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Bacteria employ biofilm formation as a survival strategy, characterized by the self-assembly of cells into 3D
architectures encapsulated in an extracellular polymeric substance (EPS) that results in reduced antibiotic
efficacy, increased tolerance, and emergence of multidrug resistance phenotypes. To overcome this
challenge, persistent efforts are directed toward developing cutting-edge approaches and agents that
rejuvenate antibiotic efficacy, mitigate biofilm formation, and eradicate biofilm-associated bacterial
infections. Within this framework, nanotechnology has emerged as a pivotal tool for developing
innovative functional materials with tailored attributes, exhibiting substantial potential in addressing the
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structures, and sophisticated nano-microrobotic systems. Each strategy is assessed for its potential to
effectively target biofilms, enhance antimicrobial penetration, and restore antibiotic susceptibility. We

anticipate that this timely review will inform and inspire innovative research directions, focusing on the

rational design and application of advanced nanomaterials for targeted biofilm modulation and
efficacious treatment, thereby advancing healthcare solutions.

1. Introduction

Bacteria are essential for survival, but when they aggregate into
communities, they can cause significant harm and pose
a health risk. The rise of antibiotic resistance in bacteria has led
to the challenge of persistent infections, with multidrug-
resistant (MDR) bacteria representing a global crisis. These
resistant strains increase the morbidity and mortality rates
among infected people and have a detrimental impact on the
clinical results of patients in intensive care units, trans-
plantation, surgery, or cancer treatment.' Antimicrobial resis-
tance (AMR) is linked to around 4.95 million deaths worldwide
and imposes a global economic burden exceeding $300
billion.>® Despite a predominant global strategy centered on
discovering new antibiotic agents to counteract drug resistance,
diminishing returns have been increasingly evident due to
perceived poor profitability. Consequently, no new class of
antibiotics has obtained regulatory approval since the late
1980s.* The fundamental scientific hurdles, including chal-
lenges with penetration, efflux, and the rapid emergence of
resistance, have worsened the deficiencies in antimicrobial
pipelines. In addition, the use, sometimes misuse, of antibi-
otics, coupled with the limited development of new therapeu-
tics in the antibiotic repertoire, worsens this public health
threat.’

Planktonic (free-floating) bacteria are pivotal in numerous
health threats, posing acute risks that are becoming increas-
ingly challenging to address due to escalating rates of acquired
antibiotic resistance. This challenge becomes even more severe
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when bacteria develop biofilms, as biofilms are difficult to
penetrate and treat, leading to chronic and recurrent infec-
tions.® Bacteria employ diverse mechanisms of resistance, with
some being intrinsic allowing the cell to utilize genes it already
owns to withstand antibiotic exposure, while others are
acquired involving the acquisition of new genetic material that
offers new aptitudes for existence.” The shift from free-floating
to biofilm evolution entails a sequence of changes, including,
metabolic physiological, and phenotypic alterations regulated
by c¢-di-GMP (cyclic diguanosine-5’-monophosphate), the
secondary messenger. Elevated cellular content of c-di-GMP
promotes biofilm development, while decreased levels lead to
biofilm dispersal.®®

1.1 Bacterial biofilm formation and properties

One of the predominant and safeguarded strategies for bacte-
rial growth and survival is the formation of biofilms, which are
functional aggregates of bacteria enveloped with an extracel-
lular polymeric substances (EPS) matrix. Biofilms constitute an
organized assembly of bacterial cells that can evolve into
structured aggregates with qualitatively distinct properties
compared to planktonic counterparts of similar size. Biofilms
represent one of the most prevalent and thriving lifestyles on
Earth. They can consist of populations of the same bacteria or
diverse communities comprising multiple species, all coexist-
ing under a protective dome. This dome is formed by a matrix of
EPS, containing a blend of sugars, proteins, fats, and DNA
molecules. Within biofilms, there are specialized regions, some
are involved in nutrient recycling, while others are responsible
for producing new EPS components or transmitting messages
between different areas of the biofilm." The diverse compo-
nents of EPS contribute to the establishment of biofilm struc-
ture, which is an ongoing and dynamic process resulting in
a distinct organization that encourages the clustering of cells
into microcolonies. Moreover, EPS fragments occupy and define
the intercellular space within the biofilm, directly influencing
the environment and living settings of the cells while imparting
mechanical stability to the biofilm. Of particular importance,
extracellular DNA (eDNA) is crucial for maintaining the struc-
tural integrity of the EPS matrix and is among the most
commonly encountered matrix polymers."* eDNA also aids in
cell adhesion and the early stages of biofilm development, along
with DNA damage repair and gene transfer. Furthermore, it
plays a role in inactivating cationic antibiotics, thereby
contributing to antibiotic resistance.” It is fascinating that cells
known as swimmers can create pores in the matrix as they
actively move through it. These pores remain open for a suffi-
cient duration, allowing the diffusion of nutrients into the
biofilm. This discovery has led to the concept of a rudimentary
circulation system within the biofilm.** Furthermore, bacterial

© 2025 The Author(s). Published by the Royal Society of Chemistry
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colonies within biofilms withstand water loss by consistently
generating hydrated molecules in the EPS, serving as a hydrogel
to retain water."* Moreover, the formation of a shielding skin by
the uppermost EPS layers creates an effective barrier against
evaporation. Evidence suggests that, under the influence of
specific enzymes, desiccated biofilm samples replace their
water content upon exposure to wet conditions.* Therefore, the
biofilm lifestyle is predicted to offer significantly greater
protection against desiccation compared to free-living bacterial
cells, which do not benefit from the EPS matrix (Fig. 1).

1.2 Tolerance to antimicrobial agents

Bacteria have developed various survival strategies to avoid the
lethal effects of antibiotics. They tolerate antibiotic exposure
either by entering a dormant state when antibiotics are at their
highest concentrations such as tolerance or by acquiring active
biochemical resistance mechanisms known as resistance.’® As
tolerant organisms have a higher probability of surviving, they
are more likely to subsequently acquire resistance mutations.
Antibiotic tolerance denotes the bacterial population's capacity
to temporarily resist high antibiotic concentrations, typically
achieved by slowing down vital processes. The assumption of
a biofilm lifestyle might contribute to this tolerance, given that
a considerable portion of bacteria within biofilms either grows
slowly or remains non-growing."” Therefore, managing biofilm
infections demands administering antibiotics at higher
concentrations and for extended durations compared to what is
required for treating planktonic cells.”® The effectiveness of
antibiotics hinges on their ability to reach the intended targets
within bacterial cells at adequate concentrations. However,
achieving sufficient concentrations against targeted bacteria
within biofilms is impeded by the matrix, which can delay the
permeation of antibiotics into bacterial cells, as well as by the
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limited availability of bacterial targets due to the sluggish
growth of bacteria in the biofilm.**°

1.2.1 Impact of the matrix. The penetration of antibiotics
into the biofilm relies on both the matrix composition and the
specific antibiotics used. Cationic antibiotics e.g. tobramycin or
polymyxins can bind to the negatively charged eDNA and poly-
saccharides within the matrix, which in turn decreases the
diffusion frequency of antibiotics within the biofilm.*"** The
slower diffusion leads to biofilm bacterial cells having more
time to trigger adaptive stress retorts, thereby contributing to
tolerance.?* Furthermore, the matrix functions as a reservoir for
specific enzymes such as B-lactamases, which can neutralize
antibiotics before they approach bacterial cells.”**” Filamen-
tous phages (FPs) may also play a role in impeding antibiotic
diffusion within P. aeruginosa biofilms. These FPs are believed
to be involved in both the formation and dispersal of the bio-
film.”® Their negative charge enables them to bind to and
sequester cationic antibacterial agents, contributing to toler-
ance (Fig. 2).

1.2.2 Diversity in metabolic behavior. Biofilms comprise
two distinct subpopulations, metabolically active cells, which
grow rapidly and are found at the surface, and metabolically
inactive or slow-growing cells, located deeper within the bio-
film. This distribution aligns with the availability of nutrients
and oxygen throughout the biofilm.* Cells situated deep within
dense biofilms may enter a stationary phase due to restricted
penetration of nutrients and oxygen, which are often depleted
by cells located at the periphery.*® Nutrient scarcity, which often
arises during biofilm development and as bacteria enter the
stationary phase, plays a key role in triggering antibiotic toler-
ance. Seminal work by Kim Lewis and his team revealed that
under these stressful conditions, bacteria can activate the
stringent response, particularly the (p)ppGpp signaling pathway
which drives a subset of cells into a dormant, low-metabolism

(" Localized Sorption  Enzyme retention Cooperation Competition Tolerance and resistance
gradients
Provide habitat ~ Resource  External digestion Synergistic Continuous The biofilm as a fortress
diversity capture system micro-consortia  regeneration

Fig.1 Bacteria within biofilms and the emergence of unique properties. Bacteria secrete a protective envelope that contributes to the stability of
the biofilm. The specialized architecture permits the entry of nutrients through pores and channels. The outer layer of the skin serves as
a protective barrier against desiccation. Bacteria within biofilms acquire distinct properties, including the ability to capture nutrients, engage in
metabolic activities in harsh conditions, and exhibit survival capabilities in stressful environments. Reproduced from ref. 13 with permission from

Springer Nature 2016.
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Fig. 2 The mechanisms underlying antimicrobial tolerance in biofilms. The surface-active subpopulations within the biofilm show heightened
expression of efflux pumps or B-lactamases, while the metabolically inactive community with slower growth rates displays diminished or minimal
expression of antibiotic targets and decreased dynamic uptake of antibiotics. Matrix components bind to positively charged drugs, slowing their
penetration into the biofilm. The adaptive stress activation responses and transient resistance, involving the upregulation of resistance genes,
reduce the effectiveness of antimicrobials, thereby contributing to the antibiotic tolerance of biofilms. Reproduced from ref. 6 with permission

from Springer Nature 2022.

state. These so-called persister cells effectively hide from anti-
biotics by shutting down active targets, allowing them to survive
treatment without acquiring genetic resistance.*** The dimin-
ished metabolic activity of these bacterial cells can result in
reduced production of antibiotic targets and decreased activity
of those targets. The existence of slow-growing strains within
the biofilm leads to diminished production of target sites,
thereby providing tolerance to administered antibiotics.*® Since
most antibiotics target active bacterial sites, the presence of
a dormant community within a biofilm can hinder infection
clearance, as these inactive strains do not actively present the
antibiotic targets.*® Numerous antibiotics interact with prin-
cipal targets with robust affinity, typically inhibiting vital
cellular activities and causing growth inhibition or cell death. If
the structure of the main target undergoes alteration or is
shielded by supplementary chemical elements, the antibiotic's
efficacy may be reduced, leading to antibiotic resistance.*
Moreover, within bacterial populations, there exists a small
subset known as persister cells, which lack genetic resistance
determinants and can withstand high doses of antibiotics.***”
Persister cells are regarded as non-dividing cells capable of
reverting to that can resume rapid division when harsh envi-
ronmental conditions or antibiotic usages are removed, leading
to a resurgence of the biofilm infection (Fig. 2).**®* There are
several mechanisms involved in persister formation, including
a decrease in adenosine triphosphate (ATP) levels and the
activation of toxins that disrupt essential cellular functions.***
Persister cells play a crucial role in chronic infections.**
1.2.3 Adoptive stress response. The stressful and gradient
conditions experienced by residents in biofilms can activate the
encapsulated population, triggering the adoption of several

23190 | RSC Adv, 2025, 15, 23187-23222

adaptive stress responses. These responses hinder the potency
of applied antibiotics, subsequently resulting in the develop-
ment of antibiotic tolerance (Fig. 2)."”?*** The activation of
certain responses has been documented to induce antibiotic
tolerance by disrupting the buildup of Reactive Oxygen Species
(ROS), which is commonly understood as the mechanism
through which antibiotics exhibit their antibacterial effects.
ROS can accumulate in regions of biofilms with adequate
oxygen levels, potentially causing DNA damage. In response, the
SOS mechanism activates in Escherichia coli (E. coli) and Pseu-
domonas aeruginosa (P. aeruginosa) to trigger DNA repair
processes, thereby promoting tolerance to fluoroquinolone
treatment and preventing further DNA harm.**™*” Similarly,
enzymes typically require metabolic substrates such as
hydrogen peroxide (H,0,) or reduced glutathione to generate
ROS in low-metabolism states, these substrates may be insuf-
ficiently available, reducing catalytic efficiency.*® Recent studies
have shown that specialized systems, such as ATP-coated gold
nanoclusters, can exploit metabolic differences to selectively
target persisters.*” Therefore, while nanomaterials offer advan-
tages over conventional antibiotics in targeting heterogeneous
bacterial populations, including biofilm-resident cells, their
effectiveness against truly dormant or persister cells is not
universal and permits critical evaluation under metabolically
relevant conditions.>

1.3 Tolerance leads to resistance in biofilms

Antibiotic failure often arises from resistance, which encom-
passes several mechanisms. These include mutations that
diminish drug-target binding, heightened efflux pump expres-
sion, altered metabolic activity, the barrier created by EPS

