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ABSTRACT: RNA delivery across biological barriers can be achieved by encapsulation in 

lipid nanoparticles (LNPs). Cationic amphiphilic drugs (CADs) are pharmacologically diverse 

compounds with ionizable lipid-like features. Here, we applied CADs as a fifth component into 

state-of-the-art LNPs via microfluidic mixing. Improved cytosolic delivery of both siRNA and 

mRNA was achieved by partly replacing the cholesterol fraction of LNPs by CADs. The LNPs 

could cross the mucus layer in a mucus-producing air-liquid interface model of human primary 

bronchial epithelial cells following nebulization. Moreover, CAD-LNPs demonstrated 

improved epithelial- and endothelial targeting following intranasal administration in mice, 

without marked pro-inflammatory signature. Importantly, a quantification of the CAD-LNP 

molar composition, as demonstrated for nortriptyline, revealed a gradual leakage of the CAD 

from the formulation during LNP dialysis. Altogether, these data suggest that the addition of a 

CAD prior to the rapid mixing process might have an impact on LNP composition, structure 

and performance. 

 

The approval of the first RNA interference (RNAi)-based medicinal product Onpattro® 

(patisiran) in 2018 and the more recent clinical success of the SARS-CoV-2 messenger RNA 

(mRNA)-based vaccines (Comirnaty® and Spikevax®) underscore the potential of RNA-based 

drugs 1–4. Small interfering RNAs (siRNAs) activate the cytosolic RNAi pathway to induce 

sequence-specific gene silencing, thereby expanding the range of druggable targets beyond 

what can be reached by conventional small molecules or monoclonal antibodies 5,6. 

Alternatively, intracellular mRNA delivery can drive production of any protein of interest, with 

applications in vaccination and protein replacement therapy 7. Lipid nanoparticles (LNPs) have 

become a well-established platform to package, protect and deliver various nucleic acid cargoes 

into the cytosol of cells. LNP formulations typically consist of four main lipid components, i.e. 

(i) an ionizable cationic lipid, (ii) a helper lipid such as the phospholipid 1,2-distearoyl-sn-
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glycero-3-phosphocholine (DSPC), (iii) cholesterol and (iv) a polyethylene glycol (PEG)-lipid, 

each having a specific function. While the ionizable cationic lipids, e.g. DLin-MC3-DMA 

denoted as MC3 (Onpattro®), ALC-0315 (Comirnaty®) and SM-102 (SpikeVax®), are mainly 

responsible for nucleic acid encapsulation and cytosolic delivery through endosomal escape, 

the inclusion of helper lipids, cholesterol and PEG-lipids is essential to maintain membrane 

rigidity and LNP stability 8–12. An alternative LNP composition, including a fifth component 

in conventional LNPs, i.e. an additional cationic, anionic, or ionizable lipid component, 

enabled selective organ targeting to lung, spleen and liver, respectively 13,14.  

Despite recent advances in LNP design and manufacturing, only limited endosomal escape 

efficiencies (~1-4%) are reported for state-of-the-art LNPs 15–17. In previous work, we have 

intensively investigated the potential of small molecules, more specifically cationic 

amphiphilic drugs (CADs), to enhance the intracellular delivery of small nucleic acids 18,19. A 

variety of CADs (e.g. antihistamines, antidepressants and antihypertensives) was identified to 

promote cytosolic delivery of siRNA from endolysosomes through the transient induction of 

(phospho)lipidosis, lysosomal swelling and lysosomal membrane permeabilization (LMP) 20–

22. This acquired lysosomal storage disease phenotype results from the lysosomal accumulation 

of CADs where their membrane insertion leads to the functional inhibition of acid 

sphingomyelinase 20,21. Exploiting their ability to integrate in lipid membranes, CADs have 

been more recently repurposed as both structural and pharmacologically functional 

components of lipid-based complexes termed CADosomes 23. Self-assembly of lipid-like 

CADs with the helper lipid 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) into 

positively charged vesicles enabled subsequent complexation and delivery of mRNA in vitro 

as well as in vivo following topical application to the cornea of rabbit eyes, providing 

opportunities for drug combination therapy 23. However, this formulation strategy, applying a 

two-step complexation process with only DOPE as a lipid component, appeared less optimal 
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for siRNA delivery and is possibly less suited for other administration routes due to relatively 

low RNA encapsulation and thus exposure of the siRNA to degradation. Therefore, we aimed 

to expand this drug combination concept towards siRNA therapeutics by applying CADs as a 

fifth component into state-of-the-art LNPs produced via one step microfluidic mixing, further 

referred to as CAD-LNPs. 

