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Recalcitrant bacterial infection, as a worldwide challenge, causes large problems for human health and is
attracting great attention. The excessive antibiotic-dependent treatment of infections is prone to induce
antibiotic resistance. A variety of unique nanomaterials provide an excellent toolkit for killing bacteria and
preventing drug resistance. It is of great importance to summarize the design rules of nanomaterials for
inhibiting the growth of pathogenic bacteria. We completed a review involving the strategies for
regulating antibacterial nanomaterials. First, we discuss the antibacterial manipulation of nanomaterials,
including the interaction between the nanomaterial and the bacteria, the damage of the bacterial
structure, and the inactivation of biomolecules. Next, we identify six main factors for controlling the
antibacterial activity of nanomaterials, including their element composition, size dimensions, surface
surface topography, shape selection and modification density. Every factor possesses
a preferable standard for maximizing antibacterial activity, providing universal rules for antibacterial
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regulation of nanomaterials. We hope this comprehensive review will help researchers to precisely

DOI: 10.1039/d1ra08996) design and synthesize nanomaterials, developing intelligent antibacterial agents to address bacterial
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1. Introduction

Infectious diseases arising from pathogenic bacteria pose
serious threats to public health, leading to increased morbidity
and mortality.”” A variety of antibiotics have been widely
utilized to control the growth of bacteria by inhibiting cell wall
synthesis and the functions of essential proteins, DNA and RNA
since the first discovery of penicillin in 1928.>* However, with
excessive use of the available antibiotics, the treated bacteria
have started to adapt to adverse living conditions through gene
mutation and transfer, resulting in antibiotic resistance, which
is a worldwide challenge.>® This escalating challenge has
contributed to an urgent need to develop new antibacterial
agents to alleviate the “superbugs” emerging from antibiotic
resistance. In addition to designing and synthesizing new
antibiotics to address the increasing challenge,” researchers are
devoting more efforts to look for more alternative strategies in
a variety of fields,*® such as the improved antibiotic sensitiza-
tion of bacteria based on biological regulation,'®'* the innova-
tive development of antimicrobial peptides and protein
toxins,”™* and the personalized design of antibacterial
nanomaterials.'>*
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Especially, due to their unique physiochemical properties,
antibacterial nanomaterials have provided a robust toolkit for
combating drug-resistant pathogenic bacteria and avoiding the
emergence of antibiotic resistance, these materials include
metal-based substances,'** polymeric nanostructures,**>* and
carbon-based nanomaterials.*® Their antibacterial activity arises
from damage of the bacterial membrane and inactivation of
biomolecules to impede the normal cellular function of the
bacteria.>* For example, in metal nanoparticles (NPs), most of
the studied silver NPs (AgNPs) possess excellent antibacterial
activity against a series of pathogenic bacteria, contributing to
their potential application in medical devices and consumer
products.”>*® Their antimicrobial activity is exerted due to the
silver cations released from the AgNPs."*?”*® During the anti-
bacterial reaction, the contact surface area and charge on the
NPs are two main factors for regulating the binding of the NPs
with the cell membrane, destroying the membrane integrity.>*-*
In addition, AgNP-induced formation of reactive oxygen species
(ROS) leads to the death of the bacteria.*” The stability of metal
NPs is important to realize their antibacterial properties, where
a too unstable or too stable structure may not be preferable.**->*
Polymeric nanostructures obtained via self-assembly, such as
phosphonium-functionalized polymer micelles and povidone-
iodine-based polymeric nanoparticles, have high antibacterial
activity.***” Their antibacterial activity is relative to the
controllability of their length and the charge of the polymer.
Carbon-based nanomaterials (CNMs) with lower toxicity and
higher safety can be endowed with antibacterial activities*® by
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regulating their lateral sizes, shapes, layer numbers, and
surface charges.***° Therefore, many strategies can regulate the
antibacterial activity of nanomaterials. The reported relevant
reviews have focused on the mechanisms and molecular targets
of the antimicrobial activity of metals,* the biological action of
antibacterial silver with different forms,'**”** the antibacterial
efficiency of gold nanoparticles (AuNPs) with nonantibiotic or
antibiotic molecules,** the antibacterial properties and surface
functionality of different NPs,*>**™*¢ and the role of designed
nanomaterials in eradicating bacteria in biofilms.*”” However,
the universal relationship between the antibacterial activity and
properties of different nanomaterials has not been understood
systematically. The confirmation of clear design rules is very
important to build customized antibacterial nanomaterials.

In this review, we categorize the antibacterial mechanisms of
different nanomaterials and the key factors for controlling their
antibacterial activity, providing selective strategies for regu-
lating antibacterial nanomaterials (Fig. 1). To begin with, we
discuss how the nanomaterials interact with the bacteria and
destroy the bacterial structure to exert their antibacterial
activity. Next, we mainly review six factors for regulating the
antibacterial activity of nanomaterials, including their element
composition, size dimension, charge type, surface topography,
shape selection, and modification density. In addition, two
other factors, namely stiffness and hydrophobicity, are listed
briefly. We hope that this comprehensive review can help
researchers precisely customize nanomaterials to meet the
requirements for developing intelligent antibacterial agents.

