












MUCUS DIFFUSION OF APREMILAST NANOCRYSTALS IN HEALTHY AND CYSTIC FIBROSIS MODELS FOR PULMONARY DRUG DELIVERY
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SUMMARY
The focus of this research is on nanomedicine, particularly for pulmonary drug delivery, where both the limited aqueous solubility of many drugs and the barrier function of mucus pose major formulation challenges. Apremilast (APR), a poorly water-soluble phosphodiesterase‑4 inhibitor with therapeutic potential for cystic fibrosis (CF), requires a formulation that increases solubility and allows diffusion through mucus. The central research question is therefore whether APR nanocrystals (NCs) diffuse through healthy and CF like mucus models and which NC formulation and mucus related parameters determine this diffusion. Accordingly, this research aims to prepare and characterise APR NCs, establish healthy and CF mucus models and evaluate NC transport across these barriers.
APR NCs are produced via miniaturized wet bead milling (WBM) and stabilized with Lutrol F127 (Lut), sodium cholate (NaChol) or NaChol combined with chitosan HCl (Chit). The NCs are characterized by particle size, polydispersity, zeta potential (ZP) and structural integrity. All formulations yield mean particle sizes below 250 nm, well within the required 200–400 nm range and FT‑IR confirming preservation of the APR structure. After one month of storage at 4 °C, small particle size increases are observed for APR‑NaChol and APR‑Chit‑NaChol. The ZP reflects the used stabilizer and indicates moderately stable dispersions. Healthy and CF mucus models with and without mucin are developed and validated via rheology, showing shear‑thinning and viscoelastic behaviour characteristic of airway mucus. CF models display higher viscosities and moduli than healthy models, consistent with reported airway mucus properties in the literature. Diffusion of APR NCs through the mucus models is assessed using Franz cells and quantified by HPLC. Across all mucin‑containing models, the permeation of the three APR‑NC formulations after 6 h is consistently 14–40% lower than in the corresponding mucin‑free variants, indicating that the presence of mucin creates a more restrictive and physiologically realistic diffusion barrier. For the CF model with mucin, APR-Lut shows the highest permeation after 6 h, reaching approximately 50% drug diffusion, APR‑NaChol exhibits a very similar permeation level and APR‑Chit‑NaChol displays clearly lower permeation.
This study emphasizes that WBM enables control over the particle size and surface composition of NCs, with the stabilizer contributing to the resulting surface properties and thereby the extent of mucus diffusion. A suitable stabilizer must create a muco inert, sterically hydrated and neutral surface that minimizes electrostatic and hydrophobic interactions with mucin. This research also confirms the value of alginate/mucin hydrogels as a reproducible platform for early‑stage screening of mucus transport. Future work includes long‑term stability studies and additional surface modifications of the NCs, as well as the incorporation of more CF‑specific components into the mucus models.

SAMENVATTING
Dit onderzoek focust op nanogeneeskunde, in het bijzonder voor pulmonale geneesmiddeltoediening, waarbij zowel de beperkte wateroplosbaarheid van veel geneesmiddelen als de barrièrefunctie van mucus belangrijke formulatie uitdagingen vormen. Apremilast (APR), een slecht wateroplosbare fosfodiësterase‑4 inhibitor met therapeutisch potentieel voor cystic fibrosis (CF), vereist een formulering die de oplosbaarheid verhoogt en diffusie door mucus mogelijk maakt. De centrale vraag is of APR‑nanokristallen (NCs) diffunderen door gezonde en CF-mucusmodellen en welke formulatie‑ en mucusgerelateerde parameters deze diffusie bepalen. Hiervoor beoogt dit onderzoek de ontwikkeling en karakterisering van APR‑NCs, het formuleren van gezonde en CF‑mucusmodellen en de evaluatie van APR NC‑transport doorheen deze barrières.
APR NCs worden geproduceerd via geminiaturiseerde natte kogelmaling (WBM) en gestabiliseerd met Lutrol F127 (Lut), natriumcholaat (NaChol) of NaChol gecombineerd met chitosan HCl (Chit). De NCs worden gekarakteriseerd op deeltjesgrootte, polydispersiteit, zeta‑potentiaal (ZP) en structurele integriteit. Alle formuleringen leveren gemiddelde deeltjesgroottes onder 250 nm, ruim binnen het vereiste bereik van 200–400 nm en FT‑IR bevestigt dat APR zijn structuur behoudt. Na één maand opslag bij 4 °C worden kleine deeltjesgroottetoenames gezien voor APR‑NaChol en APR‑Chit‑NaChol. De ZP weerspiegelt de gebruikte stabilisator en duidt op matig stabiele dispersies. Gezonde en CF‑mucusmodellen met en zonder mucine worden ontwikkeld en gevalideerd via reologie. Shear‑thinning en visco‑elastisch gedrag wordt waargenomen, kenmerkend voor luchtwegmucus. CF‑modellen vertonen hogere viscositeiten en moduli dan gezonde modellen, conform met literatuurgegevens. De diffusie van APR‑NCs door de mucusmodellen wordt beoordeeld met Franz‑cellen en gekwantificeerd via HPLC. In alle mucinebevattende modellen is de permeatie van de drie APR‑NC‑formuleringen na 6 u consequent 14–40% lager dan in de mucinevrije varianten, wat aangeeft dat mucine een meer restrictieve en fysiologisch realistische diffusiebarrière vormt. In het CF-model met mucine vertoont APR‑Lut de hoogste permeatie na 6u, waarbij ongeveer 50% geneesmiddeldiffusie wordt bereikt, APR‑NaChol vertoont een zeer vergelijkbaar niveau en APR‑Chit‑NaChol vertoont duidelijk minder permeatie.
Dit onderzoek benadrukt dat WBM de controle over deeltjesgrootte en oppervlaktesamenstelling van NCs mogelijk maakt, waarbij de stabilisator de uiteindelijke oppervlakte‑eigenschappen en daarmee de mucusdiffusie bepaalt. Een geschikte stabilisator moet een muco‑inert, sterisch gehydrateerd en neutraal oppervlak creëren dat elektrostatische en hydrofobe interacties met mucine minimaliseert. Dit onderzoek bevestigt de waarde van alginaat/mucine hydrogels als reproduceerbaar platform voor vroege screening van mucustransport. Toekomstig werk omvat langetermijn stabiliteitsstudies, extra oppervlaktemodificaties van NCs en de incorporatie van meer CF‑specifieke componenten in de mucusmodellen.
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ABBREVIATIONS
	ACN:
	Acetonitrile 

	alg:
	Alginate

	API:
	Active pharmaceutical ingredient

	APR:
	Apremilast

	cAMP:
	Cyclic adenosine monophosphate

	CCL:
	C‑C motif chemokine ligand

	CF:
	Cystic fibrosis 

	CFTR:
	Cystic fibrosis transmembrane conductance regulator

	Chit:
	Chitosan

	CXCL:
	C‑X‑C motif chemokine ligand

	DDS:
	Drug delivery systems

	DLS:
	Dynamic light scattering

	EDL:
	Electric double layer

	ELS:
	Electrophoretic light scattering

	FT-IR:
	Fourier Transform Infrared

	G’:
	Storage modulus

	G’’:
	Loss modulus

	GDL:
	Gluconic acid δ‑lactone

	HPH:
	High-pressure homogenization

	HPLC:
	High performance liquid chromatography

	IL:
	Interleukin

	Lut:
	Lutrol F127

	LVR:
	Linear viscoelastic region

	NaChol:
	Sodium cholate hydrate

	NCs:
	Nanocrystals

	NP:
	Nanoparticle

	PBS:
	Phosphate‑buffered saline 

	PDE4:
	Phosphodiesterase 4 

	PEG:
	Polyethylene glycol

	PEO:
	Poly (ethylene oxide)

	SD:
	Standard deviation

	TNF‑α:
	Tumor necrosis factor‑alpha 

	WBM:
	Wet bead milling

	ZP:
	Zeta potential
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A drug delivery system (DDS) is a formulation or device designed to administer a drug in a controlled, safe and effective manner. DDS were originally developed to address issues such as rapid drug degradation, low solubility, poor bioavailability and toxicity from solubilizing agents. Traditional dosage forms like tablets, capsules and solutions rely on natural absorption processes and offer limited control over the site and rate of drug release, often resulting in variable exposure, reduced therapeutic efficacy and off‑target effects. Parenteral administration provides faster and more accurate dosing but is invasive and less patient‑friendly during long‑term treatment. The need for improved control over pharmacokinetics and pharmacodynamics therefore drove the development of modern DDS [1]. Early innovations such as enteric coatings and sustained‑release formulations enabled controlled drug release, improving stability, adherence and safety. However, many drugs particularly poorly soluble compounds remained difficult to formulate using conventional approaches [2].
This issue is highly significant in current pharmaceutical development, as up to 40% of marketed drugs and as many as 70–90% of drug candidates under development show poor water solubility [3]. This leads to limited oral bioavailability, as insufficient dissolution in the gastrointestinal tract restricts systemic absorption. Traditional solubility‑enhancing approaches such as surfactants, cosolvents, cyclodextrins or micronization often provide only modest improvements and may introduce issues such as toxicity, instability or formulation constraints. More advanced formulation strategies, including amorphous solid dispersions, salt formation, complexation, emulsions and liposomes, offer broader possibilities but are often limited by structural requirements, processing complexity or insufficient performance. As a result, poorly soluble drugs frequently require high doses to achieve therapeutic plasma concentrations, increasing the risk of adverse effects and contributing to a high pill burden for the patient [4].
These limitations have led to the early abandonment of many promising molecules and accelerated the shift toward nanomedicine, where nanoscale technologies aim to improve the efficiency and selectivity of drug delivery. Within this field, nanocrystals (NCs) have emerged as a particularly promising and versatile strategy [5]. If poorly soluble drugs such as apremilast (APR) were to be formulated for future pulmonary delivery, limited dissolution in the airway lining fluid would pose an additional barrier. NCs are therefore of interest for aerosol applications because their reduced particle size can enhance dispersion and dissolution in the lungs.
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Reducing drug particles size is a commonly adopted strategy used to enhance the dissolution rate of poorly soluble drugs. This process increases the surface-to-volume ratio, allowing smaller particles to dissolve more rapidly and thereby improving both the rate and extent of absorption. The Noyes–Whitney equation, shown in Equation 1.1, quantitatively describes the dissolution rate of a solid in a liquid and is expressed as:

Where:
dCt/dt	= dissolution rate (mol/L·s)
D	= diffusion coefficient (m2/s)
A	= surface area of the exposed drug (m2)
h	= thickness of the boundary layer (m)
V	= volume of the dissolution medium (m3)
Cs	= saturation solubility (mol/L)
Ct	= drug concentration at time t (mol/L)
This equation shows that the dissolution rate indeed increases with a larger surface area, concentration gradient () and diffusion coefficient [1]. For extremely poorly soluble drugs, those with a solubility below 1 mg/mL, the increase in dissolution rate by micronization is often insufficient to achieve high bioavailability. Consequently, formulation strategies have evolved from micronization to nanonization. Reducing particle size to the nanometre range markedly increases dissolution rate and saturation solubility, both of which are critical for improving bioavailability [5]. NCs are such nanosized drug particles, generally ranging from 10 to 1000 nm, that are formulated as colloidal dispersions, also known as nanosuspensions. Because their smaller particle sizes, NCs have a much larger total surface area which according to the Noyes–Whitney equation leads to an increased dissolution rate [1]. Nanosuspensions consist of pure nanosized drug particles and are stabilized with minimal amounts of surfactants, polymers or a combination thereof, which prevent the particles from growing back into micrometre-sized crystals [2].
NCs differ from other nanoparticulate systems in that they do not require a carrier, thereby minimizing carrier-related toxicity and enabling a very high drug loading [4]. NC formulations offer a safer and more efficient alternative to traditional approaches that rely on potentially toxic cosolvents [5]. Unlike many other DDS, NCs do not require chemical modification of the drug, thereby preserving its pharmacological activity. NC technology is broadly applicable, as many poorly soluble drugs can be converted into NCs, although the efficiency of NC production still depends on the physicochemical properties of the active pharmaceutical ingredient (API). The resulting nanosuspensions can be processed into various dosage forms, including oral tablets, capsules and injectable formulations and can be scaled up for industrial production [5].
In Table 1.1, a few examples of marketed NC products are highlighted to show how this technology has been applied in practice. These products demonstrate improved solubility, bioavailability and patient compliance, particularly for drugs with low oral doses or narrow absorption windows. 
Table 1.1. Overview of current state of development of drugs using NC technology [4][6].
	Tradename
	Drug
	Indication
	Company
	Status

