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Abstract: Bacteria are widely distributed in the natural
environment and the surfaces of objects, bringing about
much trouble in our lives. Varies nanomaterials have
been demonstrated good effect on killing microbe, but
the consistency and stability seem to be improved.
Recently, antibacterial effect on surfaces of some natural
nanostructures was recognized, and more and more evi-
dences were provided as a new type of bactericidal
mechanism, the physical sterilization. The dragonfly and
cicada wings have been found to possess the most excep-
tional antibacterial properties because of the specific
nanostructure. Inspired by the biofunctions, researchers
began to build a series of physico-antimicrobial surfaces
on different materials to avoid the abuse of antibiotics
and the environmental pollution of organic antibacterial
agents. The physico-antimicrobial structure does not
rely on chemical components, and a series of physico-
antimicrobial models have been established. To deeply
understand the physically bactericidal effect, this article
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reviews a series of natural and biomimetic physical anti-
bacterial surfaces and makes reasonable expectations
for the application of such composite materials in con-
structing physical antibacterial surfaces.
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1 Introduction

It is well known that bacteria can be found on the surface
of all objects and often causes severe damage to human
production and lives [1-3]. Currently, one of the most
common antibacterial methods is using antibiotics. How-
ever, it is reported that bacterial antibiotic resistance is
becoming more and more critical due to the excessive use
of antibiotics in health care and agricultural activities.
About 7,00,000 people die each year from antimicrobial
resistance (AMR) infections, and it is estimated to be
increased to 10 million by 2050 [4,5]. Furthermore, struc-
tural or spatially heterogeneous host population and the
variability of antibiotic consumption will persist for long-
lasting coexistence [6]. Another prevalent method is to
modify the surface of the material with the chemical anti-
bacterial agent [7-11], which can bring a particular anti-
bacterial effect to these materials. But the introduction of
the inorganic or organic antibacterial agents may accom-
pany with dissolution problems [12-14], such as the
heavy metal ions or toxic chemical groups contained in
those chemical antibacterial agent will be released from
the surface of the material and inevitably pollute the
environment [15]. Meanwhile, the addition of the antimi-
crobial agent as a second phase in the matrix material
often lead to an increase in processing complexity and a
decrease in particular properties [16—18].

On the basis of the aforementioned questions, we are
looking forward to a new nonchemical, environmentally
friendly [19], healthy [20], simple, and effective antibac-
terial technology, expecting that the surface of the material
will have an excellent antibacterial effect based on physical
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or even more simplistic mechanical action. This review
article will explore various fabricated nanostructures sur-
faces and their underlying physical properties, aiding them
to inhibit bacterial contamination. Bactericidal mechan-
isms and its effects on the physico-antimicrobial efficacy
are also discussed. The three major aspects of physico-
antimicrobial outlined in this review are shown in Figure 1.

2 Physico-antimicrobial material
and its microfabrication and
nanofabrication

As a proverb says, it is not the strongest of the species
that survive, but the one most responsive to change. After
several million years of evolution, the surface of many
plants and animals were given some unique structures
that make them magical to withstand external risks in
harsh natural conditions [21-23]. A lot of research works
pay great attention on natural and artificial antimicrobial
nanostructures. Such unique structures are of significant
importance for the design of the bioengineering field in
this section [24,25].

Progress in construction of bio-inspired physico-antimicrobial surfaces

— 1563

The antibiofouling performance of these natural
surfaces is attributed to their superhydrophobic and
microtopographies or nanotopographies. The special
properties aroused from the natural microstructures/na-
nostructures attracted many researchers and they began
tostudy them [25]. Ma et al. [26] found that the surface
of a taro leaf is a layer of polygonal epidermal cells.
Different from lotus, such a unique uneven structure
distribution makes the taro leaves much long last-
ing and prevent the adhesion of Gram-negative bacteria
even in an entirely humid environment. Shark skin (The
Sharklet AF™ PDMSe) [27-31] is also found to have anti-
bacterial action toward the adherence of Staphylococcus
aureus.

