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ABSTRACT 

Building on growing evidence that ionizable lipids improve RNA delivery, in this work, we developed 

ionizable lipid/poly(lactic-co-glycolic acid) hybrid nanoparticles (iLipid@PLGA hNPs), consisting 

in a PLGA core modified at surface with either 1,2-dioleoyloxy-3-dimethylaminopropane (DODMA), 

1,2-dioleoyl-3-trimethylammonium-propane  (DODAP), or the branched-tail proprietary amino lipid 

ALC-0315. iLipid@PLGA hNPs were engineered to meet key requirements for inhalation. Thorough 

physicochemical characterization revealed how the choice of ionizable lipid influences pH 

responsiveness, surface composition, and architecture of iLipid@PLGA hNPs. In vitro studies 

demonstrated effective siRNA encapsulation, adjustable release kinetics, and poor interactions with 

mucus components, as assessed by combined UV-Vis, Dynamic Light Scattering, and Small Angle 

X-ray Scattering analyses. Confocal microscopy analysis of A549 cells transfected with 

iLipid@PLGA hNPs showed reduced colocalization of AlexaFluor647-labeled siRNA with 

lysosomes over time, suggesting enhanced endosomal escape in the case of DODMA@PLGA hNPs. 

Functional validation using GAPDH-targeting siRNA (siGAPDH) confirmed cellular uptake and 

gene silencing in normal human bronchial epithelial (NHBEs) cells, confirming the superior 

performance of DODMA@PLGA hNPs. Finally, representative fluorescently labeled 

DODMA@PLGA hNPs successfully diffused across a 3D air–liquid interface (ALI) cell model, 

simulating the human bronchial epithelial barrier. These findings highlight the successful integration 

of ionizable lipids into polymeric nanoparticles, establishing iLipid@PLGA hNPs as versatile and 

efficient carriers for siRNA therapeutics. This breakthrough supports their continued development in 

respiratory nanomedicine and in the local treatment of lung diseases. 
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LIST OF ABBREVIATIONS 

A549 Human alveolar adenocarcinoma cell line  

ALC-0315 ((4-hydroxybutyl)azanediyl)bis(hexano-6,1-diyl)bis(2-hexyldecanoate)  

AM Artificial Mucus 

DLS Dynamic Light Scattering  

DODMA 1,2-dioleoyloxy-3-dimethylaminopropane 

DODAP 1,2-dioleoyl-3-trimethylammonium-propane 

DPPC  1,2-dipalmitoyl-sn-glycero-3-phosphocholine 

DSPE-PEG  1,2-distearoyl-sn-glycero-3-phosphoethanolamine–poly (ethylene 

glycol)2000 

FPF  

  

Fine Particle Fraction  

GAPDH  

  

Glyceraldehyde 3-phosphate dehydrogenase  

GSD   Geometrical Standard Deviation  

hNPs  Hybrid lipid polymer nanoparticles 

iLipid@PLGA 

hNPs  

Ionizable Lipid/poly(lactic-co-glycolic acid) hybrid nanoparticles  

MMAD  Mass median aerodynamic diameter  

NHBE  Normal human bronchial epithelial cells 

NTA Nanoparticle Tracking Analysis  

PLGA Poly(lactic-co-glycolic) acid 

RF  

  

Respirable fraction 

SAXS Small-angle X-ray scattering 

SMI   Soft Mist Inhaler 
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INTRODUCTION 

A variety of non-viral vectors, either lipid- or polymer-based, are being developed for efficient 

delivery of RNA therapeutics to the lungs [1]. Among them, polymer nanoparticles, particularly those 

made from biodegradable materials such as poly(lactic-co-glycolic acid) (PLGA), offer several 

advantages, including protection and controlled release of the RNA cargo, as well as evasion of 

natural lung clearance mechanisms, both in vivo and in vitro. Nevertheless, the behaviour of inhalable 

nanoparticles at the interface with the biological environment is critical for overcoming lung barriers. 

Therefore, surface engineering plays a vital role in the design of effective PLGA nanoparticles for 

inhalation. 

Recent advancements have led to the development of muco-inert, cell-penetrating core-shell hybrid 

nanoparticles (hNPs) by surface-engineering PLGA with lipids, thereby integrating the advantages of 

polymeric and lipid nanoplatforms. Various lipids and fabrication methods have been explored to 

fine-tune the technological features of lipid@PLGA hNPs and enhance their in vitro/in vivo 

performance [2–4]. With respect to siRNA delivery to the lungs, our research has focused on 

dipalmitoyl phosphatidylcholine (DPPC), the primary component of lung surfactant, and 2-

distearoyl-sn-glycero-3-phosphoethanolamine–poly(ethylene glycol) 2000 (DSPE-PEG), a lipid that 

could enhance mucus penetration through PEGylation of lipid@PLGA hNPs [5,6]. Nonetheless, to 

go beyond mucus penetration and to improve the transfection efficiency of lipid@PLGA hNPs, a 

systematic investigation of different lipids is a pressing need.  

Among lipid components, ionizable lipids have emerged as uniquely powerful carriers for enhancing 

RNA delivery efficiency in vitro/in vivo, and even in humans [7]. These lipids, which undergo 

protonation and deprotonation in response to environmental pH changes, significantly enhance the 

ability of lipid nanoparticles (LNPs) to interact with and penetrate cell membranes, particularly in 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

acidic endosomal compartments [8].  Ionizable lipids destabilize the endosomal membrane under 

acidic conditions, facilitating the release of RNA into the cytoplasm and preventing endo-lysosomal 

degradation [9]. This distinct feature makes ionizable lipids very intriguing materials for tackling cell 

barriers to inhaled RNAs. 

While the role of ionizable lipids in LNPs has been the subject of extensive studies, their potential 

function within polymeric nanoparticles, such as lipid@PLGA hNPs, remains largely unexplored. A 

recent study on intramuscular mRNA vaccination suggests that mRNA lipid/polymer nanoparticles 

engineered with C12-200, a model ionizable lipid, outperform conventional mRNA LNPs, eliciting 

stronger antigen-specific IgG responses and more effectively reducing viral load in the nasal cavity 

[10]. 

In this work, we exploit the potential role of ionizable lipids in the design of mucus- and cell-

penetrating ionizable lipid@PLGA hNPs (iLipid@PLGA hNPs) for pulmonary delivery of siRNA. 

The hNPs have been engineered with three model lipids selected based on their structural properties. 

Since it is well-known that the saturation of the ionizable lipids can strongly affect the fluidity and 

the delivery efficiency of the ionizable lipids, in the unsaturated family 1,2-dioleyloxy-3-

dimethylaminopropane (DODMA) and 1,2-dioleoyl-3-dimethylammonium-propane (DODAP) were 

selected. Among them, DODAP is particularly similar in structure to the linoleyl tail of the ionizable 

lipid Dlin-MC3-DMA (MC3), which is the key lipid used in the first FDA-approved siRNA therapy, 

patisiran (Onpattro®, Alnylam Pharmaceuticals, Inc.), showing robust hepatic gene silencing. The 

third lipid instead is 6-((2-hexyldecanoyl)oxy)-N-(6-((2-hexyldecanoyl)oxy)hexyl)-N-(4-

hydroxybutyl)hexan-1-aminium (ALC-0315), a multi-tail ionizable lipid, structurally distinguished 

from two-tail ionizable lipids ones by having three or more tails and are expected to produce a more 

cone-shaped structure with enhanced endosome-disrupting ability due to increased cross-section of 

the tail region and that has shown great success in the Pfizer-BioNTech mRNA-based COVID-19 

vaccines [11]. All the iLipid@PLGA hNPs produced were thoroughly characterized for size, surface 
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charge, siRNA entrapment efficiency, and in vitro release rate. Small-angle X-ray scattering (SAXS) 

analysis at physiologically relevant pHs provided structural insights into the developed 

iLipid@PLGA hNPs.  Further insight into the ability of the iLipid@PLGA hNPs to escape endo-

lysosomal were achieved through in vitro trafficking studies in A549 adenocarcinoma lung epithelial 

cells. The behaviour of iLipid@PLGA hNPs in physiologically relevant conditions was predicted 

through a combination of in vitro assays, including mucin-particle interaction, diffusion studies and 

SAXS analysis in an artificial mucus model. The diffusion of fluorescently labelled hNPs was tested 

in a 3D airway epithelial model, revealing insights into transport, permeability, and retention relevant 

to in vivo performance. Finally, the functional delivery of siRNA from the developed iLipid@PLGA 

hNPs was confirmed through in vitro gene silencing studies in normal human bronchial epithelial 

(NHBE) cells using a reporter siRNA against GAPDH. 
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1. EXPERIMENTAL SECTION  

1.1.  Materials 

Resomer RG 502H (uncapped PLGA 50:50, inherent viscosity 0.16 0.24 dL/g) was purchased from 

Evonik Industries AG (Germany). 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1, 2-

distearoyl-sn-glycero-3-phosphoethanolamine–poly (ethylene glycol)2000 (DSPE-PEG) were kindly 

gifted from Lipoid GmbH (Switzerland). 1,2-dioleoyloxy-3-dimethylaminopropane (DODMA), 1,2-

dioleoyl-3-trimethylammonium-propane (DODAP), and ((4-hydroxybutyl)azanediyl)bis(hexano-

6,1-diyl)bis(2-hexyldecanoate) (ALC0315) were purchased from Avanti® Polar Lipids (USA). The 

Silencer® GAPDH siRNA, Silencer® Negative control siRNA (13,000 g/mol, 21 bp), the Quant-

IT™ RiboGreen® kit and UltraPure™ distilled water DNase/RNase free (UPWDNase/RNase free) were 

purchased from Life Technologies (Carlsbad, CA, USA). Citric acid, sodium citrate, sodium 

hydroxide, Egg Yolk Emulsion, deoxyribonucleic acid (DNA), diethylenetriaminepentaacetic acid 

(DTPA), RPMI 1640 amino acid solution, bovine mucin type II, dichloromethane (DCM), and 96% 

(v/v) ethanol were purchased from Merck KGaA (Darmstadt, Germany). The permeable Transwell® 

supports were obtained from Corning (NY, USA). Fluorescent labelled poly(lactide-co-glycolide)-

rhodamine B (PolySciTech™ PLGA-Rhod, LG 50:50, Mn 10,000–30,000 Da) was purchased from 

Microtech Srl (Italy). All chemicals and reagents were of analytical grade and used as received 

without further purification. Ultrapure water (UPW, Type I) was obtained using a Purelab® Option-

Q system (Elga Labwater, Italy) and used throughout the study.  

