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Abstract

The slippery liquid-infused porous surface(s) (SLIPS) that imitates the Nepenthes pitcher plant has proven to be highly ver-
satile and can be combined with various surface characteristics such as dynamic response, antifouling, selective adhesion,
and optical/mechanical tunability. In addition, the introduction of a lubricating fluid layer also gives it extremely low contact
angle hysteresis and self-repairing properties, which further expands its application range. Currently, SLIPS has been proven
to be suitable for many frontier fields such as aerospace, communications, biomedicine, and microfluidic manipulation. In
this review, we explain the theoretical background of SLIPS and the preparation methods currently available, including the
choice of substrate materials and lubricants, and we discuss the design parameters of the liquid injection surface and how
to deal with the consumption of lubricants in practical applications. In addition, the paper focuses on current and potential
applications, such as preventing pathogen contamination of and blood adhesion of medical equipment, manipulation of tiny
droplets, and directional transportation of liquids. Finally, some weaknesses that appear when SLIPS is used in these appli-
cations are pointed out, which provides a new perspective for the development of SLIPS in the future.
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Introduction

Various phenomena in nature give us inspiration for design
and creation. Organisms with special wettability are common
in nature, such as lotus leaves [1], rice leaves [2], and cicada
wings [3], which exhibit strong hydrophobicity. With the
development of surface science and micro-/nanomanufactur-
ing technology, it has been discovered that superhydrophobic-
ity is closely related to surface energy and surface roughness.


http://orcid.org/0000-0002-4438-3344
http://crossmark.crossref.org/dialog/?doi=10.1007/s42242-021-00133-8&domain=pdf

Bio-Design and Manufacturing (2021) 4:506-525

507

Surface energy is determined by the chemical composition
of a surface, and surfaces are usually rendered hydrophobic
by a certain amount of roughness. By imitating the micro-
structure of these biological surfaces, it is possible to prepare
artificial surfaces that also have superhydrophobicity. In recent
decades, a large number of studies have been conducted on
superhydrophobic surfaces. Bionic surfaces with special wet-
tability have gradually penetrated into all aspects of our lives,
including antifouling for hygiene and sanitation [4—-10], anti-
ice and anticorrosion in the transportation industry [11-16],
anti-thrombosis and bacterial adhesion in the medical field
[17-22]. In the process of continuous exploration, more and
more deficiencies have gradually been exposed. For example,
it is difficult to repel organic liquids and other low-surface-
tension contaminants for anti-fouling [23]. When used for
anti-icing, performance will fail in high-humidity environ-
ments [24]. In the medical field, even if it can repel blood, the
surface can still adhere to proteins and cause pollution [25]. In
addition, poor mechanical stability is a common problem of
most superhydrophobic surfaces. Structural defects are prone
to cause loss of function after wear or shearing. Therefore, in
order to overcome these deficiencies, a new repellent surface
called slippery liquid-infused porous surface(s) (SLIPS) has
been developed. Inspired by the Nepenthes pitcher plant, a
lubricant is infused into a porous base material to produce a
thin liquid film on the surface [23]. The lubricant is usually
an oily or ionic liquid with low surface tension, to achieve
liquid-liquid rather than liquid—solid interface repulsion. In
addition, the repellence of the interface prevents direct contact
between solids and the base material and prolongs the service
life of the repelling surface. In this review, we describe the
theoretical basis for SLIPS design and the methods of prepara-
tion. In addition, we discuss the preparation process of SLIPS
from the aspect of materials, including the types of substrate
materials and the choice of lubricants. Next, special attention
is paid to ways of dealing with lubricant consumption in practi-
cal application. Also outlined are current and potential areas
of interest for application and the latest findings, including
some deficiencies in these applications. Finally, we provide a
new perspective on the future of SLIPS research and propose
directions for research development.

Theoretical foundation and background
Theoretical foundation

The concept of wettability was first proposed by Thomas
Young in the early nineteenth century. He discovered a spe-
cific angle formed when liquid contacts a solid surface in air,
which is now called the contact angle [26]. When a droplet
contacts a solid surface in a state of mechanical equilibrium,

the contact angle’s value can be calculated by Young’s equa-
tion [27]:

cosh = v 7l }/SI,

Yv

where 0 is the value of static contact angle (CA). y,,, 74, and
71, represent the solid—vapor, solid—liquid, and liquid—vapor
interfacial tensions, respectively (Figs. la and 1b). Young
found that a liquid contact angle increases as the surface
becomes more repellent [28]. When the value of the static
contact angle of water is 0° <6 <90°, the water droplet can
spread on the surface and the surface is referred to as hydro-
philic, but when the angle is 90° <€ <180°, the surface not
be wetted by water and is called hydrophobic. According
to Young’s equation, a contact angle of 90° is the threshold
between hydrophobicity and hydrophilicity [28]. Young’s
equation is used to calculate the contact angle on the flat
surface, but in fact there is no ideal flat surface, and all kinds
of surfaces are often uneven even if only at the atomic level.
Consequently, in 1936, Wenzel modified Young’s equation
and introduced the roughness factor () [29]:

Ysv — Vsl

cosd =r-cosby=r-
Vv

r is the ratio of the actual rough surface area to the pro-
Jjected area. 6, is Young’s contact angle of the liquid droplet
on a flat substrate (see Figs. 1c and 1d). Wenzel indicated
that wetting is the process of replacing the solid—gas inter-
face area with a solid-liquid interface of the same area,
usually accompanied by the extension of the liquid—gas
interface [30]. Since each interface has its specific surface
energy content, when the wettability process occurs, the
total surface energy will increase or decrease as the range
of each interface changes. Therefore, wetting is a thermo-
dynamic process. Whether wetting occurs or not depends on
the change of free energy. The greater the change, the greater
the possibility of wetting and the higher the degree of wet-
ting. Conversely, the smaller the change in free energy, the
smaller the ability to overcome wetting resistance, making
wetting difficult to achieve. For smooth and hydrophobic
surfaces, the surface energy of the material and the corre-
sponding surface tension are lower. According to Young’s
equation, the contact angle of the liquid surface is greater
than 90° on this type of surface and the droplets are often
spherical. In the process of replacing the solid—air interface
with the solid-liquid interface, the area of solid-liquid con-
tact increases, resulting in greater changes in free energy; so
the water repellency of the solid surface increases, causing
both the contact angle of the droplet on the solid surface and
the sphericity of the droplet to increase [31].
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Fig. 1 Hydrophobic (a) and hydrophilic (b) wetting state of water
droplets on a smooth surface (Young’s model). The hydrophobic (c)
and hydrophilic (d) wetting state from the Wenzel model. The hydro-

Wenzel’s equation was originally designed to reveal the
wetting mechanism of a liquid with a single uniform solid
surface. If the composition of a rough solid surface is not
uniform, it is composed of two or more different substances.
In order to calculate the contact angle of such composite
interfaces, the Wenzel equation is further modified. Taking
a two-component composite interface as an example, the
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phobic (e) and hydrophilic (f) wetting state from the Cassie-Baxter
model. g The contact angle hysteresis of the droplet on the inclined
surface

contact angle of a liquid at this interface can be calculated
using the following formula [32]:

cosf = f,cosf; + f,c0s0,,

where f| and f, are the percentages of the total area in contact
with the liquid composed by components 1 and 2. 6, and 6,
are the corresponding intrinsic contact angles of a liquid
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droplet on the two materials, and this is the famous Cas-
sie—Baxter equation [33].

