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Feng Chen *c,b

A slippery liquid-infused porous surface (SLIPS) is able to improve the hemocompatibility of implantable

medical materials, which have saved countless lives. However, the preparation of a SLIPS on an implanta-

ble metal substrate (especially NiTi alloys) is still a substantial challenge because of the great difficulty of

forming abundant porous microstructures on hard metals. In this paper, a novel strategy to prepare a

SLIPS on a NiTi alloy substrate is reported. We used the laser pulse train of a femtosecond Bessel laser

rather than the common Gaussian beam to directly create deep porous microstructures on the surface of

the implantable NiTi alloy. Based on the laser-induced porous microstructure, the SLIPS was obtained by

lowering the surface energy and infusing the lubricant liquid into the pores. The as-prepared SLIPS very

effectively repelled water and blood. The hemocompatibility of the NiTi alloy was greatly improved after

the formation of the SLIPS by the femtosecond Bessel laser processing. It was demonstrated that the

SLIPS gives the NiTi alloy a remarkable anticoagulation property, very low hemolysis rate, and antibacterial

property. We believe that the laser-induced SLIPS will accelerate the broad application of metal implants

in the medical field in a healthier and safer way.

1. Introduction

Medical implants (artificial heart valves, stents, vascular grafts,
etc.) and blood-containing devices (left ventricular assist
devices, heart-lung machines, etc.) save countless lives and
play an important role in the modern medical field.1–3

However, almost all implantable medical materials face the
hemocompatibility problem caused by the blood–implant
interaction.4 The presence of implantable materials in the
body will result in a multitude of side effects and even the
failure of the related therapeutic procedures once coagulation,
hemolysis, or infection occurs.5 Generally, anticoagulant drugs
are used to improve the hemocompatibility of implantable
materials and prevent those side effects.6,7 However, the long-

term use of anticoagulant drugs not only produces additional
economic and psychological stress in patients but also threa-
tens patients’ health. Effectively improving the hemocompat-
ibility of implantable materials is still a thorny problem in
medicine.

Inspired by the pitcher plant, Aizenberg et al. first proposed
a method to prepare a slippery liquid-infused porous surface
(SLIPS) that strongly repels various liquids, including blood.8

The SLIPS was fabricated through the creation of porous
microstructures, low-surface-energy modification, and the
infusion of the lubricant liquid.9–11 A liquid lubricating layer
forms on the SLIPS as the lubricant is infused into the porous
microstructure; thereby, a proper porous microstructure is the
key to prepare the SLIPS. The stable liquid repellency and
excellent anti-bioadhesion property enable the artificial SLIPS
to have great potential for application in improving the hemo-
compatibility of the medical materials.12–17 Leslie et al.
demonstrated the capabilities of preventing the attachment of
fibrinogen, reducing the adhesion and activation of platelets,
and inhibiting thrombosis and biofouling for a SLIPS that was
prepared by covalently bonding flexible perfluorocarbon mole-
cules to a substrate.12 Luan et al. wrinkled the surface of a
photografting-polymerization polymer by an osmotically
driven wrinkling method and further infused a fluorocarbon
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liquid into the wrinkled structure. The resultant lubricant-
infused wrinkled surface prevented the formation of thrombi
and avoided infection.15 Didar et al. obtained a SLIPS by infil-
trating a biocompatible fluorocarbon-based lubricant into
fluorosilane molecules. The as-prepared SLIPS hindered the
nonspecific adhesion of biomolecules and cells in blood.17

Although an artificial SLIPS has already been proven to have
high significance in medicine, the achievement of a SLIPS on
medical metal substrates (especially NiTi alloys) has rarely
been reported because of the great difficulty of forming abun-
dant porous microstructures on hard metals. To date, it has
still been a substantial challenge to create slippery porous
microstructures on medical metal materials and then improve
the hemocompatibility of those implantable materials.

