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ABSTRACT

Metallic biomaterials are increasingly being used in various medical applications due to their high
strength, fracture resistance, good electrical conductivity, and biocompatibility. However, their practical
applications have been largely limited due to poor surface performance. Laser microprocessing is an
advanced method of enhancing the surface-related properties of biomaterials. This work demonstrates
the capability of laser microprocessing for biomedical metallic materials including magnesium and tita-
nium alloys, with potential applications in cell adhesion and liquid biopsy. We investigate laser-material
interaction, microstructural evolution, and surface performance, and analyze cell behavior and the
surface-enhanced Raman scattering (SERS) effect. Furthermore, we explore a theoretical study on the
laser microprocessing of metallic alloys that shows interesting results with potential applications. The
results show that cells exhibit good adhesion behavior at the surface of the laser-treated surface, with
a preferential direction based on the textured structure. A significant SERS enhancement of 6 x 10 can

be obtained at the laser-textured surface during Raman measurement.
© 2018 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Metallic biomaterials are used in various medical applications,
mainly due to their attributes of high strength, fracture resistance,
good electrical conductivity, and biocompatibility [1]. Surface
modification of biomaterials is considered to be an effective
method to control cell adhesion, migration, orientation, shape,
and even gene expression in in vitro and in vivo studies [2-6]. For
example, good adhesion between cells and implants is crucial for
fracture repair, as it affects not only the growth and metabolism
of bone tissue and physiology, but also the repair and reconstruc-
tion of bone tissue under conditions of injury [7-9]. Compared
with conventional surface-modification techniques such as pho-
tolithography, electrospinning, electron beam lithography, and
chemical patterning [10-12], the main advantages of laser
techniques are the lack of contaminants, high enhancement factor,
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low cost with high uniformity and reproducibility, and capability
to tailor topography at the microscale or even nanoscale. Therefore,
laser microprocessing has attracted considerable attention from
both scientists and engineers in recent years. Martinez-Calderon
et al. [13] investigated the culturing capabilities of laser-induced
periodic surface structures (LIPSS) on stainless steel, and found
that cells preferentially align and attach to the LIPSS with particu-
lar direction. Cunha et al. [14] reported that the stretching of
human mesenchymal stem cells (hMSCs) could be induced by
LIPSS for orthopedic implants via ultrafast laser surface texturing.
Dumas et al. [15] fabricated three types of biomimetic patterns
on the surface of a titanium (Ti) alloy, thereby showing that the
combination of LIPSS and micro pits could enhance osteogenic
potential. As a promising biomaterial material with a degradation
behavior and elastic modulus similar to human bones, magnesium
(Mg) alloys have attracted a great deal of attention for use as
implants [16-18]. However, high ion release and a tremendous
change of local pH in the rapid degradation at the Mg alloy surface
result in a survival environment that is quite severe for cells and
that greatly reduces cell viability [12]. The improvement of com-
mercial Mg alloys through corrosion resistance using laser surface
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modification was subsequently proposed, and has been widely
studied in the past decades [19,20]. To the best of our knowledge,
cell behavior at the surfaces of laser-treated Mg alloys has not been
reported in the public domain.