When the solid-liquid interface replaces the solid—air inter-
face, the voids on the rough surface may not be completely
filled with liquid (see Figs. le and 1f). A solid-liquid—air com-
posite interface is formed. In this case, there is a layer of air
between the liquid and the solid because the liquid is not in
contact with the solid surface. In order to calculate the contact
angle of the composite interface in this case, the contribution
of the fractional area of wet surfaces and the fractional area
with air pockets is combined and the Cassie-Baxter equation
can be expressed as [34]:

cosd = r-cosfy — f - (r-cosfy + 1),

where 6, is the contact angle for a smooth surface of the
solid material, r is the roughness factor, and f; 4 is the frac-
tional flat geometric area of the liquid—air interfaces under
the droplet. According to the above formula, even if a solid
surface is hydrophilic, as the value of f; , gradually increases
to a sufficiently large value, the surface can still be changed
from hydrophilic to hydrophobic. In fact, this is only a theo-
retical inference. In practical situations, f; , may not increase
all the way to the critical value of hydrophilic-hydrophobic
transition, or when it increases to this value, the solid-liquid
contact state deviates from the Cassie—Baxter model. There-
fore, the critical conditions for the hydrophilic—hydrophobic
transition can be obtained according to this formula [29]:

r - cosé,

fia z

r-cosfy+1°

At this point, the value of 6, is less than 90°.
Contact angle hysteresis

In studying surface wetting behavior, the contact angle hys-
teresis @y is a very important data point [29]. It is essentially
an indicator to measure the energy loss during droplet flow
along a solid surface. This energy loss is caused by surface
roughness and unevenness. When the droplet is on an inclined
surface and simply slides downward due to the influence of
gravity, the downward contact angle is called the advancing
contact angle (d,4,), and the upward angle is called the reced-
ing contact angle (6,..) (see Fig. 1g). Research shows that the
advancing angle is linked to surface wettability and the reced-
ing angle to surface adhesion [28]. Generally, 8,,, is larger
than 6., and the value of contact angle hysteresis is deter-

mined by the difference between 6,4, and ...

eH = gadv - ere

c

In summary, Young’s equation, Wenzel’s equation, and
the Cassie—Baxter model describe the static wettability of

a solid surface, while the dynamic wettability of a system
is described by the advancing angle, receding angle, and
contact angle hysteresis.

Types of water-repellent materials

The oldest fossils found to date were from Western Aus-
tralia. These fossils are similar to today’s cyanobacteria and
are about 3.5 billion years old. Therefore, we can conclude
that the origin of life was no later than 3.5 billion years
ago. Over such a long period of time, the environment is
constantly changing and organisms are constantly adapt-
ing to the natural environment through evolution. There-
fore, a series of special wettability surfaces naturally arose.
The most well known is the lotus leaf surface, where water
droplets tend to be spherical and roll easily without leav-
ing traces [35-37]. It is well known that the water-based
properties of lotus leaves are due to the network of waxy
crystals on the surface and the nanostructures on the top of
the microscale nipples [29, 35] (see Fig. 2a). Therefore, by
imitating the microstructure of the special wetted surface of
lotus leaves and other biological examples, scientists have
prepared a variety of bionic surfaces with unusual wetta-
bility that can play an important role in different environ-
ments. Superhydrophobic surfaces like imitation lotus leaf
can be used for anti-fouling, anti-icing, and other applica-
tions [29]. Imitation fish scales with a super hydrophilic/
underwater super-oleophobic surface can be used for low-
cost oil transportation and oil-water separation, reducing
both the cost of offshore oil extraction and oil leakage during
the extraction process [34, 38, 39] (see Fig. 2b). Imitation
alternate hydrophilic and hydrophobic surfaces modeled on
desert beetles can be used for water collection, alleviating
the shortage of water resources in arid areas [40-42] (see
Fig. 2c). More recently, inspired by the Nepenthes pitcher
plant, a hydrophobic surface with an ultralow sliding angle
was prepared [23, 43] which can be used in medical equip-
ment [17], microfluid delivery, and corrosion prevention in
the marine industry [44, 45] (see Fig. 2d).

Slippery liquid-infused porous surface(s)
(SLIPS)

Nepenthes is a carnivorous plant that lives in tropical areas.
It has highly specialized leaves adapted to attract, capture,
retain, and digest arthropod prey. It is based on special sur-
face properties of the pitcher rim (peristome) and insect
“aqua planing.” The peristome is characterized by a regular
microstructure with radial ridges of smooth overlapping epi-
dermal cells, which form a series of steps toward the pitcher
inside and make it superhydrophilic. This superhydrophilic
surface can be completely wetted by rain in humid weather,
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Fig.2 a Optical photograph and scanning electron microscope
(SEM) image of lotus leaf. Reproduced with permission [29]. Cop-
yright 2009, The Royal Society. b Optical photograph of filefish N.
septentrionalis and SEM image of its back skin. Arrows H to T indi-
cate the direction from head to tail. Reproduced with permission [39].

so that a uniform liquid film covers the surface. The flower
then releases a special fragrance to attract insects to step on
the peristome surface, which repels the oil on their feet to
make them slide down from the edge into the digestive juices
at the bottom. Inspired by Nepenthes, the researchers com-
bined the roughness of the microstructure with well-matched
solid and liquid surface energies. The porous micro-/nano-
structure of the substrate, in combination with chemical
adsorption, allows the introduced lubricant to form a more
stable combination with the substrate and spread evenly to
form a liquid film on the surface. This surface is called slip-
pery liquid-infused porous surface(s) (SLIPS). Generally,
the lubricant and the repelled liquid are not compatible with
each other, and the surface tension is much lower than that of
the repelled liquid in order to induce repulsion, which natu-
rally occurs between liquids of different polarities. Unlike
Cassie state systems, the lubricant in the SLIPS system pre-
vents direct contact between the bottom solid material and
the test liquid and effectively prevents the problem of the test
liquid potentially damaging the structure of the solid sur-
face and causing the performance of the superhydrophobic
surface to fail. Moreover, this liquid-infused system is very
slippery and pressure stable, making it capable of handling

@ Springer

Copyright 2014, Wiley—VCH Verlag. ¢ Picture of desert beetle and
back SEM image. Reproduced with permission [40]. Copyright 2001,
Nature Publishing Group. d Photograph of Nepenthes pitcher plant
and SEM image of the inner wall of the insect trap. Reproduced with
permission [43]. Copyright 2004, Natl Acad Sciences

low surface tension liquids, providing optical transparency,
and self-healing after mechanical damage.