NiTi alloys are an ideal bioengineering material that is
widely used as the interventional medical scaffold in the
modern medical field because of their excellent shape memory
property, superelasticity, and biocompatibility.18–20 In this
paper, we reported a novel strategy to prepare a SLIPS on a
NiTi alloy substrate. The common Gaussian laser beam was
changed to a cone-shaped Bessel beam which directly induced
the formation of a deep porous microstructure on the surface
of the NiTi alloy. As the porous NiTi alloy was further stored in
air to lower the surface energy and infused with a lubricant,
the SLIPS was successfully fabricated and effectively repelled
water and blood. The adhesion of fibrinogen and bacteria, the
coagulation property, and the antibacterial property of the
SLIPS were investigated in comparison with those of the
untreated NiTi alloy. It was demonstrated that the hemocom-
patibility of the NiTi alloy substrate was greatly improved by
the laser-induced SLIPS.

2. Results and discussion
2.1 Preparation of the porous microstructure

The porous microstructure plays a crucial role in the formation
of the SLIPS.21–24 The features of an ultrashort pulse width
and ultrahigh peak energy allow the femtosecond laser to
ablate almost any materials, including hard implantable
medical materials.25–31 In comparison with the general
Gaussian laser beam, the Bessel laser beam has a longer depth
of the focal field and a smaller focal spot.32–34 Therefore, the
Bessel laser beam is more suitable for preparing deep micro-
hole structures than the Gaussian laser beam.32 To directly
build porous microstructures on the NiTi alloy, we changed
the common Gaussian laser beam to the Bessel laser beam
and used a femtosecond Bessel laser to process the NiTi alloy.
The microfabrication system based on the Bessel laser beam is
shown in Fig. 1a. The femtosecond laser pulse trains with high
frequency were generated from a fiber laser. The intensity dis-
tribution of the original laser beam is in agreement with the
traditional Gaussian profile. Through an axicon, the Gaussian
distribution was spatially shaped into a Bessel profile, as
shown in the inset illustration of Fig. 1a. The core (0 order) of
the Bessel profile was ∼45.0 μm in diameter. The transversal

Bessel profile can be sustained within a cone-shaped three-
dimensional (3D) space, and the length of the cone reaches
57.3 mm (for a laser spot of 1 mm in diameter) along the
propagation direction. Then, the femtosecond Bessel beam
was focused onto the surface of the NiTi alloy by an objective
lens. The core diameter of the Bessel beam was compressed to
∼1.80 μm after focusing. When a single pulse of the com-
pressed femtosecond Bessel beam irradiated the NiTi alloy,
most of the laser energy was absorbed by the free electrons
localized on the NiTi alloy surface. The free electrons reached
a high energy state on the femtosecond timescale during fem-
tosecond laser excitation. Then, the electrons transferred
energy to the local lattice, forming a nonequilibrium state,
which occurred in several picoseconds. To maintain the local
thermal equilibrium, the energy of high-energy electrons was
transferred to the local lattice through electron–phonon coup-
ling. When the temperature of the lattice was higher than the
phase explosion temperature, the NiTi alloy underwent strong
plasma ejection and formed a porous structure. Meanwhile,
the plasma ejection process applied a recoil force to the NiTi
alloy and induced the melting material to be squeezed out to
form a material splashing and pile-up. A part of the ejected
material resolidified and deposited on the surface of the NiTi
alloy in the form of nanoparticle aggregation or dispersion.
Since the energy of a single pulse is limited, only a small
amount of material with a thickness of tens of nanometers
was removed from the NiTi alloy surface. With a laser pulse
train, a series of laser pulses in a train can irradiate at nearly
the same position. Thereby, the NiTi alloy surface can be con-
tinuously removed layer by layer, finally resulting in a deep
hole generated under the accumulated damage. The combined
action of the shaped laser Bessel beam and pulse train has the
potential to induce a microporous structure on the surface of
the NiTi alloy.

Fig. 1b and e show the simulation results of the NiTi alloy
surface treated with a single femtosecond laser pulse train. A
crater can be generated by both a Gaussian laser beam and a
Bessel laser beam under the same processing parameters. The
diameter and the depth of the Gaussian beam-induced crater
were 12.4 μm and 14.8 μm, respectively (Fig. 1b). Regarding
the Bessel beam, the generated hole had a diameter of 1.8 μm
and a depth of 13.3 μm and was surrounded by a ring structure
with a diameter of 4.2 μm (Fig. 1e). The formation of the deep
microhole and the ring structure corresponded to the 0th order
and 1st order energy distribution of the Bessel beam, respect-
ively. The simulation results indicate that the Bessel laser
beam-induced microhole had a higher aspect ratio than that
processed by the common Gaussian laser.

