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Loss of effective antibiotics through antimicrobial resistance (AMR) is one of the greatest threats to human
health. By 2050, the annual death rate resulting from AMR infections is predicted to have climbed from
1.27 million per annum in 2019, up to 10 million per annum. It is therefore imperative to preserve the
effectiveness of both existing and future antibiotics, such that they continue to save lives. One way to
conserve the use of existing antibiotics and build further contingency against resistant strains is to develop
alternatives. Non-biological complex drugs (NBCDs) are an emerging class of therapeutics that show
multi-mechanistic antimicrobial activity and hold great promise as next generation antimicrobial agents.

Received 28th February 2022, We critically outline the focal advancements for each key material class, including antimicrobial polymer
Accepted 6th June 2022 materials, carbon nanomaterials, and inorganic nanomaterials, and highlight the potential for the
DOI: 10.1039/d2mh00254; development of antimicrobial resistance against each class. Finally, we outline remaining challenges for

their clinical translation, including the need for specific regulatory pathways to be established in order to
rsc.li/materials-horizons allow for more efficient clinical approval and adoption of these new technologies.
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penicillin in the 1920s, antimicrobial resistance (AMR) has been
observed towards every class of antibiotics to be discovered.'
Indeed, AMR is an ancient phenomenon and microbial commu-
nities are preconditioned to become resistant to most conventional
antibiotics through millennia of evolution.>* Recent overuse and
misuse of antibiotics has seen an unprecedented rise in both
the frequency and diversity of drug-resistant, multidrug-resistant,
extensively drug-resistant, and pandrug-resistant strains.>® Looking
ahead, we are now on track to see AMR become our next evermore
significant pandemic, defined as the spread of an infectious disease
across multiple continents. Among other factors, the ready
availability of antibiotics and poor antibiotic use regulation have
been identified as key contributing factors for driving AMR.® Our
ability to manage AMR risks is limited by lack of knowledge and
poor surveillance.>” Furthermore, AMR is not only limited to the
health domain; it is also closely connected to the agricultural and
environmental domains, calling for a One Health approach for
tackling the spread of AMR.”® The World Health Organization
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anticipates that AMR infections alone will lead to over 10 million
human deaths annually by 2050, likely overtaking the cumulative
mortality rate of all cancers combined. Additionally, in contrast
to more deadly non-infectious diseases such as ischaemic heart
disease and stroke, the threat of untreatable infectious diseases is
arguably far greater threat to our social fabric. As evidenced by the
current global viral pandemic, the risk of communicable transmis-
sion of infectious agents associated with social contact and human
mobility forces the restriction of social interactions, human migra-
tion, and trade, which have drastic socioeconomic impacts. There-
fore, effectively managing AMR threats now and into the future will
be critical for preserving not only human lives, but also livelihoods
and wellbeing in our modern interconnected world.

Materials scientists are at the forefront of this challenge and
will have a significant role to play in the development of
intervention and monitoring technologies for tackling AMR.
Three key areas in which advances in materials science are
already showing great promise are in new therapies for the
elimination of resistant pathogens, new coating technologies
that destroy and prevent the formation of microbial biofilms,
and sensing technologies for the diagnosis, monitoring, and
surveillance of AMR. For example, materials intervention tech-
nologies include incorporation of antibiotics into coatings and
devices to achieve localized and sustained delivery, as well as
textured or patterned surfaces that topologically resist biofilm
formation.” ™!

In this Review, we exclusively focus on solution-based
therapeutic and disinfectant materials that are in development,
which fall under the category of non-biological complex
drugs (NBCDs). NBCDs are complex non-biologically derived
drugs comprising high molar mass and/or nanoparticulate
structures.’? Unlike small molecules, NBCDs are ill-defined
and cannot be easily characterized or described by conventional
physiochemical means. For example, these include polymers
and polymeric nanoparticles, inorganic nanomaterials, and
carbon-based nanomaterials, as well as hybrid materials com-
prized of two or more different NBCD classes. They may also
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contain small molecules/biologics through conjugation or
loading within the structure. The broad range of antimicrobial
NBCD materials discussed as part of this Review have far more
complex structures than small molecule drugs. They are typically
heterogeneous and difficult to fully characterize or precisely
define by physiochemical means. Even simple homopolymer
samples cannot be considered homo-molecular, as they contain
a broad distribution of different polymer chain lengths and may
contain different end group functionalities between chains,
which can impact their solution behavior."® Similar to biologic
drugs that are derived from living organisms and are dependent
on the host organism or expression system employed, the activity
profile of these complex materials is highly dependent on the
manufacturing process utilized. They contrast with biologics
though, given they are derived from synthetic processes and
typically do not have precise or sequence-defined structures. To
reflect the unique profile of these complex materials (Table 1)**
the term NBCD was coined’” and appears to have gained
traction. Note that whilst biologics can also include highly
complex agents such as whole blood, cells, and tissues, for the
purposes of this comparative discussion throughout this article,
we only include isolated proteins, DNA/RNA, and polysacchar-
ides, as biologic drugs that more closely resemble both NBCDs
and small molecules.

While the novel properties of NBCDs underly their unique
mechanisms of action, it is these same properties that can
hinder their regulatory approval. Herein, we describe each
NBCD material’s attributes and challenges, including opportu-
nities for development of AMR towards these agents, before
discussing alternatives to existing regulatory pathways, which

View Article Online
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could occur to allow these materials to reach the market more
effectively.

2. Resistance, AMR, tolerance,
and persistence

Organisms can be intrinsically resistant to an antibiotic (natural
antibiotic resistance), can become resistant to an antibiotic in
certain environmental situations e.g. in biofilms (situational
resistance), or organisms can acquire resistance through genetic
modification (antimicrobial resistance, AMR). AMR arises if an
organism obtains genes from other species (genetic transfer) or
by accumulating mutations in their genome, see Fig. 1.'®"
There are a number of distinct mechanisms that confer AMR
to organisms. The organism may contain modified antibiotic
drug targets such that vital microbial processes targeted by the
antibiotic can continue. Examples include modification of
the penicillin-binding proteins responsible for peptidoglycan
synthesis, which imparts resistance towards p-lactams; ribosomal
mutation and/or methylation to impart resistance towards
ribosome-targeting aminoglycosides, oxazolidinones, and strepto-
gramins; and modifications in the active sites of enzymes respon-
sible for metabolic processes, such as to impart resistance
towards antibiotics that act as enzyme inhibitors.">"” Organisms
may upregulate enzymes that directly inactivate antibiotics, most
notably exemplified by B-lactamase expression in pathogens
resistant to the B-lactam class of antibiotics,"® encompassing
penicillin derivatives, cephalosporins, monobactams, carbape-
nems, and carbacephems. The organism may produce drug efflux

Table 1 Overview of the typical key characteristics of small molecule, biologic and non-biological complex drugs. Adapted from Muhlebach®® (Creative

Commons CC-BY)

Property Small Molecules

proteins, DNA)

Defined Biologics (e.g.

Other Biologics (e.g.
polysaccharides)

Non-Biological Complex
Drugs

Molar Mass Low (<500 kDa)

High (range 5-900 kDa)

Simple, well defined, not

Structure
defined by synthetic route

Complex, well defined,
defined by process

Complex, heterogeneous, defined by manufacturing
process

Modifications Well-defined chemistry

Many possible modification options

Chemical synthesis, or
purification from
plants/animals

Manufacturing

Produced in living cells or organisms

Chemical synthesis and
physical processing

Structural Efficacy

. Chemical structure only
Determinants

May require both chemical
and 3D structure

Distributions of chemical and 3D structures may
determine overall efficacy

Immunogenicity Mostly non-immunogenic

Mostly immunogenic Immunogenicity varies

Copy characteristics

Monodisperse copies can be made easily

Mostly too challenging and impractical to ensure
monodisperse copies
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Fig. 1

Illustrative outline of various ways that an organism can be resistant to an antibiotic (A—C) and the concept of tolerance and persistence.

(A) Schematic showing different characteristics of natural resistance including intrinsic resistance and induced resistance. (B) Illustration showing genetic
characteristics of AMR including horizontal gene transfer and genetic mutations. (C) Schematic showing examples of situational antibiotic resistance.
(D) Schematic of the differences between resistance, tolerance, and persistence. Key: alive (green) and dead (red) bacteria are shown, as well as a foreign

resistant (sub)species (blue), in the presence of an antibiotic (red squares).