© 2025 The Author(s). Published by the Royal Society of Chemistry
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against antibiotics, horizontal gene transfer, and the presence
of diverse populations of species."* Resistance mutations lead
to a reduction in the drug's effective concentration, measured
by the minimum inhibitory concentration (MIC), indicating the
lowest drug concentration required to inhibit visible growth of
the microorganism.'® Conversely, tolerance mutations extend
the minimum time required to eliminate the population
without altering the MIC."** However, bacteria also employ
alternative mechanisms to endure antibiotic exposure.”” The
emergence of antibiotic resistance in biofilms is supported by
various factors, the sustained presence of a sizable population
of bacterial cells that withstand antibiotic treatment due to the
resilience of slow-growing segments and the existence of
persisters, alongside a high mutation rate. The dormant subset
of cells within biofilms endures high antibiotic concentrations,
displaying considerable tolerance that eventually fosters the
emergence of resistant strains. The susceptibility of bacteria to
antibiotics is influenced by their cellular metabolic state, and
a shift in metabolism is often linked to antibiotic resistance
(Fig. 3).%°

A recent study demonstrated that fluctuations in intracel-
lular glucose levels can induce resistance development in E. coli
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subjected to repeated cycles of daily intermittent exposure to
ampicillin.>® The conclusion drawn was that the activation of
the cAMP/CRP pathway a global transcriptional regulator
involving cyclic adenosine monophosphate (cAMP) and the
cAMP receptor protein (CRP) triggers resistance when glucose
levels gradually decrease below normal, consistent with find-
ings from previous studies.®” Additionally, cAMP/CRP promotes
the reduction of ROS, facilitates DNA repair, and upregulates
ampC expression, thereby enhancing bacterial survival under
stress conditions. Clinical isolates exposed to high drug
concentrations often exhibit mutations in multiple genes, and
cells that are already tolerant can acquire mutations that confer
resistance.”®* In biofilms, when only a portion of the clonal
population adopts a non-growing phenotype, this subset of
persisters is responsible for treatment failures.>*** In contrast to
planktonic bacterial populations, which are uniform and
homogeneous, the spatially organized and diverse environment
within biofilms creates varied niches with localized selective
pressures.®~®* This diversity allows for the coexistence and
persistence of a wider range of resistant mutants within bio-
films.** While resistance mutations in both biofilms and
planktonic cultures may target the same genes, the nature of
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Fig. 3 Various mechanisms employed by bacteria within biofilms to withstand the effectiveness of administered antibiotics. Bacteria within
biofilms employ four mechanisms to develop resistance: (1) production of EPS, which obstructs antibiotic penetration and the specialized
microenvironment (hypoxic and acidic) which degrades antimicrobials, (2) entering dormancy with decreased metabolic activities, (3) possessing
horizontal gene transfer abilities, and (4) experiencing enhanced spontaneous mutations alongside the persistence of multispecies populations.
Reproduced from ref. 4 with permission from Springer Nature 2023. Colored regions in the figure represent different subpopulations within the
biofilm: metabolically active cells (e.g., red or orange) located at the surface, slow-growing or dormant persister cells (e.g., blue or purple)
embedded deeper within the matrix, and regions of horizontal gene transfer activity (e.g., green) indicative of genetic exchange.
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these mutations and the dynamics of how resistant mutants are
generated and sustained differ between the two bacterial
growth modes. These distinctions characterize the evolution of
resistance in biofilms compared to planktonic cultures. The
structural diversity within biofilms and their ability to tolerate
antimicrobials may account for the unique evolutionary path-
ways observed in biofilms.***¢

An accepted mechanism through which bacterial pop-
ulations in biofilms develop resistance to antibiotics is through
an increased capacity for horizontal gene transfer (Fig. 3).” This
process is facilitated by factors such as high population density,
heightened genetic competence, and the accumulation of
mobile genetic elements.®® Horizontal gene transfer in biofilms
commonly occurs through plasmid conjugation, which is
significantly more efficient, about 700 times, in biofilms
compared to planktonic cells. For instance, research on Staph-
ylococcus aureus (S. aureus) demonstrated that conjugal plasmid
transferal was observable in biofilms but not in free-living
bacterial cultures. This phenomenon highlights a process
specific to biofilms that is not achievable in free-living bacterial
populations.® The dense population and intimate cellular
connections within biofilms facilitate the mechanism of hori-
zontal gene transfer, as demonstrated in a study of V. cholerae
biofilms. These biofilms employ type VI secretion as a novel
mechanism for gene transfer, emphasizing the necessity of
close cell proximity for these secretions to occur. It was observed
that the type VI system can lyse nearby cells and subsequently
acquire the released genetic materials.” Additionally, it has
been reported that the biofilm matrix can aid in binding and
stabilizing plasmid DNA, facilitating its subsequent uptake by
cells within the biofilm.” This indicates that bacterial pop-
ulations within biofilms employ various mechanisms for the
transfer of resistant genes, yielding them the capability to
withstand the effectiveness of antibiotics and endure in chal-
lenging environments.

2. Emerging treatment strategies

Although antibiotics remain the primary approach to inhibit
bacterial growth and biofilm formation, the emergence of
multidrug-resistant pathogenic strains requires an urgent
pursuit of innovative, non-antibiotic-based therapeutic strate-
gies. These novel approaches aim to either restore and synergize
antibiotic efficacy or independently eradicate bacterial biofilms
by targeting and compromising bacterial physiological and
structural barriers, thus overcoming antibiotic resistance and
ensuring effective bacterial eradication. Accumulating evidence
from up-to-date research underscores the substantial promise
of nanotechnology-based strategies in devising innovative
nanostructures with diverse compositions and multifaceted
functionalities, offering a potent solution to mitigate the global
health crisis.”>”*

2.1 Nanotechnology offers hope

Extensive and sustained efforts have been directed toward
developing alternative strategies to eradicate biofilms and

23192 | RSC Adv,, 2025, 15, 23187-23222
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overcome the antimicrobial resistance of the bacterial strains
embedded within them. Nanotechnology stands out as a prom-
ising alternative among these efforts. Nanomaterial-based
antibiofilm strategies are their interaction with the host
immune system, which plays a central role in both biofilm
persistence and clearance. Nanomaterials can act as immuno-
modulatory agents, potentially enhancing or impairing host
responses depending on their physicochemical properties. For
example, certain nanoparticles have demonstrated adjuvant-
like effects, enhancing antigen presentation and immune acti-
vation, while others can provoke excessive pro-inflammatory
cytokine release (e.g., IL-6, TNF-), potentially exacerbating
tissue damage.”® Conversely, surface-engineered or biodegrad-
able nanomaterials (e.g., PEGylated, zwitterionic, or ROS-
scavenging systems) may exhibit anti-inflammatory properties,
reducing chronic inflammation that sustains biofilm niches.”
Emerging evidence suggests some nanoplatforms can modulate
immune cell behavior for instance, by enhancing macrophage
phagocytosis, repolarizing M2 to M1 phenotypes, or improving
neutrophil-mediated bacterial clearance, thereby synergizing
with antimicrobial effects.” Therefore, an integrated under-
standing of nanomaterial immune interactions is essential for
optimizing therapeutic efficacy and safety in biofilm-related
infections. By crafting nanomaterials with precise sizes,
shapes, and desired functionalities, it becomes possible to
circumvent the conventional strategies of antibiotic resistance
commonly employed by various bacterial strains. Nano-
materials offer antimicrobial strategies that are unfamiliar to
bacteria and are not part of their natural defense mechanisms.
Recent progress in nanomaterial-based systems presents new
prospects for combating MDR planktonic and biofilm infec-
tions, serving either as standalone therapeutics or as carriers for
antimicrobial agents. The distinctive physicochemical attri-
butes of nanomaterials, including their size, shape, and surface
chemistry, impact their therapeutic efficacy.” Nanomaterials
with high surface-to-volume ratios and multivalent interactions
can easily penetrate biofilms and are crucial for developing
antibacterial agents.®**** Nanomaterials have been shown to
hinder elements of EPS, consequently impeding biofilm
formation and causing the demise of the resident cells.*>*
Although nanomaterials exhibit multifaceted antimicrobial
mechanisms (e.g;, membrane disruption, ROS generation, ion
release), the claim that they pose lower risks of resistance
development requires caution. Recent studies indicate that
bacteria can adapt through several mechanisms, such as efflux
pump upregulation,® membrane remodeling, EPS thickening,
or secretion of enzymes that degrade or inactivate nanoparticle
coatings. For example, P. aeruginosa has shown increased
resistance to AgNPs via biofilm matrix densification and
increased expression of oxidative stress response genes.*
Additionally, ion chelation, surface charge masking, and hori-
zontal gene transfer of resistance traits may also occur, espe-
cially under sublethal, chronic exposure conditions. Therefore,
while nanoparticles may delay resistance development relative
to conventional antibiotics, long-term selective pressures and
bacterial plasticity require continuous monitoring and design
optimization. Therapeutic nanomaterials can be utilized in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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three main forms: (1) bare nanoparticles, which primarily
encompass inorganic, carbon-based, and polymeric nano-
particles, (2) conjugated nanoparticles formed by functionaliz-
ing bare nanoparticles with bioactive substances, and (3) carrier
materials loaded with specific drugs to efficiently inhibit bio-
film formation.®*®* Disrupting biofilms and subsequently
destroying the bacteria within them has shown promise in
successfully treating infections caused by biofilms.*® Moreover,
nanomaterials composed of various metals have demonstrated
the ability to disrupt bacterial quorum sensing behavior, rep-
resenting a notable strategy to inhibit pathogenicity without
facilitating the emergence of resistant populations.®>** A crucial
aspect of nanomaterials as nanomedicine is their ability to
target multiple sites and activate various mechanisms to kill
bacteria. Despite their broad-spectrum antimicrobial activity,
AgNPs present several translational challenges. Their cytotox-
icity is highly dose-dependent, and they may induce oxidative
stress and membrane damage not only in bacteria but also in
mammalian cells.”® Furthermore, AgNPs can form protein halos
in biological fluids, which may alter their targeting ability and
biodistribution.”* A significant limitation is the lack of stan-
dardization in particle size, surface chemistry, and synthesis
methods, which affects reproducibility and regulatory approval.
Scalable, cost-effective production of uniformly stable AgNPs
remains nontrivial, and accumulation in tissues raises concerns
regarding long-term environmental and systemic toxicity.”® This
characteristic reduces the possibility of bacterial resistance. In
contrast, traditional antibiotics adhere strictly to specific target
points, which bacteria can alter to reduce their effectiveness
and develop resistance more easily compared to therapies based
on nanomaterials. Furthermore, resistant strains possess
enzymes capable of neutralizing administered antibiotics and
limiting their binding capacity. The diverse mechanisms of
action of nanoparticles allow them to evade deactivation by
these enzymes.’®®” Compared to conventional antibiotics that
primarily depend on diffusion or membrane protein-facilitated
transport entry and are frequently thwarted by efflux pumps or
enzymatic inactivation engineered nanomaterials attack bacte-
rial defenses through multiple, simultaneous entry pathways
and intracellular effects. For example, zinc oxide and AgNPs
physically disrupt bacterial membranes, creating pores that
allow direct cytoplasmic access and ion influx, while also
generating ROS under light or physiological conditions to
damage DNA and proteins.”*** Furthermore, carbon-based
nanomaterials like graphene oxide use their sharp edges to
mechanically breach membranes and penetrate biofilm
matrices. Once inside, these nanoparticles release antimicro-
bial payloads, interfere with respiration, inhibit efflux systems,
and induce oxidative stress attacking cells from the inside out.
This multimodal mechanism enables nanomaterials to bypass
classic resistance pathways and achieve robust antimicrobial
effects, even against multidrug-resistant strains. Treating bio-
films containing dormant cells persisters with antibiotics poses
challenges because many antibiotics require active targets to
exert lethal effects.’®'*> In contrast to many antibiotics that
require active cellular processes such as replication, transcrip-
tion, or cell wall synthesis to exert their bactericidal effects,
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several nanomaterials reveal non-specificc metabolism-
independent mechanisms of action that may extend to
persister cells. For instance, AgNPs exert toxicity through
a combination of membrane disruption, generation of ROS, and
interference with intracellular enzymes and DNA mechanisms
that do not strictly require bacterial growth or division.'®®
Similarly, other nanomaterials like cationic polymers, graphene
oxide, and metal oxides cause physical damage to the cell
envelope or induce oxidative stress, which can affect even
dormant cells.'** However, while these properties may make
nanomaterials effective against persisters, it is important to
note that they are not immune to resistance development.
Bacteria have been shown to adapt by thickening biofilm
matrices, upregulating efflux pumps, remodeling membranes,
or scavenging ROS.'” For example, P. aeruginosa can develop
resistance to silver via enhanced matrix density and oxidative
stress responses.'” Therefore, while nanomaterials offer
promising avenues for targeting biofilm-associated and
dormant infections, their long-term efficacy requires careful
optimization and surveillance for emergent resistance.