	Rapamune
	Rapamycin
	Immunosuppressive
	Wyeth
	marketed

	Emend
	Aprepitant
	Anti emetic
	Merck
	marketed

	Tricor
	Fenofibrate
	Hypercholesterolemia
	Abbott
	marketed

	Invega Sustenna
	Paliperidone palmitate
	Antipsychotic
	Janssen
	marketed
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NCs are manufactured primarily through two distinct approaches: top-down and bottom-up methods. Top-down methods involve breaking down larger solid particles into nanosized particles through mechanical processes. Techniques like wet bead milling (WBM), high-pressure homogenization (HPH) and micro fluidization are fundamental to this approach. ‘Bottom-up methods, such as antisolvent precipitation, involve forming particles from the molecular level. While offering versatility in terms of potential particle engineering, these methods often face challenges in controlling particle growth and require complex process optimization. Solvent removal and limited solubility of certain drugs in both aqueous and organic media further complicate the process. As a result, bottom-up approaches have not gained widespread adoption in the pharmaceutical industry in contrast to top-down methods’ [1].
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WBM is the most widely used top‑down method to produce NCs. In this technique, the API, stabilisers and water are added to a milling chamber containing small hard beads such as glass, zirconium oxide or polystyrene. When the beads rotate at high speed, the resulting shear and impact forces gradually reduce the drug particles to the nanoscale. The process can take several hours to days, depending on the hardness of the API, the desired particle size and the intended route of administration. Under optimal conditions, WBM produces a fine nanosuspension with a narrow particle size distribution and minimal batch-to-batch variation. Key process parameters include the amount of API, the number of beads, the temperature and the milling speed and time. These factors must be carefully balanced to maximize particle size reduction while minimizing unwanted aggregation. Excessive amounts of API, prolonged milling or overly high speeds increase the likelihood of particle collisions and agglomeration. WBM is applicable to many poorly soluble drugs and can be scaled from millilitres to litres. However, its disadvantages include long processing times, high energy consumption and the risk of contamination due to bead wear [5]. 
In early formulation development, systematic screening of formulation and milling parameters can be time‑consuming and require significant amounts of API, which is often scarce. To address this, a miniaturized WBM setup can be employed. This simple, low‑cost system consists of two or three magnetic stirring bars placed inside a small glass vial containing the drug suspension, stabilisers and milling beads, which is then agitated on a standard magnetic stirring plate. This setup allows production of NCs in very small volumes, using only milligram quantities of drug (≈5–50 mg), while still enabling assessment of milling kinetics, stabilizer optimization and achievable particle size. The use of such a miniaturized system reduces material consumption, experimental cost and time while still providing reliable data on formulation performance [7]. Such a miniaturized WBM will be employed throughout this study to produce APR NCs.
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During WBM, the drug is milled into NCs that consist solely of the pure API, making them fully carrier‑free. This nanosizing creates new interfaces between the solid drug particles and the liquid medium, leading to an increase in Gibbs free energy. As a result, a nanosuspension is thermodynamically unstable: the particles tend to agglomerate or undergo Ostwald ripening to reduce their total interfacial energy. Without stabilizers, the produced NCs would rapidly aggregate and grow again, resulting in the loss of the desired nanoscale size [8]. The addition of stabilizers is essential to overcome this instability. Stabilizers do not act as carriers but adsorb onto the crystal surface to form a protective layer that wets the hydrophobic drug particles, increases the activation energy for agglomeration and prevents particle growth and aggregation, thereby maintaining a stable dispersion. Depending on their nature, stabilizers provide either electrostatic repulsion, steric hindrance or a combination of both [6]. 
In this study, the NCs are prepared following the methodology described by Parmar and Bansal [9]. The NCs are stabilized using Poloxamer 407 (Lutrol F127, further denoted as Lut), sodium cholate hydrate (further denoted as NaChol) and a combination of sodium cholate hydrate with low‑molecular‑weight chitosan HCl (further denoted as NaChol-Chit). Each of these stabilizers contributes to the physical stability of the nanosuspension through a distinct mechanism. Poloxamer 407, a non‑ionic triblock copolymer, provides steric stabilization by forming a hydrated polymer layer around the NC surface, which prevents close particle–particle contact and thereby reduces aggregation and Ostwald ripening. Sodium cholate, an anionic bile salt, stabilizes the NCs primarily through electrostatic repulsion: Its adsorption onto the particle surface imparts a negative charge that keeps the particles dispersed. When sodium cholate is combined with low‑molecular‑weight chitosan HCl, a dual stabilization mechanism is achieved. Sodium cholate introduces electrostatic repulsion, while chitosan forms a thin polymeric coating that adds steric hindrance. 
The effectiveness of stabilizers is closely related to both their physicochemical properties and the surface characteristics of the API. Specific interactions between the stabilizer and the drug surface are crucial for successful nanosuspension formation. Factors such as matching surface energies, molecular weight, solubility, melting point and functional groups play an important role. Additionally, the adsorption morphology of the stabilizer on the particle surface influences the ultimate stability of the nanosuspension [8]. Because not all APIs are suitable for nanosuspensions, early identification of compatible stabilizer–API combinations are essential. The stabilizer largely determines whether critical quality attributes such as particle size distribution, zeta potential (ZP), crystallinity and storage stability can be achieved. A well‑selected stabilizer is therefore crucial for forming and maintaining stable NCs during WBM [6,10,11]. 
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APR, shown in Figure 1.1 is indicated for the treatment of active psoriatic arthritis in adults. Psoriatic arthritis is a chronic, immune-mediated inflammatory disease that affects the joints and entheses and is often accompanied by psoriasis of the skin and nails. It results from a complex interaction of genetic factors, environmental triggers and dysregulated immune pathways, leading to joint inflammation, bone erosion and a range of extra-articular manifestations [12]. APR is an orally available small molecule that inhibits the activity of phosphodiesterase 4 (PDE4). PDE4 is an intracellular enzyme primarily expressed in immune cells and is responsible for the hydrolysis of cyclic adenosine monophosphate (cAMP). Inhibition of PDE4 leads to the accumulation of cAMP and results in a decreased production of pro-inflammatory cytokines such as TNF-α, IL-2, IL-8, IL-12, IL-23, CXCL9, CXCL10, CCL4, interferon-gamma and leukotriene B4, while the production of the anti-inflammatory cytokine, IL-10 is increased. The exact mechanism by which APR exerts its therapeutic effect is not yet fully understood [13].
[image: Fig. 1]
Figure 1.1. Molecular structure of apremilast (molar mass: 460.50 g/mol) [14].
[bookmark: _Toc223444460]In recent years, research has begun exploring the potential of APR beyond its approved indications, particularly in the context of airway diseases. One research direction focuses on its relevance for cystic fibrosis (CF). Current treatment of CF relies on a combination of cystic fibrosis transmembrane conductance regulator (CFTR) modulators, mucus‑targeting therapies and chronic antibiotic management. CFTR modulators such as elexacaftor, tezacaftor, ivacaftor have significantly improved clinical outcomes by partially restoring chloride transport, while agents like hypertonic saline and dornase alfa reduce mucus viscosity and enhance airway clearance [15]. Anti‑inflammatory therapies are also part of current CF care, but their effects remain modest and nonspecific. Options such as azithromycin, ibuprofen or corticosteroids provide modest immunomodulation but are restricted by safety concerns and lack of targeted efficacy [16,17]. Because CF airways are characterized by excessive neutrophilic inflammation, there remains a clear need for safe and selective anti‑inflammatory agents. Experimental work in CF animal models has shown that APR can rebalance dysregulated inflammatory responses during Pseudomonas aeruginosa infection, reducing excessive neutrophilic inflammation, preserving epithelial integrity and avoiding increases in bacterial burden. These findings highlight the drug’s potential to modulate the chronic inflammatory environment characteristic of CF airways [18,19]. 
Parallel research has examined whether APR could be reformulated for pulmonary administration. Investigators have demonstrated that APR can be converted from an oral tablet into an aerosolizable form suitable for nebulization, suggesting that inhaled delivery may be a feasible future route for targeting airway inflammation directly. Together, these developments indicate growing scientific interest in APR as a therapeutic candidate for inflammatory lung diseases, including CF [20]. 
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For poorly soluble drugs such as APR, which has an aqueous solubility of 10–14.5 μg/mL, NCs represent a particularly attractive platform [21]. NCs offer a scientifically robust and industrially feasible DDS capable of markedly improving solubility. In this study, NCs are therefore investigated as a potential DDS for APR, with specific attention to their suitability for pulmonary administration. Although NCs offer clear advantages in terms of solubility enhancement and formulation flexibility, it remains unknown whether they can effectively penetrate mucus barriers. This question is especially relevant for the highly viscoelastic and adhesive mucus characteristic of CF, a disease that is further marked by chronic airway inflammation. Because APR exerts anti‑inflammatory activity, delivering it as NCs to the lungs may help counteract this inflammatory component. This study therefore aims to determine whether APR NCs can traverse such mucus environments. 
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The human body is continuously exposed to environmental threats. To protect against potentially harmful agents, all wet epithelial surfaces are covered by a layer of mucus. Mucus functions as a protective biological barrier that selectively regulates the passage of gases, nutrients, pathogens and environmental pollutants. At the same time, it represents a significant obstacle for drug delivery. For a pharmacological treatment to be effective, drug molecules must be able to diffuse through the mucus layer; otherwise, they are cleared before exerting their therapeutic effect. Mucus transport is governed by its physicochemical properties, including chemical composition, ionic strength, structural organization and viscoelasticity, while drug‑specific factors such as particle size, concentration and surface charge critically determine diffusion through the mucus layer[22].
Mucus consists of approximately 95% water, while the remaining 5% is composed of electrolytes, lipids, DNA fragments and proteins. Retaining such a large amount of water while preserving its gel-like properties requires a strong yet flexible structural framework, a role fulfilled by mucins. Mucins are long, high–molecular weight polymeric glycoproteins (approximately 640 kDa) composed of a peptide backbone densely decorated with carbohydrate side chains (glycans). Up to 80% of their total mass arises from O-glycosylated oligosaccharide chains, which provide extensive hydration and structural stability to the mucus network [23].
Mucus impedes drug diffusion through two main mechanisms: steric and interactive filtering. Steric hindrance originates from the mesh‑like mucin network, which traps particles whose dimensions exceed the 0.2–1 µm mesh size of healthy airway mucus [24]. Molecules small enough to enter the mucin network may still be retained through interactive filtering, driven by chemical interactions with mucus components. The highly glycosylated regions of mucins expose negatively charged sialic acid residues, enabling electrostatic interactions and hydrogen bonding with polar or charged molecules. In contrast, cysteine-rich, glycan-free domains of mucins form hydrophobic regions that can interact with lipophilic drugs [23].
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Mucus composition and structure vary considerably under physiological and pathological conditions and changes in chemical makeup, crosslinking density and mesh size directly affect its viscosity, elasticity and permeability. These alterations strongly influence drug diffusion and clearance. In diseases such as CF, the composition and structure of mucus are profoundly altered. CF is a genetic disorder caused by the loss of function of the CFTR protein. This leads to dehydrated, abnormally thick and viscous mucus due to impaired chloride and bicarbonate transport and chronic inflammation. CF mucus comprises a dense polymeric network of mucins, albumin, extracellular DNA, elevated calcium ions and alginate (alg) produced by Pseudomonas aeruginosa. Structurally, this mucus forms a thick gel layer (50–400 μm) with a significantly smaller mesh size (60-300 nm) compared to healthy mucus, leading to increased viscosity and pronounced viscoelastic behaviour [25,26]. These features severely hinder drug diffusion and mucus clearance while promoting bacterial colonization [23,27]. Reducing APR particle size through NC formation aims to maintain diffusion under these conditions, making mucus diffusion studies essential for evaluating APR‑NC transport across the mucus barrier.
[bookmark: _Toc229495043][bookmark: _Toc230361234][bookmark: _Toc223444464]CURRENT APPROACHES IN DRUG SCREENING CONSIDERING MUCUS DIFFUSION
[bookmark: _Toc229495044][bookmark: _Toc230361235]Limitations of existing in vitro drug screening models
The development of in vitro models that accurately replicate pulmonary pathological mucus has become an essential component of modern drug discovery, particularly for diseases such as CF. Traditional drug screening platforms including artificial membranes such as parallel artificial membrane permeability assay, cell-based systems such as A549 cells and tissue-specific models generally do not take mucus into account. Consequently, these approaches provide only limited insight into drug diffusion through this critical biological barrier [28–31]. Reproducing the natural assembly of mucins into a functional mucus gel remains a major challenge. Although this gel structure is essential for mimicking the biological behaviour of native mucus, commercially available mucins such as porcine gastric mucin and bovine submaxillary mucin fail to form hydrogels at physiological pH or concentrations, likely due to processing steps that disrupt their natural gel‑forming capacity. This severely limits their usefulness as models of natural mucus. Artificial covalent crosslinking strategies such as acrylate‑ or glutaraldehyde mediated bonds can induce gel formation, but these chemistries do not reflect the thiol‑mediated interactions that stabilize mucin networks in vivo, restricting their biological relevance. Although purification methods that preserve natural gel‑forming properties exist, such as isolating mucins from porcine stomach scrapings or collecting mucus from tissue culture models, these approaches rely on specialized, low‑yield procedures that limit scalability and widespread use. A significant unmet need therefore remains for enabling gel formation from crude, partially purified mucins that are readily available in large quantities from commercial suppliers [32].
[bookmark: _Toc229495045][bookmark: _Toc230361236]Advantages of artificial mucus systems
To bridge this gap, a variety of mucus‑based models has been developed, including mucin solutions and gels, multilayered polyelectrolyte films, glycopolymer systems and cell culture models incorporating airway mucus or mucus‑producing cells such as Calu‑3 airway epithelial cells. Additional approaches, such as phospholipid vesicle‑based permeation assays, have been designed to evaluate drug permeability. While these models replicate selected chemical or structural features of mucus, they often fail to capture the steric mesh architecture and viscoelastic properties of CF mucus. Some systems also rely on exogenous components that may introduce non‑physiological interactions and alter drug behaviour [30].
Recent advances have introduced modular hydrogel systems composed of mucin and alginate, which better mimic the chemical composition, structural organization and viscoelastic behaviour of healthy and CF mucus. The degree of alginate crosslinking with calcium ions allows precise control over gel stiffness and mesh size, while the overall composition including mucin, alginate, NaCl and Ca²⁺ is tuned to reflect physiologically and pathophysiological relevant conditions. These hydrogels provide a more reproducible and biologically relevant platform for studying drug transport through mucus, offering significant advantages in early‑stage drug discovery. By enabling improved predictions of drug behaviour under physiological and pathological conditions, these models reduce reliance on patient‑derived samples and facilitate the identification of promising drug candidates more efficiently [22,23]. In this study, alginate/mucin hydrogels were developed to mimic the physicochemical properties of airway mucus.
[bookmark: _Toc229495046][bookmark: _Toc230361237]Alginate‑based hydrogels as mucus mimics
Hydrogels are three‑dimensional, crosslinked networks of hydrophilic polymers that absorb substantial amounts of water or biological fluids. This absorption causes the material to swell while maintaining its structural integrity, allowing the network to remain intact without dissolving. A widely used hydrogel‑forming polymer is alginate, a seaweed‑derived polysaccharide composed of β‑D‑mannuronic acid (M) and α‑L‑guluronic acid (G) residues. These are arranged in homopolymeric blocks of G or M, as well as heteropolymeric MG‑blocks and this block distribution strongly influences the gelation behaviour and mechanical properties of the resulting hydrogel [33–35]. 
Alginate hydrogels are formed through ionotropic gelation, where divalent cations such as Ca²⁺, Sr²⁺ or Ba²⁺ replace sodium ions on guluronic acid residues and crosslink the α‑L‑guluronic blocks into a three‑dimensional network. While alginic acid is insoluble, monovalent alginate salts dissolve readily in water [34,35]. The rate and uniformity of gelation depend strongly on the nature of the crosslinking ion. Calcium ions in CaCl₂ induce rapid and often difficult‑to‑control gelation, because CaCl₂ is highly soluble in water and releases Ca²⁺ quickly into solution. In contrast, calcium sulphate and calcium carbonate dissolve more slowly, extending the gelation time and promoting more uniform network formation. Lower temperatures further slow Ca²⁺ reactivity. Gelation itself involves the progressive interconnection of macromolecular chains. Initially, this produces a branched but still soluble polymer known as a sol. Continued crosslinking eventually yields an infinite polymer network, a gel, with reduced solubility. This transformation from sol to gel is referred to as the sol‑gel transition or gelation [35]. 
[bookmark: _Toc229495047][bookmark: _Toc230361238][bookmark: _Toc223444465]MEASURING DIFFUSION USING ARTIFICIAL MUCUS MODELS
Artificial mucus models enable the assessment of diffusivity of active compounds. To effectively measure diffusion, the Franz diffusion cell remains widely used, as it provides a well‑controlled donor–receiver compartment system that allows quantification of permeation under steady‑state conditions. The Franz diffusion cell is attractive due to its standardized geometry, ease of sampling and suitability for comparing formulations. It also allows precise control of concentration gradients, temperature and mixing, enabling diffusion studies under physiologically relevant conditions. As an in vitro release method, it provides an essential intermediate step between formulation development and in vivo testing [21]. Beyond Franz diffusion cells, NC passage through mucus can also be assessed using in vitro systems designed for mucus‑mediated transport [23]. Transwell diffusion inserts allow quantification of particle passage across a defined mucus layer deposited on a permeable membrane, while synthetic mucus barrier arrays enable high‑throughput screening of nanoparticle (NP) mobility across multiple standardized mucus spots [27]. Microfluidic mucus‑on‑chip platforms introduce dynamic flow and disease‑specific mucus environments, providing a more physiologically relevant assessment of transport under shear [36]. In addition, particle‑scale techniques such as multiple particle tracking and fluorescence recovery after photobleaching offer direct measurement of nanoscale mobility within the mucin network [37]. Together, these approaches represent possible alternatives to Franz cells for characterizing NC diffusion through mucus. 
[bookmark: _Toc223444422][bookmark: _Toc223444441]

[bookmark: _Toc229495048][bookmark: _Toc230361239]OBJECTIVES
The development of effective drug delivery systems for poorly water‑soluble drugs remains a major challenge in contemporary pharmaceutical sciences. A large proportion of new chemical entities exhibit low aqueous solubility, resulting in insufficient dissolution, poor bioavailability and the need for high oral doses that increase the risk of adverse effects. Nanocrystal (NC) technology has emerged as a promising strategy to address these limitations by reducing drug particles to the nanometer scale, thereby increasing their surface area, dissolution rate and apparent solubility. Because NCs consist almost entirely of pure drug and require only minimal amounts of stabilizers, they offer high drug loading, broad applicability and industrial scalability. These advantages make NCs particularly suitable for drugs with extremely low water solubility such as apremilast (APR), a phosphodiesterase‑4 inhibitor.
Although APR is currently approved for psoriatic arthritis, recent studies have highlighted its potential in inflammatory airway diseases, including cystic fibrosis (CF). In CF animal models, APR has been shown to modulate excessive neutrophilic inflammation without increasing bacterial burden, suggesting that it may be beneficial when delivered directly to the lungs. However, the feasibility of pulmonary administration depends critically on the ability of the drug formulation to cross the airway mucus barrier. Airway mucus is a complex, viscoelastic hydrogel composed of mucins, ions, lipids, DNA and proteins. Its mesh‑like structure and biochemical heterogeneity impose both steric and interactive constraints on drug diffusion. This barrier is substantially intensified in CF, where mucus becomes dehydrated, hyper viscous and densely crosslinked due to impaired ion transport and chronic inflammation. CF mucus exhibits a significantly reduced mesh size and increased elasticity, which severely hinder the penetration of NCs. Whether APR NCs can effectively diffuse through such pathological mucus remained to be evaluated.
This gap in knowledge forms the central question addressed in this dissertation. Traditional in vitro drug screening platforms rarely incorporate mucus and commercially available mucins do not reproduce the gel‑forming properties of native mucus. As a result, current models fail to predict the behaviour of NCs in the pulmonary environment. There is therefore a clear need for synthetic mucus systems that accurately mimic the rheological and structural characteristics of both healthy and CF mucus, enabling a more realistic assessment of NC transport. Understanding whether APR NCs can penetrate these mucus barriers is essential for evaluating their suitability for pulmonary delivery and for guiding future formulation development.
The overall goal of this study is therefore to determine whether APR NCs can diffuse through physiologically and pathophysiological mucus environments and to identify the factors that govern their transport. To achieve this, the study integrates NC formulation and physicochemical characterisation, the development and rheological characterisation of healthy and CF mucus models and diffusion studies assessing NC transport through these mucus barriers into a coherent experimental framework.
To achieve this overall goal the first objective is to produce APR NCs using a miniaturized wet bead milling approach and to stabilize the produced NCs with three distinct excipient systems: Lutrol F127, sodium cholate and a sodium cholate/low‑molecular‑weight chitosan HCl combination. These stabilizers were previously selected because they provide steric, electrostatic or combined electrostatic stabilization, which may influence both NC stability and mucus interactions. The resulting nanosuspensions are characterized in terms of particle size, polydispersity, zeta potential and structural integrity to ensure that they are suitable for diffusion experiments and that batch‑to‑batch variability is minimized. This objective also includes assessing NC stability after one month of storage at 4 °C, to ensure that the formulations retain their physicochemical properties over time and remain suitable for diffusion experiments.
The second objective is to develop synthetic mucus models that mimic the viscoelastic properties of healthy and CF airway mucus. These models are based on alginate/mucin hydrogels formed through internal gelation using calcium carbonate and gluconic acid δ‑lactone. By adjusting mucin concentration and calcium levels, which determine the crosslinking density, it becomes possible to reproduce the distinct rheological features of physiological and pathological mucus. Rheological measurements are used to determine viscosity profiles, shear‑thinning behaviour and oscillatory parameters such as storage and loss moduli. These parameters enable validation of the models through comparison with literature data of healthy and CF mucus. This ensures that the hydrogels accurately reflect the mechanical environment encountered by NCs in vivo. The inclusion of models both with and without mucin further allows the contribution of mucin‑specific interactions to be isolated.
The third objective is to evaluate the diffusion of APR NCs through four different types of mucus models using Franz diffusion cells. By quantifying APR permeation through healthy and CF mucus and their mucin‑free counterparts, the study aims to determine how mucus composition, viscoelasticity and stabilizer choice influence NC transport. High‑performance liquid chromatography is used to measure APR concentrations in the receptor compartment over time, enabling the construction of cumulative permeation profiles. These data provide insight into whether NCs can effectively traverse mucus barriers and clarify which mucus‑related parameters determine their diffusion. The results also reveal whether certain stabilizers enhance or hinder mucus penetration, thereby informing future formulation strategies.