Preparation of SLIPS

SLIPS is composed of two parts: a substrate and a lubricant.
Therefore, SLIPS is usually prepared in two steps; the first
step is to design a superhydrophobic substrate, and the next
is to add an infused lubricant. It is common knowledge that
for superhydrophobic surfaces, surface roughness, surface
free energy, and uniformity of chemical composition are
three important factors that affect wettability [46, 47]. How-
ever, in SLIPS, the influence of the first two factors is more
significant due to the existence of the surface liquid layer.
Generally, when preparing SLIPS, a low-surface-energy
substrate with a textured structure is selected, or a surface
with a rough structure is modified by an appropriate chemi-
cal coating to make it more suitable for lubricant infusion
[48, 49]. At present, most studies use a combination of two
methods to obtain the substrate, because a stable SLIPS is
more dependent on the combination of the lubricant and the
substrate rather than the roughness of the substrate, even
though in general, surfaces with a rough structure have a
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better ability to retain lubricant than smooth surfaces [49,
50]. In addition, a variety of methods can be used to obtain
a textured surface, including chemical etching [51, 52],
plasma etching [53], photolithography [54—56], anodic oxi-
dation [57, 58], crystal growth [59], electrodeposition [60],
and electrospinning [61-63]. Of these, photolithography has
high repeatability and can accurately control the geometry of
the introduced surface structure. Even though the process is
complex and requires specialized equipment, photolithogra-
phy is still the most effective method for constructing reen-
trant structures.

Substrate

In order to prepare a liquid-infused system, a porous tem-
plate needs to be strategically designed so that the lubricant
will not escape from the substrate [46]. Different materials
are chosen as substrates according to the situation, and the
concept of liquid-infused surfaces has already been applied
to numerous materials [64]. Currently, the materials used
as SLIPS substrates can be roughly divided into three cat-
egories: metals, inorganic nonmetallic materials, and porous
polymers.

Metals

The footprint of metal materials is ubiquitous in all indus-
tries. Therefore, it is of practical significance to give metal
materials better surface properties. Designing SLIPS on
metal materials can give them extra performance. For exam-
ple, in dairy industrial processing, SLIPS can be used to
prevent the growth of fouling on the surface of industrial
equipment during dairy product heat treatment; food-grade
stainless steel is prepared as a substrate, via femtosecond
laser ablation, followed by fluorosilanization and impreg-
nation with an inert perfluorinated oil product. Titanium is
often used as a bioreplacement material, such as in joint
replacement and dental implants [64, 65]. Although titanium
has been proven to be biofilm-repellent and can inhibit bac-
terial colonization, there is still a bacterial biofilm-induced
risk of microbial infection, and as a result, titanium-based
SLIPS has attracted attention. Doll et al. [65] used a fem-
tosecond laser system to impart surface roughness to the
titanium substrate and then infused perfluoropolyether lubri-
cant to prepare SLIPS that had strong repellency to biofilms.
Leyla Soleymani’s research group used chemical vapor dep-
osition to create self-assembled monolayers of fluorosilane
on gold-modified prestrained polystyrene substrates [66].
After heat shrinking of the substrate, a lubricant is applied
to produce a lubricant-infused wrinkled nanostructured gold
surface with hydrophobic properties (see Fig. 3a). In addi-
tion to being hydrophobic, this surface has a contact angle
of about 150° on the surface and a sliding angle of less than

5°. It has good self-cleaning properties. In terms of anti-
biological adhesion, it reduces blood protein adhesion and
significantly prolongs blood clotting time [66]. It is impor-
tant to note that a layer of metal on the surface makes the
surface conductive yet still resistant to bio-adhesion, which
is the basis for using SLIPS in the fields of biosensing and
medical equipment. In addition, Yang’s team used the elec-
trodeposition method to prepare a porous silver membrane
surface with strong wettability, switching ability, and liq-
uid repellency [60] (see Fig. 3b). With silver nitrate and
sodium dodecyl sulfate (SDS) as the electrolyte, the wetta-
bility switch and liquid repellent performance are achieved
by the dodecyl sulfate ions ionically bonded to the porous
membranes during electrodeposition. Dodecyl chain tails are
inherently hydrophobic. When a negative potential is added,
dodecyl chain tails will hide in the surface of the porous sil-
ver membrane, making the overall system superhydrophilic.
When this superhydrophilic surface is exposed to organic
reagents, due to the strong affinity of dodecyl chain tails for
organic reagents, they will be stretched out from the porous
silver membrane, making the surface superhydrophobic, thus
achieving wetting state transition from super hydrophilic to
superhydrophobic. After negative potential is added to the
system again, it will immediately become superhydrophilic,
and the cycle of changing the applied conditions to adjust the
wettability state can be repeated more than ten times without
significant degradation (see Figs. 3c and 3d). Depending on
the need to adjust the injected lubricant to achieve hydropho-
bic or oleophobic properties, this technique can be applied
in various applications, including encryption, controllable
droplet transfer, and water harvesting. Other metal substrates
that have been reported so far are aluminum, stainless steel
[67-70], carbon steel [71, 72], gold [66], Co [73], and Mg
[74,75].

Nonmetallic materials

With the advancement of manufacturing and technology,
especially the development of inorganic chemistry and
organic chemical industries, natural or synthetic nonmetal-
lic materials have received increasing attention. Although
nonmetallic materials have poor electrical and thermal con-
ductivity, they can be used as substitutes for metals in some
fields and are an indispensable part of the current chemical
industry. Therefore, in the preparation of SLIPS, research on
nonmetallic materials as substrates has been continuously
reported, for example wood, glass, and silicon [76]. Guo
et al. added a ZnO nanorod array on a wooden surface to
obtain a micro-/nanostructure, and then functionally modi-
fied the surface with 1H, 1H, 2H, 2H-perfluorooctyltrieth-
oxysilane (PTES) to make it superhydrophobic. Finally, a
fluorinated lubricant was infused to generate an omnipho-
bic wood surface which repelled arbitrary liquids (aqueous
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Fig.3 a Schematic diagram of preparation process for a conductive
lubricant to be injected into the surface of the nanostructure. Repro-
duced with permission [66]. Copyright 2018, John Wiley and Sons
Ltd. b Liquid repellency and reversible wettability transition of the
silver porous film surface. ¢ After ten wettability transitions, the sur-