 

2.2. Production and characterization of ionizable lipid@PLGA hybrid nanoparticles  

PLGA nanoparticles surface-engineered with ionizable lipids (iLipid@PLGA hNPs) were prepared 

by a double emulsion technique. Briefly, 100 µL of an aqueous solution (W1) was emulsified by 

sonication (30 seconds) into 1 mL of an organic phase (O) containing 10.0 mg of PLGA (1% w/v) 

and the lipid mixture, previously dissolved in DCM. The lipid mixture consisted of DPPC, DSPE-
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PEG (DPPC/PLGA ratio of 1:33 w/w and DSPE-PEG/PLGA 1:20 w/w, respectively), and the selected 

ionizable lipid (i.e., DODMA, DODAP, or ALC0315) (ionizable lipid/PLGA ratio of 1:20 w/w). After 

sonication, 1 mL of UPW (W2) was added to the emulsion, followed by a second sonication step 

lasting 30 seconds. The resulting double emulsion (W1/O/W2) was poured into 6.25 mL of ethanol 

and stirred at 500 rpm in a fume hood until the organic solvents were completely evaporated. Upon 

solvent removal, the particles were reconstituted in UPW to reach a theoretical concentration of 11.3 

mg/4 mL. The dispersion was then centrifuged at 4660 rcf for 20 minutes at 4 °C (LC, D1524R 

refrigerated microcentrifuge). Following removal of the supernatant, the pellet was resuspended in 1 

mL of UPW.  

In the case of siRNA-loaded particles DNase/RNase-free UltraPure™ distilled water was used 

throughout the production process. The siRNA was added to the W1 phase at a theoretical 

concentration of 0.2 or 1 nmol/100 L. Fluorescent hNPs (iLipid@PLGARhod) were prepared by 

incorporating PLGA-Rhod at 10% w/w relative to the total PLGA content dissolved in O [12,13]. 

After production, iLipid@PLGA hNPs were characterized for hydrodynamic diameter (DH) and 

polydispersity index (PDI) with a Zetasizer Nano ZS (Malvern Instruments Ltd, UK). The 𝜁 potential 

was also determined with the same instrument, using electrophoretic light scattering (ELS).  The 

iLipid@PLGA hNP formulations were diluted in water and in a citric acid buffer at pH 3.8 and 

subsequently analyzed to reproduce representative physiological and endosomal pH conditions. 

Results are expressed as mean value ± standard deviation (SD) of three independent batches.  

iLipid@PLGA hNPs were further characterized for size and particle concentration by Nanoparticle 

Tracking Analysis (NTA) with a NanoSight Pro (Malvern Panalytical Ltd, UK) equipped with a high 

sensitivity scientific CMOS camera and a 488 nm laser. For NTA analysis, the samples were diluted 

in 1 mL of UPW and filtered through a 0.22 µm syringe filter. Flow rate was set to 3 L min−1. Videos 

were recorded 5 times for each sample, 11.5 s each, at a controlled temperature of 25 °C. All analyses 

were performed using NS Xplorer software (Malvern, UK). For NTA, the size is reported as mean 
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value ± standard deviation (SD) while nanoparticle dispersity is represented by the SPAN ± standard 

deviation (SD) of three independent batches [14]. The span represents the sample's polydispersity and 

is calculated according to the following equation: 

      𝑆𝑃𝐴𝑁 =
D90−D10

D50
     (1) 

where D90 is the size comprising up to 90 % of the volume of material of the nanoparticle size 

distribution, while D50 is the size comprising up to 50 % (the median size) and D10 is the size 

comprising up to 10 %. A low span indicates a greater particle homogeneity, while a high value 

reflects an increased dimensional variability. 

Transmission electron microscopy (TEM) was performed using an FEI Tecnai G2 S-TWIN. Samples 

were prepared by depositing 10 μL of iLipid@PLGA hNPs (8 mg/mL, dispersed in water) onto 200-

mesh carbon-coated copper grids, followed by the addition of a 5 μL drop of phosphotungstic acid 

(PTA, pH 6.8) as a contrast agent. 

The whole batch of iLipid@PLGA hNPs was freeze-dried only to determine the yield of production 

by weigh. The yield is expressed as a % ratio of the collected amount (mg) to the theoretical amount 

(mg) of iLipid@PLGA hNPs. Results are reported as the mean of three measurements on three 

different batches (n = 9) ± standard deviation (SD).  

 

2.3 siRNA loading and release 

2.3.1 Encapsulation Efficiency 

The amount of siRNA encapsulated in iLipid@PLGA hNPs was indirectly assessed by quantifying 

the non-encapsulated siRNA, as previously reported [6]. Briefly, after production, the hNPs were 

centrifuged (7000 rcf for 20 minutes at 4°C), and the supernatant was treated with the Quant-IT™ 

RiboGreen® reagent according to the manufacturer’s instructions. Following complexation, 

quantitative analysis was performed using a spectrofluorometer (λex: 480 nm/λem: 520 nm) 

(ProMega™ GloMax® Plate reader, USA).  
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The encapsulation efficiency is reported as the detected amount of siRNA/theoretical loading of 

siRNA × 100, while the actual loading is reported as nmol of siRNA encapsulated per mg of hNPs. 

All the results are presented as average ± standard deviation (SD) calculated from three different 

batches. 

2.3.2 Heparin Displacement assay 

To assess the percent of siRNA absorbed on hNP surface, the susceptibility of siRNA-loaded 

iLipid@PLGA hNPs to heparin displacement was tested. Briefly, 100 μL of the hNP formulation were 

mixed with 900 μL of an aqueous solution of high molecular weight heparin (30 mg/mL), achieving 

a hNP:heparin weight ratio of 1:200. The dispersion was then incubated at 37°C for 30 minutes. After 

the complexation period, the heparin-treated hNPs were centrifuged (7000 rcf, 20 minutes, 4°C) and 

the supernatant was treated with Quant-IT™ RiboGreen® as described above.  The absorbance (ABS) 

of the heparin solution treated with Quant-IT™ RiboGreen® was subtracted from the ABS value of 

the supernatant of the heparin-treated hNPs. Calibration curves were derived by analyzing serial 

dilutions of siRNA in heparin solution (1:200 w/w). 

2.3.3 Agarose gel electrophoresis 

Agarose gel electrophoresis was performed to assess the complexation of siRNA within the PLGA 

core of iLipid@PLGA hNPs. A 1.5% (w/v) agarose gel containing SYBR Safe dye (1:10,000) was 

prepared in 1× TAE buffer. Nanoparticle samples, supernatants collected after hNP production, and 

naked siRNA at different concentrations (used as controls) were mixed with 6× DNA loading dye and 

loaded onto the gel. Prior analysis of the supernatants using the Quant-iT™ RiboGreen® assay was 

performed to determine encapsulation efficiency. Electrophoresis was carried out at 60 V for 45 min, 

and gels were visualized using a GelDoc imaging system (Bio-Rad, USA). 

2.3.4 In vitro siRNA release kinetics  
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Release studies were performed on hNPs dispersion in phosphate-buffered saline solution (PBS, 120 

mM NaCl, 2,7 mM KCl, 10 mM phosphate salt, pH=7.4) at 37°C. Briefly, 10L of siRNA-loaded 

iLipid@PLGA hNPs were diluted in PBS to reach a final concentration of 0.02 nmol/mL and 

incubated in a thermostated shaking water bath (ShakeTemp SW 22, Julabo Italia, Italy) at 37°C. At 

scheduled time points, the samples were centrifuged and 800L of supernatant was withdrawn, and 

the pellet was resuspended in fresh media to a final volume of 1 mL. Supernatants were analyzed for 

siRNA concentrations using the Quant-IT RiboGreen reagent kit as reported above. Experiments were 

run in triplicate, and results are reported as the percentage of siRNA released ± standard deviation 

(SD) over time. 

