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Abstract: Existing studies have shown the benefit of laser surface texturing (LST) in
promoting the cytocompatibility of traditional metallic biomaterials. Researchers have also
reported the potential of bulk metallic glasses (BMGs) as an alternative class of material for
biomedical applications. However, investigations specifically focussed on studying the
cytocompatibility of BMG surfaces processed with LST are still lacking. The present work
demonstrated the feasibility of nanosecond LST as a method to modify the cytocompatibility
of a Zr-based BMG material known as Vitreloy 105. Two different types of laser-induced
surface patterns, namely grooves and dimples, were considered. Their respective influence
on the resulting cell viability, attachment and morphology was studied and compared against
the cytocompatibility of the original BMG surface. It was found that MG63 osteoblast-like cells
on the groove-textured surface exhibited higher viability and better adhesion compared to
those on the original and dimple-textured surfaces. Possible underlying mechanisms
associated with LST, which can affect the in vitro cytocompatibility of Vitreloy 105 were
discussed based on the induced changes to surface chemistry, wettability and roughness. It
is suggested that the higher surface roughness, increased presence of metallic oxides and
enhanced hydrophilicity of the groove-textured sample were the main contributors to its

improved cytocompatibility.

1. Introduction

The consideration of bulk metallic glasses (BMGs) for biomedical applications has drawn
growing interest from the scientific community in recent years [1]. This is due to the remarkable
mechanical and chemical properties of BMGs, which include low elastic modulus [2], high

wear resistance [3], good corrosion resistance [4], and favourable processing capabilities [5].
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These valuable engineering attributes results from their unique atomic structure, characterised
by a lack of long-range order leading to the absence of crystal defects and grain boundaries
[6]. In comparison with traditional biomedical alloys, i.e. titanium alloys, stainless steels and
magnesium alloys, the interesting properties of BMGs have promoted the gradual
consideration of such glassy alloys as potential candidate biomaterials, especially for implants
and surgical tools [7]. It was noted that such favourable mechanical properties could be
particularly beneficial in reducing the occurrence of some of the current medical complications
associated with traditional biomedical alloys used for implant applications, such as stress
shielding, wear particle induced inflammation, corrosion—fatigue failure and foreign body
inflammation [8]. Moreover, the unique thermo-plastic deformation behaviour of BMGs in their
supercooled liquid region and their small solidification shrinkage could enable the fabrication

of net-shape complex medical devices, hence reducing the number of processing operations

9.

However, when considering any candidate biomaterial, a thorough cytocompatibility
assessment, including in vitro cellular response and in vivo tissue response, must be
conducted. A number of studies exploring the cytocompatibility of BMGs has already been
carried out, the outcome of which has generally shown the potential of Zr-based, Mg-based
and Ti-based BMGs for biomedical applications [1, 2, 8, 10]. For example, among these
different types of BMGs, it was reported that a Zr-based composition, which also included the
elements Cu, Fe, Al and Ag, was suitable for application as long-term implants due to
observed favourable mechanical properties, good glass forming ability and excellent
cytocompatibility [10]. In addition, surface treatments such as coatings [11], ion implantation
[12] and laser surface texturing (LST) [13], have been successfully employed on traditional
biomedical alloys, especially titanium alloys, to further enhance their cytocompatibility. Among
these methods, LST has been considered as a promising technique for modifying the surface
properties of biomaterials due to being flexible, simple, and displaying good controllability and
reproducibility [14]. In fact, numerous investigations have now been reported that focussed on
investigating the cytocompatibility of traditional biomedical alloys treated by LST [13, 15-19].
In the case of femtosecond laser processing on a titanium substrate, LST has been shown to
avoid the introduction of toxic substances on the irradiated metallic surface [20]. In addition,
Kumari et al. [13] found that laser texturing a Ti-6Al-4V surface resulted in a comparable cell
viability to that of the as-received titanium alloy surface. Hsiao et al. [15] used an ultraviolet
laser to produce micro-grooves on a Ti-6Al-4V workpiece and compared the osteogenic cell
growth between the as-received and laser-textured surface. These authors observed that the