A series of work on natural bactericidal surfaces have
been carried out since 2012. The cicada wings exhibiting
nanoneedle array evenly distributed on its surface could
make Gram-negative bacteria die in 5 min by direct phy-
sical contacting, first described by Mainwaring et al. [32].
The mechanobactericidal surfaces were successively ob-
served on the surface of many other kinds of animals
such as dragonfly wings, cicada wings, and gecko skin
(as shown in Figure 2). Although the water contact angle
on the animal surface is lower than that on the plant
surface, the effect of antibacterial is not much different

Figure 1: Illustrative overview of the three major aspects of physico-antimicrobial outlined in this review. Note that the different components

of this graphic are not drawn to scale.
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Figure 2: Summary of naturally occurring nanostructured antibiofouling surfaces: (a) taro leaf [26] and (b) Navodon septentrionalis filefish
skin [44]; bactericidal surfaces: (c) different species of dragonfly wings [45,46]. (d) Different species of cicada wings [47], and (e) gecko

foot with high adhesion [48].

[33], indicating that the antibacterial performance of nat-
ural antibacterial surfaces, especially the relationship
between bactericidal performance and hydrophobicity,
is not very close [34] (Figure 3).

2.1 Bio-inspired artificial nanostructures for
physico-antimicrobial

Nature does always give plenty of inspiration [23]. Inno-
vative studies from naturally occurring nanostructural sur-
faces over the past ten years have led to a next-generation
bactericidal paradigm, which acts through contributing a
series of the physico-antimicrobial surface [35,36].

2.1.1 Top-down multiway etching

To replicate naturally occurring nanostructural behavior,
researchers use inorganic, metallic, or polymeric materials

as the substrates to fabricate microsclaed or nanoscaled
artificial structures [37,38]. Different arrangement densi-
ties on the surface of polymethyl methacrylate (PMMA)
fabricate special nanostructures. Moreover, after quantita-
tive analysis, in terms of PMMA, the optimal nanocolumn
spacing is 130-380 nm. Likewise, the material having the
antibacterial surface was placed in the bacterial suspen-
sion, and after 24 h, the bacterial content in the water was
reduced by 50%. The Epstein group [39] bonded a layer of
electron-patterned polyethylene glycol hydrogel film to
the slide, which effectively inhibited the adhesion of bac-
teria to the surface. Chemical hydrothermal etching has
been further explored by scientists. After being modified
by solution-phase etching, Cu (used a soft H,0, and HCl
solution) [40] and aluminum alloy (with a mixed solution
of oxalic acid and then infiltrated it with the potassium
permanganate solution) [41] substrates can be fabricated
toward nanostructures of layered-triangular prism arrays
with rough surfaces. The Cu substrate also displays selec-
tive superhydrophobic performance via facile solution-
phase etching. Peng et al. [42] also etched a layered



DE GRUYTER

(a)

Silicon

(b)

Plasma

Silicon nanospikes

Plan view Cross-section

(d)

Progress in construction of bio-inspired physico-antimicrobial surfaces

Bl wmm¢

— 1565

ewse|d uabAxQ

KrF laser
| - |
— | sivater |

Plasma

Angled

Figure 3: Schematic representation of the hysico-antimicrobial nanostructures that can be designed by top-down multiway etching. (a) The
fabrication of monotonous polymer nanostructures on a planar surface [49]. (b) Schematics showing the two steps of Mac-Etch (metal-

assisted chemical etching method) on silicon [50]. (c) The details of the nanopatterning process on the 8 in. Si wafer [51]. (d) Scanning
electron microscope (SEM) images of a fabricated topographical step and images of the positions visited by the bacteria [52].

triangular prism array nanostructure using hot ammonia
solution etching. Based on this, Arisoy et al. [43] printed
the surface of shark skin with polymer and ceramic
composites and added TiO, nanoparticles. Compared to
smooth films, the shark skin without nanoparticles
reduced the adhesion of Escherichia coli by 70%. But TiO,
nanoparticles exposed to UV light for an hour will kill more
than 95% of E. coli and 80% of S. aureus. The schematic
representation of the top-down multiway etching is shown
in Figure 3.

