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A B S T R A C T

The advent of antibiotics revolutionized the management of bacterial infections, yet their clinical efficacy is 
catastrophically undermined by the global emergence of antimicrobial resistance (AMR). Furthermore, the si
tuation is aggravated by the fact that the formation of bacterial biofilm on material surfaces significantly en
hances their tolerance to antibiotics. Therefore, there is an urgent need for new approaches that employ anti
bacterial mechanisms distinct from those of conventional antibiotics to mitigate the risk of AMR. Recently, 
naturally occurring surfaces found on typical plants and insects that take advantage of physical topography can 
either inhibit bacterial adhesion or directly inactivate bacterial cells, showing innovative “outside-the-box” 
prospects for antibacterial applications and garnering considerable interest due to their drug-free nature. 
Bioinspired micro-/nanostructures that mimic natural surface patterns have been replicated on various bio
materials to enhance their antibacterial properties. This review summarizes and explains the current advances in 
bioinspired antibacterial surfaces, as well as the underlying mechanisms of various strategies. Subsequently, 
synergistic antimicrobial surfaces, comprising a combination of various physical antibacterial strategies, are 
reviewed to highlight their potential for highly efficient disinfection and long-lasting antibacterial performance. 
Finally, the biomedical applications, coupled with the future challenges of bio-inspired antibacterial strategies, 
were further discussed. We hope this review could provide valuable insights for developing innovative, anti
biotic-free antibacterial strategies that deliver powerful performance in combating AMR.

1. Introduction

AMR is one of the significant public health challenges, causing se
vere outbreaks of bacterial infection and globally substantial death 
[1–4]. The issue is further compounded by the formation of stubborn 
biofilms on various substrate surfaces, including medical devices, in
dustrial equipment, and other critical interfaces [5–7]. Biofilms, com
prising bacterial aggregates and self-generated extracellular polymeric 
substances (EPS), have been documented to function as both a physical 
barrier that impedes antibiotic penetration while promoting the de
velopment of highly resistant bacterial variants and a reservoir that 
facilitates persistent horizontal transfer of antibiotic resistance genes 
among microbial populations [8,9]. Additionally, the global economic 

burden attributed to biofilm formation at material surfaces has been 
estimated to exceed $5000 billion annually, with significant impacts 
spanning healthcare, agriculture, food processing, industrial manu
facturing, marine industries, and sanitation [10]. In general, the de
velopmental trajectory of mature biofilms has been extensively char
acterized as a four-stage sequential process: (i) initial reversible 
adhesion of planktonic cells, (ii) irreversible attachment of colony 
bacterial cells, (iii) microcolony development through cell prolifera
tion, and (iv) EPS-mediated maturation [11–14]. Given that surface- 
attached bacteria serve as the primary nucleation sites for biofilm in
itiation, substantial research has focused on strategies to disrupt bac
terial adhesion and viability during the critical phase of adhesion 
[15–17]. The health-related and economic effects of biofilms 
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necessitate the development of effective strategies to mitigate the initial 
bacterial attachment at an early stage. Over the past few decades, an
tibacterial coatings incorporating chemical bactericidal agents, such as 
antibiotics, antimicrobial peptides, quaternary ammonium compounds, 
and metallic nanoparticles, which can interfere with the interactions 
between the bacteria and material surfaces, have been intensively stu
died and have achieved significant progress in antibacterial applica
tions [18–20]. However, these so-called bactericidal surfaces are typi
cally accompanied by different types of toxicity, including cytotoxicity, 
nanotoxicity, and nephrotoxicity [21–23]. Furthermore, emerging evi
dence suggests that prolonged exposure to chemically functionalized 
bactericidal surfaces, particularly those based on antibiotics, can induce 
the emergence of drug-resistant bacterial strains through non-muta
tional mechanisms, such as Methicillin-resistant Staphylococcus aureus 
(MRSA) [24,25]. Therefore, the focal point of antibacterial surfaces has 
shifted to exploring strategies to develop bactericidal surfaces with 
high-efficiency sterilization capability without either eliciting collateral 
damage to non-target mammalian cells or causing the emergence of 
AMR.

Throughout evolution, biological organisms have evolved defense 
mechanisms against environmental threats. In the case of microbial 
attachment, natural surface architectures with engineered micro- and 
nano-topographical features have been developed to physically block 
bacterial adhesion or exhibit mechano-bactericidal effects [26–29]. For 
anti-adhesion properties, natural selection has created a variety of ef
ficient self-cleaning mechanisms for different surfaces, such as lotus 
leaves, fish scales, and pitcher plants, offering abundant inspiration for 
constructing artificial replicas [30–32]. Based on the established re
search consensus, the principle underlying self-cleaning performance 
primarily involves the naturally formed protective layer of gas or liquid 
phase on surfaces, which is how natural superhydrophobic, super
hydrophilic, and liquid-infused surfaces operate to prevent con
taminants [33–38]. For instance, the well-known “lotus effect”, char
acterized by superhydrophobic phenomena and self-cleaning 
properties, relies on the air-layer trapped by the hierarchical structures 
of surfaces, which serves as a cushion to prevent bacterial attachment 
[39–41]. Conversely, superhydrophilic surfaces, such as the fish scale, 
for example, which takes advantage of the affinity of water to form a 
thin hydration layer as a cushion layer, can also hinder the bacteria 
from adhering [42–44]. Consequently, these physical protective layers, 
including the air cushion and hydration layer, can both repel bacteria 
by minimizing the contact area between the substrate surfaces and 
bacteria, without the need for chemical agents. Additionally, of note, 
specific natural surfaces structured with high -aspect-ratio nanopillars 
were observed to physically stretch and penetrate adhered bacterial 
cells, exhibiting bacterial contact-killing properties [26,45,46]. The 
mechano-bactericidal behavior is believed to originate from the phy
sical interaction force between nanostructures and adhered bacteria. 
These kinds of stresses would directly deform or damage the bacterial 
cell structure, compromise bacterial intracellular homeostasis, and 
eventually result in bacterial death [27,47,48]. Furthermore, by virtue 
of the advanced development of nanomaterials, this exquisite design of 
nature can be reproduced or mimicked artificially, offering inspiration 
for novel antibacterial surfaces based on entirely physical mechanisms, 
which could, in turn, completely circumvent the emergence of AMR.

In this review, we first summarize the promising nature-inspired and 
physical approaches for preventing bacterial colonization on material 
surfaces, focusing particularly on self-defensive strategies that hinder 
planktonic microorganisms from attaching and self-disinfecting strate
gies that eliminate adhered bacteria through intrinsic nanostructures or 
extrinsic physical stimulation. Subsequently, the research progress and 
clinical potential of synergistic physical and bioinspired antibacterial 
techniques are summarized and identified in the following sections, 
such as (i) antibacterial surfaces that combine bioinspired anti-adhesion 
strategies and mechano-bactericidal capabilities and (ii) self-disin
fecting bactericidal surfaces that utilize multiple physical fields such as 

electrical fields and optical fields to enhance the intrinsic bioinspired 
mechano-bactericidal efficiency, achieving long-term and broad-spec
trum sterilization. Overall, this article encourages researchers to re
consider the existing reliance on chemically based antibacterial coat
ings due to their inherent limitations. The implementation of antibiotic- 
free bioinspired physical antibacterial methods represents not simply an 
alternative strategy but a fundamentally distinct and promising para
digm that excels in green sustainability, biocompatibility, broad-spec
trum efficacy, long-term capacity, and the prevention of triggering 
antibiotic resistance. All these innovative approaches hold transfor
mative potential across diverse fields and applications, including no
socomial environments, medical implants, dental orthodontic treat
ments, personal protective equipment (PPE), and food preservation 
(Scheme 1).

2. Bioinspired self-defensive anti-adhesion surfaces

Bacterial adhesion and the subsequent biofilm formation represent 
substantial challenges in effectively treating material surface infections. 
Such an issue is particularly severe for implantable and indwelling 
devices, where it can seriously compromise the success and validity of 
implantation [15,49,50]. This process is fundamentally driven by 
physicochemical interactions between bacteria and substrate surfaces. 
Rather than permanently remaining in the planktonic state, bacterial 
cells tend to approach and adhere to material surfaces through non- 
specific interactions (Coulomb force, Van der Waals force, electrostatic 
forces, and hydrogen bonding), all of which are intrinsically governed 
by surface features, including hydrophobicity, nanotopography, and 
other factors. These initial attachments ultimately mature into irre
versible biofilms, facilitating bacterial dispersal to new generations 
(Fig. 1a) [13,51–54]. Consequently, by modifying the surface properties 
such as wettability and topography, the dynamic “planktonic-or-ad
hering” preference of bacteria could be directly influenced. Bioinspired 
anti-adhesion strategies leveraging surface modifications have emerged 
as novel approaches to mitigate this challenge.

Natural surfaces such as lotus leaves and shark skin have been dis
covered to possess excellent repellency against bacterial adhesion, and 
their mechanisms are primarily related to their superwettability or 
unique microscale topographic patterns [55,56]. As one of the salient 
features of a solid surface, wettability significantly impacts the pre
ference for bacterial attachment. By comparing the bacterial coverage 
on surfaces with varied wettability, extreme wetting conditions, such as 
superhydrophobic and superhydrophilic surfaces, display pronounced 
results in resisting bacterial adhesion, whereas moderate wetting con
ditions, like hydrophobic or hydrophilic surfaces, readily allow plank
tonic bacterial cells to colonize [57]. Along with the slippery liquid- 
infused porous surfaces (SLIPS) of pitcher plants, they act as another 
effective anti-adhesion paradigm by incorporating a second liquid. 
These anti-biofouling mechanisms universally operate through a pro
tective interfacial barrier composed of entrapped air, hydration layers, 
or infused liquids that form between the surface and the surrounding 
medium. The actual contact area between the bacterial cells and sub
strates would be significantly diminished, thereby inhibiting the pos
sibility of bacterial adhesion as well as the subsequent proliferation 
[33]. Moreover, surface topography, coupled with roughness, is another 
fundamental factor influencing bacterial adhesion worthy of discussion. 
In this section, we will highlight the advances in bioinspired strategies 
of superwettability systems and progress in surface topography in
vestigation in recent years.

2.1. Superhydrophobic surfaces with entrapped air-layer

Inspired by the self-cleaning and the water-repellency of lotus leaf 
surfaces, the concept of superhydrophobicity has been proposed to 
describe surfaces with extreme exclusivity to water droplets (high water 
contact angles (WCA ≥ 150°), low sliding angles (SA ≤ 5°) (Fig. 1b) or 
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low WCA hysteresis (≤ 10°)) [58,59]. Due to the extreme affinity to air 
and repellency to water, an air-layer would be readily entrapped be
tween the liquid and the superhydrophobic substrate once contacting 
water droplets or under submerged conditions, achieving a Cassie- 
Baxter wetting state (Fig. 1c). The planktonic bacterial cells, either in 
the water droplet or a contaminated bulk liquid environment, are thus 
incapable of penetrating the air-water interface owing to the high in
terfacial tension of water, resulting in bacterial adhesion failure [33].

