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Bacteria-Responsive Nanostructured Drug Delivery Systems
for Targeted Antimicrobial Therapy

Guillermo Landa, Gracia Mendoza,* Silvia Irusta, and Manuel Arruebo*

Bacteria exhibit adaptive phenotypic traits that confer resistance to host
defenses and antimicrobial therapies. In response to the global threat of
antimicrobial resistance, bacteria-responsive nanostructured drug delivery
systems have emerged as a promising alternative to conventional
broad-spectrum antimicrobials. These systems release therapeutics
selectively in response to bacterial presence or to their secreted enzymes,
toxins, antigens, or extracellular biomarkers, enabling precise activation at
infection sites while minimizing off-target effects. Bacterial components such
as membrane proteins, signaling molecules, biofilm-associated glycolipids,
and enzymes (e.g., lipase, hyaluronidase) serve as triggers for these smart
carriers. Exopolysaccharides are also commonly targeted using nanocarriers
with complementary recognition elements. Such systems are often
surface-modified or loaded with antimicrobials for on-demand release.
Benefits include enhanced selectivity, reduced side effects, improved biofilm
penetration, higher intracellular accumulation, and potential for personalized
therapy. A variety of materials—including lipid-based carriers, metal
nanoparticles, polymer nanoparticles, and inorganic nanomaterials—have
been engineered to release antimicrobials only in the presence of pathogenic
bacteria, often offering dual therapeutic effects (e.g., anti-inflammatory).
Furthermore, many platforms integrate multiple antimicrobial mechanisms,
reducing the likelihood of resistance development. This review highlights
recent preclinical studies validating bacteria-responsive nanosystems and
underscores their advantages over passive drug delivery and conventional
free antimicrobials.

1. Introduction

Antibiotics represent one of the most significant medical break-
throughs of the last century. They have reduced the mortality

G. Landa, S. Irusta, M. Arruebo
Instituto de Nanociencia y Materiales de Aragón (INMA)
CSIC-Universidad de Zaragoza
Zaragoza 50009, Spain
E-mail: arruebom@unizar.es

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adma.202510355

© 2025 The Author(s). Advanced Materials published by Wiley-VCH
GmbH. This is an open access article under the terms of the Creative
Commons Attribution-NonCommercial License, which permits use,
distribution and reproduction in any medium, provided the original work
is properly cited and is not used for commercial purposes.

DOI: 10.1002/adma.202510355

in communicable diseases (e.g., tubercu-
losis, respiratory and healthcare-associated
bacterial infections, etc.), in endogenous
diseases (e.g., sepsis, urinary tract infec-
tions, skin and soft tissue infections, etc.),
and thanks to their prophylactic use, in
many standard procedures (e.g., wound
management, burns, joint replacements, C-
sections, surgeries, etc.).[1] However, an-
timicrobial resistance (AMR) represents
one of the main threats to human health,
food security, and development. It is es-
timated that by 2050 antimicrobial resis-
tance will cause up to 1.91 million deaths
attributable to AMR and 8.22million deaths
associated with AMR.[2] The Centers for
Disease Control and Prevention’s 2019 An-
tibiotics Resistant Threats Report showed
that in the US at least one infection was ac-
counted for every 11 seconds and one death
every 15 min from antibiotic-resistant bac-
teria and fungi.[3] Despite all the preven-
tive campaigns to reduce the use and mis-
use of antibiotics, AMR still represents a
tremendous burden for healthcare systems.
It has been reported that the use of antibi-
otics in 76 low, medium, and high-income
countries studied over 16 years (2000-
2015) increased 65% (expressed as pre-
scribed daily doses), and the antibiotic con-
sumption rate increased 39%.[4] However,

several recent promising reports have demonstrated inspiring
strategies to reverse antibiotic resistance. For instance, inhibitors
of the expression of genes associated with AMR have demon-
strated encouraging results in vivo in preclinical models.[5] In
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addition, colistin-resistant and multidrug-resistant Acinetobacter
baumannii infections in vivo have been eradicated using synthetic
antimicrobial polypeptide-based polymers, opening new avenues
in this field.[6]

Biofilm formation represents another hurdle to the host im-
mune response and to pharmacological antimicrobial treat-
ments, including antibiotics and antiseptics. Planktonic bacteria
rearrange in a complex symbiotic medium mainly composed of
extracellular polysaccharides, proteins, lipids, and DNA, which
attaches to both biotic and abiotic surfaces, forming a dynamic,
coordinated functional multicellular community named biofilm.
The information about the surface to which bacteria are attached
is also genetically transmitted to their descendants to be evolu-
tionarilymore efficient in colonizing that same surface.[7] Biofilm
formation responds to an adaptive developmental response to
environmental stress (temperature, pH, antibiotic treatment,
etc.) changing their phenotypic growth rate and genetic tran-
scription. For instance, bacterial biofilms are from 10 to 1000
timesmore resistant to conventional antibiotics than their plank-
tonic counterparts.[8] In addition, many pathogenic biofilms are
polymicrobial in nature increasing their tolerance to antibiotic
regimes.[9] Tissue debridement, antibiotic combination thera-
pies, quorum sensing (QS) inhibitors, biofilm dispersant agents
are therefore recommended when treating bacterial biofilms. Bi-
ological therapies represent another alternative in their treatment
including the use of phages and their released enzymes,[10] an-
timicrobial peptides secreted by eukaryotic cells,[11] humanmon-
oclonal antibodies,[12] cationic antimicrobial peptides,[13] and so
on, reverting in some cases the bacterial sessile phenotype to an
antibiotic-sensitive planktonic state.
AMR bacterial strains are microbiologically detected using

culture-based techniques (e.g., disk diffusion method, agar di-
lution testing, broth microdilution, Gram-staining, chromogenic
screening plates, etc.), and also different automated systems are
accessible in many clinical settings, including Matrix-Assisted
Laser Desorption Ionization-Time of Flight Mass Spectrometry
(MALDI-TOF MS), polymerase chain reaction (PCR), enzyme-
linked immunosorbent assay (ELISA), DNA microarrays, DNA
chips, loop-mediated isothermal amplification (LAMP), next-
generation sequencing, etc.[14,15] The presence of bacterial
biofilms is diagnosed using clinical guidelines. In its guideline,
the European Society of ClinicalMicrobiology and InfectiousDis-
eases highlights different clinical andmicrobiological laboratory-
derived indicators to aid in the diagnosis of biofilm-forming bac-
teria. These indicators include common signs of infection, med-
ical records of biofilm-predisposing conditions, long-lasting in-
fections (>7 days), antibiotic-treatment failure, and recurrence,
etc. Biofilms are routinely identified microscopically, using cul-
ture and non-culture-based techniques (PCR) and using specific
immune responses to already identified bacteria.[16]

Considering the challenges posed by AMR and biofilm forma-
tion, innovative solutions are essential for the development of ad-
vanced treatment strategies. The application of materials with at
least one dimension below 100 nm in the biomedical field consti-
tutes the field ofNanomedicine. Scientific and clinical research in
this area is principally directed toward cancer management and
antimicrobial therapies. Various nanotechnological approaches
have been developed not only to monitor the presence or absence
of bacterial pathogens in both sessile and planktonic states, but

also to abrogate AMR bacteria, to prevent biofilm formation, and
to treat already formed mature biofilms. In this regard, several
metallic nanomaterials (e.g., silver, copper, zinc, gold nanoparti-
cles, etc.) show multiple mechanisms of action against prokary-
otic cells, and consequently, with their use, the chances of de-
veloping antimicrobial resistance decrease.[17] Metal nanoparti-
cles (NPs) have also shown inhibitory biofilm-forming ability
against different Gram-positive and Gram-negative bacteria.[18]

Nanocarriers of different nature (i.e., polymers, liposomes, solid
lipid nanoparticles, micelles, polymersomes, etc.) are also com-
monly used in antimicrobial therapies to protect the antimicro-
bial cargo from degradation and act as reservoirs to provide a
sustained release of drug, preventing suboptimal antibiotic doses
and the consequent AMR appearance. Therefore, the nanopartic-
ulate encapsulatingmaterial is used to control the release kinetics
of the antibiotic or antiseptic loaded in their interior, and thanks
to their large surface area per volume ratio, their bioavailability
and activity are increased compared to their micro- and macro-
scopic counterparts. In addition, combination therapies (e.g., an-
tibiotics/metal NPs,[19] antimicrobial peptides/metal NPs) have
demonstrated synergetic effects when tackling AMR.[20] Metallic
nanomaterials are also used in different antimicrobial treatments
based on photodynamic therapy, generating locally reactive oxy-
gen species from tissue oxygen after light irradiation, eliminating
pathogenic bacteria and preventing biofouling in what is called
antimicrobial photodynamic therapy (aPDT). NPs have also been
commonly used to protect organic photosensitizers from photo-
bleaching to facilitate aPDT. Photothermal ablation of antibiotic-
resistant strains and biofilm eradication have been reported as
other examples of the benefits of using different nanomaterials in
the antimicrobial field.[21,22] Again, combination therapies based
on different approaches have recently been used to combat infec-
tion and avoid drug resistance. For instance, NPs acting as pho-
tosensitizers in aPDT have been combined with QS inhibitors
in vivo using multimodal nanoparticulated platforms.[23] Multi-
ple pathologies can also be treated using multifunctional nano-
based platforms. For instance, anti-inflammatory, antitumoral,
antibacterial, and regenerative properties have been reported for
silicon-based hybrid nanofibrous scaffolds containing curcumin
and polydopamine in murine models of Staphylococcus aureus-
infected wounds.[24]

The use of nanomaterials in biosensing to detect the pres-
ence or absence of sessile or planktonic bacteria and to outper-
form current antibiotic susceptibility tests is out of the scope of
this review. However, it is worth mentioning those nano-based
approaches allow monitoring of real-time infection and treat-
ment progression. In this regard, fluorescent imaging of infected
wounds in response to the presence of specific bacteria has been
reported using toxins and enzymes secreted by bacteria that trig-
ger the lysis of NPs containing fluorescent dyes.[25] Reporter
wound dressings composed of lipidic nanovesicles that switch
on a fluorescent color when in contact with pathogenic wound
biofilms have been reported using an ex vivo porcine skin model
of burn-associated wound infection.[26]

In this review, we are interested in compiling the most recent
and significant work describing the use of nanostructured ma-
terials to treat and detect pathogenic bacterial infection, but fo-
cusing exclusively on those systems having responsive ability un-
der the presence of bacteria. Hence, on-demand nanostructured
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systems that detect and eradicate AMR and biofilm forming bac-
teria will be reviewed selecting those systems that respond solely
when bacteria are present thanks to the use of specific triggers
such as surface antigens or receptors or specific enzymes, tox-
ins, extracellular biomarkers, acidic cues, signaling molecules,
adhesins, antimicrobial peptides, proteases, DNAses, glycoside
hydrolases, glycolipids, and so on. Compared to passive or contin-
uous drug delivery methods, the main advantages derived from
the use of bacteria-responsive nanoparticulated drug-containing
carriers include enhanced selectivity, reduced side effects, im-
proved biofilm penetration, superior antimicrobial intracellular
accumulation, and potential for personalized therapy tailored to
individual patient needs. The release of the antimicrobial drug
only when pathogenic bacteria is present favors a rationale us-
age of antimicrobials, prevents under- or overdosing, and aligns
with the dynamics of the infection, enhancing the therapeutic
outcome.

2. Targeted and Triggered Strategies

Targeted and stimuli-responsive nanocarriers enable precise
drug release at infection sites, reducing off-target effects and
enhancing therapeutic efficacy. This section summarizes com-
monly employed strategies for both targeting and triggering, fo-
cusing on how nanomaterials exploit infection-associated cues—
such as acidic pH, bacterial enzymes, metabolites, and redox
imbalances—to achieve selective delivery and a controlled re-
lease of antimicrobial agents. These approaches offer promising
solutions to address antibiotic resistance and biofilm-associated
infections.

