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Biofilm-associated infections pose a huge burden on healthcare systems worldwide, with recurrent lung infections

occurring due to the persistence of biofilm bacteria populations. In cystic fibrosis (CF), thick viscous mucus acts not only

as a physical barrier, but also serves as a nidus for infection. Increased antibiotic resistance in the recent years indicates

that current therapeutic strategies aimed at biofilm-associated infections are “failing”, emphasizing the need to develop

new and improved drug delivery systems with higher efficacy and efficiency. Magnetic nanoparticles (MNPs) have unique

and favourable properties encompassing biocompatibility, biodegradability, magnetic and heat-mediated characteristics,

making them suitable drug carriers. Additionally, an external magnetic force can be applied to enhance drug delivery to

target sites, acting as “nano-knives”, cutting through the bacterial biofilm layer and characteristically thick mucus in CF.
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1. Introduction

More than 60% of all bacterial infections are associated with biofilm development . Biofilms can occur not only in

chronic wound infections, but also in exogenous medical devices, such as catheters, implants and prosthesis .

Biofilms are typically defined as complex communities of surface-associated bacteria encased in a self-produced

extracellular polysaccharide matrix that are adherent to biological or abiotic surfaces . Traditional treatment approaches

for biofilms typically involve the use of conventional antibiotics with bactericidal (bacterial killing) or bacteriostatic

(inhibition of bacterial dividing) properties . To effectively eradicate biofilms, the antibiotics have to penetrate the

bacterial cell membrane and accumulate to reach therapeutic concentrations . Unfortunately, in most scenarios,

conventional antibiotics are not able to completely eradicate biofilms due to the unique structure and properties of the

biofilm (Figure 1).

Figure 1. Current therapeutics used are ineffective in penetrating the biofilm layer to reach the target site. In cystic fibrosis

(CF), this is further hindered with an additional layer of thick, viscous mucus.

Opposite to planktonic bacteria which can be easily removed with gentle rinsing, biofilm bacteria adhere onto surfaces.

This offers the biofilm colony unique properties such as protecting inner isolates, promoting survival in hostile

environments and conferring resistance to antimicrobial agents and the host immune system, resulting in persistent and

chronic infections and hence, are 1000-fold more tolerant to antibiotics . This tolerance offers an explanation as to

why current antibiotic treatments are mostly ineffective against biofilm-associated infections and why patients with biofilm

infections often suffer from chronic complications . As previous strategies to treat biofilm infections have not been shown

to be as clinically successful as hoped for, there is an unmet medical need that necessitates the development of

alternative methods, including novel antibacterial agents and improved drug delivery systems, to avoid problems

associated with short half-lives, low bioavailability or systemic toxicity.
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In recent years, magnetic nanoparticles (MNPs) have become increasingly popular as drug delivery systems in diagnosis,

e.g., imaging contrast agent, and in therapy, e.g., magnetic hyperthermia combining pharmaceutical agents and drug

delivery as carriers themselves . The effectiveness of MNPs can be measured by parameters such as administration

method, particle size, in vivo drug release kinetics, drug loading and intrinsic carrier toxicity . Furthermore, delivery with

MNPs allows for pre-determining drug kinetics and targets which are essential in maintaining optimal dosing within the

therapeutic window using a lower amount of drug, and therefore decreasing the toxicity and cost of the pharmaceutical

formulation. Moreover, MNPs can be administered via a plethora of different routes ranging from local to systemic

administrations to achieve targeted and improved delivery of pharmaceuticals, potentially improving bioavailability or

allowing for sustained drug release or prolonged drug exposure. In patients suffering from cystic fibrosis (CF), MNPs have

been shown to significantly improve patient outcomes as these encapsulated antibiotics were able to be transported

through the sticky mucus barrier in CF lungs .

2. Biofilm Formation and Resistance

2.1. Biofilm Development Cycle

There are five stages that characterise the formation of a three-dimensional (3D) complex biofilm structure (Figure 2).