Fig. 1c and d show the scanning electron microscopy (SEM)
images of the NiTi surface after ablation by the Gaussian laser
beam. A big crater with a diameter of ∼6.5 μm is generated
with a smaller and shallow cavity at the bottom. The incident
laser was reflected at the entrance of the crater. The incident
laser interfered with the reflected laser on the walls of the
crater. This interference led to a spatial modulation of the
energy density and generated a cavity with a diameter of
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∼2 μm where the energy density is strongest in the interior of
the crater.33 Because the distance between adjacent ablation
points is smaller than the diameter of the craters, the follow-
ing laser pulse train is superimposed on the preceding crater.
The preceding crater was flattened by the pulse trains of the
following to form a shallow crater with a diameter of ∼6.5 μm.
For the substrate processed by the Bessel laser, abundant
pores were created on the NiTi alloy surface (Fig. 1f and g).
The diameter of the pores is only 3 μm. Those microholes look
very deep, and their bottoms are not visible from the SEM
images. The cross-sectional SEM image shows that the depth
of the microholes is approximately 30 μm, as shown in Fig. S1
(ESI†). The aspect ratio of the laser-induced microholes is as
high as 10. The 3D profile of the structured NiTi alloy confirms
that the porous microstructure is very uniform (Fig. S2, ESI†).
In comparison with those generated by the Gaussian laser, the
microscale pores generated by the Bessel laser are smaller and

more uniform. The experimental results are consistent with
those of the theoretical analysis. The formation of such micro-
pores with high aspect ratios is ascribed to the features of the
femtosecond Bessel laser, i.e., the long depth of the focal field
and the small focal spot. Therefore, the femtosecond Bessel
laser has a strong capacity to prepare deep micropores with
high aspect ratios on metal materials.34–36

The energy of the pulse train can be tuned by the number
of laser pulses in a single train, which has an important influ-
ence on the morphology of the induced porous microstructure,
as shown in Fig. 2. When an energy of 534 μJ was applied, only
nonuniform and shallow microholes were induced on the NiTi
alloy surface (Fig. 2a and b). When the energy of the pulse
train increased from 534 μJ to 814 μJ and then to 1085 μJ, the
surface proportion of the porous microstructure as well as the
depth of the microholes increased because of the accumu-
lation of the ablation process (Fig. 2a–f ). When the energy

Fig. 1 Fabrication of a porous microstructure on the NiTi alloy by femtosecond laser processing. (a) Microfabrication system based on the femtose-
cond Bessel laser beam. Inset: Changing the original Gaussian laser beam to the Bessel laser beam through an axicon. (b) Simulation result of the
NiTi alloy surface treated with a single pulse train of the femtosecond Gaussian laser. (c and d) Surface morphology of the NiTi alloy after being pro-
cessed by the femtosecond Gaussian laser. (e) Simulation result of the NiTi alloy surface treated with a single pulse train of the femtosecond Bessel
laser. (f and g) Surface morphology of the NiTi alloy after being processed by the femtosecond Bessel laser.
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increased to 1085 μJ, uniform deep micropores formed on the
surface of the NiTi alloy and the shape of the holes became
close to circular (Fig. 2e and f). As the energy further increased
to 1357 μJ, the laser-ablated domains by the adjacent pulse
trains began to overlap so that the generated microholes
became messy and irregular (Fig. 2g and h). Therefore, the
laser-induced porous microstructure prepared at an energy of
1085 μJ, which has uniform and deep pores, was selected as
the optimal substrate for fabricating the SLIPS.

