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Emergence of antibiotic-resistance pathogens has caused serious health
issues and if the current trend is to continue, treatment of the infection will
become complicated and even unsuccessful due to new antimicrobial
resistance (AMR). Therefore, there is a global drive to identify new methods to
treat infection and develop better antibacterial materials and therapy.
Although new and more potent antibiotics have aided the fight against
microbes, they only offer a temporary solution because future bacteria strains
may become resistant to these antibiotics and drugs. Recently, application of
non-biological methods such as, electrical currents and
photothermal/dynamic therapies to kill bacteria, reveal new approaches to

technologies advance, antibiotics are fre-
quently used to treat infection but exten-
sive usage and abuse of antibiotics re-
duce the susceptibility of bacteria strains
toward some antibiotics and drugs lead-
ing to the emergence of antimicrobial re-
sistant (AMR) bacteria such as methicillin-
resistant staphylococcus aureus (MRSA).[67]
There are two solutions. The first approach
is to develop new and more powerful
antibiotics/®! but it may only be temporary
because new super bacteria may evolve as

design antimicrobial biomaterials, as complications stemming from
drug-resistant bacteria can be obviated. Furthermore, recent research has
focused on mimicking the surface patterns on plants and insects such as
lotus leaves and dragonfly wings. Bio-inspired micro/nano patterns have been
replicated on a variety of biomaterials to improve the bacterial resistance and
other properties with good success. This is an exciting research area with
immense practical and clinical potentials. In this review, recent advances in
the application of chemical/biological approaches to combat bacterial
infection and AMR are summarized and the related mechanisms are

discussed.

1. Introduction

Human beings have been dealing with bacteria for as long
as people exist. Some bacteria are vital, for example, those
in the gastrointestinal system,!'* but others may cause infec-
tion to threaten human health. Primitive antiseptic methods in-
clude boiling in water, salts, and herbal medicine.’) As medical
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a consequence. The second strategy is to
develop biomaterials and implants that can
kill bacteria upon contact.l’!

Researchers have been designing bioma-
terials that can avoid bacteria attachment,
kill bacteria, and mitigate the formation
of biofilms by modifying the surface
properties.'®!1l  Antibacterial polymeric
coatings,'?l incorporation of antibacterial
metallic nanoparticles,['**! biomimetic an-
tibacterial surfaces,!'! and stimulation by
electrical signal,[*! magnetic field,['”] and
photon irradiation!'®] have been proposed.
For example, metallic nanoparticles!!*2]
and antibacterial polymeric peptides!?"?2] have been developed
to combat AMR and antibacterial biomimetic design has gar-
nered much interest.[2>] Inspired by the intrinsic antibacte-
rial and antifouling properties of some plants and insects such
as lotus leaves,?°l rose petals,[?’] insect wings,!?®! gecko skin, "]
and others,3*32] micro/nanopatterns have been replicated on
biomaterials to achieve bacterial killing. Besides learning from
nature, photons have been used to kill bacteria either directly
or thermally®*] and electrical and magnetic stimuli have also
been proven to have antimicrobial effects* and mitigate biofilm
formation.3]

To design antibacterial surfaces, various methods have been
implemented based on the nature of the biomaterials and ex-
pected final features.3¢%] For example, in the case of biomim-
icking micro/nanopatterns found in the nature such as animals
and plants, the common method is molding by pouring the mold-
ing materials, in most cases polymers like poly(dimethylsiloxane)
(PDMS), on the patterns followed by peeling.’’38] The com-
plexity of the pattern and vulnerability under harsh mechani-
cal/chemical conditions are the main reasons why the molding
method is frequently chosen as the replication technique. In this
way, by preserving most of the details in the pattern, high-quality
replication can be accomplished. Lithographic methods,*”!
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hydrothermal processing,[*’! laser surface treatment,*!l and 3D
printing!***] have been utilized to produce patterns resembling
natural micro/nano patterns. Hydrothermal processing is mainly
used for metallic biomaterials, whereas the other techniques are
mainly used on metallic and polymeric biomaterials. Regarding
photon-activated or electrically stimulated antibacterial surfaces,
the active components are normally introduced to the surface by
ion implantation, deposition, and coating techniques.*>#+4¢1 The
choice also depends on the depth or thickness of the antibacterial
layer.

In this review, recent advances pertaining to the design of
biomimetic biomaterials and emerging methods such as photon
irradiation and electrical stimulation are discussed and the vari-
ous techniques are compared comprehensively in Table 1. This
review aims at providing guidance to future research in this im-
portant field.

2. Biomimetic Surfaces Inspired by Nature

Many structures existing in naturel’**34 repel bacteria and

have antimicrobial effects, for example, lotus leaves,?] insect
wings,!'®] shark skin,*?l and gecko skin.*”! These structures
have been analyzed and artificial micro/nano patterns resem-
bling them have been fabricated on artificial biomaterials.!'3¢!
It has also been shown that micro/nanopatterned surfaces
can regulate immune systems by macrophage polarization to-
ward the repair-like state.3”138] To improve the effectiveness,
nature-inspired techniques can be combined with other com-
mon bactericidal methods like conjugation of antimicrobial pep-
tides and polymeric brushes!!3**2] or loading of antimicrobial
metals.'31] However, because these traditional bactericidal
agents and techniques are quite well known and some of them
are prone to causing bacterial resistance, they are excluded from
this review.

2.1. Biomimetic Micro/Nano Topography

Ivanova, et al.l*’l were among the first reporting nanopatterns
on the surface of cicada wings (Psaltoda claripennis) (Figure la—
c). The superhydrophobic structure consisting of closely packed
nanoarrays with a high aspect ratio kills bacteria swiftly (within
3 min) and provides a surface that is bacteria-free and anti-
reflective as well (Figure 1d,e). The effects are not chemical as
coating the surface of wings with gold shows the same effects.
However, cicada wings are only effective against gram negative
strains, whereas gram positive ones can survive and adapt bet-
ter to the physical environment.[?® There have been a lot of ef-
forts to mimic and replicate these structures on artificial bio-
materials to kill gram positive strains and widen the scope to
other applications such as food packaging. The wings of differ-
ent cicada species have different surface structures!'*®! in terms
of the spacing, height, and width and can be replicated with high
resolution by molding biopolymers. In addition, mask-less re-
active ion etching,[1*-1#] electron beam lithography, > fabrica-
tion of scalable hexagonally close-packed arrays of nanospheres
with different dimensions by colloidal lithography,31°1152] spin
coating,!*3 and reactive ion etching have been demonstrated to
produce these patterns on biopolymers.[*]
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Hydrophobic and superhydrophobic surfaces repel bacteria
and living organisms!™>~1%¢ but the low surface energy also
reduces cell attachment,[*] although surfaces that are not hy-
drophobic have been used to foster cell proliferation in biomedi-
cal applications.['77161] Kim, et al.[*’! have shown that hydropho-
bic (water contact angle = 114°) nanopatterned poly(methyl
methacrylate) prepared by photolithography and molding not
only repels bacteria (P. aeruginosa), but also reduces attachment
of C2C12 myoblast cells. This is related to the surface energy
and the size difference between mammalian cells and bacte-
ria. Therefore, nanopatterns which can repel and kill bacteria
remain harmless to cells. Mammalian cells can tolerate sur-
face topographies varying from 50 to 500 nm in diameter and
0.5 to 2 um in height by engulfing the structure without rup-
turing or cell wall damage.['*?) Superhydrophobic surfaces can
be prepared by etching biomaterials with a fluorinated gas to
repel both gram-negative and gram-positive bacteria.[14%-163.164]
However, surface chemistry is not the only factor determining
the antibacterial properties, as the nanofeature dimensions, type
of bacteria strains, and biomaterials properties impact bacte-
ria attachment and antibacterial properties as well.l1%] Nanopat-
terns are normally more effective on gram-negative bacteria than
gram-positive ones due to the different cell walls.[2>4716652] Ariag
et al.’! have shown that if bacterial cellulose (BC) is etched by
low-energy argon ions, the formed nanopatterns with a high as-
pect ratio kill gram-positive bacteria (B. subtilis) more effectively
than gram-negative bacteria (E. coli). However, in spite of the
success against B. subtilis, it is ineffective against another gram-
positive strain (S. aureus). Even though E. coli has a thinner mem-
brane, it is more resilient and can spread the mechanical force
more efficiently to avoid rupturing. It was revealed that by apply-
ing a force with the AFM cantilever tip, a smaller force is needed
to rupture the B. subtilis cell membrane compared to E. coli, that
is, 0.74 nN compared to 1.04 nN, respectively (Figure 2a).

Although hydrophobic or superhydrophobic surfaces repel
bacteria, the small surface energy prohibits the surface friendly
to mammalian cells. Hence, they can be implemented on
food packaging,'®! coatings on non-implantable biomedical
tools, 167188 and anti-stain fabrics,['®! but not suitable for im-
plantable biomaterials. Pham et al.>*! have used black silicon
(bSi) with a high bactericidal potential(*’%l to realize cell attach-
ment and proliferation on a pre-infected surface if the antibac-
terial efficacy is adequate. Reactive ion etching using a mixture
of SF, and oxygen forms nanoarrays of bSi which is bactericidal
against S. aureus and P. aureginosa. Although this structure mim-
ics the cicada wing, it is not superhydrophobic and therefore,
COS-7 cells can attach and proliferate on the pre-infected sam-
ples (for 6 h) (Figure 2b). In vivo implantation into CD-1 mice
shows that after 15 days, only minimal bacterial infection is ob-
served. Inspired by this study, nanocones are fabricated on a silk
substrate by oxygen plasma etching to produce a hydrophilic sur-
face with both antibacterial and cell supporting characteristics.
The surface energy increases after plasma etching.*°! Although
the silk nanocones can be evaded by bacteria subsequently escap-
ing the fatal destiny, the main achievement is that mammalian
cells win in the fight against bacteria and the bacteria-free
surface facilitates cell attachment and growth (Figure 2c-n).
Another cell-friendly antibacterial platform has been prepared
by Mo et al.’>*] Various nano/micro structures are fabricated by
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Figure 1. a) Photograph of cicada (Psaltoda claripennis). b) Wing of the cicada wing. c) SEM image of the cicada wing (scale bar = 2 um). d) SEM image
of Pseudomonas aeruginosa on the cicada wing showing the bacteria cell walls clearly penetrated by the nanopillars (scale bar = 1 um). e) Confocal laser
scanning microscopy (CLSM) images of the bacteria cultured on the cicada wing after 1, 5, 10, and 20 min with dead and live bacteria indicated by red
and green color, respectively (scale bar = 5 um). Reproduced with permission.l*’] Copyright 2012, Wiley-VCH GmbH.

colloidal lithography and reactive ion etching. The results show
that micropillars have better antibacterial properties than the
other micro/nanostructures due to the 2D lateral plates on the
edge of the pillars and high adhesion tendency of bacteria.
The higher surface hydrophilicity after oxygen plasma etching
distorts the E. coli cell wall as the bacteria try to anchor on the
surface. In contrast, owing to the more restricted contact with
nanocones, the only bactericidal force occurs by penetration of
sharp tips into the cell wall and so they can bend the nanocones
or modify their own cell wall shape to overcome the harsh
environment.