2. Antibacterial manipulation of
nanomaterials

Based on their unique physiochemical properties, nano-
materials exert antibacterial activity according to three main

bactericidal pathways (Fig. 2). The integrity of the cell
membrane is destroyed with initial binding of the

Size

Shape

Fig. 1 The main factors for regulating the antibacterial activity of
nanomaterials: composition, size, charge, topography, shape and
modification density.
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Fig. 2 The fundamental antibacterial performance of nanomaterials
according to different bactericidal pathways.

nanomaterials to the bacterial surface, causing possible leakage
of intracellular molecules (1).** The composition, charge type,
surface topography, and modification density of the nano-
materials are of great significance to regulate the initial inter-
action of the nanomaterials and bacteria. After penetrating into
the bacterial cell membrane, nanomaterials interact with
various biomolecules in the cell, such as DNA, ribosomes and
enzymes, disturbing the function of biomolecules, such as DNA
replication, protein synthesis, and molecular catalysis (2).***°
The size and shape of nanomaterials can affect their entry into
bacterial cells. The inherent properties of nanomaterials with
different compositions disturb the activity of biomolecules in
the cells. In addition, with the addition of nanomaterials with
different compositions and charges, oxidative stress and elec-
trolyte imbalance are induced in the cell, causing death of the
bacterial cell due to a lack of normal cellular behaviour (3).*
Therefore, the operation of bactericidal pathways depends on
the core structure, size, shape, and surface status of the nano-
materials, which is of great significance to regulate their inter-
action with bacteria and biomolecules, obtaining broad-
spectrum antibacterial activity and simultaneously reducing
their toxicity against mammalian cells.

3. Selective strategies for the
antibacterial regulation of
nanomaterials

3.1. Composition

Nanomaterials with different inherent compositions perform
different antibacterial reactions. Metal-based NPs with
different sizes in the range of 1-100 nm, such as silver, copper,
gold, zinc and titanium, produce different physicochemical,
electrical, optical, and biological properties. AgNPs release free
Ag" ions as active agents, destroying the bacterial membrane
and disrupting electron transport and DNA function.”* The
bactericidal effect appears in copper NPs (CuNPs) due to the
formation of ROS via the function of copper-containing
nanozymes.*>*® In addition to ROS-induced bactericidal
effects, CuNPs can degrade into copper ions to enter the
bacterial cell, destroying functions of DNA and RNA.?>*?
Degradable Cu-doped phosphate-based glass (Cu-PBG) can
simultaneously generate ROS and release copper ions, leading
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to excellent antibacterial effects (Fig. 3).** Different from silver
and copper, gold does not readily dissociate into ions due to its
higher inertness and stability.*® It is necessary to endow AuNPs
with antibacterial activity by grafting some compounds on
their surface. Nanomaterials based on ZnO and TiO, also cause
cell membrane damage and generate ROS, killing the
bacteria.*>***¢ In addition to metal-based NPs, using different
synthesis methods, carbon atoms have been interconnected to
form a variety of conventional CNMs, such as carbon dots,
graphene quantum dots, carbon nanotubes (CNTs), and gra-
phene oxide (GO). The CNMs can induce physical damage of
the bacterial outer membrane or cell wall to exert antibacterial
activity. For example, GO as a surface oxygen carrier can
perform knife-like or lipid-extraction membrane destruc-
tion®”*® and oxidation reactions, leading to the death or inac-
tivation of bacteria.”® CNTs can act as “nanodarts” to penetrate
across the bacterial cell membrane.*®**> With the generation of
ROS via electron transfer from their interaction with bacterial
molecules, CNTs can inactivate proteins, lipids and nucleic
acids to kill the bacteria.*

3.2. Size

The extraordinary properties of the materials are tailored via
precise control on the molecular and atomic scales.*** The size-
dependent characteristics of the nanomaterials contribute to
their particular applications in surface-enhanced Raman scat-
tering (SERS), green catalysts, and superior magnetic resonance
imaging.®*® More importantly, the regulation of size endows
the nanomaterials with tunable physiological properties,
including cell uptake, biodistribution, pharmacokinetics, cyto-
toxicity, and targeting efficiency.®*”* Especially focusing on the
specific cytotoxicity of nanomaterials to bacteria, by decreasing
the size of the materials from NPs to nanoclusters (NCs), the
antimicrobial activity of broad-spectrum nanomaterials has
been enhanced, effectively avoiding antimicrobial resis-
tance.”>”® For example, ultrasmall gold NCs (AuNCs) readily
interact with bacteria (Staphylococcus aureus as model bacteria),
producing high antimicrobial activity with a wide spectrum. In
the process, metabolic imbalance occurs after the internaliza-
tion of AuNCs into bacterial cells. Subsequently, the increased
ROS in the bacterial cell causes the death of bacteria (Fig. 4A).””
The inert and inactive AuNPs can be endowed with antibacterial
activity by decreasing the size of the NPs.
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Fig.3 Cu-PBG-mediated antibacterial activity due to the formation of
ROS and the release of copper ions.>* Reproduced from ref. 54 with
permission from the American Chemical Society, Copyright© 2021.
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In addition to gold-based nanomaterials, the size of zinc
oxide NPs (ZnO NPs) plays a significant role in the antibacterial
activity of NPs, where smaller ZnO NPs have higher antibacterial
efficiency.”®”® Similarly, the antibacterial activity of ZnO NPs is
attributed to both ROS generation and NP accumulation in the
bacteria. Due to their enhanced contact surface area, compared
with larger NPs, smaller AgNPs ranging from 1 to 10 nm more
readily bind to the surface of the cell membrane, disturbing the
permeability and respiration of the cell.*»* The increased
reactive groups make the NPs produce higher toxicity.*** The
AgNPs, after entry into the bacterial cell, interact with the thiol
groups of proteins, preventing the synthesis of ribosomal
subunits, the activity of cellular components,*" and the function
of DNA replication.?**