2.1. Bacterial Targets to Boost Triggered Release of Bactericidal
Compounds

Prior to the development of novel bactericidal strategies, the
selection of the target must fulfil certain requirements. First,
the target—both physiological and pathological—should be com-
mon, conserved, and key in bacteria, while at the same time being
different and not essential in animals and/or humans. Moreover,
the characteristics, function, and location of the target should be
well-known and distinct from other targets to facilitate the acces-
sibility and identification of its corresponding targeting moiety,
as well as to prevent cross-resistance.[27]

For example, the secretory (Sec) pathway meets these require-
ments being highly conserved in bacteria and controlling its es-
sential functions such as nutrient and drug uptake, metabolism,
and cell defense. Among the wide variety of membrane proteins
that involve the Sec pathway, SecA and the type I signal pepti-
dase (SPase I) have been widely explored as a potential target
for antimicrobials, as they are essential for bacterial survival.
SecA is ubiquitous and capable of interacting with different lig-
ands (e.g., nucleotides, signal peptides), promoting ATPase activ-
ity and, thus, protein translocation and conformational changes
that result in its de-insertion from the membrane.[27] Its poten-
tial as an efficient target resides mainly in its location, as it can
be found as both cytoplasmic and peripheral membrane pro-
teins, depending on its catalytic cycle. Moreover, it has been re-
cently reported its function as an ion and protein-conducting

channel, making it more accessible for targeting. In fact, some
studies have shown its versatility due to its multiple interac-
tions and enzymatic actions, along with the reduction in bacte-
rial virulence after targeting SecA, which confines defective vir-
ulence proteins that would otherwise be refluxed by SecA.[27,28]

The most important strategies to effectively target SecA are the
inhibition of its ATPase activity and its translocation. In this re-
gard, some authors have developed in vitro assays with moderate
results, though some of them have shown the potential of differ-
ent inhibitors.[29,30] On the other hand, SPase I promotes the re-
lease of mature proteins from the cell membrane to achieve their
final destination, whether cellular or extracellular. Its function
is essential for the release of precursors and controls different
secretion processes.[31] SPase I expression shows differences be-
tween Gram-negative and Gram-positive bacteria, being critical
for bacterial viability only in the former. Moreover, its conforma-
tion also differs, presenting one amino-terminal transmembrane
segment in Gram-positive bacteria, whereas Gram-negative bac-
teria exhibit more than one. SPase I is ubiquitous and accessible
to inhibitors due to its location in the outer layers of the mem-
brane. Its inhibition results in bacterial death owing to the ac-
cumulation of preproteins in the membrane. SPase I exhibits
different key actions depending on the bacterial strains, though
the most widespread role is its involvement in pathogenesis.[27]

Figure 1 shows a schematic representation of the targets that ad-
vanced nanotherapies can be directed to. A summary of several
other bacterial targets is included in Table 1.

2.2. Key Targets in Bacteria Populations: Biofilm and Quorum
Sensing

Biofilms, or sessile bacterial populations, are the most
widespread in vivo living forms in which bacteria attach to
a surface—whether biotic or abiotic—and secrete extracellular
polymeric substances (EPS). Bacteria become confined within
this polymeric matrix and are organized into populations with
functional heterogeneity, exhibiting social behavior and cell com-
munication to phenotypically adapt to their environment and
associated potential stressors.[43] The EPS not only protects cells
from these external threats, including antibiotic penetration, but
also creates a microenvironment in which the development of
AMR can increase considerably.[44] Biofilms also serve as reser-
voirs for planktonic bacteria that may be released and colonize
and infect other surfaces. Owing to these characteristics, these
sessile bacterial populations are the source of several chronic
infections. EPS is essential for the different stages of biofilm
formation: adhesion, early formation, maturation, and dispersal.
The differential targeting of any of these stages would be a
successful strategy to prevent biofilm formation or to eradicate
mature biofilms. Targeting EPS synthesis and/or secretion, as
well as the adhesins that facilitate the interaction between the
host surface and bacteria, are key strategies for eliminating
biofilms.[45] The widespread conservation of the second mes-
senger cyclic di-GMP (c-di-GMP), along with its critical role in
biofilm synthesis, makes its inhibition an attractive approach to
hamper biofilm formation and QS. In fact, seven inhibitors of
c-di-GMP synthesis have been shown to be effective in impeding
biofilm formation in Vibrio cholerae ΔVC1086, and one of them
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Figure 1. Classification of bacterial targets that can be addressed by advanced nanotherapeutic strategies, grouped into surface and envelope targets,
extracellular and intracellular targets.

Table 1. Summary of different targets reported for planktonic and sessile bacteria.

Target Location Effects Refs.

SecA Cytoplasmic and peripheral membrane Inhibition of ATPase activity or translocation [27–29]

SPase I Anchored to the membrane by one (Gram-positive
bacteria) or more amino-terminal transmembrane

segments (Gram-negative bacteria)

Inhibition of precursors release and secretion processes [27]

Bacterial physiology Whole cell and environment Metabolism disruption and/or inhibition of pathogenic action [32]

AHL Whole cell and environment Disruption of bacteria signaling and biofilm structure [33–35]

AIP Environment Disruption of QS in S. aureus through the formation of the
complex AgrC-AgrA and inhibition of biofilm dispersal

[36,37]

c-di-GMP Whole cell and environment Inhibition of biofilm formation and QS [38,39]

Adhesin secretion Whole cell Inhibition of host surface-bacteria interaction [40,41]

AMPs Whole cell and environment Inhibition of persisters [39]

Iron chemical structural
analogues

Whole cell and environment Inhibition of iron-mediated mechanisms in bacteria surveillance
and biofilm formation (i.e., siderophore action)

[39,42]

Proteases, DNases and
glycoside hydrolases

Environment Degradation of Extracellular polymeric substances (EPS) making
biofilms more susceptible to antimicrobials

[39]
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has also been effective in inhibiting biofilm formation in Pseu-
domonas aeruginosa (P. aeruginosa) PAO1.[38] Mannosides have
also been identified as effective inhibitors of adhesin secretion
in catheter-associated urinary tract infections (UTIs) caused by
Escherichia coli (E. coli) UTI89.[40,41,46]

Proteases, DNases, and glycoside hydrolases that mediate EPS
degradation are also relevant targets to facilitate biofilm disper-
sion and revert bacteria to their susceptible planktonic state. A
wide variety of proteases have been described that inhibit biofilm
generation, degrade preformed biofilms, and make biofilms
more susceptible to antimicrobial effects.[39] Moreover, DNases
can act on extracellular DNA, which has been defined as a scaf-
fold for biofilm formation. Several DNases have been shown to
be active in deconstructing biofilms, especially in the early stages
of biofilm formation. However, the emergence of resistance to
DNases highlights the need to combine this approach with other
EPS degradation strategies.[39,47,48] Finally, endolysins and other
families of hydrolases have been demonstrated to efficiently re-
move biofilms, even against polymicrobial biofilms in murine
models of chronically infected wounds.[39,49,50]

Interference with iron metabolism is by far the key ap-
proach to disrupting the metabolic state of bacteria. Bacte-
rial survival, as well as biofilm formation and dispersion,
are highly influenced by iron-mediated pathways. Therefore,
chemical structural non-canonical iron analogues can be as-
similated by bacteria, even if they do not fulfil iron func-
tions, thus hampering iron-mediated pathways. In this con-
text, gallium has been the most widely used analogue to in-
hibit the bacterial mechanisms that depend on iron.[39,42] Gal-
lium, specifically Ga3+, as a similar ionic radius and chemi-
cal properties of iron has, can be recognized by bacterial iron
transport systems and incorporated into iron-dependent path-
ways. However, unlike iron, gallium is unable to undergo re-
dox cycling between Ga2+ and Ga3+, a crucial process for
many bacterial enzymatic reactions. This results in the disrup-
tion of iron-dependent metabolic functions, leading to oxida-
tive stress, impaired respiration, and ultimately bacterial cell
death. Due to its multi-target antimicrobial activity, includ-
ing effectiveness against drug-resistant bacterial strains, Ga3+

has attracted considerable interest as a promising antibacterial
strategy. To enhance its therapeutic efficacy and overcome its
low bioavailability, various Ga3+-based compounds and combi-
nation therapies utilizing different forms of Ga3+ have been
developed.[51] Notably, Ga3+ has also been incorporated into
nanostructured platforms, such as metallic nanoparticles, to
further improve its stability, targeted delivery, and antimicrobial
potency.
Targeting dormant cells or persisters may also be a promis-

ing approach to inhibit biofilm dispersal, as they can act not only
as bacterial reservoirs but also play an active role in drug toler-
ance. In this regard, antimicrobial peptides (AMPs) are promis-
ing agents as broad-spectrum antimicrobials, owing to their high
efficacy even at antimicrobial concentrations in some cases lower
than those required for antibiotics.[39]

On the other hand, QS plays an important role in regulat-
ing biofilm pathogenesis, as it supports cell communication me-
diated by the generation and detection of signal mediators,[52]

which in turn involves the synchronization of gene expres-
sion and the acquisition of competitive characteristics to adapt

to changes in the microenvironment or to develop resistance.
Therefore, targetingQS is also an interesting strategy in the treat-
ment of infections.[17] In this context, acyl-homoserine lactones
(AHL) are among the main mediators in Gram-negative bacte-
rial QS. The length and functionalization of the acyl side chain
determines the QS activity of AHL; for example, small peptides
can control QS-related gene expression in Gram-positive bac-
teria, while other autoinducers (AI-2) are active in both Gram-
positive and Gram-negative bacteria.[35] Furthermore, AHL can
alter P. aeruginosa PAO1 and PA14 eDNA release, biofilm struc-
ture, and the production of EPS,[33,34] whereas the autoinducing
peptide AIP can disrupt QS in multiple Staphylococcus aureus
strains through the complex AgrC-AgrA, thereby altering biofilm
dispersal.[36,37] In Figure 2, the phases of biofilm formation are
shown, along with the various strategies that can be employed to
target them at each stage.

3. Nanostructured Materials for Antimicrobials
Delivery

Different nanomaterials, organic and inorganic, have been used
as carriers for the targeted and triggered release of antimicrobials
such as polymeric NPs, solid lipid NPs, liposomes, lipid polymer
hybrid NPs, dendrimers, carbon nanotubes, porous silica parti-
cles among others.[53] Some of the systems are composed of a
combination of inorganic and organic materials because multi-
functional nanocomposites have been shown to have the poten-
tial to establish new combinations of therapeutic drugs to be used
in targeted drug delivery taking advantage of both organic and in-
organic materials. The addition of triggerable ability can greatly
improve the efficiency of the treatment and minimizes the dam-
age to non-pathological tissues. In Figure 3, a diagram of the
nanocarriers described in this review is included. The most rele-
vant examples are described in the sequel.

3.1. Lipid-Based Materials

Lipid-based nanocarriers are versatile drug delivery systems
known for their ability to improve drug solubility and bioavail-
ability. These nanocarriers can be broadly categorized into lipid
vesicles, such as micelles and liposomes, and lipid nanoparticles.
The latter group includes standard lipid nanoparticles, solid lipid
nanoparticles, featuring a rigid core made of high-melting-point
lipids, and nanostructured lipid carriers that combine solid and
liquid lipids.

3.1.1. Lipid Vesicles

Lipid vesicles are spherical structures composed of lipid layers.
Within this category, micelles and liposomes are the most no-
table examples. Micelles are spherical aggregates of surfactant
molecules, with a hydrophilic head group and a hydrophobic
tail group. In contrast, liposomes are spherical vesicles formed
by phospholipids, which make up one or more bilayers that
surround an aqueous compartment.[54,55] Just as micelles can
only encapsulate hydrophobic drugs in their oil-phase core, li-
posomes facilitate the encapsulation of drugs of a broad nature:
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Figure 2. Stages of biofilm formation and targeted therapeutic interventions. The diagram illustrates the stages of biofilm development at the top (surface
colonization, early development,mature biofilm formation, and biofilm dispersion), eachwith distinct characteristics of antimicrobial behaviour and structural
properties. The bottom section presents therapeutic strategies targeting each stage, including adhesion inhibition, EPS production suppression, QS
disruption, biofilm dispersion induction, among others.

hydrophilic compounds in the aqueous interior and hydrophobic
or amphiphilic ones in their lipid bilayer. Furthermore, the load-
ing capacity of liposomes tends to be higher than that of micelles.
Lipid vesicles are recognized as the most widely used

drug nanocarriers present in clinical practice.[56] As drug de-
livery systems, they significantly influence the pharmacoki-
netic/pharmacodynamic (PK/PD) profiles, offering a possibility
of gradual and sustained release during the circulation of the
drug in the body. Similarly, these formulations protect the drug
from degradation and inactivation, expanding its bioavailability,

as well as reducing toxic side effects.[57] Lipid vesicles have been
intensively studied with a wide spectrum of antimicrobial com-
pounds against chronic bacterial infections. Bacterial strains re-
sistant to a specific antibiotic have increased their susceptibility to
the same antibiotic when included in a lipid vesicle formulation,
compared to its administration in its free form.[58–61] In addition,
liposomes exhibit a bilayer structure like that of cellular mem-
branes, thereby contributing to their fusogenicity.[62] This dis-
tinctive ability allows liposomes to fuse with bacterial cell mem-
branes, enabling the direct release of their antimicrobial content
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Figure 3. Schematic representations of the main types of nanocarriers used in drug delivery, including lipid-based A), polymeric B), and inorganic
C) systems.
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Figure 4. Endogenous stimulus-powered antibiotic release from lipid-based nanoreactors for combination therapy. A) Liposome-based nanoreactors,
coated with lecithin, DSPE, and PEG, encapsulate a fatty acid mix containing calcium peroxide and rifampin (RFP-CaO2@PCM@Lec). Upon contact
with bacterial toxins, pores form in the nanoreactor membrane, allowing water to enter. The water reacts with CaO2 to produce hydrogen peroxide, which
partially decomposes into oxygen, triggering rifampin release. B) Composition of the nanoreactors. Internal fatty acids undergo a solid-to-liquid phase
transition at 37° C. C) SEM images of toxin forming pores. D) Fluorescence recovery of the encapsulated fluorophore upon its release from liposomes
triggered by MRSA (blue), B. subtilis (red), and PBS buffer (black). E) Bacterial inhibition rate of MRSA after incubation with 100 μg mL−1 of different
materials at 37 °C for 2 h. F) In vivo inhibitory efficiency of different treatments, measured as the ratio of bacterial count relative to the initial load in
MRSA-infected mouse wounds. p < 0.05 (*), p < 0.01 (**), p < 0.001 (***). Adapted under the terms of the CC-BY 4.0 license.[66] Copyright 2019,
Springer Nature.