To prepare a superhydrophobic surface with such bacteria-repelling 
capability, low surface energy, and high surface roughness are simulta
neously required [60]. Generally, the popular and feasible preparation 
protocols can be categorized into the following two approaches: (i) En
dowing common hydrophobic polymers, such as polytetrafluoroethylene 
(PTFE) [61], polypropylene (PP) [62,63], polydimethylsiloxane (PDMS) 
[64], and polycarbonate (PC) [65,66] with increased surface roughness; 
(ii) Reducing the surface energy of surfaces (generally are super
hydrophilic surfaces) with certain degree of roughness by depositing or 
coating low surface energy materials like fluorochemicals or silicones 
(Fig. 1d) [67–70]. For instance, Pan et al. built a superhydrophobic anti- 
adhesion surface by constructing micro-/nano hierarchical structures and 
chemical surface modification (Fig. 1e). The laser-prepared micro-na
noscale cross-groove offered surface roughness, and the stearic acid 
surface treatment enabled the superhydrophobic properties (Fig. 1f). By 
adjusting the laser scanning parameters (time and spacing), the max
imum WCA of 163  ±  2.5° and minimum SA of 0.5° were achieved. 
Regarding the antibacterial properties, three types of surfaces (polished 
surface, superhydrophilic surface, and superhydrophobic surface) were 
fabricated to investigate the anti-adhesion performance. Almost no bac
terial adhesion (Staphylococcus aureus (S. aureus) and Escherichia coli (E. 

coli)) could be observed on the superhydrophobic surface under a sta
tionary state. Around 99 % of E. coli and 93 % of S. aureus were hindered 
from attachment, which was much more effective compared to the po
lished surface and superhydrophilic surface [71]. Such bacteria-repelling 
property offers a novel strategy for functionalizing medical device sur
faces. Masks, for instance, as one of the most frequently used medical 
items during the COVID-19 period, varied antibacterial or antivirus 
masks were fabricated by constructing superhydrophobic outer surfaces 
[72–74]. Inspired by the hierarchical structures of the lotus surface, 
Zhong et al. developed a self-decontaminating respirator with the sy
nergistic antibacterial strategy of superhydrophobic property and contact 
inactivation. Droplets would be formed after the contaminated spray 
contacts the mask surface and could be easily removed with slight vi
brations. This dynamic behavior, based on the trapped air-layer, could 
directly inhibit the initial bacterial or viral attachment, along with sub
sequent infections. The superhydrophobic performance and the photo
thermal effect of graphene, alongside the silver ion release, synergisti
cally promote this PPE against bacterial and SARS-CoV-2 viruses [75].

Considering the inherent limitations in easy fabrication and me
chanical robustness influencing critical antibacterial applications, cur
rent research efforts on anti-biofouling superhydrophobic coatings are 
primarily directed towards simplifying manufacturing [76–79] and 
enhancing functional durability [80–82]. Regarding easy fabrication, 
Zhao et al. proposed a highly effective dental care approach by spraying 
protective agents to form a superhydrophobic layer with exceptional 
transparency, thereby preventing bacterial fouling. Following a series 
of anti-adhesion analyses, it is observed that the tooth surfaces after 
spraying treatment could considerably inhibit bacterial attachment as 
well as protein adhesion. Since the adhesion of proteins in the oral 

Scheme 1. Summary of current bioinspired (physical) antibacterial surfaces. 
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cavities supplies rich nutrition and promotes bacterial growth, this 
sprayable coating with synergistic anti-adhesion capacity against bac
terial cells and protein could present a more significant antibacterial 
performance [83]. For surface mechanical durability, existing research 
has explored diverse possible preparation methodologies, including 
utilizing durable materials [84], constructing hierarchical structures 
[85–87], and protective armors [82,88]. The underlying mechanism of 
the improved robustness accounts for introducing more durable or 
larger-scale (micron) structures to provide surface roughness, which 
impart extra abrasion resistance to surfaces compared to nanos
tructures. For instance, Wang et al. reported a biomimetic micro- and 
nanostructured hierarchical diamond film with outstanding hardness 
(Fig. 1g). This coating strategy can be widely adopted for a wide range 
of commercial substrates and demonstrates profound non-wetting 
characteristics as well as adhesion inhibition effect against bacteria 

(90–99 %). To illustrate the mechanical durability of this diamond su
perhydrophobic coating, the long-term anti-biofouling properties and 
hydrophobicity were examined after immersion in seawater for 28 days 
and sandpaper abrasion. Notably, the bacterial attachment remained 
greatly reduced (a 92 % reduction rate against P. aeruginosa), and the 
wettability was maintained well, indicating exceptional functional 
durability, corrosion protection, and mechanical wear resistance [81].

2.2. Superhydrophilic surfaces with hydration layer

In contrast to the significant water repellency of the super
hydrophobic surfaces, superhydrophilic surfaces manifest great affinity 
to water, thus the liquid can completely spread out with a low static 
WCA <  10° [89]. Due to the extremely high surface energy and ma
terial molecular polarities alongside the surface roughness, the Wenzel 

Fig. 1. Superhydrophobic surfaces and the entrapped air-layer induced anti-adhesion. (a) Schematic illustration of bacterial adhesion and biofilm formation on 
material surfaces. (b) Surface wettability and Cassie-Baxter state. (c) Illustration of entrapped air-layer and bacterial repellence behavior. Reproduced with per
mission. [33] Copyright 2023, Elsevier Ltd. (d) Possible strategies to fabricate superhydrophobic surfaces. Reproduced with permission. [60] Copyright under a 
Creative Commons license. (e) Schematic of hierarchical superhydrophobic surface fabrication. (f) Illustration of an air-layer captured on the superhydrophobic 
surface in water and anti-adhesion behavior in the bacterial suspension. Reproduced with permission. [71] Copyright 2019, Wiley Periodicals, Inc. (g) Robust 
superhydrophobic surface with hierarchical diamond structures and fluorescence micrographs after bacterial incubation. Reproduced with permission. [81]
Copyright 2020, American Chemical Society.
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wetting state (complete liquid-solid contact) predominates over the 
Cassie-Baxter state (solid-liquid-vapor composite interface), resulting in 
superhydrophilic behavior. The hydration bond between molecules and 
capillary force induced by surface topography synergistically facilitates 
water layer retention. Therefore, the consecutive hydration layer can 
tightly attach to the superhydrophilic substrates [90,91], forming a 
barrier that inhibits the initial attachment of microbial cells.

To obtain antibacterial superhydrophilic surfaces, surface mod
ifications, including the employment of metal inorganic compounds 
with intrinsic high roughness (e.g., TiO2 nanoparticles, titanate nano
tubes [92]) and utilization of hydrophilic polymers, have been widely 
investigated. For example, Younas et al. reported a layer of TiO2 na
noparticles sprayed onto a polyvinylidene fluoride (PVDF)-based sur
face to construct hybrid membranes. Since TiO2 considerably promotes 
the attraction of water molecules, the thin hydration layer can be 
steadily attached to the membrane surface and contributes to the pro
nounced bacterial adhesion resistance. The superhydrophilic membrane 
features almost negligible attachment of E. coli compared to the un
treated membrane, depicting a significant anti-biofouling property 
[93]. In terms of hydrophilic coating polymers, such as polysaccharide 
[94], chitosan [95], carboxymethylcellulose [96], polyethylene glycol 
(PEG) [97], polydopamine (PDA) [98], polyethyleneimine [99], and 
zwitterionic polymers [100,101] have been extensively investigated for 
their proven water affinity derived from hydrogen bonding and elec
trostatic attraction [102,103]. Li et al. proposed an anti-biofouling 
coating with triblock copolymer loops consisting of mussel-inspired 
catechol-functionalized poly(N, N-dimethylacrylamide) (PDN) as “A” 
block and PEG as “B” block, forming an “ABA” spatial structure. The 
superhydrophilicity of PEG induced by hydrogen-bonding offered the 
substrate capacity to create a thin hydration layer. At the same time, 

PDN served as the anchors to keep the barrier layer, synergistically 
providing the surface anti-adhesion property. The protein adhesion 
reduction rate was evaluated, as the unspecific protein adhesion is a 
prerequisite for the following bacterial attachment. It was observed that 
the substrates with triblock coating exhibited a 94.4 % decrease in 
protein adsorption, higher than the diblock copolymer brush with “AB” 
structure grafted on the substrates of 86 % reduction, both of which 
were compared to the untreated Si substrates [104]. Unlike PEG, 
zwitterionic materials, containing an equal number of uniformly dis
persed cationic and anionic moieties with rather high polarities, take 
advantage of strong electrostatic force to retain water molecules, thus 
forming a hydration layer [90,105]. It is reported that zwitterionic 
materials can exhibit a greater capacity in adsorbing water molecules 
than PEG due to the strong and stable electrostatic interaction, pro
viding an enhanced superhydrophilic surface modification option 
[106]. For instance, Ke et al. proposed a superhydrophilic coating based 
on zwitterionic polymer, applied for central venous catheters (CVCs) 
healthcare (Fig. 2a). By pre-coating an insect-inspired phenol-poly
amine film on the substrate and then grafting poly-2-methacryloylox
yethyl phosphorylcholine (pMPC), the superhydrophilic coating with a 
highly hydrated layer could be achieved. Researchers investigated the 
antibacterial performance of the pMPC-coated surface and obtained 
anti-adhesion rates of 99.77  ±  0.16 % and 99.58  ±  0.06 % against E. 
coli and Staphylococcus epidermidis (S. epidermidis). Moreover, the ad
sorption of fibrinogen and platelets was effectively hindered in vitro, 
significantly contributing to the inhibition of thrombus formation 
within the pMPC-modified CVCs [107].