The precise size control of the nanomaterials depends on the
ligand modification on the structural surface. The number and
species of the ligands endow the nanomaterials with the
defined size and stability. Cationic AuNPs with sizes of 6 nm
(NP1) and 2 nm (NP2) displayed different cell lysis behaviours
against bacteria.*” NP1 and NP2 were synthesized via place
exchange of undecanethiol-capped AuNPs®* and pentanethiol-
capped AuNPs, respectively.® NP2 (2 nm) are more toxic than
NP1 (6 nm) against Bacillus subtilis.*” Using one of two different
zwitterionic ligands (SN or NS ligand), the effective antibacterial
activity of AuNPs can be obtained through modulation of the NP
size (2, 4, and 6 nm). Different from the higher antibacterial
activity with smaller size, AuNPs stabilized by zwitterionic
ligands (oligo(ethylene glycol)-functionalized interior) showed
increased antimicrobial efficiency with increased size through
bacterial membrane disruption (Fig. 4B and C).*® As the size
changed from 2 to 6 nm, the MIC concentration of zwitterionic
AuNPs against Pseudomonas aeruginosa could decrease from
8000 to 50 nM. Compared with smaller NPs (2 nm) with disor-
ganized shells of ligands, larger NPs (>4.4 nm) with ordered
“2D-like” surfaces more readily interact with the cell surface. In
the design of nanomaterials, we should fully consider the action
of the ligands when seeking a small size for improving the
antibacterial activity.

Although the resistance of bacteria to nanomaterials has
a lower occurrence than their resistance to antibiotics, it
remains present.””*® Size regulation can prevent drug resis-
tance. 4,6-Diamino-2-pyrimidine thiol (DAPT)-capped AuNPs
(DAPT-AuNPs) with a positive charge readily absorb on the
negatively charged surfaces of bacteria.” "> After Escherichia
coli was cultured 183 successive times using DAPT-AuNPs with
increased concentrations, DAPT-AuNP-resistant E. coli were
obtained. The bactericidal activities of DAPT-AuNPs to the
resistant strain were recovered by tuning the size of the DAPT-
AuNPs without introduction of new chemicals (Fig. 5)."* Size
regulation can act as an alternative strategy for avoiding drug
resistance of nanomaterials.

The size-dependent antibacterial activity of some nano-
materials is shown in Table 1. The MIC of nanomaterials with
sizes of 1.8-12 nm changes from 50 nM to 7 mM, or several ug
mL~'. However, an accurate antibacterial comparison between
different size-dependent nanomaterials is difficult to perform

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 Schematic design of size-specific resistance of E. coli to DAPT -
AuNPs *® Reproduced from ref. 18 with permission from the American
Chemical Society, Copyright© 2021.

due to the disturbance of different selected ligands and indi-
cator bacteria.

3.3. Charge

The adhesion events of nanomaterials and bacteria depend on
force interactions (including static electricity, hydrophobicity
and van der Waals) and receptor-ligand recognition.> Ligands
with positively charged, negatively charged, and/or zwitterionic
moieties have been immobilized onto the surface of NPs,
providing the basis for the adhesion action of nanomaterials
and bacteria. Teichoic acids and lipopolysaccharide are

characteristic components in the cell walls of Gram-positive and
Gram-negative bacteria, respectively. Phosphate groups (also
carboxylates in Gram-negative bacteria) in the structure endow
bacterial surfaces with a negative charge.** Usually, ligands with
cationic groups are considered to be ideal candidates for
designing and regulating antibacterial agents.®* Multiple
cationic antimicrobials have been constructed by sufficiently
utilizing the facile electrostatic attraction of a cationic agent
and negative bacterial surface, such as peptides,***® polymers®®
and NPs.*»%7%7"%° By separately using the ligands 3-mercapto-
propionic acid (MPA), 3-mercaptopropylamine (MPNH,), and
poly(allylamine hydrochloride) (PAH), three types of AuNPs with
different charge compositions were designed. Compared with
anionic MPA-AuNPs, cationic PAH-AuNPs with more positive
charge provided higher toxicity to bacteria (Fig. 6).°° Similarly,
compared with anionic polymaleic anhydride-alt-1-octadecene
(PMAO), quantum dots (QDs) coated with cationic poly-
ethylenimine (PEI) exhibited higher inhibition against Pseudo-
monas stutzeri.® The growth inhibition and death of the
bacteria occurred after introducing these cationic agents
according to the following steps. After binding initially with the
cell wall, the antibacterial agents further penetrate and interact
with lipids or proteins in the cell membrane, leading to
membrane disorganization and leakage of small molecules in