into the bacterial cells or infected eukaryotic cells.[63,64] Further-
more, liposome-encapsulated antibiotics represent a promising
approach for treating biofilm-associated infections. For instance,
in the work of Cheow et al., it was shown that liposomes ex-
hibit a strong tendency to adsorb into biofilm surfaces and ef-
fectively penetrate the thick mucus layer that surrounds biofilm
colonies, making them especially effective for the treatment of
chronic lung biofilm-associated infections.[65] The release of an-
tibiotics from those liposomes was triggered by rhamnolipid sur-
factants, which are glycolipids routinely produced by P. aerugi-
nosa to maintain its biofilm architecture.
In the study conducted by Wu et al. an endogenous stimulus-

powered targeted delivery system was developed by combining a
liposome with phase changematerials (PCM) for controllable an-

tibiotic release.[66] Among the virulence factors that pathogenic
bacteria possess, bacterial toxins are the ones with the highest
selectivity. The 𝛼-toxin segregated by S. aureus disrupts cells by
forming pores in cellular membranes and altering their perme-
ability. The developed reported system took advantage of this
toxin to form pores and in situ gas generation that drove the re-
lease of antimicrobial agents, as depicted in Figure 4. A com-
bination of lauric acid and stearic acid, that melts at human
body temperature (melting point at 35.2–38.3 °C), was used to
load calciumperoxide and the antibiotic rifampicin. The obtained
particles were coated with lecithin and DSPE-PEG3400, form-
ing liposome-based nanoreactors. The bacterial toxins induced
pores in the nanoreactors’ walls, water molecules entered and
reacted with CaO2 producing hydrogen peroxide that partially

Adv. Mater. 2025, e10355 e10355 (8 of 31) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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decomposed to oxygen to power the antibiotic release. Mean-
while, the Ca2+ increased the concentration of ions inside the
liposomes accelerating rifampicin delivery. The bactericidal ca-
pacity of those nanoreactors was evaluated in vivo against Methi-
cillin resistant S. aureus (MRSA) infection using a murine skin
infection model. The wound healing rate in animals treated with
the described nanoreactors was significantly higher than that of
the control group, showing, in addition, better bacterial inhibi-
tion efficiency.
Lastly, leveraging pH changes, the liposome cargo can be re-

leased in a controlled manner. In the study by Omolo et al., oleic
acid-derived quaternary lipid and parent oleic acid were incor-
porated into liposomes as pH-responsive components for site-
specific antibiotic delivery.[67] The presence of the quaternary
lipid and the oleic acid in the lipid bilayer of the liposomes forms
an “on and off” switch to release the antibiotic vancomycin from
the liposome. Under basic pH, the oleic acid would deprotonate
and form a supramolecular complex with the quaternary lipid,
and the negative charge would dominate, avoiding antibiotic re-
lease. However, in an acidic environment, oleic acid would be
protonated, losing its charge, resulting in a slight repulsion be-
tween the positively charged quaternary lipid and thus, leading to
drug release due to this rearrangement. The pH-responsive lipo-
somes had superior activity in vitro, both at pH 7.4 and pH 6.0,
when compared to equivalent doses of vancomycin alone. In vivo
studies showed that the amount of methicillin-resistant Staphy-
lococcus aureus (MRSA) collected from mice treated with the for-
mulations was ≈190 and 6.33-fold lower than that retrieved from
the untreated groups and from free vancomycin-treated mice,
respectively.
Despite their numerous advantages, lipid vesicles have draw-

backs both during their synthesis and during their in vivo perfor-
mance. These drawbacks include low encapsulation efficiency,
potential loss of encapsulated drug, oxidative degradation, and
instability, which can lead to unwanted premature vesicle rup-
ture or aggregation. The stability of lipid carriers is determined
by their lipid composition, as well as pH and temperature. Vesi-
cle stability is significantly more compromised under physio-
logical conditions than under storage conditions and in in vitro
studies.[68]

3.1.2. Lipid Particles

Lipid nanoparticles are a versatile class of nanocarriers within
the lipid-based drug delivery systems, specifically designed to im-
prove the stability, bioavailability, and controlled release of ther-
apeutic agents. This category includes standard lipid nanopar-
ticles (LNPs), solid lipid nanoparticles (SLNPs), and nanostruc-
tured lipid carriers (NLCs), each with distinct structural and com-
positional characteristics that allow custom applications in drug
delivery, including antimicrobial applications targeting bacterial
infections and biofilm-related diseases.
Standard LNPs are characterized by a core-shell structure with

a unique core of reverse micelles that creates aqueous cavities,
intended for encapsulating hydrophilic drugs or nucleic acids.
These LNPs are particularly effective for genetic therapies, as they
are formulated with cationic ionizable lipids, a key component
that enhances the complexation and stabilization of negatively

charged therapeutic molecules such as mRNA or siRNA. These
ionizable lipids undergo protonation in the intracellular acidic
environments, promoting endosomal escape and ensuring effi-
cient intracellular delivery. Standard LNPs have gained promi-
nence in the field of vaccine delivery, notably after the develop-
ment of mRNA vaccines for COVID-19, where they protect the
fragile mRNA and deliver it directly into the cytoplasm of target
cells. This mRNA transfection technology is also translatable to
the treatment of bacterial infections. Hou et al. demonstrated the
potential of LNP-mediated mRNA delivery to address multidrug-
resistant (MDR) bacterial infections, specifically in immuno-
compromised hosts susceptible to sepsis.[69] They hypothesized
that the adoptive transfer of macrophages engineered to express
AMPs linked to cathepsin B (CatB) could enhance innate immu-
nity, prevent bacterial immune evasion, and eliminate MDR bac-
teria in septic mice. To validate their hypothesis, they designed
AMP-CatB mRNA constructs that include a broad-spectrum an-
timicrobial peptide, IB367 (AMP-IB367), coupled with CatB via a
CatB-sensitive linker. AMP-IB367 has demonstrated rapid bacte-
ricidal activity in clinical trials, while CatB, an endogenous lyso-
somal protein, aids in delivering AMP-IB367 into lysosomes. Us-
ing vitamin C-derived LNPs, they transfected macrophages with
AMP-CatB mRNA. Once inside the macrophage cytoplasm, the
mRNA is translated into the AMP-CatB protein complex, which
is then translocated to the lysosomes. In this acidic environment,
CatB cleaves the linker, releasing AMP-IB367 to act directly on
bacteria. This system is designed to overcome bacterial immune
evasion mechanisms, which often protect MDR bacteria from
typical phagolysosomal killing. The adoptive transfer of these en-
gineered macrophages enabled the recovery of septic, immuno-
suppressed mice against infections caused by S. aureus ATCC
BAA-44 and E. coli ATCC BAA-2340.
In contrast, SLNPs are composed of lipids with a high melting

point that remain solid at room and physiological temperatures,
such as fatty acids, triglycerides, steroids, andwaxes.[70] This solid
lipid matrix provides an optimal environment for the encapsula-
tion of hydrophobic drugs, offering a stable platform that pre-
vents drug degradation and achieves a sustained release profile.
SLNPs have demonstrated effectiveness in encapsulating and de-
livering poorly soluble antimicrobials, including ciprofloxacin, ri-
fampicin, and tobramycin,[71] which are crucial for treating bac-
terial infections and penetrating biofilms. Their structure allows
SLNPs to act as a diffusion barrier against rapid drug release, en-
hancing bioavailability while reducing retention in the mononu-
clear phagocytic system, ultimately increasing drug efficacy and
stability over time.[72] However, due to the solid nature of the
lipid core, SLNPs are less suited for the encapsulation of hy-
drophilic drugs, as these compounds are embedded within the
lipid matrix rather than within an inner aqueous compartment.
NLCs expand on the concept of SLNPs, addressing some of the
limitations associated with SLNPs by combining solid and liq-
uid lipids. This approach permits the formation of nanoparti-
cles with a partially lamellar or amorphous lipid core, offering
extended drug loading capacity and better stability during stor-
age while maintaining similar low toxicity levels. In the context
of bacterial infections and biofilm-targeted therapy, NLCs have
demonstrated their potential by improving drug penetration into
biofilms and allowing for localized, controlled drug release.[73]

Together, these three subclasses of lipid particles represent a
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Figure 5. Tobramycin-loaded liquid crystal nanoparticles for eradication of cystic fibrosis-related P. aeruginosa biofilms. A) Schematic representation of
LCNP internal nanostructures (inverse hexagonal and bicontinuous cubic phases), along with the chemical structures of phytantriol and monoolein
(MO). Conventional liposome structures composed of DSPC and DPPG are also illustrated for comparison. B) Scheme depicting the difference in
transport efficiency of TOB across biofilm and epithelial barriers when delivered as a free drug versus when encapsulated in LCNPs. C) Antibiofilm
activity of TOB delivered as an unformulated solution (black), unformulated TOB combined with drug-free LCNPs (pink), and TOB formulated within
MO-LCNPs (teal). Data are shown as mean ± SD (n = 6). Statistical analysis by two-way ANOVA (p < 0.01). D) Orthogonal and 3D-rendered z-stack
confocal microscopy images of P. aeruginosa PAO1-GFP biofilms (green) grown in flow cells for 3 days, treated with either unformulated Cy5-labeled
TOB (blue) or MO-LCNPs co-loaded with Cy5-TOB (blue) and Rhodamine B (red). E) Therapeutic efficacy of MO-LCNP-encapsulated TOB compared
to unformulated TOB in a chronic infection model. Treatments were applied via nebulization using a vibrating mesh nebulizer. Biofilm burden was
quantified after one, two, or three treatments over a 72 h period. Reproduced with permission.[75] Copyright 2021, Wiley.

versatile toolkit for addressing challenges in drug delivery. Their
varied structures and lipid compositions allow for the encapsu-
lation of a wide range of therapeutic molecules, improve cellular
uptake, and offer tunable release profiles, particularly in the treat-
ment of bacterial infections and biofilm-associated diseases. As
an example of their efficacy, Kalhapure et al., synthesized SLNPs
with a cleavable acetal linkage to deliver vancomycin in the acidic
environments ofMRSA infection sites.[74] Intradermal injections
were used to infect withMRSA Rosenbach (ATCC BAA-1683TM)
the space between the epidermal and the subcutaneous layer
of mice skin, avoiding the direct entry of the bacteria into sys-
temic circulation. There were significant differences (p < 0.05)
between the total number of CFU/mL (colony forming units/mL)
inMRSA-infectedmice treated with vancomycin-loaded particles
compared to those treatedwith unloaded ones. Besides, therewas
almost a 3-fold reduction in the thickness of the skin treated with
loaded particles compared to that treated with unloaded ones due
to a greater reduction in the number of bacteria.
In the work of Thorn et al., the efficacy of Tobramycin Liq-

uid Crystal NPs (TOB-LCNPs) in eradicating biofilms formed
by P. aeruginosa PAO1 was investigated.[75] This research high-
lights the limitations of conventional antibiotic treatments due
to the protective biofilm matrix, which hinders drug penetration

and effectiveness. The use of TOB-LCNPs demonstrated a signif-
icant enhancement in antibiotic delivery and biofilm disruption,
leading to improved bacterial eradication in vitro, as shown in
Figure 5. The findings suggest that TOB-LCNPs represent a
promising therapeutic strategy for managing chronic infections
associated with cystic fibrosis.
Table 2 presents a selection of studies, including those de-

scribed in the text and others, that use lipid-based nanomaterials
for the treatment of bacterial infections.

3.2. Polymeric Nanomaterials

Polymeric nanoparticles (PNPs) are nano-sized particles (10–
1000 nm) designed to encapsulate drugs within a polymeric ma-
trix. These particles offer numerous possibilities for improved
targeting of bacteria and biofilms, as well as for the development
of responsive drug release systems, thanks to their simple design,
ease of production, and the vast diversity of available polymers.
PNPs have been extensively studied for drug stabilization and
targeting.[90] Compared to free drugs, polymeric particles provide
several advantages, including improved bioavailability, protection

Adv. Mater. 2025, e10355 e10355 (10 of 31) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Table 2. Lipid-based nanomaterials for the management of bacterial infections.