 

2.4. Surface analysis of ionizable lipid@PLGA nanoparticles  

2.4.1 Fixed Aqueous Layer Thickness (FALT) 

The Fixed Aqueous Layer Thickness (FALT) was determined by evaluating the effect of ionic strength 

on the surface charge of iLipid@PLGA hNPs as described by [4]. Briefly, increasing concentrations 

of NaCl were added to an aqueous dispersion of hNPs (0.5 mg/mL), and changes in ζ-potential were 

monitored 

A linear regression of ln(ζ) versus k (with k = 3.3·C^0.5, where k⁻¹ corresponds to the Debye length 

and C is the molar concentration of NaCl) was used to estimate the shell thickness in nanometers [15–

17]. Results are reported as mean ± standard deviation (SD) based on three independent experiments. 

 

2.4.2 PEG Quantification with ELISA Assay 

Quantitation of PEG on iLipid@PLGA hNPs surface was performed by enzyme-linked 

immunosorbent assay (ELISA) according to the manufacturer's procedure (Cloud Clone Corporation, 

USA) as previously published [4]. DODMA@PLGA, DODAP@PLGA, and ALC0315@PLGA at a 

concentration of 1.5 mg/mL were tested for PEG content on hNPs surface at a wavelength of 450 nm 
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(GloMax™ Plate reader, Promega Italia Srl, Italy). The calibration curve was achieved solubilizing 

PEG 2000 (0.5 µg mL−1) in UPW at 5—10 °C for 2 h under magnetic stirring (the transmittance was 

measured to ensure the dissolution of PEG >95%). For quantitative measurements, the OD of the 

sample was compared to the corresponding calibration curve. The results were reported as percentage 

of PEG detected on nanoparticle surface ± SD of triplicate experiments. 

2.5. Differential Scanning Calorimetry 

Differential scanning calorimetry (DSC) analyses were performed using a Q20 calorimeter (TA 

Instruments, USA), which was preliminarily calibrated with a high-purity indium standard. The hNPs 

were lyophilized for 24 h at −80 °C and 0.1 mbar using a Lyovapor L-200 freeze-dryer (BUCHI Italia 

s.r.l., Italy). Approximately 4 mg of each freeze-dried sample was carefully weighed and sealed in 

hermetically closed Tzero aluminum pans. The samples were heated from 10 °C to 250 °C at a constant 

rate of 5 °C/min. All measurements were conducted under a nitrogen atmosphere, with a purge flow 

rate of 50 mL/min. An empty, sealed aluminum pan served as the reference. Thermal parameters were 

obtained using TA Universal Analysis software. DSC tests were carried out on both the pure 

components and the obtained hybrid nanoparticle formulations. 

 

2.6. Small Angle X-ray Scattering (SAXS) analysis  

SAXS measurements were performed at the Id02 beamline of ESRF synchrotron facility in Grenoble 

(FR). Samples were prepared in water or sodium citrate acid buffer from stock dispersions of siRNA-

loaded iLipid@PLGA hNPs (10 mg/mL). A Eiger2 4M detector was used at two different sample-to-

detector distances of 10 and 1 meters to cover the direct space interval of about 1 μm-1 nm, with 

profitable overlapping. Flow through glass cells were used throughout the analyses. Empty 

capillaries, as well as capillaries filled with water or sodium citrate buffer, were measured under the 

same conditions for background subtraction. SAXS data for siRNA iLipid@PLGA hNPs were 

collected at room temperature. The scattering profiles were processed using the SAXS utilities 
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software package [18] and analyzed with the SasView fitting software [19] (http://www.sasview.org/) 

employing a core–multishell sphere_sld form factor model combined with a 'sticky' hard-sphere 

structure factor using the Percus–Yevick closure [20,21]. 

2.7 In Vitro Aerosol Performance 

2.7.1 Measurement of Aerodynamic Particle Size Distribution  

The aerosolization properties of fluorescently labelled iLipid@PLGARhod hNPs, produced as 

described above, were assessed in vitro after delivery through a vibrating-mesh (VMT) nebulizer 

(InnoSpire Go, Philips Healthcare). The deposition pattern of the formulations was investigated using 

a Next Generation Impactor (NGI) equipped with a NGI Cooler™ Shelf (Copley Scientific, UK) 

according to the Comité Européen de Normalization (CEN) standard methodology for nebulizer 

systems with sampling at 15 L/min and insertion of a filter in the micro-orifice collector (MOC). For 

each test, 1.5 mL of iLipid@PLGA hNPs suspension in saline solution (0.9 % NaCl) was transferred 

to the reservoir of the nebulizer, which was connected to the induction port of the NGI with a 

mouthpiece adapter. The nebulizer was operated at 15 L/min, and the aerosol was drawn through the 

impactor until it was dry. The amount of hNPs deposited on the NGI collection cups and in the 

induction port was quantitatively recovered in an appropriate amount of 0.5 M sodium hydroxide (2 

- 5 mL). Upon emission, the experimental mass median aerodynamic diameter (MMAD) and the 

geometric standard deviation (GSD) were calculated according to the European Pharmacopeia 

deriving a plot of cumulative mass of particle retained in each collection cup (expressed as percent 

of total mass recovered in the impactor) versus the cutoff diameter of the respective stage. The 

MMAD of the particles was determined from the same graph as the particle size at which the line 

crosses the 50% mark, and the GSD was defined as  

𝐺𝑆𝐷 = √
𝑆𝑖𝑧𝑒 𝑋

𝑆𝑖𝑧𝑒 𝑌
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where size X was the particle size at which the line crosses the 84% mark and size Y the size at 

which it crosses the 16% mark. The fine particle fraction (FPF) was calculated considering the 

actual amount of hNPs deposited on stage three through seven (MMAD < 5.39 μm) compared to the 

initial amount loaded into the nebulizer chamber, that is, the nominal dose of hNPs, according to the 

following equation: 

𝐹𝑃𝐹 =  
𝑖Lipid@PLGA hNPs amount on cup 3 through 7

𝑖Lipid@PLGA hNPs amount loaded into the device
×  100 

The respirable fraction (RF) is the percentage of particles with an aerodynamic diameter ≤ 5 µm 

relative to the total emitted dose calculated according to the following equation: 

𝑅𝐹 =
𝑖Lipid@PLGA hNPs amount on cup 3 through 7

𝑖Lipid@PLGA hNPs total amount deposited in the NGI 
×  100 

 

To confirm the colloidal stability of iLipid@PLGA hNPs following aerosolization, the size and 

surface charge of hNPs deposited in Cup 4 were measured using dynamic light scattering (DLS). For 

surface charge determination by electrophoretic light scattering (ELS), hNPs were diluted in water 

and citric acid buffer (pH 3.8) prior to analysis. All measurements were conducted at room 

temperature, and results are presented as mean ± standard deviation (SD) from three independent 

experiments. iLipid@PLGA hNPs dispersed in saline solution served as the reference. 

 

2.7.2 Evaluation of siRNA Stability and Release Kinetics Following Aerosolization 

To assess siRNA integrity following iLipid@PLGA hNP aerosolization, agarose gel electrophoresis 

was performed. To ensure maximum recovery of the delivered dose, a dispersion of iLipid@PLGA 

hNPs in saline (150 L) was aerosolized using a Respimat® Soft Mist Inhaler (SMI) and collected 

into a 1.5 mL microcentrifuge tube placed at the outlet of the actuator.  Electrophoresis was conducted 
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as described above. As controls, non-aerosolized iLipid@PLGA hNPs processed under identical 

conditions and naked siRNA were included as references.  

Following aerosolization, iLipid@PLGA hNPs collected were also subjected to in vitro release 

studies in phosphate-buffered saline solution (PBS, 120 mM NaCl, 2,7 mM KCl, 10 mM phosphate 

salt, pH=7.4) at 37°C. Briefly, 10 L of siRNA-loaded iLipid@PLGA hNPs collected into the 

microcentrifuge tube were diluted in PBS to reach a final concentration of 0.02 nmol/mL and 

incubated at 37°C for release studies as described above.  Experiments were run in triplicate, and 

results are reported as the percentage of siRNA released ± standard deviation (SD) over time.  

 

2.8 In vitro behaviour of iLipid@PLGA hNPs in mucus environment 

2.8.1. In vitro interactions with mucin  

The interactions between iLipid@PLGA hNPs and mucin were evaluated by combined UV-vis and 

DLS analysis as previously described [22]. Experiments were performed with aqueous dispersions of 

Type II bovine mucin (0.08% w/v) prepared either in UPW (pH 7.0) or in citrate buffer (pH 3.8). 

After production by stirring overnight, the dispersions were centrifuged at 6,000 rcf for 20 minutes 

at 4 °C and the mucin-containing supernatants were collected for further analyses.  