siRNA CAD-LNPs with reduced ionizable lipid content 

The clinically approved Onpattro® formulation containing the ionizable lipid MC3, the 

helper lipids DSPC, cholesterol and DMG-PEG2000 in a 50:10:38.5:1.5 molar ratio, was initially 

selected to design CAD-LNPs by gradually changing the ionizable lipid-to-CAD ratio 1,4. It is 

well known that CADs, especially tricyclic compounds (e.g. tricyclic antidepressants and 

antihistamines), are able to interact with lipid membranes through coulomb interactions or Van 

der Waals forces, changing lipid bilayer properties 24–26. Therefore, the tricyclic antidepressant 

nortriptyline hydrochloride (NT) (clogP 4.51; pKa 10.1) was applied as model CAD compound 

to replace either 25 or 40 mol% of the MC3 fraction, respectively (Figure 1a). Stable MC3-

NT (25:25) and MC3-NT (10:40) LNPs were obtained with >70% siRNA encapsulation 

efficiency and formulations remained stable after dialysis and storage in phosphate-buffered 

saline (PBS) at 4°C for at least 8 weeks (Figure 1b-d). The addition of a relatively low CAD 

fraction (MC3-NT (25:25)) substantially increased cellular uptake relative to the MC3 control, 

while the opposite was observed for the MC3-NT (10:40) LNPs (Figure 1e). However, in 

complete cell culture medium (CCM) the gene silencing efficiency in an eGFP-expressing 

H1299 cell model was still significantly higher for the MC3 LNPs (Figure 1f-g). Incubating 

MC3 and MC3-NT (25:25 and 10:40) LNPs in serum-free OptiMEM® drastically lowered 

both cellular uptake as well as gene silencing, indicating the need for serum proteins towards 

efficient cell transfection (Figure S1) 27,28. Possibly, the adsorption of apolipoprotein E on the 

surface of the MC3 LNPs also stimulates low density lipoprotein receptor-mediated 
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internalization in H1299 cells, as described for hepatocytes 4,29. Lastly, a CellTiter-Glo® cell 

viability assay demonstrated the absence of cytotoxicity for both MC3- and modified MC3-NT 

LNPs (Figure S2a). Altogether, partially replacing the ionizable lipid MC3 with the CAD 

molecule NT results in stable MC3-NT LNPs with acceptable siRNA encapsulation, albeit with 

marginally reduced transfection efficiency.  

 

Figure 1. Physicochemical properties and cytosolic siRNA delivery of siRNA-loaded CAD-

LNPs with reduced ionizable lipid fraction. (a) Schematic illustration of the siRNA-loaded 

CAD-LNPs MC3-NT (25:25) and MC3-NT (10:40), produced by replacing the MC3 ionizable 

lipid fraction with the CAD nortriptyline hydrochloride (NT). (b) Encapsulation efficiency of 

siRNA as measured by the Quant-iT™ RiboGreen® RNA assay. (c-d) Dynamic light 
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scattering data (hydrodynamic size (bars), polydispersity index (PDI; dots) and zeta 

potential) of MC3 and MC3-NT (25:25 – 10:40) LNPs. Stability was analyzed after dialysis 

and storage in PBS at 4°C up to twenty weeks after production. (e) Cy5+ relative mean 

fluorescence intensity (rMFI, normalized to NTC), cellular uptake and (f) enhanced green 

fluorescent protein (eGFP) silencing of the LNPs in a H1299-eGFP lung epithelial cell line 

at different siRNA concentrations. (g) Representative confocal images of H1299-eGFP cells 

48 h after transfection with anti-eGFP siRNA-loaded MC3 and MC3-NT LNPs, with nuclei 

(DAPI; blue) and eGFP expression (green). Scale bars correspond to 100 μm. Data are 

represented as mean ± the standard error of the mean (SEM) for three independent repeats 

(n=3). Statistical analysis was performed using One Way Anova with Tukey Correction (ns p 

> 0.05, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001). NTC: non-treated control, 

CAD: cationic amphiphilic drug, LNP: lipid nanoparticle. Illustration created with 

BioRender.com. 