Besides bio-mimicked surfaces designed according to insect
wings, nanostructured surfaces which are not representative of
natural ones can also reduce bacteria attachment. Molding,*°!
block co-polymer assembly, ) and laser treatment!>’~%171] can be
utilized to fabricate surface nanofeatures with antibacterial prop-
erties. These platforms show distinctive behavior regarding bac-
teria and mammalian cells. They are harmless to cells and pro-
mote their attachment and proliferation while offering antimicro-
bial effects.>>%] In the treatment of poly-lactic acid (PLA),1*’! the
laser parameters affect the surface hydrophilicity/hydrophobicity
but not the surface chemistry. The nanofeatures reduce bacteria
attachment and orient mesenchymal stem cells (MSCs) prolifer-
ation along the grooves. Nanoripples fabricated on poly(ethylene
terephthalate) (PET) foils by the laser treatment!®®! exhibit differ-
ent surface chemistry and increased hydrophilicity. The nanorip-
ples reduce E. coli attachment and the effect stems from repulsion
rather than direct killing. Laser surface treatment is also effective
for metallic materials.['>17°] Boinovich et al.*! have produced
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superhydrophilic and superhydrophobic structures. The former
is more effective against E. coli due to stronger adhesion between
the rough laser-treated surface and bacteria cell wall, which re-
sults in high tension and cell wall rupturing. The nanostructures
fabricated by the laser surface treatment can be coupled with
other techniques to produce enhanced antibacterial properties.
Doll et al.l'7%] have prepared nanospikes by a laser treatment and
then covered them with a fluorinated polymer to form a slippery
liquid-infused porous surface to prohibit biofilm formation of S.
oralis. However, the surface also repels human cells and may not
be suitable for some applications.

Polymeric biomaterials are widely used but most of them do
not have adequate bacterial resistance and hence, nanofeatures
are created to improve the properties as discussed above. The
same strategy can be applied to metallic biomaterials. Titanium,
magnesium, and their alloys are common in implants. Ti and Ti
alloys do not have inherent antibacterial properties and Mg alloys
suffer from easy corrosion despite having favorable bactericidal
properties. Moreover, it is difficult to administer antibiotics after
surgical insertion of Ti implants because of AMR and therefore,
alternative measures must be implemented to mitigate bacterial
infection.

Thermal and chemical treatment,[*%:61177-181] sand blasting,[18?!
electrochemical additive manufacturing,!'®] sputtering,!18+18]
and imprinting followed by hot water treatment!'*®] have been
proposed to alter the surface topography of metallic substrates
to improve the antibacterial properties. By forming nanospikes
on Ti alloys by thermal oxidation,®! bonel'®”] and dental
implants('#] have been designed. Fabrication of TiO, nanotubes
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Figure 2. a) Schematic diagram of the needed force to rupture B. subtilis, E. coli, S. typhimurium, and HEK293 cells membrane. Reproduced with
permission.l>l Copyright 2020, ACS publishing. b) Confocal laser scanning microscopy images of COS-7 cells on the pre-infected surfaces for both
bSi and Si with S. aureus and P. aeruginosa after culturing for 1, 3, and 7 days. The live cells, dead cells, and viable bacteria are stained green, red, and
blue, respectively, and the scale bars is 20 um. Reproduced with permission.[3] Copyright 2016, ACS publishing. c-n) Fluorescent and SEM images of
the pre-infected silk substrate with different concentrations (103, 10°, and 107 CFU mL™") of S. aureus cultured for 6 h, followed by culturing with MC3T3
cells for 24 h. The red and green signals are the dead and live microorganisms and the scale bars in the SEM and fluorescent images are 10 and 250 um,
respectively. Reproduced with permission.[*% Copyright 2019, ACS publishing.

with a tunable distance, height, and diameter can also impede
bacteria development. Ge et al.[?] have shown that although ar-
rays of TiO, cannot killed bacteria (both E. coli and S. aureus),
bacteria development such as cell division can indeed been ham-
pered. The optimal implants should offer sufficient bacteria resis-
tance while allowing cells to grow during healing. Bright et al.[%]
have introduced nano-roughness to biomedical grade titanium
(Ti-6Al-4 V) by hydrothermal etching and assessed bacteria sur-
vival and biofilm formation for P. aeruginosa and S. aureus for 21
days. The biocompatible and hydrophilic surface not only sup-
ports macrophage (RAW 264.7) attachment and proliferation, but
also suppresses bacteria and biofilm formation. In the case of the
gram-negative strain, P. aeruginosa, the survival suppression rate
is more than 90% after 21 days as manifested by a thick layer of
dead bacteria, although small colonies of live bacteria are found
on the dead ones. The observation from S. aureus, gram positive
bacteria, is different from that from P. aeruginosa. The maximum
bactericidal effect is observed on the 3rd day and rebound in bac-
teria colonization is detected afterward. This difference stems
from the different cell walls and cell division time which can al-
ter the cell membrane integrity, vulnerability, and so on leading to
expression of the extracellular death factor. Wandiyanto et al.[%

Adv. Healthcare Mater. 2023, 12, 2202073

2202073 (8 of 34)

have demonstrated that by introducing nano-roughness to pure
Ti by hydrothermal treatment, Mg-63 cells can attach to the sur-
face pre-infected with S. aureus and P. aeruginosa for 6 h. The
bacteria are repelled from the surface in the first 3 h and it is
more prominent for P. aeruginosa, as it takes a longer time for
S. aureus. In both cases, the MG-63 cells find the bacteria-free
space which is not available on the untreated Ti. Hydroxyapatite
(HA) nanofeatures incorporated with strontium (Sr) and fluorine
(F) fabricated on Ti have good antibacterial properties against S.
aureus even after 28 days.l®] By doping with 5% F, cell adhesion
and proliferation are not affected significantly but the bactericidal
properties improve remarkably. To verify the in vitro results, in
vivo tests conducted on rabbits reveal osteogenesis and antibac-
terial effects after 8 weeks.

Magnesium alloys degrade naturally in the physiological envi-
ronment and implants made of Mg alloys do not require a second
operation for removal. They also possess good antibacterial prop-
erties, but the corrosion resistance is poor due to dissolution in
body fluids and Mg ions leached from implants can cause toxic ef-
fects and inflammation. A hydrothermal treatment can improve
the corrosion properties of pure Mg while preserving the antibac-
terial properties by forming nanoflakes on the surface.[*¢] After
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Figure 3. a) Proposed antibacterial mechanism for the hydrothermally treated pure Mg showing the nanoflakes exerting stress on the bacteria cell
membrane and the changing oxidation-reduction potential causing secretion of ROS resulting in bacteria killing. Reproduced with permission.[6¢]
Copyright 2020, Wiley-VCH GmbH. b) Schematic illustration of dual-antibacterial functions rendered by the physical barrier of the sharp ZnO nanorods
and photocatalytic effects of Au nanoparticles. Reproduced with permission.[%] Copyright 2020, Elsevier.

the 12-h hydrothermal treatment, the corrosion current, I, of
pure Mg decreases by 97% and furthermore, more than 99% of
bacteria are killed in 3 h after introducing 100 pL of the bac-
teria suspension. The bactericidal properties can be attributed
to stretching of the cell membrane and production of reactive
oxygen species (ROS) (Figure 3a). This technique is helpful to
overcome inflammation triggered by leaching of Mg ions as in-
dicated by the in vivo results. Polymeric coatings can mitigate
magnesium corrosion but most polymeric materials do not have
intrinsic antibacterial properties. However, the silk coating with
nanopatterns mimicking the cicada wing nanostructure formed
on AZ31 Mg shows both reduced corrosion and enhanced an-
tibacterial properties.[®’]

Another strategy is to combine different AMR-free antibacte-
rial techniques. For example, nanopatterning can be combined
with photon-based therapy.®®! ZnO nanorods can be prepared
on the surface of PDMS to mimic the cicada wing nanostructure
in conjunction with loading Au nanoparticles to produce photo-
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catalytic effects (Figure 3b). The same concept has been applied
to TiO,. Although the photocatalytic properties and ROS genera-
tion efficiency of TiO, is poor, they can be improved by introduc-
ing a 50 nm thick TiO, coating on the dense array of SiO,.['®]
Fabrication of nanospikes on Ti and Ti alloys shows good po-
tential in bactericidal applications and combination with other
techniques yields better results. Coating Ti nanospikes with an
antibacterial peptide (catechol-ended Pep (cPep)) shows remark-
able improvement against E. coli and S. aureus and they are also
non-toxic to MC3T3 cells.l”! Peptides with a cationic structure
provide the suitable affinity between anionic bacteria cell walls
and nanospikes to enhance the antimicrobial efficacy as shown
by a killing rate of more than 99% against both gram-positive
and gram-negative bacteria. In comparison, without the coating,
only gram-negative bacteria are affected. Long-lasting bacterici-
dal effects are observed in vivo after implantation for 5 days as
indicated by more than 6-log reduction in the bacteria level com-
pared to the control group.
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2.2. Biomimicking Micro/Nano Nanofeatures of Plants

Similar to insect wings, plants have evolved to adapt to differ-
ent environments. Superhydrophilic surfaces assure plants to be
wet, while superhydrophobic surfaces help plants like lotus to
remain dry by sliding water droplets or rose petals to capture
and trap water to remain wet. Superhydrophobic structures re-
duce bacteria attachment and have been imitated in antibacterial
and self-cleaning applications. The mechano-bactericidal effects
of the nanostructures of plants are different from those of insect
wings. For example, bacteria on a lotus leaf are stretched to death
rather than pierced by nanofeatures on the cicada wing.[°!

The unique micro/nano structures of lotus leaves reduce the
surface energy and provide the conditions to be clean even in
muddy water. This structurel!®®) results in an antibacterial or
antibiofouling surfacel!! and has been adopted by oil separa-
tion membranes,[19?) food packaging,?*1%*l and wound healing
gauze.l'] However, exact duplication is not an easy task,!1!
specifically the hair-like nanostructure which is mainly respon-
sible for the superhrdophobicity of lotus leaves.['”1%] Huang
et al.l'% have proposed a 2-step protocol to replicate the structure
on polypropylene (PP). The structure not only retains the charac-
teristics of lotus leaves for a long time, but also resists change
in hot water (Figure 5a). A 3-step process comprising plasma
etching, hydrothermal processing, and fluorination has been pro-
posed by Jiang et al.[?®l The structure is fabricated on silicon by
first forming microscale pillar arrays and then spin-coating ZnO
nanoneedles on top by a hydrothermal process (Figure 4b,c). Af-
ter fluorination, a larger water contact angle of 174° is observed
from the sample in comparison with the lotus leaf (154°). The
bactericidal effects of the biomimicked micro/nano structure are
physical and leaching of Zn or other chemical factors have no
impact because the gold coating shows the same bactericidal be-
havior and absence of inhibition zones in the agar-plate antibac-
terial test. On the natural lotus leaf, almost all the bacteria are
repelled within the first 3 h, but the bactericidal efficacy degrades
with time because the air cushion formed destabilizes bacteria
repulsion/?®! and the dead bacteria reduce the roughness of the
nanofeatures.[?! On the other hand, the biomimicked structure
retains not only the mechanobiocidal properties, but also the an-
tibacterial capability even after 24 h (Figure 4d—i). The durability
is demonstrated by the unchanged bactericidal properties after
exposure to bacteria. However, the lack of cell culture results does
not confirm the biocompatibility. There have been few reports de-
scribing the behavior of lotus leaves!2?1:22] and some of them are
in fact contradictory.?®}] For instance, Li et al. have shown the in-
escapable inhibitory impact of human umbilical vein endothelial
cells (HUVECs) attachment on the surface of PDMS modified
with the heparin-like polymer, but no study has been performed
on antibacterial behavior of the structure.[?*] By fabricating lotus-
like poly(L-lactide-co-¢-caprolactone) by casting on PLCL using
an aluminum oxide template followed by heparin conjugation,
the blood compatible biomaterials are shown to decrease protein
absorption.?%] Although the surface chemistry such as superhy-
drophilicity or superhydrophobicity is important,[?°l more inves-
tigation of cell-friendly lotus-inspired structures is needed.

