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Abstract
As high-performing materials, bulk metallic glasses have attracted widespread attention for biomedical applications.
Herein, the bacterial adhesion properties of femtosecond laser-nanostructured surfaces of four types of zirconium-based
bulk metallic glasses are assessed. Laser-induced periodical surface structures and nanoparticle structures were fabri-
cated by femtosecond laser irradiation under different energy intensities (0.23 and 2.3 J/mm2). Surface topography,
roughness, wettability, and surface energy were investigated after femtosecond laser irradiation and the surface bacterial
adhesion properties were explored using Escherichia coli and Staphylococcus aureus as respective representatives of
Gram-negative and Gram-positive bacteria. 4#,6-Diamidino-2-phenylindole fluorescence staining was used to character-
ize and assess the bacterial surface coverage rate. The in vitro cytotoxicity of polished and laser-nanostructured surfaces
was investigated using MC3T3-E cells. The obtained results demonstrate that femtosecond laser surface nanostructuring
retained the amorphous structure of zirconium-based bulk metallic glasses and led to an obvious decrease in bacterial
adhesion compared with polished surfaces. The inhibition of bacterial adhesion on laser-induced periodical surface struc-
tures was greater than on nanostructured surfaces after 24 h of bacterial incubation. In addition, femtosecond laser
nanostructuring did not have an apparent effect on the cytotoxicity of zirconium-based bulk metallic glasses.
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Introduction

Bulk metallic glasses (BMGs), also known as amor-
phous alloy or liquid metals, have received increasing
attention in recent years given their wide field of poten-
tial applications such as in medical devices, sensors, and
nanotechnology, among others.1,2 The unique nanos-
tructures of BMGs, with internal atoms showing both
short-range order and long-range disorder, exhibit high
fracture toughness, low elastic moduli, good corrosion
resistance, and super-plasticity.3–5 These properties
have been confirmed as superior to those of common
biomedical materials such as stainless steel, pure tita-
nium, and titanium alloys.2,6 Based on the excellent
properties, the BMG medical devices such as scalpel,
arthroscopic shaver, syringe needle will show its advan-
tages to traditional metal devices. Therefore, the corro-
sion behavior, biocompatibility, biodegradability, and
critical size of various BMGs have been extensively
investigated with the aim of applying these materials as
potential medical devices.2,6–10

Bacterial contamination and colonization on mate-
rial surfaces greatly affect patient health and the treat-
ment effect of medical devices. In clinical infection
cases, unqualified sterilization of medical devices is
closely related to medical infections.11 Bacterial infec-
tion rates can increase to 40% without the use of anti-
biotic use on the post-operative surgical site.12 The first
step in bacterial contamination and colonization is bac-
terial adhesion.13 Therefore, the antibacterial adhesion
properties of medical devices play a major role in
decreasing bacterial infection during clinical treat-
ment.14 With this in mind, the bacterial adhesion prop-
erties of biomaterials, including the effect of surface
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topography, wettability, functional groups, and anti-
bacterial elements, have been extensively studied.15

Surface nanostructuring was shown to decrease surface
bacterial adhesion,16 with nanostructures having a sur-
face topography interval smaller than bacterial dimen-
sions leading to a change in bacterial contact status on
the material surface and obviously decreasing the
bacterial adhesion rate.17,18 Antibacterial coatings com-
posed of Ag, Cu, or Zn have also been shown to
be effective in decreasing bacterial adhesion.19,20

Furthermore, superhydrophobic surfaces with a low
surface energy have been shown to decrease the contact
rate of bacteria.21 However, for metal surfaces, super-
hydrophobicity is usually achieved by surface
functionalization, which affects the durability of hydro-
phobicity. Superhydrophilic surfaces with a negative
zeta potential exhibit limited bacterial binding and can
also decrease bacterial adhesion rates.22,23

