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Antibacterial surfaces are surfaces that can resist bacteria, relying on the nature of the material itself. It is significant for safe food
and water, human health, and industrial equipment. Biofilm is the main form of bacterial contamination on the material surface.
Preventing the formation of biofilm is an efficient way to develop antibacterial surfaces. The strategy for constructing the
antibacterial surface is divided into bacteria repelling and bacteria killing based on the formation of the biofilm. Material surface
wettability, adhesion, and steric hindrance determine bacteria repelling performance. Bacteria should be killed by surface
chemistry or physical structures when they are attached to a material surface irreversibly. Killing approaches are usually in the
light of the cell membrane of bacteria. This review summarizes the fabrication methods and applications of antibacterial surfaces
from the view of the treatment of the material surfaces. We also present several crucial points for developing long-term stability,

no drug resistance, broad-spectrum, and even programable antibacterial surfaces.

antibacterial surface, bacteria repelling, bacteria killing

Citation:
10.1007/s11431-021-1962-x

Yang X M, HouJ W, Tian Y, et al. Antibacterial surfaces: Strategies and applications. Sci China Tech Sci, 2022, 65: 1000-1010, https://doi.org/

1 Introduction

As the most numerous living organisms on earth, bacteria
have a profound influence on human activities, ranging from
industrial operations to human health [1,2]. Bacteria can be
used for producing yogurt, wine, antibiotics and can be ap-
plied to other biotechnological fields [3—5]. However, the
considerable problems caused by bacteria also present a big
challenge. For example, bacteria threaten the quality and
safety of food and water, leading to various human diseases.
Bacteria exist not only in the bulk phase but also on surfaces
that play an important role in their growth, proliferation, and
spreading. In most cases, bacteria gather on the surface of
different materials and generate biofilm [6]. Biofilm often
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causes biological pollution in a variety of industries, in-
cluding adhering to the inner wall of water pipelines result-
ing in poor water quality [7], adhering to the hull surface
resulting in marine equipment corrosion, and increasing re-
sistance and energy consumption [8,9]; biofilm formed on
the surface of implanted biomaterials can cause serious harm
to the human body, in terms of infection [10—13]. Thus, the
development of an antibacterial surface is of significance to
prevent the potential threats from bacteria in a range of in-
dustries and applications.

Traditional approaches for constructing antibacterial sur-
faces are usually based on the leaching of encapsulated
biocides such as triclosan, yet these approaches can result in
environmental pollution and bacterial resistance. Surface
modification can endow materials with remarkable func-
tionalities such as superwetting, anti-icing, anti-reflection,
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drag reduction, self-cleaning, and self-healing, using physi-
cal and chemical approaches [14]. Antibacterial surfaces can
also be fabricated by the interdisciplinary of chemistry,
physics, and materials science. Unlike the noxiousness of the
previous bactericides, intrinsic antibacterial properties of
modified surfaces are more environmentally friendly and can
be adapted to various application situations by selecting the
surface topography and chemical properties [15—18].

Biofilm is the primary form of surface bacterial con-
tamination, which causes serious problems and can easily
lead to drug resistance. It is difficult to remove biofilm
completely by conventional sterilization methods [19]. The
most efficient surface antibacterial method is to prevent the
formation of biofilm. The process of biofilm formation can
be divided into four stages including, the reversible contact
stage, irreversible contact stage, colony formation stage, and
biofilm maturation stage [20]. Based on the formational
stages of biofilm on solid surfaces, antibacterial processes
can be divided into bacterial repel-ling before attachment and
bacterial killing after attachment.

It is difficult for bacteria to form biofilm on a repelling
surface, as bacteria attachment is the first step of biofilm
formation. Therefore, an important strategy to prevent bio-
film formation is by limiting the initial adhesion of bacteria
to solid surfaces. Bacteria repelling properties are dictated by
surface roughness, hydrophobicity, electrostatic interactions,
van der Waals forces, and steric hindrance [21]. Once bac-
teria are attached to the surface irreversibly, the remedial
action is to kill them through chemical substances or inhibit
them through physical structures. For example, bacteria can
be killed by modified positive functional groups on the
surface, since there are some anionic lipids on the phos-
pholipid bilayer of the bacterial outer membrane (Figure 1).
Surfaces treated with sharp microstructures also inhibit
bacteria by puncturing cell membranes or limiting their ac-
tivity. In this paper, we will review the antibacterial surface
from the view of material surface modification, including
physical topography, chemical molecules, and their syner-
gism.