Moreover, liquid biopsies play an increasingly important role in
the diagnosis and treatment of cancer due to their noninvasive-
ness, convenient sampling, and capability for real-time monitoring
in the detection of cells and DNA [21-24]. Detection indicators
with excellent specificity, sensitivity, and stability are very neces-
sary in order to improve the accuracy and efficiency of lipid biop-
sies. Surface-enhanced Raman scattering (SERS) has been widely
used for biomaterial analyses and the detection of low-
concentration biochemical molecules based on vibrational spectro-
scopic information of molecules obtained by inelastic scattering
with photons. In recent years, the periodic surface structures of
detected substrates have been successfully employed to enhance
Raman scattering, resulting in sensitive detection and efficient
remediation. A variety of laser-induced SERS methods have been
reported, most of which can be simply classified into two cate-
gories: silicon (Si) substrates and non-Si substrates. In regard to
Si substrates, Xu et al. [25] found that micro- and nano-
structures with particle sizes below 100 nm at the Si surface pro-
vided the greatest improvement in Raman scattering. Zhu et al.
[26] reported that SERS enhancement factors as high as 3 x 107
had been achieved on laser-ablated gold (Au)-coated Si wafers
with three-dimensional (3D) micro- or nano-structures for Rho-
damine 6G (R6G) molecules, as a result of the enhanced surface
area and Au nanoparticles with different sizes. Parmar et al. [27]
fabricated nano-scaffolds decorated with metal nanoparticles on
black Si substrates, showing that surface plasmonic effects and
“hot spots” at laser-textured surfaces could lead to significant
enhancement of the Raman signal. In regard to non-Si substrates,
Buividas et al. [28] demonstrated a direct laser write approach to
create nano-textured surfaces on sapphire; these surfaces showed
a SERS signal up to 15 times higher with a signal uniformity two
times better than commercial SERS-sensing substrates. Rebollar
et al. [29] fabricated Au-coated LIPSS on spin-coated polymer thin
films by means of a nanosecond laser, and investigated their char-
acterization as substrates for SERS. The enhancement factor for the
Au-coated substrates was estimated to be eight orders of magni-
tude, while an additional enhancement of around ten was medi-
ated by the presence of LIPSS. Unfortunately, no reports on
biocompatible substrates are available in the public domain.

The present work investigates the feasibility of laser micropro-
cessing for biomedical metallic materials including Mg and Ti
alloys, with potential applications in cell adhesion and liquid
biopsy. Laser surface modification of a magnesium-gadolinium-
gallium (Mg-Gd-Ga) alloy is examined first. Next, the
biocompatibility—that is, cell viability and adhesion—of the
as-received and laser-modified surfaces is evaluated using direct
cell culture. We then examine the laser surface modification of a
Mg-Gd-Ca alloy and apply the direct cell culture method to inves-
tigate initial cell viability and adhesion in order to compare the
biocompatibility of the as-received and laser-modified surfaces.
In addition, we investigate the capability of a femtosecond laser
to achieve 3D LIPSS on a Ti alloy in order to enhance SERS measure-
ment by enlarging the effective signal of the detected samples in
order to simultaneously improve both efficiency and sensitivity.

2. Laser melting and nanostructuring of Mg alloys for
biocompatibility enhancement

As a promising alternative to commercial Mg alloys, Mg-Gd-
based alloys show a high performance in terms of biocompatibility
and qualified mechanical properties. Like certain other rare earth

elements, Gd has good biocompatibility. In addition, due to its
large solubility in Mg at the eutectic temperature and intermetallic
phase formation, introducing Gd into an alloy is beneficial in order
to strengthen the formation of a solid solution and precipitation.

2.1. Experimental procedures

2.1.1. Materials

As a solid solution element in a Mg matrix and in the Mg-Gd
eutectic phase of a Mg-6Gd-based alloy, calcium (Ca) is helpful
to refine the grain and improve the yield strength of the alloy.
Hence, hot-extruded Mg-6Gd-0.6Ca alloy bars were chosen in this
case. The bar diameter was 9 mm, and a 4 mm slice was ground
using silicon carbide (SiC) paper. After being washed with ethanol,
the alloy was etched in a solution of 0.5% picric acid (1 g picric acid,
24 mL distilled water, 24 mL acetic acid, and 200 mL ethanol).

2.1.2. Laser processing

The Mg-6Gd-0.6Ca alloy surface was modified under argon (Ar)
gas protection by a continuous-wave (CW) fiber laser centered at
1064 nm with a spot size of 100 um. The scanning speed and the
power density were respectively set at 70mm-s ! and
2.04 x 105 W-cm™2.

Surface texturing was carried out on the laser-melted surface
using a Ti:sapphire chirped-pulse regenerative amplification laser
system (with the center wavelength of 1064 nm, the pulse width
of 800 fs, and the repetition rate of 400 kHz) at normal incidence
in air at ambient temperature and pressure. The diameter of the
Gaussian beam was measured to be about 35 pum. LIPSS were pro-
duced by adjusting the laser parameters.