Enlighteningly, with different constructing strategies, super
hydrophilic material-based surfaces can be employed as promising 
candidates in several scenarios with bacterial attachment reduction 

Fig. 2. Superhydrophilic surface with anti-adhesion properties. (a) Illustration of the antifouling properties of pMPC coating. Reproduced with permission. [107]
Copyright 2024, the Authors. (b) Schematic of the polysaccharide-based multilayer coating fabrication and its anti-adhesion performance. Reproduced with per
mission. [94] Copyright 2018, American Chemical Society. (c) Illustration of antifouling behavior against bacteria and protein. Reproduced with permission. [111]
Copyright 2023, Elsevier Ltd.
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requirements involving orthodontic fields, orthopedic implants, ur
eteral stents, and ophthalmic applications [94,108,109]. Such wide 
biomedical applications are due to the long-term stability of the hy
dration layer even immersed in water, which superhydrophobic sur
faces lack [110]. Relying on this advantage, Park et al. developed a 
superhydrophilic polysaccharide-based multilayer coating via layer-by- 
layer (LBL) assembly and chemical cross-linking strategies on the sur
face of clear overlay appliances (Fig. 2b). These appliances are fre
quently utilized in daily orthodontic clinics for dynamic orthodontic 
treatment and maintenance but have the propensity to encourage 
bacterial colonization. It is observed that the coating exhibited extreme 
water affinity (WCA < 5°), and the initial bacterial adhesion was 
considerably reduced. Streptococcus mutans (S. mutans), the most 
common acidogenic oral bacteria, was used in the antibacterial test to 
simulate oral applications. Compared to bare surfaces covered with 
enormous biofilms after bacterial co-culture, the quantification of ad
hered bacteria on the superhydrophilic surface indicated a ∼75 % anti- 
adhesion efficiency [94]. Another study focusing on healthcare device 
coating was recently proposed by Chen et al., in which researchers 
modified the glucose sensor with a superhydrophilic coating, endowing 
the device with anti-biofilm capacity (Fig. 2c). A spin coating-plasma 
treatment-coprecipitation treatment strategy was performed to fabri
cate the superhydrophilic coating on (3-Methacrylamidophenyl) 
boronic acid hydrogel. The superhydrophilic coating showed significant 
anti-adhesion effects on five different strains: S. epidermidis, S. mutans, 
Streptococcus pneumoniae (S. pneumoniae), Streptococcus mitis (S. mitis), 
and Streptococcus oralis (S. oralis), with attachment reduction of 
96.3  ±  0.30 %, 98.4  ±  0.31 %, 96.8  ±  0.28 %, 99.9  ±  0.02 %, and 
95.2  ±  1.18 %, respectively. Subsequent biofilm resistance tests also 
indicated the evident anti-adhesion property against Streptococcus 
strains (S. pneumoniae, S. mitis, and S. oralis) [111].

2.3. Slippery liquid-infused porous surface with oil-layer

Compared with superhydrophobic or superhydrophilic surfaces, the 
SLIPS that are inspired by the unique slippery surface of pitcher plants 

have attracted increasing attention due to their total repellence prop
erty. Taking advantage of surface microstructures, Nepenthes pitcher 
plants can capture moisture from the air and form a thin layer of water 
on their peristome. Such a water layer enables the formation of a 
slippery liquid surface, which effectively inhibits the possible adhesion 
of foulants [112]. The emerging bioinspired artificial SLIPS employing 
immiscible lubricants as barrier layers offer improved omniphobicity 
and elevated broad-spectrum antifouling efficiency compared to natural 
designs. In 2011, Aizenberg et al. first mimicked this natural phenom
enon and introduced synthetic SLIPS. In this research, the researchers 
outlined three essential requirements that the constructed SLIPS must 
fulfill: (i) the lubricant must be stably locked within the substrate, (ii) 
the substrate must be wetted preferentially by the lubricant, and (iii) 
the lubricant layer must be immiscible with other liquids. Based on this, 
porous solids with micro-/nanotexture and chemically modified affinity 
to lubricant were prepared, covered with perfluorinated fluid serving as 
a lubricant, which is immiscible with both aqueous and hydrocarbon 
phases. Therefore, an omniphobic surface with the capacity to repel 
polar or non-polar liquids (water, alkanes, and blood, for example) was 
obtained, exhibiting superior anti-contamination performance even 
compared to superhydrophobic surfaces (Fig. 3a) [113]. Subsequently, 
Epstein et al. reported the exceptional anti-biofouling potential of such 
bioinspired SLIPS by investigating the adhesive behavior of biofilm 
matrix on them. After 48 h incubation of P. aeruginosa under static 
conditions, a uniform biofilm was seen on the control sample surface 
(superhydrophobic PTFE substrate). In contrast, only sparse and iso
lated bacterial attachment could be observed on the slippery surface 
(porous PTFE membrane infused with perfluoropolyether liquid). To 
further investigate the anti-biofilm capacity under physiologically rea
listic flow that approximates the varied application conditions, control 
PTFE samples and SLIPS surfaces were cultured with constant circula
tion from a peristaltic pump, which offered a 10 mL/min volumetric 
flow rate and 1 cm/s linear velocity. Only poorly attached micro
colonies or unattached single bacterial cells could be observed on the 
fluorescence images, and an average P. aeruginosa biofilm formation 
reduction of 99.6 % was calculated. Moreover, two other clinically 

Fig. 3. Anti-adhesion SLIPS and applications. (a, i) Schematic of the bioinspired SLIPS fabrication; (a, ii) Contamination (oil and blood) repellency performance contrast 
of SLIPS, commercial superhydrophobic surface, and superhydrophilic surface. Reproduced with permission. [113] Copyright 2011, Springer Nature. (b, i) Illustrations 
of SLIPS fabrication; (b, ii) Comparison of the attachment of biofilm-forming S. aureus and E. coli of PTFE and SLIPS. Reproduced with permission. [34] (c, i) SLIPS-based 
endoscopy lens with antifouling properties; (c, ii) Visibility test of the lens with or without SLIPS coating in blood. Reproduced with permission. [116] (d) Schematic and 
picture of the anti-biofouling property of the slippery biliary stent tip surfaces. Reproduced with permission. [118] Copyright 2022, Elsevier B.V.
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significant pathogenic bacteria (S. aureus and E. coli) were also studied 
under the abovementioned flow state. The SLIPS brought about an anti- 
adhesion efficiency of 97.2 % and 96 %, respectively, after 48 h, in
dicating the broad-spectrum antibacterial capacity against general 
species (Fig. 3b) [34].

Such outstanding broad-spectrum antibacterial ability and omni
phobic anti-contamination of SLIPS have therefore offered promising 
guidance for developing effective anti-adhesion coatings in diverse 
medical and surgical applications [114,115]. For example, maintaining 
clear visibility and sterility during the endoscopic process is critical for 
accurate clinical diagnosis and treatment, yet long-term and frequent 
immersion in body fluids contributes to the non-negligible fouling by 
blood, proteins, cells, and bacteria. To address this challenge, Sunny 
et al. developed a liquid-infused glass coating coverslip on an endo
scope camera lens (Fig. 3c). Through the LBL deposition, a mechani
cally robust porous coating was constructed on glass and subsequently 
infused with lubricant, obtaining SLIPS lenses with increased trans
parency and anti-biofouling capacities. Regarding the anti-contamina
tion performance, the endoscope with SLIPS lens was repeatedly im
mersed in and out of porcine blood to estimate whether the field of view 
was visible. Impressively, the best sample with 10 cSt (liquid viscosity) 
achieved 100 % clarity even after 100 dips in blood, while the uncoated 
glass could barely maintain clarity after one dip. Moreover, microbial 
adhesion tests with E. coli were also carried out, demonstrating evident 
bacterial film reduction after 24 h, which was sufficient for short bac
terial anti-adhesion [116]. Not merely restricted to building plane anti- 
biofouling platforms, the bioinspired liquid-infused slippery anti
bacterial strategy could also be adapted for interventional medical 
devices with curved surfaces [117]. For instance, Xu et al. developed a 
lubricant-infused microstructured slippery surface (Fig. 3d) based on 
inverse opal colloidal crystal hydrogels to render the biliary stent tip 
surfaces with significant anti-adhesion properties. The infused per
fluorinated oil could be squeezed out when the system was heated, 
forming a consecutive slippery surface. After co-cultivation with E. coli 
for 24 h, the SLIPS surface was observed to have a 98.2 % anti-adhesion 
rate and furthermore achieved 99.0 % antibacterial efficiency through 
the synergistic function of antibiotics (Imipenem). Interestingly, the 
unique microstructures provided sufficient space for lubricants and 
loaded antibacterial drugs and imparted the slippery surface with 
tunable bioinspired structural color that could visually vary and be used 
to monitor the drug release process. Such work also indicates that the 
research trend of slippery surfaces in biomedical applications focuses 
on designing a dual-functional or multifunctional platform based on the 
liquid-infused substrate with excellent anti-adhesion properties [118].

Critical challenges hindering the widespread use of these bioin
spired slippery coatings in clinical applications remain their suscept
ibility to lubricant depletion or mechanical damage, necessitating re
search on robustness modification to supplement long-term durability 
and antimicrobial capacity [115,119]. Regarding liquid lubricant de
pletion, alternative strategies through applying two-dimensional 
structures [120], and liquid-like slippery surfaces [121,122] offer po
tential solutions to reduce lubricant loss. The underlying mechanisms of 
stability enhancement could be summarized as follows. Introducing 
complex structures can significantly increase the interfacial capillary 
force that facilitates liquid lubricant retention and possible lubricant 
replenishment when depletion occurs [123,124]. Rather than relying 
on liquid lubricants, solid slippery surfaces with covalently grafted 
polymer brushes or alkyl monolayers can achieve omniphobic behavior 
and lossless coating degradation [125,126]. Moreover, novel strategies 
focusing on the comprehensive stability of SLIPS have been launched. 
For instance, Zhang et al. notably proposed a hierarchical SLIPS com
bining microscaled honeycomb-patterned microstructures (Ti-6Al-4V 
alloy) with nanoscaled lubricant reservoirs. Due to the introduction of 
the regular hexagon structures, the lubricant layer loss decreased sig
nificantly to 12.16 % even after seawater brushing for 10 days. More
over, when the surface is under abrasion, the microstructure could first 

withstand the wear and keep the lubricant nano-containers on the 
lower surface intact, ensuring the long-term slippery property. The 
antibacterial assessment proved that the SLIPS could significantly re
duce bacterial adhesion compared to the non-slippery surfaces, and the 
microscaled honeycomb array also exhibited the confining capacity of 
the few adhered bacteria, preventing the pathogens from transmission 
[127].

2.4. Surface topography

Topography, which can be evaluated by a set of standard roughness 
parameters (such as average roughness (Ra), root mean square (RMS) 
roughness (Rq), and other indicators), significantly impacts bacterial 
adhesion [128]. Since the first exploration of antifouling micropatterns 
on shark skins [129], a series of nature-mimicking patterned surfaces 
were explored, involving high-aspect-ratio structures, ripples [130], 
wells [131], grooves [132], pillars [133,134], protrusions [135], and 
honeycombs [136] from micro- to nanoscale. Behind these advances, 
surface topography, as a critical determinant of bacterial adhesion, is 
now harnessed to offer a strategic pathway for designing antibacterial 
surfaces [33,57,128,137,138]. As summarized in Fig. 4a, there are 
three regions in which the surface topography exhibits notable anti
bacterial efficiency over 50 %: (i) high-aspect-ratio nanostructures ex
hibiting mechano-bactericidal effect, (ii) patterned surfaces with a 
feature size near one μm with anti-adhesion properties, and (iii) larger- 
scale patterns induced selective bacterial adhesion [57]. In principle, 
the anti-adhesion mechanism underlying specific surface topography is 
mainly attributed to the maximum cell deformation of bacteria and the 
minimum available bacteria-substrate contact area, as a higher adhe
sion force can be obtained when bacteria achieve a larger accessible 
area [139]. It is also reported that micro-/nanostructures can hinder 
bacterial conjugation, a critical mechanism in horizontal gene transfer, 
thus circumventing the emergence of antibiotic resistance [140,141]. 
Furthermore, varied scales of roughness, especially the nano-roughness, 
play an important role in manipulating bacterial adhesion [142]. Dif
ferent bacteria adhesion behaviors, therefore, could be observed on 
different regions of roughness.