Table 1 The size-dependent antibacterial activity of different nanomaterials

No. Nanomaterial  Ligand Size (nm)  Bacteria MIC Reference
1 AuNCs 6-Mercaptohexanoic acid <2 nm S. aureus 2.5 pM 77
2 ZnO NPs Tetramethylammonium hydroxide ~12 nm S. aureus 4 to 7 mM 79
3 AgNPs Glycol-thiol 3 nm E. coli 6% survival rates at 2.2 mg L™ 28
4 AgNPs Gallic acid 7 nm E. coli 6.25 pg mL™" 82
5 AuNPs Hexyl-substituted, ammonium- 2 nm B. subtilis 80% cell damage at 300 nM 87
functionalized thiol
6 AuNPs Zwitterionic ligand 6 nm P. aeruginosa 50 nM 86
7 AuNPs 4,6-Diamino-2-pyrimidine thiol 1.8 nm E. coli 3pgmL! 18

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Antibacterial performance of AuNPs functionalized with
anionic or cationic ligands.*® Reproduced from ref. 99 with permission.

the cell. Finally, the gradual degradation of active biomolecules
(such as proteins and nucleic acids) and lysis of bacteria cause
the bacterial death.”

Quaternary ammonium (QA) compounds are the most
frequently used compounds for producing antiseptics and
disinfectants. The resin acids in QA can act as an active
hydrophobic component to promote antibacterial activity.*** QA
groups more readily interact with the cell membranes of
bacteria, leading to disruption of the membranes to execute the
antibacterial properties.'®? Cationic poly(p-phenyl-
eneethynylene)s (PPEs) with QA can bind advantageously to the
surface of bacteria, indicating effective antibacterial activity
against various bacteria.'®'* Using magnetic NPs functional-
ized with poly(quaternary ammonium) (PQA), 100% biocidal
efficiency was still retained after performing the antibacterial
cycle eight times.'” In addition, some polymeric QA
compounds (polyquaternium-1) have good selective antimicro-
bial activity on bacterial and fungous microorganisms. They
lead to high antimicrobial activity by destroying the sphero-
plasts of bacterial Serratia marcescens, but they show low inhi-
bition against fungous Candida albicans due to the different
microbial structures of bacteria and fungi.'"”

In addition to conventional QA as a cationic source, other
ammonium-contained agents have been explored for obtaining
good antibacterial activity. Positively charged cetyl-
trimethylammonium bromide (CTAB) was used to coat gold
nanorods (AuNRs). CTAB-AuNRs bound with negatively charged
teichoic acid in the cell wall of Gram-positive B. cereus and
deposited on the bacterial surface due to the electrostatic
interaction.’® Based on dimethyldecylammonium chitosan-
graft-poly(ethylene glycol)methacrylate (DMDC-Q-g-EM) and
poly(ethylene glycol)diacrylate, a polycationic hydrogel was
built to achieve excellent antimicrobial efficacy. Like an ‘anion
sponge’, the polycationic hydrogel drew anionic phospholipids
out of the bacterial cell membrane into the gel pores. The

4856 | RSC Adv, 2022, 12, 4852-4864
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positive charge density and pore size of the polycationic
hydrogel determined the killing efficacy of the bacteria.'®®
However, positively charged NPs can produce substantial
toxicity (e.g. hemolytic activity) to mammalian cells, resulting in
difficulty of their application for killing pathogenic bacteria in
infectious diseases.”*""* Neutral zwitterionic ligands integrated
into cationic NPs can decrease their toxicity to mammalian cells
while maintaining their antibacterial properties.**>'** The
exquisite balance of zwitterionic and cationic ligands guaran-
tees the stability as well as the antibacterial activity of the
NPs.*>114115 Using zwitterionic ligands with different charge
orientations, several AuNPs were designed. The cationic charge
in the outer layer is preferable to the charge inside the layer to
perform antimicrobial activity (Fig. 4C).%

Although a cationic group is preferable, the origin of the
antibacterial activity of nanomaterials is not confined to the
modification of positive charge. Negatively charged carboxyl-
modified single-walled carbon nanotubes can cause growth
inhibition of Paracoccus denitrificans due to the influence of
bacterial gene expression.'® In addition to the cationic ligands
responsible for the combination of nanomaterials and the
bacterial surface, anionic ligands with carboxylate headgroups
may disrupt hydrogen bonding within the cell wall during their
interaction, leading to cell lysis."*”"*®* Due to the different
compositions of the cell wall in the two kinds of bacteria,
tunable selectivity for two bacterial types was achieved by
tailoring the surface chemistry of NPs. NPs functionalized with
different ratios of charge indicated different antibacterial
activities against Gram-positive and Gram-negative bacteria.
The balance between polyvalent electrostatic and non-covalent
interactions acts together to disrupt the bacterial cell. Using
different ratios of positively charged N,N,N-trimethyl(11-
mercaptoundecyl)ammonium chloride (TMA) and negatively
charged 11-mercaptoundecanoic acid (MUA) ligands, NPs with
different charge ratios were fabricated (Fig. 7A). Different
charge ratios induced by the two ligands endowed the NPs with
different surface charges (Fig. 7B). NPs with 48 : 52 and 80 : 20
TMA : MUA could selectively kill Gram-positive and Gram-
negative bacteria, respectively, at commensurate rates.**
However, the results did not clarify at the molecular level how
NPs with mixed charge selectively interact with the cell wall in
Gram-specific bacteria.