This review is divided into two main parts. The first part
will introduce the antibacterial surface treatment strategies,
whilst the second part concerns the application of developed
antibacterial surfaces. The aim of this review is to provide
newcomers to the field a reference compilation, background
information and proper guidance in the design and prepara-
tion of novel antibacterial surfaces.

2 Surface antibacterial strategies
Bacteria, as a common form of life, is widely distributed in

the environment. Bacteria come in various shapes such as
coccus, bacillus, and spiral and their sizes range from 0.5 to
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50 um. The structure of bacteria mainly consists of the cell
walls, cell membranes, cytoplasm, and nucleoids. Based on
the physiological characteristics of bacteria, researchers de-
veloped various surface antibacterial strategies. Antibacterial
strategies can be broadly divided into bacterial repelling and
killing, as shown in Figure 2. Repelling prevents bacteria
from adhering to the surface, whilst killing refers to killing
the bacteria that contact or come near to the surface. Both
strategies rely on the prevention of bacterial reproduction to
inhibit biofilm formation.

2.1 Surface treatment strategies for bacterial repelling

Surfaces that are bacterial repelling are capable of inhibiting
the interaction between the material surface and surface
bacterial proteins or proteins within the bacterial body. By
processing the material surface with a micro-nano structure
or adjusting the hydrophobicity of the surface by chemical
methods, the surface can effectively reduce the initial at-
tachment of bacteria and the formation of biofilm, so as to
achieve an efficient antibacterial effect.

2.1.1 Superhydrophobic surface for bacterial repelling

The superhydrophobic surface shows a water contact angle
higher than 150° and a small contact angle hysteresis less
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Figure 1 (Color online) Brief schematic diagram of the surface structure
of the bacterial cell membrane. The phospholipid bilayer on the bacterial

cell membrane contains anionic lipids, which make the bacterial surface
negatively charged.
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Figure 2 (Color online) Surface antibacterial strategies of repelling and
killing.
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than 5° due to its microstructure and low surface energy. The
large size microstructure (0.5-5 um) on the super-
hydrophobic surface can effectively reduce the adhesion of
bacteria, and at the same time, reduce the risk of colony
formation [22,23]. Researchers have shown that when the
microstructural pattern size on the surface is close to the size
of the bacteria, the contact points provided for the bacteria
will be reduced. The reduction of contact points makes the
attachment of bacteria on the surface difficult, thus inhibiting
the formation of biofilms effectively [24]. Researchers have
proposed a mechanism that can further explain this (Figure 3)
[25,26]. A layer of air bubbles forming between a super-
hydrophobic surface and liquid makes bacterial cells slide
down with nano-scale bubbles. Because bacteria are unable
to cross the air-water interface, eventually, they will accu-
mulate at the tri-phase interface that provides the best shelter
from water turbulence.

There are many superhydrophobic surfaces with self-
cleaning abilities in nature, such as the lotus leaf, and the
eyes of mosquitoes and flies. At present, many bioinspired
approaches to fabricate superhydrophobic surfaces have
been developed, such as surface deposition, polymer surface
solvent treatment, and chemical or physical etching [27].

Bacterial
cell

bacterial cells

Lotus-like
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Figure 3 (Color online) Superhydrophobic surfaces with antibacterial
properties. (a) The superhydrophobic lotus leaf for bacterial repelling [26];
(b) bacteria accumulate on the tri-phase interface of the Ti surface with
similar micro-nano structures like on a lotus leaf. Bacteria slide down
through the nano-scale bubbles between the sidewall of the nanocolumn
and water, eventually becoming trapped and accumulating in the nanoto-
pographyical gap, which provides the best shelter from water turbulence
[25].
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2.1.2  Superhydrophilic surfaces for bacterial repelling
Differing from the bacterial repelling mechanism of the su-
perhydrophobic surfaces using micro-structures, super-
hydrophilic surfaces modified with zwitterionic polymers
also exhibit excellent anti-fouling performance. The reason
for superhydrophilic surfaces being bacterial repelling is
because hydrophilic molecules can induce hydration and
form a layer of water on the surface. The hydration layer
endows the surface with excellent resistance to non-specific
proteins and microorganisms, such as bacteria and plankton
in the ocean [8,9].