[bookmark: _Toc229495049][bookmark: _Toc230361240]MATERIAL AND METHODS
[bookmark: _Toc229495050][bookmark: _Toc230361241]CHEMICALS
[bookmark: _Toc229495051]Acetonitrile (HPLC Isocratic grade), a light‑sensitive solvent, is obtained from VWR Chemicals (Milan, Italy, 20048.320) and is stored in amber glass to prevent photodegradation. Alginic acid sodium salt (180947‑100G), calcium carbonate (239216‑100G), D‑(+)-Gluconic acid δ‑lactone (GDL) (G4750‑100G), monopotassium phosphate (P9791‑500G) and sodium cholate hydrate (C1254‑25G) are purchased from Sigma Aldrich (Milan, Italy). Apremilast, supplied by Henan Tianfu Chemical Co. (Zhengzhou, China, 3523), is light‑sensitive and is stored at 4 °C. Disodium phosphate is purchased from VWR Chemicals (Milan, Italy, 0404‑500G). Double‑distilled water is produced in‑house using a Milli‑Q purification system equipped with Elix Technology, a Q‑POD dispenser and a 0.22 µm Millipak Express 40 filter. Formic acid 99% is obtained from Carlo Erba (Cornaredo (MI), Italy, 405792). Low‑molecular‑weight chitosan hydrochloride is purchased from Heppe Medical GmbH (Halle, Germany, 43001). Methanol (analytical grade) is obtained from Sigma Aldrich (Milan, Italy, 32213‑1L). Mucin from porcine stomach, Type III, bound sialic acid 0.5-1.5%, partially purified powder, is purchased from Sigma Aldrich (Milan, Italy, M1778‑10G) and stored at 4 °C. Poloxamer 407 (Lutrol F127), is purchased from BASF Chem Trade GmbH (Berlin, Germany) and is provided as a white powder. Sodium chloride is obtained from Carlo Erba (Cornaredo (MI), Italy, 479687). Yttrium–zirconium beads (0.2–0.3 mm), used for WBM, are purchased from Chemco (Suzhou, China, batch 2002110).
[bookmark: _Toc230361242]NANOCRYSTAL PREPARATION
APR NCs are prepared by WBM. Three different stabilizer systems are considered: Lutrol F127 (Lut), sodium cholate hydrate (NaChol) and a combination of sodium cholate with low‑molecular‑weight chitosan HCl (NaChol-Chit). For each formulation, 45 mg of APR and the selected stabilizer(s) are combined with distilled water to a total weight of 1.5 g in a 3 mL vial. Subsequently, 500 mg of yttrium–zirconium beads (0.2–0.3 mm) and two PTFE‑coated elliptic magnetic stir bars (6 × 10 mm, rare‑earth core, VWR) are added. The suspensions are stirred at 1500 rpm on a magnetic stirrer in a cooled environment of 4 °C for 18–20 hours, resulting in the formation of APR NCs. The exact composition of each optimized formulation is summarized in Table 3.1 [9].
Table 3.1. Composition of the NC formulations, showing the amount of APR and stabilizers (% w/w).
	Formulation
	APR
	Lutrol F127
	Chitosan
	Sodium cholate

	APR-Lut
	3.00%
	1.00%
	/
	/

	APR-NaChol
	3.00%
	/
	/
	2.00%

	APR-Chit-NaChol
	3.00%
	/
	0.20%
	0.15%


[bookmark: _Toc229495052][bookmark: _Toc230361243]PARTICLE SIZE ANALYSIS BY DYNAMIC LIGHT SCATTERING
Dynamic light scattering (DLS) is an optical technique used to determine the hydrodynamic size and diffusion behaviour of particles in suspension. A monochromatic laser illuminates the sample and the detector records time-dependent fluctuations in scattered light intensity. These fluctuations originate from the Brownian motion of particles caused by continuous bombardment from solvent molecules and are directly related to the diffusion behaviour of the particles. Small particles diffuse rapidly and produce fast intensity fluctuations, while larger particles diffuse more slowly and generate slower variations in the scattered light. The temporal decay of these fluctuations is quantified through the intensity autocorrelation function, from which the translational diffusion coefficient (D) is obtained. Using the Stokes–Einstein equation, shown as Equation 3.1, this diffusion coefficient is converted into the hydrodynamic diameter (dₕ), providing a quantitative measure of particle size in dispersion [38].

Where:
dH 	= hydrodynamic diameter (m)
k 	= Boltzmann’s constant (1.38×10-23 N·m/K)
T 	= absolute temperature (K)
η 	= solvent viscosity (N·s/m2)
D 	= diffusion coefficient (m2·s)
Because Brownian motion depends on temperature, viscosity and particle size, accurate temperature control is essential. Even minor temperature fluctuations can alter viscosity or induce convection currents, leading to non-random particle movement and inaccurate size determination [38]. 
The particle size and the polydispersity index (PDI) of the three independently prepared batches of the three different NCs are compared using DLS with the Litesizer DLS 500 Particle Analyzer (Anton Paar, Rivoli, Italy). Measurements are performed in triplicate at a fixed scattering angle of 90° and a temperature of 25 ± 1 °C. Prior to analysis, the APR NC suspension is allowed to stand undisturbed for 2 minutes to enable sedimentation of the milling beads. The supernatant, containing the NCs, is carefully collected and transferred into an Eppendorf tube while avoiding disturbance of the settled beads. Due to the high turbidity of the suspension, a stepwise dilution procedure is performed to obtain a suitable concentration for DLS analysis. The initial concentration of the NC suspension is 30 mg/mL. First, 20 µL of the suspension is diluted with 2980 µL of purified water, resulting in a total volume of 3 mL and a concentration of 0.20 mg/mL. As the sample remains turbid, a second dilution step is performed. From the previously diluted suspension, 200 µL is further diluted with 2300 µL of purified water to obtain a final volume of 2.5 mL, corresponding to a concentration of 0.016 mg/mL. The sample is homogenized by repeated pipetting prior to measurement. DLS analysis is subsequently performed using a refractive index of 1.397 for APR [39]. The diluted NC dispersion is stored for one month at 4 °C, after which the mean particle size and PDI are re‑analysed to evaluate the stability of the nanosuspension.
[bookmark: _Toc229495053][bookmark: _Toc230361244]ZETA POTENTIAL ANALYSIS BY ELECTROPHORETIC LIGHT SCATTERING
ZP is determined using electrophoretic light scattering (ELS). In aqueous media, NCs acquire an electric double layer (EDL) composed of surface‑associated counterions that generate an electrostatic potential around the particle. When an external electric field is applied across the sample cuvette, the charged NCs migrate toward the oppositely charged electrode, inducing a Doppler shift in the scattered laser light that is converted into electrophoretic mobility (µ). This mobility is translated into the ZP using the Henry equation (Equation 3.2), which incorporates the dielectric properties and viscosity of the medium. In this equation, Henry’s function accounts for the relationship between the EDL thickness and the particle radius, thereby determining how accurately mobility can be converted into ZP under specific ionic conditions. The ZP, measured at the slipping plane, therefore represents the effective electrokinetic charge experienced by the particle under an applied electric field [40].

Where:
ζ	= zeta potential (V)
μ	= electrophoretic mobility (m2/V·s)
η	= viscosity of the dispersant (kg/m·s)
ε	= dielectric constant (kg m/V2·s2)
f (𝜅a)	= Henry’s function
The ZP of the APR NC dispersions is determined using a Litesizer DLS 500 Particle Analyzer (Anton Paar, Rivoli, Italy) equipped with a disposable Omega cuvette (Anton Paar, Rivoli, Italy, 225288). To minimize multiple scattering, a phenomenon in which light is scattered by several particles before reaching the detector and thereby distorts the electrophoretic mobility signal, the APR NC dispersion is diluted. This corresponds to the same stepwise dilution procedure used for the particle size analysis. The final concentration of the dispersion is 0.016 mg/mL. Measurements are performed at 25 °C, using a detection angle of 90° and a dispersant refractive index of 1.330. For each NC formulation, the ZP is measured for three independently prepared batches and for each batch three consecutive measurements are recorded. The mean value and standard deviation (SD) of the three batches are reported.
[bookmark: _Toc229495054][bookmark: _Toc230361245]FOURIER TRANSFORM INFRARED SPECTROSCOPY FOR STRUCTURAL VERIFICATION
Fourier Transform Infrared (FT‑IR) spectroscopy is used to identify chemical functional groups based on their characteristic absorption of infrared radiation. Molecular bonds undergo specific vibrational motions, producing distinct absorption peaks that reveal the chemical composition and molecular interactions within a sample. The FT‑IR instrument records an interferogram using an interferometer, which is subsequently converted into a spectrum by Fourier transformation. The resulting spectrum plots absorbance or transmittance against wavenumber (cm⁻¹). In this study, FT‑IR was used to verify the chemical integrity of the APR NCs and to assess whether nano crystallization induced any changes in functional groups or molecular structure [41].
The fresh NC dispersion is centrifuged for 10 min at 12 100 rpm to separate the solid NCs from the supernatant. The supernatant is carefully removed and the pellet is dried under vacuum for two days to ensure complete solvent evaporation. The resulting dry powder is used for FT‑IR analysis. A Spectrum One FT‑IR spectrometer (PerkinElmer, Milan, Italy) is used to record spectra in the range of 4000-650 cm⁻¹. FT‑IR spectra are obtained for three independently prepared batches of each APR NC formulation and are compared with a reference spectrum of pure APR to assess chemical integrity [42]. 
[bookmark: _Toc229495055][bookmark: _Toc230361246]DEVELOPMENT OF AIRWAY MUCUS MODELS
Alginate/mucin hydrogels are prepared by exploiting the internal gelation of alginate through the controlled release of Ca²⁺ from a CaCO₃–GDL system. This slow gelling approach enables homogeneous crosslinking and uniform network formation. Calcium carbonate serves as the calcium source, while GDL is used to gradually acidify the medium and to induce in situ Ca²⁺ release via GDL hydrolysis. Two mucus‑mimicking formulations are prepared to represent healthy and CF mucus. Their final compositions are established after several preliminary tests with varying component concentrations. The optimized healthy formulation contains 1.5% (w/v) alginate, 1% (w/v) mucin and 0.61 mg/mL CaCO₃. The optimized CF formulation contains 1.5% (w/v) alginate, 4% (w/v) mucin and 0.73 mg/mL CaCO₃ [43].
Hydrogels are prepared in a three‑step process. Sodium alginate is dissolved at 105 mg/mL in 0.9% NaCl under slow magnetic agitation (300 rpm, 12 h). In parallel, mucin solutions are prepared at 17.5 mg/mL (healthy) and 70 mg/mL (CF) in Milli‑Q water and are stirred under identical conditions. Alginate and mucin solutions are mixed at a 1:4 ratio using the double‑syringe method (step 1). The setup of the double‑syringe system is shown in Figure 3.1. The double‑syringe method is a mixing technique in which two 5 mL syringes are connected with a flexible rubber tube to generate sufficient shear during manual mixing. The solutions are transferred back and forth 20 times until a homogeneous alginate/mucin mixture is obtained. A CaCO₃ suspension (4.27 mg/mL for healthy mucus; 5.11 mg/mL for CF mucus) is prepared in 0.9% NaCl and is added to the mixture from step 1 at a 1:5 ratio (step 2). This mixture is rapidly mixed for 5 minutes. Subsequently, a GDL solution (10 mg/mL in 0.9% NaCl) is added at a 1:6 ratio to initiate internal gelation (step 3). Alginate/H₂O hydrogels are prepared by replacing the mucin solution with an equal volume of Milli‑Q water in step 1. These formulations serve both as viscoelasticity‑tuning references for healthy and CF mucus and as controls in the diffusion studies to distinguish mucin–drug from possible alginate–drug interactions. All hydrogels are prepared in three independently batches for each condition (healthy, CF, alg/H₂O and alg/mucin) to ensure reproducibility of the rheological and diffusion measurements. The hydrogels are allowed to rest overnight (24h) at room temperature to ensure complete crosslinking and to mimic the conditions used in the Franz cell [27,44–46].
[image: ]
Figure 3.1. Double‑syringe setup used to homogenize alginate and mucin solutions. Two 5 mL syringes are connected using a flexible rubber tube, allowing repeated bidirectional transfer of the solutions. Image made with [BioRender].
[bookmark: _Toc229495056][bookmark: _Toc230361247]RHEOLOGICAL ANALYSIS OF MUCUS
Rheological measurements of the four mucus models are performed using a Modular Compact Rheometer 302e (Anton Paar, Rivoli, Italy) equipped with a cone‑plate geometry (50 mm diameter, cone angle 1°, truncation 50 µm). A small amount of gel is gently poured onto the Peltier plate to minimize shear‑history effects during loading. The cone is then lowered to the measuring gap of 0.101 mm, after which the temperature is set to 37 °C.
The flow behaviour is assessed by recording a flow curve in which the shear rate is increased from 0.1 to 100 s⁻¹ while the corresponding shear stress is measured at each point. The dynamic viscosity is then calculated as the ratio of shear stress to shear rate and is plotted as a function of shear rate to evaluate the material’s flow characteristics. Next, the linear viscoelastic region (LVR) is identified through an amplitude (strain) sweep, applying strains from 0.01 to 100% at a fixed oscillation frequency (1 Hz, 6.28 rad/s) and is found to be 0.1–1%. The frequency sweep is then performed within the LVR at 1% strain, with frequencies logarithmically increasing from 0.1 rad/s (0.0159 Hz) to 100 rad/s (15.92 Hz) to cover physiologically relevant dynamics, including breathing rate (3.14 rad/s, 0.5 Hz) and ciliary beat frequency (62.8 rad/s, 10 Hz) [27]. From these oscillatory frequency sweep measurements, the storage modulus (G′), loss modulus (G″) and loss tangent (tan δ = G″/G′) are determined. All rheological measurements are performed on three independently prepared batches for each hydrogel formulation to ensure reproducibility of the viscoelastic parameters.
[bookmark: _Toc229495057][bookmark: _Toc230361248]IN VITRO DRUG DIFFUSION STUDY USING FRANZ DIFFUSION CELLS
For this study, static Franz diffusion cells (Copley, Nottingham, United Kingdom) with a contact surface area of 0.998 cm² are used for the in vitro permeation experiments. MF Millipore™ membrane filters (Merck Millipore Ltd., Cork, Ireland) with a pore size of 3.0 µm and a diameter of 25 mm serve as the diffusion membrane. Prior to the experiment, the membrane filters are cut into circular pieces to fit the Franz cells and are soaked overnight in a mixture of phosphate‑buffered saline (PBS, pH 5.8) and acetonitrile (ACN) (70/30 v/v%) to ensure complete hydration. The acceptor medium (PBS/ACN 70/30 v/v%) is then degassed in a water bath (Elmasonic S30H) for 5 minutes to remove air bubbles. After degassing, the receptor compartment is filled with 7 mL of the medium, ensuring that no air bubbles are present. The pre‑soaked membrane is subsequently positioned on the acceptor compartment and is securely clamped between the donor and acceptor chambers. Throughout the experiment, the temperature and stirring speed are maintained at 37 °C and 400 rpm [21,47].
As described in 3.2, fresh APR NCs are prepared at a concentration of 30 mg/mL. From this stock dispersion, 100 µL is withdrawn and is diluted with 900 µL of distilled water to obtain a final volume of 1 mL, corresponding to a concentration of 3 mg/mL. The permeation experiments are performed using the four different mucus models: healthy and CF, each prepared with and without mucin. After preparing the Franz cell, 100 µL of the mucus formulation corresponding to a 1 mm layer is carefully applied onto the membrane in the donor compartment, ensuring complete coverage of the filter surface. Subsequently, 100 µL of the APR NC preparation is applied onto the mucus layer. The donor compartment is then sealed with Parafilm® to prevent evaporation. Based on the applied dose, the maximum theoretical amount of APR that can permeate into the receptor compartment is 300 µg. This corresponds to a maximum theoretical concentration of 42.86 µg/mL in the 7 mL acceptor compartment, containing PBS/ACN (70/30 v/v%) to assure the sink conditions. Aliquots of 500 µL are withdrawn from the receptor compartment at predetermined time intervals (0.5, 1, 2, 4, 6 and 23 h) and are immediately replaced with an equal volume of fresh PBS/ACN (70/30 v/v%) [48]. Each of the three NC formulations is evaluated for diffusion through the four mucus models. After each experiment, the samples are analysed by high performance liquid chromatography (HPLC). The mean area under the peak from the replicates (three-six) is used to determine the concentration of APR in the acceptor compartment, from which the cumulative amount is calculated according to the Equation 3.3:

Where:
Qn	= cumulative amount (µg)
Cn	= concentration at the current time point (µg/mL)
V	= 7 mL (volume of the acceptor compartment) 
Ci	= concentrations of previous samples (µg/mL)
Vsample	= 0,5 mL (sample volume withdrawn at each time point) 
The cumulative amount that permeated through the membrane is normalized to the effective diffusion area of 0.998 cm² and plotted as a function of time to obtain the drug diffusion profile. 
[bookmark: _Toc229495058][bookmark: _Toc230361249]QUANTITATIVE ANALYSIS USING HPLC
APR and APR NC concentrations are determined using a reversed-phase HPLC method. Analyses are conducted on an Agilent 1100 Series system (Agilent Technologies, Milford, USA) equipped with a binary pump, autosampler, column oven and variable wavelength UV–VIS detector. Separation is achieved on a Supelco Purospher® STAR RP-18 endcapped column (3 µm, 150 × 4.6 mm) maintained at ambient temperature, with a column volume of approximately 2.5 mL. The mobile phase consisted of ACN and Milli-Q water containing 0.1% formic acid (50:50 v/v) delivered in isocratic mode at a flow rate of 0.8 mL/min. The injection volume is 20 µL and detection is performed at 230 nm. Each sample is analysed over a total run time of 7 minutes [9]. 
A calibration curve for APR is prepared in the mobile phase, therefore, a stock solution of APR (250 µg/mL) is prepared in methanol, in which the compound is readily soluble. Calibration standards (10, 20, 30, 43, 65 µg/mL) are prepared from the stock solution by dilution with mobile phase. Each calibration standard contained a total volume of 1 mL and was prepared in triplicate. The mean area under the curve obtained from the three replicates is used for the calibration curve. All calibration standards are filtered prior to injection using a 0.45 µm polyether sulfone filter to protect the HPLC column from impurities [21].
[bookmark: _Toc229495059][bookmark: _Toc230361250]STATISTICAL ANALYSIS
The mean particle size, ZP and drug‑diffusion results of the three NC formulations within each mucus model are evaluated using a one‑way ANOVA. Post hoc testing is done using an unpaired t test with the Bonferroni correction. Mean particle size compared fresh and after one month and drug diffusion between the NCs in the CF alg/mucin model are analysed using an unpaired t‑test. Both statistical tests are performed in Microsoft Excel, following the procedures described by Currell and Dowman (2009) [49]. Statistical significance is set at p < 0.05.

[bookmark: _Toc229495060][bookmark: _Toc230361251]RESULTS
[bookmark: _Toc229495061][bookmark: _Toc230361252]PARTICLE SIZE ANALYSIS BY DYNAMIC LIGHT SCATTERING
The mean particle size of the three APR NC formulations is evaluated across three independently prepared batches, both freshly produced and after one month of storage at 4 °C, as shown in Figure 4.1. For the freshly prepared NCs, all formulations yield NCs within the sub‑250 nm range, with limited batch‑to‑batch variability. One‑way ANOVA reveals no significant batch‑to‑batch differences for any formulation (APR-Lut NC: p = 0.24; APR-NaChol NC: p = 0.19; APR-Chit‑NaChol NC: p = 0.71). The mean PDI values for all formulations remain below 0.25, with APR NaChol NCs showing the lowest value, consistent with their smaller particle size. Overall, all three formulations demonstrate highly comparable particle‑size profiles across batches. After one month of storage at 4 °C, a clear increase in particle size is observed for APR‑NaChol NCs and to lower extent for APR‑Chit‑NaChol NCs, while APR-Lut NCs remain highly stable, with particle size changing only marginally. Except for APR-Chit-NaChol NCs, the mean PDI values show an increase after storage, with APR‑NaChol NCs exhibiting the highest value of approximately 0.3. An unpaired t‑test is performed to compare the mean particle sizes of each NC formulation in their fresh state and after one month of storage, revealing a significant increase for APR‑NaChol NCs (p < 0.05), whereas no significant difference was observed for APR‑Lut NCs (p = 0.86) and APR‑Chit‑NaChol NCs (p = 0.28).

Figure 4.1. Mean particle size of three APR NC formulations measured across three independently prepared batches. Each formulation is shown both freshly prepared and after one month of storage at 4 °C. Bars represent the mean particle size ± SD (n = 3) determined by DLS using number‑based distribution analysis. The orange line represents the corresponding mean PDI values (n = 3) for each formulation.
[bookmark: _Toc229495062][bookmark: _Toc230361253]ZETA POTENTIAL ANALYSIS BY ELECTROPHORETIC LIGHT SCATTERING
The ZP of the three APR NC formulations is measured across three independent batches, as shown in Figure 4.2. All formulations show highly consistent values between batches. The APR Lut NCs exhibit a moderately negative ZP, with values of −24.60, −25.03 and −24.98 mV. The APR NaChol NCs show a more pronounced negative surface charge, with ZPs of −29.79, −28.96 and −29.10 mV. In contrast, the APR Chit‑NaChol NCs display positive ZPs, with values of 23.17, 25.25 and 24.13 mV, consistent with the presence of protonated chitosan on the particle surface. Statistical comparison of the three batches within each formulation, performed using a one‑way ANOVA, shows no significant differences, with p‑values of 0.77 for APR Lut NCs, 0.61 for APR NaChol NCs and 0.31 for APR Chit‑NaChol NCs, confirming that the surface charge remains consistent across batches. 

Figure 4.2. ZP of three APR NC formulations measured across three independently prepared batches. Data represent mean ± SD (n = 3) obtained by ELS.
[bookmark: _Toc229495063][bookmark: _Toc230361254]FOURIER TRANSFORM INFRARED SPECTROSCOPY FOR STRUCTURAL VERIFICATION
The FT‑IR spectra of pure APR and the three NC formulations show a highly similar overall spectral profile across the full wavenumber range (4000–650 cm⁻¹). Because the spectra of the three batches per formulation are nearly identical, Figure 4.3 displays pure APR and one representative batch for each NC type. All major absorption bands visible in the spectrum of pure APR are also present in the spectra of the APR NCs. Minor differences in peak intensity can be observed between the samples, but the overall band pattern remains consistent.
[image: ]
Figure 4.3. FT‑IR spectra of (1) pure apremilast, (2) APR-Lut NC, (3) APR-NaChol NC and (4) APR-Chit-NaChol NC. 
Table 4.1 lists the characteristic FT‑IR absorption bands of APR and the corresponding peak positions in the three NC formulations. Each letter (A–K) refers to a functional group in the molecular structure of APR, as indicated in Figure 4.4, together with its associated molecular vibration type and wavenumber. For every functional group, the wavenumber of pure APR is shown alongside the values measured for APR‑Lut NC, APR‑NaChol NC and APR‑Chit-NaChol NC, enabling direct comparison. Across all functional groups, the wavenumber values of the NC formulations closely match those of APR, with only small variations in peak position.
[image: ]
Figure 4.4. Molecular structure of APR with labelled functional groups (A–K). Each letter corresponds to a specific functional group in the molecule.
Table 4.1. FT‑IR absorption bands of APR, showing the functional groups organised by letter (A-K), their characteristic vibrations and the corresponding peak wavenumbers for pure APR and the three NC formulations.
	Letter
	Functional group
	Type of vibration
	Wavenumber (cm-1)
	Wavenumber (cm-1)
	Wavenumber (cm-1)
	Wavenumber (cm-1)

	
	
	
	APR
	APR-Lut NC
	APR-NaChol NC
	APR-Chit-NaChol NC

	A
	Secondary amide
	N–H stretching
	3362.57
	3363.12
	3363.03
	3363.32

	B
	Aromatic rings
	Aromatic C–H stretching
	3002.41
	3002.94
	3002.81
	3002.20

	C
	Alkyl chain
	Aliphatic C–H stretching
	2945.69
	2946.56
	2945.17
	2946.60

	D
	Imide carbonyl
	C=O stretching (asymmetric)
	1762.94
	1763.39
	1763.55
	1763.80

	E
	Imide carbonyl
	C=O stretching (symmetric)
	1702.88
	1702.97
	1702.84
	1703.82

	F
	Amide carbonyl
	C=O stretching
	1687.47
	1688.38
	1688.64
	1688.89

	G
	Aromatic rings
	C=C stretching
	1616.51
	1617.34
	1617.56
	1618.02

	H
	Amide/imide nitrogen
	C-N stretching
	1363.00
	1363.37
	1363.57
	1363.21

	I
	Sulfonyl group
	S=O stretching (asymmetric)
	1337.57
	1337.96
	1337.93
	1338.31

	J
	Sulfonyl group
	S=O stretching (symmetric)
	1134.32
	1134.63
	1134.89
	1132.86

	K
	Ether
	C–O stretching
	1021.77
	1022.27
	1022.36
	1022.75
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[bookmark: _Toc229495065][bookmark: _Toc230361256]Viscosity
Steady shear flow curves are used to extract the shear stress–shear rate relationship and to calculate the corresponding viscosity profiles. These measurements are performed in triplicate for each mucus formulation and Figure 4.5 displays the mean viscosity curve of the three measurements. The flow curves show that shear stress increases sub‑proportionally with shear rate. The viscosity curves, plotted on a logarithmic scale as a function of shear rate from 0.1 to 100 s⁻¹, demonstrate that the viscosity decreases linearly with increasing shear rate for all formulations. The corresponding viscosity values at the lowest and the highest shear rates are summarized in Table 4.2.

Figure 4.5. Mean viscosity profiles of the mucus models, plotted on a logarithmic scale as a function of shear rate (0.1–100 s⁻¹). Each curve represents the mean of three independent measurements per formulation ± SD (n=3). 
At a shear rate of 0.1 s⁻¹, the four mucus models display different viscosity profiles. This difference is more distinctly observable in Table 4.2. Healthy alg/H₂O shows the lowest viscosity, followed by healthy alg/mucin. CF alg/H₂O has a higher viscosity than both healthy formulations and CF alg/mucin is the most viscous sample. At a shear rate of 100 s⁻¹, as expected, all samples exhibit substantially lower viscosity values. Within the healthy formulations, healthy alg/H₂O again shows the lowest viscosity, while healthy alg/mucin displays a slightly higher value. In the CF formulations, CF alg/mucin exhibits the highest viscosity at this shear rate. Across both shear rates, CF alg/mucin consistently shows the highest viscosity, while healthy alg/H₂O consistently shows the lowest. For both healthy and CF models, the addition of mucin increases viscosity compared with their respective alg/H₂O variants.
Table 4.2. Viscosity values (mPa·s) of healthy and CF mucus models measured at 0.1 and 100 s⁻¹. The table reports the mean viscosity ± SD (n=3).
	
	Viscosity at a shear rate of 0.1 s-1 (mPa ·s)
	Viscosity at a shear rate of 100 s-1 (mPa ·s)

	Healthy alg/H2O
	3.44 × 10⁴ ± 6.11 × 10³
	233.40 ± 38.03

	Healthy alg/mucin
	3.84 × 10⁴ ± 5.92 × 10³
	281.33 ± 13.19

	CF alg/H2O
	4.24 × 10⁴ ± 2.96 × 10³
	271.23 ± 15.83

	CF alg/mucin
	4.88 × 10⁴ ± 5.46 × 10³
	413.47 ± 54.74


[bookmark: _Toc229495066][bookmark: _Toc230361257]Linear Viscoelastic Region
The LVR is identified through an amplitude sweep performed at 1 Hz, applying strains from 0.01-100 %. Both G′ and G″ remain constant up to approximately 1 % strain, after which the moduli deviate from their plateau, indicating the onset of structural disruption. The LVR is therefore defined between 0.1-1 % strain. For each mucus model, the measurement is performed on three independently prepared batches and one representative curve per model is displayed in Figure 4.6. The LVR determines the range of deformations where the sample responds linearly, ensuring that the subsequent frequency sweep measurements reflect intrinsic viscoelastic properties without structural damage.

Figure 4.6. Amplitude (strain) sweep of the four mucus models performed at 1 Hz, showing the G′ and G″ as a function of shear strain (0.01–100 %). 
[bookmark: _Toc230361258]Storage modulus (G’) and loss modulus (G’’)
Oscillatory rheology further characterizes the viscoelastic behaviour of the hydrogels. The elastic or storage modulus measures the tendency of the gel to recover its original shape following stress‑induced deformation, while the viscous or loss modulus represents the extent to which the gel resists flow. Together, these parameters quantify the elastic and viscous contributions of mucus, allowing assessment of its mechanical integrity, flow resistance and ability to adapt to deformation under physiological forces [27]. For each mucus formulation, the oscillatory measurements are performed on three independently prepared batches and the curves in Figure 4.7 represent the mean (± SD) response of these three measurements. Across the tested frequency range, the elastic modulus (G′) of all the samples remain higher than the viscous modulus (G″), indicating that elastic behaviour is dominant. The corresponding numerical values for G′ and G″ at both frequencies are reported in Table 4.3 for the different models.

Figure 4.7. Frequency‑dependent G′ and G″ of the four mucus models measured from 0.1 to 100 rad/s. Each curve represents the mean of three independently prepared batches ± SD (n=3). 
Table 4.3. Storage modulus (G′) and loss modulus (G″) of the healthy and CF mucus models measured at two oscillation frequencies (3.14 rad/s and 62.8 rad/s). The table reports mean values ± SD (n=3).
	