Surface nanostructure modification can be achieved
through various methods, including photoetching,24

pattering,25 ultrafast laser irradiation,26 and focused
ion beam.27 Polyethylene terephthalate surfaces with
micropatterning on a length scale comparable with bac-
terial dimensions had a significant effect on Escherichia
coli adhesion behavior.28 The study of bacterial adhe-
sion properties of focused ion beam-nanostructured
poly(ethylene glycol) hydrogel surfaces showed that
Staphylococcus epidermidis cells did not adhere effec-
tively when the length scale of the nanostructure was
comparable with the cell size.29 Femtosecond laser irra-
diation is a cold processing and surface nanostructuring
technology with properties of non-contact processing
model and high processing efficiency, widely used for
temperature-sensitive material processing.30 The use of
femtosecond laser irradiation avoided the crystalliza-
tion of BMGs during laser irradiation.31 Furthermore,
the bacterial adhesion properties on femtosecond laser-
induced nanostructured titanium alloy and 45S5 bioac-
tive glass biomaterials were shown to be effectively
decreased.32,33

This study aims to investigate the bacterial adhesion
properties of femtosecond laser-induced nanostruc-
tured zirconium-based bulk metallic glasses (Zr-BMGs)
in relation to the application of antibacterial metallic
glass medical devices. Four types of Zr-BMGs were
selected to investigate the difference in antibacterial
properties and in vitro cytotoxicity. E. coli and S. aur-
eus, as representatives of Gram-negative and Gram-
positive bacteria, respectively, were selected to assess

the antibacterial properties of Zr-BMGs after femtose-
cond laser nanostructuring and MC3T3-E1 pre-
osteoblastic cells were used to examine the surface cyto-
toxicity of the material surfaces.

Materials and methods

Material preparation

Four types of Zr-BMGs (V105s, V105, 106c, and Zum)
with different composition elements and content were
used herein. The Zr-BMGs have varying physical prop-
erties (Table 1). Furthermore, the hardness, Young’s
modulus, and critical thickness of materials are impor-
tant parameters for the potential application of Zr-
BMGs as medical devices.2 Zr-BMG ingots were pro-
vided by EONTEC and were produced by vacuum die
casting. The specimen size was 10mm3 10mm3 1mm
(length, width, and thickness). The surface roughness
(Ra) of the four BMGs was within the 0.01–0.02mm
range after the polishing process prior to laser irradia-
tion. The specimens were cleaned four times in absolute
ethyl alcohol for 30min at 40 �C in ultrasonic bath after
the polishing process and dried at 60 �C.

Surface nanostructuring

A femtosecond laser beam was produced by a laser
device (Pharos PH1-10) at a wavelength of 1030 nm,
with a 200-fs pulse width and 100-KHz ablation fre-
quency. The focused laser beam was approximately
35mm in diameter with a field lens of 160mm focal
length. The single pulse energy was selected at 40mJ to
fabricate the surface nanostructures. The laser scanning
intervals were of 10mm. Laser-induced periodical sur-
face structure (LIPSS) and nanoparticle structures were
achieved under low energy intensity (0.23 J/mm2) with
500mm/s scanning speed and high energy intensity
(2.3 J/mm2) with 50mm/s scanning speed, respectively,
in air. The energy intensity was calculated using
equation34

I=
P

v �Ø J=mm2 ð1Þ

where I was laser energy intensity, P was laser power, v
was scanning speed, Ø was the diameter of laser beam.
The femtosecond laser-nanostructured area was
8mm3 8mm.

Table 1. Material composition and physical properties of Zr-BMGs.

Specimen mark Element content Vickers hardness (HRC) Young’s modulus (GPa) Crictical thickness (mm)

V105s Zr43.3Cu27.8Ni15.2Al9.1Ti4.6 532 89.3 \ 3.5
V105 Zr57.5Cu21.1Ni14.2Al3.7Ti3.5 563 88.2 \ 3
106c Zr63.2Cu21.4Ni11.3Al4.1 530 86.9 \ 3.5
Zum Zr58.9Cu33.2Ni4.2Al3.7 582 90.2 \ 4
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After the laser irradiation process, the specimens
were cleaned in ultrasonic bath with absolute ethyl alco-
hol for 30min at 40�C and then in sterile deionized
water for 20min at 40�C to remove the surface residual
dust deposited during the laser irradiation process.
Scanning electron microscopy (Hitachi SU8220),
atomic force microscopy (Bruker Dimension FastScan),
and atomic-profiler (Kosaka ET-150) were used to
examine the surface topography and roughness before
and after laser irradiation. X-ray diffraction (XRD)
measurements were used to examine the surface struc-
ture layer after laser irradiation with 1� incident angle.
The sessile drop method was used to evaluate the sur-
face wettability of specimens. A contact angle goni-
ometer (OSA-200) was used to examine the contact
angle after water drop loading. To evaluate the surface
energy by Owens two-liquid method, deionized water
and n-hexadecane were used to test the specimen sur-
face contact angle. Surface energy of each specimens
were calculated using equations (2) and (3)35

gs = gD
s + gP

s ð2Þ

gL(1+ cosu)=2(gD
s gD

L )
1=2 +2(gP

s gP
L)