One of the approaches of preparing superhydrophilic sur-
faces is through the grafting process, which is divided into
“grafting to” and “grafting from” [28]. “Grafting to” means
directly linking the hydrophilic polymer onto the surface by
covalent bonds, while “grafting from” means that the
monomer is grafted first, and then polymerization is initiated
on the surface. At present, the methods used to graft highly
hydrophilic polymers to the surface of materials to achieve
bacterial repelling properties are mainly through surface-
initiated active/controllable free radical polymerization re-
actions such as reversible addition-fragmentation chain
transfer polymerization (RAFT) and atom transfer free ra-
dical polymerization (ATRP) [29,30].

2.1.3  Slippery surfaces for bacterial repelling

The micro-texture on the surface of Nepenthes can lock in
the intermediate liquid, turning itself into an efficient re-
pellent surface. Inspired by Nepenthes, Wong et al. [31]
designed a porous surface infused with a lubricating liquid.
Introducing a micro-nano-scale rough structure and allowing
the lubricating fluid to diffuse on the surface through
capillary action can make the surface have excellent anti-
adhesion properties. Due to the strong van der Waals at-
traction between the lubricating liquid and the structured
surface, the lubricating liquid can be firmly adsorbed in the
rough structure on the surface. As a lubricant injected into
the surface, it can effectively prevent the adhesion of bac-
teria.

Researchers have designed various slippery antibacterial
surfaces. Doll et al. [32] used commercial femtosecond laser
systems to achieve hierarchical micro-and-nano-sized
spikes, and then dip-coated perfluoropolyether lubricants
with different viscosities on the prepared samples to obtain a
liquid-infused surface. The study found that intermediate
viscosity perfluoropolyether lubricants exhibited the stron-
gest anti-bacterial adhesion effect and can persistently and
effectively inhibit the formation of biofilms. Li et al. [33]
grafted a layer of polybutyl methacrylate-co-ethylene di-
methacrylate (BMA-EDMA) with the porous structure on
the glass surface through UV-initiated radical polymerization
(Figure 4). By smearing excessive amounts of per-
fluoropolyether on the inclined prepared surface, and al-
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Figure 4 (Color online) Slippery antibacterial surface. (a) Schematic il-
lustration of the fabrication of the slippery BMA-EDMA surface by in-
fusing the porous polymer with a perfluoropolyether fluid; (b) the
antibacterial properties of this slippery surface [33].

lowing the excess to flow out naturally, a liquid-infused
antibacterial slippery surface is obtained. This surface ex-
hibits excellent anti-bacterial adhesion and anti-biofilm for-
mation properties in bacteria solutions of low concentration
media. However, it does not perform well in bacterial solu-
tions with a high concentration media.

2.2 Surface treatment strategies to Kkill bacteria

Once the surface fails to repel bacteria, the next option is to
kill them through modified surface properties, to realize the
surface antibacterial function. A variety of approaches have
been used to construct bactericidal surfaces. The re-
presentative ones include covering the surface using metal
nanoparticles, cationic polymers, antimicrobial peptides, and
structuring the surface on a micro-nano scale. The next part
of this review will summarize the disinfection principles and
treatment processes of different bactericidal surfaces.

2.2.1 Coating the surface with metal nanoparticles

Silver nanoparticles are currently one of the most widely
used bactericidal agents with spectral antibacterial effects.
The bactericidal properties of silver nanoparticles come from
the direct interaction between the nanoparticles and the silver
ions released from silver. When bacteria attach to silver
nanoparticles, the silver nanoparticles will induce local
membrane perforation. Nanoparticles can be internalized
through the broken membrane, leading to further damage to
the bacteria. Ag’ released from silver nanoparticles is the
crucial factor in the antibacterial process. The bactericidal
ability of silver nanoparticles is also derived from the in-
duction of Ag-related reactive oxygen species [34]. Studies
have shown the Ag" generation process as

4Ag(0)+0, — 2Ag,0 (1)
2Ag,0+4H" — 4Ag+2H .0 )

The silver nanoparticle is used in surface antibacterial
treatments in a variety of ways, such as physical or chemical
deposition and magnetron sputtering [35,36]. The nano-
particle coating allows Ag' to be released from the surface
over time.

