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Abstract 

The rapid emergence of multidrug-resistant microorganisms and the growing demand for multifunctional 
biomedical materials have increased interest in hybrid nanocomposites with enhanced antibacterial, therapeutic, 
and diagnostic performance. Among these materials, silver oxide nanoparticles (Ag₂O NPs) have attracted 
considerable attention due to their broad-spectrum antimicrobial activity, reactive oxygen species generation, and 
potential biomedical functionality. However, their practical application is often limited by aggregation, 
uncontrolled ion release, stability concerns, and dose-dependent cytotoxicity. MXenes, particularly Ti₃C₂Tₓ 
MXene, offer a  promising platform for overcoming these limitations because of their large surface area, 
hydrophilic surface terminations, excellent conductivity, photothermal conversion ability, and ease of surface 
modification. The integration of Ag₂O nanoparticles with MXene nanosheets can produce a synergistic  
nanocomposite with improved dispersion, enhanced antibacterial efficiency, controlled bioactivity, and potential 
utility in wound healing, infection control, cancer therapy, biosensing, and smart biomedical coatings. This 
review discusses the structural features, synthesis strategies, biomedical mechanisms, and therapeutic potential 
of Ag₂O-decorated Ti₃C₂Tₓ MXene nanocomposites. Special emphasis is p laced on antibacterial mechanisms, 
including silver ion release, oxidative stress, bacterial membrane disruption, and MXene-assisted photothermal 
effects. The review also highlights wound-healing applications, anticancer potential, biosensing opportunities, 
and major biosafety challenges associated with Ag₂O/MXene systems. Finally, current limitations, including 
long-term toxicity, MXene oxidation, reproducibility, scalability, and clinical translation, are critically  discussed. 
Overall, Ag₂O/MXene nanocomposites represent an emerging class of biomedical nanomaterials with strong 
potential for next-generation antimicrobial and therapeutic platforms. 
Keywords: MXene, Ag NPs, biomedical application, nanomedicine, biosensors. 

Nanocompósitos de MXene Ti3C2Tx decorados com nanopartículas de óxido de 
prata para aplicações biomédicas: atividade antibacteriana, cicatrização de 

feridas, terapia contra o câncer, biossegurança e perspectivas futuras 
Resumo 
O rápido surgimento de microrganismos multirresistentes e a crescente demanda por materiais biomédicos 
multifuncionais têm aumentado o interesse por nanocompósitos híbridos com desempenho antibacteriano, 
terapêutico e diagnóstico aprimorado. Entre esses materiais, as nanopartículas de óxido de prata (Ag₂O NPs) têm 
atraído considerável atenção devido à sua ampla atividade antimicrobiana, à  capacidade de gerar espécies 
reativas de oxigênio e ao potencial funcional para aplicações biomédicas. No entanto, sua aplicação prática é 
frequentemente limitada pela agregação das nanopartículas, liberação descontrolada de íons de prata, problemas 
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de estabilidade e citotoxicidade dependente da dose. Os MXenes, especialmente o MXene Ti₃C₂Tₓ, oferecem 
uma plataforma promissora para superar essas limitações devido à sua elevada área superficial, terminações 
superficiais h idrofílicas, excelente condutividade elétrica, capacidade de conversão fototérmica e facilidade de 
modificação superficial. A integração de nanopartículas de Ag₂O com nanofolhas de MXene pode produzir um 
nanocompósito sinérgico com melhor dispersão, maior eficiência antibacteriana, bioatividade controlada e 
potencial de aplicação na cicatrização de feridas, no controle de infecções, na terapia contra o câncer, no 
biossensoriamento e em revestimentos biomédicos inteligentes. Esta revisão discute as características estruturais, 
as estratégias de síntese, os mecanismos de ação biomédica e o potencial terapêutico dos nanocompósitos de 
MXene Ti₃C₂Tₓ decorados com Ag₂O. É dada especial ênfase aos mecanismos antibacterianos, incluindo a 
liberação de íons de prata, o estresse oxidativo, a  desestabilização da membrana bacteriana e os efeitos 
fototérmicos mediados pelo MXene. A revisão também destaca as aplicações na cicatrização de feridas, o 
potencial anticancerígeno, as oportunidades em biossensoriamento e os principais desafios relacionados à 
biossegurança dos sistemas Ag₂O/MXene. Por fim, são discutidas criticamente as limitações atuais, incluindo a 
toxicidade a longo prazo, a  oxidação dos MXenes, a  reprodutibilidade, a  escalabilidade dos processos de 
produção e os desafios para a tradução clínica. De modo geral, os nanocompósitos Ag₂O/MXene representam 
uma classe emergente de nanomateriais biomédicos com elevado potencial para o desenvolvimento de 
plataformas antimicrobianas e terapêuticas de próxima geração. 
Palavras-chave: MXene, nanopartículas de Ag, aplicação biomédica, nanomedicina, biossensores. 
 

1. Introduction 
The increasing p revalence of microbial infections delays wound healing, and antimicrobial resistance has created 
an urgent need for advanced biomedical materials that can simultaneously prevent infection, support tissue repair,  
and reduce dependence on conventional antibiotics (Gul et al., 2025). Antimicrobial resistance occurs when 
microorganisms no longer respond effectively to antimicrobial medicines, making infections more difficult to 
treat and increasing the risk  of disease spread, severe illness, and mortality (Amir et  al., 2025). This challenge is 
particularly important in biomedical environments such as wound dressings, implant surfaces, surgical materials, 
biosensors, and drug-delivery p latforms, where bacterial colonization and biofilm formation can severely limit  
treatment outcomes (Zhu et al., 2024).  
As a result, researchers are increasingly exploring multifunctional nanomaterials that combine antibacterial, 
anti-inflammatory, photothermal, diagnostic, and regenerative properties in a single p latform. Metal oxide 
nanoparticles have emerged as one of the most important classes of antimicrobial nanomaterials because of their 
chemical stability, tunable physicochemical properties, h igh surface-area-to-volume ratio, and ability to interact 
directly with microbial cells. Common metal oxide nanoparticles used in biomedical and antimicrobial research 
include zinc oxide, t itanium dioxide, copper oxide, iron oxide, cerium oxide, and silver oxide nanoparticles 
(Kashif et al., 2024a). These nanomaterials can be engineered by controlling their particle size, morphology, 
crystallinity, su rface charge, porosity, and surface functional groups, which strongly influence their biological 
activity (Chetry et al., 2025).  

Compared with many conventional organic antimicrobial agents, metal oxide nanoparticles often show improved 
stability and broad-spectrum activity, making them attractive for infection control, wound dressing, coatings, 
biosensing, and therapeutic applications (Jamal et al., 2024). The antimicrobial performance of metal oxide 
nanoparticles is generally associated with multiple mechanisms rather than a single biological target. These 
mechanisms include the generation of reactive oxygen species, d isruption of bacterial cell membranes, release of 
toxic metal ions, interaction with proteins and nucleic acids, interference with  cellular respiration, and induction 
of oxidative stress. Reactive oxygen species can damage bacterial membranes, proteins, and DNA, which may 
reduce the likelihood of resistance development compared with antibiotics that act on highly specific  
biochemical pathways (Kashif et al., 2024b).  
This mult i-target antibacterial behavior makes metal oxide nanoparticles especially  useful against 
multidrug-resistant bacteria and biofilm-associated infections. However, their biomedical translation remains 
limited by several concerns, including nanoparticle aggregation, uncontrolled ion release, possib le cytotoxicity 
toward mammalian cells, poor long-term stability in physiological environments, and inconsistent performance 
under different biological conditions. Among metal oxide nanoparticles, silver oxide nanoparticles have attracted 
growing attention because of their strong antimicrobial activity and potential biomedical relevance (Del Toro et 
al., 2022). Silver-based nanomaterials are widely studied for antibacterial, antifungal, antiviral, wound-healing, 
biosensing, medical coating, and drug-delivery applications (Harun-Ur-Rashid et al., 2025; Shah et al., 2024a).  
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Silver oxide nanoparticles are especially interesting because they can release bioactive silver ions and participate 
in oxidative stress-related antibacterial processes (Shah et al., 2024a). Studies on Ag₂O nanoparticles have 
reported antibacterial effects against both Gram-positive and Gram-negative bacteria, including clinically  
relevant strains such as Staphylococcus aureus and Escherichia coli. Their antimicrobial activity is generally  
a ttributed to the combined effects of Ag⁺ ion release, membrane disruption, intracellular oxidative damage, 
enzyme inhibition, and interference with microbial metabolic pathways (Deng et al., 2025). 
Despite these advantages, the direct use of silver oxide nanoparticles in biomedical systems presents important 
limitations (Deng et al., 2025). Free Ag₂O nanoparticles may aggregate in bio logical media, reducing their active 
surface area and leading to uneven biological responses. Their uncontrolled dissolution may cause excessive Ag⁺ 
release, which can improve antibacterial action but may also increase cytotoxicity toward host cells at higher 
concentrations (Sun et al., 2024a). In addition, the stability, dispersion, and biological selectiv ity of Ag₂O 
nanoparticles must be improved before they can be reliably applied in wound dressings, implant coatings, 
antimicrobial hydrogels, or therapeutic platforms (Sun et al., 2025). Therefore, hybridization with suitable 
support materials has become an important strategy for improving the performance and safety of silver oxide 
nanoparticles (Azam et al., 2025; Shah et al., 2024b). 
MXenes represent a  rapidly expanding family of two-dimensional transition metal carbides, nitrides, and 
carbonitrides (Shah et al., 2024b). They are generally expressed by the formula Mₙ₊₁XₙTₓ, where M represents an 
early transition metal, X represents carbon or nitrogen, and Tₓ represents su rface terminations such as –O, –OH, 
and –F. Among them, Ti₃C₂Tₓ is the most widely investigated MXene for biomedical applications because of its 
layered two-dimensional structure, large specific surface area, hydrophilic surface chemistry, high electrical 
conductivity, mechanical flexibility, and strong photothermal conversion ability. MXenes have been explored in 
antibacterial materials, wound dressings, biosensors, drug delivery, cancer photothermal therapy, tissue 
engineering, and smart biomedical devices (Zeng et al., 2025). 