1=2 ð3Þ

gs is surface free energy of the specimen; gP
s is the dis-

persion force of specimen, and gP
s is the polar force of

specimen. u is the contact angle; gD
L is the dispersion

force of liquid, and gP
L is the polar force of liquid. The

liquid surface energy of water and n-hexadecane were
shown in Table 2.

Bacterial attachment

Prior to bacterial incubation, the specimens were auto-
claved at 121�C under 0.1MPa after the surface clean-
ing process and placed into six-well cell culture plates
with the polished and laser-nanostructured surface fac-
ing upward. Bacterial incubation and adhesion tests
were performed at the Guangdong Institute of
Microbiology. E. coli (AS1.0.2385) and S. aureus
(ATCC 6538) were selected as representatives of Gram-
negative and Gram-positive bacteria, respectively, to
assess the bacterial adhesion properties of the speci-
mens. Bacteria were grown for 24 h from a frozen stock
in Luria–Bertani (LB) broth at 37 �C to achieve the
logarithmic phase of bacterial growth. Following the
preincubation process, the concentration of bacteria

was adjusted to 107CFU/mL and 5mL of the respec-
tive bacterial solutions were added into each well. Cell
culture plates were placed in a cell incubator and cul-
tured for 24 h with a revolving speed of 100 r/min at
37 �C. After 24 h of bacterial incubation, the specimens
were retrieved and washed three times with 3mL of
phosphate buffer saline (PBS) solution at 100 r/min for
5min, and then fixed with a 4% paraformaldehyde sus-
pension. 4#,6-Diamidino-2-phenylindole (DAPI) fluor-
escence was used to stain the bacterial nuclei. After
fluorescence staining, specimens were washed in sterile
deionized water three times and dried at 25 �C.
Fluorescence microscopy (Axio Imager A2, ZEISS)
was used to examine the surface coverage morphology
of bacteria, whereas the bacterial surface coverage rate
was evaluated by gray analysis of the fluorescence
microscopy image using Image J software.

In vitro cytotoxicity evaluation

The in vitro cytotoxicity was evaluated using MC3T3-
E1 pre-osteoblastic cells. Cell suspensions were pre-
pared in a minimum essential medium (MEM) with
10% fetal bovine serum (FBS). A 0.5-mL aliquot of the
cell suspension at a concentration of 23 104 cells/mL
was seeded onto the specimen surface and incubated at
37 �C in a 5% CO2 humidified atmosphere for 24 h. A
cholecystokinin (CCK)-8 test was used to evaluate the
cell viability. The optical density (OD) values of each
well was measured by a spectrophotometer (TriStar2S
LB942) at 450nm. Cell viability was determined by the
following formula

Viability=
(ODsample �ODblank)

(ODcontrol �ODblank)
3100% ð4Þ

After 24-h incubation, the specimens were washed three
times with 3mL of PBS and fixed in a 4% paraformal-
dehyde suspension. Fixated cells were stained by DAPI
fluorescence for 15min, then washed in PBS three
times, and dried in air at 25 �C in the dark. The research
approach is illustrated in Figure 1.

Statistical analysis

Surface characterization was performed in duplicate for
each surface type. Ra and contact angle were measured
three times for each specimen. Values in all graphs are
reported as mean6 standard deviation. The bacterial
surface area coverage rate and surface cell viability eva-
luations were repeated three times for each bacteria/cell
type, with at least three images per sample. Statistical
analysis was per formed using one-way analyses of var-
iance (ANOVAs) to evaluate the differences between
each case and results were considered statistically sig-
nificant at a p value of less than 0.05.

Table 2. Liquid surface energy.