1619 to facilitate the removal of antibiotics from the

pumps
microbial cell, thereby preventing them from reaching their
intended drug target. Finally, the thickening and modification
of barriers such as the cell wall, thereby limiting drug perme-
ability, has also notably been observed in Staphyloccocus aureus
resistance towards vancomycin.>

Often when AMR occurs as a result of genetic transfer from
one microbe to another, the resistance genes accumulate on
extracellular DNA (plasmids) that encode resistance to other
classes of antibiotics, heavy metals, or biocides. In this
instance, co-selection of AMR can occur through selection
pressure from any of the other genes on the plasmid.”*

Microbes can also become resistant to an antibiotic through
changes in their immediate environment (i.e. situationally
resistant, Fig. 1C). In this instance, the resistance is only
observed when the microbe is within that environment, for
example within intracellular environments, where the pathogen
may be imparted temporary resistance by virtue of its infiltration
within the host cell.’> A further example is when microbes
are encapsulated within biofilms, which are surface-adhered
communities each surrounded by a self-secreted matrix of
extracellular polymeric substances (EPS).>*** Microbes within
biofilms are typically significantly more resistant to antibiotics
than when in their planktonic form, owing to the additional
protection imparted by the EPS and neighbouring microorganisms

This journal is © The Royal Society of Chemistry 2022

(Fig. 1C).>* Note that situational resistance is not AMR as no genetic
changes have occurred and the resistance is only transient based
on the environment of the microbe. The distinction between these
three forms of resistance (natural, acquired, and situational) is
important when discussing new therapeutics, as the mechanisms
by which pathogens avoid destruction, as well as their ability to
gain and pass on their resistance, must be considered in order to
design effective antimicrobial materials. Although described in
terms of resistance, whether the resistance is intrinsic, as a result
of AMR, or through changes in the microbes’ environment, for all
of the classes above a distinction can be made between the
microbes’ tolerance, resistance, and persistence towards antimicro-
bial treatments. Higher resistance relates to a lower effectiveness of
a given antibiotic (Ze. higher minimum inhibitory and biocidal
concentrations), whereas higher tolerance relates to a longer
required drug exposure time (Fig. 1D, LHS).>> Therefore, tolerant
and non-tolerant strains can be equally susceptible to an antibiotic
at the same minimum inhibitory concentration, but the tolerant
strain will require a longer exposure for biocidal activity at a given
concentration (Fig. 1D, LHS). This is an important consideration
for antibiotics that rely on metabolic or growth processes, because
species that transiently exhibit slow or interrupted growth, for
example in their lag or stationary phase, will exhibit tolerance
towards such antimicrobial mechanisms.?® Furthermore, biofilms
display both antimicrobial resistance and tolerance.*® Interplay

Mater. Horiz., 2022, 9, 2076-2096 | 2079


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2mh00254j

Open Access Article. Published on 15 June 2022. Downloaded on 1/23/2026 6:44:57 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Horizons

between resistance and tolerance is also of particular importance
when designing combination therapy strategies.””

Persistence occurs when a small subset of a drug-susceptible
microbial cohort survives treatment with high levels of anti-
biotics, despite being clonal and absent of any additional
resistance mechanism (Fig. 1D, RHS).>>?® The surviving pers-
ister cells can subsequently repopulate the cohort to yield a
clonal, drug-susceptible population. Although still debated,?®
persister cells have been attributed to having dormant or low-
level cellular processes, which aids their survival, however
evidence is emerging that suggests that offspring of persister
cells have greater susceptibility for genetic mutations and can
contain greater subpopulations of antibiotic-resistant mutants
than those from untreated controls.>

High priority species that have developed AMR are the ESKAPE
pathogens, encompassing Enterococcus faecium, Staphylococcus
aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudo-
monas aeruginosa, and Enterobacter spp.”® However, situational
resistance mechanisms such as biofilm formation can be near-
universally adopted by all microbial species. Therefore, whilst
situational resistance mechanisms are of concern in healthcare
settings, it is the rising occurrence of AMR observed in ESKAPE
pathogens that is of the most concern. However, situational
mechanisms provide a protective platform for greater survival of
AMR pathogens and facilitate propagation of AMR genes through
less effective antibiotic exposure. Therefore, we propose that a
systematic approach for targeting both forms of resistance is
imperative for curtailing the rise of AMR more generally.

Finally, although less studied, AMR amongst fungal pathogens
is increasingly recognized as a key emerging threat for human
health.*"**> Drawing parallels with bacterial AMR, fungal AMR is
driven by factors such as nosocomial outbreak transmission,
which aids the spread of fungal AMR, and the use of subther-
apeutic concentrations or inadequate exposure of antifungal
drugs, including large scale use of fungicides in agriculture.*>
However, key differences include the fact that fungi have higher
fidelity species boundaries, meaning there is currently limited
evidence for horizontal gene transfer, and homologous recombi-
nation dominates as the primary mechanism. This means that
AMR genes must generate individually for each species-drug
combination, slowing the global rate of AMR development
amongst different species, and there is currently no evidence
supporting a pan-kingdom fungal “resistome”.*” Despite these
differences, fungal AMR infections are estimated by the CDC to
hospitalize 75 000 patients per year and are an increasing threat in
the wake of the COVID-19 pandemic, where SARS-CoV-2 infection
has been observed to be a comorbidity or risk factor for resistant
fungal infections.**?*

3. New antimicrobial NBCDs as
therapeutics and biocides
Alternatives to conventional small molecule antibiotics are

urgently required. New antimicrobial chemistry that exhibits
similar mechanisms of action to previously designed antibiotics

2080 | Mater. Horiz., 2022, 9, 2076-2096
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drives selection of resistance in pathogen populations through
existing AMR mechanisms. Therefore, compounds or materials
with a broad suite of antimicrobial mechanisms acting synergis-
tically, or those that employ entirely new antimicrobial mechan-
isms, are critically required. The knowledge that pathogens can
readily achieve resistance to small molecule antibiotics is driving
strong healthcare policy to protect new antibiotics. The conse-
quence of this is that return on investments are not sufficient to
drive discovery and development of new antibiotics, which we
will not discuss here as there have been several detailed texts and
recent commentaries on this topic.*>”°

As an alternative to small molecule antibiotics, there is growing
interest in the use of unconventional antimicrobial materials,**™>*
including, for example, natural and synthetic peptides,*®>* anti-
microbial enzymes,”> and bacteriophages,”®>® as well as lipid-
based antibiotic delivery vehicles.’® In this paper we focus on
specific subsets of these unconventional antimicrobial materials:
polymeric compounds, carbon-based nanomaterials, and inorganic
nanomaterials, each of which are discussed below.

3.1 Antimicrobial polymers and polymer nanoparticles

3.1.1 Polycationic materials. The majority of antimicrobial
polymeric therapeutics that have emerged in the past decade
include polycationic species such as chitosan,®® or synthetic
polycations (typically primary, secondary, tertiary amines,
quaternary ammonium salts, and guanidinium, iminium, or
phosphonium salts).****®162 The latter are designed based on
antimicrobial peptides found in nature but are proteolytically
stable and low-cost in comparison to antimicrobial peptides.
This class of compound have been shown to be effective against
fungi,®® Gram-positive and Gram-negative bacteria,’>***> and
mycobacteria,®® including bacteria with resistance against
methicillin,®® vancomycin, and colistin,®” as well as multidrug
resistance.®”®® Furthermore, their efficacy against (poly)micro-
bial biofilms® and intracellular bacteria’®> has also been
verified.

3.1.1.1 Polycation mechanisms and modes of action. Polycations
primarily exhibit similar antimicrobial function to antimicrobial
peptides, initially interacting with the bacteria via electrostatic
interaction with anionic microbial membrane components,
followed by facilitating cell lysis by disrupting the cell membranes
(Fig. 2B). Although bacteriolysis has been understood to be the
main mechanism for most materials in this class, some examples
have been observed where no membrane lysis occurs®®”
indicating that other mechanisms are also possible. Furthermore,
such polycations also show promise against fungal pathogens, for
example cationic RAFT polymers were found to be effective
against fungal biofilms,”® as well as cross-kingdom fungal/bacter-
ial mixed biofilms,”" outperforming conventional antifungals in
each case.