Although no clear consensus on specific dimensions and antifouling 
patterns has been reached, there is a common observation that topo
graphical patterns within the microscale (1–20 µm) could exhibit out
standing anti-adhesion properties due to the limited contact area be
tween bacteria and surfaces [132,143,144]. In addition, it is generally 
believed that bacterial adhesion force is positively correlated with 
surfaces with submicron/micron roughness [57,139,145,146]. Micro
wells, for instance, have been proven to exhibit anti-adhesion capacity 
determined by the well diameter [136,144]. The surface with micro
wells (diameter ∼1 µm) exhibits a trapping behavior that leads to 
bacterial deformation, which in turn inhibits bacterial proliferation. 
Such inhibition endows the surface with higher antimicrobial efficiency 
than other surfaces with larger micropores (∼2 µm, ∼4 µm) [132,136]. 
In another study, the air-layer retained in micropores with diameters 
ranging from 3.5 to 11 µm acted as an air cushion to prevent potential 
bacterial adhesion. However, evident pathogen settlement could be 
observed with a larger well diameter (> 11 µm), indicating the sig
nificance of dimension in constructing anti-adhesion surfaces [143]. 
Interestingly, other micron morphologies such as microgrooves and 
micro-protrusions not only possess anti-adhesion properties but also 
impede the movement of microorganisms by confining adherent bac
teria to the edges of features (Fig. 4c), preventing further bacterial in
fection [127,147–149].

Slightly distinct from micropatterned surfaces, which rely on direct 
reduction of contact area, nanoscaled surfaces adapt to the molecule 
level of interactions to achieve anti-adhesion [150]. Studies have con
firmed that the bacterial adhesion force could exhibit a conflicting 
correlation with roughness, making roughness-induced adhesion a key 
area of investigation (Fig. 4b) [57,142,151,152]. When the roughness is 
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low (Ra < 6 nm), bacteria tend to adhere more readily to smoother 
surfaces under static conditions [151,153]. This tendency can be at
tributed to surface-mediated bacterial metabolism, such as the in
creased secretion of EPS on smooth surfaces, facilitating initial coloni
zation and biofilm formation [153]. The following decrease in adhesion 
force with the increasing roughness is attributed to the corresponding 
reduction of the effective anchor points between the macromolecules 
on the bacterial cell wall and the surfaces [152]. As the roughness 
further increases (Ra 6–30 nm), bacteria exhibit a preference for ad
hering to rougher surfaces due to the larger surface area available for 
attachment [154]. Generally, with higher roughness over 6 nm, the 
bacterial adhesion can be identified as positively associated with sur
face roughness, as summarized. At the same time, many nanoscale 
surface features with high-aspect-ratio demonstrate lethal effects on 
bacteria, primarily by mechanically penetrating bacterial membranes. 
The detailed mechanisms and implications of these effects will be ex
plored further in the following sections.

Apart from the effects of topography and roughness, different bac
terial species demonstrate diverse accommodation preferences and 
adhesion behavior on various surface features [142,155]. For example, 
S. aureus preferred to attach to the microwells with a diameter of 0.5 
μm, while P. aeruginosa preferred the smooth surface [156]. Generally, 
bacterial adhesion is suppressed when the dimensions of surface topo
graphical features are smaller than the size of bacteria, whereas larger 
topographies tend to promote adhesion. Due to the distinguished sizes 
of Gram-positive and Gram-negative bacteria, a specific range of to
pographical parameters might only work efficiently for one species 
[149]. Moreover, Gram-positive and Gram-negative bacteria exhibit 
different sensitivity toward the alteration of surface roughness. It was 
revealed that Gram-negative bacteria, such as E. coli, exhibit a higher 
sensitivity when the contact surface roughness changes. In contrast, 
Gram-positive bacteria like S. aureus tend to ignore the variations 
[157]. Overall, the practical applications of surface topography rely on 
the suitability of bacteria and morphology. Different surface 

topographies with specific parameters or patterns should be designed 
according to the prominent bacterial strains and the applied environ
ment to optimize the anti-adhesion efficiency. Customized anti-bio
fouling surface-modifying strategies are still in great need regarding 
personal infection treatment, healthcare device surface preparation, 
and other antifouling areas. Hopefully, the specifically designed surface 
topography may offer insights into the solutions to these critical si
tuations.

3. Bioinspired self-disinfecting bactericidal surfaces

Nature has evolved sophisticated nanostructures on biological sur
faces, equipping them with remarkable bactericidal capabilities to 
counteract potential microbial contamination [39,158–160]. Recently, 
the inspiration from these naturally selected prototypes and advances in 
the nanofabrication technologies have significantly promoted the ex
isting comprehension of the mechano-bactericidal mechanisms and 
meanwhile served as constructive guidance to designing physical in
activation surfaces. This section will review the investigations of the 
naturally bactericidal surfaces followed by the recent progress of arti
ficial analogs with corresponding or exceeding bactericidal properties.

3.1. Naturally selected nanostructured mechano-bactericidal surfaces

Diverse natural surfaces, such as insect wing surfaces, animal skins, 
and plant leaves, have revealed their mechano-bactericidal capacities 
[161]. Ivanova et al. initially reported the inactivation interaction be
tween the adhered P. aeruginosa and the densely-arranged nanopillars 
on the wing surface of cicada (Psaltoda claripennis) (Fig. 5a). It was 
observed through the SEM images that the morphology of adhered 
bacterial cells was drastically altered as the nanopillar structures pe
netrated the bacterial surface. Cellular components diffused outwards 
where the contact between the single bacterial cell and nanopillars 
occurred, and the subsequent viability analysis confirmed the death 

Fig. 4. Influence of surface topography and roughness on bacterial adhesion. (a) Summary of different antibacterial performance and corresponding microstructures 
(scale sizes and shapes). (b) Chart of negative and positive relationships between bacterial attachment and specific surface roughness region. Reproduced with 
permission. [57] Copyright 2022, Elsevier Ltd. (c) The ribs of microscale hexagon structures restricting the movement of Pseudoalteromonas. Reproduced with 
permission. [127] Copyright 2023, Elsevier B.V.
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state of these attached bacteria. Such sterilization phenomenon was still 
preserved on the cicada wing after surface chemistry alteration, sug
gesting that the bactericidal property is attributed to purely physical or 
mechanical mechanisms instead of any chemical interactions [158].

To further understand the underlying sterilization mechanism, a 
biophysical model of the interaction between the attached bacteria and 
the nanopillar structures was proposed in the following works (Fig. 5e). 
Upon contact with the regularly arrayed nanopillars on the cicada wing 
surface, the bacterial cell membrane will adsorb onto the pillar tips 
(Region A), leading to an increase in total membrane area. This ad
sorption causes the segments of bacterial membrane suspended be
tween the pillars (Region B) with stretching behavior. The established 

biophysical mechanics model indicates that the Region B undergoes 
significantly a higher strain than Region A. As the stretching in Region 
B reaches a critical threshold, irreversible mechanical rupture of the 
membrane and consequent bacterial inactivation will occur. This entire 
bactericidal process is purely mechanical, driven solely by the physical 
nanostructure and the mechanical properties of the cell membrane, 
without requiring any specific biochemical interactions [162]. Fur
thermore, Kelleher et al. investigated the wing surface bactericidal 
activities among three different cicada species (Megapomponia inter
media, Ayuthia spectabile, and Cryptotympana Aguila) with various to
pography parameters, including pillar size, inter-spacing, and aspect- 
ratio. Fluorescence images of bacteria test verified that the mechano- 

Fig. 5. Prototypes of natural bactericidal surface with high-aspect-ratio and proposed mechano-bactericidal mechanism. (a, i) Photo of living Psaltoda claripennis; (a, 
ii) natural nanopillars of the cicada wing surface. Reproduced with permission. [162] Copyright 2013, Elsevier Inc.; (a, iii) mechano-bactericidal behavior of the 
nanopillars. Reproduced with permission. [158] Copyright 2012, WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. (b, i) Photo of living Diplacodes bipunctata; (b, ii) 
natural nanoclusters of the dragonfly wing surface; (b, iii) mechano-bactericidal behavior of the nanoclusters. Reproduced with permission. [164] Copyright 2013, 
the Author(s). (c, i) Photo of living Lucasium steindachneri; (c, ii) natural nano-spinules of the gecko skin surface; (c, iii) mechano-bactericidal behavior of the nano- 
spinules. Reproduced with permission. [159] Copyright 2015, Elsevier Ltd. (d, i) Photo of Nelumbo nucifera leaf; (d, ii) natural hierarchical structures of lotus surface. 
Reproduced with permission. [259] Copyright under a Creative Commons Attribution (CC BY) License; (d, iii) mechano-bactericidal behavior of the hierarchical 
structures. Reproduced with permission. [168] Copyright 2020, Elsevier B.V. (e) Illustration of mechano-bactericidal effect on cicada-wing-inspired nanopillared 
surface, relying on stretching and penetration behavior. Reproduced with permission. [162] Copyright 2013, Elsevier Inc. (f) Illustration of another proposed 
mechano-bactericidal effect on the dragonfly wing surface, relying on shearing force. Reproduced with permission. [47] Copyright 2017, American Chemical Society.
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bactericidal efficiency of Pseudomonas fluorescens (Gram-negative bac
teria) was mainly governed by the spatial parameters of nanopillars. It 
was found that the densely arranged array and higher aspect-ratio 
would contribute to higher mechano-bactericidal efficiency [163].

