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a b s t r a c t

Titanium alloys have been used extensively as implants. However, they generally suffer

from low biocompatibility as well as antibacterial activity. To date, several strategies have

been proposed to address these issues. It is of practical interest to synergistically increase

both cellular adhesion and antimicrobial activity in titanium-based implants. Here, Tie6Al

e4V alloys were surface-modified by Nd:YAG laser with different scanning speeds ranging

from 1 to 5 mm s�1 and subsequently coated by drug-loaded polymer nanofibers for pro-

longed drug release. The laser-modified samples were both physically and metallurgically

characterized through XRD, OM, AFM, FESEM, hardness, and wettability tests to find the

optimum laser processing conditions. Results showed that the surface characteristics of

the alloys are sensitive to the scanning speed; the higher the scan velocity, the lower

surface roughness and wettability were obtained. The enhanced formation of TiO and Ti6O

oxides on the surfaces of laser-modified alloys was delineated. Then, a model polymer/

drug system of polyvinyl alcohol/vancomycin was directly electrospun onto the optimized

samples surfaces. The laser-modified, drug-loaded samples present an improved

biocompatibility as the cellular adhesion and viability were increased in contact with these

samples. Up to 39% increase in cell viability was obtained for the laser-modified samples by

5 mm s�1 scan speed in comparison with unmodified, uncoated samples. The increased

biocompatibility was attributed to the formation of oxide layers which reduce the toxicity

of vanadium and aluminum elements. Also, the drug release rate was extended from 4 h to

25 h for modified samples. So, the modified implants could present a sustained release of

antibiotics as well.

© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC
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1. Introduction

Orthopedic implant materials, especially in load-bearing ap-

plications,must be non-toxic, have excellent biocompatibility,

high corrosion resistance in the body environment, an

optimal combination of high strength and modulus close to

the bone, high ductility, fatigue, and wear resistance [1].

Nowadays, titanium-based alloys are considered due to high

corrosion resistance, high mechanical strength, wear resis-

tance, biocompatibility properties, and bioactive surfaces,

leading to better and faster integration [2].

The stability or failure of bone implants depends on a

combination of biological and mechanical factors related to

the implant surface and the body environment interaction [3].

The most important properties achieved through surface

modification are better corrosion resistance, improved wear

resistance, better integration rate, and high biocompatibility

[4]. Recent studies have shown that topography and micro/

nano surface characteristics can influence cell behavior [5].

Cell adhesion is one of the first steps for their growth and

proliferation to create bone tissue. Studies have shown that

surface chemistry and roughness depend on cell adhesion,

growth and proliferation. Rough surfaces encourage the

entrapment of fibrin protein, adhesion of bone cells, and

mechanical stability of implants in the host bone [6]. The

interaction of proteins and their receptors induces a signal

that affects cell growth. Studies have shown that the adhesion

and growth of MG63 cells are affected by surface roughness

[7]. The adsorption of biomolecules on the surface is a dy-

namic process controlled by the physicochemical interaction

between the surface and macromolecules. Surface energy,

assessed by wettability, is a substantial quantity that is

strongly related to biological interaction [8].

Implants-associated infections are caused by biofilm for-

mation on the implant's surface. Even if infected implants are

successfully removed surgically [9]. The adhesion of bacteria

on the surface of titanium alloy implants is done in two steps,

leading to biofilm formation on the surface. The first stage is

the rapid and initial interaction between the surface of bac-

terial cells and the surface of the biological material. The

irreversible second stage, includes specific and non-specific

interactions between the proteins of the bacterial surface

structures and binding molecules on the material's surface

[10]. The best way to prevent biofilm formation is antimicro-

bial surfaces that prevent the spread of pathogens and the

degradation of materials. Implants surface modification is an

effective way to reduce implant infections, which is a direct

method to modify the surface properties of medical implants

without changing the bulk properties of the material. Surface

treatment can be divided into two categories: surface modifi-

cation (physical, chemical, or both) and coating (physical,

chemical, or both) [10]. These techniques can be used indi-

vidually or in combination. The researcher used micro-

machining, polishing, sandblasting, surface coating, acid

etching, photolithography and laser for surface modification

[3,11]. It is possible to improve the mechanical properties of

the alloy, including hardness, corrosion resistance, and

biocompatibility, by changing the surface properties without

changing the bulk properties of the alloy using laser surface

modification. The surface microstructure depends on the

cooling rate during solidification and solid phase trans-

formation, and the thickness and chemical composition of the

modified zone are affected by the thermal cycle [12].

