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Abstract

microorganism

.

Fungi and bacteria afflict humans with innumerous pathogen-related infections and ailments. Most of the commonly
employed microbicidal agents target commensal and pathogenic microorganisms without discrimination. To
distinguish and fight the pathogenic species out of the microflora, novel antimicrobials have been developed
that selectively target specific bacteria and fungi. The cell wall features and antimicrobial mechanisms that these
microorganisms involved in are highlighted in the present review. This is followed by reviewing the design of
antimicrobials that selectively combat a specific community of microbes including Gram-positive and Gram-negative
bacterial strains as well as fungi. Finally, recent advances in the antimicrobial immunomodulation strategy that enables
treating microorganism infections with high specificity are reviewed. These basic tenets will enable the avid reader to
design novel approaches and compounds for antibacterial and antifungal applications.
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Background

Although antibiotics have been developed for combating
infectious diseases, microbial resistance remains a consistent
global challenge[1-3]. The resistance developed by
microorganisms through their defense systems threatens
human health by generating resistant strains that evade
eradication by even the most advanced antibiotics[4].
Currently available antibiotics for combating microbial
infections are rapidly becoming ineffective because of the
development of drug-resistant microbial strains. Antimicrobial
nanomaterials represent a rational approach to combating
antibiotic-resistant microbes[5,6]. An ideal strategy for
tackling these challenging diseases is the development of smart
antimicrobial materials with selective toxicity against specific
infectious microorganisms[7]. In light of this, several researches
were devoted to foe bioengineering of nanomaterials to
tune and modify their antibacterial activity against a specific
pathogen. Accordingly, a wide range of nanoparticles were
functionalized with bioactive compounds to bring selective

toxicity against bacteria and fungi. Selective toxicity is the
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ability of antimicrobials to kill or inhibit deleterious microbes
only while preserving the vitality of host cells or the healthy
microbiome[8].

The present review summarizes the design of smart materials
that selectively target specific types of microorganisms (Fig. 1).
The cell characteristics of microbes, including Gram-positive
bacteria, Gram-negative bacteria and fungji, are presented along
with a discussion of the antimicrobial mechanisms involved in
combating these microorganisms. Readers are then introduced
to the design of advanced materials with selectivity. Apart from
direct microbial killing using smart nanomaterials, the most
recent studies in treating microorganism infections through
immune modulations are also summarized. Acquisition of such
knowledge will offer important cues to the passionate reader
on effective control of microbial infections with high selectivity

and low side effects.

Cell characteristics

Bacteria

Bacteria are classified into Gram-positive and Gram-negative
strains. The inner or cytoplasmic membranes of both groups
of bacteria are similar; while the outer cell envelopes are
significantly different, which explains their tolerance and
susceptibility to antimicrobials. Such differences account for the

need to develop distinctive strategies for their eradication[9,10].
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Fig. 1 Schematic illustration of the selective toxicity of a material to combat specific microbes.
The cell wall binding domains can selectively attach and kill pathogenic bacteria. Due to the presence of the attached ligand to silver
nanoparticles, the nanoplatform can specifically bind to the pathogen as targeting ligands to discriminate bacterial strains and impart
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Gram-negative bacteria envelope

The cell envelope of Gram-negative bacteria consists of three
layers: the outer membrane, peptidoglycan cell wall, and
cytoplasmic or inner membrane[11]. The outer membrane
is a distinctive feature of Gram-negative bacteria because
this layer is absent in Gram-positive bacteria. It consists of
lipopolysaccharide (LPS) in the outer leaflet and phospholipids
in the inner leaflet[11], which acts as a selective impermeable
barrier and protects the cell against external toxic threats.

LPS is composed of three structural domains: a hydrophobic
lipid section (lipid A), a hydrophilic core oligosaccharide, and
a repeating hydrophilic O-antigenic oligosaccharide side chain
that contributes to the cell’s pathogenicity[12,13]. The LPS
molecules form a very effective selective impermeable barrier
for hydrophobic molecules.

The proteins of the outer membrane are divided into
two classes: lipoproteins and [-barrel proteins[14]. The
lipoproteins are attached to the inner leaflet of the outer
membrane; while the B-barrel proteins are hydrophobic
transmembrane proteins[15]. Some [B-barrel proteins function
as passive diffusion channels such as porins that limit the
diffusion of hydrophilic molecules larger than 600 g/mol and
render Gram-negative bacteria innately resistant to many
antimicrobial compounds[16]. Because of the presence of
phosphates and carboxylates in LPS, the outer membrane
of Gram-negative bacteria is negatively charged[17] and the
charges are higher than those of Gram-positive bacteria[ 18].

This electrostatic region serves as a primary barrier to most

hydrophobic antibiotics, resulting in low permeability.

The peptidoglycan cell wall is made up of repeating units
of the disaccharide, N-acetylglucosamine (NAG)-N-acetyl
muramic acid (NAM), cross-linked by pentapeptide side
chains[19]. The cell wall of Gram-negative bacteria consists of
a thin peptidoglycan layer (20-50 nm thick) for maintaining
the shape of the bacterial cell[11]. Unlike Gram-positive
bacteria, the cell wall of Gram-negative bacteria lacks teichoic
acid.

The inner membrane is composed of 40% phospholipids
and 60% proteins with a hydrophilic head and a hydrophobic
region that makes up the tail part of the structure. The
hydrophobic membrane functions as a barrier to regulate the
movement of substances in and out of the bacterium. Lying
between the two concentric membrane layers is an aqueous
cellular compartment called periplasm (Fig. 2a), which acts
as a reservoir for virulence factors and sequesters potentially
harmful degradative enzymes[11].

Gram-positive bacteria envelope

Compared with the cell envelope of Gram-negative bacteria,
the protective outer membrane is absent in Gram-positive
bacteria. The peptidoglycan layer is also much thicker (15—
100nm) (Fig. 2b)[20]. The Gram-positive bacterial cell wall
also consists of long anionic polymers known as teichoic acids.
Teichoic acids may be divided into two types: lipoteichoic
acids and teichoic wall acids. The lipoteichoic acids are
anchored via lipid domains to the cytoplasmic membrane;

while the teichoic wall acids are covalently bound to the

799



Makvandi et al. Mil Med Res 2023
http://mmrjournal.biomedcentral.com

peptidoglycan layer[21]. The peptidoglycan, lipoteichoic
acids, and teichoic wall acids together make up a polyanionic
layer that contributes to the structure and function of the cell
envelope. The latter has an overall negative charge due to the
presence of phosphodiester bonds between the teichoic acid
monomers[22]. Some Gram-negative and Gram-positive
bacteria produce capsules (or loosely-attached slime layers)
on their surfaces[23]. They play prominent roles such as
protection against desiccation, phagocytosis by neutrophils or
macrophages, phage attack, antibiotics or toxic compounds,
osmotic stress, as well as cell recognition[24].

Fungi

Fungi are eukaryotic organisms that exist in two forms:
filamentous or hyphal form (mold), and single-celled or
budding form (yeast). They are nucleated and possess
distinctively different cell walls from bacteria and viruses.
The fungal cell wall makes up 40% of the total cell volume,
with thickness ranging from 0.1 pm to 1.0 wm. It consists
of chitin, extensively crosslinked polysaccharides (mainly
glucans), and glycoproteins (Fig. 2¢)[25]. Glucan is the most
important structural component of the fungal cell wall, making
up 50%-60% of the total cell wall by dry weight[26]. Chitin
is a minor component of the fungal cell wall. It is composed
of long chains of (3-1,4-linked NAG. Chitin makes up only
1-2wt% of the yeast cell wall and up to 10-20wt% of the cell
wall of filamentous fungi. It is covalently linked to (3-1,3-D-
glucan. Interwoven between the chitin and glucan components
are proteins, which comprise 30%-50% of the dry weight of
the fungal wall in yeast and 20%-30% of the dry weight of
the cell wall of filamentous fungi. These proteins are modified
with O- or N-linked oligosaccharides. The fungal cell wall has
many functions, including providing cell rigidity and shape,
metabolism, ion exchange, as well as interactions with host

defense mechanisms[27].

Bioengineered nanomaterials for selective microbe
killing

Bacteria-targeting nanomaterials

Versatile nanomaterials have emerged over the last decade that
demonstrate excellent antimicrobial performance through
their intrinsic toxicity or antibiotic delivery capability[28].
However, examples of successful clinical translation of these
nanomaterials for treating infectious diseases are scanty. Two
silver nanoparticle-based antimicrobial agents, Silvasorb® and
NanoAgCVC, are involved in Phase III and Phase IV clinical
trials, respectively. These materials possess broad-spectrum
bactericidal activity against the skin and central venous

catheter infections[29,30]. As efficient antibiotic delivery
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promotes bacterial killing, two Phase III clinical trials have
been initiated that incorporated commercial antibiotics within
liposomes. Although these nano-formulations are bactericidal
against Gram-negative bacteria, their selectivity toward specific
bacterial strains and their targeting efficacy are unclear[31].
Compared to the direct use of conventional antibiotics
in the clinic, the use of nanomaterials could significantly
improve the bioavailability and antibacterial potency due to
the enhanced loading and sustained release of antibiotics in
nano-formulations. Even though in most infection scenarios,
antibiotics are empirically prescribed based on the clinical
manifestation before identifying the specific strains of the
pathogen, the use of nanomaterials could promote the delivery
efficiency of antibiotics with a significantly reduced dose
burden. Moreover, because microbes and mammalian cells
co-exist in complex bacterial infections, direct application of
antibacterial agents to the body may result in low therapeutic
efficacy, toxicity and inflammation, and unwarranted side
effects[32]. Active targeting of nanomaterials to pathogens,
especially for the recognition of specific bacterial strains, is
highly desirable for clinical applications but remains extremely
underexplored[33]. Because of the difference in cell wall
characteristics between Gram-positive and Gram-negative
bacteria, and also specific strains under each category, there
emerged several strategies to allow the recognition of specific
pathogens. Among them, case studies of nanomaterials
functionalized with targeting ligands for enhanced antibacterial
performance are summarized in the present section, while the
use of small molecules for bacterial targeting studies were not
included here. In general, antimicrobial peptides, antibody/
proteins, or bacteriophages are used as targeting ligands to
orchestrate bacteria-specific killing. The rational design of
antimicrobial peptides or polymers produces selective toxicity
against bacteria[34,35]. The specifications of targeting ligands
and the corresponding antibacterial approach mediated by
these nanoparticles are summarized in Fig. 3. The typical
Gram-positive strain of Staphylococcus aureus (S. aureus) and
Gram-negative strain of Escherichia coli (E. coli) is the most
widely investigated bacteria. Several targeting sites have been
identified to enable specific recognition of these bacterial
strains. Versatile targeting antibacterial strategies have emerged,
such as targeted delivery of antibiotics, cell wall rupture,
reactive oxygen species (ROS) denaturation, and photothermal
therapy. Targeting sites and associated antibacterial therapies
toward other strains are also summarized in Fig. 3 and
discussed in detail in the following subsections, as categorized

by the targeting strains.
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Fig. 2 The membrane structure of Gram-negative bacterium (a), Gram-positive bacterium (b) and fungus (c).

The cell membranes of both types of bacteria are similar. The Gram-positive bacterium has a thick peptidoglycan layer surrounding
the cell membrane. In contrast, the peptidoglycan layer in Gram-negative bacterium is thinner with an additional outer membrane.
Fungus cells have an outer cell wall comprising chitin, -glucan, and mannoproteins

Selective killing of Gram-positive bacteria S. aureus (MRSA) has attracted intensive research interest
S. aureus is one of the most common Gram-positive pathogens  because of its threat to public health[36]. Various approaches

that cause invasive infections. In particular, methicillin-resistant ~ have been reported for the selective killing of S. aureus[37,38].

