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In this study, a femtosecond laser with a wavelength of 800 nm was used to

modify the surface of a titanium alloy bone scaffold created via selective laser

melting (SLM). The outcomes demonstrated that the surfacemorphology of the

bone scaffold after femtosecond laser treatment was micro-nanomorphology.

The hydrophobic structure of the scaffold was changed into a super-

hydrophilic structure, improving the surface roughness, which was highly

helpful for osteoblast adhesion and differentiation. The femtosecond laser

surface treatment in vitro samples produced a thick layer of hydroxyapatite

(HAP) with improved surface bioactivity. The effectiveness of osseointegration

and interstitial growth of the specimens treated with the femtosecond laser

surface were found to be better when bone scaffolds were implanted into the

epiphysis of the tibia of rabbits. As a result, femtosecond laser therapy

dramatically enhanced the surface activity of bone scaffolds and their

capacity to integrate with the surrounding bone tissues, serving as a

trustworthy benchmark for future biological scaffold research.

KEYWORDS

femtosecond laser, micro-nano surface morphology, super hydrophilic structure,
surface bioactivity, bone tissue growth

Introduction

Due to its superior mechanical qualities, corrosion resistance, and biocompatibility,

titanium (Ti) and its alloys have been the most popular choice of implant materials. In the

additive manufacturing process known as selective laser melting (SLM), powder is melted

and stacked one layer at a time into complicated three-dimensional parts. In the

biomedical arena, it is unquestionably appealing for the tailored preparation of

orthopedic implants. At this time, clinical tests using porous titanium alloy scaffolds
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made by SLM have been successful (Van Hooreweder et al., 2017;

Wang et al., 2019; Zhao X. et al., 2020).

Bone scaffolds with strong biocompatibility are implanted

into the defected area in bone tissue engineering to give growing

space for cells and growth factors and encourage bone tissue

regeneration. This approach is seen to be a promising one for

repairing bone defects (Turnbull et al., 2018; Wubneh et al.,

2018). The failure rate of stent implantation has increased

significantly as a result of the inadequate connection between

the scaffold and the bone in the initial stage of implantation as it

is not favorable for the growth of bone tissue into the scaffold

(Gnilitskyi et al., 2019). The micro–nano morphology,

roughness, hydrophilicity, and bioactivity of the scaffold

surface, which are significant elements determining the

effectiveness of osseointegration, have been demonstrated in

pertinent research to be able to encourage the formation of

bone tissue (Luo et al., 2014; Raimbault et al., 2016). To

increase the effectiveness of osseointegration between bone

tissue and Ti implants, surface modification is crucial.

With the development of surface modification technology, the

osseointegration of different surface modification methods has

attracted extensive attention of researchers. Many surface

modification methods for bone scaffolds have been reported in

previous studies, including chemical methods such as alkali heat,

acid etching, and oxidation (Amin Yavari et al., 2015; Pylypchuk

et al., 2015; Tan et al., 2016), and physical methods such as grinding,

sandblasting, and roughening (Le Guéhennec et al., 2007; Coelho

et al., 2009; Abdel-Haq et al., 2011). Fanny (Hilario et al., 2017)

synthesized TiO2 nanotubes on the surface of a titanium plate by

anodic oxidation to obtain better corrosion resistance and biological

activity. Wang and Xiong (2018) prepared novel composite coatings

using two different surface modification technologies (micro-arc

oxidation and grafting hydrophilic polymers), demonstrating better

hydrophilicity and abrasive resistance.

Dingyun Zhao et al. (2020) quickly prepared the sodium titanate

rutile TiO2 bioactive structure on the titanium surface by induction

heating, acid etching, and alkali heat. This structure had good

adhesion, corrosion resistance, and a strong ability to induce the

formation of hydroxyapatite (HAP) in a simulated body fluid, and

the formed HAP had excellent long-term stability. Calcium and

phosphate, which are necessary for bone formation, are found in

HAP, a biocompatible and osteoconduction bioactive ceramic

Ca10(PO4)6(OH)2. It deposits on the surface of Ti, which is

conducive to combining with living bone and promoting the

growth of osseous tissue. Kostelac et al. (2022) prepared a 2-

grade titanium alloy bioactive coating with HAP as the main

component by the plasma electrolytic oxidation process. The cell

adhesion biological test showed that the coating had excellent

cytocompatibility with human cells, and the cell adhesion

performance was improved compared with that of untreated

samples. The aforementioned surface modification methods can

improve the bioactivity of bone scaffolds. However, problems such

as the coating adhesion being so poor that it is easy to peel, chemical

pollution, and difficult control of the surface structure are difficult to

ignore.

Because laser processing is non-contact, highly repeatable,

and produces very little pollution, it is a dependable technique for

surface modification (Cunha et al., 2015). Compared to

nanosecond and picosecond pulse lasers, femtosecond lasers

can prevent thermal diffusion and cause less thermal damage

to nearby materials (Lu et al., 2018). Furthermore, by

concentrating a femtosecond laser at micro-level spots, the

etching trajectory and surface morphology can be accurately

controlled. Based on the aforementioned benefits, femtosecond

laser technology can stand out from other surface modification

techniques and take the top spot among them.

In recent years, we have seen an increase in studies on the

surface bioactivity of titanium and its alloys by femtosecond laser

therapy, with the aim of directing the femtosecond laser ablation on

the surface of titanium alloys to generate micro–nano morphology.

The multiscale shape of micro/nano combinations accelerated the

development of osteoblasts, according to Tsukanaka et al. (2016). In

order to give the titanium surface good hydrophilicity, which ismore

beneficial for the deposition of HAP and accelerates the adhesion

and differentiation of osteoblasts, Lin et al. (2020) conducted a series

of regular lattice microstructures on the titanium surface using the

femtosecond laser micro–nano-processing technology. Bouet et al.

