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Abstract 

Biofilm-associated infections represent one of the greatest challenges in modern medicine due 

to their inherent resistance to antibiotics and host immune responses. The dense extracellular 

polymeric substance (EPS) and altered bacterial physiology within biofilms make treatment 

extremely difficult, contributing to chronic and recurrent infections in clinical settings. 

Nanoparticles have emerged as promising therapeutic agents because of their unique 

physicochemical properties, enhanced surface reactivity, and ability to penetrate biofilm 

matrices. This review summarizes the structural complexity of biofilms, the limitations of 

conventional antimicrobial therapies, and the mechanisms by which nanoparticles exert anti-

biofilm actions. It further discusses the types of nanoparticles explored, current clinical 

applications, safety considerations, and future prospects for integrating nanotechnology into 

routine clinical management of biofilm-associated infections. 
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INTRODUCTION 

Biofilms are highly organized microbial 

communities embedded in a self-produced 

extracellular polymeric matrix composed of 

polysaccharides, proteins, extracellular 

DNA, and lipids. Unlike planktonic (free-

floating) bacteria, biofilm-embedded 

microorganisms exhibit altered gene 

expression, increased tolerance to 

antimicrobials, and enhanced survival 

under hostile conditions(Ugwu et al., 

2025). Biofilms are prevalent in a wide 

range of clinical environments, particularly 

involving chronic wounds, dental plaques, 

orthopedic implants, catheters, prosthetic 

devices, and respiratory infections such as 

those seen in cystic fibrosis(Sattar et al., 

2025; Thakre, Bankar, Tiwade, & Mishra, 

2025). 

Conventional antibiotic therapy is often 

inadequate because antimicrobial agents 

exhibit poor penetration through the EPS 

matrix and reduced efficacy against 

metabolically dormant bacterial 

subpopulations. Consequently, persistent 

infections, treatment failure, and increased 

healthcare costs remain major clinical 

burdens(Khadim et al., 2024). 

Nanotechnology has emerged as a 

transformative strategy in biomedical 

science, offering novel antimicrobial 

platforms with improved delivery 

efficiency, enhanced interaction with 

microbial cells, and the capability to 
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combat antibiotic resistance. This review 

provides a comprehensive overview of 

nanoparticle-mediated strategies targeting 

biofilms and explores their translational 

potential in clinical practice(Rehman, 

Ahmed, Hashmi, & Jamil, 2017). 

Biofilms and Their Clinical Significance 

Biofilm formation is a dynamic, multi-step 

process involving initial attachment, 

microcolony formation, maturation, and 

eventual dispersal(Patil, 2025). Once 

established, biofilms pose serious clinical 

consequences. Approximately 65–80% of 

human microbial infections are biofilm-

associated. Biofilms on indwelling medical 

devices such as urinary catheters, central 

venous lines, prosthetic heart valves, and 

orthopedic implants frequently lead to 

persistent device-related  

infections(Khardori & Yassien, 1995). In 

chronic wounds, biofilms delay healing, 

stimulate inflammation, and contribute to 

recurrent infections. In pulmonary diseases, 

particularly cystic fibrosis, Pseudomonas 

aeruginosa biofilms are difficult to 

eradicate and associated with poor 

prognosis(Shakeel, Iffat, Qamar, Nesar, et 

al., 2022). 

Challenges in Treating Biofilm-

Associated Infections 

Multiple factors contribute to the resilience 

of biofilms: 

1.Physical Barrier: The EPS matrix acts as 

a diffusion barrier, limiting antimicrobial 

penetration. 

2.Altered Bacterial Physiology: Bacteria 

within deeper layers enter a slow-growing 

or dormant state, reducing susceptibility to 

antibiotics that target active 

metabolism(Shakeel, Iffat, Qamar, 

Rehman, et al., 2022). 

3.Efflux Pumps and Genetic Adaptation: 

Biofilms facilitate horizontal gene transfer, 

enhancing antimicrobial 

resistance(Rehman, Jamil, Owais, Naveed, 

& Usmanghani, 2017). 

4.Quorum Sensing: Cell-to-cell 

communication systems regulate virulence 

and biofilm stability. 

5.Immune Evasion: Biofilms impair 

phagocyte access and protect bacteria from 

immune clearance. 

Due to these mechanisms, conventional 

antibiotic therapy often requires prolonged 

treatment, combination regimens, or 

surgical removal of infected devices, 

highlighting the need for innovative 

solutions. 

Mechanisms of Nanoparticle Action 

Against Biofilms 

 

 

1: Nanoparticles as Anti-Biofilm Agents 

Nanoparticles are ultrafine materials (1–

100 nm) possessing unique properties such 

as high surface-to-volume ratio, tunable 

surface chemistry, and enhanced reactivity. 

These characteristics enable nanoparticles 

to penetrate biofilms, disrupt microbial 

structures, and deliver antimicrobial agents 

more efficiently. Their versatility allows 

engineering for targeted delivery, 

controlled release, and synergistic 
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interactions with conventional Anti-

Biofilm(Li et al., 2024).  

2: Physical Disruption of Biofilm 

Structure 

Due to their nanoscale dimensions, 

nanoparticles can infiltrate the EPS matrix 

and destabilize its architecture. Some 

nanoparticles adhere to biofilm surfaces, 

altering permeability and mechanical 

integrity, ultimately leading to biofilm 

detachment or collapse. 

