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Fig. 1 Typical metal implant applications
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Clinical application of common medical metal materials

Table 1
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Type of medical material

Main clinical application

Application advantage

Main limitation

Ref.

Stainless

steel

Cobalt base
alloy

Inert

Titanium

base alloy

Widely used in various
fields such as
stomatology, fracture
internal fixation
instruments, and

artificial joints

Manufacturing and
processing is very
difficult

Surgical implants and
orthopaedic instrument

products

Low cost, good
processability and

mechanical properties

The mechanical
properties and corrosion
resistance are better than

those of stainless steel

The density is similar to
human bone, the new
brand is non-toxic, light and
has high strength and good

biocompatibility

The toxicity and
corrosion resistance of
alloy elements are
weaker than those of

cobalt base alloys

The joint replaces the
trunk of the prosthesis

connector

Young’s modulus is

higher than that of human

bones and traditional

alloy elements

(21]

(22]

[23]
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Type of medical material Main clinical application Application advantage Main limitation Ref.
Good plasticity and
biocompatibility,
) high corrosion
Aluminum ) . ) Notch crack growth
High load components resistance in body L [24]
base alloy ) ] ) capability is high
fluids, high alternating
fatigue strength, and no
Inert receptor fluid
High strength, good Zirconium is often used
toughness and corrosion as an additive element in
Zirconium Replace human hard resistance, good titanium implants, and its [25]
5
base alloy tissue biocompatibility, and alloy system design for
appropriate elastic preparation needs to be
modulus further studied
) Biocompatibility,
Tissue and organ wound )
) ) mechanical
repair and functional o
. . compatibility and _
Magnesium reconstruction . . Degradation rate
biodegradability are ) [26]
base alloy represented by regulation
) favorable for cell
degradable magnesium ) o
growth, differentiation
alloy vascular stent ;
and transportation
The mechanical
Degradable properties and
Zinc base . Zinc is a trace element biocompatibility still
Bone defect implant ) [27]
alloy needed by human body need to be adjusted by
the addition of alloy
elements
i o Degraded tungsten is
Mechanical detachable Radiation ) ]
) o ) » enriched in blood vessels
Tungsten coil embolization for impermeability and (28]

intracranial aneurysms

good biocompatibility

and has certain

thrombogenicity

Precious metals

Dental implant material,
artificial heart power
supply (Pt), sterilization
(Ag), clinical detection
(Au and Ag)

Unique
biocompatibility, good
ductility, and non-toxic

to human body

High cost

[29]

Other metal materials

Bone plate, screw,

pacemaker, etc.

High strength, high
hardness, high wear and
corrosion resistance,
high fatigue resistance,
and suitable elastic

modulus

The design of alloy
system for preparation
needs to be further

studied

[30]
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Table 2 Conventional surface modification methods of biomedical metal materials
Method Objective Advantage Inferiority Ref.
The prepared film is
Form corrosion resistant
Coating micropores are generally rough and porous,
Anodic protective film,
conducive to cell with poor protective effect. It  [38-39]
oxidation blocking the release of
adhesion is generally necessary to seal
harmful elements
the hole after oxidation
No pollution, low original
Adjust the dissolution surface requirements, can High energy consumption
Micro arc
rate, increase corrosion be completed in stages, and difficult processing in [40-41]
oxidation
fatigue life without vacuum or low large area
temperature conditions
High cost performance,
Improve the ability of ] The equipment is expensive,
mature process, wide
Plasma bone integration and the spraying rate is small,
selection of raw [42-43]
spraying endow the surface with and the quality requirements
materials, and large-scale
antibacterial properties ) of spraying materials are high
production
Improve friction and
) No change in thickness,
wear properties,
no physical condition
improve antibacterial The equipment is complex
Ton requirements, wide range
and corrosion and damages the original [44-45]
implantation of applicable elements
resistance, and regulate matrix lattice
and strong parameter
surface physical
) controllability
properties
Various grain sizes can be
Increase the
obtained, the method is
physiological stability,
Electrochemical simple, the obtained Electric burn, dark spot, gas
cell surface activity, and [46-47]
deposition nanocrystals have unique stripe, crystalline attachment
surface antibacterial
properties, the method has
properties of implants
low cost and high efficiency
Homogeneous doping of The preparation time is long,
Increase
Sol-gel multiple substances at the small holes and cracks are [48-49]
biocompatibility

molecular level

easy to appear in drying
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Method Objective Advantage Inferiority Ref.
Eliminate shrinkage
) ) porosity and shrinkage
Refine surface grains
Friction stir cavity defects, improve The travel end keyhole needs
and increase corrosion [50-51]
treatment ) mechanical properties to be repaired
resistance
of materials, influence
area is small
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Fig. 2 Femtosecond laser irradiating metal surface. (a) Electron lattice energy transfer™ : (a-1) absorption, (a-2) heating,