801



Makvandi et al. Mil Med Res 2023
http://mmrjournal.biomedcentral.com

Bacterial cell membrane disruption -,

Delivery of antibiotics -, SATA8505
Anti-A-  Phage
Staphy

Inhibit bacterial cell wall
synthesis

Photothermal effect - Nisin

Delivery of antibiotics ... (UBD)g.1

Polyclonal Anti-

Enhanced antibiotics delivery

S ; Phagemid
Photothermal effect .. o  (proteinA ¢
antibody B ;
’ _Intracellular production of
L~ secondary + = >
.. e antbbady antibacterial peptides
Photochemical effect
E. faecalis S. agalactiae A. baumannii P. aeruginosa
EFDG1 and
EFLK1 phages CPP SNAPP TVP-PAP
B ri [l membran B ria cell membran B ria cell membran - .
acteria cell me brane acteria cell me brane acteria cell me brane ROS killing mechanism
disruption disruption disruption
F. tularensis K. pneumoniae T. thermophilus

FB11 Arenicin-3 Oncll2

Increases bacterial membrane
permeability and ATP release

Fig. 3 Summary of targeting nanomaterials for selective killing of bacteria.

Different specific targeting sites are listed for effective selectivity. A. baumannii. Acinetobacter baumannii; Anti-A-Staphy. Anti-
protein A-Staphylococcus; E. coli. Escherichia coli; E. faecalis. Enterococcus faecalis; F. tularensis. Francisella tularensis; K. pneumoniae.
Klebsiella pneumoniae; P. aeruginosa. Pseudomonas aeruginosa; S. agalactiae. Streptococcus agalactiae; S. aureus. Staphylococcus
aureus; T. thermophilus. Thermus thermophilus; SNAPP. Structurally nanoengineered antimicrobial peptide polymer; ATP. Adenosine
triphosphate; Onc112. A proline-rich antimicrobial peptide; TVP-PAP. A new type of antimicrobial bioconjugate; CPP. Cell-penetrating
peptide; EFDG1. An anti-E. faecalis phage; ROS. Reactive oxygen species; MAB1. Methanoculleus bourgensis strain; RBPs. Phage-
displayed receptor-binding proteins; ConA. Concanavalin A; SATA-8505. S. aureus bacteriophage; FB11. F. tularensis live vaccine
strain lipopolysaccharide-specific mouse antibody; EFLK1. Anti-E. faecalis phage; CARG. Cyclic 9-amino-acid peptide CARGGLKSC;
PCNP. Phthalocyanine entrapped nanoparticles; LC of FVII, FIX, FX. Light chain of coagulation factors VII, IX, X
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Among those approaches, short peptides that can specifically
bind to the pathogen have been used extensively as targeting
ligands to augment antibacterial performance. The design of
targeting peptides may be achieved through in vivo screening

of phage display peptide libraries[39]. With the use of a
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high throughput sequencing and consensus motif analysis,
dominant shared peptide sequences on recovered phages in a
S. aureus-induced pneumonia model were identified. Based on
this information, a cyclic 9-amino-acid peptide CARGGLKSC
(CARG) has been synthesized as the pathogen-targeting ligand
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and conjugated on porous silicon nanoparticles for enhanced
delivery of vancomycin[39]. This phage-based binding site
sequencing strategy is of great significance in the clinic. Given
the high complexity and unawareness of pathogen details in
an infection, quick screening of phage binding site sequence
allows more specific treatment of infectious diseases through
active targeting. The CARG targeting peptide shows potent
in vitro binding specificity to S. aureus, including MSRA, but
not Pseudomonas bacterial species. This enables the targeting
nanoparticles to accumulate selectively in S. aureus-infection
sites of mice but not in non-infected tissue or Pseudomonas-
infected sites. The in vivo animal study further demonstrated
the excellent antibacterial property of vancomycin delivered
by the targeted nanoparticles, which is about tenfold more
effective than free vancomycin in suppressing Staphylococcal
infections. A similar approach has been reported for the
selective delivery of gentamicin to S. aureus via mesoporous
silica nanoparticles that are labeled with a human antimicrobial
peptide fragment, ubiquicidin,, ,,, as the targeting ligand[40].
Apart from its function as an antibiotic, vancomycin is
also a glycopeptide that may be used as a targeting ligand to
specifically integrate with the d-Ala-d-Ala terminus of Gram-
positive bacterial cell wall peptidoglycan[41]. Selective killing
of MRSA has been developed based on vancomycin-loaded
gold nanostars. In this system, the vancomycin acts as both the
targeting ligand and the antibiotic, with the gold nanoparticles
generating heat under near-infrared irradiation to promote
antibacterial performance. This targeted chemo/photothermal
antibacterial therapy is highly potent in combating
MRSA infection, with minimal toxicity and inflammatory
consequences[42]. Similarly, the lantibiotic nisin, a bacteria-
derived antimicrobial peptide, specifically interacts with the
lipid II unit on the cell wall of Gram-positive bacteria such as
S. aureus[43]. By harnessing its property as a pathogen-specific
binding ligand, nisin was modified on the surface of Janus
micromotors (i.e., self-propelled micro and nanoscale devices
that combine different properties within a single entity)
consisting of graphene oxide/Pt nanoparticles/Fe,0,[44].
Propelled by catalytic hydrogen peroxide decomposition and
magnetic actuation, the micromotors demonstrated a 2-fold
increase in the killing of S. aureus, compared to the free peptide
and static counterparts. The micromotors demonstrated
negligible killing of Gram-negative E. coli[44]. The highly
precise pathogen specificity and controllable mobility endow
the targeting micro/nanomotors with broad applications in
treating many infectious diseases using novel approaches.
Much research has been focused on the design of targeting

strategies against extracellular bacteria that are present in

an infection site or biological fluid. However, the problem
of efficiently eliminating intracellular bacteria remains a
humongous challenge. Cell-penetrating peptides (CRPs)
possess similar physiochemical characteristics as antimicrobial
peptides. Although they have been used experimentally for
the elimination of intracellular bacteria, CRPs generally have a
broad antibacterial spectrum[45]. A cell-penetrating selective
antimicrobial peptide has been developed by combining a
hydrophobic peptide pheromone of Streptococcus agalactiae
(S. agalactiae) and a cationic CRP[46]. The bacteria-selective
peptide acts through bacterial membrane disruption. The
platform selectively killed S. agalactiae and not other Gram-
negative bacteria strains. Apart from combining with the
S. agalactiae pheromone, the CRP may also be directly
conjugated with kanamycin via a reducible linker (P14KanS).
This enabled a significant reduction in Salmonella levels in an in
vivo Caenorhabditis elegans model[47].

Monoclonal antibodies are examples of another
category of targeting ligands. They have been employed
in cancer therapeutics, immunotherapies, and anti-viral
therapeutics[48,49]. However, the use of monoclonal
antibodies for selective bacterial killing is limited[50].
By targeting specific virulence proteins on the bacterial
surface, these antibodies bestow pathogen-specificity with
low cytotoxicity, thus preventing bacterial resistance. In a
recent study, a S. aureus-targeting antibody, anti-protein A
(anti-Staph) was used to functionalize poly(d,l-lacticco-
glycolic acid) nanoparticles to enhance the delivery efficacy
of rifampicin. This nano-antibiotic showed selective toxicity
to S. aureus and achieved excellent results in eradicating the
planktonic and biofilm versions of the bacterium in vitro. This
enabled a significant reduction in Salmonella levels in an in vivo
Caenorhabditis elegans model[51]. Because of antibacterial
resistance created by inadvertent antibiotic delivery, physical
methods for bacterial eradication have attracted increasing
levels of attention. Antibodies that specifically bind with
S. aureus have been conjugated with porous silica and gold
nanoparticles. These assemblies generate a large amount of
heat during near-infrared irradiation. A 10-fold increase in the
bactericidal efficacy of S. aureus has been achieved, compared
with their effects on E. coli[ 52].

Biodegradable polymer materials based on cationic
polyaspartamide derivatives with different lengths of side
chains were synthesized through ring-opening polymerization
of B-benzyl-l-aspartate N-carboxy anhydride[53]. This
was followed by an aminolysis reaction and subsequent
methylation reaction to produce an antibacterial agent against

MRSA. The cationic quaternary ammonium groups contribute
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to the insertion of the cationic polymer into the negatively-
charged bacterial membranes. This resulted in membrane
lysis, leakage of bacterial content, and ultimately, death of the
pathogens. Apart from MRSA eradication, the biodegradable
polymer also possessed alterable antibacterial potency because
of its cleavable backbone. This attribute helped to minimize
microbial resistance and mitigate drug accumulation. The
robust antibacterial system was successfully used to support
MRSA-infected wound healing in vivo. After 7 d, the cationic
polymer demonstrated about 95% MRSA-killing efficacy[53].
Recently, a phage-guided targeting strategy has been
developed for phage therapy to enable sensitive monitoring of
the infection as well as selective bacteria eradication[54]. It has
been over a century since bacteriophages have been used to
treat bacterial infections. This strategy was reincarnated in the
past 15 years due to its promising application in suppressing
antimicrobial resistance[55]. Compared with the peptides
and antibodies mentioned previously, bacteriophages have
precise targeting capability on infectious bacteria. They offer a
safe and effective approach to dealing with complex infections,
especially those caused by multidrug-resistant bacteria[56].
Mediated by receptor-binding proteins, bacteriophages such as
P2 and TP901-1 can specifically recognize the Gram-positive
bacterium Lactococcal lactis[57]. The peptidoglycan cell wall
on the outermost layer of Gram-positive bacteria also serves
as the targeting site for the binding of bacteriophages. Phage-
mimicking nanoparticles and the use of nanoparticles for
triggering the release of bacteriophage endolysin have been
reported as strategies to promote antibacterial efficacy[58,59].
Selective killing of Gram-negative bacteria
Antibiotic-resistant bacterial infections caused by Gram-
negative organisms have become a global health threat[60].
Unlike Gram-positive bacteria, Gram-negative bacteria have
an outer membrane layer outside the peptidoglycan layer. This
phospholipid membrane provides an extra barrier that prevents
certain antibiotics from diffusing inward. The outer membrane
protects the bacterium against cell wall lysis, increasing the
likelihood of resistance. To address this issue, conventional
antimicrobial peptides will need to be re-designed to fit
the new target. “Structurally nanoengineered antimicrobial
peptide polymers” (SNAPPs) have been developed to satisfy
this goal. This is a new class of antimicrobial agents with high
sensitivity and specificity to Gram-negative bacteria[61].
Unlike conventional peptide-assembled antimicrobial
macromolecules, SNAPPs were designed with a polymer core
and repeating peptide units of lysine and valine N-carboxy
anhydride on their surfaces. They target Gram-negative

bacteria via a multi-modal antibacterial mechanism. This
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peptide-decorated nanoagent was highly effective in combating
multidrug-resistant Acinetobacter baumannii (A. baumannii)
infection in mice, with excellent clinical translation potential.

Apart from bacterial surface ligand recognition,
antimicrobial peptides that function inside particular strains of
bacteria are also useful for efficient bacterial killing. A proline-
rich antimicrobial peptide (Onc112) binds specifically with
the inner membrane protein SbmA in Gram-negative bacteria
to facilitate its transportation into the cytoplasm[62]. The
Oncl12 peptide exerts its antimicrobial action by affecting the
initiation of ribosome translation via the formation of unstable
initiation complexes. This prevents the affected ribosome from
entering the translation stage.