3: Chemical Interactions and Reactive 

Oxygen Species (ROS) Generation 

Metal-based nanoparticles such as silver 

(AgNPs), zinc oxide (ZnO), and titanium 

dioxide (TiO₂) generate reactive oxygen 

species, including hydroxyl radicals, singlet 

oxygen, and superoxide ions. These induce 

oxidative stress, damage microbial 

membranes, denature proteins, and disrupt 

nucleic acids(Rehman, Ali, Naveed, & 

Usmanghani, 2017). 

4: Release of Metal Ions 

Certain nanoparticles release antimicrobial 

ions (Ag⁺, Cu²⁺, Zn²⁺) that interact with 

bacterial cell walls, inhibit enzyme activity, 

interfere with DNA replication, and alter 

metabolic pathways(Rehman, Shaikh, 

Naveed, Latif, & Usmanghani, 2016). 

5:  Membrane Interaction and Damage 

Nanoparticles can directly interact with 

bacterial cell membranes, altering 

membrane potential, increasing 

permeability, and causing cell lysis. 

6: Drug Delivery and Controlled Release 

Nanoparticles serve as carriers for 

antibiotics, peptides, or antiseptics. 

Encapsulation protects drugs from 

degradation, enhances localized 

concentration within the biofilm, and 

allows sustained release. This improves 

therapeutic efficiency while reducing 

systemic toxicity. 

7: Interference with Quorum Sensing 

Functionalized nanoparticles can inhibit 

quorum-sensing pathways, preventing 

bacterial communication and reducing 

virulence, adhesion, and biofilm 

maturation. 

 

Types of Nanoparticles Used Against 

Biofilms 

1: Metallic Nanoparticles 

Silver, gold, copper, and zinc oxide 

nanoparticles are extensively studied due to 

their strong intrinsic antimicrobial 

properties. Silver nanoparticles, in 

particular, show broad-spectrum 

antibacterial activity and effective biofilm 

penetration(Sadia, Naveed, Rehman, & 

Jamshed, 2025; Sadia, Naveed, Rehman, 

Jamshed, & Dilshad, 2025). 

2: Polymeric Nanoparticles 

Biodegradable polymers such as chitosan, 

PLGA, and PEG-based nanoparticles offer 

biocompatibility, controlled drug release, 

and targeting abilities. Chitosan possesses 

inherent antimicrobial and bioadhesive 

properties(Qamar, Sana, Naveed, & Faizi, 

2023). 

3: Lipid-Based Nanoparticles 

Liposomes and solid lipid nanoparticles 

improve antibiotic delivery, enhance 

cellular uptake, and reduce toxicity(Kaleem 

et al., 2025). 

4: Magnetic Nanoparticles 
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Magnetic nanoparticles enable externally 

controlled targeting and stimulus-

responsive drug delivery. They can disrupt 

biofilms mechanically under applied 

magnetic fields. 

5: Carbon-Based Nanomaterials 

Graphene oxide, carbon nanotubes, and 

fullerenes exhibit strong antimicrobial 

actions through membrane disruption, 

oxidative stress, and physical cutting 

effects. 

Clinical Applications 

Nanoparticle-based strategies are being 

explored or implemented in several clinical 

areas: 

Wound Healing: Nanoparticle-containing 

dressings demonstrate enhanced 

antibacterial activity and improved healing 

outcomes(Farooqi et al., 2024; Siddiqui & 

Naveed, 2025). 

Dental Applications: Nanoparticles are 

incorporated in toothpaste, dental 

composites, and mouth rinses to prevent 

plaque formation. 

Implant and Device Coatings: 

Antimicrobial nanoparticle coatings reduce 

colonization on catheters, prostheses, and 

orthopedic implants. 

Respiratory Therapy: Inhalable 

nanoparticle systems show potential for 

targeting lung biofilms in cystic 

fibrosis(Khanum et al., 2017). 

Orthopedics: Nano-coated implants 

reduce biofilm formation and improve 

implant longevity. 

Safety Considerations and Limitations 

Despite promising results, several 

challenges remain: 

Cytotoxicity: Some nanoparticles may 

damage host cells, induce oxidative stress, 

or accumulate in organs. 

Biodegradability: Persistence of non-

degradable nanoparticles poses long-term 

risk(Shakeel et al., 2020). 

Standardization Issues: Lack of 

standardized synthesis methods 

complicates reproducibility. 

Regulatory Barriers: Limited clinical 

trials restrict regulatory approval and 

widespread clinical use. 

Cost and Scalability: Large-scale 

production remains expensive. 

Future Perspectives 

Future advancements are expected to focus 

on: 

1: Smart stimuli-responsive nanoparticles 

triggered by pH, enzymes, heat, or light. 

2: Target-specific functionalization for 

precision therapy. 

3: Synergistic combinations of 

nanoparticles with antibiotics or phage 

therapy. 

4: Personalized Nano medicine tailored to 

infection type and patient profile. 

5: More clinical trials to validate long-term 

safety and efficacy. 

CONCLUSION 

Nanoparticle-based strategies represent a 

powerful and innovative approach to 

combating biofilm-associated infections. 

Their ability to penetrate EPS matrices, 

disrupt microbial structures, deliver 

antimicrobial agents effectively, and 

interfere with quorum sensing provides 

significant therapeutic advantages. 
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Although safety concerns and regulatory 

challenges remain, ongoing advancements 

in nanotechnology continue to strengthen 

its potential as a transformative tool in 

clinical medicine, paving the way for 

improved management of persistent and 

resistant biofilm infections(Almatroudi, 

2025). 
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