2.1.2 Bottom-up chemical synthesis

Since the typical size of a single bacterium is about 1 pm,
most bacteria are nanoscale in a certain dimension

[53-55]. Therefore, when bacteria are in direct contact
with many inorganic nanomaterials, their morphology
and specific biological functions are significantly affected
[56-58]. As an antibacterial material, the antibacterial
mechanism of nano-ZnO has been widely concerned by
researchers [59]. It can be considered that the small size
effect of nanoparticles is the reason why ZnO has anti-
bacterial effect in the absence of light. It has been found
that the direct contact between ZnO nanoparticles and
bacterial cell walls leads to cell injury. The antibacterial
effects of ZnO nanoparticles with different morphologies
are also different, for example, flower-like inactivation of
E. coli and S. aureus is much better than spherical ZnO-
NPS or rod-like ZnO-NPS. Carbon nanotubes [60-64],
graphene [65,66], graphene oxide [22,67-69] (Figure 4),
and the latest two-dimensional material MXenes [70]
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have also reported to possess mechanical and physical
antibacterial capabilities. Carbon nanotubes are related
to nanodarts, and graphene is associated with nano-
blades [71-73]. In 2007, Elimelech and coworkers [60]
first demonstrated that single-walled carbon nanotubes
(SWCNTSs) destroy the cell membrane of E. coli by piercing
and then excluding metal toxicity and oxidative stress.
Scientists have ruled out experimental variables and pos-
sible factors, for example, the natural bacterial fading
and material toxicity have been excluded. It was found
that SWCNTs with a diameter of 8.3 A have higher phy-
sical properties than direct contact with multiwalled
carbon nanotubes (MWCNTSs) [74,75]. The former was
detected to have more leakage of genetic material after
cell membrane destruction. Briefly speaking, the bacter-
icidal ability of the SWCNTs is much better than that of
the MWCNTs.

In addition to one-dimensional CNTs, the two-dimen-
sional materials also have been found to display mechani-
cally bactericidal effects. Among the two-dimensional
materials, graphene oxides (GO) vertically covered on
substrate have been widely investigated [66, 76—80]. For
example, on the stainless steel substrate, the randomly
oriented GO nanosheets are sharped like blades, which
can cut through the cell membrane of bacteria, killing bac-
teria. Huang and coworkers found [67] that reduce gra-
phene oxide (rGO) reduced by inductively coupled low
temperature hydrogen plasma without using any other
chemicals has significantly higher bactericidal activity,
as depicted in Figure 4. This mechanism for the enhancing
antibacterial activity was due to the decomposition of the
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thin graphene oxide layer into smaller layers by plasma
treatment. Because of these defects and small ridges formed
on the surface, the bacteria suffer destructive membrane
damage.

In fact, the role of physico-antimicrobial are still va-
guely for the antibacterial effect of nanomaterials [81].
Most importantly, the potential influences on the syner-
gistically antibacterial mechanisms are still unclearly.
Conversely, the size dependence of multidimensional
materials also makes it difficult to determine which part
has the influence on the destruction of bacterial cell
membrane accurately [82].

2.1.3 Surface topography coatings and modification

There are many ways to grow nanostructures on the sur-
face of different kind of substrates, including hydrothermal
synthesis [83], chemical deposition, self-assembly, and
inkjet printing and 3D printing. What is more, modification
on those prepared nanostructures has also gradually
emerged for fabricating composites [84—87], and the addi-
tion of various antibacterial agents can also improve its
function [88,89].