(a-3) energy transfer, (a-4) ablation; (b) mechanical stripping

[70] [73]

; (¢) Coulomb explosion
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Fig. 3 TTM-MD method is used to simulate the overall visual image of Al target material splashing irradiated by 100 fs

laser pulse™™ (the atoms are colored according to their potential energy. Blue represents low-energy atoms in the

target body, red represents gas-phase atoms. The red dot connected by the red line marks the position of the

melting front)
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Fig. 4 Finite element simulation of SERS intensity distribution in typical Au nanoparticle structure™
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SERS phenomenon caused by electromagnetic enhancement and chemical enhancement mechanisms.

(a) Electromagnetic enhancement mechanism; (b) chemical enhancement mechanism
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Fig. 6 Femtosecond laser processing SERS substrate” ™' . (a)

Schematic of manufacturing process; (b) SEM image of silver plated

substrate; (c¢) AFM image of silver plated LIPSS surface; (d) absorption spectrum of silver plated LIPSS surface
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Fig. 8 Microstructure and fluorescence spectra of SEF substrate™”'. (a) Femtosecond laser induced layered LIPSS;
(b) fluorescence spectra under different Cu’" concentrations; (c¢) linear relationship between spectral intensity and
Cu®" concentration
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Fig. 9 Microstructure and spectral detection of double reinforced substrates™® . (a) Morphology of SERS-SEF substrate;
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Fig. 10 Adhesion behavior of cells on base. (a) Protein adsorption; (b) extracellular matrix protein deposition;

(¢) engineering adhesion

Czyz ZD g FARGETE Nd = YAG BOGH % T
JEIZ) R 200 nm By 28 M 25 48 L 1% 45 F T L O 5
S 78 UL 40 B 09 A8 K 7 11, Kennedy 256070 % 91,
LA AN Ta) 8235 g ) 2 DS T L 4 ) 400 i %) 2 58 R/
HBERL K AN AT IR . Dumas 2505 fdi B AP I0OG
1E Ti-6 A4V G4 Efl & TR BI2h 40 pm 14
W 80, IFUE B T T A 2 3 ' b B 2 1 AR 4 5 B
460 5 18 95 AH 56 A9 2£ I (PPARY2,C/EBPa) By 3
ik [RIEE R LA 5 5 B BT A O Y B I (RUNX 2, B
BEFEO ML, SKAEL % FE X Mg-6Gd-0. 6Ca &
SR T E L WOCEIE 5 R R OLE R |
Y LIPSS Kb R 2544, 9K J5 #4531 14 A= ) D) g
FER VAT /N RS g M (MC3T3-E1) 55 37 5L 8, 85
7% 48 h YA A POE MG I 11 iR . #1461 H
FAEAE R AL AR R 40 B B e A R
T 200 6 G 0 U 9 i L 40 T R L A SE T RS R
W s 76 BOG T + LIPSS 208 . 40 i b 25 78 25 i 1)
I L X2 PRy 7 0 M 28 i 2H ok A b, LIPSS /]

LA i) 200 e 452 1L 4% 1 S R ARE G 0 WL AR 3. S B
FTE IR 45 1) S 0 5 U T AR A G A 3R
T R Y S8 R L A R DX T ek P R AT R A
B A0 = R B A T A ) P L X
3.2 WEMKREEAEHARTE

21 A 3T % 2 48 40 i 7R 2 IS 3 1 R S AT AT
SRR E R A S G, A M AT RS B A
o E B 12 B A O R A AR A B A ST AR
W i 55 0 BRAE I 25 b 588 58 i, 2 S AR W 1
B ML EE I | g UK SR 2 A A i i B
fi BB S