New elucidation of the complex and synergistical mechanisms
for polycation antimicrobial activity has recently been
examined.®”””* Employing super-resolution fluorescence micro-
scopy, Locock and co-workers observed significant uptake of
fluorescently tagged polycations containing either amine or

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Structures and mechanisms of action of antimicrobial polymeric materials, as well as some described associated resistance mechanisms.
(A) General structures and functions of polymeric antimicrobial materials. (B) Possible antimicrobial mechanisms of action including bacteriolysis through
membrane disruption (i), leading to downstream stress signalling (ii), interaction of antimicrobial species with intracellular targets such as DNA and
functional proteins (iii), release of antimicrobial compounds such a NO, oxidative halogen species, or conventional antibiotics (iv), some of which can
often be converted into higher oxidation biocidal species (v), oxidative damage to membranes or essential biomolecules (vi), recruitment of host
lymphocytes (vii) and mammalian cell entry to treat intracellular infections (viii). (C) Resistance mechanisms include modification/inactivation of
trafficking systems to prevent biocide entry (i), inactivation of biocidal species using small molecule scavengers (i), and modification of membrane lipid

composition to reduce its interactions with polycations (iii).

guanidine side chain moieties, in contrast to neutral hydro-
philic controls, into S. epidermidis.”* Using selective viability
staining techniques, the authors deduced that in addition to
disrupting bacterial membranes and causing leakage of ATP,
the polymers also had possible intracellular targets such as
nucleic acids, which led to their antimicrobial activity.”*
These observations are broadly in agreement with those
reported by Reynolds and Qiao et al. for E. coli treated with
star-like cationic poly(peptide)s.®” The authors found that
membrane association and disruption was a key antimicrobial
mechanism, with some evidence of intracellular entry. The
antimicrobial activity of these agents could be tapered by the
addition of lipopolysaccharides, demonstrating the strong
association between the star-like polymers and bacterial
membrane components. In an in vivo model, the authors
demonstrated that these synthetic polymers could also elicit
neutrophil recruitment to the infection site of colistin-resistant

This journal is © The Royal Society of Chemistry 2022

and multidrug resistant (CMDR) A. baumannii infected mice,
thereby providing evidence for both direct (bacteriolytic) and
indirect (neutrophil recruitment) antimicrobial mechanisms.®?

3.1.1.2 Development of AMR against polycations. To date, a
number of studies have demonstrated that the acquisition of
resistance towards such polycationic agents is negligible even
after repeated exposure over many generations at sublethal
concentrations.’”*®”> For example, the minimum bactericidal
concentration (MBC) of the aforementioned star-like cationic
polypeptides did not significantly rise even after the exposure of
600 bacterial generations to sublethal polymer concentrations.®”
Similarly, Yan, Hedrick and Wu et al found that sublethal
exposure of A. baumannii to guanidinium-functional polycarbo-
nates did not induce a change in minimum inhibitory concen-
tration (MIC) after 30 passages.”” Furthermore, unlike for the
imipenem B-lactam control, repeated exposure to these polymers

Mater. Horiz., 2022, 9, 2076-2096 | 2081
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did not induce a transcriptional response to known resistance
pathways, and polymer-exposed bacteria showed significantly
fewer differentially regulated genes than the antibiotic control.”®
3.1.2 Nitric oxide-releasing polymer materials. More
recently, polymers that sustainably release the gasotransmitter
and antimicrobial compound, nitric oxide (NO), have been
investigated as antimicrobial materials.”®”® Typically, function-
alization of primary or secondary amine-functional polymers
(to form N-diazeniumdiolates) or thiol-functional polymers
(to form S-nitrosothiols) provides a facile route towards such
NO-releasing materials.”®”® When fabricated to release high NO
dosages, these NO-releasing materials have been shown to
exhibit broad-spectrum activity against Gram-positive and
Gram-negative bacteria,”” even within established biofilms.”® '
There are many small molecule NO-donors already in clinical
trials for indications such as the treatment of osteoporosis and
wound healing,®* and at least three small molecule NO-donors
having gained clinical approval for treating acute angina,
congestive heart failure and high blood pressure, and high
intraocular eye pressure in patients with glaucoma.®?

3.1.2.1 NO-Releasing materials mechanism and modes of
action. NO exhibits a range of antimicrobial mechanisms. As
a free radical compound, *NO reacts readily with proteins,
nucleic acids, lipids, and other cell components, interfering
with metabolic pathways.”® Furthermore, NO can react with
endogenous species to form higher oxidation compounds such
as S-nitrosothiols (RSNO, such as S-nitrosoglutathione), nitrogen
dioxide ("NO,), and dinitrogen trioxide (N,05), amongst others.**
The interplay between these numerous chemical species and the
multiple drug targets with which they can interfere creates
a complex and broad suite of antimicrobial mechanisms.
However, whilst effective at high doses, low levels of NO are
not biocidal, and can even give rise to increased bacterial
protection against conventional antibiotics.®

3.1.2.2 Development of AMR against NO-releasing materials.
NO is a gasotransmitter synthesized endogenously by many
bacteria, and consequently microbial mechanisms exist to
manage exposure to this molecule. Therefore, it is feasible that
microbes could develop mechanisms to overcome higher, toxic
levels of NO. Natural resistance mechanisms against NO
include the production of scavenging thiols such as glutathione
(and possibly other small molar mass thiols such as mycothiol
and trypanothione), which sequester the reactive nitrogen
species.®* For example, Salmonella typhimurium produces
homocysteine. Mutants lacking the ability to produce homo-
cysteine are hypersusceptible to treatment with S-nitrosothiols,
suggesting that homocysteine production leads to increased
resistance to NO.5® It is also plausible that blocking the entry of
NO or the NO donor may further lead to resistance, as has been
reported for S. typhimurium mutants with an inactivated
specific peptide trafficking system, which showed higher resis-
tance towards S-nitrosothiols.®” These examples highlight a
potential means for development of AMR against NO. For a
more detailed overview of these defence mechanisms against
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NO, the reader is referred to the following text.** However,
despite these mechanisms the multiple toxicity mechanisms of
NO provide substantial hurdles for organisms to develop resistance
to this drug. This notion was supported by Schoenfisch and
co-workers, who found no significant increase in MIC for a
range of different bacterial species exposed to one round of
inhibitory, sublethal quantities of NO-releasing silica nano-
particles, as well as repeated exposure to sub-inhibitory
concentrations for up to 20 passages.®® Given the low passage
numbers in this study, further studies on resistance development
for newly developed NO-releasing material systems are required to
confirm whether resistance is possible at higher NO levels.

3.1.3 Polymeric N-halamines. One further emerging class
of antimicrobial polymers are a class of halogen-releasing
polymers, N-halamines, which have shown particular promise as
disinfectants and in paint formulations.***® These compounds
contain labile nitrogen-halogen (N-X) bonds, formed for example
through the reaction of nitrogen species with bleach in the case
of N-chloramines, which when cleaved release antimicrobial
oxidative halogen species such as CI" species.®**° These materials
have been shown to exhibit low mammalian toxicity, high
aqueous nitrogen-halogen stability,”® and high efficacy against
Gram-positive and Gram-negative bacteria,”"** including efficacy
against various multidrug-resistant bacteria with resistance
towards gentamycin, colistin, ciprofloxacin and/or ampicillin.*?
They also exhibit the ability to regenerate the active N-X species
after initial use through subsequent reaction of the spent
nitrogen-functional material with oxidative halogen reagents
(e.g. sodium hypochlorite).**%*

3.1.3.1 Polymeric N-halamine mechanism and modes of action.
In spite of the moderately weak bond dissociation energies of
N-X bonds such as N-CI (200 k] mol ") and N-Br (243 kJ mol "),
N-halamines are stable in aqueous solution.”® Their antimicro-
bial properties are thought to arise from transfer of oxidative
halogen ions (e.g. Cl' or Br') from the N atom of the N-halamine
to the microbial cell wall upon direct contact, followed by
oxidation, as opposed to aqueous dissociation of the N-X bond
followed by diffusion of X" through the media to reach the
microorganism.”® Indeed, polymeric N-halamine nanoparticles
were found to be effective after 24 h incubation in an organic-
rich medium, as well as after several exposures of media
inoculated with E. coli (effective after 6 repeated exposures over
9 days) or S. aureus (effective after 9 repeated exposures over
12 days). In contrast, NaOCl itself showed a minimum biocidal
concentration of 0.36 M after it had been exposed to the
non-inoculated organic-rich medium, 33 times that of the
N-halamine nanoparticles.”® Using E. coli containing biolumi-
nescence lux genes fused to stress response signals, Margel
and Banin et al, demonstrated that sub-lethal exposure to
N-halamine nanoparticles triggered sodA and micF genes asso-
ciated with oxidative stress, implying oxidative stress as the
biocidal mechanism. In contrast to the non-chlorinated nano-
particle control, the N-halamine particles formed specific inter-
actions with the bacteria, as well as forming oxidative hydroxyl
radicals during the antimicrobial process.”"
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3.1.3.2 Development of AMR towards polymeric N-halamines.
These polymeric N-halamine species are active against multiple
microbial targets,””®" giving rise to synergistic antimicrobial
activity. Therefore, the ability of a pathogen to develop resistance
mechanisms is thought to be unlikely. To our knowledge no
direct studies on resistance development towards N-halamine
polymers have been performed, however studies on small mole-
cule N-halamines have shown no increase in MIC after repeated
exposure to subinhibitory concentrations.”” Greater study of
AMR development against polymeric N-halamines would be
highly valuable to the field.