laser-induced groove texture could provide a favourable environment for osteogenic cells to
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proliferate. Femtosecond laser processing was also successfully exploited by Lee et al. [16]
to generate sub-micrometre patterns, which improved cell viability on a titanium substrate.
Mukherjee et al. [17] reported that laser-induced surface features, which were dimensionally
close to the size of the cells, could positively affect cell viability and migration on TiGAI4V.
Moreover, Ohtsu et al. [18] improved the cellular adhesiveness and cell proliferation by laser
texturing on titanium. Zhou et al. [19] investigated the effect of picosecond laser texturing on
the cytocompatibility of a titanium alloy, and concluded that the fabricated micro-grooves
helped cell adhesion, cell growth and contact guidance. These authors also observed that
increased groove depth could lead to more obvious cell contact guidance. Overall, this body
of literature suggests the benefits of LST in promoting the cytocompatibility of traditional
metallic biomaterials. However, in the context of BMGs, research investigations are still
required to study the cytocompatibility of such surfaces specifically post-LST. In particular, it
is of interest to find out whether LST can also be used on purpose to modify cell viability and
attachment when considering a BMG surface. In addition, it is relevant to observe whether
texturing the groove pattern can also lead to the most favourable cytocompatibility as tends to
be the case on titanium alloys. Finally, there is scope to try to understand possible underlying
mechanisms associated with changes in cytocompatibility when preparing BMG surfaces with
LST.

The objective of the research reported here was to address this knowledge gap when
processing a Zr-based BMG with a nanosecond laser. When conducting this investigation, the
objective was also to explore associated underlying physical phenomena that take place as a
result of laser texturing the considered BMG substrate. To achieve this goal, the specific
Zrs28Cu176NiasAlooTisg (at%) BMG, also known as Vitreloy 105, was considered. The
selection of this particular glassy alloy was motivated by the fact that it does not contain the
toxic element beryllium, in comparison with the better known Vitreloy 1 composition, and that
it exhibits excellent fatigue characteristics among most BMGs [21]. In addition, based on the
body of studies for which LST was applied on traditional biomedical alloys, it was decided to
investigate patterns generated in the shape of grooves and dimples on the surface of Vitreloy
105 specimens. The surface topography, chemical composition and surface wettability of the
processed surfaces was assessed via non-contact three-dimensional confocal microscopy,
scanning electron microscopy, X-ray photoelectron spectroscopy and contact angle
measurements. The viability, attachment and morphology of MG63 osteoblast-like cells was
evaluated on different textured surfaces using a tetrazolium-based viability assay and
fluorescent staining of actin filaments, a major component of the cell cytoskeleton. Finally, an

attempt was made to discuss the relationship between the modified cytocompatibility and the
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combined influence of surface chemical composition, roughness and wettability changes
resulting from the laser texturing of the Zr-based BMG. It is anticipated that the results of this
work can provide some guidance when considering selection of the Vitreloy 105 BMG

composition for implants applications.

2. Experimental procedures

2.1 Sample preparation

As mentioned earlier, the Zr-based metallic glass with nominal composition
Zrs28Cu176NitasAlogTisg (at%) was used in this study. Specimens were purchased from the
company Visser Precision (Denver, USA). During the fabrication process, the molten alloy with
the above composition was cast into a mould using vacuum injection moulding to produce
cylindrical rods with a diameter of 3 mm and a length of 10 mm. Upon delivery from this
supplier, the rods were cut into smaller disk specimens with a length of 3 mm using micro-wire
electrical discharge machining. These cylindrical rods (i.e. 3 mm in diameter and 3 mm in
length) were then manually ground using coarse abrasive paper (180 grit) and subsequently
polished with 1200 and 2000 grit SiC papers, followed by a final step using a 1 um diamond
gel suspension until a mirror-like appearance was obtained. All specimens were mounted in
conductive resin prior to polishing to facilitate handling and mounting in the polishing machine
and in any microscopy equipment subsequently required. After polishing, all samples were
cleaned in an ultrasonic bath using acetone and distilled water for 15 minutes. Before
conducting the biochemical tests, the samples were sterilized in an autoclave for

approximately 15 minutes at 121 °C and 1.4 bar.

Fig. 1(a) displays the XRD pattern of the as-cast Vitreloy 105 material. This figure shows that
the metallic glass matrix presents an overall broad halo. However, two crystalline peaks are
also visible, suggesting that the BMG specimens were not fully amorphous. Fig. 1(b) shows
data from a DSC scan of the alloy at a heating rate of 0.04 K/s. The onsets of the glass
transition temperature (7,), crystallization temperature (T,;) and melting temperature (T,)
were measured to be 687 K, 721 K and 1093 K, respectively. These values are in reasonable
agreement with those measured by Glade et al. [22], who conducted a thermodynamic study
of a very similar alloy composition, i.e. Zrs25Cu17.90Ni1a6Al10Tis, shortly after it was first reported
by Lin et al. [23] in 1997. The supercooled liquid region, AT, which is assessed between T,

and T, was estimated to be 34 K. This indicates that the Vitreloy 105 material had a relatively

good glass forming ability.
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Fig. 1. (a) XRD pattern and (b) DSC curve of the as-cast Vitreloy 105 material.

