration between
the newly formed bone tissue and the Ti alloy surface in the two groups
(Fig. 10A and B). Quantitative measurements of mineralized bone,
osteoid, and BI in the ROIs confirmed the histomorphological findings.
Fig. 10C shows a significantly higher BI (*p < 0.05) and BICR (**p <
0.01) at the implants in the GU group than in the GC group. As indicated
in Fig. 10D, the mineralized bone ratio was significantly higher in the
GU group than in the GC group (**p < 0.01). Furthermore, fluorescence
labeling indicated that osteogenesis occurred earlier in the GU group
(mostly at 3 weeks) than in the GC group (mostly at 8 weeks).

3.7. Biological fixation strength

Fig. 11Bshows typical displacement curves during the push-out tests.
It was found that the UV photofunctionalization scaffolds had a steeper
curve than the GC group, demonstrating that they required a higher
force to generate a similar displacement. Fig. 11A shows a comparison of
the push-out forces between the two groups. It was calculated that the
push-out force for the GC group was approximately 304.7 + 29.75 N,
and it was enhanced to 450.5 + 18.5 N after UV treatment (p < 0.05).

4. Discussion

Prior studies have documented various methods to enhance the
osseointegration of 3D-printed porous Ti6Al4V implants. However,
these methods have several insurmountable disadvantages such as their
high costs, extra surgical trauma, complicated preparation process with
a long preparation time or the reduction of the mechanical strength of
the scaffolds[ [27] [28]]. In this study, a special device was designed for
the UV treatment of 3D-printed porous Ti6Al4V implants, which was
proved to be a simple and effective approach to improve osseointegra-
tion. The major findings of this study were as follows: (1) the specially
designed UV photofunctionalization device was effective in improving
the osseointegration of 3D-printed porous Ti6Al4V implants in vivo, and
the scaffold surface exhibited better cytocompatibility after UV treat-
ment. (2) The UV treatment could increase the hydrophilicity and
reduce the contamination of carbon on the scaffold surface while pre-
serving the original mechanical properties of the porous titanium alloy
scaffolds.

UV photofunctionalization is mainly used in dental clinic to treat
traditional nonporous dental implants for enhancing bone-to-implant
contact [18,24]. However, few studies have applied UV photo-
functionalization to the porous implants of orthopedics, the reason for
which lies in the blocking of UV rays by the porous structure. Hence, to
guarantee that the surface of the porous implant can be evenly treated,
an omnidirectional radiator was created.

As indicated by Fig. 3, more rough topographic surface was obtained
after UV treatment. After searching the literature database, we found
that the topographic change for 3D printed porous Ti6Al4V scaffolds
after UV treatment had not been studied before [33,34]. It was
demonstrated that the rougher topographic surface was more favorable
to osseointegration of the Ti6Al4V implant [35]. The EDS analysis
indicated that the carbon element on the surface decreased after UV
treatment, which is consistent with other studies [31,36-38]. The
decreased atomic carbon was due to the photocatalytic phenomena of
titanium dioxide [39]. Moreover, Hydrophilicity test showed that the
hydrophobic surface of the untreated Ti6Al4V became superhydrophilic
after UV treatment. Before UV treatment, the titanium surface showed
hydrophobicity and the water droplet remained without spreading, The
contact angle between water droplet and titanium surface before UV
treatment is 60.3° + 0.05°, In contrast, in the UV treatment group, the
water droplet spread on the titanium surface with a contact angle of
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90.1° £ 2.41°. The increased hydrophilicity could promote protein
adsorption on the titanium surface. It is reported that the amount of
albumin and fibronectin on UV photofunctionalized titanium surface
were remarkably greater than on untreated titanium surface, suggesting
that UV is benificial for the titanium surface to absorb cells and proteins
[40]. On a photofunctionalized titanium surface, all osteoblast activities
such as proliferation, differentiation, and mineralization are enhanced in
vitro [39,41,42]. Aita et al. [39] reported that the level of hydrocarbon
strongly correlated with the rates of protein adsorption and cell
attachment. They also reported that the level of protein adsorption and
the number of cells attached to control titanium surfaces remained low
compared with those on UV-treated surfaces [39]. These findings indi-
cate that the amount of hydrocarbon on the Ti6Al4V surface is crucial in
determining the initial affinity level for osteoblasts, consequently
dominating the degree of osseointegration in vivo. Bone tissue engi-
neering, especially the 3D printed porous Ti6Al4V implants, still poses
challenges such as an insufficient supply of osteogenic cells for bone
formation [43-45]. The results of the present study have shown that our
omnidirectional radiator endow the 3D printed porous Ti6Al4V im-
plants enhanced osteoconductivity through more bone regeneration and
more mature of the newly formed bone.