3.1.4 Multi-modal polymeric materials. Synergistic materials
with more than one antimicrobial chemistry or functionality have
also shown promise as improved therapeutics,”® including
polycationic materials grafted to chitosan,”'% polycations with
NO-releasing functionality,'* and cationic N-halamine polymer-
based therapeutics."® These polymer materials, which elicit
multiple modes of antimicrobial action against multiple drug
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targets, are extremely valuable when designing therapeutics to
minimise the risk of development of AMR.

3.2 Carbon nanomaterials

A range of materials based on carbon nanostructures are being
developed as antimicrobial materials (Fig. 3).*"**%%1%* These
are broadly categorized by their dimensionality, being either 0D
(e.g. fullerenes, carbon dots), 1D (e.g. carbon nanotubes), 2D
(e.g. graphene-based nanosheets), or 3D (e.g. sp>-hybridized
nanodiamonds). These materials show efficacy against
Gram-positive and Gram-negative bacteria, and fungi'®>'**
including (myco)bacterial strains with acquired multidrug-
resistance.'®*'% For example, both 1D and 2D carbon nano-
materials prevent M. tuberculosis infection by destruction of
bacteria prior to infection, preventing intracellular entry of the
bacteria, and inducing a host immune response.'®® The specific
antimicrobial activity of these materials is highly dependent on

Fig. 3 Structures and mechanisms of action of antimicrobial carbon nanomaterials, as well as some known associated resistance mechanisms.
(A) General structures of common antimicrobial carbon nanomaterials. (B) Possible antimicrobial mechanisms of action including bacteriolysis through
“nanoknife” membrane disruption (i), physical wrapping of microbes by 2D nanosheets (ii), photodynamic ROS production upon light irradiation (iii),
damage of intracellular targets such as DNA and functional proteins (iv), oxidative damage to membranes or essential biomolecules (vi), recruitment of
host lymphocytes (vi) and photothermal damage upon light irradiation (vii). (C) Resistance mechanisms include modification of membrane lipid
composition to improve its mechanical resilience towards nanomaterial-induced rupture (i), enzymatic modification of nanomaterials through oxidation
or other processes (ii), and adaptation through envelope stress responses (indicated by yellow danger signs) and subsequent horizontal gene transfer (iii).
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their physicochemical properties, including size, aspect ratio,
conductivity, and presentation of surface functional groups.

3.2.1 Common mechanisms and modes of action of carbon
nanomaterials. The antimicrobial mechanism of carbon nano-
materials frequently involves either damage to the microbial
cell wall and membrane or encapsulation and physical isolation
of the bacteria from the surrounding environment.'®>"
Non-covalent interactions with DNA and functional proteins that
physically prevent metabolic function have also been proposed,
as well as chemical mechanisms of action, including oxidative
stress, predominantly through the generation of reactive oxygen
species (ROS) upon irradiation with light (known as photo-
dynamic therapy).*"*® For example, fullerenes are 0D spherical
carbon nanomaterials that undergo a transition to a short-lived
excited state upon light exposure, which subsequently decays to
an excited triplet state.® This triplet state can then form ROS
such as singlet oxygen and superoxide in the presence of
molecular oxygen, giving rise to strong bactericidal activity
through cleavage of microbial DNA.'® ROS-producing cationic
fullerenes have also shown promise against fungal pathogens
such as C. albicans."*®

1D carbon nanomaterials include both single-walled and
multi-walled carbon nanotubes (SWCNTs and MWCNTSs,
respectively). These elongated structures show potential as
antimicrobial agents but there is growing consensus that the
SWCNT morphology is vital for exhibiting strong antimicrobial
behavior, with MWCNTs showing negligible or only minor
antimicrobial activity.*"'%® In carbon nanotubes, dimensional
aspects such as the diameter and length play a major role in
determining activity, in addition to surface functionality,
with higher aspect ratio materials able to puncture bacterial
membranes. This latter mechanism is sometimes referred to as
"% 1t has been proposed that
nanotubes may also be less effective towards rod-shaped
bacteria for this reason. As with fullerenes, production of ROS
upon photoirradiation is also possible, with SWCNTs exhibiting
greater ROS production than both MWCNTs and fullerenes.

2D carbon nanomaterials include graphene-based nanosheets,
which are the thickness of a single carbon atom. As with 1D
materials, the aspect ratio plays a major role in determining
antimicrobial activity, with those with higher density of edges
typically exhibiting higher activity through a nanoknife
mechanism.™" Chen and co-workers compared the antimicrobial
activities of micron-sized graphite (Gt) and graphite oxide (GtO)
dispersions, with those of 2D graphene oxide (GO) and reduced
graphene oxide (rGO) nanosheet dispersions, against E. coli'">
The authors demonstrated that while all formulations showed
activity, GO and rGO nanosheets showed superior biocidal
activity. They found that each nanosheet showed distinct inter-
actions with bacteria, with GO typically forming thin sheets
wrapping individual bacteria, whereas rGO formed large bacterial
aggregates. Contrary to fullerenes, no materials investigated
generated significant superoxide species, however each of the
materials caused ROS-independent oxidative stress through
glutathione oxidation. This was particularly true of rGO, which
gave near quantitative in vitro glutathione oxidation after 2 h.

the “nanoknife” mechanism.
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The results indicated that both oxidative stress and stress on
bacterial membranes caused by interaction with sharp nanometre-
thin edges and corners were responsible for the high antimicrobial
activity of GO and rGO dispersions.'** Additionally, certain 2D
graphene-based materials, as well as 0D fullerenes and 1D
carbon nanotubes, can exhibit photothermal activity, whereby
they produce a highly localized heating effect when irradiated
with near infrared light, which has been shown to be effective
against a range of Gram-positive and Gram-negative bacteria,
including methicillin-resistant S. aureus."*

3D carbon nanomaterials such as nanodiamonds have been
less commonly studied as antimicrobial agents, yet their
potential as therapeutics has recently become evident. The
preparation and antimicrobial properties of these emerging
materials are covered in detail in the following dedicated
text."™*

3.2.2 Development of AMR towards carbon nanomaterials.
There have been a number of studies which conclude that
resistance or tolerance towards carbon nanomaterials is inevitable.
Xia and co-workers identified that Gram-negative Ochrobactrum sp.
altered their membrane fluidity in response to various carbon
nanotubes by increasing the relative amount of saturated vs
unsaturated fatty acids in the membrane.'"” Similarly, S. aureus
and Bacillus subtilis were able to increase their branched chain
fatty acids relative to their linear chain counterparts, which
negated carbon nanotube toxicity.''> Similar fatty acid modula-
tion was observed after Pseudomonas putida and B. subtilis
were exposed to Cg, fullerenes.'™® Alongside adaptation of the
bacterial membrane, microbial modification of the nanomaterial
has also been observed. For example, Trabusiella guamensis,
isolated from an industrial waste disposal site and further
enriched in the presence of MWCNTs, exhibited high resistance
to MWCNTSs by using peroxidase enzymes to oxidize the surface of
the MWCNTs.""”

Very recently, Zhang et al. demonstrated that E. coli exposed to
sublethal concentrations of graphene oxide over 200 passages
resulted in significant alterations to both the transcriptome and
the metabolic behavior through activation of an induced envelope
stress response.”'® These adaptations allowed improved survival
in harsh oxidative and low pH environments and facilitated
greater pathogenicity through increased biofilm formation
and extracellular protease release, greater bacterial invasion and
intracellular survival, and greater macrophage inflammatory
response.””” This study highlights the unforeseen impact of low
levels of such nanomaterials in the environment, with serious
implications for human and animal health. With the rising
interest in the use of carbon nanomaterials for environmental
applications,'* such as pollution prevention, environmental sen-
sing, high flux membranes and filtration, and as sorbents, as well
as their use and disposal in electronic applications, the impact of
this increased usage should be carefully considered in the context
of the broader implications of such use.

3.3 Inorganic nanomaterials

A wide range of inorganic nanomaterials with antimicrobial
activities have been extensively studied (Fig. 4), such as those

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Structures and mechanisms of action of antimicrobial inorganic nanomaterials, as well as some known associated resistance mechanisms.
(A) Examples of morphologies and elemental classes of common antimicrobial inorganic nanomaterials. (B) Possible antimicrobial mechanisms of action
including bacteriolysis through membrane disruption (i), leaching of toxic cations (i), ion mimicry through displacement of native ions in metalloenzymes,
thereby leading to enzyme inactivation (iii), photodynamic production of ROS (iv), which can lead to damage of intracellular targets such as DNA and
functional proteins (v), and photothermal damage upon light irradiation (vi). (C) Resistance mechanisms include modification of membrane lipid
composition to improve its mechanical resilience towards nanomaterial-induced rupture (i), production of adhesive proteins that flocculate
nanoparticles and reduce ion leaching (i), adaptation of ion efflux pumps to remove intracellular ions (iii), and microbial processes that reduce toxic

ions into relatively more inert neutral metal particles (iv).

based on Au, Ag, Cu, Co, Cr, Fe, Ga, Mg, Mo, Se, Ti, V, W,
and Zn, amongst others, including oxides and/or sulfides
thereof.">'?°'*> Each elemental class has been reviewed in
detail elsewhere and as such, herein we will discuss these
generally, using specific examples to highlight their various
modes of action before discussing the likelihood of antimicro-
bial resistance development towards such materials.