Compared to other surface modification methods, this

method has advantages such as high speed, controllability,

ease in complex geometries, and simplicity in reaching the

desired surface chemical composition [4]. Depending on the

process parameters, it may include microstructure modifica-

tion, grain modification, phase transformation, alloying,

combining multiple materials, and combining and forming

composite systems on the surface without affecting the bulk

of the material [13].

The current strategy to control infections from orthopedic

implants is the periodic administration of antibiotics.

Although antibiotics can be part of clinical treatment, high

drug concentrations may not be achieved at the intended site.

Antibiotic administration can lead to various toxicities or the

development of antibiotic-resistant microorganisms. There-

fore, the strategy of controlled release of antibiotics with high

concentration and long duration to target the desired site and

release the drug can be a promising alternative to antibiotic

administration [14]. Hence, researchers have recommended

the controlled release of antibiotics. Gentamicin, vancomycin,

cefazolin, propylparaben, ceftizoxime, and lysostaphin are

antibiotics used to treat orthopedic infections [15]. Biode-

gradable polymer-coated implants can deliver antibiotics to

the site [9]. A relatively novel and versatilemethod to apply an

antibacterial coating to the implants surfaces is electro-

spinning. By this technique, nanofibers carrying an antibiotic

drug are directly deposited onto the surface of the implants to

a desirable content. The whole process does not require any

pretreatment. However, the microstructure of the coating as

well as their biological properties such as drug release rate can

be tuned by controlling the fabrication parameters or by some

subsequent treatments [16]. To date, various bio-based or

biodegradable polymers were fabricated via electropsinning,

among which polyvinyl alcohol (PVA) has attracted increasing

attention due to its extremely good spinnability, biocompati-

bility, hydrophilicity, and drug delivery potentials [17].

In 2020, Tullio et al. [18] presented in vivo studies of tita-

nium implantation with three machined, sandblasted/acid

etched, and laser-modified surfaces. The results showed that

after 30 days, the laser-modified samples and the sand-

blasted/acidified sample showed greater integrity than the

machined sample. In 2021, researchers investigated the effect

of groove spacing and micromachining laser frequency on

surface modification and biological properties of Tie6Ale4V

alloy. The results showed that the depth of the laser layer was

reduced by increasing the groove distance and frequency,

improving the survival results of cell adhesion in laser-

modified samples [19].

In this research, Nd:YAG laser was used for surface modi-

fication of Tie6Ale4V alloy. The electrospinning process of

biodegradable polyvinyl alcohol polymer carrying vancomy-

cin was used on the modified-surfaces for drug delivery.
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2. Materials and methods

2.1. Surface modification

Firstly 50 � 15 mm specimens were cut from a 1 mm thick

Tie6Ale4V sheet (90.7% Ti, 5.6% Al, 3.5% V, 0.2 Fe). Then

samples were ground and polished to remove any oxides and

contaminations and achieve a smooth surface. Finally, sam-

ples were sonicated in ethanol and DI water solution. A 100W

Nd: YAG pulse laser performs laser surface modification of

samples. According to choosing three laser scanning speeds,

as mentioned in Table 1, three groups of samples containing

three samples were modified in this process. The position of

samples on the instrument's table is adjusted by its lens.

During the experiment, the laser beam was fixed, and surface

scanning of the sampleswas done bymoving the table along x

and y directions.

2.2. Drug-loaded surface coating

Solution 1, PVA: 12wt% polyvinyl alcohol (86e90% hydrolyzed,

MW 105e110 D) solution was prepared in distilled water. The

Solution was stirred for 3 h under a continuously growing

temperature until 80 �C. Solution 2, vancomycin: 2.4 wt%

vancomycin solution was prepared by dissolving vancomycin

powder in distilled water under continuous stirring for 30 min

at ambient temperature. Solution 3, drug-loaded PVA: 8 wt%

PVA, 0.8 wt% vancomycin solution prepared using solutions 1

and 2 with a ratio of 2: 1 and stirred for 30 min. Fig. 1 in-

vestigates the electrospinning process on the surface of laser-

modified samples.