Biological aging of titanium is related to a decrease in hydrophilicity
and progressive contamination with hydrocarbons [21,22,41,42], which
slows the cellular response, decreases the bone-implant contact rate by
up to 50%, and greatly reduces the biomechanical resistance of implants
[30,39]. The results of the hydrophilicity test and physiochemical
characterization in this study revealed that UV treatment could increase
the hydrophilicity and reduce the carbon contamination of the scaffold
surface significantly, leading to an increase in the BICR and biological
fixation strength. Decontamination also leads to increased adhesion of
organic and cellular components [42,48,49], resulting in increased bone
formation. The reason why UV can reduce carbon contamination lies in
the UV energy can break the bonds between Ti5c atoms and the O
and/or N atoms of contaminant molecules. Hence, the chemically active
Ti5c sites become available for the attachment to O, N, S atoms present
in any protein, leading to improved biocompatibility of the implant
[20]. The hydrophilicity increase mainly attribute to the carbon con-
centration decrease [39,41]; And another important reason is that UV
(270 nm) irradiation could decrease the amount of H,O and increase the
amount of Ti—-OH. Moreover, UV induces a one-electron oxidation with
water to produce a hydroxyl radical OH and dissociation of H. These
hydroxyl groups together with the O-Vacancies present on an the carbon
free surface are able to form more OH groups [20,46,47]. In particular,
no other methods, such as acid pickling or microarc oxidation [14], with
the same mechanism as UV photofunctionalization has been found till
now.

The fluorescence labeling results of the present study showed that
the osteogenesis of scaffolds occurred earlier after UV treatment (3 vs. 7
weeks), demonstrating that UV photofunctionalization can shorten
healing time while conveniently improving the prognosis. Thus, it may
be extremely useful in certain clinical situations, especially those
involving low primary stability or patients with systemic diseases
requiring emergency operations [50-55]. Micro-CT analysis showed
that the newly formed bone on untreated scaffolds was thinner than that
on the UV-treated scaffolds. The difference between untreated and
UV-treated implants was more evident in the histological analysis. The
Bl and BICR of the UV-treated group were significantly higher than those
of the untreated group. By contrast, the mineralized/osteoid bone ratio
of the UV-treated group was significantly higher than that of the un-
treated group, resulting in greater bone-implant integration strength, as
shown by the push-out test results. The presence of more cortical bone
emphasized the effect of UV photofunctionalization on bone formation
on the Ti alloy surfaces. UV photofunctionalization has been reported to
attract or recruit osteogenic cells to Ti surfaces and more bone tissue in
the vicinity of the Ti implant [22,38], which is consistent with the
experimental results of this study. Ueno et al. also reported that UV
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photofunctionalization enhanced ALP activity and mineralization in
periosteal cells [32].

The present study did have several limitations. First, we made our
observations at 8 weeks after surgery, which could be considered a
medium-term observation time—that is, no long-term observation was
completed in this study. Secondly, in our study, 270 and 365 nm UV led
beads were used for 15 min treatment. It is possible that we may have
achieved different results using different UV led beads for a longer or
shorter irradiation times. Thirdly, after making a quantitative compar-
ison with other surface treatments methods for 3D printed porous
Ti6Al4V implants (Table 3), we found that the BI increase ratio needs to
be further improved. Finally, a clinical trial of the efficacy of UV-treated
3D-printed porous Ti6Al4V implants when applied to patients is ex-
pected in the near future.

5. Conclusions

In this work, we successfully designed an omnidirectional radiator
based on ultraviolet photofunctionalization for the customized surface
treatment of the 3D-printed porous Ti6Al4V implants. It can be
concluded that 1) the present method can significantly improve the
hydrophilicity(90.1° & 2.41° vs 60.3° & 0.05°) and ALP activity(0.68 +
0.08 U/mg vs 1.47 + 0.25U/mg) of the porous Ti6Al4V implants while
reducing the carbon contamination (65.84% vs 48.06%) in the surface,
2) that the present method can enhance osteoinetegration of porous
Ti6Al4V scaffolds via increasing BI (13.84% + 1.41% vs 22.16% =+
2.49%), BICR (14.66% =+ 1.38% vs 39.76% + 2.27%), mineralized bone
ratio (43.66% =+ 1.38% vs 79.86% + 3.37%) and osteoid bone ratio
(53.66% =+ 3.38% vs 19.87% =+ 2.87%). 3) that the present method can
evenly treat the surface of the porous implants while preserving its
original macro morphology, and 4) that the present method is easy to
operate with a low cost.
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