Liquid gD
L (mJ/m2) gP

s (mJ/m2) Type

Water 21.8 51 Polar
n-Hexadecane 27.6 0 Nonpolar
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Results and discussion

Surface morphology

The surface morphology of Zr-BMGs was assessed
after femtosecond laser irradiation at an energy density

of 0.23 and 2.3 J/mm2 (Figure 2). The polished surface
of V150s showed shallow nanoscale scratches induced
by the mechanical polishing process (Figure 2(a)), with
no obvious bulge; XRD indicated an amorphous phase
as observed by a diffuse peak (Figure 3). Following

Figure 1. Research approach schematic.

Figure 2. Morphology of femtosecond laser-nanostructured surface: (a) polished surface of V105s; (b) nanoparticle structure
surface of V105s; (c) LIPSS of V105s; (d–g) nanoparticle structure surface of Zr-BMGs; and (h–k) LIPSS of Zr-BMGs.
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high-energy intensity (2.3 J/mm2) laser irradiation on
the BMG surface, the surface was covered with a disor-
dered distribution of nanoparticles formed via surface
plasma deposition under high laser energy intensity
(Figure 2(b)).36 Conversely, laser irradiation at low-
energy intensity (0.23 J/mm2) and 10mm scanning inter-
vals led to the formation of LIPSS with a periodicity of
800nm (Figure 2(c)). The periodicity of LIPSS is deter-
mined by the laser wavelength and material
wavelength-dependence dielectric constant.37 These
three-dimensional (3D) periodical nanoarrays were also
covered by nanoparticles (Figure 2(c), (h)–(k)). The
surface morphology clearly indicates that no obvious
differences in morphology were observed between the
four Zr-BMG material surfaces under the same irradia-
tion energy intensity (Figure 2).

XRD measurements showed that the diffuse peak of
the polished and laser-nanostructured surfaces did not
change following the irradiation process (Figure 3).
This is as expected since the ultra-short duration pulse
did not allow heat transformation; indeed, the laser
pulse duration time was of approximately 200 fs, which
is far less than lattice heat transfer velocity.38

Therefore, femtosecond laser processing retained the
surface amorphous structure of Zr-BMGs.

Surface roughness

Surface morphology is an important factor influencing
surface bacterial adhesion.15 With regards to the nanos-
cale topography of specimen surfaces, the intervals
between nanoparticles or nanoarrays decrease the bac-
terial contact area when at a scale smaller than bacter-
ial cell size. Therefore, the surface roughness (Ra) was
examined by atomic force profiling and atomic force
microscopy (Figure 4(a)). The polished surface had a
relatively smooth surface, with minimal cross-section
profile variation on the 1mm scan scale (Figure 4(a)).
The microscale roughness of all polished surfaces var-
ied between 0.0686 0.02 and 0.0796 0.03mm.

Furthermore, the microscale roughness of the nanopar-
ticle surfaces (varying between 0.4356 0.06 and
0.4826 0.08mm) was higher than that of the LIPSS
(varying between 0.1196 0.04 and 0.1426 0.03mm)
due to the deeper laser scanning grooves achieved with
the higher irradiation energy intensity, yet the rough-
ness variation between each specimen with the same
morphology was small (Figure 4(b)). For the nanoscale
morphology of the laser-nanostructured surface, the
surface profile variation of nanoparticle structures
was less than for LIPSS (Figure 4(c)). The polished sur-
faces had a minimum roughness (varying between
12.26 4.2 and 17.46 3.6 nm) in nanoscale measure-
ment while that of the LIPSS (varying between
64.16 9.1 and 73.26 7.7 nm) were higher than for the
nanoparticle surfaces (varying between 46.36 4.2 and
54.56 3.8 nm). LIPSS of approximately 50 nm in depth
and with a periodicity of 800nm were generated during
femtosecond laser irradiation, which caused a higher
nanoroughness than in other surfaces. The nanoscale
roughness variation between specimens with the same
morphology was also small (Figure 4(d)).