2.2 Conventional metal-based nanomaterials

AgNP stands out as the most extensively investigated antibac-
terial nanoagent among the array of engineered nanoparticles
utilized in antibacterial treatments. This prominence is owed to
its broad-spectrum antimicrobial properties and strong efficacy
against various bacteria, fungi, and viruses.'*”** The effective-
ness of antimicrobial properties is highly influenced by factors
such as particle size, surface structure, shape, and charge."*® A
thorough comprehension of the mechanisms underlying the
action of Ag-based nanomaterials is crucial for the design of
selective and efficient nanoagents. AgNPs are believed to act
through various mechanisms, including, attaching to the cell
membrane and causing disintegration or disruption, resulting
in the leakage of cellular components, and internalization into
the cell, the Ag ions can deactivate crucial metabolic enzymes
and cellular processes, causing DNA damage, and inducing
oxidative stress, leading to damage to multiple vital cellular
components (Fig. 4)."** As Ag is recognized as a Lewis acid, it
typically exhibits a propensity to interact with Lewis bases, such
as sulfur and phosphorous-containing biomolecules, which are
key constituents of proteins, cell membranes, and DNA
bases."*"** Therefore, initially, AgNPs may gather on the cell
wall and membrane, resulting in observable morphological
alterations, ultimately leading to destruction. This destruction
facilitates the penetration of Ag/AgNPs into the cells, conse-
quently exerting additional lethal effects. Due to their multi-
faceted mode of action, AgNPs have demonstrated significant
potential in combating resistant strains and have been
successfully utilized for the eradication of biofilms.">*¢

Research has indicated that materials capable of influencing
multiple mechanisms within biofilms, such as causing physical
damage, disrupting quorum sensing, inducing ROS, inhibiting
oxidative stress responses, and causing DNA damage, hold
promise for effectively eliminating both developing and mature
biofilms.
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In a detailed investigation, Zhang et al.'" explored how
AgNPs affect the biofilm of multidrug-resistant P. aeruginosa.
They conducted proteomic analysis to elucidate the impact of
AgNPs on protein expression in the bacterial biofilm. The
researchers noted that AgNPs can entirely inhibit biofilm
formation and can also disrupt pre-existing biofilms, resulting
in a significant reduction in biomass in treatments dependent
on both dosage and time (Fig. 5a). Scanning electron micros-
copy (SEM) imaging revealed the detachment and rupture of
biofilms following exposure to AgNPs, accompanied by notice-
able deformation in bacterial morphology (Fig. 5c). Bacterial
motility through flagella and surface attachment via fimbriae
are crucial factors in biofilm formation, and inhibiting these
characteristics is key to preventing biofilm development. Pro-
teomic analysis showed that exposure to AgNPs led to the
downregulation of flagellins, which are essential for flagellar
structure and function, as well as fimbrillins involved in fimbria
formation, thereby impeding bacterial adhesion and motility
(Fig. 5d). Additional research unveiled that exposure to AgNPs
can stimulate the generation of ROS and impact both aerobic
and anaerobic respiratory pathways. P. aeruginosa can endure
hypoxic conditions by employing cytochrome cbb3 type
oxidases, and AgNPs-treated bacteria were observed to modify
the expression of these proteins. Moreover, AgNPs can disrupt
iron homeostasis, further contributing to interference with
biofilm development. Proteomic analysis revealed notable
decreases in iron storage protein and iron-sulfur cluster protein
synthesis in AgNP-exposed biofilms. Conversely, there was an
increase in iron uptake receptor proteins and a decrease in
proteins responsible for iron processing, indicating an

23194 | RSC Adv, 2025, 15, 23187-23222

imbalance in iron homeostasis within biofilms, which could
elevate ROS induction and result in oxidative damage. Treat-
ment with AgNPs also influenced the quorum sensing (QS)
behavior of the cells by increasing the expression of proteins
(AntA, AntB) capable of degrading the QS signal precursor
(anthranilic acid), thus inhibiting the production of virulence
factors and biofilm formation (Fig. 5e). In conclusion, AgNPs
demonstrate the capability to inhibit and eradicate biofilms
through multiple mechanisms, indicating significant promise
for potential clinical applications in treating bacterial infections
associated with biofilms.

Similarly, another comprehensive study documented the
effects of AgNPs and Ag ions on gene regulation related to
biofilm formation and bacterial metabolic activities. The study
revealed that 1599 transcripts showed differential expression in
response to AgNPs, while 2458 transcripts were affected by Ag
ions."® The extracellular polymeric substance is majorly
composed of several polysaccharides, which provide a barrier to
antimicrobial penetration. Transcriptomic analysis revealed
that most genes encoding EPS polysaccharides were down-
regulated following exposure to AgNPs and Ag" ions. Addition-
ally, both AgNPs and Ag" notably influenced adhesion factors
and related genes, as well as type IV pili and fimbriae, crucial for
recognizing adhesion surfaces. Further analysis revealed that
the treatment of biofilms with AgNPs and Ag" also influenced
the QS signaling regulators and other virulence factors. It was
concluded that AgNPs and Ag" inhibit the synthesis of several
virulence factors significantly and impact QS-mediated regula-
tion, potentially increasing sensitivity and ultimately leading to
the disruption of biofilms (Fig. 5¢ and h). The AgNPs and Ag

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Biofilm dispersion upon treatment with AgNPs (b and c) SEM photographs depicting control and AgNPs-treated P. aeruginosa biofilms.

(d) Influence of AgQNPs on bacterial motility. (e) Impact of AQNPs on quorum sensing, showing the expression levels of antA and antB proteins. (f)
The volcano map of differentially expressed proteins. Reproduced from ref. 117 with permission from American Chemical Society 2020. Relative
expression levels of biofilm-specific genes in response to (g) AgNPs and (b) Ag*. (h) Relative expression of genes related to exopolysaccharides,
motility, efflux transporters, quorum sensing, DNA replication, and outer membrane. (i and j) TEM images of control and AgNPs treated biofilm,

respectively. Reproduced from ref. 118 with permission from RSC.

ions were also demonstrated to inhibit the genes accountable
for the defense mechanism against oxidative stress, as well as
the efflux system responsible for expelling antimicrobials. The
findings from the transcriptomic analysis were corroborated by
TEM investigations (Fig. 5i and j). TEM analysis demonstrated
that exposure to both Ag" and AgNPs led to the detachment of
biofilms and a reduction in biomass. Moreover, bacterial cells
exhibited deformed and ruptured morphology compared to
control cells. The comprehensive molecular-level analysis
suggests that both Ag ions and AgNPs are effective agents in
inhibiting the growth of biofilms through multiple mecha-
nisms, highlighting their potential significance in eliminating
biofilms and related medical conditions.

The weakening of biofilms and subsequent exposure of
resident bacteria can be accomplished by inhibiting various
elements of the EPS. Among these, targeting functional
amyloids presents a novel approach to close biofilm formation.
Bacterial amyloids are pivotal in facilitating the deposition of
polysaccharides, serving to: (a) boost the integrity of the
enclosed community, (b) enhance cell adhesion, motility,
intercellular communications, and quorum sensing, and (c)
hinder the entry of antimicrobial agents.'****?°

© 2025 The Author(s). Published by the Royal Society of Chemistry

In a recent study, Huma et al."** examined the impact of
AgNPs and AgNCs coated with branched polyethyleneimine
(bPEI) on the anti-amyloid activity by targeting FabC, a key
protein component of the extracellular amyloid matrix in P.
aeruginosa. When exposed to AgNPs, the formation of FapC
fibrils was completely inhibited (Fig. 6a), as indicated by
changes in the secondary structure of FapC observed through
CD spectroscopy before and after fibrillization (Fig. 6b). These
results suggest that AgNPs impeded FapC fibrillization by
sequestering monomeric FapC (Fig. 6¢). TEM observations also
revealed the complete inhibition of FapC fibril formation in the
sample treated with FapC + AgNPs. However, AgNCs were found
to cluster with FapC monomers and promote the formation of
short FapC fibrils (Fig. 6d). The superior effectiveness of AgNPs
over AgNCs was attributed to their size disparity; AgNPs are
larger, providing ample surface area for favorable interaction
with the studied protein, thereby preventing FapC aggregation
into fibrils. The comprehensive findings indicate that AgNPs
inhibited biofilm formation by preventing FapC amyloidosis
without exhibiting bactericidal activity (Fig. 6f). Conversely,
AgNCs, owing to their smaller size, inhibited biofilm formation
and also conferred bactericidal properties. Likewise, AgNPs

RSC Adv, 2025, 15, 23187-23222 | 23195
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FapC monomers post-incubation with AgNPs or AGNCs. TEM images illustrating (d) FapC + AgNPs and (e) FapC + AgNC:s. (f) The impact of AgNPs
on inhibiting biofilm formation and bacterial viability. Reproduced from ref. 121 with permission from Wiley 2020. (g and h) ThT assay of IAPP
upon exposure to c-AgNPs and bPEI-AgNPs. TEM images of (i) control fibrils, (j) fibrils treated with 500 pg per mL c-AgNPs, and (k and ) fibrils
exposed to 100 and 500 pg per mL bPEI-AgNPs. Reproduced from ref. 122 with permission from RSC.

coated with citrate and bPEI have exhibited considerable
potential in hindering the aggregation of human islet amyloid
polypeptide*** (Fig. 6g-1). This indicates that AgNPs could serve
as a promising nanomedicine for combating biofilms and
addressing other medical conditions linked to fibril forma-
tion."® Gao et al recently developed a series of AgPd-based
nanomaterials that exhibited potent biofilm eradication and
bactericidal activity through surface-bound ROS-mediated
mechanisms.” Notably, upon incorporation as a coating

23196 | RSC Adv, 2025, 15, 23187-23222

additive on polydimethylsiloxane (PDMS), AgPd0.38 exhibited
pronounced biofilm inhibition activity, conferring biofilm-
resistance on the previously inert surface. It was hypothesized
that AgPd0.38 confers the substrate with enhanced anti-protein
adsorption, antibacterial, and anti-biofilm properties.
Similarly, to AgNPs, AuNPs have also shown considerable
promise in combating bacterial biofilms. The surface modifi-
cation of AuNPs with antimicrobial peptides has been demon-
strated to effectively inhibit biofilm formation, resulting in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a 90% reduction in biofilm biomass of Acinetobacter baumannii
and P. aeruginosa. Furthermore, the conjugates can also effec-
tively disrupt mature biofilms, leading to an 80% reduction in
biofilm viability.'*® Extensive research has revealed that gold-
based nanomaterials mediate their antibiofilm effects
primarily through the production of ROS, which target bacterial
cells and biofilms via diverse mechanisms, such as lipid per-
oxidation, protein denaturation, and biofilm matrix
degradation.™*"**

2.3 Microbubbles and nanobubbles-based treatment
strategies

The utilization of microbubbles (MBs) as a strategy is deemed
an innovative method to eliminate biofilms during ultrasound
treatment, due to their exceptional acoustic attributes. MBs are
spheres measuring micrometers in size, comprising a gas core
encased with a stabilizing shell.****** When subjected to ultra-
sound stimulation, these MBs can physically damage the
architecture of biofilms and enhance the penetration of loaded
antimicrobials into the biofilm.***** Taking inspiration from
the concept of MBs, Xiu et al."** engineered Fe;0,-shelled MBs
encapsulating piperacillin antibiotic. Upon exposure to ultra-
sound stimulation, these hybrid MBs physically disrupted bio-
films by inducing pore formation, thereby facilitating the
penetration of Fe;O, nanoparticles and Piperacillin into Pseu-
domonas aeruginosa biofilms. The internalized Fe;O, particles
exhibited peroxidase-like activity, generating ROS, which initi-
ated the chemical breakdown of biofilms and consequent
bacterial eradication (Fig. 7a). Additionally, the released piper-
acillin from the ruptured MBs can effectively inhibits the
exposed bacteria, while the Fe;0, nanoparticles stimulate the
immune response to eliminate biofilms (Fig. 7b). An effective
strategy to enhance antibiotic efficacy at low doses involves
improving their penetration into biofilms by disrupting the
biofilm architecture and creating intercellular spaces, allowing
for targeted drug internalization. Teirlinck et al.*** introduced
an innovative approach, where AuNPs administered to the
biofilm are triggered by laser irradiation to produce vapor
nanobubbles (VNBs). The AuNPs' photothermal properties
enable the absorption of radiation, generating localized heat
that rapidly evaporates surrounding water, creating transient
VNBs that compromise the biofilm's structural integrity
(Fig. 7c). The VNB-induced confined shockwaves create
increased intercellular distances, enabling more -effective
delivery of tobramycin to target cells, including those
embedded within dense cell clusters. A key benefit of laser-
induced VNB is the efficient thermal-to-mechanical energy
conversion within AuNP, which minimizes heat transfer to
adjacent healthy tissue, overcoming a major drawback of
conventional photothermal therapies. Despite the promising
capabilities of microbubble and nanobubble technologies in
disrupting biofilm structures, significant challenges persist in
effectively targeting deep-seated biofilms, such as those found
in chronic wounds, cystic fibrosis lungs, and indwelling
medical devices. The EPS matrix in mature biofilms presents
a formidable barrier, impeding the diffusion and infiltration of
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therapeutic agents, particularly larger constructs like micro-
robots and bubble-generating systems.'*® Achieving physiolog-
ically relevant concentrations of these agents at infection sites
without inducing systemic toxicity or off-target effects remains
a critical hurdle. Active targeting strategies, including ligand
functionalization and magnetically guided navigation, offer
potential solutions but are often limited by biofilm heteroge-
neity, dynamic fluid environments, and host immune
responses. Conversely, passive targeting approaches, relying on
size or charge, lack the precision required for effective biofilm
penetration.”®” Therefore, while advancements in nanotech-
nology provide innovative avenues for biofilm disruption,
a comprehensive understanding of the limitations and chal-
lenges associated with both active and passive targeting strat-
egies is essential for the development of effective therapies.'*®
Post-treatment addition of tobramycin was found to potentiate
its effectiveness by up to three orders of magnitude, with the
degree of enhancement being organism- and condition-
dependent.