Figure 2. Schematic of the five stages of biofilm development including initiation, adherence and formation, development

of mature biofilm and biofilm spreading.

In the first stage, individual planktonic cells adhere to a surface and initiate the production of biofilm by encasing

protective exopolymeric material in small quantities . In the second stage, adherent cells exude an extracellular

polymeric substance (EPS) which promotes irreversible attachment of cells to the surface, cell aggregation and the

formation of the biofilm matrix . In the third step, micro-colonies and water channel architecture develop, which

significantly enhances nutrient supply, maturing the layered biofilm . In the fourth stage, cell density reaches its capacity,

and the fully mature biofilm is now considered a three-dimensional community . In the final stage, micro-colonies are

released from the mature biofilm community which can migrate to new surfaces and initiate the formation of new biofilm

colonies, resulting in spreading of the infection .

2.2. Resistance

The rise of antibiotic resistance poses a tremendous and increasing burden on the global healthcare system, with biofilms

playing a large contributory role to this health crisis . In addition, the aforementioned contributing factors associated with

the structure and physiological attributes of biofilm organisms also confer an inherent resistance to antimicrobial agents,

resulting in chronic infections .

In early studies, it was originally postulated that biofilm matrixes could serve as a physical barrier preventing the diffusion

of antibiotics; however, more recent studies disproved this hypothesis, showing that antibiotic diffusion is not hindered by

biofilm matrices . It is more likely that either drug penetration is only restricted if antibiotics bind to biofilm components

such as deoxyribonucleic acids (DNA), proteins or polysaccharides, or that antibiotics are inactivated or are unable to

reach therapeutic concentrations when reaching the target site . Additional factors influencing antibacterial activity are

that bacteria grown in biofilms display lower metabolic activities, resultant of limited oxygen and nutrient access, which

promotes tolerance to antibiotics targeting replication or biosynthesis of bacterial cell walls .

Moreover, hyper-mutability of isolates such as Pseudomonas aeruginosa (P. aeruginosa) growing in biofilms promotes the

emergence of resistance mutations which are selected for under the pressure of repeated courses of antibiotics, which is

often the case in infections associated with CF . P. aeruginosa colonies can also form tall ridges or wrinkles which
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facilitates oxygen supply, further promoting survival and growth . With this in mind, we review herein the various

MNP strategies to treat biofilm infections caused by CF-relevant pathogens (Table 1). Further sub-populations of persister

cells, which are slow or non-dividing bacterial cells, are able to survive antibiotics targeting fundamental cellular processes

such as cell replication or cell wall synthesis . These persister cells can prove to be very problematic as they can

become dormant as a result of bacterial differentiation, and consequently contribute to incomplete bacteria killing by

therapeutic interventions .

Table 1. Summary of CF-related in vitro biofilms treated with antibiotic + nanoparticles combinations.

Isolate NP Component
Antibiotic
Component

Size
(nm)

Biofilm Effect

Reference

Inhibition Disruption Viability

Pseudomonas
aeruginosa

Chitosan Erythrosine
80.9 ±

7.43
- - 78%

Chitosan capped

Silver
Aztreonam 10 - 98% 0%

Silver made from

Allophylus cobbe
Ampicillin

5.0 ±

4.0
69% - -

Silver made from

Allophylus cobbe
Vancomycin

5.0 ±

4.0
54% - -

PLGA

nanoparticles

coated with PL and

DNAse 1

Ciprofloxacin 251.9 100% 95% -

PLGA
Ciprofloxacin

and MNP

220.9 ±

7.4
- - 67%

PLGA Gentamycin
241.3 ±

12.4
- - 3%

PLGA, chitosan Colistin 300 - 50%  

PLGA,

phosphatidylcholine
Levofloxacin

240 ±

50
- - 5–19%

Staphylococcus
aureus

Silver made from

Allophylus cobbe
Ampicillin 5 ± 4 49% - -

Silver made from

Allophylus cobbe
Vancomycin 5 ± 4 73% - -

Adapted from Han et al. .