Light scattering of hNPs in the presence of mucin was evaluated by diluting 10 μL of an aqueous hNP 

dispersion in 0.08% mucin (final hNP concentration of 1 mg/mL). The absorbance of the resulting 

hNP–mucin mixtures was monitored at 650 nm at 0, 30, and 60 min of incubation at room 

temperature. Reference absorbance values were also recorded for mucin alone and hNPs dispersed in 

UPW at a concentration of 1 mg/mL. All experiments were performed in triplicate, and results are 

presented as absorbance at 650 nm ± standard deviation (SD) over time.  

hNP–mucin interactions were further investigated by comparing particle size distributions in water 

or in 0.08% mucin by dynamic light scattering (DLS) (Zetasizer Nano ZS, Malvern Instruments, UK). 
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2.8.2. Permeation studies in simulated mucus 

In vitro permeation studies through artificial mucus (AM) were performed using fluorescent 

iLipid@PLGA hNPs comprising rhodamine-labeled PLGA (iLipid@PLGARhod hNPs) as 

previously reported [23]. Briefly, 75 µL of AM was added to Transwell® inserts with permeable 

polycarbonate membranes (6.5 mm diameter, 8 μm pore size; Corning Incorporated, USA). 

Subsequently, 25 µL of a hNP dispersion in UPW (2 mg/150 µL) was layered onto AM. The inserts 

were then placed into a 24-well plate containing 300 µL of simulated interstitial lung fluid (SILF) in 

the acceptor chamber. At scheduled time points, SILF was withdrawn and replaced with the same 

volume of fresh media. The samples were diluted with 700L of 0.5 M NaOH and stirred for 1 h to 

degrade the PLGA matrix. hNP content was quantified by spectrofluorimetric analysis at λex 520 nm 

and λem 580–640 nm using a GloMax Explorer microplate reader (Promega, Italy). Calibration curves 

were generated from serial dilutions of a standard solution prepared by degrading an 

iLipid@PLGARhod hNPs stock in 0.5 M NaOH. Linearity was confirmed over the range of 2–200 

μg/mL (r² ≥ 0.999). Experiments were run in triplicate, and results are reported as the percentage of 

total hNPs permeated ± standard deviation (SD) over time. 

2.8.3. SAXS in artificial mucus  

SAXS analyses of siRNA-loaded iLipid@PLGA hNPs were performed also in AM. Briefly, hNPs 

(nominal concentration 10 mg/mL) were diluted in AM at different AM:hNPs volume ratios, namely 

1:1, 1:2 and 1:3 v/v. The analyses were performed as described in paragraph 2.5, employing 

polycarbonate capillaries of 2 mm inner diameter (ENKI-MICROTUBES, Enki Srl, Italy). Empty 

and water filled capillaries were measured for background subtraction. 

 

2.9 In vitro assessment of iLipid@PLGA hNPs lysosomal sequestration in lung epithelial cells 

The ability of the siRNA-loaded iLipid@PLGA hNPs to escape the endosome was evaluated in A549 

adenocarcinoma lung epithelial cells by assessing the co-localization of an AlexaFluor647-labeled 
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siRNA and a Lysotracker™ green-fluorescent dye through Confocal Laser Scanning Microscopy 

(CLSM) analysis. The cells were seeded at a density of 10,000 cells per well on a chambered coverslip 

(µ-Slide 8 Well, ibidi, Grafelfing, Germany) 24 h prior to transfection. Then, the cells were transfected 

with siRNA-loaded iLipid@PLGA hNPs (10 pmol AF647-siRNA per well) for 3 and 24 h. After 

incubation, a 75 nM Lysotracker™ Green solution (Thermo Fisher Scientific, Darmstadt, Germany) 

diluted in EMEM was added to each well for 1 hour and washed twice with PBS. Cells were fixed 

with a 4% paraformaldehyde solution for 15 min at 4°C and washed three times with PBS. Finally, 

the nuclei were stained with a 1 µg/mL 4′,6-diamidino-2-phenylindole solution (DAPI, ThermoFisher 

Scientific, Darmstadt, Germany) for 15 min and washed twice with PBS. Cell imaging was performed 

using a SP8 inverted confocal microscope equipped with a 63X objective (Leica Camera, Wetzlar, 

Germany). The captured images were processed in ImageJ using the JACoP plugin to compute the 

Pearson correlation coefficient (PCC). Values were obtained using ImageJ software with the Coloc2 

plugin (n = 6) and are presented as mean ± standard deviation (SD) [24].  

 

2.10 In Vitro GAPDH Gene Silencing  

Normal Human Bronchial Epithelial Cells (NHBEs), obtained from Epithelix (Geneva, Switzerland; 

donor AB0839), were cultured in PneumaCult™-Ex Plus medium (STEMCELL Technologies, 

Vancouver, Canada) following the manufacturer’s instructions. Upon reaching ~80% confluence in 

12-well plates (estimated 4 × 10⁵ cells/well), cells were treated with iLipid@PLGA hNPs loaded with 

siRNA targeting GAPDH (siGAPDH_iLipid@PLGA hNPs) at concentrations of 0.5 and 1 mg/mL. 

As negative controls, iLipid@PLGA hNPs loaded with the same amount of non-targeting siRNA 

(siNC_iLipid@PLGA hNPs) were used. A Lipofectamine-based transfection of siGAPDH was 

included as a positive control for gene silencing and with siGAPDHNC as a negative control. 

Treatments were carried out for 24, 48, and 72 h prior to RNA extraction. 
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Total RNA was isolated using the Qiagen RNeasy spin-column based purification kit with a DNase 

treatment step to remove residual DNA. RNA quantity and purity were determined using the 

NanoDrop One spectrophotometer (Thermo Fisher Scientific, Darmstadt, Germany). Reverse 

transcription was performed with the RT² First Strand Kit (Qiagen), and quantitative PCR was 

conducted using a Custom RT² Profiler PCR Array (Qiagen) and SYBR Green Master Mix on a 

qTOWER³ Real-Time PCR System (Analytik Jena). The expression of GAPDH (target gene) was 

quantified and normalized to TBP (TATA-box binding protein, used as the housekeeping gene) (Table 

1). Relative expression levels were calculated using the 2^−ΔΔCT method. 

Table 1. Primer sequences for RT-PCR. 

gene forward  reverse  

GAPDH CTCTCTGCTCCTCCTGTTCGAC  TGAGCGATGTGGCTCGGCT  

TBP TTCGGAGAGTTCTGGGATTGTA TGGACTGTTCTTCACTCTTGGC 

2.11 In Vitro transport through a 3D human-based bronchial epithelial model 

2.11.1. Generation of a 3D bronchial epithelial model 

Primary normal human bronchial epithelial (NHBE) cells and normal human lung fibroblasts 

(NHLFb) (Epithelix, Geneva, Switzerland) were cultured in specific growth media according to the 

manufacturer’s instructions. NHLFb were embedded in a bovine collagen I matrix (Cellsystems, 

Troisdorf, Germany) and seeded into 12-well trans-well inserts to mimic the bronchial extracellular 

environment. The collagen matrix was neutralized to physiological pH using 2 M NaOH before the 

addition of fibroblasts to the matrix. After polymerization at room temperature and stabilization in a 

CO₂-free 37oC incubator, PneumaCult-Ex Plus medium (STEMCELL Technologies, Vancouver, 

Canada) was added to both apical and basal compartments. Subsequently, 9×10⁵ NHBE were seeded 

onto the matrix, and 24 h later, the constructs were transferred to an air-liquid interface. Cultures were 

maintained for 21 days in PneumaCult-ALI medium, with medium changes every two days. On day 
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18, the apical side of the models were rinsed with PBS to remove excess mucus. The fully 

differentiated bronchial epithelium model was ready for experiments on day 21. 

2.11.2. In vitro transport studies 

On day 21, 100 μL of fluorescently labeled siRNA-loaded DODMA@PLGARhod hNPs at 

concentrations of 0.5 mg/mL and 1 mg/mL were applied to the apical surface and incubated for 5 or 

24 h. After incubation, the culture medium was removed, and the models were embedded in Tissue 

Freezing Medium (Leica Microsystems), snap-frozen in liquid nitrogen, and stored at –80 °C. 

Cryosections (12 μm) were prepared using a cryotome (Leica Microsystems), mounted on glass 

slides, and air-dried at room temperature. For analysis, sections were stained according to standard 

protocols. For immunofluorescence staining, the sections were fixed with 4% formaldehyde, washed 

with PBS containing 0.0025% BSA and 0.025% Tween-20 (Carl Roth, Karlsruhe, Germany), and 

blocked with normal goat serum (1:20 in PBS). The sections were then incubated overnight at 4 °C 

with primary antibodies. Following a series of PBS washes, the sections were incubated for 1 h at 

room temperature with secondary antibodies IgG Alexa Fluor®488 (1:400; Abcam, Cambridge, UK). 

Subsequently, the sections were embedded in 4′,6-diamidin-2-phenylindol (DAPI) antifading 

mounting medium (Sigma-Aldrich, Darmstadt, Germany) and analysed by fluorescence microscopy 

(BZ-8000; Keyence, Neu-Isenburg, Germany). 

