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Antimicrobial peptides (AMPs) and nanoparticles (NPs) are at the forefront of novel strategies against

antimicrobial resistance (AMR). The focus of this perspective is a conjugated system: AMP—NPs, which
can be used to enhance the stability and targeting of antimicrobial activity. This perspective highlights
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the emerging role of molecular dynamics (MD) simulations as a key tool for designing and optimizing
these hybrid systems. By integrating experimental findings with MD-driven insights, researchers can
accelerate the development of next-generation antimicrobial platforms that are both effective and

scalable. This convergence of nanotechnology and computational modelling offers a promising path

rsc.li/pccp

Introduction

Antimicrobial resistance (AMR) is a critical and escalating
global health crisis, emerging from the adaptive capacity of
microorganisms—bacteria, viruses, fungi, and parasites—to
survive the effects of antimicrobial drugs. This adaptive evolu-
tion leads to increasingly challenging infections to treat, posing
a threat to human, animal, and environmental health world-
wide. If left unaddressed, AMR could cause up to 10 million
deaths each year by 2050, potentially becoming a more com-
mon cause of death than cancer.”” AMR is not a distant
problem; it is an escalating crisis that requires immediate
global attention and the implementation of more effective
management strategies.>* The slow process of new antibiotic
development has exacerbated the AMR crisis, underscoring the
urgent need for innovative approaches to circumvent resistance
mechanisms and deliver effective treatments.

Expanding arsenal against antimicrobial resistance

Among the most promising alternatives are bacteriophage therapy,
antimicrobial peptides (AMPs), lipopeptides, and nanotechnology-
based approaches. Each offers unique mechanisms of action that
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toward overcoming the AMR crisis.

precisely target resistant bacteria.>® Bacteriophage therapy has
gained renewed interest as a targeted, natural solution for bacterial
infections, particularly those caused by multidrug-resistant (MDR)
strains.

Our perspective focuses on how advanced materials can be
utilized as carriers and boosters of the antimicrobial peptide
activity. Materials such as hydrogels, liposomes, dendrimers,
and polymeric nanoparticles can be used to optimize stability,
bioavailability, and targeted delivery of AMPs. Such diversity in
the delivery mode is not only crucial for protecting peptides
from premature degradation caused by proteolytic enzymes, for
example, but also for controlling their release and improving
their penetration into pathogens. All of these are key challenges
in treating infections that are resistant to treatment. Designing
and modeling a fused system of AMPs - materials admit
targeted activation and prolonged antimicrobial activity. This
approach helps minimize and control the side effects, such as
toxicity, and improves overall treatment outcomes.

When designing a new delivery system that is also sustain-
able, one key component should be considered: molecular-level
insights should be integrated with the discovery, design, and
optimization of advanced therapeutic systems. MD simulations
serve as a nexus that enables researchers to explore atomic-
scale interactions between antimicrobial agents, bacterial
membranes, and advanced materials under dynamic, physio-
logically relevant conditions. This allows the rational design of
peptides with enhanced stability and membrane-disruptive
properties, as well as carriers with optimized drug-release
kinetics and biocompatibility.

This journal is © the Owner Societies 2025


https://orcid.org/0000-0003-0793-3340
https://orcid.org/0000-0002-2748-0783
https://orcid.org/0000-0001-7058-9509
http://crossmark.crossref.org/dialog/?doi=10.1039/d5cp01880c&domain=pdf&date_stamp=2025-07-01
https://rsc.li/pccp
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cp01880c
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP027031

Open Access Article. Published on 25 June 2025. Downloaded on 4/4/2026 12:38:27 PM.

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

(cc)

Perspective

Role of antimicrobial peptides

Antimicrobial peptides, both naturally occurring and syntheti-
cally designed, present a versatile and potent class of antimicro-
bial agents. AMPs target negatively charged bacterial
membranes, utilizing their amphipathic structures to destabilize
and permeabilize bacterial cells, resulting in rapid cell death.
Despite challenges related to enzymatic degradation and cyto-
toxicity, ongoing research is focused on enhancing their stability,
reducing toxicity, and optimizing their therapeutic profiles.

Nanotechnology-based approaches leverage the unique
properties of nanoparticles (NPs), such as silver, gold, and
other metallic NPs, which exhibit intrinsic antimicrobial prop-
erties. These NPs can directly disrupt bacterial membranes,
generate reactive oxygen species (ROS), or serve as carriers for
conventional antimicrobial agents, enhancing their efficacy.” ™"
Additionally, NPs’ surface modification can further increase
their targeting capabilities, offering a flexible platform for
combating resistant pathogens.

These strategies represent a diversified approach to addres-
sing AMR, offering targeted, adaptable, and innovative solutions.