Laser surface modified specimens were cleaned ultrason-

ically using DI water for 10 min and then dried. Specimens

were fixed on an aluminum foil, and all parts of the foil except

the samples were insulated. Electrospinning was carried out

for 2 h at ambient temperature. Feed rate 0.1 ml/min, voltage

15 kV, and distance 15 cm were applied to electrospinning.

Laser surface-modified Specimens coated by drug-loaded

electrospun fibers were dried at ambient temperature for

24 h. The fibers were chemically stabilized through vapor-

phase glutaraldehyde crosslinking. A solution of 0.5 wt%

glutaraldehyde in acidified ethanol was placed in a closed

container and the samples' coated surface were exposed to

the vapor for 3 days. After completing of the cross-linking

process, specimens were washed using ethanol and dried.

2.3. Metallurgical characterization

In contact mode, the roughness topography and profiles in

laser surface-modified samples were investigated by Atomic

Force Microscopy (AFM, Veeco CPII model). Optical Micro-

scopy (OM, Dinolite type) was used to assess the surface

wettability according to ASTM D7490-13 standard by taking

pictures of contact angles. Field Emission Scanning Electron

Microscopy (FE-SEM, MIRA III model) at 10 kV, equipped with

an Energy Dispersive X-Ray Spectroscopy (EDS, SAMXmodel)

and Optical Microscopy (OM, Leica model) were used for

surface and cross-sectional microstructure evaluation. The

hardness of surface modified samples cross-section was

measured using Vickers Microhardness Tester (Buehler

model) using 10 gf load according to the ASTM E384-17

standard. Such measurements are repeated at least three

times and the hardness of each zone is determined as the

average of three measurements. X-ray Diffraction Test was

performed according to BS EN 13925e1 at 40 V, 30A (XRD,

model PW1730), and surface composition was extracted from

Expert Highscore software.

Table 1 e Nd:YAG laser parameters for sample preparation.

Sample group Sample group
name

Laser scanning speed
(mm/s)

Frequency
(Hz)

Voltage
(V)

Power
(W)

Gas flow
(L/min)

1 N1 1 10 400 100 20

2 N3 3

3 N5 5

Fig. 1 e Laser modified samples electrospinning process schematic.
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2.4. Coating characterization

Morphology and distribution of electrospun polyvinyl alcohol

fibers were characterized using Field Emission Scanning

Electron Microscopy (FE-SEM, MIRA III model) after electro-

spinning and after the crosslinking process.

2.5. In- vitro biological evaluation

In order to perform in vitro cellular evaluation, MG-63 human

osteoblast-like cell was used. For cell culture on the laser

surface modified and coated samples, the samples were first

sterilized using 70% alcohol. Then 30,000 cells were cultured

on each sample (1.5 � 1 cm).

2.5.1. Cell viability
MTT test was used to asses cell viability on the fourth day.

The culture medium on the samples was removed and

replaced with MTT solution (5 mg/ml) diluted with the me-

dium. The samples were incubated in a CO2 incubator for 4 h.

Then the solution was removed from the samples. DMSOwas

poured into each well to dissolve the formed purple for-

mazan crystals and gently pipetted to dissolve the formed

crystals completely. Then the resulting solution was trans-

ferred to a 96-well plate. The optical absorbance of the so-

lution was read at a wavelength of 545 nm using amicroplate

reader. This test was repeated three times for each sample

using a microplate reader, and the result's average value and

standard deviation were calculated.

2.5.2. Cell adhesion assay
After 4 days of cell culture, the samples were fixed using 2.5%

glutaraldehyde for 1 h. Then the samples were dehydrated

with an increasing percentage of ethanol and dried at ambient

temperature. Then the samples were coated with gold and

photographed with a scanning electron microscope.

2.5.3. Drug release
UVeVis spectrometer was used to evaluate vancomycin

release from the coated fibers on the sample's surface. First,

the absorption curve of vancomycin in concentrations of 0.05,

0.1, 0.15, 0.2, and 0.25 mg/ml was drawn at a wavelength of

282 nm, and the absorption equation was obtained. Then the

measurement of drug release in Nd:YAG laser surface modi-

fied at a speed of 1 mm/s samples and the samples without

surface modification was done as follows:

Fig. 2 e (a) Weld beads optical micrograms (b) SEM images of columnar microstructure of the weld zone normal to the weld

line (c) SEM images of microcracks propagation perpendicular to the weld line.
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The samples were immersed in 4 ml buffer solution at 37
�C and 75 r/min. Then, after the specified time, 2 ml was

removed from the solution, and its absorption rate was

measured to calculate the percentage of the released drug.