In addition to the introduction of negative charge, drugs
have been added to coat nanomaterials to enhance their anti-
bacterial activity. AuNPs stabilized by DAPT (DAPT-AuNPs) only
sufficiently inhibit Gram-negative bacteria. Synergistic effects
were obtained when modifying non-antibiotic amines (NAA)
and DAPT (D, pyrimidinethiol) as co-ligands on the surface of
AuNPs via Au-N and Au-S interactions, forming Au_D/NAA NPs
(Fig. 7C)."° The synergistic effects from the co-ligands of NAA
and DAPT are attributed to the increased permeability of both
the bacterial cell wall and membranes. The hydroxyl and amido
groups from ampicillin were chelated with AgNPs to form an
AgNP-ampicillin complex. The ampicillin-induced damage of
the bacterial cell wall enhanced the penetration of AgNPs into
the cell to bind with DNA, producing better antimicrobial
effects.”

© 2022 The Author(s). Published by the Royal Society of Chemistry
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and DAPT).*2° Reproduced from ref. 120 with permission from the American Chemical Society, Copyright®© 2013.

Most ligands on NPs undergo nonspecific interactions with
bacterial surfaces. The selectivity of nanomaterials on bacteria is
of great significance to specifically kill pathogenic bacteria. In
addition to charge-dependent Gram selectivity, some ligands
binding specifically with bacteria have been used to coat NPs,
such as antibodies, antibiotics, and trehalose. Antibodies
conjugated to NPs allow the targeting of specific microbes. For
example, AuNPs linked with antibodies can specifically induce
the death of Pseudomonas aeruginosa under near-infrared irradi-
ation."” Similarly, with the introduction of anti-protein A anti-
bodies, AuNPs can selectively kill S. aureus under strong laser-
induced overheating effects.”” A similar specific antibacterial
reaction against S. aureus appeared in lysostaphin-antibody-
conjugated NPs."* In addition, vancomycin-conjugated AuNPs
could specifically inhibit vancomycin-resistant and sensitive
Enterococci.’*® The conjugation of trehalose can lead silica NPs to
selectively bind with Mycolicibacterium smegmatis on M. smeg-
matis-treated A549 cells, contributing to the development of tar-
geted therapy for the corresponding infectious disease.'*®

The charge-dependent antibacterial activity of some nano-
materials is shown in Table 2. The MIC of nanomaterials with

Table 2 The charge-dependent antibacterial activity of nanomaterials

cationic charges from different ligands were obtained from 1 pg
mL ™" to 1 mg mL™", or from 16 nM to 112 pM.

3.4. Surface topography

In nature, the introduction of topological features endows
natural substances with elevated surface adhesion ability. In the
pollination of pollen grains by insects and the infection of host
cells by viruses, the pollen and cells provide rough surfaces for
multivalent interactions. Similar to the interaction of pollen
and the hairy legs of honey bees in nature,'*® a hairy bacterial
surface with pili'*® can bind robustly with pollen-like nano-
materials. The surface roughness of nanomaterials is of great
significance to regulate the interactions between the nano-
materials and bacteria."*® For example, designed nanoscale
roughness on the surface of NPs is able to enhance attachment
of bacteria to the nanomaterials.'**** By surface topographical
modification, compared to smooth mesoporous hollow silica
(MHS) with hydrophilic hydroxyl groups, MHS NPs with surface
roughness obtained by adding silica shell particles became
more hydrophobic due to the repulsion of trapped air in the

No. Nanomaterial Ligand Charge Bacteria MIC Reference
1 AuNPs Poly(allylamine hydrochloride) Cationic Bacillus 5 pug mL ™! 99
2 QD Polyethylenimine Cationic P. stutzeri ICs0 at 7.25 = 0.43 nM 100
3 Magnetic NPs  Quaternized poly(2- Cationic E. coli 1 mg mL "’ 106
(dimethylamino)ethyl
methacrylate)
4 Hydrogel DMDC-Q-g-EM and Cationic S. aureus 49 pg mL 109
poly(ethylene glycol)diacrylate
5 AuNPs Polythiophene — Listeria monocytogenes 112 uM 115
6 AuNPs Pentanethiol Cationic and hydrophobic E. coli 16 nM 127
group
7 AuNPs 1,1-Dimethylbiguanide and Cationic E. coli 1pg mL* 120

DAPT

© 2022 The Author(s). Published by the Royal Society of Chemistry
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void and cavity domains. The rough MHS NPs facilitate not only
the controllable load and release of antibiotic vancomycin but
also the enhanced interaction with bacteria.****** Using three
reagents, resorcinol (R), formaldehyde (F), and tetraethyl
orthosilicate (TEOS), as the reactants through the Stober
method, the RF core was formed and subsequently underwent
co-condensation with silica, producing rough mesoporous
silica hollow spheres (RMSHSs) (named silica nanopollens)
(Fig. 8A). The silica nanopollens with a spiky surface possess
enhanced adhesion toward bacteria surfaces compared to their
counterparts with smooth surfaces. Their accessible inner
cavity can sufficiently load lysozymes, obtaining good antimi-
crobial activity toward E. coli (Fig. 8B)."* In the design of
nanomaterials, nature-inspired concepts can be introduced to
build a novel library of antibacterial nanomaterials.