2.3. Magnetic Nanoparticles in Biofilm Treatment

The application of MNPs in the diagnosis and treatment of diseases such as cancer has grown exponentially in the last

decade, and this immense wealth of knowledge can be used to design novel biofilm treatment formulations and drug

delivery carriers for respiratory diseases . Additionally, the symbiotic marriage of nanopharmacy and targeted drug
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delivery has resulted in several nanoscale designs of magnetic materials as ideal drug delivery carriers . The most

commonly used MNPs have low toxicity, and employ ferromagnetic elements such as cobalt, iron, nickel and their Food

and Drug Administration (FDA)-approved compound ferrites, magnetite (Fe O ) and maghemite (Fe O ), that can be

easily synthesized with a controlled and precise shape and size .

MNPs have also been studied deeply as potential and useful bacterial detection and bacterial separation agents due to

their magnetic properties and antimicrobial effect. These MNPs are usually coated with lipids, polymers or silica in order to

make them biocompatible and are being utilised as drug delivery carriers. Some previous studies demonstrated that

magnetic iron oxide nanoparticles under the application of a magnetic field were able to promote an antimicrobial effect in

biofilm matrixes, causing detachment of several bacteria, such as Methicillin-resistant Staphylococcus aureus (MRSA) .

MNPs have also been demonstrated to be good contrast agents for in vivo bacterial imaging due to their

superparamagnetic properties, apart from enhancing antimicrobial efficacy, protecting antimicrobial agents from

deactivating enzymes and releasing antimicrobial agents in a sustained and controlled manner, improving bioavailability

and reducing systemic side effects . The interactions of MNPs and biofilm can be summarised as a three-step process:

(1) transportation of MNPs to the biofilm, (2) attachment to the biofilm surface and (3) MNP migration within the biofilm .

A complex interplay of factors such as, but not limited to, MNP characteristics, biofilm matrix biological and

physiochemical makeup, as well as environmental parameters, occurs at each step . Additionally, the nanoscale

dimension of MNPs, ranging from 1 to 100 nm, offers unique properties such as large surface area to volume ratio,

versatility and surface charge, all of which can enhance MNPs’ influence on other microorganisms . The advantages of

utilising these MNP formulations over traditional/conventional systems are discussed below.

2.4. Cystic Fibrosis Infections and Biofilms

CF is an inherited chronic disease characterised by recurring infections and inflammation in the lower respiratory system

. Due to the defective CF transmembrane conductance regulator (CFTR) protein chloride, sodium and bicarbonate

transport is impaired, which results in viscous mucus and impairs mucociliary clearance, promoting airway colonisation by

bacteria . In paediatric patients, most commonly, bacterial populations include Burkholderia cepacian,

Haemophilus influenzae (H. influenzae) and Staphylococcus aureus (S. aureus). Pseudomonas aeruginosa (P.
aeruginosa) infections are the most common in adult CF patients and chronic colonisation is directly correlated with worse

patient outcomes . This correlation is likely due to the fact that these infections are caused by biofilm-producing isolates

. In CF, P. aeruginosa typically begins as a non-mucoid phenotype, however, persistence of the organism in CF lungs

result in a shift towards a mucoid phenotype that produces alginate, a polysaccharide material characteristic of P.
aeruginosa biofilm infections . Large amounts of exopolysaccharide alginate cause the mucus to be extra viscous,

promoting and supporting the formation of biofilms in the lungs . Additionally, the alginate layer of mucoid strains can

prevent antibody coatings and block immunological determinants necessary for opsonic phagocytosis . Mucoid strains

have also been reported to be more resistant to non-opsonic phagocytosis than non-mucoid strains, and the presence of

alginate can promote adherence of mucoid strains to pulmonary tract epithelial cells, thus inhibiting clearance .

