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ABSTRACT: The treatment of cystic fibrosis (CF) remains challenging due to formidable biological barriers in the lungs, including 
thick mucus and resilient biofilms that severely limit the efficacy of conventional therapies. Nanotechnology, engineered to 
overcome these barriers, is emerging as a transformative approach for CF therapy. This opinion highlighted the most recent and 
advanced nanotechnologies, categorizing them into four strategic frontiers: (1) nanocarriers that achieve mucus penetration through 
surface modifications; (2) nanoplatforms for efficient delivery of genetic therapeutics; (3) nanocarriers for antimicrobial delivery 
to cure infections associated with CF; and (4) combinatorial nanomedicines for synchronized delivery of multiple drugs. We 
concluded that, with the help of these nanotechnologies, therapies for CF will now undergo a paradigm shift, moving CF from a 
fatal disease to a treatable and potentially curable one. Although the clinical transition is challenging, it holds immense promise for 
revolutionizing CF management. 
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1. Introduction 

Cystic fibrosis (CF) remains one of the most prevalent and fatal monogenic disorders worldwide, stemming from 
pathogenic mutations in the cystic fibrosis transmembrane conductance regulator (CFTR) gene, which is inherited from 
asymptomatic carrier parents [1,2]. Based on the available data, it is estimated that there are more than 180,000 people 
with CF worldwide [1]. The absence or malfunction of the CFTR protein causes the accumulation of thick mucus, which 
blocks the airways and leads to repeated infections and lung damage. Although CF manifests as a systemic multi-organ 
disease affecting the pancreas and other systems, progressive obstructive lung disease remains the primary cause of 
morbidity and premature mortality [3].  

Traditional therapies primarily focused on treating symptoms [4], including mucolytics (e.g., dornase alfa) to 
enhance mucus clearance and antibiotics to manage chronic infections. Breakthroughs in the development of therapies 
that target the underlying cause of CF are made possible by the advent of CF modulators, such as Trikaftor [5]. However, 
a subset of patients, such as those with nonsense mutations, does not respond to these drugs. Furthermore, since Trikaftor 
is administered systemically, its delivery to the respiratory epithelium is often limited by biological barriers. 
Consequently, enhancing bioavailability to ensure sufficient therapeutic concentrations in the respiratory tract without 
inducing systemic toxicity remains a critical objective. These unresolved challenges collectively underscore the urgent 
need for advanced drug delivery systems characterized by precise targeting and high therapeutic efficiency. 

In recent years, nanostructures have shown great promise in the management of CF [6], and nanotechnology offers 
potential solutions to overcome the aforementioned bottlenecks due to their designable size, surface properties, and 
targeting capabilities. This opinion paper briefly summarize the latest research advances in this area, which would serve 
as a reference for the development of nanotherapeutic agents for CF. The main content can be illustrated in Figure 1. 
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Figure 1. Emerging Nanotechnologies for Cystic Fibrosis Therapy. 

2. Emerging Nanotechnologies 

2.1. Mucus Penetration Modification 

Highly viscoelastic and adhesive sputum has precluded efficient nanoparticle-based drug delivery to the lungs of 
patients [7], primarily due to hydrophobic and electrostatic interactions with mucin fibers. To overcome this, 
nanoparticles are engineered with hydrophilic and charge-neutral surface coatings to minimize mucoadhesion and 
enhance penetration [8]. 