or organic) [77] (see Figs. 4a—4c). Since the wooden sur-
face exhibits a unique surface pattern on the predetermined
microscale of the natural cell structure, it has groove-like
channels and cell walls when longitudinal ridges are cut.
Therefore, using this natural surface microstructure com-
bined with additional nanostructures, one can achieve a
surface with complex properties and reduced manufactur-
ing costs. The wooden surface itself and the array of ZnO
nanorods are highly porous, so they can effectively capture
the liquid lubricant. The obtained omniphobic surface shows
extremely low wettability to water or oil (see Fig. 4d). Shen’s
[78] working group treated a wood surface with sandpaper
to obtain a rough surface, then cast and dried a fluoroalkyl-
silane/silica composite suspension on the surface to pro-
duce superhydrophobicity, improving the water resistance
and mildew resistance of the wood (see Figs. 4e—4h). After
cyclic wear under a pressure of 3.5 kPa for 45 cycles, the
surface still maintained superhydrophobicity. Even if the
superhydrophobicity is damaged, the performance can be
restored by recasting the fluoroalkylsilane/silica composite
suspension at normal temperature. Silicon has definite non-
metallic properties, and silicon and its organic compounds
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face morphology of the silver porous membrane has not changed. d
Contact angle of water on the surface of the silver porous membrane
when the wettability is periodically switched. Reproduced with per-
mission [60]. Copyright 2019, Royal Soc

also have excellent properties such as low surface tension,
resistance to high and low temperatures, oxidation stabil-
ity, and corrosion resistance. Varanasi et al. obtained silicon
microparticles by patterning silicon substrates with photoli-
thography [18]. The column array was modified with a low-
surface-energy silane to give it a functionalized surface, and
immersed in lubricant, finally, remove the excess lubricant,
and the team explored the contact line morphology of water
droplets and lubricant. Rather than exhibiting fundamentally
different behaviors, these distinct morphologies not only
govern the contact line pinning that controls droplets’ initial
resistance to movement but also the level of viscous dissipa-
tion and hence their sliding velocity once the droplets begin
to move. Kim et al. used the emulsion template method to
prepare self-stratifying porous silicones (SPS) with closed-
cell porosity. This method allowed water droplets near the
surface to evaporate and eventually disappear during the
curing process, creating a nonporous skin layer [79]. The
internal void structure was formed by the evaporation of
water droplets accumulated before the polymer was com-
pletely solidified. After that, the silicone oil was infused as
a lubricant, and the liquid-infused system was complete. The
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Fig.4 a Original wood surface without surface modification. b ZnO
nanorod array is added to the wood surface and functional modifica-
tion is performed. ¢ Lubricant is infused after adding ZnO nanorod
array and performing functional modification. Note: The test droplets
are water (blue) colored with methylene blue and hexadecane (red)
colored with Aero-Brite dye. d The olive oil slides on the lubricant-
infused surface. Reproduced with permission [77]. Copyright 2017,

emulsion template method can change the porosity, pore size
distribution, and thickness of the nonporous skin layer of
SPS by adjusting the concentration of water and surfactant in
the precursor emulsion, as shown in Fig. 5. Compared with
nonporous polydimethylsiloxane (PDMS), SPS has better
lubricant injectability and ability to lock in lubricant, which
improves the stability of the entire liquid-infused system.

Porous polymer

Because of their excellent toughness properties and easy
adjustment to different shapes and sizes, porous polymers
are very popular for preparing slippery liquid-infused porous
surfaces. Currently reported are polyvinyl chloride, poly-
carbonate, polytetrafluoroethylene (PTFE) [79], poly(methyl
methacrylate), PDMS [17, 80], and polystyrene (PS), among
others. The first liquid-infused porous surface designed by

E (h) 120 -
== Coated sanded wood

Stain area percent/%

14
Time/day

John Wiley and Sons Ltd. e Schematic diagram of the preparation
process. f and g are the comparison diagrams of the superhydropho-
bic surface and the original surface before and after water washing.
h Comparison of mold infections on two surfaces in a humid envi-
ronment. Reproduced with permission [78]. Copyright 2020, MDPI
(Basel, Switzerland)

Aizenberg et al. tried to use periodically ordered and ran-
dom arrays of nanoposts functionalized with a low-surface
energy polyfluoroalkyl silane and a random network of Tef-
lon nanofibers as the substrate. Chen et al. used a one-step
femtosecond laser direct writing method to directly generate
a connected three-dimensional porous network microstruc-
ture on a polyamide-6 (PA6) substrate [81] (see Fig. 6a).
On this basis, SLIPS was prepared by further modification
and infused lubricant, which has good self-healing proper-
ties. The sliding angle of various liquids on this surface is
about 10°. Because PA6 is an inherently antiwear material
and there is a certain cushioning effect of the lubricant layer
on the surface, the maximum bending angle after wear is
about 180°, as shown in Fig. 6b. Moreover, the sliding angle
of the water droplets was still less than 3° when the wear
cycle reached 100 times, demonstrating that the surface has
good durability (see Fig. 6¢). It has also been reported that a
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fluorinated polymer monomer based on cross-linked hydrox-
yethyl methacrylate (HE) can be infused into perfluoropoly-
ether to produce SLIPS [82]. This liquid-infused system was

7
7
7’
e
7z

300 pm

contrast of pore density and pore size distribution. ¢, d Comparison
of surface liquid layer thickness. Reproduced with permission [79].
Copyright 2020, John Wiley and Sons Ltd

designed by Oleschuk et al. [83]; they successfully added
paramagnetic particles to the test liquid and then drove it by
magnetic force. In liquid-phase chemical synthesis, a small
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Fig.6 a Simplified schematic diagram of SLIPS prepared by femto-
second laser. b The value of the sliding angle when cyclically bend-
ing SLIPS. ¢ The changing trend of the sliding angle as the amount
of wear increases. The test liquid in (b) and (c) is deionized water.
Reproduced with permission [81]. Copyright 2017, John Wiley and
Sons Ltd. d Post-fabrication functionalization of residual azlactone
groups in nanoporous PEI/PVDMA multilayers by reaction with
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tubing (left) and tubing without an SLIPS coating (right). The incli-
nation angle is about 3°. Reproduced with permission [82]. Copyright
2015, Wiley-Blackwell
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volume of liquid is more affected by viscosity than inertia,
and the reaction is more precise and rapid, which improves
the product yield. This microfluidic technology can be used
in on-chip polymer synthesis and liquid-liquid extraction.
They tested the contact angles and sliding angles of five
kinds of normal alkanes (hexane, heptane, octane, tetrade-
cane, and hexadecane) and five alcohols (methanol, ethanol,
1-decanol, cyclohexanol, and ethylene glycol) with water.
The surface tensions of the liquids were quite different, and
their sliding angles on the synovial fluid injection system
were all between 4° and 6°. In the process of magnetic driv-
ing, whether the liquid could be successfully driven was
related to the concentration of paramagnetic particles and
the acceleration rate of the magnet. Lynn et al. [82] designed
a polymer multilayer film that could manufacture physically
and chemically stable SLIPS on objects of any shape, size,
or topology, making it suitable for bending and folding (see
Figs. 6e—6l). They chose azlactone-functionalized multi-
layers fabricated using poly(vinyl-4,4-dimethylazlactone)
(PVDMA) and branched poly(ethyleneimine) (PEI), because
PEI/PVDMA multilayers are covalently cross-linked, and
they have strong physical and chemical stability. Simulta-
neously, the remaining azlactone in the film can be treated
by strategically selected amine-functionalized molecules to
adjust the surface wettability to meet the response require-
ments (see Fig. 6d). Finally, silicone oil is injected into
the porous multilayer polymer prepared on the flat glass to
obtain a stable lubricating liquid-infused system which can
repel a variety of liquids, including acid/alkaline solutions,
ketchup, and serum-containing cell culture medium. When
dripping the silicone oil onto the surface, the sliding angle
on the injected SLIPS is approximately 6°.