Dragonfly wing surfaces were also well investigated for their me
chano-bactericidal capacity. Ivanova et al. characterized the Diplacodes 
bipunctata upper wing surface (Fig. 5b), obtaining nanoclusters with 
random sizes, shapes, and interspacing, significantly distinct from the 
mentioned regularly arranged surfaces. Noteworthily, the sharp and 
irregular nanostructures not only inactivated Gram-negative bacteria 
(P. aeruginosa) but also showed extra lethality to the Gram-positive 
bacteria (S. aureus and Bacillus subtilis (B. subtilis)) compared to the 
cicada wing surfaces This broad-spectrum inactivation behavior is be
lieved to derive from the disordered hierarchical nanoclusters with 
bending shape, which can provide higher tearing force towards bacteria 
[164]. Nanomechanical modeling shows that the nanostructures of this 
natural prototype have a high gradient of curvature, which leads to a 
high downward adhesive force and increased rate of this force when 
penetrating. Both of these superiorities facilitate bacterial cell rupture 
and lysis, significantly determining the broad-spectrum bactericidal 
efficiency [165]. More detailed inactive behavior the of dragonfly 
(Orthetrum villosovittatum) wing surface with biphasic nanopillar array 
(short pillars and tall pillars disordered arranged) offers a novel me
chano-bactericidal mechanism. More specifically, the nanopillars can 
trigger bacterial (E.coli) EPS secretion, forming a strong Van der Waals 
force-induced adhesive interface where bacteria are immobilized. When 
bacteria attempt movement, shear forces will induce elastic bending of 
tall nanopillars, transmitting asymmetric stress to the cell envelope and 
leading to bacterial membrane delamination (the separation of the 
outer membrane and inner membrane). Mechanical traction effect and 
local stress will be amplified as bacteria move, which results in cell 
rupture. After the inner membrane breaks down, bacterial cells will 
eventually collapse into nanostructures (Fig. 5f). This adhesion-shear 
synergy varies from puncture/stretching theories, with dual-height 
nanopillars achieving mechano-bactericidal effect through the above
mentioned cascade [47]. Likewise, the gecko (Lucasium steindachneri) 
(Fig. 5c) skin consisting of irregular nano-spinules was proven to have 
an eliminative function to the attached Gram-negative bacteria (por
phyromonas gingivalis), exhibiting a significant deformation of the cell 
walls that resembled the adhered bacteria on the cicada wing surfaces 
[159]. Moreover, with similar randomly arranged nano-protrusions 
[166], the damselfly (Calopteryx haemorrhoidalis) wing surfaces were 
investigated to assess the mechano-bactericidal capacity towards dif
ferent life stages of the pathogens. Natural surfaces adhered with S. 
aureus and P. aeruginosa were tested across 24 h. Bacterial growth was 
separated into five stages: Young (1 h), Early mature (6 h), Mature 
(12 h), Late mature (18 h), and Old (24 h), concluding that the bacteria 
of the earlier stage could be more vulnerable due to the fragility of the 
bacterial wall compared to the elder stage. This various susceptibility 
was supposed to be related to the different rigidity of the cell walls at 
specific physical stages, which correlated with the previous conclusion 
on bacterial rigidity. Notably, S. aureus with thicker peptidoglycan 
layers is less sensitive to the mechano-bactericidal effect than P. aeru
ginosa, which will be discussed in the following section [167].

Beyond these insect surfaces featuring single-tier bactericidal na
nostructures, the hierarchical micro-/nanostructures on numerous plant 
leaf surfaces have been reported to impart superwettability and endow 
exceptional mechano-bactericidal capacity against attached micro
organisms. For example, Jiang et al. primarily investigated the anti
bacterial properties of the lotus (Nelumbo nucifera) leaf surface by as
sessing the viability of the attached bacterial cells within its hybrid 
hierarchical micro- and nanostructures (Fig. 5d). The SEM images of the 
adhered E. coli demonstrated similar deformations to those on cicada 
and dragonfly wings, which had been identified as the result of external 
stress applied by the nanostructures. After 12 h of co-cultivation, 
fluorescence demonstrated that all the adhered E. coli were inactivated, 

with a minuscule surface coverage of around 3 %, further confirming 
the mechano-bactericidal effect and the self-cleaning property [168].

3.2. Artificially nanostructured mechano-bactericidal surfaces

As the mysteries of natural nanostructured surfaces continue to be 
unveiled, artificial surfaces inspired by these biological models are 
highly valued. Based on natural surface prototypes, artificial surfaces 
focus on dimensional parameter improvement and optimization, del
ving deeper into the underlying physical mechanisms and thereby en
abling novel antibacterial applications of biomaterial surfaces.

Ivanova et al. first reported the pioneering bioinspired antibacterial 
surface constructed on a black silicon substrate through reactive ion 
etching (Fig. 6a), reproducing the dragonfly (Diplacodes bipunctata) 
wing surface nanostructures with random shapes and non-uniform 
spatial distribution. SEM and optical profilometry images showed the 
nanopillars of the artificial surface were sharper, taller, and more spa
tially distinct from each other compared to the natural counterparts, 
which therefore imparted their varied mechano-bactericidal efficiency. 
It was revealed from the bactericidal tests using three strains of bacteria 
(P. aeruginosa, S. aureus, and spores of B. subtilis) that the black silicon 
surface demonstrated a notably higher sterilization rate compared to 
the natural surface. Both are more effective in comparison to the cicada 
wing surface due to the higher stress caused by sharper nanospikes 
[164]. In another work, Wandiyanto et al. fabricated randomly ar
ranged sharp nanosheets using hydrothermal etching method on Ti 
substrates. The asymmetrical blade-like structure could be adjusted by 
tailoring the hydrothermal period. Specifically, prolonged treatment 
leads to larger spatial features but lower density and sharpness, 
whereas shorter treatment results in smaller, denser, and sharper 
structures. The 6 h treated titanium substrate with the network of na
noflakes displayed the highest antibacterial efficiency towards both P. 
aeruginosa and S. aureus, up to 99  ±  3 % and 90  ±  9 %, respectively. 
This high fatality is attributed to the sharper and more widely spaced 
nanosheets, which generate higher stress onto bacterial membranes 
[169]. Apart from the randomly featured nanostructured surface re
plication, artificial surfaces with well-ordered geometry parameters 
were further investigated (Fig. 6b-c) [170,171]. For instance, Dickson 
et al. leveraged nanoimprint lithography to replicate the wing surfaces 
of cicada using poly (Methyl methacrylate) (PMMA) substrates. These 
substrates were then incubated with E. coli to assess their bactericidal 
properties. Different bioinspired surfaces were fabricated for different 
cycles with pitches of P200, P300, and P600, respectively, in which 
P200 represented the natural topography of cicada wings and the pillar 
interspacing is 170 nm. Antibacterial characterizations illustrated that 
the film with pillars could be more lethal to E. coli, preventing biofilm 
formation compared to the non-structured surface. Furthermore, the 
amount of dead E. coli on the three surfaces was evaluated, and it was 
concluded that the P200 with a smaller diameter (70 nm) and inter
space has the highest bactericidal efficiency, indicating the significance 
of the structure parameters [171].

Theoretically, the cicada-wing-inspired pillared surfaces were ana
lyzed by a quantitative thermodynamic theory regarding the adhered 
bacteria-free energy change (∆E). According to the simulation, the 
higher ∆E represented higher mechano-bactericidal capacity, which is 
closely related to the cell membrane stretching modulus and surface 
morphology. In conclusion, the artificial surfaces consisting of nano
pillars can increase their roughness to some extent by properly ad
justing the distribution density, radius, and height of nanopillars to 
enhance their ability for contact killing [172]. For instance, Ye et al. 
investigated the physical inactivation of S. aureus on nanostructures by 
adjusting spatial parameters. Three types of Al₂O₃-wrapped nanorod 
arrays (Al₂O₃@HNRes, Al₂O₃@ZNRes, and Al₂O₃@ZNRl) with distinct 
top sharpness (conical angles of 180°, 50°, and 50°) and heights 
(∼462 nm, ∼469 nm, and ∼884 nm) were fabricated. After 24 h of 
bactericidal test, Al₂O₃@ZNRes and Al₂O₃@ZNRl with shaper top 
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Fig. 6. Artificial mechano-bactericidal surfaces and antibacterial properties. (a, i) Black silicon surface with nanospikes inspired by dragonfly wing surface; (a, ii) 
mechano-bactericidal behavior of the nanospikes. Reproduced with permission. [164] Copyright 2013, the Author(s). (b, i) PMMA nanopillars inspired by cicada 
wing surface; (b, ii) mechano-bactericidal behavior of the nanopillars. Reproduced with permission. [171] Copyright 2015, AIP Publishing. (c, i) Moth-eye-inspired 
nanopillared surface; (c, ii) mechano-bactericidal behavior of the nanopillars. Reproduced with permission. [170] Copyright 2018, IOP Publishing Ltd. (d, i) Se
lective-biocide effect of black silicon surface towards COS-7 cells and P. aeruginosa; (d, ii) Selective-biocide effect of black silicon surface towards COS-7 cells and S. 
aureus. Reproduced with permission. [178] Copyright 2016, American Chemical Society. (e) Illustration of mechano-puncture with topical stress over 13 MPa. (f) 
FEM result of critical stress of S. aureus cell wall. Reproduced with permission. [173] Copyright 2021, the Authors. (g) Novel mechanism of mechano-bactericidal due 
to shear flow that brings bacteria to the pillars. Reproduced with permission. [174] Copyright 2023, under a Creative Commons Attribution (CC BY) License. (h-k) 
Illustration of mechano-bactericidal behavior on nanoblades; the FEM result showing enhanced mechano-bactericidal stress in air flow; SEM figures of damaged E. 
coli and S. aureus on nanoblades. Reproduced with permission. [175] Copyright 2025, Wiley-VCH GmbH.
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angles showcased physical penetration to S. aureus, achieving ∼98 % 
and ∼96 % inactivation rate. While regarding the top-flat nanos
tructure, only ∼29 % of sterilization induced by bacterial deformation 
was observed. Furthermore, the finite element method identified a 
critical top conical angle of 138°, under which the induced stress 
(20.15 MPa) could puncture the S. aureus cell wall (hypothesized ulti
mate tensile strength = 13 MPa) (Fig. 6e-f). Based on these results, 
researchers proposed that the top sharpness might be paramount for 
bactericidal efficacy, which should be optimized primarily [173]. 
Nevertheless, the theoretical maximum stress required for membrane 
penetration still needs further verification.