The nanopatterns on rose petals are another example of
the natural bactericidal pattern. Apart from the bactericidal
properties on a wide range of bacteria, fungi, and other
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microorganisms,2”7-2%8] the unique pattern is hydrophobic and
different from that on the lotus leaf. The superhydrophobic
structure consists of microscale hemispherical micropapillae and
nanoscale folds across the micropapillae.[?%] The replica of rose
petal made from PDMS has the micro/nano structure with mi-
cropapillae about 23 ym in diameter and nanofolds about 700 nm
(Figure 5a—c).[%! The materials are exposed to S. epidermidis and
P. aeruginosa to assess the antibacterial and antibiofilm forma-
tion capability. After culturing for 2 h, most of the bacteria of
both strains are seen from the valleys between the micropapil-
lae and isolated bacteria are seen on top. This structure prohibits
and delays biofilm formation after 2 days. Compared to the flat
surface, the bacteria colonies are isolated from one another with-
out forming filamentous fibrils that are an indication of mature
biofilms. The rose petal structure in comparison with the peri-
odic nanostructure (500 nm, 1 ym, and 2 pym, diameter, center-
to-center and height, respectively) shows that it can isolate bacte-
ria from each other to avoid contact and inhibit biofilm forma-
tion. The size of the bacteria is similar to the nanofold struc-
ture and although the bacteria can place themselves inside the
nanofolds with time, they cannot contact each other (Figure 5d).
Dou et al.[?’] have shown that by altering the surface chemistry
on the same rose petal micro/nano structure, different attach-
ment of gram-positive ones is seen. Mimicking the rose petal
micro/nanostructure on substrates with superhydrophilic, super-
hydrophobic and mixed states leads to different bacteria attach-
ment trends similar to the adsorption behavior on peptidogly-
can (PGN), the main component in the gram-positive bacteria
cell membrane. Lower PGN adsorption on the superhydrophilic
or superhydrophobic rose petal mimicked surface shows that
in the superhydrophilic and superhydrophobic states, the bond
between water and the substrate and presence of relatively sta-
Dble air cushion between PGN and the substrate hamper bacteria
attachment (Figure 6e-h). However, this trend is not observed
from gram-negative bacteria as they have different components
in the outer cell membrane which is lipopolysaccharide. Incorpo-
ration of the honey/silk scaffold with the rose petal surface mi-
cro/nano structure is a suitable strategy against MRSA and MSCs
proliferation.[21%]

In addition to the two aforementioned micro/nanopatterns
found on the lotus leaf and rose petal, molding of the rice leaf!’")
and Laminaria japonica®’] produces superhydrophobic antibac-
terial structures. Switchable properties of different micro/nano
structures on plants such as rose petals, lotus leaves, and rice
leaves have been reported.[?'>-218] These works address the fab-
rication process and switchability between different states and
impart information about the design of smart biomaterials. In
spite of the good prospect, more results are needed to address
the biocompatibility in vivo.

2.3. Biomimicking Micro/Nano Features of Animals

Similar to plants, animals have evolved with micro/nano pat-
terns according to their needs and natural habitats. For in-
stance, the moth eye structure has low reflectivity and antifog
properties(?1%220] and the antibacterial properties have attracted
scientists’ attention recently. Minoura et al.”!l have shown that
the moth-eye imprinted hydrophilic resin based on PEG has
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Figure 4. a) Water contact angles on the lotus leaf and replication on PP after immersing in hot water (100 °C) for different time. Reproduced with
permission.l’®°l Copyright 2019, Elsevier. b,c) SEM images of the dual-scale micro/nanostructure biomimicked from the lotus leaf prepared on the
silicon substrate. Artificial-colored SEM images of the d) nanostructure, e,f) dual-scale micro/structure, g) fluorinated nanostructure, and h,i) fluorinated
micro/nanostructure. Reproduced with permission.[?6] Copyright 2020, Elsevier.
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Figure 5. SEM images: a) Overview, b) micro papillae, and c) cuticular nanofolds of PDMS replicated from the rose petal. d) Postulated mechanism for
the antibacterial behavior of the rose petal replica by separating bacteria on the nanofolds and isolating bacteria attachment in the valleys alongside the
micro papillae. Reproduced with permission.[¢*] Copyright 2019, ACS publishing. e~h) Proposed mechanism for PGN adsorption on the rose petal replica
with different surface chemical states of being superhydrophilic, moderately hydrophilic, moderately hydrophobic, and superhydrophobic, respectively.

Reproduced with permission.[?’] Copyright 2015, ACS publishing.

Adv. Healthcare Mater. 2023, 12, 2202073 2202073 (12 of 34) © 2022 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

HEALTHCARE

www.advancedsciencenews.com

www.advhealthmat.de

Figure 6. a) Wenzel, b) Cassie-Baxter, c) Hemi-wicking, and d) mixed state of wetting surfaces. Reproduced with permission.2!] Copyright 2015, AIP
Publishing. e) Photographs of gecko skin contaminated with silica particles dyed green for better illustration. The water droplet with a diameter of about
2 mm collects the contaminants with a small roll-offangle (=2°). Reproduced with permission.[212] Copyright 2015, Elsevier. f) Biophysical model showing
the interaction between the cicada wing nanostructure and rod-shape bacteria. The cell wall is divided into two regions, that in contact with the pillar
(green line) and levitated layer (orange line). As the bacteria try to maximize the contact area, the cell wall, specifically in the orange section, experience
extreme tension which may result in rupture. Reproduced with permission.[23] Copyright 2013, Elsevier. g) Biophysical model showing the top view of
the interaction between the rod-shape bacteria and pillar arrays with defined points: pillar tip (L1), midpoint between the pillar and next longitudinal and
circumferential pillar (L2, L3), and midpoint to any peripheral pillar (L4). h) Contour plot of the strain distribution of the L1, L2, L3, and L4 points of the
bacteria cell wall showing the maximum strain applied to the contact area of the tip and bacteria cell wall. Reproduced with permission.[214] Copyright

2021, Elsevier.

better antibacterial properties than the flat surface. In the early
stage, leaching from the resin kills bacteria but as time elapses,
the leaching effect diminishes and the superhydrophilic im-
printed substrate dominates in the bacterial resistance. The su-
perhydrophilic structure disperses the bacteria solution on the
surface and fast drying is fatal to bacteria. Moreover, bacteria have
little chance to avoid contact with nanopatterns during drying.
Consequently, E. coli cannot survive for more than 20 min on the
nanostructured surface but can live for more than 100 min on the
flat surface. More obvious results are observed from S. aureus. By
wiping the surface with ethanol-soaked paper, the bactericidal ef-
fects on the flat surface diminish as the leached compounds are
removed, while the nanopatterned one still shows some bacteri-
cidal effects after wiping for 4000 times. The moth-eye imprinted
sample shows reduced S. aureus attachment and growth com-
pared to the flat surface as manifested by less attached bacteria
and secreted proteins but more work for a longer time should be
conducted. The materials have been applied to basins in universi-
ties and cafeteria.l’?) Besides being antibacterial against E. coli, S.
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aureus, and P. aeruginosa, Viela et al.3% have revealed good bio-
compatibility on the imprinted moth-eye nanostructure against
HaCaT human cells.

Another natural micro/nanopatterned structure is shark
skin which reduces drag in water and has antifouling
properties.3222L222] The riblet-like structure on shark skin
provides hydrophobic properties and air-trapping cushion for
antifouling. Rostami et al.” have shown that by molding
hydrophilic chitosan on shark skin and incorporation with
graphene oxide, compatibility with human cells is observed.
The nanotopography plays a more prominent role on bacteria
adhesion reduction for both gram-negative and gram-positive
bacteria, although both chitosan and graphene oxide have good
bactericidal capability.[?”*) The biomimicked shark skin shows
significantly lower bacteria adhesion, even though there is no
significant difference in bacteria adhesion among similar mor-
phologies but with different chemistry. Urchin has also inspired
scientists to design biomaterials. Gao et al.*!! have fabricated
an urchin-like structure on PLLA that exhibits long-lasting
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superhydrophobicity even after immersing in water and PBS
for 24 and 12 h, respectively. The structure repels E. coli and
provides a bacteria-free zone at the gas-liquid-solid interface to
inhibit bacteria attachment.

Besides the animals mentioned above, the structures found on
enamel or mussels have provided clues to reduce bacteria attach-
ment. Laser-assisted biomimetic techniques have been utilized
to form antibacterial fluoride-incorporated apatite on dentin/??4l
and sintered HA?] to reduce attachment of S. mutans due
to release of fluoride ions. However, in most of these experi-
ments, some chemical bactericidal agents are incorporated into
the structures but the structural effects have not been investi-
gated solely.[223:226:227]

Nanoholes are also quite effective against bacteria attachment
and biofilm formation.l”+228-2291 Small nanoholes 10 to 25 nm
in size fabricated in aluminum by anodization reduce bacteria
attachment albeit being hydrophilic. The electrostatic repulsion
exerted by the side walls of the nanoholes repel E. coli, S. au-
reus, L. monocytogenes, and S. epidermidis.??! Shi et al.”*l have
formed nanoholes in MoS, nanosheets and the antibacterial be-
havior is different from the conventional mechanism by affect-
ing the critical active sites of bacteria. Biofilm formation of S.
aureus and E. coli is inhibited but without the nanoholes, the
bacteria cover the surface entirely. After culturing for 24 h with
Caco-2 cells and bacteria, the nanoholes impede adhesion and
invasion of S. aureus of cells. The in vivo ocular and intestinal
evaluations confirm the efficiency from AMR prospective. Mice
administered with 3 different antibiotics of tetracycline, methi-
cillin, and ciprofloxacin exhibit a surge in the bacteria colonies of
S. aureus after a few rounds of infection/treatment, unless higher
doses are administered in the next round. However, with regard
to the nanohole samples, no surge is observed after 20 cycles of
infection/treatment, but more in-depth studies are still needed.