(2019) used a femtosecond laser to change the surface morphology

of the Ti alloy which is formed by SLM technology. The results

showed that the stent surface modified by the femtosecond laser had

more spikes; the surface with more spikes had better hydrophilic

performance, stronger bone integration ability, and better

antibacterial effect. Although some researchers have studied how

to increase the biological activity by applying a femtosecond laser to

the surface of Ti/Ti alloy slices, there are few reports on how to

increase the biological activity of a Ti alloy bone scaffold and then

watch bone tissue grow after implantation.

In this study, the SLM-produced Ti6Al4V bone scaffolds were

directly ablated using the femtosecond laser micro–nano-

processing technology. Surface morphology, roughness, and

hydrophilicity define the surface properties of the scaffolds.

To determine the promoting impact of femtosecond laser

surface treatment on the surface activity and osteogenic

growth ability of the bone scaffold and to obtain a bone

scaffold with better osseointegration ability in the early stage

of implantation, the in vitro activity and rabbit tibial

implantation experiment were carried out.

Experiment

Preparation of samples

In this study, the particle size of Ti6Al4V powder (Avimetal

Powder Metallurgy Technology (Beijing) Co., Ltd.) ranges from

15 to 53 μm. The degree of sphericity is quite well (Figure 1A).
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The main components of the titanium alloy powder are

presented in Table 1. The bone scaffold is generated by a

periodic array of pillar tetrahedral basic cells (TBCs) and

designed by Unigraphics NX (Siemens PLM Software,

Germany). The design method and structural parameter

relationship can be found in our previous articles (Wang

et al., 2019). The unit porosity is 65 %, and the typical

dimension is 16 mm by 10 mm (Figure 1B).

Commercial SLM tools were used to create the bone scaffolds

(FS271M, Sichuan Huashu Turing additive manufacturing

technology Co., Ltd., Chengdu, Sichuan). The parameters of

this equipment are as follows: the laser power is 500 W (W),

the radius of the laser facula is 35 μm, the layer thickness is

30 μm, and the laser scanning speed is 240 mm/s. The scanning

technique was designed as 67°- and 125°-angled laser channels for

the neighboring layers to melt powder molding in order to

eliminate internal residual stress. To ensure that printing was

carried out in a pure argon gas environment, oxygen in the

forming cavity was removed before printing with argon gas that

had a purity of 99.999 %. The bone scaffolds were created in the

end (Figure 1B). After printing, wire electrical discharge

machining (WEDM) technology was used to separate bone

scaffold samples, which was created by additive manufacturing

(AM), from the substrate. To eliminate contaminants and

pollutants, the samples were then ultrasonically cleaned in

industrial alcohol for 5 minutes.

The laser beam from the regeneratively amplified titanium

gem femtosecond laser system abraded the surfaces of the AM

samples with pulse times of 104 femtoseconds, repetition rates of

1 kHz, and center wavelengths of 800 nm (Legend Elite-1K-HE,

Coherent, United States). The femtosecond laser surface

treatment experiment was carried out at room temperature

with air as the medium. During the ablation process, the laser

beam guided the AM sample surfaces through the galvanometer

scanning system (intelliSCAN III 14, SCANLAB), focusing the

laser beam and scanning along with the linear scanning method.

The scanning laser power was 50 mW, the speed was 0.5 mm/s,

the focus spot was circular, the radius of the laser facula was

25 μm, the chirp of the pulse was 0.5 μm, and the line spacing was

0.04 mm. The new additive manufacturing (AM + FS) samples

were taken after the femtosecond laser treatment and immersed

in acetone for 5 min of ultrasonication to remove any remaining

debris from the surface.

FIGURE 1
Materials and samples: (A) SEM image of the titanium alloy powder; (B) bone scaffold sample.

TABLE 1 Chemical composition of the titanium alloy powder.

Ti V Al C Fe O

Bal 3.82 5.83 0.023 0.068 0.12
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Surface characteristics of bone scaffolds

The surface morphology of the AM samples and the AM +

FS samples was quantitatively analyzed using an atomic force

microscope (AFM, NT-MDT, Russia). Five samples from each

group were measured for their roughness average (Ra),

roughness kurtosis (Rku), and roughness skewness (Rsk),

and their averages were computed. Samples were scanned

using an AFM at a width of 20 F0B4 20 mm. A field

emission scanning electron microscope (SEM, JSE-5900 L V,

Japan) was used to examine the surface morphology of the AM

and AM + FS samples.

The hydrophilicity of the bone scaffold surface was evaluated

by measuring the contact angle of droplets on the sample

surfaces, which were detected by an optical contact angle-

measuring instrument system (SDC-350, Shengding Precision

Instrument Co., Ltd., Dongguan, China). Deionized water was

used as the test solution, and a microliter syringe was used to

control the droplet size to 2 µL. Contact angle (CA) represents

the average value obtained from different plane measurements.

In vitro bioactivity test of bone scaffolds

For 14 days at 37°C, five samples from the AM and AM + FS

groups were immersed in a simulated bodily fluid (SBF) to

examine the scaffold surface’s capacity to promote HAP

formation. The SBF used in the experiment was purchased

from Fuzhou Beijing Biotechnology Co., Ltd. The ratio of the

SBF solution volume to scaffold mass was 200 ml/g. It was noted

that the volume of the SBF solution remained constant during the

soaking process to ensure sufficient reaction ions for HAP

formation. After soaking, the sample was taken out and

repeatedly washed with ethanol three times to prevent further

reaction. Then, the HAP deposition on the surface of the bone

scaffold was evaluated and confirmed by SEM and energy-

dispersive spectroscopy (EDS).