The biomedical value of MXenes arises from their ability to function not only as passive nanocarriers but also as 
active therapeutic components. Their large surface area allows efficient loading and dispersion of nanoparticles, 
drugs, polymers, biomolecules, and metal ions. Their surface terminations provide sites for chemical 
modification and interaction with bio logical molecules. Their electrical conductivity supports biosensing and 
electroactive tissue-engineering applications, while their strong near-infrared light absorption enables 
photothermal therapy and light-triggered  antibacteria l activity. Ti₃C₂Tₓ MXene has also demonstrated 
antibacterial activity against both Gram-negative and Gram-positive bacteria, with mechanisms linked to direct 
membrane contact, sharp nanosheet edges, oxidative stress, and photothermal effects (Sun et al., 2022). 
The combination of silver ox ide nanoparticles with Ti₃C₂Tₓ MXene offers a  promising strategy for developing 
multifunctional antimicrobial biomedical nanocomposites. In this hybrid system, MXene can act as a 
two-dimensional support that improves the dispersion of Ag₂O nanoparticles, reduces nanoparticle aggregation, 
increases interfacial contact with m icrobial cells, and provides additional antibacterial and photothermal 
functions (Li et al., 2025).  
At the same time, Ag₂O nanoparticles can enhance the antimicrobial potency of MXene through silver ion 
release and oxidative stress-mediated bacterial killing. This combination may produce synergistic effects, where 
the antibacterial activity of the composite is greater than that of either Ag₂O nanoparticles or MXene alone. Such 
synergy is particularly valuable for biomedical applications requiring rapid bacterial inactivation, biofilm 
suppression, controlled therapeutic action, and compatibility with soft materials such as hydrogels, polymer 
membranes, and wound dressings (Jamil et al., 2025). 

Ag₂O-decorated Ti₃C₂Tₓ MXene nanocomposites are especially relevant for wound-healing and infection-control 
applications. Infected wounds require materials that can eliminate bacteria, reduce inflammation, absorb exudate, 
maintain a moist healing environment, support cell migration, and promote tissue regeneration. MXene-based 
wound-healing materials have been reported to show potential in antibacterial therapy, smart wound monitoring, 
photothermal treatment, and tissue repair (Sun et al., 2024b). When combined with Ag₂O nanoparticles, 
MXene-based systems may provide dual antibacterial action through contact-mediated bacterial damage and 
Ag⁺-mediated biochemical disruption. Under near-infrared irradiation, the photothermal behavior of MXene may 
further enhance bacterial killing by locally  increasing temperature, weakening bacterial membranes, and 
improving the sensitivity of microorganisms to silver-based antimicrobial effects (Hao et al., 2022; Wang et al., 
2026). 
Beyond wound healing, Ag₂O/MXene nanocomposites may also contribute to other biomedical fields, including 
antimicrobial coatings, biosensors, cancer therapy, and drug-delivery systems (Wang et al., 2026). The 
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conductive nature of Ti₃C₂Tₓ MXene makes it suitable for electrochemical biosensing, while silver oxide 
nanoparticles may improve signal response and provide antimicrobial protection to the sensing interface. In 
cancer-related applications, MXenes can act as photothermal agents, whereas silver oxide nanoparticles may 
contribute cytotoxic and oxidative stress-related effects (Muhammad et al., 2026). However, these therapeutic 
possibilit ies require careful evaluation because cytotoxic mechanisms that are useful against bacteria or cancer 
cells may also damage healthy mammalian cells if dose, exposure time, and material stability are not properly 
controlled (Butler et al., 2023; Jia  et al., 2026). 
Therefore, the development of Ag₂O/MXene biomedical nanocomposites must balance antimicrobial efficiency 
with b iosafety. Key safety concerns include silver ion over-release, oxidative stress in normal cells, MXene 
oxidation, long-term biodegradation, immune response, biodistribution, and possible accumulation in tissues. 
The biological response of these materials depends strongly on synthesis method, particle size, surface charge, 
Ag₂O loading, MXene flake size, surface functionalization, and the presence of stabilizing polymers or 
biomolecules. For this reason, future research should focus not only on improving antibacterial activity but also 
on establishing standardized toxicity testing, long-term stability analysis, in vivo validation, and scalable 
synthesis strategies (Jia et al., 2026). 
Overall, silver oxide nanoparticle-decorated Ti₃C₂Tₓ MXene nanocomposites represent an emerging class of 
multifunctional biomedical materials. By integrating the antimicrobial activity of Ag₂O nanoparticles with the 
high surface area, conductivity, hydrophilicity, and photothermal properties of MXene, these hybrid systems may 
offer new opportunities for infection control, wound healing, b iosensing, and therapeutic nanomedicine (Su et al.,  
2026). This review therefore aims to discuss the fundamental properties of metal oxide nanoparticles and 
MXenes, the rationale for combining Ag₂O nanoparticles with Ti₃C₂Tₓ MXene, and the biomedical sign ificance 
of developing multifunctional antimicrobial nanocomposites for next-generation healthcare applications. 

 
2. Silver Oxide Nanoparticles 
2.1 Synthesis and Biomedical Relevance 

Silver oxide nanoparticles (Ag₂O NPs) are an important class of silver-based metal oxide nanomaterials with 
growing relevance in antimicrobial and biomedical research (Gul et al., 2025; Zahoor et al., 2026). Their interest  
arises from the combination of nanoscale surface reactivity, silver-ion-related bioactivity, oxidative stress 
generation, and broad-spectrum antimicrobial potential (Muhammad et al., 2025a). In comparison with bulk  
silver oxide, Ag₂O nanoparticles possess a much larger surface-area-to-volume ratio, which increases their 
interaction with microbial membranes, biological fluids, proteins, and cellular components Muhammad et al., 
2025b).  
This high surface reactivity makes them attractive for biomedical applications such as antibacterial wound 
dressings, antimicrobial coatings, infection-control materials, b iosensing platforms, drug-delivery systems, and 
anticancer research (Shang et al., 2024). Reviews and experimental studies describe Ag₂O NPs as relatively easy 
to produce and as promising antimicrobial candidates, although their biological performance depends strongly on 
synthesis method, particle size, morphology, surface chemistry, dose, and exposure conditions. 
 

Table 1. Silver oxide nanoparticles: synthesis and biomedical relevance. 

Aspect Key points Biomedical 
relevance 

Limitation/concern References 

Green synthesis Ag₂O nanoparticles can be 
synthesized using plant 

extracts, phytochemicals, 
microbes, or natural 

biomolecules as reducing, 
capping, and stabilizing 

agents. Green synthesis is 
considered eco-friendly and 
may reduce toxic chemical 

residues. 

Useful for 
biomedical 

applications because 
biomolecule-capped 

Ag₂O NPs may 
show improved 

dispersion, surface 
stability, and 

possible 
biocompatibility. 
Green routes are 

Batch-to-batch 
variation can occur 

because plant extracts 
differ in chemical 

composition, pH, and 
phytochemical content. 
This may affect particle 
size, morphology, and 

biological activity. 

Muhammad 
et al. (2023) 
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especially suitable 
for wound 
dressings, 

hydrogels, and 
antimicrobial 

coatings. 

Chemical 
synthesis 

Commonly involves 
precipitation or controlled 

reaction of silver salts under 
alkaline conditions, often 

using stabilizers or capping 
agents to control particle 

growth. 

Provides better 
control over particle 

size, crystallinity, 
and reproducibility 

compared with 
many green 

methods. It is useful 
for preparing Ag₂O 
NPs for controlled 
incorporation into 
MXene, polymers, 

or coatings. 

Residual chemicals 
must be removed 
carefully before 

biomedical testing. 
Harsh reaction 

conditions or toxic 
stabilizers may reduce 

biocompatibility. 

Ali et al. 
(2025) 

Morphology and 
size 

Ag₂O NPs may appear as 
spherical, quasi-spherical, 

cubic, irregular, or 
aggregated particles 

depending on synthesis 
conditions. Particle size and 

shape influence surface 
area, Ag⁺ release, ROS 

generation, and interaction 
with bacterial cells. 

Smaller and 
well-dispersed 

particles usually 
provide greater 

bacterial contact and 
stronger 

antimicrobial 
performance. 
Uniform Ag₂O 

loading on Ti₃C₂Tₓ 
MXene can reduce 

aggregation and 
improve 

antibacterial 
efficiency. 

Very small particles 
may show stronger 

cytotoxicity because of 
higher surface reactivity 
and faster ion release. 
Aggregated particles 
may show reduced 

antimicrobial activity. 

Muhammad 
et al. (2026) 

Ag⁺ release Ag₂O NPs can release Ag⁺ 
ions in aqueous or 

biological environments. 
Ag⁺ can bind to bacterial 

proteins, enzymes, 
membranes, and DNA. 

Ag⁺ release is one of 
the main 

antibacterial 
mechanisms. It can 
disturb membrane 

permeability, inhibit 
respiration, interfere 

with DNA 
replication, and 
disrupt protein 

function. 

Excessive Ag⁺ release 
may damage 

mammalian cells, delay 
wound healing, and 
increase oxidative 
stress. Controlled 

release is essential for 
biomedical safety. 

Ur Rehman 
et al. (2025) 

ROS generation Ag₂O NPs can promote 
reactive oxygen species 

generation, including 
superoxide radicals, 

hydroxyl radicals, and 
hydrogen peroxide. 

ROS can damage 
bacterial 

membranes, 
proteins, lipids, and 

genetic material, 
leading to bacterial 

death. This 
multi-target action 
may help against 
resistant bacteria. 

Excess ROS can also 
damage fibroblasts, 
keratinocytes, and 

endothelial cells, which 
are important for tissue 

repair. 

Ghani et al. 
(2023) 
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Antimicrobial 
activity 

Ag₂O NPs show 
antibacterial and antifungal 
potential. Their activity is 

associated with Ag⁺ release, 
ROS formation, membrane 
disruption, and metabolic 

inhibition. 

Relevant for 
infected wound 

dressings, 
antimicrobial 

coatings, 
biomedical textiles, 
implant surfaces, 

and biofilm-control 
materials. Ag₂O has 
been reviewed as a 

promising 
antimicrobial 

candidate with 
relatively easy 
production and 

strong antibacterial 
activity. 