Over the last three decades, considerable interest has been
in the therapeutic potential and advancement of using
AMPs.®">"> Experimental and in silico-based approaches
about the mechanism of action induced by AMPs have been
presented in recent years.'®>* The mechanisms underlying
pore formation by AMPs have been thoroughly investigated.
However, the mechanism remains incompletely resolved. MD
simulations and experimental studies have provided significant
insights, yet the complexity of membrane-peptide interactions
leaves some aspects open to interpretation.?*2*

On the other hand, NPs, when conjugated with AMPs, provide
a powerful platform for combating antibiotic-resistant pathogens.
These conjugates enhance stability by protecting AMPs from
enzymatic degradation and harsh physiological conditions,
prolonging their bioactivity. Among the systems that have under-
gone testing, noble metal NPs, particularly gold nanoparticles
(AuNPs), stand out.*® Due to their small size, they can interact
with biomolecules both at the surface and within cells, yielding
faster and more specific targeting for treatments. They possess
excellent application spectra ranging from highly sensitive diag-
nostic assays®”*® and radiotherapy enhancement**~*° to applica-
tions in drug and gene delivery.*' ™ Iron oxide nanoparticles
(IONPs) represent another versatile class of materials that can
effectively disrupt bacterial cell membranes through various
mechanisms, including thermal, magnetic, passive, and active
targeting. Their diverse capabilities enable their application in
numerous fields, particularly in medical imaging, biosensing,
disease diagnosis, drug delivery, pollutant remediation, and anti-
microbial therapies.>*™*° These examples of NPs’ applications are
fundamentally influenced by the interactions occurring at the
nanoparticle-cell membrane interface—a complex environment
where multiple biophysical interactions exist simultaneously.
Specifically, steric hindrance, electrostatic attraction, hydrophobic
interactions, solvent effects, and macromolecular interactions
dictate how NPs engage with cellular surfaces. Understanding
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Fig. 1 Schematic diagram of the physicochemical properties of NPs.**

and optimizing these interactions are crucial for enhancing NP
functionality in diverse applications, from precise antimicrobial
targeting to efficient drug delivery. The main properties of NPs,
such as size, shape, charge, and surface functionalization, play a
pivotal role in their interactions with bacterial membranes
(Fig. 1).** The permeability of NPs leads to greater disruption of
membrane integrity, thereby enhancing the antimicrobial effec-
tiveness of the NPs.*?

The morphology and surface properties of NPs influence
their interactions with bacterial membranes, either facilitating
antimicrobial activity or, conversely, inhibiting it.** For exam-
ple, rod-shaped NPs, with their larger surface area and aspect
ratio, induce greater membrane disruption compared to sphe-
rical counterparts.** Furthermore, NPs bearing a positive sur-
face charge are electrostatically attracted to negatively charged
bacterial membranes, promoting adhesion and subsequent
membrane destabilization. Surface modifications, such as con-
jugation with specific functional groups or AMPs, can further
enhance selectivity and binding affinity.*> The multivalent
interactions achieved through such conjugation leverage the
membrane-disrupting properties of both NPs and AMPs, result-
ing in synergistic antimicrobial effects.*®

In addition to their well-known membrane-disruptive cap-
abilities, many AMPs possess potent intracellular activities that
contribute substantially to their antimicrobial efficacy.

Once internalized—either via direct translocation or endo-
cytosis—AMPs can bind to nucleic acids, inhibiting DNA and
RNA synthesis, or target ribosomal components to disrupt
protein synthesis. For instance, buforin II penetrates bacterial
membranes without causing lysis and binds directly to DNA
and RNA, thereby impeding critical cellular processes such as
transcription and replication.”” Combining these intracellular
actions with membrane-disruptive mechanisms, primarily
when facilitated by appropriately designed NPs, enhances over-
all antimicrobial potency and weakens the probability of resis-
tance development.'® Recognizing and harnessing these dual
mechanisms—membrane  disruption and intracellular
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targeting—are fundamental for the design of effective AMPs-
based nanoparticle conjugates. Achieving this optimization
requires a deep understanding of AMP-NPs interactions, which
can be obtained through molecular simulations. These simula-
tions offer atomistic insights into binding mechanisms, stabi-
lity, and adsorption dynamics, providing a precise, data-driven
guide for the rational design and fine-tuning of AMPs-NPs
systems, which have both advantages and limitations. These
challenges also include limited targeting precision, stability
issues in both in vivo and in vitro environments, difficulties in
large-scale production, and concerns about toxicity. MD simu-
lations can also be used to address these limitations.

MD simulations can be used to identify peptide sequences
that preferentially disrupt bacterial membranes while sparing
host cells. These simulations directly address the key limitations
of peptide-NP systems, providing a foundation for precision
targeting, enhanced stability, and scalable design. Moreover, we
advocate for integrating quantum computing, which offers
unparalleled precision in capturing electron-level interactions
critical to NP-AMP systems, including charge transfer, electronic
structure, and metal-peptide interactions. Quantum computing
can uncover complex phenomena such as quantum tunnelling
during AMP binding, which classical methods may overlook.
This perspective envisions a transformative strategy for addres-
sing AMR, where the convergence of MD simulations, quantum
computing, and experimental validation bridges the current data
gap, accelerates NP-AMP design, and redefines our approach to
combating AMR.

Enhancing AMPs’ efficacy with nanoparticle carriers

The versatility of NP types—ranging from metal-based and metal
oxide (e.g, zinc oxide, titanium dioxide) to polymer-based and
composite formulations—further expands the potential of AMP-
NP systems. Metal-based NPs provide intrinsic antimicrobial
properties, while polymer-coated NPs enhance biocompatibility
and enable controlled AMP release, optimizing therapeutic out-
comes. Lipid-based carriers, such as liposomes and micelles, offer
additional protection for AMPs, improving their stability in bio-
logical environments and enhancing their targeting capabilities.