Rabbit tibial stent implantation experiment

In vivo implantation of bone scaffolds
This experiment was carried out in the experimental animal

center of Southwest Medical University (Ethics No.: 2020878). A

tibial metaphysis implantation experiment was conducted on

36 rabbits (weighing about 2.5 and 3 kg) at the age of 3 months.

Three groups of 12 rabbits each, made up of 36 rabbits, were

randomly selected to represent three time-points (2, 4, and

8 weeks). At each time-point, the right tibial epiphysis of

12 rabbits was randomized to receive AM and AM + FS

sample implants. A rectangular defect was drilled with a

dental drill at the epiphysis of the tibial shaft after the rabbits

were anesthetized with 3 % pentobarbital sodium (30 mg/kg),

then a bone scaffold was randomly implanted in the defect area,

and the incision was sutured (Figures 2A,B). The rabbits were

treated with penicillin for 3 days after the operation and fed

separately. The rabbits were killed by intravenous injection of

excessive sodium pentobarbital at 2, 4, and 8 weeks after

implantation. For further analysis, the bone scaffold around

the tibial metaphysis was immersed in 10 % formalin solution.

Micro-CT experimental evaluation

Micro-CT (SCANCO Medical, Switzerland) scanning was

performed on the tibia metaphysis-containing stent at weeks 2, 4,

and 8, respectively, and the scanned files were imported into

Mimics 21.0 (Materialise, Belgium) software for reconstruction.

Micro-CT was used to quantitatively analyze the growth of bone

tissue into bone scaffolds. The bone tissue’s interstitial growth

capacity was quantified by the ratio of the new bone volume (BV)

of the scaffold to the total volume (TV) of the analysis area.

Histological experimental evaluation

After Micro CT scanning, the specimens were dehydrated

with 70 %, 80 %, 90 %, and 100 % ethanol, respectively, and then

soaked in a formalin solution at 37°C for 1 week. A hard tissue

section machine (SP1600, Leica, Germany) was used to slice the

tissue along the radial and axial directions of the tibia. The slice

thickness was 50 µm, and the schematic diagram showed the

tissue slice line (Figure 2C). The radial and axial directions of the

femur were labeled as Line1 and Line2, respectively. After cutting

it into sections, van Gieson stain, which contains 1.2 %

trinitrophenol and 1 % acid fuchsin, was applied, and the

development of bone tissue was seen under an optical

microscope (DMCA, Leica, DM2500, Germany).

Results and Discussion

Surface characteristics of bone scaffolds

Figures 3A, B present the surface morphology of SEM images

and optical microscopic images of AM samples and AM + FS

samples. It might be seen that the surface morphology of the AM

sample was relatively smooth, while that of the AM + FS sample

after femtosecond laser surface treatment changes, forming a

micro/nano-structure surface with a similar osteoporosis

structure. Previous research has demonstrated that a critical

feature influencing the bioactivity of metal implants is their

surface morphology. Cells respond by detecting the surface

morphology properties of implants, leading to adhesion,

proliferation, and differentiation (Feller et al., 2014; Li et al.,

2016; Liu et al., 2020). In particular, the surface morphology of
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the micro/nano-level combination improved the surface

roughness and hydrophilicity, which was beneficial to the

adhesion and differentiation of osteoblasts (Gittens et al.,

2014a; Chen et al., 2017; Shaikh et al., 2018).

AFM was utilized to capture the three-dimensional surface

morphology of AM and AM + FS samples, and roughness

parameters were employed to quantitatively explain the

surface morphology difference brought about by the

femtosecond laser treatment of bone scaffolds (Figures 3C,D).

The roughness of the two sets of samples was assessed in this

study using the roughness metrics Ra, Rku, and Rsk. Ra

represents the unevenness of the surface, and the larger the

value, the rougher is the surface; Rku indicates the sharpness of

the surface, and the higher its value, the sharper is the peak

surface (Rku >3 indicates that the surface is the peak surface); Rsk

represents the asymmetry of the surface, where a positive value

represents the dominant number of surface peaks, and a negative

value represents the dominant number of surface valleys. The

results show that the surface roughness parameters of Ra, Rku,

and Rsk of the bone scaffold AM + FS samples were higher than

those of AM samples, indicating that the surface of the bone

scaffold treated by femtosecond laser had higher roughness

(Figures 3F, H).

The surface of the bone scaffolds underwent femtosecond

laser treatment, which caused the unevenness to worsen and a

sharper surface peak to develop. The analysis results of the

skewness value demonstrated that although the surfaces of the

bone scaffold AM samples and AM + FS samples were peak

surfaces (Rku>3), the surface Rsk of the AM samples were

negative, and the number of surface valleys was more than

FIGURE 2
Rabbit tibial implantation experiment: (A) Rabbit tibial defect; (B) bone scaffold implantation; (C) schematic diagram of the cutting line of the
hard tissue section after removal of the implanted bone scaffold.
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FIGURE 3
Surface characteristics: (A–B) SEM images and optical microscopic images of the surface of AM and AM + FS samples; (C–D) AFM three-
dimensional morphologies of the AM and AM + FS samples; (E) the water contact angles of the sample surface; (F–H) surface parameters of Ra, Rku,
and Rsk of samples.
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that of the surface peaks. After femtosecond laser surface

treatment, the surface tended to form surface peaks rather

than surface valleys, and the number of surface peaks on the

surface of the AM + FS sample was much greater than that of the

surface valleys. It is more conducive to cell adhesion and speeds

up the proliferation and differentiation of bone tissue cells when

the surface area of a bone scaffold in contact with bone tissue cells

rises (Chan et al., 2017; Spriano et al., 2018).