The surface topography is capable of affecting the affinity
communication of a cell and the contact surface. The number
and type of the bound cells depend on the topography of the
used contact surface.”*® Especially, the topography and nano-
scale roughness of synthetic surfaces play an important role in
bacterial responses. For example, when using polyurethane-
coated glass plates, the number of adherent bacteria is related
to the surface roughness. The influence of the surface nano-
roughness on the adhesion of bacteria is relative to the
fimbriae, flagella or polymeric substances excreted by the
bacteria.’® The bacteria more readily aggregate on randomly
ordered surfaces."*® Microorganisms with different sizes and
shapes possess different retentions on titanium-coated silicon
wafers with size-regulated pits.”** In addition, the surface
topography can trigger and guide specific biological events.
After treating bacteria with nanoscale metal substrates with
a surface topography, the stress-related pathways of E. coli were
activated by the nanorough surface. Different from the

.
Ao h

(A)
A

(i

© --silica

wt  =—Lysozyme

I ---Bacteria

Fig. 8 Silica nanopollens for antibacterial effects. (A) The synthesis of
silica nanopollens. (B) The delivery of lysozymes due to the enhanced
adhesive reaction of silica nanopollens and the bacterial surface.’*
Reproduced from ref. 135 with permission from the American
Chemical Society, Copyright© 2016.
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successful formation of bacterial fimbria on a flat surface
(Fig. 9A), the synthesis of bacterial FimE protein on the nano-
rough surface is beneficial to convert the operon of the fimbrial
promoter to the “OFF” status, inhibiting the transcription of all
the fimbrial subunits and degrading the fimbrial structure
(Fig. 9B).**° However, in the above finding, surface roughness
does not directly influence the number of adherent E. coli. The
selected marine bacteria produce stronger attachments to
smooth glass surfaces, accompanied by the increase of secreted
extracellular polymeric substances.'* Topography is only one
factor for explaining the strong adhesion of bacteria. In addi-
tion to the surface topography, the adhesion between bacteria
and the contact surface depends on the physicochemical
properties of the substrates as well as the selected bacterial
species and growing environment.

3.5. Shape

The shape regulation of nanomaterials can control the anti-
bacterial activity of the nanomaterials due to the effect of
different contact killings. To investigate the correlation between
shape and antimicrobial activity, using poly(N-vinyl-2-
pyrrolidone) (PVP) as the stabilizer, nanosilvers with different
shapes were designed, such as silver nanoplates (AgNPLs), silver
nanorods (AgNRs) and AgNPs. The AgNPLs produced the best
antibacterial activity against S. aureus and E. coli due to their
best surface area for interacting with the bacterial surface.'*
Similarly, compared to spherical and rod-shaped NPs, trun-
cated triangular AgNPLs with more facets caused more
membrane damage of bacteria, demonstrating strong antibac-
terial action,* consistent with previous studies.®**** Based on
computer simulations, the anisotropy and initial orientation of
the NPs affect the interaction between the NPs and the lipid
bilayer in the translocation processes.*** Rod-like silica NPs

A) (B)
Flat gold

Nanorough gold

Fimbria

Periplasmic space | | @ @

oAl _Innermembrane | s e
[>
H

Phosphalase’r

ATP o= ®> p
Autokinase \’(’ H Kinase

ER)-o-®

v activity

@

Fig. 9 The different molecular mechanisms of E. coli on flat (A) and
nanorough (B) gold substrates.**® The expression of type-1 fimbriae is
active on the flat surface and inactive on the rough surface. Repro-
duced from ref. 140 with permission.
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(ARS) for releasing nitric oxide produced greater antibacterial
action than their spherical counterparts (AR1) due to their
higher aspect ratio.'*®

A similar phenomenon occurs in the antibacterial operation
of carbon nanomaterials.”* Sharp edges of these graphene
nanomaterials are important to the acquisition of excellent
antibacterial activities. Graphene films with different edge
lengths and different angles of orientation exhibit different
antibacterial efficiencies against P. aeruginosa and S. aureus,
which is attributed to the formation of pores in the bacterial cell
wall.**® In the graphene film, the presence of a smooth top side
provides efficient inhibition for both types of bacteria, while the
presence of a rough bottom side strongly kills only P. aerugi-
nosa. Based on simulations, graphene sheets with corners or
asperities along their irregular edges readily pierce and
permeate into the cell membrane due to the existence of a low
energy barrier.” GO nanowalls with sharp edges result in
bacterial inactivation.®” Needle-like single-walled carbon nano-
tubes and sharp-knife-like GO exhibit extremely strong anti-
bacterial activity due to the destruction of the cell membrane.***
Therefore, the antibacterial activity of nanomaterials can be
regulated by rationally designing their shape.