Two types of surface textures, dimples and grooves, were machined on the Zr-based metallic
glass surface using a nanosecond fibre laser from SPI Lasers (Southampton, United Kingdom).
This laser displayed a wavelength of 1024 nm and was operated with a pulse duration of 220
ns and a pulse repetition frequency of 20 kHz. In this system, the laser source was stationary,
and the processed specimen fixed on a high-resolution computer controlled 3-axis motion
platform to achieve the required patterning path. All surface textures were machined under
the same laser fluence of 30 J/cm?, and also with the same “distance” of 90 um. More
specifically, the parameter “distance” for the dimple-textured surface was the distance
between two adjacent single craters, while for the groove-textured surface, this was the
distance between two adjacent linear grooves. In addition, the scanning speed for the groove-
textured samples was fixed at 200 mm/s, which resulted in a pulse overlap of 68.8 %. The

laser parameters used for the LST experiments are summarised in Table 1.

Table 1 Laser parameters for the fabrication of dimple and groove patterns on the surface of the

Vitreloy 105 samples.

Wavelength . Spot Pulse Frequency Laser _Track Scanning Surface
(nm) diameter duration (ns) (kHz) fluence distance speed patterns
(Hm) (Jlem?) (Hm) (mm/s)
- Dimples
1064 32 220 20 30 90
200 Grooves

2.2 BMG surface characterization

The chemical composition of the Zr-based BMG surfaces before and after laser processing
was investigated using a Thermo-Scientific ESCALAB™ Xi* X-ray photoelectron spectrometer

(XPS; Thermo-Scientific, USA). The monochromatic Al Ka X-ray source was used for the



measurement and XPS PEAK4.1 software was employed to analyse the data. Both the survey
and narrow scan spectra were recorded from an analysed area 300 x 700 um? on each BMG
sample. The surface roughness of all the specimens was measured using a non-contact three-
dimensional surface profiler (S mart Series, Sensofar Co., Barcelona, Spain) with the
associated analysis software (SensoMap, Sensofar Co.). Each specimen was observed at x20
magnification, which corresponded to a visible area of 850 x 710 uym?. Qualitative surface
morphology information was obtained using a field-emission scanning electron microscope
(FE-SEM; 1540XB from Carl Zeiss, Germany) using its secondary electron detector. The
surface wettability was characterized by the sessile drop contact angle method using distilled-
deionized water (DD water) and ethylene glycol (EG) and a DataPhysics OCA100 contact
angle goniometer (DataPhysics Co., Germany). The surface free energy (SFE) of all the
samples was calculated based on the contact angle measurements using the Owens—-Wendt

equation [24].

1+ cosO = 2(y5”l)1/2[()/fl)1/2/)/L] + 2(]/;))1/2 [(VLp)l/Z/VL] (1)

where 6 is the contact angle, y; is the SFE of the liquid used in the measurement, ys is the
SFE of the test sample and the superscripts d and p denote the dispersive and polar
components of SFE. The surface free energy of two testing liquids used in this study, as
well as their dispersive and polar components are given in Table 2. The total surface free

energy, yI, of the test sample is the sum of the polar components y}" and the dispersive

components y¢ .

Table 2 Surface free energy characteristics of the liquids employed for surface wettability tests.

Liquid Dispersive energy (v&) Polar energy (y7) Total surface energy (y/)
(mN/m) (mN/m) (mN/m)
Distilled-deionized water 21.8 51 72.8
Ethylene glycol 29 19 48

2.3 Cell culture and viability

The human MGG63 osteoblast-like cell line was used in this study. Cells (passages 28-32) were
maintained in T75 cell culture flasks in culture medium, comprising of alpha minimum essential
medium (a-MEM) supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS),
100 units/mL penicilin G sodium, 0.1 yg/mL streptomycin sulfate, and 0.25pug/mL
amphotericin. The cells were incubated at 37°C, 5% CO- with the medium changed every 2-
3 days. Cells were cultured until approximately 80-90% confluent before being used for

subsequent experiments.