2.4. Bactericidal Mechanisms of Nanopatterned Surfaces

Bacteria attach to materials to communicate with others, obtain
nutrients, perform vital metabolic activities like respiration, and
defend against mechanical, chemical, and biological stresses.[?%],
The bacteria-surface interactions, especially in the early stage, de-
termine the fate of the biomaterials and the best strategy to com-
bat infections by either repelling or killing them before or upon
attachment. In the later stage, if thick and mature biofilms are
formed, it will be almost impossible to eradicate them. Antibi-
otic resistance in bacteria mainly stems from the formation of
biofilms and secretion of ECM with unique physical and biolog-
ical features. Consequently, penetration of biocides into biofilms
are impeded and moreover, the bacteria phenotype can change
from the planktonic state called the “biofilm phenotype.”[231-23]
The complex phenomena result in big resistance to antibiotics
and even biocides. Nevertheless, there have been few reports
about development of resistance on micro/nanopatterned sur-
faces but systematic studies are required in the future to eluci-
date the potential effects. The mechanisms for bacteria repelling
and killing on biomimetic nonpatterned surfaces are discussed
in this section.

Bacteria assess and sense the surface for the suitability to form
colonies.[23*23¢] The surface energy and electrostatic charge of
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the biomaterials determine the affinity to bacteria and higher sur-
face energy and positive charge generally lead to higher bacte-
ria attachment. The reversible process can happen as fast as a
minute and up to a few hours.[¥’241] In this step, bacteria try to
modify themselves with regard to the position and morphology
to achieve the maximum contact area and after finalizing the po-
sition, start to secrete ECM, colonize, and develop biofilms.

In most cases, bacteria reach the surface through a liquid
medium and therefore, the wetting properties are crucial. Sur-
face can be categorized into 4 states: Superhydrophilic, hy-
drophilic, hydrophobic and superhydrophobic, and wetting fol-
lows the Wenzel, Cassie-Baxter, Hemi-wicking, or mixed models
(Figure 6a—d).l!!1 On the nanopatterned surfaces, the superhy-
drophobic state is beneficial because air cushions are formed be-
tween nanofeatures and in the valleys to inhibit full wetting and
reduce contact between the bacteria and biomaterials. In most
superhydrophobic systems, the surface energy is too low for bac-
teria or other foreign objects to firmly attach and hence, loose
objects can be washed away or detached (Figure 6e).[26:198.242.212]
In some superhydrophobic systems, water droplets are pinned
to the surface so that they cannot roll off and the contact angle
is large.[®) Based on these models and that superhydrophobic
surfaces repel bacteria and delay biofilm formation, efforts have
been made to design antibacterial biomaterials. The common ex-
ample is the superhydrophobic surface of the cicada wing with
sharp arrays with a large aspect ratio.

The bactericidal mechanisms of nanopatterned surfaces have
been studied experimentally and theoretically.?*3] The bacteria
membrane experiences stress and tension resulting in rupture
and death.[213-214244-248] Begides the applied stress, a model sug-
gests that gravity and non-specific forces such as van der Waals
forces play crucial roles in stretching the cell wall.?**] Rupturing
commonly occurs at the contact area between the tips and bac-
teria or the cell membrane trapped between two adjacent tips.
Rupturing is the main killing mechanism for gram-negative bac-
teria (Figure 6f~h).[213214] Gram-positive bacteria have thicker cell
walls thereby requiring higher stress for rupturing. The situa-
tion with eukaryotic cells is different as they are usually much
bigger than these nanofeatures and they also have support from
their cytoskeleton to preserve the structural integrity. The size,
dimension, distribution, aspect ratio, and mechanical energy of
nanofeatures are critical to the bactericidal efficacy.l90250-251] Ag
for the influence of the surface roughness in the hydrophobic
state, the valleys are not as important as the asperity size. There-
fore, by increasing the asperity size, bacteria adhesion increases
due to the lower energy barrier.[>**] Micro/nanofeatures with suit-
able dimensions are important.[244252-254] Bacteria can avoid con-
tact with the sharp areas on big features and so a size smaller
than that of the bacteria has better effects.***] However, if the
nanofeatures are too small, the tension is dispersed due to too
many contact points dropping below the critical value required
for cell membrane rupturing. In both cases, more uniform and
less extensive distribution of the applied stress gives rise to lower
bactericidal efficiency. Velic et al.[?*] have studied the impact of
various physical parameters of the nanopatterns on the bacteri-
cidal efficacy using B. subtilis as the model bacteria. A smaller
nanopillar diameter increases the bactericidal efficacy, while the
center-to-center distance and nanopillar height do not have a sig-
nificant impact. These findings contradict some experimental

© 2022 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

HEALTHCARE

www.advancedsciencenews.com

results which show that a smaller pillar spacing and larger pil-
lar height enhance the bactericidal efficacy.[®*25¢257] Based on
the accepted notion gram-positive bacteria are less susceptible
to rupturing on sharp nanopatterns compared to gram-negative
ones due to different cell wall thickness, however, E. coli is more
adaptable to nanopatterns than B. subtilis as the former is more
deformable.’!l More experimental studies and better theoretical
models are required to settle the controversy.

Linklater et al.[®) have prepared vertically aligned carbon nan-
otubes (VACNTS) with a very large aspect ratio to kill bacteria by
storing and releasing mechanical energy. VACNTs with heights
of 30 and 1 um have the superhydrophobic state showing a wa-
ter contact angle of about 150°. Different heights and surface
chemistry have different effects on different types of bacteria and
the bactericidal platform should be designed according to needs.
Surface functionalization with either CF, or O, increases bacte-
ria attachment and after attaching bacteria to the forest of VAC-
NTs, the bacteria membrane ruptures. Experiments have been
performed to understand how tall these nanofeatures should be
and whether or not taller is better.>!] Although taller ones with
a larger aspect ratio may store more mechanical energy, the bac-
tericidal efficacy decreases due to irreversible deflection by the
nanofeatures. Nanopillars with heights of 220, 360, and 420 nm
are compared and the highest bactericidal efficiency is observed
from the 360 nm one, that is, 95 + 5% and 83 + 12% against P.
aeruginosa and S. aureus as the gram negative and gram-positive
strains, respectively.

These platforms are normally not suitable for cell growth for
the same reason that they are not suitable for bacteria growth, be-
cause the low surface energy reduces the affinity to microorgan-
isms. One of the main components in superhydrophobic systems
is the air cushion which is responsible for the large contact angle
and low/unstable bacterial attachment. However, the surface can
be dynamic and bacteria attachment can change with time.2%!
Superhydrophobic antibacterial surfaces that do not require cell
attachment are used in food packaging, marine applications,
non-implantable biomedical tools, door handles and knobs, and
basins so that the use of disinfectants can be minimized. Mean-
while, superhydrophobic biomaterials may not be appropriate
for biomedical implants in vivo and researchers have started
to consider introducing bactericidal properties to hydrophilic
biomaterials. The bactericidal mechanism of hydrophilic and
superhydrophilic nanopatterned biomaterials is more or less the
same, that is, rupture of the cell membranel®*** but the approach
is different. Boinovich®! et al. have shown that superhydrophilic
structures can kill bacteria by the strong adhesive force between
the surface and bacteria arising from the nanopatterns. The at-
traction between bacteria and hydrophilic surfaces exerts intoler-
able tension to the bacteria cell wall due to the top or edge of nano
features.>*! Valiei, et al. 8 have suggested that the large capillary
force at the interface of liquid—air surface on superhydrophilic
materials enhances the bactericidal properties compared to the
superhydrophobic surface as bacterial repulsion dominates.
According to their model, the generated force between the
hydrophilic surface and P. aeruginosa is not enough!2>82>]
and the capillary force generated during liquid evaporation
or movement of air bubbles creates significant tension in the
bacteria membrane, but the situation is different on a flat
surface.
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Another nanofeatures of interest are nanoholes.[228260]

Nanoholes with diameters between 10 and 100 nm have been
studied and the best antibacterial performance is observed for 10
and 25 nm. They are the most hydrophilic ones against E. coli, L.
monocytogenes, S. aureus, and S. epidermidis. Based on the model
developed to explain the exceptional antibacterial behavior of
small pores, additional electrostatic repulsion by the vertical
sidewalls of densely distributed nanoholes is responsible.[??’]
In another study, nanoholes are introduced to the surface of
MoS, nanosheets and the mechanism is different from that
of traditional methods like piercing or ROSs production.l’* By
interfering with the bacteria electron transfer chain, the active
sites of bacteria such as polysaccharide intercellular adhesion
(PIA) and extracellular DNA are targeted and the corresponding
contents decrease significantly. In the presence of ethanol,
glucose, and NaCl, biofilm formation is enhanced on the MoS,
nanosheets without pores. By introducing nanoholes, reduction
of biofilm formation ensues as evidenced by downregulation of
specific genes such as SigB and RsbU factors responsible for the
formation of PIA.

The wettability and surface roughness are sometimes inter-
dependent from the viewpoint of the bactericidal action. Sur-
face roughness shows the combined effects of the micro/nano
feature dimensions (height and width), center-to-center distance
(density, homogeneity and heterogeneity of micro/nano patterns,
rigidity, etc.), and geometry of the tip (tapered, round, sharp,
etc.).[1>2511 A high surface roughness does not always reduce
bacterial attachment,!?*!] as the size of the micro/nanofeatures
and whether they are comparable with the size of the bacte-
ria are important factors. In addition, sharp and pointy features
are usually bactericidal, but other factors such as the density,
height, and homo/heterogeneity should be considered./2#2>4]
Pointy micro/nanofeatures with different heights and densities
can produce different degrees of bacterial attachment, regard-
less of whether the surface is hydrophilic or hydrophobic be-
cause bacteria can bend to accommodate the structure or modify
their position to avoid contacting a rough surface. Sharp edges
on micro/nanofeatures!?®?! can introduce antibacterial effects, for
example, graphene oxide nanosheets!?®3l and they can be com-
bined with micro/nanocones®* to elevate the bactericidal effects.
Surface roughness does not arise from perturbances alone and
micro/nanopores have attracted scientists attention. All in all, it
is still difficult to predict in general the bactericidal efficacy of
micro/nanofeatures and all the aforementioned factors must be
considered when designing the appropriate surfaces.

3. Photon-Activated Surfaces

Stimulus-responsive biomaterials can carry out extra functions in
tissue regeneration and bacterial elimination. Du et al.?**l have
studied the response to physical stimuli as one of the essential
factors in the design of biomedical implants. Exposing biomate-
rials to light can lead to physical/chemical changes to affect bacte-
ria. Photo-activated surfaces have been developed to monitor the
antibacterial performance using different electromagnetic waves.
Specifically, a photo-activated surface is able to respond to ex-
ternal light stimuli to develop bactericidal properties. Compared
to the passive antibacterial strategies such as ion release, drug
releasing, and nanostructured surfaces, photon-based methods
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Figure 7. Schematic illustration of a) fluorescence-based and b) photocatalytic-based PSs.

using radio waves, microwaves, infrared, visible light, ultravio-
let (UV), X-rays, and gamma rays are effective as well.2%] In-
frared, visible, and ultraviolet light is frequently used in photon-
based antibacterial strategies on account of the moderate en-
ergy and tissue penetration. For example, photothermal therapy
(PTT) and photodynamic therapy (PDT) are promising. In PTT
and PDT, photo-response is necessary and photo-sensitive agents
must be incorporated into the biomaterials by techniques such
as self-assembly,!2%] hydrothermal processing,**! electrostatic
adsorption,!”?! and physical wrapping.!®*! The main killing mech-
anisms are production of ROSs and heat generation. Since bacte-
ria develop some resistance against heat, application of pressure
in conjunction with high temperature has been proposed.!2¢7:268]
ROS are also recognized to be highly effectivel?®27!l but it is
known that some bacteria have find specific ways to thwart the
impact of ROSs by secretion of enzymes, proteins, and toxins.?’?]
Therefore, attention must be paid to detect early signs of re-
sistance and the use of multiple antibacterial methods can be
more efficient. Recently, it has been observed that mitochon-
drial ROS plays an important role in the antimicrobial immune
responsel?32731 and therefore, production of ROS is highly de-
sirable for antimicrobial purposes.