Chemodynamic and photodynamic therapies that
generate high concentrations of ROS have been used for
eradicating bacteria. However, these therapies usually have a
broad antimicrobial spectrum[63]. The LPS present on the
Gram-negative bacteria’s outer membrane typically prevent
photosensitizers from binding to the bacteria, thereby
protecting the cells from chemical attack. To solve this
problem, a polycationic peptide, KRKKRKKRK (CPNP), that
competitively displaces divalent cations from LPS in Gram-
negative bacteria was conjugated to the surface of L-type
cysteine (L-Cys)-decorated cadmium telluride nanoparticles
(CdTeNPs)[64]. This nanoscopic antibacterial agent has been
used for fluorescence imaging-guided antibacterial therapy for
selective adhesion to Gram-negative bacteria such as E. coli
and Pseudomonas aeruginosa (P, aeruginosa) to augment ROS
production for eradication of these bacteria.

Other classes of biological substances are also capable of
selective conjugation to Gram-negative bacteria by targeting
their surface LPS[65]. As a class of glycoconjugates, LPS
consist of a hydrophobic lipid domain (lipid A) anchored to
the bacterial outer membrane, a polysaccharide consisting
of repeating oligosaccharide units of 2-8 sugar residues
(O-antigen), and an oligosaccharide chain (core-OS) linking
the lipid A and the O-antigen[66]. New antimicrobial agents
have been produced that bind specifically to these LPS
components for the selective killing of Gram-negative bacteria.
For example, Concanavalin A, a lectin protein, has been used to
target Gram-negative bacteria because of its specific binding to
the mannosyl and glucosyl residues of LPS. The photosensitizer
rose bengal showed a 117-fold improvement in antibacterial
performance after conjugation to Concanavalin A. This was
achieved by augmenting the local oxidative stress that damages
the cell membrane of E. coli[ 67]. Three mammalian coagulation
factors (VII, IX, and X) that initiate clotting, were recently

found to possess intrinsic antimicrobial activity against Gram-
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negative bacteria via hydrolysis of LPS[68]. Both in vitro and in
vivo studies demonstrated that these coagulation factors were
effective in controlling drug-resistant Gram-negative bacterial
infections caused by P. aeruginosa and A. baumannii.

Antibodies that possess potent binding specificity have
also been employed for pathogen targeting. Instead of
directly interacting and interfering with the bacterial surface
component, the antibody-antigen interaction is used as
an “intelligent” nanovalve for specific pathogen-triggered
release of antimicrobial agents. For example, the monoclonal
antibody against Francisella tularensis (F. tularensis) LPS,
anti-F. tularensis LPS antibody (FB11), binds specifically to a
tetrasaccharide derived from the O-antigen of the bacterium’s
LPS. Such a property was utilized for the development of an
antimicrobial agent with selective toxicity against F. tularensis,
a Gram-negative coccobacillus that causes tularemia (rabbit
fever), the pneumonic form of which is often lethal without
treatment. Mesoporous silica nanoparticles were first loaded
with an antibiotic. This was followed by surface modification
with a derivative of the O-antigen from F. tularensis LPS. The
drug-loaded mesopores were subsequently capped with the
large FB11 antibody to block the pore opening. This helped
to reduce the premature release of the cargo drug molecules
before reaching the specific pathogen[69]. Upon reaching the
bacterial surface, the FB11 antibody bound effectively with the
native LPS on the outer membrane of F. tularensis. Interaction
of the antibody with the antigen opened the pores in the
mesoporous silica nanoparticles and released the antibiotic
for the targeted killing of F. tularensis. The high selectivity of
the targeted treatment reduced side effects and was associated
with a lower risk of resistance when compared to the use of
conventional broad-spectrum antibiotics. Apart from the LPS
domain, other components from Gram-negative bacteria may
also be targeted to achieve species-specific killing. For example,
a monoclonal antibody that targets an extracellular epitope of
E. coli’s B-barrel assembly machinery subunit (BamA) was used
experimentally to promote antibacterial activity via inhibition
of B-barrel protein folding and disruption of the integrity of
the bacterial outer membrane[70].

Compared with Gram-positive bacteria, phage-guided
antibacterial strategies are more commonly used for treating
diseases associated with Gram-negative bacterial infections.
There is a clinical study on phage therapy-based infection
treatment[71]. However, bacteriophages typically show high
bacterial specificity but relatively low antibacterial activity.
To solve this dilemma, novel strategies have been developed
that mimic the antibacterial activity of bacteriophages.

For example, the aggregation-induced emission (AIE)

concept was integrated with phage therapy by engineering
bacteriophages that are equipped with luminogens that
bear AIE characteristics (i.e., AIEgens)[72]. The AlEgen
TVP-S (an AIE compound) allowed real-time monitoring
of specific bacterium-phage interactions. An in vivo wound
model was established to evaluate the antibacterial capability
of the AIEgen-phage bioconjugates, particularly in treating
multidrug-resistant P. aeruginosa infection.

Photothermal therapy has also been integrated with phage
therapy. In this strategy, chimeric phages with strong pathogen
specificity were conjugated with gold nanorods, a typical
photothermal nanoagent. The high temperature generated
by the photothermal effect derived from the gold nanorods
induced bacterial ablation. The phages were destroyed at the
same time to prevent overdosing and reduce potential side
effects[73]. Because conventional phages are lysogenic, they
disrupt bacterial cell membranes and release a large number
of endotoxins. This may result in detrimental side effects such
as inflammation, sepsis, and even death. To resolve this issue,
a modular bacterial phagemid system was engineered which
expressed nonlytic antimicrobial peptides and toxin proteins
to treat bacterial infection[74]. Phage-based antibacterial
approaches allow species-specific pathogen killing with
reduced prevalence of antibiotic resistance. These approaches
demonstrate clinical translation potential for the treatment of
chronic infections.

Other forms of surface modification such as the addition
of branched poly(ethylene imine) to silver nanoclusters have
been used to selectively kill multidrug-resistance bacteria
without creating biocompatibility issues[75]. Selectivity of
the silver nanoparticles was further improved by conjugation
of the cell wall binding domain of the defined pathogen, with
minimal effect on microbiota[76]. For instance, the wall
binding domain from Bacillus anthracis (B. anthracis) was
linked to Ag nanoparticles. Such a hybrid combination was
selectively bound to B. anthracis and subsequently killed this
bacterial strain[76]. The CBD™ from B. anthracis selectively
bind to B. anthracis in a mixture with Bacillus subtilis, as well as
in a mixture with S. aureus[76]. Such a biotic-abiotic hybrid
was capable of recognizing its specific target cells in a bacteria
mixture[76]. This new biologically-assisted hybrid strategy has
the potential to selectively eradicate pathogenic bacteria, with
minimal impact on the normal microflora.

Phenylboronic acid is capable of discriminating bacterial
surfaces. This desirable property provides the incentive for the
synthesis of boronic acid-functionalized poly(amidoamine)
dendrimer (Fig. 4)[77]. In a mixture of Gram-positive

S. auerus and Gram-negative E. coli in physiological pH, this
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Fig. 4 Selective toxicity using functionalized materials that attach to specific microbes.
Schematic of the fabrication of boronic acid-functionalized poly(amidoamine) dendrimer to target Gram-positive bacteria.
Staphylococcus aureus (S. aureus) (I) and Escherichia coli (E. coli) (Il) are shown in the photograph. Reprinted from American Chemical

Aggregation on Gram-positive
bacteria

material aggregated on the S. auerus only. This is attributed
to the presence of phenylboronic acid for bacterial surface
recognition.

A cell membrane coating endows a nanoparticle core
with prolonged systemic circulation and cell-specific
targeting[78,79]. In light of this, a bacterial membrane-coated
nanosystem was prepared to enhance bacterial targeting and
uptake of rifampicin, an antibiotic that is not effective against
Gram-negative E. coli{80]. The ineffectiveness of the antibiotic
is attributed to the double-membrane structure of E. coli,
which inhibits the hydrophobic antibiotic from crossing the
membrane barrier[81]. The nanosystem was constructed by
coating the surface of rifampicin-loaded mesoporous silica
nanoparticles with outer membrane vesicles isolated from
E. coli. Because of the homologous targeting function of the
outer membrane vesicles, the E. coli-derived shell significantly
improved the uptake of the bacterial membrane-coated
nanostructures by E. coli[82]. This mode of selective targeting
was not observed in the Gram-positive S. aureus. These facts
were confirmed by the flow cytometry results and confocal
laser scanning microscopy (CLSM) images. The enhanced
uptake of rifampicin conferred the functionalized nanosilica
with superior antibacterial activity against E. coli. A single
treatment with the bacterial membrane-camouflaged system
improved the survival rate of the infected mice and reduced
bacterial load in the intraperitoneal fluid and organs in a

peritonitis mouse model[82]. This example demonstrated how
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one can design and construct an outer membrane vesicles-
coated nanosystem for the treatment of Gram-negative
bacterial infections. This innovative biomimetic improves the
antimicrobial efficacy of conventional antibiotics.
Fungi-targeting nanomaterials

The escalating annual increase in fungal infections echoes the
urgency of antifungal research[83]. Antifungal compounds
have been developed that target the fungal cell wall, especially
by inhibiting the synthesis of essential cell wall components
such as chitin, 3-1,3-D-glucan, or ergosterol[84]. Many of
these antifungal agents have their drawbacks in terms of
pharmacokinetic characteristics, bioavailability, and safety
issues[85]. Nanomaterials such as lipid nanoparticles,
liposomes, and polymeric particulates have been reported
to facilitate the safe and efficient delivery of anti-fungal
compounds[86]. For example, amphotericin B is a commonly
used antifungal agent. The liposomal formulation AmBisome
is used as a first-line clinic medication for treating fungal
infections[87]. To increase the specificity of the liposome-
AmB formulation in targeting fungi, a dectin-1 3-glucan
binding domain (known as the B-glucan receptor in humans)
was conjugated to the liposome surface[88]. As a mammalian
innate immune receptor in the plasma membrane of
leukocytes, dectin-1 binds strongly to (3-glucans on fungal cell
walls. Conjugation of this fungal targeting ligand to liposomes
resulted in significantly improved therapeutic performance and

reduction in the effective dose of amphotericin B.
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Unlike bacteria in which organelles are typically absent,
the intracellular components of fungi may also be targeted
for the selective antifungal property. Mitochondria have been
recognized as the “power factory” in cells that provide the
necessary energy for physiologic biochemical reactions. The
mitochondrial phosphate carrier protein plays a key role in
promoting mitochondrial oxidative phosphorylation through
the transport of phosphoric acid to the mitochondria[89].
Accordingly, thiohydantoin ML316 was developed that
exhibited fungal-selective inhibition of the mitochondrial
phosphate carrier Mirl. This resulted in the highly effective
killing of drug-resistant Candida species. Another agent
targeting Candida parapsilosis has also been developed by
inhibiting the splicing of group Il introns (a tertiary structure
of mitochondrial RNA)[90]. Succinate dehydrogenase, being
a crucial component of the respiratory enzyme complex,

has similarly been utilized as the target for the development

of novel agricultural fungicides[91,92]. Fig. S represents a
summary of targeting nanomaterials for the selective killing of
fungi.

There is ample research that utilizes nanoparticles for
antifungal applications. Examples include the use of ZnO
and TiO, nanoparticles for ROS-augmented pathogen
killing[93,94], as well as the use of chitosan-based
nanoparticles for the delivery of fungicides[95,96]. However,
nanomaterials that can selectively recognize specific fungal
species, or those that can differentiate the antifungal effect
from the antibacterial and cytotoxic effects on mammalian
cells are still scanty. There is pressing clinical demand for safe
and efficient antifungal agents. The development of innovative
strategies for fungal-selective killing has highly-esteemed
scientific merits and translation potential.