Vesicle type Composition Other components Antimicrobial Size [nm] Infective agent Notes Refs.

Micelle Amphiphilic NIR-Cy − Oritavancin 122.1 ± 10.4 P. aeruginosa Theragnostic application [76]

Liposome DMPE, DPPC, Cholesterol − Tobramycin,
N-Acetylcysteine

347.33 ± 62.27
229.47 ± 47.57

E. coli, K. pneumoniae,
A. baumannii

MIC reduction [77]

Liposome Phosphatidyl choline,
Cholesterol,

p-dimethylamino
pyridine

Oleic acid Vancomycin 98.88 ± 1.92 S. aureus
MRSA

pH responsive release [67]

Liposome Novel pH-sensitive lipids − Ampicillin 99.38 ± 6.59
105.60 ± 5.38

S. aureus
MRSA

pH responsive release [78]

Liposome Lecithin − 3T-CHO (photo
sensibiliser)

≈191,7 S. aureus
P. aeruginosa

Photodynamic therapy [79]

Liposome HSPC, DSPG,
DSPE-PEG-OMe,
Mannitol, sucrose,

leucine

− Ciprofloxacin <4900 P. aeruginosa − [80]

Liposome DSPE-PEG FA Moxifloxacin
Oxi-𝛼CD

(ROS-responsive
material)

254.2 ± 9.5 P. aeruginosa ROS generation therapy [81]

LNPs Vitamin C lipid, DOPE,
Cholesterol

− mRNA codifying for
AMP-Catenin B

127 ± 1 S. aureus
E. coli

Survival improvement in
MDR-bacteria-induced

sepsis mice

[69]

SLNPs glycerol palmitostearate,
stearic acid

Poloxamer 188, Tween
80

Rifampin,
Cis-2-Decenoic Acid

127.2 ± 2.8 S. aureus
S. epidermidis

Enhanced antibiofilm
activity

[82]

SLNPs Precirol® ATO 5, oleic acid Se Ciprofloxacin ≈60 S. aureus
E. coli

P. aeruginosa

− [83]

SLNPs SA-3M − Vancomycin 132.9 ± 9.1 S. aureus
MRSA

pH responsive [74]

SLNPs Glyceryl behenate,
Tristerain, Precirol,
Poloxamer 407

Tween 80, PVA,
Poloxamer 407

QSI <100 P. aeruginosa Mucus penetration [84]

SLNPs SA, LA, OA − SA, LA, OA <200 S. aureus
P. aeruginosa

P. acnes

Bacteria adhesion to
surfaces was reduced

[85]

SLNPs Palm oil, lecithin Poloxamer, Tween 80 Doxycycline ≈300 B. melitensis Intracellular infection
treatment

[86]

SLNPs Softisan 138, Softisan 154,
Imwitor 900K, Dynasan

118

Stearic acid Ciprofloxacin 165-320 S. aureus
E. coli

P. aeruginosa

Enhanced antimicrobial
activity

[87]

NLC Natural oil, myristic acid Span 80 Quercetin 505.9 ± 31.8 S. aureus Reduced cytotoxicity,
enhanced drug

diffusion in RHE model

[88]

NLC lecithin, monostearin,
soybean oil

PEG Trimethoprim
sulfamethoxazole

187 ± 9 MRSA Improve the
antibacterial effects of
TMP/SMZ by 3 orders

of magnitude

[89]

NLC Monoolein, phytantriol Pluronic F-127,
propylene glycol

Glycoside hydrolase
(PsIG), Tobramycin

≈190 P. aeruginosa Two-stage release,
antibiofilm activity

[75]

Abbreviations: Poly(ethylene glycol)−poly(𝜖-caprolactone) (PECL), Reactive oxygen species (ROS) trithiophene aldehyde (3T-CHO), Hydrogenated soybean phosphatidyl-
choline (HSPC), N- (methylpolyyoxyethylene oxycarbonyl)-1,2-distearoyl-sn-glycero-3-phosphoethanolamine (DSPE-PEG-OMe), Folic Acid (FA), Solid acid cleavable lipid (SA-
M3), Poly(vinyl alcohol) (PVA), Stearic acid (SA), Lauric acid (LA), Oleic acid (OA), Reconstructed human epidermis (RHE).
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Figure 6. Inflammation-targeting polymeric nanoparticles deliver sparfloxacin and tacrolimus for combating acute lung sepsis. A) Schematic illustration
of the nanoparticle synthesis process and selective targeting mediated by the 𝛾3 peptide. B) Transmission electron microscopy (TEM) image showing
the morphology of the nanoparticles. C) Antimicrobial activity against P. aeruginosa in vitro. D) Preferential accumulation of nanoparticles in inflamed
tissues in a lung infection-induced sepsis animal model. E) Survival rate of different treatment groups (n = 8). Data are presented as mean ± SD (n =
3). p < 0.05 (*), p < 0.01 (**), p < 0.001 (***). Reproduced with permission.[94] Copyright 2020, Elsevier.

against enzymatic degradation, controlled release, and adaptabil-
ity to different routes of administration.[91]

The physicochemical characteristics of PNPs are determined
by the synthesis method followed and the polymers used in
their formulation. These polymers can be categorized into two
main groups: natural polymers (e.g., chitosan, gelatin, alginate,
chondroitin sulfate) and synthetic polymers (e.g., poly(lactic-
co-glycolic) acid (PLGA)) or poly(𝜖-caprolactone) (PCL), among
others.[92] Polymer composition is considered the most critical
factor influencing the in vivo release profile of antimicrobials.
Several studies have reported the development of targeted and/or
triggered delivery systems based on polymers and loadedwith an-
tibiotics for the treatment of infections.
The PNP category comprises a diverse range of nanostruc-

tures, each with unique architectures, properties, and applica-
tions. These include standard solid spherical NPs, as well asmore
specialized supramolecular forms such as dendrimers, polymer-
somes, polymeric micelles, and polyion complexes.
Standard solid polymeric NPs are typically composed of

biodegradable polymers such as PLGA, PCL, poly lactic acid
(PLA), poly glycolic acid (PGA), poly hydroxyl butyrate (PHB),
polyester, poly dioxanone, among others. They possess a solid
core that can encapsulate hydrophobic and hydrophilic drugs, of-
fering a stable environment that protects therapeutic agents from

degradation. Their surface properties can bemodified to enhance
cellular uptake and target specific bacterial species. These NPs
facilitate sustained drug release, which is beneficial for treating
biofilm infections over extended periods. They have been exten-
sively validated, delivering various common antibiotics, as well
as novel antimicrobials and antimicrobial nanomaterials.[93]

PLGA, an FDA-approved polymer in many drug delivery sys-
tems, is frequently selected for fabricating drug carriers due to
its excellent biocompatibility and non-toxicity. It degrades into
endogenous byproducts that can be safely metabolized by the
body. By adjusting the ratio of PLA to PGA, the degradation rate
of the particles—and consequently the drug release profile—can
be controlled. PLGA particles can encapsulate hydrophobic an-
tibiotics and, with appropriate surface coatings, remain stable in
blood circulation. In a study by Yang et al., PLGA NPs were used
to encapsulate sparfloxacin (SFX) and the immunosuppressant
tacrolimus (TAC) to reduce excessive inflammatory responses
from bacterial infections.[94] Additionally, the selective targeting
𝛾3 peptide was conjugated to the surface of these loaded NPs, as
illustrated in Figure 6.
This peptide binds selectively to the intercellular adhesion

molecule 1 (ICAM-1), which is highly expressed on the surface of
inflammatory endothelial cells. The developed platform demon-
strated enhanced uptake by activated endothelial cells in vitro,
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exhibiting strong antibacterial activity against both Gram-
negative and Gram-positive bacteria. The targeting capability of
𝛾3-PLGA NPs was further validated in a murine lung infec-
tion model, where 𝛾3-modified NPs accumulated in the infected
lungs five times more than unmodified ones. Additionally, mice
treated with 𝛾3-PLGA NPs released significantly lower levels of
lactate dehydrogenase in bronchoalveolar lavage fluid compared
to those treated with unmodified NPs. Lung histology confirmed
that the modified NPs effectively reduced inflammation in in-
fected lung tissue.
In the work of Yang et al., PLGA microspheres were also used

to obtain an MRSA-responsive system mediated by an intrinsic
enzymatic cascade in bacteria for the programmable release of
antibiotics in an infected wound healing rat model.[95] Porous
PLGA microparticles loaded with vancomycin were coated with
fibrinogen and poly(L-lysine). The conversion of fibrinogen into
fibrin, catalyzed by coagulases derived from MRSA, would facil-
itate the collapse of the integrity of the multilayered coating to
release the loaded antibiotic. The system validated in vivo the trig-
gered release of vancomycin mediated by the intrinsic enzymes
of bacterial virulence factors. The size of MRSA-infected topical
wounds was significantly reduced by nearly 100% after treatment
for 12 days showing a 5-log decrease in the CFUs. The histolog-
ical studies showed an increase in re-epithelization and tissue
remodeling together with a 50% decrease in the levels of inflam-
matory factors.

3.2.1. Dendrimers

Dendrimers are highly organized polymeric macromolecules
consisting of a core from which branch-like units grow out-
ward. The term “dendrimer” does not refer to a specific chem-
ical composition for a polymer but rather to a radially sym-
metrical branching molecular structure with three common el-
ements: a nucleus, branches, and surface functional groups.[96]

Dendrimers are effective drug delivery vectors due to their
nanometric dimensions, low polydispersity, morphological uni-
formity, and large surface area-to-volume ratio, which enables
them to carry therapeutic amounts of antimicrobials. Further-
more, some dendrimers have been reported to possess inher-
ent antimicrobial activity.[97] The most commonly used polymers
for dendrimer fabrication include poly(amidoamine) (PAMAM),
poly(propylene imine) (PPI), and polyethylene glycol (PEG). As
with other nanocomposites, the positive charge of the constituent
polymers can give dendrimers innate targeting and biocidal capa-
bilities by promoting the interaction with the negatively charged
bacterial cell wall.[98] The amino or hydroxyl functional groups of
these polymers provide opportunities to conjugate antimicrobials
to them. For example, the amino groups of PAMAM can be con-
jugated to carboxyl groups in antibiotics such as vancomycin.[99]

Notably, dendrimers can encapsulate hydrophobic drugs within
their internal cavities and incorporate hydrophilic drugs into the
functional groups near the surface. Antibiotics can also be in-
corporated as a structural part of the dendrimer,[100] as can an-
timicrobial peptides with proven efficacy against bacteria in both
planktonic and biofilm states.[6] Lastly, dendrimers can be com-
bined with other antimicrobial agents, such as silver or chitosan,
to enhance their effectiveness.[101,102]

3.2.2. Polymersomes

Polymersomes are self-assembled nanostructures composed of
amphiphilic block copolymers, resembling liposomes but with a
more robust and stable polymeric membrane.[103] With a core-
shell architecture, they enable the encapsulation of both hy-
drophilic drugs within their aqueous core and hydrophobic ones
within their outer polymer layer.
In the study by Fenaroli et al., researchers demonstrated

the effective targeting and intracellular delivery of antibi-
otics to infected macrophages both in vitro and in vivo
using pH-sensitive nanoscopic polymersomes composed
of Poly(2-methacryloyloxyethyl phosphorylcholine)–Poly[2-
(dimethylamino)ethyl methacrylate] (PMPC–PDPA) block
copolymers.[104] This study highlighted the ability of polymer-
somes to effectively target macrophages in vivo and colocalize
with intracellular bacterial pathogens. The system significantly
enhanced the efficacy of lysostaphin, vancomycin, gentamicin,
and rifampicin againstMycobacterium bovis-BCG,Mycobacterium
tuberculosis, and the well-established intracellular pathogen S.
aureus Newman. Notably, the polymersomes also successfully
penetrated Tuberculosis-like granuloma tissues—a notoriously
challenging environment—in zebrafish models. This targeted
delivery approach proved highly effective in eradicating multiple
intracellular bacteria, includingM. tuberculosis.