Lubricant

Selection of the lubricant is an important step in the prepara-
tion of SLIPS. A lubricant compatible with the substrate can
improve the stability of the entire liquid-infused system. In
this section, we will explain some lubricants to contribute to
designing a more perfect SLIPS. The performance of liquid-
infused porous surfaces depends on a stable surface liquid
layer to drive out water or other contaminants and protect the
material [79]. The stability of SLIPS is not only related to
the properties, types, and surface micro-/nanostructure of the
substrate, but also to the physical and chemical properties of
the lubricant itself. Caitlin et al. [84] explored the relation-
ship between the amount of lubricant loss on the surface in a
flowing environment and the microstructure of the substrate
and type of lubricant. They prepared mesofluidic channels
with flat and structured fluorinated surfaces in order to visu-
alize lubricant loss and provide confirmation of the results
found using the peristaltic pump. Two different viscosity
lubricants (Krytox 103 and perfluorodecalin) were infused

into two mesofluidic channels, and the results showed that
with the increase in the channel flow rate, there was a slight
difference in the loss of lubricant; thus, the loss of lubricant
with lower viscosity was relatively higher. Therefore, an
appropriate choice of lubricants is one of the most impor-
tant steps in the design of SLIPS. The choice of lubricant
should be considered from two aspects: the balance between
the lubricant and the base, and between the lubricant and the
test liquid. Wong et al. gave three criteria for synthesizing
SLIPS: (1) the lubricating fluid must be moist and adhere
to the inside of the substrate stably. (2) The substrates must
be wetted by the lubricating fluid first, not the test fluid. (3)
The test fluid and the lubricating fluid must be incompatible
with each other. From a thermodynamic point of view, in
order to ensure that the substrate is preferentially wetted by
the lubricating fluid,, the interface energy between the fluid,
the lubricating fluid, and the base material should satisfy the
following equation [23]:

AE, =r- (y200502 - y100891) —72>0,
AE, =1 (17,0080, — 7,c080;,) + 7, — 7, >0

where E| and E), are the energy of the lubricating fluid with
or without a fully wetted immiscible test liquid floating on
top of it, ¥, and y, are the surface tensions of the test fluid
and the wetting fluid, respectively, y,, is the interfacial ten-
sion at the liquid-liquid interface, 8, and 6, are the equi-
librium contact angles of the immiscible test liquid and the
lubricating fluid on a flat solid surface, and r is the rough-
ness factor [85].

The second criterion is to select lubricants with specific
properties according to different application environments.
For example, for devices that require optical transparency,
it is necessary to match the refractive index between the
lubricant and the substrate. For applications that require
long-term stability or involve elevated temperatures, a
more viscous oil can be selected. These oils tend to have
low vapor pressures and high boiling points. In addition,
fluorine-free hydrophobic lubricants (such as silicone oil or
hydrocarbon oil) can be used for water solvents. Likewise,
polar lubricants can be used to repel low-surface-tension
hydrocarbons, allowing a wider variety of lubricants [28].
Due to its outstanding features in anti-fouling, anticorro-
sion, and self-repair applications, liquid-infused surfaces
have attracted widespread attention in recent years. Com-
monly used infused lubricants include Krytox oils, hydro-
carbon silicone oils, mineral oil, and ionic liquids. There
have been an increasing number of studies on the slippery
liquid-infused porous surface, but these studies are more
focused on the type of substrate, the morphology, and the
wide range of use of the liquid-infused system, and the
impact of the lubricant during use has been relatively little
explored. The common means of lubricant loss are diffusion
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to the surrounding surface, external shear, and the influence
of gravity or evaporation [77, 86]. However, the repellency
of SLIPS has an important relationship with the lubricant,
and the loss of the lubricant may cause the loss of SLIPS
function. The current research offers two main approaches
to dealing with this loss of lubricant. One is to enhance the
bond strength between the lubricant and the substrate by
strengthening the chemical interaction and capillary phe-
nomenon, slowing down the loss of the lubricant. This can
be understood as liquid retention, and it is generally applied
to any surface. The second approach is to design an intercon-
nected porous structure in the base material which can store
the liquid. When the surface lubricant is lost, the internally
stored liquid replenishes the surface liquid layer through the
connected pore structure to maintain repulsion performance,
a process known as liquid restoration. Tian et al. [87] believe
that to deal with high-temperature evaporation of lubricants,
one can either choose a fluid with a low evaporation rate, or
add a compound to the lubricant to reduce the vapor pres-
sure through the strong interaction after mixing. Therefore,
they designed a fluid composed of self-suspended nanopar-
ticles capped by perfluorinated ligands to improve the lubri-
cant evaporation performance of SLIPS. By adding Fe;O,
nanoparticles to the perfluorinated fluid to form a mixture,
they can greatly reduce the evaporation loss of the lubricant
when the temperature is higher than room temperature. The
result is shown in Fig. 7a, and the self-suspended nanopar-
ticles capped by perfluorinated ligands showed negligible
evaporation over more than 100 days at temperatures up to
50 °C. When the temperature reached 90 °C, the evaporation
rate was more than 50% lower than that of perfluorinated
ligand without nanoparticles. Zhang et al. [88] reported a
UV-responsive slippery surface based on silicone oil and
a porous silicon-based substrate containing azobenzene
groups. Since the substrate has a porous network structure,
the lubricant and the substrate also have good chemical affin-
ity. Therefore, a large amount of silicone oil is retained on
the surface of the substrate and the porous network structure
inside (see Fig. 7b). When the lubricant layer on the sur-
face is lost, due to the conformational transformation of the
azobenzene groups under UV light irradiation, the lubricant
lost from the surface could be self-replenished, eventually
rebuilding a new lubricant layer to reform the slippery sur-
face. The conformational change of the azobenzene groups
causes the substrate to shrink slightly, and the silicone oil
stored inside is squeezed and released to the surface to form
a new lubricant layer to restore slippery performance. It has
been proved that this kind of SLIPS can repeatedly restore
the surface lubricant layer, exhibiting good chemical and
physical stability under a variety of difficult environments
and significantly improving the service life of SLIPS (see
Figs. 7c—7f). In addition, Deng et al.[89] imitated the lubri-
cation mechanism of earthworms and designed a liquid
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releasable polymer coating to introduce a texture structure.
The lubricating oil forms a randomly distributed embed-
ded block structure in the polymer substrate. Even if the
lubricating oil layer on the surface is lost, it will be quickly
released to the surface under external mechanical stimula-
tion to restore the original smooth surface.