siRNA CAD-LNPs with reduced cholesterol content 

Having established the importance of maintaining sufficiently high ionizable lipid fractions 

in the design of CAD-LNPs, we next sought to evaluate the influence of cholesterol. Most 

research groups have focused on modulating the ionizable lipid component to optimize in vitro-

in vivo RNA delivery by LNPs 30–35. However, the type and fraction of helper lipids such as 

cholesterol or phospholipids, albeit studied less extensively, can have a profound impact on 

RNA delivery efficiency 10,36–38. Here, we designed CAD-LNPs by gradually replacing the 

tetracyclic cholesterol with mounting fractions of the tricyclic antidepressant NT while leaving 

the ionizable lipid fraction unchanged (Figure 2a). Transmission electron microscopy (TEM) 

images of the MC3-NT (50:25) LNP, with 25 mol% cholesterol replaced with NT, revealed no 

marked difference in neither LNP morphology nor LNP size compared to the MC3 control 

formulation (Figure 2b). siRNA-loaded MC3-NT (50:10 – 50:25 – 50:38.5) LNPs show a 
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similar size range (~60-70 nm) and near-neutral zeta potential, comparable with the parent 

MC3 LNPs (Figure 1 and Figure 2c-d). Interestingly, replacing the cholesterol fraction again 

had a positive effect on LNP stability over time, decreasing the PDI values relative to the MC3-

LNPs up to twenty weeks after production (Figure 1 and Figure 2c). In contrast, lowering 

cholesterol levels slightly reduced siRNA encapsulation efficiency (Figure 2e). As designing 

an LNP formulation combining both a CAD and a siRNA would be of interest for drug 

combination therapy, we next studied if the CAD molecule nortriptyline (NT) remained 

pharmacologically active after incorporation in cholesterol-reduced CAD-LNPs. Therefore, we 

investigated the antagonistic effect of NT at the 5-HT2AR serotonin receptor. The employed 

assay consists of a HEK293T (Human Embryonic Kidney) cell line stably expressing the 5-

HT2AR and the cytosolic protein β-arrestin 2 (βarr2) in the Nanoluciferase Binary Technology 

(NanoBiT®) system as illustrated in Figure 2f 39–42. As expected, the antagonist NT blocked 

the lysergic acid diethylamide (LSD) agonist-induced βarr2 recruitment in a dose-dependent 

manner, leading to impaired nanoluciferase complementation and a reduced luminescence 

signal. The MC3-NT (50:25) and MC3-NT (50:10) LNPs reduced 5-HT2AR activation with an 

additional 39% and 33% respectively, compared to MC3 LNPs at the highest siRNA 

concentration (Figure 2g). The obtained real-time receptor activation profiles clearly indicate 

identical trends (Figure S3).  

Nevertheless, the observed antagonistic effect in Figure 2g is ~6-fold lower than anticipated 

based on the theoretical NT concentration. Therefore, we quantified the MC3-NT (50:25) LNP 

composition as a function of dialysis time (Figure S4). It is shown that NT gradually diffuses 

out of the LNP during dialysis, with still ~15 mol% NT remaining in the formulation after 2 h 

dialysis (starting from a theoretical 25 mol%), while overnight dialysis (18 h) further reduces 

the NT molar fraction to ~1.5 mol%. These data could be explained by the relatively low 

lipophilicity of the compound (clogP ~4.5) compared to conventional ionizable lipids (reported 
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clogP ~ 15-20) 11. The dose of the CAD that is maintained in the CAD-LNP formulation will 

thus highly depend on the dialysis time and will most likely be a combination of both free as 

well as LNP-integrated compound. Of note, it was verified that during the dialysis process, the 

encapsulation efficiency of the siRNA was unaffected (Figure S5). Overall, partly replacing 

the cholesterol fraction by the tricyclic CAD molecule NT demonstrated that stable MC3-NT 

LNPs could be formed with acceptable siRNA encapsulation and without impeding the 

pharmacological activity of the CAD maintained in the formulation. 

 

 

Figure 2. Physicochemical properties and pharmacological activity of siRNA-loaded CAD-

LNPs formulated with reduced cholesterol fraction. (a) Schematic overview of MC3-NT 

(50:10), MC3-NT (50:25) and MC3-NT (50:38.5) formulated by replacing part of the 

cholesterol fraction with nortriptyline hydrochloride (NT). (b) Representative transmission 

electron microscopy (TEM) image of siRNA MC3 and MC3-NT (50:25) LNPs. Scale bar 
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corresponds to 100 nm. (c-d) Dynamic light scattering data (hydrodynamic size, 

polydispersity index (PDI) and zeta potential) of MC3-NT (50:10 – 50:25 – 50:38.5) LNPs. 