This subsection highlights the crucial role of NPs-based
carriers in overcoming the inherent limitations of AMPs,
thereby transforming them into practical and versatile antimi-
crobial agents.

Optimizing peptide-nanoparticle binding for enhanced
antimicrobial ability

Before diving into the individual carriers’ cases, we want to
question the selection of peptide binding methods to NP
surfaces. Such a summary is pivotal in determining the perfor-
mance and versatility of NP-systems. This perspective high-
lights the importance of a rational, application-oriented
approach to peptide attachment, where the choice among
covalent, non-covalent, and hybrid strategies is informed by
the desired therapeutic outcome. The optimal binding strategy
must consider the physicochemical properties of the NPs’ sur-
face and the peptide, including charge, hydrophobicity, and
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Fig. 2 Mechanisms of action and cellular interactions of AMP—nanopar-
ticle conjugates against bacterial cells. The figure illustrates how AMPs and
NPs, depending on their size, shape, and material type, interact with
bacterial membranes via electrostatic or covalent conjugation strategies.

functional groups. Environmental factors, such as pH, ionic
strength, and temperature, can significantly influence the
strength and stability of peptide-NP interactions, necessitating
context-specific optimization.*®

The synergistic mechanism of action between nanoparticles
and AMPs is illustrated in Fig. 2. This schematic representation
highlights the interactions between AMP conjugates and nano-
materials, which function as delivery platforms that enhance
antibacterial efficacy by combining the antimicrobial properties
of AMPs with the distinct physicochemical characteristics of
nanomaterials. A crucial aspect of this synergy lies in the surface
interactions at the nano-bio interface, where the mode of AMP
attachment—covalent or non-covalent—strongly influences sta-
bility, orientation, and biological function. AMPs primarily act by
disrupting bacterial membranes through one of the existing
mechanisms, which is pore formation or a carpet-like mecha-
nism, and can further penetrate intracellular compartments to
interfere with essential biological processes. Nanomaterials, on
the other hand, protect AMPs from enzymatic degradation and
contribute additional antimicrobial actions by disrupting mem-
branes, generating ROS, and interfering with vital pathways such
as efflux pumps and the electron transport chain.*®

As we’ve represented and mentioned, and as shown in Fig. 2,
conjugation strategies tailored to surface chemistry offer
diverse and new advantages depending on the desired AMP
release profile, bioactivity, and systemic stability.

The covalent conjugation, such as carbodiimide chemistry,
remains widely used due to its straightforward application to
carboxyl- and amine-functionalized surfaces. However, this
method often suffers from low efficiency, uncontrolled peptide
orientation, and potential peptide crosslinking, which can
impair biological activity.”® Another popular covalent reaction
protocol is the thiol-maleimide reaction, which allows more
site-specific conjugation via cysteine residues but is prone to
thiol-exchange reactions under physiological conditions, limit-
ing long-term stability.”* Pal et al. demonstrate that covalent
attachment (via cysteine-Ag bond) improved serum stability
and antimicrobial activity relative to non-covalent complexes.>

This journal is © the Owner Societies 2025
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As was reported,® silver nanoparticles covalently functiona-
lized with AMPs retain enhanced antimicrobial potency and
specificity. The covalent attachment reduced peptide desorption
and improved the targeting of bacterial cells, resulting in syner-
gistic antibacterial effects. Compared to simple physical mix-
tures or electrostatically bound peptides, covalent conjugates
maintained better activity over longer periods, supporting their
therapeutic potential.

Site-selective disulfide re-bridging represents another innova-
tive strategy, allowing precise control over AMP orientation and
spacing, thereby improving accessibility and minimizing steric
hindrance, which is crucial for maintaining bifunctionality.>*

In contrast, electrostatic adsorption and hydrophobic inter-
actions enable reversible and modular assembly of AMPs on NP
carriers.>*® While attractive for dynamic delivery systems,
these interactions often lack stability in physiological environ-
ments and may result in premature peptide release. Hydro-
phobic interactions, on the other hand, leverage the affinity
between hydrophobic regions of AMPs and NP surfaces, pro-
moting stable yet reversible attachment.”

Importantly, the chosen conjugation chemistry does not
merely dictate attachment efficiency; it also significantly affects
AMP activity, release profile, immune recognition, and in vivo
biodistribution. Therefore, rigorous optimization and compara-
tive evaluation of these conjugation strategies are essential for
the rational design of AMP-NP systems tailored to combat AMR.

Gold nanoparticles

AuNPs are biocompatible, chemically inert, and non-toxic,
making them ideal for systemic treatments. Their surfaces
can be easily modified, allowing for the attachment of AMPs
and other functional ligands to enhance specificity and stability
in biological environments.>®

AuNPs disrupt bacterial membranes and enhance the effects
of AMPs by delivering peptides directly to target sites while
protecting them from enzymatic degradation, thus extending
their half-life. The ability of AuNPs to generate ROS further
amplifies their antimicrobial properties, leading to oxidative
stress, membrane disruption, and bacterial death. Additionally,
AuNPs can form strong bonds with thiol groups in bacterial
proteins, disrupting the bacterial respiratory chain and further
increasing oxidative damage.>®

For instance, a recent study has shown enhanced AMP
activity when five different amphiphilic a-helical AMPs (PGLa,
MSI-103, MAP, BP100, and TP10) were attached to AuNPs via
their N-terminal cysteine.®® This functionalization enhanced
peptide stability against enzymes such as trypsin, thereby
increasing antimicrobial activity against both Gram-negative
and Gram-positive bacteria while maintaining the conforma-
tional flexibility of the AMPs.