2.1.3. Surface characterization

Surface topography was measured and characterized by optical
spectroscope (LV150N, Nikon Corporation, Japan) and scanning
electron microscope (SEM) with an energy dispersive spectrometer
(SU8010, Hitachi Ltd., Japan). The phase was confirmed using an X-
ray diffractometer (D/max2200PC, Rigaku Corporation, Japan).

2.1.4. Biocorrosion tests

The degradation rate of the Mg alloy was monitored by the
evolved hydrogen volume. The hydrogen volume measurements
of the as-received, laser-melted, and laser-melted-and-LIPSS spec-
imens were studied in Hank’s balanced salt solution (HBSS) for
34 h at 37 °C in a circulating water bath. The HBSS’s volume per
unit area of sample was 20 mL-cm~2. Fig. 1 shows the testing setup,

m Hydrogen gas
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Fig. 1. Setup of hydrogen evolution measurement during immersion measurement.
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and details of the measurement setup can be found in the litera-
ture [30]. The hydrogen evolution volume was measured every 2 h.

The electrochemical behavior was measured at 37 °C in HBSS
using an electrochemical workstation (CHI660e, CH Instruments
Inc., USA). The chemical composition of the HBSS solution is pro-
vided in Table 1. A three-electrode system was employed with a
saturated calomel electrode as the reference electrode and a car-
bon electrode as the counter electrode; the specimen was the
working electrode, with an exposed surface area of 0.64 cm?. Tafel
curves of the as-received and laser-modified specimens were mea-
sured at a scanning rate of 1 mV-s~.

2.1.5. Cell culture

Murine calvarial preosteoblasts (MC3T3-E1, Peking Union
Medical College, China) were applied to examine the in vitro
biocompatibility of the Mg alloy. The MC3T3-E1 were cultured in
10% fetal bovine serum (FBS), Dulbecco’s modified Eagle’s medium
(DMEM), 100 pg-mL~! streptomycin at 37°C, and 100 U-mL™!
penicillin in a humidified atmosphere of 5% carbon dioxide (CO5).

2.1.6. Cell viability and cell morphology

The specimens were first sterilized by exposure to ultraviolet
light radiation for 2 h. Cells were seeded by adding 70 mL of
MC3T3-E1 cell suspension onto the surface, and were then cul-
tured for 48 h. The initial density was 7 x 10% per specimen placed
into a 24 well plate. For the cell morphology measurement, the
cell-seeded scaffolds were cleaned three times with phosphate
buffer solution (PBS) and fixed in paraformaldehyde for 30 min,
while the specimens were rewashed three times using PBS and
then dehydrated using graded ethanol. After vacuum drying and
spraying with gold particles, the specimens were characterized

Table 1
Chemical composition of HBSS.

Composition Concentration (mmol-L™!)
Na® 142.0
K+ 5.8
Mg?* 038
Ca?* 2.5
cl™ 145.0
HCO; 42
H,PO; 0.4
HPOZ~ 03
Now 0.8
e a-Mg b d — As-received
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using SEM. For the fluorescence microscopy investigation, the
specimens were soaked in 70% ethanol solution for cell fixation,
and cell components were colored using 5 mg-L™! acridine orange
dye. The fluorescence microscopy results were obtained by a fluo-
rescence microscope (IX71, Olympus Corporation, Japan) equipped
with a charge-coupled device (CCD) camera (iXON EM+ DU-897E-
CSO-UVB, Andor Technology Ltd., Ireland).

2.2. Results and discussion

2.2.1. Morphology and microstructure

As shown in Fig. 2(a), the as-received Mg alloy consisted of an
o-Mg matrix and B-phase MgsGd [31,32]. After laser modification,
the X-ray diffraction (XRD) results revealed that the laser-melted
surface contained only the a-Mg phase; no Mg-Ca eutectic phase
was found, either in the substrate or in the melted layer. This
was attributed to the low Ca content in the Mg-6Gd-0.6Ca alloy
[33]. Fig. 2(b) shows the typical solidification microstructure and
surface morphology of the Mg-6Gd-0.6Ca after laser modification.
A 400 pm thick melted layer with a solidification microstructure
was generated, and the main content comprised small columnar
grains of the o-Mg phase [34]. During laser surface processing,
the temperature of the substrate increases dramatically when irra-
diated by the laser beam, and instantaneously reaches the melting
point. When the laser beam moves on, the temperature drops
immediately, leading to a huge temperature gradient and a rapid
cooling rate in the melted layer. Consequently, no B-phase was
found in the laser-melted layer. The surface topography of the
LIPSS generated on the laser-melted surface is shown in Fig. 3(a).
According to the surface profile illustrated in Fig. 3(b), the depth
and period of the LIPSS are around 250 and 900 nm, respectively.