Antimicrobial 
performance depends 

strongly on dose, 
particle size, exposure 
time, bacterial strain, 

and test method. 
Standardized 

antibacterial assays are 
needed. 

Gul et al. 
(2024) 

Biofilm 
inhibition 

Ag₂O NPs may inhibit early 
bacterial attachment and 

interfere with mature 
biofilm structure through 

ion release, oxidative stress, 
and membrane damage. 

Important for 
chronic wounds, 
burns, diabetic 

ulcers, and 
implant-related 

infections, where 
biofilms protect 
bacteria from 
antibiotics and 

immune response. 

Mature biofilms are 
difficult to remove 

completely. Combining 
Ag₂O with MXene 

photothermal activity 
may improve 
antibiofilm 

performance. 

Hussain et 
al. (2026) 

Cytotoxicity Cytotoxicity is 
dose-dependent and 

influenced by Ag⁺ release, 
ROS generation, particle 
size, surface charge, and 

exposure time. 

At optimized 
concentrations, 

Ag₂O NPs may be 
useful as 

antimicrobial agents 
while maintaining 

acceptable cell 
compatibility. 

High concentrations can 
harm mammalian cells 

through oxidative 
stress, mitochondrial 
damage, membrane 

injury, and 
inflammation. Careful 

toxicity testing is 
required. 

Khan et al. 
(2025) 

Relevance to 
Ag₂O/MXene 
composites 

Ti₃C₂Tₓ MXene can act as a 
two-dimensional support 
for Ag₂O NPs, improving 
dispersion and reducing 

aggregation. 

The hybrid may 
combine 

Ag₂O-based 
Ag⁺/ROS 

antibacterial activity 
with MXene’s high 

surface area, 
conductivity, 

hydrophilicity, and 
photothermal 

behavior. 

 
Irfan et al. 

(2024) 

Source: Authors, 2026. 
 
2.2 Green synthesis of Ag₂O nanoparticles 

Green synthesis has become one of the most widely  explored approaches for preparing Ag₂O nanoparticles 
because it avoids or reduces the use of toxic reducing agents, stabilizers, and solvents (Li et al., 2026). In this 
method, biological materials such as plant extracts, bacteria, fungi, algae, or natural polymers act as reducing, 
capping, and stabilizing agents. Plant-mediated synthesis is particularly attractive because plant extracts contain 
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phytochemicals such as flavonoids, phenolic compounds, alkaloids, tannins, terpenoids, proteins, and 
carbohydrates, which can participate in silver-ion reduction, nanoparticle nucleation, and surface stabilization 
(Zhang et al., 2026a).  
These biomolecules can also form an organic coating around the nanoparticles, improving colloidal stability and 
sometimes enhancing biological compatibility. Recent reviews of green silver nanoparticle synthesis emphasize 
that pH, temperature, reaction time, precursor concentration, extract concentration, and phytochemical 
composition are major parameters controlling nanoparticle size, stability, and yield. A typical green synthesis 
route begins with the preparation of an aqueous or ethanolic plant extract, followed by mixing with a silver 
precursor such as silver nitrate or silver sulfate (Zhang et al., 2026b).  
The bioactive compounds in the extract promote nucleation and growth of Ag₂O nanoparticles, while 
simultaneously limit ing uncontrolled aggregation. A 2024 Scientific Reports study synthesized Ag₂O 
nanoparticles using Phragmanthera macrosolen leaf extract, where the extract functioned as a reducing, capping, 
and stabilizing agent. The authors reported Ag₂O formation using AgNO₃ and plant extract without requiring harsh 
chemical reducing agents, and characterization was performed using SEM, HR-TEM, XRD, FTIR, EDS, and 
UV–visib le spectroscopy (Zhao et al., 2025). This example demonstrates why green synthesis is highly relevant 
for biomedical materials: it can produce biofunctional nanoparticles under milder conditions and may introduce 
surface-bound organic molecules that influence antimicrobial and cytotoxic behavior. Green  synthesis is 
especially useful when Ag₂O nanoparticles are intended for integration with MXene, hydrogels, chitosan, cellulose,  
alginate, or other biomaterial platforms.  

The presence of natural capping molecules can improve nanoparticle dispersion and may reduce direct cytotoxicity 
by moderating surface reactivity (Kashif et  al., 2026). However, green synthesis also has lim itations. Plant extracts 
are chemically complex and variable, which can reduce reproducibility between batches. Differences in plant 
species, harvesting conditions, solvent type, extract concentration, and reaction pH can lead to changes in 
nanoparticle size, shape, crystallin ity, and biological activity (Li et  al., 2026). Therefore, green synthesis is 
environmentally attractive, but biomedical translation requires strict control of synthesis parameters and 
standardized characterization. 
 
2.3 Chemical synthesis of Ag₂O nanoparticles 

Chemical synthesis remains important because it offers better control over reaction conditions, particle formation, 
crystallinity, and reproducibility. The most common chemical method for Ag₂O nanoparticle synthesis is 
precipitation from a silver salt, usually AgNO₃, using an alkaline reagent such as NaOH or KOH. In a simplified  
reaction, Ag⁺ ions react with hydroxide ions to form silver oxide precipitates. Stabilizers or capping agents such as 
polyethylene glycol, polyvinylpyrro lidone, citrate, starch, or other polymers may be added to regu late particle 
growth and reduce aggregation (Li et al., 2025).  
Reports on chemical precipitation describe Ag₂O nanoparticles prepared from AgNO₃ and NaOH, while other 
studies have used silver n itrate in the presence of polymeric stabilizers such as PEG. Chemical routes allow 
researchers to tune nanoparticle morphology by adjusting pH, precursor concentration, temperature, stirring time, 
solvent composition, surfactant concentration, and post-synthesis heat treatment. For example, chemical 
precipitation followed by thermal treatment has been used to study how annealing temperature affects the 
morphology and crystal structure of Ag₂O nanoparticles (Del Toro et al., 2024).  
This is important for biomedical applications because the biological activity of Ag₂O nanoparticles is st rongly  
linked to their size, crystallin ity, shape, oxidation state, and surface charge. Smaller particles generally provide 
greater surface contact and may release Ag⁺ more readily, but they may also show h igher cytotoxicity. Larger or 
highly aggregated particles may show reduced antimicrobial activity due to a lower accessible surface area.  

Compared with green synthesis, chemical synthesis can be more reproducible and scalable, but it may involve 
residual chemicals that require careful washing and purification before biomedical testing. For Ag₂O/MXene 
nanocomposites, chemical synthesis can be adapted into an in situ deposition method, where Ag₂O nanoparticles 
are nucleated directly on Ti₃C₂Tₓ MXene nanosheets (Sun et al., 2025). Th is approach can improve interfacial 
contact between Ag₂O and MXene, prevent nanoparticle aggregation, and create a more uniform hybrid platform 
for antimicrobial, wound-healing, and biosensing applications. 
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Figure 1. Explaining the general mechanism of synthesis of silver NPs. Source: Authors, 2026. 

2.4 Morphology and physicochemical properties 

The morphology of Ag₂O nanoparticles is a  crit ical factor controlling their biomedical performance. Reported 
Ag₂O nanostructures include spherical particles, quasi-spherical particles, cubic particles, irregular particles, 
nanoclusters, and nanoparticle aggregates. Morphology is commonly evaluated using scanning electron 
microscopy and transmission electron microscopy, while crystalline phase is usually confirmed by X-ray 
diffraction. Other characterization methods include FTIR for surface functional groups, EDS for elemental 
composition, UV–visib le spectroscopy for optical properties, XPS for oxidation state, zeta potential for collo idal 
stability, and dynamic light scattering for hydrodynamic size (Kashif et al., 2024a). 
The surface chemistry of Ag₂O nanoparticles determines how they interact with bacteria, mammalian cells, 
proteins, and biomaterial matrices. Positively  charged or partially ion-releasing silver oxide surfaces can interact 
with negatively charged bacterial membranes, increasing membrane permeability and cellular damage. At the 
same time, biomolecule-coated Ag₂O nanoparticles may interact differently because surface-bound organic groups 
can reduce direct contact, improve dispersion, or modify protein corona formation. In Ag₂O/MXene systems, the 
two-dimensional MXene sheet can serve as a support that distributes Ag₂O nanoparticles across a large surface 
area, reduces agglomeration, and increases contact with microbial cells. Controlled  growth of silver oxide particles 
on layered supports has been reported, and particle morphology has been linked to antibacterial performance 
through the release of Ag⁺, which acts as an antibacterial agent. Morphological control is therefore essential for 
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biomedical use. An ideal Ag₂O nanoparticle system should have controlled particle size, narrow d istribution, 
stable dispersion, reproducible surface chemistry, and predictable Ag⁺ release. In wound dressings or coatings, 
excessive aggregation may reduce antibacterial efficiency, while uncontrolled dissolution may increase toxicity. 
For this reason, Ag₂O nanoparticles are often incorporated into polymers, hydrogels, porous scaffolds, or 
two-dimensional supports such as MXene to improve stability and regulate biological activity (Kashif et al., 
2026b). 
 
2.5 Ag⁺ release and antibacterial mechanism 

The biomedical activity of Ag₂O nanoparticles is closely associated with the release of Ag⁺ ions. Silver ions are 
highly reactive toward biological molecules and can interact with thiol, phosphate, amino, and carboxyl groups in  
proteins, enzymes, membranes, and nucleic acids. In bacteria, Ag⁺ ions can disrupt membrane integrity, inhibit  
respiratory enzymes, interfere with DNA rep lication, alter protein  function, and disturb cellular metabolism. 
Broader silver nanoparticle literature shows that silver-based antibacterial action is strongly  linked to continuous 
Ag⁺ release, electrostatic attraction to bacterial membranes, increased membrane permeability, and intracellular 
biochemical disruption (Shah et al., 2024). 
For Ag₂O nanoparticles, Ag⁺ release is especially relevant because silver oxide can act as a  silver-ion source under 
aqueous or biological conditions. Controlled Ag⁺ release is beneficial because it provides sustained antibacterial 
activity. However, excessive release may damage mammalian cells, delay tissue repair, or induce inflammatory 
responses. Therefore, one of the major design goals in Ag₂O-based biomedical materials is to achieve a balance 
between sufficient ion release for bacterial killing and limited ion release for host-cell safety. MXene-supported 
Ag₂O nanoparticles may help regulate this balance by improving particle dispersion, reducing uncontrolled 
aggregation, and enabling surface functionalization with polymers or biomolecules (Khan et al., 2025). 
 