Functionalized AuNPs have been utilized to combat MDR
pathogenic bacteria. Tuning of the functional groups on the
NPs’ surface provided gold nanoparticles that were effective
against both Gram-negative and Gram-positive pathogens,
including MDR pathogens. These AuNPs exhibited low toxicity
to mammalian cells, and bacterial resistance was not observed
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after 20 generations. A strong structure-activity relationship
was observed as a function of the AuNPs’ functionality, guiding
the prediction of activity and the rational design of effective
antimicrobial nanoparticles.®

A recent review®® highlights the AMP-AuNPs as a tool to
combat MDR pathogens by summarizing advances in the
design, functionalization, and antimicrobial evaluation of
AMP-AuUNPs, underlining their mechanisms of action, conjuga-
tion strategies, and effectiveness against resistant pathogens.

Iron oxide nanoparticles

IONPs have garnered considerable attention in antimicrobial
therapy due to their biodegradable nature and natural meta-
bolic pathways, which significantly mitigate concerns about
long-term toxicity.®>®* The antimicrobial efficacy of IONPs is
primarily attributed to their positive surface charge, which
facilitates attraction to the negatively charged bacterial mem-
branes, resulting in membrane disruption.®® This mechanism is
not unique to IONPs, as many other NPs with similar positive
surface modifications exhibit comparable antimicrobial proper-
ties. However, IONPs are distinguished by additional character-
istics, including magnetic properties that enable targeted
delivery and overall biocompatibility. Moreover, IONPs can
catalyze the Haber-Weiss reaction, a process involving Fenton
chemistry, which leads to the generation of ROS that induce
oxidative stress in bacteria. The use of ROS as an antibacterial
agent is regarded as both safe and effective against a broad
spectrum of pathogens, with the added benefit of not promoting
antimicrobial resistance.®® IONPs’ catalytic capabilities can be
synergistically coupled with AMPs to generate ROS or enhance
membrane disruption, rendering these magnetic NPs versatile
tools for advancing AMPs-based antibacterial strategies.

The catalytic activity of IONPs, influenced by their material
composition, can be further modulated by their size and shape,
significantly impacting their antimicrobial effectiveness. Smaller
NPs, typically ranging from 5 to 10 nm, demonstrate enhanced
antimicrobial activity due to their superior ability to diffuse
through biological barriers and engage with cellular components.

Research has shown that atom doping can markedly
enhance the catalytic activity of IONPs. For instance, studies
conducted by Faisal et al.®” revealed that the antimicrobial
specificity and efficacy of IONPs could be significantly
improved through surface functionalization with compounds
such as p-amino benzoic acid and anthranilic acid. Typically,
IONPs are spherical and range from 5 to 50 nm in size, and they
have been successfully conjugated with AMPs such as nisin,
indolicidin, temporin, and lasioglossin III. This conjugation
exploits the high capacity of NPs for AMP adsorption and their
magnetic and catalytic properties to enhance the stability and
antibacterial efficacy of the AMPs. In contrast, larger particles
(50-200 nm) may be more suitable for multifunctional ther-
apeutic applications.

The magnetic properties of IONPs further enhance their
antibacterial efficacy by enabling targeted delivery, controlled
release of AMPs, effective biofilm penetration, and multifunc-
tionality. External magnetic fields can guide these NPs to
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cp01880c

Open Access Article. Published on 25 June 2025. Downloaded on 4/4/2026 12:38:27 PM.

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

(cc)

PCCP

infection sites, ensuring accurate and targeted delivery of
AMPs, which minimizes side effects while maximizing thera-
peutic impact. The increased surface area associated with
smaller magnetic NPs enhances the density of AMP conjuga-
tion, thereby improving antimicrobial efficiency. Finally, the
application of a high-frequency alternating magnetic field in
IONPs can generate hyperthermia, which can be used as an
additional mechanism to eliminate pathogens.

Mesoporous silica (MSNs)

Mesoporous silica nanoparticles have emerged as highly effec-
tive carriers for AMPs, offering several advantages that address
key limitations in peptide-based therapies. One of the primary
benefits of MSNs is their high surface area and tunable pore
sizes, which enable efficient loading and controlled release of
AMPs, thereby prolonging their antimicrobial activity and
reducing the risk of early degradation.®®

Recent advancements have further improved the efficacy of
MSNs through organic modifications and virus-like structural
designs. The incorporation of MSNs’ surface functional moi-
eties that enhance bacterial membrane interactions, facilitating
targeted AMP delivery and controlled release, while also
improving biofilm penetration and overcoming bacterial resis-
tance mechanisms, was reported by Colila and Regi.®®
Additionally, virus-like MSNSs, characterized by their spiky sur-
face topology, mimic specific viral structures to enhance inter-
actions with bacterial membranes. By designing in this
manner, the topological features increase membrane perme-
ability, thereby strengthening the antimicrobial efficacy of
MSN-based delivery systems.”®

Overall, the combination of MSNs and AMPs represents a
promising strategy to overcome the challenges associated with
peptide-based antimicrobial therapies. By offering enhanced
stability, targeted delivery, controlled release, biocompatibility,
and aggregation prevention, MSNs provide an advanced plat-
form that can significantly improve AMP efficacy.