Stability was analyzed after dialysis and storage in PBS at 4°C up to twenty weeks after 

production. (e) Encapsulation efficiency of siRNA as measured by the Quant-iT™ 

RiboGreen® RNA assay. (f) Schematic illustration of the NanoBiT® system, with HEK293T 

cells stably expressing two inactive luciferase split fragments (18 kDa LgBiT and 1 kDa 

SmBiT), coupled to the 5-HT2AR (serotonin 2A receptor) and the cytosolic protein β-arrestin 

2 (βarr2), respectively. Binding of a receptor agonist, in this case lysergic acid diethylamide 

(LSD), results in βarr2 recruitment to the 5-HT2AR with the concomitant functional 

complementation of the enzyme, which can be monitored through luminescence read-out. 

Binding of a receptor antagonist, e.g. NT, inhibits LSD-induced βarr2 recruitment and 

subsequent luciferase complementation. (g) Percentage 5-HT2AR activation induced by blank, 

NT dose range between 1-20 µM, MC3 LNPs and both MC3-NT (50:10 and 50:25) LNPs, 

measured by calculating the normalized area under the curve (rAUC) values of the receptor 

activation profiles. 10 nM LSD was added to all samples and luminescence was monitored 

continuously over 2 h. Data are represented as mean ± the standard error of the mean (SEM) 

for three independent repeats (n=3). Statistical analysis was performed using One Way 

Anova with Tukey Correction (*** p ≤ 0.001, **** p ≤ 0.0001). CAD: cationic amphiphilic 

drug, LNP: lipid nanoparticle. Illustration created with BioRender.com. 

In vitro transfection efficiency of cholesterol-reduced CAD-LNPs in pulmonary cell 

models 

Currently, the liver is the organ of choice for systemic siRNA therapies. However, to broaden 

the therapeutic scope of siRNA, a great interest exists in delivering siRNA to extrahepatic 

tissues. The lung is an attractive target organ to apply RNA therapeutics for the treatment of 

lung-related pathologies. Unfortunately, inhalation therapy of RNA entails specific challenges 
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and currently no RNA-based product is clinically approved for administration via the inhaled 

route 43–45. Here, our aim was to further investigate siRNA-loaded CAD-LNPs for local 

pulmonary delivery 46. As stable MC3-NT LNPs with reduced cholesterol fraction could be 

formulated via microfluidic mixing, we next sought to evaluate their in vitro siRNA delivery 

efficiency in H1299-eGFP lung epithelial cells. No major difference in cellular internalization 

was observed between MC3 and both cholesterol reduced MC3-NT (50:10), MC3-NT (50:25) 

LNPs, except for the lowest siRNA dose (0.005 µg/ml). In contrast, MC3-NT (50:38.5) LNPs, 

which contain the highest initial NT fraction and are devoid of cholesterol, demonstrated 

impaired cellular uptake (Figure 3a and Figure S6a). Interestingly, despite significant loss of 

NT during dialysis (Figure S4), MC3-NT (50:25) LNPs (n>3) outperformed state-of-the-art 

MC3-LNPs (n=11) in terms of eGFP knockdown, requiring on average ~3-fold lower siRNA 

dose to reach the same level of gene silencing (Figure 3b), without inducing cytotoxicity 

(Figure S2b). In addition, despite a ~20-fold reduced intracellular siRNA dose (Figure S6a), 

MC3-NT (50:38.5) LNPs still maintained comparable knockdown efficiency as MC3 LNPs. 

One possible explanation for these observations could be that the relatively low fraction of NT 

remaining in the CAD-LNP formulation induces endolysosomal swelling and LMP after CAD-