The hydrothermal method can synthesize various
nano-array structures such as nano-grass, nano-blade,
and nano-pyramid on different substrates [90,91]. As a
material with several morphological structures, ZnO has
been found having a bactericidal effect on columnar
needle-like or blade-like nano-array structures synthe-
sized by hydrothermal processes [82,92,93]. Wu Shuilin’s
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Figure 4: (a) SEM images of E. coli after incubating with GO and r-GO at 0.2 mg/mL for 4 h, respectively [67]. (b) The wrinkled surface of
graphene films may directly affect bacterial viability by means of various interactions of bacterial cells with graphene sheets [68].
(c) Graphene nanoblades in the form of graphene nanowalls deposited on stainless steel substrates [66].
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group [94] prepared a ZnO array structure with antibac-
terial and biocompatible properties by developing a seed
layer on the titanium substrate by atomic deposition and
then hydrothermally growing ZnO rods. Tetra-needle-like
ZnO whisker (T-ZnO w) added prepared by gas pressure
sintering process was reported to have good antibacterial
properties. In the recent work in our group, a nanoblade-
like surface made of Zn-Al layers of double hydroxides
was prepared on stainless steel sheet by chemical bath
deposition (CBD) to mimic the nanoblade structure of
the pitcher plant’s neck [95]. The electric field-assisted
hydrothermal growth method has been used to construct
gradient morphologies such as hexagonal prisms and
hexagonal pyramids on stainless steel sheets as illu-
strated in Figure 5. Although the density is similar
(1.9 x 10°-2.4 x 10° rod cm?) [96], the bactericidal rate
was greatly improved as the average tip width of the
nanorods decreasing from 137 to 38 nm. It has been
proved that there are mechanically bactericidal effect
and self-cleaning effect in such structure.

Many other methods and techniques of microfabrica-
tion and nanofabrication that build these artificial nano-
structures are proposed [97]. Wang research group [98]
synthesized fluorinated multi-walled carbon nanotubes
(MWCNTs-PFOL). By grafting perfluoro-n-alcohol to the
surface of the MWCNTs, a mixture comprising polyur-
ethane prepolymer, perfluoro-n-alcohol, ethylene glycol,
acetone, and toluene was then spin coated onto the glass
substrate together with MWCNTs-PFOL to give a coral-
like nanostructure. Zhao et al. [99] and Wong et al.
[100] used the self-assembly technology and the jet
assembly technique to construct unique nanostructures,
respectively. The advantages of chemical deposition and
assembly methods have lowered cost and made the mass
production easy, but the resulting nanostructures are
often not regular enough. Vafaei et al. [101] and Zhao
et al. [102] used inkjet or 3D printing technology, which
was a trendy material preparation technology in recent
years, to print three-dimensional nanostructures on the
substrate, respectively. It was easy to operate and accurate
in preparation, but costly. Besides, it was difficult to obtain
a nanoscaled structure. A porous polymer film with a uni-
form pore size array was prepared by the gas-phase method,
utilizing the self-assembly behavior of the polymer and
controlling droplet condensation. A uniform micron-sized
porous structure surface was prepared, which limited the
respiration of Pseudomonas aeruginosa, when the pore dia-
meter was 5-11 um, thereby killing the bacteria [103].

In addition, there is a method combining these tech-
niques. Specific steps include the following: (i) prepare a
layer of easily etched material on the surface of the
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substrate and (ii) etch the layer into a nanostructure.
Zhang et al. [104] first coated a layer of fluorosilane on
the surface of TiO,-SWNT and then irradiated the surface
with ultraviolet light. After the fluorosilane was gradually
decomposed, a particular structure at the nanometer
level was obtained. Microwave plasma chemical vapor
deposition (MPCVD) coupled with RIE had replicated
the nanopattern of cicada wings on a diamond nano-
cone-patterned surfaces. The average structure heights
were recorded to be 1.6 pm and the widths 350-750 nm
[105]. To simulate the low surface energy of the natural
pitcher plant neck, the nanoblades with (heptadeca-
fluoro-1,1,2,2-tetrahydrodecyl)-trimethoxy silane were pre-
pared [95], and with good self-cleaning performance, it
could effectively remove bacterial debris and prevent
biological adhesion.

3 Mechanisms for the physico-
antimicrobial effect

Depending on the type of species of naturally occurring
nanostructured antibacterial surfaces, the combinatorial
effects of antimicrobial activity manifest themselves as
the total destruction of the cellular envelope (i.e., bio-
cidal effect) or inhibition of growth (i.e., antibiofouling
effect).