Azole compounds, particularly fluconazole, are the

most commonly used antifungals because they are highly

and cell lysis
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Fig. 5 Summary of targeting nanomaterials for selective killing of fungi.
Five specific targeting sites for Candida albicans (C. albicans) and associated antifungal therapies are listed. Targeting strategies for
the other three fungi, Aspergillus fumigatus, Cryptococcus neoformans, and Fusarium spp. are also shown. CRD. Chronic respiratory
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advantageous over other antifungal drugs in terms of cost,
safety, oral bioavailability, and the ability to cross the blood-
brain barrier. Unfortunately, the repeated use of fluconazole
for the treatment of fungal infections has resulted in the
emergence of multidrug resistance fungal isolates that
exhibit resistance to other azoles, such as itraconazole and
voriconazole. Recently, the study of the structure-activity
relationship of oxadiazolylthiazole antibiotics unexpectedly
led to the identification of ethylenediamine- and propylene

diamine-analogs as potential antimycotic novel lead structures.

Replacement of the ethylenediamine moiety with the cis-
diaminocyclohexyl group significantly enhanced the antifungal
activity of corresponding compounds. These compounds
showed highly selective broad-spectrum activity against 20
drug-resistant, clinically important fungi, including Candida
species, Cryptococcus, and Aspergillus fumigatus strains, without
inhibiting the human normal microbiota[97]. Table 1 shows
a summary of nanomaterials with microbial selectivity for

biomedical applications.

Table 1 Representative bioengineered nanomaterials with selectivity toxicity against microbes

Type of materials

Type of microbes

Selectivity Application References

Hollow outer membrane vesicles coated with
bovine serum albumin

Outer membrane vesicles coated with gold

nanoparticles

Chitosan nanostructures coupled with synthetic
recombinant antigens

Gold nanoparticles

Oxadiazolylthiazoles Fungi

Chitosan and its nanoparticles Fungi

TiO, nanoparticles co-doped with silver and
nitrogen
WS,/ZnO nanohybrid

Bacterial outer membrane-coated mesoporous
silica nanoparticles

Fungi

Silver nanoparticle-cell wall binding domain

ZnO nanoparticles

Gram-negative bacteria

Gram-negative bacteria

Gram-negative bacteria

Gram-negative bacteria

Gram-positive bacteria

Gram-negative bacteria

Gram-positive bacteria

Gram-positive bacteria

Infection resulting from
carbapenem-resistant [98]
K. pneumoniae in bladder

K. pneumoniae

E. coli Antibacterial vaccine [99]

E. coli Antibacterial vaccine [100]

E. coli Antibacterial vaccine [101]

Candida Treatment of fungal infections [97]

C. albicans Antifungal agent [95]

B. subtilis Antibacterial agent [94]

C. albicans Antifungal material [93]

E coli Gram—negatiye bacterial (80]
infections

B. subtilis Antibacterial agent [76]

P. aeruginosa Antibacterial agent [102]

K. pneumoniae. Klebsiella pneumoniae; E. coli. Escherichia coli; C. albicans. Candida albicans; B. subtilis. Bacillus subtilis; P. aeruginosa.

Pseudomonas aeruginosa

Immune action of antimicrobial materials:
immunomodulation and antimicrobial responses

Apart from direct killing the microorganisms by using
the aforementioned functional agents, nanomaterials can
selectively combat bacterial and fungal infections by instructing
the immune system to counterattack the invasion of pathogens.
For instance, nanomaterials may be employed as vaccine
vectors to deliver antigenic proteins aimed to trigger specific
humoral and cellular immune responses against life-threatening
multidrug-resistant pathogens. Nanostructures conjugated to
bacterial antigenic proteins can selectively induce antibacterial
immunity. Metal or chitosan nanoparticle scaffolds were
conjugated to antigens derived from the enterohemorrhagic
E. coli strain; the latter is responsible for the human hemolytic
uremic syndrome[100,101]. Preclinical in vivo administration
of these antibacterial formulations induced high serum IgG
and mucosal IgA titers. The result is correlated with significant
protection against challenges with a specific strain of the

enterohemorrhagic E. coli bacteria[ 100,101]. Reduction in the
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enterohemorrhagic E. coli intestinal colonization is an indicator
of the antigen-specific bactericidal properties of the evoked
antibodies.

A new promising strategy to fight bacterial infection exploits
the possibility of combining synthetic nanoparticles with
natural cellular materials to generate biomimetic nanoparticles
with the capability to selectively stimulate immune responses
toward a specific pathogen. Small gold nanoparticles coated
with E. coli outer membrane were used to immunize mice.
These complexes rapidly induced the maturation of dendritic
cells, activation of T cells with interferon-y (INF-y) and
interleukin (IL)-17 release, and strong and long-lasting
antibody response against bacteria[99].

Recently, outer membrane vesicles derived from
carbapenem-resistant Klebsiella pneumoniae (K. pneumoniae)
were deposited onto bovine serum albumin-coated
nanoparticles to obtain nanoparticle-outer-membrane vesicles
with enhanced stability and homogenous size. Vaccination

with these nanoparticles induced the production of high titers
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of bacterium-specific antibodies as well as in vivo protection
from lethal dose administration of antibiotic-resistant
K. pneumoniae[ 98].

Apart from their direct action on pathogens, some
nanomaterials combine selective toxicity properties
with immuno-modulating characteristics, directing the
immune system to fight bacterial infections. Antimicrobial
nanostructures can exert their immunomodulatory actions
by inducing the recruitment of immune cells to the infection
site, as well as augmenting immune responses to expedite
microbial elimination[103,104]. Pathogen-associated
molecular patterns (PAMPs) promote the functions of innate
immune cells like neutrophils, dendritic cells, macrophages,
and natural killer cells (Fig. 6a). These effector cells initiate
inflammatory responses via the secretion of soluble mediators
such as tumor necrosis factor-a (TNF-at), INF-, as well as
pro-inflammatory interleukins such as IL-1f3, IL-6, IL-12, and
IL-18[105]. Neutrophils, macrophages, and T cells are
attracted by chemokines and other soluble factors to promote
bacterial clearance through the induction of neutrophil
extracellular traps and macrophage phagocytosis.

The binding of bacterial endotoxins to Toll-like receptors
(TLRs) can be prevented by using anti-LPS peptides with high
affinity for Gram-negative LPS or Gram-positive lipoproteins,
blocking detrimental inflammatory effects (Fig. 6b). Innate
immune cell maturation prompts adaptive immune responses
inducing activation of T cell subsets with differing functions.
These cells promote bacterial clearance by opsonization of the
bacteria mediated by complement and antibodies produced by
B cells or killing of infected cells by T cytotoxic lymphocytes
(Fig. 6¢).

Some organic-based materials (e.g., polycarbonate)[106]
and inorganic nanostructures (e.g., modified Ag
nanospheres[76] and functionalized nanosilica[ 107]) are
capable of simultaneously inducing selective toxicity to specific
microorganisms and modulating the host immune system
to fight bacterial infections. For example, Ag nanoparticles
upregulate IL-1, IL-6, and TNF-a cytokines, as well as the
release of IL-1f in primary monocyte culture[108]. This,
in turn, activates many signaling pathways linked to innate
immunity. Apart from silver, other inorganic antimicrobic
materials have been shown to trigger a cascade of immune
reactions. For example, the antibacterial properties of zinc
oxide nanoparticles are attributed to the production of IL-6,
IL-1B, IL-8, and TNF-« in primary human peripheral blood
cells[109].

Some antimicrobial materials are formulated to suppress

pathogen-associated danger signals. Suppression of these

signals induces the release of anti-inflammatory cytokines and
inhibits the secretion of pro-inflammatory cytokines. Materials
with selective toxicity and intrinsic anti-inflammatory
properties are preferred for therapeutic applications. For
example, biogenic selenium nanoparticles were exploited
against antibiotic-resistant P. aeruginosa and Candida spp.
without inducing a significant increase in the secretion of pro-
inflammatory and immunostimulatory cytokines or ROS
secretion. The safety profile of these antimicrobial selenium
nanoparticles has been validated in vivo[110]. Nanocapsules
of titanium dioxide containing silver as an antibacterial agent
demonstrated potent antimicrobial activity against both E. coli
and S. aureus and even against a multidrug-resistant strain of
S. aureus without upregulation of IL-6 or co-stimulatory
markers in macrophages [111].

Metal-containing antimicrobial agents not only show
good biocompatibility with human cells by selectively killing
pathogenic bacteria without triggering inflammation, but
are also able to turn off the inflammatory processes triggered
by the pathogens themselves. As such, silver nanoparticles
were developed to fight multidrug-resistant Salmonella. The
nanoparticles possessed the ability to suppress inflammatory
reactions caused by the infection[112]. Similarly, antimicrobial
silver-containing silica nanorattles (Ag@SiO,) designed
for selective toxicity against E. coli or S. aureus were actively
uptaken by dendritic cells without affecting their vitality or
impairing immune activation upon simulation of PAMPs[113].

Macrophages also are critical cells in antimicrobial
responses. Antibacterial silver nanoparticle-loaded TiO,
nanotubes were fabricated for local delivery of Ag ions and
antibiotics. These assemblies modulated inflammatory
responses and promoted bone regeneration. These effects were
achieved by inducing the polarization of macrophages toward
an M2 phenotype, instead of an M1 phenotype. The M2
phenotype is associated with the resolution of inflammation
and healing, whereas the M1 phenotype is responsible for
chronic inflammatory responses[114].

Recent studies showed that nanosilver alters intestinal
microbiota composition and exerts intestinal anti-
inflammatory effects[115,116]. In an animal model of
ulcerative colitis and Crohn’s disease, treatment with Ag
nanoparticles reduced the number of adherent/invasive
E. coli and Clostridium perfringens, and increased the number
of beneficial Lactobacillus spp. The Ag nanoparticles also
possessed anti-inflammatory activity and suppressed
neutrophil recruitment and infiltration. These features
resulted in the amelioration of the symptoms of colitis in

these experimental models[117]. Collectively, the results
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demonstrate how materials with selective toxicity can
differently modulate the outcome of immune responses.
Synthetic antimicrobial peptides are compounds derived
from natural antimicrobial peptides such as cathelicidins,
defensins, and dermicines. They possess both antimicrobial
activity and anti-inflammatory action[118]. Endotoxins such
as LPS or lipoproteins/peptides of the bacterial envelope are
strong inductors of TLR-mediated inflammatory responses.
The lactoferricin peptide, LF11 (AA 21-32) was modified by
coupling of a C12-alkyl group (lauryl-LF11) at the N-terminus.
This resulted in the enhancement of the antibacterial action
and LPS-induced inflammation inhibition[119]. Similarly,
synthetic granulysin-derived peptides simultaneously kill both

Gram-negative and Gram-positive bacteria and neutralize the
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activity of LPS-induced cytokines[120]. B-peptide polymer
mimicking host defense peptides have the dual functions of
reducing the viability of P. aeruginosa-established biofilms
together with immunomodulation and suppression of LPS-
induced proinflammatory cytokines[121].

