Open Access Article. Published on 22 May 2024. Downloaded on 08/12/2025 21:35:19.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC ™ L OYAL SOCIETY
Applied Interfaces o OF CHEMISTRY

R EVI EW View Article Online

View Journal | View Issue

W) Check for updates Biological design and inspiration of bactericidal
hierarchical interfaces

Cite this: RSC Appl. Interfaces, 2024,
1,648 b . , b
Mahreen Muneer,®® Hariprasad Parayil Kalappurackal,@ <

Akshay Balachandran @2° and Saifullah Lone @ *2°

Surfaces act as reservoirs for the proliferation of microorganisms, including bacteria and viruses, that can be
transmitted to individuals who come into contact with them. The phenomenon is known as ‘“fomite
transmission”, where pathogens can survive on surfaces for varying periods, depending on the material and
environmental conditions. Fomite transmission plays a significant role in spreading infectious diseases. This
transmission route is particularly relevant in high-traffic environments like healthcare facilities, public
transportation, schools, etc. Developing surfaces with bactericidal or antiviral properties and designing spaces
to minimize surface contact are strategies to reduce the risk of fomite transmission. This is where the concept
of nature-inspired bactericidal surfaces becomes valuable. Nature offers sustainable surface design for
preventing bacterial colonization and growth. Crafting nature-inspired bactericidal surfaces can lead to the
development of materials that can help prevent the spread of infections, reduce the need for frequent cleaning,
and potentially contribute to healthcare and hygiene applications. To minimize human health and
environmental issues, instead of using harmful disinfectants regularly in public places, nanoengineered surfaces
Received 25th December 2023, with antipathogen features could alternatively halt microbial growth to prevent the risk of establishing a
Accepted 23rd April 2024 surface-contamination network. In infectious disease control, this work aims to provide a detailed overview
and perspective on the importance of developing nature-inspired bactericidal surfaces to combat surface
contamination issues. This approach holds the potential to offer more sustainable and practical solutions
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rsc.li/RSCApplinter compared to traditional methods of using disinfectants and harsh chemicals.

“ Department of Chemistry, National Institute of Technology (NIT), J&K, Srinagar, 1 I ntrod uct|on

190006, India. E-mail: saifullah.lone@nitsri.ac.in

b iDREAM (Interdisciplinary Division for Renewable Energy & Advanced Materials), The harrowing memories of Contagious COVID-19 serve as a

Laboratory for Bioinspired Research on Advanced Interface and Nanomaterials
(BRAINS), NIT, J&K, Srinagar, 190006, India
¢ Department of Physics, NIT, J&K, Srinagar, 190006, India

startling reminder of the healthcare vulnerabilities of the
developed and emerging world." This viral outbreak will not be
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the last pandemic that could test our preparations for
preventing/or curing widespread potential viral/or bacterial
outbreaks.” And, what some countries underwent during the
COVID-19 outbreak was nothing short of an apocalypse.
Annually, bacterial infections seventeen million
mortalities in the world, making infection the second leading
cause of death in humans. The central process of infection is
bacterial colonization of surfaces. One of the most concerned
fields is the medical industry, where occupational infections
occur during healthcare delivery for other diseases, even after
discharging the patients.>* Particularly, seven out of every
hundred hospitalized patients in developed nations and ten out
of every hundred in economically challenging countries catch a
healthcare-associated infection.> And, they only gain attention
when reaching up to pandemic proportions. Therefore, a
broader understanding of future pandemics, in-depth study,
and identification of the physical parameters/or environments
that influence (i.e., factors aiding/restricting) the infection surge
could reduce the loss of precious lives.

Surface contamination is well-documented as one of the
critical factors in many outbreak reports.® People always
physically interact with surfaces/or items around them. In a
contaminated environment, a proportion of people touch the
contaminated surface, and each person touches other
surfaces in different environments and locations; eventually,
a surface-touch network is established. The network allows
the pathogen to spread across and create a surface-
contamination network.” In other words, a surface-touch
network gives rise to an unending surface-contamination
network. Depending upon the cleaning process and the
surface being cleaned, both cleaning agents (ie., soap/or
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detergent) and disinfectants lower the contamination or
bacteria on the surfaces.® Adapting to effective hand hygiene,
the World Health Organization (WHO) recommends using
two alcohol-based formulae to reduce pathogen spread and
infectivity. Ethanol, isopropanol, and various forms of
hydrogen peroxide make up the majority of alcohol-based
hand sanitizers. Nonetheless, these chemicals are toxic to
human health when released through evaporation, and
accidental ingestion of these chemicals could cause portal
vein thrombosis, severe respiratory/or central nervous system
disorders, arrhythmia, ketoacidosis, hyperglycemia, and
possibly cardiac arrest.” To minimize human health and
environmental issues, instead of using harmful disinfectants
regularly in public places, nanoengineered surfaces with
antipathogen features could alternatively halt microbial
growth to prevent the risk of establishing a surface-
contamination network.

Being cosmopolitan in distribution, bacteria dwell, adapt,
and thrive under adverse environmental conditions. Bacteria
around us have existed for over 3.5 billion years, and it only
takes about thirty minutes to multiply due to random natural
mutations. Bacteria are well-suited to fast evolution because
their populations are so large, and they reproduce so quickly
that the probability of one cell bearing a resistant mutation
is significantly high. Yet, the chances of each cell being
resistant are extremely low."®™'" Antibiotic resistance is an
example of evolution in action. Therefore, only a small
percentage of bacteria in a population could develop
antibiotic resistance. There is minimal mutation, resulting in
highly minor variations in each bacterium's DNA. One or a
few of them, by chance, have a mutation that allows them to
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survive antibiotics. These bacteria multiply quickly and seize
control of the entire population.'” Thus, given the high
antibiotic tolerance and proliferation of multidrug-resistant
bacterial infections facilitated by the resistance genes,
treating biomaterial-associated infections and eradicating
biofilms in clinics pose serious challenges."?

Furthermore, other viral infections like COVID-19 cause
patients to develop various bacterial infections, some of
which exhibit antimicrobial resistance and contribute to
significantly worse outcomes. People have died as a result of
antibiotic-resistant illnesses. If current trends continue, by
2050, ten million people will die annually as a result of these
resistant diseases, equating to one person dying every
second."” This is a typical biological “arms race”, with
bacteria rapidly creating antibiotic resistance mechanisms
and humans developing new antibacterial weapons.'”> Thus,
the new scenario will have to win the “arms race” by
developing new modifications against the diseases resistant
to existing antibiotics. Otherwise, we end up being

susceptible to bacterial infection. According to the National
Institutes of Health (NIH), biofilm formation is linked to
illnesses,
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Innovative technologies have been employed to develop
antifouling, bactericidal, or antibiofilm biomaterials and
micro/or nanoscale surfaces to confront this unresolved
bacterial menace. Antibiofouling textures can be antiadhesive
or bactericidal, which resist initial bacterial attachment by
obstructing the cell-on-contact or result in cell death. The
mechano-bactericidal nanosurfaces resist bacteria's cellular
attachment due to the unfavorable hierarchical surface
topography.'>! In this connection, owing to their protracted
evolution and adaptability, some intriguing surfaces in plant
and animal kingdoms have wundergone significant
topographical alterations at the micro-and nanoscale with
antipathogen properties to survive in hostile environments.
Inspired by nature, green fabrication techniques for micro/
nanoscale (ie., hierarchical) surfaces have been established.
Notably, surface roughness, wettability, surface energy, and
adhesion are the critical features under examination while
designing superior antipathogen surfaces. Mimicking nature
by producing repeating hierarchical units without being
dependent on harmful chemicals is advantageous. And, given
the edge over other tedious, expensive, and environmentally
degrading techniques, scientists are always tempted to emulate
the antibacterial behavior of naturally existing surfaces.>