2.6 ROS generation and oxidative stress 
Reactive oxygen species generation is another important mechanism in the antimicrobial activity of Ag₂O 
nanoparticles. ROS such as superoxide radicals, hydroxyl radicals, singlet oxygen, and hydrogen peroxide can 
damage bacterial membranes, oxidize proteins, disrupt lipids, and induce DNA damage. In silver-based 
nanoparticles, ROS generation often occurs together with Ag⁺ release and membrane disruption. Reviews of silver 
nanoparticle antibacterial mechanisms report that Ag⁺ release can promote membrane disruption, ROS production, 
inhibition of protein synthesis, and interference with DNA replication (Zahoor et al., 2026). 
In bacterial cells, oxidative stress can overwhelm antioxidant defense systems and cause irreversib le cellular injury. 
This multi-target mechanism is one reason silver-based nanoparticles are considered promising against resistant 
bacteria. Unlike many antibiotics that target specific  bacterial pathways, Ag₂O nanoparticles may attack bacteria 
through several simultaneous routes: membrane damage, ion toxicity, oxidative stress, enzyme inhibition, and 
genetic material disruption. This b road mechanism may reduce the probability  of resistance development, 
although resistance and tolerance to silver-based materials remain possible and should not be ignored (Muhammad 
et al., 2023). 

ROS generation is also relevant to anticancer research because cancer cells are often more sensit ive to oxidative 
stress than normal cells. However, ROS is a  double-edged mechanism. While oxidative stress can be useful for 
destroying bacteria or cancer cells, excessive ROS can damage healthy mammalian cells, impair fibroblast activity, 
and interfere with normal wound healing. Therefore, Ag₂O nanoparticles intended for biomedical use must be 
evaluated carefully using both antimicrobial assays and mammalian cytotoxicity assays (Ahmad et al., 2026). 
 
3. Biological Activities 

3.1 Antimicrobial activity 
Ag₂O nanoparticles have demonstrated antimicrobial activity against both Gram-positive and Gram-negative 
bacteria. Their effectiveness is commonly evaluated using agar well d iffusion, disk diffusion, minimum inhibitory 
concentration, minimum bactericidal concentration, time-kill assays, biofilm inhib ition assays, live/dead staining, 
and membrane leakage studies. In the 2024 Scientific Reports study on biosynthesized Ag₂O nanoparticles, 
antibacterial activity was tested against Staphylococcus aureus and E. coli, and the authors reported low MIC 
values compared with commercially available particles. Another study on biosynthesized Ag₂O nanoparticles 
reported antibacterial activity against biofilm-forming bacteria and attributed bacterial death to membrane damage 



Brazilian Journal of Science, 6(1), 27-53, 2027. ISSN: 2764-3417  

36 
 

and release of intracellular constituents, including proteins.  
The antibacterial response may differ between Gram-positive and Gram-negative bacteria because of differences 
in cell-wall architecture. Gram-negative bacteria possess an outer membrane and relatively thin peptidoglycan 
layer, while Gram-positive bacteria have a thicker peptidoglycan wall. Rev iews on silver nanoparticles report that 
antimicrobial efficiency can vary between these bacterial groups, partly because wall st ructure affects nanoparticle 
penetration, ion access, and membrane damage. For wound-healing applications, this broad-spectrum behavior is 
important because infected wounds often contain mixed bacterial populations, including S. aureus, E. coli, 
Pseudomonas aeruginosa, and other opportunistic pathogens. 
Ag₂O nanoparticles may also contribute to antibiofilm activity. Biofilms are difficult to treat because bacterial 
cells are protected by an extracellular polymeric matrix that limits antibiotic penetration and supports persistent 
infection. Silver-based nanoparticles can interfere with biofilms by damaging bacterial membranes, inhibiting 
growth, reducing metabolic activity, and disrupting extracellular matrix formation. For Ag₂O/MXene 
nanocomposites, the combination of Ag⁺ release, ROS production, direct nanosheet contact, and possible MXene 
photothermal activity may provide stronger antibiofilm performance than Ag₂O alone (Madani et al., 2021). 

 
3.2 Biomedical relevance 
The main biomedical relevance of Ag₂O nanoparticles lies in infection control. They can be incorporated into 
wound dressings, hydrogels, polymer films, implant coatings, textile materials, biosensor su rfaces, and 
drug-delivery systems. In wound dressings, Ag₂O nanoparticles may reduce microbial burden and prevent 
infection, while the surrounding matrix provides moisture retention, mechanical protection, and tissue support 
(Elahi et al., 2021). In coatings, Ag₂O nanoparticles can reduce bacterial adhesion and biofilm development on 
biomedical devices. In biosensors, their electrical and catalytic properties may contribute to signal enhancement, 
while their antimicrobial character may help reduce contamination of the sensing interface.Ag₂O nanoparticles 
also have potential in cancer-related biomedical studies because silver-based nanomaterials can induce oxidative 
stress, mitochondrial dysfunction, apoptosis, and cell-cycle changes. However, this area requires careful 
interpretation.  

Cytotoxicity against cancer cells does not automatically indicate safe therapeutic selectivity. Any anticancer use 
would require detailed comparison between cancer cells and normal cells, dose–response analysis, mechanistic 
validation, and in vivo safety assessment. For this reason, in the context of Ag₂O/MXene nanocomposites, the 
strongest and most defensible biomedical focus remains antimicrobial wound healing and infection control, while 
cancer therapy should be discussed as an emerging secondary application (Alsaiari et al., 2023). 
 
3.3 Cytotoxicity and biosafety concerns 

Although Ag₂O nanoparticles are promising antimicrobial agents, cytotoxicity remains a central concern. 
Silver-based nanoparticles can affect mammalian cells through Ag⁺ release, ROS generation, mitochondrial 
dysfunction, membrane damage, inflammation, and DNA damage. A systematic review on silver 
nanoparticle-induced cytotoxicity reported that oxidative activity and silver-ion release can produce negative 
biological effects by inducing cytotoxicity (Chetry et al., 2025). Classic cytotoxicity studies on silver nanoparticles 
have proposed mechanisms involving mitochondrial respiratory-chain disruption, ROS production, ATP depletion, 
DNA damage, and cell-cycle arrest (Chery et al., 2025).  
Although these findings are often based on AgNPs rather than Ag₂O specif ically, they are highly relevant because 
Ag₂O nanoparticles can also act through silver-ion-related and oxidative-stress-related pathways. The cytotoxicity 
of Ag₂O nanoparticles depends on particle size, shape, surface charge, concentration, exposure duration, 
dissolution rate, and cell type. High  concentrations may damage fibroblasts, keratinocytes, endothelial cells, 
immune cells, or other mammalian cells that are essential for tissue repair. This is particularly important in 
wound-healing applications because an antimicrobial material must kill bacteria without delaying cell migration, 
collagen deposition, angiogenesis, and re-epithelialization. Therefore, Ag₂O-based wound materials should be 
evaluated not only by antibacterial inhib ition zones but also by cell v iability, hemocompatibility, oxidative stress 
markers, inflammatory cytokines, and in vivo healing outcomes (Zia et al., 2025). 
Surface modification is a  major strategy to reduce cytotoxicity. Coating Ag₂O nanoparticles with biopolymers, 
proteins, plant-derived molecules, chitosan, alginate, polyethylene glycol, or hydrogel networks can moderate Ag⁺ 
release and reduce direct damage to mammalian cells. Similarly, loading Ag₂O nanoparticles onto Ti₃C₂Tₓ MXene 
may improve dispersion and enable controlled antibacterial action at lower silver doses. However, MXene itself 
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introduces additional safety questions, including oxidation, flake-size-dependent biological response, long-term 
persistence, and immune interactions. Thus, Ag₂O/MXene biomedical systems should be designed with careful 
attention to dose optimization, degradation behavior, and long-term biocompatibility (Yang et al., 2024). 
 
3.4 MXenes in Biomedical Applications 

MXenes are a rapidly expanding family of two-d imensional transition metal carbides, n itrides, and carbonitrides 
that have attracted considerable attention in biomedical research because of their unique combination of structural, 
electrical, chemical, optical, and surface properties. In comparison with many conventional nanomaterials, 
MXenes offer a  distinctive layered architecture, high surface area, hydrophilic surface chemistry, excellent 
electrical conductivity, and strong light-to-heat conversion ability (Al Bsoul et al., 2019).  
These characteristics make them promising materials for antibacterial therapy, wound healing, biosensing, drug 
delivery, photothermal cancer therapy, tissue engineering, and smart biomedical devices. Among the various 
MXenes reported so  far, Ti₃C₂Tₓ MXene is the most widely investigated because it can be synthesized relatively 
easily from the Ti₃AlC₂ MAX phase, processed into nanosheets, chemically modified, and combined with 
polymers, metal nanoparticles, metal oxide nanoparticles, drugs, and biomolecules. Reviews describe MXenes as 
hydrophilic, conductive, tunable two-dimensional ceramic materials prepared by removing the “A” layer from 
MAX-phase precursors (Al Bsoul et al., 2019). 
 

4. Structure of Ti₃C₂Tₓ MXene 
Ti₃C₂Tₓ MXene has a layered two-dimensional structure composed of titanium and carbon atomic layers. It is 
commonly produced by selectively etching aluminum from the Ti₃AlC₂ MAX phase, followed by delamination or 
exfoliation to obtain few-layer or single-layer nanosheets. The general formula of MXenes is Mₙ₊₁XₙTₓ, where M 
represents an early transition metal, X represents carbon and/or nitrogen, and Tₓ represents surface terminations 
generated during synthesis. In Ti₃C₂Tₓ, titanium acts as the transition metal component, carbon forms the carbide 
framework, and Tₓ represents terminal groups on the nanosheet surface. The two-dimensional morphology gives 
Ti₃C₂Tₓ a large su rface-area-to-volume ratio, allowing extensive contact with bacteria, cells, b iomolecules, drugs, 
polymers, and inorganic nanoparticles (Al Bsoul et al., 2019).  
This structural feature is especially valuable for biomedical applications because it provides abundant active sites 
for loading antimicrobial agents, therapeutic molecules, or diagnostic components. The layered structure of 
Ti₃C₂Tₓ also makes it a  suitable support for silver oxide nanoparticles. Ag₂O nanoparticles can be anchored or 
grown on the MXene surface, where the nanosheet acts as a scaffold that helps reduce nanoparticle aggregation 
and improves interfacial contact with microbial cells. In Ag₂O/MXene nanocomposites, the Ti₃C₂Tₓ sheet may 
therefore function not only as a carrier but also as an active antibacterial and photothermal component. This is 
important because free metal oxide nanoparticles often suffer from poor dispersion, uncontrolled release, and 
reduced effective surface area in biological environments (Al Bsoul et al., 2019). 