Synthetic anti-LPS peptides (SALPs) represent a powerful
approach to fighting bacterial infection by neutralizing LPS-
induced inflammation and sepsis. SALPs bind with high-
affinity bacterial endotoxins, such as Gram-negative LPS or
Gram-positive lipoproteins, to inhibit their binding to TLRs.
The synthetic anti-LPS Pep19-2.5 demonstrated the ability
to reduce inflammatory cytokine release, downregulate the
expression of maturation markers in both human-derived

dendritic cells and Langerhans-like cells, and inhibit dendritic
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cell migration[122]. Pep19-2.5 and its derivatives neutralized
LPS and other PAMPs derived from pathogenic bacteria in
vivo. Peptide administration in an animal model strongly
inhibited TNF-« and IL-6 release and enhanced mice survival
after sepsis-inducing toxin administration. The mode of
action of these peptides is based on the inhibition of toxin-
induced inflammation instead of bacterial killing. SALPs act
by sequestering LPS or lipoproteins, both in soluble form
or as a constituent of the bacterial cell wall. This resulted in
the blocking of their binding to TLR2 and TLR4, as well as
preventing the activation of the intracellular signaling cascades
mediated by inflammasomes. These activities help to suppress
immuneinflammatory over-reactions [123].

Bioactive peptides derived from the iron-binding protein
lactoferrin possess potent antifungal, antibacterial and
antiviral activities in conjunction with a broad spectrum of
immunomodulating proprieties. For example, the lactoferrin
(1-11) peptide possessed antifungal activity against
C. albicans and A. fumigatus. The peptide was capable of
inducing monocyte-macrophage differentiation, with
enhanced phagocytosis of the fungal pathogens. In addition,
this peptide induced the maturation of dendritic cells
upregulated the expression of human leukocyte antigens class
11, and stimulated the production of ROS, IL-6, and IL-10.
The differentiated dendritic cells, in turn, induced T helper
cell polarization towards Th17 cells to enhance host antifungal
responses|124,125].

Another class of lactoferrin peptides, the lactoferricins,
also possess an anti-inflammatory effect. The lactoferricins
are capable of neutralizing LPS and other PAMPs such as
CpG sequences of microbial origin[126]. Upon reaching the
nucleus of host cells, lactoferricin peptides act as antagonists
of LPS-activated nuclear factor (NF)-kB to downregulate the
secretion of pro-inflammatory cytokines[127].

Antimicrobial polymers represent a promising alternative
to synthetic antimicrobial peptides, having higher protease
stability and lower production costs. Along with potent
antimicrobial properties, antimicrobial polymers also have
immunomodulating properties. For example, ultra-short
triazine-based amphipathic polymers not only possess
antibacterial activities against drug-resistant pathogens,
but they also possess anti-inflammatory properties by
inhibiting TNF-a and reducing mast cell infiltration and
pro-inflammatory cytokine expression in a BALB/c model
of atopic dermatitis caused by bacterial colonization[128].
Similarly, synthetic antimicrobial 3-peptide polymers have
multiple functions. They inhibit the formation of S. aureus and

P. aeruginosa biofilms, promote the release of anti-inflammatory

cytokines and chemokines, and the production of pro-
inflammatory IL-1f3 and TNF-« that are induced by bacterial
endotoxins. These responses resemble the ones obtained in
vivo with natural host defense peptides like a-defensins and
the human cathelicidin peptide LL-37[121].

Immobilization of bioactive peptides on the surface
of nanostructures is a potent approach to potentiate the
inhibition of bacterial adhesion and block biofilm formation.
The antimicrobial KR-12 peptide was covalently immobilized
on a titanium surface via the use of a PEGylated spacer.
The KR-12 peptide demonstrated improved antibacterial
and anti-endotoxin activities, as well as anti-inflammatory
capability. They are capable of blocking macrophage activation
and reducing IL-1( and TNF-« release[129]. Some of the
antimicrobial materials and their effects on the immune system

are summarized in Table 2.

Conclusions and outlook

Long-term and disproportionate utilization of antibacterial
and antifungal agents has resulted in the resistance of
microorganisms to these agents as well as increase incidence
of side effects on beneficial microbes. Accordingly, the
development of nanoscale compounds with selective toxicity
against bacterial strains or fungi is a viable approach due to the
specific targeting of the selected microorganisms without the
undiscriminating killing of the entire microbiota. Over the last
decade, intensive efforts have been devoted to the fabrication
of novel nanostructures or the conversion of conventional
nanomaterials to those that possess a high affinity to specific
microbes.

Selective toxicity may be implemented in most
physiological systems by changing the surface functional
groups and controlling their interactions with the cellular
microenvironment. Given the unique cell wall characteristics
of Gram-positive and Gram-negative bacteria, nanomaterials
have been designed with surface-targeting moieties. These
moieties include peptides, proteins, and antibodies that are
capable of highly-specific interactions between the pathogens
and the nanoagents. These agents kill the targeted bacteria
via mechanisms such as cell membrane rupture and oxidative
stress. Biomimetic strategies such as phage-guided antibacterial
therapy and cell membrane coating for enhanced bacterial
targeting have demonstrated enlightening results in several
studies. Such strategies are rapidly becoming the avatar of
contemporary pathogen targeting. Apart from bacteria, smart
antifungal nanomaterials have been developed in which the
targeting approaches were based on the recognition of the

specific surface features of the destined fungus. The scientific
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Table 2 Some antimicrobial materials and their effects on immune system

Type of material Function Selectivity Type of effect on immune response  References
E. coli adherence proteins Antibacterial vaccine Enterohemorrhagic Humoral and mucosal immune [100]
encapsulated in chitosan NPs E. coli O157:H7 responses
E. coli outer membrane proteins Antibacterial vaccine Enterohemorrhagic Humoral and mucosal immune [101]
immobilized on gold NPs E. coli O157:H7 responses
Dendritic cell maturation, antibody
Gold NPs coated with E. coli OMVs Antibacterial vaccine E. coli response, Thl and Th17 T cell [99]
responses
gS’\,AA\—/csoated AP e B it Antibacterial vaccine K. pneumoniae Antibody response, T cell response [98]
Silver NPs Antimicrobial S. enteritidis IL-1, IL-6 and TNF-a cytokine release [107][111]
by macrophages
3-aminopropyltriethoxysilane ZnO Antimicrobial Gram-negative IL-6, IL-1B, IL-8 and TNF-a cytokine [108]
NPs bacteria release
$|Iver—cont.a|r1|ng nanocapsules of Antimicrobial E. coli. S. aureus Macrophage phagocytosis [110]
titanium dioxide enhancement
Silver-containing silica nanorattles Antimicrobial E. coli, S. aureus  DCs phagocytosis enhancement [112]
Silver NPs-loaded TiO, nanotubes Antimicrobial - Macrophage polarization towards the [113]
M2 phenotype
Anti-inflammatory activity,
) . , i - . ] suppression of LPS-induced TNF-c.
B-peptide polymer (20:80 Bu:DM) Antimicrobial P. aeruginosa Anti-inflammatory IL-1RA induction. [118]
Monocytes/macrophages recruitment
Peptide19-2.5 and Pep19-4LF . Gram-negative and Anti—inflammatory.activity. IL-6
o : Anti-LPS S reduction, expression of maturation [119]
derivative Gram-positive PP
markers and DC migration inhibition
S aureus. C. albicans Enhanced phagocytosis and DC
Lactoferrin (1-11) peptide Antimicrobial anti-LPS = s " maturation, IL-6, IL-10 cytokine [121]
A. fumigatus A
release, Th17 T cell polarization
Lactoferricin peptides Antimicrobial, anti-LPS - Anti-inflammatory activity, TNF-a and [124]
IL-6 reduction
Anti-inflammatory activity, reduce
Short triazine-based amphipathic mast cell infiltration and TGF-,
olvmers Antimicrobial P. aeruginosa TNF-«, iNOS, COX-2 levels. Regulates [125]
poly the Th1/Th2 and serum IgE and IgG2a
levels
L - Anti-inflammatory activity, modulates
KR-12 peptide immobilized on Antimicrobial S. epidermidis macrophage activation and IL-18 and [126]
titanium surfaces
TNF-o release
Anti-inflammatory activity. Reduction
Lauryl-LF11 peptide Antimicrobial, anti-LPS S. enterica of LPS-induced TNF-« release in [127]
human mononuclear cells
Granulysin-derived peptide Granl Antimicrobial, anti-LPS M. tuberculosis Macrophage phagocytosis [128]

enhancement

NPs. Nanoparticles; OMVs. Outer membrane vesicles; BSA. Bovine serum albumin; DCs. Dendritic cells; Th. T helper; IL. Interleukin;
TNF. Tumor necrosis factor; LPS. Lipopolysaccharide; iNOS. Inducible nitric oxide synthase; TGF-B. Transforming growth factor-B;
COX-2. Cyclooxygenase-2; E. coli. Escherichia coli; K. pneumoniae. Klebsiella pneumoniae; S. enteritidis. Salmonella enteritidis; S. aureus.
Staphylococcus aureus; P. aeruginosa. Pseudomonas aeruginosa; C. albicans. Candida albicans; A. fumigatus. Aspergillus fumigatus;
S. epidermidis. Staphylococcus epidermidis; S. enterica. Salmonella enterica; M. tuberculosis. Mycobacterium tuberculosis

community has devoted escalating efforts to the development
of materials with selective pathogen-killing capability. This
is achieved through rational design of the nanomaterials,
and assessment of their selectivity using highly complex
tissue/environments and/or animal models. These in-depth
investigations pave the way for the emergence of infectious
disease combating strategies with high specificity and
reduced systematic toxicity. Especially given that most clinical
infections are mainly treated empirically with antibiotics
without prior identification of the associated pathogen. With

advancements in real-time diagnosis of infectious pathogens,
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antibacterial nano-formulations with increased specificity
are designed to reduce disease burdens with lower side
effects. These experimental approaches, if translated into
clinical applications, represent exciting alternatives to replace
currently many over-used antibiotics. Nevertheless, these
experimental approaches should be aligned with the principles
of clinical trials and their associated regulations. One of the
most important principles is the green biomaterials principle.
In this regard, nanomaterials should possess bioactivity and
demonstrate no adverse effects on the physiological system as

well as the environment.
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Synthetic and biosynthetic cationic polymers have been
shown to possess microbial selectivity. The amino side
chains in polypeptides (e.g., &-polylysine) display more
potent antimicrobial activity than those with guanidine side
chains. Likewise, ethylenimines (e.g., polyethyleneimine)
display better antibacterial activity than allylamines[129].
The cationic polymers (e.g., e-polylysine and linear
polyethyleneimine) exhibit bactericidal properties against
antibiotic-resistant Gram-negative and Gram-positive
bacteria and fungi by depolarizing the cytoplasmic membrane
and disrupting biofilms[130]. In addition, electrostatic
modification of bacterial surfaces using polyelectrolytes (e.g.,
polyethyleneimine and polyallylamine hydrochloride) is a
convenient and versatile tool for biotechnological processes.
Cationic polyelectrolytes such as polyethyleneimine or
poly(allylamine) hydrochloride demonstrate specificity toward
Pseudomonas stutzeri, a Gram-negative motile soil bacterium
that causes opportunistic infections in immunocompromised
patients[131]. It is important to consider the clinical
regulations prior to proceeding with any type of experiment.
These regulations vary in different countries. In addition, in
vivo animal testing should only be performed after successful in
vitro test outcomes.

Cationic micelles produced by cationic surfactants bearing
amide moieties in spacers can efficiently kill Gram-negative
microbes such as E. coli[131]. Increases in the degree of
oligomerization can alter the antibacterial activity of these
oligomeric surfactants. Electrically-conductive polymers
(e.g., polyaniline and its derivatives, polypyrrole) doped
with cationic surfactants such as hexameric quaternary
ammonium surfactants, have been reported to possess selective
antimicrobial activity against Gram-negative bacteria.