Cu also exhibits excellent antibacterial properties as it can
be quickly oxidized to Cu’” ions in air or water media, which
can interfere with the oxidation of proteins, cause DNA and
RNA molecule cleavage and generate reactive hydroxyl ra-
dicals which break down the membranes of bacteria as a
result of lipid peroxidation [37,38]. There have been many
studies on the processing of copper into nanoparticles, and
loading them on the surface in various ways for antibacterial
applications [39,40]. Cometa et al. [39] designed a copper
nanoparticle, encapsulated, hydrogel antibacterial coating
that can be firmly attached to the surface of stainless steel.
The stainless steel surface shows excellent antibacterial
properties after being treated. Benetti et al. [40] adopted
supersonic cluster beam deposition technology to condense
Ag, Cu, and Mg into nanoparticles, which are deposited and
adhere to surfaces of the soda-lime glass substrate. The
prepared surface shows excellent broad-spectrum anti-
bacterial activity.

2.2.2  Grafting the surface with cationic polymers

Considering the negative charge on the bacterial cell mem-
branes, there are many reports regarding the use of cationic
polymers to achieve better surface bactericidal effects.
Quaternary ammonium salt is the most widely used cationic
antibacterial polymer. Two antibacterial mechanisms are
proposed. One is that long-chain cationic polymers can
pierce the cell membrane of bacteria like a needle piercing a
balloon, and the other is that the proximity of the cationic
chain will cause the anion in the bacterial cell membrane to
dissociate, leading to membrane breakdown and death of the
bacteria [41]. Cationic polymers can construct a contact-
killing bactericidal surface through grafting, coupling, or
covalently bonding a cationic polymer layer on the material
surface, making the material obtain a stable contact ster-
ilization ability. Chen et al. [42] grafted poly{1,3-bis(N,N-
dimethyl-N-octyl ammonium)-2-propyl acrylate dibro-
mide} (PAGCS8) with a dual cationic group and dual hy-
drophobic tail onto the silicon wafer by surface-initiated
atom transfer radical polymerization (SI-ATRP). A cationic
polymer brush layer with ultra-high cationic surface charge
density is formed on the silicon wafer. Compared with sur-
face modifications with only a single cationic group
(PASC,), or a single cationic group with a single hydro-
phobic tail (PASCy), this polymer can more effectively ad-
sorb bacteria and insert the phospholipid bilayer of the
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bacterial cell membrane to kill the bacteria (Figure 5 [42]).
Liu et al. [43] prepared a phosphonate/quaternary amine
block polymer. The phosphate group at the tail allows this
cationic polymer to form a strong covalent bond with the
metal substrate, while the cationic chain at the head exerts
the antimicrobial effects. By varying the repeated unit
number of cationic segments, it was found that polymers
with longer cationic segments have better bactericidal abil-
1ties.

2.2.3 Fabricating bionic antibacterial surfaces with a
nano-scale structure
The surfaces of certain organisms in nature have natural
bactericidal functions, such as insect wings (cicada/dragon-
fly wings), moth eyes, and gecko skin. For some, the anti-
bacterial effect is achieved by killing the attached bacteria on
their surface. For example, the surface of cicada wings has
nano-scale, three-dimensional patterns, which are smaller
than the size of bacteria, as shown in Figure 6 [44,45]. When
bacterial cells are adsorbed onto them, the cell membrane
will be stretched by the nano-pillar [46].