LNP endocytosis and trafficking towards the lysosomal compartment, which could stimulate 

cytosolic siRNA release 18–21. However, this hypothesis could not be confirmed as transfection 

with MC3-NT (50:25) did not result in a significant increase in the total (endo)lysosomal 

volume and cellular granularity, which are hallmarks of the CAD-induced lysosomal 

phenotype (Figure S7) 18–21. Moreover, earlier work from our group indicated that CADs 

cannot promote siRNA delivery by LNPs, most likely because the nucleic acid is tightly 

complexed by the ionizable lipids within the LNP core, and is not available for escape through 

the CAD-induced pores in the lysosomal membrane 20. Of note, merely reducing the cholesterol 

fraction in MC3 LNPs without NT addition did not enhance eGFP silencing (Figure S8). 
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Likewise, spiking MC3-LNPs with 25 mol% NT while equally lowering the molar fractions of 

all other LNP components did not improve cytosolic siRNA delivery (Figure S8). Moreover, 

we could also confirm the higher eGFP knockdown of the MC3-NT (50:25) LNPs relative to 

the parent MC3-LNPs in a HT1080-eGFP fibrosarcoma cell line (Figure S6b). Additionally, 

mRNA-loaded MC3-NT (50:25) LNPs outperformed MC3-LNPs in a HeLa cell line with 

similar ~3-fold increase in rMFI values at the highest mRNA concentration (Figure S9). 

Taking into account the gradual leakage of the NT compound from the CAD-LNPs, the 

improved RNA delivery compared to the unmodified LNPs can possibly be influenced by (1) 

the variation in molecular composition of the LNPs due to NT addition, (2) a difference in 

CAD-LNP nanoarchitecture by the presence of NT during the microfluidic mixing process 

and/or (3) a change in LNP properties due to the remaining NT fraction. A more detailed 

assessment will be required to further elucidate the biophysical and physicochemical 

parameters involved in these observations. 

To evaluate the potential of the developed CAD-LNPs for inhalation therapy with siRNA 

drugs, MC3- and MC3-NT (50:25) LNP delivery was investigated in a mucus-producing air-

liquid interface (ALI) model of human primary bronchial epithelial cells (MucilAir™), using 

nebulization to deposit the LNPs on the cells. Importantly, the hydrodynamic size of both LNPs 

remained intact after nebulization using the VITROCELL® Cloud 12 system, equipped with 

an Aerogen® Pro nebulizer, creating aerosol droplets with an aerodynamic diameter between 

1-5 µm (Figure 3c). This observation is in contrast with other literature reports showing an 

increased hydrodynamic size of mRNA-loaded LNPs post-nebulization 47,48. One of the most 

important extracellular physiological barriers for inhaled nanomedicines is the mucus layer that 

lines the bronchial epithelium 49,50. To evaluate the impact of mucus, we quantified the cellular 

internalization of Cy5-siRNA loaded MC3-NT (50:25) and MC3-LNPs with equal siRNA dose 

(0.5 µg/mL) 24 h post-nebulization on the MucilAir™ ALI culture (Figure 3d). On average 



 
13 

~50% Cy5+ bronchial epithelial cells were reached by both MC3 and MC3-NT (50:25) LNPs. 

This indicates that a substantial fraction of the nebulized LNPs can cross the mucus layer to 

interact with the underlying epithelial cells. The mucus mesh network has a reported average 

pore size between 100 and 200 nm 49,51, which exceeds the hydrodynamic diameter of the 

siRNA-loaded LNPs post-nebulization. Nevertheless, confocal imaging also clearly revealed 

the presence of LNPs layered on top of the epithelial cell surface, possibly as a result of mucus 

entrapment (Figure 3f). Additionally, the beating frequency of the MucilAir™ ciliated cells 

(CBF) as well as the transepithelial electrical resistance (TEER), indicators of mucociliary 

clearance function and the cellular barrier integrity, respectively, were not significantly 

changed after LNP exposure (Figure 3e, Figure S10). A lactate dehydrogenase (LDH) assay 

confirmed the absence of cytotoxicity after MC3-NT (50:25) LNP nebulization on the 

MucilAir™ ALI culture (Figure S10). To summarize, nebulized MC3-NT CAD-LNPs can 

cross the mucus barrier to reach (mucus-producing) primary bronchial epithelial cells. 

 



 
14 

 

Figure 3. Evaluating siRNA CAD-LNPs for cytosolic delivery in a submerged H1299-eGFP 

cell line and mucus crossing in a human air-liquid interface bronchial epithelial cell model. 