In a seminal study, J. Leal, et al. [9] employed phage display technology to screen hydrophilic, near-net-neutral 
cyclic heptapeptides, which were then covalently conjugated to nanoparticle surfaces. Transport studies revealed that 
selected mucus-penetrating peptides not only enhanced the bulk diffusion of phage in CF patient sputum by ~600-fold 
compared to a positively charged control phage clone but also enabled up to 3-fold higher cellular uptake of conjugated 
nanoparticles compared to non-modified carboxylated and mPEG-conjugated counterparts. This achieves dual 
enhancement of mucus penetration and epithelial cell uptake [9]. Beyond this approach, S. Hu, et al. [10] have designed 
poly(lactic-co-glycolic acid) (PLGA) nanoparticles surface-modified with polydopamine (PDA). PDA is a bio-inspired 
polymer capable of forming a highly hydrophilic and versatile coating that significantly reduces mucoadhesion. This 
modification achieved not only rapid mucus penetration but also significantly enhanced cellular uptake in vitro and in 
vivo. In vitro Transwell and agarose gel experiments demonstrated that the mucus penetration rates of PLGA-PDA 
nanoparticles reached 85.7 ± 1.9% and 69.6 ± 3.4% after 4 h, respectively, significantly higher than those of unmodified 
PLGA at 57.4 ± 4.3% and 37.2 ± 0.7% (p < 0.001). Compared to traditional PEG or PVA modifications, the PLGA-
PDA platform combines stability, biocompatibility, and dual barrier penetration capabilities, demonstrating high 
conversion potential and promising application prospects. Surface modification strategies for nanoparticles successfully 
address the challenge of drug penetration through mucus. To classify the diverse physicochemical approaches employed 
to navigate the CF mucus barrier, we summarize the representative surface engineering strategies and their underlying 
mechanisms of action in Table 1. 
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Table 1. Summary of Surface Engineering Strategies for Mucus Penetration [9–11]. 

Surface Engineering Strategies for Mucus Penetration 

Strategy 
Representative 
modification 

Mechanism of Action 

Virus-Mimetic Peptide 
Coating 

L2 Peptide 
Mimics the surface properties of non-enveloped viruses (e.g., HPV) to 
navigate the mucus mesh without adhesion. 

Zwitterionic Surface 
Modification 

Polydopamine (Zw-PDA) 
Creates a super-hydrophilic hydration shell via equal cationic/anionic charge 
distribution, preventing mucin adsorption  

Dense Hydrophilic 
Shielding 

PEGylation 
Provides steric hindrance and neutrality to minimize hydrophobic or 
electrostatic entrapment by mucins. 

As outlined in Table 1, strategies ranging from PEGylation to zwitterionic and peptide modifications collectively 
aim to minimize electrostatic and hydrophobic entrapment, thereby preventing mucin adhesion and enabling rapid 
diffusion through CF sputum. However, achieving a fundamental cure for CF requires the targeted delivery of gene 
therapies to the diseased respiratory epithelial cells, which demands higher precision and biocompatibility from the 
delivery systems. 

2.2. Gene Delivery 

Gene therapy holds great promise for cystic fibrosis, as it has the potential to restore the functionality of the CFTR 
channel by inserting genetic material that codes for the CFTR protein into the cell [12,13]. In particular, mRNA therapy 
is currently the primary gene therapy for the treatment of CF [14]. However, the delivery of naked nucleic acids is 
hindered by enzymatic degradation and poor cellular uptake. 

To overcome these challenges, lipid nanoparticles (LNPs) have emerged as the “gold standard” for non-viral 
delivery [15,16]. For instance, X. Bai et al. [15] developed a self-assembly mRNA nanoplatform using a ternary 
synthetic peptide (peptide 9) and poloxamer T407. In a CF mouse model, the ternary complex showed significantly 
enhanced mRNA expression in lung tissue compared to binary complexes (T407/mRNA), as substantiated by 
quantitative bioluminescence imaging. Crucially, the landscape of CF gene therapy is not limited to synthetic carriers. 
Viral vectors, which can be functionally regarded as “biological nanoparticles”, are also entering the clinical spotlight. 
Lentiviral vectors have been engineered to pseudotype with envelope proteins (e.g., F/HN proteins) that specifically 
target lung receptors, thereby enhancing transduction efficiency and lung exclusivity [17]. A landmark first-in-human 
trial (BI 3720931) is currently evaluating the safety of an inhaled lentiviral vector for CF, marking a significant step 
toward clinical translation (Table 2). 