Surface contact angle and surface energy

To evaluate the surface energy based on the Owens
two-liquid method, deionized water was selected to
evaluate the surface contact angle of polar liquid and
n-hexadecane was selected to evaluate the surface con-
tact angle of nonpolar liquid. The contact angle was
measured for each surface after laser irradiation and
ultrasonic cleaning in absolute ethyl alcohol. The water
contact angle decreased obviously on laser-
nanostructured surface compared with polished surface
while n-hexadecane contact angle variation tendency
was similar to water contact angle, but the n-
hexadecane contact angle were smaller than water con-
tact angle with the same surface morphology and mate-
rial (Figure 5(a)). For the polished surfaces of all Zr-
BMGs, the water contact angle variation was obvious
(Figure 5(b)). The polished V105s had the highest con-
tact angle (approximately 73.1� 6 2.2�) while Zum had
the smallest contact angle (approximately 59.7�6 1.4�).
However, following femtosecond laser irradiation, the
surface contact angles decreased for all materials. For
example, the contact angle of polished 106c was
approximately 65.8� 6 1.7�, while after laser irradia-
tion, the surface contact angle decreased to 31.5� 6 1.2�
(nanoparticle surface) and 35.7� 6 1.3� (LIPSS).
Furthermore, a minimal increase in the contact angle
was observed for the LIPSS compared with that of the
nanoparticle-structured surface, with the nanoparticle-
structured surface showing the highest hydrophilicity.
Comparing the four types of BMGs with the similar
surface morphology, V105 showed the most hydropho-
bic properties with both the polished surface and
LIPSS, yet for the nanoparticle-structured surface,
Zum was the most hydrophilic. But the differences of
hydrophilicity between four Zr-BMGs with laser-

Figure 3. Surface XRD pattern of specimens after polishing
and laser irradiation.
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nanostructured surfaces were inapparent. The surface
contact angle of n-hexadecane was obviously decreased
compared with water as shown in Figure 5(c). For
example, the n-hexadecane contact angle of V105s was
only 17.3� 6 1.1� (polished surface), 5.2� 6 0.5� (nano-
particle surface), and 9.3� 6 0.7� (LIPSS). Surface
energy variation tendency was inversely proportional
to contact angle as shown in Figure 5(d). The surface
energy of polished surface (variation between
36.86 1.3 and 45.16 1.0mJ/m2) were smaller than
nanostructured surfaces. Meanwhile, for nanostruc-
tured specimens, nanoparticle surface (surface energy
variation between 61.06 1.1 and 64.06 0.9mJ/m2)
with smaller contact angle got the highest surface
energy compared with LIPSS (surface energy variation
between 57.86 0.9 and 61.96 0.8mJ/m2).

Surface bacterial adhesion

The E. coli and S. aureus surface coverage morphology
was observed under fluorescence microscopy after
DAPI staining (Figure 6(a) and (b)). The surface bac-
terial coverage rate of specimens was calculated via gray
analysis of fluorescence microscopy images (Figure
6(c)). The all polished surfaces with maximal contact
angle and minimal surface roughness showed maximum
bacterial attachment after 24 h of incubation for both
E. coli and S. aureus. It was found that the E. coli cover-
age rate of all polished surfaces varied between
10.1%6 1.3% and 15.2%6 1.7%. Furthermore,

comparing the four types of Zr-BMGs, V105s exhibited
minimal bacterial attachment, with a surface coverage
rate of 10.1%6 1.3%, while the other Zr-BMGs varied
between 13.4%6 1.5% and 15.2%6 1.7% for S. aur-
eus surface coverage. In addition, surface coverage for
all polished surfaces varied between 16.8%6 2.1% and
21.3%6 1.9%, with V105s also showing minimal bac-
terial attachment (16.8%6 2.1%) while Zum had the
highest coverage (21.3%6 1.9%). The nanoparticle
surfaces and LIPSS exhibited obvious antibacterial
adhesion properties, as determined by a decrease in bac-
terial coverage rate. The surface coverage rate of E. coli
on all nanoparticle surfaces varied between
5.4%6 0.9% and 9.7%6 0.7%, while that of S. aureus
varied between 9.3%6 1.5% and 11.5%6 1.2%.
However, all LIPSS showed minimal bacterial attach-
ment for both E. coli and S. aureus. The E. coli surface
coverage rate varied between 3.1%6 0.7% and
6.5%6 0.5%, while that of S. aureus varied between
3.6%6 0.6% and 9.1%6 0.5%. Compared with the
femtosecond laser-nanostructured surfaces of all Zr-
BMGs, the surface coverage rate for both bacteria was
slightly higher on the nanostructured Zum surfaces
than on the other Zr-BMGs, while V105s exhibited the
lowest bacterial adhesion rate.