3.1. Photodynamic Surfaces
PDT has been approved by the United States Food and Drug

Administration (FDA) for cancer treatment.?”l PDT requires a
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light source, photosensitizers (PSs), and ROS. PSs commonly
show little cytotoxicity without illumination but absorb energy
in the presence of light forming ROS such as hydroxyl radicals
(-OH), superoxide anions (-O,7), singlet oxygen (10,), and hy-
drogen peroxide (H,O,) to cause irreversible oxidative damage
on biomolecules such as membrane lipids, proteins, and cellular
DNAI?”7l (Figure 7). Antibacterial PDT exploits oxidative damage
of microbes and the broad antibacterial spectrum results in less
drug resistance while offering advantages such as remote control-
lability, good selectivity, negligible systemic toxicity, and effective-
ness on drug-resistance bacteria.l?’8-282]

Near-infrared (NIR) light is usually used due to deeper tis-
sue penetration and less harm to normal tissues.[?®}] PSs like
porphyrin-based and macrocyclic compounds convert the opti-
cal energy to cytotoxic ROS by absorbing photons to go from the
ground state to the excited state. Upon relaxation, the absorbed
energy generates toxic ROS. However, traditional PSs tend to self-
aggregate due to strong 7—r stacking and hydrophobic interac-
tions inducing fluorescent quenching, which in turn reduces the
quantum yield of ROS. Immobilization of PSs is a priority and
dispersion methods such as self-assembly, 2% host-guest assem-
bly driven by electrostatic or hydrophobic interactions,*! metal-
organic frameworks!?””] (MOFs) stabilized by coordination, and
conjugating biomaterials have been applied.[?** For example, a
fluorinated mesoporous silica membrane is loaded with methy-
lene blue (MB) to form the PSs. Because of the low surface energy
of fluorination, the membrane disperses methylene blue to en-
hance ROS generation and the antibacterial activity against both
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S. aureus and E. coli.l?®] In addition, aggregation-induced emis-
sion (AIE) fluorogens improve generation of ROS and as a result
of AIE, this kind of antimicrobial PDT has image-guided prop-
erties for more accurate therapy.!?**%] For example, Xie et al.12%]
have designed an amino acid/berberine hydrogel activated by AITE
for enhanced photodynamic antibacterial and anti-biofilm activ-
ity under white light irradiation with no obvious cytotoxicity and
low haemolytic behavior for normal cells.

In addition to fluorescence-based PSs, photosensitive
agents and photocatalytic agents have been explored. Un-
like fluorescence-based PSs, photocatalytic agents generate
electron-hole (e”/h*) pairs by absorbing light energy. The re-
sulting reduction and oxidization abilities generate ROS when
they reach the surface.l?®8] Semiconductor-based photocatalysts
such as titanium dioxide (TiO,)?®! and zinc oxide (ZnO)?*]
have been proposed, but recombination of e~ /h* pairs decreases
the quantum yield and photocatalytic efficiency. New structures
are designed with the objective of inhibiting recombination of
e /h* pairs and longer wavelengths. Energy band alignment is
utilized to construct the heterostructures. For example, piezo-
electric nanomaterials commonly used in electrical modulation
and MOFs can promote charge transfer.®2% For instance, the
ferroelectric BaTiO; nanolayer inserted between TiO, nanorods
and gold nanoparticles enhances -O,~ and -OH generation due
to the piezophototronic and plasmonic properties and the an-
tibacterial efficiency is 99.9% upon illumination with simulated
sunlight.[81]

Besides PSs, combined methods have been explored to erad-
icate the intractable biofilm which is a self-produced polymeric
matrix by microorganisms causing infection and high resistance
to antibiotics.[?”!l Combined methods are usually used to eradi-
cate biofilms noninvasively. The traditional antibiotic,®*! PTT,[22]
and superhydrophobic surfaces are common approaches to elim-
inate and restrain biofilms.[?*)] For example, biocompatible poly-
dopamine is used as an immobilizer for both daptomycin (DAP)
and IR820. After releasing DAP to damage the bacterial mem-
brane and inhibit bacteria growth, 10, generated by IR820 is ca-
pable of eradicating the biofilm further after NIR irradiation.®”]

Antibacterial PDT is a new method that is less likely to give
rise to antibiotic resistance due to the low demand for targets
sites of the bacteria. Conventional PSs and novel semiconductor-
based photocatalytic materials both trigger oxidative damage in
bacteria. The technique reduces the use of antibiotics, eradicates
biofilms, and is a more powerful tool to combat drug-resistant
bacteria. Moreover, PDT can be combined with other methods
such as PTT, targeting components like antimicrobial peptide,
and traditional chemical therapy to enhance the therapeutic effi-
cacy. At present, PDT is performed the NIR region because of ab-
sorbance of PSs. In order to expand the application of antibacte-
rial PDT, the usable wavelength should be expanded and a higher
sensitivity is also necessary.

3.2. Photothermal Surfaces

In antibacterial therapy, photothermal approaches utilize
hyperthermia-induced bacterial ablation upon photon-heat con-
version of specific materials to treat multidrug-resistant bacterial
infection.[?**] Materials with photothermal properties have some
common features. Photothermal materials should be able to
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absorb and trap photons, meaning low emissivity and high
light-heat conversion efficiency. The photothermal materials
should be harmless to human tissues. There are four common
photothermal materials, namely, carbonaceous nanomaterials,
narrow bandgap semiconductors, plasmonic nanomaterials, and
MXenes.!2%]

3.2.1. Carbon-Based Materials

Carbon-based photothermal materials have drawn enormous at-
tention and CNTs, graphene and its derivatives, graphite, and car-
bon black have excellent photothermal properties. However, de-
bris shed from carbon-based photothermal materials can lead to
inflammatory responses in vivo.[?¢2%7] Moreover, some 2D ma-
terials like graphene generate ROS upon irradiation with visi-
ble light!?8] thus increasing the risk of normal tissue damage.
As biocompatibility is essential to biomaterials, these side ef-
fects should be minimized. Graphene grown vertically on med-
ical titanium shows no obvious cytotoxicity and the photother-
mal antibacterial performance is outstanding as reflected by ster-
ilizing rates of 93.3% against E. coli and 99.1% against S. au-
reus upon NIR irradiation.[®?] Because of the low cytotoxicity,[2%
graphene oxide (GO) is another candidate. The functional groups
on GO make it reactive in binding with bioactive molecules.
In this way, the photothermal properties are preserved while
biosafety is enhanced. For example, carboxyl graphene con-
jugated with glycol chitosan eradicates E. coli, S. aureus, and
MRSA completely upon 0.75 W cm~2 NIR irradiation for 10 min
while exhibiting negligible cytotoxicity toward fibroblasts at a
concentration of 1 mg mL™1.33 Similarly, modification with
double bond N-dodecylated or quaternized chitosan produces
the GO derivative with photothermal antibacterial capability
and biocompatibility.??30!1] The reactive carboxyl and hydroxyl
groups on GO provide crosslinking sites to connect with macro-
molecules. In the cellulose-GO nanosheet hydrogel network, the
GO nanosheets not only act as a photothermal agent to sterilize
bacteria upon NIR irradiation, but also strengthen the mechan-
ical properties of the hydrogel by absorbing and dissipating en-
ergy due to the rigid characteristics.[**%!

3.2.2. Narrow Bandgap Semiconductors

In a semiconductor, a smaller bandgap produces the better ca-
pability to absorb photons in a wider range thus enhancing the
photothermal performance.?! TiO, is a potential photother-
mal candidate for medical Ti implants because of the good bio-
compatibility, mechanical properties, corrosion resistance, and
photo-sensitivity.[3**] However, the large bandgap (~3 eV) re-
quires UV irradiation of wavelengths less than 400 nm. Since
UV light is harmful to human tissues, the light absorption range
of TiO, should be broadened for safer PTT. Doping, hydrogena-
tion, and Al reduction have been utilized to narrow the bandgap
of TiO,. Well aligned nano TiO, structures also enhance the NIR
sensitivity.[*+#4] Yang et al. have fabricated a TiO,/TiO,_, meta-
surface on the Ti alloy implant by a topochemical conversion-
based alkaline-acid bidirectional hydrothermal method. NIR
absorption and near-field distribution of the TiO,/TiO,_,
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Figure 8. a) Surface coordination of ZnL, to BPs. b) Schematic illustration of the antibacterial mechanism of the ZnL,-BPs@HAP+Light group. c) An-
tibacterial efficiency of the scaffolds with/without NIR irradiation. d) Heat map depicting the gene expressions of E. coli on different scaffolds with/without
NIR irradiation. ) SEM images of the bacteria on different scaffolds with/without NIR irradiation (scale bar = 400 nm). Reproduced with permission.[%°]

Copyright 2021, ACS publishing.

meta-surface can be tailored by altering the arrangement and di-
mensions of the nanostructure. After low-power NIR irradiation
for 10 min, bacteria are eliminated on the meta-surface in vitro
and in vivo.l**] Zhang et al. have reported that TiO, nanorod ar-
rays on Ti possess the capability of light-heat conversion and ROS
generation upon NIR irradiation due to the synergistic effects of
photothermal anti-biofilm therapy.!34]

Besides Ti oxide, emerging 2D narrow bandgap materials such
as MoS,,3%5-3%71 Bi, Te, 3%l and black phosphorus (BP) have been
studied as photothermal antibacterial agents. BP has excellent
photothermal properties and biosafety and in the presence of
oxygen and water, BP is oxidized to soluble phosphate>*! which
is harmless in vivo. In fact, the degradation products of BP can
promote bone regeneration®!%) and so it is popular in PTT for
bone-related bacterial elimination. Nevertheless, rapid degrada-
tion makes BP unstable and the photothermal effects can dete-
riorate. Strategies have been developed to stabilize BP, for ex-
ample, physical wrapping,*!!] macromolecules modification, 2!
and metal coordination.[3'3315] Recently, Wu et al.[°! have fab-
ricated zinc sulfonate ligand (ZnL,) coordinated BP nanosheets
(ZnL,-BPs) (Figure 8a) with better oxygen resistance and bioac-
tivity. The ZnL,-BPs modified and 3D-printed scaffold delivers
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stable photothermal performance and eliminates more than 99%
of the bacteria at a mild photothermal temperature (<50 °C) bod-
ing well for in vivo antibacterial therapy (Figure 8b,c). Upon NIR
irradiation, hyperthermia and zinc ions produce envelope stress
leading to physiological disorder in the bacteria (Figure 8d). The
dual stimulation destroys the bacterial membrane and kills the
bacteria (Figure 8e). After antibacterial therapy, milder weekly
PTT (40—42 °C) is applied to the implantation site to foster regen-
eration of bone because the mild heat stimulation promotes new
bone formation,*1! thus giving rise to a photothermal-regulated
win-win strategy.