Butterfly
Wings

Rose Petals I

Active biocide releasing surfaces

biocide coated surfaces

Taro/Lotus Leaves

Contact Active

Toad Skin

Fig. 1 Schematic representation of natural and artificial antibacterial surfaces. Images of topographically hierarchical surfaces are given in the left
circle (schematic representation in the bottom circle).?>27*32 Copyright 2018, American Chemical Society; copyright 2017, American Chemical
Society; copyright 2020, Elsevier; copyright 2017, Royal Society of Chemistry; copyright 2021, Elsevier. Images of natural anti-adhesive surfaces
are given in the right circle (schematic representation in the left circle).5>334%5055 Copyright 2017, Elsevier; copyright 2014, Royal Society of
Chemistry; copyright 2020, Wiley; copyright 2008, American Chemical Society; copyright 2019, Springer. Images of natural contact active surfaces

are given in the bottom circle.®” Copyright 2017, Springer.
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Depending upon the modes of operation, bactericidal
surfaces are of three types (Fig. 1): (a) anti-adhesive -
minimizes the adhesion of bacteria with a solid surface to
prevent contamination; (b) contact active - reduces the
bacterial contamination by attaching an antibacterial agent
to the surface based on a biocide attach/release mechanism -
coordinates the contact-release of poisonous chemicals to the
surface linked bacteria (e.g.: toad skin), and (c)
topographically hierarchical surfaces — produce unfavorable
micro/nanoscale repeating units of structures to repel/or kill
bacterial growth. The discovery of antibacterial capabilities
caused by the micro- and nanoscale hierarchical textures on
the surface of several species in nature is unarguably one of
the promising fields of surface biomimetics to advance the
non-toxic antimicrobial surfaces. This review will highlight
micro or nano-topographical surface patterns with
antibacterial properties (Fig. 1). We will discuss these
surfaces under two categories: plant-based and animal-based.
Moreover, we will discuss the operational principle of
bactericidal action on hierarchical surfaces. Finally, we will
present an outlook and future perspective on bioinspired
bactericidal surfaces.
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2. Examples from the insect and
animal world
2.1. The nanopatterned bactericidal surface of the cicada wing

The unique class of superhydrophobic bactericidal surfaces
is ubiquitous; the cicada insect offers one such prominent
model (Fig. 2, a). The inset shows large-sized wings necessary
for flight and antireflection purposes. However, the insect
has shorter extremities to clean the wings that remain
exposed to various contaminants (for instance, soil,
industrial dust particles, pollens, and pathogens). Thus, self-
cleaning of contamination from wings becomes important
for cicadas. More importantly, the insect bears an
idiosyncratic nanopattern on its wing surface, which kills
pathogens simply by physical contact without discharging
any chemicals (Fig. 2a ii). The intriguing nanopattern is a
prototype for crafting sustainable, functional surfaces with
improved resistance to contamination/or infection. Due to
these distinctive antibacterial traits, the cicada wings have
gained considerable scientific scrutiny. The wings,
predominantly composed of chitin, protein, and wax with
fine nanostructures on top, empower them to adapt to
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N

Fig. 2 Pictorial representation of a cicada and the SEM image of nanopillar structures on its wings. (a i) A cicada wing possesses Pseudomonas
aeruginosa cells. The nanopillar structures on the wing's surface directly penetrate cells (inset), scale bar = 1 um. (a ii) An AFM tip was placed on top of a
Pseudomonas aeruginosa cell, in contact with the wing surface, to determine its downward movement. (a iii) The tip was lowered by 200 nm over 220
s, resulting in a sudden short decrease indicating cell rupture.>?” Copyright 2020, Elsevier; copyright 2017, Royal Society of Chemistry; copyright 2012
Wiley. b) Pictorial and SEM representation of a dragonfly and nanopillars on its wings, (b i) the TEM image depicts a cross-sectional view of the wing and
its nanotopography. Scale bar = 200 nm. (b ii) TEM micrographs showing bacteria-nanopillar interaction at the interface. A longitudinal cross section of
the E. coli bacterium reveals the separation of the inner membrane (IM) and outer membrane (OM) at its polar ends. (b iii) A longitudinal cross section of
a bacterium on a dragonfly wing. The bacterium's polar end exhibits increased membrane separation. (b iv) The bacterium has lost its spherical shape
and volume, resulting in nanopillar topography.>®*! Copyright 2018, American Chemical Society; copyright 2017, American Chemical Society. (c)
Butterfly wing effect; hierarchical structures composed of coordinated shingle-like scales that provide anisotropic flow. (c i) SEM images of butterfly
wings; the arrows represent the direction of anisotropic fluid flow. (c ii) Water flow control model of butterfly wings. Arrows depict fluid flow patterns in
both transverse and longitudinal directions.*® Copyright 2013, Royal Society of Chemistry.
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various surroundings. The cicada wing's nanopatterned
bactericidal surface combats bacterial development through a
multifaceted mechanism. The surface is covered in a
multitude of nanopillars that, when in contact with bacterial
cell membranes, physically puncture them, causing damage
and lysis. Furthermore, the nanopatterned surface provides a
large surface area, minimizing bacterial adherence and
growth. Together, these attributes form a highly effective
defense strategy against microbial infections, inhibiting
proliferation of bacteria and enhancing cicada survival in a
multitude of conditions.”®

Ivanova et al®* reported the ability of cicada wing
surfaces to slay P. aeruginosa cells within three minutes of
physical contact. Such profound bactericidal properties
encouraged researchers to concentrate on replicating it on
diverse substrates. Pogodin et al provided a biophysical
model of the interaction between bacterial cells and a nano-
pillared surface on a cicada. According to the paradigm,
bacterial resistance to the bactericidal characteristics of the
wing surface is determined mainly by mechanical features,
particularly cell stiffness. In this way, contrary to Gram-
negative cells, cicada wing surfaces had less of a
bactericidal impact on Gram-positive bacteria despite their
greater cell stiffness.>*>®

2.2. The nanopatterned bactericidal surface of the dragonfly
wing

The Anisoptera class of dragonfly species is distinguished
by their long bodies and two narrow pairs of elaborately
veined, membranous wings that, although primarily
transparent, may have colored patterning. The aerodynamic
prowess of dragonflies is well- known, and their wings have
received substantial macro-scale research. The dragonfly's
ability to maintain its aerodynamic performance is crucial
to its survival. Thus, a clean (i.e., contamination-free) and

lightweight wing becomes essential. Besides that,
dragonflies rest with their wings splayed horizontally
instead of vertically (except for one tiny family,

Epiophlebiidae). It is attainable by readily self-cleaning the
dust particles from the wing surface and preventing
bacterial growth under wet conditions.>*