Besides adjusting dimensional parameters, utilizing an extra fluid 
field to increase the contact stress has recently attracted extensive at
tention. Peng et al. first reported the hydrodynamic tearing behavior on 
bacteria, concluding a novel mechano-bactericidal strategy that relies 
on the combination of mild fluidic energy and London dispersion force 
between the nanotip surface and the cell membranes. The underlying 
mechanism of the enhanced bactericidal efficiency works as follows. 
When bacteria-laden water flows through the structured surfaces, 
bacteria collide with nanotips due to hydrodynamic forces and 
Brownian motion. The strong London dispersion interaction of the 
carbon coating transiently traps bacteria on the nanotips. Subsequent 
hydrodynamic drag exerts outward tension on the cell envelope at the 
contact area, exceeding the bacterial puncture resistance and causing 
mechanical tearing and cytoplasmic leakage, leading to rapid in
activation. Based on this stress-enhanced strategy, they achieved over 
99.9999 % mechanical bacterial inactivation for water disinfection (E. 
coli) (Fig. 6g) [174]. Similarly, Park et al. constructed antibacterial 
nanoblades for bioaerosol sterilization. Under airflows (0.17–2.8 m/s), 
evident mechano-bactericidal efficiency promotion (Fig. 6h-k) was 
obtained, along with amplified stimulated Von Mises stress (0.815 MPa 
for E. coli, about 5 times higher than flat PDMS) and principal strain, 
exceeding critical rupture thresholds (0.56 MPa for E. coli). Significant 
bacterial cell (E. coli and S. aureus) deformation was observed on the 
nanostructured surface [175]. These novel enhanced strategies indicate 
the potential of introducing auxiliary methods into mechano-bacter
icidal surfaces for inactivation efficiency improvement.

Nanostructured surfaces with precise architectural configurations in 
contemporary biomedical engineering have been investigated for bio
medical implant applications due to their inherent mechano-bacter
icidal properties mediated through non-chemical mechanisms. Such 
physical inactivation strategies effectively mitigate risks associated 
with antimicrobial resistance development, localized pathogen coloni
zation, and implant-related complications [46,176–179]. Moreover, 
concurrently attaining high mechano-bactericidal efficiency, improved 
mammalian cell adhesion, and excellent biocompatibility is another 
research focus of implant surfaces [180]. Pham et al. first discovered 
the dual behavior of black silicon substrate with nanopatterns using P. 
aeruginosa, S. aureus, and COS-7 fibroblast cells derived from monkey 
kidney tissue (Fig. 6d). The assessment demonstrated that surfaces with 
nano-protrusions could decrease the inflammatory response and exhibit 
excellent biocompatibility, showing the potential for use as implanta
tion material and mechano-bactericidal [166]. Following this conclu
sion, various artificial surfaces have been successfully fabricated and 
tested to be qualified to ensure mammalian cell adhesion [181–183]. 
For instance, Mo et al. constructed tiled and vertical nanoscaled la
mellae (P-TL and P-VL) on a polyether-ether-ketone (PEEK) substrate. 
By stretching or directly penetrating, the P-TL and P-VL achieved evi
dent mechano-bactericidal performance in stark contrast to untreated 
PEEK substrate. Due to the sharper edges of the nano-lamellae, more 
significant bacterial damage (E. coli and S. aureus) was observed on the 
P-VL surface. Regarding osteoblast adhesion and proliferation, how
ever, P-TL with relatively flat topography exhibited better cell viability 
than P-VL, which was attributed to the sharp edges that imposed higher 
stress on the adhered cells, impeding their attachment and proliferation 
[184]. As depicted above, the sharpness of the nanostructure is a key 

factor in manipulating mechano-bactericidal performance. However, it 
might also negatively influence the mammalian cell colonization, which 
is important for implant surfaces. Therefore, the balance between this 
“surface competition” requires further systematic investigations.

4. Synergistic antibacterial surfaces based on mechano- 
bactericidal effect

The discussed antibacterial strategies can be categorized into two 
approaches: (i) anti-adhesive surfaces and (ii) mechano-bactericidal 
surfaces. While both exhibit effective antibacterial performance, ex
clusive reliance on either anti-adhesion surfaces or mechano-bacter
icidal surfaces presents inherent limitations in addressing severe in
fections, particularly over extended periods. Anti-adhesive surfaces 
maintain effectiveness only temporarily when intact but ultimately 
succumb to contamination once bacteria breach the protective layer 
due to absent sterilization capabilities [102,110]. Correspondingly, 
mechano-bactericidal surfaces inevitably accumulate dead bacteria 
debris, which results in potential immunological responses in addition 
to reducing bactericidal capacity [185,186]. Therefore, dual/multi
modal function strategies emerged promptly, leveraging the synergistic 
work of different antibacterial capacities, including anti-adhesion and 
mechano-bactericidal effect to enhance the comprehensive anti
bacterial performance without resulting in drug resistance. The fol
lowing section summarizes recent advances in innovative synergistic 
antibacterial strategies based on bioinspired mechano-bactericidal 
surfaces.

4.1. Dual functions combining anti-adhesion and mechanical penetration

Nature provides us with numerous prototypes, such as plant surfaces 
(lotus, pitcher plant, and other plant leaves), that employ synergistic 
anti-biofouling strategies, merging superwettability and mechano-bac
tericidal capacity to maintain a non-contaminated state. Taking ad
vantage of air, water, or lubricant layer as a “shield”, these natural 
surfaces coupled with high-aspect-ratio nanostructures could achieve 
dual-antibacterial capacities, including initial bacterial repellence and 
subsequent contact killing. For example, Jiang et al. revealed that the 
hierarchical structures composed of micro-protrusions and nanoscaled 
wax tubes of the lotus leaf (Nelumbo nucifera) (Fig. 5d) endowed the 
surface with anti-adhesion and contact inactivation properties. Inspired 
by this, they fabricated a superhydrophobic surface with hierarchical 
micro-/nanostructures (Fig. 7a), demonstrating exceptional non-wet
ting properties (WCA = 174.0°, SA < 1°) and mechano-bactericidal 
effect through physical penetration induced by zinc oxide nanospikes. 
The trapped air-layer within the dual-scale hierarchical structure after 
fluorination (DSF) significantly suppressed the first-stage bacteria ad
hesion by minimizing the interfacial contact area. Over 99 % of E. coli 
were inhibited from attachment after 24 h, while for the few adhered 
bacteria, over 98 % were physically killed with visible deformation, 
confirming the dual-antibacterial property. Moreover, the recyclability 
test through sterile PBS rinsing demonstrated sustained anti-adhesion 
and mechano-bactericidal stability, suggesting its potential as an im
plantable surface with synergistic antibacterial functionality [168]. 
Recently, Chen et al. unprecedentedly reported a similar synergistic 
antimicrobial effect of Amorpha fruticosa leaf surfaces, which combines 
non-wettability and mechano-bactericide induced by the randomly ar
ranged nanoflakes (Fig. 7b). Through hydrothermal method (obtaining 
the copper oxide surface (COS) sample) and surface fluorination, arti
ficial superhydrophobic surfaces with CuO nanoflakes (COSF) were 
fabricated, exhibiting anti-biofouling and sterilization capacity. Anti
bacterial tests showed 99.3 % and 99.2 % reductions in E. coli and P. 
aeruginosa surface coverage, respectively, along with a 99.6 % ster
ilization rate of P. aeruginosa. Such efficiency validated the role of the 
air cushion in suppressing bacterial adhesion, avoiding the following 
biofilm formation and mechano-bactericidal failure due to bacterial 
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intensive accumulation. Moreover, anti-abrasion evaluation proved the 
surface could function as a high-touched surface requiring disinfection 
[187]. In addition to the superhydrophobic surfaces, liquid-infused 
slippery surfaces with a lubricant layer could effectively inhibit bac
terial contact. Taking advantage of the lubricant infusion, Hao et al. 
proposed a SLIPS based on oriented nanoscale zeolitic imidazolate 
framework-L (ZIF-L). Researchers first constructed a blade-like nanos
tructured surface through hydrothermal method and then embedded 
the lubricant into the surface, obtaining ZIF-L-based SLIPS (ZLS) 
(Fig. 7c). Long-term bacterial cocultivation test demonstrated that after 
6 h, the control group of silicon wafer (SW) and SW with lubricant had 
formed irreversible biofilm, while the ZLS had no evident signal of 
bacterial contamination. After 12 h, the adhesion of the control group 
became aggravated in stark contrast to the ZLS, which remained un
polluted. Even after 48 h, ZLS invariably exhibited almost non-con
taminated performance with few bacteria adhering on the surface, 
which could be readily washed off by water fluid. A lubricant loss si
mulation test was carried out to verify the purely physical sterilization, 
of which the blade-like structure could effectively inactivate the contact 
P. aeruginosa, indicating the dual-antibacterial ability of this SLIPS 
[188].

The anti-adhesion surfaces discussed earlier primarily repel initial 
microbial attachment, while an alternative “bacterial release” strategy 
addresses dead bacterial accumulation to sustain long-term function
ality [189,190]. Yi et al. integrated bacterial releasing by grafting 
zwitterionic poly(sulfobetaine methacrylate) (PSBMA) onto ZnO 

nanospikes, creating a wettability-switchable surface with mechano- 
bactericidal effect (Fig. 7d). In dry conditions, the exposed nanospikes 
will physically inactivate adherent bacteria; while under hydration, the 
swollen polymers can release dead microbes, therefore, preserving the 
bactericidal efficiency. Regarding the solely mechano-bactericidal sur
face, long-term tests have confirmed that residual dead bacteria would 
gradually impair sterilization efficacy, which, as evidence, necessitates 
this release mechanism. The novel synergistic surface could achieve a 
bacterial removal efficiency of 98 % upon wetting. Over 99 % bacterial 
inactivation with 98 % release rates (P. aeruginosa) could be maintained 
over four cycles, demonstrating the long-term and recyclable anti
bacterial properties [190]. Similarly, Liu et al. developed a “killing and 
releasing” surface by grafting salt-responsive polyzwitterionic brushes 
(poly(3-(dimethyl(4-vinylbenzyl) ammonio) propyl sulfonate)) onto 
cicada (Psaltoda claripennis) wing-inspired nanopillars (Fig. 7e). Based 
on the reversible salt-responsive behavior of the polymeric coating, it 
was found that after three cycles, the switchable surface could retain a 
much higher bactericidal efficiency (∼98.0 %) and bacterial releasing 
efficiency (∼96.4 %), outperforming the static surfaces (77.5 % me
chano-bactericidal rate, no releasing behavior). Moreover, this biomi
metic surface exhibited excellent mammalian cell biocompatibility and 
demonstrated selective biocidal activity toward bacteria and eukaryotic 
cells (RBCs/L929 fibroblasts) in vitro. In vivo studies revealed a milder 
inflammatory response and efficient sterilization due to reduced bac
terial debris accumulation, establishing a long-term reliable, AMR-free 
implantable platform against bacterial infections [191].