2.2.2. Hydrogen evolution

Fig. 4 presents the hydrogen evolution data for the as-received,
laser-melted, and laser-melted-and-LIPSS samples during immer-
sion in HBSS. The Mg corrosion reaction equation is provided
below [35]:

Mg + 2H,0 — Mg®" + 20H +H, 1)

As shown in Eq. (1), Mg reacts with water (H,0) to form hydro-
gen gas (H;). The quantity of H, evolution is not influenced by the
corrosion products formed at the surface of the Mg. The H, evolu-
tion rate, vy (mL-cm~2.d~!), was estimated by measuring the total

a phase

Fig. 2. Microstructure and phase compositions of Mg alloy before and after laser treatment. (a) XRD results; (b) cross-sectional view of laser-melted Mg alloy.
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Fig. 3. (a) SEM and (b) atomic force microscopy (AFM) topography of LIPSS on the laser-melted Mg alloy surface.
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Fig. 4. Volume of hydrogen generated on as-received, laser-melted, and laser-
melted-and-LIPSS surfaces during immersion in HBSS for 48 h.

H, released over a certain period of time [36]. Table 2 gives the
total H, release and the H, evolution rate which corresponds to
the average corrosion rate.

As shown in Fig. 4, the hydrogen volumes of the as-received,
laser-melted, and melted-and-LIPSS specimens were 205, 7.8, and
16.6 mL, respectively, after 48 h immersion. This result indicates
that both the laser-melted and the laser-melted-and-LIPSS speci-
mens can effectively improve the corrosion resistance of the Mg-
6Gd-0.6Ca alloy and significantly reduce the degradation rate in
HBSS solution. The corrosion rate of the melted-and-LIPSS speci-
mens, as estimated from the rate of H, evolution, was slightly

Table 2
The total H, release and the H, evolution rate.

Specimens Total H, release H; evolution rate
(mL) (mL-cm~2.d~1)
As-received 205.0 25.625
Laser-melted 7.8 0.975
Laser-melted-and-LIPSS 16.6 2.075

higher than that of the melted specimens and was about 12 times
slower than that of the as-received specimen. This may be due to
the B-MgsGd phase in the as-received specimen, which may act
as a galvanic cathode and accelerate matrix corrosion [34]. After
laser surface modification, the dissolution of the B phase into the
matrix significantly reduced the amount of galvanic corrosion.
Moreover, the LIPSS induced on the melted surface may increase
the surface area and reduce the thickness of the melted layer,
resulting in an increased corrosion rate compared with the laser-
melted specimens. As shown in Table 2, the H; evolution rates of
the as-received, melted, and melted-and-LIPSS specimens were
25.625, 0.975, and 2.075 mL-cm 2.d~!, respectively, after 48 h
immersion. It is known that the H, adsorption rate tolerated by
the human body is 2.25 mL-cm~2.d~! [37]. Thus, the H, evolution
rates of both the laser-melted and the laser-melted-and-LIPSS
specimens were lower than the tolerance value of a human body.