	Moduli at a frequency of 3.14 rad/s
	Moduli at a frequency of 62.8 rad/s

	
	G’ (Pa)
	G’’ (Pa)
	G’ (Pa)
	G’’ (Pa)

	Healthy alg/H2O
	21.45 ± 2.64
	2.46 ± 0.27
	28.14 ± 3.19
	7.63 ± 0.65

	Healthy alg/mucin
	15.79 ± 7.98
	2.10 ± 0.58
	21.15 ± 10.64
	6.10 ± 1.96

	CF alg/H2O
	38.22 ± 6.89
	3.66 ± 0.42
	47.66 ± 6.98
	10.03 ± 1.21

	CF alg/mucin
	33.49 ± 10.56
	6.32 ± 1.52
	50.28 ± 13.88
	19.42 ± 3.94


At low frequencies, such as 3.14 rad/s (0.5 Hz), the healthy formulations show a difference in elasticity, with healthy alg/H₂O exhibiting a higher G′ (21.45 Pa) than healthy alg/mucin (15.79 Pa). The same pattern is observed for G″, where healthy alg/H₂O (2.46 Pa) exceeds healthy alg/mucin (2.10 Pa). At 62.8 rad/s, this trend remains consistent: healthy alg/H₂O shows a higher G′ (28.14 Pa) than healthy alg/mucin (21.15 Pa) and the same is observed for G″, with values of 7.63 Pa and 6.10 Pa. At 3.14 rad/s, the storage modulus of the CF hydrogels is higher in the alg/H₂O formulation than in the mucin‑supplemented variant, with CF alg/H₂O showing the highest G′ (38.22 Pa) and CF alg/mucin showing a slightly lower value (33.49 Pa). For the loss modulus, the opposite trend is observed: CF alg/H₂O shows a G″ of 3.66 Pa, whereas CF alg/mucin displays a markedly higher G″ of 6.32 Pa. Thus, at 3.14 rad/s, mucin reduces the elastic component (G′) but increases the viscous component (G″) of the CF hydrogels. At 62.8 rad/s, a different pattern is observed for G′. CF alg/H₂O shows a slightly lower G′ (47.66 Pa) than CF alg/mucin (50.28 Pa), indicating that the mucin‑supplemented CF hydrogel has the highest elastic modulus at this frequency. For G″, the difference between the two CF formulations becomes even more pronounced, with CF alg/H₂O reaching 10.03 Pa and CF alg/mucin showing the highest G″ across all samples and frequencies (19.42 Pa). Thus, at 62.8 rad/s, mucin increases both G′ and G″ in the CF hydrogels, with a particularly strong effect on G″.
Across both frequencies, the CF hydrogels consistently show higher viscoelastic moduli than the healthy hydrogels. While the healthy hydrogels show only moderate increases in both moduli with increasing frequency, the CF hydrogels exhibit a substantially stronger rise in both the elastic and viscous modulus. For all samples, the tan δ value remains below 1 across the entire frequency range.
[bookmark: _Toc229495068][bookmark: _Toc230361259]IN VITRO DRUG DIFFUSION STUDY USING FRANZ DIFFUSION CELLS WITH QUANTITATIVE HPLC ANALYSIS
Figure 4.8 shows the calibration curve for APR. The curve demonstrates linearity over the tested concentration range, with a correlation coefficient of R² = 0.9957, indicating reliable quantification for the diffusion experiments.

Figure 4.8. Calibration curve for APR in mobile phase at concentrations of 10, 20, 30, 43 and 65 µg/mL. The curve represents the mean ± SD (n=3).
The diffusion results of APR-Lut, APR-NaChol and APR-Chit-NaChol NCs are presented in Figures 4.9, 4.10 and 4.11. The maximum cumulative amount that can diffuse through the mucus barrier is approximately 300 µg/cm². The focus is on the 6 h time point because mucociliary clearance removes particles from the mucus surface within this timeframe. For all formulations, diffusion is consistently higher in the mucin‑free models compared to the mucin‑containing ones. In the mucin‑free models, all three NCs show the same trend: diffusion is slightly higher in CF mucus than in healthy mucus. Diffusion in the mucin‑free healthy models ranges from 159.46–186.56 µg/cm², whereas the CF counterparts span 175.62–193.57 µg/cm². In the mucin‑containing models, diffusion is 14–40% lower than in the corresponding mucin‑free variants and the relative order between formulations differs. For APR-Lut NCs, diffusion through healthy mucus with mucin is lower than through CF mucus, whereas for APR-NaChol and APR-Chit-NaChol NCs, the CF mucus yields lower diffusion than the healthy counterpart. Diffusion ranges from 130.48–148.25 µg/cm² in the healthy mucin‑containing models and from 108.75–156.25 µg/cm² in the CF mucin‑containing models. Overall, the highest diffusion values are observed in the mucin‑free CF alg/H₂O models.
The CF alg/mucin model is the most informative because it most closely resembles pathological CF mucus. For this model, the three formulations show distinct differences in diffusion. After 6 h, APR‑Lut NCs show the highest cumulative diffusion (156.25 µg/cm²), followed by APR‑NaChol NCs (140.29 µg/cm²) and APR‑Chit‑NaChol NCs (108.75 µg/cm²). A one‑way ANOVA confirms that only the CF alg/mucin mucus shows a statistically significant difference between the three NCs (p< 0.05). An unpaired t‑test is performed to assess differences between the formulations within the CF mucus‑with‑mucin model, showing no statistically significant difference between APR‑Lut and APR‑NaChol (p = 0.34), while both APR-Lut and APR-NaChol differ significantly from APR‑Chit-NaChol (p<0.05).

Figure 4.9. In vitro diffusion of APR‑Lut NC through the four mucus models. Each curve represents the mean ± SD (Healthy alg/H2O n=3, the others n=4).

Figure 4.10. In vitro diffusion of APR‑NaChol NC through the four mucus models. Each curve represents the mean ± SD (CF alg/H2O n=3, healthy alg/mucin n=4, healthy alg/H2O and CF alg/mucin n=5).


Figure 4.11. In vitro diffusion of APR‑Chit-NaChol NC through the four mucus models. Each curve represents the mean ± SD (CF alg/mucin n=4, CF alg/H2O n=5, healthy alg/H2O and alg/mucin n=6).
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[bookmark: _Toc229495070][bookmark: _Toc230361261]PARTICLE SIZE ANALYSIS BY DYNAMIC LIGHT SCATTERING
The first objective of this study is to assess the reproducibility of the WBM process for the preparation of APR NCs by comparing the particle size distributions of three independently produced batches. All three formulations produced NCs within a consistent sub‑250 nm range across three independent batches, indicating that the process reliably yields nanosized particles. The obtained size range aligns well with literature values for APR NCs produced via WBM, typically around 200–400 nm [9,48]. The mean particle sizes show no statistically significant differences between the three batches within each formulation, indicating that the milling procedure is reproducible under the applied conditions. This suggests that the selected milling parameters such as bead size, rotation speed, stabilizer concentration and milling duration are appropriate for generating uniform NCs [7].
The storage study provides additional insights relevant to the robustness of the formulations. After one month of storage at 4 °C, APR‑NaChol NCs show a significant increase in mean particle size. The unpaired t‑test confirms that their post‑storage size is no longer equal to the initial value. For APR‑Chit‑NaChol NCs, the slight increase is not statistically significant. Although all the values remain within the literature‑reported range, this trend suggests the possible onset of mild aggregation or early‑stage Ostwald ripening, a behaviour typical for nanosuspensions. This highlights the importance of stabilizer efficiency over time. Importantly, long‑term size stability is particularly relevant in the context of this study, as even modest increases in particle size can markedly reduce the ability of APR NCs to diffuse through mucus, thereby limiting their performance. To draw more definitive conclusions about long‑term stability and formulation robustness, future studies should include extended storage periods, additional batches and complementary characterization techniques such as transmission and scanning electron microscopy [7,21,50].
DLS can also distinguish between monodisperse systems, where particles have a relatively uniform size and polydisperse or aggregated systems, which exhibit broader or multimodal size distributions. The PDI is commonly reported to quantify the width of the size distribution and to indicate the degree of sample heterogeneity [51]. According to ISO standards, values below 0.05 indicate a highly monodisperse population, while values above 0.7 correspond to very broad distributions that are generally unsuitable for DLS analysis. Intermediate values are common and allow assessment of sample quality and suitability for further studies [52]. The freshly prepared NCs in this study show PDI values up to 0.25, which align well with the ranges reported for NCs in the literature, where PDI values commonly fall between approximately 0.25 and 0.30 [9,48,53,54]. This indicates that the formulations remain fully suitable for reliable DLS analysis. After one month of storage at 4 °C, APR-Lut NCs and APR-NaChol Ncs show an increase in PDI. The most pronounced change is observed for APR‑NaChol NCs, which PDI rises to a value of 0.30 after storage, indicating a broadening of the size distribution and reduced uniformity over time.
[bookmark: _Toc229495071][bookmark: _Toc230361262]ZETA POTENTIAL ANALYSIS BY ELECTROPHORETIC LIGHT SCATTERING
The ZP of the NC dispersions is measured to characterize their surface charge, as this parameter strongly influences colloidal stability, dispersibility and interactions with biological environments. Absolute ZP values above ±30 mV generally indicate sufficient electrostatic stabilization, reducing aggregation and ensuring reproducible performance. Evaluating ZP therefore provides essential insight into the physicochemical behaviour and therapeutic suitability of the NC formulations [40,55,56]. The results show that APR‑Lut NCs and APR‑NaChol NCs exhibit a negative surface charge, whereas APR‑Chit-NaChol NCs display a positive charge. These values are consistent with the expected behaviour of the stabilizers. The negative ZP observed for APR‑Lut NCs originates from the intrinsic surface charge of APR, as Lutrol F127 is a non‑ionic stabilizer and does not contribute to electrostatic charging. In contrast, the anionic bile salt sodium cholate generates a more pronounced negative charge, while chitosan imparts a positive surface charge. The data therefore confirm that the stabilizers successfully adsorb to the NC surface and modulate the electrostatic characteristics in accordance with their ionic nature [57].
Within each formulation, the three batches show comparable ZP values, with only minimal deviations, indicating a reproducible production process and consistent stabilizer–API interactions. These minor deviations can be attributed to factors such as stabilizer adsorption, subtle fluctuations in milling conditions and slight differences in crystal surface development. The ZP shows no statistically significant differences between the three batches within each formulation (p > 0.05), indicating that the milling procedure is reproducible under the applied conditions. Across all formulations, the measured ZP values range between 23.17 and 29.79 mV in absolute terms, placing them within the category typically described as moderately stable dispersions. This indicates that the electrostatic repulsion is sufficient to contribute to short‑term colloidal stability, although it does not guarantee long‑term stability without additional steric contributions or further evaluation [40]. Among the stabilizers used, Lutrol F127 and chitosan provide steric hindrance, whereas sodium cholate relies primarily on electrostatic stabilization.
When compared with literature, the obtained values fall almost within the expected ranges for NCs stabilized with Lutrol F127 (−20 to −24 mV) [9], sodium cholate (approximately −30 mV) [58] and chitosan, for which values around +20 to +30 mV are typically reported at concentrations comparable to those used in this study [58,59]. For the APR‑Lut formulation, one batch shows a slightly more negative value (−25.25 mV) than the range reported for Lutrol‑stabilized APR NCs, but this deviation is minimal and remains fully consistent with the expected behaviour of non‑ionic Lutrol systems. The APR‑NaChol formulations exhibit ZPs between −29.79 and −28.96 mV, values that are a bit lower but still cluster around the expected −30 mV. In contrast, the APR‑Chit‑NaChol formulations show positive ZPs that fall entirely within the literature range for chitosan‑containing NCs. Overall, the agreement with previously reported data supports the validity of the formulations and confirms that the stabilizers behave as described in earlier studies.
In relation to the overall goal of this study, evaluating whether APR NCs are suitable for diffusion in mucus environments, the ZP results provide preliminary yet useful information. Negatively charged NCs may interact less strongly with the negatively charged mucin network, potentially favouring diffusion, whereas positively charged APR‑Chit-NaChol NCs may bind more strongly to mucins, which could hinder their transport. These interpretations must be made cautiously: the ZP is measured in aqueous dispersion, not in a mucus‑like medium. The effective surface charge in a complex, ion‑rich environment such as mucus may differ substantially. Future work should therefore include ZP measurements in simulated mucus or under varying ionic strengths to better approximate physiological conditions. The impact of the chosen stabiliser and its resulting surface charge on mucus diffusion is evaluated and discussed in detail in Section 5.5.
[bookmark: _Toc229495072][bookmark: _Toc230361263]FOURIER TRANSFORM INFRARED SPECTROSCOPY FOR STRUCTURAL VERIFICATION
The FT‑IR analysis is performed to evaluate whether the WBM process and the selected stabilizers induce any structural changes in APR or lead to the formation of new chemical interactions that could affect the integrity of the NCs. The spectra of the NC formulations are compared with those of pure APR to assess the preservation of characteristic APR functional groups. Across all formulations, the main absorption bands associated with APR remain present without significant shifts or disappearance. This indicates that the crystalline drug maintains its chemical identity after nanosizing and that no new covalent bonds are formed or modified during processing [60].
The stabilizers used in this study, Lutrol F127, sodium cholate and the chitosan each possess characteristic FT‑IR absorption bands. Lutrol typically shows O–H and C–H stretching vibrations around 3450 and 2886 cm⁻¹ [61]. Sodium cholate contributes characteristic bands at approximately 1729 cm⁻¹ (C=O stretch of saturated carboxylic acid), 1357 cm⁻¹ (ring‑ or C–O‑related vibration) and 1048 cm⁻¹ (alkoxyl C–O stretch) [62]. Chitosan exhibits a broad O–H/N–H stretching band near 3449 cm⁻¹, a C–H stretching band around 2877 cm⁻¹, additional absorptions at 1656 cm⁻¹ (residual acetyl C=O), 1077–1030 cm⁻¹ (C–O and C–H) and 895 cm⁻¹ corresponding to the β‑(1,4)‑glucosidic linkage [61,63]. Although these stabilizer‑specific bands fall within spectral regions where APR also absorbs, they do not produce distinct new peaks in the spectra of the NCs. Instead, minor broadening of existing APR bands can be observed, which is consistent with partial overlap between stabilizer and drug absorptions. This broadening remains minimal, reflecting both the low stabilizer concentration relative to the drug and the fact that the stabilizers adsorb physically onto the NC surface rather than forming new chemical bonds. The FT‑IR spectra show only very small peak shifts of up to ~2 cm⁻¹, with no new absorption bands, supporting the conclusion that the stabilizers interact with the NCs primarily through steric or electrostatic mechanisms, without altering the molecular structure of APR. This observation aligns with the intended formulation strategy and confirms that the produced NCs remain chemically intact and suitable for further evaluation in mucus diffusion studies [8]. Complementary techniques such as differential scanning calorimetry or X‑ray diffraction would be required to confirm the crystalline state of APR after WBM and to exclude the presence of amorphous fractions [64].
The FT‑IR measurements are performed on three independent batches and each batch yields highly similar spectra with the same characteristic APR peaks, showing only small batch‑to‑batch variations. This reproducibility strengthens the reliability of the observations and supports the conclusion that the milling and stabilization processes do not induce chemical changes [65].
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[bookmark: _Toc229495074][bookmark: _Toc230361265]Viscosity
The steady shear flow curves show that all mucus models behave as pseudoplastic, non‑Newtonian materials, evidenced by the sub‑proportional increase in shear stress with rising shear rate. The corresponding viscosity curves display a linear decrease in apparent viscosity across 0.1–100 s⁻¹ on a logarithmic scale, confirming pronounced shear‑thinning behaviour. This viscosity reduction at higher shear rates indicates a transition toward more fluid‑like behaviour under mechanical load, consistent with the flow response of native airway mucus. The viscosities measured at 0.1 and 100 s⁻¹ clearly highlight the differences between the formulations [66].
The interpretation of the rheological results requires consideration of the broad viscosity ranges reported in literature for both healthy and CF mucus. Healthy airway mucus typically shows viscosities of 10⁴–10⁶ mPa·s at very low shear rates, reflecting its highly resistant, gel‑like nature under minimal deformation. The viscosities measured for the healthy mucus models fall within this order of magnitude, indicating that the formulations successfully reproduce the high resistance to deformation observed at low shear rates in physiological mucus [66]. CF mucus likewise spans a wide viscosity spectrum, with reported values of 1.10 × 10⁵ mPa·s at 0.1 s⁻¹ and 1.40 × 10⁴ mPa·s at 1 s⁻¹, illustrating its shear‑thinning behaviour [66]. Suk et al. measured 3.00 × 10⁴ mPa·s at 0.2 s⁻¹ and 300 mPa·s at 20 s⁻¹ in CF mucus [25]. More recent measurements showed ~290 mPa·s at 100 s⁻¹ [67]. The CF hydrogels developed in this study follow the same trend. At 0.1 s⁻¹, the alg/H₂O and alg/mucin CF gels reach 4.24 × 10⁴ and 4.88 × 10⁴ mPa·s. These values are lower than the highest clinical mucus viscosities reported, which is expected given the absence of extracellular DNA, inflammatory proteins and cellular debris that strongly increase viscosity in vivo. At 100 s⁻¹, however, the synthetic CF gels closely match pathophysiological mucus. The alg/H₂O CF gel reaches 271.23 mPa·s, approaching the ~290 mPa·s reported for CF mucus at 100 s⁻¹. The alg/mucin CF gel reaches an even higher value of 413.47 mPa·s, exceeding the reported values while remaining within a pathophysiological relevant range. These results demonstrate that the CF hydrogels successfully reproduce the rheological regime of CF mucus. 
The broad viscosity range reported arises from variations in mucin concentration, hydration state, ionic composition, extracellular DNA, lipids, cellular debris and microstructural heterogeneity. In severe CF, the accumulation of long DNA strands, dense mucin networks, inflammatory proteins and bacterial products creates a highly entangled polymer matrix that can reach extremely high viscosities at low shear. Because these components vary strongly between individuals and disease states, both healthy and CF mucus span wide viscosity ranges [68–70].
[bookmark: _Toc229495075][bookmark: _Toc230361266]Storage modulus (G’) and loss modulus (G’’)
The viscoelastic properties obtained from the mucus models are evaluated in the context of published rheological data for healthy and CF airway mucus, as summarized in Table 5.1. Recent literature reports a broad range, with G′ spanning 0.2–93 Pa and G″ ranging 0.1–19 Pa across different studies, patient cohorts and measurement conditions. This wide variability reflects the inherent heterogeneity of airway mucus. When compared with this broad spectrum, all mucus models developed in this study fall within the ranges reported for airway mucus [46,71]. 
For healthy mucus, literature typically reports G′ values of 5–16 Pa and G″ values of 0.4–7 Pa at 3.14 rad/s (0.5 Hz), increasing to 10–30 Pa (G′) and 3.16–10 Pa (G″) at 62.8 rad/s (10 Hz). Both healthy mucus models in this study show G′ and G″ values that fall largely within these physiological ranges. Although the alg/H2O mucus model slightly exceed the upper literature boundary for G′ at 3.14 rad/s, all other moduli remain within reported values, indicating that both healthy models closely approximate the viscoelastic properties of healthy airway mucus. For CF mucus, literature reports a markedly broader rheological range, with G′ values of 1–63.1 Pa and G″ values of 0.5–15.85 Pa at 3.14 rad/s, and values of 11.22–34.3 Pa (G′) and 6.03–13 Pa (G″) at 62.8 rad/s. Both CF models developed in this study fall within or are close to these pathophysiological ranges. The CF alg/H₂O formulation shows G′ and G″ values in the mid part of the reported CF spectrum, while the CF alg/mucin formulation displays a G″ value at 62.8 rad/s that slightly exceeds the upper literature boundary. Overall, both CF models reproduce the elevated viscoelasticity characteristic of CF mucus, clearly exceeding the values observed for healthy mucus [72].
Across all mucus models, G′ exceeds G″, showing that elastic, solid‑like behaviour dominates over viscous dissipation. A higher G′ reflects a network that can store more deformation energy, indicative of a well‑developed, interconnected structure. In alginate hydrogels, G′ mainly depends on alginate concentration, Ca²⁺ availability and water content, whereas G″ reflects the mobility and sliding of alginate chains within the network [71].
Table 5.1. G′ and G″ of healthy and CF mucus at 3.14 and 62.8 rad/s across literature sources and this study.
	