Table 2. Summary of Key Clinical Trials for CF gene therapies [17,18]. 

Clinical Trials for CF Gene Therapies 
Therapy Vector Payload Route of Administration Sponsor NCT 

BI 3720931 Lentiviral Vector CFTR DNA Nebulized Inhalation 
Boehringer Ingelheim/UK GTC, 
Bracknell, UK 

NCT06515002 

ARCT-032 Lipid Nanoparticle 
CFTR 
mRNA 

Nebulized Inhalation 
Arcturus Therapeutics, Inc., San 
Diego, CA, USA 

NCT06747858 

RCT2100 Lipid Nanoparticle 
CFTR 
mRNA 

Nebulized Inhalation 
ReCode Therapeutics, Menlo 
Park, CA, USA 

NCT06237335 

VX-522 Lipid Nanoparticle 
CFTR 
mRNA 

Nebulized Inhalation 
Vertex Pharmaceuticals 
Incorporated, Boston, MA, USA 

NCT05668741 

Collectively, these studies reveal a clinical consensus on nebulized inhalation, prioritizing lung exclusivity to 
minimize systemic exposure. While mRNA-LNPs dominate due to their safety profile, the lentiviral vector BI 3720931 
highlights the parallel pursuit of long-term DNA delivery. Thus, next-generation carriers must not only overcome 
biological barriers but also possess the physical stability to withstand nebulization shear forces for effective transfection. 

To summarize, effective gene delivery utilizes advanced nanocarriers to protect genetic payloads and facilitate the 
functional expression of CFTR in the lungs. Despite the assistance of nanocarriers, rendering gene therapy a highly 
promising therapeutic regimen for CF, the persistent infectious microenvironment in the lungs of CF patients remains 
a critical challenge that gene therapy must address. 
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2.3. Antimicrobial Delivery 

Bacterial infections of the lower airways are the main cause of mortality and morbidity in cystic fibrosis [19], 
particularly due to its biofilm-associated refractory infections [20]. Bacterial biofilms are complex three-dimensional 
aggregates composed of bacteria and extracellular polysaccharides (EPS). Biofilms not only reduce the effectiveness of 
antimicrobial treatments, but can also harbor antimicrobial resistant subpopulations, which render their treatment very 
challenging [21,22]. However, the application of nanotechnology to biofilm eradication has gained significant relevance 
in recent years. Their small size, penetration efficiency, and design flexibility that they present make them a promising 
alternative for biofilm infection treatment in people with CF [23]. A notable advancement in this field is exemplified 
by the study by Al-Momani, et al. [24], who investigated the synergistic efficacy of biosynthesized silver nanoparticles 
(Ag-NPs) combined with clinically relevant anti-Pseudomonas antibiotics against P. aeruginosa isolates recovered from 
CF patients. The findings revealed that the MIC of Ag-NPs was 15 μg/mL for all strains which decreased substantially 
when administered with antibiotics at a dose of 1.875–7.5 μg/mL. The majority of Ag-NP and antibiotic combinations 
exhibited a synergistic or partially synergistic impact. This was particularly noticeable in combinations containing 
Meropenem, Ciprofloxacin, and Aztreonam (in which the FIC index was less than or equal to 0.5). Similarly, Garcia 
Maset, et al. [25] developed a synthetic nano-engineered antimicrobial polymers (SNAPs) which is an ammonium 
copolymer, named as a-T50 and with a triblock structure. The a-T50 copolymer was synergistic with colistin against 
planktonic Pseudomonas aeruginosa in synthetic cystic fibrosis medium, and this pair showed a potent synergistic 
antibiofilm activity against P. aeruginosa in an ex vivo cystic fibrosis pig lung model that it caused a clinically relevant 
3-log10 CFU reduction against P. aeruginosa biofilms (p < 0.001). The synergistic combination could also reduce the 
doses of colistin used in clinics, reducing cytotoxicity while maintaining a potent antibiofilm activity. 