Furthermore, the sputum from CF patient lungs is usually filled with large numbers of polymorphonuclear leukocytes

(PMN) and the host inflammatory defence mechanisms against mucoid P. aeruginosa are dominated by PMNs, which can

produce oxygen radicals that consequently induce mutations, leading to more alginate production . Hence, there is a

major unmet medical need for effective antibiotic therapies to treat chronic lung infections in CF patients. It is paramount

that next-generation therapies not only target non-biofilm forming isolates but are able to eradicate complex biofilm-

forming isolates.

2.5. Current Antibiotic-MNP Treatment Options for CF Biofilms

Once chronic P. aeruginosa infection occurs in CF lungs, long-term maintenance therapy with inhaled therapeutics is

typically used to suppress infection and maintain lung function . Three commonly used antibiotics are tobramycin,

aztreonam and colistinmethate sodium. Tobramycin has been shown to improve the eradication of planktonic P.
aeruginosa by conjugating with carboxyl groups of citric acid-coated MNPs . Aztreonam is a monocyclic β-lactams

antibiotic that is typically used against Gram-negative bacteria by inhibiting cell wall synthesis . When used in

combination with silver NPs, P. aeruginosa biofilm thickness and biomass were reduced by 50% and up to 98%,

respectively . Colistinmethate sodium is a last-line antibiotic against Gram-negative pathogens and is typically used to

treat chronic endobronchial P. aeruginosa infections in CF patients .

One of the greatest challenges in using MNPs to treat CF is the successful penetration of the characteristically thick and

sticky mucus, which reduces drug delivery efficacy and sterically hinders drug delivery to the lung . The small size of

MNPs make them promising vehicles to package and transport drugs through the mucus . More efficient penetration of

[23]

3 4 2 3
[23][24][25]

[26]

[2]

[27]

[27]

[5]

[28]

[9][29][30]

[29]

[9][29]

[9]

[9]

[9]

[9]

[9]

[29]

[31]

[32]

[15]

[33]

[34]

[34]



the mucus by MNPs can also be achieved by attaching mycolytics onto MNPs or eliminating potential electrostatic

interactions of the MNPs with the mucus by coating MNPs with an electrostatically neutral material such as polyethylene

glycol (PEG) (Figure 3) .

Figure 3. Nanoparticle-based strategies that can be used to target each stage of biofilm bacteria development.

3. Approaches for Prevention and Treatment

3.1. Inorganic Metal NPs

Metallic NPs such as copper, silver and gold have been found to possess strong antimicrobial activity . Their clinical

application was originally slowed down by potential toxicity to mammalian cells, however, due to increasing concerns

about antibiotic resistance of biofilms and bacterial infections, these MNPs have once again reignited interest in their

application (Figure 4) .

Figure 4. Types of nanomaterials that can be added to a magnetic nanoparticle core for more efficient and targeted drug

delivery.

3.2. Advantages of Utilising MNPs over Traditional/Conventional Systems

MNPs convert magnetic energy into thermal energy under the influence of an external magnetic field, essentially acting as

heat mediators . In hyperthermia, upon the application of an external magnetic field, the alternative magnetic field

(AMF) oscillates at a speed faster than the relaxation time of MNP, resulting in a delay of magnetic moment relaxation,

generating heat . MNPs then mediate heat via relaxation losses through Neel relaxation, which reorients the magnetic

moment in the same direction as the applied magnetic field, and Brownian relaxation, a resultant friction force from the

rotation of NPs in a liquid suspension . Neel relaxation is size-dependent and prevails only in small NPs, while

Brownian relaxation is size- and viscosity-dependent . Intensive efforts have been centred on developing optimal

synthesis protocols of uniform and reproducible MNPs that have well-defined shape and size with superparamagnetic

behaviour . Under the influence of an external magnetic force, superparamagnetism allows MNPs to deliver drugs

specifically to the target site with minimal exposure to other healthy cells . Importantly, in the treatment of CF, MNPs

under the application of an external magnetic force can act as nano-knives (Figure 3), penetrating the thick mucus and
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biofilm layers, exposing the inner layer of microorganisms to delivered drugs at the target site . Moreover, lungs are

filled with air, a poor conductor of heat, thus, heat generated by the MNPs in the lung is unlikely to affect surrounding

organs such as the heart .