Overall, the killing mechanism of the physico-
mechanical antibacterial material or surface is seemly a
combination of several factors including (i) micro-
particle’s and nanoparticle’s internalization or insertion,
resulting in membrane dysfunction (i.e., nanotoxicolo-
gical effects), (ii) contacting physical puncturing (also
known as mechanobiocidal mechanism) (iii) noncon-
tacting physical tearing, and (iv) collaborating with
some conventional chemical destructive extraction
includes damaging of oxidative stress, and so on. Since
the antibacterial spectrum of this surficial or structural
antibacterial has not been established, the interpretation
of its antibacterial mechanism is also different. Here, we
summarize research efforts in the proposed mechanism of
the physico-antimicrobial material.

In terms of mechanical antibacterial of nanomaterial,
nanoparticles affect the adhesion of cells to substrates
(such as ECM, cells, or tissues) [106-108], the integrity
of the internal skeleton of cells [109,110], and the ability
of cells to migrate [71,111]. Liu et al. used a 2nm atomic
force microscope (AFM) to simulate a single collision
event between cells and SWCNTs and found that a single
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Figure 5: The experimental setup (a) and changes in ZnO NAs topography under the influence of setting position of samples. SEM images of
(b) anode region, (c) middle region, and (d) cathode region; topographic parameters: (e) tip-width, (f) density, and (g) height, as deter-

mined by SEM [96].

collision between CNTs and cells was not sufficient to
induce fatal damage [65]. Therefore, the author interprets
the process of mechanically piercing bacterial cells by
carbon nanotubes as a cumulative process of repeated
punctures [53]. Simulation of individual interactions of
CNTs with cellular lipid bilayer membranes generally
agrees that CNTs will first enter the cell through either
end of the tube structure, possibly by entering the cell
in an approximately vertical manner [107,112-115]. For
example, Luan et al. [116] used the simulation of mole-
cular dynamics simulation, and the interaction process

between flake graphene and biological cells is revealed
from the molecular level. In the main life activity of cells
synthesizing secreted proteins, graphene sheets organize
the hydrophobins to contact each other to recognize,
thereby destroying cell metabolism and causing apop-
tosis. Figure 6a shows a schematic view showing a
process of breaking a cell membrane by microparticle
and nanoparticle insertion.

The contacting physical puncturing mechanical are
proposed by the Ivanovo’s group [117]. They used the flap
surface as a model, assuming that all the nanopillars on
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the arrays are evenly distributed and of the same height,
since the bacterial cell size is generally 500-1,000 nm
and the gap distance between the nanocolumn arrays is
about 170 nm. Therefore, when the bacterial cells are in
contact with the nanocolumn array, the cells cannot be in
the gap. Because the height of the nanocolumn is about
200 nm, which is an order of magnitude higher than that
of the cell membrane that is less than 10 nm thick, the
bacterial cells cannot approach and contact the nano-
column. It is impossible for the arrays to contact the sub-
strate over a large area by a slight deformation of the cell
membrane, lying on the substrate, and it is only possible
to be placed in the air by the array of nanopillars, as
shown in Figure 6b. Owning to its own weight and
adsorption, when the bacteria approach the surface of
the array, cell membrane begins to deform and stretch,
and the part between the connected nanopillars begins to
tear [118]. Once the cell membrane breaks, cell death
finally occurs. Saccharomyces cerevisiae, a eukaryotic
microorganism, can be ruptured by nanostructure geo-
metry and has adhesion dependence. The process of
interaction between cells and nanostructures is very
similar to the physico-antimicrobial mechanism men-
tioned earlier [119].