Activation of the host’s immune system is an important
parameter to be considered for the practical application of
antimicrobial nanomaterials against human infections and
diseases. The anti-inflammatory properties of nanostructures
can help balance inflammatory reactions triggered by
bacteria cell death. This renders antimicrobial materials more
attractive than antibiotics in the combat of multidrug-resistant
infections. Pragmatically, however, the use of antimicrobial
materials with specificity for the treatment of human
infections still presents many challenges. Among them,
understanding the immunological events associated with
these nanosystems is vital for the rational design of biomedical
materials with inherent anti-inflammatory and anti-infection
properties, to simultaneously combat infections and modulate

inflammation.

Abbreviations

A. baumannii: Acinetobacter baumannii; AIE: Aggregation-induced
emission; CARG: Cyclic 9-amino-acid peptide CARGGLKSC;
CPP: Cell-penetrating peptide; E. coli: Escherichia coli; E. faecalis:
Enterococcus faecalis; F. tularensis: Francisella tularensis; IL: Interleukin;
INF-v: Interferon-v; K. pneumoniae: Klebsiella pneumoniae; LPS:
Lipopolysaccharide; MRSA: Methicillin-resistant S. aureus; NAG:
N-acetylglucosamine; NAM: N-acetyl muramic acid; OMV: Outer
membrane vesicle; Onc112: A proline-rich antimicrobial peptide;
PAMPs: Pathogen-associated molecular patterns; P. aeruginosa:
Pseudomonas aeruginosa; ROS: Reactive oxygen species; S. aureus:
Staphylococcus aureus; S. agalactiae: Streptococcus agalactiae; SNAPP:
Structurally nanoengineered antimicrobial peptide polymer; TLR: Toll-
like receptor; TNF-a: Tumor necrosis factor-«; T. thermophilus: Thermus
thermophilus.

Acknowledgements

Not applicable.

Author contributions

PM conceived the concept and designed the outline. PM and CKYY
contributed to figure design. PM, HS, CKYY, RS, ENZ, NR, WXW and
ACPS drafted the manuscript. PM, XDW, CZY and FRT revised and
edited the manuscript. All authors read and approved the final
manuscript.

Funding
Not applicable.

Availability of data and materials

Not applicable.

Declarations
Ethics approval and consent to participate

Not applicable.

Consent for publication

Not applicable.

Competing interests

The authors declare no competing interests.

Author details

'The Quzhou Affiliated Hospital of Wenzhou Medical University,
Quzhou People’s Hospital, Quzhou 324000, Zhejiang, China. ’Istituto
Italiano di Tecnologia, Centre for Materials Interfaces, Pontedera 56025,
Italy. *Australian Institute for Bioengineering and Nanotechnology,
University of Queensland, Brisbane, QLD 4072, Australia. *Paediatric
Dentistry and Orthodontics, Faculty of Dentistry, University of Hong
Kong, Prince Philip Dental Hospital, Hong Kong SAR, China. °Institute
of Biochemistry and Cell Biology (IBBC), National Research Council
(CNR), 80131 Naples, Italy. School of Chemistry, Damghan University,
Damghan 36716-45667, Iran. 'School of Engineering, Macquarie
University, Sydney, NSW 2109, Australia. ®Centre for Molecular
Medicine and Innovative Therapeutics, Murdoch University, Perth, WA
6150, Australia. Department of Pharmaceutical Technology, Faculty of
Pharmacy of University of Coimbra, University of Coimbra, 3000-548
Coimbra, Portugal. "°REQUIMTE/LAQV, Group of Pharmaceutical

813



Makvandi et al. Mil Med Res 2023
http://mmrjournal.biomedcentral.com

Technology, Faculty of Pharmacy of University of Coimbra, University
of Coimbra, 3000-548 Coimbra, Portugal. ""Department of Pulmonary
and Critical Care Medicine, Zhongshan Hospital, Fudan University
Shanghai Medical College, Shanghai 200032, China. '*School of
Chemistry and Molecular Engineering, East China Normal University,
Shanghai 200241, China. *Graduate School, Augusta University,
Augusta, GA 30912, USA.

Refe
1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

814

rences

Hernando-Amado S, Coque TM, Baquero F, Martinez JL. Defining
and combating antibiotic resistance from one health and global
health perspectives. Nat Microbiol. 2019;4(9):1432-42.

Ellabaan MMH, Munck C, Porse A, Imamovic L, Sommer MOA.
Forecasting the dissemination of antibiotic resistance genes
across bacterial genomes. Nat Commun. 2021;12(1):2435.

Zafar H, Yousefiasl S, Raza F. T-cell membrane-functionalized
nanosystems for viral infectious diseases. Mater Chem Horizons.
2023;2(1):41-8.

Abedon ST. Bacterial ‘immunity’ against bacteriophages.
Bacteriophage. 2012;2(1):50-4.

Jamaledin R, Yiu CKY, Zare EN, Niu LN, Vecchione R, Chen G, et al.
Advances in antimicrobial microneedle patches for combating
infections. Adv Mater. 2020;32(33):e2002129.

Wang CY, Makvandi P, Zare EN, Tay FR, Niu LN. Advances in
antimicrobial organic and inorganic nanocompounds in
biomedicine. Adv Ther. 2020;3(8):2000024.

Li W, Thian ES, Wang M, Wang Z, Ren L. Surface design for
antibacterial materials: from fundamentals to advanced
strategies. Adv Sci. 2021;8(19):e2100368.

Zhang X, Chen X, Yang J, Jia HR, Li YH, Chen Z, et al. Quaternized
silicon nanoparticles with polarity-sensitive fluorescence for
selectively imaging and killing Gram-positive bacteria. Adv Funct
Mater. 2016;26(33):5958-70.

Slavin YN, Asnis J, Hafeli UO, Bach H. Metal nanoparticles:
understanding the mechanisms behind antibacterial activity. J
Nanobiotechnology. 2017;15(1):65.

Makvandi P, Wang C, Zare EN, Borzacchiello A, Niu L, Tay
FR. Metalbased nanomaterials in biomedical applications:
antimicrobial activity and cytotoxicity aspects. Adv Funct Mater.
2020;30(22):1910021.

Arts IS, Gennaris A, Collet JF. Reducing systems protecting
the bacterial cell envelope from oxidative damage. FEBS Lett.
2015;589(14):1559-68.

Bertani B, Ruiz N. Function and biogenesis of lipopolysaccharides.
EcoSal Plus. 2018;8(1):25.

Lerouge |, Vanderleyden J. O-antigen structural variation:
mechanisms and possible roles in animal/plant-microbe
interactions. FEMS Microbiol Rev. 2022;26(1):17-47.

Ranava D, Caumont-Sarcos A, Albenne C, leva R. Bacterial
machineries for the assembly of membrane-embedded B-barrel
proteins. FEMS Microbiol Lett. 2018. https://doi.org/10.1093/
femsle/fny087.

Konovalova A, Kahne DE, Silhavy TJ. Outer membrane biogenesis.
Annu Rev Microbiol. 2017;71:539-56.

Ghai I, Ghai S. Understanding antibiotic resistance via outer
membrane permeability. Infect Drug Resist. 2018;11:523-30.
Gupta A, Mumtaz S, Li CH, Hussain |, Rotello VM. Combatting
antibiotic-resistant bacteria using nanomaterials. Chem Soc Rev.
2019;48(2):415-27.

Benfield AH, Henriques ST. Mode-of-action of antimicrobial

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

peptides: membrane disruption vs. intracellular mechanisms.
Front Med Technol. 2020;2:610997.

Porfirio S, Carlson RW, Azadi P. Elucidating peptidoglycan
structure: an analytical toolset. Trends Microbiol. 2019;27(7):607-
22.

Rohde M. The Gram-positive bacterial cell wall. Microbiol Spectr.
2019. https://doi.org/10.1128/microbiolspec.GPP3-0044-2018.
Rajagopal M, Walker S. Envelope structures of Gram-positive
bacteria. Curr Top Microbiol Immunol. 2017;404:1-44.

Malanovic N, Lohner K. Gram-positive bacterial cell envelopes:
the impact on the activity of antimicrobial peptides. Biochim
Biophys Acta. 2016;1858(5):936-46.

Doyle L, Ovchinnikova OG, Myler K, Mallette E, Huang B, Lowary
T, et al. Biosynthesis of a conserved glycolipid anchor for Gram-
negative bacterial capsules. Nat Chem Biol. 2019;15(6):632-40.
Angelin J, Kavitha M. Exopolysaccharides from probiotic bacteria
and their health potential. Int J Biol Macromol. 2020;62:853-65.
Gow NAR, Latge JP, Munro CA. The fungal cell wall: structure,
biosynthesis, and function. Microbiol Spectr. 2017. https://doi.
org/10.1128/microbiolspec.FUNK-0035-2016.

Garcia-Rubio R, de Oliveira HC, Rivera J, Trevijano-Contador N. The
fungal cell wall: candida, cryptococcus, and aspergillus species.
Front Microbiol. 2020;10:2993.

Hasim S, Coleman JJ. Targeting the fungal cell wall: current
therapies and implications for development of alternative
antifungal agents. Future Med Chem. 2019;11(8):869-83.

Wang Y, Yang Y, Shi Y, Song H, Yu C. Antibiotic-free antibacterial
strategies enabled by nanomaterials: progress and perspectives.
Adv Mater. 2020;32(18):21904106.

Valencia C, Martinez-Castaindn GA, Martinez-Martinez RE,
Loyola-Rodriguez JP, Reyes-Macias JF, Ora-Zarzosa G, et al.
Bactericide efficiency of a combination of chitosan gel with silver
nanoparticles. Mater Lett. 2013;106:413-6.

Antonelli M, De Pascale G, Ranier VM, Guaglianone E, Donellih
G. Comparison of triple-lumen central venous catheters
impregnated with silver nanoparticles (AgTive®) vs conventional
catheters in intensive care unit patients. J Hosp Infect.
2012;82(2):101-7.

Ehsan Z, Wetzel JD, Clancy JP, Nebulized liposomal amikacin for
the treatment of Pseudomonas aeruginosa infection in cystic
fibrosis patients. Expert Opin Investig Drugs. 2014;23(5):743-9.
Chandel NS, Scott Budinger GR. The good and the bad of
antibiotics. Sci Transl Med. 2013;5(192):192fs25.

Masri A, Anwar A, Khan NA, Siddiqui R. The use of nanomedicine
for targeted therapy against bacterial infections. Antibiotics.
2019;8(4):260.

Matsuzaki K. Control of cell selectivity of antimicrobial peptides.
Biochim Biophys Acta. 2009;1788(8):1687-92.

Bobone S, Stella L. Selectivity of antimicrobial peptides: a
complex interplay of multiple equilibria. Adv Exp Med Biol.
2019;1117:175-214.

Moran GJ, Krishnadasan A, Gorwitz RJ, Fosheim GE, McDougal
LK, Carey RB, et al. Methicillin-resistant S. aureus infections
among patients in the emergency department. N Engl J Med.
2006;355(7):666-74.

Lehar SM, Pillow T, Xu M, Staben L, Kajihara KK, Vandlen R, et al.
Novel antibody-antibiotic conjugate eliminates intracellular
S. aureus. Nature. 2015;527(7578):323-8.

Scudiero O, Brancaccio M, Mennitti C, Laneri S, Lombardo B,
De Biasi MG, et al. Human defensins: a novel approach in the



Makvandi et al. Mil Med Res 2023
http://mmrjournal.biomedcentral.com

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

fight against skin colonizing Staphylococcus aureus. Antibiotics.
2020;9(4):198.