Fig. 7. Anti-adhesion/releasing synergistic surface based on mechano-bactericidal effect. (a, i) SEM figure of lotus bioinspired hierarchical superhydrophobic 
surface; (a, ii) the mechanism of long-term antibacterial functionality. Reproduced with permission. [168] Copyright 2020, Elsevier B.V. (b) Amorpha fruticosa upper 
leaf inspired surface with anti-adhesive and mechano-bactericidal behavior. Reproduced with permission. [187] Copyright 2023, Elsevier B.V. (c, i) Illustration of 
dual-functional antibacterial behavior; (c, ii) The fabrication of ZIF-L based dual-functional antibacterial surface. Reproduced with permission. [188] Copyright 
2022, Elsevier Ltd. (d) Schematic of bacterial killing and releasing behavior on the PSBMA modified dragonfly inspired superhydrophilic surface. Reproduced with 
permission. [190] Copyright 2022, Elsevier B.V. (e) Bacterial sterilization and releasing mechanism of cicada-inspired antibacterial surface. Reproduced with 
permission. [191] Copyright 2022, Elsevier B.V.
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4.2. Physical strategy enhanced mechanical inactivation surfaces

Despite advancements in identifying the optimal nanostructures 
with maximal mechano-bactericidal efficiency [172,192–194], bac
terial species with different structures present significant challenges 
against this strategy. Recent studies have revealed distinct mechano- 
bactericidal susceptibilities between Gram-negative and Gram-positive 
bacteria [195]. Gram-negative bacteria (e.g., E. coli) with thin pepti
doglycan layers feature soft cell walls and low resistance to surface 
deformation. In contrast, Gram-positive bacteria (e.g., S. aureus) have 
multilayered peptidoglycan, which endows the bacteria with inherent 
rigidity and smaller bacterial deformation. Such structure distinction in 
structures enables the Gram-positive bacteria to resist physical stress 
[196,197]. Moreover, the delayed inactivation upon bacterial attach
ment facilitates the subsequent biofilm formation, which nanos
tructures struggle to eradicate. Consequently, there remains an urgent 
need for broad-spectrum bacterial inactivation platforms.

Fortunately, multiple physical approaches with broad-spectrum 
bactericidal effects have been explored to circumvent antibiotic re
sistance risks. Emerging as a promising physical sterilization method, 
photothermal therapy (PTT) (Fig. 8a) employs topical hyperthermia for 
microbial inactivation [198–200]. The underlying mechanism of pho
tothermal agents (PTAs) fundamentally depends on efficiently con
verting near-infrared (NIR) light into topical heat, leading to cell 
membrane lysis and irreversible bacteria damage without causing an
tibiotic resistance [201,202]. Several PTAs (Fig. 8b), including carbon- 
based materials [203], metal‐based materials [204,205], noble-metal 
materials [206], and polymeric materials, have been investigated 
[207–209]. Based on the diversified PTAs, researchers have developed 
photothermal inactivation surfaces, establishing this approach as an 
innovative solution for combating surface infections [199,210–213]. 
Additionally, electrostimulation offers another promising strategy, 
showcasing its effectiveness in bacterial integrity damage and biofilm 
elimination. By applying different electric field strengths, various forms 
of electrical stimulation can be applied to bacteria [214]. The 

electroporation effect, for instance, relies on strong electrical fields to 
break down lipid bilayers, compromise bacterial cell membranes, and 
cause content leakage, ultimately resulting in cell death (Fig. 8c) 
[215,216]. Apart from electroporation, electrocatalysis-generated hy
drogen peroxide (H2O2) (Fig. 8d) and electro-induced intracellular re
active oxygen species (ROS) increase both have been confirmed as ef
fective inactivation strategies [217–225]. Notably, all these inactivation 
strategies could be integrated into the mechano-bactericidal surfaces, 
promoting sterilization efficiency for both Gram-positive and Gram- 
negative bacteria.

Recent research has demonstrated that combining mechano-bac
tericidal surfaces with photothermal agents out of inorganic and or
ganic materials can significantly enhance bacterial inactivation by 
generating localized heat upon near-infrared irradiation [228–230]. 
Meanwhile, this synergistic strategy could further lower the required 
irradiation power to achieve the expected sterilization efficiency by 
combining physical rupture, limiting the tropical hyperthermia that 
may result in unwanted tissue damage [231,232]. Based on the cicada 
wing surface, Zhang et al. designed a photothermal-therapy-enhanced 
mechano-antibacterial hybrid surface that exhibited remarkable broad- 
spectrum sterilization (Fig. 9a) and selective biocide. This environment- 
friendly and biocompatible photothermal coating, composed of tannic 
acid (TA) and ferric ion (Fe3+), was fabricated through the LBL self- 
assembly strategy [233]. The real-time photothermal images showed 
the light-heat-conversion that within 1 min of NIR (808 nm) (0.6 W/ 
cm2) irradiation, the temperature of the surface could rapidly rise from 
∼17.2°C to ∼57.3°C, indicating excellent hyperthermia performance. 
The synergistic bactericidal test of the hybrid surface against S. aureus 
and P. aeruginosa was evaluated. In the absence of NIR irradiation, the 
hybrid nanopillared surface showed a limited inactivation to bacteria, 
under which condition the S. aureus cells still had smooth membranes. 
While under 5 min of NIR irradiation, over 99 % Gram+ and Gram- 
bacteria were either inviable, demonstrating the photothermal en
hanced bactericidal performance. The SEM results (Fig. 9b) showed that 
the surface of S. aureus had more wrinkles and deformations with NIR 

Fig. 8. Emerging physical bactericidal strategies. (a) Schematic of photothermal coated inactive surface. (b) Main categories of PTAs. Reproduced with permission. 
[203] Copyright 2018, John Wiley and Sons. [226] Copyright 2019, The Author(s). [227] Copyright 2021, John Wiley and Sons. (c) Synergistic inactivation of 
electrostimulation and electrocatalytic H2O2. Reproduced with permission. [218] Copyright 2024, Elsevier B.V. (d) Illustration of water disinfection system and 
mechanism of nanorod-enhanced electroporation effect applied on bacteria. Reproduced with permission. [219] Copyright 2024, the Author(s), under exclusive 
licence to Springer Nature Limited.
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irradiation than the lightless condition, further evidencing that the 
synergy of NIR light significantly amplifies the deformational effects 
exerted by the surface nanostructures [231]. By replacing the complex 
photothermal coating with PDA, Zhao et al. engineered a PTT-enhanced 
antibacterial surface. Cicada-wing-inspired nanopillars were obtained 
through the nanoimprint method, followed by the PDA deposition 
(Fig. 9c). The synergistic inactivation surface achieved approximately 
99 % and 98 % fatality rates against E. coli and S. aureus, respectively, 
significantly enhancing bactericidal efficiency of nanopillared surface, 
particularly against S. aureus [228]. Another more straightforward 
photothermal synergy mechano-bactericidal surface was proposed by 
Zhang et al., based on a TiO2 nanorod array that played a double role as 

mechano-stress source and photothermal agent, without introducing 
other chemical PTAs. The in vitro antibacterial test demonstrated that 
without NIR (808 nm), nanostructured surfaces (NS1, NS2, NS3, NS4) 
could only have a fatality rate of around 20 % towards S. aureus and E. 
coli. After 15 min of NIR (0.8 W/cm2) irradiation, the synergistic bac
tericidal efficiency significantly increased to 99 %, coupled with ex
cellent biofilm elimination. As the irradiation power added up to 
1.2 W/cm2, all the nanostructured surfaces could achieve a 100 % in
activation efficiency for both S. aureus and E. coli, indicating the success 
of this combined strategy [232].

Besides photothermal therapy enhancement as a synergistic bac
tericidal agent, electrostimulation offers another promising alternative, 

Fig. 9. Synergistic-enhanced mechano-bactericidal surfaces. (a) Schematic of synergistic bacterial inactivation based on mechano-bactericidal and photothermal 
effect. (b) Contrast SEM figures of S. aureus bacterial morphology on flat and hybrid nanopillared surfaces, with/without NIR irradiation. Reproduced with per
mission. [231] Copyright 2023, Elsevier Inc. (c) Illustration of PDA photothermal coating fabrication. Reproduced with permission. [228] Copyright 2023, Elsevier 
B.V. (d) The explosion graph of the instant disinfection mask. (e) Schematic of electroporation-enhanced antibacterial behavior on nanowires. (f) Contrast SEM 
figures of bacterial surface morphology with/without electroporation effect. Reproduced with permission. [236] Copyright 2024, John Wiley and Sons. (g) Illus
tration of enhanced mechano-bactericidal performance based on intracellular ROS increase. (h) Contrast SEM figures of bacterial surface morphology with/without 
electrostimulation. Reproduced with permission. [237] Copyright 2024, Elsevier Ltd. (j) The antibacterial fabrics based on synergy of piezoelectric and mechano- 
bactericidal effect. Reproduced with permission. [238] Copyright 2022, Elsevier Ltd.
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enabling efficient bacterial inactivation while integrating functions, 
including healthcare and tissue recovery. Combining electrostimulation 
with bioinspired mechano-bactericidal nanostructures can demonstrate 
superior sterilization performance compared to single-mechanism sur
faces. With external electricity, the lightning-rod effect at nanostructure 
tips can generate localized enhanced electric fields with high charge 
densities, which in turn amplify the electrostimulation effect, thereby 
making nanostructured surfaces an ideal platform to integrate electro
stimulation [234,235]. Building upon this concept, Sim et al. proposed 
an electroporation-enhanced platform for respiratory protection by 
developing a self-powered mask consisting of a Cu(OH)2-nanowires- 
based respiration-driven triboelectric nanogenerator (R-TENG) 
(Fig. 9d). A relatively high open-circuit voltage of 120 V could be 
generated under the regular breathing rate of an adult, successfully 
converting the breath energy into an amplified electrical field. While 
the Cu(OH)2 nanowires could achieve 90∼99 % B. subtilis sterilization 
through physical penetration behavior (Fig. 9e-f), the electroporation- 
enhanced platform further improved the inactivation efficiency to over 
99.99 %. By taking advantage of the synergistic work of electro
stimulation and mechano-bactericidal effect, this synergistic strategy 
offered an impressive instant disinfection system for respiratory 
healthcare [236]. Slightly different from the high voltage stimulation, 
Yi et al. reported a low-voltage integrated TENG consisting of gold- 
coated polypropylene-based bioinspired nanostructured (GNS) surfaces. 
By leveraging electrostimulation-enhanced intracellular ROS levels 
(Fig. 9g), in vitro studies under 8 V therapeutic triboelectric stimulation 
revealed a substantial enhancement in antibacterial efficacy, achieving 
99.96 % against E. coli (compared to 83.14 % with sole nanostructure 
penetration) and 99.47 % against S. aureus (versus a 51.77 % baseline 
performance). SEM results showed the wrinkled bacterial morphology, 
further confirming the enhanced inactivation capacity, particularly for 
S. aureus (Fig. 9h). Furthermore, different nanostructured substrates, 
including PEEK, titanium, polycaprolactone (PCL), and PC, were used 
to evaluate the universally applicable properties of such synergistic 
strategy. It proved excellent because all of the tested substrates with 
various nanostructures could still exhibit over 99 % sterilization to the 
S. aureus. Additionally, the application of low voltage stimulation al
lows the in vivo biocompatibility and improvement of mammal cell 
proliferation and migration, due to which the patch could speed up skin 
wound recovery, proposing a multifunctional biomedical platform 
[237]. Besides relying on the TENG to provide electrostimulation, Wang 
et al. developed a synergistic method of piezoelectric effect, using ZnO 
nanowire (NW) arrays to generate interface electrons which could in
hibit the bacterial growth and lead to cell death. In this research, an
tibacterial carbon fiber fabrics (NWs/CFF) (Fig. 9j) have been fabri
cated and showed an extraordinary sterilizing rate of over 99.99 % to 
both S. aureus and E. coli, of which 70 % of the death was accounted for 
the electro-effect and 30 % due to physical rupture. The same result of 
high fatality was obtained by testing different NW-modified fabrics, 
which indicated the feasibility and reliability of this electrostimulation- 
enhanced bactericidal surface, laying a solid fundamental for future 
antibacterial clothes [238].