Surface hydrophilicity is another crucial factor determining

the interaction between the surface of the bone scaffold and

surrounding osseous tissue in addition to the surface morphology

and roughness (Gittens et al., 2014b; Rupp et al., 2014). The water

contact angles were measured to evaluate the hydrophilicity of

the sample surfaces (Figure 3E). The average water contact angle

on the surface of the AM samples was 98°, which was the

hydrophobic structure. The average water contact angle on

the surface of the AM + FS samples was almost 0°, which was

the super-hydrophilic structure. The effectiveness of HAP

deposition, cell adhesion, and bioactivity is significantly

influenced by the hydrophilicity of the bone scaffold surface

(Chen et al., 2014; Zhang et al., 2019; Menazea and Ahmed,

2020). The adhesion of cells at the initial stage of implantation

has a significant impact on the proliferation and differentiation of

subsequent cells, and relevant studies have shown that

fibronectin and other important extracellular matrices (ECM)

related to cell adhesion tend to be adsorbed on the hydrophilic

surface (Wilson et al., 2005). As a result, the hydrophilic scaffold

surface can bind to osseous tissue in vivo more than the

hydrophobic scaffold surface.

In vitro bioactivity evaluation of bone
scaffolds

The formation of HAP is an important sign of the bioactivity

of materials. It is also one of the criteria for evaluating the

bioactivity of bone repair materials in vitro. The AM samples

and AM + FS samples were soaked in SBF for 14 days. The

surface morphology of the bone scaffolds soaked for 14 days was

observed by SEM (Figures 4A–C).

HAP is clustered and composed of many nanocrystals. This is

the typical form ofHAP deposited in SBF. HAPwas observed on the

surface of AM samples and AM + FS samples, indicating that the

titanium alloy bone scaffold had the ability to induce HAP

deposition before and after femtosecond laser surface treatment.

It is worth mentioning that only few HAP particles were generated

on the surface of the AM samples, and the HAP coverage was low.

However, a dense HAP layer was formed on the surface of the AM+

FS samples, and the coverage was significantly increased. As a result,

the bone scaffolds treated with the femtosecond laser had a stronger

ability to induce HAP deposition and better bioactivity.

The elemental composition of the sample surface was

analyzed by EDS (Figures 4B–D). The AM + FS sample’s Ca/

P ratio was about 1.65 after 14 days of soaking in the SBF

FIGURE 4
SEM and EDS of the surface of samples soaked in SBF for 14 days: (A–B) AM samples; (C–D) AM + FS samples.
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solution, comparable to the Ca/P ratio of HAP typically seen in

human bones. Compared to the typical Ca/p value of HAP in

human bones, the AM samples had a higher Ca/p ratio of around

1.92. In an in vitro SBF immersion experiment, calcium ions were

first deposited on the surface, and then, HAP grew there (Zhao

and Xiong, 2012). Even while HAP is generated on the surface, it

happens significantly more slowly in AM samples than in AM +

FS samples, according to the AM sample’s greater Ca/P ratio. The

results of the EDS analysis and the SEM observation findings are

in agreement.

Evaluation of the bone ingrowth ability of
bone scaffolds in vivo

Micro-CT evaluation
In vitro experimental results have shown that femtosecond

laser treatment can improve the surface bioactivity of bone

scaffolds. To further test the efficiency of osseointegration in

vivo, the AM and AM + FS samples were implanted into the

epiphysis of the rabbit tibial shaft for 2, 4, and 8 weeks,

respectively. The ratio of the BV to the TV was used as an

index to evaluate the bone ingrowth ability of the bone scaffold.

The higher the value of BV/TV, the more the scaffold grows into

bone tissue and the better is the osteogenic growth performance

of the scaffold. The micro-CT three-dimensional model was

reconstructed at different time-points after the bone scaffold

was implanted into the rabbit tibia, in which the black part was

the titanium alloy scaffold, the yellow part was the new bone

tissue, and the gray part was the host’s original bone tissue

(Figure 5A). It was noted that due to the length of the bone

scaffold implant, only a 5-mm long section was intercepted for

analysis during 3D reconstruction. Since there were a certain

number of bone tissue cells in the bone marrow cavity, a small

amount of bone tissue cells had adhered and proliferated on the

surface of the bone scaffold in the early stage of implantation.

FIGURE 5
Micro-CT evaluation: (A) micro-CT reconstruction model of bone stent implantation in rabbits at different time-points; (B) BV/TV values at
different time-points of bone scaffold implantation in rabbits (*p < 0.05).
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This indicated that the titanium alloy bone scaffold

manufactured by SLM had excellent biocompatibility.

As can be seen from the three-dimensional reconstruction

model (Figure 5A), with the increase in implantation time, there

was an increasing number of new bone tissues in the scaffold. In

the first 2 weeks of implantation, it might be seen that the cortical

bone tissue of the AM + FS samples extended to the marrow

cavity along the contour of the scaffold, which was not the case in

the AM samples. At the fourth week after implantation, the new

bone tissue of cortical bone cells in the AM + FS samples

increased gradually along the contour of the scaffold. In

contrast, the bone tissue in the AM samples did not grow to

the bone marrow cavity along the contour of the scaffold, which

showed that the surface of the bone scaffold had better

biocompatibility and osteoconduction after the femtosecond

laser surface treatment. At the eighth week of implantation, it

might be seen that many new bone tissues were growing in the

AM samples and AM + FS samples. Nevertheless, compared with

the AM samples, there were more new bone tissues in the pores of

AM + FS samples. Bone tissue and scaffolds have become a

whole, forming good osteointegration.