Cellular responses, i.e. cell viability, attachment and morphology, are considered to be good
indicators to evaluate the cytocompatibility of a potential biomaterial [25]. In this study, the cell
counting Kit-8 (CCK-8) assay (Sigma-Aldrich, USA) was used to investigate the cell viability
due to its high detection sensitivity. This assay is based on the cellular conversion of a
tetrazolium salt into a soluble formazan dye, which can be characterized by optical density
measurements. The amount of formazan dye generated by the activity of dehydrogenases in
the cells is directly proportional to the number of living cells [26, 27]. The cells were seeded
directly on the as-cast (AC), laser dimple-textured (DT) and laser groove-textured (GT) BMG
specimens in 96-well plates at a density of 15,000 cells/cm? (approximately 1500 cells per
sample) and incubated for 1h at 37°C, 5% CO: to allow attachment. The wells were then
flooded with supplemented culture media and incubated for a further 24 hours. Subsequently,
the specimens with seeded cells were washed three times with phosphate buffered saline
(PBS) to remove non-adherent cells, and then transferred to fresh 96-well plates with 100 L
media in each well. 10 uL of the CCK-8 reagent was added to each well and incubated for 3
hours according to the manufacturer’s instructions. Finally, colorimetric measurement of the
formazan dye was performed on a microplate reader with an optical density reading at 450
nm. An empty well with no cells was used as the negative control and a well with 1500 cells
was used as a positive control. The experiment was repeated in triplicate (n=3) and the
average OD value was taken as the final result for each group. Further, the student f-test
statistical procedure was applied on all possible combination of pairs between AC, GT and DT

surfaces where a p-value less than 0.05 was considered statistically significant.

2.4 Cell attachment and morphology

Following the absorbance measurements, the medium was replaced with 10% formalin to fix
the attached cells, which were then incubated at 4°C overnight. Following incubation, the 10%
formalin solution was removed, and the cells were washed three times with tris-buffered saline
(TBS). The cells were permeabilised with filtered 1% Triton X-100 (Sigma-Aldrich) for 30
minutes at room temperature (RT) and washed three times with TBS, followed by blocking
with 1% normal horse serum (Vector Laboratories, UK) in TBS for 1 hour at RT. The actin
filament of the cells were stained with freshly prepared phalloidin reagent (phalloidin
fluorescein isothiocyanate labelled, Sigma-Aldrich) at a ratio of 1:50 in TBS and left for 40
mins at RT. Cells were washed 3 times with TBS and left for 5 mins to dry. 10 uL of DAPI
(Vectashield Hard Set, Vector Laboratories, UK) was added to each sample surface to stain
the nuclei of the cells. Cell attachment and morphology analysis was performed on the

fluorescent images obtained via an AX70 Olympus Provis fluorescent microscope.



3. Results

3.1 Surface characterization

Fig. 2 shows the surface topography of the BMG samples, without (i.e. as-cast: AC) and with
(i.e. dimple-textured: DT and groove-textured: GT) surface texturing, observed with the 3D
optical microscope and field-emission scanning electron microscope. The DT surface was
generated by creating an array of single craters, with each crater corresponding to a single
pulse irradiation event. On this surface, rims and vapour particles were distributed around the
craters as aresult of the laser-material interaction phenomena, as discussed in a former laser-
based study on this specific type of substrate material [28]. Grooves and ridges could also be
observed clearly on the GT samples, while naturally, no surface features were visible on the
as-cast (i.e. AC) samples. The measured dimensions (i.e. depth, diameter or width) and
surface roughness values of these three types of surfaces are listed in Table 3 using the
arithmetical average height of the specific surface area, S.. For the AC sample, Sa was
assessed to be 0.065 um, while for the DT and GT samples the measured S, increased to
0.21 ym and 3.24 uym, respectively. The average depths of a single crater for the DT specimen
and of a groove for the GT surface were 2.44 ym and 10.2 ym, respectively. In addition, their
corresponding diameter and width were 32.2 ym and 28.6 um, respectively. It was reported in
the literature that increased surface roughness is beneficial for cell attachment and cell
orientation on titanium alloys [29]. The effects of the two types of surface textures considered
here on the cell behaviour for the Zr-based metallic glass from the perspective of surface

roughness variation is discussed more specifically in section 4.