3.2.3. Polymeric Micelles

Polymeric micelles are formed from amphiphilic block copoly-
mers that self-assemble into core-shell structures in aqueous
environments.[105] The hydrophobic core can encapsulate hy-
drophobic drugs, while the hydrophilic shell stabilizes the mi-
celles in solution. This configuration can enhance the solubility
and bioavailability of poorly soluble antibiotics.[106] Polymericmi-
celles can respond to environmental stimuli (e.g., pH, tempera-
ture), allowing for controlled drug release in response to specific
conditions within infected tissues. They have shown potential in
targeting specific bacterial strains by modifying the surface prop-
erties with targeting ligands.[107]

In the study by Zhang et al., researchers developed poly-
meric micelles composed of a multifunctional pH-sensitive
block copolymer (poly(ethylene glycol)-b-poly(𝛽-amino ester)-b-
poly(ethylene glycol)) grafted with a PEGylated lipid (biotin-PEG-
b-PAE(-g-PEGb-DSPE)-b-PEG-biotin).[107] These micelles were
loaded with ciprofloxacin and an anti-inflammatory agent, and
subsequently coated with anti-mouse ICAM-1 antibodies. Given
that ICAM-1 is highly expressed in infected microenvironments,
as mentioned before, and correlates with increased vascular per-
meability, the antibody-coatedmicelles effectively targeted the ac-
tivated vasculature in the infected tissues. Acidic and enzymatic
cues triggered the disassembly of those polymeric micelles, fa-
cilitating drug release to clear bacteria and reduce inflamma-
tion. Biodistribution studies in mice infected with P. aeruginosa
PA-103 revealed significant NPs accumulation in the lungs, con-
firming the targeting effectiveness of ICAM-1. In a separate ex-
periment, P. aeruginosa was directly administered to the lungs,
followed by the NP administration 4 h later. Analysis of bron-
choalveolar lavage fluids demonstrated a remarkable inhibition
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of bacterial proliferation compared to equivalent doses of free
ciprofloxacin, along with a mitigation of the inflammatory re-
sponse. Notably, a survival rate of 90% was observed in mice ad-
ministered a lethal dose of bacteria,mimicking sepsis conditions.
In the same line, Wang et al., developed a novel strat-

egy to enhance the treatment of pulmonary bacterial infec-
tions by utilizing folic acid-conjugated PEG to coat NPs formed
from phenylboronic ester-modified cyclodextrin that encapsu-
lates moxifloxacin.[81] This approach aimed to improve the tar-
geting of macrophages and to facilitate penetration through the
mucus often present in lung infections. In their study, the biodis-
tribution of these NPs was analyzed in a mouse model of pul-
monary infection caused by various clinical isolates of P. aerug-
inosa using in vivo imaging. Their results showed that the NPs
had longer retention times in lung tissues compared to freemoxi-
floxacin, with the fluorescence of the polymeric micelles detected
24 h post-injection. The accumulation of the particles in infected
lung tissues was attributed to the overexpression of folic acid re-
ceptors on the surfaces of activated macrophages at inflamma-
tion sites. Furthermore, the PEGylated micelles demonstrated ef-
ficient mucus penetration, arguably due to the hydrophilic prop-
erties of PEG. Notably, the survival curve for the infected mice
revealed a 40% survival rate for those treated with the NPs, in
contrast to only 20% for those treated with equivalent doses of
free moxifloxacin.
Lastly, Cheng et al. developed a drug delivery system utiliz-

ing PCL, a biocompatible and bioresorbable polyester that biode-
grades through hydrolysis of its ester linkages into non-acidic
products, making it suitable for long-term drug delivery.[108] PCL
can be disrupted by bacterial lipase, which facilitates the release
of loaded antibiotics into the bacterial environment. To achieve
on-demand release at infection sites, they designed antibiotic-
loaded polymeric micelles that respond to both lipase and var-
ied pH levels. They synthesized lipase-sensitive PCL through
ring-opening polymerization initiated by PEG and conjugated
vancomycin via a pH-cleavable hydrazine bond, encapsulating
ciprofloxacin in the core of the resulting micelles. This system
effectively accumulated at infection sites due to the enhanced
permeation and retention effect while selectively targeting bacte-
ria thanks to the vancomycin. Under acidic conditions, the van-
comycin shell was cleaved, and the PCL core degraded in the pres-
ence of lipase, allowing for the release of ciprofloxacin. In vivo
studies using a murine model of P. aeruginosa PAO1 infection
demonstrated a significant decrease in lethality, with the survival
rate increasing from 14% after one dose to 43% and 83% after
two and three doses, respectively.

3.2.4. Polyion Complexes

Polyion complexes (PICs) are formed through the electrostatic
interactions between oppositely charged polyelectrolytes, result-
ing in a nanoscale structure that can encapsulate therapeutic
agents.[109] These complexes are particularly useful for deliver-
ing nucleic acids, such as siRNA, as they protect genetic material
from degradation and facilitate cellular uptake. In the context of
bacterial infections, polyion complexes can be engineered to de-
liver antimicrobial agents or genetic therapies that target bacte-
rial resistance mechanisms. Additionally, cationic polymers can

exhibit inherent bactericidal activity due to their electrostatic in-
teractions with the negatively charged bacterial cell wall. This in-
teraction disrupts the integrity of the bacterial membrane, lead-
ing to cell lysis and death, further enhancing their potential as
effective antimicrobial agents.
Wei et al., investigated the bactericidal properties of cationic

polymers poly[3-(acrylamido)propyl]trimethylammonium chlo-
ride (PAMPTMA) and PAMPTMA-b-poly(butyl methacrylate)
when formulated with anionic surfactants, discovering their su-
perior fast-bactericidal activity against the Gram-negative bac-
terium E. coliATCC 8739.[110] Their results showed an impressive
99.99% killing rate within just 10 min of treatment, significantly
outperforming either the cationic polymer or the anionic surfac-
tant alone, both of which lacked bactericidal efficacy in such a
short time frame. This finding contradicts previous studies that
suggested that cationic polymers lose their activity due to fouling
by anionic surfactants. Instead, the authors explained that the for-
mation of PICs concentrates positive charges, allowing them to
attach to the negatively charged bacterial surfaces. This interac-
tion leads to a high local concentration of positive charges, which
rapidly permeabilizes both the outer and inner membranes of
bacteria, resulting in a swift cell death. The successful demonstra-
tion of the fast-bactericidal activity of PICs against Gram-negative
bacteria opens numerous potential applications in commercial
formulations, especially in consumer products where alternative
antibacterial agents are urgently needed. Furthermore, this novel
approach to rapid chemical antisepsis using surfactant formula-
tions could be particularly beneficial in clinical settings, where,
as it was mentioned before, the presence of AMR pathogens is a
growing concern.
In the same lines, Insua et al., focused on the preparation and

characterization of PICs containing the last-resort antimicrobial
polymyxin B (Pol-B).[111] They synthesized these particles using
poly(styrene sulphonate) (PSS) as an inert component, exploring
a range of degrees of polymerization to evaluate how the multi-
valency of this electrolyte affects both the stability and antimicro-
bial activity of the derived particles. Their findings revealed that
while PICs formulatedwith longer polyelectrolytes demonstrated
greater stability under simulated physiological conditions, those
created with shorter polyelectrolytes exhibited enhanced antimi-
crobial activity. By tailoring the degree of polymerization and
the component ratios, the researchers identified a formulation
that sustained an inhibitory effect on the growth of P. aerug-
inosa PAO1V, achieving over 10 000 times greater efficacy in
reducing viable colonies compared to their previously reported
formulation.
Table 3 presents a selection of studies, including those de-

scribed in the text and others, that use polymeric nanomaterials
for the treatment of bacterial infections.

3.3. Metal-Based Materials

3.3.1. Metallic Nanoparticles

Metal nanoparticles (MNPs) are arguably the most popu-
lar nanomaterials for antimicrobial applications. Their multi-
modal bactericidal capacity, straightforward synthesis, function-
alization potential, plasmonic characteristics, small size, high
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Table 3. Polymeric nanomaterials for the management of bacterial infections.

Particle type Composition Other components Antimicrobial Size [nm] Bacteria Notes Refs.

PNP PLGA DOTAP Vancomycin 207.83 ± 2.06 MRSA Enhanced antibiofilm activity [112]

PNP Gelatin − Vancomycin 97.3 ± 3.4 S. aureus
E. coli

S. epidermidis
P. vulgaris

S. marcescens
P. aeruginosa

− [113]

PNP Chitosan − Ruthenium dioxide
nanosheets, [Ru(bpy)2

(- tip)]2+

≈140 P. aeruginosa Photothermal therapy, ROS
generation therapy

[114]

PNP Chitosan − Ciprofloxacin, ceftriaxone,
gentamicin

180 ± 20 S. Typhimurium Intracellular infection treatment [115]

PNP Chitosan BSA 𝜖-poly-l-lysine 223 ± 1.7 H. pylori Bacterial biofilm eradication [116]

PNP Alginate Sodium Caseinate Nisin (AMP) 192 E. faecium,
S.epidermidis
E. faecalis

pH responsive release [117]

PNP PCL − Cefotaxime 216 S. aureus
E. coli

− [118]

PNP PLGA Chitosan Moxifloxacin, amikacin 312 – 640 M. tuberculosis Intracellular infection treatment [119]

PNP PLGA − Gentamycin 1500 – 2400 E. coli − [120]

Dendrimer PAMAM − Ag+ ≈5.4 S. aureus
P. aeruginosa

E. coli

Enhanced antimicrobial activity [101]

Dendrimer PGLD Chitosan Boron − S. aureus
P. aeruginosa

− [102]

Dendrimer PAMAM − Vancomycin − S. aureus
MRSA

P. aeruginosa
E. coli

K. pneumonia
S. typhimurium

Enhanced Gram-negative
susceptibility against vancomycin

[121]

Dendrimer PAMAM Oleylamine,
Kolliphor RH40

Vancomycin 173.9 – 252.7 MRSA pH responsive release [122]

Dendrimer PAMAM Chitosan Methicillin, NO − E. coli
MRSA

Synergistic antibacterial activity [123]

Dendrimer PEG − Cefazolin ≈15 S. aureus
E. coli

S. epidermidis
S. pneumoniae
P. mirabilis

H. influenziae

ROS generation therapy [124]

Polymersome PMPC−PDPA
copolymers

Cy5 Lysostaphin, vancomycin,
gentamicin, rifampicin,

isoniazid

≈100 S. aureus
BCG

M. marinum
M. tuberculosis

pH responsive, Tuberculosis-like
granuloma tissues penetration

[104]

Polymersome Hyaluronic
acid

Oleylamine Vancomycin 248.7 ± 3.08 MRSA − [125]

Polymeric micelle Cationic and
non-ionic
triblock

copolymers

Pluronic F127 Ciprofloxacin 34.6 – 37.1 S. aureus Prolonged release, antibiofilm
activity

[106]

Polymeric micelle DSPE-PEG,
Lecithin

Folic acid ROS-responsive material
(Oxi-𝛼CD), moxifloxacin

254.2 ± 9.5 –
266.2 ± 1.0

P. aeruginosa Lung accumulation, mucus
penetration, enhanced

antimicrobial activity in vivo

[81]

Polymeric micelle DSPE-PEG,
PAE

Biotinylated
anti-ICAM1

antibody, avidin

Ciprofloxacin 450 ± 100 P. aeruginosa pH/lipase responsive [107]

(Continued)
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Table 3. (Continued)

Particle type Composition Other components Antimicrobial Size [nm] Bacteria Notes Refs.

Polymeric micelle PCL-PEG − Vancomycin, ciprofloxacin 77 P. aeruginosa pH/Lipase responsive [108]

Polyion complex Cationic
polymer

(PAMPTMA),
anionic

surfactant
(SDBS)

− PAMPTMA ≈70 E. coli Fast bacterial killing [110]

Polyion complex Branched PEI,
anionic
peptide

− PEI 127 ± 42 P. aeruginosa Elastase enzyme-responsive,
reduced toxicity

[126]