3.2.3. Plasmonic Nanomaterials

The photothermal effects of plasmonic nanomaterials stem
from localized surface plasmon resonance (LSPR) caused by
collective oscillations of electrons in metallic nanomaterials
during light irradiation at certain frequencies leading enhanced
absorption of the incident light and light-heat conversion.[3!7-31]
Nanostructured Au,32] Ag, 13213221 and Cul®®] particles have been
developed to produce photothermal effects. Au nanomaterials are
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Figure 9. a) Schematic illustration of chitin/MXene composite sponges for bacteria-infected wound healing. b) Photothermal heating curves of the com-
posite sponges irradiated by a NIR laser (808 nm, 2 W cm~2). c) Bacterial viabilities of E. coli and S. aureus on different composite sponges with/without
NIR irradiation. Reproduced with permission.#] Copyright 2022, Wiley-VCH GmbH.

frequently used in photothermal antibacterial therapy because of
the chemical stability and biocompatibility.32*-32’] Biomaterials
modified with nanostructured Au such as nanostars,[??83%]
nanoshells,***] nanorods,!*3!l and nanoparticles have been
reported to possess the ability to photothermally eliminate bac-
teria/biofilms upon light illumination.[*33233%] To produce the
antibacterial surface, Jin et al. have fabricated TiO, nanotubes
incorporated with Au nanoparticles and carbon quantum dots on
Ti.[®] Upon NIR irradiation, the carbon quantum dots convert
NIR into 500-600 nm light causing electron transfer to activate
the TiO, nanotubes to produce ROS. Meanwhile, local heating
is generated by the NIR-responsive Au nanoparticles and carbon
quantum dots. By combining ROS and PTT, more than 95% of
E. coli and S. aureus can be eliminated after NIR irradiation for
15 min.

3.2.4. MXenes

MXenes is a collective name of 2D transition metal carbides,
carbonitrides, and nitrides, in which the M stands for the metal
and X represents carbon or nitrogen. The general formula of
MZXenes is M, X, T, (n = 1, 2, or 3) because in the sheet of
2D MXenes, n+1 layers of M are interleaved with n layers of
carbon or nitrogen, and the outer M layer is terminated by
O, OH, F, and/or CL33*3%] The strong light absorption and
LSPR effect endow MXenes with outstanding photothermal
properties!®*¢3391 which have been studied for biomedical
purposes.[3353403411 Ag prospective photothermal nanomaterials
to replace antibiotic treatment, MXenes have been modified
with different materials to improve the therapeutic effects, for
instance, Au incorporation,**?! copper sulfide integration, 3]
heterojunction constructions**#3%] and cerium oxide.>*! As
for bulk biomaterials, MXenes serve photothermal antibacterial
functions in textiles,3*3*] sponges,[8] and hydrogels.[349-351]
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Li et al. have fabricated a series of chitin/MXenes composite
sponges with accordion-shaped MXene, polymer-intercalated
MXene, single-layer MXene, and AuNPs-loaded MXene (Fig-
ure 9a).3%] The sponge modified by AuNPs-loaded MXene
exhibit enhanced efficiency in light-heat conversion (Figure 9b)
and more than 99% of E. coli and S. aureus can be killed after
NIR irradiation for 8 min (Figure 9c). Compared to other 2D
materials such as graphene and black phosphorus, MXene is an
emerging material that needs more exploration. In addition to
the bioactivity of MXenes, the safety and stability are critical.*>?]
Zhang et al.3>3] have found that the MXene nanosheets cultured
with HUVECs exhibit no obvious toxic effects even at a relatively
high concentration (0.5 mg mL™!). Nevertheless, at such a con-
centration, functional disorder of mitochondria and inhibition of
tricarboxylic acid cycle are detected from the HUVECs exposed
to MXenes. The symptoms include enhanced ROS production,
glycolysis, fatty acid biosynthesis, and lipid accumulation. There-
fore, application of MXenes to the biomedical field remains
challenging.

PTT is seldom used alone as an antibacterial method and
needs to be combined with other antibacterial methods to pro-
duce promising results. Unlike the treatment of tumors, the side
effects of PTT must be considered because the bacteria and host
cells have different hyperthermia tolerance. Although a high tem-
perature can sterilize bacteria, the antibacterial efficiency reaches
an acceptable level only if the photothermal temperature is be-
yond 88 °C.3*l However, it has been suggested that the pho-
tothermal temperature applied in vivo should not exceed 50 °C
or the host cells will be damaged and the healing time will be
lengthened.®53%] Therefore, the photothermal surface usually
contains other materials or drugs to produce a more effective
and biocompatible strategy for antibacterial purposes. To mini-
mize cell damage caused by excessive heat, Hu et al.®’] have de-
signed a PDMS dressing with the topography mimicking shark
skin to mitigate intercellular cohesion loss (Figure 10a). The
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Figure 10. PDMS film with topography mimicking the feature of shark-skin a) before and b) after (b) integration with AuNS. Scale bars: a) 10 pm
and b) 3 um. ¢) Fluorescence images showing that S. aureus (green) attach within feature gaps when dispersed on films with different topography
features. The inset in (c) are from one measurement representative of the contamination experiments. Scale bar = 50 um. d) Graph showing films
with a larger periodic length of surface features enhancing bacterial growth and biofilm formation (red curve). Bacteria in the biofilms are more difficult
to decontaminate (blue curve). e) lllustration showing the survival dichotomy of bacteria and host cells during phototherapy due to the biomimetic
topography. f) Confocal fluorescence microscopy images of the top view (top) and sectional view (bottom) showing that MDCK cells are suspended
above the depressed regions. The surface features are labeled with FITC-conjugated nanoparticles (green), cell nucleus is stained with DAPI (blue), and
cytoskeleton (F-actin) is stained with phalloidin (red). Scale bar = 20 um. g) MDCK cells survival on the thermal-disrupting interface inducing mitigation
(TRIM) films (inset) and flat films under NIR irradiation (70 mW cm~2). The cells are co-stained with calcein AM and propidium iodide to differentiate
the live cells (green) from dead cells (red). Scale bars = 50 um. h) Mortality assay of MDCK cells on the biomimetic surfaces and flat surfaces upon NIR
irradiation. The UV-irradiated flat surface is the positive control. Reproduced with permission.[#’] Copyright 2020, Wiley-VCH GmbH.

thermal-responsive hydrogel encapsulating Au nanostars (AuNS)
endows the dressing with the desirable photothermal capacity in
which the volume is reduced by heating (Figure 10b). As shown
in Figure 10c,d, the dimensions of the surface features are larger
than the cut-off size of the bacteria but smaller than those of the
host cells (3 um). The biomimetic topography-decorated wound
dressing leads to survival dichotomy of bacteria and host cells
during phototherapy (Figure 10e). Upon NIR irradiation, the bac-
teria adhering to the thermal-sensitive hydrogel fall into the de-
pressed regions, while the host cells stay in the raised regions
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because of spatial confinement (Figure 10f,g). In this way, accu-
rate topical antibacterial PTT reduces normal cell mortality by
keeping the cells away from the heat source (Figure 10h).
Although photon-based antibacterial therapy has developed
quickly in recent years, obstacles still exist because of the lim-
ited depth of light penetration into tissues.***! For example,
most photo-responsive biomaterials are NIR-triggered but NIR
can only penetrate about 7 mm of human tissues at a power of
1.0 W cm~2.316] Hence, many photon-based antibacterial stud-
ies require NIR irradiation with longer or maximally permittable

© 2022 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

HEALTHCARE

www.advancedsciencenews.com

www.advhealthmat.de

Figure 11. a) Schematic illustration showing that the sulfur-doped Ti bone screw exhibits enhanced sonocatalytic-photothermal ability in bone infection
therapy. b) -OH and c) 10, signals detected from Ti-S-TiO,, in the magnetic field. d) Antibacterial characteristics of clinical bone screws before and
after S doping. Reproduced with permission.['] Copyright 2020, ACS publishing.

exposure (0.4 W cm™ at 850 nm, 0.33 W cm™ at 808 nm) as
stipulated by the American National Standards Institute,37:3>8]
even though these experimental animals are much smaller than
human beings.[853%] Therefore, better photon delivery is neces-
sary to minimize tissue damage by the laser. Recently, an optical
fiber that can precisely perform PTT at deep-seated lesion in situ
without body invasion and tissue damage has been proposed®>!
and the precision therapy strategy may become another research
focus in this burgeoning field.

3.3. Other Physical Strategies

There are other methods that can offer out better, safer, and
smarter antibacterial functions in addition to nanostructured sur-
face and photo-activation. For example, owing to excellent tis-
sue penetration and biosafety, ultrasound (US) can be used. In
this section, alternative physical antibacterial approaches are dis-
cussed and more details are shown in Table 1.

3.3.1. Uultrasound-Based Therapy

Ultrasound (US) triggered therapy has superiority due to deep
tissue penetrability and precise energy delivery without affecting
surrounding normal tissues in vivo.36%3611 It is also non-invasive
and non-ionizing, thus enabling repetitive treatment with min-
imal systemic toxicity.?62363 Therefore, US-based approaches
have been studied for antibacterial treatment, drug release, and
sonodynamic therapy (SDT). In US-triggered drug release sys-
tems, drugs are usually encapsulated into the US-sensitive ve-
hicles like liposome or integrated with carriers by dynamic co-
valent linkage.?%43% In the US treatment, the vehicles collapse
and the dynamic covalent bond is broken resulting in controlled
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release of the antibacterial agent. Delaney et al.3%! have prepared
a polyether ether ketone (PEEK) antibiotic reservoir that achieves
bolus release of vancomycin upon US excitation. The vancomycin
loaded in PEEK is encapsulated by the PLA membrane to form
an antibiotic reservoir. In the in vitro and within tissue ex vivo
evaluation, high-dose release of vancomycin is triggered by US-
triggered rupture of the PLA membrane, which reduces adherent
bacteria on the implant after surgery.