 

2.12 Statistical Analysis 

For the statistical analysis of in vitro experimental data, a two-tailed Student’s t-test was performed 

using GraphPad Prism 8. (GraphPad Software, Inc., San Diego, CA, USA). Data were expressed as 

mean ± standard deviation (SD), and statistical significance was considered at p < 0.05. The following 

thresholds were used to indicate levels of significance: *p< 0.05; **p< 0.005; ***p< 0.0005; ****p< 

0.0001.  
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3. RESULTS AND DISCUSSION 

3.1. Design and development of iLipid@PLGA hNPs 

A panel of ionizable iLipid@PLGA hNPs was successfully developed by engineering the surface of 

PLGA nanoparticles with a mixture of lipids, comprising DPPC, DSPE-PEG, and one of three 

ionizable lipids, differing in headgroup, linker, or hydrocarbon tail (i.e., different molecular shape): 

DODMA, DODAP, or ALC-0315. DODMA and DODAP contain a glycerol backbone, two oleoyl 

chains (C18:1), and either a tertiary amino or a primary amine headgroup, which is responsible for 

their different pKa (6.59 and 5.59 in a TNS binding assay, respectively). ALC-0315, a key component 

of the COVID‐19mRNA vaccine, is characterized by branched tails leading to a peculiar cone-shaped 

geometry (pKa 6.09) [25–27].  

Figure 1. A) Schematic representation of the iLipid@PLGA hNPs B) TEM images of hNPs. The field is 

representative of the formulation.  

A

B
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Through in-depth formulation studies, iLipid@PLGA hNPs, optimized in terms of quality attributes 

for inhalation (i.e., size, polydispersity, morphology, and architecture), were produced by a double 

emulsion technique (Table S1, Fig. 1).  

Independently upon the ionizable lipid added to the formulation, the resulting hNPs exhibited optimal 

colloidal properties, including a hydrodynamic diameter (DH) below 180 nm and a polydispersity 

index (PDI) as low as ~0.1 (Table S1). Insights into hNP size and homogeneity were achieved through 

NTA, which supplemented DLS analysis through a number-based and high-resolution size 

distribution, showing a mean very close to the calculated DH value and a SPAN ranging from 0.6 and 

0.9 (Table S1). In each case, TEM images proved the formation of a homogeneous population of 

regularly shaped spherical hNPs (Fig. 1B). 

Since the incorporation in the formulation of an ionizable component was primarily intended to confer 

a pH-responsive surface charge applicable for endo-lysosomal escape, the  potential was measured 

at representative acidic and neutral pH (3.8 and 7, respectively). As expected, the ζ potential is 

negative (~-30 mV) at the pH 7, while it becomes nearly neutral (~ -3/-6 mV) in the acidic 

environment (Table S1). This is indicative of the presence of the ionizable lipids on the surface of 

hNPs, likely suggesting a core-shell structure in which the PLGA core is surrounded by the lipid shell, 

as previously observed for DPPC@PLGA and DSPE-PEG@PLGA hNPs [6].  

 

3.2. Enabling siRNA entrapment and release from iLipid@PLGA hNPs 

The developed iLipid@PLGA hNPs are intended to effectively deliver siRNA to the lungs. To this 

purpose, key design considerations include: i) flexibility in siRNA loading capacity to allow for 

tunable dosing; ii) high encapsulation efficiency to accommodate therapeutically relevant siRNA 

doses; iii) tunable siRNA release profiles to support prolonged efficacy and reduce dosing frequency. 

With this idea in mind, a model siRNA was added to the iLipid@PLGA hNPs at two different ratios 

to PLGA, that is 0.2 or 1.0 nmol per 10 mg of PLGA. The resulting siRNA_DODMA@PLGA, 
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siRNA_DODAP@PLGA and siRNA_ALC0135@PLGA were fully characterized for relevant 

colloidal properties (Table 1). Stability studies were carried out at 4 and 25 °C, confirming the stability 

of the colloidal properties up to 12 days (Figure S1). Furthermore, siRNA entrapment efficiency and 

in vitro release profile were evaluated (Fig. 2). Regardless of the presence and the amount of siRNA 

inside the formulation, iLipid@PLGA hNPs met the design criteria for inhalation, that is, a DH lower 

than 200 nm and a PDI ~0.1 (Table 2).  

Table 2. Composition, colloidal properties and production yields of siRNA-loaded iLipid@PLGA hNPs. 

 

 

 

 

 

 

 

 

 

Results were corroborated by NTA measurements, which provided a mean value consistent with the 

calculated DH and a SPAN ranging from 0.4 to 0.7. Notably, the higher was the amount of siRNA 

added to the formulation, the lower was the SPAN (Table 1), likely suggesting the contribution of the 

interaction of siRNA backbone with the iLipid@PLGA matrix in the hNP formation process.  

D
H
 = hydrodynamic diameter. PDI = polydispersity index. YP = yield of 

production.  
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Figure 2.  siRNA entrapment and release from iLipid@PLGA hNPs. A) siRNA entrapment efficiency, where 

the percentage of siRNA associated with the hNP surface is represented by the striped portion of the bars. B) 

In vitro siRNA release kinetics at pH 7.0 and 37 °C. Data are presented as the mean of triplicate measurements 

from three independent batches ± standard deviation (SD). C) Agarose gel electrophoresis confirming siRNA 

encapsulation. 

 

This hypothesis is supported by the results obtained from encapsulation studies with the model 

siRNA. Indeed, all siRNA-loaded iLipid@PLGA hNPs showed an increase of siRNA entrapment 

efficiency when a higher amount of nucleic acid was added to the formulation (~60% and ~80% for 

siRNA theoretical loadings of 0.2 nmol/10 mg and 1 nmol/10mg of PLGA, respectively) (Fig. 2B). 

To further confirm siRNA encapsulation, agarose gel electrophoresis was performed (Fig. 2C). Lanes 

1–2 show naked siRNA controls migrating as expected. In contrast, lanes 3–4 (naked siRNA at 0.1 

and 0.05 nmol/mL) exhibit no visible bands, indicating the detection limit of the assay. For all 
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iLipid@PLGA nanoparticles (lanes 5, 7, and 9), the siRNA signal remains retained in the loading 

wells, demonstrating strong association within the hNPs. In the corresponding supernatants (lanes 6, 

8, and 10), only faint bands were observed. These results are consistent with the high encapsulation 

efficiency (~80%) reported in Fig. 2B. 

To investigate siRNA distribution within the carrier, surface-bound siRNA was displaced from 

iLipid@PLGA hNPs using heparin, a highly anionic polysaccharide that competes for binding sites 

on the nanoparticle surface [28]. The heparin displacement assay also enabled the evaluation of how 

the amount of surface-adsorbed siRNA varied as a function of the selected ionizable lipid. While 

siRNA_ALC0135@PLGA hNPs exhibited a greater amount of siRNA adsorbed on the surface, at the 

expense of the total encapsulated siRNA, siRNA_DODMA@PLGA and siRNA_DODAP@PLGA 

hNPs were characterized by a lower amount of surface-associated siRNA.  This behavior may stem 

from the unique structure of ALC0315, which contains double-branched hydrocarbon tails that likely 

impart a cone-shaped geometry, thereby influencing its overall molecular organization and 

interactions with siRNA [11].  

The amount of siRNA absorbed on hNP surface inevitably affects in vitro release profile of the three 

distinct iLipid@PLGA hNPs (Fig. 2B). All formulations exhibited a characteristic biphasic release 

profile, comprising an initial burst phase within the first 6 h, followed by a sustained release over the 

subsequent 15 days, likely governed by siRNA diffusion through the slowly eroding PLGA matrix. 

In all formulations, the percentage of siRNA released is higher at a 0.2 nmol loading compared to a 

1 nmol loading. Among the tested systems, siRNA_ALC0315@PLGA exhibits the highest 

cumulative release (~85% at day 15 for 0.2 nmol; ~50% for 1 nmol), followed by 

siRNA_DODMA@PLGA (~65% for 0.2 nmol; ~40% for 1 nmol) and siRNA_DODAP@PLGA 

(~45% for 0.2 nmol; ~30% for 1 nmol). A more pronounced initial burst release is observed for the 

0.2 nmol condition, particularly within the first 24 h. This behavior is supported by data indicating 

that lower siRNA loading corresponds to a larger fraction of total siRNA adsorbed onto the hNP 

surface. Surface-adsorbed siRNA is more loosely associated with the hNPs and is thus rapidly 
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released upon contact with the aqueous medium, contributing to the sharp early-phase release profile 

observed at 0.2 nmol. Conversely, at 1 nmol loading, a greater proportion of siRNA appears to be 

encapsulated within the PLGA core, resulting in reduced burst release and more controlled, sustained 

release. Overall, these results suggest that loading-dependent partitioning between surface-associated 

and encapsulated siRNA plays a key role in modulating the release kinetics. In agreement with Villano 

et al. [13], such hybrid systems typically exhibit release behavior governed by the interplay between 

diffusion processes and carrier structural organization, giving rise to sustained release profiles. 

 

3.3 Assessing in vitro aerodynamic behavior and structural stability of hNPs upon nebulization 

Since a key determinant of nanoparticle deposition in the lungs is the in vitro aerodynamic behaviour,  

the aerosolization performance of the developed iLipid@PLGA hNPs was assessed  after delivery 

from a VMT portable nebulizer (i.e., InnoSpire Go from Philips Healthcare) using a pre-cooled NGI 

operated at 15 L/min and isolating the MOC, in agreement with the CEN standard methodology  [29]. 