Despite their potential in combating bacterial infections,
these nanosystems have yet to be clinically applied. Further
research is required to address challenges related to the
complex composition, optimization of nanoformulations,
reproducibility in production, large-scale manufacturing, and
cost-effective development of organically modified MSNs to
meet regulatory approval.

Copper nanoparticles (CuNPs)

While MSNs offer controlled AMP release and excellent bio-
compatibility, their lack of intrinsic antimicrobial activity limits
their efficacy in acute infections. To overcome this challenge,
copper nanoparticles have garnered attention due to their
strong antibacterial properties, which enable direct disruption
of the bacterial membrane and oxidative stress-mediated kill-
ing. CuNPs can directly kill bacteria through the release of
copper ions and oxidative stress, making them effective carriers
and active antimicrobial agents. This makes CuNPs a promis-
ing alternative to MSNs or even a complementary system when
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combined, offering sustained AMP delivery and immediate
bactericidal action.

Several studies have investigated the synergistic effects of
combining CuNPs with AMPs to enhance antibacterial efficacy.
The results demonstrated a synergistic bactericidal effect, high-
lighting the potential of integrating CuNPs with AMPs for
enhanced antibacterial strategies.”" A review from 202172
focuses on a subclass of AMPs with a metal-binding motif
called the amino-terminal copper and nickel (ATCUN) motif.
The study explores how incorporating copper(u) ions can
enhance the antimicrobial properties of these peptides, provid-
ing novel therapeutic opportunities.

Ultimately, the future of CuNPs in antimicrobial applica-
tions lies in developing safer, more targeted, and sustainable
formulations that maximize antibacterial potential while mini-
mizing adverse effects. By integrating CuNPs with responsive
drug delivery platforms, such as pH-sensitive hydrogels or
stimuli-responsive nanocarriers, researchers can enable site-
specific release of copper ions and AMPs, improving therapeu-
tic outcomes while reducing systemic toxicity.

Additionally, incorporating biodegradable coatings and smart
nanocomposites, such as CuNPs embedded in mesoporous silica
or chitosan scaffolds, could enhance biocompatibility, mitigate
environmental concerns, and extend antimicrobial efficacy. By
leveraging these advancements, CuNPs can pave the way for
next-generation antimicrobial solutions addressing the urgent
need for novel, resistance-proof antibacterial strategies.

Polymeric nanoparticles

Polymeric nanoparticles demonstrate enhanced robustness
and stability due to their structural integrity maintained by
covalent bonds. Various types of polymeric NPs have been
utilized as vehicles for a range of AMPs across numerous
applications.”*”®

Studies have shown that polymeric nanoparticles facilitate
the delivery of antimicrobial peptides (AMPs), significantly
improving their bioavailability, safeguarding them against
degradation, and enhancing cellular penetration through
membrane binding.”® For example, Almaaytah et al.”” reported
that encapsulating AMPs within chitosan NPs reduced toxicity
and enhanced antimicrobial efficacy compared to free AMPs.
Furthermore, a study from Primo et al’® demonstrated that
rifampicin encapsulated in NPs derived from N-acetylcysteine-
conjugated chitosan, further linked to the AMP Ctx(Ile21)-Ha,
produced a synergistic effect with improved stability against
multi- and extensively drug-resistant Mycobacterium tuberculosis.

Moreover, novel star-shaped peptide polymers have gained
attention in biomedical applications, particularly for synthesiz-
ing NPs that encapsulate AMPs. These star-shaped polymers
exhibit antimicrobial activity through multiple mechanisms,
potentially mitigating host toxicity and making them more
advantageous than conventional nanocarriers.”®

The versatility of polymeric NPs enables the incorporation of
various functional groups, allowing for the conjugation of
AMPs through different strategies, such as covalent bonding
or electrostatic interactions. This adaptability is crucial for

This journal is © the Owner Societies 2025
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tailoring the delivery system to meet specific clinical needs,
including the treatment of MDR bacterial infections.

In summary, utilizing polymeric NPs as carriers for AMPs
presents a promising approach to enhance the stability, bioa-
vailability, and targeted delivery of these therapeutic agents,
thereby addressing some of the key challenges in antimicrobial
therapy.

Additional representative examples of AMPs-NPs systems
are summarized in Table 1, illustrating the diversity of nano-
particle platforms employed, as well as the variety of AMPs
conjugated using different strategies, such as covalent bond-
ing, electrostatic interactions, and encapsulation. Notably,
many of these nanoformulations offer enhanced stability,
prolonged antimicrobial activity, and reduced cytotoxicity com-
pared to free peptides.

Hydrogels

Hydrogels have emerged as a promising alternative to NPs.
These materials possess unique characteristics that enable the
encapsulation of various molecules for various applications.
In 2014, Liskamp et al.®* were among the first to use cross-
linked polyethylene glycol diacrylate (PEGDA) hydrogels to deli-
ver AMPs through thiolene photoclick chemistry. Their study
revealed strong antimicrobial activity against Gram-positive bac-
teria, such as Staphylococcus aureus and Staphylococcus

View Article Online
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epidermidis, as well as the Gram-negative bacterium Escherichia
coli, in vitro.