The wing surface achieves self-cleaning and antibacterial
properties through a perfect arrangement of micro/nanoscale
structures to repel contamination in dry/wet states. The
dragonfly wing is a typical example of a superhydrophobic
surface with a contact angle (CA) of 153°. Scientists
discovered a curious phenomenon when exploring the
intricate surface structure of dragonfly wings. The fine nano-
textured surface of the wings, which resembles a bed of
spikes and physically punctures the bacterial cell wall to kill
it as in the case of cicada wings, has been widely assumed to
be the reason that the wings were able to destroy the bacteria
(Fig. 2b ii and iii). On close investigation, it was apparent
that these spikes had varied heights rather than the expected
uniform length. We uncovered another prominent finding by
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studying how the bacteria interacted with the surface. The
bacterial cell wall never makes direct physical contact with
the surface. Instead, the bacterial release's structural
elements serve as an adhesive to bind the microorganisms to
the wing. The varied heights of the spikes on the nano-
textured surface serve as the key to the problem. The bacteria
don't instantly disintegrate when they touch the wings; if
they stayed still, they might persist. As soon as they begin to
move, the spines cling firmly to the bacterial “glue”, and the
bacteria are fatally torn apart by the shearing forces,
expelling their cellular contents (Fig. 2b iv).”**°

The minuscule spike-like structures, which are
inaccessible to human eyes, damage various bacteria,
including Bacillus subtilis, Escherichia coli, Staphylococcus
aureus, and Pseudomonas aeruginosa. These pathogenic
microorganisms are frequently associated with different
tertiary care infections.”***

2.3. The nanopatterned bactericidal surface of the butterfly
wing

Butterfly wings achieve a sustainable anti-biofouling
surface by integrating the anisotropic flow effects from
shark skin with the superhydrophobic attributes of lotus
and taro leaves.*® The butterfly wing comprises slender
layers of chitin protein, with tiny scales on top exhibiting
multiple functions depending on the butterfly species.
These scales produce dazzling hues and effectively protect
and insulate the insects, facilitating airflow over their
wings during flight. Additionally, the butterfly's scales may
contribute to heat absorption, assisting cold-blooded
butterflies in raising their core temperature for optimal
bodily functions.

Since any moisture or dirt with microorganisms that adhere
to a butterfly wing during a rainstorm could impact its weight
and make it harder for it to fly, hydrophobicity is crucial for
butterfly wings, enabling them to withstand the weather. The
nano- and microstructures of butterfly wings give it a lotus-like
hydrophobic and self-cleaning efficiency. The butterfly scale
ridges trap a pocket of air beneath the water droplets that settle
on them. These arrays of scales are covered with hierarchal
micro-grooves that generate a high contact angle (148°),
allowing water droplets to roll down the wing's surface axially,
facilitating self-cleaning (Fig. 2c; i-iv). Since the interactions
between water molecules are more potent than those between
water and air, water droplets cannot enter the hydrophobic
pockets. Moreover, internal pressure within the air pockets
prevents water from penetrating.*>

Aligned shingle-like scales on the wing, ranging from 30-
50 m in width and 58-146 m in length, spur on this
anisotropic behavior. Anisotropic flow fosters low drag and
water repellence and, when associated with
superhydrophobic features, produces a surface with low drag,
anti-biofouling, and low bacterial adhesion features. The
investigated wing isolates have mild to very high antibacterial
activities, according to antibacterial experiments using the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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entomopathogenic bacterial species Pseudomonas fluorescens,  since hastily moving water close to the skin's surface would
Bacillus subtilis, and Bacillus amyloliquefaciens.>>*° shorten the time microorganisms have to colonize the surface
while also assisting in the washing away of organisms. The
mechanism behind the nanopatterned bactericidal surface of
shark skin involves the unique microscopic features found on
Sharks have undergone extensive evolution to become enviable its surface, such as ridges and scales. These traits result in a
predators. Shark skin features self-cleaning, anti-biofouling,  texture that is uneven at the nanoscale. When bacteria come
hydrophobic, drag-reducing, and aerodynamic properties on its  into interface with the shark skin's surface, they encounter
surface. Scientists have attempted to emulate the texture of  minute ridges and scales. The skewed and abrasive structure of
shark skin, which helps propel water past the shark with the  shark skin impedes the bacterial cell membrane. As bacteria
least drag, for applications ranging from boats and cars to  attempt to cling to the surface, their cell membranes become
swimwear. The ability of shark skin to resist biofouling and self-  entangled and stretched over the uneven surface features. This
clean is due to the micro-structured riblets that line its dermal  physical interaction creates mechanical stress on the bacterial
denticles (Fig. 3a and a i). The minuscule scales that makeup  cell membrane, resulting in distortion and eventual rupture.*>*
shark skin are triangular, typically 200-500 m long, with fine, Another theory asserts that the surface roughness and
regularly spaced ridges (30-100 pum) aligned along the body axis. =~ minuscule contours of shark scales prevent the settling of
Prior research has shown that the scales can modify the water =~ microbes. Marine fouling species, soft (such as anemones and
flow near the skin and possibly alleviate drag on the body. The  algae) and hard (like barnacles and mussels), can undermine
same technique could assist in the prevention of biofouling  ecological integrity in the marine ecosystem. In the water,

2.4. The nanopatterned bactericidal surface of shark skin

Shark skin
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Fig. 3 (a) Pictorial and SEM images of the shark skin surfaces. (a i) Water flow control model of shark skin. Arrows depict fluid flow patterns in
both transverse and longitudinal directions.®>*° Copyright 2020, Springer Science; copyright 2013, Royal Society of Chemistry. (b) Pictorial
representation of a gecko. (b i) SEM image representing micro/nanostructures on the dorsal surface of a gecko, consisting of spinules and a base
layer patterning. (b ii) Systematic representation of anti-adhesive and antibacterial properties of gecko skin. (I) Self-propelled mechanism of
droplets from the skin surface, (ll) coalescence of droplets propelled along the surface, (lll) altering droplets from fog or other falling droplets
enhancing self-propulsion and (IV) wind-assisted evacuation.** Copyright 2015, Royal Society.
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sharks face difficulty in adhering zoospores and bacteria to
surfaces smaller than their size, resulting in a significant
decrease in bacterial adherence and demonstrating a potent
antibacterial effect. To replicate the antibacterial features of
shark skin, research should optimize shark skin replicas and
straightforward models, highlighting that microbes prefer to
colonize specific groove widths and depths.*”*°