2.4 Nanozymes and biofilms inhibition

Artificial nanomaterials with enzyme-like catalytic properties,
referred to as nanozymes, have emerged as a focal point of
research in recent years. These nanozymes boast several bene-
fits over natural enzymes, including lower production costs,
improved stability, and adjustable activity, making them
attractive alternatives for use in biological, industrial, and
medical applications.”**'*® The adaptable catalytic activity of
enzymes modulated through composition, size, and surface
modifications is a major advantage, achieving predictable and
controllable enzymatic function in vivo remains a formidable
challenge."** In contrast to controlled in vitro buffer systems,
biological milieus present dynamic pH fluctuations, ionic
strength variations, and abundant ROS scavengers such as
glutathione and catalase, which can significantly reduce cata-
Iytic turnover.** Moreover, the rapid adsorption of biomole-
cules onto nanozyme surfaces a phenomenon known as protein
corona formation can mask active sites or alter substrate
affinity, leading to unpredictable bioactivity. Additionally,
enzyme inhibitors, competitive substrates, and inflammatory
microenvironments can further compromise activity. These
factors collectively highlight the gap between promising in vitro
data and reliable in vivo efficacy, warranting the development of
robust predictive models and adaptive nanozyme designs to
accommodate physiological variability. Furthermore, the
development of drug resistance is hindered due to the multi-
faceted antibacterial capabilities of these nanomaterials.
Notably, their antibacterial efficacy can be precisely modulated
by tailoring parameters such as particle size, structural config-
uration, surface topography, composition, surface charge, and
other material properties. Additionally, synergistic enhance-
ments in antibacterial performance can be achieved through
the integration of multiple functional mechanisms within
a single nanomaterial entity.****** The antimicrobial properties
of nanozymes have garnered significant attention, as they can
produce surface-bound ROS, triggering oxidative damage in
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Fig. 7 (a) Illustrates the design and functionality of Pip-loaded microbubbles (MB-Pip). Under ultrasound (US) stimulation, MB-Pip can disrupt
biofilm architecture, degrade EPS, and activate macrophages. (b) In the context of P. aeruginosa biofilm-infected lungs, US-triggered rupture of
MB-Pip enables physical biofilm disruption. The released FesO4 NPs catalytically generate ROS, degrading biofilm EPS and enhancing the
antibacterial efficacy of Pip. This process also activates the host immune response, as evidenced by increased production of pro-inflammatory
cytokines, including tumor necrosis factor-alpha (TNF-a) and interleukin-1 beta (IL-1pB), ultimately contributing to biofilm elimination. Repro-
duced from ref. 134 with permission from The American Association for the Advancement of Science 2023. (c) Biofilm disruption via vapor
nanobubble (VNB)-mediated mechanisms. Dark field microscopy images depict the impact of a single 561 nm laser pulse (1.69 J cm~2) on biofilm
architecture, with the laser-targeted region demarcated by a yellow circle. The induction of VNB is evident, as indicated by red arrowheads. A
control biofilm cluster devoid of gold nanoparticles (AuNP) serves as a reference (CTRL). Reproduced from ref. 135 with permission from Springer
Nature 2018.
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pathogens via multiple pathways.'**'*” Notably, when applied as
surface coatings, these nanozymes exhibit considerable
promise in suppressing the formation of bacterial biofilms,
thereby mitigating the risk of chronic infections."® Since ROS
can oxidize and impair various cellular constituents crucial for
cell function, nanozymes can eradicate drug-resistant bacteria
and potentially mitigate the progression of bacterial resis-
tance."**° The ROS are widely cited as antimicrobial agents, it
is important to distinguish between different types such as
hydroxyl radicals (‘OH), superoxide anions (O, "), singlet
oxygen ('0,), and H,0,.”** These species differ in redox poten-
tial, reactivity, diffusion distance, and cellular targets. For
instance, ‘OH is extremely reactive but short-lived, damaging
DNA and lipids locally, 'O, is longer-lived and can diffuse to
damage proteins and membranes, H,O, serves more as
a signaling molecule and is less directly bactericidal. Moreover,
many nanozymes depend on endogenous H,O, levels to activate
peroxidase-like functions, however, H,0, is often present in
very low concentrations in infected tissue typically <10 pM far
below optimal catalytic thresholds. Alternatively, some studies
use exogenous H,0,, which poses challenges due to instability,
diffusion limits, and off-target toxicity, particularly in sensitive
tissues. These issues underscore the need for H,0,-indepen-
dent ROS generators (e.g., Fenton-like catalysts, photoactivated
'O, producers) or self-supplying nanozymes that co-deliver or
catalyze precursor molecules in situ.*> In addition to direct
oxidative killing, nanozymes have also shown promise in tar-
geting bacterial communication systems, particularly QS, which
plays a pivotal role in initiating and maintaining biofilms. Over
the past decade, there has been significant research into
designing nanozyme-based nanomaterials to tackle the growing
issue of bacterial resistance and the challenges posed by
biofilm-related infections.'>

Targeting the QS mechanism in bacteria is a crucial objective
to effectively hinder the formation of biofilms. This mechanism
relies on various signaling molecules, with N-acyl homoserine
lactones (AHLSs) being utilized by Gram-negative bacteria. AHLs
have been observed to lose their functionality upon halogena-
tion (in presence of hypohalous acids), leading to quorum
quenching (QQ) and thereby impeding biofilm formation
further. The naturally occurring vanadium haloperoxidase (V-
HPO), produced by marine algae, catalyzes this reaction in the
presence of H,0,, making it effective in suppressing biofilm
formation through quorum quenching (QQ). Considering the
remarkable ability of HPO to obstruct QS and hinder biofilm
formation, Zhou and colleagues* sought to develop a Ce-metal
organic framework (Ce-MOF) to mimic HPO for governing
surface-adhered biofilms. The synthesized nanozyme success-
fully replicated HPO's function, catalyzing the generation of
HBrO with encouraging antibacterial and quorum quenching
(QQ) capabilities (Fig. 8a). Ce-MOF exhibited significant
potential in both bactericidal potency and inhibiting surface-
adhered biofilm formation (Fig. 8b). Likewise, researchers
noted HPO-like characteristics in V,05 nanowires, capable of
catalyzing the production of hypobromous acid (HOBr) and
singlet molecular oxygen.'** Paints containing V,05 nanowires
were observed to deter surface biofouling when submerged in

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

seawater for a duration of 60 days (Fig. 8c—f). The generated
singlet oxygen exhibited potent antibacterial effects, while the
produced HOBr disrupted quorum sensing, effectively inhibit-
ing biofouling.

Halogenation of QS signal molecules, particularly AHL, leads
to the loss of their biological activity, prompting ongoing
endeavors to develop nanozymes that mimic haloperoxidases
(HPO) to impede bacterial communication and biofilm forma-
tion. Among these, CeO,-based materials have emerged as
efficient candidates with haloperoxidase-mimicking properties.
CeO, nanocrystals (NCs) have been identified as potent quorum
quenching (QQ) agents.*** CeO,NCs are known to deactivate QS
signals through bromination, rendering brominated AHL inef-
fective as QS signals. Consequently, bacterial communication is
disrupted, preventing the formation of biofilms. In a recent
study, Luo et al.' illustrated that CeO, coating on zirconia
(Fig. 9g) exhibits robust haloperoxidase (HPO) mimicking
capabilities (Fig. 8h), effectively catalyzing the production of
HOBr by oxidizing bromine in the presence of H,0,. The
generated HOBr is recognized for its antibacterial properties
and QS inhibition,*®'* contributing to its remarkable anti-
bacterial and anti-biofouling capabilities (Fig. 8i). The
pronounced enzymatic activity was credited to the abundant
oxygen vacancies and surface acid attributes present in the
hybrid material. Ongoing research has focused on enhancing
the antibacterial efficacy of engineered materials against
methicillin-resistant S. aureus (MRSA) and its associated bio-
films. V-Fe,O; nanozymes have shown potent peroxidase-like
activity and ROS generation, resulting in a substantial reduc-
tion of MRSA burden in vitro under optimized conditions.*®
However, the reported 100% eradication was achieved at rela-
tively high concentrations (e.g., 500 pg mL ') under static
culture conditions, which may not be replicable in complex in
vivo settings. Moreover, this evaluation was conducted in
monoculture planktonic or early-stage biofilms, rather than
established, mature biofilms embedded in host tissue. There-
fore, these promising results require careful dose-toxicity vali-
dation and biofilm maturity modeling before clinical
translation.

Besides Ce and vanadium-based nanozymes, various other
metal-containing materials have shown significant potential as
enzyme mimics for effectively inhibiting and eradicating bio-
films formed by diverse bacterial strains. For example, copper-
doped carbon dots (Cu-CDs) were discovered to possess cata-
lase and peroxidase-like activities, effectively eradicating
bacteria and impeding or destroying biofilm formation through
mechanisms involving O, bubbling and ROS mediation.'** This
material exhibits a robust affinity for cell wall components like
LPS and peptidoglycan, ensuring efficient capture and
a concentrated dose at the bacterial cell level, thereby demon-
strating remarkable antibacterial efficacy against various
bacterial strains. The enzyme-driven Cu-doped carbon dots (Cu-
CDs) efficiently eliminate S. mutans biofilms on tooth surfaces
and exhibit notable tooth-whitening effects. Furthermore, Cu-
CDs display significant efficacy in combatting infections and
accelerating wound healing in a rat model of infectious skin
wounds (Fig. 9a). Cu-CDs showed considerable efficacy in
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Fig. 8 (a) Diagram depicting the antibacterial and biofilm formation inhibitory functions of Ce-MOF-808 due to its HPO-like behavior. (b) SEM
images showing biofilms formed by E. coli and P. aeruginosa, where 1 and 3 represent control groups, and 2 and 4 depict bacteria treated with
100 pg per mL Ce-MOF-808. Reproduced from ref. 154 with permission from Wiley 2022. (c and d) Photograph depicting a stainless steel plate
coated with paint for boat hulls, comparing one without (—V,0s5 nw) and one with (+V,0s5 nw) V,05 nanowires. Both plates remain clean after
installation. (e) The painted stainless-steel plate without V,Os nanowires experienced significant natural biofouling. (f) Plates with V,Os nanowires
exhibited no biofouling after 60 days. Reproduced from ref. 155 with permission from Springer Nature 2012. (g) Diagram depicting the synthetic
procedure of Ce0,@ZrO,. (h) Time-dependent UV-vis spectra showing the bromination of phenol red catalyzed by CeO,@ZrO, (50 x 107 % m
phenol red, 25 x 10> m Br~, 350 x 107% m H,0,, 600 minutes, 25 °C). (i) lllustration demonstrating the anti-biofilm mechanism of CeO,@ZrO,
nanozyme in marine environments. Reproduced from ref. 157 with permission from Wiley 2022. (j and k) Schematic representation of the
synthetic pathway and antibacterial mechanism of action for V-Fe,O3 nanozyme, respectively. Reproduced from ref. 160 with permission from
Wiley 2023.

inhibiting biofilm formation, achieving 97% inhibition at 60 pg
mL ™', demonstrating their capability to hinder bacterial adhe-
sion and aggregation (Fig. 9b). Similarly, treatment with Cu-CDs
in the presence of H,O, resulted in over 90% biofilm eradica-
tion activity. Likewise, cobalt and nitrogen-doped carbon dots
(CoNCDs) were found to exhibit oxidase-like properties and

23200 | RSC Adv, 2025, 15, 23187-23222

dismantle bacterial biofilms through mechanisms involving
ROS mediation without the addition of H,0,.'**> The ROS
generated by CONCDs were observed to degrade eDNA, leading
to the subsequent eradication of biofilms. Additionally,
CoNCDs disrupt bacterial cell membranes, resulting in bacte-
rial death, and have shown promising therapeutic potentials in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematic illustration depicting the mechanisms of Cu-CDs with dual-enzyme mimicking catalytic activity adapted for oral appli-

cations. (b) The inhibitory activity of CDs and Cu-CDs against biofilm formation at various concentrations (60, 80, 120, and 240 pg mL™Y).
Reproduced from. Ref. 161 with permission from American Chemical Society 2022. (c) The diagram illustrates how CoNCDs eliminate biofilms
and cause bacterial death. Reproduced from ref. 162 with permission from RSC. (d) A schematic depiction illustrating the self-adaptive

mechanism of Cu,MoS, in exerting antibiofilm and immune modulation

effects. Reproduced from ref. 163. (e) The biofilm eradication mech-

anism is facilitated by CPP nanoflares. (f—h) SEM images depicting biofilms subjected to various treatments: (f) CDs + H,O,, (g) PP + H,O,, (h) CPP
+ H>0O,. Reproduced from ref. 165 with permission from American Chemical Society 2023.