2.2 Fabrication of the SLIPS

The preparation of the SLIPS based on the Bessel laser-
induced porous microstructure mainly includes three steps:
the formation of the porous microstructure by laser proces-
sing, the reduction in the surface energy, and the infusion of
the lubricant (Fig. 3a). The untreated flat NiTi alloy is hydro-
philic. A water droplet on the NiTi alloy substrate had a water
contact angle (CA) of 62° (Fig. 3b). When the NiTi alloy was
ablated by the femtosecond Bessel laser, a uniform micro-
porous structure was generated on the surface of the NiTi
alloy. The resultant rough porous microstructure was able to
enhance the hydrophilicity of the NiTi alloy, with the CA
decreased to 12° (Fig. 3c). Simple air storage was adopted to
lower the surface energy of the laser-induced porous micro-

structure, because carbon from the atmosphere readily
adsorbs to the femtosecond laser-ablated surfaces.37–40

Compared to the traditional fluoroalkylsilane modification
method that is usually used to reduce surface energy, air
storage is safer and nontoxic. Fig. 3g shows the X-ray
Photoelectron Spectroscopy (XPS) result of the original laser-
ablated NiTi alloy. Carbon exists in the form of CvC (284.5
eV) groups, which mainly come from organic pollutants in the
air during the laser ablation. After storing the laser-treated
sample in air for seven days, the chemistry of the porous NiTi
surface obviously changed. As shown in Fig. 3h, the high-
resolution spectra for C 1s can be divided into three peaks,
referring to CvC (284.5 eV), C–C/C–H (285.3 eV), and C–O–
C/C–O (286.7 eV).39 The XPS analysis demonstrates that the
hydrocarbon groups (CvC and C–C/C–H) were grafted onto
the porous surface during the air storage, because the laser-
ablated NiTi alloy has a great ability to absorb carbon from the
atmosphere.40 The hydrophobic hydrocarbon groups can effec-
tively lower the surface energy of a substrate. Under the com-
bined action of the micro/nanostructure and spontaneous
adsorption of hydrocarbons, the porous NiTi alloy switched
from hydrophilic to hydrophobic with a CA of 120° (Fig. 3d).
Perfluorodecalin, which is nontoxic and extensively used in
medicine, was adopted as the lubricant in this experiment.
When the lubricant was further dripped onto the porous NiTi
alloy, it spontaneously wetted and penetrated into the porous
structure under capillary force. The SLIPS was obtained as a
uniform lubricating layer formed on the NiTi alloy surface. A
water droplet on the as-prepared SLIPS had a CA of 23°
(Fig. 3e). As soon as the SLIPS was slightly tilted, the droplet
could easily slide down. Fig. 3f shows the sliding process of a
water droplet on the as-prepared SLIPS with a tilted angle of
15°. The sliding behavior indicates that the SLIPS has excellent
repellency to liquid.

Fig. 4 shows the result of dripping a blood droplet on the
NiTi alloy. Regarding the SLIPS, the blood could retain an
ellipsoid shape and slide off the SLIPS without leaving any
residue (Fig. 4a–c). In contrast, the blood left a noticeable long
trail on the untreated NiTi alloy (Fig. 4d–f ). Therefore, the
SLIPS has the ability to repel blood and can greatly reduce the
blood adhesion of the NiTi substrate.12

2.3 Anticoagulation property

The coagulation reaction on an implantable material is pri-
marily caused by the adhesion of fibrinogen.12,40,41 The
adhesion of fibrinogen can promote the aggregation and acti-
vation of platelets, finally resulting in a clot backbone.40–43 In
this experiment, the adsorption of fluorescein isothiocyanate
(FITC)-labeled bovine fibrinogen on different NiTi substrates
was investigated with a laser scanning confocal microscope.
Fig. 5a shows the fluorescence microscopy image of the bovine
fibrinogen on the untreated NiTi alloy. The measured fluo-
rescence density was 0.313 (Fig. 5d). When the porous micro-
structure was created on the surface of the NiTi alloy, the
adsorption of bovine fibrinogen was enhanced (Fig. 5b). The
fluorescence density increased to 0.468, meaning that more