2.5. The nanopatterned bactericidal surface of geckos

Geckos are reptiles that dwell in temperate areas all over
the world. Notably, geckos' feet (in particular, their
extraordinary adhesion properties) have received much
attention. Strong adhesive qualities allow gecko feet to
adhere to many surfaces preferentially. Setae, a periodic
array of hierarchically arranged keratinous hairs, are the
reason for this phenomenon. The hairs have a diameter of
5000 pm, a length of 30000 to 130000 um, and are divided
into hundreds of 200 to 500 nm wide nanoscale spatula.
Small van der Waals forces induced by each spatula add up
to substantial adhesion and anti-wetting capabilities
(Fig. 3b; i and ii).*>*° Geckos are not known for grooming
their feet, but they keep them sticky between moults for
months. Due to the inherent self-cleaning ability of their
setal nanostructures, geckos can keep their feet clean even
though they have sticky toes. In this approach, geckos with
dirty feet could reclaim their ability to adhere to vertical
surfaces after just a few steps. Self-cleaning transpired in
setae arrays which was distinct from that of the gecko.
According to contact mechanical models, self-cleaning
occurs due to an energy disequilibrium between the
adhesive forces that drive dirt to a surface and those that
attract the same dirt to one or more spatulae. Since the feet
of some gecko species have become the focus of extensive
study, the remaining areas of the lizard body have received
minimal attention regarding microstructure, particularly
studies divulging skin functions. This is somewhat
surprising considering that the gecko has an intriguing
microstructure on the dorsal and ventral regions, consisting
of tiny hairs (commonly referred to as spines, spinules, or
microspinules) spaced 0.2-0.7 um apart and up to several
microns in height. The gecko spines are water-repellent,
and it has been claimed that they also function as a self-
cleaning surface, where rain may wash away particles and
so use the lotus effect to eliminate dirt and contaminants.
The gecko spines exhibit water-resistant features owing to
the presence of a distinctive arrangement of surface
hydrophobic nanostructures. These water-repellent qualities
prevent water and other liquids from clinging to the spine
surface, allowing liquid pollutants, such as water droplets
harboring bacteria or other germs, to simply roll off. So, the
synergy of water-repellent qualities and nanostructured
surface of the gecko spines allows them to operate as a self-
cleaning surface, minimizing the growth of pollutants and
germs on the gecko's skin and optimizing the gecko's ability
to survive microbial conditions.**
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The hairy structures that establish a 150° contact angle
have bactericidal effects on some Gram-positive and Gram-
negative bacteria. The micro-/nanostructure of the skin
displayed very little adherence to contaminants. Besides, the
topography produces a superhydrophobic, anti-wetting
barrier that can be self-cleaned by the collision or rolling of
low-velocity droplets with a range of sizes from microns to
several millimeters. Tiny water droplets (10-100 m) can self-
propel off the surface, increasing their portability and
cleaning efficacy. Also, they can easily access troughs between
the scales for effective self-cleaning.*>**

3. Examples from the plant world
3.1. Taro leaves

Due to their hierarchical micro- and nanopatterned surface,
taro (Colocasia  esculenta) have anti-biofouling,
hydrophobic, and self-cleaning properties (Fig. 4, a i). The
foremost surface structure of taro consists of
hierarchical,  waxy epicuticular  crystals
encapsulating microscale ellipsoidal bumps (10-30 um in
diameter). These bumps make the surface more slippery by
increasing the contact angle (90-150°) with the surface. As a
result, water droplets on the surface attract dirt particles and
bacteria more strongly than the surface on its own. Then, the
leaf is concurrently cleaned as the water droplet rolls off the
leaf with the dirt and contaminants.”” A study conducted by
Ma et al. revealed the antibacterial effect of the taro leaf
surface with a high density of nanostructures.*> Even under
different water conditions, air must permanently be
entrapped between the nanostructures for this process to
function. Both surface roughness and wettability have an
impact on this characteristicc. Compared to low-density
patterns, nanostructures with highly dense patterns reduce
the wunderwater bacterial and particle adhesion rate
(Fig. 4, a ii and a iii).*

leaves

leaves
nanoscale

3.2. Lotus leaves

One of the most well-known superhydrophobic surfaces, the
lotus leaf surface, exhibits outstanding anti-biofouling
characteristics. This is primarily due to the persistent
airframe trapped at liquid/solid interfaces, significantly
minimizing the interface area and preventing biofouling.
Natural lotus leaves exhibit innate bactericidal activity
against adherent bacteria and have a high degree of
microbial repellency. As per the tested hypothesis, the
bactericidal activity of this superhydrophobic surface may be
the effect of a mechanical killing mechanism since the lotus
leaf structures comprise micro-sized papillae and nano-sized
outermost wax tubes with a similar aspect ratio to the
bactericidal nanopillars (Fig. 4, b ii). Scientists define this
property of the lotus leaf as the “lotus effect”.*’

As the upper surface of the lotus leaf is continually in
touch with the surrounding water in the habitat, it is vital to
avoid micro attachment. The adhesion of tiny droplets can
also induce biofouling and surface degradation. The super-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Debris

—— Wax crystals

Epidermal cell micro-
structure of lotus leaf

(a) Pictorial representation of taro leaves and their superhydrophobic property (inset), a i) SEM images of the taro leaf surface, magnified

image shown in the inset.*® Copyright 2020, Nature. Pseudomonas aeruginosa adhesion on a taro leaf under a ii) non-wet and a ii) wet
conditions.*> Copyright 2011 American Chemical Society. (b) Pictorial representation of a lotus leaf, (b i) SEM images of the surface topography of
the lotus leaf with a magnified section showing wax crystals, and (b ii) schematic representation of the self-cleaning effect of the lotus leaf.*>:>°
Copyright 2020, Wiley; copyright 2008, American Chemical Society. (c) Optical image of rose and SEM image of rose petals. (c i) Magnified surface
microstructure of a rose petal; (c ii) water droplet on the rose petal surface showing superhydrophobic property and pinning effect in the upside
down position (inset).>° Copyright 2008, American Chemical Society.

repellency of the lotus leaf (the non-fouling feature) towards
the bacterial medium and its mechanical bactericidal action
against the adhered bacteria are divulged to have synergistic
antibacterial effects. It inspired the development of a
hierarchically structured superhydrophobic surface with
packed nanoneedles and regularly spaced micro-pillar arrays,
which showed remarkable antibacterial activities against
Escherichia coli.*®"

3.3. Rose petals

The “petal effect” is another well-known super
hydrophobicity phenomenon. The “petal effect” surfaces
exhibit a superhydrophobic state with a static water
contact angle larger than 150°, while they also exhibit
considerable adhesion to water. The “petal effect”
structure has a very large contact angle hysteresis. The
microstructure of rose petals reveals hierarchical micro-
bumps with many nano-folds observed on top of a single
micro-bump. Water is within the interface with this
complex hierarchical micro-/nanostructure at an angle of

© 2024 The Author(s). Published by the Royal Society of Chemistry

152°. Although inverted, the water droplet still adheres to
the surface without moving, exemplifying a significant
adhesion force.”™

The micro-bumps and nano-folds on rose petals have a
higher pitch value (center-center distance between micro-
bumps) and steeper micro-valleys than those on a lotus leaf
(Fig. 4, c-c ii). With these specifications, Wenzel-state
superhydrophobicity is developed, wherein water may easily
pass through the bottom of a pillar structure. The surface of
the rose petals exhibits an enhanced adherence to the water
droplet since the water droplet makes a complete interface
with the microstructure, and the structures hold the left part
without penetration. On the other hand, more air pockets
develop between microstructures with higher pillars and
lower pitch values. This arrangement eventually produces a
superhydrophobic surface with a lower contact angle
hysteresis and a lower adhesion by preventing liquid
penetration and reducing the contact area between water and
the surface. The superhydrophobicity and superb-self-
cleaning surface phenomena are rationalized by the Cassie-
Baxter state.”*>®
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4. Bacterial repellent mechanisms

Antibacterial surfaces can be divided into surfaces that resist
bacteria and inhibit bacteria on contact based on the
underlying mechanisms (Fig. 5). Bacteria can discern
mechanical cues from surfaces, such as surface texture. In
general, bacteria are affected by hydrodynamics at the micro
level, whereas nanoscale characteristics are affected by
physicochemical forces and cell membrane deformation at
the nanoscale.’®>” The micro/nano-topography of the
substrate, or its roughness, has been identified as the most
paramount surface characteristic for regulating microbial
adhesion and the early stages of biofilm formation. To
optimize antifouling behavior, the surface should have
adequately spaced-apart features to prevent bacteria from
penetrating between them and be sufficiently large to
minimize the number of potential attachment points.