The mechanical antibacterial model explained why
the flap structure kills the Gram-negative bacteria, but
Gram-positive bacteria show resistance. Cheeseman et al.
[120] used giant unilamellar vesicles (GUVs) as a general

NPs internalization into the cell and translocation

d

omuracted cytoplasm

Holes  Wrinkled cell wall
o 1 [

Release of
intracellular mate

b

(Cicada)

based on

@H

-

on

(dragonfly)

Progress in construction of bio-inspired physico-antimicrobial surfaces

= | % = Ultrafast bactericidal activity
{ y k. 4 ’—“\ "—“\ /'—‘\
L@ Arriving ¢ . Streching ¢ . Killing -~/ \

il

— 1569

model of cell biology and also observed the phenomenon
that the cells were torn by the nanostructures on the sur-
face of the two wings, which further confirmed the prin-
ciple of the contact mechanical antibacterial effect.
However, other recent studies [61,121] believed that
bacteria will undergo a stress response when exposed to
external mechanical stress, releasing a polysaccharide-
like extracellular polymeric substance (EPS). It is
believed that the bacterial membrane damage is caused
by the strong adhesion between the nanocolumn and
bacterial EPS, which is caused by the increased shear
force when the bacteria attempt to move on the surface
of the nanocolumn rather than the nanoarrays and bac-
terial cells directly pierced by contact (as shown in
Figure 6c). Advanced electron microscopy, such as the
application of TEM, makes this antibacterial process
more intuitive. This noncontact physical antibacterial
interpretation that relies on bacterial adhesion is also
flawed. E. coli ruptured three to five minutes after its
contact with the etched silicon array, but traced by con-
canavalin labeling revealed that bacteria did not have
time to secrete EPS at this time [81]. In the latest research,
Xie et al. [122] further proved that the arrays rely on punc-
ture to achieve a rapid sterilization effect, but the steriliza-
tion speed of these uneven arrays are significantly faster
than that of these ordered arrays. They believe that the
bacteria need to go through three stages from falling on
the ordered arrays surface to being killed, which takes a
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Figure 6: The proposed mechanism of physico-antimicrobial material activity. (a) Microparticle’s and nanoparticle’s internalization or
insertion [116]. (b) The mechanism of bactericidal activity based on current accepted mechanistic models (also known as mechanobiocidal
mechanism) using the cicada wing structure. (c) The proposed mechanism based on shearing of the membrane as the cell attempts to move
across the nanotextured surface, while it is immobilized (also known as noncontacting physical tearing mechanism) [121]. (d) The proposed
ultrafast bactericidal mechanisms of ZnO NAs with ordered and uneven topography [122].
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long time. However, it only takes two stages to kill the
bacteria on the uneven arrays surface with a short time.
As a result, it shows ultrafast sterilization performance.

In fact, the vast differences in structural dimensions
and contact angles between different materials indicate
that no particular surface mode has a universal antibac-
terial effect on all types of microorganisms, so the
mechanism of physico-antimicrobial is not totally illumi-
nated and still controversial. But no matter what kind of
physical antibacterial mechanism, we can easily find that
the structure determines the performance. Without the
particular structure of the surface of these materials,
the physico-antimicrobial surface is bound to be challen-
ging to form. In addition, there may be chemical reac-
tions in the physical antibacterial process, but its role in
the rapid sterilization process is very small. This is mainly
because the process of chemical mechanism takes a long
time, while the process of physical mechanism takes very
short time. Before the chemical mechanism works, the
bacteria are already killed.

4 Effects on the physico-
antimicrobial efficacy

Although researchers have extensively analyzed and
designed the biomimetic physico-antimicrobial effect of
materials, most of the research works still focus on the
composition and the structure of materials. We present
here from these two aspects.

4.1 Physicochemical effects

Silicon is widely used in semiconductor manufacturing
processes, but there will be many spikes and edges during
processing. However, these obstacles can be used in
physico-antimicrobial fabrication. The surface of the
ordinary untreated silicon substrate is not antibacterial
[123,124]. After discovering that the unique structure of
the biological surface has a bactericidal effect, many
scientists etched on black silicon substrates to con-
firm biomimetic sterilization [32,46,125,126]. The nano-
structure of the black silicon (bSi) surface fabricates
with RIE that also reacted with red blood cells physically
[81]. The nano-array spontaneous stress induced cell defor-
mation and rupture without external chemical or
mechanical intervention, which only took 3 min [127].