Fig. 3 shows the XPS spectra of the metallic glass specimens for all three types of surfaces.
For the AC sample, primary peaks were identified as Zr 3d, Cu 2p, Ni 2p, Al 2p, Ti 2p, C 1s
and O 1s, as shown in Fig. 3(a). The detected C 1s and O 1s peaks in the spectrum may result
from the contamination and oxidation on the sample surface. After laser irradiation, all peaks
for Zr 3d, Cu 2p, Ni 2p, Al 2p, Ti 2p, C 1s and O 1s could still be detected on the DT and GT
surfaces. This shows that laser irradiation did not lead to the disappearance of any chemical
elements. However, the specific quantitative composition may still have changed. Accurate
chemical compositions were calculated from the XPS spectra and these are summarized in
Table 4. It can be seen from this table that carbon content was increased from 58.89 % for the
AC sample to 72.87% for the DT sample and to 75.46% for the GT specimen. This increase
could be ascribed to the formation of hydrocarbons induced during LST. However, the oxygen
and zirconium contents both decreased. More specifically, the oxygen content was reduced
from 28.58% (AC) to 18.23% (DT) and 17.12% (GT). This indicates that the laser irradiation
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may have contributed to remove the oxide layer on the as-cast sample surface. The zirconium
content was decreased from 4.77% (AC) to 1.33% (DT) and to 1.08% (GT). In addition, the
other elements, i.e. copper, nickel, aluminium and titanium, always displayed a low
concentration for all samples due to contamination on the surface with carbon and oxygen.
These elements only underwent slight change after laser texturing, as evidenced in Table 4.
Since the relative contributions of nickel and copper for all samples are very low, their narrow

spectra analysis is not shown in the follow-up analysis.
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Fig. 2. SEM images of Vitreloy 105 surfaces (a, c, €) and their corresponding 3D topography (b, d, f).

(a)(b) for the as-cast, (c)(d) for the dimple textured and (e)(f) for the groove textured sample.



Table 3 Dimensional and roughness data for different samples.

Samples Roughness S, (um) Depth (um) Diameter (D(L);;)r Width (GT)
Dimple textured (DT) 0.21 £0.06 2.44 +0.41 32.23+2.16
Groove textured (GT) 3.24 £0.08 10.2+0.21 28.6 +3.79
As-cast (AC) 0.065 + 0.01 - -
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Fig. 3. XPS spectra of the Vitreloy 105 surface for the as-cast (a), dimple-textured (b) and groove-
textured (c) specimens.

Table 4 Relative surface chemical compositions of Vitreloy 105 for the as-cast, dimple-textured and

groove-textured specimens measured by XPS.

Samples C (at. %) O (at. %) Zr (at. %) Cu (at. %) Ni (at. %) Al (at. %) Ti (at. %)
AC 58.89 28.58 4.77 0.76 0.44 5.69 0.87
DT 72.87 18.23 1.33 0.83 0.36 5.69 0.70
GT 75.46 17.12 1.08 0.73 0.38 4.58 0.66
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High-resolution spectra from the AC, DT and GT samples are shown in Fig. 4 for the Zr 3d, Al
2p, Ti 2p and O 1s elements. Zirconium oxides (ZrO2 and ZrOx) and metallic Zr (i.e. pure Zr)
were detected on the AC surface. In contrast, no trace of metallic Zr was observed on the
surface of the samples after laser treatment, indicating that the zirconium on the surface was
oxidized during LST. In the case of Ti 2p, all the samples showed a similar behaviour where
the spectra revealed peaks at 458.5 eV and 464.2 eV corresponding to titanium oxide (TiO2)
doublets, Ti 2p12 and Ti 2psy2, respectively. Moreover, for the Al 2p region, the XPS spectrum
for the samples with and without laser texturing all show peaks at 72.6 eV, 74.6 eV and 76.8
eV corresponding to the metallic Al, Al.O; and AIO(OH), respectively. After laser texturing the
groove pattern, the data suggests a reduced content of the aluminium element, particularly
Al,O3. The formation of titanium oxides, zirconium oxides and aluminium oxides can also be

verified by examining the O 1s spectra shown in Fig. 4 (j) to (1).
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Fig. 4. High-resolution XPS spectra for the as-cast, dimple textured and groove textured samples:

narrow scans of (a) to (c) for Zr 3d, (d) to (f) for Ti 2p, (g) to (i) for Al 2p and (j) to (I) for O 1s.