Fig. 2 Morphologies of the NiTi alloy treated with the Bessel laser at
different energies of the pulse train. (a and b) 534 μJ, (c and d) 814 μJ, (e
and f) 1085 μJ, and (g and h) 1357 μJ.
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bovine fibrinogen adhered to the porous NiTi alloy than on
the untreated substrate (Fig. 5d). This is because the contact
area between the fibrinogen and NiTi alloy was significantly
enlarged by the porous microstructure. Surprisingly, there was
almost no bovine fibrinogen adhered to the as-prepared SLIPS
(Fig. 5c). The fluorescence density was measured to be only
0.025, which is greatly reduced by 12 times compared to that
of the untreated NiTi alloy (Fig. 5d). The quantitative result of
protein adhesion on the NiTi alloy surfaces was consistent
with the measured fluorescence density, as shown in Fig. 5e.
The concentration of adhesive protein was 0.97 mg mL−1 on
the untreated NiTi alloy and 1.561 mg mL−1 on the porous
surface. The SLIPS significantly decreases the protein concen-
tration to 0.14 mg mL−1, which was very close to zero. The
results demonstrate that the SLIPS can prevent coagulation
from occurring on the implantable NiTi alloy; that is, the
laser-induced SLIPS has a remarkable anticoagulation
property.

2.4 Hemolysis property

Hemolysis rate is an important safety index for implantable
medical materials and closely related to the properties of the
materials.44 Materials with a lower hemolysis rate produce less
toxic substances. When the common NiTi alloy is implanted
into the body, the release of Ni ions will damage red blood
cells. The hemolytic reaction usually occurs as the NiTi alloy
comes into contact with blood, which will threaten the health
of the patient. According to the national standard of China,
the hemolysis rate of medical materials must be less than
5%.44 As shown in Fig. 6, the formation of the SLIPS enables
the hemolysis rate on the NiTi alloy to decrease from 4.69% to
1.56%, which is remarkably lower than the 5% of the Chinese
national standard and 2.61% of the previously reported ano-
dized NiTi alloy.45 The effective contact area between the NiTi
alloy and blood is greatly reduced by the lubricant layer of the
resultant SLIPS. Therefore, the toxic Ni ions underneath the

Fig. 3 Fabrication of the SLIPS on a NiTi alloy based on a femtosecond laser-induced porous microstructure. (a) Schematic diagram of the fabrica-
tion process. (b–e) Water droplets on different NiTi alloy substrates: (b) the untreated NiTi alloy, (c) the porous surface before storage in air, (d) the
porous surface after storage in air for seven days, and (e) the SLIPS. (f ) Sliding process of a water droplet on the as-prepared SLIPS with a tilted angle
of 15°. (g and h) The XPS analysis of carbon of the porous NiTi alloy (g) before and (h) after storage in air.
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lubricant layer are prevented from being released and coming
into contact with the blood, thus improving the safety of the
NiTi alloy.

2.5 Antibacterial property

Infections caused by bacteria will negatively influence implan-
table materials.46–48 Infection can be effectively prevented by
reducing bacterial adhesion and biofilm formation.48 The
growth conditions of bacteria on the NiTi alloy were recorded.
Two clinical pathogens (E. coli and S. aureus) were cultured on
different substrates. E. coli and S. aureus are the most common
bacteria that cause infections in the medical field.49 The blank
groups of E. coli and S. aureus were used as the reference, as
shown in Fig. 7a and e. Fig. 7b shows the distribution of E. coli
on the untreated NiTi alloy. Although the total number of bac-
teria on the untreated NiTi alloy had a slight decrease com-
pared to that on the blank substrate, masses of the bacteria
still grew on the NiTi alloy. Only a few E. coli bacteria could be

Fig. 4 Dripping a blood droplet on (a, b and c) the SLIPS and (d, e and
f) the untreated NiTi alloy. The samples were tilted at 60°.

Fig. 5 Fibrinogen adhesion and hemolysis property of the NiTi alloy. (a–c) Fluorescence distribution of the FITC-labeled bovine fibrinogen on (a)
the untreated NiTi alloy, (b) the porous NiTi alloy, and (c) the SLIPS. (d) Fluorescence density of the bovine fibrinogen on different NiTi alloy sub-
strates. (e) Protein concentration of the bovine fibrinogen on different NiTi alloy substrates.