Application
Antifouling

A variety of self-cleaning materials have been developed
for daily life, industry, the military, and other fields [48].
The superhydrophobic self-cleaning surface stimulated by
the “lotus leaf effect” is one of them. The surface wax
layer and multiscale microstructures work together to
cause a high contact angle and a low sliding angle. The
water droplets are spherical on the lotus leaf, so they can
easily roll in any direction, and dirt particles are also eas-
ily removed. However, the limited ability to resist oily pol-
lutants hinders its practical application to a certain extent
[23]. SLIPS has a low surface friction coefficient and a
very low sliding angle [90]. Compared with superhydro-
phobic surfaces, the sliding angle is usually less than 5°.
Although it is well known that the rolling of water droplets
is more conducive to removing pollutants than sliding, the
mechanical stability and omniphobic properties of SLIPS
confer more advantages. Therefore, slippery liquid-infused
porous surfaces have broad prospects for antifouling. For
example, in the food processing industry, pollution is a
common problem that requires a large amount of water
and energy for sanitation, and the significant impact on
the environment does not meet the requirements of cur-
rent social development. In response to the growth of dirt
on the stainless-steel walls of industrial equipment in the
dairy processing industry, Jimenez et al. [67] designed
a lubricant-infused surface on food-grade stainless steel.
The texture structure is introduced into the stainless-steel
substrate by femtosecond laser etching, and then the inert
perfluorinated oil is infused after modification by fluorosi-
lane. The contact angle hysteresis of the obtained SLIPS
is only 0.6°, providing superhigh sliding properties. Lei
et al. [90] designed an SLIPS based on porous poly-high
internal phase emulsion (HIPE) membrane with good
antifouling properties. When using silicone oil with low
surface tension as the injection liquid, the sliding angle
of water droplets on this poly HIPE-based SLIPS film is
about 3° and can easily repel oil-based pollutants such as
ink, coffee, and milk (see Figs. 8a and 8b). In addition, it
has good resistance to solid pollutants such as dust. The
liquid-infused slippery surface designed by Dong et al.
[71] on carbon steel can remove Fe;O, powder with
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Fig.7 a SLIPS prepared with fluorinated ligands and Fe;O, nanoflu-
ids, showing the percentage of lubricant mass loss caused by evapora-
tion at different temperatures. The red color represents Fe;O, nano-
fluid and the black color represents fluorinated ligand. Reproduced
with permission [87]. Copyright 2020, ACS. b The preparation pro-
cedure and UV-responsive behavior of UVRSs (RT: room tempera-
ture; VL: visible light). ¢ The change in ice adhesion strength as the

sliding water droplets (see Figs. 8c and 8d). Guo et al.
[91] used ultraviolet light to graft polydimethylsiloxane
onto ZnO nanorods and then infused silicone oil to prepare
a lubricant-fixed slippery surface. This slippery surface is
not only resistant to common liquids in daily life such as
water, ketchup, and honey (see Fig. 8e), but after being
boiled for 15 min, the water droplets can still slide at an
inclination angle of 4°. After soaking in strong acid/alkali
solution for 400 h, the surface still exhibits excellent slip-
pery stability. This liquid-infused slippery surface, which
can withstand harsh environments and remain stable, has
huge practical application potential. We believe that anti-
fouling with superhydrophobic surfaces is an inevitable
choice for the continued development and progress of
human society.

2 3 4

. 6
Time (day)

number of cycles between CPDSI and UVRS increases. d The slid-
ing velocity and mass change after UVRS is immersed in water and
then rotated at a speed of 200 r/min. e Changes in contact angle and
sliding velocity when UVRS is maintained at 80 °C with increasing
time. f Sliding velocity and contact angle of liquids with different pH
values on UVRS. Reproduced with permission [88]. Copyright 2020,
Royal Society of Chemistry

Anti-icing

The problem of ice accumulation has always been unavoid-
able in life and industry, especially for equipment that is
exposed to the natural environment year-round, such as high-
voltage power lines, railroad tracks, airplanes and ships, and
communication facilities [24, 92-96]. Ice accumulation can
cause damage to equipment, interfere with its normal oper-
ation, and increase maintenance costs. The use of human
resources or mechanical deicing equipment is expensive and
inefficient, but these were the only options before super-
hydrophobic surfaces were developed. Studies have found
that icing is significantly delayed when water is on a supe-
rhydrophobic surface [97]. This is because the contact area
between water droplets and the surface is reduced, resulting
in a decrease in the nucleation center of ice crystals. How-
ever, the freezing of water on a superhydrophobic surface is
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Fig.8 a PDMS-infused poly (high-internal-phase emulsion) tem-
plates for the construction of slippery liquid-infused porous surfaces.
b Repelling a series of liquid and solid pollutants. Reproduced with
permission [90]. Copyright 2019, ACS. ¢, d Self-cleaning test of
basic steel (upside) and sliding surface (downside) with an inclina-

a complicated phenomenon [48]. It not only depends on the
water repellency of the surface, but on the particle size of
the exposed rough structure. Jung’s research shows that the
surface of nanoscale particles close to the critical nucleation
radius has better ice resistance [98]. At the same time, the
environment may also greatly change freezing performance.
For example, under high-humidity conditions, a superhydro-
phobic surface cannot resist icing [24, 99]. SLIPS provides
a slippery and chemically uniform surface and may elimi-
nate the nucleation center whether on the surface or on the
edge [98], effectively reducing ice formation and adhesion
under high-humidity conditions [93]. Aizenberg et al. [93]
developed an SLIPS prepared on an aluminum surface (see
Fig. 9a), which not only effectively removes surface ice/frost
condensation, but also has ice adhesion that is at least an
order of magnitude lower than other materials. They used
the electrodeposition method to deposit corrosion-resistant
highly textured polypyrrole (PPy) on the aluminum substrate
and then injected lubricant to meet the SLIPS standard after
fluorination modification. Compared to the untreated alu-
minum surface, the contact angle hysteresis is significantly
reduced. In addition, the aluminum-based SLIPS still has
good ice resistance under environmental conditions of up
to 60% humidity (see Figs. 9b—9f). Later, they explored the
effect of SLIPS on the nucleation of supercooled water and
designed SLIPS based on an aluminum pan [100]. Compared
with untreated aluminum and superhydrophobic surfaces
that freeze under high-humidity conditions, SLIPS has the
lowest nucleation temperature, and it remains stable after
150 freeze—thaw cycles. Juuti et al. [101] also designed a
slippery liquid-infused surface with good ice adhesion
resistance on TiO, nanoparticles (see Fig. 9g). The adhesion
strength of ice is measured by centrifugal force, and the ice
is separated from the surface under the action of centrifugal
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tion angle of 15° with Fe;0, solid particles as pollutants. Reproduced
with permission [71]. Copyright 2019, Elsevier. e Resistance to a
series of common liquids. Reproduced with permission [91]. Copy-
right 2019, Royal Society of Chemistry