3.3.1 Common and element-specific mechanisms and
modes of action of inorganic nanomaterials. Inorganic nano-
materials have a range of mechanisms for enacting antimicrobial
activity. Depending on the element employed, these include
(photodynamic) ROS-generation, photothermal local heating,
physical membrane disruption, modulation of electron and proton
cellular influx and efflux, damage to DNA and functional proteins,
binding to ribosomes, and the leaching of toxic ions from the
nanomaterial.”® Some of these mechanisms are commonly
observed across a range of nanoparticles, yet some are more
bespoke and are only observed for particular elemental classes.

This journal is © The Royal Society of Chemistry 2022

Ion release from metal and metal oxide/sulfide nano-
particles is a prominent antimicrobial mechanism for a range
of elemental classes."** Cationic metal ions are uptaken into
microbial cells using both direct transport and co-transport (i.e.
alongside other small molecules bound to the metal ion)
mechanisms.'*® Once uptaken, the ions act primarily through
interfering with metabolic processes, for example through mole-
cular exchange with cofactors naturally present in metalloen-
zymes in phenomenon known as molecular or ionic mimicry.'**
Many ions are toxic to mammalian cell processes, hence identi-
fying those specific to microbial processes is a key challenge
when developing antimicrobial metallic nanomaterials.

Ag nanomaterials are the most broadly used with the greatest
knowledge of efficacy and toxicology."**™**” A complete under-
standing of all the antimicrobial mechanisms of Ag-based
nanomaterials is still yet to be achieved, however it is primarily
the silver ions that are active. Ion mimicry is not a major
mechanism of action for silver ions, however these silver ions
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interact with membrane constituent proteins and enzymes, and
with DNA and RNA, while the nanoparticles themselves result in
compromized bacterial membrane permeability and can also
generate reactive oxygen species (ROS).'*® Ag nanoparticles are
effective against a wide range of drug-susceptible, drug-resistant
and multi-drug resistant bacteria, both when used alone and in
combination with conventional antibiotics."* Though less
reported, Ag nanomaterials are also effective against fungal
pathogens, with silver-induced mitochondrial dysfunction and
apoptotic features driven primarily by ROS and the production of
hydroxyl radicals.'*® Even though colloidal silver has been used
extensively,"*! resistance development towards Ag-based materi-
als has also been widely reported, as will be discussed briefly
later in the next subsection.*»'*®'3> While the antimicrobial
properties of other ions are well known, a shift towards using
other colloidal inorganic nanoparticles to replace silver, such as
copper, has been brought into question, with some articles
pointing to their limited direct antimicrobial activity.'** Here,
the authors deduced that the antimicrobial properties of copper
nanoparticles result solely from soluble ion leaching.'*?
However, further studies are needed to elucidate the relative
importance of the various possible antimicrobial mechanisms in
these materials and beyond.

Outside of Ag-based materials, typical ROS-producing metal
nanoparticles exist in two main classes: catalysts that can
facilitate Fenton-type autooxidation reactions, most notably
Fe-, Cu-, Cr-, V-, and Co-based nanoparticles, and those that
can undergo photodynamic ROS-production upon photo-
irradiation, most notably TiO, and ZnO.**** For Fenton catalysts,
antimicrobial properties arise from metal-mediated production of
hydroxyl radical species, produced from endogenous hydrogen
peroxide. Conversely, photodynamic species such as TiO, and
ZnO, upon activation by photoirradiation with UV or visible
light sources, can either convert water to hydrogen and oxygen,
subsequently producing ROS, or they can generate radicals at the
material surface, subsequently producing hydroxyl radicals upon
transfer to the surrounding water.”>*> ROS subsequently cause
oxidative stress through radical reactions with metabolic enzymes,
membrane components, and nucleic acids, thereby giving rise
to antimicrobial activity.*> Similarly to Ag nanoparticles, other
ROS-producing particles like ZnO show activity against fungal
pathogens.'?*

Plasmonic nanoparticles such as Au, CuS, and MoS,, exhibit
photothermal activity,""* whereby photoexcitation of electrons
produces a highly localized heating effect through non-radiative
relaxation. This localized heating often reaches several hundred
degrees and causes nanosized bubbles of steam to form at the
particle surface,'* which can physically rupture membranes, as
well as imparting thermal stress on microbes. Photothermal
antimicrobial therapy has been demonstrated to be effective
against a wide range of drug-susceptible and drug-resistant
microbial pathogens.'™

Ga-based materials are a somewhat unique class of inor-
ganic materials that target microbial siderophores, a specific
microbial ion-transport mechanism for gaining intracellular
entry.*® Siderophores are Fe'"-chelators secreted by bacteria
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and fungi to facilitate uptake of Fe from their surroundings.
Siderophores also bind and transport Ga™ jons with high
specificity. Once inside the cell, Ga™ replaces Fe'™ in Fe™-
binding sites, including in metalloenzymes, causing metabolic,
respiratory, and DNA synthesis failures."*®

Beyond simple elemental nanoparticles, mixed metallodrug
compounds such as the class of polyhedral metal oxide clusters,
polyoxometalates (POMs), also show promise as antibacterial
materials."*” These compounds are similarly highly tunable in
their size, shape, and composition. Their broad-ranging
mechanisms of action have been outlined elsewhere.*” Only a
few POMs, including polyoxotungstates, polyoxomolybdates, and
polyoxovanadates, show direct antimicrobial activities, however
a broader range can be used synergistically with conventional
antibiotics."*”

3.3.2 Development of AMR against inorganic nanomaterials.
A range of microbial resistance mechanisms have been identified
for both inorganic ions and nanomaterials. Resistance towards
metal ions include production of ion efflux pumps,'*® as well
as reduction of ions to comparatively inert metal® species."*®
Non-lethal doses of ROS (generated from metal nanoparticles
or otherwise) can induce the onset of these resistance
functionalities.””® Development of resistance against
mimicking materials such as Ga ions is likely to be challenging,
considering that the intracellular toxicity of Ga™ ions through
displacement of Fe™™ is broad-ranging and somewhat random.
However, further studies are required to assess this. Indeed,
increased tolerance of microbial communities towards metal ions
has been observed in heavily contaminated soils."*’

Development of resistance against both Ag nanoparticles
and Ag" ions has been observed in a number of pathogenic
species.'**!*! Resistance mechanisms include production of an
adhesive protein (flagellin) that promotes aggregation of Ag
nanoparticles thereby reducing rates of ion leaching,'** as well
as mechanisms that reduce the anionic charge of the cell wall,
and other envelope stress response mechanisms.'*® Resistance
to metal nanoparticles can also occur when microbes alter
cell wall fatty acid composition, preventing the nanoparticles
penetrating, or disrupting, the cell wall."*>**" For example,
Heipieper and co-workers observed a significant rise in the
trans/cis isomeric ratio of unsaturated fatty acids present in
Pseudomonas putida upon exposure to increasing concentra-
tions of both Ag nanoparticles and Ag' ions, which was
proposed to be an adaptive defence mechanism for overcoming
silver-induced stress."*!

ion-

3.4 Delivery vehicles for repurposing existing antibiotics and
hybrid materials

Outside of the materials mentioned above, a smaller range of
NBCD materials have been designed to deliver conventional
small molecule antibiotics more effectively in order to subvert
microbial resistance mechanisms or provide a pathway for
improved or targeted local administration, thereby repurposing
these existing drugs. These typically include polymeric prodrugs
(sometimes referred to as “drugamers”),"*>'** self-assembled
polymeric nanoparticles and nanogels,**"**'** hollow inorganic

This journal is © The Royal Society of Chemistry 2022
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particles such as mesoporous silica nanoparticles,
drug conjugates of metallic nanomaterials.*> The advantage of
these vehicles is that the mechanism, pharmacology and toxicity
profile of the released active antimicrobial component is well-
established, bearing in mind that these characteristics are still at
risk of modification through the nature of the formulation itself,
typically by design. These delivery vehicles provide targeted
uptake or improved uptake through size or shape considera-
tions, sustained release kinetics, and occasionally provide a
platform for avoiding resistance mechanisms such as drug efflux
or degradation. For example, the use of metallic nanoparticles
has been shown to block efflux pumps, thereby synergistically
enhancing and reviving the efficacy of conventional
antibiotics.""” Reviews on the use of nanopatrticles to overcome
typical resistance mechanisms can be found in the following
dedicated texts.'*”'*®