3.2 Wettability and SFE

Surface wettability in terms of static contact angle (SCA) was characterized by the sessile
drop technique. The SCA value of the AC, GT and DT samples are presented in Fig. 5 and
Table 5. Optical images of liquid droplets are also shown with the insets in Fig. 5. It should be
noted that the SCA values on all samples were measured to be less than 65°, implying that
all surfaces were found to be hydrophilic. However, the data reported in Fig. 5 shows that LST
can induce an increase, as well as a decrease, of SCA values, depending on the type of
texture generated. More specifically, the SCA of the DT sample was always higher than that
of the AC sample for both types of liquid utilised. The opposite result was observed for the GT
sample. This shows that the groove texture could enhance the hydrophilicity of the Vitreloy
105 surface, while the dimple texture could weaken it. The result for the GT pattern is
consistent with the findings from Pfleging et al. [30] and Bizi-bandoki et al. [31], in which a
laser-induced line texture was shown to enhance the hydrophilicity, albeit on other types of
metallic alloys. With respect to the cytocompatibility of a surface, it has been reported in the

literature that high hydrophilicity is beneficial for cell attachment and proliferation [32, 33].
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Fig. 5. Static contact angles for the as-cast, dimple-textured and groove-textured surfaces wetted by
distilled-deionized water (a) and ethylene glycol (b). The insets show optical images of the droplets.
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Table 5 Static contact angle and surface free energy of as-cast and laser textured surface with

groove and dimple textures.

Samples Contact angle (°) Surface free energy (mN/m)
DD water Ethylene glycol Dispersive (y%) Polar (y?) Total (y7)
As-cast 35.17 19.94 0.93 80.11 81.04
Dimple texture 58.13 34.13 12.78 29.83 42.65
Groove texture 15.63° 12.25° 0.38 118.92 119.3

The surface free energy (SFE) was calculated from the Owens—Wendt model based on the
SCA values measured using the two liquids (i.e. distilled-deionized water and ethylene glycol).
The SFE values for each specimen, along with the polar and dispersive components, are
shown in Fig. 6, and also reported in Table 5. From Fig. 6, it should be noted that the SFE of
the three types of surfaces were rather different. Indeed, the SFE value varied from 42.65
mN/m for the DT sample to 119.3 mN/m for the GT specimen, in comparison with 81.04 mN/m
for the AC sample. Furthermore, the polar component of the SFE was significantly higher in
the case of the GT surface (118.92 mN/m) compared to that of the AC (80.11 mN/m) and the
DT (29.83 mN/m) surfaces. In contrast, the dispersive component of the SFE for the DT
sample (12.78 mN/m) was much higher than that of the AC (0.93 mN/m) and the GT (0.38
mN/m) samples. The SFE of a material is reported to be determined by several characteristics,
including surface chemical composition, surface topography and surface charge. However,
the correlation between them is still not completely clear and needs to be explored further [13,
17, 34, 35]. The relationship between wettability, SFE and cellular behaviour for the different

types of surface patterns considered on Vitreloy 105 is discussed in the subsequent sections.

160

| % @ Total

Dispersive component
Polar component

7777777777777777777777777777777777777777777

'
I
,,,,,,,,,,,,,,,,,,,,,,,,

140

120

100 -

80 |7

60 (7

40 __‘:._.._’____

Surface Free Energy (mN/m)

20 -

0.38 i

ple texture Groove texture

0.93 [
As-cast

Il.)im.
Fig. 6. Surface free energy, dispersive and polar components for the Vitreloy 105 BMG in the case of

the as-cast surface as well as the dimple-textured and groove-textured surfaces.
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3.3 Cell viability

Fig. 7 shows the cell viability characterized by the optical density (OD) of MG63 osteoblast-
like cells on the AC, DT and GT surfaces as measured by the CCK-8 assay. It can be seen
from this figure that the measured OD values for all three surfaces of interest were above the
background OD value of the negative control (i.e. no cells). Moreover, they were comparable
to, or larger than that of, the positive control sample (i.e. cells on tissue culture plastic). This
means that the cells were able to survive on all three types of Vitreloy 105 surfaces and thus,
that this BMG had no cytotoxic effect, whether as-cast or after the LST process. A detailed
comparison of cell viability between the samples of interest showed that the OD values of the
GT surface was the highest (0.66 + 0.04, 122% relative to the positive control), and that of the
AC surface (0.53 £ 0.03, 98% relative to the positive control) was slightly higher than that of
the DT surface (0.52 + 0.03, 96% relative to the positive control). Therefore, it can be
concluded that the groove-textured surface led to greater cell viability, with a significantly
higher viability compared to the AC surface (p<0.05). These cell viability results are in line with
the wettability data reported earlier, and also with findings made by Mukherjee et al. [17] in

the case of MG63 cells cultured on micro-groove patterns on the surface of a Ti-6Al-4V alloy.
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Fig. 7. Cell viability measured with CCK-8 assay of cells cultured on the Vitreloy 105 surface in the
case of as-cast (AC), dimple-textured (DT) and groove-textured (GT) surfaces. The t-test was
conducted on all possible combination of pairs between AC, GT and DT surfaces; the inclusion of the
symbol * in this figure indicates that only the means between AC and GT were found to be

significantly different from each other (p<0.05).
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3.4 Cell attachment and morphology