2.2.3. Electrochemical measurement

As shown in Fig. 5, a polarization study of the as-received, laser-
melted, and laser-melted-and-LIPSS specimens was performed in
HBSS. Table 3 summarizes their corrosion potential (Eo) and

log i (A)

-55pF As-received
[ Laser-melted
-0 - Laser-melted-and-LIPSS
65 1 1 1 1 1
-1.35 -1.40 -1.45 -1.50 -1.55 -1.60 -1.65

u(v)

Fig. 5. Potentiodynamic polarization results of as-received, laser-melted, and laser-
melted-and-LIPSS specimens in HBSS.
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Table 3

Ecorr and icop, for as-received, laser-melted, and laser-melted-and-LIPSS in HBSS.
Specimens Ecorr (V) icorr (MA-cm—2)
As-received -1.508 0.05540
Laser-melted —1.406 0.00158
Laser-melted-and-LIPSS —-1.421 0.00484

corrosion current density (icorr). The Eco Value of the laser-melted
specimen exhibited a less-negative value (—1.406 V) than that of
the as-received specimen (—1.508 V). After LIPSS were produced
on the melted surface, the E.,; shifted slightly to a more negative
value (—1.421 V), although this value was still less negative than
that of the as-received microstructures. This finding indicates
increased cathodic behavior compared with the melted
microstructures, but decreased cathodic behavior compared with
the as-received microstructures, mainly because the LIPSS induced
on the melted surface may destroy the surface and reduce the
thickness of the melted layer. This finding agrees well with the
immersion test results shown in Fig. 4. Furthermore, the i. of
the laser-melted-and-LIPSS specimen was much lower than that
of the as-received specimen, but slightly higher than that of the
laser-melted specimen. This indicates that the corrosion rate of
the laser-melted-and-LIPSS specimen is lower than that of the
as-received specimen but higher than that of the laser-melted
specimen.

2.2.4. In vitro biocompatibility

As shown in Fig. 6, cell spreading behaviors including distribu-
tion and morphology were investigated at the surfaces of the as-
received, laser-melted, and laser-melted-and-LIPSS specimens for
48 h after cell seeding. Due to poor corrosion resistance, no cell
was observed on the as-received surface. After heavy corrosion
took place during culturing, the formation of rod-like crystals
was observed at the surface, as shown in Fig. 6(a). The viability
of MC3T3-E1 cells is affected by the increased pH value and large
release of Mg?* ions caused by corrosion [38]. In contrast, cells
exhibited good adhesion behavior and spread anisotropically on

(c)

all laser-melted surfaces, as shown in Fig. 6(b) and 6(c). Fig. 6(c)
indicates that the cell spreading was anisotropic on the laser-
melted-and-LIPSS surfaces, with a large number of focal adhesions
being presented as filopodia. Since filopodia usually act as
nanosensors that allow cells to explore the external environment,
the morphology of the filopodia indicates cell migration. High
magnification of the focal adhesions in Fig. 6(d) reveals that the cell
is migrating along the direction of the LIPSS, with a tree-like struc-
ture in the front and back areas.

Fluorescence investigation of the cell adhesions showed that
cells at the laser-melted-and-LIPSS surfaces (Fig. 7(b)) presented
an elongated shape with a smaller surface area than those at the
laser-melted surfaces (Fig. 7(a)). This is mainly due to cell shape
anisotropy during cytoskeleton reorganization caused by LIPSS,
which can act as an anisotropic and persistent mechanical stimulus
[17]. Cell density at the laser-melted surfaces was higher than at
the laser-melted-and-LIPSS surfaces, due to the combined effect
of corrosion resistance and surface topography. On the one hand,
biocorrosion tests showed that the corrosion resistance of the
laser-melted surface was better than that of the laser-melted-
and-LIPSS surface, resulting in a lower pH value and Mg?* concen-
tration in the environment, which may better permit cells to sur-
vive and adhere. On the other hand, it has been reported that a
surface structure with dimensions exceeding 70 nm may affect
the integrin clustering efficiency, leading to a reduction of cell
adhesion [20]. In this work, LIPSS with a period of 900 nm and
depth of 250 nm were shown to reduce cell adhesion.

Therefore, we propose that the LIPSS at the melted surface is
able to promote the growth of osteoblasts and accelerate ossifica-
tion due to good adhesion; this can induce the cells that participate
in fracture healing to gather at the end of a fracture and accelerate
the healing of the fracture.