If 7, is set to be the strain of the vertices, then the strain at

the dividing line Tr0 can be regarded as [47]
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rupture, thus achieving the bactericidal effect. This kind of
surface can kill bacteria, yet dead bacteria accumulate on the
surface and are not easily removed. Various surface pro-
cessing techniques have been used to prepare biomimetic
micro/nano-scale structures, including reactive ion beam
etching [48], plasma etching [49], microwave plasma che-
mical vapor deposition [48], and nanoimprint lithography
[50].

Ge et al. [51] prepared a bionic cicada wing with a nano-
structured and fluorinated hydroxyapatite surface using the
electrochemical method. Through tuning the working para-
meters of the electrochemical method (including potential,
current density, and duration), it is possible to obtain na-
nostructures with a precise, large size for effective surface
antibacterial effect. Polyetherketone is a material widely
used in orthopedic surgeries. Ye et al. [52] penetrated the
polyether ketone into a porous anodic aluminum oxide
template to obtain the polyether ketone sheet with bionic
cicada wing nanostructures.

3 Surface antibacterial applications

Since biological materials make contact with the internal or
external environment of the human body, it is of great sig-
nificance to endow biological materials with antibacterial
properties. The antibacterial surface ensures safety towards
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Figure 5 (Color online) An antibacterial surface grafted with a cationic polymer. (a) Synthetic routes of different polymer brushes; (b) schematic
illustration of antibacterial mechanisms and antibacterial efficiency changing with cationic polymer brush density [42].
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(a) (b)

Figure 6 (Color online) Cicada wings with the bactericidal ability and
their mechanism. (a) Photo of a cicada [44]; (b) schematic representation of
a bacteria adsorbed onto the nanopillars of a cicada wing; (c) bacteria
collapse onto the surface due to the cell membrane being stretched between
the nanopillars [45]; (d) a schematic diagram of the side-elevation of the
bacterial membrane adsorbed on two neighboring nanoridges, where H is
the height of the nano ridge, 2R is the bottom width of the nanoridge, S is
the contact area of the bacterial membrane covering the nano ridge, and Sy
is the suspended membrane area. r is the distance from the dividing line to
the x-axis, and D is the distance between two neighboring nanopillars.

the biological material and prevents functional failure when
acting upon the human body. Many studies have been con-
ducted based on the surface modification of various implant
materials in order that they possess antibacterial properties.
In addition, antibacterial modification of fabrics is desirable
for people’s daily lives with the awareness of the improve-
ment it can bring to hygiene and health. Next, we will in-
troduce the applications of antibacterial surfaces in
orthopedic implants, medical catheters, and fabrics.

3.1 Orthopedic implants

The embedding process of orthopedic implants into the hu-
man body takes place in an air environment, meaning there is
a bacterial infection risk. If bacteria that have the ability to
form a biofilm are introduced by the implant itself or the
internal environment during the operation process, it will
lead to serious postoperative complications and even failure
of the implant function [53,54]. Infections caused by im-
planted devices seriously endanger the patient’s health, since
implant-related infection is difficult to eliminate through
normal antibiotic therapy and often requires surgical inter-
vention with secondary damage to the patient [55]. In order
to prevent bacterial adhesion and proliferation on the im-
plant’s surface and inhibit the formation of biofilm, anti-
bacterial modification is necessary in addition to
disinfection.

As shown in Figure 7 [56,57], the antibacterial modifica-
tion of orthopedic implants can also be divided into bacterial
repelling and killing, in addition to other specific properties.
Researchers have designed various surfaces for orthopedic
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Figure 7 (Color online) Applications in antibacterial orthopedic im-
plants. (a) Antibacterial properties and other necessary characteristics on
the surface of an orthopedic implant [56]; (b) the design of a bacterial
infection-responsive antibacterial material used in an orthopedic implant
[57].

implants to inhibit the formation of biofilms [58—60], such as
anti-adhesion surfaces, responsive biocides-containing
coating. Physical and chemical treatments are a simple and
effective approach for the surface preparation of antibacterial
implants. For example, increasing the wettability of the ti-
tanium alloy surface by ultraviolet radiation and transform-
ing the amorphous surface structure into anatase titanium
oxide by anodic oxidation, can conveniently and efficiently
reduce the adhesion of bacteria on the material surface
[61,62]. The high-density hydrophilic polymer coating on
the implant surface can also effectively reduce the adhesion
of bacteria by forming a tightly bonded water layer on the
surface [63]. In addition, the slowly released biocides on the
implant surface can effectively inhibit the formation of
biofilms [64,65]. Mg is widely used in cardiovascular and
orthopedic implants because of its good mechanical strength
and biodegradability [66]. The antibacterial agent carbox-
ymethyl chitosan can be immobilized on alkali-treated Mg
alloy to give Mg implants good antibacterial properties [67].