	Moduli at a frequency of 3.14 (rad/s)
	Moduli at a frequency of 62.8 (rad/s)
	Source

	Healthy mucus
	

	
	G’ (Pa)
	G’’ (Pa)
	G’ (Pa)
	G’’ (Pa)
	

	
	16
	0.4
	Not specified
	Not specified
	[73]
	
	10.72
	2.00
	12.88
	3.16
	[74]
	
	13
	7
	30
	10
	[75]
	
	5
	1.8
	10
	4
	[76]
	
	
21.45
	
2.46
	
28.14
	
7.63
	This study:
alg/H2O

	
	15.79
	2.10
	21.15
	6.10
	alg/mucin

	CF mucus
	

	
	1
	0.5
	Not specified
	Not specified
	[69]
	
	63.1
	15.85
	Not specified
	Not specified
	[66]
	
	16
	4
	24
	7.5
	[77]
	
	3.98
	1.41
	11.22
	6.03
	[78]
	
	Not specified
	Not specified
	34.3
	13
	[71]
	
	1-30
	0.5-7
	Not specified
	Not specified
	[79]
	
	
38.22
	
3.66
	
47.66
	
10.03
	This study:
alg/H2O

	
	33.49
	6.32
	50.28
	19.42
	alg/mucin


When comparing the four mucus models, two independent factors clearly govern the rheological behaviour: the pathological condition (healthy vs. CF) and the presence or absence of mucin. In the mucin‑free systems, the CF formulation shows higher G′ and G″ values than the healthy formulation due to its higher CaCO₃ content, which releases more Ca²⁺ during internal gelation and produces a denser, more rigid alginate network. In the mucin‑containing gels, the behaviour is primarily determined by mucin concentration and its interactions with the alginate network. In the CF gels, mucin addition lowers G′ and increases G″ at 3.14 rad/s, reflecting reduced Ca²⁺‑mediated crosslinking in combination with a higher overall polymer concentration. At 68.2 rad/s, both moduli increase because the densely entangled CF mucin domains cannot reorganize on short timescales and therefore act as rigid, load‑bearing structures. In the healthy mucin‑containing hydrogels, both G′ and G″ decrease at both frequencies, as the lower mucin concentration interferes with Ca²⁺‑mediated crosslinking without providing sufficient polymer entanglement to reinforce the network [27]. Overall, the higher G′ and G″ values in the CF models compared with the healthy models arise from the combined effects of increased Ca²⁺ availability and higher mucin content.
The viscoelastic behaviour is confirmed by the tan delta, defined as the ratio G″/G′. When tan δ > 1, the material exhibits predominantly viscous behaviour, whereas tan δ < 1 indicates a predominantly elastic response. CF mucus shows gel-like behaviour with a dominant elastic component (tan δ < 1). This implies that ciliary beating tends to stretch the mucus rather than induce flow, contributing to mucus accumulation in the airways. Similarly, all developed hydrogels exhibit tan δ < 1, indicating a predominantly elastic behaviour, which is likely associated with the presence of both crosslinking points and polymer entanglements within the network [22].
The use of alginate as the structural basis for the hydrogels is well supported in the literature. Alginate hydrogels are widely used as mucus analogues because their viscoelastic properties can be precisely tuned through polymer concentration, ionic crosslinking and water content. Their network structure mimics the polysaccharide backbone of mucus and their rheological response, characterized by shear‑thinning behaviour and a dominant elastic component closely resembles that of healthy mucus. By optimizing the alginate concentration and incorporating mucin, the present formulations were designed to reproduce the physicochemical environment relevant for diffusion studies while maintaining experimental simplicity and reproducibility. Future studies could further optimize the mucus models by incorporating additional CF‑specific components such as extracellular DNA, lipids and the bacterial alginate produced by P. aeruginosa [27,28,45,46]. Despite the relatively high SD, the results remain encouraging. Future studies can further enhance the reproducibility of the mucus model to achieve greater consistency.
[bookmark: _Toc229495076][bookmark: _Toc230361267]IN VITRO DRUG DIFFUSION STUDY USING FRANZ DIFFUSION CELLS WITH QUANTITATIVE HPLC ANALYSIS
Drug diffusion through respiratory mucus represents a major challenge in pulmonary NC delivery, as it is governed by the interplay between the physicochemical properties of the mucus network and NC surface properties. In both healthy and CF mucus, the first six hours form the critical window for diffusion before clearance or immobilisation dominates. In healthy airways, mucociliary clearance removes mucus within minutes to hours, limiting the time available for passive diffusion. In CF, the impaired clearance makes the viscoelastic mucus network the primary barrier. The highly crosslinked, heterogeneous and adhesive nature of CF mucus strongly restricts NC mobility, making NC–mucin interactions rather than viscosity the primary determinant of permeability. This concept aligns with literature, which shows that successful transport depends on minimizing adhesive interactions rather than reducing viscosity [27]. This principle corresponds to the differences observed between the three APR NC formulations in this study. Respiratory mucus varies substantially between individuals and disease states in both composition and microstructure, which naturally leads to differences in NC diffusion. Similar variability is observed in the present mucus models, yet the diffusion trends across replicates remain consistent and reproducible, indicating that the models capture the expected biological variability while still allowing meaningful comparison between formulations.
The diffusion profiles reveal a clear distinction between the early (0–6 h) and the later (6–23 h) phases, consistent with literature on time‑scale‑dependent NP mobility in mucus [80]. This temporal separation is essential for understanding how both the mucus environment and NC surface chemistry govern transport. During the first six hours, all formulations show their steepest increase in cumulative diffusion, indicating rapid passage through accessible pore spaces and confirming that this early phase largely determines the eventual penetration depth.
After six hours, the highest cumulative diffusion is consistently observed in the mucin‑free formulations, which corresponds with their rheological properties: healthy alg/H₂O has the lowest viscosity and relatively low viscoelastic moduli, resulting in a more open and less restrictive network. Although healthy alg/mucin has the lowest G′ and G″, its diffusion at 6 h remains lower because added mucin introduces steric hindrance and negatively charged binding sites that slow early transport. In CF‑like mucus, the structural constraints are more severe, reflected by the higher viscosity and viscoelastic moduli. The CF alg/mucin formulation, which combines the highest viscosity with the highest G’ and G″ at high frequency, forms the most restrictive network and therefore shows the lowest diffusion at 6 h for APR-NaChol and APR-Chit-NaChol NCs. For APR‑Lut NCs, the lowest 6 h diffusion appears in the healthy alg/mucin model, though values are very close to those in the CF alg/mucin mucus model, indicating that both mucin‑containing networks impose comparable early‑phase restrictions.
When comparing the three APR NC formulations, a formulation‑dependent hierarchy after 6 h appears only in the CF alg/mucin model. In the mucin‑free models, no statistical differences were found among the three samples, although APR-NaChol and APR-Chit-NaChol NC diffusion seems slightly lower than that of APR-Lut NCs. APR Lut NCs consistently reaches the highest cumulative diffusion, with mean values of 186.56 µg/cm² in healthy alg/H₂O and 193.57 µg/cm² in CF alg/H₂O, remaining below the maximum of 300 µg/cm². This indicates that, in the absence of mucin, the viscoelasticity of the gel limits diffusion for all three NCs. In the mucin‑containing models, the ranking shifts. In the healthy alg/mucin formulation, the three NCs show similar diffusion values after 6 h, ranging from 130.48-148.25 µg/cm², indicating that the presence of mucin imposes a comparable level of steric and electrostatic hindrance on all formulations. In contrast, the CF alg/mucin model shows a much clearer separation between the NCs: APR‑Lut NC reaches the highest diffusion (156.25 µg/cm²), APR‑NaChol NC follows (140.29 µg/cm²) and APR‑Chit-NaChol NC shows the lowest value (108.75 µg/cm²). This pronounced drop for APR‑Chit-NaChol NCs reflects the strong electrostatic attraction between its positively charged surface and the negatively charged mucin fibres, which substantially restricts early‑phase transport. This makes APR-Chit-NaChol NC the most immobilised formulation once mucin is present. This is fully consistent with literature describing chitosan as a strongly muco‑adhesive polymer that readily binds to mucin glycoproteins and becomes immobilised in the mucus network [81].
The CF alg/mucin model is the most critical environment to assess, as it best reflects the pathological CF mucus barrier and therefore provides the most clinically relevant indication of which formulation is suitable for therapeutic use. In this model, APR‑Lut NCs reach the highest diffusion (159.26 µg/cm²), but the variability shows that APR‑NaChol NCs has equivalent performance, with no statistically significant difference between them. Only APR‑Chit‑NaChol NCs clearly diverge. This confirms that steric stabilisation is the most effective strategy for maintaining mobility in dense, adhesive CF mucus. NaChol NCs remain only moderately hindered, probably by charge‑based interactions due to its strong negative charge, while chitosan NCs are strongly immobilised due to electrostatic binding [82]. 
High‑density polyethylene glycol (PEG) coating around the NP is a proven strategy to enable mucus penetration when the PEG chains have a low molecular weight, ideally below 10 kDa and preferably under 5 kDa [83,84]. In this study, Lutrol F127 proves to be a suitable stabilizer for APR NCs. As a triblock copolymer, its central polyoxypropylene block adsorbs onto the hydrophobic NC surface, while the two polyoxyethylene blocks extend into the aqueous phase, forming a hydrated shell around the NC that closely resembles a PEG‑like coating. Because each hydrophilic branch of Lutrol F127 contains roughly 100 poly(ethylene oxide) (PEO) units (44.05 g/mol each), the molecular weight of each PEO chain is approximately 4.4 kDa, which is below the recommended 10 kDa and preferred 5 kDa thresholds [85]. APR‑Lut NC can therefore be considered a suitable mucus‑penetrating system and serves as a useful reference for the other formulations. Across all models, APR‑NaChol NCs show diffusion levels comparable to APR‑Lut NCs, indicating that both may be applicable for pulmonary delivery, even under highly restrictive conditions such as CF mucus. In contrast, APR‑Chit‑NaChol NCs exhibit a statistically significant reduction in CF mucus penetration, consistent with the well‑known mucoadhesive behaviour of chitosan. In the healthy mucin‑containing model, their diffusion is slightly lower, although variability prevents statistical significance. Taken together, these insights highlight that the design of mucus‑penetrating NCs must prioritize surface engineering. An effective stabilizer should therefore generate a muco inert, sterically shielded surface with a hydrated, neutral outer layer that minimizes electrostatic and hydrophobic interactions with mucin. Lutrol F127 meets these criteria through its dense PEO shell [25]. 

[bookmark: _Toc229495077][bookmark: _Toc230361268]CONCLUSION
This study demonstrates that APR NCs, particularly Lutrol‑stabilised NCs can successfully diffuse through both healthy and CF mucus models, providing a strong scientific basis for their further development as a pulmonary DDS. By integrating NC production, physicochemical characterization, mucus model development, rheological validation and in vitro diffusion studies, this work delivers a coherent and conclusive answer to the central research question and highlights the potential of nano crystallization for improving drug transport across complex biological barriers.
The miniaturized WBM process proved highly effective and reproducible, consistently yielding APR NCs with mean particle sizes below 250 nm and mean PDI values up to 0.25. These results confirm that even at milligram scale, the miniaturized setup enables reliable formulation screening while minimizing material consumption. FT-IR analysis showed that the nanonization process preserved the structural integrity of APR, demonstrating that the mechanical stress of milling did not induce chemical degradation. The stabilizers used, Lutrol F127, sodium cholate and chitosan resulted in distinct and logical surface properties. Lutrol provided strong steric stabilization, sodium cholate introduced electrostatic repulsion and the combination with chitosan generated a surface that contributed both steric hindrance and electrostatic stabilization. These differences were clearly reflected in the ZP values and underline the importance of stabilizer selection for tuning NC–mucus interactions. Notably, Lutrol‑stabilized NCs exhibited excellent short‑term stability, maintaining their particle size after one month at 4 °C, which underscores their suitability for further development and potential storage.
The synthetic mucus models developed in this study accurately reproduced key rheological characteristics of healthy and CF airway mucus. Their viscosity profiles, shear‑thinning behaviour and viscoelastic properties aligned well with physiological and pathological reference values. This confirms the relevance of the alginate/mucin hydrogels as in vitro surrogates. The CF models displayed the expected increase in viscosity and elasticity, reflecting the more crosslinked and dehydrated nature of CF mucus. The addition of mucin modulated both viscosity and viscoelastic moduli in a condition‑dependent manner, demonstrating that the models capture not only bulk rheology but also the interactive contributions of mucin to network structure. These findings validate the hydrogels as a robust, reproducible and tuneable platform for studying NC transport under controlled conditions.
The drug diffusion study demonstrates that NC transport through respiratory mucus is primarily governed by early‑phase mobility and by the nature of NC–mucin interactions rather than by viscosity. Across all models, the first six hours proved decisive, as this window determined the eventual penetration depth. Mucin‑free formulations allowed the highest diffusion, whereas the addition of mucin introduced steric and electrostatic barriers that markedly reduced early transport. The CF alg/mucin model represented the most restrictive environment, reflecting the dense, adhesive and highly crosslinked structure of pathological CF mucus. Within this barrier, APR‑Lut NCs consistently achieved the highest diffusion, confirming that a hydrated, muco‑inert surface is the most effective strategy for maintaining mobility in pathological mucus. In contrast, APR‑NaChol NCs were moderately hindered by their strong negative charge and APR‑Chit‑NaChol NCs were strongly immobilised due to electrostatic binding to mucin. Overall, these findings show that successful mucus penetration depends on minimizing adhesive interactions through surface engineering, with APR‑Lut NCs representing the most promising formulation for further development.
Overall, this work shows that nano crystallization is a promising strategy to enhance the solubility and mucus penetration of poorly soluble drugs such as APR. The validated mucus models offer a valuable tool for early‑stage screening, enabling systematic evaluation of formulation parameters while reducing reliance on patient‑derived samples. The findings demonstrate that APR NCs are not only feasible to produce and stabilize but also capable of penetrating relevant mucus barriers, which is a critical requirement for pulmonary drug delivery.
In conclusion, Lutrol‑stabilised APR NCs emerge as the most promising formulation for pulmonary administration. The synthetic mucus hydrogels likewise prove to be an effective and reproducible system for predicting NC behaviour in both healthy and CF airway environments. Sodium cholate as a stabilizer can be further optimized, because it remains promising in terms of mucus penetration, even in CF mucus. Together, these results contribute to the growing field of nanomedicine and support continued exploration of NC‑based strategies for treating inflammatory lung diseases.
Future research can build on these positive outcomes by extending long‑term stability studies and exploring additional surface modifications to further enhance mucus penetration. In particular, optimising NC surface hydration and charge neutrality is essential to reduce adhesive interactions and improve transport through pathological mucus. Incorporating more complex CF‑specific mucus components such as extracellular DNA, lipids or P. aeruginosa derived alginate can also increase physiological relevance. Further optimization of the diffusion setup, including reducing the effective pore diameter of the membrane, may also be considered. Although mucociliary clearance is markedly reduced in CF, airway mucus is not completely static. Breathing‑induced shear, coughing and airflow still generate dynamic forces that influence NC mobility. Therefore, studying NC diffusion under dynamic conditions remains relevant for both healthy and CF airway environments. Finaly, evaluating the biological activity of APR after mucus traversal will be essential to confirm that the drug retains its therapeutic potential upon reaching the epithelial surface.
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Mean particle size and PDI values of three APR NC formulations measured freshly and after one month of storage at 4°C