4.1. Bacterial repellent mechanism of superhydrophobic
surfaces

The surface is crucial in incentivizing or inhibiting bacterial
adherence because it is the point of contact between bacteria
and the bulk of a material. Superhydrophobic or
“self-cleaning” surfaces, frequently found on plant
leaves, insect cuticles, fish skin, etc., allow these species to
limit biofouling passively. For instance, superhydrophobicity
and bacterial repellence were initially inferred in lotus
leaves.”® The underpinning mechanism was the combination
of low surface energy and multiscale texture of surface lipid
hierarchies, which enabled the surface to exhibit a greater
water contact angle (>150°) and a low sliding angle (<10°)
and trapped significant amounts of air cushion. Such
surfaces would preclude bacteria from developing biofilms by
removing bacteria that were colonizing them.>”

The contact angle is the concept used to represent the
state of interaction between liquids and surfaces. The contact
angle measurement indicates the wettability features of the
surface of a material with a more than 150° contact angle

Repellent
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being superhydrophobic, a contact angle between 90° and
150° being hydrophobic, between 10° and 90° being
hydrophilic, and <10° being superhydrophilic. The contact
angle is measured between the tangential line on the liquid
surface near the solid-gas-liquid three-phase contact line
and the horizontal direction.®*® This angle is formed
because of the surface tension of the interface between the
solid, the liquid, and the gas. Young's equation that gives the
relation between the surface tension of the three phases and
the contact angle is:

Cos O — Ysv ~ Vsl

v

where 6 is the contact angle value, y, is the surface tension

at the solid-vapor interface, yg is the surface tension at the
solid-liquid interface and y,, is the surface tension at the
liquid-vapor interface.®***

Low surface energy materials can thus make up
hydrophobic Another factor contributing to
hydrophobicity is the surface nano/microscale roughness.
Microscale interface protrusions in the surface have
superhydrophobic and low-adhesion characteristics that make
it permissible for water droplets to slide off with the surface
debris. The “lotus effect” refers to the process by which water
droplets coalesce when they roll off the water-repellent surfaces
of lotus leaves (Nelumbo nucifera), accumulating dirt and debris
in them. Thus, due to this “constant cleaning” effect of these
surfaces, any contaminations that aid in forming bacterial
biofilm are eliminated. Although water has a high interfacial
tension, bacteria could pass through the air-liquid contact.
The wide, stable air-liquid interface on the surface topography
makes it crucial for bacteria to track down navigable sites for
cell anchoring.®®

The prominent surface attributes that equate with one
another are surface wettability and surface roughness/
topography. The presence of tiny air pockets on the surface
that lead to incomplete wetting often get lodged in the

surfaces.

Fig. 5 Nature bacteria-repellent surface and contact-killing surfaces. (a) Graphical representation of the nature-repellent surface, (b-d) SEM
images representing the microstructures on the lotus leaf (micropapilla) scalebar; 50 um, springtail skin (doubly-reentrant) scalebar; 2 um, and
sharkskin (microdenticle) scalebar; 100 um. (e) Graphical representation of the nature-contact killing surface, (f-h) SEM images representing the
nanostructures on the cicada wing (nanocone) scalebar; 2 um, dragonfly wing (nanopillar) scalebar; 200 nm, lizard skin (microspine) scalebar; 2.5

um.>” Copyright 2022, Multidisciplinary Digital Publishing Institute.
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pores and grooves of a hydrophobic surface when the
roughness of the surface increases. Liquids on this junction
are easily removed and cannot access the surface grooves.
By trapping an air layer (bubbles) between the surface
morphology, micro-features minimize the surface area
exposed for bacterial adhesion, resulting in an anti-
biofouling effect. The Cassie-Baxter state, which is a result
of this phenomenon, is just what causes superhydrophobic
surfaces to be propelled by a combination of surface
roughness and wettability. The CA of a droplet resting on
top of a microstructure is depicted in this model,
generating an air layer surrounding the microstructure and
beneath the droplet. In other words, the Cassie-Baxter can
describe a (super)hydrophobic surface; usually, a small
amount of air is on the surface underneath the drop. The
equation explaining the Cassie-Baxter model is

cos by, = fq cos b + fi, cos by

where fy and fi, stand for the rough surface where air is
trapped in the low surface and the area fraction of liquid
droplets in contact with the solid surface, respectively. The
Wenzel model describes the CA when the liquid has filled the
area beneath the drop. In other words, the microstructures
have been impaled by a sessile drop in a Wenzel condition.
Unlike the Cassie-model, the Wenzel model produces highly
sticky forces at the solid-liquid interface. The Wenzel
equation explains the simple relation between surface
topography and wettability, cos 6, = rcos 6,, where 6 is the
apparent contact angle applied for rough surfaces, 6, is the
Young's contact angle, and r is the roughness ratio).®*”"*

Due to the retention of an air barrier that minimizes the
surface  area  available for  bacterial = adherence,
superhydrophobic materials can impede bacterial adsorption
and growth on implantable components, such as catheters
and pipes, during the pivotal post-operative period.
Superhydrophobic surfaces exhibit excellent antithrombotic
properties. These antithrombotic surfaces can prevent the
deposition of unwanted substances in the blood, such as
platelets. This adhesion of substances in implants will cause
the formation of thrombi, which has serious consequences.
Sun et al.”? tested these antithrombic properties by placing
platelets on a superhydrophobic surface and a smooth film
surface. Platelets formed a spherical shape on a
superhydrophobic surface without getting adhered to it.
Meanwhile, a smooth surface favored the adhesion of the
platelets with the formation of pseudopods. This proved the
capability of superhydrophobic implant surfaces to prevent
infections and thrombosis without any drugs.

A superhydrophobic surface cannot prevent all kinds of
infectious agents. Therefore, combining superhydrophobic
properties with antimicrobial materials can increase the

effectiveness of such surfaces against infections. For

example, superhydrophobicity induced on materials like

copper/stainless-steel =~ surfaces exhibits  better  anti-
69-72

biofouling properties.

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Review
4.2. Bactericidal mechanism of nanotextured surfaces

To evaluate the possible antibacterial behavior of
superhydrophobic surfaces (contact angle > 150°), which
have been found to hinder or inhibit adherence of bacterial
strains like S. aureus and P. aeruginosa, surface wettability
studies are a significant metric. Numerous research teams
have created antimicrobial surfaces based on the cellular
repulsion phenomena that taro and lotus leaves exhibit.
However, most Gram-negative microorganisms have
exhibited a super-repulsive nature. In contrast, Gram-positive
microorganisms tend to attach to these surfaces (Fig. 6),
convoluting the microbial repulsion mechanism on
superhydrophobic surfaces. Recent research has demonstrated
a paradigm shift toward nano-textured surfaces, where
microbial membrane disruption by cellular adherence is the
root of cell death.”””* However, a recent discovery implies that
topography-induced antibacterial mechanisms are not limited
to self-cleaning in nature. As demonstrated by a recent
biomimetic discovery, Psaltoda claripennis, a cicada species,
has enormously bactericidal wings. Ivanova et al. hypothesized
that this bactericidal characteristic, which differs from its
microbial-repelling nature owing to self-cleaning, is mediated
by the physical interaction of highly organized arrays of wing
nanopillars with bacteria (Fig. 5).