vivo, particularly in wound curing and acute peritonitis (Fig. 9¢).
To mitigate the collateral damage to healthy cells resulting from
excessive ROS generation during bacterial infection treatment,
it is essential to design a material that can dichotomously
function as both a ROS-generating agent for bacterial elimina-
tion and a ROS-scavenging entity to neutralize the resultant
oxidative stress. In this context, hollow Cu,MoS, nanospheres
(H-CMS NSs) have demonstrated significant promise by exhib-
iting as mimics of catalase and peroxidase. Initially, they
initiate ROS generation through catalase-like activity, effectively
targeting bacteria and their associated biofilms for destruction.
Following biofilm eradication, Cu,MoS, functions as peroxi-
dase mimics, scavenging the produced ROS inhibiting the
polarization of macrophages (M1), and reducing the expression
of proinflammatory cytokines (Fig. 9d).'** It has been demon-
strated that combining metal with carbon can enhance catalytic
activity compared to individual metal and carbon nano-
materials, owing to their efficient interfacial electron transfer.***

© 2025 The Author(s). Published by the Royal Society of Chemistry

Following this principle, Liang and colleagues'®® integrated Pt
nanoparticles (PtNPs) with carbon dots to create CDs@PtNPs
(CPP), which exhibited promising potential in catalyzing H,0,
to produce OH radicals for effective activity against resistant
bacteria and biofilm inhibition (Fig. 9¢). The CPP nanozyme
enables sensitive detection of H,0,, antioxidants, and patho-
gens. Additionally, the enhanced peroxidase activity of CPP
could facilitate rapid and efficient bacterial inactivation and
biofilm eradication. Compared to CDs and PtNPs (PP), CPP
demonstrated outstanding efficacy in dispersing and destroying
biofilms (Fig. 9f-h), highlighting the enhanced peroxidase
mimicking properties resulting from the synergistic interaction
of CDs and integrated PtNPs in the CPP composite. Similarly,
carbon-based nanomaterials have garnered attention for their
multifunctional properties in antimicrobial and antibiofilm
applications. Materials such as carbon dots (CDs), graphene
oxide (GO), and carbon nanotubes (CNTs) exhibit high surface

area, tunable surface functionalities, and intrinsic
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photothermal or redox activity. For instance, copper-doped
carbon dots (Cu-CDs) demonstrated peroxidase- and catalase-
like activities, enabling ROS generation and biofilm inhibition
while also promoting wound healing.**® Similarly, Co- and N-
doped carbon dots (CoNCDs) were shown to degrade extracel-
lular DNA and disrupt biofilm architecture without the need for
exogenous H,0,."” Graphene oxide-based composites have also
been reported to impair quorum sensing and enhance the
delivery of antibacterial agents into biofilm matrices. These
findings underscore the emerging potential of carbon nano-
structures as effective platforms for nanozyme and non-
nanozyme-based biofilm therapies.**®

2.5 Combination therapy with nanozymes

Recent research has demonstrated the effectiveness of combi-
nation therapy in inhibiting both biofilms and resident
bacteria. In a recent investigation, Huang and colleagues'®
devised a combination therapy involving ferumoxytol (Fer) and
SnF, (Fig. 10a), aiming to investigate the synergistic effects of
this formulation on antibacterial and antibiofilm activities in
dental caries. Fer, an FDA-approved iron oxide nanoparticle, is
recognized for its ability to eradicate biofilms by catalytically
activating H,0,. Combining Fer with SnF, significantly
enhanced the catalytic activity of Fer, thereby increasing its
antimicrobial effectiveness. This combination was remarkably
successful in preventing dental caries, surpassing the efficacy of
either component alone, and completely halting enamel cavi-
tation. The findings indicated that the Fer and SnF, formulation
significantly decreased the biovolume (Fig. 10b) and EPS
(Fig. 10c), underscoring the enhanced efficacy of this combined
therapy in inhibiting biofilms. Similarly, Zhu et al.V’® engi-
neered a hybrid composite nanozyme system (HA@MRuO,-Cip/
GOx) consisting of a mesoporous RuO, core (MRuO,) loaded
with the ciprofloxacin (Cip) and glucose oxidase (GOx), as
depicted in (Fig. 10d). The developed hybrid composite
exhibited notable peroxidase mimicry, leading to the generation
of ROS that cleaves eDNA, disrupting biofilms and thereby
augmenting the bactericidal effect of released ciprofloxacin
from the nanozyme. Nanozymes exhibit greater efficacy under
acidic conditions, and the inclusion of GOx in HA@MRuO,-Cip/
GOx generates gluconic acid and H,0,, maintaining an acidic
PpH in the system. Additionally, the produced H,O, catalyzes the
generation of ROS (Fig. 10e). Crucially, in vivo assessments of
therapeutic efficacy demonstrated that HA@MRuO,-Cip/GOx
can stimulate macrophage-mediated immunity and efficiently
relieve MRSA-based lung infections. Hence, the integration of
nanocatalytic therapy with targeted antibiotic delivery holds
promise for enhancing the treatment of bacterial infections.
Likewise, nitric oxide (NO) and singlet oxygen (*O,) are recog-
nized as potent antibacterial agents, and a material capable of
releasing both species would likely exhibit synergistic antibac-
terial activity."”*”'”® Moreover, nanozymes can catalyze the
production of ROS in the presence of H,0,, and the develop-
ment of a material that can autonomously supply H,O, while
producing ROS and NO would represent a promising strategy
for combating multidrug-resistant bacteria. Motivated by the
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multimodal concept, Li, et al.'’* engineered a nanozyme by
encapsulating glucose oxidase, a NO donor (BNN6), and chlor-
operoxidase (CPO) within a metal-organic framework (MOF)
carrier, MIL-101(Fe), resulting in a potent antibacterial nano-
composite, designated as MGBC. Mechanistic studies revealed
that the nanocomposite initially catalyzes glucose oxidation,
generating H,O, via the integrated glucose oxidase. This H,0,
subsequently triggers the generation of NO and 'O, through the
NO donor and CPO, respectively (Fig. 10f). The CPO-catalyzed
reactions enhance ROS production, synergistically augment-
ing the antibacterial activity of the MGBC nanocomposite.
Investigations demonstrated that MGBC exhibits potent efficacy
in mitigating MRSA toxicity drug and resistance by substantially
downregulating genes involved in QS, virulence, multidrug
efflux, and biofilm formation. The collective impact of these
genetic modifications underlies the exceptional performance of
MGBC in suppressing bacterial proliferation and associated
biofilm formation, highlighting its potential as a novel thera-
peutic agent. Following the preceding research, the synergistic
conjunction of r-arginine and NiCo,0,@AIO(OH) nanozyme
exhibited a pronounced enhancement of antibacterial potency,
with a 1000-fold augmentation in efficacy. A thorough mecha-
nistic elucidation revealed that this combinatory regimen
instigates membrane disruption and fosters the intracellular
accrual of ROS. Subsequent molecular-level dissection revealed
that ROS-mediated damage impedes vital cellular processes,
encompassing the tricarboxylic acid cycle and oxidative phos-
phorylation, thereby destabilizing redox homeostasis and
precipitating a disequilibrium between antioxidant and oxidant
systems (Fig. 10g).”” This combination therapy exhibited
exceptional efficacy in preventing biofilm formation (Fig. 10h),
and demonstrated limited efficacy in eliminating established
biofilms or persister cells. The observed ineffectiveness against
dormant persisters was attributed to their characteristic slow
metabolic activity, which renders them less susceptible to
combination therapy. In contrast, the therapy effectively tar-
geted rapidly proliferating cells, highlighting a selective efficacy
against actively growing microbial populations.

Analogously, a micellar nanocomposite consisting of NO-
releasing functional groups, palladium (Pd)-based photo-
catalytic core (Pd-PC), and tertiary amine (TA) was observed to
exhibit potent efficacy in eliminating ciprofloxacin-resistant
biofilms."® Detailed mechanistic studies demonstrated that
these micellar nanostructures possess the ability to reorganize
in response to the biofilm environment and release NO upon
irradiation at a wavelength of 630 nm, facilitating effective
biofilm eradication. The integration of TA functionalities was
a critical design feature, enabling a bifunctional role as ROS
scavengers and proton acceptors. Under alkaline and normoxic
conditions typical of biofilm peripheries, deprotonated TA
species effectively neutralized 'O,, preventing oxygen exhaus-
tion of the Pd-PC and promoting NO liberation. The observed
results demonstrate the material's robust performance under
diverse biofilm conditions, underscoring its promise as an
effective treatment strategy for combating multidrug-resistant
biofilms.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10

(a) Schematic illustration of the synthesis and synergistic enhancement of antimicrobial activity resulting from the combination of ferric

(Fer) and tin(n) fluoride (SnF,). (b) Quantitative analysis of the biovolume of bacterial cells, (c) EPS production in biofilms, with and without
treatment with Fer + SnF,, revealing the impact of this combination on biofilm formation and structure. Reproduced from ref. 169 with
permission from Wiley 2020. (d) Synthetic route for the preparation of HA@MRuO,-Cip/GOx nanostructures. (e) Mechanistic depiction of H,O,
and OH generation by HA@MRuO,-Cip/GOx, showcasing the cooperative catalytic action of MRUO, and GOx, resulting in the production of
ROS, crucial for antimicrobial efficacy. Reproduced from ref. 170 with permission from Wiley 2023. (f) Diagrammatic representation of the MGBC
synthesis route, depicting the enzyme cascade catalytic process that facilitates the tandem production of NO and *O,, demonstrating the
material's ability to generate multiple ROS species through a single catalytic pathway. Adopted from ref. 174 with permission from Wiley 2024. (g
and h) Schematic representation of the proposed mechanistic framework underlying the biological activity of NiCo,O,@AIO(OH), elucidating the
key molecular interactions and cellular processes involved in its mode of action and the anti-biofilm efficacy of NiCo,04@AIO(OH) (25 pg mL™Y),
L-arginine (0.4%), and their combined treatment, respectively. Reproduced from ref. 175 with permission from Wiley 2023.

Although current research emphasizes the innovative func-
tionalities and therapeutic potential of advanced nano-
structures, there is often insufficient attention given to the
practical limitations that hinder clinical translation. The
complexity of synthesizing, purifying, and characterizing these
multi-component nanosystems particularly those involving
multiple functional
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domains, and
cost-effective

precise morphology,
responsive  behaviors
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production extremely difficult. Most studies report laboratory-
scale fabrication under controlled conditions without address-
ing whether these methods are compatible with good
manufacturing practice standards, reproducibility across
batches, or regulatory compliance. Consequently, while the
biological efficacy is highlighted, the logistical and economic
feasibility for real-world deployment remains underexplored,
limiting the pathway toward widespread clinical adoption."””
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2.5.1 Artificial phage like nanozymes. The rising tide of
antibiotic resistance among bacterial populations has driven
the search for alternative strategies that can selectively infect
and eradicate pathogenic bacteria. Inspired by the physical
morphology of bacteriophages, recent efforts have explored
nanostructures with spike-like surface topologies, such as
Ir@Coz;0, nanozymes, to improve bacterial interaction and
biofilm penetration.””® These particles have been described as
phage-like in the literature, it is important to clarify that this
term refers to their structural resemblance enhanced surface
area, and multivalent physical contact and not to the highly
specific molecular recognition or genome injection capabilities
of natural phages. These nanostructures exert their antibacte-
rial effects through a combination of membrane perturbation
and ROS generation, rather than phage-like biological mecha-
nisms. Therefore, the analogy provides conceptual inspiration,
it does not imply functional equivalence with natural bacterio-
phages (Fig. 11a). An integrated investigation combining
computational simulations and in vitro experiments demon-
strates that the spiknanozyme architecture is essential for
bacterial arrest and destruction (Fig. 11b and c), biofilm accu-
mulation, and infiltration (Fig. 11d). The spike-mediated hole
formation and membrane disruption, synergized with iridium-
catalyzed ROS generation, facilitate targeted ROS supply,
thereby enhancing biofilm eradication efficiency (Fig. 11e). The
recent studies attribute the antibacterial activity of spiky
nanoparticles and microrobots to mechanistically specific
actions such as spike-mediated hole formation or QS disruption
these mechanisms often coexist with or are surpassed by broad-
spectrum physical damage or general cytotoxicity, particularly
at high concentrations. For example, spiky surfaces may phys-
ically cut bacterial membranes, but it remains unclear whether
this is a targeted anti-biofilm action or simply a result of non-
specific membrane disruption and cell lysis under high local
stress.”® Similarly, several microrobot systems have been
credited with disrupting QS pathways,"®® however, few studies
isolate this effect from ROS generation, shear-induced damage,
or cationic surface interactions. Therefore, claims of highly
specific antibacterial pathways should be critically interpreted
in light of experimental controls, such as comparisons against
inert particles, concentration dependence, and analysis of
bacterial recovery and stress response markers. Additionally, it
was hypothesized that Ir@Co;0, exerts its anti-biofilm activity
against MRSA by disrupting the maintenance of cellular
homeostasis and impeding bacterial attachment to the EPS,
thereby targeting key sites involved in biofilm formation,
including intracellular ftnA, extracellular sceD, and saccharide
biosynthesis pathway. Following this observation, an earlier
investigation demonstrated that a spiky phage-inspired nano-
material, comprising Cu and MoOj; catalytic sites with POD-like
activity (V-POD-M), effectively captures and eliminates bacteria
by compromising membrane stability and triggering ROS-
mediated toxicity. Furthermore, the nanozyme's wound heal-
ing capacity was found to be equivalent to that of vancomycin,
positioning it as a promising, inexpensive alternative to
conventional antibiotics.*®* Based on the cumulative evidence
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from these studies, it is predicted that the engineered spiky
phage-like nanozymes, with their synergistic capture and
eradicate capability and pronounced ROS-catalytic activity, will
provide a novel therapeutic pathway for managing chronic
wounds associated with antibiotic-resistant biofilms. Addi-
tionally, this innovative design is anticipated to unlock new
opportunities for developing versatile disinfection approaches,
offering alternative strategies for mitigating biofilm-related
infections. A recent study introduced a pioneering concept of
conjugating bacteriophages with Pd to form a novel phage@Pd
nanozyme system.'®* This hybrid system was synthesized via an
amidation reaction between the amino groups (NH,) on the
phage surface and the N-hydroxysuccinimide (NHS) functional
groups on polyethylene glycol (PEG)-modified Pd nanozymes. In
this synergistic system, the Pd component exhibits antibacterial
activity due to its exceptional pH-dependent POD-like activity,
while the phage component facilitates bacterial envelopment.
Mechanistic investigations revealed that the phage moiety
selectively adheres to or non-specifically wraps around bacterial
cells, whereas the Pd moiety is triggered by the acidic micro-
environment of infection sites, generating toxic "OH at close
proximity, thereby significantly enhancing the antibacterial
efficacy of the phage@Pd system against biofilm-embedded
bacteria.