Fig. 6 The hemolysis rate of the untreated alloy and the SLIPS.
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found on the laser-induced SLIPS substrate. The number of
E. coli on the SLIPS was much smaller than that on the
untreated NiTi alloy. In comparison with the blank substrate,
the antibacterial rate of E. coli increased to 98.14% by the as-
prepared SLIPS (Fig. 7d). The growth conditions of S. aureus
were the same as those of E. coli bacteria. As shown in Fig. 7f
and g, the cultured S. aureus bacteria on the SLIPS were
obviously less abundant than on the blank substrate and the
untreated NiTi alloy. The formation of the SLIPS led to a
99.32% decrease in S. aureus bacteria. The anti-S. aureus rate
of the SLIPS is 99.32% which is higher than the previously
reported 95.6% on the superhydrophobic NiTi alloy surface
(Fig. 7h).50 The results reveal that the growth of more than
98% of bacteria was inhibited on the NiTi alloy after the for-
mation of the SLIPS. Therefore, the as-prepared SLIPS has
excellent antibacterial properties.

3. Conclusions

In conclusion, we propose a new method to fabricate a SLIPS
on an implantable NiTi alloy based on femtosecond laser pro-
cessing, which improves the hemocompatibility of the NiTi
alloy. A common Gaussian laser beam was changed to a Bessel
beam in the processing system. A uniform deep porous micro-
structure was directly created on the surface of the NiTi alloy.
Then, the porous surface was stored in air for seven days to
lower the surface energy. After the infusion of perfluorodecalin
into the porous microstructure to form a lubricant layer, the
SLIPS was successfully fabricated on the NiTi alloy. The as-pre-

pared SLIPS greatly repels water and blood since these liquids
can easily slide down the SLIPS. The as-prepared SLIPS is non-
toxic because the surface energy of the porous microstructure
is lowered by the absorption of hydrocarbon groups from the
atmosphere rather than traditional fluoroalkylsilane modifi-
cation. The adhesion of fibrinogen on the SLIPS is signifi-
cantly reduced by 12 times compared to that on the untreated
NiTi alloy. The formation of the SLIPS decreases the hemolysis
rate on the NiTi alloy from 4.69% to 1.56%, which is remark-
ably lower than the Chinese national standard (5%). In
addition, the SLIPS can effectively inhibit the adhesion of bac-
teria on the NiTi alloy and enhance the bacterial repellency of
the NiTi alloy. The antibacterial rates of the resultant SLIPS
reach 98.14% and 99.32% for E. coli and S. aureus bacteria,
respectively. The remarkable anticoagulation property, very low
hemolysis rate, and antibacterial property demonstrate that
the hemocompatibility of the NiTi alloy is greatly improved by
the laser-induced SLIPS. We believe that this method can
potentially endow various metal implantable substrates with
slippery properties and allow implantable medical materials to
be applied in a healthier and safer way.

4. Experimental section
4.1 Fabrication of the SLIPS

The schematic diagram of the processing system based on the
femtosecond Bessel laser is shown in Fig. 1a. The original fem-
tosecond laser pulses (pulse width = 400 fs; central wavelength
= 1030 nm; repetition rate = 2.5 MHz) were generated from a

Fig. 7 Growth conditions of bacteria on the NiTi alloy. (a–c) The distribution of E. coli on (a) the blank culture substrate, (b) the untreated NiTi alloy,
and (c) the as-prepared SLIPS. (d) Antibacterial rate of E. coli. (e–g) The distribution of S. aureus on (e) the blank culture substrate, (f ) the untreated
NiTi alloy, and (g) the as-prepared SLIPS. (h) Antibacterial rate of S. aureus.
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fiber laser (FemtoYL-40, YSLP). Through the adjustment of the
external trigger, the frequency of the output pulse train was 2
kHz, and the frequency of the pulses in every train was
2.5 MHz. The number of the pulses in a single train could be
tuned from 125 to 188, 250, and then to 313, corresponding to
the train energies of 534 μJ, 814 μJ, 1085 μJ, and 1357 μJ,
respectively. Through an axicon (Thorlabs, AX-250, α = 1°), the
intensity distribution of the original laser beam was changed
from a Gaussian profile to a Bessel profile. The femtosecond
Bessel laser was finally focused on the surface of the NiTi alloy
(Baoji Seabird metal material Co., Ltd), which was mounted on
a moveable platform, by an objective lens (×20, NA = 0.40,
Nikon). During the laser processing, the sample surfaces were
ablated at a scanning speed of 12 mm s−1 and a scanning
interval of 6 μm. After laser ablation, the samples were cleaned
with acetone, alcohol, and deionized water, in that order.
Then, the samples were stored in air for seven days to lower
the surface energy. Finally, the lubricant (perfluorodecalin,
J&K) was infused into the porous microstructure of the NiTi
alloy to form a lubricant layer.