Bacterial adhesion mechanism

When specimens are immersed in bacterial solutions
(Figure 1), the floating bacteria undergo Brownian

Figure 4. (a) Surface cross-section morphology, (b) microscale roughness variation of specimens, (c) 3D nanomorphology of
nanostructured surface, and (d) nanoscale roughness variation of specimens.
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motion until they come within the proximity of a metal
surface.39 Floating bacteria are then attracted to the
metal when the distance between the bacterial surface
and the metal surface is less than the Coulomb force;
this process may include physical and chemical reac-
tions.40 The extended Derjaguin–Landau–Verwey–
Overbeek (XDLVO) theory using the Van der Waals
force, polar interactions, electrical double layer interac-
tions, and Brownian motion forces can be employed to
explain the total free energy between two surfaces
during the bacterial adhesion process. The XDLVO
theory assumes that bacteria are colloid particles with a
particle size ranging from 0.5 to 2mm, as shown in
equation (5)41

DGTOT =DGLW +DGAB+DGDL +DGBR ð5Þ

where DGLW is the Van der Waals force, DGAB is the
polar interaction, DGDL is the Coulomb force, and
DGBR is Brownian motion force. Van der Waals forces
are affected by distance between two surfaces. Under
the same incubation conditions, the Brownian motion

forces between each surface are nearly identical, yet the
polar interactions and electrical double layer interac-
tions are decided by surface topography, surface
charge, and surface composition.

The Van der Waals forces act when bacteria are in
close proximity to the surface, with the process being
irreversible. The Coulomb force acts at a distance from
the surface, when the Van der Waals force has little
effect. Coulomb forces are related to surface charge,
caused by surface ionic groups and free charges.42

Metal surfaces are commonly positively charged, while
bacterial surfaces are negatively charged.43 Based on
the XDLVO theory, the first step of bacterial adhesion
is the interaction of Coulomb forces between the metal
surface and bacteria. For high surface energy speci-
mens, the Coulomb force is higher than for small sur-
face energy specimens, coupled with stronger polar and
electrical double layer interactions. In this case, the
laser-nanostructured surfaces attracted bacteria more
easily than did polished surfaces when immersed in the
bacterial solution, yet the surface topography affected
bacterial adhesion.

Figure 5. (a) Contact angle variation of V105s surfaces with different structures, (b) water contact angle variation of specimens, (c)
n-hexadecane contact angle variation of specimens, and (d) surface energy variation of specimens; error bars represent the standard
deviations based on three measurements of different areas on each specimen.
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Surface topography and bacterial adhesion

For nanostructured surfaces, when the maximum cur-
vature radius of the surface structures is smaller than
the minimum curvature radius of bacteria, the contact
status between bacteria and material are changed.44

The cytoderm will fully adhere to a smooth surface
without surface bulge support while the cytoderm is
lifted by surface nanobulges on nanostructured sur-
faces, leading to a decreased adhesion area.45 Herein,
nanostructured surfaces also exhibited antibacterial
properties for the four types of Zr-BMGs. To illustrate
this, the S. aureus contact status on V105s surfaces was
closely monitored (Figure 7). A single S. aureus was
shown to adhere onto the polished surface after 24 h of
incubation (Figure 7(a)). Conversely, the S. aureus bac-
terium was lifted by the nanoparticles on the laser-
nanostructured surface (Figure 7(b)), while it was also
lifted by nanoparticles between the two nanoarrays
(Figure 7(c)). To better illustrate this, a schematic of
bacterial contact status on polished and laser-
nanostructured surfaces is provided (Figure 7(d)–(f)).
Given their protein-based cytomembranes and water-
based cytoplasm, bacteria act as a viscoelastic body
while in contact with metal surfaces.46 The cytomem-
brane of bacteria was fully adhered onto the BMG sur-
face for the attraction between metal surface and
bacteria (Figure 7(d)). Bacteria had a greater contact
area on a polished surface than on the laser-
nanostructured surface (Figure 7(a)–(c)). The existence
of nanoparticles and nanoarrays lifted the bacteria and
decreased the contact area between the surface and the
bacterium. The lack of an adhesion area effectively
decreased surface adhesion (Figure 7(e) and (f)). The
decrease in contact area in femtosecond laser-
nanostructured surfaces seems to do more positive

Figure 6. Surface adhesion of E. coli and S. aureus after 24 h of
incubation. Fluorescence microscopy images of (a) E. coli and (b)
S. aureus adhesion on specimen surfaces, and (c) surface
bacterial coverage rate of specimens; error bars represent the
standard deviations.
*p \ 0.05.