Following this, another study explored the immobilization
of Cecropin A onto PEGDA hydrogel cores with thiol-containing
molecular linkers.®' Their findings demonstrated that the
antimicrobial efficacy of the hydrogel-AMP conjugate was sub-
ject to both the length of the linker utilized and the peptide
loading within the system. Additionally, Nordstrém et al.®
explored how the charge density in poly(ethyl acrylate-co-
methacrylic acid) microgels influenced the release of three
different peptides effective against Pseudomonas aeruginosa
and Escherichia coli. They also evaluated hemolysis rates, the
proteolytic stability of the hydrogels, and their interactions with
biological membranes to assess their biocompatibility.

Overall, current research highlights the flexibility of hydro-
gel formulations in optimizing the delivery of AMPs to combat
various bacterial strains. Numerous studies have demonstrated
that these hydrogels enhance antimicrobial efficacy and offer
stability and controlled release, making them a promising
platform for effective AMPs delivery.

Liposomes

Liposomes have demonstrated significant potential in enhan-
cing the antimicrobial efficacy of AMPs while simultaneously
reducing their toxicity. Research has explored the encapsulation

Table 1 Representative AMPs—NPs conjugate systems and their key findings

NPs type AMP type Size and shape = Mechanism of action ~ Main findings in vitro/in vivo Ref.

Au CSA-131 45-250 nm, rod-, ROS generation, Superior bactericidal activity against MDR bacterial strains 93
peanut-, and star- membrane disruption, compared to CSA-131 alone. Strong in vitro effectiveness
shaped and protein leakage with minimal toxicity to human red blood cells.

Au Short peptides with 3 nm, spherical Membrane disruption, Specific antibacterial activity against S. Aureus, rapid in vitro 94
an amidated C biofilm inhibition bactericidal effects. In vivo studies: in mice; reduced bac-
terminus terial load, enhanced survival rates, and alleviation of

infection, all with good safety and excellent therapeutic
outcomes.

10 (Fe;0,) Ceragenin CSA-13 15 nm, spherical Membrane disruption  Enhanced antimicrobial efficacy and biofilm disruption 95
and inhibition of biofilm against P. Aeruginosa while significantly reducing hemolytic
formation toxicity to red blood cells in vitro.

10 (Fe;0,) Amphotericin B 220 nm, Isolate amoebae Promising for treatment for A. Castellanii infections, with 96

with spherical potential for future in vivo studies. It is biocompatible with

metronidazole human and rat cell lines and exhibits no hemolytic activity
in vitro, indicating safety for further development.

Mesoporous ~ Ovotransferrin 100 nm, Growth inhibition Targeted antibiotic delivery to bacterial infection sites, to 97

silica with spherical inhibit the growth of E. coli both in vitro and in vivo.

gentamicin Enhance the effectiveness of antibiotic therapy by directing
treatment to infection areas, potentially reducing side
effects and improving outcomes.

Mesoporous  o-defensin: T7E21R- 60 nm, spherical Aggregation, membrane A promising oral antibacterial formulation has been devel- 98

silica HD5 disruption oped that effectively inactivates E. coli and S. aureus in vitro.

Non-toxic and proven to eradicate MDR E. coli in vivo,
indicating its potential as a safe and effective treatment
option.

CuS-ZIF8 a-helical: At10 50-200 nm, Membrane disruption  Synergistic effects against MDR bacteria such as E. coli and 71

framework S. aureus in vitro, indicating potential for improved clinical
treatment of resistant infections.

Polymeric NPs RBRBR (Arginine (R), 120 nm, Membrane disruption, Potent, selective, and long-lasting inhibition of biofilm 77

(chitosan) L-4-phenyl- spherical inhibition formation in vitro, effectively targeting various Gram-
phenylalanine (B)) positive bacteria, including resistant S. aureus strains.

Polymeric NPs Poly(Z-Lys11-stat- 160-230 nm, Membrane disruption  The drug delivery system demonstrates effective in vitro 99

(chitosan) Phe10) lysine + capsule activity, showing significant antibacterial effects against
phenylalanine both E. coli and S. aureus, highlighting its potential for

targeted antimicrobial therapy.
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of various AMPs within liposomes, highlighting their potential
applicability in biomedicine, among other fields.**

The unique architecture of liposomes, composed of lipid
bilayers derived from phospholipids and cholesterol, allows
for the encapsulation of both hydrophobic and hydrophilic
compounds.®*

Furthermore, the composition and size of liposomes can be
tailored to optimize the delivery of specific molecules, mini-
mize degradation, regulate release rates, and improve targeting
affinity.

Recent studies have increasingly focused on the encapsula-
tion of AMPs in liposomes, resulting in enhanced stability and
bioactivity of these peptides. For instance, Ron-Doitch et al.®®
developed liposomes containing LL-37 coated with PEG, which
showed reduced toxicity and improved antiviral activity against
herpes simplex virus 1 (HSV-1). Furthermore, Cantor et al.®®
demonstrated significant improvements in the antibacterial
properties of the AMP Alyteserin-1c when delivered via Eudragit
E-100%-coated liposomes, which showed marked efficacy
against Listeria monocytogenes and Escherichia coli.