3. Large-scale nanostructuring of Ti alloys for SERS

Although substrates have recently been designed to allow sen-
sitive detection in the form of a specific Raman fingerprint via

Fig. 6. SEM images of osteoblast shapes after cultured for 48 h on (a) as-received, (b) laser-melted, and (c) laser-melted-and-LIPSS surfaces; (d) zoomed-in area of cell

protrusion, shown as the black box in (c).
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(b)

Fig. 7. Fluorescence images of osteoblast shapes on (a) laser-melted and (b) laser-melted-and-LIPSS surfaces after culturing for 48 h.

SERS, it is a challenging task to devise a simple approach for fabri-
cating an SERS-responsive substrate based on biomedical materials
and having biocompatibility. In this work, LIPSS were created on
the surface of a bio-titanium alloy using laser irradiation with a
femtosecond laser. To the best of our knowledge, this is the first
report that realizes the capability of LIPSS to provide an enhanced
spectroscopic signal via SERS, with the potential for application in
the fields of bio-detection and bioimaging.

3.1. Experimental procedures

3.1.1. Materials

The Ti6Al4V substrate was cut into square samples with dimen-
sions of 10 mm x 10 mm x 1 mm. Prior to laser processing, these
samples were polished with SiC sandpaper in different grades of
roughness (from 380 to 4000, in order to obtain a surface rough-
ness less than 0.01 um) and subsequently ultrasonically cleaned
in acetone.

3.1.2. Laser processing

As shown in Fig. 8, LIPSS were fabricated by a Ti:sapphire laser
system (with the center wavelength of 800 nm, the pulse width of
35 fs, and the repetition rate of 400 kHz) at normal incidence in air
at ambient temperature and pressure. The diameter of the Gaus-
sian beam was measured to be 35 pm. An electron beam evapora-
tor was used to deposit gold (99.99% pure gold) thin film on the
laser-fabricated Ti6Al4V surfaces for SERS.

3.1.3. Surface characterization

The surface topography was studied by SEM (SU8010, Hitachi
Ltd., Japan) and atomic force microscopy (AFM; ICON, Bruker Cor-
poration, USA) in contact mode. Nanoscope Analysis 1.4 software

Scanner

Femtosecond

Field lens

Specimen

(@)

Ti6A14V

Au-coated
3D LIPSS

was applied to visualize and study the 3D AFM scans on
10 pm x 10 pm areas.

3.1.4. SERS measurement

Crystal violet (CV; > 98% purity, Sigma-Aldrich) was applied as
a probe molecule. A solution drop with a volume of about 5 pLL was
dropped onto the substrate and then dried in air. The dried sub-
strate was used to carry out SERS signal measurement via Raman
spectroscopy. The Raman microscope system (HORIBA Jobin Yvon,
France) used to record the Raman spectra was equipped with a
diode laser with a 532 nm excitation source and a CCD operating
at a power level of around 5 mW. The acquisition time and accu-
mulations were 10 s and 10, respectively. A 20x (numerical aper-
ture = 0.45) microscope objective lens and a thermoelectrically
cooled CCD array with a 600 g-mm™! diffraction grating were used
to detect the signals.

3.2. Results and discussion

3.2.1. Morphology evolution

When the incident laser fluence was close to the ablation
threshold of titanium [39], 3D Au-coated LIPSS on a Ti6Al4V sur-
face was fabricated. The 45° view of 3D LIPSS and the magnified
view of the groove are respectively showed in Fig. 9(a) and 9(b).
Periodic structure with periodicity of 600 nm on the groove and
nanoparticles with diameters ranging from 60 to 200 nm randomly
distributed on the above structure can be obviously observed.
Besides, on a larger scale of 3D LIPSS, the average periodicity of
30 um and the depth of 14 pm were measured using optical spec-
troscope as shown in Fig. 9(c). Furthermore, the cross-section pro-
files of the 3D LIPSS were also measured to confirm the results as
shown in Fig. 9(d).

Laser
irradiation

zy Y

2D LIPSS

lLaser irradiation

Gold
coating 2| ¥,

3D LIPSS
(b)

Fig. 8. (a) Experimental setup; (b) fabrication procedures of Au-coated 3D LIPSS.
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Fig. 9. Surface morphologies of 3D LIPSS fabricated on a Ti6Al4V surface. (a) SEM image; (b) magnified view of 3D LIPSS; (c) 3D optical image of the 3D LIPSS; (d) cross-section

profiles of the 3D LIPSS.
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Fig. 10. The SERS spectra of 10~> mol-L~' CV molecules adsorbed on the as-received
surface, Au-coated as-received surface, 3D LIPSS surface, and Au-coated 3D LIPSS
surface.