 
4.1 Surface terminations and chemical reactivity 
A defining feature of Ti₃C₂Tₓ MXene is the presence of surface functional groups. These surface terminations are 
commonly reported as –O, –OH, and –F, although other groups such as –Cl may appear depending on the synthesis 
method. The Tₓ groups are introduced during etching and post-treatment processes and strongly influence MXene 
properties, including hydrophilicity, surface charge, colloidal stability, oxidation behavior, conductivity, ion 
adsorption, drug loading, and biological interactions. ScienceDirect article prev iews describe Tₓ as surface 
functionalities such as –O, –OH, and –F, which depend on the etching agent used during MXene preparation 
(Abazari et al., 2026).  

Surface terminations are particularly important in b iomedical systems because they determine how MXenes 
interact with proteins, cells, bacteria, polymers, drugs, and nanoparticles. The oxygen- and hydroxyl-containing 
groups can promote hydrogen bonding, electrostatic interactions, and chemical coupling with biomolecules or 
polymer matrices. These groups also contribute to the hydrophilic  character of Ti₃C₂Tₓ, allowing it to d isperse 
more easily in aqueous media than many hydrophobic two-dimensional materials. In the context of Ag₂O/Ti₃C₂Tₓ 
nanocomposites, these functional groups can provide anchoring sites for silver oxide nanoparticle deposition, 
helping form more uniform hybrid structures (Abazari et al., 2026). 
However, surface terminations may also introduce challenges. Fluorine-containing groups, depending on their 
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amount and stability, can affect biocompatibility and may require careful purification or replacement through 
surface modification. Oxidation of Ti₃C₂Tₓ in  water or physiological environments can also alter its surface 
chemistry and biological performance. Therefore, controlling the nature and density of surface terminations is 
essential for designing safe and reproducible MXene-based biomedical materials (Abdullah et al., 2025). 
 
4.2 Hydrophilicity and aqueous dispersibility 

One of the major advantages of Ti₃C₂Tₓ MXene in biomedical research is its hydrophilicity. Unlike graphene and 
many other hydrophobic two-dimensional materials, Ti₃C₂Tₓ can disperse relatively well in water because of its 
surface terminations. This property is highly beneficial for biomedical applications because most biological 
systems, including blood, wound fluid, cell-cu lture media, and physiological buffers, are aqueous environments. 
Hydrophilicity improves processability, supports interaction with hydrogels and polymers, and enables easier 
formulation into injectable systems, wound dressings, coatings, and biosensing platforms (Ahmed et al., 2015). 
Hydrophilic Ti₃C₂Tₓ nanosheets can be incorporated into natural and synthetic polymers such as chitosan, alginate, 
gelatin, cellulose, hyaluronic acid, polyethylene glycol, polyvinyl alcohol, and polyvinylpyrrolidone. Recent 
reviews on MXene–polymer biomedical nanocomposites note that such composites have been explored for 
photothermal cancer therapy, biosensors, antibacterial agents, bone regeneration, and targeted drug delivery. Th is 
compatibility with polymeric and biological matrices is especially important for wound-healing applications, 
where MXene-based materials may be integrated into hydrogels, membranes, sponges, or nanofiber scaffolds 
(Al-Azzani et al., 2025).  
For Ag₂O/MXene systems, hydrophilicity is important because it may improve the distribution of Ag₂O 
nanoparticles in aqueous formulations and reduce particle agglomeration. A well-dispersed Ag₂O/Ti₃C₂Tₓ 
nanocomposite can provide more uniform antibacterial activity and better contact with bacteria than aggregated 
nanoparticles. In wound-dressing materials, hydrophilic  MXene-based nanocomposites may also help maintain a 
moist wound environment, promote interaction with wound exudate, and support controlled release of active 
components (Al-Azzani et al., 2025). 

 
4.3 Electrical conductivity and biosensing potential 
Ti₃C₂Tₓ MXene is also recogn ized for its excellent electrical conductivity. This property dist ingu ishes MXenes 
from many conventional inorganic biomedical nanoparticles and makes them highly attractive for electrochemical 
biosensing, bioelectronic interfaces, wearable devices, and smart wound-monitoring systems (Wang et al., 2023). 
Conductive MXene nanosheets can facilitate electron transfer between biological analytes and electrode surfaces, 
improving signal sensitivity and response speed. Th is is useful for detecting b iomarkers such as glucose, lactate, 
hydrogen peroxide, uric acid, inflammatory markers, bacterial metabolites, and wound-related biochemical signals 
(Wang et al., 2023).  

The high  conductivity of Ti₃C₂Tₓ is also beneficial when MXene is combined with metal or metal oxide 
nanoparticles. In Ag₂O/Ti₃C₂Tₓ nanocomposites, the conductive MXene framework may improve charge transfer 
and enhance electrochemical performance in biosensor applications. Silver oxide nanoparticles may contribute to 
catalytic or antimicrobial functions, while Ti₃C₂Tₓ provides the conductive pathway and large active surface area. 
This combination is relevant for developing multifunctional biosensors that can both detect biological signals and 
resist microbial contamination (Wang et al., 2023). 
Conductivity may also support electrically  active wound dressings or t issue-engineering scaffolds. Electrical 
signals are involved in cell migration, tissue regeneration, and wound repair, and conductive materials can 
potentially support electroactive healing platforms. However, this field is st ill developing, and the biological 
effects of MXene conductivity must be carefully evaluated in relation to concentration, flake size, surface 
chemistry, and long-term stability (Wang et al., 2023). 
 

4.4 Photothermal behavior 
The strong photothermal behavior of Ti₃C₂Tₓ MXene is one of its most important biomedical properties. Ti₃C₂Tₓ 
absorbs near-infrared light and converts it into heat, enabling localized temperature elevation under external 
irradiation. This photothermal conversion is useful for cancer therapy, antibacterial treatment, controlled drug 
release, and wound-disinfection strategies. Surface-modified Ti₃C₂Tₓ systems have been reported as promising 
platforms for near-infrared-triggered drug release and synergistic photothermal therapy (Ye et al., 2024). 
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In antibacterial applications, MXene-mediated photothermal heating can damage bacterial membranes, denature 
proteins, disrupt biofilms, and enhance the susceptibility of bacteria to antimicrobial agents. When combined with 
Ag₂O nanoparticles, photothermal heating may strengthen the antibacterial effect by increasing bacterial 
membrane permeability and improving the activity of Ag⁺ ions and ROS-mediated damage. This creates a 
potential synergistic  mechanism in which MXene provides photothermal stress while Ag₂O contributes chemical 
antibacterial activity through silver ion release and oxidative stress. Photothermal behavior is also relevant to 
wound healing (Anwar et al., 2025).  
MXene-containing hydrogels have been investigated for near-infrared-responsive antibacterial treatment and drug 
release. For example, a  ciprofloxacin-loaded MXene/sodium alginate hydrogel was reported to show photothermal 
conversion capability under near-infrared irradiation, controlled drug release, antibacterial activity, and improved 
wound healing in experimental models. Such findings support the broader concept that MXene-based systems can 
be used as smart wound materials capable of combining antibacterial therapy with stimulus-responsive treatment 
(Anwar et al., 2025). 
However, photothermal therapy must be carefully controlled. Excessive temperature can damage healthy tissue, 
delay healing, or cause inflammation. Therefore, MXene-based photothermal systems require optimization of 
laser power, irradiation time, material concentration, and tissue compatibility. In Ag₂O/MXene wound-healing 
systems, the goal should be moderate and localized heating that enhances antimicrobial activity without harming 
surrounding mammalian cells (Anwar et al., 2025). 

 
4.5 Functionalization of Ti₃C₂Tₓ MXene 
Functionalization is essential for translating Ti₃C₂Tₓ MXene into biomedical applications. Although pristine 
MXene possesses useful properties, surface modification is often needed to improve stability, reduce oxidation, 
enhance biocompatibility, control drug release, regu late biodistribution, and introduce targeting or antimicrobial 
functions. Functionalization can be achieved using polymers, biomolecules, drugs, metal nanoparticles, metal 
oxide nanoparticles, peptides, proteins, lip ids, or hydrogel networks. ScienceDirect reports describe 
surface-modified MXenes as promising nanoplatforms for drug delivery because they offer high drug-loading 
capacity, multiple release modes, and biocompatibility, while polymer or nanoparticle modification can improve 
photothermal stability and biosafety (Mao et al., 2026).  

Polymer functionalization is one of the most common strategies. Polyethylene glycol can improve collo idal 
stability and reduce nonspecific protein adsorption. Chitosan can add antimicrobial and wound-healing properties. 
Alginate and gelatin can support hydrogel formation and tissue compatibility. Hyaluronic acid can provide 
biological targeting and improved interaction with extracellular matrix components. These modifications can 
make MXene more suitable for wound dressings, injectable hydrogels, t issue scaffolds, and drug-delivery systems 
(Mao et al., 2026). 
Inorganic functionalization is also important. Decorating Ti₃C₂Tₓ with Ag₂O nanoparticles can introduce strong 
antibacterial activity, while other nanoparticles such as Au, ZnO, TiO₂, Fe₃O₄, CuO, and CeO₂ may contribute 
catalytic, magnetic, antioxidant, or photothermal functions. For your review topic, Ag₂O functionalization is 
especially relevant because it may provide silver-ion release and ROS-mediated antibacterial activity while 
MXene improves dispersion, conductivity, and photothermal performance. The resulting Ag₂O/Ti₃C₂Tₓ 
nanocomposite can be discussed as a multifunctional biomedical platform rather than a simple physical mixture of 
two nanomaterials (Mao et al., 2026). 
 