Taken together, the properties of MNPs make them an ideal and effective approach for drug delivery.

3.3. Toxicity vs. Efficacy of MNPs in Biomedical Applications

MNPs have been extensively studied to prove their biocompatibility and toxicity in humans. In general, the distribution of

MNPs inside the body depends on various factors, such as dose, particle size, chemical nature, surface area, reactivity,

charge, ease to aggregation and duration of exposure, which also affects the potential toxic effects . Knowledge

about their toxicity and health impact is essential before these nanomaterials can be used in clinical trials. Most of the

MNPs applied in biomedical applications are previously coated with liposomes, silica or biopolymers to make them

biocompatible and to decrease their toxicity. These coatings also allow for the modification of surface charge nanoparticle,

that can be adjusted to facilitate MNPs elimination from the body . Biopolymers most frequently used with this purpose

are PEG , poly-d-l-(lactic-co-glycolic acid) (PLGA) , polyactic acid (PLA), poly(caprolactone) (PCL) , poly(dimethyl

aminoethyl methacrylate) (PDMAEMA) , Poly(N-isopropylacrylamide) (PNIPAM) , Dextran , Chitosan ,

poly(urethanes) (PUs)  and poly(ethyelene imine) (PEI) . All of these polymers can undergo degradation processes

to be broken down into products that can be safely processed in the body.

Biocompatibility and ease of elimination from the human body are major concerns when using MNPs. Many studies show

MNPs as safe nanostructures that can be applied in biomedical applications, with a small handful demonstrating side

effects related to the use of these MNPs. For example, numerous studies have been carried out with gold nanoparticles to

demonstrate their safety for biological systems. Bailly et al. showed that gold NPs conjugated with dextran were rapidly

eliminated from the blood circulation and accumulated preferentially in the liver and spleen without inducing liver or kidney

toxicity . The authors also studied the effect of residual accumulation of these NPs in tissues. Not only did they not

detect any sign of histological damage or inflammation in tissues, they also confirmed the absence of any chronic

inflammation in the animals studied. Abedin et al. demonstrated that gold nanoparticles coated with poly-l-lysine increased

stability in vivo due to the polymer layer . On the other hand, Korani et al. studied the effect of silver nanoparticles in

human health and showed a dose-dependent toxic response in several organs . Munger et al. carried out a controlled,

cross-over time exposure study of commercial silver nanoparticles, demonstrating the absence of any changes in human

metabolic, hematologic, urine and physical findings or imaging morphology . Balfourier et al. showed that gold

nanoparticles could be metabolised by mammal cells, bringing an insight on the elimination of gold nanoparticles from

organisms . On the other hand, Talapko et al. have demonstrated that silver nanoparticles could originate

methemoglobin, localised argyria and systemic argyria , Thapa et al. showed that gold nanoparticles could lead to

fibroblast cell cytotoxicity and inflammatory responses  and Arvizo et al. showed that gold nanocomplexes showed poor

biocompatibility and were not easy to biodegrade into the organism .

Consequently, it is clear that MNPs used in biomedical applications, specifically as anti-biofilm therapy, require several

physicochemical characterisations to ensure that size, chemical nature, surface area, exposure time, reactivity, charge

and compositions are suitable to avoid toxicity and aggregation. It is also noteworthy that most of the research described

show in vitro and in vivo data, or describe animal studies, with limited research conducted in humans. Therefore, it is

highly recommended to focus future research on clinical trials to better understand the risk of MNPs in humans.