In short, these studies underscore that nanotechnology can significantly enhance the therapeutic index of 
antimicrobial agents. Crucially, the efficacy observed in these physiologically relevant models highlights the potential 
of nanotechnology for practical implementation via local inhalation. By enabling direct delivery to the lungs, 
nanocarriers can ensure high local concentrations to penetrate stubborn biofilms while minimizing systemic exposure 
and toxicity. 

2.4. Multiple Drug Delivery 

CF patients’ abnormal or absent CFTR protein causes a complex multi-organ disease and clinical symptoms (e.g., 
accumulation of thick mucus and repeated episodes of infection) [1,3]. Thus, combinatorial therapy such as the co-
delivery of antibiotics, CFTR modulators and mucolytics is deemed highly necessary for CF treatment. This integrated 
approach targets multiple pathological hallmarks of CF simultaneously, thereby optimizing therapeutic efficacy and 
improving long-term clinical outcomes for CF patients. With the progress that nanotechnology has gained, it enables 
the co-delivery of different drugs while avoiding drug interactions and improving patient compliance. 

Although no such research exists in CF treatment at present, we can leverage insights gained from the field of 
multi-drug nanomedicine in tumor treatment [26]. For example, W. Ping et al. [27] successfully designed and fabricated 
luminescent cucurbit-shaped nanoparticles (nanocucurbits) capable of co-encapsulating hydrophilic and hydrophobic 
chemotherapeutics. This unique architecture enabled the spatiotemporal synchronization of distinct drugs, resulting in 
potent synergistic antitumor efficacy. While we can draw inspiration from oncology research where co-delivery 
achieves intracellular synergy, the rationale for CF is unique. It relies on “spatiotemporal synchronization” to overcome 
sequential biological barriers. For instance, a nanocarrier could facilitate a stage-wise release. First, releasing mucolytics 
to degrade extracellular mucus, clearing the path for the subsequent delivery of antibiotics to biofilms or gene 
therapeutics to the epithelium. This strategy addresses the heterogeneity of the lung microenvironment, offering a 
significant advantage over conventional separate administrations. 

In brief, this frontier relies on sophisticated nanoplatforms that can co-encapsulate multiple drugs to achieve 
synergistic effects against concurrent CF pathologies. And we can infer a key message: the application of 
nanotechnology in multi-drug delivery represents the culmination of CF treatment approaches and points toward future 
development directions. 

3. Conclusions 

Emerging nanotechnologies play an unparalleled role in the treatment of CF. With the assistance of nanotechnology, 
conventional therapeutic agents have achieved significant enhanced therapeutic efficacy by overcoming key barriers in 
CF management, such as designing various mucus-penetrating particles (MPPs) and modifying the nanoparticles with 
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different surface modifications to achieve better mucus penetration. Besides, by the use of nanocarriers such as LNPs 
and polymeric nanoparticles, the stability and capacity for cellular penetration of mRNA delivery have undergone a 
substantial elevation. To combat recalcitrant bacterial infections, a nanocarrier-mediated delivery of antimicrobial 
agents enables efficient disruption of obstacles, including biofilms, and consequently enhances the therapeutic efficacy. 
Furthermore, based on existing multi-drug nanomedicine for other diseases, we can infer that multi-drug delivery via 
nanocarrier-based systems holds substantial promise for cystic fibrosis therapy and will undoubtedly be realized. In the 
future, the integration of these nanoparticles with pulmonary drug delivery devices for the development of inhalable 
formulations, the realization of industrial-scale production of these nanoformulations, and the accelerated advancement 
of clinical trials will hold profound clinical significance. This opinion paper provided valuable insights for the 
development of novel CF therapies and innovative nanoformulations. 
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