19.054313111423031	13.117399951266304	17.477031381957442	21.749082568986502	7.3711901647186071	13.228969193626771	19.054313111423031	13.117399951266304	17.477031381957442	21.749082568986502	7.3711901647186071	13.228969193626771	APR-Lut NC	APR-NaChol NC	APR-Chit-NaChol NC	222.81888888888886	220.81888888888889	216.9988888888889	280.25555555555553	235.73333333333335	254.17444444444445	APR-Lut NC	APR-NaChol NC	APR-Chit-NaChol NC	0.2018888888888889	0.24866666666666667	0.1721111111111111	0.29611111111111116	0.25311111111111106	0.24544444444444444	        APR-Lut NC                  	 APR-NaChol NC 	                             APR-Chit-NaChol NC
Particle size (nm)

PDI

Zeta potential of three APR NC formulations across three independent batches

1.0720000000000001	0.75490000000000002	0.58289999999999997	1.0720000000000001	0.75490000000000002	0.58289999999999997	APR-Lut NC	APR-NaChol NC	APR-Chit-NaChol NC	-24.603200000000001	-29.790099999999999	23.171900000000001	
0.75170000000000003	0.86629999999999996	0.29220000000000002	0.75170000000000003	0.86629999999999996	0.29220000000000002	APR-Lut NC	APR-NaChol NC	APR-Chit-NaChol NC	-25.026900000000001	-28.9588	25.249199999999998	
0.2787	1.4003000000000001	2.5270000000000001	0.2787	1.4003000000000001	2.5270000000000001	APR-Lut NC	APR-NaChol NC	APR-Chit-NaChol NC	-24.978899999999999	-29.099799999999998	24.1296	
Zeta potential (mV)


Steady shear viscosity of healthy and CF mucus models between 0.1 and 100 s⁻¹

Healthy alg/H2O	6108.322546602566	5057.9917951693042	3991.5982179239149	3150.5047743708174	2435.5609210200428	1931.307601945716	1651.1164869061545	1420.4126032013887	1211.4746564965117	1006.388326310143	788.75816530374721	580.0232955091825	398.77448514166542	254.14741785034951	145.97798201555369	72.363079214011705	31.24823355007446	22.765199318257697	29.196332532243389	34.170385326088002	38.011794660780197	6108.322546602566	5057.9917951693042	3991.5982179239149	3150.5047743708174	2435.5609210200428	1931.307601945716	1651.1164869061545	1420.4126032013887	1211.4746564965117	1006.388326310143	788.75816530374721	580.0232955091825	398.77448514166542	254.14741785034951	145.97798201555369	72.363079214011705	31.24823355007446	22.765199318257697	29.196332532243389	34.170385326088002	38.011794660780197	0.1	0.14099999999999999	0.2	0.28199999999999997	0.39800000000000002	0.56200000000000006	0.79400000000000004	1.1200000000000001	1.58	2.2400000000000002	3.16	4.47	6.31	8.91	12.6	17.8	25.1	35.5	50.1	70.8	100	34401.333333333336	25989	20205.666666666668	15975.333333333334	12681	10093.133333333333	8050.5666666666666	6392.2666666666664	5019.0333333333338	3880.9666666666667	2951.8333333333335	2204.8333333333335	1627.2	1196	883.92333333333329	663.01666666666665	510.84999999999991	405.09	330.52333333333331	275.13333333333333	233.38333333333335	Healthy alg/mucin	5918.5243374791908	4247.9768125544188	2998.6530865262444	2119.7250607881519	1510.5768213941765	1097.5925169812945	803.46277449549621	595.28684122306379	458.16513398555344	364.7642709111372	281.34414868626641	231.14407483933766	180.82437151372423	136.95489525144157	99.431160273494427	70.07719267588665	43.692638205232399	27.796090252647627	18.550840951288446	16.412057559408382	13.167235852676145	5918.5243374791908	4247.9768125544188	2998.6530865262444	2119.7250607881519	1510.5768213941765	1097.5925169812945	803.46277449549621	595.28684122306379	458.16513398555344	364.7642709111372	281.34414868626641	231.14407483933766	180.82437151372423	136.95489525144157	99.431160273494427	70.07719267588665	43.692638205232399	27.796090252647627	18.550840951288446	16.412057559408382	13.167235852676145	0.1	0.14099999999999999	0.2	0.28199999999999997	0.39800000000000002	0.56200000000000006	0.79400000000000004	1.1200000000000001	1.58	2.2400000000000002	3.16	4.47	6.31	8.91	12.6	17.8	25.1	35.5	50.1	70.8	100	38413.666666666664	29949	23623.666666666668	18706.666666666668	14857.333333333334	11796.333333333334	9333.6999999999989	7310.8666666666659	5672	4355.2666666666664	3305.2000000000003	2492.1666666666665	1872.6666666666667	1405.0666666666666	1059.4766666666667	810.86333333333334	630.78666666666675	501.43333333333334	405.65000000000003	335.27333333333337	281.32	CF alg/H2O	2956.634291442439	1058.7667354049238	970.6968287438325	992.54235845798212	898.04843967349552	783.0225624676043	593.02923199451163	434.18232729273234	308.70043731747427	299.53625823929906	318.24237618519618	318.95015807071377	287.67767263611779	235.30937791200307	169.13315267366684	112.48424882326115	62.260635236078343	27.567666447005148	7.365276641104531	34.919894520650182	15.82558161121838	2956.634291442439	1058.7667354049238	970.6968287438325	992.54235845798212	898.04843967349552	783.0225624676043	593.02923199451163	434.18232729273234	308.70043731747427	299.53625823929906	318.24237618519618	318.95015807071377	287.67767263611779	235.30937791200307	169.13315267366684	112.48424882326115	62.260635236078343	27.567666447005148	7.365276641104531	34.919894520650182	15.82558161121838	0.1	0.14099999999999999	0.2	0.28199999999999997	0.39800000000000002	0.56200000000000006	0.79400000000000004	1.1200000000000001	1.58	2.2400000000000002	3.16	4.47	6.31	8.91	12.6	17.8	25.1	35.5	50.1	70.8	100	42404.666666666664	31051	24249.333333333332	19253.333333333332	15527	12597.333333333334	10167.300000000001	8176.333333333333	6499.7999999999993	5112.3	3949.2999999999997	3008.6666666666665	2259.6666666666665	1678.7333333333333	1241.7666666666667	922.74666666666656	692.53000000000009	529.24333333333334	413.75	348.01666666666665	271.20666666666665	CF alg/mucin	5456.1201416391114	4248.0858042181771	3265.3344902679314	2651.2070835753289	2180.8077249801995	1841.8426461924789	1588.0205708155493	1354.8566061887627	1167.3776267058383	986.9849694904126	814.81465581648649	651.2694168570589	502.45725523006638	375.78314225095266	276.27336703586388	205.13563228589268	153.59225121513538	115.34759656504892	88.511562144915942	69.897696910079091	54.737467972130048	5456.1201416391114	4248.0858042181771	3265.3344902679314	2651.2070835753289	2180.8077249801995	1841.8426461924789	1588.0205708155493	1354.8566061887627	1167.3776267058383	986.9849694904126	814.81465581648649	651.2694168570589	502.45725523006638	375.78314225095266	276.27336703586388	205.13563228589268	153.59225121513538	115.34759656504892	88.511562144915942	69.897696910079091	54.737467972130048	0.1	0.14099999999999999	0.2	0.28199999999999997	0.39800000000000002	0.56200000000000006	0.79400000000000004	1.1200000000000001	1.58	2.2400000000000002	3.16	4.47	6.31	8.91	12.6	17.8	25.1	35.5	50.1	70.8	100	48806	37215	28786.666666666668	22439	17608.666666666668	13876.333333333334	10935.333333333334	8585.8333333333339	6713.5666666666657	5206.4000000000005	4006.2333333333331	3055.3333333333335	2324.0333333333333	1775.5	1376.8666666666668	1084.2233333333336	871.34333333333336	709.70333333333338	586.77666666666676	491.22333333333336	413.46000000000004	Shear rate (s⁻¹)


Viscosity (mPa·s)




Amplitude sweep at 1 Hz for healthy and CF mucus models

G' healthy alg/H2O	0.01	1.47E-2	2.1700000000000001E-2	3.1799999999999995E-2	4.6700000000000005E-2	6.8499999999999991E-2	0.10100000000000001	0.14799999999999999	0.217	0.318	0.46600000000000003	0.68500000000000005	1.01	1.48	2.17	3.18	4.66	6.8500000000000005	10.100000000000001	14.799999999999999	21.7	31.8	46.6	68.5	101	21.899000000000001	21.904	21.856999999999999	21.617000000000001	21.608000000000001	21.466000000000001	21.378	21.12	20.885999999999999	20.707999999999998	20.535	20.187999999999999	19.792000000000002	19.510000000000002	19.509	19.305	19.099	18.768000000000001	18.353000000000002	17.763999999999999	16.952999999999999	15.884	14.436	12.587	10.491	G'' healthy alg/H2O	0.01	1.47E-2	2.1700000000000001E-2	3.1799999999999995E-2	4.6700000000000005E-2	6.8499999999999991E-2	0.10100000000000001	0.14799999999999999	0.217	0.318	0.46600000000000003	0.68500000000000005	1.01	1.48	2.17	3.18	4.66	6.8500000000000005	10.100000000000001	14.799999999999999	21.7	31.8	46.6	68.5	101	3.8250000000000002	4.1163999999999996	4.2133000000000003	3.8995000000000002	3.9603999999999999	3.9481999999999999	3.7955999999999999	3.7564000000000002	3.6745999999999999	3.6456	3.6213000000000002	3.5495000000000001	3.4618000000000002	3.4081999999999999	3.4426999999999999	3.4722	3.5487000000000002	3.6564000000000001	3.8334000000000001	4.0972999999999997	4.4904999999999999	5.0833000000000004	5.9458000000000002	7.0138999999999996	7.9348000000000001	G' healthy alg/mucin	0.01	1.47E-2	2.1700000000000001E-2	3.1799999999999995E-2	4.6700000000000005E-2	6.8499999999999991E-2	0.10100000000000001	0.14799999999999999	0.217	0.318	0.46600000000000003	0.68500000000000005	1.01	1.48	2.17	3.18	4.66	6.8500000000000005	10.100000000000001	14.799999999999999	21.7	31.8	46.6	68.5	101	18.41	18.111999999999998	17.893000000000001	17.489999999999998	17.812999999999999	17.545999999999999	17.327999999999999	17.239000000000001	17.068999999999999	17.009	16.919	16.771000000000001	16.666	16.541	16.437999999999999	16.259	15.993	15.641	15.193	14.627000000000001	13.926	13.125	12.186999999999999	10.957000000000001	9.2568999999999999	G'' healthy alg/mucin	0.01	1.47E-2	2.1700000000000001E-2	3.1799999999999995E-2	4.6700000000000005E-2	6.8499999999999991E-2	0.10100000000000001	0.14799999999999999	0.217	0.318	0.46600000000000003	0.68500000000000005	1.01	1.48	2.17	3.18	4.66	6.8500000000000005	10.100000000000001	14.799999999999999	21.7	31.8	46.6	68.5	101	2.9186000000000001	2.581	2.6465999999999998	2.7262	2.7004999999999999	2.6316999999999999	2.6160000000000001	2.5566	2.5484	2.5448	2.5305	2.5291000000000001	2.5264000000000002	2.5348999999999999	2.5731999999999999	2.6614	2.8029999999999999	3.0179999999999998	3.3334000000000001	3.7572999999999999	4.2827999999999999	4.8353000000000002	5.4066000000000001	6.0190999999999999	6.5937000000000001	G' CF alg/H2O	0.01	1.47E-2	2.1700000000000001E-2	3.1799999999999995E-2	4.6700000000000005E-2	6.8499999999999991E-2	0.10100000000000001	0.14799999999999999	0.217	0.318	0.46600000000000003	0.68500000000000005	1.01	1.48	2.17	3.18	4.66	6.8500000000000005	10.100000000000001	14.799999999999999	21.7	31.8	46.6	68.5	101	28.367999999999999	28.181999999999999	28.126999999999999	28.306999999999999	28.19	28.177	28.132000000000001	28.09	28.059000000000001	28.013999999999999	28.097000000000001	28.07	28.161999999999999	28.196000000000002	27.974	27.795000000000002	27.495999999999999	27.041	26.256	25.094000000000001	23.366	20.866	17.359000000000002	13.356	9.5033999999999992	G'' CF alg/H2O	0.01	1.47E-2	2.1700000000000001E-2	3.1799999999999995E-2	4.6700000000000005E-2	6.8499999999999991E-2	0.10100000000000001	0.14799999999999999	0.217	0.318	0.46600000000000003	0.68500000000000005	1.01	1.48	2.17	3.18	4.66	6.8500000000000005	10.100000000000001	14.799999999999999	21.7	31.8	46.6	68.5	101	3.5815999999999999	3.8601999999999999	3.7913999999999999	4.0587999999999997	3.8359000000000001	3.9247000000000001	3.8816999999999999	3.9693000000000001	3.9192	3.9157000000000002	3.9224000000000001	3.9453999999999998	3.9796	4.0082000000000004	3.992	4.0590000000000002	4.1658999999999997	4.3635000000000002	4.7130000000000001	5.3197999999999999	6.3360000000000003	7.7270000000000003	9.4292999999999996	10.711	10.82	G' CF alg/mucin	0.01	1.47E-2	2.1700000000000001E-2	3.1799999999999995E-2	4.6700000000000005E-2	6.8499999999999991E-2	0.10100000000000001	0.14799999999999999	0.217	0.318	0.46600000000000003	0.68500000000000005	1.01	1.48	2.17	3.18	4.66	6.8500000000000005	10.100000000000001	14.799999999999999	21.7	31.8	46.6	68.5	101	18.802	18.777000000000001	18.145	18.617000000000001	18.609000000000002	18.559999999999999	18.638000000000002	18.535	18.395	18.420000000000002	18.376999999999999	18.419	18.425999999999998	18.369	18.172000000000001	17.928999999999998	17.527999999999999	17.03	16.427	15.754	15.016	14.218999999999999	13.257	11.952	10.185	G'' CF alg/mucin	0.01	1.47E-2	2.1700000000000001E-2	3.1799999999999995E-2	4.6700000000000005E-2	6.8499999999999991E-2	0.10100000000000001	0.14799999999999999	0.217	0.318	0.46600000000000003	0.68500000000000005	1.01	1.48	2.17	3.18	4.66	6.8500000000000005	10.100000000000001	14.799999999999999	21.7	31.8	46.6	68.5	101	7.1679000000000004	7.0242000000000004	6.5957999999999997	7.7423999999999999	7.3300999999999998	7.2652000000000001	7.3137999999999996	7.2656000000000001	7.1601999999999997	7.1768000000000001	7.1992000000000003	7.2043999999999997	7.2427000000000001	7.2760999999999996	7.2618	7.2931999999999997	7.3251999999999997	7.3893000000000004	7.5137999999999998	7.7312000000000003	8.0328999999999997	8.4192	8.8923000000000005	9.4215999999999998	9.8978999999999999	Shear strain (%) 


Storage modulus G' (Pa)
Loss modulus G'' (Pa)