force (see Fig. 9h). The results show that the ice adhesion
strength of SLIPS is as low as 12 kPa, and the ice resist-
ance performance is significantly better than other surfaces.
After multiple ice adhesion cycles, performance was still
undiminished. Similarly, the SLIPS prepared by Long et al.
on magnesium alloy with a spraying method also showed
better ice resistance than superhydrophobic surfaces (SHS)
[102] (see Fig. 91). The ice adhesion strength is expressed
by the pulling force required to pull three different surfaces
(bare Mg sheet, SHS, SLIPS) out of the ice surface, and the
results show that the tensile force required to pull off the
surface without lubrication is about six times that required
for SLIPS (see Figs. 9j and 9k). After multiple refrigeration
cycles, the sliding angle of SLIPS still remained at a low
level (see Fig. 91). As an anti-icing surface, SLIPS has a vari-
ety of excellent properties, but there are still some problems
to be solved. Regardless of the purpose, the service life and
efficiency are not negligible factors in practical applications.
Preventing loss of lubrication during the deicing process and
eliminating edge ice nucleation is a promising direction for
future research.

Biomedical applications

Biofilm adhesion and blood adhesion are unavoidable prob-
lems in medical equipment use and medical implants. Bio-
logical fouling of medical devices may cause blood clot for-
mation, pathogen adhesion growth, or implant fibrosis [21,
25, 103]. The medical approach to preventing these devices
from causing thrombosis and pathogen contamination is the
use of blood thinning drugs and antibiotics. However, these
medications may cause excessive bleeding and pathogen
resistance, so it is preferable to solve the problem of biofilm
adhesion from the device side. SLIPS provides materials
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Fig.9 a Aluminum with anti-icing coating. b Fraction of the surface
covered by ice on large aluminum samples as a function of cooling
time at —2 °C and at 60% humidity. c—f Representative photographs
of Al (top) and SLIPS-Al (bottom) under high-humidity conditions:
initial, cooling, frozen, and heating. Reproduced with permission
[93]. Copyright 2012, ACS. g Schematic diagram of the preparation
of SLIPS on LDPE. h Measurement results of surface ice adhesion

with the ability to resist most biological fluids and has great
potential in biomedical applications [25]. Leslie et al. [104]
added perfluorodecalin (LP) to tethered perfluorocarbon
(TP) to form a smooth liquid film layer to resist biofilm
adhesion, effectively resist blood and blood components, and
prevent bacterial adhesion. Furthermore, they suggested that
this smooth liquid film coating can be used on almost any
medical-grade material surface. Similarly, Yin et al. [105]
prepared a lubricant-infused surface by injecting fluorocar-
bon liquid into a fluorocarbon-tethered wrinkling surface to
resist the adhesion of bacteria and blood, in turn prevent-
ing protein adhesion (see Figs. 10a and 10b). In addition,
compared to poly (styrene-b isobutylene-b-styrene) (SIBS)
references, the adhesion amount of E. coli and Staphylo-
coccus aureus after 24 h of incubation decreased by about
98.8% and 96.9%, respectively (see Figs. 10c and 10d).
However, blindly resisting adhesion also seems to have a
negative impact in certain applications that rely on targeted
adhesion [106, 107]. Didar et al. [106] reported a lubricant-
infused surface that can resist adhesion of biological fluids
while promoting targeted binding of desired antibodies. A

strength on four surfaces. Reproduced with permission [101]. Copy-
right 2017, American Institute of Physics. i Schematic diagram of
the process of preparing SLIPS on magnesium alloy. j Frozen pho-
tos. k Photograph of pulling three kinds of surfaces out of the ice. 1
Changes in the sliding angle between SLIPS and the surface without
lubricating fluid after multiple refrigeration cycles. Reproduced with
permission [102]. Copyright 2020, Elsevier

chemical vapor deposition (CVD) method is used to prepare
self-assembled monolayers (SAMs) of a mixture of 3-amino-
propyltriethoxysilane (APTES) and trichloro(1H,1H,2H,2H-
perfluorooctyl)silane (TPFS), and then a lubricant is infused
to form lubricant-infused surfaces (see Fig. 10e). This slip-
pery surface not only has the characteristic of resisting
biological fluids, but by changing the mixing ratio of the
two materials, the adhesion degree of the cells that need
to be targeted for binding can be adjusted. This is a major
breakthrough for the use of biosensors and bioimplants. Zou
et al. [108] proposed a composite patch film with anisotropic
surface wettability and adhesion in order to enhance tissue
repair after surgical treatment. This composite membrane is
composed of an anti-adhesive SLIPS and a sticky hydrogel
surface, which can quickly induce cell adhesion and growth
while avoiding any adhesion to adjacent visceral tissues
(see Fig. 10f). It is widely reported that the use of SLIPS-
based coatings on medical devices can prevent the growth
of pathogens. In fact, this is not accurate. This method has
certain limitations. Even if pathogens are not attached to
the surface of medical equipment, they can still spread in
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Fig. 10 a Fabrication of a fluorocarbon liquid-infused wrinkling sur-
face. b Blood coagulation index of three kinds of surfaces. Among
them, black represents SIBS, red represents fluorocarbon-tethered
wrinkling surface (FTWS), and blue represents fluorocarbon liquid-
infused wrinkling surface (FLIWS). A higher blood coagulation
index means that the surface has better antithrombotic properties. ¢
Crystal violet staining-based quantification of adherent E. coli after
incubation for 24 h. d Crystal violet staining-based quantification of
adherent S. aureus after incubation for 24 h. Reproduced with per-
mission [105]. Copyright 2015, ACS. e Using chemical vapor depo-

nearby human tissues. Palecek et al. [22] reported a multi-
functional slippery surface that not only prevents adhesion,
but also inhibits the proliferation of surrounding pathogens.
Additionally, they injected an antibacterial agent into the
nanoporous polymer, which can kill bacteria as the lubricant
is released to the surroundings. Like other SLIPS reported,
it can greatly reduce the adhesion of bacteria on the surface,
and has a significant inhibitory effect on C. albicans after
the addition of antibacterial agents (Fig. 10g). This method
further expands the scope of application of SLIPS in the
medical field. Finally, SLIPS seems to offer a perfect solu-
tion for resisting the adhesion of biofilms, yet there are still
some problems that require more in-depth thinking and fur-
ther research, such as whether SLIPS can completely prevent
thrombosis and bacterial adhesion, whether it can maintain
good stability within the organism, whether it will affect
the growth of healthy cells while inhibiting the growth of
bacteria, and whether the injected lubricant has issues such
as toxicity.