3.4. MNPs Coated by Liposomes

Liposomes are amphiphilic phospholipids that readily form spherical lipid vesicles ranging from 20 nm to 20 µm . A

major advantage is that liposomes are biocompatible, and depending on the number of lipid bilayers, are classified as

unilamellar or multilamellar . Due to amphiphilic properties, liposomes have high drug-carrying capacity, making them

ideal vehicles for larger drugs such as antibiotics. Furthermore, liposomes can be used to encapsulate magnetic cores

within its hydrophilic characteristic core, or hydrophobic compounds within the bilayer . The bilayer membrane structure

also allows for greater permeability, facilitating cellular uptake of liposomes (Figure 4). In addition, liposomal

encapsulation of the hydrophilic core offers hydrophilic compounds protection from deactivating factors in vivo .

Advantages of using magnetic core-liposome nanoparticles include the incorporation of a number of drugs, including

antibiotics offering protection from enzymatic inactivation and degradation, as well as the ability to overcome drug

resistance of extracellular pathogens . Additionally, parameters such as lipid composition, charge and size magnetic

liposome can be altered, allowing flexible and fit-to-purpose drug-carrying capacity and drug release rate .
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As CF biofilms are typically surrounded by a thick and sticky mucus layers, sufficient drug delivery to affected sites is

crucial. Targeted delivery such as in CF biofilms can be achieved through size-dependent penetration. Dong et al. found

that small sized, cationic unilamellar particles ranging from 128 to 141 nm were able to penetrate S. aureus and P.
aeruginosa biofilms more deeply and at a higher rate than larger multilamellar particles . The smaller cationic

liposomes also inhibited biofilm growth of P. aeruginosa and S. aureus by 75% and 43%, respectively . Additionally, the

authors hypothesised that the electrostatic equilibrium of colonies within the biofilm might have been disrupted by cationic

unilamellar particles, further enhancing its anti-biofilm effects . Unfortunately, increased drug activity of cationic

liposomes also shows amplified toxicity to human lung cells compared to negatively charged or uncharged systems. This

highlights the intricate harm–benefit balance caused by different nanoparticle synthesis or surface charges .

As low concentrations of compounds to biofilm infection sites are rapidly cleared from the lungs, a number of studies have

investigated the drug delivery of liposomes to the lungs via inhalation as liquid or dry formulations . Joshi et al. describe

a dry powder liposome-based anti-inflammatory corticosteroid formulation maintaining desired drug concentrations over a

prolonged period of time . Meers et al. investigated the efficacy of amikacin as a liposomal formulation compared to

tobramycin for the treatment of CF. The authors found that 65% of amikacin remained in liposomal form after deposition in

the lung compared to free tobramycin in rats . Additionally, free tobramycin was completely removed from the lung

within 2 h, while liposomal amikacin demonstrated a sustained drug release up to 175 h following a burst release which

transformed liposomal amikacin into free form during inhalation . Despite these promising initial results, clinical

applications of liposomal formulations are currently limited by poor physiochemical properties. 35% of amikacin did not

reach the lungs in liposomal form, and leakage of encapsulated antibiotics from liposomes might result in unfavourable

side effects . Despite promising potential for pulmonary drug administration, effective drug delivery remains a challenge

for liposomal formulations.

3.5. MNPs Coated by polymers

3.5.1. Chitosan

Chitosan is a biodegradable, biocompatible, natural polymer which possesses inherent broad-spectrum antimicrobial

properties . As chitosan NPs have a positive surface charge, they are expected to have higher affinities to negatively

charged biofilm-affected areas compared to negatively charged NPs . Additionally, the high surface area to volume ratio

of nanosized particles can enhance the antimicrobial activity of chitosan NPs. It has been hypothesised that chitosan NPs

interact with bacteria through electrostatic interactions, inducing cell permeability changes and resulting in cell morphology

modifications, which subsequently lead to leakage of internal proteins and DNA, culminating to bacterial cell death .