(a) Cellular uptake and (b) enhanced green fluorescent protein (eGFP) silencing of MC3-NT 

(50:10 – 50:25 – 50:38.5) LNPs in a submerged H1299-eGFP lung epithelial cell line at 

different siRNA concentrations. (c-d) Evaluating the impact of nebulization (NB) on Cy5-

siRNA MC3-NT (50:25) and MC3-LNP delivery in an air-liquid interface (ALI) model using 

human primary bronchial epithelial cells (MucilAir™ Epithelix). Hydrodynamic size of LNPs 

was unaffected by nebulization, while a substantial fraction of LNPs are able to cross the 

mesh network of the mucus gel layer. (e) The cilia beating of epithelial cells was not 

influenced after LNP exposure. (f) Representative orthogonal confocal images of MucilAir™ 

tissue fixed 24 h after transfection with Cy5-siRNA (magenta) encapsulated in MC3-NT 

(50:25) and MC3-LNPs. Cell nuclei were stained with DAPI (blue). Scale bars correspond to 
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100 µm (XY) and 15 µm (XZ-YZ). Data are represented as mean ± the standard error of the 

mean (SEM) for minimum three independent repeats (n≥3). Statistical analysis was 

performed using One Way Anova with Tukey Correction (ns p > 0.05, * p ≤ 0.05, ** p ≤ 0.01, 

*** p ≤ 0.001, **** p ≤ 0.0001). CAD: cationic amphiphilic drug, LNP: lipid nanoparticle, 

NT: nortriptyline. Illustrations created with BioRender.com. 

Cholesterol-reduced siRNA CAD-LNPs with different CADs 

Next, we evaluated a selection of other CADs with diverging physicochemical properties for 

siRNA CAD-LNP formation by replacing part of the cholesterol fraction. Also for these CADs, 

having a substantially lower clogP compared to state-of-the-art ionizable lipids, gradual 

diffusion out of the LNP formulation is hypothesized. Besides NT, a typical CAD with an 

aromatic tricyclic domain substituted with a secondary amine group, also an antihistamine with 

a heterocyclic amine piperidine was investigated (i.e. desloratadine, DES)18,20,52 (clogP 3.97; 

pKa 9.73), as well as antidepressant CADs with monocyclic domains (i.e. fluoxetine, Fluox 

and fluvoxamine, Fluv) of which the latter contains a primary amine group (clogP 4.17 and 

2.89; pKa 9.8 and 8.86) (Figure 4a). Despite Fluv being the least hydrophobic compound 

tested, the siRNA encapsulation efficiency measured after microfluidic production and 

overnight dialysis of cholesterol-reduced MC3-Fluv (50:25) was >90%, while MC3-Fluox 

(50:25) reached almost 60%, comparable to MC3-NT (50:25) LNPs. Although DES resembles 

the chemical structure of NT most closely, MC3-DES (50:25) LNPs did not encapsulate siRNA 

well, showing <25% encapsulation efficiency (Figure 4b). As mentioned above, despite the 

anticipated transient integration of the CADs in the LNPs, these data suggest a strong impact 

of the applied CAD on the final LNP properties after dialysis. The hydrodynamic diameter of 

MC3-Fluv (50:25) and MC3-Fluox (50:25) remained stable ~70 nm with low PDI values (< 

0.2) up to 20 weeks after formulation, stored in PBS at 4°C. Zeta potential values were again 

close to neutral, comparable to MC3 parent LNPs (Figure 4c-d). In contrast to MC3-NT 
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(50:25), significantly lower cellular uptake was observed in H1299-eGFP cells for both MC3-

Fluv (50:25) and MC3-Fluox (50:25) LNPs, but the reduced percentage was most outspoken 

for MC3-DES (50:25) LNPs (Figure 4e). Nevertheless, eGFP silencing was still marginally 

improved for both MC3-Fluv (50:25) and MC3-Fluox (50:25) LNPs relative to MC3-LNPs, 

albeit less extensively as MC3-NT (50:25) LNPs (Figure 3b and Figure 4f). Altogether, these 

findings demonstrate that CADs with distinct chemical structure are useful for the design of 

CAD-LNPs, illustrating the broader applicability of such formulations and enabling drug 

combination therapy for a variety of diseases.  

