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Abstract 

Cystic fibrosis (CF) airway mucus is thick and sticky, which makes it hard for nanoparticles to move and 

deliver drugs effectively. In this study, degradable PLGA nanoparticles were coated with polyethylene 

glycol (PEG) of different molecular weights (2, 5, and 10 kDa) to test their movement and depth of 

penetration in CF-like mucus. The nanoparticles had a uniform size of 150 ± 10 nm and were measured 

using fluorescence recovery after photobleaching (FRAP) and confocal imaging. The PEG (5 kDa) coating 

showed the best results, with a diffusion rate of 1.45 ± 0.12 µm²/s, about 3.8 times higher than that of 

uncoated particles. In a 6-hour test, the particles moved over 70% deeper into the mucus and showed 

much higher uptake by airway cells (P < 0.01). These results show that medium-length PEG chains reduce 

mucus adhesion and help nanoparticles move more easily through dense airway mucus. This work 

provides a practical way to improve drug carriers for CF and other lung diseases with mucus blockage. 

Keywords: PEG coating; PLGA nanoparticles; mucus transport; cystic fibrosis; drug carrier; diffusion; 

airway model 

 

1. Introduction 

Cystic fibrosis (CF) airway mucus forms a dense and adhesive barrier that blocks inhaled 

therapeutics from reaching the epithelial surface. Excessive secretion of mucins, together with 

elevated levels of extracellular DNA and actin, significantly increases viscoelasticity and decreases 

pore size, which collectively hinder nanoparticle mobility [1]. These biophysical constraints restrict 

drug transport to the cell surface, impair absorption, and contribute to persistent infection and 

inflammatory cycles that characterize CF pathology [2]. Poly(lactic-co-glycolic acid) (PLGA) 

nanoparticles are widely explored as inhaled drug carriers because of their biodegradability, 

biocompatibility, and capacity for controlled drug release [3]. Nonetheless, unmodified PLGA 

nanoparticles readily adhere to mucin fibers through hydrophobic and electrostatic interactions, 

resulting in limited diffusion and shallow penetration into CF sputum [4]. Surface grafting with 

polyethylene glycol (PEG) offers an accessible strategy to reduce mucus adhesion. Hydrophilic PEG 

chains can form a steric hydration layer that minimizes contact with mucins and enhances 

nanoparticle movement within the mucus network [5]. Prior studies have shown that PEG-modified 

nanoparticles can improve transport and lung delivery efficiency, although reported outcomes vary 

with PEG chain length, surface density, and coating uniformity [6]. These inconsistencies arise partly 

from the use of artificial or healthy mucus models that do not fully reflect the concentrated, ion-rich 

microenvironment of CF sputum [7]. Moreover, differences in nanoparticle formulation, PEG 

attachment chemistry, and testing methodology complicate direct comparison across studies [8]. 

Advanced analytical methods—such as multiple particle tracking, fluorescence recovery after 

photobleaching (FRAP), and confocal imaging—are now employed to examine nanoparticle 

dynamics in mucus, enabling quantification of both ensemble diffusion and depth-dependent 

penetration [9]. Yet, most investigations assess only a single PEG configuration or rely on non-
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degradable systems, leaving limited understanding regarding how PEG molecular weight influences 

transport performance and subsequent cellular interaction in a CF-like environment [10. Recent work 

further underscores that optimizing the physicochemical architecture of nanocarriers is key to 

overcoming mucus barriers and improving drug delivery efficiency in pulmonary disease [11,12]. 

The study prepared PLGA nanoparticles coated with PEG chains of three molecular weights (2, 

5, and 10 kDa), maintaining a uniform diameter of approximately 150 nm. Using FRAP, we quantified 

nanoparticle mobility, and confocal imaging was applied to evaluate penetration depth and resulting 

uptake in a CF-like mucus model. The work compares the diffusion behavior of different PEG chain 

lengths, establishes the connection between faster diffusion and deeper penetration with enhanced 

cell uptake, and identifies an optimal PEG chain length that balances mobility with mucus interaction. 

Collectively, these results elucidate how PEG architecture governs the transport of degradable 

nanoparticles through CF-like sputum and provide design guidelines for developing efficient inhaled 

drug delivery systems targeting mucus-obstructive lung disease. 

2. Materials and Methods 

2.1. Sample and Model Description 

This study used a simulated cystic fibrosis (CF) mucus model that mimicked the main physical 

and chemical properties of patient sputum. The mixture contained mucin (5% w/v), DNA (2% w/v), 

and actin (0.5% w/v) in phosphate-buffered saline (PBS, pH 7.4), giving a final viscosity of 1.8 ± 0.2 

Pa·s at 25 °C. To validate the model, three CF sputum samples were collected from patients at the 

Shanghai Pulmonary Hospital with ethical approval. All samples were gently homogenized, stored 

at 4 °C, and used within 24 hours. Before testing, each sample was pre-incubated at 37 °C for 1 hour 

to reach steady-state viscosity. 

2.2. Experimental Design and Control Setup 

Poly(lactic-co-glycolic acid) (PLGA) nanoparticles were made by a double-emulsion solvent 

evaporation method. The surfaces were modified with polyethylene glycol (PEG) chains of 2 kDa, 5 

kDa, and 10 kDa using carbodiimide chemistry. Uncoated PLGA nanoparticles were used as controls. 

All particles had an average size of 150 ± 10 nm and a surface charge between –5 mV and –10 mV. 

Three independent batches were tested for each group. Nanoparticles were dispersed in the mucus 

samples at 0.1 mg/mL, and diffusion was tracked for 6 hours at 37 °C. The comparison focused on 

particle diffusion, penetration depth, and uptake by airway epithelial cells. 