SDT driven by low-frequency US is a physical antibacterial
process utilizing US and sonosensitizers to generate ROS. Com-
pared to US-triggered drug release, the sonodynamic strategy is
more suitable for antibacterial therapy because ROS are highly
lethal to nearly all kinds of bacteria but exhibit very little drug
resistance.3¢73%] In the aqueous environment, US excitation
gives rise to nucleation, growth, and implosive collapse of
gas-filled bubbles, a process known as acoustic cavitation.[>®]
Bubble implosion causes rapid light emission and higher local
temperature and pressure to activate the sonosensitizers to pro-
duce ROS.I¥%372] Sonosensitizers in the form of nanomaterials
composed of piezoelectric ceramic,®?) MOFs,[”*! and na-
noenzymes have been developed for sonodynamic antibacterial
therapy.l®®! However, the US-sensitive surface for SDT of bulk
biomaterials has rarely been reported. Su et al.®!] have fabricated
a S-doped TiO, layer on Ti (Ti-S-TiO, ) with good photothermal
and sonocatalytic characteristics (Figure 11a). Under US excita-
tion, -OH and 'O, signals are detected from the Ti-S-TiO, , +
US and Ti-S-TiO,_, + Light + US groups due to the enhanced
separation of electrons and holes in S-TiO,, (Figure 11b,c).
After NIR exposure for 15 min and the US treatment, more than
99.99% of S. aureus are eliminated in vivo due to hyperthermia
and excessive ROS (Figure 11d). Moreover, the Ti-S-TiO,_, layer
improves osseointegration of Ti and the stable structure and
antibacterial efficiency are retained after immersion in water for
6 months.
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Besides controlled drug release and SDT, novel US-based an-
tibacterial processes are being studied because of the excellent tis-
sue penetrability of US. For example, sonothermal therapy medi-
ated by red phosphorus — coated Ti in combination with US exci-
tation provides localized hyperthermia to synergistically sterilize
MRSA resulting in enhanced release of NO.[’} Similar to other
physical approaches, an excessively high US power causes hy-
perthermia in body fluids to possibly damage normal tissues.[*”?]
What’s more, the hypoxic environment at the infection site lim-
its gas-filled bubble production in SDT.74] Therefore, a surface
with high sensitivity to US should be explored in order to achieve
safer and better therapeutic efficiency.

4. Antibacterial Properties at the Interface
Stimulated by Electrical Interaction

Device-related infection is highly resistant to conventional an-
timicrobial treatment and novel therapeutic approaches are
called for. Bioelectricity is attracting attention in the research of
the interactions between man-made devices and the living body,
especially attempts to figure out the surface modification strat-
egy that disturbs the bioelectrical balance in the intracellular and
extracellular components in bacteria.?”>] Electricity can provoke
immune response to combat malady.’’¢-8] Furthermore, elec-
trical stimulation can increase immune cytokines secretion, en-
hance uptake of immunomodulatory agents, and increase growth
factor secretion and cell proliferation.?”%-*81] In this section, the
electrical impact on bacteria and how the electrical factors influ-
ence bacterial metabolism are discussed. Moreover, studies uti-
lizing bioelectrical approaches to kill and eradicate bacteria are
described.

4.1. Bioelectrical Activities in Bacteria

A biological cell is analogous a battery, as both depend on re-
dox reactions and movement of ions. In the biological cell, the
membrane partitions ions and charged molecules giving rise to
a membrane potential to move ions. This is the core theory and
bioelectrical conceptualization of biological cells. Eukaryotic cells
rely on the potential across the cellular and mitochondrial mem-
brane to couple external bioelectrical stimuli to the correspond-
ing internal cell states including gene expression and physiolog-
ical responses. Despite the simpler cellular structure, we are just
starting to understand the intracellular responses to external bio-
electrical stimulation. Recently, electrophysiology of bacteria has
become a new discipline to study the currents across a bacterial
membrane sustained by an ion flux, which can report the real-
time states of the proteins in the membrane (Figure 12).1382383]
The bacteria membrane potential is dynamic in cell division, 334l
signaling, and metabolic coordination after stressful stimulation
or antibacterial treatment.[38>386] On the other hand, extracellular
electron transfer (EET) is related to the membrane potential,**’]
which bridges the external electrophysical signal and intracellu-
lar physiological responses.

Recent research activities have focused on how electrical stim-
uli can influence the bacterial membrane potential and how the
changed potential was transduced to gene regulation. Up to now,
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Figure 12. Bioelectrical conceptualization of bacteria.

the following two pathways have been identified. First, electro-
chemically activated bacteria can inspire the redox-coupled elec-
trical sensing system such as Arc (anoxic redox control) to al-
ter the expression of metabolic genes.3®8! Moreover, the post-
electrically stimulated bacteria can respond on the gene level via
the ion flux across the membrane. For instance, the expression
of K* and Ca**-related proteins is altered by external bioelectrical
disturbance, which plays a vital role in the bacteria physiology.**°!
Given the aforementioned nature of bioelectricity in bacteria,
electrical stimuli can be employed to engineer bacteria to have
the desired status. For instance, an altered membrane potential
caused by an external electrical field can underpin the respiratory
and fermentative status of bacteria thus determining the over-
all metabolic flux.3*%l Bacteria proliferation can also be blocked
by altering the membrane potential with an electric field.**] As
the bioelectrical signal is the heart in cell-cell communication,
an external electrical field may cut off intra-biofilm signaling.[*2]
In the following section, the state-of-art antibacterial strategies
based on external electrical stimulation are discussed. Gener-
ally, antibacterial strategies based on bioelectricity can be divided
into ones depending on the external electric field, that is, mate-
rials carrying charged molecules or ions and surfaces that gener-
ate electron transfer based on capacitive or electron-storing ma-
terials. Regarding the first type of surfaces, external electrical
stimulation produces a charged surface to deliver/snatch elec-
trons to/from bacteria. As a result, bacterial metabolism is inter-
rupted. For the second kind of surfaces, molecules or ions carry-
ing charges produce the antibacterial surfaces and electrical dam-
age is triggered in contact with bacteria. Moreover, antibacterial
surfaces can be formed on energy-storing materials which are
pre-charged prior to contact with bacteria. The external electric-
ity produces rechargeable and instant antibacterial effects but re-
peated application is necessary. In this respect, materials that can
store energy have advantages to reduce recharging and make the
effects longer lasting.

4.1.1. Antibacterial Strategies Based on External Electric Fields
As bacteria depend on physical properties such as the membrane
potential, it is rational that bacteria are affected by electric fields

and currents trigger hyperpolarization or depolarization of
the membrane potential. In the 1970s, Pareilleux et al.[®®! and
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Barranco et al.[®] investigated the inhibition effects of small
currents on E. coli and S. aureus and demonstrated that a positive
silver electrode produced the best antibacterial effects. The
frequency of applied current, components, and metallic nature
of the electrode were taken into consideration in their research.
Afterward, scientists have attempted to explore the feasibility
of using small currents as antibacterial strategy in clinical and
environmental applications. The antibacterial and antifungal
effects of these electrical measures have been validated for
skin, catheters, and drinking water.['-192] The underlying an-
tibacterial mechanism of electrical stimulation is still not well
understood, but the core antibacterial factors are attributed to the
electrolytic products including ROSs, bacterial membranes, and
respiratory rates.’! Although the antibacterial ability of electri-
cal currents has been verified, a small current is not effective and
a high voltage is not suitable for biomedical applications. The
research activities have turned to synergistic antibiofilm effects
of physical treatment based on electrical and chemical measures
based on antibiotics to enhance the efficacy. A series of in vitro
studies have disclosed that antibiotics work better with the aid
of a small current.>?] The reasons are related to changes in the
binding between the biofilm and antimicrobials, altered mem-
brane permeability, and oxygen or oxidizing agents produced by
electrophysical reactions.[103393-394]

Bacterial infection involving biofilms and AMR are threaten-
ing public health and antibiotics-free treatment is more desir-
able. Kincaid et al.l'®] and Petrofsky et al.l'®] have found that
alternating currents and high voltage pulses can more effectively
inhibit the growth of bacteria and researchers have tried to de-
stroy biofilms with an electrical stimulus. Poortinga et al.['%] have
found that a small DC current isolates adhered bacteria and Van
der Borden et al.'%] have carried out a series of experiments and
found that the electrical stimulus leads to biofilm detachment
and poorer viability of the remaining bacteria. However, these
conclusions need more in-depth verification and only a few ex
vitro tests have been reported.

Recently, photothermal dynamic or magnetic therapy have
been integrated to synergistically enhance the antibiofilm effects
rendered by an electric field.**>1%] For instance, Campli et al.[%!
have found that bacteria exposed to 50 Hz and 1 mT electro-
magnetic field show modified morphology and adhesion. Electro-
kinetic control of bacteria adherence has been investigated.>%!
The antibacterial functions produced by a magnetic field can be
divided into the direct and indirect types. In the direct type, the
magneto-responsive materials are able to eliminate bacteria di-
rectly upon stimulation by an external magnetic field. For ex-
ample, Elbourne et al.[!1®1!!] have prepared magneto-responsive
gallium-based liquid metal (LM) droplets which can be physically
actuated to conform to the sharp edges when exposed to a rotating
magnetic field. As a result, the moving liquid metal droplets with
sharp edges damage the bacterial membrane and eradicate the
biofilm effectively. As for the indirect mechanism, the antibac-
terial effect cannot be realized until the energy of the magnetic
field is converted into electricity or heat, a process termed mag-
netoelectric and magnetothermal conversion.

To eliminate bacteria on stainless steel, Lai et al.''2] have pre-
pared an electroactive Tb, Dy,_, Fe alloy/poly(vinylidene fluoride-
trifluoroethylene) (TD/P(VDF-TrFE)) magnetoelectric coating
which is responsive to a magnetic field (Figure 13a). After po-
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larization by electric poling, the stainless steel magnetoelectric
coating generates a micro-electric field with magnetic stimula-
tion to produce ROS and H* consumption in the electrochem-
ical gradient of the bacterial membrane (Figure 13d). Accumu-
lation of intracellular OH™, inhibition of ATP synthesis (Fig-
ure 13b,c), and hyperpolarization of the membrane potential
are detected so that bacteria are sterilized. The strategies of us-
ing magnetothermal conversion to eliminate bacteria are sim-
ilar to photothermal methods by producing hyperthermia or
promoting drug release.'3-116] Wang et al.['’®] have proposed a
magneto-based synergetic therapy to destroy biofilms on ortho-
pedic implants. The magnetically hard CoFe,O, core and soft
MnFe, O, shell form the core-shell CoFe,0, @MnFe,O, nanopar-
ticles with excellent magnetic hyperthermia effects because of the
exchange-coupled magnetism. The magnetothermal nanoparti-
cles are coated with the thermosensitive NO donator (nitrosated
mercaptosuccinic acid) and under an alternating magnetic field,
the CoFe,0, @MnFe, 0, nanoparticles produce hyperthermia to
loosen the dense biofilm and trigger NO release from nitrosated
mercaptosuccinic acid, so that the nanoparticles with hyperther-
mia can penetrate the biofilm and release NO in the channels to
synergistically eradicate the implant-associated infection. On the
heels of clinical trial tests and advancement in electric field gen-
eration, the feasibility of electrical treatment has been validated
for biomedical applications.

4.1.2. Antibacterial Interfaces with Charged Molecules or lons

The susceptibility of bacteria to electrical stimuli has inspired the
design of surfaces that carry charges and transport electrons to
or deplete electrons from adhered bacteria. Multifunctional sur-
faces can be designed using materials with a nanostructure or
surfaces grafted with functional species.