Targeted delivery can be used to improve the effectiveness of
antibiotics against pathogens with situational resistance, such
as those within biofilms or intracellular environments. For
example, Stayton et al. designed a highly effective prodrug to
treat intracellular lung infections where bacteria reside within
host alveolar macrophages'*® by conjugating mannose-
functional polymers via both acid-labile and intracellular
protease-cleavable linkers to ciprofloxacin, a potent antibiotic
with poor pharmacokinetic properties. The mannose compo-
nent greatly improved uptake into alveolar macrophages owing
to the abundance of macrophage mannose receptors on macro-
phage cell surfaces; the intracellular specific protease-cleavable
linkers ensured sustainable delivery of the antibiotic inside the
local intracellular environment. The residence time of the
released antibiotic inside the macrophages could be greatly
increased relative to the free antibiotic, thereby prolonging the
time during which the drug was above an effective biocidal
concentration. When intratracheally administered into a lethal
Francisella novicida intracellularly infected mouse model, these
polymer prodrugs could increase the cohort survival from 0%,
observed using the free antibiotic, to up to 100%, demonstrating
the great influence of targeted and highly localized delivery for
treating inherently resistant infections."** Similarly, Wang and
Hu et al. developed mannose-functional polymer nanogels with a
selectively bacterial enzyme-degradable poly(phosphodiester)
core loaded with vancomycin.'*® These nanogels were stably
taken up by macrophage mannose receptors and then degraded
by intracellular phosphatase/phospholipase-secreting bacteria,
to release the antibiotic intracellularly. This targeted delivery
and on-demand bacteria-triggered release resulted in a 3-log
reduction in intracellular MRSA viability, whereas vancomycin
alone was ineffective at the same drug loading.

Nanoparticles designed to enable greater penetration and
controlled release of antibiotics into established biofilms have
also been developed. Strategies for achieving this include
targeting of tissues within the infected site, and the introduction
of stimuli-responsive functionality to allow specific drug release
within the biofilm environment such as in response to changes
in pH, enzymes, chemical concentration, or redox state.">>""
Furthermore, biofilms are susceptible to physical disruption and
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thermal ablation, which allows for the application of materials
that can respond to external stimuli, such as magnetic fields,
light, and ultrasound, which may play a synergistic role with
antibiotic release.'®® For example, superparamagnetic iron oxide
nanoparticles (SPIONs) exhibit magnetic hyperthermia proper-
ties, whereby the particles convert the energy of a magnetic field
into thermal energy.'*” This property has been shown to improve
their penetration into established biofilms and increase the
lethality of such materials,">® as well as increasing the efficacy
of conventional antibiotics when used in combination with
SPIONs upon exposure to magnetic fields.'>*

Photothermal materials have also been used to facilitate
antibiotic delivery. For example, Braeckmans and co-workers
showed that laser-induced photothermal heating of Au nano-
particles resulted in formation of nanobubbles at the particle
surface, which disrupted microbial biofilms and enhanced
three-fold the efficacy of tobramycin against both Gram positive
and Gram negative species.'*® Similarly, Chen and Smeltzer et al.
developed poly(dopamine)-coated Au nanocages loaded with
daptomycin, which were conjugated to an antibody specific for
S. aureus protein A.'>® These bound to the cell surface of the
bacterium and upon photoirradiation, enacted synergistic
photothermal therapy and antibiotic release. Contrary to dapto-
mycin alone, which was only effective after 24 h, treatment with
these nanocages led to an immediate 6-log to 8-log reduction in
methicillin-susceptible and methicillin-resistant S. aureus, which
was sustained over a 24 h period post-irradiation. Non-loaded Au
nanocages were effective after initial irradiation but did not
prevent the regrowth of the susceptible bacteria 24 h post-
irradiation, thus highlighting the synergy of these two mechan-
isms employed by the drug-loaded nanocages. Finally, these
drug-loaded nanomaterials resulted in an immediate (0 h) and
sustained (24 h) 7-log reduction in biofilm viability upon photo-
irradiation, in contrast to daptomycin alone, which showed
negligible efficacy against such biofilms."*

Outside of delivering small molecule antibiotics, NBCDs and
other drug delivery platforms can also be used to deliver
biologics like enzymes,"** > creating antimicrobial compounds
locally on demand. Meier et al. prepared polymeric nanoreactors
containing penicillin acylase and a porin (outer membrane
protein F) to allow diffusion of small molecule substrates into
the internal lumen."® Using a prodrug approach, building block
substrates could enter the lumen allowing in situ biosynthesis
and local release of the antibiotic cephalexin.'”® Blackman and
Locock et al. prepared polymeric nanoreactors containing the
antimicrobial enzyme glucose oxidase, which produced hydro-
gen peroxide in response to glucose."”® These nanoreactors
showed a 5-log reduction in planktonic bacterial viability in both
Gram-positive and Gram-negative bacteria (S. aureus, E. coli,
K. pneumoniae, and S. epidermidis), as well as retaining the
encapsulated enzyme’s activity against established biofilms
formed by methicillin resistant S. aureus."”® Building in complexity,
Stevens et al. prepared dendrimersomes (vesicles formed by
amphiphilic dendrimers) loaded with both glucose oxidase and
myeloperoxidase."® These enzymes act in a cascade, eventually
resulting in the formation of highly biocidal hypochlorite ions

Mater. Horiz., 2022, 9, 2076-2096 | 2087


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2mh00254j

Open Access Article. Published on 15 June 2022. Downloaded on 1/23/2026 6:44:57 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Horizons

(TOCl). The dual-loaded dendrimersome nanoreactors showed
potency against multidrug resistant S. aureus and P. aeruginosa,
which was not observed for dendrimersomes containing
glucose oxidase alone.’® Encapsulation of biologics into
semi-permeable nanocontainers in this way allows the activity
and specificity of the biologic to be retained, while enhancing
their stability in vivo and reducing immunogenicity."®® For an
overview of vesicular nanocontainers used in antimicrobial
applications, the reader is referred to this dedicated text by
Sun et al.'®

The above examples highlight some of the ways in which
nanomaterials can better facilitate delivery of conventional
antibiotics and antimicrobial biologics, thereby providing
potential for overcoming situational and natural antibiotic
resistance, as well as reducing the antibiotic dosage, reducing
selection pressure that facilitates the spread of AMR. Aside
from the antimicrobial properties of the nanomaterials them-
selves, they are able to act synergistically with conventional
antibiotics, as well as with other non-conventional therapeutic
components, such as hybrid materials comprized of metal-
carbon, metal-polymer, and polymer-carbon combinations.’®

4. Regulatory pathways and
challenges for NBCDs

A lack of tailored regulatory pathways for NBCDs poses a major
challenge to their translation. A summary of the potential
approval pathways for NBCDs in a European and US context
is provided in Table 2 and discussed in the following sections.
Note that this is intended only as a review of some of the
possible regulatory pathways and is not intended to serve as
advice for translation of any therapeutic agent.

4.1 European regulatory pathways for new medicines

Centralized European market approval of medicines is overseen
by the European Medicine Agency (EMA). The registration of
any new active substance for use in humans, including NBCDs,
involves filing an ‘Originators Full Application’ as detailed in
article 8(3) of Directive EMA/821278/2015.'%*'%%%> This includes
a full dossier of pharmaceutical (biological and physicochemical)
and non-clinical (pharmacological and toxicological) tests, clinical
trial results and any supportive published literature. There are
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also related application pathways for new medicines summarized
by Article 10a (well-established use), 10b (fixed combination) and
10c (informed consent) where existing data on products is taken
into consideration.

4.2 European regulatory pathways for off-patent medicines

Bodies that seek European market approval for off-patent
medicines can undertake abridged applications that do not
require the same breadth of primary evidence. There are three
potential pathways (Directive 2001/83/EC article 10(1) Generics,
10(3) Hybrids, or 10(4) Biosimilars) for off-patent medicines,
dictated by the medicine class.'®>"**'® The first, 10(1) generics,
includes medicines with the same active substance, in the same
amount, with the same pharmaceutical form and bioequivalence.
This pathway avoids the need for additional non-clinical tests or
clinical trials. The Hybrid pathway (10(3)), is relevant for medi-
cines that do not adhere to the definition of a generic, where
bioequivalence cannot be demonstrated, or where there are
changes to aspects such as therapeutic indication, route of
administration etc. These applications can utilize some results
from the initial reference medicine application in combination
with additional non-clinical and/or clinical studies (where appro-
priate). Follow-on biological products that do not meet the criteria
of a generic and are similar to an initial reference biological
medicine are assessed via the 10(4) biosimilars pathway. This
process recognizes that differences in starting materials or man-
ufacturing processes can have an impact on the medicine’s final
biological profile. The application must be supported by appro-
priate non-clinical or clinical studies as well as a comparability
exercise to demonstrate similarity to the reference product.