The deposition profile of the hNPs throughout the NGI stages was followed by spectrofluorimetric 

analysis of rhodamine-labelled siRNA-loaded iLipid@PLGARhod hNPs, displaying the same colloidal 

properties of unlabeled iLipid@PLGA hNPs (data not shown).  The cumulative mass of the 

iLipid@PLGA hNPs recovered as a function of the cut-off diameter of the respective NGI stage and 

the NGI deposition pattern are reported in Fig. 3A and 3B, respectively. No significant differences in 

aerodynamic behavior were observed among the different formulations, indicating that their 

dispersibility and lung-deposition profiles are essentially comparable. The aerodynamic assessment 

of fine particles revealed an MMADexp lower than 3 µm (Table S2), a value consistent with an efficient 

transport of iLipid@PLGA hNPs into the distal lung regions. As expected, the FPF values are affected 

by the total amount of hNP recovered in the NGI stages, the high RF values support the hypothesis 

that a significant fraction of the aerosolized iLipid@PLGA hNPs possesses a MMAD lower than 5 

µm, which is optimal for reaching the lower respiratory tract. 
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Figure 3.  In vitro aerosol performance of iLipid@PLGA hNPs delivered through the portable VMT nebulizer 

InnoSpire Go (Philips Healthcare). (A) Cumulative mass recovered as a function of the cutoff diameter; (B) 

NGI deposition pattern; (C) Size, polydispersity index (PDI), and  potential at physiological and acidic pH 

before (solid bars) and after (dashed bars) aerosolization. Triplicate experiments were performed and results 

are presented as mean ± SD (n = 3).  

 

Overall, the results suggest that nebulization of iLipid@PLGA hNPs is a viable approach for 

delivering high concentrations of siRNA directly to the lung epithelium. However, the nebulization 

process can expose nanocarriers to substantial shear stresses, which may compromise their structural 
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stability, promote siRNA loss, and ultimately diminish therapeutic efficacy [30–32]. Thus, we 

investigated how nebulization affected the integrity of the different iLipid@PLGA hNPs 

formulations. To this purpose, the iLipid@PLGA hNPs deposited in the central cup of the NGI (Stage 

4, cut-off diameter < 3.3 m) were collected and their key colloidal properties, including 

hydrodynamic diameter, PDI, and pH-responsive behavior, were assessed.  As shown in Fig. 3C, all 

the iLipid@PLGA hNPs exhibited strong stability to the aerosolization process. Of note, no 

significant variation in size and PDI of iLipid@PLGA hNPs was observed upon nebulization. 

Furthermore, the  potential measurements at pH 7 and 3.8 before and after aerosolization confirmed 

pH-responsiveness of the hNPs, reasonably ascribable to the ionizable lipid associated with the hNP 

surface. To further validate the stability of the iLipid@PLGA hNPs after nebulization, we assessed 

both the structural integrity of the encapsulated siRNA following aerosolization via the Respimat® 

SMI and the in vitro siRNA release kinetics.  The structural integrity of the encapsulated siRNA was 

evaluated using agarose gel electrophoresis (Figure 4A). Lanes 3-4, 5-6, and 7-8 clearly show that 

the siRNA maintains its quantitative association within for all three distinct formulations 

(siRNA_DODMA@PLGA, siRNA_DODAP@PLGA, and siRNA_ALC0315@PLGA), both before 

and after aerosolization. The absence of free siRNA bands, which are visible in the control lane (naked 

siRNA, lanes 1), demonstrates that the SMI aerosolization process does not induce leakage of the 

cargo. To confirm these findings, also the release characteristics of the siRNA after aerosolization 

was evaluated. As shown in Figure 4B, the aerosolization process did not affect the siRNA release 

profiles for any of the tested formulations. All aerosolized iLipid@PLGA hNPs shown a release trend 

comparable with their non-aerosolized in the 14-day observation period at pH 7 and 37°C. This 

observation provides strong evidence for the structural robustness of the iLipid@PLGA hNPs 

produced, which appear capable of resisting the mechanical and shear stresses encountered during 

SMI aerosolization.  
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Figure 4. Stability of siRNA-loaded iLipid@PLGA hybrid nanoparticles following aerosolization via the 

Respimat SMI. A) Agarose gel electrophoresis of naked siRNA (lanes 1–2), siRNA_DODMA@PLGA (lanes 

3–4), siRNA_DODAP@PLGA (lanes 5–6), and siRNA_ALC0315@PLGA (lanes 7–8), before and after 

aerosolization. B) In vitro siRNA release kinetics at pH 7.0 and 37 °C, before and after aerosolization. Data 

are presented as the mean of triplicate measurements from three independent batches ± standard deviation 

(SD). 

3.4. Structural insights into siRNA-loaded iLipid@PLGA hNPs 

To further elucidate the impact of the specific ionizable lipid and siRNA addition on the surface, 

structural, and thermal properties of the iLipid@PLGA hNPs, a multimodal characterization approach 

was employed, encompassing FALT measurements, quantitative PEG analysis, small-angle X-ray 

scattering (SAXS), and differential scanning calorimetry (DSC). 

As shown in Fig. 5A, regardless of the type of ionizable lipid, FALT measurements indicate the 

presence of surface-bound PEG derived from DSPE-PEG, which can retain water molecules via 

hydrogen bonding and steric interactions. Nonetheless, DODMA@PLGA hNPs showed a larger shell 

(3.6 nm) as compared to both DODAP@PLGA and ALC0315@PLGA hNPs (~2.6 nm).  The presence 

of PEG on iLipid@PLGA hNPs was confirmed by quantitative analysis using a specific competitive 

1.5% w/v Agarose gel. 1–2: naked sirNa, 3-4: siRNA_DODMA@PLGA before and after
aerosolization by SMI, 5-6: siRNA_DODAP@PLGA before and after aerosolization by SMI;
7-8: siRNA_ALC0315@PLGA before and after aerosolization by SMI.
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inhibition enzyme immunoassay [4]. Competitive binding was established between surface-exposed 

PEG moieties on the hNPs and a PEG reference standard, both competing for limited antibody 

binding sites. Quantitative analysis revealed differences in PEG surface density as a function of the 

lipid composition of the hNPs (Fig. 5B). Specifically, DODAP@PLGA hNPs exhibited the highest 

PEG levels (~10 ng/mg), followed by DODMA@PLGA hNPs (~8 ng/mg), while ALC0315@PLGA 

hNPs showed markedly lower surface PEG amounts (~3 ng/mg). This difference may stem from the 

bulkier structure of the ALC0315 lipid, which could sterically hinder or partially mask PEG chains 

on the iLipid@PLGA hNP surface [25–27]. Given the established role of PEG in enhancing hNP 

penetration inside airway mucus, the observed differences in PEGylation are expected to impact the 

in vivo behaviour of these formulations [33]. 

  

Figure 5. Surface analysis of iLipid@PLGA hNPs. A) FALT measurements of the shell thickness. The graphs 

of ln(ζ) versus k (k = 3.3*C0.5, where k−1 is the Debye length and C is the concentration of NaCl in the 

dispersion) show the thickness of the polymer layer (nm) as the slope of the linear regression. B) Amount of 

PEG quantified in DODMA@PLGA hNPs, DODAP@PLGA hNPs and ALC0315@PLGA hNPs through 

ELISA. All results are reported as the mean of triplicate measurements on 3 different batches ± standard 

deviation (SD).  

 

DSC measurements were carried out to assess the thermotropic behavior of the lipid/polymer 

components of iLipid@PLGA hNPs, as such or when assembled as nanoparticles (Fig. 6).  Thermal 

analysis of dried lipid components revealed characteristic endothermic transitions associated with 

their respective phase behaviors (Fig. S2). PLGA displays its distinctive amorphous transition within 

the temperature range of 38–45 °C. DPPC and DSPE-PEG exhibited melting transitions around 50–
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60 °C (Fig. S2A), consistent with literature values and indicative of the gel-to-liquid crystalline phase 

shift, which is likely affected by drying and thermal processing [34,35], as well as by PEG chains 

[36]. The thermograms of ionizable lipids, whose thermotropic behavior is missing in the 

literature, showed marked differences in thermal transitions (Fig. S2B). DODMA showed two distinct 

transitions (T1: 41.3 ± 1.52 °C, 63.9 ± 0.69 J/g ; T2: 89.1 ± 23.7 °C, 105 ± 4.46 J/g), suggesting 

polymorphism, while DODAP and ALC-0315 displayed broader (T: 60.7 ± 1.05 °C, 239 ± 15.3 J/g) 

or higher-temperature transitions (T: 81.3 ± 1.24 °C,  307 ± 8.34 J/g), indicating varying chain order 

and packing stability. Physical mixtures of these lipids with DPPC and DSPE-PEG led to altered 

thermograms, with evidence of partial phase separation and reduced cooperativity (Fig. S2C). 

Notably, ALC-0315 retained a distinct transition also in the physical mixture, implying persistent 

phase segregation.  

 

Figure 6. DSC thermograms of freeze-dried unloaded and siRNA-loaded iLipid@PLGA hNPs. Data were 

collected at a scan rate of 5 °C/min, in heating mode. The curves have been stacked for better visualization of 

thermodynamic behavior. The endothermic peaks are downwards. 

The thermograms of iLipid@PLGA hNPs differed substantially from those of the individual 

components (Fig. 6), with the absence of sharp endothermic transitions indicating disrupted lipid 

packing and supporting the formation of an amorphous, structurally integrated nanoparticle system. 