Previous studies have shown that chitosan nanoparticles are effective in inhibiting cell growth of various bacterial isolates

. Similar to other vehicles, chitosan MNPs can be loaded with antibiotics to enhance the effectiveness of the

respective compound . The aminoglycoside antibiotic gentamicin has low bioavailability and short half-life, which

often requires high doses, potentially leading to increased drug resistance . Wang et al. reported that gentamicin-

loaded chitosan MNPs were able to achieve deeper penetration of mature S. aureus biofilm by application with a magnetic

field, resulting in increased antibiotic delivery and effectiveness for biofilm eradication . Other studies corroborate that

the use of an external magnetic force is able to achieve higher penetration of MNPs into the biofilm structure, allowing for

more efficient biofilm bacteria eradication . Taken together, these findings highlight the promising potential of utilizing

chitosan-based MNPs to enhance the effectiveness of antibiotics with precision through the use of an external magnetic

field while circumventing potential toxicity or low bioavailability issues.

3.5.2. Poly-d-l-(Lactic-Co-Glycolic Acid) (PLGA)

The aforementioned limitation of sufficient lung delivery is particularly challenging in CF. Different attempts have been

made with strategies using NPs coated with metal or liposomal materials, as well as embedded with antibiotics. In recent

times, synthetic polymers such as the FDA-approved PLGA have increasingly garnered more attention due to their

favourable biocompatibility and biodegradability properties .

PLGA NPs have highly desirable versatile physiochemical properties that allow for easy composition and degradation

modifications as well as offering a wide variety of design and development of novel materials. Strategies using PLGA NPs

encapsulated with antibiotic ciprofloxacin were found to have high drug loading against P. aeruginosa strains and

exhibited good mucus penetration due to its nanometric size and surface properties . Enhanced antimicrobial activity

with lower ciprofloxacin dosages were also reported . Thomas et al. employed PEG-coated PLGA nano- and micro-

particles encapsulating tobramycin that exhibited enhanced antimicrobial activity and good penetration of mucus and

bacterial biofilm . Furthermore, more opportunities for triggered release properties and increased targeting efficacy

arise from incorporating superparamagnetic particles into PLGA NPs. This approach was employed in a study where
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ciprofloxacin and MNPs were encapsulated within PLGA NPs . The authors report that the rate of drug release surged

when an external magnetic field was applied, and plateaued in the absence of the magnetic field, indicating its potential

for controlled drug release .

Taken together, these studies highlight the advantages of using PLGA NPs’ versatility and biocompatibility in combination

with magnetic nanoparticles for a controlled and triggered drug delivery system that can be used for efficient antimicrobial

treatment in CF.

3.6 MNPs Coated by Silica

Silica-coated MNPs are strong, biocompatible compounds, albeit not biodegradable. However, their unique composition

allows for overcoming some of the challenges of organic biodegradable NPs, such as releasing of active agents when in

contact with water, premature leakage of encapsulated materials, or a burst release when attached to NP surfaces .

Silica NPs are typically paired as a carrier with nitric oxide (NO), an endogenous free radical involved in several biological

processes . NO, as a carrier, offers unique benefits such as its own broad-spectrum antimicrobial property and low

toxicity, and together with its by-products, can eradicate biofilms . A number of independent laboratories have reported

that Gram-negative biofilms are more susceptible to NO-releasing silica NPs than Gram-positive biofilms . When

comparing silica NPs of varying shapes and sizes for the treatment of P. aeruginosa and S. aureus biofilms, Hetrick et al.

observed that small (14 nm) and rod-like NPs were the most effective biofilm bacterial killers . The 14 nm NPs were

able to diffuse into the biofilm more quickly than larger 150 nm NPs, dispersing the biofilm within minutes, resulting in

bacterial cell death . Additionally, rapid release of NO in high concentrations from small silica NPs < 20 nm indicated

promising potential in eradicating Gram-negative biofilms . Short treatment durations of 15 min with rod-like NPs were

effective in killing bacterial cells and dispersed the biofilm after 60 min. Interestingly, spherical NPs were confined to a

limited area in the biofilm, and bacterial cell death was only observed after 60 minutes, highlighting the importance of size

and shape .
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