Then 2 ml of buffer solution was added to the release me-

dium. This process was done at 1, 2, 4, 6, 15, 25, 30, 50, and

60 h. The concentration of the released drug was obtained

using the absorption equation and absorption values ac-

cording to Eqs. (1) and (2).

R%¼Mi

Mt
� 100 (1)

Mi ¼CiVi þ
X

Ci�1 Vi (2)

where R, Mi, Mt, Ci, Vi, and Ci-1 represent the accumulation

percent of the released drug, released drug at time 0-t, total

loaded drug on the sample surface, concentration at time t,

Fig. 3 e (a) Cross-sectional SEM image of laser treated sample left side: dendritic and needle martensite microstructure right

side: formation of passive surface oxide layer (b) SEM image of sample's phase structure (cef) Cross-sectional optical

micrograms of weld zones.
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volume of removed solution, the concentration at the time

before t, respectively.

2.6. Statistical study

Statistical analysis was carried out by using a statgraphics

statistical software package. The quantitative results were

presented as the means ± SE for each group.

3. Results and discussion

3.1. Scanning pattern on the surface of laser modified
samples

Fig. 2a shows the optical microscopy pictures of Nd:YAG laser-

modified surfaces. The distance between laser beads (D) can

be calculated by laser scanning speed (S) and laser pulse fre-

quency (F) ratio as determined by Eq. (3) [20]. At constant laser

frequency, laser beads distance increases as laser scanning

speed increases because the number of pulses per unit area

and the interaction between laser pulses and sample surface

decreases, and less energy is transferred to the surface.

Therefore, as laser scanning speed increases, the distance

between peaks and valleys increases and decreases surface

roughness [21].

D¼S
F

(3)

Scanning electron microscopy images in Fig. 2b and c

shows welding beads. Along the weld line, the columnar

microstructure of the weld zone, which is normal to the weld

line, can obviously be seen and confirms directional solidifi-

cation. Several microcracks can be seen mostly along the so-

lidification direction and perpendicular to the welding line.

These cracks can be seen as the result of tensile forces after

Shrinkage caused by melt solidification. According to Rosen-

thal's equation, Eq. (4) can be deduced. Eq. (4) shows that in

constant heat Q, increasing the laser speed increases the

cooling rate. Because of higher residual stress caused by a

higher cooling rate, samples modified with a speed of 5 mm/s

have a higher probability of hot cracking.

�
vT
vt

�
¼
�
vT
vx

�
t

�
vx
vt

�
T

¼ � 2pKV
ðT� T0Þ2

Q
(4)

where T, T0, K, Q, and V represent temperature at time t,

temperature before welding, heat conductivity, heat trans-

ferred to the specimen, and speed, respectively.

In addition, increasing the laser speed increases the so-

lidification growth rate and decreases the temperature

gradient. The temperature gradient affects the length of the

solidification crack sensitive zone (CSZ) and increases with

increasing speed. As the speed and the length of the CSZ zone

increase, permeability decreases due to the formation of

narrower and longer interdendritic liquid channels, making it

more difficult to feed contractions caused by solidification.

Inconsistent physical properties of the oxide layer and sub-

strate lead to the ununiform distribution of tensions between

two layers during solidification andmay lead to surface cracks

[22]. Also, in all themodified samples, melt splashing occurred

due to the high heat density caused by laser welding and the

melt pool's high pressure and temperature.