None of these follow-on regulatory directives specifically
cater for the NBCD class. A recent study, in fact, saw great
variance in the selected pathway for approval for NBCD follow-
ons, with 56% applying via Generic, 37% by Hybrid and 5% via
the Biosimilar pathways. The authors did note, however, a
recent trend towards the hybrid category.'®® Such heterogeneity
in the regulatory pathways taken could have significant impacts
on the safety of these medicines.

4.3 US regulatory pathways for new and off-patent medicines

The US system for market approval, administered by the Food &
Drug Administration (FDA) is structured differently to the EU,

Table 2 Overview of the European EMA and US FDA regulatory pathways. Compiled from information within Gasper,*®? Hussaarts'®® and Mulbech 164

Body Legislation

Type of medicines Originator (full dossier)

Off-patent (abbreviated)

European Medicines Agency
(EMA) centralized pathway

Annex I of directive Small molecule,
2001/83/EC

US Food & Drug Administration Food, Drug & Small molecule
Cosmetics Act
US Food & Drug Administration Public Health

Service Act

Biologic

2088 | Mater. Horiz., 2022, 9, 2076-2096

Stand-alone application
biologic and other Article 8(3) (also articles 10a, Article 10(1)
10b & 10c)

New drug application (NDA)
505 (b) (1) (also 505(b) (2))
Biologic license application
(BLA)

351 (a)

Generics application

Hybrid application

Article 10(3)

Biosimilar application

Article 10(4)

Abbreviated new drug application (ANDA)
505 (j)

Biologics price competition &

innovation act (BPCI)

351 (k)

This journal is © The Royal Society of Chemistry 2022
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which causes further uncertainty. There are two different
statutes governing this process, each encompassing an origi-
nator and a follow-on arm. The first, falls under the Food, Drug
& Cosmetics Act and is for small molecule drugs. The second,
falls under the Public Health Services Act, and is for biologic
drugs. Neither has been specifically catered to the unique
properties of NBCDs." *%*

Given that NBCDs by nature are not derived from a biologi-
cal source, they fall under the Food, Drug & Cosmetics Act.
Originator medicines seeking market approval under this act
are required to submit a full New Drug Application under 505 (b)
(1) or 505 (b) (2)."** Both applications require a full report on the
drug’s animal and clinical trial results, potential drug abuse
information, manufacturing, patient information and proposed
labelling.*®” The main difference between these pathways is that
505 (b) (2) can rely on previous study results, while 505 (b) (1)
requires primary data.

Similarly, NBCD off-patent drugs are forced to adhere to the
abbreviated new drug application pathway for approval, given they
are not derived from biological sources. Approval at this stage
requires evidence of a therapeutic equivalence to the originator'®®
through demonstration of pharmaceutical equivalence and
bioequivalence.'®® Pharmaceutical equivalence is evidenced
by results from the administration of the same amount of an
identical drug and dosage form, via the same route of admin-
istration. Bioequivalence is focussed on pharmacokinetic
aspects, such that the same amount of drug is available at
the target site when administered at the same molar dose and
conditions as the originator drug. Give the properties of
NBCDs, one or both of these aspects can be near impossible
to demonstrate, greatly restricting the potential for follow-on
NBCDs to find market approval.'®*

4.4 Outlook for antimicrobial NBCD market approval

The lack of regulatory pathways that specifically cater for the
physical and biological profiles of NBCD medicines represents
a significant concern. Alignment to a small molecule approval
process can fail to adequately emphasize the relationship
between the manufacture process and its influence on the final
attributes of an NBCD. In the context of this article, this could
mean that patients may simply not have access to new anti-
microbial NBCDs currently in preclinical development, or to
safe, effective, and affordable off-patent equivalents. For tech-
nological advancements more generally, this has often been
referred to as “the pacing problem”, where technological
innovation is increasingly observed to outpace the relatively
incremental changes in applicable laws and regulations."®
Indeed, there may also be a negative feedback loop whereby
the lack of fit-for-purpose regulatory pathway stunts further
innovation in the complexity of AMR materials design.
Certainly, it is expected that the pace in innovation required
to overcome challenges associated with rapidly growing AMR
will increasingly need to outstrip the pace of regulatory and
legal amendments. Alongside economic barriers of antibiotic
development, whereby the acute use profile of these drugs does
not allow sufficient opportunity to recoup costs of research and
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development,®”*%'7° these barriers will be further compounded
by the lack of regulatory pathways that cater to NBCDs. If we are
to see the full potential of antimicrobial NBCDs for AMR,
we will first need to develop an evaluation of the regulatory
pathways governing them.

4.5 Materials design considerations for NBCD translation

As discussed, currently no specific NBCD translation pathway
exists, whereby the dispersity in the materials’ size, shape,
surface chemistry, and overall chemical composition is
considered. However, one could envision a new or modified
pathway that requires a full understanding of the complex
relationships between physicochemical and pharmacological
properties, catered to NBCDs. A specific pathway should require
extensive characterization of NBCDs conducted using carefully
considered complementary techniques. These techniques
should include characterization of the materials at various
hierarchical length scales, from the individual chemical compo-
nents up to the 3D assembled nanostructure.***”*

On the component level, for polymers, traditional chemical
characterization techniques such as NMR, FTIR, and UV/Visible
spectroscopy should be conducted to obtain average chemical
composition. However, further analysis may be required such
as understanding the monomer sequence for copolymers by
obtaining reactivity ratios, as well as characterizing the end
group functionality and fidelity. Molar mass distributions
should also be obtained using size exclusion chromatography
(SEC) fitted with refractive index, UV/Visible, or multiangle
laser light scattering (MALLS) detectors. Newer paired in-line
detection techniques such as SEC-NMR, SEC-FTIR, and SEC-
fluorescence, among others can provide further information on
the chemical distribution throughout the length distribution of
a polymer. For carbon nanomaterials, chemical aspects such as
the wrapping conformation of nanotubes should be obtained,
as well as their electronic bandgap properties. Furthermore, the
oxidation state and any residual functional groups remaining
or introduced following a particular chemical process should
be ascertained. Similarly, for inorganic NBCDs, trace elemental
analysis should be conducted as well as understanding the
distribution of oxidation states. If crystalline materials are
used, the crystal structure should be obtained using X-ray
diffraction techniques.

For nanoparticles, statistical assessment techniques should
be employed that give structural information on the global
distribution throughout the sample, such as one or more from
dynamic and static light scattering, small angle X-ray and
neutron scattering, and fluorescence correlated spectroscopy
in the case of fluorescent materials. Additionally, zeta potential
measurements should be conducted to reveal the average
particle surface charge. Careful selection of these techniques
should be conducted to ensure that the critical parameters that
give optimal bioactivity and pharmacological properties can be
accurately and reliably characterized. Many of these techniques
are capable of analyzing over a billion particles in a single
measurement to ensure statistical relevance. These should be
coupled with microscopy techniques such as one or more from
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dry state, cryo-, or liquid-cell transmission electron microscopy,
atomic force microscopy, and scanning electron microscopy,
among others, and paired with elemental in-line techniques
such as energy-dispersive X-ray spectroscopy (EDX) or electron
energy loss spectroscopy (EELS) to determine composition with
spatial resolution. Conversely, these techniques can only be
practically used to analyze hundreds of particles per sample,
however they reveal new information when used in conjunction
with the aforementioned statistical assessment techniques. The
gain of additional information on the materials’ properties
using complementary techniques is well established to be
greater than the sum of information gained from individual
techniques.*”*

The physicochemical properties of NBCDs, and their asso-
ciated size, shape, and chemical dispersities, can have dramatic
effects on pharmacological outcomes such as biodistribution,
efficacy, clearance, stability, toxicity, etc."> Owing to the com-
plexity of these parameters, simple NBCDs with minimally hier-
archical designs, narrow dispersity (in size, shape, chemistry, etc.),
and easily quantifiable key characteristics, show the greatest
potential for translation. Unlike small molecules where multiple
synthetic routes can afford compounds with identical physico-
chemical properties, the properties of NBCDs are strongly
reliant on their manufacturing process. Validation of the process
repeatability and reproducibility is also vital, therefore simple
manufacturing processes with as few synthetic/fabrication steps
as possible will again afford materials with the least variation and
easiest route to clinical approval.