4.6 Biomedical applications of Ti₃C₂Tₓ MXene 
Ti₃C₂Tₓ MXene has been studied in several biomedical areas. In antibacterial therapy, MXene nanosheets can 
interact with bacterial membranes, induce physical damage, generate oxidative stress, and enhance photothermal 
bacterial killing under near-infrared light. In wound healing, MXene-containing hydrogels and membranes may 
provide antibacterial protection, controlled drug release, photothermal disinfection, hemostatic support, and smart 
monitoring functions. In biosensing, MXenes’ conductivity and large surface area allow sensit ive electrochemical 
detection of biological molecules. In cancer therapy, MXene can serve as a photothermal agent and drug carrier, 
particularly when modified with polymers or nanoparticles. In tissue engineering, MXene can be incorporated into 
scaffolds to improve mechanical, electrical, and biological performance (Wang et al., 2024).  
Despite these promising applications, MXene biomedical research still faces important limitations. These include 
oxidation instability, batch-to-batch variability, possible cytotoxicity, uncertain long-term biodegradation, 
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immune response, protein corona formation, and lack of standardized in vivo safety evaluation. Recent reviews 
emphasize that stability, biodegradation, protein corona formation, cell uptake, and immune interactions are key 
challenges for MXene-based biomedical translation. These concerns are particularly important when Ti₃C₂Tₓ is 
combined with Ag₂O nanoparticles, because both components may influence oxidative stress, ion release, and 
cellular responses (Wang et al., 2023). 
 
4.7 Antibacterial and wound-healing mechanisms 

The antibacterial and wound-healing performance of Ag₂O/Ti₃C₂Tₓ MXene nanocomposites can be understood as 
the result of multiple interacting mechanisms rather than a single mode of action (Figure 2). In this hybrid system, 
silver oxide nanoparticles mainly contribute chemical antibacterial activity through Ag⁺ release, reactive oxygen 
species generation, and disruption of bacterial metabolism, while Ti₃C₂Tₓ MXene provides a two-dimensional 
conductive and photothermal platform capable of membrane contact, physical bacterial damage, nanoparticle 
dispersion, and near-infrared-responsive antibacterial action (Li et al., 2025).  
This multifunctional behavior is particularly important for infected wounds, where bacterial colonization, biofilm 
formation, oxidative imbalance, prolonged inflammation, and impaired tissue regeneration occur simultaneously. 
Recent reviews identify MXene antibacterial mechanisms as physical membrane damage, induced oxidative stress, 
and photothermal or photodynamic effects, while silver-based nanomaterials are widely associated with Ag⁺ 
release, ROS formation, cell-wall disruption, and inhibition of bacterial biomolecules (Li et al., 2025). 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
Figure 2. Schematic representation of the multifunctiona l antibacterial mechanism of Ag₂O/Ti3C2Tx MXene 
nanocomposites. Source: Authors, 2026.  
 

4.8 Bacterial membrane disruption 
Bacterial membrane disruption is one of the primary antibacterial mechanisms expected in Ag₂O/Ti₃C₂Tₓ MXene 
nanocomposites. Bacterial cell envelopes are essential for maintaining osmotic balance, nutrient transport, energy 
production, and protection from environmental stress. When this barrier is damaged, intracellular materials can 
leak out, membrane potential can collapse, and bacterial cells may lose viability. Ti₃C₂Tₓ MXene contributes to 
this process through its two-dimensional nanosheet morphology (Zou et al., 2026).  
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The sharp edges and large surface area of MXene nanosheets can interact directly with bacterial membranes, 
producing a “nanoknife-like” physical effect that disrupts membrane integrity. The first widely cited study on 
Ti₃C₂Tₓ MXene antibacterial activity reported that direct contact with MXene can damage bacterial membranes 
and lead to cell death.Ag₂O nanoparticles can strengthen this membrane-disruptive effect. Ag₂O particles or 
released Ag⁺ ions can attach to bacterial cell walls and membranes through electrostatic interactions, especially 
because bacterial surfaces often contain negatively charged groups such as phosphate, carboxyl, and teichoic acid 
residues (Zou et al., 2026).  
This interaction can increase membrane permeability, disturb  membrane proteins, and promote leakage of 
cytoplasmic contents. In an Ag₂O/MXene hybrid, MXene may improve Ag₂O dispersion across a  broad 
two-dimensional surface, increasing the probability that Ag₂O and Ag⁺ species come into close contact with 
bacterial cells. Therefore, the membrane-disruptive mechanism is likely to involve both physical tearing or stress 
from Ti₃C₂Tₓ nanosheets and biochemical membrane weakening by Ag₂O-derived silver species. The response 
may differ between Gram-positive and Gram-negative bacteria (Zou et al., 2026).  
Gram-negative bacteria such as E. coli possess an outer membrane and a thin peptidoglycan layer, whereas 
Gram-positive bacteria such as Staphylococcus aureus contain a thicker peptidoglycan wall. These structural 
differences influence nanoparticle attachment, ion penetration, and susceptibility to oxidative damage. A recent 
study on biosynthesized Ag₂O nanoparticles reported antibacterial activity against both S. aureus and E. coli, 
supporting the relevance of Ag₂O nanoparticles for broad-spectrum antibacterial applications (Zou et al., 2026). 

 
4.9 Ag⁺ release and biochemical toxicity 
Ag⁺ release is a  central mechanism in silver oxide nanoparticle antibacterial activity. In aqueous or biological 
environments, Ag₂O nanoparticles can act as a source of silver ions (Fan et al., 2025). These ions can interact with 
sulfur-, n itrogen-, oxygen-, and phosphorus-containing groups in proteins, enzymes, membrane components, and 
nucleic acids. As a resu lt, Ag⁺ can interfere with bacterial resp iration, damage enzymes, inhib it ATP production, 
disturb DNA replication, and impair protein function. Silver nanoparticle reviews consistently describe Ag⁺ 
release as a major contributor to antibacterial activity, along with membrane damage, ROS generation, and 
disruption of DNA and protein synthesis (Fan et al., 2025).  

In Ag₂O/Ti₃C₂Tₓ MXene nanocomposites, controlled Ag⁺ release is especially important. A moderate and 
sustained release of Ag⁺ may maintain antibacterial activity over t ime, which  is beneficial for wound dressings and 
antimicrobial coatings. However, excessive Ag⁺ release may increase cytotoxicity toward mammalian cells such 
as fibroblasts, keratinocytes, and endothelial cells, which are essential for t issue repair. Therefore, the MXene 
surface can be considered a useful support for regulating Ag₂O dist ribution and reducing the need for high silver 
loading. If Ag₂O nanoparticles are uniformly anchored on Ti₃C₂Tₓ nanosheets, the hybrid may achieve 
antibacterial efficiency at lower Ag₂O concentrations, potentially reducing host-cell toxicity. The Ag⁺ release 
mechanism is also relevant to biofilm control (Fan et al., 2025; Tahi et al., 2021).  
In biofilms, bacterial cells are protected by an extracellular polymeric matrix composed of polysaccharides, 
proteins, extracellular DNA, and lipids. Released Ag⁺ ions may diffuse into this matrix and interfere with 
embedded bacterial cells. However, diffusion through mature biofilms can be limited, which is why combining 
Ag⁺ release with MXene-based physical contact and photothermal heating may be more effective than using Ag₂O 
nanoparticles alone (Tahi et al., 2021). 
 

4.10 ROS generation and oxidative stress 
Reactive oxygen species generation is another important antibacterial mechanism in Ag₂O/MXene systems. ROS 
such as hydroxyl radicals, superoxide anions, singlet oxygen, and hydrogen peroxide can oxidize membrane lip ids, 
damage proteins, disrupt DNA, and interfere with bacterial metabolic processes. Silver-based nanoparticles are 
known to induce oxidative stress in bacteria, and this oxidative damage often acts together with Ag⁺ release and 
membrane disruption (Rzaij et al., 2022). Reviews on silver nanoparticle mechanisms report that bacterial killing 
involves oxidative stress, protein dysfunction, membrane damage, and DNA damage. 
Ag₂O nanoparticles may generate ROS either directly through surface reactions or indirectly through 
Ag⁺-mediated disturbance of bacterial redox balance. Once ROS levels exceed the antioxidant capacity of bacterial 
cells, oxidative damage accumulates and results in cell death. In Ag₂O/Ti₃C₂Tₓ MXene nanocomposites, 
ROS-mediated killing may be enhanced by intimate contact between the composite surface and the bacterial 
envelope. MXene’s large surface area may support the distribution of Ag₂O nanoparticles and increase local 
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oxidative stress at the bacteria–material interface (Amin et al., 2026).  
However, ROS generation must be carefully balanced in wound-healing applications. While ROS can help kill 
bacteria, excessive ROS may damage host cells, degrade extracellular matrix components, and prolong 
inflammation. Chronic wounds already contain elevated oxidative stress, which can impair fibroblast migration, 
angiogenesis, and collagen deposition. Therefore, an ideal Ag₂O/MXene wound dressing should generate enough 
ROS to suppress bacteria but not so much that it damages the wound bed. This balance may be improved by 
controlling Ag₂O loading, modifying the MXene surface, embedding the composite in hydrogels, or using 
stimulus-responsive release strategies (Amin et al., 2026). 
 

4.11 Photothermal bacterial killing 
Ti₃C₂Tₓ MXene has strong near-infrared absorption and photothermal conversion ability, which makes it useful for 
light-triggered antibacterial treatment. Under near-infrared irradiation, MXene can convert absorbed light into 
localized heat. This heat can weaken bacterial membranes, denature proteins, disrupt biofilm matrices, and reduce 
bacterial viability. MXene antibacterial rev iews describe photothermal therapy as one of the key strategies by 
which MXene-based materials can inhibit  bacteria, especially when combined with physical damage and oxidative 
stress (Readdy et al., 2026).  
In Ag₂O/Ti₃C₂Tₓ nanocomposites, photothermal heating may work synergist ically with Ag₂O. Local heat can 
increase bacterial membrane permeability, making bacteria more vulnerable to Ag⁺ entry and ROS-mediated 
damage. It may also improve the penetration of antimicrobial agents into b iofilms by  loosening the extracellu lar 
polymeric matrix. Therefore, MXene-mediated photothermal therapy can convert Ag₂O/MXene from a passive 
antimicrobial material into an externally controlled antibacterial platform (Readdy et al., 2026). 