4.2.1 Biophysical model of nanotextured surfaces. Pogodin
et al. proposed a biophysical model to illustrate the
connection between cells and nanostructures. The
biophysical model, which renders a numerical surface free
energy model, presumes that the cell membrane is a thin,
elastic sheet devoid of appendages and contends that the
membrane rupture point occurs in the space hovering
between the nanopillars. The mobile cell could depart the
adverse environment after it receives the response signal if
there is insufficient adhesion strength to prevent cell
mobility.”> According to Xie et al., using nanopillar arrays to
pin the position of cells would improve cell attachment more
than a flat substratum would optimize interface activities.
The nanopillar pattern's hysteresis activity possibly
contributes to the strong adhesion between the
nanostructure and cell. And, to demonstrate the theoretical
mechano-bactericidal mechanism of the nanopatterned
structure, the stretching theory is given, which designates
gravitational force as the driving force for membrane
deformation by combining nonspecific forces like van der
Waals force.”®

When bacteria like P. aeruginosa or P. claripennis cling to
the nanopillars of cicada wings, the adhesive layer is divided
into two distinct areas: one where it is in intimate contact
with the pillar and the other where it is dangling between
pillars. This happens because the preponderance of bacterial
cells is micron-sized, whereas the textured surfaces are in the
nano-sized range. In the spaces stretched between the pillars,
the surface area of the region of direct pillar contact rises,
thrusting the cell membrane and causing membrane rupture
(Fig. 7a-c). As a result, this model predicts that cell death is
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Fig. 6 (a) Schematic illustration of the water contact angle in hydrophilic and superhydrophobic surfaces. (a i) Representation of bacterial
behavior in both surfaces. (a i) Comparing bacterial growth in hydrophilic and superhydrophobic surfaces. (a iii) Illustration of the bacterial
repellent mechanism exhibited by the superhydrophobic surface.®%%* Copyright 2021, Frontiers; copyright 2020, Multidisciplinary Digital Publishing
Institute. (b) Graphical representation of the lotus effect (b i) Cassie model, (b ii) petal effect and (b iii) transition from the Cassie to Wenzel model
with forces affecting the interfaces.®* Copyright 2023, American Chemical Society.

(b) ,

Height

l§

— Larger Smaller

: H —| eria Bacteria

- il |2 o
H H z

: S — 'E

] I Y Cellular ~ Compression Stretch

LR

Aspect Ratio

[

2D illustration

[

Dead boctersan

\n/

Fig. 7
geometrical parameters of representative 2D NPs.””

(a) Schematic representation of the bactericidal mechanism of NPs based on direct contact and cell wall rupture. (b) Illustration of the main
Copyright 2021, Elsevier. (c) Proposed approaches of interaction of the nanotipped hairs of

gecko skin against bacteria. (i) Bacteria can be observed on the tips of cell wall penetrations. (ii) Small bacteria interact with the side edges of hairs,
causing cell damage due to adhesion (Fadhesion) and gravity (Fmg).”® Copyright 2020, Elsevier.

highly dependent on how rigid the bacterial cell membranes
are. When referred to less stiff Gram-negative bacteria
strains, rigid Gram-positive bacteria strains may resist
nanopatterned surfaces of cicada wings.””

Although bacteria come in many shapes, they are
predominantly only a few micrometers large. Bacteria have
been divided into Gram-negative and Gram-positive groups
based on the structural amenities of their broad
categorization of cell walls. Gram-negative species’
cytoplasmic and outer membranes typically have a very thin
layer of cell fence surrounding them, whereas Gram-positive
bacteria have a comparatively thicker cell wall. The
peptidoglycan layer is primarily responsible for this
variability in cell wall thickness because the cytoplasmic
membrane, periplasmic space, and outer membrane (all of
which are present in Gram-negative bacteria) are all

658 | RSC Appl. Interfaces, 2024, 1, 648-666

extremely thin and collectively are predicted to be thicker
than 1 nm.”®”® According to reports, peptidoglycan
demonstrates nonlinear viscoelastic characteristics and
stress-stiffening behavior. The study examined the adhesion
behavior of two species of Gram-positive cocci, Planococcus
maritimus and S. aureus, and the Gram-positive, rod-shaped
bacterium Bacillus subtilis on cicada wing surfaces to explore
the predictions of the proposed model and ascertain the
importance of the mechanism. It is widely known that Gram-
positive bacteria strive to be more rigid than their rod-shaped
counterparts. Study research performed comparative
attachment tests to determine whether Gram-positive cells
react similarly to the Gram-negative Pseudomonas aeruginosa.
The outcomes of this study showed that the nanopillar
structures on the wing surface did not affect any of the three
species tested (B. subtilis, Planococcus maritimus, and S.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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aureus). The model predicts that the layer stiffness has an
inverse relationship with the effective interaction parameter,
proportional to the attraction between the bacterial layer
and the wing surface. Therefore, for stiff cells to sufficiently
expand to the point of rupture, there seems to be a
stronger interaction with the surface. Comparative higher
rigidity can be a potential cause for the resistance to the
action of cicada wings. This is
demonstrating  that the  membrane's  mechanical
characteristics are the major determinants of bacteria's
susceptibility to the action of the wing surface (ie., the
rigidity and initial stretching).®

4.2.2 Thermodynamic model of nanotextured surfaces.
Using surface free energy analysis, Li et al’* explored a
quantitative thermodynamic model that demonstrated that
optimizing the cell-substrate contact areas would be the
dominant factor in enhancing the topographical effect. By
modulating the spatial dimensions of the nanostructure by
surface texture modification, the contact area may be
augmented, potentially increasing the bactericidal potency.
The interfacial energy gradient between cells and nanopillars,
which has been considered the driving force to stimulate cell
adhesion, was investigated by Liu et al, and the results
revealed that nanopillar parameters became a significant
influence factor of the interfacial energy gradient. Tensile
stress on the cell membrane may be exerted if the facet ratio
is higher, while greater pressure and a large interfacial angle
would be implemented in a smaller cell.”"**

This analysis shows firm physical damage to microbes
adhering to nano surfaces that had not been observed before.
The cell wall, composed of a cross-linked peptidoglycan
network, is exceptionally resistive to mechanical forces, like
those that result from adhesion. These models could discern
the bacterial deformation profile on nanopillars by aligning
the free energy of adherence with the bacteria's kinetic strain.
The strain on the bacterial cell wall was then estimated using
the equilibrium shape of the bacteria. This investigation of
the wing topography of a cicada revealed that nanopillar
arrays caused by enhanced bacterial adhesion can produce
significant cell wall strains that can cause the mechanical
breakdown of the cell wall. The model has been further
evidenced by experimental studies that divulged that cicada
wings have much lower bactericidal efficacy against Gram-
positive cells like Bacillus subtilis and Staphylococcus aureus
than against Gram-negative cells like E. coli and
Pseudomonas fluorescens. Gram-positive bacteria benefit from
thicker cell walls as they retain more elastic energy, reducing
the strain on nanopillars and producing a weaker
bactericidal effect.®”