This behaviour is likely driven by interactions among PLGA, lipids, and siRNA, as well as 

confinement effects at the nanoscale  [37]. 
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 A subtle thermal event corresponding to the PLGA glass transition temperature (~40–50 °C) was 

detected [38], likely altered in hNPs due to interactions between the polymer and the lipids forming 

a surface monolayer on PLGA core [39]. This peak is reduced or shifted upon siRNA loading, 

suggesting that it stabilizes the hNP core and hinders thermally induced molecular rearrangements 

[40]. Overall, the DSC results show effective siRNA integration into the lipid–polymer matrix, as 

also suggested by siRNA entrapment efficiency (Fig. 2A), which is crucial to successfully deliver the 

RNA cargo into the target cells. To fully understand the behaviour of iLipid@PLGA hNPs during cell 

trafficking, however, it is essential to consider the acidic environment within the endo-lysosomal 

system. This system comprises dynamic, interconverting membrane-bound compartments, including 

early endosomes, recycling endosomes, late endosomes, and lysosomes. Relative to the near-neutral 

cytosolic pH (~7.0), the pH of endosomal and lysosomal compartments is tightly regulated within an 

acidic range (pH 6.5–4.5) [41,42]. To cover the overall pH range of the endo-lysosomal pathway, ζ-

potential analysis over the pH range 2–9 was performed. The results confirmed a progressive 

transition from negatively charged to almost neutral hNPs at the acidic pH (~4) found in endo-

lysosomal environments (Fig. 7A), providing additional evidence for the lipid-dependent pH-

responsiveness of iLipid@PLGA hNPs.  

To gain a deeper understanding of the impact of intracellular pH dynamics on the main structural 

features of the developed iLipid@PLGA, X-ray scattering analysis was performed. SAXS spectra in 

Fig. 7 B-D show that the overall features of the hNPs are conserved upon pH change from 7 to 3.8. 

The scattering profiles from hNP dispersions at acidic pH 5.5 and pH 3.8 were completely overlapping 

(Fig. S3). Lipids that undergo a charge change from pH 7 to pH 3.8 do not largely affect the overall 

surface structure of the hNPs. However, a slight alteration in the scattering profile slope at low q is 

observed, particularly in siRNA_ALC0315@PLGA hNPs. The analysis was performed applying a 

model of interacting core-multishell particles [20,43] to fit the scattered intensity (see Table S4 for 

fitting details). The fits are consistent with an approximately 2.5 nm lipid coating for all 

iLipid@PLGA hNPs, consisting of a hydrophobic layer of around 2.3 nm and an external detectable 
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hydrophilic layer in the range of 1 nm thickness with an effective radius ranging from 74 to 87 nm. 

Despite the complexity of the model function in terms of number of parameters, the analysis suggests 

a monolayer lipid coating. The degree of PEGylation, however, is not detectable, likely due to the 

low PEG density on the particle shell. The presence of interparticle interactions at the measured 

concentrations, giving rise to a structure factor contribution, is in good agreement with the spatial 

distribution observed in TEM images (Fig. 1B). 

Among the formulations, ALC0315@PLGA hNPs exhibit a steeper low-q slope, with the steepest 

profile observed at pH 7, where the  potential reaches its maximum. This analysis suggests that 

siRNA_ALC0315@PLGA hNPs at neutral pH exhibit the strongest interparticle interactions, while 

a shift to acidic pH results in a reduction of the interaction strength. The observed disparity in 

PEGylation of ALC0315@PLGA hNPs (Fig. 5A and 5B) may underlie this distinctive behavior with 

possible implications for the in vitro/in vivo fate of these formulations. 
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Figure 7. Effect of pH on the surface and structural features of iLipid@PLGA hNPs. A) Graphical 

representation of the variation of the surface charge iLipidPLGA hNPs produced as a function of pH value. B-

D) SAXS profiles of siRNA-loaded iLipid@PLGA hNPs at pH 7 (blue squares) and pH 3.8 (green circles). A 

model consisting in interacting core-multishell particles was applied to fit the data (black lines). 

 

 

 

3.5. Tracking iLipid@PLGA hNPs fate in A549 lung epithelial cells 

To provide further insight into the intracellular trafficking and endosomal escape of the 

iLipid@PLGA hNPs, siRNA/lysosome colocalization in Lysotracker™ Green-labelled acidic 

compartments (i.e., endosomes/lysosomes) of A549 cells was evaluated by confocal imaging. To 
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enable visualization, the siRNA was labeled with AF647 (red) and the cell nuclei were stained with 

DAPI (blue) (Fig. 8).  

  

A

B

C
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Figure 8. Confocal microscopy images of A549 cells after 3 and 24h of transfection with DODMA@PLGA 

(A), DODAP@PLGA (B) and ALC0315@PLGA (C) hNPs loaded with AlexaFluor647-labeled siRNA (red). 

Nuclei are stained with DAPI (blue), acidic compartments are stained with Lysotracker™ (green). Images are 

representative of the sample.   

 

As shown in Fig. 8A and S4, siRNAAF647_DODMA@PLGA hNPs exhibit a strong intracellular red 

signal at both 3 h and 24 h, indicating robust cellular uptake. Significant colocalization with the green 

lysosomal signal (yellow regions) is observed at 3h, whereas by 24 h, distinct regions of red 

fluorescence appear independently (Fig. 7A). These non-colocalized red signals likely suggest that a 

portion of the siRNA has successfully escaped the lysosomes and is dispersed within the cytoplasm. 

In contrast, cells treated with siRNAAF647_DODAP@PLGA and siRNAAF647_ALC0315@PLGA 

formulations exhibit weaker red fluorescence (Fig. 8B and 8C), indicating lower overall cell uptake. 

Moreover, the internalized siRNA in the ALC0315@PLGA-treated cells shows strong colocalization 

with lysosomes up to 24 h, implying that most of it remains sequestered in endo-lysosomal 

compartments (Fig. 8C). 

Pearson's correlation coefficient (PCC), which measures the degree of linear relationship between 

two variables, was used as a statistical tool for quantifying colocalization, or spatial overlap, between 

the fluorescence signals of the labelled siRNA and the lysosomes [44]. A higher PCC value indicates 

greater colocalization, suggesting stronger lysosomal trapping of siRNA. [44]. As shown in Fig. 9, 

the siRNAAF647_DODAP@PLGA formulation displays the lowest PCC values at both 3 and 24 h. 

However, it is interesting to note the difference between siRNAAF647_DODMA@PLGA and 

siRNAAF647_ALC0315@PLGA. At the 3-hour time point, these two formulations exhibit very similar 

PCC values. By 24 h, however, a marked decrease is observed in the case of 

siRNAAF647_DODMA@PLGA, which could potentially indicate stronger release of siRNA from the 

endo-lysosomal compartment. In contrast, the PCC value for the siRNAAF647_ALC0315@PLGA 

remains relatively unchanged, suggesting a possible sequestration of 

thesiRNAAF647_ALC0315@PLGA within lysosomes, likely ascribable to the peculiar structure of the 

ionizable lipid ALC0315 as shown by SAXS measurements, the structural features of ALC0315 
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strongly influence iLipid@PLGA behavior  at acidic pH, which is likely associated with the reduced 

exposure of the PEG chain on the ALC0315@PLGA hNPs. 
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Figure 9. Pearson’s correlation coefficient (PCC) was calculated to quantify the colocalization of siRNAAF647 

and lysosomes in A549 cells. Values were obtained using ImageJ software with the Coloc2 plugin (n = 6) and 

are presented as mean ± SD. (Values were acquired using the software ImageJ and the plugin JACoP. n = 6, 

Values are given as mean ± SEM, unpaired t-test, * p < 0.05). 

 

3.6. Understanding iLipid@PLGA hNPs behaviour in airway mucus  

The rational design and development of inhaled nanoparticles require a thorough understanding of 

their behavior in airway mucus. To ensure successful delivery of the RNA payload to the respiratory 

tract, it is crucial that iLipid@PLGA hNPs exhibit muco‑inert properties, meaning minimal 

interaction with mucus. Mucin is known to mediate strong electrostatic and hydrophobic interactions, 

often facilitated by hydrogen bonding, which can significantly hinder the bioavailability of inhaled 

therapeutics [45]. Interaction studies between mucin and iLipid@PLGA hNP formulations conducted 

at neutral pH revealed negligible interaction with mucin, suggesting a muco-inert behavior (data not 

shown). In vitro permeability assays across artificial mucus (AM) were also conducted using a 

Transwell system (Fig. 10). siRNA_DODMA@PLGA hNPs demonstrated the highest level of 
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permeation (~90%) over 48 h, followed by siRNA_DODAP@PLGA (~75%) and 

siRNA_ALC0315@PLGA (~60%). Notably, the permeation profiles for all formulations plateaued 

after approximately 8 h, indicating that most nanoparticle transport occurs during the initial phase of 

incubation.  

Figure 10. In vitro transport of siRNA-loaded fluorescent iLipid@PLGA hNPs through artificial mucus (AM) 

by Transwell® multiplate assay. Results are presented as the percentage of fluorescent hNPs permeating across 

AM as a function of time. Data are expressed as the mean ± standard deviation (SD) calculated for three 

different batches (n = 6). 