3.2. Microstructure and microhardness of samples
cross-section

The cross-sectional FE-SEM image of Fig. 3 shows a dark layer

of titanium oxide formed on the surface modified at a laser

speed of 3 mm/s. The formation of the passive oxide layer

affects the potential, rate, temperature, and electrolyte of

corrosion. Therefore, the biocompatibility of titanium alloys

depends on the interaction between the titanium oxide layer's
physicochemical, morphological, and mechanical properties

[23]. Cross-section optical microscopy images reveal a den-

dritic structure is obtained in the melting zone, and a

martensitic structure is obtained in the heat-affected zone

close to the melting zone. The base metal also contains the b

phase in a background of the a phase. Argon gas atmosphere

causes the decrease of temperature of the solid/melt interface

during its advance into the melt. During solidification, heat is

removed from the melt and the solid, and latent heat release

at the solid/melt interface makes it unstable due to its upper

temperature than solid andmelt. The unstable interface leads

to surface roughness and can become dendritic branches that

grow from the interface toward themelt. The high cooling rate

in the heat-affected zone results transformation of the b-

phase to martensitic microstructure. At the boundary of the

heat-affected zone/base metal, b phase dissolved due to the

high temperature and created the supersaturated a-phase.

Variation of microstructural characteristics induced by

pulsed laser treatment can increase hardness [24]. Laser sur-

face treatment of Tie6Ale4V sheets can increase the hardness

by solid solution of alloying elements, grain refinement and

nanotwins mechanisms [25,26]. The a-phase has lower hard-

ness and higher ductility than the b-phase. Martensite aʹ-
phase has higher hardness than both a and b phases [27].

Cross-section microhardness results of the modified sample

in Table 2, indicate the presence of titanium oxide on the

surface due to higher hardness. In the fusion zone, the pres-

ence of dendritic structure has caused higher hardness.

Moving away from the fusion zone, the hardness is still high

due to needle martensite in the heat-affected zone. The

hardness is lower than the fusion and heat-affected zones in

the basemetal, where there is a higher percentage of a-phase.

The high hardness values of the dendritic martensite phase in

the fusion zone and needle martensite in the heat-affected

zone improve the wear properties and more resistance to

galvanic corrosion compared to the aþb microstructure,

because of the existence of the two layers and the creation of

galvanic interaction between the two phases.

Table 2 e Cross-sectional Vickers microhardness results
of laser modified specimens.

Zone Vickers Microhardness

Surface 1275

Fusion Zone 408

Heat Affected Zone 362

Base Metal 334
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3.3. Compositional analysis of modified samples cross
section

Fig. 4 investigates the structure and chemical composition of

Tie6Ale4V implants modified at the speed of 3 mm/s. EDS

results in surface area (A), fusion zone (B), heat affected zone

(C), and heat affected zone near the base metal (D) investi-

gated. The presence of 60.68%weight of oxygen on the surface

confirmed the formation of the surface oxide layer. The

presence of high amounts of aluminum in the surface layer

results from the high tendency of this element to oxidize. The

percentage of Al and V elements in the fusion zone was lower

than in the heat-affected zone close to the base metal (D), and

by moving from the fusion zone to the base metal, the values

of these elements increased. Due to the high temperature of

the laser process, it is possible that these elements have

evaporated. Also, due to aluminum high tendency to oxida-

tion and the increase in the amount of this element in the

surface oxide layer, the decrease in the amount of this

element in the melting zone can be attributed to surface

oxidation. Aluminum and vanadium elements are toxic, and

reducing their amounts in the surface layer can improve bio-

logical properties. Also, there is no concern about the effect of

these elements' reduction on the alloy's properties because of

the small effect depth of the laser in the cross-section.

3.4. Surface modified samples phases

X-ray diffraction pattern of laser-modified sample surfaces in

Fig. 5 shows the existence of three phases. Ti6O, as Ti-rich

titanium oxide, forms when oxygen diffuses into the hexag-

onal primary lattice of a-Ti. The formation of the cubic TiO

phase is due to the stabilization of cubic b-Ti during rapid

solidification and a-Ti phase symmetric growth [28].

Due to the high speed of the laser surfacemodification and

insufficient time to form TiO2, the combined oxygen ratio was

equal to 1:12 for Ti6O and 1:2 for TiO in the conventional state.

The formation of the titanium oxide layer improves the

implant surface osseointegration, adhesion properties,

corrosion and wear resistance. Increasing the thickness of the

oxide layer, even by a picometer, leads to exponential

improvement of biological properties.

Fig. 4 e Chemical composition of laser treated sample (3 mm/s) in weld zones and base metal.

Fig. 5 e X-ray diffraction pattern of laser modified samples

surface.