Ivanova's team augmented their research after attempting
to make this pivotal discovery by carrying out comparable
studies on the wings of three different species of dragonflies,
including D. bipunctata, A. multipunctata, and H. papuensis.
They intriguingly revealed that the surfaces of all three
dragonfly wings exhibit bactericidal properties against a
diverse range of bacterial species, in contrast to cicada wings,

conclusive evidence

© 2024 The Author(s). Published by the Royal Society of Chemistry
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which only showed efficiency against Gram-negative bacteria.
Their research revealed that these dragonflies have
nanopillar-like features on their wings that set them apart
from cicada wings in terms of height, smaller diameter and
spacing, and a larger degree of randomization in the
dimensions. The other key factor that impacts a bacterium's
susceptibility to the physicomechanical bactericidal action of
nanopillar surfaces is cell wall rigidity. The peptidoglycan
covering and an internal turgor pressure interact to keep
bacteria in their required form.*

4.2.3 Nano-stretching model of nanotextured surfaces.
This theory asserts that elastic deformation of the cell
membrane and innate cell wall adhesion to the surface
interact to cause stretching of the cell wall adsorbed on
nanostructures by stretching far beyond their elastic limit,
causing membrane rupture in the spaces between
nanopillars. The elastic model of mechanobactericidal action
encompasses the elasticity of the bacterial cell membrane as
well as four major geometric factors of the surface features,
including spacing, tip diameter, base diameter, and height
(Fig. 8). Usually, these few factors are enough to characterize
how nanopillar topographies kill bacteria mechanically
correctly. In addition, even little variations in surface
topography, such as those that just impact height or pitch,
can result in statistically significant differences in the
substratum's ability to kill bacteria.®*

A central key element is the height of nanostructures.
Recently, it has been demonstrated that nanopillar patterns
with short, blunt features and elevated pillar density (for
example, height of 200 nm or less and spacing of 100 nm or
less), befitting the nano-topography of a cicada wing,
manifested higher levels of mechanobactericidal behavior than
patterns containing more widely spaced, more prominent
features (for example, height greater than 300 nm and spacing
greater than 300 nm). Further research, however, reported that
sharper pillars amplified the bactericidal prowess of
nanopatterned surfaces. Since the overall area of the bacterial
cell membrane resulting from adsorption onto the nanopillars
increases proportionally with density, a higher pillar density
will contribute to more stretching of the cell membrane. The
susceptibility to stretching-induced membrane rupture will
depend on the relationship between the membrane's attraction
to the nanopillar surface and its stiffness.®>*°

A characteristic interspacing of less than 300 nm is
prevalent in most mechanobactericidal nanopatterns
reported in the literature. However, if the inflexible pillars
are arranged too closely together, there won't be sufficient
space for the cell membrane to transit between them, which
would culminate in the “bed of nails” effect. On the contrary,
if the pillars are too short and sparse, the cell wall will stop
expanding when it reaches the substrate between the pillars,
minimizing the pattern's ability to kill bacteria. The
bactericidal efficacy is reduced by spacings greater than the
bacterial size, even for nanostructures with high aspect
ratios. Instead of settling on the nanopillar tips, bacteria
congregate between the structures. Similarly, the bacterial
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Fig. 8 Schematic representation of nanosurface key parameters affecting the mechano-bactericidal activity of nanopillars. Representation of (a)
different nanopatterns, (a i) tip diameter, base diameter, and height, (a ii) with increased aspect ratio from rigid to flexible, (a iii) the different

nanopatterns can be either periodic or random arrays of surface features, and (b) amount of lateral tip deflection of flexible nanopillars.

Copyright 2021, Elsevier; copyright 2020, Nature.

size should not transcend the nanopillar diameter.
Nanostructures with a wide diameter and tight packing can
be bacterial growing sites.*®

Furthermore, a greater aspect ratio (the ratio of feature width
to feature height) of the nanofeatures can increase pillar
flexibility, which has been demonstrated to correspond to
greater cell membrane stretching owing to the pillar's deflection
during bacterium adsorption. This flexibility might be crucial
for particular applications or interactions, possibly in the
context of biological systems. Theoretical studies of pillar
elasticity have shown that in contrast to relatively rigid
substrates with a smaller aspect ratio, flexible substrates with
flexible pillars are required to stimulate lateral stretching that
may expose the organism to undue stress. These factors include
deflection, deformation force, and the release of mechanical
energies that cause retraction. Several material properties are
critical in determining the activity of antibacterial
nanopatterned surfaces: surface charge, topography, free
energy, elastic modulus, etc. Surface charge affects the
electrostatic interaction between the bacterial cell membrane
and the surface. Opposite charges can disrupt membrane
integrity, leading to bacterial death. Nanostructures provide
more surface area in topographical interference, allowing better
contact between the surface and bacterial cells and amplifying
their effectiveness. Surface free energy influences biofilm
formation, which is critical for preventing bacterial colonization
and persistence. Lower surface free energy can prevent initial
bacterial adhesion, hindering colonization and subsequent
bacterial growth. Surface flexibility or stiffness affects how the
surface interacts with bacterial cells. Stiffer surfaces may hinder
bacterial attachment, while more flexible surfaces aid in
disrupting bacterial structures.®®

660 | RSC Appl. Interfaces, 2024, 1, 648-666
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Combining these factors allows the creation of surfaces
optimized for targeting specific bacteria or preventing
bacterial colonization. The increased aspect ratio of the
surface nanostructures may promote the improved
bactericidal activity of pillar arrays toward bacterial cells on
their attachment to the surface (Fig. 8).® When bacteria
adhere to these flexible pillars, the pillars deflect, causing
stretching of the cell membrane. The deflection of the pillars
during bacterium adsorption seems to be a critical factor in
promoting cell membrane stretching. The overall implication
is that the design of nanofeatures with a specific aspect ratio
can influence the mechanical properties of the pillars and,
consequently, affect the interaction with biological entities
such as bacteria.®”

In a recent study by Valiei et al, the researchers explored
the significance of external forces, whether intentionally
designed or unintentionally occurring, in inducing rapid cell
death on nanopillar surfaces. The investigation aimed to
determine the potential role of external mechanical forces in
nanopillar-mediated bacterial killing efficiency on various
hydrophilic nanopillar surfaces. The study revealed that
bacteria on multiple hydrophilic surfaces, termed “mechano-
bactericidal,” remained viable unless exposed to a moving air-
liquid interface, leading to substantial cell death. The observed
bactericidal activity was contingent on the movement of an air-
liquid interface, and the researchers hypothesized that the
considerable normal forces generated by the capillary action of
fluids during this movement might be responsible for
rupturing bacteria on the nanopillars. Notably, the described
external normal forces exhibited the ability to kill bacteria
within seconds, presenting a potentially practical and efficient
mechanism compared to other proposed methods.®®

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Along with this evolvement, diverse researchers have
posited alternate mechanisms to contribute to their
observations. Even if all of these identified schemes attribute
bacterial death to physical forces, they differ in their theories
about the source and strength of these constraints. Jenkins
et al. investigated the bactericidal activity of titanium dioxide
against S. aureus, E. coli, and K. pneumoniae bacteria, which
asserts oxidative stress as a potential bactericidal driving
mechanism. The evidence for this mechanism was retrieved
through electron microscopy analysis, which showed that
nanopillars  sparsely penetrated and distorted cell
membranes and intermittently caused morphological
alterations. Viability tests proceeded to reveal a decline in the
population of living bacteria, which suggested that a
physiological impact instead of a mechanical element might
be involved in the process that causes the internal damage
through the release of free radicals.®