The most studied antibacterial surface based on cationic ions
is the quaternary ammonium compound (QAC). Usually, these
compounds are anchored on the surface of glass or silicon
with or without a polymer spacer. Polymerization is used to
bridge the substrate and QAC in the former case, while a sim-
ple physical coating is adopted in the latter case.3”] In the
polymer spacer method, quaternization of DMAEMA on the
PET film, PDMAEMA on PP, and PEI on glass slides can be
achieved.''"118] New methods to coat quaternary polymers on
substrates are based on photocatalysis,['*] chemical linkage,!'?°]
or direct covalent bonding."?!l The QACs kill bacteria based
on ion exchange, in which cations on the membrane such as
Mg?* and Ca** are replaced by cations in the QAC thus desta-
bilizing the ionic equilibrium and causing lethal effects in the
bacteria.>*®! The charge density plays the main role in enhancing
the antibacterial efficiency.*®! While both positive and negative
currents can kill bacteria by applying an electric field, the positive
charge of the QAC is essential to antibacterial surface construc-
tion. The thresholds for the outer layer charge density vary from
1 X 10" to 5 x 10%° charges/cm™2.1400]

Cationic peptides are biocides found in the natural defending
system of most living organisms. They usually possess amino
acids arginine and lysine which are positively charged at a neu-
tral pH due to localized polarization. The peptides are divided
into four classes according to the folding modes, of which the
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Figure 13. a) lllustration of the preparation and magnetoelectric effects of TD/P(VDF-TrFE) coatings. Respiratory chain dehydrogenase activity and ATP
concentrations of b) E. coli and c) S. aureus after culturing for 24 h on the sample for different magnetic field strengths. d) Antibacterial mechanism
of TD/P(VDF-TrFE)-assisted magnetoelectric stimulation. A micro-electric field is formed on the P-CS sample to produce ROS on the cathode and H*
consumption due to the electrochemical gradient of the bacterial membrane. OH™ production and inhibition of ATP synthesis are detected. A K* efflux
is also produced by TD/P(VDF-TrFE)-assisted electrical stimulation leading to hyperpolarization of the membrane potential in E. coli, thus causing
rearrangement of the outer bacterial membrane. Reproduced with permission.['12] Copyright 2022, ACS Publishing.

a-helix class has been synthesized and optimized in laboratory.
The antibacterial mode of cationic peptides is similar to the ion
exchange mechanism for QACs. The positive charges on the pep-
tides can easily replace Ca** and Mg?** on the membrane as
they have three times the affinity of lipopolysaccharide compared
to the inherent cationic ions. Hence, the normal barrier of the
membrane is disrupted and peptide undergoes transition form-
ing clusters. Bacteria die from the destroyed membrane. The
selectivity of bacteria instead of mammalian cells is attributed
to the higher transmembrane potential of bacteria. Despite the
broad-spectrum antibacterial properties and less toxicity, natu-
ral cationic peptides still need improvement as a larger charger
density can produce higher antibacterial efficiency.['??! For exam-
ple, the sliding window strategy has been developed to synthesize
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cationic peptides with 10 amino acid residues for higher antibac-
terial efficacy.?*] Stensen et al.'?*] have designed and fabricated
peptides with more positive charges with better anti-infection ef-
fects and Svenson et al.**!l have demonstrated that positively
charged cationic peptides except arginine are simpler and less
costly to make.

Despite the definite antibacterial efficiency and efforts peo-
ple have made to decorate antibacterial interfaces with QACs or
cationic peptides,!*?>~*04] there are only a few products in the food
industry and cleaning supply industry, but not biomedical ap-
plications due to the lack of toxicity and kinetics studies. One
of the reasons for the limited application of QACs and cationic
peptides is the uncertainty about bacterial resistance intro-
duced by these chemical compounds.[*®~%] Some compounds
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like didecyldimethylammonium chloride can initiate allergic
immune responses in the human body.*®*% However, the
combination of QACs and antimicrobial peptides with other
methods such as biomimetically designed surfaces may reduce
the needed quantity of QACs and deliver higher antimicrobial
performance.!3%-142#41] Tt is expected that antibacterial surfaces
decorated with QACs and cationic peptides will be used clinically
in the future.l'%]

4.1.3. Antibacterial Surfaces on Capacitive or Electron-Storing
Materials

Advances in functional materials and antibacterial theories spur
the development of antibacterial materials. They are usually
nanostructured materials with the ability to trigger charge tran-
sition upon contact with bacteria. Compared to the two main an-
tibacterial methods, surfaces with a higher potential show higher
efficacy. In this section, recent research related to antibacterial ca-
pacitive and electron-storage materials is summarized.

Metabolism of bacteria relies on many bioelectronic processes,
among which EET plays a big part. EET is a fundamental mech-
anism for bacteria to generate energy to support cell growth.[*12]
Reguera et al.[*3] have found that EET through pili of G. sulfurre-
ducens may serve as biological nanowires to transport electrons.
Microorganisms with the EET ability have been used in pollu-
tion treatment, biofuels, and biomineralization.[*1*#16] Antibac-
terial platforms based on electron transfer have been proposed
by Cao et al.[!?] Ag nanoparticles are introduced to titanium by
plasma immersion ion implantation. The micro-galvanic couple
composed of embedded Ag nanoparticles as the cathode and the
Ti substrate as the anode is activated during immersion in a
solution containing bacteria. The proton-depleted regions may
disrupt the proton electrochemical gradient in the intermem-
brane space of the bacteria thus interfering with the energy sup-
ply system causing lethal effects. Subsequently works include
optimizing the size of the electron-storing Ag nanoparticles to
achieve the best antibacterial efficiency!* and understanding the
intracellular and extracellular mechanisms in the antibacterial
process.['?’] The electron transfer mediated antibacterial prop-
erties are not limited to Ag or Ti because other electron stor-
ing materials such as monolayer graphene can also kill bacte-
ria by charge transfer.*'”] Panda et al.l'®) have revealed the elec-
tron transfer directed antibacterial properties of graphene ox-
ide prepared on metals. A similar phenomenon has been ob-
served from semiconductors decorated with other noble metal
nanoparticles.[129418-419]

Surfaces that kill bacteria based on electron transfer are su-
perior to the ones based on photocatalysis or photothermal dy-
namics as no light is needed. Wang et al.[**) have designed a ca-
pacitive surface which can be charged to trigger electron transfer
upon contact with bacteria. By adjusting the capacitance of the
surface, the amount of charges can be tailored to achieve different
antibacterial efficiency, which can be elevated to more than 90%
by recharging. The antibacterial properties depend on the con-
ducting or semiconducting substrate, which in theory can be ex-
tended to wearable devices by means of conductive polymers. Wu
et al.'*] have found that Ag decoration improves the antibacte-
rial ability of PPy, while it is not antibacterial in the pristine state.
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The bacterial current is found to be proportional to the number
of bacteria as reported by Wang et al.,[*] who have proposed a
quantitative bacterial killing and monitoring platform based on
electron transfer at the interface (Figure 14).

Attempts to utilize electron transfer to treat or monitor bacte-
rial infection forebode promising applications of the novel bio-
electric antibacterial strategy applicable to implantable and wear-
able devices, because both wireless charging and the mechanical
energy of the body can be utilized to trigger the electric interac-
tions. However, this field is in the infancy stage and more work is
necessary. Issues such as the effects of the charging current and
impact on the functions of mammalian tissues and cells, plat-
forms that can integrate the power supply and antibacterial com-
ponents, and preclinical and clinical trials for implantable and
wearable devices should be addressed.

5. Conclusion and Prospective

In this review, recent research progress pertaining to the de-
sign of antimicrobial surfaces without evolving microbial resis-
tance is described. There are three major strategies to accom-
plish this purpose by killing and inhibiting bacteria from at-
taching to the surfaces: 1) Biomimetic design by fabricating mi-
cro/nanopatterns inspired by nature such as lotus leaves, shark
skin, and insect wings. 2) Killing bacteria by sound and light
waves using techniques such as ultrasound therapy and pho-
tothermal/dynamic therapy. 3) Disrupting and killing bacteria by
electrical and other external stimuli.

These approaches, especially those based on light and electri-
cal stimulation, have been demonstrated to be effective for other
purposes such as cancer therapy and?’®! cell differentiation.[*°]
Although most of these techniques do not introduce drug and
antibiotics resistance, practical implementation is still challeng-
ing and more work is needed to bring the technology to clinical
fruition.

Despite recent advances in human hygiene and living con-
ditions, bacterial infection continues to be one of the primary
causes of AMR and post-surgical complications.[*?!l Strategies
such as new antibiotics and incorporation of antibacterial agents
into biomaterials are the most common.[*?2423] However, these
approaches may give rise to super bacteria!**1%] that can ex-
acerbate AMR. Therefore, other methods such as fabrication of
surface micro/nanopatterns, phototherapy, and electrical stimu-
lation have attracted research interests.

In spite of significant breakthroughs, most of the techniques
described in this review have only shown success in the lab-
oratory and clinical adoption is still challenging. For example,
platforms making use of hydrophobic or superhydrophobic sur-
faces may be difficult to implement on implants in vivo be-
cause other biological and mechanical concerns must also be
addressed. In some orthopedic and dental applications, cell at-
tachment and proliferation are also necessary for proper healing.
Surfaces that require cleaning and disinfection with alcohol, UV,
plasma, and so on may lose some of the antibacterial efficacy af-
terward and the durability and stability of the modified surfaces
must be improved.[”1#?4 In this respect, encouraging results have
been obtained from hydrophilic antibacterial platforms. As afore-
mentioned, besides the surface properties, the interactions be-
tween the stimuli and human cells must be well understood. For

© 2022 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

HEALTHCARE

www.advancedsciencenews.com

www.advhealthmat.de

Figure 14. Illustration of electron transfer from E. coli to Au@ZnO resulting in bacteria death and the detection method of generated current using an
electrochemical workstation. Reproduced with permission.[46] Copyright 2020, Wiley-VCH GmbH.

instance, electrical stimulation may alter the cell fatel*”! and in

the application of phototherapy for antibacterial purposes, the
impact of generated heat, ROSs, and others on the cellular behav-
ior should be examined and optimized carefully,[®3>°] otherwise
the adverse effects may outweigh the gain in the antibacterial ca-
pability.

Another important factor is the longevity and stability of the
modified materials. For instance, how long biomimetic nanopat-
terns remain effective during storage and after surgical implan-
tation is critical to clinical implementation. PTT has been shown
to be effective in cancer therapy and no AMR is expected. Al-
though different photon wavelengths have been experimented to
improve the penetration depth and biocompatibility of PDT and
PTT, it may be difficult to implement in deep tissues without en-
doscopic techniques and inadvertent heating of adjacent healthy
tissues must be mitigated.[¥”%] In the case of electrical bacteria
killing, means to provide electrical currents inside the body and
in situ monitoring techniques must be developed to monitor the
healing process.[3>98:92120413] Most of the antimicrobial methods
work by disrupting the cell walls and functions of bacteria and
hence, the underlying mechanisms must be well understood to
expedite clinical adoption. Although researchers are eager to find
the panacea to eliminate AMR, we must also be realistic. Each
platform is different and multiple factors such as bacterial resis-
tance, biofilm formation, cytotoxicity, stability, durability, tissue
growth, mechanical properties, cost, clinical difficulty, and oth-
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ers must be considered to identify the best solution which may
require one or more techniques. Obviously, there is still much
room for improvement pertaining to materials design and fabri-
cation/operational protocols. A better understanding of the fun-
damental mechanisms will also be necessary for future develop-
ment.
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