Figure 7. Surface contact status of S. aureus on (a) polished surface, (b) nanoparticle structure surface, and (c) LIPSS. Schematic
of surface bacterial adhesion status (d) on a polished surface, (e) on a nanostructured surface, and (f) on a LIPSS.
Nanoparticle-structured surface.
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affection to loose the contact force in spite of surface
energy increased. During the PBS washing process, the
numbers of bacteria removed with the PBS fluid from
the nanostructured surfaces was greater in all polished
surfaces with fully adhered status.

Surface in vitro cytotoxicity

Surface nanostructures and material composition can
modify the biological performance of materials.47

Herein, after 24 h of incubation, MC3T3-E cells were
well spread and displayed lateral spreading features
with distinct cytoplasmic extension on the polished sur-
faces of the four Zr-BMGs (Figure 8(a)). However, the
MC3T3-E cells did not grow as well as on the nanos-
tructured surfaces. For the LIPSS, MC3T3-E cell activ-
ity was better than on the nanostructured surface,
showing distinct cytoplasmic extension features.
Furthermore, the spreading of MC3T3-E cells on the
LIPSS of V105s and V105 were better than for 160c
and Zum, with MC3T3-E cells on the 106c surface
showing a complete lack of spreading. For MC3T3-E
cells growing on V105s (Figure 8(b)), the cell spreading
area of the nanostructured surface was smaller than for
the polished surface and LIPSS with agglomerates sta-
tus. The cell spreading status of blank group seems to
have little difference to polished and LIPSS.
Meanwhile, the cytoxicity of LIPSS shows little differ-
entiation to polished surface. In addition, the MC3T3-
E cell viability cultured after 24 h with each specimens
were shown in Figure 8(c). Cells viability of polished
surfaces groups varying from 0.82%6 0.09 % to
0.91%6 0.1 %, yet on the laser-nanostructured surface
group, the cell viability were showing little more cytoxi-
city than the polished. The cell viability cultured with
nanoparticle-structured surfaces group varied from

0.71%6 0.1 % to 0.76%6 0.12 %, while fro the
LIPSS group, it varied from 0.79%6 0.12 % to
0.87%6 0.09 %. The laser-nanostructured surface of
V105s showed a better biological performance than the
other three Zr-BMGs with regards to cell spreading
status, yet the cell viability were similar for all materi-
als. The surface nanostructures seemed to have shown
little cytoxicity and also affected cell spreading status
(Figure 8(b) and (c)).

Conclusion

Herein, four Zr-based materials were selected to exam-
ine the bacterial adhesion properties after femtosecond
laser irradiation. A laser irradiation energy intensity of
0.23 and 2.3 J/mm2 was chosen to form different sur-
face nanostructures. E. coli and S. aureus were used to
examine the bacterial adhesion properties of Gram-
negative and Gram-positive bacteria, respectively. The
results showed that:

1. The polished surfaces exhibited the highest bacter-
ial adhesion rate for all BMGs under the same
incubation conditions.

2. The femtosecond laser-nanostructured surfaces
had a decreased bacterial adhesion rate after 24 h
incubation compared with that of the polished
surfaces.

3. For laser-nanostructured surfaces, the existence of
LIPSS decreased the bacterial adhesion rate more
than for the nanoparticle-covered surface. The
decrease of E. coli adhesion rate was more efficient
than for S. aureus for all specimens.

4. For laser-nanostructured surfaces of Zr-BMGs, the
surface morphology and wettability affected the
surface bacterial adhesion rate. V105s seemed to

Figure 8. Surface MC3T3-E cell status after 24 h of incubation. (a) Fluorescence microscopy images of MC3T3-E cells on specimen
surfaces, (b) MC3T3-E cell spreading status on V105s surface and blank group, and (c) cell viability after 24 h culturing with
specimen; error bars represent the standard deviations and *p \ 0.05.
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have the best antibacterial adhesion properties at
the same surface morphology compared with the
other three materials.

5. Laser-nanostructured surfaces were shown to exert
minimal cytotoxicity compared with the polished
surfaces and the surface cytotoxicity of the LIPSS
was less than that of the nanoparticle surface.
However, the variation of surface MC3T3-E
cell viability between each specimen was not
significant.
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