Frequency sweep of healthy and CF mucus models

G' healthy alg/H2O	2.9316013257831175	3.1881698511842171	2.9420412981465787	2.9455478833883055	2.8978347663959969	2.8479730218759691	2.7740566564750138	2.6964818436869438	2.5909843689223604	2.4919029542366484	2.3444402316971105	2.2346456840701463	2.1681730404497999	1.9945000208907833	2.0112506888335262	1.9061036173303916	2.9316013257831175	3.1881698511842171	2.9420412981465787	2.9455478833883055	2.8978347663959969	2.8479730218759691	2.7740566564750138	2.6964818436869438	2.5909843689223604	2.4919029542366484	2.3444402316971105	2.2346456840701463	2.1681730404497999	1.9945000208907833	2.0112506888335262	1.9061036173303916	100	63.1	39.799999999999997	25.1	15.8	10	6.31	3.98	2.5099999999999998	1.58	1	0.63100000000000001	0.39800000000000002	0.251	0.158	0.1	27.981666666666666	28.155000000000001	27.028999999999996	25.819666666666667	24.713333333333335	23.682666666666666	22.778333333333332	21.920333333333332	21.087999999999997	20.294333333333331	19.425000000000001	18.575666666666667	17.884333333333334	17.037666666666667	16.427666666666667	15.792000000000002	G'' healthy alg/H2O	1.1504572583687471	0.64505562809213102	0.60322688103233624	0.47890116238461267	0.37259235544135011	0.29001972921395058	0.24412794459736351	0.263478847980883	0.28631942535101129	0.35128360811932424	0.4533779585879002	0.44938154538580294	0.55041626368897623	0.58109613949271188	0.71737054116637244	0.81897552059468459	1.1504572583687471	0.64505562809213102	0.60322688103233624	0.47890116238461267	0.37259235544135011	0.29001972921395058	0.24412794459736351	0.263478847980883	0.28631942535101129	0.35128360811932424	0.4533779585879002	0.44938154538580294	0.55041626368897623	0.58109613949271188	0.71737054116637244	0.81897552059468459	100	63.1	39.799999999999997	25.1	15.8	10	6.31	3.98	2.5099999999999998	1.58	1	0.63100000000000001	0.39800000000000002	0.251	0.158	0.1	9.614133333333335	7.6479666666666661	6.2540000000000004	4.9215666666666671	4.0361333333333329	3.3999666666666664	2.9218333333333333	2.5918333333333332	2.3582666666666667	2.212566666666667	2.1505333333333336	2.0296333333333334	2.1569666666666669	2.1612333333333331	2.2279333333333331	2.3567333333333331	G' healthy alg/mucin	12.738671395269865	10.653811430657104	9.7725221369238415	9.2588688068971727	8.9237478807953821	8.6414181989995171	8.3513076334887	8.1297134240185063	7.8722688336442568	7.6292421272255746	7.4380985936707393	7.1093478714061131	6.8616374314007569	6.4487634390891806	6.3666538848911793	7.3256173216551055	12.738671395269865	10.653811430657104	9.7725221369238415	9.2588688068971727	8.9237478807953821	8.6414181989995171	8.3513076334887	8.1297134240185063	7.8722688336442568	7.6292421272255746	7.4380985936707393	7.1093478714061131	6.8616374314007569	6.4487634390891806	6.3666538848911793	7.3256173216551055	100	63.1	39.799999999999997	25.1	15.8	10	6.31	3.98	2.5099999999999998	1.58	1	0.63100000000000001	0.39800000000000002	0.251	0.158	0.1	22.32075	21.167999999999999	20.239750000000001	19.166249999999998	18.243600000000001	17.45035	16.780825	16.133649999999999	15.536175	14.970724999999998	14.451675000000002	13.85585	13.354600000000001	12.7972	12.434350000000002	11.804066666666666	G'' healthy alg/mucin	2.6581973445363292	1.9659243158965554	1.4596033353848803	1.1993971996382189	0.96873823562748818	0.78930202077531753	0.65234043004145192	0.59934784557884302	0.57821453558922786	0.57805785970494916	0.59872136187601277	0.68607764866667986	0.83324572756180415	0.88431612183276043	0.81104243775115237	1.0585525274323113	2.6581973445363292	1.9659243158965554	1.4596033353848803	1.1993971996382189	0.96873823562748818	0.78930202077531753	0.65234043004145192	0.59934784557884302	0.57821453558922786	0.57805785970494916	0.59872136187601277	0.68607764866667986	0.83324572756180415	0.88431612183276043	0.81104243775115237	1.0585525274323113	100	63.1	39.799999999999997	25.1	15.8	10	6.31	3.98	2.5099999999999998	1.58	1	0.63100000000000001	0.39800000000000002	0.251	0.158	0.1	7.9106249999999996	6.1115249999999994	5.1367500000000001	4.1098749999999997	3.4036750000000007	2.8784000000000001	2.5020500000000001	2.2126999999999999	2.0079750000000001	1.8530249999999999	1.7573749999999997	1.7353999999999998	1.776475	1.7963500000000001	1.7299750000000003	2.122033333333333	G' CF alg/H2O	5.4740931973554643	6.9699113337258689	7.2871013670274598	7.3884250915423655	7.3538670326116664	7.2635151499348423	7.1551589779683109	6.9674730952715924	6.7446100208487492	6.6260970663983816	6.393207671688212	6.004931001546427	5.5333360943768284	5.1355987966351204	4.8992036427702574	4.5380352944124853	5.4740931973554643	6.9699113337258689	7.2871013670274598	7.3884250915423655	7.3538670326116664	7.2635151499348423	7.1551589779683109	6.9674730952715924	6.7446100208487492	6.6260970663983816	6.393207671688212	6.004931001546427	5.5333360943768284	5.1355987966351204	4.8992036427702574	4.5380352944124853	100	63.1	39.799999999999997	25.1	15.8	10	6.31	3.98	2.5099999999999998	1.58	1	0.63100000000000001	0.39800000000000002	0.251	0.158	0.1	48.503666666666668	47.675999999999995	46.144666666666666	44.457333333333338	42.89233333333334	41.455333333333336	40.152999999999999	38.869333333333337	37.614666666666665	36.505666666666663	35.283666666666669	33.861333333333334	32.301333333333332	30.901	29.692666666666668	28.348333333333333	G'' CF alg/H2O	1.3790420588219923	1.2152412161103383	0.62600438496866828	0.47199213270279533	0.43724780540710906	0.39350055908473619	0.43560844803561832	0.47000469501201064	0.38709976750186748	0.37823551305150255	0.41019193474925264	0.51580697940217834	0.63029636151046786	0.75414739496555483	1.0472339391622731	1.1350094375525386	1.3790420588219923	1.2152412161103383	0.62600438496866828	0.47199213270279533	0.43724780540710906	0.39350055908473619	0.43560844803561832	0.47000469501201064	0.38709976750186748	0.37823551305150255	0.41019193474925264	0.51580697940217834	0.63029636151046786	0.75414739496555483	1.0472339391622731	1.1350094375525386	100	63.1	39.799999999999997	25.1	15.8	10	6.31	3.98	2.5099999999999998	1.58	1	0.63100000000000001	0.39800000000000002	0.251	0.158	0.1	12.600999999999999	10.051933333333332	8.2420999999999989	6.7194333333333338	5.6406666666666672	4.8228	4.2719000000000005	3.8550333333333331	3.5109999999999997	3.2881666666666667	3.1792333333333329	3.1862999999999997	3.1946666666666665	3.2851666666666666	3.5770666666666671	3.7062666666666666	G'' CF alg/mucin	4.3549530804973422	3.9547010422196891	3.2170968796934605	2.7569136729321113	2.3845511869811791	2.0794513755635982	1.8062360375469553	1.6141461685155123	1.4507411393261473	1.3682744571174299	1.2492757195004338	1.2034020068123508	0.98326415745380191	0.91659149206902879	1.1453008352975789	1.2974844366439773	4.3549530804973422	3.9547010422196891	3.2170968796934605	2.7569136729321113	2.3845511869811791	2.0794513755635982	1.8062360375469553	1.6141461685155123	1.4507411393261473	1.3682744571174299	1.2492757195004338	1.2034020068123508	0.98326415745380191	0.91659149206902879	1.1453008352975789	1.2974844366439773	100	63.1	39.799999999999997	25.1	15.8	10	6.31	3.98	2.5099999999999998	1.58	1	0.63100000000000001	0.39800000000000002	0.251	0.158	0.1	23.541666666666668	19.468666666666664	15.957666666666666	13.058	10.897233333333332	9.1858333333333331	7.8453333333333335	6.7863333333333342	5.9619333333333335	5.3617999999999997	4.9108333333333336	4.5535000000000005	4.4857666666666667	4.4851666666666672	4.5232333333333337	5.1398333333333328	G' CF alg/mucin	13.808370842837759	13.887701261667978	13.352603279261055	12.830391420373713	12.239247294394115	11.686014304857473	11.217199130501939	10.768853714919372	10.394340062425002	9.9731985340712104	9.6425915776482611	9.2555144643612195	9.0815185404204346	9.0040872385822635	8.5887276318051473	7.990181996258495	13.808370842837759	13.887701261667978	13.352603279261055	12.830391420373713	12.239247294394115	11.686014304857473	11.217199130501939	10.768853714919372	10.394340062425002	9.9731985340712104	9.6425915776482611	9.2555144643612195	9.0815185404204346	9.0040872385822635	8.5887276318051473	7.990181996258495	100	63.1	39.799999999999997	25.1	15.8	10	6.31	3.98	2.5099999999999998	1.58	1	0.63100000000000001	0.39800000000000002	0.251	0.158	0.1	52.776666666666671	50.317666666666661	47.19166666666667	43.955000000000005	41.06733333333333	38.552666666666667	36.362333333333332	34.446333333333335	32.764666666666663	31.175999999999998	29.728333333333335	28.367999999999999	27.001000000000001	25.827999999999999	24.954666666666668	23.799333333333333	Angular frequenty (rad/s)



Storage modulus G' (Pa)
Loss modulus G'' (Pa)





Calibration curve in mobile phase


173.59370908340364	143.20035207126207	847.78131663379156	948.92412016627907	310.13510362421073	173.59370908340364	143.20035207126207	847.78131663379156	948.92412016627907	310.13510362421073	10	20	30	43	65	1281.2666666666667	2442.3666666666663	4053.8166666666671	5744.833333333333	8185.2	Concentration (µg/mL)


Area



In vitro diffusion of APR‑Lut NC through the four mucus models

Healthy alg/H2O	3.5447633062866171	8.0311916464534825	41.159400293937672	18.598887811692528	28.45489075627389	13.4128426463898	3.5447633062866171	8.0311916464534825	41.159400293937672	18.598887811692528	28.45489075627389	13.4128426463898	0.5	1	2	4	6	23	6.655653224371691	23.175499344585319	51.94673790629836	140.93767518286154	186.55734836507182	233.44381917100532	Healthy alg/mucin	2.6892403619634235	3.0139510692670046	24.221804279540503	25.28110582733456	24.002463982177812	16.270134939903762	2.6892403619634235	3.0139510692670046	24.221804279540503	25.28110582733456	24.002463982177812	16.270134939903762	0.5	1	2	4	6	23	4.903431234327952	17.755812347055922	67.453191165622698	121.45418742636025	143.47667343166231	227.90972570140278	CF alg/H2O	4.5233245629917205	6.1768825896413402	29.900403073408597	31.766718653012877	20.375305119968139	58.833273019793069	4.5233245629917205	6.1768825896413402	29.900403073408597	31.766718653012877	20.375305119968139	58.833273019793069	0.5	1	2	4	6	23	9.4868364241044887	30.780146387309795	96.519744793449973	159.18491692477289	193.57087437673712	210.12150862261581	CF alg/mucin	1.7991778681814143	12.476034125977836	14.22763978270086	19.166266955902731	13.263436570458355	24.74906823337281	1.7991778681814143	12.476034125977836	14.22763978270086	19.166266955902731	13.263436570458355	24.74906823337281	0.5	1	2	4	6	23	2.9986126461465643	18.087181350766862	50.783348653966222	120.15644432709641	156.24704182233813	211.01777400592641	Time (h)


Cumulative amount (µg/cm2)




In vitro diffusion of APR‑NaChol NC through the four mucus models

Healthy alg/H2O	2.8994893886901467	7.9748592724639753	16.847026269365234	21.43200776326837	22.052003701758586	22.672089976242415	2.8994893886901467	7.9748592724639753	16.847026269365234	21.43200776326837	22.052003701758586	22.672089976242415	0.5	1	2	4	6	23	8.2727641212072385	30.566629490136052	83.92678887926607	149.63258017290863	172.22643307972729	183.56249244720598	Healthy alg/mucin	1.9212282185222578	5.2439204807289759	6.6145555608882054	18.536498846082957	27.376325852430007	17.486942164726905	1.9212282185222578	5.2439204807289759	6.6145555608882054	18.536498846082957	27.376325852430007	17.486942164726905	0.5	1	2	4	6	23	5.6971630132123536	24.25529647548867	62.020883396818768	115.83512502391719	148.25145540767465	206.89284701626872	CF alg/H2O	1.4612348006438156	16.739580546416086	30.94775202789652	16.369270133847884	15.852788712914297	6.7757554743969415	1.4612348006438156	16.739580546416086	30.94775202789652	16.369270133847884	15.852788712914297	6.7757554743969415	0.5	1	2	4	6	23	7.3486483016283826	37.074803921074981	77.702945673591742	158.93096127346823	175.61556582595676	182.47983351543954	CF alg/mucin	4.4832744497777997	13.269423232680143	20.295087532694968	15.078542930713796	28.794754788730888	39.874461914652308	4.4832744497777997	13.269423232680143	20.295087532694968	15.078542930713796	28.794754788730888	39.874461914652308	0.5	1	2	4	6	23	4.2062139354085053	21.681003338334964	63.49214603830778	113.62363546187854	140.28838927855713	172.98462345545363	Time (h)


Cumulative amount (µg/cm2)




In vitro diffusion of APR‑Chit-NaChol NC through the four mucus models

Healthy alg/H2O	2.9997363069413607	10.665274900245841	13.469134826886986	22.171708711999162	15.564325496338849	22.377914704592843	2.9997363069413607	10.665274900245841	13.469134826886986	22.171708711999162	15.564325496338849	22.377914704592843	0.5	1	2	4	6	23	11.465314422815482	35.116846968644161	87.131907502190316	134.65639927258201	159.45861834640803	163.75192019298228	Healthy alg/mucin	9.6001794342425786	9.7739030115663361	6.3897148202408109	22.17508894564379	25.233069706217307	17.872696168093448	9.6001794342425786	9.7739030115663361	6.3897148202408109	22.17508894564379	25.233069706217307	17.872696168093448	0.5	1	2	4	6	23	6.9131169583723562	23.929565842321157	58.9678204818347	117.25114277969674	130.47818050254611	181.46902447063303	CF alg/H2O	5.3456762920035263	7.753246019134596	2.2004480157800761	17.503674392632931	24.613195213360736	25.877371435559329	5.3456762920035263	7.753246019134596	2.2004480157800761	17.503674392632931	24.613195213360736	25.877371435559329	0.5	1	2	4	6	23	8.2435757192777519	31.074515551202904	92.113506220984675	152.65534995871138	179.83292275505784	188.36484998892257	CF alg/mucin	1.7547361067079914	7.6547394293695934	15.034519678767555	8.6862423816095067	6.154262492034432	24.149467405614089	1.7547361067079914	7.6547394293695934	15.034519678767555	8.6862423816095067	6.154262492034432	24.149467405614089	0.5	1	2	4	6	23	4.1372356836789157	25.154452671045611	49.138059016903156	94.54091718298406	108.74876913059789	142.02806523851723	Time (h)


Cumulative amount (µg/cm2)




2

image6.jpeg




image7.png




image8.png
.

= "ﬂ” ay \afl M
.l,\ i \/\/ W il | \Vﬂ/\/ by

VV \
g
- o osra7 s e
TN A A 133757 13432
APR-LutNC f AWara A
n6312 | \/ f\fan "
nkl ekl | i,
{ i
201656 ‘ L6173 If ’ /M(
A R
|7n1,}1 S
168838 sy
APRNaChOINC | sookal N\ /\\ VAN 13579 !
336303 | { | [ . Vi 1 e
517 s, ‘/U M. ,\\ A\ W \( e
onse }\,ﬂm[ w\g )| ”‘J |
‘ VY
nuﬂu pas\ !
| 1337.93 .
16864 10223
APR—ChieruChulN;C ;.];f A (| 113489 /Vv”\j‘ W "
e 2946,60 s J ‘./ /\ /\m \ v \f \\( r\/\]
o av ,\[ | .
170382 136321 —
1688.89 133831 102275
113286
40000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 6500

‘Wavenumber cm-1




image9.png
F

B/G

A/H




image4.png
FACULTEIT INGENIEURSWETENSCHAPPEN
Il | EN ARCHITECTUUR




image1.png
m FACULTY OF
_ PHARMACEUTICAL SCIENCES




image2.png
GHENT
UNIVERSITY




image3.png
DI PAVIA

<(
—
N
a4
LL]
=
Z
D





image5.png
UNIVERSITEIT
GENT