2.5.2 Photothermal and photodynamic nanozymes. Light-
activated therapies for biofilm eradication are fundamentally
constrained by the physics of tissue optics. Traditional photo-
dynamic therapy (PDT) using visible light (<700 nm) penetrates
only ~1 mm, while near-infrared I (650-950 nm) extends this to
2-5 mm insufficient for most implant-associated or chronic
wound biofilms. Recent studies highlight the promise of NIR-II
(1000-1700 nm) agents, which achieve deeper penetration (>8-
10 mm) thanks to reduced scattering and absorption.'** NIR-II-
responsive nanomaterials—such as rare-earth-doped upcon-
version nanoparticles, semiconducting polymers, and carbon
nanotubes enable deeper tissue activation via direct heating or
energy transfer.'® Nonetheless, challenges persist, including
suboptimal quantum yields, thermal dissipation, control of
light delivery in vivo, and lack of real-time dosimetry. Therefore,
NIR-II strategies markedly improve depth performance, and
overcoming the intrinsic light-tissue interaction limitations
remains essential for the clinical translation of PTT/PDT against
deep-seated biofilms. In addition to the inherent catalytic
activity of nanozymes, the integration of heat and ROS-
mediated treatments could amplify the antibacterial and anti-
biofilm capabilities of engineered nanozyme-based materials.
It's worth noting that the anti-biofilm impact of PDT may be
compromised by the natural hypoxic conditions within bio-
films, which can hinder the generation of ROS from photo-
sensitizers.'*>'*¢ Additionally, PDT significantly exacerbates the
local hypoxia within biofilms, thereby further reducing the
effectiveness of bacteria eradication.'®” Consequently, providing
in situ oxygen supplementation emerges as an innovative and
feasible strategy to alleviate hypoxia and enhance the anti-
biofilm effectiveness of PTT/PDT. Any approach capable of
supplying oxygen to the biofilm would represent an ideal
strategy for mitigating hypoxia. Given that H,0, is plentiful in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 (a) Schematic depiction of ROS generation mechanisms via enzyme mimicry by Ir@aCozO4. (b and c) Antibacterial activity of lr@CozOy,
demonstrating bacterial capture and elimination. Biofilm accumulation is depicted in (d), and the proposed mechanism of biofilm infiltration and
disruption by Ir@CozO4 (S) particles is illustrated in (e). Adopted from ref. 178 with permission from Wiley 2024. (f) SEM image of V-POD-M,
revealing its structural morphology. (g) Bacterial capture efficiency and (h) membrane destruction indicated by red arrows by V-POD-M
nanozyme. Adopted from ref. 181 with permission from Wiley 2021. (i) Diagrammatic illustration of the phage@Pd nanoconstruct, showcasing its
structural composition and elucidating its antimicrobial mode of action. Reproduced from ref. 182 with permission from Wiley 2023.

the biofilm microenvironment, transforming this harmful Motivated by this strategy, Yuan et al'* designed and
compound into beneficial oxygen could effectively alleviate synthesized a pioneering hybrid nanozyme architecture,
hypoxic conditions, thereby enhancing the effectiveness of PDT wherein MnO, nanozymes were immobilized onto mesoporous
and PTT-based antibiofilm therapy.'*® polydopamine nanoparticles harboring the photosensitizer
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indocyanine green (ICG), yielding the MI-MPDA NP construct
(Fig. 12a). MI-MPDA NPs can generate oxygen in the infection
microenvironment characterized by low pH and high H,0,
levels, thus alleviating biofilm hypoxia. The continual provision
of oxygen can augment the production of 'O, upon exposure to
near-infrared radiation (NIR), thereby facilitating efficient bio-
film eradication through oxygen-enhanced PDT/PTT (Fig. 12b).
Additionally, MI-MPDA decreases the expression of factors
involved in inflammatory signaling pathways by scavenging
ROS mediated by MnO,, thereby improving the inflammatory
condition. MnO,-based nanoplatforms like MI-MPDA can
release hypoxia via H,0,-motivated O, generation, enhancing
PDT efficacy. However, in inflamed tissues with elevated ROS
and disordered redox balance, uncontrolled O, release may
increase oxidative stress and cause collateral damage. The in
vivo Kinetics and spatial control of MnO, catalysis remain
poorly studied, highlighting the need for cautious evaluation of
redox safety together with antimicrobial activity. Beside its
enhanced antibiofilm activity, the irradiated nanozyme also
mitigates oxidative stress and the associated inflammation,
while triggering a cascade reaction for immunomodulation-
based wound healing (Fig. 12c). The integration of photody-
namic and photothermal therapies has emerged as a robust
treatment strategy for mitigating bacterial infections and asso-
ciated biofilms. Research has revealed that a novel hetero-
composite material, comprising iron atoms embedded in
quantum dots (Fe@SAC CQDs) and conjugated with a photo-
thermally active agent (PTA), significantly suppresses experi-
mental bacterial growth and biofilm development, highlighting
its potential for wound healing.* Insights into the mechanistic
underpinnings revealed that the iron core in the composite
material functions as an enzyme mimic, facilitating ROS
production, and the photoactive agent triggers photothermal
heat generation. The combined chemodynamic and photo-
thermal effects synergistically contribute to the material's
enhanced antibacterial and biofilm-inhibiting efficacy
(Fig. 12d). Similarly, a composite material (Cu,N-GQDs@Ru-
NO) consisting of Cu,N-doped graphene quantum dots
(GQDs) functionalized with a NO-releasing agent (RU-NO) was
found to exhibit NADH dehydrogenase-mimicry, catalyzing the
photo-oxidation of NADH to NAD" upon near-infrared (NIR)
irradiation.”™ Mechanistic investigations revealed that NIR
irradiation (808 nm) of the material triggers the oxidation and
depletion of NADH, thereby disrupting bacterial redox homeo-
stasis and leading to bacterial cell death. Simultaneously, the
NIR light-induced NO release and photothermal effect acted in
concert to potentiate bacterial and biofilm eradication, as well
as enhance wound healing (Fig. 12e). Cumulative evidence from
these and other investigations has unequivocally demonstrated
that nanomaterials possessing enzyme-like activity, capable of
inducing photothermal and photodynamic effects, serve as
effective nanozymes for the eradication of biofilms through
multifaceted mechanisms, including the generation of ROS,
depletion of reduced glutathione reserves, and the imposition
of thermal stress.">'** For instance, a recent investigation
demonstrated that PNMn hydrogel exhibits multifaceted enzy-
matic activity, comprising peroxidase (POD), oxidase (OXD),
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and catalase (CAT)-mimicking activities when subjected to NIR-
II radiation. This photo-triggered activation instigates the
production of a diverse array of ROS, exhibiting pronounced
antimicrobial efficacy against bacterial pathogens and biofilm
matrices.*®* Consistent with this, a plethora of recent scientific
studies have reported the development of advanced nanozymes
exhibiting photothermal properties, including Cu,O-integrated
polydopamine (CuxO@PDA) nanostructures,'”® Pt-V,C MXene
hybrids,*® lactate oxidase integrated TiO,/y-Fe;O,; nano-
composites.,"” and Fe-CDs (iron-doped carbon dots) injectable
hydrogel."® These nanozymes have shown considerable
promise in efficaciously preventing biofilm growth and
enhancing wound healing capacities. Similarly, the strategic
creation of vacancy sites in nanozyme materials can enhance
the NIR-triggered production of ROS, leading to significantly
augmented photothermal and photodynamic antibacterial
efficacy and biofilm inhibition capabilities. Notably, a recent
study reported the development of a sulfur vacancy-rich Bi,S;
nanomaterial (Bi,S;_x@PDA) functionalized with catechol-rich
polydopamine, which demonstrated significant antibacterial
efficacy through NIR-triggered ROS induction." Concurrently,
the catechol residues conferred antioxidant properties, pro-
tecting adjacent cells from oxidative stress-induced damage.
The exceptional photocatalytic performance of the fabricated
nanozyme was primarily attributed to the enhanced charge
separation efficiency under light irradiation, which underscores
the crucial role of vacancy sites in facilitating charge carrier
dynamics. This highlights the potential of defect engineering as
a versatile tool to tailor the electronic properties and charge
density of fabricated materials, allowing for the fine-tuning of
their photocatalytic activities and maximizing their efficiency.
The developed strategy provides a groundbreaking approach,
exhibiting a dual-functional mechanism. On one hand, it
markedly induces the generation of ROS in infected tissues,
effectively eradicating biofilm formations. Conversely, it
simultaneously scavenges ROS in adjacent healthy tissues,
thereby preventing oxidative stress-mediated inflammation and
promoting accelerated wound healing.

2.6 Intratumor biofilm and nanomaterials

The oncogenic potential of Fusobacterium nucleatum (F. nuclea-
tum) is mediated by its capacity to form intratumoral biofilms,
which have been implicated in the pathogenesis of diverse
malignancies, including colorectal and breast cancer. F. nucle-
atum exhibits a specific tropism for colorectal cancer (CRC)
cells, characterized by the high-affinity binding of its Fap2
adhesin to Gal-GalNAc glycoconjugates on the CRC cell surface,
facilitating selective colonization and biofilm formation.>**>%
This precise molecular interaction enables F. nucleatum to
target and colonize CRC cells with high specificity, leading to
the dysregulation of critical host signaling pathways, including
those involved in cell proliferation, apoptosis, and immune
evasion, thereby contributing to tumorigenesis and cancer
progression. The administration of antibiotics to combat
intratumoral bacteria poses a significant challenge due to the
potential collateral damage to beneficial commensal
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Fig. 12 (a) Schematic depiction detailing the preparation of MI-MPDA. (b) The mechanism of NIR-irradiated MI-MPDA for oxygen-potentiated
PDT/PTT. (c) NIR-irradiated MI-MPDA for ROS scavenging and immune modulation. Reproduced from ref. 189 with permission from Wiley 2023.
(d) Mechanistic Insights into the photothermal catalytic antibacterial activity of Fe@SAC CQDs/PTA nanohybrids. Adopted from ref. 190 with
permission from American Chemical Society 2024. (e and f) Schematic illustration of the Cu,N-GQDs@Ru-NO nanozyme and the antibacterial
and antibiofilm activities, mediated by the generation of ROS and reactive nitrogen species (RNS), culminating in cellular dysfunction and ulti-
mately, microbial eradication. Targeted antibacterial therapy. Adopted from ref. 191 with permission from Wiley 2023. (g) Schematic illustration of
the photo-regulated switching of Bi,Ss-X@PDA between antibacterial and antioxidant modalities, enabling the precise control of its biological
functions through light activation. Adopted from ref. 199 with permission from Wiley 2024.
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Fig. 13 (a) Schematic illustration of F. nucleatum-mimetic antibiotic-loaded liposomal nanovehicles; (b) targeted specificity of the nano-
medicine, leveraging specific receptor-ligand interactions; (c and d) selective depletion of tumor-colonizing F. nucleatum populations, resulting
in the alleviation of F. nucleatum driven immunosuppressive mechanisms and augmentation of immunotherapy efficacy. Adopted from ref. 203
with permission from Wiley 2023. (e) Preparation of F. nucleatum mimicking nanovehicles involved the heterologous integration of cytoplasmic
membrane derived from F. nucleatum with liposomes encapsulating antibiotics. (f) Selective intratumoral bacterial clearance mediated by
specific receptor—ligand recognition between the nanovehicle and malignant cells, facilitating targeted antimicrobial therapy. (g) The LipoFM
nanovehicle, loaded with antibiotics, exhibited broad-spectrum antimicrobial activity against heterogeneous intratumoral microbiota, effectively
attenuating pulmonary metastasis of breast cancer associated with polymicrobial infections, and significantly augmenting the therapeutic
efficacy of conventional chemotherapy protocols for breast cancer management. Reproduced from ref. 208 with permission from Elsevier 2024.