3.2.2. SERS measurement

Fig. 10 shows the Raman spectrum of 103 mol-L~! diluted CV
on different dried substrates. The CV spectrum includes the charac-
teristic bands that are attributed to the corresponding molecular
vibrations [40,41]. For the as-received surface without coating,
no Raman signal was observed. For the Au-coated as-received sub-
strate, Raman signals with bands at 913, 1617, and 1646 cm™!
were obtained. This observation indicates that gold nanoparticles
are efficient for SERS, which is in agreement with previous findings
[42]. For the 3D LIPSS substrate, an intensity enhancement by a fac-
tor of 10 was observed, suggesting that 3D LIPSS are effective for
the preparation of a SERS substrate. In regard to the Au-coated 3D

Table 4
Enhancement factors for the 3D LIPSS SERS substrate.
Raman bands (cm™!) Au-coated 3D LIPSS 3D LIPSS
913 2132 538
1176 2111 319
1374 6732 1074
1618 1123 279

LIPSS substrate, the sensitivity and intensity of the substrate were
further enhanced after gold film deposition, since gold supports
plasmons in the visible region [43]. Table 4 lists the corresponding
Raman signal enhancement factors (EFs) of the 3D LIPSS and Au-
coated 3D LIPSS for the bands at 913, 1176, 1374, and
1618 cm™'. The EFs are the averaged values of five different loca-
tions. The results indicate that the highest EF reaches 6.7 x 10%;
this occurs at the Raman peak at 1374 cm~! for the Au-coated
3D LIPSS.

Local surface plasmon resonance (LSPR) and surface plasmon
polaritons (SPPs) will induce a significant enhancement of the local
electromagnetic (EM) field, which is important for SERS [44,45]. As
shown in Fig. 11, when the dimensions of a metal nanoparticle are
less than the wavelength of the incident light, LSPR will occur,
leading to collective oscillation of the valence electrons in the
metal nanoparticle [46,47]. LSPR will concentrate the incident
EM field around the nanoparticles. SPPs are the propagating charge
oscillations excited by periodicity in a nanostructure. The SPPs will
spread along a periodic nanostructure and generate a strong con-
finement of the EM field [48]. However, as SPPs propagate along
the surface, they lose energy due to metal absorption, resulting
in decay of the EM field [49]. Thus, the enhanced Raman signal is
the result of LSPR caused by nanoparticles with diameters ranging
from 60 to 200 nm generated on the 3D LIPSS, and by SPPs excited
by the periodic LIPSS.
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Fig. 11. Schematic of the SPPs and LSPR caused by laser irradiation during Raman measurement.

4. Conclusions

(1) The microstructure evolution, corrosion behavior, and bio-
compatibility of a Mg-6Gd-0.6Ca alloy before and after laser sur-
face modification were carefully examined and compared. After
laser surface modification, only o-Mg remained, and no precipita-
tion of B-phase grains was found in the solidification microstruc-
ture. The thickness of the laser-modified layer was estimated to
be 403 pm. Dissolution of the B-phase in the laser-melted region
resulted in the significant reduction of galvanic couples. In vitro cell
culture showed that MC3T3-E1 cells exhibited good adhesion
behavior at the surface of all laser-treated specimens; in addition,
cells at the laser-melted-and-LIPSS surfaces stretched heavily and
presented long filopodia distributed at the outer edge.

(2) 3D LIPSS decorated with nanoparticles were prepared for
SERS on a Ti6Al4V alloy substrate, fabricated by an ultrafast laser
in a single step. 3D LIPSS provide high enhancement of SERS due
to the increased surface area and nanoparticles. After coating with
gold film, a significant enhancement of 6 x 10> was obtained in the
Raman measurement. We suggest that the combined effect of LSPR
by 3D LIPSS and nanoparticle “hot spots” is the main reason for the
enhancement.
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