3.6. The density of surface modification

The surfaces of Gram-positive and Gram-negative bacteria
possess different charge distributions. Gram-negative bacteria
have more negative surface charges than Gram-positive
bacteria.* In addition to the limited selection of charge type,
the charge density from surface ligands can regulate the anti-
bacterial efficiency of nanomaterials. Using quaternized poly(-
vinylpyridine) chains grafted on glass surfaces, the charge
density of cationic ligands in the organic layer can be regulated
within the range of 10" and 10'® amines per cm?'*® The
biocidal efficiency can be improved by increasing the charge
density. The antibacterial activity is attributed to the removal of
divalent counterions from the bacteria during the interactions
between the bacteria and surfaces, inducing disruption of the
bacterial envelope. By initially immobilizing cationic NPs or
poly-i-lysine (PLL) and subsequently backfilling the remaining
areas with PEG (polyethylene glycol) brushes, the obtained
surface starts to perform obvious bacteria adhesion above the
threshold of the modification density. Two distinct thresholds
are needed using different surface modifications due to their
different protrusions, such as ~180 NPs per um” and ~1900 PLL
per um”. Two kinds of test surfaces with low density (280 NPs
per um” and 3500 PLL per um?) were designed, establishing
relatively weak bacterial adhesion.’®>*** The surfaces with NPs
produced better killing efficiency of bacteria than those with
PLL. Higher bactericidal efficiency was obtained on the surface
with dense NPs."* However, a loose surface density is beneficial
to remove the bacteria by moderate shearing flow (Fig. 10A)."**
The surface modification density using nanoparticles can
regulate the adhesion and release of bacteria, affecting the
antibacterial activity.

Based on the mixed self-assembled monolayers containing
positively and negatively charged thiols, the cellular uptake of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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NPs with unique stability at low and high pH was regulated. The
presence of positively charged thiols allows for the uptake of
particles with net negative charges.” In addition to the tuned
charge, the density of the ligands can regulate the antibacterial
activity of NPs. By modification with different proportions of
amine- and thiol-tethered phenylboronic acids via the binding
affinities of Au-N and Au-S, including aminophenylboronic
acid (ABA) and mercaptophenylboronic acid (MBA), the ob-
tained AuNPs specifically bind to Gram-negative and Gram-
positive bacteria. The AuNPs stabilized by ABA (A-AuNPs) bind
to the lipopolysaccharide on Gram-negative bacteria, while the
AuNPs stabilized by MBA (M-AuNPs) bind to the lipoteichoic
acid on Gram-positive bacteria. The A-AuNPs and M-AuNPs
show potent antibacterial effects on Gram-negative and Gram-
positive bacteria, respectively. By co-modification of MBA and
ABA on the AuNPs with varying ratios, the obtained A/M-AuNPs
possess tunable antibacterial spectra with Gram selectivity
(Fig. 10B).*** The density of the selective ligand can contribute
to regulation of the Gram-selective antibacterial activities of the
nanomaterials.

3.7. Other factors

In addition to the above six main factors, other physicochemical
properties of nanomaterials can affect their antibacterial
activity performance, such as their stiffness and hydropho-
bicity. It is well known that graphene possesses high stiffness.
With the introduction of oxygen functional groups, the
mechanical properties of the produced well-dispersed GO are
severely decreased.” GO with thin sheets may more readily
wrap bacteria for performing antibacterial action.*® Compared
with their flexible counterparts, long and stiff CNTs have shown
higher toxicity due to their compression arising from lysosomal
membranes, leading to cell death.”® The presence of poly-
acrylamide-gelatin-silver NPs or an N-acryloylsemicarbazide—
gelatin scaffold can enhance the tensile and compression
strength of gelatin-based ink, affording antibacterial proper-
ties."”*'*® However, research on the direct link between the
antibacterial activity and stiffness of nanomaterials remains
rare.

The hydrophobic interaction is a significant noncovalent
reaction to control biomolecule absorption and cell adhesion in
organisms.'***** Hydrophobic moieties (alkanethiols and alkyl
chains) were used to form AuNPs'**'* and silica NPs'"**'*” for
enhancing drug loading and cellular delivery. AuNPs were
synthesized with ligands containing groups with different chain
lengths, nonaromatic characteristics, and aromatic character-
istics via the varied R groups (Fig. 11A). The hydrophobicity of
the ligands on the surface of NPs can affect the antibacterial
activity of NPs. AuNPs stabilized by ligands with higher hydro-
phobic values of their end groups led to more effective activity
against E. coli growth. NP3 with n-decane end groups produced
an MIC of 32 nM against E. coli (Fig. 11B)."*” The achievement of
this antibacterial activity is attributed to the leakage of the
cytoplasmic contents due to disruption of the bacterial
membrane, eventually causing cell death. Even at 20 genera-
tions, E. coli remained susceptible to the original MIC of 16 nM.
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Fig. 11 (A) Molecular structures of functional ligands with different R
groups for modifying AuNPs.*?’” (B) MIC determination of AuNPs with
different hydrophobic ligands against E. coli DH5R. Log P is the
calculated hydrophobic values of the end groups.*?” Reproduced from
ref. 127 with permission from the American Chemical Society, Copy-
right®© 2014.