3.2 Medical catheters

As one of the most commonly used medical devices in
hospitals, catheter-related infection is a serious threat to the
patient’s health [68]. Urinary tract infections caused by ca-
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theters are responsible for approximately 80% of global
nosocomial infections [69]. It was reported to be of 6.8 in-
fections per 1000 central line days in Asia, and the crude
mortality rate due to catheter infection in ICUs is up to 25%
[70]. By monitoring patients suspected of catheter-related
infection in tertiary hospitals in China, researchers found that
19.2% of them were eventually diagnosed, and 17.4% died
within 30 days [71].

Studies have shown that indwelling catheter-related in-
fections caused by bacterial biofilms account for most
medical device infections. Among them, catheter-related
urinary tract infections and bloodstream infections are the
most common [72]. Antibacterial properties of medical ca-
theters mainly include antibacterial adhesion and steriliza-
tion. At present, the construction of antibacterial catheter
surfaces is mainly achieved via three methods: coating,
grafting, and bulk modification [73-76]. The coating is
mainly achieved by physical modification, that is, the anti-
bacterial agent is physically adsorbed to the polymer surface
through non-covalent bonds, including electrostatic interac-
tion, van der Waals force, hydrophobic interaction, multi-
dentate ligands, and n-m stacking [77,78]. Based on these
interactions, some technologies have been developed to build
coatings on the surface, including layer-by-layer self-as-
sembly and spin coating. The redox polymerization reaction
between methacryloyl ethyl sulfobetaine (SB) and ferrous
gluconate grafts the inner salt to the surface of the peripheral
venous catheter, which can significantly reduce bacteria
adhesion and biofilm formation in vivo and in vitro (Figure 8)
[79]. Amino cellulose nanospheres and polyanionic hya-
luronic acid can build an antibacterial coat through layer by
layer self-assembly on the 3-aminopropyltriethoxysilane
pretreated silicon resin catheter surface, the coating will
gradually decompose and release the antibacterial agent
when bacteria are present near the surface [80]. Yu et al.
[81,73] constructed an antibacterial coating on the surface
and lumen of catheters by van der Waals force, using poly-
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electrolyte-surfactant complexes. The coatings can be pre-
pared on the surface of various shapes and material types and
have broad-spectrum antibacterial properties and good bio-
compatibility. Experiments show that catheters prepared by
this method have anti-bacterial colonization abilities and also
show long-lasting antibacterial properties in vivo.

3.3 Fabrics

With today’s requirements for an improved quality of life
and health, antibacterial fabrics have gradually attracted
more attention, and many treatment methods for creating
them have been derived [82—85]. Excellent antibacterial
fabrics should have specific properties, including stability
and low pollution to aquatic ecosystems after multiple
washings. Cotton fiber containing silver nanoparticles, with
excellent leaching resistance, is prepared using an in-situ
synthesis method, which can effectively prevent water pol-
lution caused by traditional silver-containing fabrics
(Figure 9(a)) [84]. By sequentially immersing cotton fibers
in sodium hydroxide solution and a mixed solution of am-
monium hydroxide and silver nitrate, the microfibrillar
structure of the fiber firstly becomes swollen under alkaline
conditions, which provides silver nanoparticles with inner
channels. A complex [Ag(NHj;),] ion is formed in the mixed
solution, which can combine with cellulose oxyanions and
then be reduced to silver. After nucleation growth, silver
nanoparticles can be synthesized in situ in cotton fiber. This
processing method guarantees that the treated cotton fiber
still has a high antibacterial effect even after repeated
washing, keeping the killing rate of Pseudomonas aeruginosa
and Staphylococcus aureus above 99%.