Many industrial, agricultural, and medical applications for
bactericidal nanostructured surfaces are connected with fluid
flow. Ship hulls, water or petroleum fuel pipes, liquid storage
tanks, and food and beverage packaging are examples of
industrial and agricultural applications. The accumulation of
bacterial colonies on solid surfaces causes tremendous issues
in many industries, costing billions of dollars in economic
damages and human lives. Biomimicking nanostructured
surfaces has shown a promising future in bacterial
colonization and associated concerns. Among the medicinal
uses for antibacterial nanostructured surfaces are bone
implants, vascular stents, and catheters. Knowing that
biological materials come in direct contact with the inner or
external environment of the human body, it is crucial to
equip them with antibacterial qualities. The antibacterial
surface protects the biological substance and minimizes
functional impairment when operating on the human body.
Such biocide-free, physic mechanical strategies may provide
many materials encountered in food processing, packaging,
and food preparation environments with long-term biofilm
mitigation capabilities. Thus, reproducing such natural
nanopatterns on food-contact surfaces is an intriguing
method for minimizing contamination, increasing
productivity, and alleviating operating costs.”

The real-world application of mechano-bactericidal
surfaces, particularly in healthcare- associated infections
(HAIs), demands careful consideration of various factors, and
durability emerges as a pivotal aspect. Ensuring the longevity
and efficacy of these surfaces requires assessment in critical
areas, including their ability to withstand repeated touching,
resistance to rigorous cleaning procedures, sustained
bactericidal effectiveness over time, compatibility with
existing hospital materials, avert thrombus formation if in
contact with blood, and be economical and easy to
manufacture on an immense scale, impact on human health,
and compliance with regulatory standards. Successfully
navigating these considerations is essential for successfully
integrating mechano-bactericidal surfaces in healthcare
settings to combat HAIs. The concern of whether an

© 2024 The Author(s). Published by the Royal Society of Chemistry
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antibacterial nanopattern is detrimental to mammalian cells
has often been raised; subsequently, eukaryotic cells can
adapt to deformational strain exerted by nanopatterned
surfaces by perforating the surface features. Due to the
enormous physical size of eukaryotic cells and their elastic
membrane, they can inhabit nanostructured surfaces
successfully. Surface nano topography has also been observed
to impact eukaryotic cell adhesion and migration. Cells can
also be strategically aligned using certain nanopatterns. Black
silicon surfaces, for example, have been shown to prevent
bacterial biofilm formation while facilitating the attachment
of eukaryotic cells on pre-infected surfaces.”*

The efficacious deployment of this technology in such
industries will increase the quality of life by limiting
economic and health hazards. However, the prevalence of
infections linked with medical devices continues to rise due
to the complex structure of bacterial biofilms, antibiotic
resistance, and the inadequate capacity of monofunctional
antibacterial materials to prevent bacterial colonization on
the medical surface. As a result, many contemporary methods
are centered on developing innovative antibacterial surfaces
with dual antimicrobial efficacy. These surfaces are based on
combining two components into one unit that can eliminate
attached bacteria (antibiotics, peptides) and resist or release
bacterial adherence (hydrophilic polymers, antiadhesive,
topography, bioinspired surfaces, and so on). These hybrid
antibacterial surfaces inhibit bacterial growth and may
possess additional functionalities, such as self-cleaning,
resistance to biofilm formation, or compatibility with specific
environments. Materials incorporating several antibacterial
processes are predicted to synergize and enhance combined
defense against medical device infections.”*

5. Summary and outlook

Instead of viral infections, future pandemics could arise from
other hazardous pathogens, such as bacteria associated with
poor food and surface contamination. Both humans and
animals can contract infections from bacteria that have
developed multi-drug resistance and novel mutations. They
might spread infections that are more challenging to treat
than those brought on by non-resistant bacteria. Antibiotic
resistance will inevitably result in high mortality, expensive
medical infrastructure, and hospitalization. Diverse
microorganisms can grow under stable conditions, which
may produce biofilms. Biofilm is a persistent source of

harmful microorganisms that cause severe infectious
diseases. The sustainability and feasibility of the
antimicrobial model to successfully constrain bacterial

adhesion and biofilm development have been proven by
existing studies on the bactericidal capability of a biomimetic
surface. Nature has perfected the art of creating antibacterial
and antibiofouling surfaces over millions of years of
evolution. Studying these surfaces at the micro and nanoscale
can unlock the secrets behind their effectiveness, paving the
way for the development of next-generation antibacterial
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General forms of nano-patterns
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Assigned order to each peak
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Fig. 9

Illustrations of different forms of the peak sharpness and their assigned orders in this study compared to the flat control surface and

examples of the corresponding shapes in the literature (a) nano-nuggets (magnified SEM image is given in the inset, scale bar: 50nm), (b)

nanopillars, (c) nanopillar (of dragonfly wing) and (d) nano-spikes.

solutions with minimal side effects. Nature's examples serve
as a guiding light in addressing challenges like antibiotic
resistance, biocompatibility, lifespan, efficiency, and more. In
this way, different texturing on the surfaces of plants, insect
wings, lizards, and sharks protects them from bacterial
infection and colonization. There are numerous synthetic
analogs with comparable antibacterial properties.

Depending on the underlying mechanisms, antibacterial
surfaces can resist or repress bacteria when they come into
direct contact with each other. The ability of bacteria to
perceive mechanical cues from surfaces, such as surface
texture, is well recognized. At the micro level, hydrodynamics
influences bacteria, while physicochemical forces and cell
membrane deformation impact features at the nanoscale
level. The evolution of surface-attachment mechanisms for
micro-patterned surfaces and the removal of attached bacteria
through self-cleaning have significantly contributed to
developing novel anti-biofilm techniques. The review presents
bioinspired materials with remarkable antibacterial or anti-
adhesion characteristics. The attributes of nanotexturing need
to be examined to determine how the surface interacts with
and disrupts the cell through nano-stretching. The study
reveals that the characteristics of the bacterial cell, including
the composition of the cell wall, thickness of the
peptidoglycan layer, outer membrane, and a few crucial nano-
parameters, determine the rate of killing by a given surface.
The articulation of surface topography has led to the
recognition that antibacterial activities are not just
constrained to chemical interactions and that nanopatterns
with particular geometries (Fig. 9) can also inhibit or
eliminate bacteria. Even though the bactericidal effects of
nanopatterned surfaces would be restricted to the bacteria in
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direct contact with them and, unlike chemical-based methods,
the nanopatterns are unable to sterilize the surrounding
environment, their numerous noteworthy advantages still
mandate further research to comprehend and optimize their
antibacterial functions. These patterned surfaces are
sustainable antibacterial surfaces for a variety of uses because
they don't show toxicity, do not even make microbes resistant,
and are not even metabolically consumed. The design of a
nanostructured surface and the quantification of the distinctive
aspects of surface morphology contribute to enabling a viable
solution to confer bacterial resistance to different biomedical
applications. It is equally crucial that antimicrobial surfaces
in actual clinical settings be used carefully to consider both
biocompatibility and durability to reduce the potential of
adverse effects caused by inherent properties.
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