Abbreviations: Polyethyleneimine (PEI), Polyglycerol with dendritic structure (PGLD)

surface-to-volume ratio, and capacity to bind within bacterial
cells, contribute to their effectiveness as potent antimicrobial
agents.[127] MNPs, primarily composed of Au, Ag, or Cu, ex-
hibit strong antimicrobial activity, although they possess poten-
tial toxicity to mammalian cells.[128] However, the integration of
MNPs into biological or organic systems with reduced toxicity
has opened a wide range of applications in biomedical research.
MNPs display innate antimicrobial activity that can overcome

common bacterial resistance mechanisms, such as target mod-
ification, overexpression of efflux pumps, enzymatic inactiva-
tion, and others.[129] The bactericidal mechanisms of NPs in-
clude: 1) agglomeration of NPs on the cell wall and membrane,
altering their structural integrity, 2) generation of reactive oxy-
gen species, 3) inhibition of protein and nucleic acid synthesis,
and 4) inhibition of biofilm formation.[17,130] It is unlikely that
resistance to NPs will develop, as their targets and modes of ac-
tion are multiple, although some resistance mechanisms have
been reported.[131,132] NPs such as Ag or Au have been shown
to be effective against both Gram-positive and Gram-negative
bacteria, either alone or in conjunction with antibiotics,[133,134]

and have garnered considerable attention. Au NPs exhibit power-
ful antibacterial effects through multiple mechanisms. They dis-
rupt bacterial integrity by creating pores in the cell wall, leading
to leakage of cellular content and eventual cell death. Addition-
ally, Au NPs can bind to bacterial DNA, inhibiting transcription
and halting bacterial replication. Owing to their low cytotoxicity
against eukaryotic cells, stable storage, and easy surface function-
alization, gold NPs have been extensively applied as drug delivery
carriers.
Importantly, Au NPs possess unique optical properties. Un-

der visible (VIS) or near-infrared (NIR) irradiation, depending
on their structure and size, Au NPs generate photothermal
heat, which can be harnessed to trigger the release of drugs.
Liu et al. developed a chemo-photothermal platform using gold
nanorods (GNRs) coated with polydopamine (PDA) and fur-
ther functionalized with glycol chitosan (GCS) for improved
biocompatibility.[135] This system was loaded with silver ions
(Ag+), creating an antimicrobial depot (Ag+-GCS-PDA@GNRs).
The PDA’s catechol groups chelate the silver ions, enhancing
their antimicrobial effects, while the glycol chitosan and Ag+ pro-
vide pH-sensitive release and infection-specific targeting capabil-
ities, as shown in Figure 7. Glycol chitosan was selected because

it shows charge reversal properties depending on the pH show-
ing less than 10% Ag+ release at pH 7.4 after 8 h whereas at pH
6.3 more than 21% of antimicrobial Ag+ was detected in only 1 h.
This composite material was tested in a murine model hav-

ing subcutaneous bacterial abscesses. The system showed strong
site-specific accumulation, aided by electrostatic interactions be-
tween Ag+ ions and negatively charged bacterial cells. Upon
NIR irradiation, the infected area’s temperature rose to 50 °C,
demonstrating effective photothermal action for bacterial eradi-
cation. This chemo-photothermal approach produced potent in
vivo bactericidal effects, confirming the synergy between pho-
tothermal therapy and the antimicrobial action of the silver-
loaded nanorods.
Silver NPs are the most extensively used material due to their

excellent antimicrobial properties based on the ability to release
Ag+ ions, which can interact with thiol groups in enzymes and
proteins that support bacterial life, thus reducing viability.[136]

However, Ag NPs easily aggregate, and after ion release, the NP
cores are hard to recover and may accumulate in tissue, caus-
ing adverse effects. Consequently, Ag should be combined with
polymers to obtain less cytotoxic biomimetic biomaterials.[137]

In this previous work, a hydrogel combining Ag and gentam-
icin was prepared for efficient synergistic bacteria eradication,
overcoming AMR through different antibacterial mechanisms.
Hyaluronic acid was grafted into 3-aminophenylboronic acid to
create nanocarriers containing both Ag+ and gentamicin. These
nanocarriers were incorporated into a chitin-based hydrogel to
be used as a disinfectant coating material. Ag+ and gentamicin
were simultaneously released at the inflammation site under bac-
terial acidic conditions and the presence of hyaluronidase. A dor-
sal wound infection model in rats was used to evaluate the thera-
peutic efficacy in terms of antibacterial activity and wound heal-
ing. The system containing Ag and gentamicin demonstrated a
superior ability to effectively prevent wound infection and signif-
icantly accelerate wound healing.
In this context, the combination of MNPs with antibiotics has

been studied to revive the effectiveness of antibiotics against
multi-resistant strains. MNPs can serve as physical carriers,
transporting antibiotics directly to the bacteria, thereby increas-
ing bactericidal activity. This enhancement is primarily due to
the affinity of NPs for the bacterial cell wall, causing a local-
ized increase in antibiotic concentration.[138] MNPs are typically
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Figure 7. Gold nanorods-based infectious site-targeted chemo-photothermal therapy. A) Schematic illustration of the synthesis of Ag+-GCS-
PDA@GNRs, the acidity-triggered charge reversal and Ag+ ion release mechanism. B) Release profile of Ag+ ions from Ag+-GCS-PDA@GNRs in media
at pH 7.4 and 6.3, with or without NIR laser irradiation. C) Temperature evolution of PBS buffer and Ag+-GCS-PDA@GNRs suspensions at varying
concentrations (pH 6.3) under 808 nm NIR laser irradiation (0.5 W/cm2). D) In vivo bacteria-specific targeting and combined chemo-photothermal
therapeutic effects. E) NIR fluorescence and thermal imaging of abscess-bearing mice intravenously injected with Ag+-GCS-PDA@GNRs (4.7 mg k−1 g)
at 0, 6, and 24 h post-injection. F) Quantification of MRSA bacterial CFUs under different treatment conditions. p < 0.05 (*), p < 0.01 (**), p < 0.001
(***). Reproduced with permission.[135] Copyright 2018, Springer Nature.
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Figure 8. LM@PDA@Ag microneedle patches for NIR-enhanced treatment of MRSA-infected wounds. A) Schematic illustration of the synthesis and
application of LM@PDA@Ag microneedle patches. The fabrication involves PDA modification of gallium-based liquid metal nanoparticles, followed by
in situ silver nanoparticle formation and integration into microneedle patches. Upon NIR laser irradiation, the system promotes metal ion release, ROS
generation, and photothermal antibacterial activity. B) Metal ion release profiles from LM, LM@PDA, and LM@PDA@Ag nanoparticles. C) Quantifi-
cation of ROS levels in MRSA after incubation with various nanoparticles, with or without NIR irradiation. D) Temperature elevation of LM@PDA@Ag
nanoparticle suspension (0.5 mg/mL) under 808 nmNIR laser irradiation (0.7 W/cm2, 5 min). E) Relative survival rate of MRSA after different nanoparti-
cle treatments with or without NIR irradiation, based on in vitro CFU counts. F) Contour maps showing dynamic wound healing progression in a murine
model of topically infected wounds. p < 0.05 (*), p < 0.01 (**), p < 0.001 (***). Reproduced with permission.[142] Copyright 2024, Wiley.

synthesized by chemical reduction from an inorganic salt. The
conjugation of antimicrobials to metal NPs generally occurs in
two ways: via adsorption mediated by intermolecular forces such
as charge differences or through covalent bonding.[139]

The application of nanomaterials extends to surface modifica-
tions, which are particularly relevant in the context of implants.
Thanks to their biocompatibility and mechanical properties, tita-
nium and titanium alloys are widely used in orthopedic implants.
However, these implants face the serious problem of surface col-
onization by pathogens, which leads to biofilm formation. Once
established, biofilms are extremely challenging to treat clinically.

Although modifying material surfaces can reduce bacterial ad-
hesion, surfaces that prevent bacterial adherence often also in-
hibit cell adhesion, which can hinder bone tissue formation.[140]

In this context, Yuan et al. developed a Ti-based material with
both anti-infective properties and efficient osseointegration. TiO2
nanotubes were fabricated on titanium foils to serve as van-
comycin reservoirs.[141] Then, multilayer chitosan-catechol and
sodium hyaluronate-catechol films were deposited on the mod-
ified surfaces. The sodium hyaluronate layer degrades in the
presence of hyaluronidase secreted by bacteria, triggering the re-
lease of antibiotics that can target both adherent and planktonic
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bacteria. Additionally, catechol groups promote primary os-
teoblast adhesion by specifically upregulating the gene expres-
sion of integrin 𝛼𝜈𝛽3. The antibacterial properties and osseointe-
gration of the Ti-based materials were tested in a murine model.
Different implants were inserted into the femoral medullary cav-
ities of rats, which were subsequently infected with S. aureus. Af-
ter one month of implantation, no clustered bacteria were found;
however, several bone-related cells had adhered and mineralized
on the substrates.
Lastly, Wang et al. developed a gallium-based nanostructure

designed to act as an antibacterial metal ion reservoir, offering
a highly effective strategy for eliminating MRSA infections.[142]

Their approach involved synthesizing gallium nanoparticles
through a two-step process followed by polydopamine (PDA)
modification, which played a dual role: facilitatingGa oxidation to
generate a high-valence Ga-enriched surface for enhanced metal
ion release and enabling the in situ formation of Ag nanopar-
ticles to further enhance bactericidal activity. This liquid metal
Ga-based nanostructure (LM@PDA@Ag) exhibited synergistic
effects, including increased metal ion release, ROS generation,
and photothermal antibacterial activity under NIR laser irradi-
ation. The combination of these mechanisms led to bacterial
membrane disintegration and nearly 100% MRSA eradication
in vitro. To ensure precise and efficient delivery to infected tis-
sues, LM@PDA@Ag NPs were incorporated into a PVA-based
microneedle patch (LM@PDA@Ag@MNs), allowing for deep
skin penetration, localized metal ion release, and sustained an-
tibacterial effects, as shown in Figure 8.
In vivo studies demonstrated that this microneedle-based ther-

apy not only achieved effective bacterial elimination and in-
flammation reduction but also stimulated collagen deposition,
blood vessel formation, and tissue regeneration, ultimately ac-
celerating wound healing. This study introduces, for the first
time, a Ga-enabled nanostructure as a targeted metal ion reser-
voir, providing a promising nanoplatform for the treatment
of MDR bacterial infections and advanced tissue regeneration
strategies.

3.3.2. Metal–Organic Frameworks

Metal-organic frameworks (MOFs) are crystalline materials
composed of transition metal ions bound to organic ligands
through coordination bonds, hydrogen bonds, or electrostatic
interactions.[143] The characteristics of MOFs include high poros-
ity, large surface area, high carrier capacity, variability, and
biodegradability.[144] Among these, porosity makes MOFs excel-
lent candidates for functioning as carriers and platforms for
the sustained release of antimicrobials.[145] Their well-defined
structures allow them to encapsulate molecules of various sizes,
ranging from small molecules to larger ones like DNA or
proteins.[146–148] These molecules can bind to MOFs either cova-
lently or non-covalently. Depending on the MOF composition,
the release of the entrapped compounds can be triggered by ex-
ternal stimuli such as pH, light, temperature, etc.[149] For exam-
ple, the interactions that hold the drug encapsulated inside an
MOF can be pH-dependent, as in the case of MOF ZIF-8. Un-
der neutral pH conditions, the release of drugs within the MOF
is minimal, whereas rapid release occurs when the medium is
acidified.[150]

MOFs can exhibit antimicrobial activity on their own due to
their composition. When MOFs degrade in a physiological en-
vironment, the metals functioning as nodes (e.g., Ag, Au, Zr,
Se) can be released as free ions, exerting bactericidal effects.[151]

As an example, the bactericidal activity of Ag ions has also been
combined with MOFs to develop an on-demand nanoplatform
for the effective treatment of wounds infected with MRSA.[152]

Moreover, the ligands within MOFs may have bactericidal prop-
erties as well. These features can complement the antimicro-
bial drug cargo and work synergistically, enhancing their over-
all antimicrobial effectiveness.[153,154] The surface of MOFs can
also be easily modified to provide targeting capabilities. Addi-
tionally, various polymers have been used as capping agents to
increase the circulation time of MOFs, prevent their degrada-
tion, and regulate the release of their cargo.[155] Sun et al. de-
veloped Cu/Zn bimetallic MOFs onMnS nanoparticles encapsu-
lating prodrugs (i.e., amidine-containing azide and alkyne) and
coated with hyaluronic acid.[156] In response to the hyaluronidase
produced by pathogenic bacteria and the acidic biofilm pH,
the nanoparticles degraded to release the prodrug and expose
the MnS, which triggered the catalytic production of ROS. The
decomposition by-products of MnS (i.e., H2S) triggered a
biorthogonal reaction to convert the prodrug into the active an-
tibacterial drug (a bisamidine analog). The nanoparticulated sys-
tem showed a superior biofilm reduction in vivo in an implant-
related periprosthetic infection model.
Table 4 presents a selection of studies, including those de-

scribed in the text and others, that usemetal-based nanomaterials
for the treatment of bacterial infections.

3.4. Other Inorganic Materials

3.4.1. Carbon Based Nanomaterials

Carbon-based nanomaterials (CBNs) are emerging as versatile
platforms for treating bacterial infections, including structures
like carbon nanotubes (CNTs), graphene-based materials, and
carbon dots (CDs). These nanomaterials offer distinct advantages
due to their large surface areas, tunable surface chemistry, and di-
verse antibacterial mechanisms. For instance, CNTs functional-
ized with antibiotics, such as amphotericin B, have shown effec-
tiveness against both fungal and bacterial infections, suggesting
potential across a broad range of antimicrobial applications.[155]

The needle-like structure of CNTs enables them to penetrate bac-
terial membranes, causing cytoplasmic membrane disruption,
leakage of cellular contents, and ultimately cell death. This di-
rect contact mechanism has demonstrated efficacy against both
Gram-positive and Gram-negative bacteria.[172]

Graphene-based materials also show promise for controlled
drug release. For example, graphene oxide (GO) can be loaded
with antibiotics like gentamicin and ciprofloxacin to enhance
drug stability and enable pH-sensitive or enzyme-sensitive
release.[173,174] Additionally, graphene’s oxidative properties con-
tribute to antibacterial effects by causing membrane dam-
age and lipid peroxidation, leading to further bacterial cell
disruption.[175,176] This combination of disruptive action and
functionalization potential makes CBNs a powerful tool in an-
timicrobial applications, particularly for addressing biofilms and
drug-resistant pathogens.
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Table 4.Metal-based nanomaterials for the management of bacterial infections.