Fig. 6 e Effect of laser speed on surface roughness

parameters of sample surface.
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3.5. Surface topography as a function of Nd: YAG laser
speed

Figs. 6, 7a and 7b show the surface roughness parameters,

topographies, and profiles of surface-modified specimens. As

shown, increasing laser scanning speed results in decreasing

roughness parameters such as the mean of roughness from

1.85 to 0.03 mm and height of roughness from 0.8 to 0.04 mm

and the highest surface roughness values are related to the

surface-modified specimens with the lowest speed.

At high laser speeds, the laser beam has a shorter time

interacting with the surface, and the energy absorbed by the

surface is less, reducing the roughness parameters. Therefore,

rougher surfaces are obtained at lower laser speeds [9]. The

relationship between the accumulation energy and the laser

parameters can be expressed according to Eq. (5):

F¼Ep:f
D:V

(5)

In the above relation, F, Ep, f, D, and V represent the

accumulation energy, pulse energy, frequency, laser spot

diameter, and velocity, respectively. This relationship in-

dicates the inverse relationship between the amount of en-

ergy absorbed and the velocity of the laser beam [29].

3.6. Wettability as a function of Nd:YAG laser speed

The effect of Nd: YAG laser speed on the wettability of the

modified surfaces is shown in Fig. 7c. According to Fig. 7c, the

contact angle changes from 60.05� to 73.9� with the alteration

of laser scanning speed from 1 to 5 mm/s. Since the highest

roughness was related to the sample with the lowest laser

speed, the lowest contact angle of the dropletwith the surface,

Fig. 7. e (a) surface topography (b) surface roughness profile and (c) Effect of surface roughness on the surface wettability of

laser modified samples.
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and the highest wettability was related to the sample with a

speed of 1 mm/s. The Young equation and the relation be-

tween roughness and contact angle describe the reason for

this observation. Young equation (Eq. (6)) determines the

equilibrium between the solid, liquid, and gas phases

interface.

gLV cos q¼gSV e gSL (6)

where gLV, gSV, and gSL are surface tension between liquid-

solid, solid-vapor, and solid-liquid phases interface, respec-

tively, and q is the contact angle. When a liquid is in contact

with a solid surface, contact angle and surface tension are

related to each other with the Young equation. If q < 90, the

solid surface wet well with liquid [30]. Hideo et al. suggested

the relation between wettability and surface roughness of a

solid surface by Eq. (7).

cos F¼ðh = ðhþRÞÞcos q� R=ðhþRÞ (7)

In this equation, F is the observed contact angle, q is the

contact angle, h is the roughness height, and R is the droplet

radius [31]. According to this relation, wettability decreases

with the increment of scanning speed due to roughness height

decrease.

According to the Wenzel model, droplet wettability on

rough surfaces is expressed as Eq. (8).

Cos ðqWÞ¼Rf Cos ðqYÞ (8)

where qW and qY represent the contact angles of Young,

Wenzel, and Rf, represents the fraction of the ASL liquid-solid

contact surface to the predicted region on the AF solid surface.

InWenzel's model, liquid penetrates and fills the gap between

the grooves on the rough surface. On rough surfaces, given

that Rf > 1, if Cos qY is greater than zero, the liquid tends towet

the rough surface, and if Cos qY is less than zero, the liquid

tends not to wet the surface. The wettability properties of the

Fig. 8 e SEM images of (a) PVA electrospun fibers on the surface of laser modified samples (b) Cross-linked PVA fibers

(c) Cross-section of coating thickness.
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Fig. 9 e (a) Cell viability of modified samples compared to control sample (cells cultivated in the culture plate) *P <0.05,
***P<0.001 (b) effect of surface roughness on cell viability.

Fig. 10 e Effect of surface modification on cell adhesion.

j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c hno l o g y 2 0 2 3 ; 2 4 : 3 7 5 9e3 7 7 13768

https://doi.org/10.1016/j.jmrt.2023.04.044
https://doi.org/10.1016/j.jmrt.2023.04.044


surface depend on the roughness factor that can turn the

surface into a hydrophobic or hydrophilic surface [9]. By

increasing laser speed and decreasing the values of roughness

parameters and Rf, the contact angle of the droplet decreased

so that the sample with the highest laser speed (5 mm/s) had

the lowest wettability.