The design of NPs by regulating the types of modification
groups can alleviate and avoid drug resistance. In addition, the
increased hydrophobicity of AuNPs produced a linear increase
in immune activity.'®® In the practical application of nano-
materials in the medical field, hydrophobicity-dependent
immune effects should be fully considered.

4. Conclusions and outlook

The regulation of nanomaterials for obtaining customizable
bactericidal agents is of great significance to inhibit the growth
of pathogenic bacteria, providing more alternative strategies for
treating infectious diseases. However, the reported literature
has not systematically summarized the correlations between
antibacterial activity and nanomaterials with various structures,
leading to confusion of researchers regarding the rational
design of antibacterial nanomaterials. To address these defi-
ciencies, different from reported reviews that focus on the
biological action of different antimicrobial NPs, this review
summarized the universal rules determining the antibacterial
activity of nanomaterials in six main aspects, including
composition, size, charge, surface topography, shape and
modification density. The clear description and discussion of
every factor can provide precise guidance for constructing
antibacterial nanomaterials.

4860 | RSC Adv, 2022, 12, 4852-4864

The component selection of nanomaterials is the first factor
for regulating their antibacterial activity. In addition to the
innate antibacterial activity of AgNPs and CuNPs, NPs based on
gold, zinc and titanium must be modified with ligands to exert
their bactericidal effects by destroying cell integrity and forming
ROS. Smaller size facilitates entry of nanomaterials into bacte-
rial cells to perform their intracellular reactions, such as
enzyme inactivation, DNA/RNA structure damage, and ROS
formation. However, the action of the ligand should be
considered in the size regulation. In the performance of anti-
bacterial reactions, the binding of the nanomaterial and
bacterial surface is the first step of the entry of the nanomaterial
into bacterial cells. Due to the negatively charged properties of
the bacterial surface, the introduction of cationic ligands is
beneficial to enhance the antibacterial activity of nano-
materials. Interestingly, the introduction of neutral zwitterionic
ligands can decrease the toxicity of nanomaterials with positive
charge to mammalian cells. In addition, nanomaterials with
a mixed ratio of cationic and anionic ligands can selectively and
specifically kill Gram-positive or Gram-negative bacteria.

In addition to the charge effect, the surface topography of
nanomaterials can regulate the adhesion of bacteria on the
contact surface. Compared with a smooth surface, a rough
surface is beneficial to enhance the interaction of bacteria and
nanomaterials, leading to increased antibacterial activity. The
selected bacterial species and growing environment may affect
the adhesion of bacteria on the contact surface. The shape is
another factor for regulating the antibacterial activity of nano-
materials. A shape with a high surface area is preferable to obtain
good antibacterial activity. For example, silver nanoplates have
higher antibacterial efficiency than silver nanorods and AgNPs.
Rod-like NPs have higher activity than their spherical counter-
parts. The modification density of the surface of nanomaterials
can regulate the interaction of nanomaterials and bacteria. The
structure with dense modification is beneficial to bind with
bacteria, producing excellent antibacterial activity. The density of
the ligands can selectively inhibit Gram-positive and Gram-
negative bacteria. In the real design of antibacterial nano-
materials, the involved factors should not be singly be considered
due to the comprehensive antibacterial effect of nanomaterials.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Although antimicrobial nanomaterials are promising to
become alternatives to antibiotics, their potential toxicity to
human health remains uncertain. Due to nonspecific interac-
tions with the bacterial surface, for most antimicrobial nano-
materials, it is difficult to specifically differentiate between
microbial and human cells. More specific ligands for binding
with bacteria should be found. The immune responses of
nanomaterials as drugs should not be neglected. It is necessary
to balance the death of bacteria and inflammatory reactions in
the practical application of antimicrobial nanomaterials.
Therefore, the direct replacement of common antibiotics with
antimicrobial nanomaterials still has many large challenges. In
the future, two significant tasks should receive more emphasis.
Firstly, the effects of antimicrobial nanomaterials on health
concerns and ecosystems should be investigated. Secondly, to
promote the application of nanomaterials as antimicrobial
agents, unified standards must be constructed to compare the
antimicrobial effects of different nanomaterials.

In sum, this review provides alternative rules for designing
a variety of antibacterial nanomaterials. By having a good
understanding of the corresponding correlation between anti-
bacterial activity and nanomaterials, researchers can follow the
rules for precisely designing the properties of nanomaterials,
finally achieving nanomaterials with maximized antibacterial
activity in complex biological media and minimizing the cyto-
toxicity to host cells. The facile regulation of nanomaterials can
provide alternative strategies for eradicating drug resistance
and developing effective therapeutic next-generation materials.
The achievement of effective antibacterial nanomaterials
requires interdisciplinary collaborations of many researchers in
the fields of chemistry, biology, medicine and engineering. The
treatment strategies based on the regulated nanomaterials are
promising to provide an alternative to antibiotics for intractable
infections, alleviating the challenges of the post-antibiotic era.
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