Microfluidic manipulation

Traditional methods of manipulating continuous microflu-
idics usually require liquids to be contained in microchan-
nels and then controlled by pumps and valves [109]. These
devices are not only expensive and complicated, but also, the
movement of liquids is limited by the length of the channels.
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sition or a liquid deposition method creates a schematic diagram of
the biofunctional lubricant injected into the surface. Reproduced with
permission [106]. Copyright 2018, ACS. f Schematic diagram of
composite patch film. Reproduced with permission [108]. Copyright
2020, ELSEVIER. g The metabolic activity of Candida albicans on
the surface of bare glass, SLIPS-coated glass, and SLIPS-coated glass
with triclosan (left) and the activity of planktonic yeast growing in
the surrounding medium (right). Reproduced with permission [22].
Copyright 2016, Wiley—VCH Verlag

Droplet-based microfluidic manipulation can be applied in
the fields of biology, chemistry, and medical analysis. This
discrete droplet transfer can be performed without compli-
cated channels and power equipment, and is a reliable way
to achieve the same effect. The commonly used methods
of driving droplets are surface acoustic wave [110], static
electricity, magnetism, and thermal polarization [111]. The
movement of droplets on a solid surface is related to the
pinning of the contact line caused by the contact angle hys-
teresis. Reducing the solid—liquid contact area can reduce
the pinning of the contact line. SLIPS can produce a sur-
face liquid layer that causes smaller contact angle hyster-
esis, so they can greatly enhance the application potential of
microfluidic manipulation of droplets. Fu et al. [110] used
a surface acoustic wave (SAW) method to drive droplets on
SLIPS (Figs. 11a—11c). In order to ensure that the droplets
can be successfully driven, the thickness of the lubricant
layer is designed to be much smaller than the wavelength
of the ultrasonic wave to reduce the ultrasonic resistance of
the liquid layer. This method of using SAW to drive droplets
can move them stably along the ultrasonic propagation path
and is superior because of its low cost and good repeat-
ability. The phase change based on the lubricant can also
adjust the movement of the droplets on SLIPS. Chen et al.
[112] injected paraffin wax into the olivine crystal thin film
of the orderly assembled silica (SiO,) nanoparticles and
found that the prepared SLIPS could control the movement
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(b)

Voltage on
—n

Voltage off

Fig. 11 a Schematic diagram of the interaction between SAW and
droplets on the surface of SLIPS. b 2 pl DI water is applied to the
surface without silicone oil injection. ¢ The surface injected with
silicone oil at an SAW power of 0.19 s. Reproduced with permis-
sion [110]. Copyright 2017, American Physical Society. d Schematic

of the droplets. The conversion of paraffin wax between
solid phase and liquid phase is adjusted by electric heating.
When the DC power supply is connected, the paraffin on
the conductive path melts, and the droplet will move along
the path. As long as the conductive path is changed, the
droplet movement path can be flexibly controlled. Li et al.
[113] also reported a study of a lubricant phase change to
guide the movement of droplets. Paraffin was infused into
the zinc oxide film of a micropillar array and combined with
a silver nanowire heater (Fig. 11d). With a connected DC
power supply, the droplets become movable from the pin-
ning due to the melting paraffin. This method can be used to
manipulate the moving path of droplets on a complex three-
dimensional surface, and it has good circulation capabilities
(Fig. 11f). The transition of surface wettability can also be
used to complete the movement of droplets. Zhang et al. [88]
designed a smart UV-responsive SLIPS in which silicone oil
is infused into a porous silicon substrate containing azoben-
zene groups. Under ultraviolet light with a wavelength of
365 nm, the azobenzene groups undergo a conformational
transformation and lose the lubricant to change the wetting
behavior. Therefore, the path of the droplet movement can
be manipulated by changing the pattern of the UV mask to
achieve complex droplet migration. In addition, the color of
the illuminated part will also change, and the pattern of the
path and the route of the droplet can be predicted clearly.
This new method advances the application of SLIPS in lig-
uid manipulation and microfluidics (Fig. 11e). In addition to
the abovementioned methods, manipulation of droplet move-
ment by introducing electric potential to change wettability
or magnetism has also been reported [66, 83, 114, 115]. The
application of droplet-based microfluidic manipulation in the

diagram of paraffin-infused SLIPS combined with silver nanowires.
e Dynamic control of droplet movement on CUVRS with three com-
plex channels. f In situ reversible droplet control between pinning and
sliding on multidimensional surfaces. Reproduced with permission
[113]. Copyright 2019, ACS

fields of chemistry, biology, and medical analysis has great
potential. Although many new strategies have been proposed
for the application of SLIPS to droplet manipulation, the loss
of lubricant is still an inevitable problem, and the realization
of complex droplet guiding paths is also difficult. Therefore,
more exploration will be essential.

Summary and outlook

Slippery liquid-infused porous surfaces, as an emerging
type of omniphobic surface, are conceptually different
from superhydrophobic surfaces inspired by the lotus leaf
effect. In imitation of the inner wall of the insect trap of the
Nepenthes pitcher plant, a lubricant with low surface ten-
sion is infused into a porous substrate material to prepare
a repellent surface containing a thin liquid layer. The sur-
face not only has superhydrophobic performance including
self-cleaning, anti-icing, and anticorrosion, but the injected
lubricant also gives it unique pressure stability, self-healing
capability, and extremely low contact angle hysteresis. In
application, this slippery performance makes SLIPS more
advantageous in anti-icing and anti-fouling. Since the lubri-
cant layer is in direct contact with the repelled liquid instead
of the solid surface, the lubricant can be adjusted to adapt to
different environments and has fewer requirements for the
type and micromorphology of the substrate. SLIPS can be
constructed on most materials, including metals and metal
alloys, nonmetallic materials, and porous polymers, which
greatly expands its application range. However, there are
still some problems for practical application. The incorpo-
ration of lubricants is two-sided. Although it adds excellent
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characteristics to SLIPS, it also brings additional challenges.
All the characteristics of the slippery liquid-infused porous
surface are based on the stability of the liquid-infused sys-
tem. Once the lubricant layer is worn out, function is lost.
Therefore, overcoming lubricant loss is an important direc-
tion for future research. In medical applications, in addition
to focusing on stability, we must also focus on the nontoxic-
ity of lubricants. At present, it has been proven that some
lubricants do not affect cell growth, including perfluoro-
dodecane (PFD), perfluoropolyether (PFPE), and silicone
oil, and more biocompatible lubricants can be explored. In
addition, most lubricants are fluorine-containing compounds
which are harmful to the environment and do not conform
to the scientific concept of sustainable development. There-
fore, environmentally friendly lubricants must be the general
trend. In brief, although there are still some shortcomings in
practical applications that will require continuous improve-
ment, SLIPS provides new ideas and new methods for solv-
ing the problems faced in many fields and has far-reaching
research significance.
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