Martinez-Calderon %5 ] ] AP IOE I T2
THSE 30 pm A1 10 pm (4 53 55 8041 BR 19 6 8 35
40 pm 1Y 525 SR IR S5 AL O HL7E W 98 BE AR B0
S35 LIPSS 2548, 78 3R 1 15 37 A K (6] 55 T
T AN (hMSCs) Ji5 & 8L 40 H T2 25 52 31 545 4 e
5 Tv] B 52 T 5% 44 S o S A A A LB B 241 /N 1Y) 22
AR 9 M AE i 45 5 FIURC A IS 1Y A6 HGE T T 7%

1002601-11



Hak sl g R E49% F1081/2022 £ 5 B/EHRL

&
S
oy
original &
&
>
= Hydrogen gas bubble
(@) (@2 @3) (@b
laser remelting
100-um
el
laser remelting + LIPSS

laser remelting + micro groove

B 11 ARDKZ Mg-6Gd-0. 6Ca £&4x FTH 15 3% MC3T3-E1 20 i 59 35 = L K 20 [ 25 B B9 SEM. &1 44 50 5% 5 Fel 4477,
Ho (a1 2 JRAR R, (a-2) AROCE R . (a-3) AWOCELE + LIPSS R, (a-4) HBOGH A + o M R
Fig. 11 Cell activity of MC3T3-E1 cultured on Mg-6Gd-0. 6Ca alloy with different states and cell adhesion SEM and

[137]

fluorescence images , where (a-1) represents original surface, (a-2) represents laser remelting surface,

(a-3) represents laser remelting + LIPSS surface, and (a-4) represents laser remelting + micro groove surface
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Fig. 12 Schematic of cell migration process

[139]
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Fig. 13 LIPSS regulates cells migrationmz], (a)—(b) Cycle and height of LIPSS; (c)—(e) cell migration behavior on

original surface, laser remelting surface, laser remelting + LIPSS surface after 48 h culture; (f)—(g) cell

fluorescence images of laser remelting surface and laser remelting + LIPSS surface after 48 h culture
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Fig. 15 Interaction between microstructure and bacteria. (a) Three dimensional diagrams of interaction between bacteria

and microstructure™’"

, where (a-1) represents bacteria contact the surface of microstructure, (a-2) represents
bacteria adsorb to the surface of microstructure, and (a-3) presents rupture of the bacterial cell wall; (b) bacteria
adhere to flat surface and microstructure surface’*™ , where L and R represent the length and radius of bacteria,

respectively, h is the height of nano column, and R, is the radius of nano column; (c¢) schematic of bacteria
[156]

«

adhering to two adjacent “nano ridges” , where H is the height of “nano ridge”, 2R is the bottom width of
“nano ridge”, S, represents contact area between “nano ridge” and bacteria, S, represents the area of bacteria
hanging, r, is the distance from the boundary between S, and Sy to the x-axis, and D is the distance between two

adjacent “nano ridges”
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Fig. 16 SEM images and schematics of S.aureus and E. coli static and dynamic adhesion on hydrophilic and

hydrophobic aluminum substrate surfaces after 24 h culture
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Fig. 18 SEM and CLSM images of P.aeruginosa and S.aureus cultured on micro/nano structure and original

surfaces for 18 h, where live bacteria were stained red and EPS was stained green

[164]
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Abstract

Significance Due to population aging and change in the modern lifestyle, tens of thousands of people are troubled
by orthopedic, oral, and facial diseases. The demand for high-quality medical devices and implants in clinical
medicine is increasing. Compared with traditional inorganic nonmetallic and polymer materials, metal materials have
better biomechanical properties and processing ability. The surface state of medical devices and implants is an
important factor in therapeutic schedules since it affects the complex biological behavior of nearby tissues, such as
cell proliferation and differentiation, bone integration, immune response, neurotransmitter release and transport,
bacterial infection, and so on. To promote innovation and development in the medical field, it is imperative to
develop a simple, efficient, practical, and reliable preparation method for high-performance biological functional
surfaces of typical medical devices and clinical implants.