4.2 Characterization

The morphology of the laser-ablated NiTi alloy was observed
with a Flex1000 scanning electron microscope (Hitachi, Japan).
The 3D profiles of the sample surfaces were measured via a
LEXT-OLS4000 laser confocal microscope (Olympus, Japan).
The contact angle and the sliding angle of 7 μL water droplets
on the sample surfaces were measured with a JC2000D contact
angle system (Powereach, China). The measured blood is
sheep anticoagulant whole blood (5014475, YuduoBio) with a
viscosity of 4.373–6.587 mPa s.51 Elemental analysis was
carried out with an X-ray photoelectron spectrometer (AXIS
ULtrabld).

4.3 Hemocompatibility test

Fibrinogen adhesion test. The bovine fibrinogen (S12024,
Shanghai Yeasen) was dissolved in 0.1 M Na2CO3 (Shanghai
Sinopharm) solution (PH = 9) to prepare the bovine fibrinogen
solution to be crosslinked with a concentration of 2 mg ml−1.
Fluorescein isothiocyanate (FITC, S19127, Shanghai Yeasen)
was dissolved in an anhydrous DMSO solution (D8371,
Solarbio) to prepare the FITC solution with a concentration of
1 mg mL−1. 50 μL of the FITC solution was dripped in 5 μL
increments into 1 mL of the bovine fibrinogen solution to
form a mixed solution. Then, the mixed solution was incu-
bated for 8 hours at 4 °C in the dark. Finally, 500 μL of the
NH4CL solution (Shanghai Sinopharm, 1 mol L−1) was dripped
into the mixed solution. The mixed solution was incubated for
2 hours at 4 °C in the dark to obtain the FITC-labeled bovine
fibrinogen. The untreated NiTi alloy, the porous surface, and
the SLIPS were put into PBS solutions (P1020, Solarbio) with
the FITC-labeled bovine fibrinogen (2 mg mL−1) and incubated
for 1 hour at 37 °C. All samples were washed five times with
PBS solution to remove the unadhered bovine fibrinogen. The
samples were dried by nitrogen. The fibrinogen adhesion on

samples was observed with a laser scanning confocal micro-
scope (TCS SP8, Leica). The samples were immersed in
aqueous solutions containing 1 wt% SDS (S1010, Solarbio)
and shaken for 1 hour to remove the bovine fibrinogen
adhered on the surface of the samples. The protein concen-
tration was measured with a BCA protein detection kit
(KGPBCA, KeyGEN). A microplate reader (MK3, Thermo)
measured the absorbance of the SDS solution containing the
bovine fibrinogen at 562 nm. All measurements were repeated
three times.

Hemolysis test. The sheep blood (Xi’an Liyang) for the antic-
oagulation test was diluted with 0.9% NaCl (Tianjin Yili) solu-
tion (normal saline) at a ratio of 4 : 5. The untreated NiTi alloy,
the porous NiTi alloy, and the SLIPS were put into test tubes.
10 mL of normal saline was dripped into test tubes, and the
samples were incubated for 30 minutes at 37 °C. 0.2 mL of the
diluted anticoagulated sheep blood was dripped into the test
tubes. The test tubes were shaken evenly and cultured for
60 minutes at 37 °C. The solutions in the test tubes were
pipetted into centrifugation tubes and centrifuged at 3000
rpm for 5 minutes (Velocity 15 μR, Dynamica). The super-
natants of the test tubes were taken out, and the absorbance
values at a wavelength of 545 nm were measured with a micro-
plate reader (SpectraMax i3, Molecular Device). All measure-
ments were performed under the same temperature con-
ditions. The positive control group was a mixture of 10 mL of
normal saline and 0.2 mL of the diluted anticoagulated sheep
blood. The negative control group was a mixture of 10 mL of
distilled water and 0.2 mL of the diluted anticoagulated sheep
blood. All measurements were repeated three times. The calcu-
lation formula for hemolysis rate is