Encapsulating AMPs within liposomes represents a promising
strategy to address the challenges associated with direct AMP
applications, including cytotoxicity and instability. This innova-
tive approach enhances the therapeutic potential of AMPs but
also opens new avenues for developing effective antimicrobial
therapies.

Metal complexes

Metal ions play a crucial role in numerous biological processes
and significantly impact the functionality of AMPs. These pep-
tides can interact with metal ions, restricting microbial access to
vital nutrients through nutritional immunity.®” Moreover, spe-
cific metal ions can enhance the antimicrobial efficacy of AMPs
by altering their charge and structural properties.*®*’

The relationship between metal ions and peptides is influ-
enced by several principles, primarily shaped by the unique
characteristics of the metal ions and the peptide sequence.
Peptides are particularly adept at binding metal ions, mainly
due to the involvement of the amino group at their N-terminal
and the action of deprotonated nitrogen atoms along the
peptide chain.’® This binding activity leads to robust complexes
between peptides and metal ions.

AMPs combat microorganisms through multiple strategies,
including sequestering essential metal ions. Important metal
ions, such as Zn(u) and Cu(u), serve a dual function in AMP
activity: they can be captured by AMPs, thereby depriving
pathogens of critical metals vital for their survival and patho-
genicity, or they can boost the antimicrobial efficacy of AMPs by
affecting the peptides’ charge and conformation.’™®>

Although the development of effective metal-AMP com-
plexes may provide foundational models for creating new
potent AMP-based therapeutic agents, there is a notable defi-
ciency in data that clarifies the intricate relationships between
metal-AMP coordination modes, thermodynamic parameters,
structural attributes, and their resultant biological activities,
encompassing mechanisms of action and host specificity.”

16290 | Phys. Chem. Chem. Phys., 2025, 27,16284-16294
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As demonstrated in the previous examples, recent advances
in nano-formulations have been promising, showcasing the
successful development of diverse AMP-carrier hybrid systems.
However, in vitro results often fail to translate to in vivo efficacy,
and issues like the stability of AMPs coatings on, for instance,
NPs persist.**'?® Addressing these challenges requires careful
study design and a focus on the physicochemical properties of
AMPs to select suitable materials for functionalization.
A comprehensive analysis of formulation characteristics, car-
rier composition, and release kinetics is necessary to enhance
the clinical applicability of AMP therapies.

Addressing the challenges and optimizing AMP-carrier systems

AMP-carrier systems offer a promising approach to combat MDR
infections by enhancing the stability, delivery, and efficacy of
AMPs. However, their clinical translation faces significant chal-
lenges. Ensuring stability and concentration dependence of
AMPs on NP surfaces is a constant issue, as peptides can desorb
or degrade over time, reducing their antimicrobial effectiveness.

Another aspect to be addressed is selective targeting and
specificity. AMP-NP systems can exhibit non-specific interactions
with host cells, triggering cytotoxicity. Cationic AMPs may bind
negatively charged host cell membranes, leading to off-target
effects.

Bioavailability is also a concern. Although polymeric nano-
particles and liposomes enhance the AMPs’ stability and delivery,
they are still prone to rapid clearance or limited penetration into
biofilms. Additionally, achieving consistent and sustained AMP
release is challenging, as environmental factors such as pH and
temperature often influence the release profiles. These limitations
necessitate a deeper understanding of the factors governing the
adsorption, stability, and release of AMPs from NP surfaces.

Role of MD simulations in
understanding AMP—metal systems

MD simulations are required to understand the complex inter-
actions between AMPs and metal nanoparticles. They provide
atomistic insights that complement and are challenging to
obtain by the existing experimental approaches.

How AMPs bind, orient, and interact with metal surfaces can
be revealed only through an atomistic approach to treating the
systems, and this understanding can be critical for factors such
as stability and controlled release, for instance. Applications of
MD simulations in the design and evaluation of AMP-nano-
particle conjugates are illustrated in Fig. 3.

Elucidating binding mechanisms and peptide orientation

One of MD’s most significant contributions is its ability to
elucidate the binding mechanisms of AMPs on metal surfaces.
Such insights are crucial for designing AMP-metal systems with
improved binding efficiency and stability. For instance, Rocca-
tano et al.'®" highlighted methods for studying peptide inter-
actions with uncoated gold surfaces, demonstrating how
peptide sequences adapt their conformations to maximize

This journal is © the Owner Societies 2025
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contact with the metal. These simulations have shown that
AMPs can adopt various orientations on gold surfaces, from
parallel to perpendicular configurations, depending on their
sequence and surface properties.

In the case of hybrid AMPs such as cecropin-melittin,
Simédes et al'°® demonstrated that these peptides bind to
AuNPs through electrostatic and hydrophobic interactions,
significantly enhancing their antimicrobial activity. Their MD
simulations revealed that gold alters peptide orientation, pro-
moting conformations that favor membrane disruption when
the conjugates approach bacterial cells. This interaction
mechanism is driven by the amphipathic nature of the peptide,
where hydrophobic regions interact with the NP surface, while
cationic regions remain exposed for bacterial targeting.

MD simulations have also highlighted the importance of
specific amino acids in promoting stable peptide binding. For
instance, Monti et al.'® focused on the behavior of cysteine-
based peptides on gold surfaces, using classical MD simula-
tions with a reactive force field to provide atomic-level insights.
Their findings demonstrated that cysteine acts as a preferential
anchoring point, leading to rapid peptide stabilization during
the adsorption process. The study also revealed that cysteine’s
thiol group not only promotes stable binding but also influ-
ences the overall orientation of the peptide, enhancing its
antimicrobial efficacy by maintaining an active conformation.