Recently, many methods for modifying surfaces of medical metal materials have been developed. Various
research methods focus on regulating the corrosion resistance and degradation rate of implants, blocking the release
of harmful elements, promoting the adaptation of mechanical properties between implants and biological tissues,
increasing biocompatibility, and obtaining antibacterial surfaces. Common surface modification methods include
anodic oxidation, micro-arc oxidation, plasma spraying, ion implantation, electrochemical deposition, sol-gel,
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friction stir treatment, etc.

Laser surface modification controls the accuracy characteristics of the implanted surface with high efficiency, no
pollution, and low material consumption. It is widely applied to preparing periodic micro/nanostructures on the
surface of several materials, providing a new idea for the surface modification of metal materials. Unlike the thermal
effect caused by molecular vibration induced by a long-wavelength laser, the femtosecond laser has a very low pulse
width. Low pulse energy can obtain high peak power, trigger multiphoton absorption and achieve material removal.
The thermal effect in femtosecond laser processing can be ignored and the spatial selective manipulation of
microstructure can be realized. Femtosecond lasers are suitable for quasi three-dimensional machining of all materials
with high machining resolution. Femtosecond lasers are widely used in the preparation of biological functional
surfaces.

Progress Body fluid detection provides an early specific indicator for assessing the health status. It requires stable
detection method, high sensitivity, and reproducibility. Researchers have prepared femtosecond laser-induced
periodic micro-nanostructures on the surface of titanium alloy. Surface-enhanced Raman scattering (SERS) and
surface-enhanced fluorescence (SEF) detection substrates (Figs. 6 and 8) were used for glucose detection and in
vitro spectral monitoring of protein. The spectral peak intensity has good linearity with the ion concentration to be
detected, and the limit of detection (LOD) concentration and sensitivity is good. Thus, the SERS-SEF double
enhancement substrate was prepared using the femtosecond laser for urine glucose detection (Fig. 9). The Raman
and fluorescence enhancement factors were 7.85 X 10° and 14. 32, respectively, and the LOD was 14. 4 mol/L.
Additionally, titanium alloy detection substrate was prepared using femtosecond laser-induced surface periodic micro/
nanostructure, providing a new idea for body fluid spectral selection and multitarget recognition and detection.

The surface morphology of materials is an important factor affecting the cell behavior on the surface of implants.
It is directly related to the subsequent cell proliferation and osteogenic differentiation and is essential in the success
or failure of the implant quality scheme. In the study of femtosecond laser-induced surface microstructure regulating
the surface cell behavior of clinical implants, laser-induced periodic surface structure (LIPSS), nanopillars (NPs),
microgroove, and micropore structure were studied more, among which LIPSS performs well. Femtosecond laser-
induced LIPSS is conducive to cell adhesion and serves as a signal to regulate cell migration in a specific direction and
stimulate cell proliferation and differentiation (Figs. 11 and 13). One-top femtosecond laser direct writing layered or
composite periodic micro/nanostructure of degradable magnesium alloy realizes the increase of cell adhesion on the
surface of degradable magnesium alloy, induces cell anisotropic migration and promotes osteoblast bone integration,
which provides a new scheme for the clinical application of degradable magnesium alloy.

Presently, the mechanism of microstructure realizing antibacterial function is that the contact/suspension
interaction between bacteria and microstructure leads to cell body rupture (Fig. 15) and surface superhydrophobic
inhibition of bacterial biofilm formation (Fig. 16). The femtosecond laser induced micro/nanostructured on the
surface of titanium alloy not only realized the inhibition of bacteria, such as E. coli, S. aureus, P. gingivalis,
which are common in the oral clinic, but also obtained the selective inhibition of colonies (Fig. 18). Furthermore,
its surface is nontoxic to cells, which provides an effective method to avoid implant infection and inflammation.

Conclusion and Prospect Presently, due to the lack of clear biomedical theoretical guidance in the early design of
femtosecond laser surface micro/nanostructure technology, the functional effectiveness of micro/nanostructure
depends on subsequent experimental verification. Additionally, the simulation and verification environment of the
micro/nanostructure function surfaces is relatively single, such as for single-cell/bacterial behavior, signal
transmission, and interaction between multiple cells/bacteria, monitoring and regulation of cell/bacterial behavior on
a long time scale need to be further studied.

Key words laser technique; femtosecond laser; micro/nanostructure; function surface; biocompatibility; spectral
detection
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