Fig. 8 shows representative fluorescence microscopy images of the morphology of MG63 cells
cultured for 24 h on the AC, DT and GT surfaces. Fig. 8(a) and (b) show the presence of cells
attached to the as-cast Vitreloy 105 surface, stained by DAPI and phalloidin, respectively. In
contrast, while almost no cells could be found on the dimple-textured surface (Fig. 8(c) and
(d)), an increased amount could be seen on the groove-textured surface (Fig. 8(e) and (f)),
which agrees with the cell viability results reported in the previous section. These observations
confirmed that the laser-induced groove texture promoted cell attachment, whilst the dimple
texture inhibited it. Merged fluorescent DAPI and phalloidin images for the AC and GT surfaces
are also shown in Fig. 9. From this figure, it should be noted that the cells were randomly
distributed on the as-cast Vitreloy 105 surface. However, the cells on the groove-textured
surface tended to be aligned along the grooves, indicating preferential adherence, which is

likely to impact on cell morphology and behaviour.
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Fig. 8. Morphologies of MG63 cells cultured on Vitreloy 105 surfaces, namely on the as-cast (a) (b),
dimple-textured (c) (d) and groove-textured (e) (f) specimens; (a) (c) (e) cell nucleus stained with
DAPI; (b) (d) (f) actin filament stained with phalloidin

As-cast | As-cast

(c) (d)
Fig. 9 Morphology of the MG63 cells stained with both DAPI and phalloidin; (a) (b) as-cast; (c) (d)

groove texture; (b) and (d) are the enlarged view of (a) and (c), respectively.
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4. Discussion

4.1 Effects of surface chemical composition

Enhanced cellular attachment and cell viability were clearly observed on the GT surface, as
evidenced in Fig. 7 and Fig. 8. It was reported by Ohtsu et al. [36] that enhanced cell adhesion
could be attributed to improved surface hydrophilicity. In a previous study from the current
authors, the change in hydrophilicity between the three different types of surfaces considered
here was shown to result from the combined effects of laser-induced surface roughness and
carbon group variations [37]. In addition to the wettability, the chemical composition of the
considered specimens could play a negative role in the resulting cytocompatibility, especially
the potential toxicity of copper, nickel and aluminium elements [38-40]. The surfaces of the
Vitreloy 105 material were found to mainly consist of TiO,, ZrO, and Al,Os, as evidenced by
the XPS results. These oxides can act as a barrier, avoiding the release of toxic elements from
the original metallic glass surface. As a result, such elements may not directly interact with

cells, allowing their survival on Vitreloy 105, whether as-cast or laser-irradiated.

4.2 Effect of surface roughness

According to Huang et al. [29], who conducted cellular response experiments on another type
of Zr-based BMG, in addition to the chemical composition, the roughness of a surface can
also affect cell behaviour. In particular, these authors found that rougher surfaces promoted
cell adhesion and proliferation. In the case of laser textured Ti-6Al-4V surfaces, it was reported
that the rougher surface provided more features (e.g. redeposited vapour particles and sharp
ridges) for the focal adhesions of the cells [41]. In the current study, a higher level of cell
attachment (c.f. Fig. 8) was observed for the GT surface, while there were almost no cells
attached on the DT sample. Thus, while the relationship between increased roughness and
improved cell attachment is observed for the GT sample, it is not verified for the DT specimen.
Indeed, the roughness of the DT surface is higher than that of the as-cast sample, but cell
attachment was not found to be improved with the dimple pattern. However, it is worth
remembering that the hydrophilicity of the original surface was enhanced by the laser-induced
groove patterns but weakened by the laser-induced dimple patterns. Thus, it can be said that
the cell attachment results show good consistency with the wettability observations and that
while surface roughness can affect cell attachment, it is not the only factor determining this

aspect of cell behaviour.
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Several research investigations have shown that cells align along grooves [35, 41, 42],
depending on their dimensions, especially as a function of the depth of the micro-grooves. In
particular, it was reported that cells can elongate along, or parallel to, 5 um deep grooves, but
randomly orientate when grooves were only 0.5 pm in depth [35]. In this study, the average
depth of the grooves was measured to be about 10 ym. Thus, it is believed that the depth of
the grooves generated here was large enough for numerous cells to align preferentially along
their lengths. In contrast, the observed randomly aligned cells on the as-cast surface can be

attributed to its relatively smooth nature.