The quantitative analysis results of the bone growth ability

after bone scaffold implantation by micro-CT were described

by the BV/TV ratio (Figure 5B). It can be seen from the second

week of implantation, the new bone volume of the AM + FS

sample was almost twice that of the AM sample, indicating

that the surface bioactivity and bone ingrowth ability of the

bone scaffold were significantly improved after the

femtosecond laser surface treatment. In the early stage of

bone scaffold implantation, osteoblasts first adhered to the

scaffold surface and then gradually grew into the scaffold

pores. The surface of the bone scaffold treated by the

femtosecond laser provided a good place for cell adhesion

in the early stage of growth. At the fourth and eighth weeks

after implantation, the volume difference of the new bone

between the two groups’ scaffolds decreased gradually, which

was mainly attributed to the limited space provided by the

2 mm thickness of the scaffold for bone tissue growth.

Therefore, the growth of bone tissue in the AM + FS

samples slowed down gradually in the later stage.

Histological evaluation

The hard-tissue section machine was used to slice the tissue

along with the schematic diagram of the slicing line (Figure 2C),

stain after slicing, and observe the growth of bone tissue under an

optical microscope.

After the implantation of bone scaffolds, at weeks 2, 4, and 8,

bone tissue development was seen (Figure 6). In the figure, the

scaffold is shown in black, the new bone is shown in red, and the

fibrous tissue is shown in blue. The radial and axial directions of

the femur are shown by lines 1 and 2, respectively.

For the Line1 direction, the bone tissue first grew from the

place where the cortical bone contacted the scaffold to both sides

(Figure 6). In the second week, the bone tissue cells of the AM +

FS samples proliferated bilaterally. However, only a few cells

proliferated bilaterally in the AM samples. In the fourth week, the

bone tissue cells of the AM + FS samples proliferated bilaterally

and expanded into the inner pores of the scaffold. In the AM

samples, bone tissue cell growth remained mostly unaltered.

There were considerably less bone tissue cells in the inner

pores of the AM samples than the AM + FS samples. In the

eighth week, bone tissue could be found to be present in the inner

pores of the AM samples and the AM + FS samples in contact

with the cortical bone. The AM + FS samples had a wider contact

area with bone tissue than the AM samples did, and the bone

tissue interlocked well with the scaffold.

For the Line2 direction, because the scaffold was not in direct

contact with the cortical bone, the bone tissue cells on the scaffold

proliferated from the contact part between the cortical bone and

scaffold. The capacity of bone tissue cells on the scaffold to

proliferate and differentiate is directly reflected in the direction in

which the bone tissue is growing. In the second week of the AM +

FS samples, it can be seen from the Line2 direction that a few

bone tissue cells proliferated to the center of the scaffold

(Figure 6). At the same time, for the AM samples, only a few

bone tissue units proliferated at the edge of the cortical bone. At

FIGURE 6
VG stain histological sections of AM and AM + FS samples at
different time-points.
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the fourth week, there was only a small amount of bone tissue

cells in the middle of the AM samples, while more bone tissue

cells had adhered to the middle of the AM + FS samples and

proliferated and differentiated in the pores of the scaffold. At the

eighth week, bone tissue cells had proliferated and differentiated

well along the lateral side of the AM + FS samples, and the degree

of cell proliferation on the AM samples was significantly lower

than that of the AM + FS samples.

In conclusion, the in vivo implantation experiment showed

that AM + FS samples in the Line1 direction might see the

adhesion and growth of bone tissue cells on the scaffold surface

after 2 weeks of implantation, showing good osseointegration

ability. Compared with the AM samples at the same time point,

the AM + FS samples showed more new bone tissue growth,

indicating that the surface after femtosecond laser treatment can

promote the adhesion of bone tissue cells. More bone tissue in the

Line2 direction showed proliferation along the surface of the AM

+ FS samples, and bone tissue and bone scaffolds showed good

mechanical interlocking characteristics at the eighth week of

implantation.

Conclusion

In this study, the surface of Ti alloy bone scaffolds made by

SLMwas treated with a femtosecond laser, and the changes in the

surface morphology, roughness, and hydrophilicity of the bone

scaffolds following treatment were noted. The bioactivity of the

AM and AM + FS samples was measured using the simulated

bodily fluid immersion technique. To assess the bone

development performance in vivo, the bone scaffolds were

transplanted into the metaphysis of the rabbit tibia. The most

innovative aspect of this study is how thoroughly and

methodically the aforementioned tests have been conducted

and studied. The key findings are as follows:

1) Bone scaffolds that had been surface-treated with a

femtosecond laser developed micro–nano surface

topography, which increased surface roughness and

hydrophilicity.

2) In vitro activity tests revealed that treating the surface of the

bone scaffold with a femtosecond laser resulted in dense HAP,

which had improved bioactivity and promoted the adhesion

and proliferation of bone tissue cells.

3) The implantation of a bone scaffold in the rabbit tibia

metaphysis resulted in more new bone tissues growing in

the AM + FS samples than in AM samples alone. It was

further established that treating the bone scaffold with a

femtosecond laser improves bone tissue cell adhesion and

proliferation. Additionally, the growth of bone tissue on

the surface of the AM + FS samples demonstrated strong

mechanical interlocking properties with bone scaffolds.

Data availability statement

The original contributions presented in the study are

included in the article/Supplementary Materials; further

inquiries can be directed to the corresponding authors.

Ethics statement

The animal study was reviewed and approved by the

experimental animal center of Southwest Medical University

(Ethics No.: 2020878).