microbiota, thereby compromising the efficacy of conventional
treatment strategies. Consequently, the development of tar-
geted therapeutic approaches has become a pressing need. In
this context, the utilization of nanovehicles for site-specific

23208 | RSC Adv, 2025, 15, 23187-23222

delivery of antibiotics to tumor tissues, enabling precise and
selective inhibition of the target bacteria, has emerged as
a promising area of research, garnering substantial scientific
interest. Building upon this pioneering concept, Chen et al.>*
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engineered a novel nano vehicle platform by integrating F.
nucleatum membrane (FM) fragments with liposomal structures
(FM-Lipo), creating a hybrid nanocomplex (Fig. 13a). This
innovative vehicle was designed to encapsulate antibiotic
(colistin), facilitating targeted delivery to specific sites. The
targeted specificity was achieved through the strategic display of
Fab2 receptors on the FM component of the nanovehicle, which
selectively bind to Gal-GalNAc epitopes on colorectal cancer
(CRC) cells, thereby ensuring precise and efficient delivery of
the antibiotic payload (Fig. 13b). F. nucleatum exerts a profound
influence on the tumor microenvironment,> inducing an
immunosuppressive state characterized by MDSC (myeloid-
derived suppressor cells) upregulation and compromised
immunotherapeutic efficacy, including reduced responsiveness
to ICB (immune checkpoint blockade).*>>*” Nonetheless,
administration of colistin-LipoFM effectively counteracts the F.
nucleatum mediated peritumoral microenvironment, thereby
reinstating the therapeutic effectiveness of anti-CTLA4 (cyto-
toxic T-lymphocyte-associated antigen 4) antibodies (Fig. 13c).
Moreover, it was demonstrated that colistin-LipoFM also
restores the therapeutic efficacy of anti-PD-1 in MC-38 tumor
models infected with F. nucleatum (Fig. 14d), highlighting its
potential as an adjunctive therapeutic strategy. Consistent with
prior findings, a recent investigation employed the cytoplasmic
membrane of F. nucleatum (FM) to encapsulate a liposome-
encapsulated antibiotic (colistin-LipoFM), facilitating targeted
therapy against F. nucleatum in breast cancer (Fig. 13e).>*® The
nanovehicle's selectivity was conferred by exploiting the Fab2
receptors present on the FM, which specifically bind to the Gal-
GalNAc moieties expressed on the surface of breast tumor cells
(Fig. 13f), thereby ensuring precise targeting and minimizing
off-target effects. The colistin-LipoFM formulation was
observed to exert a profound inhibitory effect on intratumoral F.
nucleatum, thereby reinstating chemotherapeutic efficacy in
a murine breast tumor. Additionally, LipoFM encapsulating
doxycycline was found to disrupt the intratumoral microbiota
and impede pulmonary metastasis of breast cancer associated
with a polymicrobial infection (Fig. 13g). Therefore, the stra-
tegic exploitation of antibiotic-loaded nanovehicles that mimic
the molecular signature of F. nucleatum offers a viable approach
to mitigate chemoresistance in multiple cancers and may
facilitate the rational design of novel, mechanistically informed
chemotherapeutic strategies that account for the complex,
reciprocal interactions between tumor cells and bacterial colo-
nizers. In another scientific investigation, a cholesterol-
modified F. nucleatum membrane liposome formulation
(LipoFM-CPG) was demonstrated to effectively and selectively
eliminate intratumoral F. nucleatum populations.” This
approach was designed to facilitate the co-delivery of multiple
antigenic epitopes and adjuvants, thereby augmenting antigen
presentation by dendritic cells and triggering a robust cellular
immune response, characterized by the activation and matu-
ration of CD8+ cytotoxic T lymphocytes and B lymphocytes. The
cytolytic effector functions of activated T lymphocytes and the
targeted humoral immune responses mediated by B cell-derived
antibodies collectively exert bactericidal activity against the
intratumoral F. nucleatum population, resulting in enhanced
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chemotherapeutic efficacy and reduced metastatic propensity
in F. nucleatum positive CRC. The F. nucleatum is a key
contributor to chemoresistance through B-catenin activation
and immune suppression,**® emerging evidence indicates that
other intratumoral bacteria such as Bacteroides fragilis, E. coli,
and Clostridium spp. also play roles in tumor progression and
therapeutic resistance via genotoxin production, immune
modulation, and drug metabolism.”** Therefore, LipoFM
encapsulating doxycycline reduced F. nucleatum and co-resident
anaerobes, including B. fragilis and Clostridium spp., as
confirmed by 16S rRNA profiling, indicating broader disruption
of intratumoral microbiota relevant to chemoresistance. This
highlights the capacity of FM-coated liposomes to target poly-
microbial tumor microenvironments and improve therapeutic
outcomes beyond single-species elimination.*** Taken together,
these recent studies suggest that intratumoral colonizing
bacteria can be efficiently eliminated through the rational
design of liposomal formulations incorporating targeted
bacterial mimetic functionalities, enabling selective delivery of
nanomedicines and eliciting specific immunological responses
to achieve efficacious treatment of infected tissues. Although
the Fap2/Gal-GalNAc targeting system offers promising selec-
tivity, its translational scope may be limited by the heteroge-
neous and context-dependent expression of Gal-GalNAc on
tumor surfaces. Gal-GalNAc overexpression is observed mainly
in certain adenocarcinomas (e.g., colorectal, pancreatic),’* but
its expression can vary with tumor stage, microenvironmental
signals, and glycosyltransferase activity, necessitating pre-
treatment stratification using glycomic profiling.*** Further-
more, the in vivo stability of F. nucleatum membrane (FM)-
coated liposomes is challenged by potential immune tagging
and recognition by innate immune components such as
complement proteins and pattern recognition receptors (e.g.,
TLR2, NOD2).>** This may lead to rapid clearance via hepatic
and splenic macrophages and enzymatic degradation by circu-
lating phospholipases and proteases.”*® Surface engineering
strategies such as PEGylation,**® hybrid membrane integra-
tion,*” or selective masking of immunogenic epitopes may be
required to preserve functionality, prolong circulation time, and
minimize immunogenicity under systemic conditions.**®

2.7 Biofilm eradication with micro-nano robotics

Micro- and nanorobotic platforms pioneer an innovative
framework for intra-body navigation and biofilm-associated
infection management, defined by autonomous navigation,
remote control, and reconfigurable design. These small-scale
robotic  entities synergistically combine antimicrobial
surfaces, precision drug delivery systems, and calibrated shear
force application, enabling a comprehensive strategy for biofilm
elimination, prevention, and inhibition. Stimuli-responsive
remote control facilitates precise kinematic manipulation,
while advanced imaging techniques provide spatiotemporal
localization. Through synergistic induction of mechanical
destabilization of the biofilm and targeted eradication of
persister (dormant) bacterial subpopulations, these robotic
systems significantly enhance the therapeutic efficacy of biofilm
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Fig. 14 (a) High-resolution STEM imaging of TiO,/Pt microrobots, providing insight into their nanostructural architecture. (b and c) Sequential
imaging of TiO,/Pt microrobots in motion, suspended in a solution comprising 0.5 wt% H,O, and 0.1 wt% surfactant, showcasing their kinetic
behavior and locomotion capabilities. Scale bars: 10 um. (d) In vitro viability assays evaluating the antibiofilm efficacy of TiO,/Pt microrobots at
various concentrations, with and without 1 wt% H,O, supplementation, demonstrating their potential in mitigating dental biofilm formation and
promoting oral health. Reproduced from ref. 225 with permission from Elsevier 2020. Kinematic analysis of FezO4-MnO, motor propulsion. (e)
Intrinsic dynamics: FMMs exhibit stochastic spinning motion, characteristic of autonomous propulsion. (f and g) Magnetically actuated motion:
the application of external magnetic fields enables precise control over FMM trajectories, achieving directed movement along straight or helical
paths. The magnetic field vector, denoted by the arrow, dictates motor orientation and navigation. (h) High-resolution SEM imaging of untreated
S. aureus biofilm, showcasing its inherent ultrastructure and cellular arrangement. (i) SEM micrographs of S. aureus biofilm following treatment
with Fez04-MnO, motors (FMMs) at a concentration of 600 pg mL™, in combination with 2 wt% H,O,, demonstrating significant biofilm
disruption and degradation. Reproduced from ref. 226 with permission from Elsevier 2020. (j) EDX spectroscopic analysis of Ag/B-TiO,, providing
elemental mapping and compositional insights. (k—m) Time-lapse imaging of Ag/B-TiO, under illumination, demonstrating dynamic motion
modes. (n) Live/dead fluorescence assay of biofilm under static conditions (no motion). (o) Live/dead fluorescence assay of biofilm under
dynamic conditions (motion). (p) Quantitative analysis of biofilm viability, expressing the percentage of dead cells under motion and no-motion
states, highlighting the material's antibiofilm efficacy. Adopted from ref. 228 with permission from Wiley 2022.

elimination strategies, ultimately leading to improved clinical
outcomes and augmented patient care.'®****

Unlike conventional metallic nanomaterials, which rely on
passive biodistribution and bioaccumulation, these robotic
materials demonstrate autonomous navigation and targeted
delivery attributes, harnessing external energy inputs to

23210 | RSC Adv, 2025, 15, 23187-23222

generate mechanical motion. This facilitates active trans-barrier
migration and precise localization at designated therapeutic
sites. The harmonious convergence of autonomous motility,
cargo conveyance, and augmented tissue permeability endows
these micro/nanomotors (MNM) with diverse functional
modalities, highlighting their immense promise for
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revolutionary biomedical applications, therapies, and diag-
nostic interventions.>***** Microscale machines can be engi-
neered to encapsulate a diverse array of antibacterial payloads,
including peptides, enzymes, and antibodies, enabling precise
transport and localized release at biofilm-impacted areas. This
multimodal therapeutic approach enhances selectivity and
efficacy by concentrating bioactive agents at the site of infec-
tion, optimizing antimicrobial therapy.>**>*?

2.7.1 Chemicals and light-driven robotic system. These
robotic machines employ either exogenous energy sources or
endogenous fuel-based propulsion mechanisms. The latter relies
on catalytic chemical reactions to generate energy for locomotion.
Specifically, enzymatic catalysts like catalase, and metallic nano-
particles such as Ag and platinum (Pt), facilitate the decomposi-
tion of H,0, into oxygen (O,) and water (H,O). Conversely, urease-
catalyzed hydrolysis of urea yields ammonia (NH;3) and carbon
dioxide (CO,), underscoring the utility of urea and H,O, as
chemical energy sources.” Villa K. et al. investigated the catalytic
conversion mechanism of fuel-based propulsion by designing
a robotic material composite comprising Pt and titanium dioxide
(TiO,) (Fig. 14a).* In this system, Pt serves as a catalytic engine,
facilitating the decomposition of H,0O, into O, bubbles and H,O
through an oxidative reaction, thereby enabling propulsion
(Fig. 14b and c). The nanorobot's antibiofilm efficacy against
diverse oral pathogens was ascribed to the synergistic interplay
between two mechanisms: (1) mechanical disruption mediated by
O, bubbles generated through Pt-catalyzed decomposition of
H,0,, and (2) ROS production facilitated by the integrated TiO,.
This dual-action approach potentiates biofilm disruption and
inhibition (Fig. 14d). Analogously, magnetite nanomaterials
incorporating manganese dioxide (MnO,) as a catalytic engine for
H,0, decomposition have been developed as a magnetically
controllable robotic system for biofilm eradication (Fig. 14e-g).>*
This system exhibits strong antibiofilm activity through mecha-
nophysical disruption via O, bubbles generated through MnO,-
mediated H,0, catalysis and ROS production facilitated by the
Fe,O; core, augmenting oxidative stress and biofilm degradation
(Fig. 14h and i). The magnetic responsiveness of this nanomaterial
enables precise spatial and temporal control, optimizing its anti-
biofilm efficacy and potential for targeted therapeutic
applications.

Recent advancements have highlighted the potential of
externally applied light or magnetic stimuli as viable alterna-
tives to H,0,-based propulsion for nanorobotic systems. This
shift is driven by the limitations of H,O,-based approaches,
including (1) limited availability of H,0O, in physiological envi-
ronments and (2). Potential cytotoxicity of H,0O,, posing risks to
cellular systems and restricting its practical applications.””” A
recent investigation successfully integrated silver-decorated
black titanium dioxide (Ag/B-TiO,) into a UV-visible light-
responsive micro-robotic hybrid, specifically designed for bio-
film inhibition on commercial titanium miniplate implants
used in facial applications (Fig. 14j).**® Under illumination with
450-500 nm (blue) and 540-550 nm (green) light, the micro-
robot exhibited diverse motion modes, including autonomous
fast rotation and random movement (Fig. 14k-m). Notably, this
hybrid material demonstrated exceptional antibiofilm efficacy,
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attributed to its dynamic motion patterns and the ROS gener-
ated by the incorporated silver particles (Fig. 14n-p). The
synergistic combination of mechanical disruption and ROS-
mediated oxidative stress effectively inhibited biofilm forma-
tion, showcasing the potential of this light-controlled micro-
robot for implant-related infection prevention.