5. Remaining challenges and
opportunities for antimicrobial NBCD
materials

Even though a range of promising therapeutic materials have
emerged from the academic literature, significant challenges
limit their commercialization for clinical use. For many of these
materials, considerable work is required to meet the standards of
reproducibility of fabrication currently required for regulation.
These regulations were designed for small chemical drugs and
require clearly defined material composition and distribution,
which is a significant challenge for economically priced NBCDs.
For example, colloidal silver has been used extensively as additive
materials for catheters, and for use in various other biomedical,
medicinal, and consumer products.*** However, the commercia-
lization of silver nanomaterials for clinical use remains limited,
owing to historical irreproducibility and batch-to-batch variability
preventing approval for clinical use from the Food and Drug
Administration (FDA)."*' Similar regulations have been imposed
by the Therapeutic Goods Administration (TGA) in Australia, as
well as the European Commission."*" Even if reproducible and
non-variable materials could be fabricated, current regulation
would require defining and quantifying each mechanism of
action. The broad mechanisms of action that make these agents
so advantageous also make it challenging to define precise mechan-
isms, off-target effects, residence halflife, and biodistribution
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required for regulatory approval. Hence, “‘the pacing problem”
discussed in the previous section acts as a significant barrier
for their clinical approval and adoption.

For carbon nanomaterials and certain inorganic nanomaterials,
safety concerns have been raised, both from the perspective of
medical use but also their potential to damage and persist in the
environment.'”® In particular, materials that exhibit non-specific
mechanisms of action involving physical “nanoknife” disruption
of membranes and the production of ROS, issues around hemo-
toxicity and cytocompatibility may restrict clinical translation.
Similarly, although some optimized examples of cationic anti-
microbial polymers have been developed, the membrane-
rupturing mechanism introduces risk for the development and
translation of new materials in this class, particularly for in vivo
systemic applications."”* Indeed, a detailed predictive toxicological
paradigm has been proposed over a decade ago for polycationic,
inorganic, and carbon nanomaterials,"”* linking material proper-
ties and behavior in in vitro toxicological assays to in vivo scenarios
using detailed compiled quantitative structure-activity relationship
data. Establishing such predictive models for all new antimicrobial
therapeutics, linking their structure and more easily accessible
in vitro analysis data to both their in vivo behavior and environ-
mental adverse toxicological risks, would allow more rapid and
generalized in  silico screening of new antimicrobial
nanomaterials."”>"”

The lack of degradability of many of the materials presented
above poses a serious risk of extended environmental persis-
tence. This is a particularly important risk when considering
their possible widespread non-clinical use. Options for
removing such antimicrobial materials from wastewater run-
off after use are expensive and are not typically implemented in
existing water treatment plants, and hence these long-lasting
materials will enter and persist in the environment, likely
having significant impacts on soil communities."”® Environ-
mental persistence of compounds with antimicrobial activity
will increase selection pressure and drive the evolution of AMR.

Finally, technical application-specific challenges also
remain, particularly for stimuli-responsive materials. For example,
whilst the photodynamic mechanism found for some carbon
nanomaterials appears to be useful as an “on-demand” therapeu-
tic approach for clinical applications, the path for effective
translation of this technology into the clinic is wunclear.
Major unmet requirements for such approaches include the
development of technologies to increase the depth of penetration
of light (or given stimulus) into tissue, as well as methods to
limit undesirable thermal damage/toxicity of the surrounding
mammalian tissue. Important advances for these materials may
include the design of colocalized energy transfer systems that give
greater specificity over the spatiotemporal therapeutic control.
Additionally, advances in light delivery systems may emerge from
fields outside of materials chemistry, such as medical photonics.

As discussed in the previous section, globally there is a lack
of unified regulations for NBCDs, often forcing an alignment to
small molecule pathways, that do not adequately address how
NBCD properties and manufacturing processes effect their
activity profiles."®>'®” There are also further issues governing
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the approval of NBCD off-patent drugs. Off-patent drugs, also
termed ‘generic’ or ‘follow on’ drugs enter the market following
the expiration of market exclusivity for an originator drug.
Given the established nature of the originator drug, there is a
much lower level of preclinical and clinical data to support
their approval, sufficient only to prove therapeutic
equivalence."®>'*>'%® This typically allows companies to pro-
vide these off-patent drugs at a much more competitive price
than the originator. This is important for deriving broader
patient access to this class of drug and reducing costs to the
healthcare system. The current pathways for off-patent drugs
can easily be rationalized for small molecules, where the
chemical identity, properties, and pharmacokinetic profile is
largely independent of the synthetic/processing route used to
prepare such agents. However, these critical aspects are highly
dependent on the manufacturing process for NBCDs such as
nanomaterials or polymers, and as discussed, their properties
are not easily determined or characterized such that appropri-
ate comparisons to the originator material can be made. Given
the lack of specific regulatory pathways for the approval of
NBCD off-patent drugs, this can have potentially disastrous
consequences if these mechanisms fail to recognize key NBCD
properties.'®* Take for instance a recent study that looked at
patients receiving an iron sucrose off-patent product. Classed
as a NBCD, this was a polymeric preparation of iron sucrose
which stably delivered iron to deficient patients. When a
comparison was made, it was shown that patients required
on average 34% more iron for the off-patent product than the
originator.’”>'®® While outside of the antimicrobial focus of
this Review, this example does illustrate just how dramatic the
treatment consequences can be if the unique properties of
NBCDs are not addressed in the approval process.

In order to exploit the potential of NBCDs, further develop-
ment is required in the following areas:

e Development of materials with short antimicrobial life-
times, which rapidly revert to inert materials after their
intended use; materials with activities that can be irreversibly
switched off after use, in response to applied stimulus such as
light, pH, or heat; or rapidly biodegradable materials with no
active antimicrobial degradation products. Some examples are
given in the following texts.”>'®"'®* The absence of selection
pressure outside the immediate use window, and the lack of
environmental persistence of these antimicrobials, would
reduce the risk of microbes developing resistance to these
materials.

e Understanding of the genetic mechanism behind development
of resistance to any new technologies, to allow predictions of the
rate of development of AMR to these materials.

e Development of materials that directly target established
biofilms and persister cells,"®® including those that exhibit
non-lethal strategies such as anti-quorum sensing (quorum
quenching)*®*'®” and other forms of non-lethal biofilm disrup-
tion, which place a smaller evolutionary strain on microbes
subjected to such therapy. Even though a number of studies
have investigated materials’ ability to inhibit biofilm formation
when administered to planktonic bacteria at sublethal
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concentrations, the destruction or dispersal of established
preformed biofilms is often more relevant for the development
of clinical therapies.

e Investigation of cytocompatibility, hemotoxicity, under-
standing the formation and influence of the protein corona
under different in vivo environments, immunogenicity, biodis-
tribution, and degradation/clearance mechanisms, in addition
to the material’s synthetic reproducibility and quality assurance.

e Total impact studies including success of the intervention
using clearly defined criteria, such as reduced prevalence of
AMR genes in the local environment upon substitution of a
conventional biocide with the new therapeutic material, or a
specific reduction in antimicrobial resistant hospital-acquired
infections in clinics employing the therapeutic in question.

e Less generalized regulatory pathways, which take into
account the influence of material processing and dispersity
on NBCD properties. This should also include a new evaluation
of regulatory pathways for generic off-patent NBCDs prepared
by new synthetic methods or processes.

Note that the final sections of this review have been focused
on regulatory pathways towards clinical approval of NBCDs.
However, such agents also show more immediate potential in
non-clinical use settings, such as their use as disinfectants, in
agriculture, in food technologies and packaging, and for personal
care applications. With varying degrees, typically these use
settings have a lower barrier for market entry than clinical settings
and it may be expected that NBCDs enter these markets first.
In doing so however, we must ensure that appropriate regulatory
frameworks governing their use is established, thereby limiting
their overuse and environmental exposure, in order to reduce
AMR against these precious new antimicrobials.

6. Conclusions

NBCDs are a fascinating class of emerging antimicrobial materials
with potential as therapeutics. Generally, these (nano)material
classes exhibit antimicrobial mechanisms that are broad-
spectrum, being indiscriminate between species or even across
kingdoms, but perhaps more importantly are often unprece-
dented from a historical or evolutionary perspective. Their multi-
modal mechanisms of action make them ideally suited to
overcoming antibiotic resistance pathways in key pathogens
associated with AMR. Despite these properties, it is recognized
that eventually AMR towards these technologies may still occur if
these materials are used inappropriately.'>*'*!18%18% Therefore
stewardship of these new technologies will be of paramount
importance in preserving their long-term effectiveness.

Though they have shown promise, many barriers for the
clinical translation of NBCDs remain. In addition to existing
issues facing any new antibiotics around inadequate return on
research and development investment, NBCDs face considerable
challenges in their regulatory approval pathways. In order to
advance these alternatives to small molecules, it is becoming
evident that specific approval pathways may be required that
recognize the unique reliance on the materials’ manufacturing
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process, as well as their less well-defined physicochemical
properties. Although non-clinical market entry is more easily
achievable, care must be taken to ensure good stewardship,
thereby limiting NBCD AMR, such that these technologies can
eventually be used effectively in clinical applications. If these
challenges can be addressed then it is envisioned that these next
generation therapeutic agents will greatly enhance humanity’s
antimicrobial arsenal into the future, provided carefully consid-
ered policies and practices are established in order to limit their
widespread use.
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