 

Figure 4. Screening different CAD molecules for siRNA CAD-LNP formation and cytosolic 

delivery in a H1299-eGFP cell line. (a) Schematic illustration of the selected CAD molecules, 
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fluvoxamine (Fluv), fluoxetine (Fluox) and desloratadine (DES) with different molecular 

structure to form siRNA-loaded CAD-LNPs with reduced cholesterol fraction. (b) 

Encapsulation efficiency of siRNA-eGFP MC3-Fluv, MC3-Fluox and MC3-DES (50:25) 

LNPs, measured by the Quant-iT™ RiboGreen® RNA assay. (c-d) Dynamic light scattering 

data (hydrodynamic size, polydispersity index (PDI) and zeta potential) of MC3-Fluv, MC3-

Fluox and MC3-DES (50:25) LNPs. Stability was analyzed after dialysis and storage in PBS 

at 4°C up to 10 or 20 weeks after production. (e) Cellular uptake and (f) enhanced green 

fluorescent protein (eGFP) silencing of the MC3-Fluv, MC3-Fluox and MC3-DES (50:25) 

LNPs in a H1299-eGFP lung epithelial cell line at different siRNA concentrations. siRNA-

eGFP MC3-Fluv and MC3-Fluox (50:25) outperformed the state-of-the-art MC3 LNPs in 

eGFP knockdown efficiency, while no significant difference was observed for MC3-DES 

(50:25). Data are represented as mean ± the standard error of the mean (SEM) for minimum 

three independent repeats (n≥3). Statistical analysis was performed using One Way Anova 

with Tukey Correction (ns p > 0.05, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001). 

CAD: cationic amphiphilic drug, LNP: lipid nanoparticle. Illustration created with 

BioRender.com. 

In vivo biodistribution and toxicity of siRNA CAD-LNPs following intranasal 

administration  

Next, we investigated which pulmonary cell types could be reached with cholesterol-reduced 

MC3-NT and MC3-Fluox (50:25) LNPs following intranasal administration in mice (Figure 

5a) and if differences could be observed with the parent MC3 LNPs. Macrophages were the 

most abundant cell type present in bronchoalveolar lavage (BAL) fluid (Figure S11) and both 

macrophages and neutrophils scavenged most of the Cy5-siRNA LNPs within 24 h post-

administration in C57BL/6 mice (Figure 5b). The MFI values of Cy5+ macrophages were 

significantly higher compared to other immune cells in BAL such as neutrophils, DCs and 
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eosinophils, but decreased again after 48 h (Figure S11). Alveolar macrophages represent the 

largest cellular fraction in the alveoli and are mainly responsible for phagocytic clearance of 

foreign material 53. The hydrodynamic size of LNPs is one of the major factors that influences 

macrophage uptake, with smaller particles (<200 nm) normally being less prone to macrophage 

clearance compared to their larger counterparts 54–56. Interestingly, in lung tissue, MC3-NT 

(50:25) and especially MC3-Fluox (50:25) LNPs reached the pulmonary epithelium and 

endothelium significantly better compared to non-modified MC3 LNPs (Figure 5c). Although 

the percentage of Cy5+ epithelial cells decreased at later time points, the intracellular Cy5-

siRNA dose remained significantly higher (>2-fold) compared to MC3 LNPs (Figure 5c). Of 

note, the resident macrophages present in the pulmonary tissue were reached to the same extent 

as in BAL, resulting in >60% Cy5+ macrophages at the 24 h time point (Figure 5c, Figure 

S12). Histological lung sections confirmed the presence of Cy5-siRNA in the pulmonary 

epithelial tissue for all LNPs tested (Figure 5d, Figure S13). Cy5 fluorescence was most 

prominent in the bronchial epithelium for MC3-LNPs and MC3-Fluox (50:25) LNPs 24 h post-

administration, while after 48 h the MC3-NT (50:25) and MC3-Fluox (50:25) LNPs clearly 

showed the highest signal, confirming flow cytometry results.  

Lastly, the levels of 13 inflammatory cytokines were quantified in the BAL fluid of C57BL/6 

mice following intranasal LNP administration, using a LEGENDplex™ ELISA. Compared to 

PBS control, besides sporadic outliers, no relevant differences could be observed for IL-23, IL-

1α, INF-γ, IL-12p70, IL-1β, IL-10, IL-27, IL-17A, IFN-β and GM-CSF (Figure S14). Only 

one cytokine, i.e. monocyte chemoattractant protein-1 (MCP-1), showed significantly higher 

levels 24 h post-administration for MC3-LNPs compared to PBS (* p≤0.05), which were 

reduced again for MC3-NT and MC3-Fluox LNPs. This chemokine plays an important role in 

the migration and infiltration of monocytes/macrophages 57. Also for the pro-inflammatory 

cytokines TNF and IL-6, the incorporation of NT and Fluox CADs into MC3-LNPs shows a 
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trend towards decreased levels compared to the parent LNPs, albeit not reaching statistical 

significance. A similar decreased pro-inflammatory effect of the CAD-modified LNPs was 

observed in the reduction of infiltrating neutrophils in BAL, albeit that MC3-Fluox (50:25) 

LNPs seem to stimulate eosinophilic influx at the 48 h time point (Figure S15). Altogether, 

this data indicate that intranasal administration of both state-of-the-art MC3-LNPs and 

modified CAD-LNPs did not induce marked pro-inflammatory effects. 