Due to the COVID-19 pandemic, researchers are also
working on highly-effective protective masks, for example, a
sun-induced antibacterial/antiviral mask (Figure 9(b)) [85].
The bactericidal ability is derived from the photosensitizer
combined with the short cationic chain on the cotton fiber of
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Figure 8 (Color online) Strategy for constructing an antibacterial surface on the medical catheter. PolySB is bound to the surface of the PICC to form a
conformal polymer surface. The zwitterionic polySB modification coordinates both free and bind water molecules to create a hydrophilic antibacterial surface

[79].
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the mask. The photosensitizer combines with a polycation
short chain through strong electrostatic interactions. It can
produce a large amount of reactive oxygen species under
sunlight, which have strong microbial killing abilities and
hence offer good protection.

4 Summary and perspectives

Antibacterial surfaces are a way of preventing bacterial
contamination without the use of antibiotics. This review has
summarized the various surface antibacterial strategies, di-
vided into bacteria-repelling and bacteria-killing and their
applications, as summarized in Table 1. Textured and che-
mically modified surfaces for antibiosis have been devel-
oped. However, novel approaches and more breakthroughs

for designing stable and versatile antibacterial surfaces are
essential in order to adapt to different materials (including
polymers, textiles, semiconductors, and metals) and appli-
cation scenarios (such as food packaging, biomedical de-
vices, industrial pipelines, and shipbuilding).

Current research surrounding antibacterial surfaces has
provided remarkable development, yet approaches with
long-term stability, no drug resistance, broad-spectrum, and
even programmability still need to be explored. The surface
design should be targeted to the characteristics of bacteria
walls, enabling the antibacterial surface to be selective for
bacteria. Specific properties on the biological cells such as
bacteria structure, type, adhesion force, and featured proteins
should be considered and explored further. The antibacterial
surface is also expected to develop towards multi-
functionality through combining self-cleaning, drag-reduc-

Figure 9 (Color online) Antibacterial fabrics. (a) A fabric capable of keeping durable antibacterial functions with silver ions after repeated washing [84];

(b) a photo-responsive antibacterial mask [85].

Table 1 Summary of different antibacterial strategies

Antibacterial

strategies Approaches Principle Fabrication methods Efficiency evaluation Applications
Superhydrophobic  Microstructural size ef- Suliface deposition, p(zjlyr}rller §ur1face Long-term anti-bacteria Comr(liu}ng fac1.111t 168
surface fect and air bubble layer solvent treatment, and chemical or adhesion and industria
physical etching [86—88] equipment
Bacterial Superhydrophilic Hydration forms a layer Chemical grafting [29,30,89], surface Resistant to bacteria adhesion  Hospital equipment

separation technology [90], biomi-

repelling polymer layer of water metic adhesion [91,92] and biofilm formation and medical catheter
. Graft polymer layer with porous Long-term antibacterial ability.
Slippery surface Prevent tt)he adhesion of structure and dip-coat the lubricating It can effectively inhibit the Marine equipment
acteria . N X
liquid [32,93] adhesion of bacteria.
Damage the structure Deposition by liquid flame spraying or . +
. of the bacteria and ~ magnetron sputtering [35,36], super- Low concentration of Ag" ion Medical implants,
Metal nanoparticles A - I is sufficient to effectively kill .
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tion properties, based on the usage scenarios. An adjustable
and programmable antibacterial surface benefits customiz-
able applications. Electric properties can be further utilized
for developing novel antibacterial surfaces. Hydrophobic
surfaces with dielectric properties are negatively charged by
contact with water or another surface, and thus this has the
potential to be exploited as a bacteria-repelling surface be-
cause of the negative surface charge on bacteria. Dielectric
materials are divided into negative and positive, based on
their electric properties after contact electrification. Negative
materials are also a good choice for bacteria-repelling sur-
faces, whilst positive materials have bactericidal abilities by
combining or discharging with the negative bacterial surface.
The external electric field can be applied on metal to realize
the antibacterial surface. The electrostatic field is real-time
controlled by tribology or power source so that it can be
regarded as a universal and programmable approach. This
new approach can avoid defects associated with an easily
damaged surface coating as a result of its mechanical or
chemical instability.
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