3.7. Coating characterization

Vancomycin-loaded polyvinyl alcohol electrospun coating,

before and after cross-linking, is given in Fig. 8a and b and

shows that the average diameter of the fibers increased after

cross-linking, and micron-sized holes were created in the

coating. The formation of these cavities can be a place to

attract osteoblast cells and leads to better interaction between

the implant surface and body tissue.

Due to the surface roughness of the modified samples, the

electrospun fibers have been mechanically established on the

surface. The thickness of the coating in Fig. 8c, is shown. Due

to the Biodegradability of polyvinyl alcohol, 75% of the coating

will be destroyed after 46 days [32] and the implant's modified

surface is exposed to the body tissue. Therefore, the adhesion

and interaction of bone cells with the laser surface modifica-

tion becomes important.

3.8. Biological analysis

3.8.1. Cell viability
Fig. 9a investigates laser-modified and coated Tie6Ale4V al-

loys have higher cell survival than the sample with no surface

modification and coating process, which confirms toxicity

reduction as a result of Nd:YAG laser surfacemodification and

coating. The formation of the oxide layer on the surface of the

modified samples can be one of the reasons for these obser-

vations, which has increased the cell viability due to good

biological properties. The lower percentage of vanadium

element on the surface can be another reason for the lower

toxicity of modified samples.

Cell viability has increased by incrementing the Nd:YAG

laser speed. Therefore, although the increase in surface

roughness has reduced cell survival and proliferation

compared to the control sample, the samples with less

roughness had better cell survival. The reason for this could be

the high contact area of rougher samples. The relationship

between surface roughness and toxicity is shown in Fig. 9b.

From this point of view, the optimal roughness value of the

modified samples is at a speed of 5 mm/s.

3.8.2. Cell adhesion
Cell adhesion on the surface of unmodified and laser surface

modified samples is shown in Fig. 10. According to the MTT

results, the unmodified surface has the lowest cell viability,

which can be seen by low cells distribution on the surface. The

adhesion and morphology of cells on the surface of Nd:YAG

laser-modified samples show an increase in cell density with

increasing speed, due to reduced toxicity in high-speed laser-

modified samples. Cells in all modified samples have an

elongated morphology and fully interact with the surface.

3.8.3. Drug release rate
The cumulative percent curve of drug release in terms of time

in Fig. 11 investigates different release rates in unmodified

and laser surface-modified samples. The low drug release rate

in the unmodified-sample can result from lower roughness. In

the laser-modified samples, a higher drug release rate was

observed, so 90% of the drug was released after 2 h and 100%

after 6 h. The amount of released drug in the unmodified

samples was 1% of that in the laser surface-modified samples.

Nd:YAG Laser surface modification results to surface

roughness and hydrophilicity increment. So, the rougher

surfaces of the laser-modified samples interacted more with

body fluids and showed more drug release than the non-

modified surface samples.

4. Conclusion

Inthisresearch,Nd:YAGlasersurfacemodificationofTie6Ale4V

alloy has led to an increment of surface roughness, wettability,

hardness, and controlled drug release of polyvinyl alcohol fibers

coating has improved biocompatibility and cell adhesion.

The results are summarized as follows.

1. The phases formed in the Nd:YAG laser surface-modified

samples included dendritic martensite in the fusion zone,

acicular martensite in the heat-affected zone, and the

formation of TiO and Ti6O oxides on the surface.

2. Bymoving from the basemetal to the heat-affected and the

fusion zone, the amount of aluminum and vanadium ele-

ments has decreased.

3. Due to the formation of the martensite phase, laser surface

modification increased the hardness of the fusion zone and

heat-affected zonewithout any effect on thebulkproperties.

The highest hardness was related to the surface oxide layer.

4. The highest wettabilitywas related to the surfaceswith the

highest roughness. Therefore, the modified samples with a

speed of 1 mm/s showed the highest hydrophilicity.

5. All Nd:YAG laser surface-modified samples with different

speeds showed less toxicity than the sample without sur-

face modification.

Fig. 11 e Drug release rate variation between unmodified

and laser modified sample.
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6. Cell viability has improved by laser surface modification.

The surface-modified sample with a speed of 5 mm/s

showed more cell viability than the other groups.

7. Surfaces with less roughness have shown less toxicity.

8. Laser surface modification has increased cell adhesion.

9. Drug release has improved in laser surface modified

compared to the unmodified surface samples because of

increasing electrospinning fiber attachment on the rough

surface.
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