In summary, a top-down approach was implemented to modify state-of-the-art MC3-LNPs 

(Onpattro®) with cationic amphiphilic drugs (CADs). CAD-LNPs were designed using CADs 

with diverging chemical structure and pharmacological properties, i.e. nortriptyline (NT), 

fluvoxamine (Fluv), fluoxetine (Fluox) and desloratadine (DES). Stable CAD-LNPs could be 

formed with conventional physicochemical properties and diverging siRNA encapsulation 

efficiencies, dependent on the selected CAD. Partially replacing the cholesterol fraction of 

parent MC3-LNPs with CADs resulted in an increased cytosolic siRNA delivery in human 

non-small cell lung carcinoma cells (H1299) while the opposite was observed for ionizable 

lipid substitution. Importantly, also mRNA delivery was significantly improved for the NT-

modified LNPs, which demonstrates the applicability of this LNP platform towards larger RNA 

cargoes. Moreover, the pharmacological activity of the CAD was maintained after 

incorporation in the cholesterol-reduced CAD-LNPs, providing opportunities for drug 

combination therapy. Finally, we aimed to probe the value of the CAD-LNP platform for 

inhalation therapy. MC3-NT LNPs were able to cross the mucus layer following nebulization 

on a human primary mucus-producing air-liquid interface (ALI) bronchial tissue model to 

reach the underlying epithelial cells, which remains a major hurdle for pulmonary 

administration of RNA drugs. Furthermore, we demonstrated that intranasal administration in 

mice of MC3-NT and especially MC3-Fluox LNPs could deliver significantly higher siRNA 

doses to the pulmonary epithelium and endothelium compared to non-modified MC3-LNPs. 
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We could verify that intranasal administration of MC3-NT and MC3-Fluox LNPs in mice did 

not induce marked pro-inflammatory responses. Importantly, the abovementioned results were 

obtained with CAD-LNPs subjected to overnight dialysis, for which it was shown that the 

majority of the CAD (as demonstrated for NT) was removed from the original formulation. 

This gradual leakage of the CAD compound alters the molar lipid composition of the LNPs as 

a function of dialysis time. These data also suggest that the addition of a CAD prior to the rapid 

mixing process might have an impact on LNP formation, RNA encapsulation and biological 

performance. More detailed CAD-and LNP-specific studies will be required to further 

elucidate the critical LNP attributes affected by this process. Overall, this study demonstrates 

CAD-LNPs as a stable RNA delivery platform with applications in drug combination regimens 

for the treatment of various pathologies, including respiratory diseases.  On the other hand, to 

increase drug retention in the LNPs, more hydrophobic CADs or lipid-modified CAD prodrugs 

might be considered in future work. 
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Figure 5. In vivo biodistribution of Cy5-siRNA loaded CAD-LNPs analyzed 24 h and 48 h 

after intranasal administration to C57BL/6 mice. (a) Schematic illustration of the in vivo 

biodistribution procedure. (b) Cellular uptake of Cy5-siRNA MC3, MC3-NT (50:25) and 

MC3-Fluox (50:25) LNPs in macrophages and neutrophils, as measured via flow cytometry 

after bronchoalveolar lavage (BAL). (c) Flow cytometric analysis of macrophages, epithelial 

- and endothelial cells of a single cell digest of the lung tissue. (d) Histological sections of the 

left lung were fixed and treated with DAPI to visualize the nuclei (blue) prior to confocal 

microscopy analysis to assess Cy5-siRNA (magenta) fluorescence. Per condition, one 

representative image of a series of n=4 analyzed images is shown. Scale bars correspond to 

100 µm. All mice received a fixed Cy5-siRNA dose of 10 µg intranasally. Data are 

represented as mean ± the standard error of the mean (SEM) (n=5). Statistical analysis was 

performed using One Way Anova with Tukey Correction (* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 

0.001, **** p ≤ 0.0001). CAD: cationic amphiphilic drug, LNP: lipid nanoparticle, NT: 

notriptyline, Fluox: fluoxetine. Illustration created with BioRender.com. 
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