hemolysis rate ¼ Dt � Dnc

Dpc � Dnc

Dt, Dnc, and Dpc are the absorbance of the materials, the absor-
bance of the negative control group, and the absorbance of the
positive control group, respectively.

Antibacterial test. Appropriate S. aureus and E. coli colonies
were selected from a nutrient agar plate. The diameter of each
colony was at least 1 mm. Five or more colonies with good
growth and similar morphologies were selected for inoculation
in the culture medium for 18 hours. The absorbance value of
each bacterial solution was measured. S. aureus and E. coli had
absorbance values of 0.875 and 0.789 at a wavelength of
600 nm, respectively. E. coli and S. aureus were diluted to 1 ×
106 CFU mL−1. The untreated NiTi alloy and the SLIPS were
placed in Petri dishes. 200 μL bacterial solution was dripped
onto the samples, and the samples remained at room tempera-
ture for 2 hours. The samples were rinsed several times with
the sterile PBS solution to remove unadhered bacteria. Then,
the sterile physiological saline was dripped into the samples,
and the samples were agitated in a vortex oscillator (VORTEX
QL-902) for 30 seconds to wash off the bacteria attached to the
material. Then, 100 μL of the washing solution was absorbed,
and the washing solution was inoculated on a nutrient agar
plate for 18 hours. Finally, the number of bacteria on the nutri-
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ent agar plate was calculated. All measurements were repeated
three times. The calculation formula of the antibacterial rate is

antibacterial rate ¼ Db � Dt

Db

Db and Dt are the numbers of bacteria in the blank group and
test group, respectively.

4.4 Numerical simulation

To compare the difference of ablation results between the
Gaussian laser and the Bessel laser, the theoretical mor-
phologies of the Gaussian laser (Fig. 2a) and the Bessel laser
(Fig. 2d) were simulated.52,53 The thermal deposition inside
the NiTi alloy was calculated by resolving a deformed Maxwell
equation shown in eqn (1):

dε
dz

¼ i
2k

� @2

@r2
þ 1

r
� @
@r

� �
ε� ε

zp
ð1Þ

In eqn (1), ε is the normalized electric field with the unit of
(2Pin/πw0

2)0.5 and k is the wave vector in NiTi. zp indicates the
energy absorption along the z direction. Pin is Ein=ðtp

ffiffiffiffiffiffiffiffi
π=2

p Þ. tp
is the pulse width, and Ein is the pulse energy. w0 is the dia-
meter of the focused Gaussian beam when the Gaussian
beam was applied, and Rc·w1 is the diameter when the
Bessel beam was applied; w1 is the diameter of the beam
before the axicon and Rc is the compression ratio for the 4f
system shown in Fig. 1a. The pulse energy was deposited
into free electrons first and then coupled into phonons
based on a simplified two-temperature model (TTM) in eqn
(2) and (3):

Ce
dTe

dt
¼ gðTe � TpÞ þ ε2

zp
ð2Þ

Cp
dTp

dt
¼ gðTe � TpÞ ð3Þ

Ce is the electron heat capacity shown as C0·Te, in which C0

is 67.5 J (m−3 K−2. Cp is the phonon heat capacity with a
value of 5.36 × 106 J m−3 K−1. g is the electron–phonon para-
meter with a value of 7.01 × 1018 J m−3 K−1 s−1. The energy
deposition and electron coupling occur on an ultrafast time
scale during which the thermal expansion of both electrons
and phonons can be ignored. The position where the
phonon temperature, Tp, reaches the boiling temperature
was defined as immediate vaporization to simplify the
model. The remaining part of the NiTi alloy appeared in the
next iteration to acquire the electric field and thermal depo-
sition of the next pulse. The iteration time was defined as
the pulse number.
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