Author contributions

SW: conceptualization, validation, formal analysis, and

supervision. MZ: writing—original draft and writing—review

and editing. LL: investigation and visualization. RX:

writing—review and editing. ZH: validation, methodology, and

project administration. ZS: conceptualization, investigation,

methodology, and formal analysis. ZL: resources and data

curation. JL: supervision. XL: investigation. PH: funding

acquisition. YH: resources.

Funding

This work was supported by the National Key R&D Program

of China (No. 2016YFC1100600), the Applied Basic Research

Project of Science & Technology Department of Sichuan

Province (No. 2020YJ0265), the Sichuan University-Luzhou

Municipal People’s Government Strategic Cooperation Project

(No. 2019CDLZ-17), and the Grant for Key Research Items from

Sichuan Province of Science and Technology (No.

2020YFS0394).

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors, and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Frontiers in Bioengineering and Biotechnology frontiersin.org10

Wang et al. 10.3389/fbioe.2022.962483

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.962483


References

Abdel-Haq, J., Karabuda, C. Z., Arısan, V., Mutlu, Z., and Kürkçü, M. (2011).
Osseointegration and stability of a modified sand-blasted acid-etched implant: An
experimental pilot study in sheep. Clin. Oral Implants Res 22, 265–274. doi:10.1111/
j.1600-0501.2010.01990.x

Amin Yavari, S., Chai, Y. C., Böttger, A. J., Wauthle, R., Schrooten, J., Weinans,
H., et al. (2015). Effects of anodizing parameters and heat treatment on
nanotopographical features, bioactivity, and cell culture response of additively
manufactured porous titanium.Mater. Sci. Eng. C 51, 132–138. doi:10.1016/j.msec.
2015.02.050

Bouet, G., Cabanettes, F., Bidron, G., Guignandon, A., Peyroche, S., Bertrand, P.,
et al. (2019). Laser-based Hybrid manufacturing of Endosseous implants:
Optimized titanium surfaces for enhancing osteogenic differentiation of human
mesenchymal stem cells. ACS Biomater. Sci. Eng. 5, 4376–4385. doi:10.1021/
acsbiomaterials.9b00769

Chan, C., Carson, L., Smith, G. C., Morelli, A., and Lee, S. (2017). Enhancing the
antibacterial performance of orthopaedic implant materials by fibre laser surface
engineering. Appl. Surf. Sci. 404, 67–81. doi:10.1016/j.apsusc.2017.01.233

Chen, P., Aso, T., Sasaki, R., Tsutsumi, Y., Ashida, M., Doi, H., et al. (2017).
Micron/submicron Hybrid topography of titanium surfaces Influences adhesion
and differentiation Behaviors of the mesenchymal stem cells. J. Biomed.
Nanotechnol. 13, 324–336. doi:10.1166/jbn.2017.2335

Chen, W., Chen, Y., Ko, C., Lin, Y., Kuo, T., and Kuo, H. (2014). Interaction of
progenitor bone cells with different surface modifications of titanium implant.
Mater. Sci. Eng. C. 37, 305–313. doi:10.1016/j.msec.2014.01.022

Coelho, P. G., Granjeiro, J. M., Romanos, G. E., Suzuki, M., Silva, N. R., Cardaropoli,
G., et al. (2009). Basic research methods and current trends of dental implant surfaces.
J. Biomed. Mater. Res. 88B, 579–596. doi:10.1002/jbm.b.31264

Cunha, A., Zouani, O. F., Plawinski, L., Botelho do Rego, A. M., Almeida, A., Vilar,
R., et al. (2015). Human mesenchymal stem cell behavior on femtosecond laser-
textured Ti-6Al-4V surfaces. Nanomedicine 10, 725–739. doi:10.2217/nnm.15.19

Feller, L., Chandran, R., Khammissa, R. A., Meyerov, R., Jadwat, Y., Bouckaert,
M., et al. (2014). Osseointegration: Biological events in relation to characteristics of
the implant surface. SADJ 69 (112), 112–117. doi:10.1163/157180807781870336

Gittens, R. A., Olivares-Navarrete, R., Schwartz, Z., and Boyan, B. D. (2014a).
Implant osseointegration and the role of microroughness and nanostructures: Lessons
for spine implants. Acta Biomater. 10, 3363–3371. doi:10.1016/j.actbio.2014.03.037

Gittens, R. A., Scheideler, L., Rupp, F., Hyzy, S. L., Geis-Gerstorfer, J., Schwartz,
Z., et al. (2014b). A review on the wettability of dental implant surfaces II: Biological
and clinical aspects.Acta Biomater. 10, 2907–2918. doi:10.1016/j.actbio.2014.03.032

Gnilitskyi, I., Pogorielov, M., Viter, R., Ferraria, A. M., Carapeto, A. P., Oleshko,
O., et al. (2019). Cell and tissue response to nanotextured Ti6Al4V and Zr implants
using high-speed femtosecond laser-induced periodic surface structures.
Nanomedicine Nanotechnol. Biol. Med. 21, 102036. doi:10.1016/j.nano.2019.102036

Hilario, F., Roche, V., Nogueira, R. P., and Junior, A. M. J. (2017). Influence of
morphology and crystalline structure of TiO2 nanotubes on their electrochemical
properties and apatite-forming ability. Electrochimica Acta 245, 337–349. doi:10.
1016/j.electacta.2017.05.160

Kostelac, L., Pezzato, L., Settimi, A. G., Franceschi, M., Gennari, C., Brunelli, K.,
et al. (2022). Investigation of hydroxyapatite (HAP) containing coating on grade
2 titanium alloy prepared by plasma electrolytic oxidation (PEO) at low voltage.
Surfaces Interfaces 30, 101888. doi:10.1016/j.surfin.2022.101888