Exploring the effect of surface modifications on AMP
adsorption

MD simulations have also helped explore how surface modifi-
cations, such as ligand coating or the attachment of functional
groups, affect the adsorption of AMP. For example, a citrate
coating on AuNPs can alter the electrostatic landscape, promot-
ing the adsorption of cationic AMPs through charge attraction.
Simulations have shown that by adjusting the density and type
of surface ligands, it is possible to fine-tune the balance
between peptide stability and release.'®*%

In the study by Monti et al,'®® the authors demonstrated
that the surface chemistry of AuNPs directly affects peptide
adsorption and desorption kinetics. Reactive force field MD
simulations revealed that modifying the NP surface with

This journal is © the Owner Societies 2025
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specific ligands can enhance peptide retention, reduce
desorption, and provide a controlled release mechanism under
specific conditions, such as pH changes or enzymatic activity.

Investigating controlled release and desorption mechanisms

MD simulations are also valuable for understanding the con-
ditions under which AMPs desorb from NPs’ surfaces, which is
essential for designing controlled-release systems. These simu-
lations can model how environmental factors, such as pH,
temperature, or ionic strength, influence peptide release. This
understanding is crucial for designing smart, stimulus-
responsive AMP-NP systems. By fine-tuning surface chemistry
and leveraging specific environmental triggers, researchers can
develop AMP-NP systems that release peptides only under
conditions that mimic infection sites, maximizing their ther-
apeutic impact while minimizing off-target effects.

Predicting AMP aggregation and self-assembly on NP surfaces

MD simulations offer insights into the behavior of AMP mole-
cules at high surface densities, revealing potential aggregation
or self-assembly behaviors. Such insights are crucial for metal-
based NP systems, where peptide aggregation can also affect
NPs’ stability, leading to particle aggregation or sintering.

By integrating MD simulations with experimental studies,
researchers can develop more rational design strategies for AMP-
metal systems that exhibit enhanced stability, selectivity, and anti-
microbial efficacy. These computational insights bridge the gap
between theoretical understanding and practical application, accel-
erating the development of next-generation AMPs-NPs therapies.

Outlook

From this perspective, we draw the reader’s attention to the
experimental design and illustrate how MD simulations play a
crucial role in creating a unified platform for AMP-metal
nanoparticle formulations.

MD simulations can guide the design of AMP-nanoparticle
systems, from initial concept to formulation. At the pre-synthesis
stage, MD simulations can help screen peptide sequences,
optimize nanoparticle surface chemistry, and predict peptide
stability under physiological conditions, providing valuable
insights before commencing experimental work. As the design
progresses to the formulation stage, simulations continue to
support surface functionalization strategies, including the
exploration of ligand environments and interaction modeling,
which enables the rational development of stable, responsive
systems that enhance antimicrobial efficacy and controlled
release. By embedding MD throughout the design pipeline, this
strategy ensures a more optimal, faster, and transferable
approach through the mechanism-driven development process.

Furthermore, as a future direction, the MD simulations
should be combined with machine learning techniques to
accelerate the optimization process of the new AMPs. By train-
ing ML models on MD-generated data as a surrogate mode,
researchers can rapidly identify peptide and NP designs that
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maximize antimicrobial activity while minimizing cytotoxicity.
Such an approach transforms MD simulations from a theore-
tical tool into a predictive framework for the rational design of
AMP-metal systems.

Moreover, there is a critical need for more accurate simula-
tions, improved force fields, and reliable pipelines for experi-
mental validation. Overcoming these challenges will require
interdisciplinary collaboration, leveraging advancements in
computational power, algorithmic efficiency, and experimental
techniques to achieve practical solutions. Enhanced force fields
that accurately capture the unique properties of peptides and
NP surfaces, combined with hybrid quantum mechanics/mole-
cular mechanics (QM/MM) methods, could further enhance the
predictive power of simulations.

One future perspective is the implementation and use of
quantum computing as a transformative approach to modeling
peptide-NP interactions, thereby overcoming the limitations of
classical computations. Variational Quantum Eigensolvers (VQE)
and Quantum Monte Carlo (QMC) methods can provide accurate
energy profiles for peptide-surface interactions at the atomic
level, even for complex systems. These quantum approaches
enable the exploration of quantum effects, such as electron
delocalization and tunneling, which are crucial for accurately
describing the dynamics of peptide adsorption and desorption.

For instance, applying quantum computing (QC) to model
peptide-gold interactions can reveal the nature of electron trans-
fer processes and the role of electronic structure in stabilizing
peptide conformations. Unlike classical simulations, which
approximate molecular interactions using force fields, QC directly
calculates the behavior of electrons, enabling an accurate descrip-
tion of peptide-NP interactions. This capability is crucial for
designing stable, efficient, and targeted AMP-NP systems.

Addressing the challenges of peptide-NP interaction studies
will require a synergistic approach that combines MD simula-
tions, quantum computing, and experimental validation. Such
a comprehensive framework will pave the way for the rational
design of peptide-functionalized nanomaterials with enhanced
stability, selectivity, and functionality.
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