This mechanism is especially relevant for infected wound dressings because near-infrared light can be applied 
locally to the wound area. MXene-based flexible wound materials have been reviewed  as promising systems for 
infected wound detection and treatment because they combine photothermal conversion, conductivity, flexible 
structure, and antibacterial performance. Nevertheless, photothermal treatment must be optimized carefully. 
Excessive heat may injure healthy tissue, damage newly forming blood vessels, o r delay re-epithelialization. For 
biomedical applications, the desired outcome is controlled mild-to-moderate heating that enhances bacterial 
killing without causing thermal injury to surrounding cells (Shah et al., 2024). 
 
4.12 Biofilm inhibition 

Biofilm formation is a  major obstacle in wound healing because biofilms protect bacteria from antibiotics, immune 
cells, and antimicrobial materials. Infected wounds often contain biofilm-forming bacteria such as S. aureus, 
Pseudomonas aeruginosa, and E. coli. Once a biofilm develops, bacterial cells become embedded in a dense 
extracellular polymeric substance that reduces antimicrobial penetration and supports persistent inflammation[70]. 
Reviews on infected wound management note that biofilm extracellular matrices limit antibacterial agent access 
and contribute to refractory wound infections.Ag₂O/Ti₃C₂Tₓ MXene nanocomposites may inhibit biofilms at 
several stages. First, the surface of the composite may prevent early bacterial adhesion by damaging bacterial 
membranes and reducing initial colonization (Li et al., 2025).  
Second, Ag⁺ release can suppress bacterial proliferation and interfere with enzymes and proteins required for 
biofilm maturation. Third, ROS generation can damage extracellular DNA, proteins, and polysaccharides in the 
biofilm matrix. Fourth, MXene-mediated photothermal heating may soften or disrupt the biofilm structure, 
allowing deeper penetration of Ag⁺ and ROS. Th is combination is important because mature biofilms are difficult 
to eliminate using a single antibacterial mechanism (Li et al., 2025). 
MXene’s two-dimensional morphology may also improve biofilm contact. Unlike freely  dispersed nanoparticles 
that may aggregate, Ag₂O-decorated MXene sheets can provide a broad contact interface with bacterial colonies. If 
incorporated into a hydrogel or wound membrane, the composite may continuously interact with the wound 
surface, preventing bacterial recolonization. This property is valuable for chronic wounds, burns, diabetic ulcers, 
and surgical wounds, where long-term infection prevention is often required (Li et al., 2025). 

 
4.13 Inflammation control 
Inflammation is a  necessary phase of wound healing, but prolonged inflammation can delay tissue repair. In 
infected wounds, bacterial toxins, biofilms, excessive neutrophil activity, and oxidative stress can maintain a 
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chronic inflammatory state (Bakhtiar et al., 2023). This persistent inflammation damages host tissue, increases 
protease activity, delays fibroblast migration, and prevents normal extracellular matrix formation. Therefore, an 
effective antimicrobial wound material should not only kill bacteria but also help shift the wound environment 
from prolonged inflammation toward tissue regeneration.  
Silver-based nanoparticles may contribute to inflammation control by lowering bacterial burden and reducing 
infection-driven inflammatory stimuli. Recent reviews on silver nanoparticles in wound healing report that AgNPs 
may support wound repair through antibacterial, anti-inflammatory, antioxidant, and cell pro liferation-promoting 
properties, including downregulation of pro-inflammatory cytokines such as TNF-α, IL-1β, and IL-6 in some 
reported models. Although much of this evidence is based on AgNPs rather than Ag₂O specif ically, it  is relevant 
because Ag₂O nanoparticles share silver-ion-related biological mechanisms.MXene may also support 
inflammation control indirectly (Rehman et al., 2016).  
By reducing bacterial load through membrane disruption and photothermal killing, MXene-based materials may 
decrease the inflammatory signals associated with infection. In addition, MXene-based wound dressings are being 
studied for smart wound management because they can combine antibacterial action, sensing, flexible contact, and 
tissue-supportive properties. However, the inflammatory response to Ag₂O/MXene composites must be 
investigated carefully. Both Ag⁺ release and MXene oxidation products could potentially trigger oxidative stress or 
immune reactions if not properly controlled. Thus, anti-inflammatory claims should be supported by cytokine 
analysis, macrophage-polarization studies, histology, and in vivo wound-healing models (Rehman et al., 2016). 

 
4.14 Tissue regeneration and wound repair 
The final goal of an Ag₂O/Ti₃C₂Tₓ MXene wound dressing is not only bacterial killing but also tissue regeneration. 
Normal wound healing involves hemostasis, inflammation, proliferation, and remodeling (Ali et  al., 2026). During 
the proliferative phase, fibroblasts migrate into the wound bed, keratinocytes support re-epithelialization, 
endothelial cells form new b lood vessels, and extracellular matrix components such as collagen are deposited. 
Infected wounds often fail to progress through these stages because bacteria and biofilms maintain inflammation 
and damage new tissue. 

Ag₂O/MXene composites may support tissue regeneration mainly by creating a cleaner and more controlled 
wound microenvironment. By reducing bacterial burden and biofilm formation, the composite can decrease 
infection-related inflammation and allow fibroblasts, keratinocytes, and endothelial cells to function more 
effectively. Silver nanoparticle wound-healing rev iews report that silver-based nanomaterials can contribute to 
wound repair through infection inhibition, inflammatory regulation, oxidative balance, and promotion of cellu lar 
repair processes.Ti₃C₂Tₓ MXene may add further regenerative advantages. Its conductivity may support 
bioelectrical signaling in wound environments, while its hydrophilic and flexible nature makes it suitable for 
incorporation into hydrogels, membranes, and wearable dressings (Yasmeen et al., 2019).  
MXene-based flexible wound materials have been described as useful because they combine electrical 
conductivity, photothermal conversion, su rface chemistry, and acceptable biocompatibility, and they may help 
with pathogen removal, physical protection, and wound closure. In addition, MXene-containing dressings can be 
designed to monitor wound biomarkers such as pH, temperature, enzymes, and oxidative stress, enabling smart 
wound management (Yasmeen et al., 2019). 
For Ag₂O/Ti₃C₂Tₓ systems, the most promising regenerative format is likely a composite hydrogel or flexible 
membrane. A hydrogel matrix can keep the wound moist, absorb exudate, reduce mechanical irritation, and control 
Ag⁺ release. MXene can provide conductivity and photothermal responsiveness, while Ag₂O provides antibacterial 
activity. Together, these functions may promote re-epithelialization, granulation tissue formation, angiogenesis, 
and collagen deposition, provided that material concentration and photothermal exposure are optimized for safety 
(Hayat et al., 2022). 

 
4.15 Synergistic mechanism in Ag₂O/Ti₃C₂Tₓ MXene nanocomposites 
The key advantage of Ag₂O/Ti₃C₂Tₓ MXene nanocomposites is the possibility of synergistic antibacterial and 
wound-healing action. Ag₂O nanoparticles provide Ag⁺ release and ROS-mediated biochemical damage. Ti₃C₂Tₓ 
MXene provides physical membrane disruption, high su rface-area support, conductivity, and photothermal killing. 
When combined, these mechanisms can act simultaneously: MXene sheets bring Ag₂O nanoparticles into close 
contact with bacteria, Ag⁺ ions disturb bacterial metabolism, ROS induces oxidative injury, and photothermal 
heating weakens membranes and biofilms (Yasmeen et al., 2019). Th is multi-target action may reduce the ability 
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of bacteria to survive through a single resistance pathway. In wound-healing applications, this synergy should be 
interpreted carefully.  
Strong antibacterial activity is beneficial only if the material remains compatible with mammalian cells. Excessive 
Ag⁺ release, uncontrolled ROS generation, high MXene concentration, or overheating during photothermal 
therapy may harm fibroblasts, keratinocytes, endothelial cells, and immune cells. Therefore, future Ag₂O/MXene 
studies should evaluate antibacterial activity together with cytocompatibility, hemocompatibility, inflammatory 
markers, oxidative stress levels, angiogenesis, co llagen deposit ion, and long-term tissue response. Overall, 
Ag₂O/Ti₃C₂Tₓ MXene nanocomposites represent a  promising multifunctional strategy for infected wound 
management because they combine bacterial membrane disruption, Ag⁺ release, ROS generation, photothermal 
therapy, biofilm inhibit ion, inflammation regulation, and tissue-regenerative support in a single material platform 
(Zada et al., 2026). 
 

5. Future Research Directions 
Despite the remarkable advances achieved in Ag₂O/Ti₃C₂Tₓ MXene nanocomposites, several scientific  and 
technological challenges remain before these materials can be translated into routine clin ical practice. Future 
research should move beyond improving antibacterial performance and focus on integrating advanced digital 
technologies, intelligent biomaterials, personalized therapeutic strategies, and scalable manufacturing processes. 
The convergence of nanotechnology, artificial intelligence (AI), and precision  medicine is expected to transform 
the next generation of multifunctional biomedical platforms (Nguyen et al., 2024; Wang et al., 2025). 
Artif icial intelligence has emerged as a powerful tool for accelerating the design and optimization of advanced 
nanomaterials. Machine learning algorithms can analyze large experimental datasets to predict nanoparticle size, 
morphology, surface functionalization, colloidal stability, Ag⁺ release kinetics, cytotoxicity, and antibacterial 
performance before laboratory synthesis. AI-assisted materials discovery can sign ificantly reduce development 
time while identifying optimal combinations of MXene surface chemistry, Ag₂O loading, polymer composition, 
and photothermal properties. In addition, predictive computational models may facilitate the optimization of 
synthesis parameters, improving reproducibility and supporting large-scale manufacturing of Ag₂O/MXene 
nanocomposites (Butler et al., 2018; Stach et al., 2021; Schleder et al., 2019). 