Hussain S, Joo J, Kang J, Kim B, Braun GB, She ZG, et al. Antibiotic-
loaded nanoparticles targeted to the site of infection enhance
antibacterial efficacy. Nat Biomed Eng. 2018;2(2):95-103.

Yang S, Han X, Yang Y, Qiao H, Yu Z, Liu Y, et al. Bacteria-
targeting nanoparticles with microenvironment-responsive
antibiotic release to eliminate intracellular Staphylococcus
aureus and associated infection. ACS Appl Mater Interfaces.
2018;10(17):14299-311.

Barna JC, Williams DH. The structure and mode of action of
glycopeptide antibiotics of the vancomycin group. Annu Rev
Microbiol. 1984;38:339-57.

Wang H, Song Z, Li S, Wu Y, Han H. One stone with two birds:
functional gold nanostar for targeted combination therapy of
drugresistant Staphylococcus aureus infection. ACS Appl Mater
Interfaces. 2019;11(36):32659-69.

Vukomanovi¢ M, Zuni¢ V, Kunej S, Janéar B, Jeverica S, Podlipec
R, et al. Nano-engineering the antimicrobial spectrum of
lantibiotics: activity of nisin against Gram-negative bacteria. Sci
Rep. 2017;7(1):4324.

Yuan K, Jurado-Sanchez B, Escarpa A. Dual-propelled lanbiotic
based janus micromotors for selective inactivation of bacterial
biofilms. Angew Chem Int Ed Engl. 2021;60(9):4915-24.

Lee H, Lim SI, Shin SH, Lim Y, Koh JW, Yang S. Conjugation of
cell-penetrating peptides to antimicrobial peptides enhances
antibacterial activity. ACS Omega. 2019;4(13):15694-701.

Li J, Shang L, Lan J, Chou S, Feng X, Shi B, et al. Targeted and
intracellular antibacterial activity against S. agalactiae of the
chimeric peptides based on pheromone and cell-penetrating
peptides. ACS Appl Mater Interfaces. 2020;12(40):44459-74.
Brezden A, Mohamed MF, Nepal M, Harwood JS, Kuriakose J,
Seleem MN, et al. Dual targeting of intracellular pathogenic
bacteria with a cleavable conjugate of kanamycin and an
antibacterial cell-penetrating peptide. J Am Chem Soc.
2016;138(34):10945-9.

Dabbagh Moghaddam F, Romana BF. Application of microfluidic
platforms in cancer therapy. Mater Chem Horizons. 2022;1(1):69-
88.

Raza F, Zafar H, Khan AU, Hatami K. T-cell membrane-coated
nanomaterials in cancer treatment. Mater Chem Horizons.
2022;1(3):199-217.

Zurawski DV, McLendon MK. Monoclonal antibodies as an
antibacterial approach against bacterial pathogens. Antibiotics.
2020;9(4):155.

Le H, Arnoult C, Dé E, Schapman D, Galas L, Le Cerf D, et al.
Antibody-conjugated nanocarriers for targeted antibiotic
delivery: application in the treatment of bacterial biofilms.
Biomacromolecules. 2021;22(4):1639-53.

Alhmoud H, Cifuentes-Rius A, Delalat B, Lancaster DG, Voelcker
NH. Gold-decorated porous silicon nanopillars for targeted
hyperthermal treatment of bacterial infections. ACS Appl Mater
Interfaces. 2017;9(39):33707-16.

Yan S, Chen S, Gou X, Yang J, An J, Jin X, et al. Biodegradable
supramolecular materials based on cationic polyaspartamides
and pillar[5] arene for targeting Gram-positive bacteria
and mitigating antimicrobial resistance. Adv Funct Mater.
2019;29(38):1904683.

Brives C, Pourraz J. Phage therapy as a potential solution in
the fight against AMR: obstacles and possible futures. Palgrave

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Commun. 2020;6:100.

Onsea J, Soentjens P, Djebara S, Merabishvili M, Depypere M,
Spriet |, et al. Bacteriophage application for difficult-to-treat
musculoskeletal infections: development of a standardized
multidisciplinary treatment protocol. Viruses. 2019;11(10):891.

Ul Haq I, Chaudhry WN, Akhtar MN, Andleeb S, Qadri I.
Bacteriophages and their implications on future biotechnology: a
review. Virol J. 2012;9:9.

Dunne M, Hupfeld M, Klumpp J, Loessner MJ. Molecular basis
of bacterial host interactions by Gram-positive targeting
bacteriophages. Viruses. 2018;10(8):397.

Hopf J, Waters M, Kalwajtys V, Carothers KE, Roeder RK, Shrout
JD, et al. Phage-mimicking antibacterial core-shell nanoparticles.
Nanoscale Adv. 2019;1(12):4812-26.

Hathaway H, Ajuebor J, Stephens L, Coffey A, Potter U, Sutton
JM, et al. Thermally triggered release of the bacteriophage
endolysin CHAPK and the bacteriocin lysostaphin for the control
of methicillin resistant Staphylococcus aureus (MRSA). J Control
Release. 2017;245:108-15.

Dik DA, Fisher JF, Mobashery S. Cell-wall recycling of the Gram-
negative bacteria and the nexus to antibiotic resistance. Chem
Rev.2018;118(12):5952-84.

Lam SJ, O'Brien-Simpson NM, Pantarat N, Sulistio A, Wong EHH,
Chen YY, et al. Combating multidrug-resistant Gram-negative
bacteria with structurally nanoengineered antimicrobial peptide
polymers. Nat Microbiol. 2016;1(11):16162.

Seefeldt AC, Nguyen F, Antunes S, Pérébaskine N, Graf M, Arenz
S, et al. The proline-rich antimicrobial peptide Onc112 inhibits
translation by blocking and destabilizing the initiation complex.
Nat Struct Mol Biol. 2015;22(6):470-5.

Hu X, Huang YY, Wang Y, Wang X, Hamblin MR. Antimicrobial
photodynamic therapy to control clinically relevant biofilm
infections. Front Microbiol. 2018;9:1299.

Wang W, Hao C, Sun M, Xu L, Wu X, Xu C, et al. Peptide mediated
chiral inorganic nanomaterials for combating Gram-negative
bacteria. Adv Funct Mater. 2018;28(44):1805112.

Liu F, Ni ASY, Lim Y, Mohanram H, Bhattacharjya S, Xing B.
Lipopolysaccharide neutralizing peptide-porphyrin conjugates
for effective photoinactivation and intracellular imaging of Gram-
negative bacteria strains. Bioconjug Chem. 2012;23(8):1639-47.
Ebbensgaard A, Mordhorst H, Aarestrup FM, Hansen EB. The
role of outer membrane proteins and lipopolysaccharides for
the sensitivity of Escherichia coli to antimicrobial peptides. Front
Microbiol. 2018;9:2153.

Cantelli A, Piro F, Pecchini P, Di Giosia M, Danielli A, Calvaresi M.
Concanavalin A-Rose Bengal bioconjugate for targeted Gram-
negative antimicrobial photodynamic therapy. J Photochem
Photobiol B. 2020;206:111852.

Chen J, Li X, LiL, Zhang T, Zhang Q, Wu F, et al. Coagulation factors
VII, IX and X are effective antibacterial proteins against drug-
resistant Gram-negative bacteria. Cell Res. 2019;29(9):711-24.
Ruehle B, Clemens DL, Lee BY, Horwitz MA, Zink JI. A pathogen-
specific cargo delivery platform based on mesoporous silica
nanoparticles. J Am Chem Soc. 2017;139(19):6663-8.

Storek KM, Auerbach MR, Shi H, Garcia NK, Sun D, Nickerson
NN, et al. Monoclonal antibody targeting the B-barrel assembly
machine of Escherichia coli is bactericidal. Proc Natl Acad Sci U S A.
2018;115(14):3692-7.

Jault P, Leclerc T, Jennes S, Pirnay JP, Que YA, Resch G, et al.
Efficacy and tolerability of a cocktail of bacteriophages to treat

815



Makvandi et al. Mil Med Res 2023
http://mmrjournal.biomedcentral.com

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

816

burn wounds infected by Pseudomonas aeruginosa (PhagoBurn):
a randomised, controlled, double-blind phase 1/2 trial. Lancet
Infect Dis. 2019;19(1):35-45.

He X,YangY, Guo Y, Lu S, Du, Li JJ, et al. Phage-guided targeting,
discriminative imaging, and synergistic killing of bacteria by AIE
bioconjugates. J Am Chem Soc. 2020;142(8):3959-69.

Peng H, Borg RE, Dow LP, Pruitt BL, Chen IA. Controlled phage
therapy by photothermal ablation of specific bacterial species
using gold nanorods targeted by chimeric phages. Proc Natl Acad
SciUS A.2020;117(4):1951-61.

Krom RJ, Bhargava P, Lobritz MA, Collins JJ. Engineered
phagemids for nonlytic, targeted antibacterial therapies. Nano
Lett. 2015;15(7):4808-13.

Huma ZE, Gupta A, Javed |, Das R, Hussain SZ, Mumtaz S, et al.
Cationic silver nanoclusters as potent antimicrobials against
multidrug-resistant bacteria. ACS Omega. 2018;3(12):16721-7.
Kim D, Kwon SJ, Wu X, Sauve J, Lee |, Nam J, et al. Selective killing
of pathogenic bacteria by antimicrobial silver nanoparticlecell
wall binding domain conjugates. ACS Appl Mater Interfaces.
2018;10(16):13317-24.

Tsuchido Y, Horiuchi R, Hashimoto T, Ishihara K, Kanzawa
N, Hayashita T. Rapid and selective discrimination of Gram-
positive and Gram-negative bacteria by boronic acid-modified
poly(amidoamine) dendrimer. Anal Chem. 2019;91(6):3929-35.
Luk BT, Zhang L. Cell membrane-camouflaged nanoparticles for
drug delivery. J Control Release. 2015;220(Pt B):600-7.

Fang RH, Kroll AV, Gao W, Zhang L. Cell membrane coating
nanotechnology. Adv Mater. 2018;30(23):e1706759.

Wu S, Huang Y, Yan J, Li Y, Wang J, Yang YY, et al. Bacterial outer
membrane-coated mesoporous silica nanoparticles for targeted
delivery of antibiotic rifampicin against Gram-negative bacterial
infection in vivo. Adv Funct Mater. 2021;31(35):2103442.

Zhu N, Zhong C, Liu T, Zhu Y, Gou S, Bao H, et al. Newly designed
antimicrobial peptides with potent bioactivity and enhanced
cell selectivity prevent and reverse rifampin resistance in Gram-
negative bacteria. Eur J Pharm Sci. 2021;158:105665.

Sartorio MG, Pardue EJ, Feldman MF, Haurat MF. Bacterial outer
membrane vesicles: from discovery to applications. Annu Rev
Microbiol. 2021;75:609-30.

lkeh M, Ahmed Y, Quinn J. Phosphate acquisition and virulence in
human fungal pathogens. Microorganisms. 2017;5(3):48.

Ibe C, Munro CA. Fungal cell wall: an underexploited target for
antifungal therapies. PLoS Pathog. 2021;17(4):e1009470.
Campoy S, Adrio JL. Antifungals. Biochem Pharmacol.
2017;133:86-96.

Voltan AR, Quindds G, Alarcon KPM, Fusco-Almeida AM, Mendes-
Giannini MJS, Chorilli M. Fungal diseases: could nanostructured
drug delivery systems be a novel paradigm for therapy?. Int J
Nanomedicine. 2016;11:3715-30.

Moen MD, Lyseng-Williamson KA, Scott LJ. Liposomal
amphotericin B: a review of its use as empirical therapy in febrile
neutropenia and in the treatment of invasive fungal infections.
Drugs. 2009;69(3):361-92.