Le Guéhennec, L., Soueidan, A., Layrolle, P., and Amouriq, Y. (2007). Surface
treatments of titanium dental implants for rapid osseointegration. Dent. Mater. 23,
844–854. doi:10.1016/j.dental.2006.06.025

Li, X., Chen, T., Hu, J., Li, S., Zou, Q., Li, Y., et al. (2016). Modified surface
morphology of a novel Ti-24Nb-4Zr-7.9Sn titanium alloy via anodic oxidation for
enhanced interfacial biocompatibility and osseointegration. Colloids Surfaces B
Biointerfaces 144, 265–275. doi:10.1016/j.colsurfb.2016.04.020

Lin, X., Li, X., Li, G., Zhang, Y., and Cui, Z. (2020). Micro-dot-matrix induced by
femtosecond laser on titanium surface for Ca-P phase deposition. Appl. Surf. Sci.
499, 143925. doi:10.1016/j.apsusc.2019.143925

Liu, L., Wang, S., Liu, J., Deng, F., Li, Z., and Hao, Y. (2020). Architectural design
of Ti6Al4V scaffold controls the osteogenic volume and application area of the
scaffold. J. Mater. Res. Technol. 9, 15849–15861. doi:10.1016/j.jmrt.2020.11.061

Lu, J., Huang, T., Liu, Z., Zhang, X., and Xiao, R. (2018). Long-term wettability of
titanium surfaces by combined femtosecond laser micro/nano structuring and
chemical treatments. Appl. Surf. Sci. 459, 257–262. doi:10.1016/j.apsusc.2018.08.004

Luo, L., Jiang, Z. Y., Wei, D. B., and He, X. F. (2014). Surface modification of
titanium and its alloys for biomedical application. Amr 887-888, 1115–1120. doi:10.
4028/www.scientific.net/amr.887-888.1115

Menazea, A. A., and Ahmed, M. K. (2020). Nanosecond laser ablation assisted the
enhancement of antibacterial activity of copper oxide nano particles embedded
though Polyethylene Oxide/Polyvinyl pyrrolidone blend matrix. Radiat. Phys.
Chem. 174, 108911. doi:10.1016/j.radphyschem.2020.108911

Pylypchuk, I. V., Petranovskaya, A. L., Gorbyk, P. P., Korduban, A. M.,
Markovsky, P. E., and Ivasishin, O. M. (2015). Biomimetic hydroxyapatite
growth on Functionalized surfaces of Ti-6Al-4V and Ti-Zr-Nb alloys. Nanoscale
Res. Lett. 10, 338. doi:10.1186/s11671-015-1017-x

Raimbault, O., Benayoun, S., Anselme, K., Mauclair, C., Bourgade, T., Kietzig,
A., et al. (2016). The effects of femtosecond laser-textured Ti-6Al-4V on
wettability and cell response. Mater. Sci. Eng. C 69, 311–320. doi:10.1016/j.
msec.2016.06.072

Rupp, F., Gittens, R. A., Scheideler, L., Marmur, A., Boyan, B. D., Schwartz, Z.,
et al. (2014). A review on the wettability of dental implant surfaces I: Theoretical and
experimental aspects. Acta Biomater. 10, 2894–2906. doi:10.1016/j.actbio.2014.
02.040

Shaikh, S., Kedia, S., Majumdar, A. G., Subramanian, M., and Sinha, S. (2018). In
vitro bioactivity and biocompatibility of femtosecond laser-modified Ti6Al4V alloy.
Appl. Phys. A 124, 821. doi:10.1007/s00339-018-2238-5

Spriano, S., Yamaguchi, S., Baino, F., and Ferraris, S. (2018). A critical review of
multifunctional titanium surfaces: New frontiers for improving osseointegration
and host response, avoiding bacteria contamination. Acta Biomater. 79, 1–22.
doi:10.1016/j.actbio.2018.08.013

Tan, G., Ouyang, K., Wang, H., Zhou, L., Wang, X., Liu, Y., et al. (2016). Effect of
Amino-, Methyl- and Epoxy-Silane Coupling as a Molecular Bridge for Formatting
a Biomimetic hydroxyapatite coating on titanium by electrochemical deposition.
J. Mater. Sci. Technol. 32, 956–965. doi:10.1016/j.jmst.2016.07.012

Tsukanaka, M., Fujibayashi, S., Takemoto, M., Matsushita, T., Kokubo, T.,
Nakamura, T., et al. (2016). Bioactive treatment promotes osteoblast
differentiation on titanium materials fabricated by selective laser melting
technology. Dent. Mater. J. 35, 118–125. doi:10.4012/dmj.2015-127

Turnbull, G., Clarke, J., Picard, F., Riches, P., Jia, L., Han, F., et al. (2018). 3D
bioactive composite scaffolds for bone tissue engineering. Bioact. Mater. 3, 278–314.
doi:10.1016/j.bioactmat.2017.10.001

VanHooreweder, B., Apers, Y., Lietaert, K., and Kruth, J. P. (2017). Improving the
fatigue performance of porous metallic biomaterials produced by Selective Laser
Melting. Acta Biomater. 47, 193–202. doi:10.1016/j.actbio.2016.10.005

Wang, K., and Xiong, D. (2018). Construction of lubricant composite coating on
Ti6Al4V alloy using micro-arc oxidation and grafting hydrophilic polymer.Mater.
Sci. Eng. C 90, 219–226. doi:10.1016/j.msec.2018.04.057