Machine learning is also expected to play a central role in predicting bio logical responses to nanomaterials. By 
integrating physicochemical characteristics with bio logical datasets, predictive models can estimate cellular 
uptake, oxidative stress, inflammatory responses, biodistribution, biodegradation, and long-term biosafety. Such 
computational approaches may reduce experimental costs while improving the rational design  of safer and more 
effective antibacterial nanocomposites. Furthermore, digital twin technologies combined with AI may eventually 
enable simulation of nanomaterial behavior in complex biological environments before in vivo validation 
(Moosavi et al., 2020; Wang et al., 2024). 
Personalized medicine represents another promising direction for Ag₂O/Ti₃C₂Tₓ MXene-based biomaterials. 
Future wound dressings may be customized according to individual patient characteristics, including age, 
immune status, microbial composition, diabetic condition, inflammatory profile, and wound microenvironment. 
AI-driven clinical decision systems could assist physicians in selecting the most appropriate nanocomposite 
formulation, silver concentration, photothermal irradiation parameters, and drug-loading st rategy for each patient, 
thereby maximizing therapeutic efficacy while minimizing adverse effects (Topol, 2019; Xu et al., 2025). 
The development of smart wound dressings is expected to become one of the most important biomedical 
applications of MXene-based nanocomposites. Future multifunctional dressings may combine antibacterial 
activity, photothermal therapy, controlled drug delivery, moisture regu lation, electrical conductivity, and 
continuous monitoring of wound biomarkers such as pH, glucose, lactate, temperature, oxygen concentration, 
inflammatory cytokines, and reactive oxygen species. Real-time sensing capabilities could enable clin icians to 
monitor wound progression and rapidly detect infection or delayed healing without removing the dressing, 
thereby reducing patient discomfort and improving therapeutic outcomes (Deng et al., 2023; Mostafalu et al., 
2018; Wang et al., 2025). 

Wearable biosensors integrated with Ag₂O/Ti₃C₂Tₓ MXene nanocomposites may further expand the clinical 
utility of these materials. Thanks to the exceptional electrical conductivity of Ti₃C₂Tₓ MXene, flexible biosensors 
capable of continuously monitoring physiological signals and biochemical markers could be incorporated into 
intelligent wound dressings or wearable healthcare devices. Wireless data transmission to smartphones or 
cloud-based healthcare platforms would enable remote patient monitoring and facilitate early medical 
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intervention through telemedicine systems. Such digital healthcare technologies are expected to improve the 
management of chronic wounds, diabetic ulcers, burns, and post-surgical infections (Bandodkar; Wang, 2014; 
Heikenfeld et al., 2018; Ray et al., 2019). 
Responsive biomaterials constitute another rapidly growing research field. Stimuli-responsive Ag₂O/MXene 
nanocomposites could intelligently regulate silver-ion release, photothermal activation, drug delivery, or 
antioxidant activity in  response to  environmental changes such as pH, temperature, bacterial enzymes, oxidative 
stress, electrical st imulation, or near-infrared irradiation. Such adaptive behavior would maximize antibacterial 
efficacy while reducing unnecessary exposure of healthy tissues to silver ions or excessive ROS generation. 
Future multifunctional hydrogels and nanocomposite membranes capable of self-regulating therapeutic activity 
may represent a  significant advancement toward precision wound management (Ayed et al., 2026). 
Finally, successful clinical t ranslation will require multid isciplinary collaboration among materials scientists, 
microbiologists, b iomedical engineers, clinicians, computational scientists, and regulatory agencies. Future 
investigations should prioritize standardized toxicity assessment, long-term b iodegradation studies, scalable 
green synthesis, regulatory compliance, cost-effectiveness analyses, and well-designed preclin ical and clinical 
studies. The integration of artificial intelligence, smart biomaterials, wearable electronics, and personalized 
medicine is expected to establish Ag₂O/Ti₃C₂Tₓ MXene nanocomposites as next-generation multifunctional 
platforms for precision antimicrobial therapy and advanced wound management. 

 
6. Conclusions 
Ag₂O/Ti₃C₂Tₓ MXene nanocomposites represent a  promising emerging p latform for biomedical applications, 
particularly in antibacterial wound healing, infection control, biofilm inhib ition, and smart biomedical coatings. 
The integration of silver oxide nanoparticles with Ti₃C₂Tₓ MXene provides complementary properties that can 
enhance antimicrobial and therapeutic performance. Ag₂O nanoparticles contribute antibacterial activity through 
Ag⁺ release, reactive oxygen species generation, membrane disruption, and interference with bacterial metabolic 
processes. Ti₃C₂Tₓ MXene, on the other hand, offers a  two-dimensional high-surface-area structure, hydrophilic  
surface terminations, excellent conductivity, photothermal conversion ability, and strong functionalization 
potential. 

The combination of these two materials may create a synergistic biomedical system capable of bacterial killing, 
biofilm suppression, controlled therapeutic response, and support for tissue regeneration. In wound-healing 
applications, Ag₂O/MXene nanocomposites may help reduce microbial burden, limit infection-related 
inflammation, and provide a multifunctional platform for advanced antimicrobial dressings. However, despite 
their remarkable potential, these nanocomposites remain at an early stage of biomedical development. Their 
successful translation will require precise control over synthesis methods, Ag₂O loading, MXene oxidation 
stability, silver-ion release kinetics, long-term biocompatibility, biodegradation, and biosafety. 
Future research should priorit ize standardized synthesis protocols, scalable and cost-effective manufacturing 
strategies, reproducible physicochemical characterization, and comprehensive in vivo investigations to establish 
pharmacokinetics, immunological responses, long-term toxicity, and environmental safety. Particular attention 
should also be given to understanding the interactions between Ag₂O/MXene nanocomposites and complex 
biological systems, enabling rational material design for specific clinical applications. 
From a translational perspective, major challenges include regulatory approval, large-scale production under 
good manufacturing practices, long-term storage stability, sterilization compatibility, and integration into 
clin ically relevant formulations such as wound dressings, implant coatings, hydrogels, and drug-delivery systems. 
Addressing these barriers will be essential for bridging the gap between laboratory research and clinical 
implementation. 

Overall, Ag₂O/Ti₃C₂Tₓ MXene nanocomposites represent one of the most promising next-generation 
multifunctional nanoplatforms for antimicrobial and regenerative medicine. Continued advances in materials 
engineering, nanotoxicology, biomedical validation, and industrial-scale fabrication are expected to accelerate 
their transition from experimental systems to clinically and commercially viable biomedical technologies, 
opening new opportunities for combating antimicrobial resistance and improving patient care. 
 
7. Future Perspectives 

Future research on Ag₂O/Ti₃C₂Tₓ MXene nanocomposites should focus on overcoming the major barriers that 



Brazilian Journal of Science, 6(1), 27-53, 2027. ISSN: 2764-3417  

46 
 

currently limit their biomedical translation. One of the most important needs is the standardization of synthesis 
and characterization methods. Variations in MXene etching, delamination, surface terminations, Ag₂O 
nanoparticle size, Ag₂O loading, and synthesis conditions can strongly affect antibacterial activity, cytotoxicity, 
stability, and reproducibility. Therefore, future studies should establish clear and repeatable protocols for 
synthesis, purification, storage, and physicochemical characterization. 
Material stability is another key area for future improvement. Ti₃C₂Tₓ MXene can undergo oxidation in aqueous 
and physiological environments, which may reduce its conductivity, photothermal efficiency, and biological 
performance. Similarly, uncontrolled  Ag⁺ release from Ag₂O nanoparticles may increase toxicity toward 
mammalian cells. Future work should focus on improving oxidation resistance, controlling silver-ion release, 
and using p rotective strategies such as polymer coating, hydrogel encapsulation, biopolymer functionalization, 
and surface modification. 
Scalable synthesis will also be essential for practical application. Most Ag₂O/MXene nanocomposites are 
currently prepared at the laboratory scale, and many reported methods are not suitable for large-scale production. 
Future studies should develop simple, cost-effective, reproducible, and environmentally friendly synthesis routes. 
In situ growth of Ag₂O nanoparticles on MXene nanosheets may be especially useful because it can improve 
nanoparticle dispersion, reduce aggregation, and enhance interfacial contact between Ag₂O and MXene. 

In vivo validation is another critical requirement. In vitro antibacterial and cytotoxicity tests provide useful 
prelim inary evidence, but they cannot fully represent the complexity of infected wounds and biological t issues. 
Future studies should include animal models of infected wounds, diabetic wounds, burn wounds, and 
biofilm-associated infections. Important biological parameters such as wound closure rate, bacterial load, 
inflammatory cytokines, oxidative stress, angiogenesis, collagen deposition, re-epithelialization, 
hemocompatibility, immune response, and long-term tissue safety should be evaluated. 
Regulatory considerations should also be addressed early in the development process. Ag₂O/MXene-based 
wound dressings or biomedical coatings may be classified as nanomaterial-containing medical devices or 
combination products, depending on their composition and intended use. Therefore, future research should 
follow standardized biocompatibility, toxicity, sterilization, degradation, and safety-testing requirements. 
Long-term biosafety studies are particularly important because both Ag₂O nanoparticles and MXenes may 
influence oxidative stress, immune response, and cellular behavior. 
Future studies should also compare Ag₂O/MXene systems with other metal oxide/MXene nanocomposites, 
including ZnO/MXene, CuO/MXene, TiO₂/MXene, and Fe₃O₄/MXene systems. Ag₂O/MXene may provide 
stronger antibacterial activity due to Ag⁺ release, while ZnO/MXene may offer low-cost antimicrobial and 
wound-healing potential. CuO/MXene may support antibacterial activity and angiogenesis-related repair, 
TiO₂/MXene may provide better chemical stability and photocatalytic behavior, and Fe₃O₄/MXene may offer 
magnetic responsiveness for targeted therapy or imaging. Comparative studies under identical experimental 
conditions will be necessary to determine which nanocomposite is most suitable for specific biomedical 
applications. 

Overall, the future success of Ag₂O/Ti₃C₂Tₓ MXene nanocomposites will depend on rational material design, 
standardized testing, scalable fabrication, surface engineering, and detailed in v ivo validation. If these challenges 
are addressed, Ag₂O/MXene-based materials could become valuable candidates for advanced wound dressings, 
antimicrobial coatings, biosensors, and smart biomedical platforms. 
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