DE GRUYTER

Because of its high biocompatibility, titanium is more
used in the field of biological antibacterial [128]. Similar
to the silicon substrate, the structure functionalization of
titanium metal is mostly completed by etching [129-131].
But some materials build other structures on the titanium
substrate, such as ZnO, to achieve a composite physico-
antimicrobial efficacy [132]. The results of in vitro and
in vivo experiments have confirmed that titanium sub-
strates grown with ZnO nanoarrays have selective punc-
ture of bacterial membranes ability. But these materials
hardly cause harm to the human body. On the one hand,
most of them are not currently used in the human body.
On the other hand, researchers basically use biocompa-
tible materials when constructing physico-antimicrobial
structures, which further reduce the possibility of harm to
the human body.

4.2 Topographical influence on the physico-
antimicrobial efficacy

The neatly arranged array of cicada wings can only kill
Gram-negative bacteria effectively [35], but not Gram-
positive bacteria. But the uneven array of dragonfly wings
can kill both Gram-negative and Gram-positive bacteria.
The difference of surface topography has a significant
effect on the physico-antimicrobial activity.

By adjusting the etching time, etching pressure, and
even the type of reactor, sundry geometry and mor-
phology nanopillars array of black silicon spikes can be
achieved, resulting in different physico-antimicrobial
effects. Recently, different length-to-diameter array struc-
tures can be obtained in the black silicon surface by dif-
ferent plasma etching time [123,124]. 15, 30 and 45 min.
An increase in etching time directly leads to silicon wafer
surface nanostructures of varying heights (approximately
212, 475, and 610 nm), cap widths (about 21, 93, and
114 nm), and spacing (50, 107, and 140 nm, respectively)
[81]. The experiment proved that the etching time
obtained 85%, 85%, and 89% antibacterial rates, respec-
tively. We also found in the work that although the pre-
pared ZnO nanoarrays have the same density, different
morphologies of single nanorods have an unusual ability
to destroy bacteria. That is, the integrity of the cell mem-
brane on the hexagonal prism-shaped nanorods has not
been extremely damaged, and the number of bacterial
debris on the surface of prismoid nanoarrays (prismoid
NAs) has increased significantly. E. coli cells on the sur-
face of pyramid nanoarrays (Pyramid NAs) were severely
damaged, the cells were dried up, and multiple sites of
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the cell membrane were “penetrated” by the pyramid
NAs, resulting in the flow of cell contents and the cell
death. There is a great difference in the sterilization
ability between uneven arrays and ordered arrays [122].
Besides, the wrinkle structure of the GO surface has also
been proved to be a “trap” [68], which has a bactericidal
effect. Different roughness has different intensity of
action on different bacteria. 500 nm roughness level is
sterilized for E. coli and S. aureus. The result is better,
and the roughness of 845 nm is better for the bactericidal
effect of Mycobacterium smegmatis.

5 Outlook and perspectives

With the increasing demand of health and the human
life, the use of antibacterial and bactericidal materials
is increasing. It is hoped that an excellent antibacterial
effect can be achieved by the construction of a unique
physical structure on the surface of the material [34].
Inspired by a variety of antibiofouling and mechano-
bactericidal micronano structures on the surface of nat-
ural plants and animals, scientists have also constructed
a series of physical antibacterial surfaces and proposed
different physical antibacterial mechanisms and models.
These physico-antimicrobial surfaces are structurally
characterized by a distribution of arrays of columnar or
sharp blades. However, in terms of self-cleaning recy-
cling, in addition to photocatalysis, more self-cleaning
technologies need to be developed. Moreover, the broad
spectrum of the physico-antimicrobial effect needs
further verification, and the structure-activity relation-
ship is not comprehensive enough. Therefore, it will be
a gigantic challenge to prepare a multifunctional com-
posite material based on a rapid physico-antimicrobial
structure. But once this material can be prepared, its
market prospects will be very enormous.
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