Ambati S, Ferarro AR, Kang SE, Lin J, Lin X, Momany M, et al.
Dectin-1-targeted antifungal liposomes exhibit enhanced
efficacy. Sphere. 2019;4(1):e00025-19.

McLellan CA, Vincent BM, Solis NV, Lancaster AK, Sullivan
LB, Hartland CL, et al. Inhibiting mitochondrial phosphate
transport as an unexploited antifungal strategy. Nat Chem Biol.
2018;14(12):135-41.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Fedorova O, Jagdmann GE, Adams RL, Yuan L, Van Zandt MC,
Pyle AM. Small molecules that target group II introns are potent
antifungal agents. Nat Chem Biol. 2018;14(12):1073-8.

Wang X, Wang A, Qiu L, Chen M, Lu A, Li G, et al. Expedient
discovery for novel antifungal leads targeting succinate
dehydrogenase: pyrazole-4-formylhydrazide derivatives bearing a
diphenyl ether fragment. J Agric Food Chem. 2020;68(49):14426-
37.

Wu YY, Bin SW, Zhu JJ, Long ZQ, Liu LW, Wang PY, et al. Novel
1,3,4-oxadiazole-2-carbohydrazides as prospective agricultural
antifungal agents potentially targeting succinate dehydrogenase.
J Agric Food Chem. 2019;67(50):13892-903.

Bhatt VK, Patel M, Pataniya PM, lyer BD, Sumesh CK, Late DJ.
Enhanced antifungal activity of WS,/ZnO nanohybrid against
candida albicans. ACS Biomater Sci Eng. 2020;6(11):6069-75.
Mukherjee K, Acharya K, Biswas A, Jana NR. TiO, nanoparticles
codoped with nitrogen and fluorine as visible-light-activated
antifungal agents. ACS Appl Nano Mater. 2020;3(2):2016-25.

Ing LY, Zin NM, Sarwar A, Katas H. Antifungal activity of chitosan
nanoparticles and correlation with their physical properties. Int J
Biomater. 2012;2012:632698.

Zan P, Than A, Duong PK, Song J, Xu C, Chen P. Antimicrobial
microneedle patch for treating deep cutaneous fungal infection.
Adv Ther. 2019;2(10):1900064.

Hagras M, Salama EA, Sayed AM, Abutaleb NS, Kotb A, Seleem
MN, et al. Oxadiazolylthiazoles as novel and selective antifungal
agents. Eur J Med Chem. 2020;189:112046.

Wu G, Ji H, Guo X, Li Y, Ren T, Dong H, et al. Nanoparticle
reinforced bacterial outer-membrane vesicles effectively prevent
fatal infection of carbapenem-resistant Klebsiella pneumoniae.
Nanomedicine. 2020;24:102148.

Gao W, Fang RH, Thamphiwatana S, Luk BT, Li J, Angsantikul P, et al.
Modulating antibacterial immunity via bacterial membrane-
coated nanoparticles. Nano Lett. 2015;15(2):1403-9.

Khanifar J, Hosseini RH, Kazemi R, Ramandi MF, Amani J,
Salmanian AH. Prevention of EHEC infection by chitosan nano-
structure coupled with synthetic recombinant antigen. J
Microbiol Methods. 2019;157:100-7.

Sanchez-Villamil JI, Tapia D, Torres AG. Development of a gold
nanoparticle vaccine against enterohemorrhagic Escherichia coli
0157:H7. MBio. 2019;10(4):e01869-19.

Premanathan M, Karthikeyan K, Jeyasubramanian K, Manivannan
G. Selective toxicity of ZnO nanoparticles toward Gram-positive
bacteria and cancer cells by apoptosis through lipid peroxidation.
Nanomedicine. 2011;7(2):184-92.

Hemeg HA. Nanomaterials for alternative antibacterial therapy.
Int J Nanomedicine. 2017;12:8211-25.

Heidari G, Hassanpour M, Nejaddehbashi F, Sarfjoo MR, Yousefiasl|
S, Sharifi E, et al. Biosynthesized nanomaterials with antioxidant
and antimicrobial properties. Mater Chem Horizons. 2022;1(1):35-
48.

Blanco P, Palucka AK, Pascual V, Banchereau J. Dendritic cells and
cytokines in human inflammatory and autoimmune diseases.
Cytokine Growth Factor Rev. 2008;19(1):41-52.

Nimmagadda A, Liu X, Teng P, Su M, Li Y, Qiao Q, et al.
Polycarbonates with potent and selective antimicrobial activity
toward Gram-positive bacteria. Biomacromol. 2017;18(1):87-95.
Murphy A, Casey A, Byrne G, Chambers G, Howe O. Silver
nanoparticles induce pro-inflammatory gene expression and
inflammasome activation in human monocytes. J Appl Toxicol.



Makvandi et al. Mil Med Res 2023
http://mmrjournal.biomedcentral.com

108.

109.

110.

111.

112.

113

114.

115.

116.

117.

118.

119.

120.

2016;36(10):1311-20.

Esparza-Gonzalez SC, Sdnchez-Valdés S, Ramirez-Barréon
SN, Loera-Arias MJ, Bernal J, Meléndez-Ortiz Hl, et al. Effects
of different surface modifying agents on the cytotoxic and
antimicrobial properties of ZnO nanoparticles. Toxicol In Vitro.
2016;37:134-41.

Cremonini E, Zonaro E, Donini M, Lampis S, Boaretti M, Dusi
S, et al. Biogenic selenium nanoparticles: characterization,
antimicrobial activity and effects on human dendritic cells and
fibroblasts. Microb Biotechnol. 2016;9(6):758-71.

Hérault N, Wagner J, Abram SL, Widmer J, Horvath L, Vanhecke
D, et al. Silver-containing titanium dioxide nanocapsules for
combating multidrug-resistant bacteria. Int J Nanomedicine.
2020;15:1267-81.

Farouk MM, EI-Molla A, Salib FA, Soliman YA, Shaalan M. The role
of silver nanoparticles in a treatment approach for multidrug-
resistant salmonella species isolates. Int J Nanomedicine.
2020;15:6993-7011.

Priebe M, Widmer J, Suhartha Lowa N, Abram SL, Mottas |,
Woischnig AK, et al. Antimicrobial silver-filled silica nanorattles
with low immunotoxicity in dendritic cells. Nanomedicine.
2017;13(1):11-22.

. Chen Y, Guan M, Ren R, Gao C, Cheng H, Li Y, et al. Improved

immunoregulation of ultra-low-dose silver nanoparticle-loaded
TiO2 nanotubes via M2 macrophage polarization by regulating
GLUT1 and autophagy. Int J Nanomedicine. 2020;15:2011-26.
Pietroiusti A, Magrini A, Campagnolo L. New frontiers in
nanotoxicology: gut microbiota/microbiome-mediated effects of
engineered nanomaterials. Toxicol Appl Pharmacol. 2016;299:90-
5.

Qiu K, Durham PG, Anselmo AC. Inorganic nanoparticles and the
microbiome. Nano Res. 2018;11:4936-54.

Siczek K, Zatorski H, Chmielowiec-Korzeniowska A, Pulit-Prociak
J, Smiech M, Kordek R, et al. Synthesis and evaluation of anti-
inflammatory properties of silver nanoparticle suspensions in
experimental colitis in mice. Chem Biol Drug Des. 2017;89(4):538-
47.

Brandenburg K, Heinbockel L, Correa W, Lohner K. Peptides with
dual mode of action: killing bacteria and preventing endotoxin-
induced sepsis. Biochim Biophys Acta. 2016;1858(5):971-9.
Etayash H, Qian Y, Pletzer D, Zhang Q, Xie J, Cui R, et al. Host
defense peptide-mimicking amphiphilic B-peptide polymer
(Bu:DM) exhibiting anti-biofilm, immunomodulatory, and in vivo
anti-infective activity.  Med Chem. 2020;63(21):12921-8.
Pfalzgraff A, Heinbockel L, Su Q, Gutsmann T, Brandenburg K,
Weindl| G. Synthetic antimicrobial and LPS-neutralising peptides
suppress inflammatory and immune responses in skin cells and
promote keratinocyte migration. Sci Rep. 2016;6:31577.

Correa W, Heinbockel L, De-Tejada GM, Sanchez S, Garidel P,
Schirholz T, et al. Synthetic anti-lipopolysaccharide peptides
(SALPs) as effective inhibitors of pathogen-associated molecular

121

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

patterns (PAMPs). Adv Exp Med Biol. 2019;1117:111-29.

. Van Der Does AM, Joosten SA, Vroomans E, Bogaards SJP, Van

Meijgaarden KE, Ottenhoff THM, et al. The antimicrobial peptide
hLF1-11 drives monocyte-dendritic cell differentiation toward
dendritic cells that promote antifungal responses and enhance
Th17 polarization. J Innate Immun. 2012;4(3):284-92.

Fernandes KE, Carter DA. The antifungal activity of lactoferrin
and its derived peptides: mechanisms of action and synergy with
drugs against fungal pathogens. Front Microbiol. 2017;8:2.
Gruden $, Poklar UN. Diverse mechanisms of antimicrobial
activities of lactoferrins, lactoferricins, and other lactoferrin-
derived peptides. Int J Mol Sci. 2021;22(20):11264.

Malone A, Clark RF, Hoskin DW, Power Coombs MR. Regulation
of macrophage-associated inflammatory responses by species-
specific lactoferricin peptides. Front Biosci (Landmark Ed).
2022;27(2):43.

Gunasekaran P, Meiqi F, Kim EY, Shin JH, Lee JE, Son EJ, et al.
Amphiphilic triazine polymer derivatives as antibacterial and
anti-atopic agents in mice model. Sci Rep. 2019;9(1):15161.

Nie B, Long T, Li H, Wang X, Yue B. A comparative analysis of
antibacterial properties and inflammatory responses for the KR-
12 peptide on titanium and PEGylated titanium surfaces. RSC
Adv. 2017;7:34321-30.

André J, Lohner K, Blondelle SE, Jerala R, Moriyon |, Koch MHJ,
et al. Enhancement of endotoxin neutralization by coupling of
a C12-alkyl chain to a lactoferricin-derived peptide. Biochem J.
2005;385(Pt 1):135-43.

Noschka R, Wondany F, Kizilsavas G, Weil T, Weidinger G, Walther
P, et al. Gran1: a granulysin-derived peptide with potent activity
against intracellular mycobacterium tuberculosis. Int J Mol Sci.
2021;22(16):8392.

Venkatesh M, Barathi VA, Goh ETL, Anggara R, Fazil MHUT, Ng AJY,
et al. Antimicrobial activity and cell selectivity of synthetic and
biosynthetic cationic polymers. Antimicrob Agents Chemother.
2017;61(10):e00469-517.

Song A, Walker SG, Parker KA, Sampson NS. Antibacterial studies
of cationic polymers with alternating, random, and uniform
backbones. ACS Chem Biol. 2011;6(6):590-9.

Zhou C, Wang F, Chen H, Li M, Qiao F, Liu Z, et al. Selective
antimicrobial activities and action mechanism of micelles self-
assembled by cationic oligomeric surfactants. ACS Appl Mater
Interfaces. 2016;8(6):4242-9.

https://doi.org/10.1186/s40779-023-00443-1

Cite this article as: Makvandi P, Song H, Yiu CKY, Sartorius
R, Zare EN, Rabiee N, et al. Bioengineered materials with
selective antimicrobial toxicity in biomedicine. Mil Med Res.
2023;10(1):8.

817