Addressing the limitations of H,0,-dependent nanozymes,
as endogenous H,0, levels in tumors (typically <100 uM) are
often insufficient for efficient catalytic activity, and exogenous
H,0, poses toxicity risks.?”” Recent designs address this using
self-supplying systems incorporating glucose oxidase or H,O,-
independent oxidase-mimetic nanozymes (e.g., CoNCDs, V-
Fe,03).>*° Similarly, light-driven therapies face limited tissue
penetration (~1-5 mm with visible/NIR-I), though advances in
NIR-II photothermal agents and upconversion nanomaterials
have improved depth performance.”® However, enhancing
catalytic efficiency under physiological conditions remains
essential for clinical use.

2.7.2 Magnetic field-driven robotic systems. Magnetic
nanomaterials with integrated robotic functionalities are
emerging as a fascinating paradigm for biofilm remediation
due to their fuel-free propulsion and control via external
magnetic fields. These robotic machines exhibit exceptional
maneuverability, wireless operation, and accessibility to
confined environments, rendering them highly promising for
targeted biofilm eradication in inaccessible regions, complex
geometries, and spatially constrained areas.****** Moreover,
photonic microrobots propelled by blue and green light are
constrained by significant limitations, including phototoxicity
and potentially harmful biological effects in patients.****”
These limitations underscore the need for alternative pro-
pulsion mechanisms or mitigating strategies to ensure the safe
and effective operation of microrobots in biomedical applica-
tions. To overcome existing limitations, magnetically propelled
robotic materials emerge as a crucial solution, enabling precise
manipulation and control of bioactive agents. These materials
facilitate directed movement and navigation, ensuring accurate
mobility, while also allowing for precise target orientation
through accurate alignment and positioning. Furthermore, they
enable access to specific biological sites, enhancing reachability
and ensuring targeted delivery.?**>*°

The Mayorga-Martinez C. C. et al. recently developed a novel
magnetic microrobot, designated HNT-Fe;O0,@PEI/Amp,
through a sequential fabrication process.*** Initially, halloysite
nanotubes (HNTs) were functionalized with Fe;O, nano-
particles to form the HNT-Fe;O, composite. Subsequently, the
HNT-Fe;0, composite was coated with polyethyleneimine (PEI)
to yield HNT-Fe;0,@PEL Finally, ampicillin (Amp) was conju-
gated to the magnetic microrobots, resulting in the formation of
HNT-Fe;0,@PEl/Amp (Fig. 15a). The fabricated magnetic
microrobots demonstrated multimodal locomotion capabilities
(Fig. 15b), enabling precise navigation and transportation of
therapeutic payloads. Furthermore, these robotic systems
demonstrate advanced motion capabilities, including reversible
tumbling-to-spinning transitions and adaptive swarm behavior,
toggling between vortex and ribbon patterns (Fig. 15¢). Impor-
tantly, the vortex mode facilitates substantial viability reduction
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Fig. 15 (a) Schematic illustration of the fabrication process for HNT-FezO4@PEI/Amp microrobots. (b) Dynamic motion modalities of a single
magnetic FesO4-HNT/PEI@Amp microrobot, demonstrating reversible transitions between tumbling and spinning modes (1 Hz) and obstacle
avoidance capabilities. (c) The collective multimodal motion of FezO4-HNT/PEI@Amp microrobot swarms, exhibiting reversible transformations
between ribbon and vortex patterns (frequency: 8 Hz; magnetic field intensity: 5 mT). (d) Comparative analysis of viable bacterial counts in intact
biofilms (green) and treated biofilms (red) exposed to FesO4-HNT/PEI@Amp microrobots with magnetic actuation, alongside static FesO4-HNT/
PEI@Amp (yellow) and dynamic FesO4-HNT/PEI microrobots without ampicillin (orange). (e) Spectrophotometric analysis (590 nm) of crystal
violet absorption from untreated and treated biofilms dissolved in DMSO, indicating biofilm disruption efficacy. Reproduced from ref. 241 with
permission from Wiley 2023. (f) Modular microrobot system fabrication scheme, integrating CS and MA modules, with dynamic locking and
unlocking mechanism via pH-responsive MA module volume changes. (g) Experimental images showcasing the modular microrobot's capa-
bilities in the BD model: (i) targeted deployment via catheter. (ii and iii) Bifurcation navigation and target acquisition. (iv) On-demand disassembly
at the lesion. (v and vi) MA module retrieval, demonstrating modular design and control. Adopted from ref. 242 with permission from The
American Association for the Advancement of Science 2023.

and targeted dismantling of S. aureus biofilms on titanium nanocomposites significantly disrupted biofilm biomass in
mesh, underscoring its potential for efficacious biofilm elimi- vitro, the claim of nearly complete eradication was based on
nation (Fig. 15d and e). The HNTFe;0,@PEI/Amp short-duration treatment (~6 h) in monoculture biofilms of S.
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aureus.”** The model lacked polymicrobial complexity, immune
interaction, and dynamic fluidic conditions of real infections.
As such, these findings, while compelling, should be inter-
preted within the scope of preliminary proof-of-concept studies.
Future studies should address biofilm maturity, in vivo locali-
zation, and long-term biocompatibility for clinical feasibility.
The rational design of magnetically and pH-responsive robotic
materials with modular architectures is emerging as a crucial
strategy to optimize cellular cargo delivery and release kinetics at
diverse target locations, thereby improving therapeutic efficacy. In
a recent publication in Science Advances,”** the authors employed
a modular design approach to develop a hybrid robotic material,
comprising a magnetically responsive core (NdFeB), magnetic
actuation (MA) module, and cell scaffold (CS) module, function-
alized with surface-bound carboxylic groups, thereby endowing
the material with dual magnetic and pH-responsive properties
(Fig. 15f). In a proof-of-concept study involving cellular delivery to
the bile duct (BD), the fabricated microrobot was deployed adja-
cent to the targeted lesion via catheter-based delivery, followed by
magnetically actuated navigation, leveraging a rotating magnetic
field to traverse the complex and twisted ductal morphology. On
reaching the targeted site characterized by an acidic microenvi-
ronment, the microrobot's assembled configuration underwent
pH-induced disassembly, triggered by the contraction of the pH-
responsive MA module. Subsequent exposure to a low-frequency
rotating magnetic field prompted the release of the decompos-
able cell scaffold (CS) module, enabling targeted cellular thera-
peutic delivery. The navigation through anatomically complex
structures such as the bile duct relies heavily on high-resolution
imaging modalities and precise external field control. The loss
of guidance due to anatomical obstructions, signal attenuation, or
misalignment may result in off-target deposition or device
entrapment. To address these limitations, current strategies
increasingly incorporate biodegradable materials and real-time,
closed-loop control mechanisms to improve navigational reli-
ability and safety in vivo.>® The dissociated magnetic actuation
(MA) module was magnetically guided back to the catheter,
enabling retrieval and removal, thereby mitigating potential safety
risks and minimizing the likelihood of long-term adverse effects
(Fig. 15g). This modular design strategy demonstrated herein
offers a promising framework for engineering advanced robotic
systems, targeting multidrug-resistant bacterial biofilms, and
unlocking innovative avenues for next-generation antibiofilm
interventions. Consistent with the aforementioned studies,
numerous reports corroborate these findings, demonstrating the
efficacious potential of magnetic-responsive robotic materials in
achieving targeted delivery of therapeutic agents, synergistically
combined with the inherent mechanical shear stress generated by
these materials, facilitating efficient biofilm disruption and

removal.?**>+

3. Challenges and outlook

The nanomaterials excel at killing bacteria via non-metabolism-
dependent routes, but clear evidence against true persister cells
remains limited. Take AgNPs their bactericidal activity stems
from oxidative dissolution, releasing Ag" ions that bind thiol-
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rich enzymes, disrupt membrane integrity, intercalate DNA,
and generate ROS actions that do not require bacterial
growth.”*® However, AgNPs are effective against metabolically
inert cells in vitro, recent studies highlight that there is currently
no information available on the use of AgNPs to specifically
target persister cells. Besides, resilience can emerge biofilm-
forming pathogens like S. aureus and P. aeruginosa can adapt
to silver exposure by thickening EPS matrices, upregulating
efflux pumps, and activating antioxidative stress responses.**
Other nanomaterials such as graphene oxide, metal-oxide
particles, and functionalized polymers cause mechanical
membrane damage, disrupt proton gradients, or release pho-
tocatalytic ROS, yet their activity against dormant persisters is
often shown only under idealized conditions. The nano-
materials offer multi-pronged antimicrobial mechanisms from
ion-mediated enzymatic blockade to irreversible physical
membrane damage their real-world impact on persister pop-
ulations and their potential to drive resistance remains under-
explored. However, resistance to nanomaterials is not
impossible. Bacteria can adapt by upregulating efflux pumps,
thickening the EPS matrix, producing stress-response enzymes
(e.g., catalase, superoxide dismutase), or altering membrane
lipid composition to reduce the uptake of nanoparticles.
Studies have shown P. aeruginosa and E. coli can evolve
increased tolerance to AgNPs via biofilm densification, oxida-
tive stress gene activation, and ion sequestration, especially
under chronic sublethal exposure. Horizontal gene transfer of
metal resistance operons has also been observed. Therefore,
nanomaterials may delay resistance development, the assump-
tion that they are immune to resistance is scientifically inac-
curate. A more accurate perspective is that their multimodal
actions raise the evolutionary barrier for resistance, but do not
eliminate the risk. This underscores the need for long-term
investigation, optimized dosing strategies, and resistance
modeling in both in vitro and in vivo systems.

4. Conclusion and perspectives

The synergistic co-aggregation of phylogenetically diverse
bacterial strains within a self-produced, protective biofilm
matrix enhances their collective resilience, facilitating survival
under harsh environmental conditions. This adaptive trait
enables biofilm-embedded microorganisms to rapidly regrow
upon transitioning to favorable conditions. Importantly,
biofilm-associated strains have developed sophisticated mech-
anisms to evade conventional antimicrobial therapies,
rendering them refractory to traditional antibiotic-based treat-
ments. This phenomenon presents a significant clinical chal-
lenge, as biofilm-mediated antimicrobial resistance
necessitates the development of innovative, targeted thera-
peutic strategies to effectively eradicate these resilient microbial
biofilms. Nanotechnology-based interventions exhibit potential
for revitalizing antibiotic efficacy against biofilm-encapsulated,
antibiotic-resistant bacterial populations by harnessing their
intrinsic antibiofilm and antibacterial activities to precisely
target and dismantle the biofilm matrix, consequently aug-
menting bacterial susceptibility to antibiotic therapy. Advanced
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nanomaterial-based strategies exploit their multifunctional
capabilities to: (1) degrade the biofilm matrix, compromising its
structural integrity. (2) Achieve deep penetration into the bio-
film. (3) Employ dual physical and chemical modalities to
eliminate resident microbial populations. This integrated
approach effectively disrupts biofilm architecture, facilitating
thorough eradication of embedded microorganisms. Stimuli-
responsive nano-micro robotic formulations synergistically
optimize antimicrobial interactions, mechanical biofilm
disruption, and spatially-controlled antimicrobial delivery.
Concurrently, enzyme-mimetic nanomaterials leverage biofilm
microenvironmental cues to potentiate therapeutic outcomes
via ROS-mediated bacteriolysis, PTT-induced biofilm eradica-
tion, and PDT-facilitated inactivation. This integrated approach
harnesses biofilm dynamics to enhance antimicrobial efficacy,
selectively targeting recalcitrant bacterial pathogens and pre-
senting a promising paradigm for mitigating biofilm-associated
infections.

Although nanomaterials have shown considerable promise,
their clinical translation is impeded by substantial knowledge
deficits, notably concerning toxicity profiles, clearance path-
ways, and metabolic disposition. Therefore, a comprehensive
pharmacological characterization, integrating detailed phar-
macokinetic and pharmacodynamics investigations, is imper-
ative to optimize translational research, ensure nanomaterial
safety, and accelerate the development of clinically effective
nanotherapeutics. Moreover, existing studies predominantly
assess anti-biofilm activities against monoculture bacterial
strains, whereas chronic wound infections often involve
complex polymicrobial biofilms composed of diverse patho-
genic species.” These polymicrobial biofilms display increased
resistance to antimicrobial therapies, highlighting a critical
clinical concern. Additionally, to address the complex microbial
ecosystem within the host, where pathogens and commensals
coexist, nanomaterials must be engineered with targeted
ligands to enhance their discriminative capacity and reduce off-
target toxicity to surrounding tissues. Although significant
hurdles persist, the potential advantages of nanomaterial-based
strategies in combating antibiotic resistance are substantial
and warrant further investigation. Continued research in this
domain is crucial to surmount existing challenges and trans-
lating these innovative therapies into clinical applications.
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