Material Composition Other components Antimicrobial Size [nm] Bacteria Effect Refs.

Metallic NPs Au rods PDA, Glycol Chitosan Ag+ 68 ± 2 long,
21 ± 1 wide

MRSA Chemo-
thermal focal infection

therapy

[135]

Metallic NPs Au − Ciprofloxacin ≈24 E. faecalis Bacteria eradication in vivo [157]

Metallic NPs Au − Virstatin ≈17 V. cholerae Enhanced bactericidal
activity, toxin production

reduction

[158]

Metallic NPs Au Vancomycin ≈5 E. coli
E. faecium
E. faaecalis

Enhanced bacterial activity [159]

Metallic NPs Ag Hyaluronic acid Ag+, tannic
acid,

gentamicin

10–30 E. coli
S. aureus
MRSA

Enzyme-responsive
chemotherapy

[137]

Metallic NPs Ag − Cephradine,
Vildagliptin

≈85,33 E. coli
MRSA

P. aeruginosa
K. pneumoniae, B.

cereus
S. pyogenes

Enhanced bacterial activity
against resistant bacteria

[160]

Metallic NPs Ag − Vancomycin 86 ± 4.5 E. coli
S. aureus

Enhanced bactericidal
activity

[161]

Metallic NPs Cu Maltol Ciprofloxacin,
streptomycin

50 – 60 E. coli
P. aeruginosa
K. pneumoniae,
P. mirabilis,
K. oxytoca

Synergistic effect [162]

Metallic NPs Cu HPG Tetracycline 65 S. aureus Enhanced bactericidal
activity

[163]

Metallic NPs Ga, Ag PDA − ≈600 MRSA Chemotherapy
ROS generation

Phototermal theraphy

[142]

Metallic NPs Se Ru complexes UBI29-41
(AMP)

78 ± 13 S. aureus
E. coli

Theragnostic application [164]

Metallic NPs Se Ascorbic acid Lysozyme 71 – 84 S. aureus
E. coli

Synergistic effect [165]

Metallic NPs ZnO − Ciprofloxacin 20 – 26 E. coli
Klebsiela spp.
B. subtilis

Streptococcus spp.

Synergistic effect [166]

Metallic
surface

Ti Chitosan, Hyaluronic
acid, catechol

Vancomycin ≈70 S. aureus Enzymatic triggered release [141]

MOF Ag-MOF Platelet membrane
coating

Vancomycin ≈148 S. aureus
E. coli

P. aeruginosa
MRSA

Platelet reduces clearance
of RES

[167]

MOF ZIF-8 PDA coating Vancomycin 175.9 ± 2.74 S. aureus
E. coli

Photothermal therapy.
pH triggered release

[168]

MOF ZIF-8 − Gentamycin 200 S. aureus
E. coli

pH triggered release [169]

MOF MIL-53 Chitosan coating Vancomycin 586.54 ±
34.24

S. aureus Enhanced bactericidal
activity

[155]

MOF MIL-100 − Amoxicillin,
potassium
clavulanate

273 ± 23 S. aureus Intracellular infection
treatment

[147]

(Continued)
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Table 4. (Continued)

Material Composition Other components Antimicrobial Size [nm] Bacteria Effect Refs.

MOF MIL-100 3-azido-d-alanine
loading,

Pluronic F-127 polymer

US-TPETM –
dibenzo

cyclooctyne
NPs

≈120 MRSA Photodynamic therapy and
imaging

[170]

MOF PCN-224
(MOF)

Hyaluronic acid Ag+ ≈85 E. coli
MRSA

ROS generation therapy [171]

MOF Cu/Zn
bimetallic
MOFs on
MnS

nanoparti-
cles

Hyaluronic acid Cu-click
reaction on
prodrugs to
produce

bisamidine
analoges

≈340 S. aureus ROS generation and
superior antibiofilm

effects

[156]

Abbreviations: Hyperbranched polyglycerol (HPG), reticuloendothelial system (RES), Zeolitic Imidazole Framework-8 (ZIF-8), Matériaux de l′Institut Lavoisier-53 (MIL-53),
Matériaux de l′Institut Lavoisier-100 (MIL-100), ultrasmall 2-(1-(5-(4-(1,2,2-tris(4-methoxyphenyl) vinyl) phenyl) thiophen- 2-yl) ethylidene) malononitrile (US-TPETM).

Carbon dots are especially promising for bacterial imaging, de-
tection, and inactivation, although their role as antibiotic carriers
is still relatively scarce. Functionalized with antibiotics, CDs can
selectively target and inactivate pathogens,[177] and their ability to
generate ROS under light irradiation adds a photodynamic an-
tibacterial capability.[178] Furthermore, CBNs effects can be en-
hanced by incorporating MNPs or heteroatoms, which introduce
photothermal or photodynamic effects to intensify bacterial inac-
tivation under specific light conditions.[179]

In the study by Ji et al., a composite nanomaterial com-
bining graphene nanosheets (GS), mesoporous silica and
hyaluronic acid was developed to combat drug-resistant biofilm
infections.[180] The graphene nanosheets enhanced pore volume
for effective drug loading and enabled photothermal therapy.
These researchers created a hyaluronidase-sensitive composite
that incorporated ascorbic acid (AA), a prodrug of hydrogen per-
oxide (H2O2), within a matrix of graphene and mesoporous sil-
ica conjugated with hyaluronic acid-dopamine (AA@GS@HA-
MNPs). Upon reaching the infection site, the hyaluronic acid-
dopamine conjugate was degraded by hyaluronidase, an enzyme
secreted by bacteria in infectious environments, releasing ascor-
bic acid, which was converted into hydroxyl radicals that disrupt
bacterial cell membranes. A scheme of these mechanisms is de-
picted in Figure 9.
In vivo evaluations using those AA@GS@HA-MNPs and con-

ducted using an implant-related periprosthetic infection model,
revealed that the treated area exhibited a notable trend toward
healing. This outcome suggests that the developed “on-demand”
nanocarrier effectively targets the infection site, releasing its ther-
apeutic payload to disperse biofilms and inactivate embedded
bacteria.
In the same line, Sun et al. explored the properties of carbon

nitride, which has a relatively narrow band gap and strong reduc-
tion ability, enabling it to respond to both UV and VIS light.[23]

Upon irradiation, the generated electrons activate electron accep-
tors, such as O2 molecules, leading to the production of reactive
radicals, such as singlet oxygen and hydroxyl radicals. Carbon ni-
tride serves not only as an efficient water-splitting agent but also
as a promising nanophotosensitizer, characterized by its stabil-
ity, nontoxicity, biocompatibility, and high quantum yield. This

reported research also highlighted the importance of QS in bac-
terial behavior, noting that various phenotypes controlled by QS
facilitate invasion of host cells and contribute to the formation of
drug-resistant biofilms. In their study, they utilized hollow car-
bon nitride nanospheres (HCNS) to encapsulate luteolin, a QS
inhibitor, alongside with the antibiotic ampicillin to create a syn-
ergistic antibiofilm system, as depicted in Figure 10.
The developed nanospheres were further capped with

hyaluronic acid to enhance their response to bacterial infec-
tive microenvironments. As described in previous systems,
hyaluronic acid is degraded by bacterial hyaluronidase, resulting
in a two-step release of the encapsulated drugs. In the initial
stage, luteolin was released from the shell of the spheres, effec-
tively modulating the QS of MRSA to inhibit biofilm formation,
thereby enhancing the subsequent antibiotic action released in
the second stage. Under irradiation, the nanospheres generated
ROS, contributing to bacterial damage and biofilm destruction.
The efficacy of this antibiofilm nanosystem was evaluated in a
murine model of implant-related periprosthetic infection, where
catheters were pre-colonized with MRSA demonstrated signif-
icant swelling and purulence, having the tissues of the treated
animals showing reduced cell debris and a clear regeneration of
their epidermis.

3.4.2. Mesoporous Silica Nanomaterials

Mesoporous silica nanoparticles (MSNs) have been shown to be
effective nanocarriers for stimuli-responsive and controlled drug
delivery, with a wide range of applications.[181] These materials
exhibit a tunable and narrow pore size distribution (2–30 nm),
adjustable pore structures, high specific surface areas (up to 1500
cm2 g−1), and high pore volumes (≈1 cm3 g−1), as well as inert-
ness and robustness.[182,183] Additionally, they demonstrate ther-
mal and chemical stability, biocompatibility, and a large loading
capacity. MSNs can be modified into bulk materials with well-
controlled nano- or micrometric particle sizes, with MCM-41 be-
ing the most commonly used for the treatment of bacterial infec-
tions. MSNs have the advantage of producing materials of vari-
ous sizes and pore diameters by altering the synthesis conditions,
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Figure 9. Bacterial hyaluronidase-responsive prodrug release for chemo-photothermal synergistic antibacterial therapy. A) Schematic representation of
the synthesis of AA@GS@HA-MNPs and theirmechanismof action. Drug release is triggered by bacterial hyaluronidase, enabling site-specific activation.
B) Survival rates of S. aureus following treatment with AA@GS@HA-MNPs, GS@HA-MNPswith photothermal irradiation, andAA@GS@HA-MNPswith
photothermal irradiation (808 nm, 6W/cm2, 5min). C) Evaluation of the antibacterial system based on GS@HA-MNPs for the elimination and inhibition
of S. aureus biofilm formation. Quantification of remaining biofilmwas performed using crystal violet staining (mean± SD, n= 3). Representative images
of biofilms stained with crystal violet and fluorescence microscopy images of residual biofilms stained with LIVE/DEAD viability stain. Green and red
fluorescence indicate live and dead bacteria, respectively. Scale bar = 10 μm. Reproduced with permission.[180] Copyright 2016, Wiley.

allowing them to load not only small molecules but also large
proteins.[184,185] Another important property of MSNs is their po-
tential for easy surface functionalization to achieve targeted and
triggered drug release. Two distinct triggering mechanisms can
be identified: internal factors (pH, redox, enzymes, etc.) and ex-
ternal factors (photochemical, thermal, magnetic, etc.).[186] Dif-
ferent functional groups can be grafted onto the silica surface to
carry drugs with distinct charges.[187]

Passive release of antimicrobials fromMSNs can unintention-
ally occur in the circulatory systemwhile traveling to the infection
site, causing undesirable secondary effects along the way. How-
ever, selective delivery of antimicrobials to the target locationwith
a controlled release profile can be achieved through two main
strategies. The first involves functionalizing the MSNs with pas-
sive or active targeting mechanisms, typically by grafting selec-
tive ligands onto their external surfaces. For example, antibodies
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Figure 10. Integration of QS inhibition and photodynamic therapy using a multidrug-loaded hollow carbon nitride sphere system. A) Schematic illus-
tration of the bacterial enzyme-responsive nanosystem (HCNS@HA), designed to disperse biofilms by QS inhibition, enhance antibiotic efficacy, and
enable synergistic photodynamic treatment. B) TEM image of HCNS@HA nanoparticles showing their hollow spherical morphology. C) Cumulative
release profile of luteolin from HCNS/L@HA in PBS buffer under three conditions: without hyaluronidase (black line), with hyaluronidase (150 U/mL,
red line), and in the presence of MRSA (blue line). D) Viability of MRSA treated with various concentrations of HCNS@HA under photodynamic ther-
apy. Insets: SEM images of MRSA post-treatment. E) Anti-biofilm effects of HCNS@HA-based treatments, including biofilm elimination and inhibition.
Treatment used [HCNS] = 600 μg mL−1. Confocal laser scanning microscopy images show biofilm formation on untreated and pretreated surfaces after
24 h incubation. Biofilms were stained with fluorescein (Image size: 315.76 μm × 315.76 μm). Reproduced with permission.[23] Copyright 2019, Wiley.

or vancomycin can be used to target teichoic acid and peptidogly-
can inGram-positive bacteria,[188] while polymyxin can selectively
target lipopolysaccharides in Gram-negative bacteria.[189]