4.3 Relationship between cell attachment and wettability

Wettability and surface free energy also contribute to cell attachment [43-46]. In particular, a
high surface free energy and increased hydrophilicity can enhance the interaction between an
implant surface and its biological environment, cell adhesion and cell spreading [47-49]. In the
present study, the measured water contact angles for all samples were smaller than the Berg
limit (6=65°) and thus all surfaces were considered hydrophilic. As reported with Fig. 5, the
contact angle of the DT surface was the largest, while that of the groove-textured specimen
was the smallest. This means that the dimple pattern resulted in the lowest hydrophilicity while
the groove pattern displayed the highest hydrophilicity. In addition, according to Sarapirom et
al. [50], the polar component of surface energy has a beneficial effect on enhancing wettability.
The results presented earlier showed that the SFE and its polar component for the dimple-
textured sample was lower than for the other two types of surfaces considered. Thus, while
the dimple-textured surface maintained a hydrophilic nature and displayed a higher surface
roughness than that of the as-cast specimen, its reduced wettability post-LST still resulted in

decreased cell attachment.

In addition, cell attachment may relate to protein pre-adsorption. It is widely reported that
protein adsorption occurs before cells reach the material surface, exposing cell binding
domains that may encourage or inhibit cell adhesion [44, 51]. Therefore, the initial surface
texture may have implications on protein adsorption, and thus affect cell adhesion. More
specifically, fetal bovine serum (FBS), which is the constituent of the cell culture media used
in this study, contains proteins such as bovine serum albumin (BSA) and fibronectin which
play arole in cell attachment. BSA can partially inhibit osteoblast attachment whilst fibronectin
can mediate attachment. It was reported that BSA preferentially adsorbs onto smooth surfaces,
whilst fibronectin adsorbs more preferably on rough surfaces [44, 52]. In comparison with the

relatively smooth as-cast surface, the rough GT sample surface displayed good cell
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attachment, which may be attributed to its greater levels of fibronectin adsorption. Further work
investigating the attachment of these serum proteins to these surfaces however is required to
test the different roles of BSA and fibronectin. At the same time, the rough dimple-textured
surface did not result in good cell attachment. This is likely because protein adsorption can
also correlate with surface hydrophilicity and surface free energy [46], highlighting the complex

biological process of cell attachment to implant surfaces.

Finally, it should be noted that corrosion resistance is also a characteristic of utmost important
for implants due to the aggressive environment encountered in vivo. Indeed, corrosion
resistance determines the likelihood and rate of released metal ions from implants which can
affect cytocompatibility, mechanical properties and failure rates. Therefore, investigations in
metal ion release via biocorrosion studies and enhanced corrosion resistance via surface
treatment techniques remain a vital issue. Further investigations on the biocorrosion
resistance and in vivo animal testing are still required to gain a more comprehensive

understanding of the cytocompatibility of the laser textured Vitreloy 105 BMG.

5. Conclusions

Two types of surface patterns, dimples and grooves, were fabricated on the surface of the
Zrs28Cu176NiasAlogTisg BMG, i.e. Vitreloy 105, via laser surface texturing. The resulting
cytocompatibility of this glassy alloy pre and post laser processing was investigated and
compared using cellular response studies of osteoblast-like cells (MG63) for different
conditions, i.e. as-cast, dimple-textured and groove-textured surfaces. The viability of the
MGG63 cells was evaluated using the CCK-8 assay and comparisons of cell attachment and
cell morphology were made via fluorescent image analysis. Surface chemistry, roughness and
surface free energy were also assessed and their effects on cytocompatibility discussed in an
attempt to explore the underlying laser-induced physical modifications for different patterns.

Based on this investigation, the following conclusions can be made:

(1) The Zr-based Vitreloy 105 metallic glass was found to be non-toxic to MG63 osteoblast-
like cells. This was attributed to the presence of a surface oxide layer composed of TiO2, Al203
and ZrO..

(2) Cell viability and attachment could be modified using LST on this type of BMG surface,

with the best cytocompatibility achieved when texturing a groove pattern.

(3) Increased presence of metallic oxides and enhanced hydrophilicity of the groove-textured

sample are thought to be the main contributors for the improved cytocompatibility.
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(4) Cell attachment was significantly decreased for the dimple-textured pattern.

(5) The reduced hydrophilicity resulting from the laser texturing operation for the dimple pattern

is likely the driving mechanism for its reduced cytocompatibility.

(6) Cells preferentially orientated along the grooves, whilst attachment direction was random

on the as-cast surface.
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