 

The enhanced permeation observed with siRNA_DODMA@PLGA may be partly explained by 

SAXS analysis of siRNA-loaded iLipid@PLGA hNPs upon incubation with artificial mucus (AM) 

(Fig. 11). Fig. 11 presents the structural outcomes of siRNA-loaded iLipid@PLGA hNPs following 

incubation in the AM model. The top spectrum in each panel shows the results for the hNP aqueous 

dispersions in AM at three different proportions. The scattering profiles shown at the bottom of each 

panel (red lines) represent the reconstructed profiles of the particles within AM, obtained by 

subtracting the corresponding AM spectrum from each hNP/AM mixture. For a direct comparison, 

the spectra of the same siRNA-loaded iLipid@PLGA hNPs at pH 7 are shown in blue squares 

(rescaled to match the intensity). The overlap of the reconstructed profile with the original hNP ones 

demonstrates that hNPs features are preserved for long time in contact with the mucus model. The 

missing intensity at low q observed for siRNA ALC0135@PLGA and siRNA DODAP@PLGA hNPs 

is likely the outcome of the screening of the particle-particle interaction inside the model mucus, 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

whose components (like mucin) are partially charged. Indeed, charge screening can significantly 

affect the balance between repulsive/attractive forces and, in turn, how easily particles can penetrate 

the mucus layer [45,46].  

 

 

 

Figure 11. SAXS spectra of the siRNA-loaded iLipid@PLGA hNPs in incubation in artificial mucus (AM). 

Brown lines of decreasing darkness are the spectra of the mixtures of AM and hNP aqueous dispersions at 3 

different ratios by volume (1:1, 1:2 and 1:3 v/v). The red lines are obtained by subtracting the spectra of 

AM/water at the same volume ratios from the corresponding spectra of the AM/hNP mixture. The spectra of 

the siRNA-loaded iLipid@PLGA hNPs at pH 7 are reported for comparison (blue squares). 
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3.7. siRNA delivery efficiency in human bronchial epithelial cells 

Gene silencing using siRNA is a well-established approach for probing gene function and holds 

therapeutic potential in the context of pulmonary diseases [47]. However, its efficacy depends 

critically on the intracellular delivery and stability of the siRNA. GAPDH is commonly used as a 

model gene to evaluate siRNA-mediated knockdown efficiency in vitro [48]. Based on this, we 

assessed the silencing activity of iLipid@PLGA hNPs loaded with a GAPDH-targeting siRNA 

(siGAPDH) in primary human lung epithelial cells (NHBE) by quantitative PCR at 24 h (Fig. 12A) 

and 48 h (Fig. 12B) post-treatment. Expression levels were normalized to the TBP reference gene and 

compared to untreated control cells. All formulations elicited a significant reduction in GAPDH 

expression in NHBE cells within 24 h, even at the lowest concentration tested (0.5 mg/mL). Notably, 

at 1 mg/mL dose, the DODMA@PLGA formulation resulted in a GAPDH silencing at 24 h exceeding 

that of the positive control (i.e., siGAPDH delivered via Lipofectamine). 
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Figure 12. In vitro down-regulation of GAPDH in normal human bronchial epithelial cells (NHBE). The 

transfection was performed with 40 nM of siGAPDH-loaded or siNC-loaded (non-coding negative control 

siRNA) iLipid@PLGA hNPs for 24 h (A) or 48 h (B). GAPDH expression is shown relative to the TBP 

housekeeping gene. Cells treated with the siGAPDH complexed with lipofectamine served as positive control. 

Statistical significance was measured by a two-tailed Student’s test (*p< 0.05; **p< 0.005; ***p< 0.0005; 

****p< 0.0001). 

 

Given the encouraging in vitro GAPDH-silencing results and the improved behavior in airway mucus, 

we assessed the capacity of DODMA@PLGA hNPs to mediate siRNA transport across the mucus-

covered human bronchial epithelium. Modeling the complex human lung epithelial barrier in vitro 

remains a significant challenge. Though conventional 2D cultures of primary cells on plastic 

substrates are a simple, quick tool for evaluating the functionality of encapsulated siRNA, they lack 
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the structural, cellular, and functional characteristics of the native airway barrier, such as mucus 

secretion, tight junction integrity, and epithelial polarization. In contrast, more advanced 

approaches—such as 3D mucus-secreting systems or co-cultures maintained at the air-liquid interface 

(ALI)—offer more physiologically relevant models [49,50]. With this idea in mind, a 3D human 

bronchial epithelial model comprising primary human bronchial epithelial cells cultured at ALI on a 

fibroblast-embedded collagen matrix was generated. As such, we extended our analysis to a more 

advanced in vitro model, that is a 3D human bronchial epithelial tissue grown at ALI atop a fibroblast-

laden collagen matrix. This advanced tissue construct more faithfully recapitulates the structural and 

functional characteristics of the native lung epithelium, thereby providing a robust platform for 

assessing nanoparticle penetration, retention, and potential toxicity under conditions that closely 

mimic in vivo airway exposure. 

Fluorescence images were acquired 5 h and 24 h after apical administration of Rhodamine-labelled 

DODMA@PLGA hNPs (DODMA@PLGARhod hNPs) at 0.5 mg/mL (Fig. 13A) and 1 mg/mL (Fig. 

13B).  Nuclei are counterstained with DAPI (blue), while cellular cilia were visualized using an α-

tubulin antibody (green), clearly outlining the pseudostratified epithelium and the underlying stromal 

compartment, simultaneously delineating epithelial structure and integrity. At both concentrations, 

after 5 h hNPs red fluorescence was initially restricted to the apical epithelial layer, indicating limited 

uptake without significant translocation. At 24 h, red signal extended clearly into basal epithelial 

layers and the underlying collagen, indicating progressive translocation of the nanoparticles across 

the epithelial barrier. This effect was more pronounced at 1 mg/mL, with higher fluorescence intensity 

and broader distribution, consistent with dose-dependent uptake and transport. Throughout, α-tubulin 

staining remained continuous, and nuclei appeared intact, indicating preserved epithelial integrity. 
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Figure 13. Transport of iLipid@PLGA hNPs through a 3D mucus-covered human bronchial epithelial model. 

Representative z-stack projections of the 3D model showing nuclei (DAPI, blue), microtubules (-tubulin, 

green) and Rhodamine-loaded hNPs (Rhod, red) at 5h and 24h post treatment. (A) 0.5 mg/mL 

DODMA@PLGARhod hNPs; (B) 1 mg/mL DODMA@PLGARhod hNPs. Increased red signal over time and with 

higher concentration indicates enhanced nanoparticle penetration. 

 

These results demonstrate that DODMA@PLGARhod hNPs are progressively internalized and 

translocated across the stratified bronchial epithelium into the stromal compartment within 24 h, 

validating the suitability of this 3D co-culture system for studying nanoparticle penetration dynamics 

in human airways.  
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4. CONCLUSIONS 

In this study, we report the successful development of a hybrid nanoplatform combining polymer and 

lipids for pulmonary delivery of siRNAs, leveraging the unique ability of ionizable lipids to enhance 

RNA delivery in the cytoplasm, the iLipid@PLGA hybrid nanoparticles (hNPs). The use of three 

structurally distinct ionizable lipids (i.e., DODMA, DODAP, ALC-O315) to enable precise tuning of 

iLipid@PLGA hNPs structure was evaluated. We further provide the first mechanistic investigation 

of how ionizable lipid structure governs nanoparticle physicochemical properties and, consequently, 

biological performance. Comprehensive structural characterization confirmed a core–shell 

architecture consisting of a PLGA core surrounded by a lipid shell, with successful PEGylation 

achieved through co-incorporation of a PEGylated lipid. The impact of the ionizable lipid within the 

formulation on size, shell thickness, PEGylation density, surface charge, and siRNA release kinetics 

was systematically elucidated. Thermal analyses consistently demonstrated lipid–PLGA interactions 

and matrix integration, with disrupted lipid packing indicative of amorphous, thermally stable 

nanostructures. Designed for inhalation-based administration, the developed carriers exhibited 

favorable aerosol performance, highlighting their strong translational potential for pulmonary 

delivery. Importantly, all iLipid@PLGA hNPs displayed muco-inert behavior, efficiently penetrating 

artificial mucus with minimal interaction, thereby supporting their ability to cross the mucosal barrier 

and reach the epithelial surface. The pH-responsive behavior of the hNP panel, critical for endosomal 

escape and intracellular siRNA release, was evaluated under conditions mimicking the physiological 

environment, including complex media such as mucin and artificial mucus. 

Among the developed panel of particles, DODMA@PLGA hNPs achieved the highest mucus 

penetration, likely due to their optimized surface chemistry and PEGylation profile, as well as 

enhanced lysosomal escape observed via confocal imaging. Functional studies further confirmed 

efficient gene silencing of GAPDH in human bronchial epithelial cells. In a 3D airway epithelial 

model, optimal siRNA-loaded DODMA@PLGA hNPs exhibited progressive, dose-dependent 
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penetration across the mucus-covered, pseudostratified epithelium, supporting their suitability for 

non-invasive siRNA delivery to the lungs.  Overall, the proposed nanoplatform offers a tunable and 

versatile design with strong translational potential for inhaled siRNA therapeutics targeting 

respiratory diseases, paving the way for future studies employing disease-relevant siRNA sequences 

to restore key molecular pathways in pulmonary disorders. 
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