Using this approach, Velikova et al. loadedmesoporousMCM-
41 NPs with vancomycin, and functionalized these particles
with two-component system histidine kinase autophosphoryla-

tion inhibitors (HKAIs), and then they coated them with e-
poly-L-lysine (ePLL).[190] The coating promoted ionic bonding
with the negatively charged bacterial outer membrane and fa-
cilitated the membrane permeation of vancomycin. The system
exhibited strong bactericidal activity against both Gram-positive
and Gram-negative bacteria due to the enhanced delivery and
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Figure 11. Bacterial outer membrane-coated mesoporous silica nanoparticles for targeted rifampicin delivery against Gram-negative bacterial infec-
tion in vivo. A) Schematic illustration of the synthesis and therapeutic mechanism of the biomimetic nanosystem Rif@MSN@OMV. Mesoporous
silica nanoparticles loaded with rifampicin were coated with E. coli OMVs to form Rif@MSN@OMV. In a mouse model of E. coli-induced peritoni-
tis, Rif@MSN@OMV demonstrated enhanced antimicrobial efficacy compared to free rifampicin, owing to improved bacterial targeting and selective
uptake by E. coli, with minimal interaction with non-target cells, including S. aureus. B) TEM images of MSNs (top), OMVs (middle), and the hybrid
MSN@OMV particles (bottom). C) Flow cytometry analysis of cellular uptake of MSN@OMV in E. coli and S. aureus, showing selective internalization.
D) Quantification of bacterial CFUs after 24 h incubation with Rif@MSN@OMV, Rif@MSN, and free rifampicin at various concentrations (n = 3).
E) In vivo antibacterial efficacy of Rif@MSN@OMV in a mouse model of E. coli-induced peritonitis. Bacterial CFUs in peritoneal fluid of untreated mice,
mice treated with free rifampicin, and mice treated with Rif@MSN@OMV (n = 12). “×” symbols indicate mice that died within 24 h post-infection. p <
0.05, p < 0.01. Reproduced with permission.[191] Copyright 2021, Wiley.

internalization of the HKAIs. The toxicity of the prepared ma-
terials was tested in vivo using zebrafish larvae, which showed
no adverse effects on the embryos at the doses tested.
In the same line, Wu et al. developed a targeted antibiotic

delivery system by coating MSNs loaded with rifampicin using
outer membrane vesicles (OMVs) derived from E. coli, form-

ing Rif@MSN@OMVs, as shown in Figure 11.[191] The suc-
cessful functionalization was confirmed by an increase in their
particle size and an adequate surface zeta potential. Cellular
uptake studies using confocal microscopy and flow cytome-
try showed that the OMV-coated MSNs exhibited significantly
greater cellular internalization in E. coli compared to S. aureus,
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consistent with the OMV source. Antibacterial assays conducted
in vitro demonstrated that while free rifampicin, Rif@MSN, and
Rif@MSN@OMVwere administered at identical concentrations
(4 μg mL−1), only the OMV-coated formulation achieved a near-
complete bactericidal effect. In vivo experiments using a murine
peritonitis model further validated these findings. A single in-
traperitoneal dose of Rif@MSN@OMV (0.2 mg mL−1 Rif equiv-
alent) led to a 3 reduction in E. coli load in peritoneal fluid, sig-
nificantly outperforming free rifampicin. Additionally, the OMV-
targeted formulationwasmore effective at reducing bacterial bur-
den in major organs, including the spleen, kidneys, and lungs,
and contributed to a higher survival rate in infected mice. These
results highlight the potential of bacterial vesicle-coated MSNs
for systemically targeted, infection-responsive antibiotic delivery.
Other strategies including MSNs involve capping the pores

with materials or mechanisms designed to retain the entrapped
cargo within theMSN, releasing it only in response to specific ex-
ternal stimuli.[192] These gatedMSNs have been used for the con-
trolled release of drugs in bactericidal applications. The design of
gatedmesoporous supports that deliver their cargo under specific
environmental conditions has proven to be an effective approach
for developing smart antimicrobial applications.[193] For instance,
MSNs were employed to develop a pH-responsive ampicillin car-
rier with folic acid and calcium phosphate (CaP) coating.[194] The
folic acid was first modified and then covered with CaP through
a chelating effect and biomineralization. The CaP controlled the
antibiotic release in response to pH changes. An additional layer
of FA was added to create a nanocomposite that enhances an-
tibacterial activity by overcoming the efflux pump system of drug-
resistant bacteria. The targeting ability of the FA-coated compos-
ite to anti-inflammatory zones was tested in mice infected with
bacteria, showing a fast promotion of wound healing.
Lastly, MSNs can be combined with other materials to gain

enhanced properties for multifunctional applications. For ex-
ample, integrating MSNs with materials like Au or Ag NPs,
QDs, or specific polymers can create a synergistic antimicrobial
effect, amplifying their efficacy when used alongside standard
antimicrobials.[195,196]

3.4.3. Clay Derived Nanomaterials

Natural occurring clay minerals have been used in the field of
health products since ancient times.[197] Today, clays are incorpo-
rated into oral medications as antacids, gastrointestinal protec-
tants, and antidiarrheals due to their low toxicity when adminis-
tered orally. The structural unit of montmorillonite clay—the pri-
mary constituent of bentonite—is composed of two silicon oxyte-
trahedral layers and an aluminum octahedral layer sandwiched
between them. These layers are held together by van der Waals
forces and electrostatic interactions. Montmorillonite can read-
ily adsorb drugs due to its large specific surface area, high ad-
sorption capacity, swelling properties, and substantial cation ex-
change capacity. The strong interactions between the clay and the
drugs result in slow, sustained release, making these materials
effective for targeted drug delivery.
The interaction between EPS secreted by bacteria and inor-

ganic minerals involves a variety of intermolecular forces, in-
cluding hydrophobic, electrostatic, and covalent interactions.[198]

This natural adsorption phenomenon was used to design an an-
timicrobial clay with bacteria-cell-specific adhesive properties.
This natural adsorption phenomenon was leveraged to design
an antimicrobial clay with bacteria-specific adhesive properties.
Montmorillonite has been shown to attach to bacterial extra-
cellular polymers and also exhibits mucoadhesive properties
that facilitate passage across gastrointestinal barriers. Highly
exfoliated montmorillonite was modified with cationic linear
polyethyleneimine to enhance bacterial adhesion and disrupt cell
membranes.[198] These exfoliated montmorillonite nanosheets
possess a high surface area that promotes bacterial adhesion,
while the cationic polymer contributes to membrane disruption.
Metronidazole was incorporated into the exfoliated clay via ion-
exchange prior to polymer functionalization. The resulting ma-
terial effectively eliminated Helicobacter pylori SS1 in infected
athymic female mice with peptic ulcers.

3.4.4. Calcium-Derived Nanomaterials

Porous calcium carbonate is suitable as a drug carrier, especially
in bone scaffolds, because of its osteoconductive properties and
bone-forming activity.[199] Calcium carbonate is present in differ-
ent forms, including calcite, aragonite, and vaterite; this last poly-
morph is used the most because it has large porosity and a large
surface area. These properties provide vaterite with high loading
capacity, improved PK profile, and, besides, it has the possibil-
ity to load lipophilic drugs. Calcium carbonate’s porous struc-
ture is also sensitive to the environmental pH, making vaterite
particles attractive for their use as pH-responsive drug delivery
systems.[186]

In the study by Min et al., doxycycline-loaded calcium carbon-
ate NPs were fabricated by a mineralization process to deliver
the antibiotic to bacterial virulent biofilms.[200] Calcium carbon-
ate NPs were loaded with doxycycline during mineral nucleation
and growth. The antibiotic was held in the carbonate core at phys-
iological pH and released within the acidic microenvironment
of bacteria biofilms. The material presented inhibitory effects
on Prevotella intermedia ATCC49046 biofilms proliferation and
formation.

3.4.5. Other Inorganic Materials

Polyoxometalates (POMs) are inorganic clusters of metal ions
connected through oxygen atoms, having catalytic and redox abil-
ity which have also been used as antimicrobial triggerablemateri-
als. For example, Zhao et al. developed a nanoparticulated dually-
responsive antibiofilm system triggered by the acidic conditions
of the infection site and having, in addition, the ability to activate
its photothermal properties in response to the presence of bacte-
rial H2S.

[201] This molybdenum-based POM nanocluster doped
with copper was validated in an implant-related periprosthetic
S. aureus infection murine model for selective antibiofilm ther-
apy. Under the acidic biofilm conditions, the nanocluster pro-
duced antibacterial molecules through bioorthogonal reactions,
and under simulated high concentrations of NaHS the clusters
increased their NIR absorption in the second near-infrared re-
gion, facilitating their photothermal antibiofilm effect.
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Table 5. Non-metal inorganic nanomaterials for the management of bacterial infections.

Material Composition Other components Antimicrobial Size [nm] Bacteria Effect Refs.

CBM Graphene, mesoporous
silica

Hyaluronic acid, dopamine Ascorbic acid 100 – 300 S. aureus Responsive
chemo-photothermal
antibacterial and
antibiofilm therapy

[180]

CBM Carbon nitride Hyaluronic acid Ampicillin, Luteonin ≈132 MRSA Responsive and
photothermal therapy.
Biofilm eradication

[23]

MSN MCM-41 𝜖-poly-L-lysine HKAIs ≈100 E. coli
S. marcescens

HKAIs enhanced activity [190]

MSN MCM-41 pNIPAAm-co-pAEMA
copolymer, peptide

ligands

Tobramycin ≈1000 P. mirabillis
B. subtilis

Bacterial motility triggered
release

MSN Mesoporous silica Folic acid, CaP Ampicillin ≈120 E. coli
S. aureus

pH responsive, theragnostic
applications

[194]

MSN Mesoporous silica PEI, Cyclodextrin-based-
pH-valves

Isoniazid, Rifampin ≈100 M. tuberculosis Intracellular infection
treatment

[202]

MSN Mesoporous silica Arg Ciprofloxacin ≈75 S. typhimurium Intracellular infection
treatment

[203]

MSN Mesoporous silica − Lysostaphin,
serrapeptase, DNase

I

≈36 S. aureus
MRSA

Biofilm disruption [204]

MSN Mesoporous silica Gold nanorods Levofloxacin,
NO

≈100 S. aureus Biofilm disruption [205]

Mesoporous silica Mesoporous silica FITC Vancomycin 90 ± 37 S. aureus Intracellular infection
treatment, Theragnostic

applications

[188]

Clay Montmorillonite PEI Metronidazole 400 – 900 H. pylori Targeted antimicrobial
delivery

[198]

Calcium CaCO3 − Doxycycline ≈312 P. intermedia pH responsive sustained
release

[200]

POM molybdenum (Mo)-based
POM nanoclusters

Doped with Cu Cu-click reaction on
prodrugs to produce
bisamidine analoges

≈70 S. aureus Biofilm elimination [201]

Table 5 presents a selection of studies, including those de-
scribed in the text and others, that use non-metal inorganic nano-
materials for the treatment of bacterial infections.

4. Conclusion

A thorough understanding of unique signaling elements present
or released by bacteria combined with the rational design of
targeted nanobased drug delivery systems, is key to developing
nanostructured systems that outperform conventional passive or
non-targeted approaches. The release of the antimicrobial drug
in response to the presence of specific pathogenic bacteria sup-
ports a rational usage of antimicrobials, avoiding incorrect dos-
ing, favors patient´s compliance, and matches with the bacte-
rial growth dynamics and status, ultimately improving treatment
results and reducing the chances of developing resistance. Bac-
teria well-conserved and ubiquitous cell-specific moieties such
as membrane proteins, quenchers of signaling molecules (e.g.,
AHL inhibitors, luteolin), adhesins, antimicrobial peptides, iron-
mimics, proteases, DNAses, glycoside hydrolases, glycolipids
present in the bacterial biofilm architecture, bacterial toxins,

acidic cues, bacterial enzymes (e.g., lipase, lactate dehydroge-
nase, hyaluronidase, etc.), exopolysaccharides (e.g., EPSs) and so
on, have been used as targeting ligands toward which nanostruc-
tured carriers loaded or surface grafted with antimicrobial com-
pounds are designed for infection-specific on-demand antimicro-
bial therapy. These systems enhance the availability of hydropho-
bic antimicrobials, offer superior protection against physiological
degradation, and extend the duration of antimicrobial action—
thereby reducing dosing frequency and preventing rapid clear-
ance from the body. Some of these nanomaterials possess in-
trinsic antimicrobial properties, while others combine multiple
drugs within a single carrier, boosting the bactericidal effect and
minimizing the concentration required to inhibit or eradicate
pathogenic bacteria. These responsive nanosystems can elimi-
nate planktonic, sessile, and intracellular bacteria in their vari-
ous phenotypic states, and can even interfere with signaling and
communication molecules released by bacteria. Overall, the de-
velopment of targeted and responsive nanosystems that release
multiple antimicrobial agents in response to bacterial presence—
while minimizing side effects—represents an efficient strategy
to combat antimicrobial resistance. Further efforts are required
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to demonstrate that those proposed infection-specific on-demand
antimicrobial release carriers reduce resistance compared to con-
ventional passive or continuous delivery systems. Also a cost
analysis should guarantee that the proposed nano-based tech-
nologies can be universally adopted at a reasonable cost. The
rapid advances in artificial intelligence-driven diagnostics com-
bined with genomics will help in the design of custom antimicro-
bial nanobased carriers with enhanced effectiveness. Nanopartic-
ulated systems that monitor in real time treatment outcome rep-
resent one of the novel advances to aid in the rapid change of
one antimicrobial regime when ineffective, ultimately avoiding
resistance.
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