5. Conclusions and outlook

The overuse of antibiotics has contributed to the emergence of an
timicrobial resistance (AMR), accelerating the proliferation of drug- 
resistant bacteria. Traditional strategies based on chemical bactericidal 
coatings have demonstrated short-lived efficiency and many types of 
toxicity, including cytotoxicity, nanotoxicity, or nephrotoxicity. 
Inspired by the well-developed antibacterial functionality of natural 
prototypes, purely physical antibacterial approaches emerge as a pro
mising alternative. In this review, antibacterial surfaces based on these 
bioinspired and physical approaches are delineated into two main 
mechanisms: bacterial repellency, leveraging different means of inter
facial protective layers comprising water, gas, or lubricant, and contact- 

based inactivation, which harnesses physical penetration behavior of 
high-aspect-ratio nanostructures towards attached microorganisms. 
Synergistic antimicrobial platforms that properly integrate both anti- 
adhesion and physical bactericidal mechanisms are further discussed, 
with recent investigations highlighting these methods as the dominant 
trend that significantly promotes the antibacterial properties and ef
fectively combats AMR.

The reproduction of naturally occurring anti-adhesion obstacle 
layers, including the entrapped air-layer on superhydrophobic surfaces, 
interlocked water/hydration layer on superhydrophilic surfaces, and 
the lubricant layer on SLIPS, has been achieved through surface mod
ification. Utilizing nanofabrication techniques, micro-/nanostructured 
surfaces are obtained to exhibit superwettability, providing the pre
requisite for repelling layer formation, which significantly inhibits 
bacterial attachment and subsequent biofilm formation [239]. SLIPS 
rely on porous or wrinkled morphology, which can lock the lubricant 
within them to repel bacteria [240]. Diverse strategies for constructing 
the anti-adhesion layer have been investigated, but their long-term 
stability remains a critical challenge [241,242]. Further research should 
prioritize the development of more efficient strategies to enhance the 
durability and longevity of these inhibition layers through designing 
novel micro-/nanostructures or utilizing self-healing strategies 
[243,244]. In addition to wettability, surface topography is another 
vital factor in influencing microbial adhesion, with its specific mor
phological parameters strongly linked to bacterial attachment dy
namics. Micro-engineered surfaces like the shark-skin-inspired surface 
with microridges showcase excellent anti-adhesion properties. The 
mechanism behind this inhibition could be summarized as decreasing 
the adhesion force by minimizing the contact area between bacteria and 
surfaces. However, the precise influence of surface patterns and the size 
scale remains elusive, necessitating further systemic investigations. 
Moreover, irregular roughened surfaces have demonstrated the cap
ability of modulating bacterial adhesion as well. Although the na
noscale roughness is confirmed to have excellent inhibiting capacity, 
there is still a lack of consensus regarding the optimal surface roughness 
for maximizing anti-adhesion efficacy. Novel strategies for analyzing 
complex interactions between different factors, such as computational 
simulation, are supposed to be proposed to better understand the un
derlying mechanism of the adhering process. Furthermore, different 
bacterial strains exhibit highly diverse interactions and preferences to 
varied surface profiles due to their divergent sizes, shapes, and surface 
compositions. These factors must thus be seriously considered and 
thoroughly evaluated while achieving optimal antibacterial efficacy in 
specific application scenarios. Modifications of micro-/nanostructures 
and geometric designs should be well customized to align with the 
adhesion preferences of predominant microbial species under certain 
circumstances, ensuring well-organized and tailored antimicrobial 
performance.

Mechano-bactericidal structures derived from the insect wing or 
plant leaf surfaces with high-aspect-ratio are well acknowledged to 
have an unselective physical penetration or stretching effect on bacteria 
[46,193,245,246]. Nanopillars, nanospikes, nanoblades, and other na
nostructures can apply external stress to bacterial membranes, leading 
to evident bacterial cell deformation and rupture, causing non-chemical 
death when bacteria adhere. Being considered an effective way of pa
thogen sterilization, along with the ability to facilitate mammalian cell 
adhesion and proliferation, nanostructured surfaces are promising for 
catering to the requirements of implant device surfaces. Considering the 
differences in the composition and thickness of cell wall structures, the 
resistance against physical stress varies among Gram-positive bacteria 
like S. aureus and Gram-negative bacteria E. coli. Developing effective 
bactericidal nanostructures with broad-spectrum sterilization cap
abilities may, therefore, be a critical next step [247]. From the concept 
of biofilm eradication, other physical inactivation strategies, such as 
thermal therapy, using PTA coatings to convert light into heat to cause 
irreversible damage to the already-formed biofilm, have been 
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investigated [198,248,249]. The high efficiency of heat-converting 
materials is still needed. Meanwhile, biocompatibility and biodegrad
ability are far more important. These advancements should also focus 
on minimizing side effects such as tissue damage and inflammation. 
Additionally, electro-stimulated strategies using electrical fields to 
apply voltage or electrocatalysis products on bacteria to achieve ster
ilization. TENGs and piezoelectrical materials have been involved, 
serving as promising methods to solve the challenge of power sources 
and constructing portable devices.

To address the inherent limitations of a single antibacterial strategy, 
synergistic physical antibacterial surfaces that are primarily based on 
bioinspired mechano-bactericidal nanostructures have been extensively 
developed. These synergistic platforms are classified according to me
chanisms such as bacterial repelling/releasing with mechano-bacter
icidal effect or physical enhancement of mechano-bactericidal effect. 
Leveraging the anti-adhesion layer between the bacteria and the sur
face, the initial bacterial attachment will be effectively hindered, and a 
few “lucky” bacteria successfully adhering to the surface can be killed 
by the nanostructures with high-aspect-ratio. The other releasing stra
tegies using proactive responses to sweep the dead bacteria off the 
surfaces can prevent the bacterial accumulation from covering the na
nostructures. This repelling/releasing and killing strategy significantly 
prolongs the longevity of mechano-bactericidal function, preventing 
bacterial accumulation [250], which could decrease the penetration 
stress of nanostructures. Furthermore, complementary physical ap
proaches, such as hyperthermia and electrostimulation, have displayed 
significant success when integrated with bactericidal nanostructures, 
markedly endowing controllable properties and improving broad- 
spectrum sterilization efficiency. By providing auxiliary stimuli, these 
strategies create amplified bacterial lethality, particularly Gram-posi
tive bacteria, compared to the sole mechano-bactericidal approach. By 
overcoming the challenges of bacterial resistance and ensuring a 
broader spectrum of antimicrobial activity, this approach also expands 
the potential for application in diverse environments, including medical 
devices and surfaces prone to biofilm formation. Additionally, the 
combined thermal/electric stimulation could potentially reduce the 
reliance on chemicals, making it an environmentally friendly and sus
tainable solution for long-term pathogen control.

Looking ahead, the evolution and advancement of bioinspired 
antibacterial surfaces must address enduring challenges and capitalize 
on transformative opportunities alongside the rapid development and 
the prevailing trend of developing synergistic antimicrobial strategies, 
collectively paving the way for expediting the “bench to bedside” 
process. Firstly, achieving prolonged durability and wear-resistive 
robustness poses a significant hurdle for adapting physical anti
bacterial surfaces to clinical and nosocomial applications. Although 
recent investigations have integrated antifouling capabilities and en
hanced antibacterial properties, current studies mainly examined the 
functionalities and performance over days and weeks, falling short of 
the clinical requirements of multitudinous scenarios such as the sur
face modification of chronic implants with sterilization demands over 
months and years. Secondly, current development and production 
processes for physical antibacterial surfaces, which primarily depend 
on techniques with precise machining and molding, are time-con
suming, cost-effective, and face considerable challenges in achieving 
large-scale manufacturing. To bridge the gap between fabrication in 
research laboratories and practical deployment, innovative ap
proaches should be further explored to promote the cost-performance 
ratio, the universality of substrate materials, technique accessibility, 
and manufacturing efficiency. Thirdly, the pursuit of biocompatibility 
represents a pivotal frontier: while the developed micro-/nanos
tructures and other physical cues effectively interrupt microbial co
lonization, they also significantly influence the interactions between 
mammalian cells and the underlying material substrates, presenting a 
substantial challenge to diminish the disruption to the physiological 
microenvironment and the surrounding tissue cells. Developing a 

multimodal antimicrobial platform that simultaneously inactivates 
bacterial attachment and mitigates tissue cell behavior such as cell 
migration, inflammatory response, and immunoreaction may be the 
optimal solution, realizing multiple bioactive functionalities involving 
antioxidants, anti-inflammatory effects, wound healing, im
munomodulation, and angiogenesis [251–253]. Fourthly, in
tellectualization, controllability, and monitoring capabilities are gra
dually becoming paramount considerations as the emerging demands 
of precision medicine and personalized medication, along with the 
cutting-edge development of smart responsive materials, artificial 
intelligence, flexible electronics, machine learning, and implantable 
electronic devices. For example, implant materials can develop a 
Janus dual-function design that integrates traditional mechano-bac
tericidal with implantable electronics: while the outer surfaces are 
featured with optimum bioinspired nanostructures that are capable of 
eliminating a broad-spectrum of attached pathogens, the inner sur
faces are equipped with strain gauges arrays to achieve strain mapping 
of high-sensitivity and high-resolution, enabling information acquisi
tion of implant biomechanics for early diagnosis and prevention of 
catastrophic failures [254]. However, due to the limitations in elec
tronics technology, manufacturing complexity, and cost-effectiveness, 
investigations into such intelligent antimicrobial designs with mon
itoring capacities remain limited, with considerable obstacles still to 
be overcome before extensive practical trials can be conducted. Ad
ditionally, widen application in different fields: not being confined to 
biomedical interfacial disinfection or implant surface modification, 
synergistic antibacterial strategies should also be improved and ex
tended into food packaging [255], water/gas purification [256], anti- 
virus/fungus [257,258], and other possible fields.
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