Wang, S., Liu, L., Li, K., Zhu, L., Chen, J., and Hao, Y. (2019). Pore functionally
graded Ti6Al4V scaffolds for bone tissue engineering application. Mater. Des. 168,
107643. doi:10.1016/j.matdes.2019.107643

Wilson, C. J., Clegg, R. E., Leavesley, D. I., and Pearcy, M. J. (2005). Mediation of
biomaterial-cell interactions by adsorbed proteins: A review. Tissue Eng. 11, 1–18.
doi:10.1089/ten.2005.11.1

Wubneh, A., Tsekoura, E. K., Ayranci, C., and Uludağ, H. (2018). Current state of
fabrication technologies and materials for bone tissue engineering. Acta Biomater.
80, 1–30. doi:10.1016/j.actbio.2018.09.031

Zhang, J., Zhou, W., Wang, H., Lin, K., and Chen, F. (2019). 3D-printed surface
promoting osteogenic differentiation and angiogenetic factor expression of BMSCs
on Ti6Al4V implants and early osseointegration in vivo. J. Mater. Sci. Technol. 35,
336–343. doi:10.1016/j.jmst.2018.09.063

Zhao, D., Tang, F., Min, L., Lu, M., Wang, J., Zhang, Y., et al. (2020). Intercalary
reconstruction of the "Ultra-Critical sized bone defect" by 3D-printed porous
Prosthesis after Resection of tibial Malignant Tumor. Cmar Vol. 12, 2503–2512.
doi:10.2147/cmar.s245949

Zhao, X., Ren, X., Wang, C., Huang, B., Ma, J., Ge, B., et al. (2020). Enhancement
of hydroxyapatite formation on titanium surface by alkali heat treatment combined
with induction heating and acid etching. Surf. Coatings Technol. 399, 126173.
doi:10.1016/j.surfcoat.2020.126173

Zhao, Y., and Xiong, T. Y. (2012). Formation of bioactive titania films under
specific anodisation conditions. Surf. Eng. 28 (5), 371–376. doi:10.1179/
174329409x409512

Frontiers in Bioengineering and Biotechnology frontiersin.org11

Wang et al. 10.3389/fbioe.2022.962483

https://doi.org/10.1111/j.1600-0501.2010.01990.x
https://doi.org/10.1111/j.1600-0501.2010.01990.x
https://doi.org/10.1016/j.msec.2015.02.050
https://doi.org/10.1016/j.msec.2015.02.050
https://doi.org/10.1021/acsbiomaterials.9b00769
https://doi.org/10.1021/acsbiomaterials.9b00769
https://doi.org/10.1016/j.apsusc.2017.01.233
https://doi.org/10.1166/jbn.2017.2335
https://doi.org/10.1016/j.msec.2014.01.022
https://doi.org/10.1002/jbm.b.31264
https://doi.org/10.2217/nnm.15.19
https://doi.org/10.1163/157180807781870336
https://doi.org/10.1016/j.actbio.2014.03.037
https://doi.org/10.1016/j.actbio.2014.03.032
https://doi.org/10.1016/j.nano.2019.102036
https://doi.org/10.1016/j.electacta.2017.05.160
https://doi.org/10.1016/j.electacta.2017.05.160
https://doi.org/10.1016/j.surfin.2022.101888
https://doi.org/10.1016/j.dental.2006.06.025
https://doi.org/10.1016/j.colsurfb.2016.04.020
https://doi.org/10.1016/j.apsusc.2019.143925
https://doi.org/10.1016/j.jmrt.2020.11.061
https://doi.org/10.1016/j.apsusc.2018.08.004
https://doi.org/10.4028/www.scientific.net/amr.887-888.1115
https://doi.org/10.4028/www.scientific.net/amr.887-888.1115
https://doi.org/10.1016/j.radphyschem.2020.108911
https://doi.org/10.1186/s11671-015-1017-x
https://doi.org/10.1016/j.msec.2016.06.072
https://doi.org/10.1016/j.msec.2016.06.072
https://doi.org/10.1016/j.actbio.2014.02.040
https://doi.org/10.1016/j.actbio.2014.02.040
https://doi.org/10.1007/s00339-018-2238-5
https://doi.org/10.1016/j.actbio.2018.08.013
https://doi.org/10.1016/j.jmst.2016.07.012
https://doi.org/10.4012/dmj.2015-127
https://doi.org/10.1016/j.bioactmat.2017.10.001
https://doi.org/10.1016/j.actbio.2016.10.005
https://doi.org/10.1016/j.msec.2018.04.057
https://doi.org/10.1016/j.matdes.2019.107643
https://doi.org/10.1089/ten.2005.11.1
https://doi.org/10.1016/j.actbio.2018.09.031
https://doi.org/10.1016/j.jmst.2018.09.063
https://doi.org/10.2147/cmar.s245949
https://doi.org/10.1016/j.surfcoat.2020.126173
https://doi.org/10.1179/174329409x409512
https://doi.org/10.1179/174329409x409512
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.962483

	Femtosecond laser treatment promotes the surface bioactivity and bone ingrowth of Ti6Al4V bone scaffolds
	Introduction
	Experiment
	Preparation of samples
	Surface characteristics of bone scaffolds
	In vitro bioactivity test of bone scaffolds
	Rabbit tibial stent implantation experiment
	In vivo implantation of bone scaffolds

	Micro-CT experimental evaluation
	Histological experimental evaluation

	Results and Discussion
	Surface characteristics of bone scaffolds
	In vitro bioactivity evaluation of bone scaffolds
	Evaluation of the bone ingrowth ability of bone scaffolds in vivo
	Micro-CT evaluation

	Histological evaluation

	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