2.3. Measurement Methods and Quality Control 

Fluorescence recovery after photobleaching (FRAP) was used to measure particle diffusion. 

Nanoparticles were labeled with fluorescein isothiocyanate (FITC), and fluorescence recovery was 

recorded with a laser confocal microscope (Leica SP8, Germany) over a 10 µm × 10 µm area. The 

diffusion coefficient (D) was obtained by fitting the recovery curve. Penetration depth was 

determined by z-stack confocal imaging to a depth of 200 µm. For cell uptake tests, 16HBE bronchial 

epithelial cells were grown on Transwell membranes and exposed to nanoparticles for 6 hours. All 

tests were repeated three times, and results with more than 5% deviation from the mean were 

removed. Each instrument was calibrated before use, and temperature was controlled at 37 °C during 

measurements. 

2.4. Data Processing and Analytical Formulas 

All data were processed with Origin 2023 and GraphPad Prism 10.0. The diffusion coefficient D 

was calculated as: 

D=
w2

4t1/2
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where w is the radius of the bleached area and t1/2 is the half-time for fluorescence recovery. 

Penetration efficiency P was defined as [13]: 

P=
Id

I0
×100% 

where Id is the fluorescence intensity at a given depth d, and I0 is the surface intensity. One-

way ANOVA followed by Tukey’s test was used to determine differences, and P < 0.05 was 

considered significant. 

2.5. Experimental Conditions and Reproducibility 

All nanoparticle samples were freshly prepared before each experiment to avoid aggregation. 

Particle size and uniformity were checked by dynamic light scattering (Malvern Zetasizer Nano ZS), 

and morphology was observed by transmission electron microscopy (TEM). Blank mucus controls 

were used to confirm fluorescence stability during FRAP tests. Three trained operators repeated all 

measurements under the same temperature (37 ± 0.2 °C) and humidity (50 ± 5%) conditions to ensure 

reproducibility. 

3. Results and Discussion 

3.1. Effect of PEG Chain Length on Nanoparticle Diffusion 

FRAP analysis showed that PEG modification greatly improved the movement of PLGA 

nanoparticles (NPs) in CF-like mucus. The PEG (5 kDa) group reached a diffusion coefficient of 1.45 

± 0.12 µm²/s, about 3.8 times higher than unmodified PLGA. The 2 kDa PEG coating showed 

moderate improvement, while 10 kDa PEG gave no further gain, likely because longer chains 

increased friction. This indicates that a medium-length PEG coating forms a compact hydration layer 

that reduces adhesion without adding excess drag. The trend matches previous findings showing 

that proper PEG coverage increases transport in thick mucus layers [14]. 

 

Figure 1. Diffusion and penetration of PEG-coated PLGA nanoparticles in CF-like mucus. 

3.2. Mucus Penetration and Cellular Delivery 

Confocal depth imaging showed that PEG modification increased particle penetration through 

the mucus layer by more than 70% within 6 hours. The PEG (5 kDa) NPs showed the deepest average 

penetration, followed by 2 kDa and 10 kDa coatings. The higher penetration also led to significantly 

stronger uptake by 16HBE bronchial epithelial cells (P < 0.01). These findings suggest that PEG helps 

nanoparticles overcome the initial adhesion barrier, improving both diffusion and access to target 

cells. This agrees with previous mucus transport studies using similar biosimilar mucus systems, 
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where PEG surface coatings improved deep-layer mobility compared with uncoated PLGA particles 

[15]. 

3.3. FRAP Validation and Consistency Across Methods 

FRAP recovery curves were fitted using the standard spot-FRAP model, giving consistent 

diffusion results across PEG variants [16]. Bleaching radius and recovery half-time remained stable, 

confirming the reliability of the setup. 

 

Figure 2. Diagram of the FRAP system used to measure nanoparticle movement. 

3.4. Comparison with Previous Studies and Practical Significance 

Compared with studies using variable particle sizes or low PEG density, this work used uniform 

150 nm PLGA nanoparticles with controlled surface charge, isolating the effect of PEG chain length. 

The results indicate that PEG (5 kDa) provides the best trade-off between mobility and coating 

stability [17]. High-density PEG coatings prevent adhesion to mucin fibers while maintaining 

moderate drag, improving both short-term diffusion and long-term penetration. Similar findings 

were reported in mucus model studies showing that dense PEG coatings allow efficient transport 

without aggregation [18]. These results provide design guidance for pulmonary nanoparticle systems, 

where optimized PEG coatings can enhance drug delivery efficiency in CF and other mucus-rich 

airway diseases. 

4. Conclusion 

This study explored how PEG coating changes the movement of degradable PLGA nanoparticles 

in cystic fibrosis–like mucus. The results showed that PEG coating, especially with 5 kDa chains, 

clearly increased nanoparticle diffusion, mucus penetration, and cell uptake compared with uncoated 

particles. The PEG (5 kDa) group reached a diffusion rate of 1.45 ± 0.12 µm²/s, about 3.8 times higher 

than the control, and moved more than 70% deeper into the mucus after six hours. These results show 

that a medium-length PEG layer forms a stable water shell that lowers adhesion to mucus while 

keeping good mobility. The findings give a simple and reliable way to improve nanoparticle 

movement in thick mucus and can support the design of better drug carriers for lung diseases such 

as cystic fibrosis and chronic bronchitis. The main limitation of this study is that tests were done in 

model mucus and limited clinical samples. Future work should include more patient data and in vivo 

studies to confirm long-term safety and clearance of PEG-coated particles. 
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